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Executive Summary 

A large three-year programme was established to investigate ecological 
interactions in coastal reef-seagrass communities in Jurien Bay Marine Park in 
the mid-west region of Western Australia. Understanding key processes and 
scales of connections in marine landscapes is fundamental to effective marine 
management, particularly when management utilises spatial strategies such 
as Marine Protected Areas (MPAs). Part of the rationale for basing SRFME 
collaborative projects in the mid-west region related to opportunities presented 
by the recently gazetted Jurien Bay Marine Park in 2003. Like many marine 
parks in Western Australia, the Jurien Bay Marine Park was established to 
maintain biodiversity and ecological integrity (CALM 2005) through a multiple-
use spatial management system. The establishment of zones designated for 
different levels of use allows for the continued recreational and commercial 
use of the area, but provides a higher level of protection than would otherwise 
be the case. The establishment of Sanctuary Zones and Scientific Reference 
Zones also provides a tool for scientific studies to examine ecological 
processes in the absence of human disturbance such as fishing. However, it 
will take some time for differences in predator abundance to develop in 
Sanctuary Zones in the absence of fishing activities, and for the park to reach 
its potential as a useful tool for ecological research on impact of fishing and 
subsequent top-down effects.  
 
The focus on ecological interactions in coastal reef-seagrass communities 
distinguished this collaborative project from core SRFME projects undertaken 
by CSIRO (Keesing et al. 2006) and took advantage of the unique 
opportunities developing in the mid-west region. This report outlines the 
findings of a broad study that examined the trophic interactions in Jurien Bay 
Marine Park, which formed a component of that larger three-year programme. 
This project aimed to provide a much better understanding of the flow of 
energy and nutrients at a range of spatial scales, from the small scale between 
habitats to larger cross-shelf scales.  
 
A major outcome of the project was the collection of an extensive baseline 
data set of δ13C and δ15N stable isotopes for a range of marine primary 
producers (seagrass and algae) and consumers (invertebrates) (Chapter 2). 
Stable isotopes are commonly used biomarkers for examining food web 
interactions and these isotope data have been collected both inside and 
outside sanctuary zones to allow for future examination of the influence of 
sanctuary zones on the food web structure after an appropriate period of time 
(possibly >10 years). However, we have shown a high degree of variability in 
the stable isotopes at different spatial scales, with significant implications on 
interpreting stable isotope data and the sampling designs for studies 
attempting to examine shift in trophic structure due to human impact or 
implementation of management strategies such as MPAs. 
 
A dual biomarker approach using both stable isotopes (δ13C and δ15N) and 
fatty acids was shown to be far superior to using stable isotopes alone for 
tracing the source(s) of production in marine food webs. Stable isotopes 
lacked the ability to distinguish among different types of algae, whereas fatty 
acids helped to clarify the separate roles of red and brown algae in food webs, 
by exhibiting distinguishing fatty acids for different seagrass and algal groups 
(Chapter 3).  

 
Using the dual biomarker approach, we have provided further evidence that 
macroalgae and periphyton are the dominant contributors to the food web on 
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reefs and in seagrass meadows at Jurien Bay, rather than seagrass. However, 
seagrass is likely to provide an important nutrient source as it decomposes, in 
addition to providing an important habitat for a high diversity of epiphytic algae, 
invertebrates and fish. We have shown that a combination of brown and red 
algae and periphtyon contribute to the diet of grazers in reefs and seagrass 
meadows, but the kelp Ecklonia radiateappears to be particularly important for 
grazers even in seagrass meadows through which it drifts once detached from 
reefs (Chapter 4). 

 
This was supported by preference experiments that demonstrated that two 
gastropods, which are abundant in seagrass meadows, exhibited no 
consistent preference towards any algae that was produced in the meadow or 
derived from adjacent reefs (Chapter 5). Furthermore, we showed that 
nutrients from reef-derived kelp are assimilated by gastropods in seagrass 
meadows, and potentially subsidises secondary production in seagrass 
meadows. In addition, we demonstrated that nutrients leaching from kelp are 
taken up by seagrass and its epiphytes and that kelp could supply 10-18% of 
annual N requirement of the seagrass (Chapter 7). Kelp can therefore have a 
dual role in subsidising productivity in seagrass meadows. 
 
Omnivorous species, including the western rock lobster P. cygnus, consume a 
range of algae and animal material. Interestingly, fatty acid data suggest that 
P. cygnus assimilates nutrients from kelp, although this is likely to be indirect 
through the consumption of grazing gastropods (Chapter 4). In comparison, 
the deposit-feeding sea cucumber Stichopis mollis is likely to attain part of its 
diet from detrital seagrass, however, brown algae (particularly kelp) seem to 
play a larger role in the cucumber’s diet. 
 
Filter feeders displayed a varied diet, with the demosponge Chondrilla 
australiensis likely retaining various components of the picoplankton, 
potentially including the cyanobacteria Synechococcus spp. and heterotrophic 
bacteria (Chapter 8). We also demonstrated that the demosponge 
Callyspongia sp. displayed high filtration efficiencies, particularly for high DNA 
(HDNA; i.e. active) bacteria and Synechococcus from the water column of the 
region. The total carbon removal rate (sum of all prokaryotic picoplankton 
cells) varied between 0.5 and 3.5 mg C m-2 d-1, quantifying the role of a 
demosponge species in the ultimate fate of prokaryotic picoplankton within the 
coastal food webs of south-western Australia (Chapter 8). The biomarker 
signatures indicated that invertebrate larvae are likely to be retained by the 
ascidian Herdmania momus(Chapter4). Thus, benthic-pelagic coupling 
provides another pathway of connectivity in this coastal marine system, and 
marine sponges are key players in the transfer of carbon from the pelagic 
microbial food web into the benthos. 
 
We have shown that proximity to habitat edges affects species’ abundance 
patterns by changing the balance of forces influencing mortality (predation) 
and replenishment (recruitment) of populations in reef-seagrass complexes 
(Chapter 6). Abundances of some species of gastropods decreased with 
increasing distance from reefs, while others showed the opposite trend. 
Predators were shown to be more abundant on reefs, and in immediately 
adjacent seagrasses, thereby influencing the susceptibility of prey nearer to 
reefs to predation, whereas reefs were a source of recruitment for some 
invertebrate species in adjacent seagrasses, compensating for losses due to 
predation. 
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The results from this extensive series of studies have a number of outcomes 
and broad-scale implications for future management strategies and research:  

1. An extensive baseline data set of stable isotopes, and to a lesser extent, 
fatty acids, for future comparative studies; 
 
2. More extensive use of fatty acid analyses, in combination with stable 
isotopes, to examine food web structure and flow of material through the food 
web; 

 
3. A clear understanding of the level of spatial variability in biomarkers to 
design studies with sufficient replication and therefore power to detect shifts in 
food web structure due to human disturbance (e.g. fishing) and management 
strategies (e.g. sanctuary zones); 
 
4. The need to understand the role of reef-derived kelp E. radiata in 
subsidising primary production, and either subsidising or driving secondary 
production in a range of coastal ecosystems; and 
 
5. The need to understand the scales of physical connectivity of the reef-
derived material to other ecosystems, to allow incorporation of corridors of flow 
of material and the ecosystems receiving the kelp if those zones and marine 
parks are to maintain biodiversity and ecological integrity.  
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CHAPTER 1. Background 

SRFME Projects 

A large three-year programme was established to investigate ecological 
interactions in coastal reef communities in Jurien Bay Marine Park in the mid-
west region of Western Australia (Figure 1.1). Jurien Bay had recently been 
gazetted as a Marine Park containing a range of multiple-use management 
zones. This focus distinguished this collaborative project from core SRFME 
projects being undertaken by CSIRO and took advantage of the unique 
opportunities developing in the mid-west region. Two groups of predators, 
finfish and spiny lobster, were of primary interest and the zoning of the park 
into areas subject to different levels and types of fishing allowed the study to 
examine ecological processes in the different management zones during the 
early phases of establishment. This also allowed for the collection of baseline 
data for future comparisons.  

 
Figure 1.1. Map showing draft management zoning of the Jurien Bay Marine 
Park. 
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The goals of the programme were achieved through an integrated research 
programme involving state institutions, Universities and CSIRO. The 
programme comprised four projects, namely:  
 
1. Habitat characterization and benthic community biodiversity studies; 

 
2. Studies of major predator groups – finfish; 
 
3. Studies of major predator groups - rock lobster; and 
 
4. Trophodynamics. 
 
The suite of studies has also provided data that will allow for quantitative 
models of Midwest coastal ecosystems to be developed. Model development 
is well underway in a separate project led by CSIRO and Murdoch University. 
This report focuses on the project examining the trophodynamics in the 
shallow, coastal waters of Jurien Bay. In addition to clear links with the other 
four studies, the report has strong links to a SRFME funded PhD project by 
Karen Crawley (Crawley 2006), which examined interactions in the coastal 
environment through the deposition of wrack in surf zones and its role in those 
habitats.  

Interactions in the marine environment 

Trophodynamic studies were undertaken as part of the programme meshed 
with other proposed and ongoing studies to provide a much better 
understanding of the flow of energy and nutrients at a range of spatial scales, 
from the small scale between habitats to larger cross-shelf scales.  Studies on 
the dietary composition through gut content analyses of fish have traditionally 
been used to examine food webs and trophic linkages in aquatic ecosystems.  
However, such an approach rarely considers the ultimate source of energy 
and provides limited information on the interactions between the various 
primary producers and consumers in an ecosystem. Analyses of gut contents 
often provides only a snapshot of the diet of fish at a particular time, when the 
food consumed by fish often varies considerably over time (hours, days, 
seasons), during the life cycle of the fish (juveniles to adults) and among 
habitats (e.g. Werner and Gilliam 1984, Hyndes et al. 1997). Furthermore, 
different food types are digested at different rates, whereby hard-shelled prey 
can often be over-represented in gut-content analyses due to their 
recognisable fragments remaining in the guts for longer periods. In addition, 
the pharyngeal grinding of food by certain fish species renders the different 
food types consumed by these species indistinguishable.  
 
Stable isotopes (e.g. carbon, nitrogen and sulfur) are considered to be a useful 
biomarker tool to examine food webs, due to their ability to reflect long-term 
diets and assimilation of nutrients from food sources rather than purely 
ingestion. For this reason, they are frequently used to identify sources of 
production, and to delineate trophic pathways in marine systems (e.g. 
Peterson and Howarth 1987, Moncreiff and Sullivan 2001, Cook et al. 2004). 
However, for stable isotopes to be useful in food web studies, they need to: (1) 
exhibit a consistent change (enrichment) between trophic levels; and (2) 
signatures of food sources need to be distinct from each other. Since 13C/12C 
ratios are considered to display limited (0-1‰) enrichment between trophic 
levels (e.g. DeNiro and Epstein 1978, Michener and Schell 1994), they are 
13C/12C typically used for tracing the source of material in the food web 
(Peterson and Fry 1987). In comparison, 15N is considered to display a 
stepwise enrichment of approximately 3‰ between trophic levels (e.g. 
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Minagawa and Wada 1984, Michener and Schell 1994).  For this reason, 
15N/14N ratios have been used to estimate of the number of trophic levels in 
the food web (e.g. Fry and Quinones 1994). The combined use of particularly 
δ13C and δ15N have frequently been used examine the linkages among the 
various food sources and consumers in coastal environments. 
 
Stable isotope ratios of potential food sources can often be indistinguishable, 
resulting in ambiguous results and limiting the ability to provide clear 
conclusions regarding sources of production. For benthic marine macrophytes, 
seagrasses and macroalgae generally display a clear difference in δ13C (e.g. 
Lepoint et al. 2000, Vizzini et al. 2002, Connolly et al. 2005), but there is 
considerable overlap in δ13C among major taxonomic groups within 
macroalgae (i.e. Rhodophyte, Phaeophyte) (e.g. Loneragan et al. 1997, 
Hyndes and Lavery 2005, Connolly et al. 2005, Crawley et al. 2009). To help 
resolve this ambiguity, lipid biomarkers, such as fatty acids, can be used 
(Phleger et al. 1998, Wilson et al. 2001, Crawley et al. 2009). Lipids are 
fundamental components of cellular material with high biological specificity, 
and from their origin in primary producers are generally incorporated by higher 
trophic levels with little modification (e.g. Graeve et al. 1994, Hudson et al. 
2004).  Analyses of marine macroalgae have revealed clear differentiation in 
poly-unsaturated fatty acids (PUFA) profiles among algal groups (Graeve et al. 
2002,Banaimoon 1992, Fleurence et al. 1994,De Angelis et al. 2005), and 
among seagrass species (Alfaro et al. 2006, Richoux and Froneman 2008). 
The combined use of stable isotopes and fatty acids has been shown to be a 
powerful approach to resolve complex food web interactions (Nyssen et al. 
2005, Thurber 2007). 

 
Understanding the interactions of organisms within landscapes is fundamental 
to effective management of natural resources. Interactions between 
juxtaposed habitats influence ecological patterns, with the movement 
nutrients, organic material and animals across habitat boundaries profoundly 
altering food web structure and community dynamics (Polis and Hurd 1996, 
Polis et al. 1997). The coastal marine landscape of south-western Australia, 
including the mid-west coast, comprises mosaics of interspersed seagrass 
meadows, rocky macro-algae dominated reefs and unvegetated sediments. 
Trophic interactions across boundaries in this landscape have been shown 
through the nocturnal foraging movement of the major benthic consumer 
Panulirus cygnus (Western rock lobster) from reefs to seagrass meadows 
(MacArthur et al. 2008), and the movement of detached macrophytes from 
reef and seagrass meadows to surf zones (Crawley and Hyndes 2007, 
Crawley et al. 2009). The movement of propagules from reefs has also been 
shown to influence nearby habitats through increasing diversity and biomass 
of epiphytic algae in nearby seagrass meadows (Van Elven et al. 2004). 
Interactions can also occur between benthic and pelagic ecosystems, with 
marine sponges being major conduits of energy and nutrient transfer from 
pelagic to benthic systems through their high filtration rates and retention 
efficiencies of particulate organic material from the water column (see review 
of Bell 2008). 
 
The production of marine macroalgae and seagrasses in subtidal habitats is 
extremely high in many coastal regions, including south-western Australia, and 
these macrophytes are often detached during storms and high swells and then 
transported across habitat boundaries (Kirkman and Kendrick 1997, Colombini 
and Chelazzi 2003). Detached macrophytes, known as wrack, often 
accumulate in other adjacent or distant habitats in subtidal, intertidal or 
terrestrial environments (Pennings et al. 2000, Wernberg et al. 2006, Ince et 
al. 2007), where they can drive production (e.g Bastamante et al. 1995, Polis 
and Hurd 1996, Polis et al. 1997, Ince et al. 2006, Crawley and Hyndes 2007). 
The strong influence of these detrital inputs on food webs across these 
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ecosystem boundaries is likely to, at least partly, reflect the low in situ 
production of the recipient systems. However, the deposition of kelp detritus 
into seagrass meadows in south-western Australia (Wernberg et al. 2006), 
suggests that this material could influence the food web structure of seagrass 
meadows which display high levels of in situ productivity. 

Need 

Understanding key processes and scales of connections in marine landscapes 
is fundamental to effective marine management, particularly when 
management utilises spatial strategies such as Marine Protected Areas 
(MPAs). MPAs are a management tool used in numerous countries for a 
variety of objectives (Halpern 2003). In Western Australia, part of the rationale 
for basing SRFME collaborative projects in the mid-west region relates to 
opportunities presented by the recently gazetted Jurien Bay Marine Park in 
2003. Like many marine parks in Western Australia, the Jurien Bay Marine 
Park was established to maintain biodiversity and ecological integrity (CALM 
2005) through a multiple-use spatial management system. The establishment 
of zones designated for different levels of use allows for the continued use of 
the area, but provides a higher level of protection than would otherwise be the 
case. The establishment of Sanctuary Zones and Scientific Reference Zones 
also provides a tool for scientific studies to examine ecological processes in 
the absence of human disturbance such as fishing. However, it will take some 
time for differences in predator abundance to develop in Sanctuary Zones in 
the absence of fishing activities, and for the park to reach its potential as a 
useful tool for ecological research on impact of fishing and subsequent top-
down effects.  Since any convincing demonstration of any direct or indirect 
effects of fishing revealed by changes of fishing pressure or other human 
activities in the park will rely on a BACI design, this study will provide a range 
of necessary baseline data for future research. Trophodynamic studies 
undertaken as part of the programme have meshed with other studies to 
provide a much better understanding of the flow of energy and nutrients at a 
range of spatial scales. 
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REPORT STRUCTURE 

The report will provide the results of a range of studies using biomarkers 
(stable isotopes and fatty acids) to evaluate the trophic structure of Jurien Bay 
Marine Park (Phase 1: Chapters 2-4) and then a range of studies examining 
habitat connectivity within the mosaic of habitats within the coastal landscape 
of Jurien bay or other similar landscapes using a range of descriptive and 
experimental approaches (Phase 2: Chapters 5-8).  The results of discrete 
studies within each phase are presented as individual chapters, each 
providing an introduction, methods, results, discussion and conclusion, as 
outlined below: 

Chapter  
2. Intra-species variation in δ15N and δ13C stable isotopes in a temperate   

marine environment: implications for food web studies. 
3. Differentiation of benthic marine primary producers using biomarker 

techniques: a comparative study with stable isotopes and fatty acids 
4. Food web of a reef-seagrass habitat mosaic in Jurien Bay: a stable 

isotope and fatty acid approach. 
5. The use of detached kelp (Ecklonia radiata) by seagrass-associated 

mesograzers in temperate south-western Australia. 
6. Proximity to reefs alters the balance between positive and negative 

effects on seagrass fauna. 
7. Pathways for cross boundary subsidies to primary producers and 

consumers in a productive recipient ecosystem. 
8. Selective Uptake iof prokaryotic picoplankton uptake by a marine 

sponge (Callyspongia sp.) within an oligotrophic coastal system. 

 
Finally, we provide a synthesis of the conclusions from each chapter and 
examine the implications of our findings to marine management in the region. 
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CHAPTER 2. Intra-species variation in δ15N and δ13C 
stable isotopes in a temperate marine environment: 

implications for food web studies 

Glenn A. Hyndes, Christine E. Hanson and Mathew A. Vanderklift 

Introduction 

Natural abundances of stable isotopes, especially δ15N and δ13C, are 
frequently used to trace the sources and fate of production (e.g. Moncreiff and 
Sullivan 2001, Adin and Riera 2003, Melville and Connolly 2003, Hyndes and 
Lavery 2005). Their use is based on the assumption that they display relatively 
constant discrimination between diet and consumer, so that differences 
between trophic levels are predictable (e.g. DeNiro and Epstein 1978, 
Minagawa and Wada 1984, Michener and Schell 1994). This assumption has 
been questioned and has received considerable attention (see Vanderklift and 
Ponsard 2003, Caut et al. 2009). However, far less consideration has been 
given to quantifying sources of within-species variability in δ15N and δ13C, 
although there is some recognition that such variation occurs spatially, 
temporally and among individuals (see Matthews and Mazumder 2004). 
Understanding the patterns of this variability will have implications for the way 
ecologists design surveys and experiments to address key ecological 
questions, and the way data are used in mixing models, which have become 
commonplace in recent years. 
 
Intra-species variation in stable isotopes can occur through variation across 
spatial and temporal scales and/or variation among individuals at a given time 
and place. Stable isotopes of macrophytes can vary spatially or temporally 
through changes in light, temperature, water depth and nutrient supply, which 
can alter rates of productivity and influence a producer’s demand for carbon 
and therefore δ13C (Hemminga and Mateo 1996). Furthermore, differences in 
δ15N of ammonium and nitrate, which may alter over space and time, are likely 
to alter δ15N in marine plants (Short and McRoy 1984, Hemminga et al. 1999). 
It is perhaps not surprising that evidence of spatial and temporal variability in 
stable isotopes is particularly pronounced in estuarine environments 
(Hemminga and Mateo 1996, Boyce et al. 2001), which typically exhibit high 
spatial and temporal patterns in a range of physico-chemical parameters. In 
terms of consumers, variability among individuals can reflect different resource 
use by different life history stages, sex and individual physiology (Bearhop et 
al. 2004, Matthews and Mazumder 2004, Barnes et al. 2008). Furthermore, 
since consumers can forage over large areas (Valentine et al. 2007, 
MacArthur et al. 2008), stable isotope variability will reflect individuals feeding 
on different resources, or feeding on a wide range of food resources with 
different stable isotope values (Bearhop et al. 2004). It is plausible that 
consumers are more likely to vary among individuals than primary producers, 
but this possibility has not been tested. 
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The ability to quantify sources of intra-species variation in stable isotope ratios 
is key to using them effectively to test ecological questions. For example, 
variation among individuals can provide insights into individual specialization 
and dietary niche (Bearhop et al. 2004). Similarly, understanding spatial 
patterns in stable isotope ratios bolsters the ability to quantify animal 
movements (Hobson 1999) and determining the origin of organic matter. Any 
conclusions regarding the source and fate of production in food web studies 
requires an understanding of the spatial and temporal variation in stable 
isotopes, yet few studies have examined variability in stable isotope ratios of 
particularly consumers (Thomas and Cahoon 1993, Jennings et al. 1997). 
Furthermore, while mixing models such as Isosource (Phillips and Gregg 
2003) are frequently used to determine sources of production in consumers, 
the vast majority of those studies use average data over space and time, and 
therefore do not capture variability within either sources of production or 
consumers. In this study, we quantified variability in δ15N and δ13C over a 
broad spatial scale of kilometres, and a fine scale representing either a spatial 
scale of metres or among individuals for a large range of primary producers, 
invertebrates and organic particulate material in a coastal system on the mid-
west coast of Australia. We have also quantified temporal variability in stable 
isotopes between two different times of the year (months representing austral 
autumn and spring). In addition, we have examined the potential 
consequences of such variability on the outcomes of mixing models for a suite 
of benthic consumers. 

Materials and methods 

Study area and sample collection 

The study area encompassed a spatial extent of 8.5 km (east/west) by 26.5 
km (north/south; Figure. 2.1) within the Jurien Bay Marine Park (30°17.3’ S, 
115°02.5’ E), on the lower west coast of Australia.  The area is part of the 
Central West Coast marine bioregion (Australia 2006), which is a broad (600 
km in length) biogeographical transition zone between tropical and temperate 
ecosystems, with an associated Mediterranean-type climate (Morgan and 
Wells 1991).  The region is characterised by a series of limestone islands and 
reefs < 20 m in depth that run parallel to shore, and provide shelter to shallow 
(< 10 m) lagoons interspersed with large sandbars.  Extensive seagrass 
meadows are interspersed with the subtidal limestone reefs, reef pavement 
and unvegetated sand patches (Sanderson 2000). 
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Sampling was undertaken twice: once during autumn (April/May) and once 
during spring (October) 2005, at eight sites (Figure. 2.1). Each site comprised 
a mosaic of limestone reef, seagrass and bare sand, which were the main 
habitat types in the region.  At each site, three individuals of each of the 
dominant species of benthic primary producers and invertebrates were 
collected using SCUBA. These replicate samples were collected haphazardly 
over distances of metres to 10s of metres. Samples were frozen immediately 
after collection and stored at -20°C until laboratory analysis.  Prior to analysis, 
macrophytes were rinsed with deionised water, and cleaned of epiphytes 
where necessary.  Periphyton was obtained by scraping seagrass leaves with 
a razor blade, with care taken to avoid removing seagrass tissue.  Invertebrate 
muscle tissue was taken from the tail of rock lobsters, the foot of gastropods, 
the Aristotle’s lantern of sea urchins, and the body wall of sea cucumbers and 
ascidians. Two size fractions of sedimentary particulate organic matter 
(Sedimenary POM) were obtained by sieving bulk sediment through 1 mm and 
0.63 µm sieves.  Suspended particulate organic material (Suspended POM) 
samples were collected by filtering water (2 – 4 L) onto pre-combusted (450°C 
for 2 h) Whatman GF/F filters following the preparation protocols of (Knap et 
al. 1996), and then stored at -20°C until mass spectrometer analysis. 

Stable isotope analysis 

Material was dried at 60°C, homogenized to a fine powder using a ball mill and 
weighed into tin capsules.  Subsamples requiring removal of inorganic carbon 
(e.g. calcareous algae, periphyton, sedimentary detritus, sea cucumbers) were 
weighed into silver capsules and acid-treated by adding drops of 1N HCl until 
effervescence ceased (Boutton 1991) and analysed separately for δ13C.   
Material was combusted by elemental analyser (ANCA-GSL, Europa, Crewe, 
United Kingdom) to N2 and CO2, which was purified by gas chromatography 
and the nitrogen and carbon elemental composition and stable isotope ratios 
determined by continuous flow isotope ratio mass spectrometry (20-20 IRMS, 
Europa, Crewe, United Kingdom).  Reference materials of known elemental 
composition and stable isotope ratios were interspaced with the samples for 
calibration, with all standards previously calibrated against International 
Atomic Energy Agency (IAEA) or National Institute of Standards and 
Technology (NIIST) reference materials with a precision (1 SD from ~10 
samples) of < 0.1‰.  Results are reported relative to Vienna PeeDee 
Belemnite (V-PDB) for δ13C and atmospheric N2 for δ15N, and expressed in δ 
notation as: δX (‰) = ((Rsample/Rstandard) – 1) × 1000, where X = 13C or 15N, and 
R = 13C:12C or 15N:14N.  

 
Statistical analyses and modelling 

All statistical analyses were conducted using distance-based linear models 
with significance tests by permutation using the PERMANOVA+ add-on 
package for PRIMER v6 (Clarke and Gorley 2006, Anderson et al. 
2008)(Anderson 2001, McArdle and Anderson 2001).  One-way univariate 
PERMANOVA (random factor = site) were conducted on species that were 
found at ≥ 6 sites but consistently collected in only one of the two time periods.  
Two-way PERMANOVA (random factors = time and site) were conducted on 
species that were found at ≥ 4 sites and collected in both seasons.  Due to the 
patchiness of producers and consumers, 17 species (or groups) were 
collected from 4-7 of the 8 sites in each of the time periods. All analyses were 
undertaken using Euclidean distance; note that in the univariate case (used 
here), this yields estimates of sums of squares (and so also mean squares 
and F-ratios) exactly equivalent to ANOVA. The use of permutation allows for 
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significance to be tested without the assumption of normality.  PERMANOVA 
is, however, sensitive to differences in dispersions (i.e. heterogeneity of 
variances in the univariate tests) and thus a test of homogeneity of dispersion 
was conducted for each analysis (PERMDISP), which is equivalent to 
Levene’s test under the conditions used here (Anderson et al. 2008). Balanced 
ANOVAs are robust with regard o heterogeneous data (Underwood 1997), 
however, if the data exhibited significant (p < 0.05) heteroscedasticity we only 
considered results significant at p < 0.01 . Since we were most interested in 
relative importance of different sources of variation, we have focused on the 
relative magnitude of effect (the variance component of each factor, divided by 
the sum of all variance components). Unlike P values, this index does not 
depend directly on the degrees of freedom, (Graham and Edwards 2001). Any 
negative variance components were set to zero following the pooling 
procedure outlined by Graham and Edwards (2001). Variance for Site and 
Time was considered as “large spatial scale” and “temporal” variability, 
respectively, while that of the Residual represented “small spatial scale” 
variability for seagrasses and POM and “among individual” variance for 
macroalgae and consumers. 
 
Mixing model analyses were conducted using IsoSource (V 1.3.1) (Phillips and 
Gregg 2003) to examine the potential dietary contributions of 4 to 5 
representative species of benthic primary producers to the diets of two 
grazers, the gastropod Turbo intercostalis and the sea urchin Heliocidaris 
erythrogramma, and a filter feeder, the ascidian Herdmania momus. 
Producers included in the mixing models were chosen on the basis of their 
availability in each consumer’s habitat. In the case of T. intercostalis, 
periphyton on seagrass was included in the mix of sources as a proxy for 
periphyton in the reef habitat, as we were unable to collect this material on 
reefs. To examine the effect of spatial variation in the stable isotope values of 
consumers and producers on conclusions regarding the source of production 
for consumers, we carried out the mixing model analyses using data from two 
sites at which δ15N and δ13C were distinct. Dual-element mixing models (i.e. 
incorporating δ15N and δ13C) could not be carried out since the mean δ15N of 
the consumers lay outside the range of means encompassed by the primary 
producers, regardless of the discrimination level applied to those mean values. 
We therefore used a single element (δ13C) model, incorporating δ13C values, 
for each grazer at two sites. A δ13C diet-tissue discrimination (Δ) of 0.6‰, 
which was the average of values for gastropods from published literature 
(DeNiro and Epstein 1978), was applied to the source δ13C values for T. 
intercostalis.  In comparison, a Δ of 2.9‰ was applied to the source values of 
H.erythrogramma, based on pilot diet-tissue discrimination experiments (E. 
Gates, unpubl. data), while a standard Δ of 0.8‰ from (DeNiro and Epstein 
1978) was applied to the sources of H. momus in the basence of any Δ values 
available for ascidians. All possible combinations of each source contribution 
were examined in 1% increments, with tolerance levels set to ± 0.05 %.  The 
distributions of feasible solutions are presented by providing the 1st, 50th 
(median) and 99th percentiles for each potential source contribution. 
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Results 

Primary producers 

Six of the nine primary producer species/groups displayed significant 
differences in the main effects or interactions in δ15N as shown by 
PERMANOVA (Table 2.1), which often reflected the greatest proportion of 
variance (Tables 2.1 and 2.2). Temporal variation was the greatest source of 
variation (>50%) for all red algae (Amphiroa anceps, Laurencia filiformis and 
M. stelliferum) and the brown alga Ecklonia radiata and these patterns were 
also statistically significant (Tables 2.1 and 2.2). In comparison, spatial 
variation was the greatest source of variation (>58%) in δ15N of seagrasses, 
and this difference was statistically significant for Posidonia sinuosa (Figure. 
2.3b) and Halophila ovalis (Figure. 2.3c). The greatest source of variation in 
δ15N of periphyton was among replicates (residual term, Table 2.2). Mean δ15N 
values of primary producers across all sites and times differed by 2.5 and 
4.5‰ for each species or group, while individual values differed by a range 
from 3.2‰ (for E. radiata) to 6.7‰ (for the seagrass Syringodium isoetifolium). 
 
For δ13C the greatest source of variance for all algae (>39%) and three of the 
four seagrass species was among replicates (i.e. the residual term: Figures 
2.2 &2.3, Table 2.1). The lack of differences in δ13C between times and across 
the broader spatial scale (site) reflects the high proportion of variance at the 
small spatial scale (residual) which contributed >45% to the total variance in 7 
of the 9 species (Table 2.2). This was supported by the high within-site 
variability for a number of species (Figure. 2.2&2.3). For a range of species, 
the percentage of variance was also high (>20%) for time by site interaction 
and site. The mean values varied by between 2 and 5‰ within each species 
or group, while individual values varied by 4.2‰ for P. sinuosa through to 
9.1‰ for S. isoetifolium. 
 
All of the five species or groups, for which replicate samples were collected 
from more than six sites on one sampling occasion, displayed significant site 
effects in δ15N, while only the seagrass Amphibolis antarcticadisplayed a site 
effect for δ13C (Table 2.3). In terms of δ15N, the majority of the variance was 
explained by site for all five primary producers (>67%), whereas the variance 
of δ13C was strongly influenced by the smaller spatial scale (Residual) for the 
red algae Haliptilon roseum, Metamastophora flabellata and Polysiphonia sp., 
and periphyton on the seagrass Amphibolis antarctica (Table 2.3, Figure. 2.4). 
The variance of δ13C was similar across both spatial scales for A. antarctica.  

Consumers 

Unlike patterns for primary producers, the greatest source of variation in δ15N 
for most (seven of eight) consumers was among replicate variation. The single 
exception was Heliocidaris erythrogramma for which the greatest source of 
variation was among sites. In addition, only two of the eight species exhibited 
significant differences in the main effects or interactions in either δ15N as 
shown by PERMANOVA (Table 2.1). δ15N of H. erythrogramma showed a site 
effect and a site by time interaction (Table 2.1, Figure. 2.5), with site 
contributing the greatest proportion of the variance (57%, Table 2.2). For the 
ascidian Herdmania momus, the highest proportion of variance was explained 
by site and within replicate terms. Mean δ15N values across sites and times 
varied by 1.5 to 2.5‰ for each consumer, while values based on individuals 
varied by 2.2-3.3‰. 
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There was no overall pattern in the main sources of variation for δ13C of 
consumers. Four of the eight species showed the greatest source of variation 
among replicates (residual term). In terms of δ13C, the echinoderms H. 
erythrogramma and P. irregularis exhibited a time and site effect, respectively 
(Table 2.1), which each exhibited the highest variance for the respective 
species (Table 2.2). In the case of the gastropod Thais orbita, the interaction 
between site and time was significant and explained the highest proportion of 
the variance. In comparison, small spatial scale (residual) explained by far the 
greatest variance (>75%) for H. momus, P. cygnus, S. mollis and A. tentorium 
(Table 2.2), reflecting the high within-site variability in δ13C for these 
consumers (Figures 2.5 and 2.6). Similar to primary sources, the mean values 
of consumers varied by between 2 and 4‰ (Figures 2.5 &2.6) and by 3.1‰ for 
P. cygnus to 9.0‰ for S. mollis based on individuals. 

Particulate organic matter 

The δ15N and δ13C of particulate organic matter often displayed a significant 
time by site interaction, and either a site or time effect (Table 2.1). For both 
δ15N and δ13C, a high proportion of the variance was explained by the 
interaction between time and site for suspended particulate organic matter 
(SPOM), while the variance was greatest among replicates for coarse 
sedimentary POM (Table 2.2). Mean δ15N values varied by between 2.5 and 
4.5‰ across sites and times, while mean δ13C values varied by between 6 and 
9‰ (Figure. 2.7). Based on individuals, δ15N and δ13C varied by as much as 
6.3 and 14.7‰, respectively. 

Mixing model 

Of the four food sources used in the mixing model for the gastropod T. 
intercostalis, representing brown (Sargassum sp), fleshy-red (L. filiformis) and 
articulated-coralline red (A. anceps) algae and periphyton, periphyton was 
shown to make large contributions to the diet this grazing species at site DL 
(Fig. 8a), although its potential contribution was quite variable (34-92%).  The 
fleshy red alga L. filiformis also potentially contributed up to 65% to the 
consumer’s diet, but also contributed as little as 0%. In contrast, the feasible 
contribution of L. filiformis to T. intercostalis was high and consistent at site 
ER, as shown by the tight 1-99% percentile range (68-83%) and high median 
(76%), while that of periphyton was low (Figure. 2.8b). The potential 
contributions of the other two sources (Sargassum sp, and A. anceps) were 
low at both sites (cf Figure. 2.8a, b). 
 
In the case of the urchin H. erythrogramma, all three sources (E. radiata, L. 
filiformis and A. anceps) displayed variable feasible contributions either within 
or between sites (F2 and BV). The kelp E. radiata had a wide range of feasible 
contributions (0-92%) at F2, compared to 48-92% at BV (Figures 2.8c,d). In 
contrast, the contributions of A. anceps to the diet of this urchin were 
consistently low (1-12%) at F2,, compared to a high range (0-74%) at BV (cf 
Figures. 2.8c,d). 
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For the ascidian H. momus, the potential food sources used in the mixing 
model comprised Sargassum sp. (brown alga), L. filiformis, A. anceps and H. 
ovalis (seagrass) as well as suspended POM, which was potentially a mixture 
of particulate matter derived from the different types of algae and seagrass. 
The results of the mixing model indicated that A. anceps had the greatest 
feasible contributions (50-90%) to the diet of H. momus at site F2, while all 
other sources made low contributions (Figure. 2.8e). In comparison, 
Sargassum sp. (brown alga), L. filiformis and A. anceps all made low to high 
contributions (0-80%) to the diet of H. momus at ER (Figure. 2.8f). 
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Table 2.1. Results of twoway PERMANOVA for δ15N and δ13C across site and time for a range of primary sources, consumers and particulate organic matter (POM) 
collected from Jurien Bay, southwestern Australia. * indicates lack of homogeneity of dispersion. 
δ15N Time Site Time x Site Res 
Group/species df MS P df MS P df MS P df MS 
Phaeophyta   
  Ecklonia radiata* 1 9.24 0.016 5 1.48 0.192 5 0.61 0.006 24 0.14 
Rhodophyta            
  Amphiroa anceps 1 14.11 0.008 4 1.46 0.067 4 0.37 0.056 21 0.14 
  Laurencia filiformis 1 6.81 0.028 3 1.33 0.123 3 0.15 0.396 15 0.13 
  Metagoniolithon stelliferum 1 9.29 0.026 3 1.81 0.050 3 0.17 0.202 14 0.10 
Periphyton            
  on Posidonia sinuosa 1 1.49 0.055 3 0.52 0.098 3 0.11 0.870 15 0.46 
Seagrasses            
  Amphibolis griffithii 1 0.04 0.760 3 3.67 0.066 3 0.50 0.271 15 0.35 
  Halophila ovalis 1 1.47 0.347 5 8.68 0.029 5 1.35 0.055 22 0.53 
  Posidonia sinuosa 1 1.29 0.305 3 9.12 0.038 3 0.67 0.511 16 0.85 
  Syringodium isoetifolium 1 1.67 0.406 3 9.35 0.101 3 1.56 0.038 12 0.39 
Ascidiacea            
  Herdmania momus 1 2.27 0.048 5 1.26 0.084 5 0.31 0.245 24 0.22 
Decapoda    
  Panulirus cygnus 1 6.0E-5 0.997 5 2.78 0.086 5 0.77 0.187 23 0.46 
Echinodermata            
  Heliocidaris erythrogramma 1 2.7E-4 0.968 5 1.91 0.042 5 0.37 0.016 24 0.11 
  Phyllacanthus irregularis* 1 2.28 0.055 5 0.25 0.595 5 0.33 0.256 23 0.24 
  Stichopus mollis 1 0.12 0.783 4 0.50 0.881 4 1.65 0.061 18 0.59 
Gastropoda            
  Astralium tentorium 1 0.14 0.526 3 1.63 0.059 3 0.15 0.691 15 0.30 
  Thais orbita* 1 1.14 0.324 4 0.05 0.986 4 0.90 0.025 18 0.25 
  Turbo intercostalis 1 0.08 0.584 3 0.331 0.414 3 0.240 0.072 14 0.08 
POM            
  Suspended (> 0.7 µm) 1 0.96 0.355 4 1.79 0.249 4 1.05 0.001 17 0.11 
  Sedimentary (> 1 mm) 1 8.12 0.200 7 3.54 0.581 7 4.09 0.008 29 1.17 
  Sedimentary (63 µm–1 mm) 1 6.11 0.039 7 4.18 0.034 7 0.95 0.097 28 0.49 
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Table 2.1 continued. 
δ13C Time Site Time x Site Res 
Group/species df MS P df MS P df MS P df MS 
Phaeophyta            
 Ecklonia radiata* 1 20.07 0.024 5 3.03 0.217 5 1.73 0.264 24 1.24 
Rhodophyta            
 Amphiroa anceps* 1 1.12 0.652 4 2.63 0.659 4 4.28 0.018 21 1.14 
 Laurencia filiformis 1 0.01 0.969 3 6.61 0.153 3 2.33 0.356 15 2.00 
 Metagoniolithon stelliferum 1 7.50 0.105 3 3.44 0.215 3 1.09 0.264 14 0.75 
Periphyton            
 on Posidonia sinuosa 1 0.23 0.785 3 5.87 0.226 3 2.45 0.136 14 1.13 
Seagrasses            
 Amphibolis griffithii* 1 1.26 0.526 3 10.45 0.098 3 2.44 0.135 15 1.13 
 Halophila ovalis 1 2.72 0.468 5 7.66 0.277 5 4.58 0.050 22 1.76 
 Posidonia sinuosa 1 2.16 0.125 3 0.68 0.415 3 0.49 0.410 16 0.49 
 Syringodium isoetifolium 1 8.98 0.287 3 6.00 0.494 3 5.18 0.050 14 1.63 
Ascidiacea            
 Herdmania momus 1 0.25 0.739 5 0.80 0.802 5 1.91 0.208 24 1.21 
Decapoda            
 Panulirus cygnus 1 0.29 0.520 5 0.36 0.768 5 0.64 0.130 23 0.33 
Echinodermata            
 Heliocidaris erythrogramma* 1 15.14 0.032 5 2.65 0.281 5 1.64 0.036 24 0.58 
 Phyllacanthus irregularis 1 1.88 0.102 5 4.44 0.022 5 0.48 0.129 23 0.25 
 Stichopus mollis 1 1.33 0.372 4 1.97 0.368 4 1.32 0.687 17 2.30 
Gastropoda            
 Astralium tentorium 1 1.71 0.253 3 1.66 0.257 3 0.82 0.390 15 0.76 
 Thais orbita* 1 13.36 0.087 4 1.37 0.748 4 2.93 0.003 18 0.33 
 Turbo intercostalis 1 24.58 0.052 3 11.31 0.156 3 2.21 0.139 14 1.25 
POM            
 Suspended (> 0.7 µm)* 1 50.70 0.197 4 8.98 0.770 4 21.90 0.001 17 0.18 
 Sedimentary (> 1 mm) 1 0.02 0.943 7 14.23 0.049 7 3.50 0.791 29 6.35 
 Sedimentary (63 µm–1 mm) 1 8.45 0.454 7 16.30 0.414 7 13.57 0.001 28 2.66 
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Table 2.2 Estimated variance component (and percentage variance) for each term of the twoway PERMANOVAs for δ13C and δ15N for a range of primary sources, 
consumers and particulate organic matter (POM) collected from Jurien Bay, southwestern Australia. 

  δ15N     δ13C   

 Time Site Time by site Res  Time Site Time by site Res 
Ecklonia radiata 0.48 (52.0) 0.14 (15.6) 0.16 (17.0) 0.14 (15.4)  1.02 (38.6) 0.22  (8.2) 0.17  (6.3) 1.24 (46.9) 
Amphiroa anceps 0.96 (70.5) 0.19 (13.7) 0.08  (5.7) 0.14 (10.1)  -0.22 (0.0) -0.28  (0.0) 1.07 (48.4) 1.14 (51.6) 
Laurencia filiformis 0.59 (63.1) 0.21 (22.2) 0.01  (0.4) 0.13 (14.2)  -0.21 (0.0) 0.75 (26.3) 0.12  (4.1) 2.00 (69.7) 
Metagoniolithon stelliferum 0.86 (66.5) 0.30 (23.7) 0.03  (2.2) 0.10   (7.6)  0.60 (31.4) 0.44 (22.8) 0.13  (6.6) 0.75 (39.2) 
Periphyton on P. sinuosa 0.12 (18.8) 0.07 (11.1) -0.12 (0.0) 0.46 (70.2)  -0.21  (0.0) 0.64 (28.2) 0.49 (21.8) 1.13 (50.0) 
Amphibolis griffithii -0.04  (0.0) 0.56 (58.0) 0.05  (5.3) 0.35 (36.7)  -0.10  (0.0) 1.41 (47.0) 0.46 (15.4) 1.13 (37.7) 
Halophila ovalis 0.01  (0.3) 1.31 (61.3) 0.30 (13.8) 0.53 (24.6)  -0.11  (0.0) 0.55 (16.6) 1.01 (30.3) 1.77 (53.1) 
Posidonia sinuosa 0.05  (2.2) 1.41 (61.0) -0.06  (0.0) 0.85 (36.8)  0.14 (21.2) 0.03  (4.7) 0.00  (0.2) 0.49 (74.1) 
Syringodium isoetifolium 0.02  (0.7) 1.71 (65.0) 0.51 (19.5) 0.39 (14.7)  0.36 (10.4) 0.15  (4.4) 1.31 (38.0) 1.63 (47.2) 
Herdmania momus 0.11 (21.1) 0.16 (30.8) 0.03  (6.2) 0.22 (42.0)  -0.09  (0.0) -0.19  (0.0) 0.24 (16.4) 1.21 (83.6) 
Panulirus cygnus -0.04  (0.0) 0.35 (38.0) 0.10 (11.4) 0.46 (50.7)  -0.02  (0.0) -0.05  (0.0) 0.11 (24.3) 0.33 (75.7) 
Heliocidaris erythrogramma -0.02  (0.0) 0.26 (57.0) 0.09 (19.5) 0.11 (23.5)  0.75 (40.5) 0.17  (9.0) 0.36 (19.2) 0.58 (31.3) 
Phyllacanthus irregularis 0.11 (29.2) -0.01  (0.0) 0.03  (8.9) 0.24 (61.9)  0.08  (7.4) 0.68 (62.3) 0.08  (7.2) 0.25 (23.2) 
Stichopus mollis -0.11  (0.0) -0.21  (0.0) 0.39 (39.5) 0.59 (60.5)  0.00  (0.0) 0.12  (5.1) -0.37  (0.0) 2.30 (94.9) 
Astralium tentorium 0.00  (0.0) 0.26 (46.0) -0.05  (0.0) 0.31 (54.0)  0.08  (7.9) 0.15 (14.9) 0.02  (2.0) 0.76 (75.2) 
Thais orbita 0.02  (3.6) -0.16  (0.0) 0.24 (47.4) 0.25 (49.0)  0.77 (37.6) -0.28  (0.0) 0.94 (46.2) 0.33 (16.3) 
Turbo intercostalis -0.01  (0.0) 0.02 (10.7) 0.06 (36.2) 0.08 (53.1)  2.05 (37.8) 1.57 (28.9) 0.55 (10.2) 1.25 (23.1) 
Suspended POM (> 0.7 µm) -0.01  (0.0) 0.14 (22.9) 0.35 (58.5) 0.11 (18.6)  2.24 (21.2) -2.43  (0.0) 8.15 (77.1) 0.18  (1.7) 
Sedimentary POM (> 1 mm) 0.19  (7.7) -0.10  (0.0) 1.05 (43.7) 1.17 (48.7)  -0.16  (0.0) 1.94 (23.3) -1.03  (0.0) 6.35 (76.7) 
Sedimentary POM (63 µm–1 mm) 0.24 (16.2) 0.60 (40.5) 0.17 (11.5) 0.47 (31.7)  -0.23 (0.0) 0.51 (7.1) 4.05 (56.1) 2.66 (36.8) 
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Figure 2.1.  Location of the eight sites in the Jurien Bay and Green Head regions of south-
western Australia. 
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Figure 2.2.  Bi-plots of mean δ13C and δ15N (±SE) of representative brown (a) and red (b-d) 
algae collected from eight sites and two sampling occasions in Jurien Bay, south-western 
Australia. 
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Figure 2.3.  Bi-plots of mean δ13C and δ15N (±SE) of representative seagrass 
species (a-d) and periphyton on P. sinuosa leaves collected from eight sites and 
two sampling occasions in Jurien Bay, south-western Australia  
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Figure 2.4. Bi-plots of mean δ13C and δ15N (±SE) of representative algae (a-c), 
seagrass species (d) and periphyton on A. griffithii leaves collected from at 
least six sites on one sampling occasions in Jurien Bay, south-western 
Australia  
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Figure 2.5. Bi-plots of mean δ13C and δ15N (±SE) of representative grazers 
(a-c) and omnivores (d,e) and carnivore (f) collected from at least six sites and 
on two sampling occasions in Jurien Bay, south-western Australia
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Figure 2.6.  Bi-plots of mean δ13C and δ15N (±SE) of a representative a) 
suspension feeder (ascidian), and detritivore (cucumber) collected from at 
least six sites on two sampling occasions in Jurien Bay, south-western 
Australia.
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Figure 2.7. Bi-plots of mean δ13C and δ15N (±SE) of suspended (a) and 
sedimentary (b. c) particulate organic matter collected from at least six sites on 
one sampling occasions in Jurien Bay, south-western Australia.  
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Figure 2.8. Single isotope (δ13C) mixing model (IsoSource) output showing 1st, 
50th (median) and 99th percentiles of feasible contributions of benthic primary 
producers to the diets of the gastropod Turbo intercostalis (a,b), the sea urchin 
Heliocidaris erythrogramma (c,d), and the sea cucumber Herbmania momus 
(e,f), at each of two sampling sites with contrasting source and consumer δ13C 
signatures. 
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Discussion 

This study has shown a high degree of intra-species variability in both δ13C 
and δ15N for a large suite of marine organisms that represent key groups 
(different primary producer and consumer groups) in the food webs of coastal, 
marine ecosystems. The source of variability differed for the different species 
or groups, with δ13C varying most between time periods for macroalgae, 
among sites for seagrasses, and among individuals for consumers. In 
comparison, δ15N varied most among individuals for macroalgae, seagrasses 
and consumers. The source of such variation is likely to be explained by 
different factors affecting the uptake of δ13C and δ15N by the different groups of 
producers and consumers, based on variations in: (1) resource availability; (2) 
environmental influences on physiology; and (3) inherent intra-population 
variability, as discussed below. 
 
Variation in δ13C and δ15N of seagrasses was explained mainly by large 
(kilometres) and/or small (metres) spatial scales. Stable isotopes can be 
influenced by factors, such as light availability, nutrient sources and 
availability, water temperature, and plant demand for growth (e.g. Grice et al. 
1996, Hemminga and Mateo 1996, Papadimitriou et al. 2005). Since these 
variables can alter spatially in dynamic systems such as estuaries, several 
studies have shown high spatial variability in stable isotope of seagrasses in 
these systems (e.g.Grice et al. 1996, Boyce et al. 2001). However, our study 
region is a wind-dominated, well-flushed system with limited influence from 
terrestrial runoff (Sanderson 2000, Chua and Pattiaratchi unpubl data), and 
would therefore exhibit far less variability in environmental factors such as 
water temperature, salinity and turbidity than estuarine systems. Causes of 
spatial shifts in δ15N or δ13C in these more open marine systems are therefore 
less clear. 
 
Shifts in natural and anthropogenic nutrient pools, nutrient processing and 
differences in light availability or wave energy associated with depth 
(Hemminga and Mateo 1996, Gartner et al. 2002, Fourqurean et al. 2005) 
could cause variability in more open systems. The coastline adjacent to our 
study region has only a small human population, with little or no point-source 
outputs of nutrients from sewage or fertilisers, suggesting limited 
anthropogenic influences at best. Furthermore, our sites were at uniform 
depths of 5-8 m, suggesting that light availability to the top of the seagrass 
canopy would have been relatively consistent across and within sites. 
However, differences in wave attenuation by reefs across the sites may have 
altered the stable isotope values of seagrasses, despite our sites being 
located on the lee side of reefs. Since δ13C and δ15N of sedimentary POM 
displayed large and small scale variability in the region, the sources of 
nutrients available to the roots of seagrasses may also have differed across 
and with sites, thereby influencing particularly δ15N of seagrasses, which 
obtain a high proportion of their nitrogen from sediments that remain relatively 
undisturbed over time (Marba et al. 2006). In addition, changes in density of 
seagrass alter light availability and therefore photosynthesis through shifts in 
self-shading (Enriquez and Pantoja-Reyes 2005, Collier et al. 2007). Shifts in 
self-shading of seagrass, combined with variability in epiphyte assemblages 
(Lavery and Vanderklift 2002) are likely to result in variability in photosynthesis 
and productivity over large and small spatial scales. Since shifts in light 
availability influences δ13C of P. sinuosa(Collier et al. 2009), differences in self-
shading or shading from epiphyte load are likely to, at least partly, explain the 
high variability of δ13C seen in seagrasses at large or small spatial scales in 
the current study.  
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In contrast to seagrass, temporal variation explained the greatest proportion of 
variance in δ15N for macroalgae. This temporal variability is not surprising, 
given that in this isotope in macroalgae can be influenced by shifts in nutrient 
pools in the water column (Teichberg et al. 2008). Similarly, δ15N of 
macropytes is influenced by water temperature (e.g. Grice et al. 1996, 
Hemminga and Mateo 1996, Papadimitriou et al. 2005). The broader region 
exhibits strong seasonal shifts in nutrient pools and temperature (Hanson et al. 
2005) and the nitrogen concentrations and temperature in Jurien Bay display 
seasonal trends (Pearce et al. 1999, Chua and Pattiaratchi unpubl data). High 
levels of flushing in the region (as discussed earlier) would reduce the spatial 
variability of water-column nutrients, and therefore δ15N. In comparison to 
δ15N, δ13C of macroalgae displayed the greatest variance among individuals, 
i.e. within-site variability. Similar to seagrasses, this variability is likely to at 
least partly reflect variability in light availability. On reefs, light available to 
algae would vary with depth, orientation and level of shading from the canopy. 
Ecklonia radiata is the dominant canopy-forming kelp in the region and its 
density strongly influences the penetration of light to the understory (Wernberg 
et al. 2005, Toohey and Kendrick 2008). Thus, shifts in kelp density, even 
within a reef, could alter δ13C in reef algae. In addition, light availability is 
highly variable in morphologically complex reefs, regardless of kelp density 
(Toohey and Kendrick 2008), indicating that the position of algae, including 
kelp, on any complex reef could influence δ13C in those algae. In the case of 
epiphytic algae on seagrass, δ13C is likely to vary within and among meadows 
due to their position on seagrass leaves and stems, and available light due to 
shading from seagrass leaves (as discussed above). 
 
Several invertebrate species exhibited a high degree of variability in stable 
isotopes among individuals, and for most consumers, this exceeded broader 
spatial and temporal variation. Variability in stable isotopes of consumers can 
reflect different dietary and foraging patterns, animal physiology and 
differential discrimination levels of different food sources (Bearhop et al. 2004). 
The high among individual variability for a range of species in our study 
reflects, at least partly, consumption of different food sources or consumption 
of the same food resources in different proportions. The lobster P. cygnus 
exhibits a highly diverse diet of both algae and invertebrates (Edgar 1990) and 
moves hundreds of metres along the interface between reef and seagrass to 
forage (MacArthur et al. 2008). Its variability in both δ15N and δ13C is therefore 
likely to reflect a diversity of food sources encountered during foraging. 
Similarly, a high diversity of food resources is likely to explain the high 
variability among individuals for the urchin P. irregularis, since this species is 
also omnivorous (Vanderklift et al. 2006). In comparison, the urchin H. 
erythrogramma is a more specialised consumer feeding entirely on algae 
(Vanderklift et al. 2006). However, the consumption of drifting food resources 
from more distant reefs (Vanderklift and Wernberg 2008) could increase the 
variability in its stable isotope signatures. In the case of the filter-feeding H. 
momus and the detrital-feeding S. mollis, variability in δ13C and δ15N is likely to 
reflect variability in those isotopes of suspended and sedimentary particulate 
matter across space and time, as shown by suspended and sedimentary POM 
in this study. 

 
The large spatial and temporal variability of δ13C and δ15N in this study 
(particularly for macroalgae and seagrass) is highlighted by the range in the 
mean δ13C and δ15N values, which differed by as much as ~5-7‰ for algae 
(e.g. M. stelliferum) and seagrass (e.g. H. ovalis) for δ13C, and by as much as 
3-5‰ for algae (e.g. E. radiata) and seagrasses (e.g. H. ovalis) for δ15N. This 
range is high compared to those recorded by Jennings et al. (1997) over three 
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sites 1-3 km apart in the Mediterranean Sea, where mean δ13C and δ15N for 
plants generally differed by no more than 3‰. However, Bunn and Boon 
(1994) showed stable isotope values to range by as much as 10‰ for both 
elements in a freshwater system using individual data for aquatic plants, which 
was similar to the maximum range shown for marine plants in our study (9‰ 
for S. isoetifolium) using individual values over the study region. Compared to 
marine plants, ranges tended to be lower for invertebrates, which displayed 
differences of up to 4‰ for δ13C and up to 2‰ for δ15N across sites. This result 
is perhaps due to the large among-individual variation observed at each site, 
which might tend to ‘average out’ the spatial and temporal patterns observed 
in the primary producers. In particular, temporal variation was low for most 
consumers, which might reflect their tissues integrating diet over a greater 
period than that of primary producers. 

 
The wide range of δ13C and δ15N values has significant implications for the 
way in which surveys and experiments test questions about trophic 
interactions are designed. The range in mean stable isotope values in this 
study often exceeded the 0-1‰ and 3-5‰ discrimination values that are 
regularly applied to δ13C and δ15N values, respectively, in food web studies 
using stable isotopes (e.g. DeNiro and Epstein 1978, Minagawa and Wada 
1984, Michener and Schell 1994). While δ13C is often used to differentiate the 
food source and δ15N is typically used to establish the tropic level of 
consumers (Vander Zanden and Rasmussen 2001, Post 2002), the high 
variability in the means of those stable isotopes could cause erroneous 
interpretation of the stable isotope data or lead to an over-simplification of the 
food web when data are averaged across a region. Results of the mixing 
models highlight this issue, where potential sources were shown to make 
distinctly different feasible contributions for consumers at different sites, which 
reflected the spatial variability in the both the sources and consumers. For 
example, the mixing model results indicated that the coralline red alga A. 
anceps and the foliose red algae L. filiformis had a high probability of 
contributing to the diet of the gastropod T. intercostalis, but their level of 
importance differed between sites. Mixing model outputs showed similar 
variability in the diets of the urchin H. erythrogramma and the ascidian H. 
momus across sites, providing similar outcomes to the crab Callinectes 
sapicus along an estuarine gradient (Bucci et al. 2007). These results have 
clear implications to food web studies, many of which do not account for high 
variability within sources of production and consumers. For example, even 
recently, numerous studies using IsoSource to determine the source of 
production had either limited spatial resolution in their sampling design or had 
averaged across spatial scales (e.g. Cardona et al. 2007, Abrantes and 
Sheaves 2008, Shang et al. 2008), which could produce conclusions that 
cannot be generalised across broader areas or provide limited or no 
information on the level of spatial or temporal variability. New mixing models, 
such as MixSR and SIAR (Moore and Semmens 2008, Jackson et al. 2009), 
will help overcome the latter issue through incorporating variability in δ13C and 
δ15N into the model outputs. 

 
Our study has highlighted the high degree of variability that can occur in δ13C 
and δ15N of primary producers, particulate organic matter and consumers, 
which form key components of the food web in coastal, marine environments. 
However, this variability was explained by different factors for different groups 
or species and for different isotopes. The high degree of variability at small 
spatial scale of metres or among individuals has clear implications to the level 
of replication in studies. As in all ecological studies, appropriate replication at 
appropriate scales is fundamental to testing proposed hypotheses 
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(Underwood 1997), and while the level of replication is often limited in stable 
isotope studies due to the relatively high cost of stable isotope analyses, there 
is a clear need to consider appropriate spatial scales in the sampling design of 
such studies. Understanding the variability in stable isotopes can benefit food 
web studies and other ecological questions. For example, variation in stable 
isotopes across space or time can be a useful tool to resolve food web 
structure through correlations between consumers and sources (Melville and 
Connolly 2003), providing differences between consumers and sources are 
consistent. Our study clearly shows high variability in stable isotopes at the 
fine spatial scale or among individuals, which suggests that individual 
physiology, feeding behaviour and fine-scale environmental conditions are 
likely to be influencing δ13C and δ15N. Determining the causes of this fine-scale 
variability will help our understanding of fine-scale ecosystem and 
physiological processes influencing marine organisms. 
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CHAPTER 3. Differentiation of benthic marine 
primary producers using biomarker techniques: a 
comparative study with stable isotopes and fatty 

acids 

Christine Hanson, Glenn Hyndes, and Shao Fang Wang 

Introduction 

Biomarkers, which are distinctive chemical components of living organisms 
that can be used as natural tracers, have become important tools in studies of 
marine trophic dynamics.  Stable isotopes (SI) can provide a supplementary, 
or alternative, approach to the more traditional methods of gut content or 
faecal analysis to determine dietary sources for animals, and allow insights 
into the longer term (weeks to months) assimilation of material by consumers 
(Peterson and Fry 1987, Pinnegar and Polunin, 2000).  Carbon isotopes 
(13C/12C) can be of particular use in tracing food web pathways from producers 
to consumers, as in many cases, the δ13C signature of a dietary source 
undergoes minimal change during metabolic assimilation (DeNiro and Epstein, 
1981, Vander Zanden and Rasmussen, 2001).  In comparison, nitrogen 
isotopes (15N/14N) are typically used to examine trophic level (Minagawa and 
Wada, 1984). 
 
An important criterion for the successful application of the SI technique is that 
potential food sources have δ13C signatures which are distinct from each 
other.  For benthic marine macrophytes, there is generally a clear difference 
between the δ13C values of seagrasses and macroalgae (including seagrass 
epiphytes), which has led to a number of key studies evaluating the often 
contrasting roles of these two groups in nearshore trophic ecology (e.g. 
Lepoint et al. 2000, Vizzini et al., 2002, Connolly et al. 2005).  Within the 
macroalgae themselves, however, there is often considerable overlap between 
the Rhodophyte (red) and Phaeophyte (brown) algal assemblages (e.g. 
Loneragan et al. 1997, Connolly et al. 2005, Hyndes and Lavery, 2005), which 
can limit inferences about the contribution of these different functional groups 
to consumer diets. 
 
A second class of biomarkers is the lipid compounds, of which, the fatty acids 
(FAs; and particularly polyunsaturated fatty acids, PUFAs) have shown the 
most utility for the tracing of marine dietary sources (Sargent and Whittle 
1981,Sargent et al. 1987).  These compounds are fundamental components of 
cellular material with high biological specificity, and from their origin in primary 
producers, are generally incorporated by higher trophic levels with little 
modification (e.g. Graeve et al. 1994,Hudson et al. 2004).  Analyses of marine 
macroalgae have revealed clear differentiation in PUFA profiles between the 
red and brown algal groups (Graeve et al. 2002,De Angelis et al. 2005), in 
addition to a distinct separation of seagrass species (Alfaro et al., 2006, 
Richoux and Froneman, 2008), highlighting the utility of FA techniques for 
studies of marine trophodynamics.   
 
Recent literature has indicated, however, that the most powerful technique to 
resolve complex food web interactions may be the two-dimensional 
combination of SI and FA methods, which has been successfully employed in 
both pelagic (Schmidt et al. 2006, Budge et al. 2008, Petursdottir et al. 2008) 
and benthic contexts.  Benthic studies are best represented by work on 
estuarine food webs (Kharlamenko et al. 2001, Alfaro et al. 2006, Jaschinski et 
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al. 2008) and in polar regions (Nyssen et al. 2005, Thurber, 2007).  There is 
clearly a need to broaden the knowledge of SI and FA biomarker signatures in 
different marine environments.  In this study, we aim to evaluate the distinction 
of SI and FA biomarker signatures both among and within benthic primary 
producer groups from a temperate nearshore region, to determine whether 
one or both biomarker approaches should be used for tracing sources of 
production in food web studies.  We compare the δ13C and δ15N signatures, 
and total FA and PUFA profiles, of common seagrass, red algae and brown 
algae species, as well as seagrass periphyton, in south-western Australia.  

Materials and methods 

Study area and sample collection 

This study was conducted within the coastal waters of Jurien Bay Marine Park 
(30°17.3’ S, 115°02.5’ E), located on the lower west coast of Australia during 
spring (October) 2005.  Macroalgae and seagrass were randomly sampled in 
triplicate, using SCUBA, at each of eight sampling sites.  Target species 
included brown algae (Ecklonia radiata, Sargassum sp.), fleshy red algae 
(Laurencia filiformis, Curdea obesa, Polysiphonia sp.), calcareous red algae 
(Amphiroa anceps, Haliptilon roseum, Metagoniolithon stelliferum), and 
seagrass (Posidonia sinuosa, Amphibolis griffithii, Halophila ovalis).  
Periphyton on Posidonia sinuosa leaves was also collected.  Samples were 
placed into calico bags, frozen immediately after collection and stored at -20°C 
until laboratory analysis; note that material for lipid extraction was stored in 
pre-cleaned glass jars, with foil-lined lids, that had been solvent-rinsed with 
dichloromethane.  Prior to analysis, macrophyte samples were rinsed with 
deionised water, and cleaned of epiphytes where necessary.  Periphyton 
samples were obtained by scraping P. sinuosa leaves with a razor blade, with 
care taken to avoid removing seagrass tissue. 
 
Due to the high natural variability in species presence/absence, samples used 
in the analyses were restricted mainly to those collected from four sites from 
which the full suite of species was consistently collected.  Two of these sites 
were in the northern half of the marine park while the remaining two were in 
the southern half.  The samples, therefore, represent macrophyte species and 
periphyton from an area of 225 km2. 

Stable isotope analysis 

Material for isotope analysis (δ15N, δ13C) was dried at 60°C, homogenized to a 
fine powder using a ball mill and weighed into tin capsules.  Subsamples of 
calcareous algae were weighed into silver capsules and acid-treated, to 
remove inorganic carbon, using drop-wise addition of 1N HCl until 
effervescence ceased (Boutton, 1991) and analysed separately for δ13C.   
Material was combusted by elemental analyser (ANCA-GSL, Europa, Crewe, 
United Kingdom) to N2 and CO2, which was purified by gas chromatography 
and the nitrogen and carbon elemental composition and isotope ratios 
determined by continuous flow isotope ratio mass spectrometry (20-20 IRMS, 
Europa, Crewe, United Kingdom).  Reference materials of known elemental 
composition and isotopic ratios were interspaced with the samples for 
calibration, with all standards previously calibrated against International 
Atomic Energy Agency (IAEA) or National Institute of Standards and 
Technology (NIIST) reference materials with a precision of < 0.1‰.  Results 
are reported relative to Vienna PeeDee Belemnite (V-PDB) for δ13C and 
atmospheric N2 for δ15N, and expressed in δ notation as: δX (‰) = 
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((Rsample/Rstandard) – 1) × 1000, where X = 13C or 15N, and R = 13C:12C or 15N:14N.  
Data used in the summaries and statistics are based on the average of the 
triplicate samples collected from each site. 
 
 
Lipid extraction and analysis of fatty acids 
 
To ensure adequate material for extraction, three replicate samples for each 
primary producer from each site were combined, with four sites analysed per 
species.  Lipids were quantitatively extracted from the samples by a single-
phase chloroform/methanol method (Bligh and Dyer, 1959), which was 
modified by substituting dichloromethane for the chloroform.  Each sample 
was added to 20 ml of a 3:6:1 v/v/v dichloromethane/methanol/water solution 
and held at room temperature overnight.  Samples were then centrifuged at 
10,000rpm (Orbital 420).  After centrifugation, 10 ml of the solution was taken, 
with 10 ml of dichloromethane, followed by 10 ml of water, added and the 
mixture centrifuged again.  The bottom dichloromethane solution was then 
concentrated using a rotatory evaporator under vacuum.  The resulting sample 
was mixed with 2% sodium hydroxyl in methanol refluxing for 10 minutes.  
Borotrifluoride-methanol complex was then added into the samples and mixed 
for 2 minutes.  Finally, hexane was added.  The upper hexane solution was 
transferred to a gas chromatography (GC) vial for fatty acid analysis by GC 
analysis.  
 
Gas chromatography (GC) was initially performed using a HP 5890 GC 
system equipped with FID detector and Agilent 6890 Series injector.  The gas 
chromatograph was equipped with a 60 m x 0.25 mm i.d. and 0.25 um BPX 70 
(SGE) with hydrogen (ultra pure) as the carrier gas.  The initial oven 
temperature was set for 100°C, increasing at a rate of 2.5°C/minute to 150°C 
(held for 2 minutes).  Temperature was then increased at 1.5°C/minute to 
220°C (held for 1 minute).  Finally, the temperature increased at 12°C/minute 
to 250°C (held for 8 minutes).  The peak areas were determined with an 
integrator (Hewlett-Packard 5890).  Peak identifications were based on 
comparison of retention times with authentic and laboratory standards, and 
subsequent gas chromatographic-mass spectrometric (GC-MS) analysis using 
an Agilent Technologies 6890N network GC System and 5973 Network 
Selective Detector.  Data were acquired and peak area quantified using 
ChemStation chromatography software.  The abbreviated fatty acid 
nomenclature used within this paper is A:Bn-X, where A = number of carbon 
atoms, B = number of double bonds, and X = position of the double bond 
closest to the terminal methyl group. 

Statistical analyses 

Distance-based Permutational Analysis of Variance (PERMANOVA; Anderson 
2001, McArdle and Anderson, 2001) was conducted using the PERMANOVA+ 
add-on package for PRIMER v6 (Clarke and Gorley 2006, Anderson et al. 
2008), which allows partitioning of variability according to the full experimental 
design (including factors that are fixed or random, and all interaction terms).  
For both isotope ratios and fatty acid composition, we tested whether variation 
was greatest amongst macrophyte type (i.e. brown algae, calcareous red 
algae, fleshy red algae, seagrass) or amongst species within each group, 
using nested PERMANOVA on Euclidian distance (for univariate isotope data) 
or Bray Curtis dissimilarities (for multivariate fatty acid data), with factors of 
macrophyte type (fixed effect, 4 levels) and species (random effect, nested in 
type, 11 levels).  For the purposes of these analyses, periphyton was excluded 
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since only one sample type was collected at all sites, which therefore 
prevented within-group comparisons.  
 
While the use of permutation techniques negates the assumption of normality, 
PERMANOVA is sensitive to differences in dispersions (sensu homogeneity of 
variances), and thus a test of homogeneity of dispersions was conducted for 
each analysis (PERMDISP; (Anderson et al. 2008).  In the case of a significant 
(p < 0.05) PERMDISP result, the dispersions were homogenized using 
standard transformations (square root or fourth root).  Each term in the 
analysis was tested using >9900 permutations of the correct relevant 
permutable units (Anderson and ter Braak, 2003), with significant terms 
investigated using a posteriori pair-wise comparisons with the PERMANOVA t 
statistic (Anderson et al. 2008).   
 
Discriminant analysis of the multivariate fatty acid data was conducted using 
Canonical Analysis of Principal coordinates (CAP; Anderson and Willis 2003, 
Anderson et al. 2008), a constrained ordination method that displays 
multivariate data in reference to a priori hypotheses.  Within the routine, 
principal coordinates (PCO) were calculated from the Bray Curtis resemblance 
matrix, and potential over-parameterisation was prevented by choosing the 
number of PCO axes (m) that maximised a leave-one-out allocation success 
to groups (Anderson and Robinson 2003).  The fatty acids responsible for 
differences amongst the macrophyte types and/or species were identified by 
the strength of their correlation with the canonical discriminant axes 
coordinates, with diagnostic compounds visualised using vector overlays 
based on Pearson correlations  
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Results 

Stable isotopes 

The mean δ13C signatures of the 12 primary producers ranged from 
approximately -10 to -25 ‰ (Figure. 3.1), with the seagrass species the least 
negative and the calcareous red algae the most negative.  Permutational 
ANOVA indicated significant differences in δ13C both amongst the four primary 
producer types (p = 0.002), and between species within each type (p = 0.001; 
Table 3.1).  However, the pseudo-variance components indicated that 
differences among the types accounted for the vast majority (82%) of the total 
variability (Table 3.1).  Pair-wise comparisons revealed that the difference in 
δ13C amongst the four primary producer types was driven by the seagrass 
group, which had a distinct signature to the brown, fleshy red, and calcareous 
red algae (Monte Carlo p < 0.05).  In contrast, the three algal types all had 
overlapping values of δ13C (pair-wise comparisons, Monte Carlo p > 0.05).  
The periphyton had a signature of -18.3 ‰, which overlapped (within ± 1 s.d.) 
the variation around the means for both fleshy red and brown algae (Figure. 
3.1). 
 
δ15N, with mean values ranging from approximately 3.5 to 5.5 ‰ (Figure. 3.1), 
was also found to vary significantly among primary producer type 
(permutational ANOVA, p < 0.05; Table 3.1), but not between species within 
type.  The seagrasses had a significantly lower δ15N signature than those of 
calcareous red algae (Monte Carlo p < 0.05; Figure. 3.1), although all other 
group combinations did not show significant differences in pair-wise 
comparisons.  In contrast to δ13C, the pseudo-variance components indicated 
that the residual accounted for 85% of the total variability (Table 3.1).  The 
variability in the periphyton signature (3.8 % ± 0.2 s.d.) again overlapped that 
of both fleshy red and brown algae, and also the seagrasses (Figure. 3.1). 

Fatty acids 

From the 12 species of primary producers examined, a total of 49 different 
fatty acid (FA) components were identified (Table 3.2), with primary chains 
ranging in length from 13 to 32 carbon atoms.  Saturated (SAT) fatty acids 
were generally the dominant FA components, and generally accounted for 
greater than ~ 50 % of total FA composition, for all species except the brown 
alga Ecklonia radiata and the seagrasses Amphibolis griffithii and Halophila 
ovalis, which exhibited the highest levels (44 – 59 %) of polyunsaturated FAs 
(PUFAs; Table 3.2).  PUFAs were typically lowest (13 – 22 %) in the 
calcareous red algae, although the fleshy red alga Laurencia filiformis also 
exhibited low proportions (18 %; Table 3.2).  Monounsaturated FAs (MUFAs) 
were highest (23 – 25 %) in the two brown algae species (Table 3.2). and 
lowest (6 – 8 %) in the three seagrass species. 
Multivariate ANOVA of the total fatty acid data indicated significant (p = 0.001) 
differences in composition both between and within the four primary producer 
types (Table 3.1), although the majority (63 %) of the variability was found 
between types.  Similar results were obtained when PUFAs were analysed 
separately, with the bulk of the variability (70%) associated with the type of 
primary producer (Table 3.1).  Canonical analysis of principal coordinates 
(CAP) on total fatty acids by primary producer type showed clear separation of 
the seagrasses from the algae along the first canonical axis (Figure. 3.2a), 
while the brown algae were differentiated from the red algae along the second 
canonical axis.  These patterns were repeated in a further CAP analysis 
restricted to the PUFA data (Figure. 3.2b).  Based on total fatty acids, the 
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periphyton were most similar to the calcareous red algae group (Figure. 3.2a), 
however, there was a greater degree of overlap of periphyton samples with 
those of the fleshy red and brown algae when only PUFAs were considered 
(Figure. 3.2b).   

 
Compared to macroalgae and periphyton, seagrasses had highly elevated 
amounts of 18:3n-3 and18:2n-6, in addition to greater amounts of 24:0 and 
26:0, while the saturated compounds 28:0 and 32:0 were exclusively found in 
the seagrasses (Figures. 3.2 and 3.3, Table 3.2).  The brown algae were best 
characterised by 18:4n-3, 22:1n-9, 20:0, 18:1n-9, and 20:4n-3 (Figures. 3.2 
and 3, Table 3.2), with the latter compound most diagnostic of the kelp 
Ecklonia radiata (Table 3.2).  The saturated FA 16:0 was abundant in all 
groups (~ 22 – 65 %; Table 3.2 and Figure. 3.3), but showed highest 
concentrations in the red algae and periphyton, in addition to 18:1n-7, 20:5n-
3, 20:2n-6, 20:3n-3, and 20:4n-6 (Figures. 3.2 and 3.3).  The fleshy red algae 
and calcareous red algae had some degree of separation based on total FA 
profiles (Figure. 3.2a), although this was associated with slightly varying levels 
of the different fatty acids typical of red algae in general (Figure. 3.3, Table 
3.2), as opposed to the presence or absence of specific diagnostic compounds 
in each group.  When only PUFAs were considered, the overlap between the 
fleshy red and calcareous red algal types increased (Figure. 3.2b).  The ratios 
of the sums of the n-3 and n-6 fatty acids ranged from 1.3 to 12.5, with the 
highest ratios found in the three seagrass group (Table 3.2).  
 
When CAP analyses were run at the species level, samples of seagrass were 
separated from those of algae along the first axis for total fatty acids and 
PUFAs, and samples of seagrass species were separated on the second axis 
(Figure. 3.4). Samples of algae displayed a level of separation along the 
second axis for both total fatty acids and PUFAs.  The brown alga Ecklonia 
radiata was found to be the distinct from the red algae and periphyton based 
on both total FA and PUFA signatures, particularly when compared the other 
phaeophyte Sargassum sp. (Figure. 3.4).  Separation of species within 
producer types was clearer for seagrasses using total fatty acid data 
compared to PUFA data alone, while the reverse trend was apparent for types 
of algae. The seagrass Posidonia sinuosa was unusual in that high levels (7 – 
10%) of long-chain saturated FAs (28:0 and 30:0) were measured, while A. 
griffithii and H. ovalis had higher levels of 18:3n-3 and A. griffithii also had 
higher levels of 18:2n-6 (Table 3.2, Figure. 3.4a). In comparison, E. radiata 
had higher proportions of 20:0, 18:4n-3 and 20:4n-3 (Figure. 3.4) than the 
other brown alga Sargassum sp., as well as all other primary producer species 
(Table 3.2). 
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Figure 3.1.  Stable isotope ratio signatures (mean ± SE; n = 4) for 12 primary 
producer species, including brown algae (grey symbols), fleshy red algae 
(white symbols), calcareous red algae (black symbols), seagrass (black and 
white symbols), and periphyton on seagrass (cross symbol). 

Table 3.1.  Permutational ANOVA of stable isotope ratios (δ13C and δ15N) 
based on Euclidian distances, and permutational MANOVA of total fatty acids 
and polyunsaturated fatty acids (PUFA) based on Bray-Curtis dissimilarities, 
for primary producer species nested within primary producer type.  Tests 
significant at p < 0.05 are indicated in bold.  

 

Source df MS F p Var % 
δ13C  

Type 3 299.1 15.7 0.002 26.4 82.3 
Species (Type) 7 19.1 14.0 0.001 4.5 14.0 

Residual 32 1.4   1.2 3.7 
δ15N  

Type 3 2.7 4.7 0.046 0.2 21.3 
Species (Type) 7 0.6 0.7 0.665 -0.06 -6.4 

Residual 32 0.8   0.8 85.2 
Total fatty acids  

Type 4 8890.0 7.0 0.001 737.8 63.0 
Species (Type) 7 1265.3 9.34 0.001 297.8 25.4 

Residual 34 136.2   136.2 11.6 
PUFA  

Type 4 21601.0 10.2 0.002 1885.2 70.2 
Species (Type) 7 2120.5 6.5 0.001 473.4 17.6 

Residual 34 325.3   325.3 12.1 



Ecological Interactions in Coastal Marine Ecosystems: Trophodynamics  

2009 

 

35 

 

Table 2.  Proportional fatty acid composition (mean ± SE %) of primary producer species within five groups:  brown algae, fleshy red algae, calcareous red algae, periphyton on 
seagrass (Posidonia sinuosa), and seagrasses.  Fatty acid subgroups are saturated (SAT), branched saturated (BRAN), monounsaturated (MUFA) and polyunsaturated (PUFA), with 
the sum (Σ) of each subgroup provided per algae species.  

Fatty ⎯⎯⎯  Brown algae ⎯⎯ ⎯⎯⎯⎯ Fleshy red algae ⎯⎯⎯⎯ ⎯⎯⎯⎯ Calcareous red algae ⎯⎯⎯⎯ Periphyton ⎯⎯⎯⎯⎯⎯ Seagrass ⎯⎯⎯⎯⎯⎯ 
acid ECK SAR LAU CUR POL AMP HAL MET PERI POS AGRI HOVA 
SAT             
13:0 ⎯ ⎯ 0.94 ± 0.69 ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ 0.43± 0.25 
14:0 3.75 ± 0.51 2.91 ± 0.43 7.31 ± 0.56 2.36 ± 0.26 3.59 ± 0.31 1.43 ± 0.71 2.86 ± 0.31 2.31 ± 0.61 0.89 ± 0.33 0.20 ± 0.20 0.23 ± 0.14 0.89 ± 0.37 
15:0 0.09 ± 0.09 0.51 ± 0.11 0.92 ± 0.13 0.34 ± 0.02 0.32 ± 0.02 0.67 ± 0.35 1.09 ± 0.13 2.59 ± 0.93 0.23 ± 0.06 0.15 ± 0.15 ⎯ 0.14 ± 0.08 
16:0 23.63 ± 0.14 42.53 ± 3.94 46.57 ± 1.86 43.30 ± 2.90 34.36 ± 1.00 64.98 ± 4.75 43.60 ± 2.16 41.85 ± 0.88 39.02 ± 1.84 22.46 ± 1.68 22.57 ± 0.36 32.42 ± 1.42 
17:0 0.04 ± 0.04 0.16 ± 0.03 0.29 ± 0.19 0.31 ± 0.02 0.33 ± 0.07 ⎯ 0.85 ± 0.30 0.68 ± 0.24 0.54 ± 0.24 0.30 ± 0.30 1.87 ± 0.15 0.26 ± 0.09 
18:0 1.36 ± 0.06 2.08 ± 0.37 2.26 ± 0.50 2.83 ± 0.21 2.89 ± 0.17 7.53 ± 0.33 6.04 ± 1.59 2.90 ± 0.57 5.56 ± 0.81 6.74 ± 2.84 6.05 ± 1.29 4.00 ± 0.54 
19:0 ⎯ ⎯ 0.53 ± 0.31 ⎯ ⎯ ⎯ 0.02 ± 0.02 ⎯ 0.03 ± 0.03 ⎯ ⎯ ⎯ 
20:0 2.03 ± 0.23 0.55 ± 0.10 ⎯ 0.36 ± 0.07 0.22 ± 0.04 ⎯ 0.32 ± 0.20 0.43 ± 0.15 0.43 ± 0.05 0.36 ± 0.24 ⎯ ⎯ 
21:0 0.04 ± 0.04 ⎯ ⎯ ⎯ 0.05 ± 0.05 ⎯ ⎯ 0.31 ± 0.18 0.80 ± 0.13 0.07 ± 0.07 ⎯ ⎯ 
22:0 ⎯ 1.09 ± 0.18 ⎯ 0.17 ± 0.09 0.18 ± 0.02 ⎯ 0.87 ± 0.30 0.27 ± 0.27 0.60 ± 0.21 0.85 ± 0.40 0.14 ± 0.08 0.04 ± 0.04 
23:0 ⎯ ⎯ ⎯ 0.19 ± 0.09 ⎯ ⎯ 0.53 ± 0.33 ⎯ 0.12 ± 0.12 0.06 ± 0.06 ⎯ ⎯ 
24:0 0.06 ± 0.06 0.66 ± 0.12 0.16 ± 0.16 0.45 ± 0.03 0.17 ± 0.06 ⎯ 0.79 ± 0.41 0.82 ± 0.32 0.91 ± 0.19 1.56 ± 0.30 1.28 ± 0.15 1.59 ± 0.21 
26:0 0.03 ± 0.03 ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ 0.06 ± 0.06 0.86 ± 0.50 0.82 ± 0.17 0.57 ± 0.09 
28:0 ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ 7.73 ± 1.19 ⎯ 0.61 ± 0.09 
30:0 ⎯ ⎯ 0.20 ± 0.20 ⎯ ⎯ ⎯ ⎯ ⎯ 0.24 ± 0.16 10.01 ± 1.36 ⎯ 0.03 ± 0.03 
32:0 ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ 0.25 ± 0.14 ⎯ ⎯ 
ΣSAT 31.03 ±1.21 50.49 ±5.27 59.17 ±4.62 50.29 ± 3.7 42.11 ±1.74 74.60 ±6.14 56.99 ±5.76 52.17 ±4.15 49.45 ±4.23 51.60 ±9.44 32.96 ±2.33 40.99 ± 3.20 
BRAN             
i15:0 ⎯ ⎯ 0.15 ± 0.15 0.05 ± 0.05 0.17 ± 0.06 0.24 ± 0.24 0.51 ± 0.23 1.08 ± 0.19 0.39 ± 0.39 0.39 ± 0.24 ⎯ ⎯ 
i16:0 0.32 ± 0.32 ⎯ 0.45 ± 0.33 ⎯ ⎯ 0.24 ± 0.24 0.55 ± 0.32 0.89 ± 0.40 ⎯ 0.51 ± 0.26 ⎯ 0.03 ± 0.03 
i17:0 ⎯ ⎯ ⎯ 0.47 ± 0.30 0.56 ± 0.36 ⎯ 0.92 ± 0.39 0.53 ± 0.30 0.42 ± 0.15 1.41 ± 0.37 0.03 ± 0.03 ⎯ 
i18:0 ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ 0.22 ± 0.22 0.43 ± 0.25 0.09 ± 0.09 0.12 ± 0.12 ⎯ ⎯ 
i19:0 ⎯ ⎯ 0.62 ± 0.62 ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ 
ΣBRAN 0.32 ± 0.32 0  ± 0 1.22 ± 1.09 0.52 ± 0.35 0.73 ± 0.43 0.49 ± 0.49 2.20  ± 1.16 2.92 ± 1.14 0.90 ± 0.63 2.43 ± 0.98 0.03 ± 0.03 0.03 ± 0.03 
MUFA             
14:1n-5 ⎯ ⎯ 0.80 ± 0.29 ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ 0.43 ± 0.28 ⎯ ⎯ 
16:1n-7 4.22 ± 0.28 4.77 ± 1.15 1.30 ± 0.13 0.46 ± 0.29 4.28 ± 0.56 0.47 ± 0 47 5.27 ± 0.82 2.28 ± 0.50 2.90 ± 0.43 2.07 ± 0.35 1.19 ± 0.04 1.94 ± 0.67 
17:1n-7 0.07 ± 0.07 0.45 ± 0.12 ⎯ ⎯ 0.84 ± 0.30 ⎯ 0.17 ± 0.17 0.29 ± 0.29 0.17 ± 0.17 0.22 ± 0.22 0.10 ± 0.06 0.62 ± 0.34 
18:1n-7 ⎯ 0.13 ± 0.13 3.43 ± 0.23 3.75 ± 0.26 4.67 ± 0.31 1.97 ± 1.33 1.91 ± 0.66 3.68 ± 0.13 4.47 ± 1.59 0.65 ± 0.30 0.59 ± 0.06 0.57 ± 0.22 
18:1n-9 16.92 ± 0.37 13.72 ± 0.58 13.91 ± 1.81 3.90 ± 0.23 10.52 ± 1.18 7.83 ± 1.67 10.28 ± 0.61 11.53 ± 1.55 11.33 ± 2.60 4.08 ± 0.89 2.77 ± 0.37 3.04 ± 0.80 
18:1n-12 0.17 ± 0.13 0.16 ± 0.07 ⎯ ⎯ 0.24 ± 0.05 ⎯ 0.56 ± 0.08 0.11 ± 0.11 0.13 ± 0.13 ⎯ ⎯ ⎯ 
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Table 2.  Continued 

Fatty acid 
⎯⎯⎯  Brown algae 
⎯⎯⎯

⎯⎯⎯⎯ Fleshy red algae ⎯⎯⎯⎯ ⎯⎯⎯⎯ Calcareous red algae ⎯⎯⎯⎯ Periphyton ⎯⎯⎯⎯⎯⎯ Seagrass ⎯⎯⎯⎯⎯⎯ 

 ECK SAR LAU CUR POL AMP HAL MET PERI POS AGRI HOVA 
20:1n-7 ⎯ ⎯ 0.12 ± 0.12 0.34 ± 0.07 0.05 ± 0.05 0.40 ± 0.40 0.28 ± 0.28 ⎯ ⎯ ⎯ ⎯ ⎯ 
20:1n-9 0.16 ± 0.16 1.44 ± 0.22 ⎯ 0.53 ± 0.15 0.36 ± 0.06 0.57 ± 0.57 1.05 ± 0.38 0.86 ± 0.29 1.01 ± 0.19 0.07 ± 0.07 ⎯ ⎯ 
20:1n-11 ⎯ 1.31 ± 0.07 0.08 ± 0.08 0.68 ± 0.09 0.12 ± 0.12 ⎯ 0.50 ± 0.31 ⎯ ⎯ ⎯ 0.31 ± 0.11 0.54 ± 0.09 
20:1n-13 ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ 0.90 ± 0.90 
22:1n-9 1.55 ± 0.19 2.51 ± 0.07 0.16 ± 0.16 0.52 ± 0.17 0.56 ± 0.15 ⎯ 0.44 ± 0.15 0.92 ± 0.47 0.46 ± 0.16 ⎯ 0.32 ± 0.12 0.42 ± 0.30 
24:1n-9 0.05 ± 0.05 0.24 ± 0.08 0.16 ± 0.16 0.85 ± 0.07 0.64 ± 0.12 ⎯ 0.91 ± 0.12 1.61 ± 0.77 0.42 ± 0.10 0.13 ± 0.13 0.57 ± 0.38 0.06 ± 0.04 
ΣMUFA 23.14 ±1.25 24.74 ±2.56 19.96 ±2.98 11.04 ±1.33 22.28 ±2.91 11.23 ±4.43 21.37 ± 3.57 21.28 ± 4.11 20.88 ±5.36 7.65 ± 2.25 5.84 ± 1.14 8.08 ± 3.36 
PUFA             
16:2n-4 ⎯ 0.09 ± 0.09 0.80 ± 0.44 ⎯ 0.15 ± 0.09 ⎯ 0.19 ± 0.19 ⎯ ⎯ 0.09 ± 0.09 ⎯ ⎯ 
16:3n-3 ⎯ ⎯ ⎯ 0.07 ± 0.07 0.26 ± 0.11 ⎯ ⎯ ⎯ 0.18 ± 0.18 ⎯ ⎯ 0.05 ± 0.05 
18:2n-6 3.27 ± 0.28 3.56 ± 0.28 0.97 ± 0.09 0.78 ± 0.08 2.75 ± 0.36 1.33 ± 0.70 1.62 ± 0.07 2.01 ± 0.34 2.85 ± 0.24 12.23 ± 1.55 21.07 ± 1.75 13.96 ± 0.42 
18:3n-3 4.64 ± 0.09 2.58 ± 0.47 0.67 ± 0.23 0.08 ± 0.08 1.77 ± 0.34 ⎯ 0.74 ± 0.12 0.79 ± 0.26 2.82 ± 0.34 23.02 ± 6.85 36.32 ± 1.89 31.26 ± 0.96 
18.3n-6 0.16 ± 0.16 0.29 ± 0.19 0.26 ± 0.26 0.29 ± 0.07 0.86 ± 0.04 ⎯ 0.11 ± 0.11 0.10 ± 0.10 0.27 ± 0.11 0.08 ± 0.08 0.79 ± 0.09 0.56 ± 0.08 
18.4n-3 6.18 ± 0.80 1.58 ± 0.42 ⎯ 0.50 ± 0.19 1.54 ± 0.30 ⎯ 0.14 ± 0.14 0.28 ± 0.28 1.86 ± 0.40 0.26 ± 0.15 ⎯ ⎯ 
20:2n-6 ⎯ 0.15 ± 0.06 0.09 ± 0.09 1.31 ± 0.19 0.21 ± 0.03 ⎯ 0.84 ± 0.38 0.64 ± 0.29 ⎯ 0.11 ± 0.11 ⎯ ⎯ 
20:3 0.50 ± 0.29 1.33 ± 0.17 0.20 ± 0.20 8.70 ± 1.09 2.44 ± 0.13 ⎯ 0.55 ± 0.20 ⎯ ⎯ ⎯ 0.14 ± 0.05 ⎯ 
20:3n-3 0.84 ± 0.13 0.63 ± 0.14 0.25 ± 0.25 1.02 ± 0.19 0.50 ± 0.08 1.23 ± 0.62 0.66 ± 0.33 1.00 ± 0.13 0.28 ± 0.16 0.21 ± 0.12 ⎯ 0.21 ± 0.09 
20:4n-3 1.53 ± 0.61 ⎯ 0.41 ± 0.24 ⎯ ⎯ ⎯ 0.18 ± 0.18 ⎯ ⎯ ⎯ ⎯ ⎯ 
20:4n-6 20.49 ± 0.80 8.60 ± 1.60 5.10 ± 0.96 15.35 ± 2.59 8.25 ± 0.68 7.42 ± 1.08 4.39 ± 1.09 4.66 ± 0.16 6.70 ± 0.68 0.33 ± 0.33 0.07 ± 0.07 0.38 ± 0.12 
20:5n-3 6.64 ± 0.84 4.41 ± 1.16 8.60 ± 2.08 7.40 ± 0.79 13.01 ± 0.63 2.76 ± 1.43 8.25 ± 1.05 11.08 ± 1.45 9.46 ± 2.76 0.40 ± 0.40 0.34 ± 0.12 1.88 ± 0.70 
22:2  ⎯ ⎯ ⎯ ⎯ ⎯ 0.57 ± 0.57 ⎯ ⎯ ⎯ ⎯ ⎯ ⎯ 
22:4n-6 ⎯ ⎯ 0.47 ± 0.47 0.57 ± 0.07 0.13 ± 0.08 ⎯ 0.08 ± 0.08 0.07 ± 0.07 0.14 ± 0.14 ⎯ 0.14 ± 0.14 ⎯ 
22:5n-3 ⎯ ⎯ ⎯ 0.19 ± 0.10 ⎯ ⎯ 0.21 ± 0.21 0.19 ± 0.19 0.17 ± 0.10 ⎯ ⎯ ⎯ 
22:6n-3 ⎯ 0.05 ± 0.05 0.16 ± 0.16 0.17 ± 0.09 0.22 ± 0.08 ⎯ 0.75 ± 0.30 0.19 ± 0.19 1.45 ± 0.94 0.05 ± 0.05 0.57 ± 0.12 0.03 ± 0.03 
ΣPUFA 44.24 ±4.00 23.28 ±4.63 17.96 ±5.46 36.42 ±5.58 32.10 ±2.94 13.31 ±4.40 18.72 ± 4.43 21.01 ± 3.46 26.17 ±6.03 36.77 ±9.74 59.44 ±4.22 48.32 ±2.43 
Σn-3 20.32 ±2.75 10.86 ±2.58 10.28 ±3.41 18.36 ±2.72 19.74 ±1.66 4.00 ± 2.05 11.48 ± 2.51 14.53 ± 2.89 16.72 ±4.99 24.12 ±7.76 37.37 ±2.17 33.42 ±1.81 
Σn-6 23.92 ±1.24 12.61 ±2.12 6.88 ± 1.87 18.30 ±2.98 12.21 ±1.29 8.75 ± 1.78 7.04 ± 1.72 7.48 ± 0.96 9.96 ± 1.16 12.74 ±2.09 22.06 ±2.14 14.90 ±0.87 
n-3/n-6 6.8 3.6 3.4 6.1 6.6 1.3 3.8 4.8 5.6 8.0 12.5 11.1 

Abbreviations:  ECK, Ecklonia radiata; SAR, Sargassum sp.; LAU, Laurencia filiformis; CUR,  Curdea obesa; POL, Polysiphonia sp.; AMP, Amphiroa anceps; HAL, 
Haliptilon roseum; MET, Metagoniolithon stelliferum; POS, Posidonia sinuosa; AGRI, Amphibolis griffithii; HOVA, Halophila ovalis; PERI, Periphyton on Posidonia 
sinuosa. 
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Figure 3.2.  Canonical analysis of principal coordinates (CAP) of a) total fatty 
acid composition, and b) polyunsaturated fatty acid (PUFA) composition, of 
five primary producer types (brown algae, fleshy red algae, calcareous red 
algae, seagrass and periphyton on seagrass).  The analysis was based on 
Bray-Curtis dissimilarites calculated from untransformed percentage data, and 
vector overlays are Pearson correlations > 0.5 for total fatty acids, and > 0.4 
for PUFAs. 
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Figure 3.3.  Relative proportions of the diagnostic fatty acids (mean ± SE) 
identified by CAP analysis for the five primary producer types (brown algae, 
fleshy red algae, calcareous red algae, periphyton and seagrass).   
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Figure 3.4.  Canonical analysis of principal coordinates (CAP) of a) total fatty 
acid composition, and b) polyunsaturated fatty acid (PUFA) composition, by 
primary producer species.  The analysis was based on Bray-Curtis 
dissimilarites calculated from untransformed percentage data, and vector 
overlays are Pearson correlations > 0.5 for total fatty acids, and > 0.4 for 
PUFAs.  
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Discussion 

Understanding the fate of benthic primary production, and defining higher level 
trophic relationships, is a fundamental goal in ecological studies of coastal 
regions that can be tackled through the use of chemical biomarkers such as 
stable isotopes and fatty acids (Peterson and Fry, 1987, Sargent et al. 1987).  
Here, we examined the stable isotope (δ13C and δ15N) and fatty acid 
signatures of a range of primary producers (brown algae, red algae, 
periphyton and seagrasses) from a temperate, nearshore marine system with 
a view to identifying the utility of these biomarkers for distinguishing both 
among and within key producer types.   
 
We found a significant difference between theδ13C signature of seagrasses 
and the algal groups, illustrating the utility of this stable isotope for 
differentiating between vascular and non-vascular plants.  The δ13C values of 
seagrasses in this study, which ranged from approximately -10 to -14 ‰, were 
similar to the most frequently recorded values for a variety of seagrass species 
(-10 to -11 ‰), as reviewed by Hemminga and Mateo (1996).  The ability of 
seagrasses to utilize bicarbonate ion as a source of dissolved inorganic 
carbon (Beer et al., 2002), as opposed to the more common use of carbon 
dioxide by macroalgae, is thought to be an important factor in the relatively 
consistent δ13C difference between these two groups (Raven et al. 2002, 
Lepoint et al. 2004).  In comparison, the δ13C values for the different algal 
types (brown algae, calcareous red algae, fleshy red algae and periphyton) 
had a broad range (from approximately -14.5 to -25 ‰), but with a significant 
amount of overlap between the different groups, indicating the difficulty in 
using this biomarker in food web studies involving a range of algal sources.  
This finding is similar to the results of other isotope studies both within the 
south-western Australian region (Hyndes and Lavery, 2005, Smit et al. 2006, 
Crawley et al. 2009) and elsewhere (e.g.Loneragan et al. 1997, Lepoint et al. 
2000, Davenport and Bax 2002).   
 
In terms of δ15N, there was only a distinction between the seagrasses and 
calcareous red algae, with clear difference neither between seagrasses and 
other algal types, nor among the algal types themselves.  The δ15N values of 
primary producers in this study ranged from approximately 3.5 to 5.5 ‰ and 
were similar to those of similar producers in the region (Vanderklift et al. 2006, 
Crawley et al. 2009)  and elsewhere (e.g. Jennings et al. 1997, Vizzini et al. 
2002, Behringer and Butler 2006).  The lack of distinction in δ15N among 
groups is not surprising, as this isotope is typically used to examine trophic 
level rather than sources of production (Minagawa and Wada, 1984), though 
the two isotopes can be used in combination to evaluate dietary sources (e.g. 
Sholto-Douglas et al. 1991, Vizzini and Mazzola 2003, Bode et al. 2006).  
However, even the combination of these two isotopes using data from the 
present study would not facilitate any conclusions regarding the importance of 
different types of algae to the food web structure.  
 
In contrast to the isotope data, the application of fatty acid biomarkers allowed 
us to distinguish not only between the seagrass and algal groups, but also 
between the brown algae and red algae (and to a limited extent between the 
calcareous and fleshy red algal groups).  All species were rich (approximately 
20 to 65 % total composition) in the saturated fatty acids, particularly 16:0, a 
result that is similar to algae and seagrass from other temperate regions (e.g. 
Polat and Ozogu 2008, Crawley et al. 2009).  In comparison, algae from polar 
regions appear to have lower proportions of saturated compounds (e.g. 16:0 
range of 11 – 15% for brown algae and 20 – 30% for red algae;Graeve et al. 
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2002), due to exceptionally high PUFA levels (upwards of 60 – 80%) in a 
number of cold water species (Graeve et al. 2002).   In our samples, only the 
seagrass Amphibolis griffithii had PUFA levels of this magnitude.  Of the algal 
species tested, the brown alga Ecklonia radiata was a relatively rich source of 
PUFAs (44 %), with double the proportion of the other brown alga examined 
(Sargassum sp.).   
Overall, the principal unsaturated fatty acids in our samples were the C20 
polyunsaturates (found primarily in the macroalgae and periphyton), and the 
C18 mono- and polyunsaturates, of which the latter were most abundant in the 
seagrasses.  Similar to red algae from other regions (e.g. Banaimoon 1992, 
Graeve et al. 2002, Polat and Ozogul 2008), our rhodophyte samples had high 
levels of 20:5n-3 and 20:4n-6.  However, one of the most diagnostic 
compounds for the temperate red algae we examined was 18:1n-7, as it was 
present in very low amounts in the seagrasses and virtually absent in the 
brown algae species.  Conversely, 20:4n-3 appears to be fairly distinctive of 
the brown alga Ecklonia radiata, being otherwise present in only low 
proportions (0.2 – 0.4 %) in two species of red algae. 
 
The periphyton samples, obtained from the leaves of the seagrass Posidonia 
sinuosa, were somewhat ambiguous in that their total FA composition was 
more aligned with the calcareous red algae group, while analyses based on 
their PUFA profiles showed overlaps with the brown and fleshy red algae 
groups.  In addition, the polyunsaturated compound 22:6n-3 was found at 
approximately 2 – 3 times higher proportions in the periphyton samples than in 
any other species containing this compound.  In general, the C22 
polyunsaturates are known to be abundant in many phytoplankton species, 
with 22:6n-3 typically diagnostic of diatoms and dinoflagellates (Parrish et al. 
2000, Budge et al. 2008).  As periphyton is generally a mixed assemblage of 
small filamentous algae, unicellular algae and cyanobacteria (Klumpp et al. 
1992, Lin et al. 1996), the diverse FA profile and varied affiliations of this 
group are a sensible outcome. 
 
The long-chain n-3 PUFAs eicosapentaenoic acid (EPA; 20:5n-3) and 
docosahexaenoic acid (DHA; 22:6n-3), and the long-chain n-6 PUFA 
arachidonic acid (AA; 20:4n-6), are essential fatty acids for grazers (Sargent 
and Whittle, 1981), as animals cannot synthesize them de novo or in sufficient 
amounts to meet requirements (Kanazawa et al. 1979).  EPA is the precursor 
of signal molecules (eicosanoids) which play a key role in modulating many 
biochemical processes (Sargent et al. 2002), while DHA is critical for neural 
development in many organisms (Bell et al. 1995, Gurr et al. 2002).  The best 
sources for both EPA and AA in our samples were the macroalgae and 
periphyton, with these compounds fairly scarce in the seagrasses, whereas 
periphyton appeared to provide the best source of DHA. 
 
Benthic primary producers are key energy sources in nearshore marine 
environments, and can be incorporated into the food web via direct grazing on 
live or detrital material. A tool that allows for the detection of the uptake of a 
range of these food sources is therefore fundamental to understanding food 
web structure and the sources that drive secondary production in nearshore 
marine systems. This is not only important for studies examining food web 
processes within ecosystems, but also those examining connectivity among 
ecosystems, as organic material can cross ecosystem boundaries (Vanderklift 
and Kendrick 2005, Wernberg et al. 2006, Crawley et al.2009).  While stable 
isotope data (and particularly δ13C) can differentiate between algal and 
seagrass sources, the application of fatty acid biomarkers is required to 
distinguish between red and brown algae.  This is an important distinction to 
make, as studies have demonstrated a preference by consumers for particular 
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food sources.  For example, while grazers can exhibit preferences for brown 
algae (Wakefield and Murray 1998, Duffy and Hay 2000, Crawley and Hyndes 
2007), the importance of this food source in food webs can be masked using 
stable isotopes (e.g. Hyndes and Lavery 2005). However, brown algae can be 
distinguished from red algae using fatty acid profiles, thereby improving our 
capacity to differentiate the importance of these different potential food 
sources in food web studies. The value of FA profiles is further highlighted by 
the distinct FA signature of some species, particularly the brown alga Ecklonia 
radiata, from other species within the division.  In comparison, it is not likely 
that we can distinguish between, and thus trace the specific food web 
pathways of, the fleshy red and calcareous red algal groups, due to the 
relative similarities of their PUFA profiles. 

Conclusions 

Despite some of the obvious benefits of utilising FA biomarkers to identify 
specific groups (and potentially species) of benthic primary producers and 
trace their food web linkages, it is likely that the use of stable isotope markers 
will remain an important component of trophodynamic studies (Nyssen et al. 
2005, Alfaro et al. 2006), particularly due to the relatively low cost of SI 
analyses.  δ13C is of most use in tracing producers with distinct signatures, 
such as seagrass versus macroalgae (e.g. this study; Davenport and Bax 
2002, Lepoint et al. 2004), while δ15N is critical in the evaluation of trophic level 
(Minagawa and Wada 1984, Sholto-Douglas et al. 1991).  These different 
classes of biomarkers also appear to integrate over different timescales, with 
turnover of stable isotopes a metabolically slow process, while FA turnover is 
faster but can also differ notably between tissue types and/or life stages (Ju 
and Harvey 2004).  However, the present study shows that the two-
dimensional combination of SI and FA biomarkers is likely to provide an 
effective tool to examine the food web structure and trophic linkages in 
temperate, nearshore marine systems, Our results therefore support the 
conclusions of a limited number of studies in pelagic (Schmidt et al. 2006, 
Budge et al. 2008, Petursdottir et al. 2008) and benthic (Kharlamenko et al. 
2001, Alfaro et al. 2006, Jaschinski et al. 2008) systems, showing the broader 
value of this two-dimensional approach.     
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CHAPTER 4. Food web of a reef-seagrass habitat 
mosaic in Jurien Bay: a stable isotope and fatty 

acid approach 

 
Glenn Hyndes, Christine Hanson, Mathew Vanderklift and Shoafang Wang 

 

Introduction 

Understanding trophic interactions among organisms is fundamental to our 
basic understanding of ecosystem function, and effective management 
requires knowledge of the direction and magnitude of flow of material through 
the food webs in both terrestrial and aquatic environments. Rocky reefs and 
seagrass meadows contribute significantly to benthic primary production in 
many temperate coastal regions of the world, such as southern Australia and 
the Mediterranean Sea, where they can often occur adjacent to each other. 
While both systems are highly productive, the former can be 2-4 times more 
productive than the latter (Cambridge and Hocking 1997, Cebrian 2004). 
Macroalgae, in the form of canopy and understory species in reefs and 
epiphytes in seagrass meadows, are considered to be important food sources 
for primary consumers, while seagrass itself appears to play only a minor role 
in fueling second production (Cebrian 2004, Smit et al. 2006, 2007). 
Macroalgae from reefs have also been shown to fuel secondary production in 
other ecosystems such as surf zones and beaches (e.g. Ince et al. 2007, 
Crawley et al. 2009, others) through their detachment and transport to those 
systems. Since macroalgae, particularly kelp, has been shown to accumulate 
in seagrass meadows adjacent to reefs (Wernberg et al. 2006), allochthonous 
inputs of kelp may play a role in fueling secondary production in seagrass 
meadows in addition to in situ autochthonous production. Thus, trophic 
interactions within and among habitats in coastal regions are likely to be highly 
complex and require exhaustive studies using appropriate techniques to 
understand those interactions. 

 
Biomarkers are distinctive chemical components of living organisms that can 
be used as natural tracers. Of the biomarkers used in food web studies, stable 
isotopes, particularly δ15N and δ13C, are commonly used (e.g. Moncreiff and 
Sullivan 2001, Adin and Riera 2003, Melville and Connolly 2003, Hyndes and 
Lavery 2005). These biomarkers can provide an alternative approach to the 
more traditional methods of gut content or faecal analyses to determine dietary 
sources for animals because they allow determination of longer term (weeks to 
months) assimilation of food sources by consumers (Peterson and Fry 1987, 
Pinnegar and Polunin 2000), and detection of food sources that may otherwise 
remain undetected using gut content approaches. In particular, carbon 
isotopes (13C/12C) can be useful in tracing the pathways of producers through 
consumers in food webs, since the carbon isotope ratios are considered to 
undergo minimal change during metabolic assimilation (DeNiro and Epstein 
1981, Vander Zanden and Rasmussen 2001).  In comparison, nitrogen 
isotopes (15N/14N) are typically used to examine trophic level (Minagawa and 
Wada 1984) because nitrogen isotope ratios undergo a relatively predictable 
increase with each trophic level.. 
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The value of stable isotope approaches in food web studies is based on all 
potential food sources having distinct δ13C.  In benthic systems, this is clearly 
the case between macroalgae and seagrasses leading to several studies 
evaluating the often contrasting roles of these two groups in nearshore trophic 
ecology (e.g. Lepoint et al. 2000, Vizzini et al. 2002, Connolly et al. 2005, 
Hyndes and Lavery 2005).  However, such differentiation is often absent 
between Rhodophyte (red) and Phaeophyte (brown) algal assemblages (e.g. 
Loneragan et al. 1997, Connolly et al. 2005, Hyndes and Lavery 2005, 
Chapter 3). Lipid biomarkers, particularly fatty acids, have helped to overcome 
this issue in food web studies.  Fatty acids are fundamental components of 
cellular material, with polyunsaturated fatty acids (PUFAs) often incorporated 
by higher trophic levels with little modification (e.g. Graeve et al. 1994,Hudson 
et al. 2004). Clear differentiation between red and brown algae and seagrass 
have been shown using fatty acids, and particularly polyunsaturated fatty acids 
(Graeve et al. 2002,de Angelis et al. 2005,Alfaro et al. 2006, Richoux and 
Froneman 2008, Chapter 3). The combined use of stable isotopes and fatty 
acids has been shown to be a valuable tool in resolving complex interactions 
in food webs in range of benthic systems (Kharlamenko et al. 2001, Alfaro et 
al. 2006, Jaschinski et al. 2008).  
  
In this study, we aim to identify the major food sources for dominant 
invertebrates in a mosaic of rocky reefs and seagrass meadows in Jurien Bay 
using a combination of δ13C and δ15N stable isotope signatures, and total fatty 
acid and polyunsaturated fatty acid profiles. We focus on determining the level 
of contributions that seagrass, fleshy red, articulated coralline red and brown 
algae, and/or seagrass periphyton make to herbivorous, omnivorous and 
carnivorous invertebrates, as well as to deposit and filter feeders.  
 
 

Materials and methods 

Study area and sample collection 

The study was conducted within the Jurien Bay Marine Park (30°17.3’ S, 
115°02.5’ E), which is part of the Central West Coast marine bioregion of 
Australia (Australia 2006) that is a biogeographical transition zone between 
tropical and temperate ecosystems (Morgan and Wells 1991).  The bay 
comprises a series of limestone islands and reefs < 20 m in depth that run 
parallel to shore, which provide shelter to shallow (< 10 m) lagoons 
interspersed with large sandbars.  Extensive seagrass meadows are 
interspersed with the subtidal limestone reefs, reef pavement and unvegetated 
sand patches (Sanderson 2000). 
  
Sampling was undertaken during two time periods, autumn (April/May) and 
spring (October) 2005, at eight sites as described in Chapter 2 (Figure 2.1), 
and each representing a mosaic of limestone reef, seagrass and bare sand.  
At each site, three individuals of each of the dominant species of benthic 
primary producers and invertebrates were collected haphazardly using 
SCUBA. Target primary producer species were brown algae (Ecklonia radiata, 
Sargassum sp.), fleshy red algae (Laurencia filiformis, Curdea obesa, 
Polysiphonia sp.), calcareous red algae (Amphiroa anceps, Haliptilon roseum, 
Metagoniolithon stelliferum), and seagrass (Posidonia sinuosa, Amphibolis 
griffithii, Halophila ovalis).  Periphyton on Posidonia sinuosa leaves was also 
collected.  For consumers, species representing different trophic groups were 
targeted. Herbivores were represented by the gastropods Cantharidus lepidus, 
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Pyrene bidentata and Astralium tentorium and the urchin Heliocidaris 
erythrogramma, while omnivores were represented by the urchin 
Phyllacanthus irregularis, the lobster Panulirus cygnus, the hermit crab 
Paguristespurpureantennatus and the gastropod Turbo intercostalis. The 
gastropod species Thais orbita represented a carnivore, while the sea 
cucumber Stichopus mollis represented a deposit feeder and the sponge 
Chondrilla australiensis and the ascidian Herdmania momus represented filter 
feeders. Two size fractions of sedimentary particulate organic matter 
(sedimentary POM) were obtained by sieving bulk sediment through 1 mm and 
0.63 µm sieves.  Suspended particulate organic material (suspended POM) 
samples were collected by filtering water (2 – 4 L) onto pre-combusted (450°C 
for 2 h) Whatman GF/F filters. Samples were frozen immediately after 
collection and stored at -20°C until laboratory analysis.   
  

Sampling processing and biomarker analyses 

Samples were processed and analysed as described in Chapter 3 and stored 
at -20°C for stable isotope and fatty acid analyses. While replicate samples 
from each site were kept separate for stable isotope analyses, the three 
replicate samples for each species from each site were combined to ensure 
sufficient material for lipid extraction.  Samples were also restricted to four 
sites (not always the same sites due to either low sample size or lack of 
samples from some sites) for fatty acid analyses due to the expense of these 
analyses. For stable isotope data, the triplicate samples from each were 
averaged, and means and standard errors were determined using these 
averaged data across all sites. In the case of fatty acid data, means and 
standard errors, and multivariate analyses, have been based on the combined 
samples from each of the four sites, with data from each site representing a 
replicate sample. 

 
 

Statistical analyses 

Dual isotope (δ15N and δ13C) mixing model analyses were conducted to 
examine the potential contributions of the various dietary sources to the 
different consumer species, and the contribution of primary producers to the 
sedimentary POM signatures.  To avoid having too many sources to allow for 
a unique solution to the mixing model (Phillips et al. 2005), we combined plant 
or algae species into functional groups if differences in δ15N and δ13C values 
were less than 20% (Svensson et al. 2007).  This led to the following 
groupings:  brown algae, calcareous red algae, fleshy red algae, periphyton, 
and seagrass.  Modelling was done using MixSIR (Moore and Semmens 2008, 
Semmens et al. 2009), a Bayesian isotope mixing model that incorporates 
uncertainty (i.e. variability) in estimates of both the source and mixture isotope 
values, and the isotopic fractionation values used.  Fractionation values were 
selected to best represent the different types of consumer mixtures:  for 
grazing gastropods, ∆15N = 1.28 ± 2.47 (Vanderklift and Ponsard 2003) and 
∆13C = 0.47 ± 1.23 (Vander Zanden and Rasmussen 2001); for grazing urchin, 
∆15N = 3.16 ± 0.94 and ∆13C = 2.91 ± 1.13 (E. Gates, unpublished data); for all 
other consumers, ∆15N = 3.40 ± 1.10 (Minagawa and Wada 1984) and ∆13C = 
0.47 ± 1.23 (Vander Zanden and Rasmussen 2001).  Note that for analyses of 
sedimentary POM, fractionation values were set at zero.  For all model runs, 
the maximum importance ratio (MIR) was below 0.001, indicating the model’s 
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reliability in estimating true posterior density distributions (Moore and 
Semmens 2008). 
 
Essential fatty acid (n-3 and n-6 polyunsaturated fatty acids [PUFA]) data were 
ordinated using non-metric multi-dimensional scaling (nMDS) to examine 
patterns of similarity in (1) all fatty acid and (2) PUFA composition between 
consumer species and primary producer groups, and among consumer 
species.  The ordination was performed using Primer 6 (Clarke and Gorley 
2001) based on Euclidean distances calculated from untransformed data. 
Similarity of percentages (SIMPER) was used to determine the diagnostic fatty 
acids for each consumer group. Analysis of Similarity (ANOSIM) was used to 
determine whether the fatty acid composition differed among consumer 
species.  

 

Results 

Stable isotopes 

The mean δ13C values of seagrasses were typically higher (-14 to -10‰) than 
those of macroalgae (-25.5 to -19‰) and periphyton on seagrass (-18‰,), with 
the exception of C. obesa whose mean value was similar to that of H. ovalis 
(Figure 4.1). In terms of macroalgae, calcareous red algae exhibited the 
lowest δ13C values, ranging between -25.5 and -20.5‰, and fleshy red algae 
displayed the highest values, ranging between -20.5 and -14.5‰. These 
ranges overlapped with each other and with the values of brown algae (~ -
20‰). In terms of δ15N, values of all groups of primary producers overlapped 
with values ranging from 3 to 4.5‰ (Figure4.1). 
 
Suspended POM and the large fraction (>1mm) of sedimentary POM exhibited 
δ13C values similar to the seagrass (~ -12‰), while those of the finer fraction 
(63µm - 1mm) of sedimentary POM were lower (Figure 4.1). The δ15N of POM 
ranged between 3.5 and 4.5‰. The mixing model indicated that seagrass 
made high and consistent contributions to the large fraction of detritus, 
whereas all forms of macroalgae and periphyton contributed little to this 
fraction (Figure 4.2). In comparison, seagrass made a lower contribution while 
brown algae made large and consistent contributions to the finer fraction of 
detritus (Figure 4.3). 
  
Mean δ13C values of grazing gastropods were similar, ranging from -19‰ for 
P. bidentata in seagrass to -18‰ for C. lepidus, which was found only in 
seagrass (Figure 4.1). Mean δ13C for P. bidentata from seagrass and reef 
were similar, while mean δ15N for this species from reefs was almost 1‰ 
higher than this species from seagrass. Of the grazing gastropods, C. lepidus 
exhibited the highest mean δ15N (5.5‰). Mixing models indicated that all 
grazing gastropod species assimilated nutrients from a range of sources. For 
example, brown, fleshy red and calcareous red algae and periphyton all 
contributed between 0 and 90% of the diet (Figures 4.4-4.6). However, 
seagrasses consistently contributed only small proportions to the diet of this 
species. In the case of P. bidentata, brown and fleshy red algae contributed up 
to 80% of the diet, with medians of 35 and 20%, respectively (Figure 4.5). 
However, periphyton exhibited the greatest and most consistent contribution to 
the diet of this species, with a median of 40%, while calcareous red algae 
made only minor contributions to its diet. The diet of Astralium tentorium was 
likely to be more mixed, with all algal groups (including periphyton) providing 
median contributions of 15-20% and contributing up to 60% of the diet (Figure 
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4.6). The median contribution of seagrass to the diet of this species was 
higher (30%) and less variable compared to the algal groups. In comparison to 
the above species, there was a high probability that brown algae made high 
contributions to the diet of Turbo intercostalis on reefs, while fleshy red algae 
and periphyton, and particularly calcareous red algae, were likely to make 
relatively low contributions (Figure 4.7). 
 
The mean δ13C of the carnivorous gastropod Thais orbita on reefs was similar 
to the above grazing gastropods, while the δ15N value was elevated (~8 vs 
≤5.5‰, Figure 4.1), indicating its higher trophic position. The mixing model for 
this species indicated that its diet was varied, with P. bidentata, T. intercostalis 
and A. tentorium all likely to be contributing to the diet of this species (Figure 
4.8). 
  
The mean δ13C value of grazing urchin H. erythrogramma was similar to those 
of the grazing gastropods (-18.5‰ vs  ~-19.0 to -18.2‰), whereas the δ15N 
value was higher (6.3‰ vs ≤5.5‰, Figure 4.1). Contributions of brown, and 
particularly fleshy red algae, were shown by the mixing model to be highly 
variable (Figure 4.9). However, brown algae made a relatively high 
contribution to the diet of H. erythrogramma, while calcareous algae either 
made little or no contribution to the diet of this species. In comparison, the 
mean δ13C value of the omnivorous urchin, P. irregularis, was similar to that of 
H. erythrogramma, while its mean δ15N value was far higher (-9.5‰) than the 
grazing urchin. The mixing model indicated that this omnivorous species 
derives its carbon and nitrogen source from brown algae and a symbiont-
containing sponge represented by Chondrilla australiensis (Figure 4.10). 

 
The range of mean δ13C values for omnivorous crustacean species (P. cygnus 
and P. purpureantennatus) was similar to that of other consumers, and their 
mean δ15N values were higher than those of grazing species, but lower than 
that of P. irregularis (Figure 4.1). The mean δ15N of the filter-feeding ascidian 
Herdmania momus and the deposit-feeding sea cucumber Stichopis mollis 
were similar to the omnivores and carnivores (Figure 4.1). Similarly, the mean 
δ13C of H. momus was similar to δ13C of grazers, omnivores and carnivores, 
while that of S. mollis was lower than all other consumers. The mixing model 
indicated that the smaller fraction of sedimentary detritus contributed to the 
diet of S. mollis, whereas the large fraction made little or no contribution 
(Figure 4.11). 
 
 

Fatty acids 

The fatty acids of the majority of consumers consisted of high proportions of 
saturated, mono-unsaturated and polyunsaturated fatty acids, while branched 
saturated fatty acids (BFAs) were invariably low (Tables 4.2, 4.3 and 4.4). 
Polyunsaturated fatty acids (PUFAs) made up approximately half of the fatty 
acids for herbivores and omnivores, but were far less dominant in suspension 
and deposit feeders. The sponge C. australiensis was an exception, 
comprising high levels of BFAs but low levels of PUFAs. 
  
The fatty acid compositions of consumers were more similar to those of 
macroalgae and periphyton than seagrasses regardless of whether all fatty 
acids or only PUFAs were included in the nMDS analyses (Figure 4.12). 
Replicate samples of the various consumer species formed four distinct broad 
groups using PUFA data, with one formed by herbivorous (P. bidentata, C. 
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lepidus, Turbo intercostalis and Astraliumtentorium) and carnivorous (Thais 
orbita) gastropods in the lower left-hand corner of the plot, and another by 
omnivorous crustaceans (P. cygnus and Paguristespurpureantennatus) and 
the herbivorous urchin H. erythrogramma to the left of the plot. These samples 
tended to be more similar to those of brown algae (Figure 4.12), and 
particularly the kelp E. radiata, than any other producer or consumer. The third 
group consisted of samples of the omnivorous urchin P. irregularis, which 
were located above and distinct from all other consumers and producers, while 
the deposit (S. mollis) and filter feeders (C. australiensis and H. momus) were 
interspersed among macroalgal samples. 
 
When consumers were analysed separately, similar broad groups were 
formed using all fatty acids and PUFAs only (Figure 4.13). ANOSIM showed 
that species differed significantly using all fatty acids (Global R = 0.869, 
p=0.0001) and PUFAs (Global R = 0.869, p=0.0001). However, total the fatty 
acid composition differed between all consumer groups, except between P. 
bidentata from reefs and seagrass (p=0.06 and 0.23 for all FAs and PUFAs, 
respectively), between A. tentorium and T. intercostellatus (p=0.30 and 0.06 
for all FAs and PUFAs, respectively), and between H. momus and S. mollis 
(p=0.06 and 0.14 for all FAs and PUFAs, respectively). The grazing gastropod 
P. bidentata from both reefs and seagrass meadows was characterized by 
22:2 and 22:5n-3, and high levels of either 22:4n-6 or 20:4n-6 and 20:5n-3, 
respectively (Table 4.5). Similarly, the other grazing gastropods (C. lepidus 
and T. orbita), were characterized by 20:4n-6 and 22:2 and 22:5n-3 despite 
occurring in different habitats. While 20:4n-6 and 20:5n-3 were also diagnostic 
of the grazing urchin H. erythrogramma, 20:2n-9 was also diagnostic for this 
species (Table 4.5). Similar to a range of herbivores, the gastropod T. orbita 
contained high levels of 20:4n-6, 22:4n-6 and 22:5n-3, but this carnivore also 
contained high levels of 18:4n-3, which also occurred in high levels in the 
omnivorous P. irregularis along with 20:3 (36.5). Both 
P.purpureantennatusand P. cygnuswere characterized by 20:4n-6, as well as 
either 20:5n-3 or 22:5n-3 and 22:6n-3, respectively. The diagnostic fatty acids 
were variable among the deposit and filter feeders, with 18:2n-6 and 20:4n-6 
particularly high in S. mollis.  
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Discussion 

Grazers 

Off south-western Austraia, the gastropod P. bidentata is abundant on reefs 
and in seagrass meadows close to reefs, while C. lepidus is abundant only in 
seagrass meadows (Chapter 6). Stable isotopes revealed that a range of 
macroalgae and periphyton contributed to the diets of both these two species 
at Jurien Bay, rather than seagrass, which supports the findings of Smit et al. 
(2006) for C. lepidus in P. sinuosa meadows of the Perth region. The 
conclusion that seagrass makes little or no contribution to the diet of these 
gastropod species is further supported by the fatty acid compositions of the 
two species, which were more similar to those of algae than distinct 
seagrasses, using all fatty acids (FAs) and polyunsaturated fatty acids 
(PUFAs) only, and the similarity in the fatty acid composition of P. bidentata 
collected from both reefs and seagrass meadows. The PUFAs 18:2n-6 and 
18:3n-3 were dominant in seagrass tissue, but almost absent in the two 
grazers, suggesting that these species consume little or no seagrass and 
support the conclusions in Chapter 5 that these species avoid consuming 
seagrass.   
 
The lack of consumption of seagrass material by grazers in the region is 
further supported by A. tentorium in Jurien Bay, another gastropod species 
that occurs in either reef or seagrass habitats in the region (this study), and 
mesograzers in other habitats, such as unvegetated nearshore zones (Hyndes 
and Lavery 2005, Crawley and Hyndes 2007, Crawley et al. 2009). While this 
suggests that seagrass material essentially provides a trophic “dead end” in 
the coastal marine environment of the region, recent research is indicating that 
large amounts of nutrients can be released from decomposing leaves (Lavery 
and McMahon, unpubl. data), which may ultimately feed back into primary 
producers in both pelagic and benthic systems. Furthermore, while 
seagrasses may not be incorporated directly into the food webs of the region, 
they provide an important substrate and habitat for a high diversity of epiphytic 
algae, invertebrates and fish (Brearley and Wells 1999, Lavery and Vanderklift 
2002, Hyndes et al. 2003).  
  
Both P. bidentata and C. lepidus appear to rely on macroalgae and periphyton 
as food sources. Mixing models of stable isotope data suggested that brown 
algae, fleshy and calcareous red algae and periphtyon contribute to the diet of 
C. lepidus, while brown and fleshy red algae largely contribute to the diet of P. 
bidentata. Furthermore, these grazers were characterized by the PUFAs 22:2 
and 22:5n-3 and either 20:4n-6 or 20:5n-3, which were present in moderate 
proportions in all forms of algae, including periphyton (Chapter 3). This 
suggests that these species consume all forms of algae. Furthermore, 22:2 
was present only in the calcareous alga A. anceps, while 22:5n-3 was present 
in all calcareous algae and periphyton (Chapter 3), suggesting the 
consumption of these forms of algae. The fatty acid 22:5n-3 is considered a 
good biomarker for algae in other studies (Kayama et al. 1989). Alternatively, 
these longer-chain FAs could be synthesized de novo through elongation of 
shorter chain precursor fatty acids (Ruess et al. 2002). However in either case, 
it is likely that these grazers have a mixed diet, as they exhibit no preference 
for red or brown macroalgae or periphtyon, although C. lepidus can exhibit 
higher consumption rates on periphyton (Chapter 5). The high proportion of 
20:4n-6 in C. lepidus could be associated with the consumption of the brown 
alga Ecklonia radiata, for which this fatty acid was considered diagnostic 
(Chapter 3). This kelp species dislodges from the reefs and can accumulate in 
adjacent seagrass meadows (Wernberg et al. 2006). Furthermore, this 
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allochthonous material was shown to be assimilated by C. lepidus in enriched 
δ15N experiments (Chapter 7). The fatty acid data provide further evidence that 
reef-derived kelp could partially subsidize productivity of this grazing 
gastropod, similar to the amphipod Allorchestes compressa in wrack 
accumulations in surf zones (Crawley and Hyndes 2007, Crawley et al. 2009). 

 
Turbo intercostalis, a large gastropod common on reefs, appears to be 
supported by brown algae as the main food source in the region. The mixing 
model indicated that brown algae have a high probability of contributing over 
half of the diet for this grazing species. Similar to other grazing gastropod 
species in this study, as well as T.intercostalis and Haliotis rubra in Tasmania 
(cf Guest et al. 2009), this species had a high proportion of 20:4n-6, which is 
diagnostic of E. radiata (Chapter 3). The high proportion of this PUFA is, 
therefore, likely to correspond to the consumption of kelp.  However, the 
gastropod was also characterized by a number of other PUFAs that were 
present in a range of algae, suggesting a varied diet of different forms of 
macroalgae. Thus, this varied diet is similar to Turbo torquatus, which is a 
particularly abundant turbinid species on reefs in the Perth region where it 
feeds on a range of algae (Wernberg et al. 2008), as do other Turbo species 
elsewhere (Clarkson and Shepherd 1985, Worthington and Fairweather 1989, 
Foster and Hodgson 1998). 
 
The fatty acid composition of the urchin Heliocidarus erythrogramma was 
distinct from that of the other grazing species, based mainly on the higher 
levels of 20:2n-9 and absence of 22:5n-3 in this urchin species. Since these 
fatty acids are either absent or almost absent in any of the potential food 
sources, it is likely that these fatty acids are synthesized de novo by this urchin 
through elongation of shorter chain precursor fatty acids as has been 
suggested for other grazers (Ruess et al. 2002). However, these two PUFAs 
were absent in H. erythrogramma in Tasmania (Guest et al. 2009). It is 
possible that this species synthesizes different fatty acids depending on the 
different dietary sources for the consumers. The PUFAs 20:4n-6 and 20:5n-3 
were also characteristic of H. erythrogramma in the present study and in 
Tasmania (Guest et al. 2009). The former PUFA was present in particularly 
high levels in E. radiata (Chapter 3), and to a lesser extent in other 
macroalgae, suggesting the consumption of kelp on reefs by this species. 
Thus, the current study supports the consumption of kelp by this urchin 
species, but based on other studies, the kelp material appears to be derived 
from other reefs, rather than in situ production (Vanderklift and Wernberg 
2008). The high levels of 20:5n-3 suggests a broader diet of a range of algae, 
which is supported by the presence of red algae in the species diet 
(Vanderklift et al. 2006). 
 

Omnivore and carnivores 

The δ15N values of the urchin P. irregularis (9.5‰) was over 3‰ higher than H. 
erythrogramma, which supports the results of Vanderklift et al. (2006) in other 
regions of south-western Australia. Gut content analyses by Vanderklift et al. 
(2006) revealed that this species consumes a range of algae and animal 
material, with the latter comprising mainly sponges and ascidians. Since the 
δ15N value of this urchin was higher than the carnivorous gastropod Thais 
orbita, nitrogen is likely to be derived mainly from the animal component of its 
diet. The fatty acid composition of P. irregularis was distinct from that of any 
other consumer, which was mainly due to the high proportion of the fatty acid 
20:2. The sponge C. australiensis was the only other species (producer or 
consumer) that contained even moderate levels of this fatty acid, suggesting 
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that P. irregularis gains this fatty acid from this or other sponge species, or that 
the species synthesizes the fatty acid de novo. However, our fatty acid data 
were restricted to only one species of sponge and ascidian, while a high 
diversity of these sessile invertebrates are present in the region (Fromont 
unpubl. data). The high proportion of 20:4n-6 supports the consumption of kelp 
shown by Vanderklift et al. (2006).  
  
The δ15N and δ13C of P. cygnus was similar to those reported by MacArthur et 
al. (2008) for the species from reefs surrounded by seagrass in Jurien Bay. 
The diet of this lobster species is varied and broad (MacArthur et al. 2008). 
Articulated coralline red algae formed a major component of its diet, and were 
shown by mixing models to contribute 0-40% (median 16%) to the nutrition of 
lobsters. However, while invertebrates contributed a relatively small volume to 
the gut contents of lobster, mixing models indicated their greater importance to 
lobster diet, comprising up to 98% of the nutrition (MacArthur et al. 2008). Of 
the potential prey available to lobsters, gastropods, crustaceans, ascidians 
and sponges were present in the greatest quantities and frequency and 
contributed substantially to the nutrition of lobsters (MacArthur et al. 2008). 
The relatively high consumption and importance of ascidians to lobster diets 
has also been reported for Jasus edwardsii in Tasmania by Guest et al. 
(2009), further highlighting the opportunistic foraging of lobsters, where their 
diet presumably reflects the availability of potential prey in their habitat. The 
importance of animal prey to the diet of lobsters was shown by MacArthur et 
al. (2008) to vary between habitat types, with invertebrates being less 
important to the diets of lobsters on reefs surrounded by pavement. Articulated 
coralline red algae were more important to the diets of rock lobster from these 
reefs. This habitat shift in diet of lobsters is highlighted by other studies in the 
region (Edgar 1990abc), which showed a greater importance of invertebrates 
to the diets of lobsters found on reefs surrounded by seagrass. Higher 
proportions of animals are likely to result in high growth rates of lobsters (Joll 
and Phillips 1984, Edgar 1990b), suggesting that the habitat in which lobster 
settle and reside during the post-peurulus stage of its life cycle could influence 
growth rates. 
  
The fatty acid composition of P. cygnus was characterized by high levels of 
20:4n-6 and 20:5n-3. The high proportion of the former fatty acid suggests the 
consumption of kelp, which could not be detected using dietary or stable 
isotope analyses (MacArthur et al. 2008). This is likely to reflect indirect 
assimilation through the consumption of gastropod grazers, since this lobster 
species consumes the grazing gastropods such as C. lepidus (Edgar 1990b), 
which appear to consume brown algae (see above). However, as stated 
above, the diet of P. cygnus is broad, comprising a range of algal and faunal 
taxa. 
 
The fatty acid composition of the hermit crab 
Paguristespurpureantennatuswas similar to that ofP. cygnus, suggesting 
similar diets. While there appears to be no published information on the diets 
of hermit crabs, many other majid crabs are ominivorous (e.g. Choy 1986, 
Perez and Bellwood 1988, Woods 1993). It is, therefore, likely that 
P.purpureantennatus is also omnivorous, a conclusion supported by the high 
δ15N of the species. It is surprising that the fatty acid composition of this 
species, and P. cygnus, were more similar to the herbivorous urchin H. 
erythrogramma, than the omnivorous urchin P. irregularis. While this result is 
difficult to explain, the high levels of 20:4n-6 and 20:5n-3 are likely to reflect 
the consumption of a range of algae either directly or indirectly.  
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Filter and deposit feeders 

The higher δ15N of the sponge Chondrilla australiensis, the ascidian 
Herdmania momus, and the sea cucumber S. mollis than grazers indicates a 
higher trophic level for these particulate feeders, and suggests the 
consumption of other consumers or assimilation of nitrogen from bacteria. The 
latter conclusion is supported by the high levels of branched saturated fatty 
acids in C. australiensis compared to all other consumers. Mid-chain branched 
fatty acids, particularly i17:0-i19:0 fatty acids, occur in relatively high 
proportions in other sponges, and are considered to be associated with 
symbiotic micro-organisms (Shreiber et al. 2006). These fatty acids are 
considered to be good tracers for bacteria (Volkman et al. 1980, Findlay et al. 
1990, Thurber 2007). It is therefore relevant that C. australiensis, along with 
several other demosponge species, has a symbiotic relationship with 
cyanobacteria, including Synechococcus spongiarum (Usher et al. 2004b). It 
should be noted, however, that other species of Synechococcus form part of 
the picoplankton in the region (Usher et al. 2004b) and are preferentially 
retained by the demosponge Callyspongia sp. in Jurien Bay (Chapter 8). Since 
Callyspongia sp. consumed heterotrophic bacteria from the water column 
(Hanson Chapter 8), it is likely that the BFAs in C. australiensis could reflect 
consumption of components of the picoplankton. Interestingly, the long-chain 
fatty acids (C24-C30), which are considered to be characteristic of demosponge 
species and thus termed ‘demospongic acids’ (Joseph 1979, Thiel et al. 2002, 
Shreiber et al. 2006), were absent from C. australiensis and it is difficult to 
explain this absence or very low abundance. 
 
The ascidian H. momus had far lower proportions of branched fatty acids and 
higher proportions of PUFAs than the sponge C. australiensis, suggesting that 
the two filter feeders derive their nutrients from different sources of production. 
This is further highlighted by the ascidian exhibiting a lower δ13C (~4‰) than 
the sponge. Herdmania momus from Jurien Bay had a similar fatty acid 
composition to the same species, and the solitary ascidian Pyura gibbosa, in 
Tasmanian waters (Guest et al. 2009), with the MUFAs 18:1n-7 and 18:1n-9 
and the PUFAs 20:4n-6 and 20:5n-3 making up high proportions of the fatty 
acids. The high proportion of these two PUFAs may reflect consumption of 
prey that feed on macroalgae on the reef, since the species is considered to 
consume a variety of invertebrate larvae (Bingham and Walters 1992). This is 
supported by the high δ15N of H. momus in both Jurien Bay and Tasmania 
(This study, Guest et al. 2009). 
 
Compared to the above two particulate feeders and other consumers from 
Jurien Bay, the sea cucumber Stichopis mollis contained more MUFAs, and 
exhibited similar levels of these fatty acids as its con-generic S. japonicus 
(Kasai 2003). The high proportion of the PUFA 20:4n-6 was also similar to S. 
japonicus, while the high proportion of 18:2n-6 was unique to S. mollis (cf 
Kasai 2003). Many sea cucumbers, including S. mollis, ingest detritus from the 
sediment or bio-deposits (Wing et al. 2008, Maxwell et al. 2009). The 
presence of 18:2n-6 suggests that this species is likely to attain part of its diet 
from detrital seagrass, which was shown by δ13C to form part of the large size 
fraction of detritus in the sediment. However, the mixing model indicated that 
the large size fraction of detritus, and therefore seagrass, plays a limited role 
in the assimilated nutrients by this deposit feeder. Instead, brown algae is 
likely to make a greater contribution to the assimilated nutrients of this 
species, as the mixing model indicated a greater contribution of the smaller 
size fraction of detritus which was dominated by brown algae. This is 
supported by the high proportion of 20:4n-6, which was diagnostic of kelp. The 
diet of S. mollis has been shown to vary depending on the availability of 
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detritus, with macroalgae mostly forming the indirect source of the diet (Wing 
et al. 2008). However, terrestrial leaf litter was shown to contribute to the diet 
in the inner fjord (Wing et al. 2008), indicating that refractory material like 
seagrass can contribute to the diet of the species. 
 

Conclusions 

This study has examined the food sources of a range of consumers in a 
habitat mosaic comprising algal reefs and seagrass meadows in Jurien Bay. 
The combined use of dual stable isotopes (δ13C and δ15N) and fatty acid 
composition has been shown to be a useful tool to distinguish the sources of 
production for the suite of herbivores, omnivores and carnivores from the 
region. This approach has further confirmed the lack of assimilation of 
seagrass by consumers in the region, supporting the conclusions of a range of 
trophic studies in the region (Hyndes and Lavery 2005, Smit et al. 2006, 2007, 
Crawley et al. 2009). However, the epiphytic macroalgae and periphyton on 
seagrass are important food sources for a range of grazers in seagrass 
meadows (This study, Smit et al. 2005, 2006), which in turn contribute to the 
diet of higher order consumers including lobsters (This study, MacArthur et al. 
2008, Jernakoff et al. 1993) and fish (MacArthur and Hyndes 2007). 
 
The combined use of stable isotopes and fatty acids allowed us to differentiate 
the importance of different types of algae in the food web, highlighting the 
importance of a range of algae in the reef-seagrass habitat mosaic. In 
particular, the combined approach suggests that kelp E. radiata is a direct food 
source for several grazing invertebrates, including urchins and gastropods, 
and S. mollis which ingests sedimentary detritus, as well as indirect food 
source for omnivorous and carnivorous invertebrates such as the lobster P. 
cygnus. Stable isotopes alone have often prevented any differentiation red, 
green and brown algae as food sources for consumers (e.g. Loneragan et al., 
1997; Connolly et al., 2005; Hyndes and Lavery, 2005), thereby limiting the 
value of these biomarkers for tracing these food sources through the food 
web. The results of this study therefore support the findings of Crawley et al. 
(2009) in surf zone habitats of south-western Australia that fatty acids provide 
a valuable complementary tool in food web studies. 
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Table 4.1. Fatty acids used as diagnostic biomarkers in the literature and from Chapter 3. Numbers refer to papers listed below table. 

Fatty acid 
Diatoms Bacteria Fungi Seagrass Red algae Brown algae Algae Dinoflagella

tes 
Cryptomona
ds 

Protozoa 

15:0 1 2, 3, 15         
i17:0  3         
16:1n-7 14, 15          
18:1n-7  4, 11, 3   20      
18:1n-9      12     
18:2n-6    5, 20       

18:3n-3 7   
5,16,17,18, 
20   6  

 
 

18.4n-3    16,17,18, 20  20  8 8  
20:4n-3 7      6   9 
20:4n-6     6,18,19 20     
20:5n-3 1,10,14,15    20  6    
22:1n-9      20     
22:6n-3        8, 10 8 9 
           
16:1/16:0 >1.6 10          
∑16/∑18 > 2 10          
20:5n-3/22:6n-3 > 1 10       10   
∑15 + ∑17  11         
20:5n-3/20:4n-6 > 10     13      

 
1 Ackman et al. (1968) 
2 Gillian & Hogg (1984) 
3 Findlay et al. (1990) 
4 Volkman et al. (1980) 
5 Kharlamenko et al. (2001) 
6 Kayama et al. (1989) 
7 Erwin (1973) 

8 Sargent et al. (1987) 
9 Zhukova & Kharlamenko (1999) 
10 Parrish et al. (2000) 
11 Rajendran et al. (1993) 
12 Johns et al. (1979) 
13 Khotimchenko & Vaskovsky (1990) 
14 Viso & Marty (1993) 
 

15 Desvilettes et al. (1997) 
16 Nichols et al. (1982) 
17 Khotimchenko et al. (1990) 
18 Jaschinski et al. (2008) 
19 Khotimchenko (1990) 
20 Chapter X 
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Table 4.2. Fatty acid composition of the grazers Cantharidus lepidus (C.lep), Pyrene bidentata (P.bid), Turbo intercostalis 
(T.int), Astralium tentorium (A.ten) and Heliocidaris erythrogramma (H.ery) from reef and/or seagrass habitats in Jurien 
Bay. Excludes FA with <1.0% in all species. 
 
  Seagrass Reef
Fatty acids C.lep P.bid P.bid T.int A.ten H.ery 
  Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE 
Saturated  
(SFA)             
 14:0 0.9 0.1 1.0 0.2 0.3 0.1 1.0 0.2 0.3 0.2 3.0 0.2 
 15:0 1.6 0.2 0.2 0.0 0.2 0.0 1.6 0.1 1.3 0.5 0.9 0.7 
 16:0 20.9 0.4 8.1 0.5 7.9 0.2 22.1 1.1 18.7 0.6 9.9 0.7 
 17:0 1.9 0.0 0.8 0.0 0.7 0.0 2.6 0.1 2.6 0.1 0.0 0.0 
 18:0 8.7 0.3 11.3 0.4 13.0 0.4 5.9 0.1 5.6 0.2 4.8 0.3 
 ∑ SFA 35.2 1.3 22.8 1.9 23.5 1.3 33.4 1.8 29.6 2.0 19.9 2.7 
Branched saturated 
(BSFA)             
 i17:0 1.3 0.1 0.3 0.0 0.2 0.0 0.3 0.1 1.0 0.1 0.6 0.1 
 ∑ BSFA 2.3 0.3 0.8 0.1 0.5 0.2 0.4 0.1 2.0 0.5 1.0 0.3 
Monounsaturated 
(MUFA)             
 16:1n-7 1.7 0.1 0.4 0.1 0.5 0.1 0.9 0.2 1.7 0.6 0.6 0.1 
 17:1n-7 1.0 0.2 0.2 0.1 0.1 0.0 0.6 0.0 0.4 0.4 0.0 0.0 
 18:1n-12 0.3 0.0 0.2 0.1 0.2 0.1 0.2 0.0 0.0 0.0 1.2 0.2 
 18:1n-7 8.0 0.1 0.4 0.4 1.1 0.3 3.2 0.0 1.4 0.3 0.7 0.0 
 18:1n-9 5.9 0.3 9.2 1.5 6.2 0.5 6.0 0.1 7.5 0.2 2.9 0.2 
 20:1n-13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.4 0.4 
 20:1n-11 1.1 0.2 4.0 0.3 4.8 0.1 2.2 0.1 2.2 0.2 3.0 0.1 
 20:1n-9 0.4 0.0 1.7 0.1 2.1 0.3 0.3 0.0 0.1 0.1 6.6 0.3 
 22.1n-9 0.1 0.1 0.3 0.1 0.6 0.0 0.4 0.1 0.2 0.2 3.8 0.9 
 ∑ MUFA 20.3 1.3 17.1 2.7 16.3 1.6 14.0 0.7 13.8 2.8 24.6 2.5 
Polyunsaturated  
(PUFA)             
 18:2n-6 1.6 0.1 1.3 0.1 1.9 0.4 2.7 0.3 3.4 0.2 0.4 0.2 
 18:3n-3 1.1 0.2 0.7 0.1 1.3 0.5 0.4 0.0 1.5 0.3 0.8 0.1 
 C20:2 0.3 0.2 0.1 0.1 1.3 0.5 0.0 0.0 0.0 0.0 0.7 0.5 
 20:2n-6 0.5 0.1 1.7 0.1 0.4 0.3 0.0 0.0 0.0 0.0 2.2 0.0 
 20:2n-9 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 12.3 0.7 
 20:3 (37.4) 0.3 0.1 0.3 0.2 0.1 0.1 0.1 0.1 0.0 0.1 1.4 0.1 
 20:3n-3 0.7 0.1 0.9 0.1 0.8 0.1 0.7 0.1 0.6 0.4 2.9 0.4 
 20:4n-6 7.5 0.4 11.7 0.5 12.3 0.4 13.3 0.6 16.7 0.3 16.1 1.4 
 20:5n-3 6.0 0.1 7.1 0.6 6.3 0.5 3.8 0.3 3.0 0.5 11.9 1.1 
 22:2 4.1 0.3 8.1 0.5 9.1 0.5 6.7 0.5 7.5 0.4 0.7 0.4 
 22:4n-6 2.4 0.1 4.5 0.2 5.4 0.7 7.1 0.4 12.0 0.9 0.2 0.1 
 22:5n-3 13.6 0.5 18.7 1.1 17.5 0.9 12.0 0.9 6.6 0.6 0.0 0.0 
 22:6n-3 1.1 0.1 0.9 0.0 0.9 0.1 0.2 0.1 0.3 0.1 0.0 0.0 
 ∑ PUFA 40.3 2.6 56.8 3.7 57.9 5.4 48.0 3.6 51.8 4.0 49.6 5.1 
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Table 4.3. Fatty acid composition of the ominiverous consumers T. orbita (T.orb), P. irregularis (P.irreg), P. cygnus 
(P.cygn)and P. purpureantennatus (P.purp) from Jurien Bay. Excludes FA with <1.0% in all species. 
Fatty acids T.orb P.irreg P.cygn P.purp 
  Mean SE Mean SE Mean SE Mean SE 
Saturated (SFA)         
 14:0 1.0 0.1 1.9 0.2 0.6 0.3 0.2 0.1 
 15:0 2.8 1.2 0.9 0.5 0.5 0.1 0.3 0.1 
 16:0 10.7 2.7 4.7 0.2 11.6 0.7 11.5 0.5 
 17:0 1.9 0.3 0.8 0.2 1.4 0.1 1.2 0.1 
 18:0 8.6 1.0 5.0 0.2 8.7 0.4 11.4 0.4 
 19:0 0.3 0.2 0.2 0.1 0.1 0.1 0.4 0.0 
 20:0 0.0 0.0 1.0 0.1 0.1 0.0 0.1 0.0 
 21:0 0.9 0.9 0.0 0.0 0.0 0.0 0.0 0.0 
 22:0 0.0 0.0 0.1 0.0 0.6 0.2 0.1 0.0 
 24:0 0.1 0.1 0.3 0.0 0.5 0.1 0.7 0.1 
 ∑ SFA 26.7 6.9 15.3 2.0 24.2 1.9 26.2 1.4 
Branched saturated (BSFA)  
 ∑ BSFA 0.8 0.4 0.1 0.1 0.9 0.4 0.3 0.2 
Monounsaturated (MUFA)         
 14:1n-5 0.3 0.2 0.1 0.1 0.0 0.0 0.2 0.1 
 16:1n-7 0.7 0.2 0.9 0.2 2.6 0.4 1.9 0.1 
 17:1n-7 0.5 0.1 0.0 0.0 1.1 0.4 0.5 0.1 
 18:1n-7 0.4 0.2 1.2 0.4 3.7 0.6 8.1 0.3 
 18:1n-9 4.7 0.6 1.8 0.1 8.9 0.6 8.4 0.3 
 20:1n-13 0.0 0.0 11.1 0.6 0.0 0.0 0.0 0.0 
 20:1n-11 3.6 0.4 3.9 0.2 0.6 0.0 0.1 0.0 
 20:1n-9 0.4 0.2 3.5 0.3 0.6 0.0 0.6 0.1 
 21:1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 22.1n-9 1.2 0.9 3.8 0.1 0.4 0.3 0.9 0.1 
 22:1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 23:1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
 24:1n-9 0.3 0.1 1.4 0.1 0.0 0.0 0.3 0.0 
 ∑ MUFA 12.4 3.0 28.2 2.4 18.8 2.6 21.6 1.2 
Polyunsaturated (PUFA)         
 18:2n-6 3.3 0.7 0.0 0.0 2.1 0.0 2.6 0.3 
 18:3n-3 0.5 0.2 0.7 0.1 1.1 0.1 0.8 0.0 
 18:4n-3 2.8 1.0 2.1 1.2 0.2 0.2 0.0 0.0 
 C20:2 0.1 0.1 20.8 0.5 0.2 0.1 0.0 0.0 
 20:2n-6 0.1 0.0 0.1 0.1 0.9 0.2 1.0 0.4 
 20:3 (36.5) 0.0 0.0 10.0 0.5 0.3 0.3 2.1 0.1 
 20:3n-3 1.1 0.1 1.5 0.4 1.3 0.6 1.8 0.2 
 20:4n-6 14.2 1.9 11.0 0.3 19.9 1.3 13.1 1.1 
 20:5n-3 3.3 0.4 1.8 0.1 16.4 0.4 18.9 1.8 
 22:2 11.3 0.9 3.7 0.2 1.4 0.5 1.8 0.2 
 22:4n-6 7.6 1.1 0.1 0.1 1.3 0.2 0.2 0.0 
 22:5n-3 10.8 1.4 0.0 0.0 2.7 0.7 0.9 0.0 
 ∑ PUFA 58.5 9.0 0.1 0.1 4.4 1.0 5.6 0.5 
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Table 4.4. Fatty acid composition of the particulate consumers C. australensis (C.aust), H. momus (H.mom ) 
and S.. mollis (S.moll ) from Jurien Bay. Excludes FA with <1.0% in all species. 
Fatty acids C.aust H.mom S.moll 
  Mean SE Mean SE Mean SE 
Saturated (SFA)       
 14:0 0.2 0.1 1.7 0.7 0.8 0.4 
 15:0 1.7 1.5 2.0 1.0 1.3 0.5 
 16:0 22.2 3.2 19.6 5.4 12.3 3.2 
 17:0 1.1 0.3 2.1 0.6 0.7 0.3 
 18:0 7.8 1.7 8.0 0.5 7.6 1.1 
 19:0 0.9 0.0 2.1 0.4 1.0 0.3 
 20:0 1.0 0.4 2.7 0.8 2.2 0.1 
 21:0 0.0 0.0 1.7 0.6 2.3 0.2 
 22:0 0.4 0.4 0.8 0.3 1.5 0.1 
 24:0 0.1 0.1 0.5 0.1 1.4 0.0 

 ∑ SFA 35.6 7.7 41.8 
10.
7 31.4 6.5 

Branched saturated (BSFA)       
 i15:0 0.5 0.3 1.3 0.3 1.3 0.6 
 i16:0 1.3 0.4 0.8 0.2 0.6 0.3 
 i17:0 10.3 1.1 2.5 0.4 1.3 0.6 
 i18:0 3.7 0.2 0.3 0.1 0.0 0.0 
 i19:0 7.8 0.5 0.3 0.2 0.4 0.3 
 ∑ BSFA 23.6 2.4 5.2 1.2 3.6 1.8 
Monounsaturated (MUFA)       
 14:1n-5 0.0 0.0 0.4 0.4 0.6 0.4 
 16:1n-7 8.0 0.7 3.3 1.0 2.5 1.6 
 17:1n-7 0.0 0.0 0.1 0.1 1.2 0.8 
 18:1n-7 3.4 0.3 8.4 0.5 2.6 1.0 
 18:1n-9 7.5 1.5 10.1 0.6 4.8 1.0 
 20:1n-13 0.0 0.0 0.0 0.0 0.0 0.0 
 20:1n-11 1.4 0.4 0.9 0.2 5.3 0.6 
 20:1n-9 1.2 0.8 1.3 0.3 0.1 0.1 
 21:1 0.0 0.0 0.0 0.0 1.5 0.6 
 22.1n-9 0.0 0.0 0.9 0.5 0.7 0.3 
 22:1 0.0 0.0 0.0 0.0 2.3 0.6 
 23:1 0.0 0.0 0.0 0.0 5.1 1.4 
 24:1n-9 0.1 0.1 0.2 0.1 2.2 1.1 
 ∑ MUFA 22.4 4.3 26.8 4.1 29.3 9.7 
Polyunsaturated (PUFA)       
 18:2n-6 2.9 0.5 1.8 0.2 9.1 4.7 
 C18.2 1.1 1.1 0.0 0.0 0.0 0.0 
 18:3n-3 1.2 0.5 0.4 0.0 1.5 0.5 
 18:4n-3 0.0 0.0 0.1 0.1 0.1 0.1 
 C20:2 2.6 0.5 0.8 0.5 0.0 0.0 
 20:2n-6 2.0 0.5 1.4 0.1 0.3 0.2 
 20:3 (36.5) 0.0 0.0 0.0 0.0 0.0 0.0 
 20:3n-3 1.2 0.4 1.3 0.7 0.8 0.3 
 20:4n-6 0.3 0.3 9.8 3.1 14.4 1.3 
 20:5n-3 0.1 0.1 3.3 1.2 3.0 0.4 
 22:2 0.9 0.7 0.5 0.3 1.1 0.7 
 22:4n-6 0.8 0.4 1.4 0.5 0.2 0.2 
 22:5n-3 1.5 1.2 0.3 0.1 0.1 0.1 
 ∑ PUFA 0.5 0.4 2.1 0.8 0.5 0.3 
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Table 4.5. Diagnostic fatty acids as determined by SIMPER analyses, for the range of consumers collected from Jurien Bay. Shading indicates the 
potential source of the fatty acids based on Chapter 3 (green = seagrass, brown = brown algae, red = red algae) or de novo synthesis if absent 
from primary sources. 
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Figure 4.1. Bi-plots of mean δ13C and δ15N of a range of primary producers, 
particulate organic matter and consumers in Jurien Bay, south-western Australia.  
  



Ecological Interactions in Coastal Marine Ecosystems: Trophodynamics  

2009 

 

60 

 

 

 
Figure 4.2. Dual isotope (δ13C and δ15N) mixing model output showing the 
probability and proportions of feasible contributions of benthic primary producers 
to coarse (>1mm) particulate matter from the sediment of Jurien Bay, south-
western Australia. 
 



Ecological Interactions in Coastal Marine Ecosystems: Trophodynamics  

2009 

 

61 

 

 
Figure 4.3. Dual isotope (δ13C and δ15N) mixing model output showing the 
probability and proportions of feasible contributions of benthic primary producers 
to coarse (63µm to 1mm) particulate matter from the sediment of Jurien Bay, 
south-western Australia. 
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Figure 4.4. Dual isotope (δ13C and δ15N) mixing model output showing the 
probability and proportions of feasible contributions of benthic primary producers 
to the grazing gastropod Cantharidus lepidus from Jurien Bay, south-western 
Australia. 
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Figure 4.5. Dual isotope (δ13C and δ15N) mixing model output showing the 
probability and proportions of feasible contributions of benthic primary producers 
to the grazing gastropod Pyrene bidentata from Jurien Bay, south-western 
Australia. 
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Figure 4.6. Dual isotope (δ13C and δ15N) mixing model output showing the 
probability and proportions of feasible contributions of benthic primary producers 
to the grazing gastropod Astralium tentorium from Jurien Bay, south-western 
Australia. 
  



Ecological Interactions in Coastal Marine Ecosystems: Trophodynamics  

2009 

 

65 

 

 
Figure 4.7. Dual isotope (δ13C and δ15N) mixing model output showing the 
probability and proportions of feasible contributions of benthic primary producers 
to the grazing gastropod Turbo intercostalis from Jurien Bay, south-western 
Australia. 
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Figure 4.8. Dual isotope (δ13C and δ15N) mixing model output showing the 
probability and proportions of feasible contributions of benthic primary producers 
to the carnivorous gastropod T. orbita from Jurien Bay, south-western Australia. 
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Figure 4.9. Dual isotope (δ13C and δ15N) mixing model output showing the 
probability and proportions of feasible contributions of benthic primary producers 
to the grazing urchin Heliocidarus erythrogramma from Jurien Bay, south-western 
Australia. 
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Figure 4.10. Dual isotope (δ13C and δ15N) mixing model output showing the 
probability and proportions of feasible contributions of benthic primary producers 
to the omnivorous urchin Heliocidarus erythrogramma from Jurien Bay, south-
western Australia. 
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Figure 4.11. Dual isotope (δ13C and δ15N) mixing model output showing the 
probability and proportions of feasible contributions of benthic primary producers 
to the deposit-feeding sea cucumber Stichopis mollis from Jurien Bay, south-
western Australia. 
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Figure 4.12. nMDS ordination plots of all (All Fatty Acids) and polyunsaturated 
(PUFAs) fatty acid composition of primary producers and consumers from Jurien 
Bay, south-western Australia. 
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Figure 4.13. nMDS ordination plots of all (All Fatty Acids) and polyunsaturated 
(PUFAs) fatty acid composition of consumers from Jurien Bay, south-western 
Australia. 
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CHAPTER 5. The use of detached kelp (Ecklonia 
radiata) by seagrass-associated mesograzers in 

temperate south-western Australia 

Chris Doropoulos, Glenn Hyndes, Paul Lavery, Fernando Tuya 

Introduction 

Spatial subsidies and trophic connectivity 

Boundaries between different habitats are generally imprecise and allow for the 
passive and active movement of biological and physical resources, which include 
organisms, organic matter and nutrients (Jones and Andrew 1992, Polis and 
Strong 1996, Valentine &andHeck 2005, Marczak et al. 2007). In general, nutrient 
inputs increase primary productivity, whilst detrital and prey inputs produce 
numerical responses in consumers (Polis et al. 1997). The movement of food and 
nutrients between habitats can be important where habitats of relatively low 
productivity are located adjacent to those of relatively higher primary productivity 
(Polis and Strong 1996, Valentine and Heck 2005, Wernberg et al. 2006). Strong 
effects of subsidies are often seen in environments that are relatively open to 
neighbouring ecosystems or have a large perimeter to area ratio (Polis 
&andStrong 1996, Polis et al. 1997, Marczak et al. 2007). Most importantly, 
subsidy effects appear to be the greatest when they subsidise a system with low 
levels of comparable resources, rather than just systems of contrasting primary 
productivity (Marczak et al. 2007). 
 
Understanding the trophic connections within and between habitats is essential to 
the understanding of trophic dynamics of food webs (Krebs 2001). The flow of 
energy through food webs is rarely a simple vertical process as described by linear 
food chains (Polis and Strong 1996, Krebs 2001); rather, most food webs are 
reticulate and species are highly interconnected (Polis and Strong 1996). Many 
species can change trophic levels depending on spatial and temporal influences, 
further increasing the trophic complexity of food webs (Fairweather and Quinn 
1992, Polis and Strong 1996, Polis et al. 1997). The increased connectivity of food 
webs diffuses the direct effects of productivity and consumption throughout trophic 
levels, with producers and consumers both being influenced by resources at 
multiple trophic levels (Polis and Strong 1996, Krebs 2001). The movement 
between habitats of higher order consumers supports their abundances by 
consuming a vast array of resources from many different habitats without 
overexploitation (Valentine and Heck 2005). Physical and biological phenomena 
apparent at large geographical scales may contribute to those of small geographic 
scales, and vice versa (Jones and Andrew 1992, Anderson et al. 2005). For 
example, Dulvy et al. (2002) demonstrated in a coral reef habitat that, at small 
scales, epifaunal density was influenced by algal biomass, but at large scales 
predation by fish was the main contributor structuring epifaunal communities. 
Therefore, understanding the mechanisms of trophic connections – in 
consideration of supply, trapping and consumption, and export – is essential in 
understanding the ecology of communities for the effective management of the 
marine environment for particular species, for fisheries management (Fairweather 
and Quinn 1992), and marine conservation (Valentine andHeck 2005). 
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Spatial subsidies generally increase where the physical transport agents (currents 
and winds) are relatively strong (Polis and Strong, 1996, Polis et al. 1997, Tanaka 
and Leite 2003). The intensity of their effects can change through time due to 
episodic or seasonal variations (Marczak et al. 2007), such as changes to the 
amount of input into a habitat or changes in the productivity of the recipient habitat 
due to seasonal weather regimes. In theory, spatial subsidies influence all aspects 
of food web structure and dynamics, of which some predictions match empirical 
patterns whilst others need assessment (Polis et al. 1997). In a recent meta-
analysis of literature reviewing the effects of spatial subsidies, Marczak et al. 
(2007) found that subsidies inconsistently affected consumer density or biomass 
across habitats, trophic and functional groups. 

Spatial subsidies in seagrass meadows 

Traditionally, seagrass ecology has focussed on seagrass habitats independent of 
their surroundings (Jernakoff et al. 1996), and linkages between reefs and 
adjacent seagrass beds in temperate environments are poorly understood (Jones 
and Andrew 1992). Some studies have considered the influence of coral-inhabiting 
organisms on neighbouring seagrass meadows (Valentine and Heck 2005), and 
gradient effects of invertebrates have been studied between reef and unvegetated 
habitats (Barros et al. 2001). Recent trophodynamic research conducted in 
seagrass meadows in south-western Australia have identified that brown algae, 
red algae, and periphyton, contribute the majority of carbon and nitrogen to 
mesograzers rather than live seagrass leaves (Smit et al. 2005, 2006, Hanson et 
al. unpublished data). It is unresolved whether these are derived from either 
autochthonous or allochthonous resources, or a combination of both. A few recent 
studies have considered the proximity of seagrass habitats to reefs, in relation to 
the effects on epiphytic macroalgal assemblages (van Elven et al. 2004), drift 
macroalgal and fish assemblages (Wernberg et al. 2006), and gastropod 
assemblages (Tuya et al., in prep.). The present study has focused on the trophic 
dynamics and connectivity involving large drift kelp detached from reefs and 
mesograzers inhabiting seagrass meadows, along gradients with proximity to 
reefs. These relationships may form trophic links between the communities and 
higher order consumers that inhabit them, thus playing an important role in food 
web dynamics and the management of marine ecosystems. 

Grazing of macrophytes in marine habitats 

Temperate rocky reefs are heterogeneous habitats, usually surrounded by 
vegetated (seagrass) and un-vegetated substrates, with sharp or gradual 
boundaries (Jones and Andrew 1992, Barros et al. 2001). Predatory fauna, such 
as fish and crustaceans, that inhabit temperate rocky (and coral) reefs often use 
seagrass beds and unvegetated areas for foraging and nurseries (Jones and 
Andrew 1992, Valentine and Heck 2005). Many of these organisms rely on 
epifaunal mesograzers as prey (Taylor 1998, Dulvy et al. 2002, Tanaka and Leite 
2003, Poore and Hill 2005, Crawley et al. 2006). Within the adjacent seagrass 
meadows, diverse assemblages of mesograzers (grazers between 2 mm and 2.5 
cm [Jernakoff et al. 1996]) are often the primary consumers of detrital and fresh 
macrophytes, including brown, red, and green algae, and seagrasses (Edgar 
1990a, 1990b, Duffy and Hay 1991, Hyndes and Lavery 2005, Crawley and 
Hyndes 2007). The choice of a host plant by mesograzers may depend upon a 
multitude of factors including mobility and competition, host-plant nutritional value, 
refugia from predation, morphology, toughness, and chemistry, of which no single 
factor explains plant-mesograzer relations (Lubchenco and Gaines 1981). 

 
Living seagrass is traditionally understood to be a low quality food resource for 
marine invertebrates (Nielsen and Lethbridge 1989, Hyndes and Lavery 2005, 
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Heck and Valentine 2006), particularly in temperate seagrass habitats (Valentine 
et al. 1997, Valentine and Heck 1999), where direct consumption of seagrass by 
marine organisms can be <5% of the total production (Orth and van Montfrans 
1984). Seagrass food webs are often considered to be based on epiphytic and 
periphytic material that grows on seagrass leaves, providing an important resource 
for grazers (Edgar 1992, Jernakoff et al. 1996, Jernakoff and Nielson 1997, 
Peterson and Heck 2001, Keuskamp 2004). Epiphytes also influence the species 
richness and abundance of grazers through their diversity (Edgar 1990a), the 
provision of structural complexity (Tanaka and Leite 2003), and the increase in 
food availability (Bologna and Heck 1999).  
 
Mesograzers, particularly amphipods and gastropods, are important grazers of the 
epiphytes, periphyton, detrital matter, and particulate organic matter (POM) found 
in seagrass habitats (Nielsen and Lethbridge 1989, Hutchings et al. 1990/91, 
Kirkman et al. 1990/91, Edgar and Shaw 1993, Jernakoff et al. 1996, Jernakoff 
and Nielson 1997). Their dietary preferences often overlap (Hootsmans and 
Vermaat 1985, Howard and Short 1986, Edgar 1990b) with epiphytes and 
periphyton being preferred to detrital resources (Nielsen and Lethbridge 1989, 
Jernakoff et al. 1996, Jernakoff and Nielsen 1997). Yet, sometimes dietary 
preferences are distinct, with specific assemblages of amphipods often being 
associated with detached macrophytes (Edgar 1990a, 1992) or POM found on the 
sediment surface (Edgar 1990b, Smit et al. 2005). Consumption of resources by 
the different size classes of mesograzers often differs (see table in Jernakoff et al. 
1996), with smaller amphipods and isopods exhibiting much higher feeding rates 
than gastropods. 
 
Brown algae are a conspicuous component of the temperate marine ecosystems 
of south-western Australia, often dominating the algal biomass (Kirkman 1984, 
Kendrick et al. 1999, Wernberg et al. 2003, 2006). The consumption of brown 
algae is a common feature amongst many temperate amphipods (Hay et al. 1990, 
Duffy and Hay 2000, Norderhaug et al. 2003, Taylor and Brown 2006, Crawley 
and Hyndes 2007), isopods (Pennings et al. 2000, Taylor and Steinberg 2005), 
and gastropods (Steneck and Watling 1982, Steinberg and van Altena 1992, 
Wakefield and Murray 1998). Brown algae are often the preferred food source by 
mesograzers in laboratory experiments, regardless of their nutritional value, 
toughness, morphology, or phlorotannin content (Duffy and Hay 1991, Wakefield 
and Murray 1998). Many mesograzers have adapted to the plant chemicals, 
sometimes as a compromise to food quality (Duffy and Hay 1991, Cox and Murray 
2006), to provide protection from fish predation via association (Hay et al. 1990, 
Duffy and Hay 1994, Poore 2005). It has also been suggested that many 
mesograzers have adapted to the chemical content of brown kelps, due to its 
abundance in local environments as the resource would be a commonly 
encountered food source as well as habitat (Wakefield and Murray 1998). 
Mesograzers often preferentially consume the algae from which they are collected 
(Steinberg and van Altena 1992) due to evolutionary adaptations (Taylor and 
Steinberg 2005). The mobility and the scales of dispersal of mesograzers is limited 
relative to larger grazers, thus, there is a greater tendency for local adaptation to 
the available host species (Poore 2005), whereas larger grazers often have a 
wider breadth of food preferences (Taylor and Steinberg 2005).  
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Food limitation is not generally recognised as a major factor influencing grazers 
inhabiting seagrass meadows, due to the abundance of epiphytes, periphyton, and 
detrital resources (Orth and van Montfrans 1984, Jernakoff et al. 1996), although it 
has been suggested that diffuse exploitative competition is widespread (Edgar 
1990b). Grazers associated with macrophytes rather than detritus have shown 
greater seasonal fluctuations in total populations due to the rapid changes of epiphyte 
biomass compared to the slowly decomposing pool of detrital resources (Edgar 
1990b). Furthermore, in experiments using mesocosms, grazing by amphipods, 
isopods and gastropods were demonstrated to have significant impacts in reducing 
epiphytes and periphyton growing on seagrass leaves (Hootsmans & Vermaat 1985, 
Howard and Short 1986). Conversely, field experiments in southern Australian 
seagrass meadows using grazer exclusion cages have demonstrated that there was 
a relative lack of real influence in controlling periphyton or epiphytes by amphipods or 
gastropods despite their known high grazing rates (Jernakoff and Nielsen 1997, 
Keuskamp 2004). Thus, the feeding of seagrass-inhabiting mesograzers appears 
variable in regards to the food they consume and is highly dependent on their mobility 
and the availability of epiphytes, periphyton, large detrital and particulate detrital 
material.  

Influence of detached macrophytes on seagrass trophic dynamics 

Many marine herbivores consume macrophytes after they have been detached from 
their substrata and become drift (Steinberg 1989), which is subject to physical and 
microbial degradation. Amphipods (Pennings et al. 2000, Norderhaug et al. 2003) and 
isopods (Pennings et al. 2000) have increased feeding preferences and survivorship 
on degraded kelp, correlated to increases in the nutritional quality and decreases in 
the chemical content of the material. Norderhaug et al. (2003) suggested that bacteria 
on the thalli surface played a key role in transferring primary production to higher 
trophic levels. Furthermore, the biofilm on subsidiary coarse woody debris has been 
demonstrated to be the preferred food source of gastropods inhabiting inter-tidal 
zones (Storry et al. 2006) and invertebrate colonisation corresponds with the 
development of periphytic film or algae on artificial seagrass (Edgar and Klumpp 
2003). 
 
The common brown kelp, Ecklonia radiata, is a major forest forming kelp found in 
temperate Australian reefs (Goodsell et al. 2004). Direct grazing is rarely seen on E. 
radiata growing on reefs (Kirkman 1984, Wernberg et al. 2003, Vanderklift and 
Kendrick 2006), but as a detrital resource it is important for primary consumers in 
many Australian temperate marine environments (Kirkman 1984, Steinberg 1989, 
Kirkman and Kendrick 1997). For example, sea urchins studied in south-west 
Australian reefs used detached drift kelp as their main food source, rather than 
attached macroalgae (Vanderklift and Kendrick 2005). Detached macroalgae and 
seagrasses are also a valuable detrital resource in south-west Australian unvegetated 
surf zones and exposed sandy beaches (Kirkman and Kendrick 1997, Hyndes and 
Lavery 2005, Crawley et al. 2006, Ince et al. 2007). In sub-littoral unvegetated zones, 
detrital material has been demonstrated to increase the abundance of amphipods, 
primarily the common Allorchestes compressa (Crawley and Hyndes 2007), resulting 
in the increased abundance and biomass of invertebrate eating fish (Vanderklift and 
Jacoby 2003, Crawley et al. 2006). E. radiata and Sargassum sp. are likely to be 
driving the production of A. compressa in these unvegetated habitats (Crawley 2006). 
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Significance and aims of study 

Reef algae can be highly productive, and inputs of decomposing drift and live and 
dead organisms to adjacent seagrass meadows may provide nutrients not 
available in seagrass meadows distant from reefs (van Elven et al. 2004). In 
south-western Australia, Wernberg et al.(2006) found that the kelp, E. radiata, 
dominated the detached algae found in seagrass meadows at varying distances 
from the adjacent reefs. The proportion of detached kelp found in the seagrass 
meadows was often greater than twice the amount of attached kelp found in the 
adjacent reefs. Furthermore, the total biomass of the detached macrophytes was 
not always significantly higher closer to the reef than at distances greater than 
300m away. As result, it was concluded that there are likely to be local and 
regional linkages between reefs and seagrass meadows (Wernberg et al. 2006), 
as tagged drift kelp is known to travel distances up to 2 km (Kirkman and Kendrick 
1997). There was a positive correlation between densities of herbivorous fish and 
the rates of consumption close to the reefs, but not far from the reef (Wernberg et 
al. 2006), suggesting that further from the reefs other herbivorous taxa may be 
consuming the detached algae. Amphipods and gastropods are significant 
consumers of seagrass epiphytes, periphyton and detrital material (Edgar 1992, 
Jernakoff and Nielson 1997), but their grazing effects on the biomass of large 
detached kelp in these seagrass habitats remains unknown. The high abundances 
of these mesograzers potentially provide a significant source of consumption of 
the allochthonous brown algae.  
 
The broad aim of this study was to gain a further understanding of the flow of 
energy through seagrass systems, by testing the influence of an allochthonous 
resource on the trophic dynamics of seagrass habitats. Furthermore, we sought to 
test whether any influence was consistent among the different dominant 
seagrasses of the region. In temperate Western Australia, Posidonia spp. and 
Amphibolis spp. form dominant seagrass meadows (Kendrick et al. 2000, Kirkman 
and Kirkman 2000). Posidonia spp. have strap-shaped leaves which arise directly 
from the sediment, whilst Amphibolis spp. have long, wiry stems from which 
clusters of leaves grow at the tips (Jernakoff et al. 1996). These differences 
provide distinct architectural types in which meadows of Amphibolis spp. consist of 
relatively open spaces below a dense leaf canopy, whereas those of Posidonia 
spp. consist of a uniformly dense leaf canopy arising directly from the sediment 
(Hyndes et al. 2003). These differences in architecture affect the fish assemblages 
(Hyndes et al. 2003), epiphyte diversity and biomass (Lavery and Vanderklift 
2002), and may also affect the hydrodynamics and retention time of detrital 
material in seagrass meadows (Verduin et al. 2002). Together, this may produce 
differences in the availability and consumption of allochthonous resources by 
mesograzers in Posidonia and Amphibolis spp. habitats. 
Specifically, the aim of the research was to determine the degree of connectivity 
between temperate rocky-reefs and adjacent seagrass habitats via consumption of 
large detached E. radiata by seagrass-associated mesograzers. We predicted 
that: 
1. Key mesograzers inhabiting seagrass habitats consume large detached E. 

radiata, and that this consumption differs between, (a) the different size classes 
of mesograzers, with an alteration in the magnitude of consumption, (b) 
between two distinct seagrass habitats, and (c) with varying proximity to reefs; 
and 

2. Mesograzers preferentially consume large detached E. radiata compared with 
locally-produced macrophytes, and this preference is affected by the resource’s 
state of decomposition. 
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Materials and Methods 

Field experiment 

A pilot study was conducted at Wanneroo Reef (Figure 2.1) from the 9/4/07 to the 
19/4/07 to test potential issues with the approach and design of the field 
experiment. The effect of pre-experimentation handling on the biomass of 
detached kelp was a priority for the pilot study, as the loss of kelp biomass was the 
main variable being tested. Since freezing provides a convenient method of storing 
Ecklonia prior to experimentation, the effects of freezing the kelp was examined by 
placing frozen and fresh material in situ for 5 and 10 days. The frozen kelp 
replicates (n = 8) were completely absent after 5 days in situ, whereas all 
replicates (n = 8) of the fresh detached kelp were present after 10 days in situ, 
indicating that fresh detached kelp should be used for the experiment. The effects 
of fresh detached kelp being placed in a 4ºC fridge in the experimental cages, in 
an esky, or in seawater overnight was then examined. The kelp left in cages at 
4°C overnight lost a mean (±  SE) biomass of 21.90 ± 1.55% (n = 2), the kelp left 
in the esky lost 9.43 ± 1.28% (n = 2), while there was no loss of biomass of the 
kelp left in seawater overnight (n = 2). Thus, it was decided to store the fresh 
detached kelp in seawater overnight and prepare it directly prior to deployment of 
the experiment.  
 
The second major set of concerns of the pilot study were the effectiveness of the 
experimental controls and treatments, and the effect of the duration of the 
experimentation period for mesograzer recruitment and possible detached kelp 
consumption. Two controls and two treatments were tested, with three replicates 
of each. These were: ‘closed’ and ‘open’ controls, and ‘<5mm’ and ‘<20mm’ 
treatments (see 2.1.2 Experimental design and approach for a detailed 
description). The expected differences between the experimental units were that 
there would be minimal biomass loss of detached kelp in the closed control, 
increased biomass loss of detached kelp in the <5mm treatment, further increased 
biomass loss of the detached kelp in the <20mm treatment, and maximum 
biomass loss of detached kelp in the open control. There were some expected 
significant (P < 0.05) effects between some of the controls and treatments; thus 
the design of the experimental controls and treatments were clarified as 
appropriate for the aims. A significant difference (P < 0.05) of biomass loss of 
detached kelp between the 5 day and 10 day experimental periods was found. 
Mesograzer recruitment into the cages were high and similar between both time 
periods. The potential growth of epiphytes and/or periphyton was another concern 
relating to the time period of experimentation. No major growth was qualitatively 
noticed after the 5 day time period, but a slight amount of periphyton growth was 
noticed after 10 days. Thus, considering these pilot results, it was decided to 
deploy the experiment for a 7 day time period. 
 
An unexpected accumulation of sand within some of the experimental cages was 
encountered at the end of both time periods during the pilot experiment. Thus, to 
counteract the accumulation of sand as a confounding factor, the cages were not 
placed on the edges of seagrass meadows, but were placed in areas of seagrass 
of similar shoot density, and were orientated in the same direction with the 
elongated faces parallel to the coastline (parallel to the flow of sand). 
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Experimental design and approach 
 
The field experiment was located within Marmion Marine Park, Western Australia 
(31º49.4’ S, 115º44.0’ E) (Figure 5.1). Marmion Marine Park is characterised by 
intermittent lines of outer and inner aeolianite limestone reef platforms parallel to 
the coast, ranging from 1 to 6 km offshore (Searle and Semeniuk 1985). These 
reefs are typically dominated by Ecklonia radiata, fucalean macroalgae, and small 
erect red algae (Kendrick et al. 1999, Wernberg et al. 2003). Extensive meadows 
of the seagrasses Posidonia spp. and Amphibolis spp. are interspersed between 
the reefs and unvegetated patches adjacent to reefs throughout the region 
(Kirkman and Walker 1989, Kirkman and Kirkman 2000). Six interspersed sites 
were selected within the area, with three dominated by Posidonia spp. and three 
dominated by Amphibolis spp. The sites were generally separated by 1 km, and 
were the same as those used by Wernberg et al. (2006) and Tuya et al. (Chapter 
6). Sites ranged in depth from 4 to 10 m. Posidonia spp. sites were located at The 
Lumps, Whitfords Rock SW, and Wanneroo Reef, whilst Amphibolis spp. sites 
were located at Whitfords Rock NE, Wreck Rock, and Cow Rocks (Figure 5.1). 
 
The field experiment was conducted from the beginning of June to mid-July, 2007. 
During this time of year, detached E. radiata is present in its highest biomass in 
unvegetated surf zones (Kirkman 1984, Kirkman and Kendrick 1997, Crawley et 
al. 2006), correlating to the time of year when the frequency of storms is the 
highest, resulting in increased intensity of seas and swell (Lemm et al. 1999). 
Thus, it is assumed that the biomass of the detached kelp will also be at its highest 
in seagrass meadows, due to its movement from offshore reefs through seagrass 
beds to the unvegetated shoreline (Kirkman and Kendrick 1997). Due to logistical 
constraints, experimentation took place at three different times within the six week 
period. Two randomly selected sites were set up and collected within each two 
week time period. The differences in the sampling times were not considered 
important to the independent comparison of the six sites, thus time was not 
incorporated into any analysis as a factor. 
 
 
Detached E. radiata significantly dominates the detached macroalgae 
accumulations at all six sites, and at distances of 0, 50 and >300 m from the reef 
(Wernberg et al. 2006). The greatest accumulations of detached kelp are generally 
found at the edge of the seagrass meadow and the reef (0 m), whereas highly 
variable accumulations are found >300 m away from the reef, and the lowest 
accumulations generally occur 50 m away from the reef (Wernberg et al. 2006). 
Accumulations of detached seagrass and red macroalgal seagrass epiphytes are 
also abundant at these sites (Wernberg, pers. comm.). In the current study, the 
distances with proximity from the reef were termed ‘interface’ (edge of seagrass-
reef), ‘close’ (approximately 50 m into seagrass meadow) and ‘far’ (>300 m from 
reef). Experimental units comprised two treatments and two controls, which were 
designed to restrict access to the detached E. radiata depending upon the size 
class of the organisms. The two treatments also provided smaller organisms with 
protection from potential predators. The ‘closed’ control restricted access of fauna 
<0.5 mm to the detached kelp; the ‘<5 mm’ treatment allowed access of fauna <5 
mm to the detached kelp; the ‘<20 mm’ treatment allowed access of fauna <20 
mm to the detached kelp; and, the ‘open’ control allowed access of any fauna to 
the detached kelp. To evaluate the possible differences in mesograzer 
consumption of detached E. radiata at varying distances within seagrass meadows 
moving away from reefs, experimental units were placed in seagrass meadows at 
constant distances away from the reef, using similar criteria as Wernberg et al. 
(2006) and Tuya et al. (Chapter 6). Experimental distances used along each 
transect were located at the seagrass-reef interface, close to the reef, and far from 
the reef. Three replicates of the two controls and two treatments were randomly 
located at each distance at each site (total n = 216). Cages were spaced 
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perpendicular to the transect, orientated with the elongated face parallel to the 
reef, with approximately 1m between every experimental unit (Figure 2.2).  
 
Metal ‘bait’ cages (30 cm long, 12 cm wide and 14 cm high) were used to house 
detached kelp for the closed, <5mm and <20mm experimental cages (Figure 5.3). 
Cages were covered in 0.5 mm PVC fly-screen with holes systematically cut into 
one of the small vertical sides, and haphazardly along the other small vertical side 
and the two elongated sides of the <5 mm and <20 mm treatments (Figure 2.3). 
This reduced any hydrodynamic variation between the two treatments and closed 
control (Keuskamp 2004), but still allowed mesograzer recruitment. The <5 mm 
treatment had 56 holes cut into one of the small faces, five holes cut into the other 
small side, and ten holes cut into the two elongated sides. The <20 mm treatment 
had nine holes cut into one of the small faces, three holes cut into the other small 
face, and four holes cut into the elongated faces. All cages had clothes pegs 
attached on the inside diagonal corners to which the detached kelp was secured, 
thereby reducing any changes to the material from physical abrasion with the cage 
due to movement by currents and surge. The cages had a plastic loop on two 
bottom diagonal corners through which large tent pegs were inserted and 
hammered into the sediment to secure them to the benthos. The open controls 
used tethered pieces of detached kelp attached to clothes pegs. Clothes pegs 
were attached to both ends of the detached kelp, which were attached to small 
tent pegs and hammered into the benthos following Wernberg et al. (2006). 
 
Prior to each experimental deployment, attached E. radiata was collected from 
Boyinaboat Reef (Figure 5.1). Approximately 60 mature individual plants of similar 
age, avoiding young plants due to their increased phenolic content (Steinberg 
1989), were randomly collected and equally distributed amongst four large hessian 
bags in which they were aged in situ. The hessian bags had large holes cut into 
them to allow water to flow through the contents of the bag, avoiding any 
possibility of anoxia that could have fouled the kelp. The kelp was collected after 
four to nine days of aging, returned immediately to the laboratory and placed in 
seawater. Approximately 100 individual secondary lamina of similar size (ranging 
from 6.00 to 19.00 g) were cut from the stipe, avoiding basal secondary lamina 
due to their increased secondary metabolite concentrations (Jennings and 
Steinberg 1997). Individual pieces were then scrubbed to remove any epiphytes 
(although these were very minimal [pers. obs.]), rinsed in fresh water, and returned 
to fresh seawater which was stored at 19ºC overnight. 
 
Prior to deployment of the experiment, the detached kelp was blotted to remove 
excess water prior to recording the wet weight (0.01 g), and was then placed in the 
experimental cages or prepared as an open control (Figure 5.4). The open 
controls were placed in an esky of seawater for transportation into the field. The 
experimental cages were grouped together according to site and proximity to reef, 
placed into a large hessian bag for transportation to the field, and constantly 
drenched with seawater to circumvent any possible desiccation of the kelp. On 
completion of each experimental period, experimental cages were collected 
underwater, retaining the contents of the cages for quantification in the laboratory. 
Calico bags were carefully placed over the cages, minimising any disturbance to 
the cages and fauna. Cages from each distance and site were placed into the 
hessian bags and continually drenched with seawater whilst on the boat. The open 
tethers were placed in plastic zip-lock bags containing seawater.  
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Figure 5.1: Location of Marmion Marine Park. The five reefs where the six 
sampling sites were located are shown in the bottom left map. Posidonia spp. 
meadows are located at The Lumps, Whitfords Rock SW, and Wanneroo Reef; 
Amphibolis spp. meadows are located at Whitfords Rock NE, Wreck Rock, and 
Cow Rocks (Source: Department of Conservation and Land Management, 1992). 
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Figure 5.2: Example of the design of a single site within a seagrass meadow, 
indicating the sampling distances (3: interface, close, far), number of cage 
treatments (2: <5mm, <20mm) and controls (2: closed, open) and replicates (3) 
randomised at each distance (n = 3). Experimental units within a distance were 
spaced ~1m apart. Diagram is not to scale. 
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Figure 5.3: Photographs (a, b) and schematic design (c) of the closed control, 
<5mm and <20mm treatments used for the field experimentation. The 
experimental units shown in the photograph (a) are randomised for two sites. 
Diagrams are not to scale. 

 

Figure 5.4: Detached E. radiata pegged inside a cage prior to deployment (a) and 
an open tether of detached E. radiata in situ (b). 

c. 

a.  b.

12 cm 

30 cm 

14 cm 

 closed 

12 cm 

30 cm 

14 cm 

<5 mm

12 cm 

30 cm 

14 cm 

<20 mm

a.  b.



Ecological Interactions in Coastal Marine Ecosystems: Trophodynamics  

2009 

 

83 

 

Laboratory processing 

On return to the laboratory, the detached kelp was immediately rinsed clean with 
fresh water, blotted dry, and reweighed (0.01 g). The contents of the cages were 
filtered through a 0.5 mm sieve to remove any sand and particulate matter, and 
samples were placed in 70% ethanol and stored at 4ºC prior to sorting. Closed control 
and <20 mm treatment fauna samples were sorted using a dissecting microscope to 
the lowest possible taxa using Wilson (1993), Edgar (2000), and Wells and Bryce 
(2000), and the abundances of each group quantified. The ash-free dry weight 
(AFDW) for each of Amphipoda, Isopoda, and Gastropoda was calculated as the 
difference between the dried (80ºC for 48 hours) and ashed (550ºC for 4 hours) 
weights of the animals (Edgar 1990c, Brearley and Wells 2000). A sucrose standard 
of 1.000 g was used to confirm combustion efficiency of the organic matter in the 
furnaces (Kendrick and Lavery 2001). Where 100% combustion of the sucrose did not 
occur (mean combustion ± SE = 98.30 ± 1.59%), the weights of the samples were 
corrected using the following equation: AFDW = DW (550ºC) x (100/efficiency). All 
samples were placed in desiccators for 24 hours prior to weighing and were weighed 
to 0.0001 g. 

Habitat composition 

The percent cover of the physical and biological features of the benthos was 
quantified at each distance at each site, to verify that the Posidonia and Amphibolis 
spp. sites were dominated by the respective seagrass types. A 0.5 x 0.5 m quadrat 
was haphazardly tossed onto the benthos and at least 10 super high quality (3072 x 
2304) images were taken with an Olympus µ725SW digital camera. Due to issues of 
image quality (e.g. bad visibility, blurring, low light), five high quality photos from each 
distance within each site were randomly selected for analysis. The images were 
analysed using Coral Point Count with Excel Extensions (Kohler and Gill 2006). The 
benthos was quantified by overlaying 10 x 10 grids on each image, and assessing the 
substrate type at each intersection point (n = 100) (Figure 2.5). Substrate was 
categorised using the following descriptions: Posidonia spp., Amphibolis spp., 
Halophila spp., Heterozostera tasmanica, brown algae, red algae, green algae, sand, 
rock, tape, and unknown. 

Data analysis 

The data from The Lumps (Posidonia spp.) and Cow Rocks (Amphibolis spp.) were 
not incorporated into the analyses. The interface site at The Lumps contained only 
14% Posidonia spp. cover and was dominated by sand (65%), and therefore not 
representative of a seagrass habitat. Large losses of the experimental cages 
occurred at Cow Rocks. Of the nine cages at each distance, three were lost at the 
seagrass-reef interface, seven were lost at the close distance, and four were lost at 
the far distance. Presumably, this was due to localised hydrodynamic conditions at 
this site, where large surge and very strong currents were noticed during the 
deployment and retrieval of the experiment. At the four sites used in the study, three 
experimental units were lost. These were a <5mm treatment from the seagrass-reef 
interface and a <20mm treatment from the far distances at Whitfords Rock NE, and a 
<20mm treatment from the close distance at Wreck Rock. These missing values were 
replaced with the average of the two remaining replicate treatments from each 
distance at each site (Underwood 1997). 
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Differences between the initial and final wet weights of the detached kelp were 
used to calculate the amount of biomass loss. The biomass loss of the detached 
kelp was evaluated by testing the differences between the categories of predictive 
factors using univariate ANOVA. Permutational Analysis of Variance 
(PERMANOVA, Anderson 2005) was used to partition univariate variability, using 
permutations to calculate the p-values. The data were analysed using a mixed 
effects, four-factor ANOVA model, incorporating the factors: (1) Treatment (fixed 
factor with four levels: closed, <5 mm, <20 mm, open), (2) Habitat (orthogonal to 
treatments and fixed factor with 2 levels: Posidonia spp. vs Amphibolis spp.), (3) 
Distance (orthogonal to the previous factors and fixed factor with three levels: 
interface, close, far), and (4) Site (random factor with two levels nested in Habitat). 
The data were transformed prior to analysis using Ln (x + 1) to meet the 
requirements of homogeneity using Cochran’s test, conducted in GMAV statistical 
package. Univariate analysis was based on Euclidean distances and the p-values 
were calculated from 9999 unrestricted permutations of the data. Analysis was 
performed using Primer & PERMANOVA+β4 statistical package. 
Correlations testing the abundances and the biomass of the mesograzer groups 
versus the loss of the detached kelp biomass within the Posidonia spp. and 
Amphibolis spp. habitats were conducted by calculating the R² values in Microsoft 
Excel. The mesograzer abundances and biomass were plotted against the 
detached kelp biomass loss using fauna data from the closed control and <20 mm 
treatment cages. Mesograzers were categorised into the groups of Amphipoda, 
Isopoda, Gastropoda, and total mesograzers. The closed control and <20 mm 
treatment data were combined, and the nested sites were combined within each 
habitat. 

Feeding preference experiments 

Multiple pilot studies were conducted to test logistical problems associated with 
laboratory feeding experiments. Animal death was a major concern prior to 
experimentation, but the pilot studies indicated that death was minimal. The 
amount of individuals per treatment cell was tested, by using 5, 10, and 15 
individuals per cell for choice feeding experiments. It was determined that 15 
individuals for choice and 5 individuals for no-choice feeding experiments was 
optimal. These numbers were appropriate in terms of detecting consumption 
without overcrowding the individual cell, which could possibly force macrophyte 
consumption upon individuals, aggression or competition between individuals 
(Peterson and Renaud 1989), but allowed the chance for individuals to encounter 
macrophyte material. 
It was desired to have equal initial weights of all macrophytes to allow a 
comparison using percentage for the choice feeding trials. However, due to large 
differences in the density of the macrophytes used, the initial weights could not be 
identical between groups, as this would have provided a greater area of some 
material to the consumers, which may have biased results. Rather, the 2-
dimensional surface area of the macrophytes were similar, allowing an equal 
chance for the gastropods to encounter each food source (Wakefield and Murray 
1998). The gastropods commuted regularly and rapidly during the experimental 
periods, especially when first placed in the treatment cells with the macrophytes, 
thus the encounter of macrophytes was not problematic.  
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Starved versus satiated choice feeding trials were conducted by comparing the 
consumption of macrophytes by gastropods that were removed from holding tanks 
without food or removed from holding tanks containing a mixture of macrophytes. In 
the first trial, starved individuals consistently consumed more than satiated 
individuals, but in the second trial satiated individuals sometimes consumed more 
than starved individuals. Both trials were not statistically significant (P> 0.05). Due to 
the inconsistency of these results, and following the literature where starvation of 
gastropods in feeding trials is often used (Steinberg and van Altena 1992, Chavanich 
and Harris 2002, Cox and Murray 2006, Storry et al. 2006), it was determined that the 
starvation period of 48 hours was preferable to clear the gut contents of the 
gastropods.  
 
Animal selection 
 
The gastropods Pyrene bidentata (Collumbellidae) and Cantharidus lepidus 
(Trochidae) were used in the choice and no-choice feeding experiments. Both 
species of gastropod are common to south-western Australian coastal environments 
and can occur in very high numbers (Nielsen and Lethbridge 1989, Edgar 1990a, 
1990b, 2000, Chapter 6), thus they are likely to be important in community ecology. 
Individuals of the two species also commonly occurred in the cages from the field 
experiment. Furthermore, the abundances of P. bidentata in Amphibolis spp. and 
Posidonia spp. seagrass meadows tends to decrease with distance moving away 
from the reef, while the abundances of C. lepidus show the inverse pattern (Chapter 
6).  
It was intended to conduct choice and no-choice feeding experiments using 
amphipods, due to their high abundances found in the cages from the field 
experiment. Amphipods are also known to be very mobile and abundant in seagrass 
meadows and important in community dynamics throughout the region (Edgar 1990a, 
1990b, Edgar 1992, Jernakoff and Nielson 1997). Multiple attempts using several 
different collection methods were conducted to collect amphipods, but these attempts 
gathered inadequate numbers of individuals of a single or multiple species. 
Individuals that were collected (~50) were stored in aquaria with a mixture of 
macrophyte resources, with the expectation that breeding may occur to supply 
individuals for use in experimentation. Unfortunately, breeding did not occur. Thus, 
amphipod feeding preference experiments were not conducted. 

Macrophyte and gastropod collection 

Macrophytes and gastropods used in the feeding preference experiments were 
collected and used for experimentation from the 12/7/07 to the 27/8/07. Adult P. 
bidentata and C. lepidus individuals were collected from Posidonia spp. and 
Amphibolis spp. seagrass meadows in Shoalwater Bay, located approximately 60km 
south of Marmion Lagoon. The body whorl of P. bidentata and C. lepidus individuals 
selected for experimentation ranged from 11 to 16 mm and 9 to 15 mm, respectively. 
Animals were transported to the laboratory where they were housed in 4.7 L (30 cm 
long x 16 cm wide x 19 cm high) aquaria and fed on a mixture of macrophytes 
(including E. radiata, Sargassum sp., Posidonia spp., Amphibolis spp., Rhodophyta 
spp. and Chlorophyta spp.) for a minimum of seven days prior to experimentation, 
which allowed them to acclimatise to laboratory conditions before use in experimental 
trials. To assure independence, no individual gastropod was used for more than a 
single feeding trial. All aquaria were aerated using air stones, housed in a laboratory 
at 19ºC room temperature, and illuminated with 36 W Sylvania daylight fluorescent 
lights, with 12 hours light and 12 hours darkness, providing ca 5 µmol m-2 s-1. 
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Macrophytes used in the feeding trials included fresh E. radiata, aged E. radiata, 
Posidonia australis with no epiphytic or periphytic growth, P. australis with 
periphytic growth only, and Hypnea sp. These macrophytes were selected as they 
are readily available in the habitat frequented by P. bidentata and C. lepidus. 
Ecklonia radiata was collected from Boyinaboat reef and aged in situ for seven 
days, using the same method described for the field experiment. Posidonia 
australis and Hypnea sp. were collected from Shoalwater Bay. All macrophytes 
were collected a day prior to experimentation, placed in an esky filled with 
seawater, and returned to the laboratory. Macrophytes were sorted, scrubbed 
cleaned of epiphytes (although these were very minimal [pers. obs.]), rinsed in 
freshwater, and stored overnight in aerated seawater at 19ºC to emulate 
environmental sea temperature. Periphyton found on Posidonia spp. leaves 
consists of bacteria, diatoms, cyanobacteria, crustose red algae, and other organic 
matter (Jernakoff et al. 1996, Smit et al. 2006). Hypnea sp. was used as a food 
source to represent red algae (Rhodophyta), which is commonly found as a 
seagrass epiphyte (van Elven et al. 2004).  

Experimental design 

Choice feeding experiments were conducted in aerated 1.4 L plastic containers 
(13 cm long x 13 cm wide x 9.5 cm high) (Figure 2.6a and c), while no-choice 
feeding experiments were conducted in aerated 770 mL plastic containers (15 cm 
long x 10 cm wide x 6.5 cm high) (Figure 2.6b and c). A treatment cell containing 
animals and a control cell without animals were nested within a single container 
(Prince et al. 2004), with 500 µm fly-screen mesh separating the two cells. This 
mesh width was large enough to allow water to flow between the two chambers, 
but small enough to restrict the animals and any food debris within their respective 
chamber. This nested design ensures that external and internal factors jointly 
affect the control and experimental foods (Prince et al. 2004).  
 
For choice and no-choice feeding experiments, experimentation occurred over 96 
hours, providing sufficient time to detect grazing effects (Crawley and Hyndes 
2007) and minimise autogenic changes in macrophyte materials (Peterson and 
Renaud 1989). Animals were starved for 48 hours prior to experimental trials to 
clear the gut contents of the animals, ensuring the animals would consume food 
during the feeding experiments and minimising the possibility that any food 
recently consumed would influence food choice. Two treatments were used for 
choice feeding trials: (1) fresh kelp, seagrass without periphyton, seagrass with 
periphyton, and red algae; and (2) aged kelp, seagrass without periphyton, 
seagrass with periphyton, and red algae. Macrophytes were randomly placed into 
the treatment and control cells, with 15 individuals of either P. bidentata or C. 
lepidus randomly selected from the housing tanks, and placed in the treatment 
cells. For no-choice feeding experiments, a single macrophyte type of fresh kelp, 
aged kelp, seagrass without periphyton, seagrass with periphyton, or red algae 
was placed into the treatment and control cells, with 5 individuals of either P. 
bidentata or C. lepidus randomly selected from the housing tanks placed in the 
treatment cells. There were 10 replicates for each choice and no-choice feeding 
experiment. The initial blotted wet weights of the macrophytes ranged between 
1.00-1.50 g for fresh and aged kelp, 0.15-0.30 g for seagrass without periphyton, 
0.20-0.40 g for seagrass with periphyton, and 1.00-1.50 g for red algae.  

Data analysis 

The differences between the initial and final wet weights of the different 
macrophytes were used to calculate the amount (mg) of material consumed, and 
converted to mg per individual per day. Control chambers were used to determine 
autogenic changes to macrophytes in the absence of mesograzers (Peterson and 



Ecological Interactions in Coastal Marine Ecosystems: Trophodynamics  

2009 

 

87 

 

Renaud 1989), and the nested design avoids complications of randomly assigning 
controls with treatments (Roa 1992), or of comparing the means of two 
multivariate samples that may not have the same covariance (Manly 1993). Thus, 
the consumption of each macrophyte is calculated as its loss in biomass (blotted 
wet weight) as (Tpre–Tpost) – (Cpre–Cpost), where T is the treatment cell and C is the 
control cell found in a single container (following Prince et al. 2004). Where the 
biomass loss of the control was more than the treatment, resulting in ‘negative 
consumption’, the value was replaced by 0 for statistical analysis. 
 
For the choice feeding experiments, the amount of material consumed can not be 
treated as independent due to the presence of multiple macrophytes in a single 
cell (Peterson an Renaud 1989). Thus, a multivariate Hotelling’s T2test was used 
to determine any significant difference between the mean amounts of each food 
consumed per individual per day (Roa 1992, Manly 1993), where the null 
hypothesis is based on no food preference by the consumer (Crawley and Hyndes 
2007). For all choice feeding experiments, Hotelling’s trace multivariate statistic 
was used to test whether there were significant grazing preferences using SPSS 
v.14.0 software. Hotelling’s T2 was then calculated by multiplying the value for 
Hotelling’s trace by (n–g), where n is the sample size (40) and g is the number of 
groups (4), while the F value, degrees of freedom and level of significance 
remained the same in all tests (Crawley and Hyndes 2007).  
 
For the no-choice feeding experiments, PERMANOVA was used to determine any 
significant difference in the grazing rates based on Euclidean distances; p-values 
were calculated from 9999 unrestricted permutations of the data. When 
appropriate, pair-wisecomparisons were performed using 9999 unrestricted 
permutations of the data, using Primer & PERMANOVA+β4 statistical package. 
For both choice and no-choice feeding experiments, when necessary, the data 
was transformed using Ln (x + 1) to meet the requirements of homogeneity using 
Cochran’s test, conducted in GMAV statistical package. 

Qualitative measures 

A qualitative assessment was conducted to determine what the gastropods were 
consuming on the Posidonia australis with periphyton food source. Super high 
quality (3072 x 2304) images of sections of the seagrass leaves were taken using 
an Olympus SZX12 dissecting microscope with an Olympus LG-PS2 camera. 
Seagrass leaves from the choice feeding trials using P. bidentata and C. lepidus 
were used. Images were visually assessed to determine if there was any scarring 
on the seagrass tissue, inferring consumption of the seagrass material, or if there 
was any obvious loss of periphyton due to grazing.  

 
A qualitative assessment was conducted to determine the effects of P. bidentata 
and C. lepidus grazing on detached E. radiata. Kelp aged for 12 days (7 days in 
situ and 5 days in the laboratory) was cut into similarly sized (9 cm long x 4 cm 
wide) pieces and placed in treatment and control cells, using the same containers 
as the choice feeding experiments. Three replicates for each gastropod species, 
P. bidentata and C. lepidus, with 30 individuals in each treatment, were used to 
determine any scarring effects on kelp. The high density of gastropods per 
treatment was used to increase the chances of high grazing on the macrophyte. 
Images of the detached kelp were taken at the beginning, after one week, and 
after two weeks of the feeding trials. The kelp was blotted dry, placed on a light 
table, and super high quality (3072 x 2304) images were taken with an Olympus 
µ725SW digital camera. A selection of one P. bidentata and one C. lepidus 
treatment and a control at each time interval are presented in the results. 
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Figure 5.5: Photographs of the choice (a) and no-choice (b) feeding experiments. 
The nested design of the treatment and control cells of the containers used for the 
choice (left) and no-choice (right) feeding experiments (c). Diagrams are not to 
scale. 

 
Results 
 
Field experimentation 
 
Habitat composition 
 
Posidonia spp. was the dominant seagrass habitat surrounding Wanneroo Reef 
(Figure 5.5a) and Whitfords Rock SW (Figure 5.6b), with it covering >67.0% of the 
area at all distances within the sites. The percent cover of Posidonia spp. at 
Wanneroo Reef was 88.5% at the interface and far from the reef, and 75.0% close 
to the reef. Posidonia spp. cover was slightly lower at Whitfords Rock SW, 
increasing from 67.1% at the seagrass-reef interface, to 72.4 and 77.0% close to 
the reef and far from the reef, respectively. At Wanneroo Reef, the cover of 
Heterozostera tasmanica was 14.0%, green algae 3.5%, and sand 2.8%, close to 
the reef. Sand made up 9.0% and 8.5% of the benthos at the seagrass-reef 
interface and far from the reef, respectively. At Whitfords Rock SW, sand covered 
between 17.0 and 20.0% of the benthos at all distances. The cover of red algae 
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was 6.4% and green algae was 5.6% at the seagrass-reef interface. Green algae 
contributed 4.0% to the cover close to the reef. 
 
At Whitfords Rock NE (Figure 5.5c) and Wreck Rock (Figure 5.6d), Amphibolis 
spp. was the dominant seagrass habitat, with it covering >64.0% of the total area 
at all distances within the sites. The Amphibolis spp. cover at Whitfords Rock NE 
was 65.0% at the seagrass-reef interface and close to the reef, and 75.0% far from 
the reef. At Wreck Rock, Amphibolis spp. cover was 70.8% at the seagrass-reef 
interface, 63.1% close to the reef, and 67.5% far from the reef. Red algae 
contributed 25.0% cover close to the reef, 8.3% far from the reef, and 4.0% at the 
seagrass-reef interface at Whitfords Rock NE. Green algal cover was 8.7% at the 
seagrass-reef interface, and 2.0% close to the reef and far from the reef. Sand 
covered 18.0, 5.3, and 13.5%, at the seagrass-reef interface, close to the reef, and 
far from the reef, respectively. The red algal cover at Wreck Rock was 28.0% 
close to the reef, 19.5% at the seagrass-reef interface, and 9.5% far from the reef. 
Sand cover was 8.0% at the seagrass-reef interface and close to the reef, and 
20.5% far from the reef. 

Detached kelp biomass loss 

Treatments, habitats, or distances with proximity to reef had no significant effect 
on the biomass loss of detached E. radiata at any of the four sites (Table 5.1). 
There was a significant site within habitat effect, and an interaction between site 
within habitat and treatment (Table 5.1), indicating inconsistent responses to 
treatments from site to site. The loss of detached kelp biomass ranged between 
0.00 to 9.12 g week-1 across all treatments, habitats, and distances with proximity 
to the reefs. 
 
In all treatments and distances, the loss of the kelp biomass at the two Posidonia 
spp. sites was similar, ranging between a mean of 0.62 to 3.65 g week-1 at 
Wanneroo Reef (Figure 5.7a), and 0.46 to 2.19 g week-1 at Whitfords Rock SW 
(Figure 5.7b). Between the two Amphibolis spp. sites, the biomass loss of the 
detached kelp was different. At Whitfords Rock NE (Figure 5.7c), the biomass loss 
ranged between a mean of 0.25 and 1.99 g week-1 across all treatments and 
distances, similar to the values of the two Posidonia spp. sites. In comparison, at 
Wreck Rock (Figure 5.7d), the biomass loss of detached kelp was higher across 
all treatments and distances at a mean of 0.83 and 5.47 g week-1. These higher 
values at Wreck Rock are the likely cause of the significant treatment by site within 
habitat interaction. The overall mean detached kelp loss was much higher at 
Wreck Rock (2.86 g week-1) than Whitfords Rock NE (1.01 g week-1), or the two 
Posidonia spp. sites, Wanneroo Reef (1.45 g week-1) and Whitfords Rock SW 
(1.02 g week-1).  

Mesograzer abundances and biomass relations with kelp consumption 

Neither the abundances nor biomass (AFDW) of the amphipods, isopods, 
gastropods, and combined mesograzers, in the closed control and <20mm 
treatment cages, at the end of the experiment showed any correlation to the 
biomass loss of the detached E. radiata in the Posidonia spp. or Amphibolis spp. 
habitats, with all R2 values less than 0.175 (Figures 5.8 and 5.9) and less than 
0.1045 (Figures 5.10 and 5.11) for abundances and AFDW, respectively.  

Feeding preference experiments 

In choice feeding trials, Pyrene bidentata displayed a significant grazing 
preference (Hotelling’s T2= 1639.512, F = 68.312, P = 0.000) when provided with 
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fresh kelp, red algae, and seagrass with and without periphyton (Figure 5.12a). 
Fresh kelp, seagrass with periphyton and red algae were consumed at similar 
mean rates of 0.53 to 0.75 mg ind-1  day-1. There was no difference in preference 
among these three food sources, contrasting seagrass without periphyton, which 
was not consumed. Similarly, this species displayed a significant grazing 
preference (Hotelling’s T2= 671.436, F = 27.976, P = 0.001) when provided with 
aged kelp, red algae, and seagrass with and without periphyton (Figure 5.12b). 
Red algae, seagrass with periphyton, and aged kelp were consumed at mean 
rates of 2.62, 1.27, and 0.94 mg ind-1 day-1, respectively, whilst seagrass without 
periphyton was consumed at a mean of 0.17 mg ind-1 day-1. Again, this species 
displayed a grazing preference towards the two macroalgal and seagrass with 
periphyton food sources, while they avoided the seagrass without periphyton 
material. 

 
Cantharidus lepidus displayed a significant feeding preference (Hotelling’s T2= 
232.128, F = 9.673, P = 0.009) when provided with fresh kelp, red algae, and 
seagrass with and without periphyton in choice feeding trials (Figure 5.12c). A 
preference for seagrass with periphyton was observed, with a mean consumption 
at 1.41 mg ind-1 day-1. Fresh kelp was consumed at a rate of 0.39 mg ind-1 day-1, 
whilst there was no consumption of either seagrass without periphyton or red 
algae. Cantharidus lepidus also displayed a significant feeding preference 
(Hotelling’s T2= 1185.408, F = 49.391, P = 0.000) when provided with aged kelp, 
red algae, and seagrass with and without periphyton in choice feeding trials 
(Figure 5.12d), which contrasted the trials with fresh kelp. Red algae was 
consumed in the highest amount at a mean of 3.64 mg ind-1 day-1; seagrass with 
periphyton and aged kelp were consumed at mean rates of 1.55 and 0.95 mg ind-1 
day-1, respectively, whilst seagrass without periphyton was consumed at a mean 
of 0.24 mg ind-1 day-1.  
Pyrene bidentata displayed a significant difference in the grazing rates (F = 
6.4197, P = 0.000) between the food types (Figure 5.13a). Post-hoc analysis 
revealed no significant differences in consumption between fresh kelp, aged kelp, 
seagrass with periphyton, and red algae, but did reveal a significant difference 
between the consumption of these four food sources and seagrass without 
periphyton material. Fresh and aged kelp, seagrass with periphyton, and red algae 
were all consumed between a mean of 2.00 to 7.21 mg ind-1 day-1, whilst there 
was no consumption of seagrass without periphyton (Figure 5.13a).  
 
Cantharidus lepidus displayed significant differences (F = 3.5817, P = 0.0162) in 
the grazing rates between food sources (Figure 5.13b). Post-hoc analysis revealed 
no significant difference between the consumption of fresh kelp, aged kelp, 
seagrass without periphyton, and red algae, but a significant difference between 
these four food sources and seagrass with periphyton. Seagrass with periphyton 
was consumed at a mean rate of 3.61 mg ind-1 day-1, whilst fresh kelp, aged kelp, 
seagrass without periphyton, and red algae, were all consumed between a mean 
of 0.33 to 1.10 mg ind-1 day-1 (Figure 5.13b). 
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Table 5.1: Results of the 4-factor ANOVA of the detached E. radiata biomass loss 
(g week-1) testing for differences among (1) Treatments (fixed factor, 4 levels), (2) 
Habitats (fixed factor, 2 levels), (3) Distances (fixed factor, 3 levels), and (4) Sites 
(random, 2 levels). Data was transformed using Ln (x + 1) prior to analysis. ns = (P 
> 0.05). 

Source df MS Pseudo-F P (perm) 
treatment 3 0.1082 0.2714 ns 
habitat 1 0.7853 0.2957 ns 
distance 2 0.3954 3.1146 ns 
site (habitat) 2 2.6554 16.6130 0.0001 
treatment x habitat 3 0.8075 2.0263 ns 
treatment x distance 6 0.2031 0.7917 ns 
habitat x distance 2 0.1947 1.5335 ns 
treatment x site (habitat) 6 0.3985 2.4930 0.0248 
distance x site (habitat) 4 0.1269 0.7942 ns 
treatment x habitat x distance 6 0.2302 0.8975 ns 
treatment x distance x site 
(habitat) 12 0.2565 1.6046 ns 

Res 96 0.1598   
Total 143    
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Figure 5.7: Mean (± SE, n = 3) biomass loss of detached E. radiata in Posidonia 
dominated seagrass meadows at different distances with proximity to reef at 
Wanneroo Reef (a) and Whitfords Rock SW (b), and in Amphibolis dominated 
seagrass meadows at Whitfords Rock NE (c) and Wreck Rock (d). 
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Figure 5.8: Correlation between amphipod (a), isopod (b), gastropod (c), and total 
mesograzer (d) abundances and the loss of detached kelp biomass (n = 36) in 
Posidonia dominated seagrass meadows. 

 
Figure 5.9: Correlation between amphipod (a), isopod (b), gastropod (c), and total 
mesograzer (d) abundances and the loss of detached kelp biomass (n = 36) in 
Amphibolis dominated seagrass meadows. 
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Figure 5.10: Correlation between amphipod (a), isopod (b), gastropod (c), and 
total mesograzer (d) AFDW (g) and the loss of detached kelp biomass (n = 36) in 
Posidonia dominated seagrass meadows. 

 

Figure 5.11: Correlation between amphipod (a), isopod (b), gastropod (c), and 
total mesograzer (d) AFDW (g) and the loss of detached kelp biomass (n = 36) in 
Amphibolis dominated seagrass meadows.  
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Figure 5.12: Mean (± SE, n = 10) P. bidentata (a, b) and C. lepidus (c, d) 
macrophyte consumption (mg ind-1 day-1) after corrections for autogenic loss in 
choice feeding experiments conducted over a 4 day feeding period using fresh 
kelp (a, c) and aged kelp (b, d). Fresh kelp = fresh E. radiata; Aged kelp = 7 day 
aged E. radiata; Seagrass without periphyton = P. australis without periphyton; 
Seagrass with periphyton = P. australis with periphyton; Red algae = Hypnea sp. 
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Posidonia australis periphyton consumption 

The micrographs of the Posidonia australis segments with periphyton from the 
Pyrene bidentata and Cantharidus lepidus choice feeding experiments (Figure 
5.14) do not show any obvious grazing scars on the seagrass tissue itself. Rather, 
the periphyton is patchy in distribution, possibly due to the gastropod grazing. The 
segments of seagrass in the P. bidentata trials lost 20 mg (Figure 5.14a), 50 mg 
(Figure 5.14b), and 30 mg (Figure 5.14c), whilst the segments of the seagrass in 
C. lepidus trials lost 90 mg (Figure 5.14d), 120 mg (Figure 5.14e), and 40 mg 
(Figure 5.14f). These results further support the lack of preference, or the 
avoidance, of seagrass material presented to the gastropods in the quantitative 
choice and no-choice feeding experiment results. 

Gastropod grazing on detached Ecklonia radiata 

Grazing by Pyrene bidentata and Cantharidus lepidus individuals on detached 
Ecklonia radiata appears to create small circular holes through the thallus (Figure 
5.15). At the beginning of the experiment, the aged thalli had very few signs of 
degradation and no apparent holes or grazing scars in the epidermal layers or 
through the tissue (Figure 5.15a and d). After one week in the presence of P. 
bidentata (Figure 5.15b), obvious grazing marks were present, with four holes fully 
through the thallus and nine holes apparently through the epidermis. This 
increased to 16 holes fully through the thallus, and six through the epidermis after 
two weeks (Figure 5.15c). 
 
Similar results were observed in grazing experiments with C. lepidus individuals. 
Grazing marks appeared on the detached kelp thallus with one hole fully through 
the thallus and nine holes through the epidermis (Figure 5.15e). After two weeks of 
experimentation, the number of holes fully through the thallus was two, and 
additionally a large portion of an edge of the thallus was removed, and 18 
epidermal holes were present (Figure 5.15f). The other two P. bidentata and two 
C. lepidus replicates (not shown) all had similar signs of grazing scars on the 
thallus of the detached E. radiata after one and two weeks of experimentation.  
 
In the controls of detached E. radiata (Figure 5.16), in which P. bidentata or C. 
lepidus were absent, there were no signs of grazing scars in the form of holes. 
Rather, the thallus degraded in a much more diffuse manner. It appears that the 
thalli in both controls degraded as a result of decomposition, where the tissue of 
the thalli has simply started to break-up and erode. Signs of degradation appeared 
after one week of experimentation (Figure 5.16b and d), and increased after two 
weeks (Figure 5.16c and e). 
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Figure 5.6: Percentage cover of the biophysical characteristics with proximity to reefs 
at the two Posidonia spp. sites: Wanneroo Reef (a) and Whitfords Rock SW (b), and 
the two Amphibolis spp. sites: Whitfords Rock NE (c) and Wreck Rock (d). Other 
includes rock and tape. 
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Figure 5.13: Mean (± SE, n = 10) macrophyte consumption rates (mg ind-1 day-1) 
by P. bidentata (a) and C. lepidus (b), corrected for autogenic loss in no-choice 
feeding experiments conducted over a 4 day feeding period. Data was 
transformed using Ln (x + 1) prior to analysis. Bars labelled with the same letter 
are not significantly different (post-hoc analysis P > 0.05). Fresh kelp = fresh E. 
radiata; Aged kelp = 7 day aged E. radiata; Seagrass without periphyton = P. 
australis without periphyton; Seagrass with periphyton = P. australis with 
periphyton; Red algae = Hypnea sp. 
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Figure 5.14: A representation of P. australis with periphyton segments after 4 day 
feeding experiments with P. bidentata (a – c) and C. lepidus (d – f). 
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Figure 5.15: Pieces of detached E. radiata in the presence of P. bidentata at the 
start (a), after 1 week (b), and after 2 weeks (c), and in the presence of C. lepidus 
at the start (d), after 1 week (e), and after 2 weeks (f) of experimentation. 
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Figure 5.16: Control pieces of detached E. radiata in the absence of P. bidentata 
at the start (a), after 1 week (b), and after 2 weeks (c), and in the absence of C. 
lepidus at the start (d), after 1 week (e), and after 2 weeks (f) of experimentation. 

2 cm 

a. 

b. 

c. 

d. 

e. 

f. 



Ecological Interactions in Coastal Marine Ecosystems: Trophodynamics  

2009 

 

102 

 

Discussion 

The aim of this research was to determine if large detached Ecklonia radiata 
provides an important trophic connection between temperate reef and seagrass 
habitats through its consumption via mesograzers that inhabit seagrass meadows, 
and to determine whether this changes between two distinct seagrass habitats and 
with proximity to reefs. To evaluate its importance in trophic connectivity, it was 
determined whether there was: (1) any potential consumption of the resource by 
key mesograzers that inhabit seagrass meadows through feeding preferences; 
and (2) any evidence of consumption by mesograzers in seagrass meadows. 

Feeding preferences of mesograzers in seagrass meadows 

Choice and no-choice feeding experiments showed that the gastropods 
Pyrenebidentata and Cantharidus lepidus both consumed the kelp E. radiata when 
it was fresh and aged. The rate of consumption for this allochthonous resource 
was often similar to the autochthonous resources, i.e. periphyton on seagrass 
leaves and epiphytic red algae, that are present in seagrass meadows. The 
consumption of kelp by these two gastropod species is also supported by results 
from the qualitative feeding experiment, which demonstrated that both of these 
gastropod species are capable of producing obvious large grazing scars on the 
thallus of the kelp. Thus, although the gastropods did not consume the 
allochthonous resources in a preferential manner to the autochthonous resources, 
they are obviously capable of consuming E. radiata. Given the known 
accumulation of detached kelp within seagrass meadows (Wernberg et al. 2006), 
the consumption observed in the laboratory experiments indicates that the 
resource has the potential to act as a spatial subsidy for P. bidentata and C. 
lepidus in seagrass meadows. 
 
Since gastropods in rocky-reef habitats often exhibit preferences for brown 
macroalgae compared to other red and green algae (Wakefield and Murray 1998, 
Cox and Murray 2006, Toth et al. 2007), it was expected that P. bidentata would 
show a preference for the E. radiata as it is abundantly found on reefs (Chapter 6), 
whereas C. lepidus would show a preference for autochthonous material in 
seagrass meadows as it is abundant in seagrass meadows further from reefs 
(Chapter 6). Furthermore, the rachiglossan radulae of P. bidentata is a robust and 
versatile structure for food gathering (Nielsen and Lethbridge 1989), whereas the 
rhipidoglossan radulae of C. lepidus is less capable of scraping very tough 
substrata (Steneck and Watling 1982). The general consumption of the macroalgal 
and periphytic resources by the gastropods indicates that these herbivores have 
low selectivity in their food choice, perhaps due to their relative low mobility 
compared to amphipod and isopod mesograzers, which can show selective 
feeding (Edgar 1992, Cruz-Rivera and Hay 2000, Crawley and Hyndes 2007), or 
that the nutritional quality of all these resources meets the requirements of the 
gastropods (Jernakoff et al. 1996, Jernakoff and Nielsen 1997).  
 

 
The feeding preference experiments indicated no strong preference by the 
gastropods P. bidentata or C. lepidus for aged E. radiata over autochthonous 
resources. The influence of secondary metabolites, specifically phlorotannins 
(Steinberg 1989), was not apparent, with fresh kelp and kelp aged for seven days 
consumed at similar rates in both species. It has been demonstrated that some 
isopods and amphipods show strong feeding preferences to wrack compared to 
fresh brown algae (Pennings et al 2000, Taylor et al. 2002, Norderhaug et al. 
2003), possibly due to the leaching out of secondary metabolites (Pennings et al. 
2000, Norderhaug et al. 2003). However, generally, mesograzers do not exhibit 
deterred consumption as a result of phlorotannins produced by brown algae, with 
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amphipods (Duffy and Hay 1991, 1994, 2000, Taylor and Brown 2006), isopods 
(Jormalainen et al. 2001), and gastropods (Wakefield and Murray 1998, 
Norderhaug et al. 2003) all demonstrating feeding preferences towards brown 
algae containing secondary metabolites. The gastropods used in the feeding 
experiments in this study did not have any preference towards the aged kelp 
compared to the fresh kelp. This may be a reflection of the general tolerance that 
Australian mesograzers seem to show to secondary metabolites produced by 
macrophytes, which are greater than those produced by macroalgae in the 
northern hemisphere (Taylor and Steinberg 2005). 
 
No-choice feeding experiments showed that kelp was consumed at a higher mean 
rate by P. bidentata than C. lepidus(1.5 vs 0.8 mgind-1 day-1), possibly reflecting its 
much higher densities on reefs relative to seagrass meadows and the structure of 
its radula (see above). Allowing for the grazing rates of these two species, the 
gastropods would consume <0.1 g m-2 day-1 of the total biomass of detached kelp 
in seagrass meadows, in relation to their densities (Chapter 6) found in Posidonia 
and Amphibolis spp. meadows at the different proximities to the reefs. Considering 
this is quantified per day, and the input of detached kelp is not likely to 
dramatically increase on a daily basis, their consumption over time may have a 
higher impact, especially if the resource is retained in a small area.  
 
Amphipods and isopods exhibit preferences for brown algae (Duffy and Hay 1991, 
Wakefield and Murray 1998) at much higher grazing rates than gastropods in 
feeding experiments (see table in Jernakoff et al. 1996). For example, the common 
south-western Australian gammarid amphipod Allorchestes compressa displays a 
strong preference for brown algae and is capable of consuming 3 mgind-1 day-1 of 
E. radiata in choice feeding experiments (Crawley and Hyndes 2007). Amphipods 
and isopods are abundant in seagrass meadows of the region (Orth and van 
Montfrans 1984, Jernakoff et al. 1996), and although the grazing rates of these 
mesograzers were not quantified in this study, it is likely that they also consume E. 
radiata and at higher rates than the gastropods in this study. The direct 
quantification of seagrass inhabiting amphipods and isopod is an important area of 
future study for the understanding of mesograzer trophic dynamics in seagrass 
meadows. The higher abundances and mobility of amphipods and isopods in 
seagrass meadows (Hutchings et al. 1990/91, Kirkman et al. 1990/91, Edgar and 
Shaw 1993, Brearley and Wells 2000), relative to gastropods, may have an 
increased effect on the consumption of detached E. radiata in seagrass meadows. 
Kelp being transported into seagrass meadows from reefs therefore has the 
potential to subsidise secondary production in this habitat. 

The importance of Ecklonia radiata for seagrass inhabiting mesograzers 

In contrast to the laboratory feeding experiments, the field experiment indicated no 
effect of mesograzer size class, seagrass species, or proximity to reefs on the 
biomass loss of large detached kelp over a week. The results from the field 
experiment consistently displayed high variability across all treatments and sites, 
which may have confounded any potential effects resulting from possible detached 
kelp consumption. The loss of detached kelp biomass across all treatments and 
sites ranged from 0.00 – 9.15 g week-1, with a mean (± SE) of 1.58 ± 0.14 g week-

1. This high degree of variability may be a result of differential grazing by 
mesograzers which are heterogeneously distributed in seagrass meadows, or 
other biological or physical factors, such as microbial interactions or physical 
abrasion.  
 

The lack of effect between the closed and open controls infers that biomass loss of 
kelp is due to an influence or influences of factors that equally affected the kelp 
regardless of mesograzers. Microbial decomposition (Kirkman and Kenrick 1997, 
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Norderhaug et al. 2003) may have influenced the loss of kelp biomass, as partially 
supported by the different levels of (potential) microbial decomposition of E. 
radiata observed in the qualitative feeding experiments. The thalli of kelp in the 
absence of grazers showed variable degrees of degradation, whereas none of the 
kelp in the presence of grazers had indications of bacterial degradation, possibly 
due to the grazers feeding on the biofilm on the surface of the thalli, as well as the 
thalli itself (Storry et al. 2006). Although the pieces of kelp thalli used in the field 
experiment were scrubbed and washed prior to experimentation, the influence of 
microbial decomposition prior to and during experimentation may have influenced 
the variability in the loss of kelp biomass.  
 
Physical abrasion (Kirkman 1984, Kirkman and Kenrick 1997, Lavery et al. 2007) 
could also influence the loss of kelp biomass. The mean loss of kelp biomass was 
similar between three of the four sites (1.01 – 1.45 g week-1) when offshore swell 
and wave conditions were 1.3–1.6 m and 1.2–1.4 m, respectively (Department of 
Planning and Infrastructure, unpublished data). However, the mean loss of kelp 
biomass was much higher at Wreck Rock (2.86 g week-1) when swell and wave 
conditions were 2.1 m and 1.2 m, respectively (Department of Planning and 
Infrastructure, unpublished data). Furthermore, the loss of kelp biomass was 
generally much higher in the cages than the open tethers at this site. Despite 
efforts to reduce abrasion by securing the kelp by two of its ends inside of the 
cage, the kelp may have been continually knocked against the sides of the cages, 
resulting in increased physical erosion. This suggests that the swell could have 
influenced the physical abrasion and, thus, the overall loss of kelp biomass. 
 
Wernberg et al. (2006), who used the same sites and distances from reef as this 
study, found that tethered fresh kelp generally lost <10% biomass over a five day 
period at most distances at most sites. Wernberg et al. (2006) also found that at 
some distances at some sites there was 25 – 75% loss of kelp biomass, which 
was positively correlated to densities of herbivorous fish at the seagrass-reef 
interface. Similarly, in the present study, the aged kelp open tethers lost a mean of 
14% over a seven day period, while 6/36 pieces of detached kelp lost between 30 
– 80% biomass, but this was not restricted to the open tethers. Of the closed 
control and two treatments, 11/108 replicates lost between 30 – 80%. The lack of 
significant difference in the loss of the kelp biomass between the closed and open 
controls, and the <5mm and <20mm treatments, suggests that mesograzers were 
not the main influence on the loss of kelp biomass in the experiment. Furthermore, 
since this lack of difference occurred in both open and closed treatments, grazing 
by fish was not influencing the results. 

 
Evidence of large detached kelp consumption by mesograzers is further 
complicated by the lack of correlations between kelp biomass loss and 
mesograzer abundances or biomass in the cages, in the Posidonia or Amphibolis 
dominated seagrass meadows, indicating that the consumption of the material was 
limited. The abundances of amphipods, isopods, and gastropods were rarely 
associated with biomass loss of kelp. For example, one of the treatments had a 
total of 120 (0.05 g AFDW) amphipods, 407 (0.29 g AFDW) isopods, and eight 
(0.19 g AFDW) gastropods at the time of collection, but the weight loss of the kelp 
over a week was only 0.2%. Conversely, another treatment had 15 (0.02 g AFDW) 
amphipods, two (0.01 g AFDW) isopods, and no gastropods at the time of 
collection, but the weight loss of the kelp was 78.5%. Thus, it appears that large 
detached kelp was not greatly consumed by the mesograzers inhabiting seagrass 
meadows, through the correlative inference from the experimental data of 
detached kelp consumption by mesograzers in the experimental units. Caution 
must be exercised in such comparisons, since mesograzer abundances may 
reflect neither true abundances nor the numbers of mesograzers in the cages over 
the week. Biophysical factors such as predation, competition, fitness, resource 
availability, mobility, currents, or disturbance may have influenced the populations 
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of taxa in the cages throughout the experimentation period, and at the conclusion 
of the experiment. It is also possible that the more mobile animals were residing in 
the cages for shelter during the day, and feeding away from the cages at night, as 
has been observed in some invertebrates which display diurnal feeding movement 
(Edgar 1992, Taylor 1998). 

Pathways driving secondary production in seagrass meadows: allochthonous or 
autochthonous resource? 

The previous discussion indicates that E. radiata that is transported into seagrass 
meadows can be consumed by key mesograzers, but the field experiment 
provides no evidence that this form of production contributes substantially to 
secondary production in these habitats. How then, can these apparently 
complicating results be reconciled? The lack of clarity in the results of this study 
may be related to the availability of alternative, autochthonous food resources, the 
season in which the study was conducted, or the time period of the 
experimentation. Seagrass meadows can be highly productive habitats with a high 
diversity of food resources for grazers, including seagrass, epiphytic macroalgae, 
periphyton and detritus (Orth and van Montfrans 1982, Jernakoff et al. 1996).  
 
The magnitude of consumer response to allochthonous resources is not affected 
by recipient habitat productivity or the ratio of productivity between donor and 
recipient habitats, but is significantly related to the ratio of subsidy resources to 
equivalent resources in the recipient habitat (Polis and Strong 1996, Marczak et al. 
2007). In this case, the most likely equivalent autochthonous resources are 
seagrass periphyton and epiphytes. Seagrass does not appear to provide a direct 
source of food to mesograzers, as indicated by the avoidance of this food source 
by the two gastropod species in the feeding experiments (seagrass leaves without 
periphyton), and the lack of grazing scars observed on seagrass with periphyton. 
This avoidance has also been shown for the amphipod A. compressa in the region 
(Crawley and Hyndes 2007), further supporting that seagrass material either can 
not be consumed or is avoided by mesograzers. The resource may not be able to 
be consumed due to physical toughness of the resource (Lubchenco and Gaines 
1981, Steneck and Watling 1982, Jernakoff et al. 1996). Alternatively, it may be 
avoided due to the relatively poor nutritional value of the resource compared to the 
macroalgal and periphytic resources in the feeding experiments or those found in 
seagrass meadows (Lubchenco and Gaines 1981, Hootsmans and Vermatt 1985, 
Howard and Short 1986, Jernakoff et al. 1996). Presumably, it is the latter, as 
indicated by the minor consumption of seagrass leaves observed in some of the 
choice and no-choice feeding experiments. In temperate environments, seagrass 
material is rarely consumed directly by grazers (Jernakoff et al. 1996, MacArthur 
and Hyndes 2007), whereas in tropical habitats seagrass consumption by fish and 
urchins grazing can be high (Valentine et al. 1997, Valentine and Heck 1999, 
Kirsch et al. 2002). The lack of grazing scars on the P. australis tissue and the 
patchy spatial distribution of the periphytic material, and the lack of grazing of the 
seagrass without periphyton in the choice and no-choice feeding experiments, 
infers that the consumption of the seagrass with periphyton was towards 
periphyton, rather than seagrass tissue. This is not surprising, as periphyton is 
known to be an important food resource for gastropods inhabiting seagrass 
meadows in temperate seagrass meadows (Hootsmans and Vermatt 1985, 
Howard and Short 1986, Nielsen and Lethbridge 1989, Jernakoff and Nielsen 
1997, Nelson 1997, Keuskamp 2004, Smit et al. 2006). 
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The presence of periphytic and epiphytic macroalgal autochthonous resources in  
seagrass meadows (Jernakoff et al. 1996, Lavery and Vanderklift 2002, van Elven et 
al. 2004) appears to be the strongest influence in determining the lack of consumption 
of detached kelp by mesograzers in seagrass meadows (Figure 5.17). The non-
preferential consumption by the gastropods between the fresh and aged kelp, 
seagrass with periphyton, and red algae, provides further explanation to the lack of 
consumption by mesograzers found in the field experiment. The results of the feeding 
experiments using gastropods, in regards to the results of field experimentation, can 
be extrapolated, albeit with caution, to include the other mesograzers, amphipods and 
isopods, as the dietary preferences of these groups often overlaps in seagrass 
habitats (Hootsmans and Vermatt 1985, Howard and Short 1986, Edgar 1990b, 
Jernakoff and Nielsen 1997, Smit et al. 2005, 2006). When considering food 
consumption in the field, if a grazer is able to fulfil its nutrient requirements without 
having to leave its host plant, thereby minimising the risk of predation (Taylor 1998), 
then the individual would likely graze on resources readily available to it (Lubchenco 
and Gaines 1981). Conversely, in habitats where autochthonous food supply limits 
the abundances and productivity of primary consumers, such as unvegetated 
habitats, the magnitude of primary consumer response to allochthonous resources is 
greatly increased, even with an increased risk of predation (Figure 5.17) (Kirkman 
and Kendrick 1997, Stapp and Polis 2003, Vanderklift and Jacoby 2003, Hyndes and 
Lavery 2005, Crawley et al. 2006, Crawley and Hyndes 2007, Ince et al. 2007). 
Generally, food limitation has not been recognised as a major limiting factor for 
mesograzers inhabiting seagrass meadows (Jernakoff et al. 1996), most likely due to 
the abundance of epiphytic, periphytic, detrital and particulate material found in the 
habitat (Edgar 1990a, Jernakoff et al. 1996, Lavery and Vanderklift 2002, Heck and 
Valentine 2006). Yet, it has been found that the epifaunal populations associated with 
epiphytes and periphyton can be food limited (Edgar 1990b). Thus, the lack of 
evidence of significant consumption of the detached kelp resulting from this study 
may be related to there being no resource limitation for primary consumers in the 
seagrass habitats. The mesograzers were most likely consuming locally abundant 
epiphytes, periphyton, small drift, or particulate organic matter (POM) in the field, or 
even that which was trapped inside the cages, rather than the experimental detached 
kelp. 
 
The feeding experiments with the gastropods indicated that feeding on the large 
detached kelp occurs, and at similar rates to other food sources. Additionally, in the 
field, the consumption of smaller rather than larger fragments of kelp by mesograzers 
may occur, due to ease of consumption. Particularly, smaller particles may be 
preferred by amphipods and isopods due to their smaller mouthparts. Gastropods are 
less mobile and often exhibit more generalist feeding than amphipods (Jernakoff and 
Nielsen 1997). The functional morphology of their mouthparts allows amphipods to 
exploit a wider variety of food types, shapes and sizes than gastropods, but they can 
also selectively feed on smaller and softer food due to their mobility (Jernakoff and 
Nielsen 1997). Edgar (1990a) found that the secondary production of invertebrate 
fauna, comprising predominantly two species of amphipods, was highly correlated 
with POM bound at the sediment surface, rather than the biomass of drift 
macrophytes or seagrass rhizomes. Thus, whilst this study focussed on the 
consumption of large detached kelp in seagrass meadows, the influence of 
allochthonous derived POM is an important area of further investigation. 
 
Edgar (1992) suggested that the presence of guilds of mobile amphipods, which feed 
on decaying plants, are widely distributed in south-west Australian coastal habitats. 
Mesograzer abundances usually peaks in spring/summer, and are at their least in 
winter in seagrass beds, with the seasonal abundances of amphipods fluctuating over 
orders of magnitude (Edgar 1990a, 1990b, Jernakoff et al. 1996). Large populations 
of Tethygenia sp. amphipods have been recorded to move into Amphibolis seagrass 
beds from unvegetated habitats on two occasions in summer, which coincided with 
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the dieback of shallow seagrass and its associated epiphytes (Edgar 1992). Thus, the 
magnitude of consumption of large detached kelp by amphipods inhabiting seagrass 
meadows may be related to the season, with increased consumption possibly 
occurring in spring/summer. 

 
Spatial subsidies generally increase consumer densities or biomass in most habitats 
(Polis and Strong 1996, Polis et al. 1997, Crawley and Hyndes 2007, Ince et al. 2007, 
Marczak et al. 2007), with detritivores having the largest significant mean effect in all 
habitats (Marczak et al. 2007). Thus, if large detached kelp were a highly important 
subsidy for seagrass habitats, the immediate likely effect would be the consumption 
of the resource resulting in the increase in the density of detritivores, including 
mesograzers. Possibly, there was little indication of detached kelp consumption by 
mesograzers in the field experiment as a result of other abundant food resources 
(Figure 4.1). During winter, the time of year the study was conducted, the amount of 
detached E. radiata is at its highest due to early winter storms which tear segments or 
whole plants from the substrate (Kirkman 1984). As Polis and Strong (1996) express, 
to examine the effect of a spatial subsidy, the analysis of the abundance of various 
consumers can be observed through the manipulation of detritus by its removal or 
addition. Thus, as well as adding an allochthonous resource to the habitat, material 
already found in the sites at the time of installation and throughout the 
experimentation period could have been removed and controlled. Conducting the 
research in summer when storms are rare, resulting in decreased seas and swell 
(Lemm et al. 1999), would likely reduce the amount of ambient detrital material that 
could potentially alter the amount of detached kelp consumed in experimental units. 
Epifaunal abundances are also highest during this season (Edgar 1990a, 1990b, 
Jernakoff et al. 1996). These factors may potentially lead to different results related to 
the loss of detached kelp biomass through the consumption by mesograzers.  

 

Conclusions 

This study has shown that, although the gastropods P. bidentata and C. lepidus can 
consume the brown algae E. radiata, there was no evidence of an influence of large 
detached kelp as a spatial subsidy (sensu Polis et al. 1997) for mesograzer trophic 
dynamics in the seagrass meadows in south-western Australia. These mesograzers 
exhibit similar preferences for kelp, red algae and periphyton. Thus, while E. radiata 
dominates the detrital macroalgae found in seagrass meadows (Wernberg et al. 
2006), it is possible that this is a result of abundant autochthonous resources and 
POM found in the seagrass meadows studied during the time of 
experimentation,which may change according to location and/or season. Thus, 
extrapolating the lack of E. radiata consumption in seagrass meadows by the test 
species used here to all mesograzers and times should be made with caution, as this 
could potentially change when similar autochthonous resource are low in abundance 
or biomass. Further investigations are needed at different locations and times of the 
year to quantify any changes in the consumption of the resource. Furthermore, its 
importance as a contributor to the POM pool found on the sediment surface in 
seagrass meadows needs to be quantified, to estimate its importance to trophic 
dynamics of the micro- and macro-fauna who exploit this resource. Thus, the role of 
large detached E. radiata in seagrass meadows as a food source for mesograzers is 
clearly possible, but whether the possibility is realised is still uncertain. It is possible 
that kelp contributes to the trophic dynamics of seagrass meadows through other 
mechanisms, or during other seasons and at other locations.  
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Figure 5.17: Schematic model displaying the effects of allochthonous resources 
on primary consumers in recipient habitats with high productivity of comparable 
resources (this study) and recipient habitats with low productivity of comparable 
resources (Kirkman and Kendrick 1997, Stapp and Polis 2003, Vanderklift and 
Jacoby 2003, Hyndes and Lavery 2005, Crawley et al. 2006, Crawley and Hyndes 
2007, Ince et al. 2007). The weight of the lines represents the magnitude of 
effects. 
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CHAPTER 6. Proximity to reefs alters the balance 
between positive and negative effects on seagrass 

fauna 

Fernando Tuya, Mathew Vanderklift, Glenn Hyndes, Thomos Wernberg, Mads 
Thomsen, Christine Hanson 

Introduction 

Ecologist’s ability to predict is limited by the challenge of understanding how 
different processes act simultaneously to determine the abundance and 
distribution of species. Understanding the balance between processes that add 
new individuals (‘supply-side’ processes) and those that limit growth or cause 
mortality (‘top-down’ processes) is particularly important (Menge 2000). Studies of 
the relative balance between these forces have mostly been restricted to single, 
and relatively uniform, habitats. Habitats are, however, reticulately connected 
within large landscapes; the balance between positive and negative forces on 
species’ abundances may vary where distinct habitats are spatially linked (Kareiva 
and Wennergren 1995). 
 
Edges between juxtaposed habitats influence species interactions and ecological 
patterns (Cadenasso et al. 2003). Cross-habitat movements of organisms are 
particularly important at edges, and can contribute to differences in abundance 
between habitat edges and interiors. For example, incursions of predators from 
their shelters into surrounding habitats can diminish prey abundances near habitat 
edges (e.g. Fagan et al. 1999, Langlois et al. 2005, Galvan et al. 2008), while 
cross-edge movements of individuals seeking a new home, especially propagules, 
can increase abundances (Pulliam 1988). 
 
Species with different traits, such as vulnerability to predation or ability to disperse, 
can show contrasting responses to habitat structure. For example, differences in 
the morphological traits (e.g. thickness) of gastropod shells can provide different 
anti-predator adaptations (Quensen and Woodruff 1997). When predation 
pressure is dependent on proximity to habitat edges, such differences in predation 
vulnerability among species can then culminate in different abundance patterns in 
relation to habitat edges (Langlois et al. 2005). Responses to predation can also 
vary according to the characteristics of the habitat. Prey vulnerability to predation 
can be altered when there is a change in the architecture of the dominant habitat 
(Fagan et al. 1999, Rand et al. 2006); for example, forests are superior to any type 
of open matrix providing protection to small birds against predators (Rodriguez et 
al. 2001).  
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Seagrasses are key habitats along temperate and tropical coasts of the world 
(Hemminga and Duarte 2000), where they are frequently distributed as mosaics 
interspersed with other habitats, such as rocky reefs, coral reefs, mangroves, and 
unvegetated sediments. In particular, reef-seagrass landscapes are common 
elements of temperate (e.g. Australasia, Wernberg et al. 2006), and tropical 
latitudes (e.g. the Caribbean and Florida, Valentine et al. 2008, the Indo-Pacific, 
Dorenbosch et al. 2005). In these systems, many trophic interactions encompass 
multiple habitats. For example, predation may be most intense in seagrasses 
adjacent to reefs, as a result of the foraging of reef-associated consumers 
(Valentine et al. 2008). Seagrass meadows may also be recipients of advected 
materials, as exemplified by the high diversity and biomass of epiphytic algae on 
seagrasses near reefs (Van Elven et al. 2004), and the accumulations of detached 
reef-algae in seagrass meadows (Wernberg et al. 2006). These cross-habitat 
exchanges can considerably affect the functioning of seagrass landscapes.  
 
In this study, we tested whether proximity to reefs influences the abundance 
patterns of mesograzing gastropods (< 25 mm of total body whorl) inhabiting 
seagrass meadows by changing the intensity of, and balance between, ‘top-down’ 
(predation) and ‘supply-side’ (recruitment) processes. Specifically, we 
hypothesized that (1) patterns of abundance of gastropods vary predictably with 
proximity to reefs, and that (2) while predation by reef-associated consumers 
negatively influences the abundance of some taxa adjacent to reefs, (3) reefs can 
supply new individuals to overpower such losses. Because rates of ecological 
processes in seagrass systems can be strongly influenced by the architecture of 
the seagrass (Heck and Orth 2006), we determined the effect of two seagrasses 
with contrasting physiognomy (Posidonia vs. Amphibolis) on these patterns and 
processes. Gastropods were selected as models since they are an important part 
of the diet of predators (Edgar 1990a and 1990b, MacArthur and Hyndes 2007), 
and food limitation is not a major factor influencing the patterns of distribution of 
these grazers due to the abundance of food in these systems, e.g. epiphytes and 
periphyton (Jernakoff and Nielsen 1998).    

Materials and methods 

Study area and design 

The study was carried out on rocky reefs and adjoining seagrass meadows at two 
locations ~ 250 km apart in south-western Australia: Marmion (31º 50’ S) and 
Jurien Bay (30º 18’ S). In this area, the coast is characterized by sequences of 
limestone reefs parallel to the shore at distances ranging from <1 to 10 km 
offshore. Posidonia spp. and Amphibolis spp. seagrass meadows are interspersed 
among these reefs. This juxtaposition of reefs and seagrasses occurs along more 
than 1,500 km of coastline. We selected 6 reefs, separated by >400 m, within 
each location: 3 adjacent to meadows dominated by Posidonia (predominantly P. 
sinuosa) and 3 adjacent to Amphibolis (principally A. griffithii). All reefs had similar 
vertical relief, and were predominantly covered by erect macroalgae. We took 
measurements at 5 distances relative to the reef-seagrass edge: on the reef itself, 
0 m (first seagrass patch immediately adjacent to the reef), 10 m, 50 m, and >300 
m away (first seagrass patch beyond the 300 m mark). Depths of the seagrass 
meadows ranged between 2–6 m immediately adjacent to reefs, and 3-9 m at the 
furthest distances from the reefs. 
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The strap-like leaves of Posidonia are generally uniform from base to tip, while 
Amphibolis has erect stems with small leaves arranged in terminal clusters, 
forming a denser canopy. Shoot densities for Posidonia tend to be higher than 
those of Amphibolis, while above-ground biomass (including epiphytes) is typically 
higher for Amphibolis (Jernakoff and Nielsen 1998).   

 
Abundance of gastropods 
 
A SCUBA diver handpicked all above-ground vegetation within 5 replicate 25 x 25 
cm quadrats haphazardly laid out at each distance. On reefs, collections were 
from patches of red macroalgae. Each sample was washed in fresh water, and 
passed through a 1 mm sieve. Vegetation was dried for 24h (70ºC) and then 
weighed (grams). All gastropod individuals were identified to the lowest possible 
taxonomic level, and their densities expressed as numbers per g of dry weight 
(DW) of vegetation (Jernakoff and Nielsen 1998). These procedures were 
repeated twice on each reef: once each during austral summer-autumn of 2006 
and 2007. Four-way ANOVAs were used to partition variation in the abundances 
of the 8 most abundant taxa (which accounted for >90 % of all individuals) 
separately for each survey. Each ANOVA incorporated: (1) 'Locations' (random 
factor), (2) 'Seagrass' (fixed factor and orthogonal to 'Locations'), (3) 'Reefs' 
(random factor nested within 'Locations x Seagrass'), and (4) 'Distances' (fixed 
factor orthogonal to all previous factors). In all cases, data were Ln(x+1) 
transformed to stabilize variances. Heteroscedasticity, however, remained after 
transformation in almost all cases (Cochran’s C-test, P < 0.05). Pairwise SNK 
tests were used to resolve differences in abundances among distances for each 
taxon. Potential differences in the biomass of each seagrass with varying proximity 
to reefs were tested, for each survey, by a 3-way ANOVA, incorporating: 
'Locations' (random factor), 'Reefs' (random factor nested within 'Locations'), and 
'Distances' (fixed factor orthogonal to the previous factors). 
 
Abundance of predators 
Fish and the western rock lobster, Panulirus cygnus, were censused on each reef 
during daytime hours in austral summer-autumn 2007. Fish were also counted in 
adjacent seagrass meadows at two distances relative to the reef-seagrass edge: 
50 m, and >300 m (P. cygnus is nocturnal and was not present in seagrasses 
during the day). Other potential predators (e.g. octopuses) were not observed. 
Abundances were recorded by a SCUBA diver within three 25 x 4 m transects 
(100 m2) oriented parallel to the edge of the reefs, with one side in contact with 
the adjacent seagrass meadow. Patterns of abundance of predatory fish (all 
known and suspected predators of gastropods), and the most abundant fish 
species (those accounting for >85 % of all individuals), were examined through 4-
way ANOVAs (same model and transformations as outlined before for the 
abundances of the most abundant gastropod taxa), and SNK tests used to resolve 
differences in abundances among distances.   

Consumption of gastropods in seagrasses 

The relative intensity of predation was assessed by measuring the survival of 
tethered adults of two species of gastropods: Pyrene bidentata (9-15 mm) and 
Cantharidus lepidus (7-12 mm of total body whorl). We selected these two species 
because both are consumed by rock lobsters (Edgar 1990a and 1990b) and fishes 
(MacArthur and Hyndes 2007), and each displayed opposite patterns of 
abundance with proximity to reefs (see Results). Laboratory tests (5 individuals of 
each species in five 15 x 10 x 7 cm aquaria) yielded no mortality and no escapes 
from tethers after 7 days; empty 'loops' were thus taken as evidence of predation. 
Gastropods were tethered with a loop of monofilament line attached to the shell 
with cyanoacrylate glue. The other end of the line was attached to a metal stake 
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hammered into the substrate. Five individuals of each species were deployed in 
seagrasses at 0 m and >300 m away from each of 8 reefs, with two reefs within 
each location adjacent to Amphibolis and Posidonia meadows. Tethers were 
retrieved after 5 days, and the gastropods scored as alive or consumed. 
Differences in consumption between species among locations, distances, 
seagrasses and reefs were analysed with multiple logistic regression. We were 
most interested in testing whether coefficients for each of the factors, and 
interactions between factors, were significant, so we focused on the significance of 
the deviances using a χ2 test (Hosmer and Lemeshow 2000). 

Prey selectivity by rock lobsters 

We tested for differences in consumption between P. bidentata and C. lepidus by 
rock lobsters, Panulirus cygnus (46-78 mm carapace length), by multi-choice 
experiments in indoor aquaria (60 x 40 x 40 cm) supplied with running seawater. 
Six rock lobsters (one per aquarium) were offered 10 adult individuals (10-16 mm 
of total body whorl) of each gastropod species after 48 h of starvation. We 
recorded consumption after another 48 hours, and differences in survival of the 
two species of gastropods and consumption rates of individual rock lobsters were 
tested with logistic regression.   

Recruitment patterns of gastropods in seagrasses 

Artificial Seaweed Units (ASUs, Rule and Smith 2007) were used to test whether 
proximity to reefs (0 m vs. >300 m) altered the recruitment patterns of gastropods 
in seagrass meadows. We selected 4 reefs in Marmion, with two reefs adjacent to 
Amphibolis and Posidonia meadows. Two ASUs were attached to each of three 
metal stakes 5-10 cm above the bottom per distance. ASUs were collected after 4 
weeks in June (2007) by sealing them in separate zip-lock plastic bags. This is the 
period when recruitment of many species of molluscs – including P. bidentata and 
C. lepidus – occurs in the study region (Edgar 1990a and 1990c). In the 
laboratory, each collector was washed in fresh water, and passed through a 0.5 
mm sieve. All gastropods were identified, counted and measured (total body 
whorl) to the nearest mm. We analyzed 5 ASUs per distance to maintain a 
balanced design (some ASUs were lost). Patterns of recruit abundance were 
examined using 3-way ANOVAs, incorporating the factors: 'Seagrass' (fixed 
factor), 'Reefs' (random factor nested within 'Seagrass'), and 'Distances' (fixed 
factor orthogonal to the previous factors). Data were Ln(x+1) transformed.  
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Results 

Distribution of gastropods 

We observed contrasting patterns of abundance among taxa of herbivorous 
gastropods in seagrass meadows with varying proximity to reefs. Some taxa 
clearly decreased in abundance with increasing distance from reefs (Pyrene 
bidentata, Figure. 6.1A; Phasianella spp., Figure. 6.2B); the magnitude, but not the 
direction, of these differences varied from reef to reef ('Reefs (Lo x Sg) x Di', P < 
0.01; Tables 6.1 and 6.2). For these two taxa, abundances were higher in 
seagrasses immediately adjacent to reefs (0 m) relative to seagrass interiors 
(>300 m away from reefs) at 16 and 15 of the 24 reefs (= 12 reefs x 2 times), 
respectively. Abundances in seagrasses at 10 m away from reefs were higher than 
at >300 m at 15 and 12 reefs, respectively for P. bidentata and Phasianella spp. 
Patterns in abundance of Phasianella spp. with distance varied between 
seagrasses in the second survey ('Sg x Di', P < 0.01; Table 6.2), with greater 
decreases in abundance in Amphibolis than Posidonia meadows. Bittium spp. also 
decreased in abundances with increasing distance (Figure. 6.1C), but the pattern 
was more variable, with higher abundances at 0 and 10 m than at >300 at 10 and 
5 reefs, respectively.  
 
In contrast to the above taxa, several taxa increased in abundances with 
increasing distance from reefs (Cantharidus lepidus, Figure. 6.1E; Thalotia 
chlorostoma, Figure. 6.1F). Abundances were higher in seagrass interiors (>300 
m) than at seagrasses immediately adjacent to reefs (0 m) at 13 and 12 reefs, 
respectively for C. lepidus and T. chlorostoma. Abundances in seagrasses at >300 
m away from reefs were higher than at 10 m at 12 and 10 reefs, respectively for C. 
lepidus and T. chlorostoma. Dentimitrella spp. (Figure. 6.1D) and Hydrobidae 
(Figure. 6.1H) showed inconsistent patterns in seagrasses with varying proximity 
to reefs ('Reefs (Lo x Sg) x Di', P < 0.01; Tables 6.1 and 6.2), although these taxa 
were, in general, more abundant on reefs (Figures. 1D and 1H; 'Distances', P < 
0.05 in most cases; Tables 1 and 2). Similarly, Prothalotia lehmanni did not display 
consistent patterns with proximity to reefs (Figure. 6.1G).     
None of these responses were confounded by differences in the biomass of each 
seagrass with varying proximity to reefs ('Distances', P > 0.15 in all cases).   

 
Distribution of predators 

Predatory fish were, in general, more abundant on reefs than in adjacent seagrass 
meadows (Figures. 6.2A to 6.2F), although the magnitude of these differences 
varied from reef to reef ('Reefs (Lo x Sg) x Di', P < 0.01; Table 6.3). In most cases, 
abundances were higher on reefs relative to seagrass interiors at 50 and >300 m 
away from reefs. Halichoeres brownfieldi was the only exception to this general 
pattern (Figure. 6.2C), being equally abundant on reefs and in seagrass meadows. 
Pelsartia humeralis was patchily distributed (Figure.6.2E; 'Distances', P > 0.2; 
Table 6.3). Abundances of Notolabrus parilus decreased with increasing distance 
from reefs, but the decrease was more pronounced in Amphibolis meadows 
(Figure. 6.2D; 'Sg x Di', P < 0.01; Table 6.3). Overall, the total abundance of 
predatory fishes was greater at Jurien Bay compared to Marmion; this pattern was 
reflected by the abundances of Coris auricularis, the most abundant predatory fish 
(Figures. 6.2A and 6.2B, respectively; 'Locations', P < 0.05; Table 6.3). Similarly, 
rock lobsters were more abundant in Jurien Bay (1.54 ± 0.23 ind 100 m-2, mean ± 
SE) relative to Marmion, where no individual was observed in the transects.  
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Figure 6.1: Abundances (mean + SE, n = 30) of gastropods on reefs and at 
different distances in adjacent seagrass meadows dominated by either Amphibolis 
or Posidonia (data pooled through locations and surveys).   
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Table 6.2: Results of ANOVA testing the effects of 'Locations', 'Seagrass', 'Reefs', and 'Distances' on the abundance of the 8 most abundant gastropod species for austral 
summerautumn 2007 
   

  Locations Seagrass Reefs (Lo x Sg) Distance Lo x Sg Lo x Di Sg x Di Reefs (Lo x Sg) x Di Lo x Sg x Di Residual 

df  1 1 8 4 1 4 4 32 4 240 

P. bidentata 
Cochran’s C = 0.18,  P<0.01 

MS 0.006 3.52 1.07 9.95 2.03 0.15 0.67 0.48 0.11 0.13 
F 0.01 1.74 7.86 64.13 1.88 0.32 5.84 3.56 0.24  

 P 0.9418 0.4132 0.0000 0.0007 0.2073 0.8637 0.0579 0.0000 0.9153  

Phasianella spp. 
Cochran’s C = 0.23,  P<0.01 

MS 6.40 5.83 0.82 11.28 1.15 1.16 2.19 0.18 0.57 0.11 
F 7.80 5.07 6.94 9.66 1.40 6.38 3.83 1.55 3.14  

 P 0.0234 0.2661 0.0000 0.0247 0.2704 0.0007 0.1107 0.0367 0.0277  

Bittium spp. 
Cochran’s C = 0.22,  P<0.01 

MS 0.01 0.01 0.05 1.18 0.38 0.03 0.04 0.10 0.47 0.08 
F 0.34 0.04 0.70 36.63 6.98 0.29 0.09 1.37 4.31  

 P 0.5776 0.8770 0.6942 0.0021 0.296 0.8799 0.9808 0.0953 0.0067  

C. lepidus 
Cochran’s C = 0.20,  P<0.01 

MS 0.26 0.24 0.09 1.17 0.25 0.33 0.19 0.05 0.32 0.02 
F 2.73 0.98 3.32 3.51 2.62 5.76 0.59 2.02 5.58  

 P 0.1369 0.5038 0.0013 0.1257 0.1444 0.0013 0.6881 0.0016 0.0016  

T. chlorostoma 
Cochran’s C = 0.07,  P>0.01 

MS 0.05 0.09 0.40 1.18 0.001 0.09 0.15 0.23 1.03 0.07 
F 0.14 86.5 5.59 12.82 0.00 0.39 0.15 3.25 4.35  

 P 0.7147 0.021 0.0000 0.0149 0.9872 0.8150 0.958 0.0000 0.0064  
Dentimitrella spp. 
Cochran’s C = 0.23,  P<0.01 

MS 0.18 0.02 0.10 0.93 0.13 0.14 0.005 0.12 0.14 0.04 
F 1.75 0.16 2.65 6.30 1.28 1.15 0.04 3.16 1.11  

 P 0.2221 0.7590 0.0085 0.0512 0.2913 0.3521 0.9962 0.0000 0.3684  
Hydrobidae 
Cochran’s C = 0.23,  P<0.01 

MS 0.02 0.15 2.41 1.65 0.65 0.54 0.28 0.40 0.43 0.10 
F 0.01 0.23 22.63 3.03 0.27 1.34 0.65 3.81 1.06  

 P 0.9302 0.7151 0.0000 0.1545 0.6168 0.2761 0.6564 0.0000 0.3917  
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  Locations Seagrass Reefs (Lo x Sg) Distances  Lo x Sg Lo x Di Sg x Di Reefs (Lo x Sg) x Di Lo x Sg x Di Residual 

df  1 1 8 4 1 4 4 32 4 240 

Prothalotia lehmanni 
Cochran’s C = 0.26,  P<0.01 

MS 
0.14 2.10 0.11 0.05 0.10 0.07 0.03 0.04 0.07 0.02 

 F 1.29 20.06 4.89 0.71 0.95 1.73 0.41 1.81 1.88  
 P 0.2885 0.1399 0.0000 0.6271 0.3580 0.1678 0.7978 0.0070 0.1374  
P. bidentata 
Cochran’s C = 0.15,  P<0.01 

MS 0.19 0.13 1.77 22.48 0.66 0.28 0.20 0.93 0.32 0.17 
F 0.11 0.20 9.84 78.30 0.38 0.31 0.62 5.19 0.35  

 P 0.7475 0.7301 0.0000 0.0005 0.5559 0.8707 0.6716 0.0000 0.8419  

Phasianella spp. 
Cochran’s C = 0.19,  P< 0.01 

MS 0.63 1.70 0.64 15.10 0.12 0.18 0.37 0.48 0.01 0.13 
F 0.99 13.14 4.58 81.87 0.20 0.38 19.51 3.46 0.04  

 P 0.3492 0.1714 0.0000 0.0004 0.6645 0.8201 0.0069 0.0000 0.9968  

Bittium spp. 
Cochran’s C = 0.11, P<0.01 

MS 0.38 0.09 0.10 4.67 0.77 0.81 0.26 0.20 0.83 0.14 
F 3.81 0.12 0.68 5.72 7.75 3.92 0.31 1.42 4.02  

 P 0.0867 0.7861 0.7065 0.0599 0.0238 0.0106 0.8570 0.0739 0.0094  

C. lepidus 
Cochran’s C = 0.30,  P< 0.01 

MS 0.004 0.02 0.13 0.50 0.007 0.02 0.03 0.05 0.10 0.03 
F 0.03 3.78 3.95 18.65 0.06 0.46 0.30 1.76 1.79  

 P 0.8643 0.3024 0.0002 0.0075 0.8189 0.7673 0.8668 0.0095 0.1555  

T. chlorostoma 
Cochran’s C = 0.16,  P<0.01 

MS 0.11 0.18 0.16 1.71 0.27 0.14 0.03 0.12 0.14 0.02 
F 0.70 0.66 6.21 12.05 1.67 1.11 0.23 4.75 1.14  

 P 0.4266 0.5663 0.0000 0.0239 0.2321 0.3680 0.9065 0.0000 0.3569  
Dentimitrella spp. 
Cochran’s C = 0.15,  P<0.01 

MS 2.11 0.13 0.41 5.76 0.34 1.12 0.03 0.31 0.15 0.08 
F 5.08 0.39 4.88 5.13 0.84 3.52 0.21 3.75 0.50  

 P 0.0542 0.6464 0.0000 0.0711 0.3867 0.0172 0.9206 0.0000 0.7365  
Hydrobidae 
Cochran’s C = 0.11,  P<0.01 

MS 0.63 0.36 2.85 5.52 1.05 0.34 0.06 0.91 0.04 0.09 
F 0.22 0.35 30.74 16.01 0.37 0.38 1.28 9.89 0.05  

 P 0.6501 0.6610 0.0000 0.0010 0.5606 0.8240 0.4089 0.0000 0.9947  
Prothalotia lehmanni 
Cochran’s C = 0.24,  P<0.01 

MS 0.21 1.66 0.11 0.10 0.10 0.11 0.17 0.07 0.02 0.04 
F 1.83 15.96 2.79 0.85 0.91 1.71 7.41 1.70 0.33  

 P 0.2133 0.1561 0.0057 0.5615 0.3693 0.1730 0.0390 0.0146 0.8545  
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Figure 6.2:Abundances (mean + SE, n = 9) of predatory fish on reefs 
and at different distances in adjacent seagrass meadows dominated by 
either Amphibolis or Posidonia. 
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Table 6.3: Results of ANOVA testing the effects of 'Locations', 'Seagrass', 'Reefs', and 'Distances' on the abundance of predatory fish. 

 

    Locations  Seagrass   Reefs (Lo x Sg)  Distance  Reefs (Lo x Sg)  Lo x Sg  Lo x Di  Sg x Di  Reefs (Lo x Sg) x Di  Lo x Sg x Di  Residual 

  df  1  1  8  2  8  1  2  2  16  2  72 
Predatory fish  MS  40.05  0.46  5.27  209.97  5.27  11.59  5.11  22.14  3.14  0.26  1.53 

F  7.87  0.08  3.43  66.80  3.43  2.19  1.62  7.04  2.04  0.08   

  P  0.0246  0.7784  0.0042  0.0002  0.0042  0.1818  0.2322  0.0054  0.0224  0.9256   
Coris auricularis  MS  1800.75  80.08  218.90  2247.34  218.90  15.56  1716.19  40.52  166.75  3.78  24.36 

F  8.22  0.36  8.98  13.47  8.98  0.07  10.29  0.24  6.84  0.02   

  P  0.0072  0.5490  0.0002  0.0006  0.0002  0.7614  0.0008  0.7976  0.0002  0.9758   
Halichoeres 
brownfieldi 

MS  31.14  1.81  7.16  8.36  7.16  4.48  21.45  1.84  4.93  2.00  6.59 
F  4.34  0.25  1.08  1.69  1.08  0.62  4.35  0.37  0.74  0.40   

  P  0.0734  0.6316  0.3708  0.2124  0.3708  0.4196  0.0342  0.6928  0.7532  0.6678   
Notolabrus 
parilus 

MS  10.08  28.00  2.25  176.77  2.25  2.08  3.11  19.70  2.62  0.11  1.57 
F  4.46  12.39  1.43  67.46  1.43  0.92  1.18  7.51  1.66  0.04   

  P  0.0674  0.0112  0.1978  0.0002  0.1978  0.3610  0.3186  0.0038  0.0752  0.9658   
Pelsartia 
humeralis 

MS  0.19  0.33  0.14  0.30  0.14  0.05  0.35  0.28  0.31  0.42  0.30 
F  0.65  6.18  0.4  1.00  0.4  0.18  1.17  0.67  1.00  1.41   

  P  0.4424  0.2436  0.7147  0.4437  0.7147  0.6835  0.3545  0.5982  0.4668  0.2728   
Pseudolabrus 
biseralis 

MS  0.00  0.33  0.51  1.81  0.51  0.14  0.00  0.33  0.51  0.14  0.06 
F  0.00  0.64  8.00  3.50  8.00  0.28  0.00  0.64  8.00  0.28   

  P  1.00  0.4938  0.0002  0.0322  0.0002  0.6542  1.00  0.6156  0.0004  0.7862   
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Consumption of gastropods 

Predation intensity was greater in seagrasses at 0 m than at >300 m away from reefs for 
both species of gastropods (Figures. 6.3A and 6.3B; 'Distances', P < 0.01; Table 6.4), with 
an odds ratio of 7.6 (tethered gastropods were 7.6 times more likely to be consumed at 0 
m than at >300 m). Predation on C. lepidus (Figure. 6.3B) was higher than on P. bidentata 
(Figure. 6.3A) ('Species', P < 0.01; Table 6.4), with an odds-ratio of 4.5 (C. lepidus was 4.5 
times more likely to be consumed than P. bidentata). This was supported in the laboratory 
experiments, in which C. lepidus was 4.7 times more likely to be consumed than P. 
bidentata by rock lobsters, though variation in predation by individual lobsters was evident 
(Deviance = 33.17, P < 0.001).  

Recruitment of gastropods 

Abundance of recruits of P. bidentata in ASUs was higher in seagrasses at 0 m than at 
>300 m away from reefs (Figure. 6.4A; 'Distances', P < 0.01; Table 6.5), with ~90% of 
individuals in the size range 2-4 mm (Figure. 6.4A-inserted). In contrast, the abundance of 
recruits of C. lepidus (all individuals were 2-4 mm, Fig. 4B-inserted) did not show 
consistent differences with distance from reefs (Figure. 6.4B; 'Distances', P > 0.1; Table 5), 
but showed inconsistent patterns from reef to reef ('Reefs (Sg) x Di', P < 0.01; Table 5; 
pairwise comparisons indicated greater abundances far away from reefs at only one reef).   
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Figure 6.3: Relative intensity of predation (proportion of gastropods eaten during 5 days, n 
= 20) on P. bidentata and C. lepidus in seagrass meadows at different distances from 
adjacent reefs 

Table 6.4:  Results of logistic regression testing for differences in survival of tethered 
gastropods. All lower-level interactions were highly non-significant (P > 0.8) 

Source of variation df Deviance P 
Species = Sp (= P. bidentata vs. C. lepidus) 1 6.34 0.012 
Seagrass = Sg 1 0.08 0.782 
Sp × Sg 1 0.28 0.599 
Location = Lo 1 1.94 0.163 
Sp × Lo 1 0.004 0.950 
Sg × Lo 1 2.60 0.107 
Sp × Sg × Lo 1 0.25 0.619 
Reef (Sg × Lo) 4 6.29 0.178 
Sp × Reef (Sg × Lo) 4 7.08 0.132 
Distance = Di 1 11.65 0.0006 
Sp × Di 1 0.71 0.400 
Sg × Di 1 4.47 0.034 
Lo × Di 1 0.006 0.938 
Residual 128 56.86 1.000 
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Figure 6.4: Abundances (mean + SE, n = 10) of recruits of P. bidentata and C. lepidus in 
Artificial Seaweed Units placed in seagrass meadows at different distances from adjacent reefs 
dominated by either Amphibolisor Posidonia. Inserted: size-class distributions (total body whorl). 
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Table 6.5: Results of ANOVA testing the effects of 'Seagrass', 'Reefs', and 'Distances' on the 
abundance of recruits of gastropods in Artificial Seaweed Units. Data were Ln(x+1) transformed 

    Sg = Seagrass  Reefs (Sg)  Di = Distances  Sg x Di  Reefs (Sg) x Di  Residual 

df    1  2  1  1  2  32 
P. bidentata  MS  0.72  0.03  5.01  0.79  0.038  0.18 

  F  18.94  0.21  130.26  20.57  0.21   

  P  0.0624  0.8104  0.0076  0.0453  0.8104  0.0278 

C. lepidus  MS  5.82  0.69  0.20  0.45  1.39  0.16 

  F  8.44  4.21  0.15  0.33  8.50   

  P  0.1009  0.0238  0.7357  0.6243  0.0011  0.1009 

 
 

Discussion 

This study demonstrates that cross-edge exchanges of organisms where seagrasses and 
reefs are juxtaposed can strongly influence the patterns of abundance of seagrass fauna. 
We documented a shift in the intensity, and thus in the tension, between positive 
(recruitment) and negative (predation) effects on species’ abundances from reef-seagrass 
edges to seagrass interiors. The balance was different on the identities of the gastropod 
species, and culminated in contrasting species’ distributions with varying proximity to 
habitat edges (Figure. 6.5). 
 
Predatory fish were considerably more abundant on reefs than in seagrass meadows away 
from reefs, reflecting the global generality of this pattern for carnivorous fishes where reefs 
and seagrasses are adjacent (Dorenbosch et al. 2005, Vanderklift et al. 2007, Valentine et 
al. 2008). In addition to fishes, the western rock lobster, Panulirus cygnus, moves from 
reefs to adjacent seagrass meadows during the night to forage (Edgar 1990a and 1990b), 
typically within ~50 m from the reef edge (MacArthur et al. 2008). This concentration of 
predator abundance near reefs matched the spatial patterns in predation intensity on both 
species of gastropods. The higher predation detected at Jurien Bay is also consistent with 
the higher abundances of predators (fishes and rock lobsters) at this location. 
 
Predation by reef-associated predators has been invoked as an explanation for gradients 
in abundance of fauna in soft bottoms adjacent to reefs (Langlois et al. 2005, Galvan et al. 
2008). In our study, higher predation in seagrass meadows immediately adjacent to reefs 
was also likely due to the greater densities of predators (fishes and rock lobsters) on and 
near reefs. These results demonstrate the importance of proximity to edges not only for 
predator abundances, but also as a key influence on the strength of predation (Rand et al. 
2006).  
 
 
The intensity of predation, however, and its effect on prey abundance, varied considerably 
between prey species. Selection of prey depends, among other factors, on prey 
morphology. The vulnerability of gastropods to shell-crushing predation by crustaceans 
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decreases with an increase in shell wall thickness (Robles et al. 1990). In our study, 
Cantharidus lepidus was more frequently consumed in the field and the laboratory 
experiments; in turn, C. lepidus is one of the main gastropod prey of western rock lobsters 
in the study area (Edgar 1990a and 1990b, MacArthur et al. 2006). In contrast, rock 
lobsters have great difficulty breaking through the thicker shell of P. bidentata (Edgar 
1990b; confirmed in our laboratory experiments). Indeed, adult P. bidentata have low rates 
of mortality, surviving for several years (Edgar 1990a and 1990b). At the moment, we 
cannot disentangle the effects of predation by rock lobsters and fishes. However, it is also 
likely that the vulnerability of C. lepidus to fish predation is greater relative to P. bidentata, 
since fish have similar difficulties with thick-shelled prey (Palmer 1979).  
 
Proximity to sources of recruits influences patterns in composition and abundance of biota 
(Witman and Dayton 2001). For example, proximity to reefs affects the epiphytes 
colonizing adjacent seagrass meadows (Van Elven et al. 2004). Artificial substrata are 
mainly colonised through recruitment of planktonic larvae or migration (e.g. drifting, 
crawling) of juveniles and adults from nearby habitats (Rule and Smith 2007). The 
prevailing mechanism depends on the larval ecology of each species. Most individuals of 
both P. bidentata and C. lepidus collected in the ASUs were uniformly small, and thus 
were probably new recruits from the same cohort. 

Figure 6.5:Conceptual diagram of patterns of abundance and intensity of processes of P. 
bidentata and C. lepidus across reef-seagrass landscapes. 
For P. bidentata, recruitment of individuals from abundant reef populations to adjacent 
seagrasses would explain the greater recruitment at seagrass edges relative to interiors 
(Figure. 6.5).This pattern suggests that P. bidentata populations in seagrasses are 
maintained by immigration from adjacent reefs. The larval ecology of P. bidentata is 
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unknown; however, larvae of Pyrenid gastropods are typically non-planktonic, developing 
within egg masses until they emerge as crawling juveniles (Amio 1955, Wilson 1993). 
Advective dispersal is thus perhaps minimal, and might be restricted to episodic events 
(such as storms). In contrast, abundance of recruits of C. lepidus, which was not abundant 
on reefs, varied little with proximity to reefs (Figure. 6.5). Most Australasian Trochid 
gastropods have a short planktonic larval stage (Wilson 1993), typically ~ 1 week (Edgar 
2000); dispersal of larvae of C. lepidus is thus probably greater than P. bidentata. 
 
Differences in the physiognomy of seagrasses can interact with different factors to alter 
ecological pattern and the magnitude of ecological processes (Hemminga and Duarte 
2000, Heck and Orth 2006). However, patterns and processes in seagrasses with 
proximity to reefs were, in general, consistent between Posidonia and Amphibolis seagrass 
meadows, highlighting the generality of our findings across two different seagrass habitats.  
The higher abundance of predatory fishes in seagrasses adjacent to reefs, regardless of 
the dominant seagrass species, is similar to the finding of previous studies using similar 
visual techniques in the study area (Wernberg et al. 2006, Vanderklift et al. 2007), although 
this outcome might differ if other techniques are implemented, since visual counts 
underestimate cryptic species (Hyndes et al. 2003). However, the spatial correspondence 
between abundance of predators and rates of predation on tethered prey suggests that 
cryptic predators are not important predators of gastropods. 
High predation of tethered gastropods occurred in seagrasses near reefs for both 
Posidonia and Amphibolis meadows, although the magnitude of predation was different. 
This outcome is similar to the consumption of crabs (Vanderklift et al. 2007) and detached 
kelp (Wernberg et al. 2006) in both seagrasses with varying proximity to reefs in the study 
area. These results suggest, therefore, a lack of interactive effects between proximity to 
reefs and the dominant species of seagrass as determinants of the intensity of these ‘top-
down’ processes. 
 
Reefs supplied new individuals of P. bidentata to adjacent seagrass meadows, 
compensating for losses due to predation, and facilitating this species to flourish in 
seagrasses adjacent to reefs (Figure. 6.5). In contrast, predation considerably reduced 
abundances of C. lepidus in seagrasses adjacent to reefs, and reefs were not a source of 
new individuals, so that this species was more abundant in seagrass meadow interiors 
(Figure. 6.5). Generalisations concerning the relative importance of different ecological 
processes, even within the same assemblage, are therefore strongly dependant on the 
identities of the species.   
 
In conclusion, proximity to habitat edges influenced abundance and distribution patterns of 
herbivorous fauna by changing the balance of forces influencing the mortality (predation) 
and the replenishment (recruitment) of these populations from edges to habitat interiors.  
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CHAPTER 7. Pathways for cross boundary subsidies to 
primary producers and consumers in a productive recipient 

ecosystem 

Glenn Hyndes, Paul Lavery, Chris Doropoulos 

Introduction 

Landscape-scale processes, through the movement of material and nutrients across 
boundaries, can play an integral role in foodweb and community structure and driving 
production in recipient systems (see Marczak et al, 2007). Such connectivity between 
ecosystems can occur through animal (Polis et al. 1997; Bouchard and Bjorndal, 2000, 
Baxter et al. 2004) or detrital (Bustamente et al. 1995, Wallace et al. 1999, McLeod and 
Wing 2007) vectors moving nutrients within and between terrestrial and marine 
environments. In their meta-analysis of trophic connectivity, (Marczak et al. 2007) 
concluded that the influence of allochthonous nutrients on recipient ecosystems is 
dependent on the recipient system’s characteristics, level of ambient food resources and 
the type of consumer, but acknowledged that their study was biased towards a restricted 
number of ecosystem boundaries. The majority of studies have focused on the transfer of 
resources from aquatic to terrestrial or terrestrial to aquatic ecosystems (e.g. Polis et al. 
1997, Wallace et al. 1999, Henschel et al. 2001, Kato et al. 2003, Orr et al. 2005), but 
understanding the mechanism and significance of cross-boundary resource transfers 
requires examples from ecosystem that exhibit different characteristics than those already 
reported. 
 
Detritus plays a central role in community organization, but has tended to be ignored in 
generalisations regarding food webs and trophodynamics (Moore et al. 2004), though see 
studies by Dugan et al. (2003) and Lastra et al. (2008). Food-web structure in aquatic 
systems can be altered by, and in some cases is reliant on, allochthonous detritus. 
Terrestrial-derived litter plays a critical role in driving secondary production in many 
streams (e.g. Wallace et al. 1999, Kohzu et al. 2004) and contributes to food webs in fjords 
(McLeod and Wing 2007), while marine-derived macropytes can drive production on 
beaches and islands (e.g. Polis and Hurd 1996, Ince et al. 2007) and in surf-zone and 
intertidal zones (e.g. Bustamente et al. 1995, Crawley and Hyndes 2007). However, these 
examples of spatial subsidies represent the movement of material into recipient systems 
that low in situ production, thereby limited generalities regarding the role of detrital 
movement in aquatice ecosystems.  
 
Macroalgae (particularly kelp) are a conspicuous component of shorelines throughout the 
world (e.g. Lenanton et al. 1982, Bustamente et al. 1995, Valiela and Rietsma 1995, Adin 
and Riera 2003, Piriz et al. 2003, Orr et al. 2005).  In addition to its abundance, other 
features make kelp potentially important to food webs in a range of ecosystems. First, 
grazing on kelp by mesograzers can be high (Bustamente et al. 1995, Crawley and 
Hyndes 2007). Second, decomposition rates can be high (Kirkman and Kendrick 1997), 
leading to the release of high levels of dissolved nutrients into the water column (Valiela et 
al. 1997) which are then potentially available to macrophytes and phytoplankton (Vonk et 
al. 2008). Imported brown algae, therefore, have the potential to enhance productivity in 
recipient systems via two pathways: by increasing food availability to consumers; and 
enhancing primary production through provision of dissolved bio-available nutrients to 
macrophytes.  While the former has been the focus of past research (Dugan et al. 2003, 
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Ince et al. 2007; Lastra et al. 2008), few studies have examined the potential of imported 
macrophytes to support primary procuction in recipient habaits, though this could be 
particularly important in oligotrophic environments.  
 
Donor material is considered to have no influence on recipient systems with high primary 
production and ambient resources (Marczak et al. 2007). Seagrass meadows provide an 
ideal model system to test this assumption. Seagrasses meadows are considered to rank 
amongst the most productive complex marine ecosystems (Mateo et al. 2006), yet 
paradoxically, they occur in oligotrophic waters (Romero et al. 2006). External sources of 
nutrients may therefore play an important role in sustaining seagrass ecosystems, and 
allochthonous material may be an important conduit since it can be transported into 
seagrass meadows in high quantities (Wernberg et al. 2006). We hypothesised that 
seagrass ecosystems will take up nutrients from allochthonous kelp.  Furthermore, we 
sought to detemine if those nutrients were taken up directly by consumers, and whether 
primary producers also benefited by assimilating nutrients from allocthanous kelp. To test 
the hypothesis, and clarify pathways of subsidy, we adopted a novel approach using 
additions of the isotopic tracer 15N (Mutchler et al. 2004) in laboratory and field 
experiments to determine whether kelp-nitrogen is taken up by seagrass and its epiphytes, 
and assimilated by mesograzers in seagrass systems that display no feeding preferences 
among algae.  

Materials and methods 

Study region and sample collection 

Patches of limestone reef, dominated by an overstory of the kelp Ecklonia radiata 
(C.Agardh) J.Agardh, occur along the coastline of the lower west coast of Australia. Kelp 
typically detaches from reefs in autumn and winter forming a major component of the 
wrack along the coastline and in seagrass meadows (Crawley et al. 2006, Wernberg et al. 
2006). Large meadows of the seagrass Posidonia sinuosa Cambridge et Kuo occur 
inshore from these reefs, providing high abundances and diversity of food resources for 
mesograzers (Jernakoff and Nielsen 1997, Trautman and Borowitzka 1999). Cantharidus 
lepidus Philippiis a common and abundant gastropod in south-west Australian seagrass 
meadows (Edgar 2000).  
 
A series of field and laboratory experiments examined the uptake of 15N from the kelp 
Ecklonia radiatain a Posidonia sinuosa seagrass system. Field experiments took place 
between February and April 2008 in alarge P. sinuosa meadow fringed by offshore reefs in 
Shoalwater Bay, south-western Australia (32º16”S, 115º41”E). Primary production and 
epiphytic biomass are high during this time of year (Paling and McComb 2000). Ecklonia 
radiata was collected from Boyinaboat Reef situated 60 km to the north of Shoalwater Bay 
(31º49.4S, 115º44.0 E) for both field and laboratory experiments, while P. sinuosa leaves 
and C. lepidus used in the laboratory experiments were collected from Shoalwater Bay.  
 
Macrophytes and gastropods were housed in seawater and transported to laboratory 
aquaria. All aquaria were aerated using air stones, housed in a laboratory at 19ºC room 
temperature, and illuminated with 36 W Sylvania daylight fluorescent lights providing ca 40 
µmol m-2 s-1 on a 12:12 day/night cycle prior to experimentation. All individuals of C. lepidus 
ranged from 9 to 15 mm in shell length. 

Enrichment procedure of kelp 

Kelp was enriched with 15N using 15NH4Cl2 (98%, Aldrich catalogue number 414-273-3850) 
using methods adapted from Boschker et al.(2000). We added 35 mg of 15NH4Cl2 
dissolved in milli-Q-water to 30 L of seawater. About 600 g of E. radiata thalli, including 
stipe,was cleaned, and placed in the in aquaria for 48 h at 19ºC and a light intensity of ca 
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40 µmol m-2 s-1 on a 12:12 day/night cycle. The  δ15N of enriched kelp was 1907 ± 221‰ (n 
= 5, ± SE) while unenriched kelp had values of 4.86 ± 0.29‰. Although the enrichment of 
15N was high, the mean %N was not altered (t-observed = -0.376; t-critical = 2.391; p > 
0.05) between the treatment (0.85 ± 0.09) and control (0.89 ± 0.06) kelp.  

Uptake of kelp-derived nitrogenby seagrass and algae 

Both laboratory and field experiments were used to test the uptake of nitrogen from E. 
radiata by seagrass and epiphytes. The laboratory experiment comprised Treatment 
(enriched kelp) and control (unenriched kelp) aquaria containing different Primary 
Producers, either: (1) clean seagrass shoots with no epiphytes or rhizomes, to test for the 
uptake of N by seagrass leaves; (2) clean seagrass shoots with no epiphytes but with the 
rhizomes, to test for uptake through leaves and possible translocation to rhizomes; and (3) 
seagrass shoots with periphyton but without rhizomes, to test for uptake by periphyton. 
Five replicates were established for each treatment. For the “clean seagrass” treatments 
and controls, seagrass shoots comprising minimal epiphytic growth were selected and then 
lightly scraped with a razor to remove any potential fouling, whereas seagrass shoots with 
relatively high levels of periphyton/epiphytic growth were selected for the other treatments 
and controls.  
 
Approximately 2.5 g (blotted wet weight) of seagrass with or without epiphytes were placed 
in 770 ml plastic containers in aerated seawater. About 2.5 g (blotted wet weight) of 
enriched kelp was added to each treatment aquarium and the same weight of unenriched 
kelp to each control aquarium. The experiment was maintained for 96 h at 19ºC using the 
luminance previously described, after which time the seagrass and epiphyte samples were 
removed, thoroughly rinsed in filtered seawater and analysed to determine their δ15N 
values, as described below. Where epiphytes were present on seagrass leaves, they were 
scraped and processed separately. 
 
Two-way ANOVA was used to test for differences in δ15N among Treatments and Primary 
Producers (both fixed-factors). Where a significant difference occurred, Tukey’s post-hoc 
test was used to distinguish between groups. Here, and in subsequent analyses, the data 
were Ln (x+1) transformed prior to analysis to meet requirements of homogeneity and 
normality according to the Levene’s and Kolmogorov-Smirnovtests. 
 
To test for the uptake of kelp-derived 15N in a field setting, labelled and unlabelled kelp was 
placed in a P. sinuosa seagrass meadow at Shoalwater Bay and the presence of 15N in 
surrounding seagrasses and epiphytic algae determined.  To test for any effect of time on 
the release of dissolved N from decaying kelp, the δ15N values of seagrass or algae 
adjacent to the treatments was measured after 2 and 4 weeks.  Either 300 g wet weight of 
enriched (treatment) and unenriched (control) kelp were placed in nylon mesh-net bags 
and ten replicate pegged randomly throughout the meadow, at least 5 m apart to avoid 
cross contamination of treatments and controls. After 2 and 4 weeks, five treatment and 
control replicates were retrieved.  At each time, approximately five seagrass leaves 
immediately adjacent to the mesh bags were collected. The leaves and associated 
epiphytes were placed in plastic bags, placed on ice and transported to the laboratory 
where they were frozen prior to analysis. The seagrass leaves were defrosted and the 
epiphytes scraped from the control and treatment shoots.  The leaf and epiphytes samples 
were dried (60°C) separately, ground to a fine powder in a ball mill. and analysed to 
determine their δ15N, as described below. 
 
A two-way ANOVA was conducted to test for differences in δ15N values of seagrass leaves 
and periphyton between Treatments and Times (both fixed factors).  For significant main 
effects, Tukey’s post-hoc test was used to determine which groups differed. As data 
remained heterogeneous after As Log10(x+1) transformation did not results in 
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homogeneous variance or normal distribution of data, transformed data were used and 
alpha was set at 0.01 (McGuinness 2002).  

 

 

Assimilation of nitrogenby gastropods 

Both laboratory and field experiments were used to determine whether nitrogen from E. 
radiata is assimilated by the mesograzing gastropod C. lepidus. Laboratory experiments  
tested whether kelp is consumed by C. lepidus in the presence or absence of alternative 
(autocthonous) food sources, three treatments levels were established: (1) enriched kelp 
and P. sinuosa with periphyton; (2) enriched kelp and P. sinuosa without periphyton; and 
(3) enriched kelp only. Controls contained gastropods and P. sinuosa with periphyton but 
no kelp.  
 
Prior to the experiments, gastropods collected from the field had  algal growth removed 
from their shells by scraping them with a razor blade, and were housed for five days in 4.7 
L aquaria that: contained a mixture of macrophytes; were maintained at 19ºC; were 
aerated using air stones; and were exposed to the same luminance as described earlier. 
Prior to the experiments, gastropods were fed for five days. Gastropods were then 
transferred to a series of aquaria (experimental units) in a flow-through system where they 
were starved for a period of 48 h. The flow-through aquaria system minimised the chances 
of 15N being taken up by the food sources (seagrass and algae) in the treatments.  
 
Each experimental unit contained about 3 g (blotted wet weight) of each macrophyte and 
five C. lepidus individuals, with 5 replicates established for each treatment. Posidonia 
sinuosa leaves without periphyton were selected from shoots which contained minimal 
periphyton/epiphytes, and were then lightly scraped with a razor to remove any potential 
fouling. The experiment was maintained for 96 h under natural, but filtered, light conditions, 
and at ambient sea temperature (18-20°C) for the time of the year.  On termination, 
samples of gastropods, and the macrophytes on which they were fed, were processed for 
stable istope analyses. Where periphyton was present on seagrass leaves, it was scraped 
using a razer blade. Samples of seagrass and/or periphyton, and samples of kelp from the 
kelp-only treatment, were then thoroughly rinsed in clean seawater and processed for 
stable isotope analyses as described below. Foot muscle tissue was removed from the 
gastropods and processed stable isotope analyses.  
 
A one-way ANOVA was used to test for differences in δ15N among control and treatments. 
Where there was a significant difference among control and treatments, a Tukey’s post-
hoc test was used to distinguish between the different groups. 
 
To test for the uptake of kelp-derived 15N in a field setting, labelled and unlabelled kelp was 
placed in a P. sinuosa seagrass meadow at Shoalwater Bay and the δ15N values of C. 
lepdus from the adjacent meadow determined over time.  Treatments consisted of 300 g 
(blotted wet weight) of enriched kelp tethered to steel pegs and placed randomly into P. 
sinuosa seagrass meadows at Shoalwater Bay. Controls were set up as for treatments, but 
used unlabelled kelp. Ten replicate treatment and control thalli were placed out at Time 0. 
Samples of C. lepidus (5individuals in each) were collected from the meadow at Time 0, 
Time 1 (after 1 week) and Time 2 (after 2 weeks) to determine δ15N values.  The Time 0 
samples were collected from five randomly-selected locations that were at least five meters 
from any treatment, to avoid isotope contamination.  At Time 1 and 2, gastropods were 
collected from an area within 0.5 m of the tethered kelp for each replicate location At Time 
1, kelp was replaced with fresh kelp (either labelled or unlabelled) to ensure a continued 
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supply of label in treatments. Gastropod samples were processed for stable isotope 
analyses as described above. 
 
A one-way ANOVA was used to test for differences δ15N of gastropods among times. Time 
was considered a fixed factor, since the timing og sampling was set at a specified 
frequency. Tukey’s post-hoc test was used to distinguish between the different time 
periods. 

Isotope analyses 

For stable istope analyses, all seagrass, algae and gastropd foot tissue samples were 
dried for 48 h at 60ºC, ground to a fine powder, and placed in a desiccator to repel any 
moisture. Due to the small size of the gastropods 5 individuals were pooled per sample. 
The dried and weighed samples of gastropod (2 mg) and plant material (5 mg) were 
combusted by elemental analyser (ANCA-GSL, Europa, Crewe, United Kingdom) to N2 at 
Edith Cowan University, Australia which was purified by gas chromatography and the 
nitrogen elemental composition and isotope ratios determined by continuous flow isotope 
ratio mass spectrometry (20-20 IRMS, Europa, Crewe, United Kingdom).  Reference 
materials of known elemental composition and isotopic ratios were interspaced with the 
samples for calibration, with all standards previously calibrated against International 
Atomic Energy Agency (IAEA) or National Institute of Standards and Technology (NIIST) 
reference materials with a precision of < 0.1‰ (1 Standard Deviation for 10 samples). 
Values expressed the relative per mil (%) difference between the sample and the standard 
of fish flesh for gastropods and bladderwrack for plant material.  

Kelp leachate characterisation 

The nitrogen composition of the E. radiata leachate was characterised for fresh kelps and 
for kelp that had ‘aged’ for 2 weeks. ‘Aged’ kelp sporophytes were removed at the stipe 
from a reef, placed in mesh bags and placed back next to the reef to age for 2 weeks. This 
period was considered representative of the time that kelp can typically persist in detached 
form within seagrass meadows (personal observation). Fresh kelp sporophytes were also 
collected when the aged kelp was retrieved. In the laboratory, ~300 g of clean kelp 
(weighed and recorded) for each of the five replicate fresh and aged samples were placed 
in separate aquaria containing 6 L of aerated, filtered (20 µm) seawater. The aquaria were 
placed in the laboratory in ambient light and temperature conditions. After 24 hours, 
approximately 1 L of leachate was sampled from each replicate. An unfiltered sub-sample 
was analysed for total nitrogen (TN). Filtered (0.45 µm GMF) samples were analysed for 
dissolved organic nitrogen (DON), NO2+3-N and NH4-Nand using standard methods 4500-
NO3-F (cadmium-reduction), 4500-NH3-H (phenate),as per APHA (1992) on a scalar 
autoanalyser. 
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Results 

Uptake of nitrogen by seagrass and algae 

In the laboratory experiment, seagrass and epiphytes which were incubated with 15N-
enriched kelp had higher δ15N values than the comparable material in the controls 
(Figure7.1), which resulted in a significant Treatment effect (Table 7.1). Among the 
treatments, δ15N values were higher in epiphytes than seagrass either with or without 
rhizomes (Figure.7.1), resulting in a plant type effect (Table 7.1). There was no difference 
in the δ15N values of seagrass or epiphytes in the controls. 
In the field experiment, δ15N values of seagrass and epiphytes were higher in areas where 
enriched kelp had been placed in the seagrass meadows than in the controls (Figure7.2).  
This was observed at both two and four weeks after initiation of the experiment (Figure 
7.2). Two-way ANOVA confirmed a significant treatment effect in the δ15N values in both 
seagrass and epiphyte (Table 7.2). However, δ15N of epiphytes was higher than that of 
seagrass when located next to 15N-enriched kelp, causing a plant treatment effect and an 
interaction between plant type and treatment (Table 7.2).  

Assimilation of nitrogen by a mesograzer 

In the laboratory trials, δ15N valuesof the gastropod C. lepidus differed depending on the 
food sources they were provided (ANOVA: df=3, MS=23.49, p=0.008), with highest values 
in animals provided with enriched kelp or seagrass leaves + enriched kelp. and were 
lowest in those provided with seagrass alone (Figure. 7.3).  In the field experiment, δ15N 
values of gastropods collected from meadow surrounding 15N-enriched increased over time 
(Figure7.4; ANOVA: df=2, MS=3.77, p=0.042).  After 1 week, the δ15N values were not 
significantly different to time 0, though the variability was very large. However, the increase 
had become significant after 2 weeks.  

Leachate concentrations from aged Ecklonia 

Fresh kelp leached predominantly DON (1278 µg N. 100g kelp-1. d-1) as well as NH4-N 
(189 µg N. 100g kelp-1. day-1), but no NOx-N (Table 7.3). While the rate of DON leaching 
almost halved in kelp aged for 2 weeks, the rate of NH4 leaching remained the same as 
that for fresh kelp. 
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Table 7.1. ANOVA results testing for differences in the δ15N values of different primary 
producers (Plant type: Posidonia sinuosa leaves , P. sinuosa leaves with rhizomes still 
attached, and seagrass periphyton) in different Treatments (with un-enriched or 15N-
enriched Ecklonia radiata)  in aquaria experiments. Data were Ln transformed prior to 
analysis to meet requirements of homogeneity using the Levene’s test. 

Source df MS P value 

Treatment 
(T) 

1 69.9 <0.001 

Plant type 
(P) 

2 3.34 <0.001 

T x P 2 0.52 0.058 

Error 24 0.16  

 
 
 

 

Figure 7.1. Mean (± SE) δ15N values of different plant types when incubated in the 
laboratory with unenriched (control) and enriched (treatment) kelp. SG = Posidonia sinuosa 
leaves only, SG+R = P. sinuosa leaves with rhizomes and E = epiphytes on seagrass 
leaves. Shared letters indicate no significant difference. 
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Table 7.2. ANOVA results testing for differences in the δ15N values of different primary 
producers (Plant type: Posidonia sinuosa leaves and seagrass periphyton) in different 
Treatments (with un-enriched or 15N-enriched Ecklonia radiata) in aquaria at different times 
(1 week and 2 weeks) in the field. Data were Ln transformed prior to analysis, but did not 
meet requirements of homogeneity using the Levene’s test (F = 2.412; Sig. = 0.042). 

Source df MS P value 

Treatment 
(Tr) 

1 6.09 <0.001 

Plant type 
(P) 

1 0.35 0.004 

Time (Ti) 1 0.09 0.126 

Tr x P 1 0.35 0.003 

Tr x Ti 1 0.00 0.849 

P x Ti 1 0.09 0.120 

Tr x P x Ti 1 0.03 0.393 

Error 32 0.04  

 
Figure 7.2. Mean (± SE) δ15N values of Posidonia sinuosa leaves (SG) and epiphytes (E) 
after two weeks in seagrass plots that containing unenriched (control) or 15N-enriched kelp. 
Shared letters indicate no significant difference. 
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Table 7.3. Mean (± SE) rates of leaching of NOx, NH4 and DON (µg N. 100g kelp-1. day-1) 
from the kelp Ecklonia radiata.  

Nutrient Fresh kelp Aged kelp (2weeks) 

NOX 0.0±0.0 0.0±0.0 

NH4 188.9±7.3 188.5±3.9 

DON 1278.5±70.9 699.4±140.3 

 
 
 

 

Figure 7.3. Mean (± SE) δ15N values of the gastropod Cantharidus lepidus after 96 h in 
aquaria with different food sources: Posidonia sinuosa leaves with epiphytes (SG); 
enriched kelp and P. sinuosa with epiphytes (K+SG+E), enriched kelp and P. sinuosa with 
no epiphytes (K+SG), and enriched kelp only (K+). Shared letters indicate no significant 
difference. 
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Figure 7.4. Mean (± SE, n = 5) δ15N values of the gastropod Cantharidus lepidus collected 
from locations in a seagrass meadow that contained enriched kelp at time 0 and after one 
and two weeks. Shared letters indicate no significant difference. 

Discussion 

Despite the high level of in situ resource availability in seagrass meadows (Borowitzka et 
al. 2006, Romero et al. 2006), our study provides clear evidence that nutrients from 
allochthonous material can be incorporated into the seagrass and its associated flora and 
fauna, thereby entering seagrass food webs. By enriching 15N in Ecklonia radiata, we were 
able to detect the uptake of kelp-derived nitrogen by seagrass and its epiphytes, and the 
assimilation of this nutrient by mesograzing Cantharidus lepidus, an abundant and 
common gastropod in seagrass meadows in the region (Edgar 2000). This result counters 
the conclusion by Marczak et al. (2007) from their meta-analyse that ambient resources in 
a productive recipient ecosystem will have a negative influence on the effect of material 
subsidising productivity in that system. Like many other marine ecosystems, seagrass 
meadows are relativey open to water movement and input of material from other systems, 
and despite seagrass systems being amongst the most productive marine ecosystems in 
the world, allochthonous material could be an important source of nutrients for those 
systems. Our results clearly add to the broad discussion regarding food web interactions at 
the landscape scale and the connectivity among ecosystem through subsidising resources.  
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Subsidy pathway to primary producers 

This study has provided clear evidence of uptake of nitrogen from kelp by seagrass and its 
epiphytes within days of the addition of this allochthonous material. DON in particular was 
rapidly leached from freshly detached kelp at rates of approximately 1 mg N. 100 g wet 
weight kelp-1.day-1, while DIN was released at far lower levels. Furthermore, DON 
particularly was still leaching from kelp that had been removed from the reef for two weeks, 
and leaching presumably would have continued to leach as kelp continued to decompose. 
While the release of nutrients from senescing macroalage is recognised (Valiela et al. 
1997), surprisingly little work has been carried out on the amounts and types of nutrients 
being released from wrack, yet the deposition of kelp on beaches in the region has been 
estimated at 1200-8000 t d wt-1.km-1.yr-1(see Kirkman and Kendrick 1997). Since a large 
proportion of this material would pass through seagrass meadows in transit to the shore, 
significant amounts of nutrients released into seagrass meadows. Indeed, Wernberg et al. 
(2006) recorded up to 300g wet weight kelp. m-2 in seagrass meadows in the region. At the 
rates of leaching demonstrated in our study, those densities of kelp would provide up to 45 
mg N .m-2d-1 which could make a significant contribution to the seagrass ecosystem and 
enhance primary production and accounts for as much as 10-18% of the annual nitrogen 
incorporation into P. sinuosa/P. australis (9-17 g m-2; Cambridge and Hocking 1997).  
 
For seagrasses, DIN has typically been considered the primary nitrogen source for uptake, 
and a small amount of the nitrogen in the kelp leachate was present as NH4, which was 
either leached directly or formed through reminseralisation of DON.  However, the majority 
of the nitrogen was in the form of DON and recent studies indicate that small molecular 
DON in the form of amino acids and urea may be taken up by seagrasses through their 
leaves and roots (Bird et al. 1998, Vonk et al. 2008) and by algae (Phillips and Hurd 2004, 
Vonk et al. 2008). It is, therefore, plausible that the DON released from kelp increases the 
bioavailable N pool in the water column for seagrasses and their epiphytes. The far higher 
δ15N in epiphytes compared to seagrass leaves presumably reflects a greater uptake rate 
of urea and amino acids by algae (Vonk et al. 2008). Larger DON components, such as 
humic and fulvic acids, were also present in the kelp leachate (unpubl. data), and 
interestingly, the former has been shown to increase uptake of nutrients in some terrestrial 
plants (Nikbakht et al. 2008).  The ability of both seagrass and algae to directly uptake 
DON from kelp, may be important given the relatively large release of this form of N and 
the transient nature of drift kelp within meadows.  
 
Regardless of the form of nitrogen taken up by seagrass and epiphytes, our study has 
shown a clear pathway for cross-boundary movement of material to subsidise primary 
productivity in seagrass meadows. This pathway may be particularly important for benthic 
primary producers in oligotrophic waters, where nutrient availability in the water column is 
low, and the influx of kelp would provide an additional source of nutrients. This is the first 
evidence to our knowledge that shows a pathway for detrital material to potentially 
influence primary production in an aquatic ecosystem, and is perhaps analogous to the 
seabird to island plant-community pathway shown in several studies (Polis et al. 1997).  
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Subsidy pathway to meso-grazer consumers  

Our study has also shown that a dominant mesograzer in seagrass meadows of the 
region, C. lepidus, assimilated nitrogen from kelp, even though it exhibits no preference for  
or kelp or the typically abundant epiphytic algae (Chapter 5). The high δ15N values of C. 
lepidus in both the laboratory and field experiments indicated that nutrients are obtained 
from kelp, even at a time of year when in situ production of alternate food resources are 
high (Paling and McComb 2000), either directly, through grazing on kelp, or indirectly, 
through grazing on epiphytic algae that have assimilated nitrogen from drifting kelp. 
Gastropods were observed on kelp throughout the field experiment, but the reduced 
variability in δ15N values after two weeks indicates that broader incorpoation into the food 
web via grazing may require kelp to remain in the meadow for periods ≥ 2 weeks. Based 
on consumption rates (Chapter 5) and densities (Chapter 6) of C. lepidus, up to 16 mg 
kelp. m-2. day-1 could be consumed by this mesograzer alone. Amphipods have been 
shown to exhibit preferences for brown algae in the study region (Crawley and Hyndes 
2007) and elsewhere (Duffy and Hay 2000, Pennings et al. 2000), and rapidly colonise 
additional food resources like kelp. These mesograzers may, therefore, also contribute to 
the uptake of nitrogen from kelp in seagrass meadows. The presence of high in situ food 
resources in seagrass meadows (Borowitzka et al. 2006) suggests that, unlike shoreline 
systems (Bustamente et al. 1995, Crawley and Hyndes 2007), mesograzer populations are 
unlikely to depend on allochthonous resources. However, the input of alternative food 
sources, such as reef-derived kelp, is likely to enhance their population sizes. This 
pathway for cross-boundary subsidies is likely to be particularly important when in situ 
resources have declined. 
 
Our study has shown two clear pathways in which the movement of allochthonous 
resourcesacross ecosystem boundaries is likely to influence productivity in a highly 
productive macrophyte system: (1) uptake of nutrients directly by seagrass and associated 
epiphytes; and (2) direct grazing by abundance mesograzers. This contrasts to the vast 
majority of studies to date, which have focused on cross-boundary movement of donor 
material to ecosystems exhibiting little or no in situ primary production, such as  forests to 
rivers (Wallace et al. 1999), forests to fjiords (McLeod and Wing 2007), and ocean to arid 
island (Polis et al. 1997). The importance of allochthonous kelp as a subsidy has been 
shown for intertidal (Bustamente et al. 1995) and surf (Crawley et al. 2009) zones and has 
been shown to be utilised by reef-dwelling urchins despite the availability of in situ kelp 
(Vanderklift and Wernberg 2008). The large quantities of detached brown algae, 
particularly kelp, along coasts worldwide (e.g. Lenanton et al. 1982, Bustamente et al. 
1995, Valiela and Rietsma 1995, Adin and Riera 2003, Piriz et al. 2003, Orr et al. 2005) 
suggests that this allochthonous resource could contribute to the food webs in a range of 
ecosystems. This potentially important role of kelp in coastal connectivity emphasises the 
significance of maintaining healthy reef communities and the potentially widespread 
impacts of changes in kelp distibution, such as the contraction of distribution predicted by 
(Poloczanska et al. 2007) as a consequence of climate change. 
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CHAPTER 8. Selective uptake of prokaryotic picoplankton 
by a marine sponge (Callyspongia sp.) within an 

oligotrophic coastal system 

Christine Hanson, James McLaughlin, Glenn Hyndes, Joanna Strezlecki 

Introduction 

Marine sponges are major conduits in benthic-pelagic coupling, providing a trophic link 
between the benthos and the overlying water column through their active suspension 
feeding (Gili and Coma 1998).  Their high abundances on hard substrata in many parts of 
the world (e.g. Diaz and Rutzler 2001, McClintock et al. 2005), and their high filtration rates 
and retention efficiencies of particulate organic material, make them integral to both energy 
transfer and nutrient cycling within coastal ecosystems (see review of Bell 2008).  
Picoplankton (heterotrophic and autotrophic cells 0.2 – 2 µm in size) form the primary 
conduit for these processes, due to their dominance in sponge diets (Pile et al. 1997, 
Coma et al. 2001, Ribes et al. 2005).  However, the high diversity of sponge species and 
morphology, coupled with the wide range of environments that they occupy (e.g. Janussen 
and Tendal 2007, Wulff 2008), is likely to lead to differences in their uptake of 
picoplanktonic cell types.  Recently, the ability of sponges to selectively retain some 
particles over others has become better recognised, with variation found both among 
(Yahel et al. 2006), and within (Ribes et al. 1999a, Yahel et al. 2006, De Caralt et al. 2008) 
sponge species over an annual cycle.  This highlights the level of influence sponges may 
have over planktonic communities, although there is a general paucity of studies on 
grazing selectivity by sponges, particularly under natural, in situ conditions. 
The coastal waters of southwestern Australia exhibit high benthic biodiversity, including 
sponge communities that are amongst the most abundant and diverse in the world 
(Fromont et al. 2006, McQuillan 2007).  This high diversity is likely, in part, to reflect the 
unique oceanographic conditions in the region, which is dominated by the poleward-flowing 
Leeuwin Current, a low nutrient (oligotrophic) flow (Hanson et al. 2005) that transports 
warm, subtropical waters southwards along the coast (Woo and Pattiaratchi 2008).  The 
pelagic phytoplankton communities in the region are dominated by small (< 5 µm) cells 
(Koslow et al. 2008), a situation that is more similar to the oligotrophic conditions typical of 
open ocean or tropical regions (e.g. Claustre and Marty 1995, Maranon et al. 2001) than 
temperate coastal systems (e.g. Cloern 1996, Hobson and McQuoid 1997).  The high 
abundance of picoplankton in coastal waters of southwestern Australia has implications not 
only for pelagic trophic dynamics, including an increased importance of the microbial-
based food web (Hanson et al. 2007, Paterson et al. 2008), but also for the abundant 
benthic suspension feeding community.   
 
Here, we examine filtration rates of, and selectivity for, prokaryotic picoplankton by the 
demosponge Callyspongia sp.  This study employs a recently developed non-intrusive, in 
situ technique (InEx, Yahel et al. 2005) to directly estimate dietary composition, filtration 
rates and removal efficiencies under natural conditions, with contamination artifacts 
minimised via passive collection of exhalant water.  This methodology is a notable 
improvement on the commonly-used syringe method (e.g. Reiswig 1974, Pile et al. 1996, 
Trussell et al. 2006), which uses active suction for sampling and risks contaminating the 
exhalant sample with both ambient water and/or microbial cells naturally found within 
sponge tissue (Hentschel et al. 2006).  Outside the work of Yahel et al. (2005, 2006, 2007), 
this is the first study to use the InEx technique, and also provides the first estimates of in 
situ filtration rates and carbon flux for a member of the diverse sponge fauna of 
southwestern Australia. 
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Material and methods 

Study site and field sampling 

This study was conducted within the nearshore waters (maximum depth = 6.5 m) of Jurien 
Bay Marine Park, on the lower west coast of Australia, at a site known as Booka Valley 
(30°20.723’ S, 115°2.250’ E).  Single-day sampling was conducted over five occasions: 
March (autumn) and June (winter) 2007, and January (summer), May (autumn) and August 
(winter) 2008.  Five individuals of Callyspongia sp. (Demospongiae, Haplosclerida, 
Callyspongiidae) were randomly selected during each sampling time, with voucher 
specimens deposited in the collections of the Western Australian Museum (registration 
numbers WAM Z21458, Z21459).  Although the species has not been described to date, it 
represents a genus that is abundant in the region (Fromont et al. 2006) and worldwide 
(Desqueyroux-Faúndez and Valentine 2002).  
 
Measurements of filtration rates and water pumping were conducted following the InEx 
method of Yahel et al. (2005).  Water samplers were constructed from shortened 
polystyrene Sterilin pipettes with the upper half of a microcentrifuge tube attached at both 
ends for the exhalant (Ex) samplers, and at one end for the inhalant (In) samplers with a 
syringe attached to the other end.  Paired InEx water samples were collected 
simultaneously, and in duplicate, by two scuba divers following the techniques 
recommended by Yahel et al. (2005).  Samples were kept cold and dark until brought to 
shore, and then placed into sterile 1.8 mL cryovials and preserved with freshly prepared 
paraformaldehyde (1% final concentration), before being quick-frozen in liquid nitrogen and 
then transferred to a -80°C freezer for storage. 
 
The number and diameter of all oscula per sponge replicate were recorded, and excurrent 
flow velocity measurements were conducted in duplicate on one osculum per sponge using 
frame-by-frame video analysis of the speed of a slug of fluorescein-dyed seawater (100 mg 
L-1) through a transparent, cylindrical tube with distance markings that was carefully 
positioned within the sponge’s excurrent jet.  A set of different diameter tubes were used, 
with the internal diameter of the tube chosen for each flow measurement to closely match 
the diameter of the sponge osculum (Yahel et al. 2005).   

Flow cytometry and data analyses 

Prokaryotic picoplankton (heterotrophic bacteria and Synechococcus cyanobacteria) were 
identified and enumerated in InEx water samples by flow cytometry.  Prior to analysis, 
samples were stained with SYBR Green I (Molecular Probes) following the methods of 
Marie et al. (1997), and 0.75 µm yellow-green fluorescent beads (Polysciences Inc.) were 
added as an internal reference.  Flow cytometry was conducted with a Becton Dickson 
FACSCalibur instrument with 488 nm argon laser, with acquisition of forward-angle light 
scatter (FALS), right-angle light scatter (RALS), green (DNA stained with SYBR I) 
fluorescence, red (chlorophyll) fluorescence and orange (phycoerythrin) fluorescence.  
Data for individual samples were collected in list-mode files, analysed using CYTOWIN 
software (Vaulot 1989) and cytograms drawn using WinMDI 2.8 software (J. Trotter, 
http://facs.scripps.edu).   
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Populations of heterotrophic bacteria were identified using green fluorescence and RALS, 
while the autotrophic Synechococcus was differentiated with orange and red fluorescence 
(Marie et al. 1997, Jacquet et al. 1998, Gasol et al. 1999, Seymour et al. 2005).  
Biovolumes of heterotrophic bacteria were estimated using the relationship between mean 
relative RALS (i.e., average RALScells /RALSbeads) and biovolume identified by Servais et al. 
(2003), where biovolume (µm3) = 0.717 (relative RALS) + 0.014.  Carbon (C) content per 
cell (fg C cell-1) was then calculated as 92(V0.598), where V = biovolume in µm3(Simon and 
Azam 1989).  In the absence of a similar biovolume:RALS relationship for Synechococcus, 
a cellular carbon conversion of 178 fg C cell-1 was used (Charpy and Blanchot 1998, 
Heldal et al. 2003).  However, note that the data are presented in such a way that carbon 
fluxes can be re-calculated should more accurate carbon equivalents become available for 
the region. 
 
Filtration efficiency (%) was calculated as ((In - Ex) / In) 100, where In and Ex are the 
concentrations of cells in the water inhaled and exhaled, respectively.  Evaluation of 
preferential selection followed the example of Yahel et al. (2006), using Chesson’s 
selectivity index (αi) as the maximum likelihood estimator (Case 1 in Chesson 1983): 
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iα  was used for statistical purposes. 
The instantaneous water flux (mL s-1) per excurrent aperture was calculated as the product 
of the mean dye-front speed (cm s-1) and the mean excurrent aperture cross-sectional area 
(cm2).  This water flux was combined with the difference in picoplankton cell concentrations 
(cells mL-1) between InEx samples to yield instantaneous filtration rate estimates (cells s-1; 
Yahel et al. 2005).  Carbon flux rates (mg C d-1) were then estimated using the C per cell 
conversion rates indicated above for the different picoplankton types, and with the 
assumption of uniform clearance rates over a 24 h period.  As Callyspongia sp. is a multi-
oscular animal, fluxes were scaled up to whole animal estimates by multiplying by the 
number of excurrent oscula per animal, and assuming that all oscula were actively 
pumping at similar rates (Savarese et al. 1997).  The total carbon removal rate (sum of all 
picoplankton cell types) was calculated per unit area based on survey data for 
Callyspongia sp. at the study site (0.067 animals m-2; Fromont et al. 2006).  All summary 
data for these variables are reported as mean ± 1 s.d. unless otherwise stated. 

 
To investigate temporal variability in ambient cell concentrations, water flux and total 
carbon removal rates, distance-based permutational analysis of variance (PERMANOVA; 
Anderson 2001) was conducted using the recently released software package 
PERMANOVA+ for PRIMER (Anderson et al. 2008), which allows partitioning of variability 
according to the full experimental design (including factors that are fixed or random, and all 
interaction terms).  All analyses were undertaken using Euclidean distance; note that in the 
univariate case (used here), this yields Fisher’s F statistic (Fisher 1924) although without 
the assumption of normality.  PERMANOVA is, however, sensitive to differences in 
dispersions (sensu homogeneity of variances) and thus a test of homogeneity of 
dispersions was conducted for each analysis (PERMDISP; equivalent to Levene’s test if 
used in the univariate case and with Euclidian distance; Anderson et al. 2008).  In the case 
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of a significant (p < 0.05) PERMDISP result, the dispersions were homogenized using 
standard transformations (square root or fourth root).  Each term in the analysis was tested 
using >9900 permutations of the correct relevant permutable units, with significant terms 
investigated using a posteriori pair-wise comparisons with the PERMANOVA t statistic 
(Anderson et al. 2008).   
 
As the InEx sampling design is based on a ‘pairwise comparison’, a ‘within subject’ 
statistical design (i.e. paired t-test, repeated measures ANOVA) is the appropriate 
framework to test the null hypothesis of unselective filtration (Yahel et al. 2005, Yahel et al. 
2006).  For these cases, a two factor repeated measures (RM) ANOVA design was used 
within PERMANOVA, with picoplankton cell type as the within-subject, repeated measure 
factor and time as the between-subject, fixed factor.  While the assumption of sphericity is 
not a requirement for PERMANOVA to generate a correct distribution of each F statistic 
under a true null hypothesis (due to the use of permutation procedures; Anderson et al. 
2008), we tested this condition using Mauchley’s Test (SPSS v. 15.0) and in the case of a 
significant result (p < 0.05) applied a fourth root transformation to the data.  Note that with 
all RM ANOVAs, data from winter 2008 were excluded from analysis as no Synechococcus 
cells were present in the ambient water. 

Results 

Prokaryotic picoplankton populations 

Flow cytometric analysis allowed quantification of two populations of heterotrophic 
bacteria, based on their distinct levels of green (DNA) fluorescence (Marie et al. 1997, 
Figure 8.1a).  The high DNA (HDNA) group exhibited an approximately 2.8-fold difference 
in DNA content compared to the low DNA (LDNA) group, and in accordance with previous 
studies (e.g. (Gasol et al. 1999, Lebaron et al. 2001, Servais et al. 2003, Seymour et al. 
2005), these populations are considered as active (growing) cells and inactive (dead, or 
very weakly active) cells, respectively.  A population of autotrophic Synechococcus 
cyanobacteria was most clearly differentiated on the basis of orange and red fluorescence 
(Jacquet et al. 1998, Seymour et al. 2005, Figure8.1b).   
 
Ambient concentrations of picoplankton cells in the study area (as determined from In 
samples) ranged from 0.58 to 1.36 × 105 cells mL-1 for LDNA bacteria, 0.66 to 1.70 × 105 
cells mL-1 for HDNA bacteria, and 0 to 2.91 × 104 cells mL-1 for Synechococcus 
(Figure8.2a), and varied with time (F4,60 = 44.46, p < 0.001) and cell type (F2,60 = 49.40, p < 
0.01), with a significant interaction between relative cell concentrations and time (ANOVA, 
F8,60 = 11.14, p < 0.001).  Concentrations of Synechoccous were always significantly lower 
than those for bacteria (pair-wise comparisons, p < 0.01), and differed over time (p < 0.05) 
with mean Synechococcus abundance lowest in the winters of both 2007 and 2008, and 
highest in summer 2008 (Figure. 2a).  Concentrations of both subgroups of heterotrophic 
bacteria were also highest during summer, with HDNA significantly more abundant than 
LDNA (pair-wise comparisons, p < 0.05; Figure8.2a).  In autumn 2008, LDNA bacterial 
cells were more abundant than HDNA (p < 0.05), whilst there was no difference in the 
relative proportions of these two subgroups (all p > 0.18) during all other times.  Mean 
carbon content of HDNA bacterial cells, which ranged from 11.96 ± 0.17 to 14.96 ± 1.08 fg 
C cell-1, was significantly higher (pair-wise comparisons, p < 0.001) than that of the LDNA 
cells, which ranged from 9.23 ± 0.08 to 10.08 ± 0.46 fg C cell-1. 

Filtration efficiencies and selectivity 

When compared to the matching incurrent water sample, the cytograms from a 
representative excurrent water sample illustrate the typical pattern of removal of the 
different picoplanktonic cell types after passage through a sponge specimen (see 
Figure8.1a,b vs c,d).  Callyspongia sp. demonstrated high filtration efficiencies, removing 
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up to 91% of Synechococcus cells in autumn 2007, and up to 85 % of HDNA bacterial cells 
in summer 2008 (Figure 8.2b).  However, overall, filtration efficiencies were uniform neither 
with time (RM ANOVA, F3,45 = 10.85, p < 0.001) nor food type (F2,45 = 50.11, p < 0.001), 
with a significant interaction between the two factors (F6,45 = 5.94, p < 0.001).  Pairwise 
comparisons indicated that filtration efficiency for Synechococcus (86.6 ± 6.3 %) was 
always significantly higher (p < 0.05) than for LDNA bacteria (40 ± 17.2 %), except during 
winter 2007 (p = 0.14) when Synechococcus numbers were lowest (Figure8.2a) and the 
variability in filtration efficiency was highest (Figure 8.2b).  Uptake of HDNA bacteria (64.9 
± 24.1 %) was generally equivalent to that of Synechococcus (p > 0.30), with the exception 
of autumn 2007 (Synechococcus> HDNA, p < 0.01; Figure 8.2b).   

 

Figure 8.1: Flow cytometric analysis of seawater stained with SYBR green I, indicating:  a) 
separation of heterotrophic bacterioplankton into high DNA (HDNA) and low DNA (LDNA) 
populations based on green fluorescence; and b) autotrophic Synechococcus cells 
differentiated by red (chlorophyll a) fluorescence.  Panels a) and b) are ambient (IN) water, 
while panels c) and d) are the matching exhalant (EX) sample illustrating the typical pattern 
of cell loss after passage through a representative specimen of Callyspongia sp.  
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Figure 8.2: a) Mean ambient concentrations (± s.d.) of high DNA (HDNA) and low DNA 
(LDNA) heterotrophic bacteria and Synechococcus-type cyanobacteria, and b) filtration 
efficiency (%; mean ± s.d.) of the three picoplankton groups over the five sampling times 
(note: Synechococcus cells were not present during winter 2008). 



Ecological Interactions in Coastal Marine Ecosystems: Trophodynamics  

2009 

 

143 

 

Selectivity by Callyspongia sp. for different food types, as visualised using Chesson’s 
electivity index (∈i), was consistently positive for Synechococcus and negative for LDNA 
bacteria (Figure8.3).  Selectivity for HDNA bacteria was generally neutral or positive, 
except during winter 2007.  RM ANOVA showed a significant difference in selectivity 
(Chesson’s αi) for the different food types (F2,45 = 230.99, p < 0.001) but was not significant 
for time alone (F3,45 = 1.14, p = 0.34), although there was a significant interaction 
between food type and time (F6,45 = 29.44, p < 0.001).  The sponge always exhibited 
significantly more positive selectivity for Synechococcus and HDNA bacteria than LDNA 
bacteria (pairwise comparisons, p < 0.05), except for winter 2007 when selectivity for 
HDNA and LDNA did not differ (p = 0.92; Figure8.3).    

Water flux, instantaneous filtration rates and carbon uptake 

Rates of water flux per sponge averaged 5.2 L min-1 (Table 8.1), with no significant 
variation among times (ANOVA, F4,19 = 1.73, p = 0.17).  Instantaneous filtration rates (cells 
s-1; Table 8.1) and carbon removal by Callyspongia sp. (mg C d-1; Figure 8.4a) varied non-
uniformly across food type and time (RM ANOVA, F6,47 = 2.73, p < 0.05), with carbon 
removal greatest for Synechococcus, followed by HDNA bacteria, and then LDNA bacteria 
(pairwise comparisons, p < 0.05) during autumn 2007 and summer 2008, whereas there 
were no differences among food types during winter 2007 (p > 0.30) and autumn 2008 (p > 
0.10).  When calculated on a per unit area basis, total carbon flux for combined prokaryotic 
picoplankton varied significantly with time (ANOVA, F4,19 = 5.17, p < 0.01; Figure8.4b), with 
lowest rates recorded during the winter (0.5 to 0.6 mg C m-2 d-1), the highest values 
recorded in summer (3.5 mg C m-2 d-1) and intermediate levels during the autumn months 
(Figure8.4b).   
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Figure 8.3: Mean filtration selectivity (± s.d.) by Callyspongia sp. for three types of 
picoplankton as estimated by the electivity index (∈i), where 0 represents no preference, 
+1 represents high positive preference and -1 high negative preference for the different 
food types (Chesson 1983). 

Table 8.1: Rates (per animal) of water flux (L min-1), and instantaneous filtration (cells s-1) 
of prokaryotic picoplankton, by Callyspongia sp. over five sampling occasions (values 
presented are mean ± s.d. for five replicates).  

 Water 
flux 
(L 
min-1) 

Instantaneous filtration rate (× 106 cells s-1) 
Sampling 
date 

Synechococcus HDNA 
bacteria 

LDNA 
bacteria 

Autumn 
2007 

4.9 ± 
1.3 

1.12 ± 0.35 5.08 ± 
1.70 

3.16 ± 
1.08 

Winter 
2007 

3.4 ± 
0.7 

0.25 ± 0.41 2.96 ± 
3.25 

1.37 ± 
1.26 

Summer 
2008 

5.3 ± 
3.5 

2.33 ± 1.23 13.5 ± 
8.44 

3.53 ± 
1.75 

Autumn 
2008 

8.2 ± 
5.1 

1.12 ± 0.90 6.44 ± 
4.72 

6.64 ± 
4.95 

Winter 
2008 

4.0 ± 
3.5 

n/a 3.76 ± 
2.94 

3.34 ± 
2.59 

mean ± 
s.d. 

5.2 ± 
1.8 

1.21 ± 0.92 6.35 ± 
4.22 

3.61 ± 
1.90 
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Figure 8.4 :.  Mean carbon flux estimates (± s.d.) by Callyspongia sp. for:  a) each 
picoplankton type removed per animal per day (assuming uniform filtration rates per unit 
time); and b) all picoplankton filtered by Callyspongia sp. in a standardised area (per m2).  
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Discussion 

Filtration efficiency and selectivity in sponge diets 

Selective feeding allows organisms to optimise their nutritional intake (Pyke et al. 1977), 
and for sponges it seems that this is no exception.  While the exact mechanism(s) that 
sponges use to select some picoplankton-sized particles over others is not yet fully 
understood (Yahel et al. 2006, Wehrl et al. 2007), in this study Callyspongia sp. clearly 
showed a preference for the larger Synechococcus cells over heterotrophic bacteria.  
During the summer and autumn months when Synechococcus was most abundant, the 
demosponge species removed an average of 87 % of cells from the ambient water that it 
filtered, similar to the reported high retention efficiencies (> 80%) of many species of 
sponges for these cyanobacteria (e.g. Pile et al. 1996, Yahel et al. 2003, Pile 2005).  
Synechococcus is ubiquitous in oligotrophic regions and can be a major contributor to 
autotrophic biomass and primary production(Li 1994, Veldhuis et al. 1997, Uysal 2006).  
Based on the present study, average abundance of Synechococcus in southwestern 
Australian coastal waters (1.2 ± 1.1 × 104 cells mL-1) is of a similar magnitude to south 
Australian coastal waters and oceanic regions of the Atlantic (1.3 – 3 × 104 cells mL-1; 
Seymour et al. 2005; Vazquez-Dominguez et al. 2008), although as these are the first 
population estimates for the study area they should only be considered as a tentative 
approximation due to the inherent limited spatial scale of the sampling program.  The high 
selectivity and filtration efficiency by the demosponge Callyspongia sp. demonstrates the 
major impact that sponges can have on pelagic plankton populations.  Indeed, large-scale 
disturbance to sponge communities has been implicated in the subsequent development of 
nuisance phytoplankton blooms in a coastal embayment (Peterson et al. 2006). 
Heterotrophic bacteria are also an important component of the diet of most sponges, and 
have been shown to be retained at efficiencies up to 75 – 95% (e.g. Pile et al. 1996, 
Duckworth et al. 2006, Yahel et al. 2007), although this is the first study to demonstrate 
negative selectivity for the LDNA subgroup of bacterial cells.  As noted by Servais et al. 
(2003), HDNA and LDNA bacterial subpopulations are most likely composed of the same 
dominant species but in different physiological states.  The more active, and generally 
larger, HDNA cells are considered to be responsible for the bulk of bacterial production 
within a given volume of water (Gasol et al. 1999, Lebaron et al. 2001, Servais et al. 2003).  
The smaller cell size and diminished carbon and nutrient contents of the inactive LDNA 
cells (Gasol and Del Giorgio 2000, Servais et al. 2003) clearly make them less desirable 
dietary components than their HDNA counterparts.  The only exception to this may be 
when overall food resource levels are limited, as tentatively indicated here during winter 
2007 when Synechococcus concentrations were low, and LDNA and HDNA bacteria were 
retained at similar levels.  Ribes et al. (1999a) also demonstrated seasonality in uptake 
efficiencies, and general dietary composition, in a sponge species as linked in with annual 
plankton cycles.  During the winter months specifically, sponges may compensate for 
seasonal minima in prokaryotic picoplankton by increased consumption of larger, but less 
abundant, phytoplankton cells (Ribes et al. 1999a); whether this is also the case with the 
sponge fauna off southwestern Australia remains to be tested. 
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Carbon fluxes by benthic suspension feeders 

The unique ability of sponges to filter down to the picoplanktonic (0.2 – 2 µm) size range 
makes them key players in the transfer of carbon from the pelagic microbial food web into 
the benthos.  Areal estimates of carbon flux for individual sponge species, based on in situ 
measurements, range from 29 to 1970 mg C m-2 d-1(Reiswig 1974, Reiswig 1975, Pile et 
al. 1996, 1997, Pile and Young 2006), and are of course closely linked to the density of 
animals per unit area.  Flux levels for Callyspongia sp. in the present study, based on the 
prokaryotic component only, were a maximum of 3.5 mg C m-2 d-1, which compares well 
with estimates for the temperate sponge Mycale lingua (29 mg C m-2 d-1; Pile et al. 1996) 
which was found at a density approximately one order of magnitude greater than 
Callyspongia sp.  
Due to its size, Synechoccocus is often the dominant prokaryotic contributor to sponge 
carbon fluxes (Ribes et al. 2005, Pile and Young 2006) even though it is typically much 
less abundant than heterotrophic bacteria (Ribes et al. 1999b).  The heterotrophic cells, 
however, are better sources of nitrogen than autotrophic picoplankton due to their lower 
C:N ratio (Wheeler and Kirchman 1986, Geider and La Roche 2002, Bertilsson et al. 
2003).  Recent studies have also indicated that direct uptake of dissolved organic matter 
can be a major source of carbon for marine sponges (Yahel et al. 2003, de Goeij and van 
Duyl 2007, de Goeij et al. 2008), especially for those bearing bacterial symbionts 
(Hentschel et al. 2006).  The high abundance of sponges off southwestern Australia 
(Fromont et al. 2006, McQuillan 2007), including many symbiont-containing species (Usher 
et al. 2004), are likely major sinks of both particulate and dissolved organic carbon that 
clearly require further quantification.  We would recommend the use of the InEx technique 
developed by Yahel et al. (2005) in future studies as an easily-applied, in situ method to 
directly sample sponge-mediated fluxes with minimal contamination bias.  
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CHAPTER 9. Summary and Management Implications 

Glenn Hyndes, Christine Hanson 

Trophic interactions in Jurien Bay 

The series of studies undertaken within this SRFME project were aimed at gaining a 
comprehensive understanding of the trophic interactions that occur in Jurien Bay and 
similar temperate marine environments. The core body of the project utilised stable 
isotopes to evaluate these interactions by examining the flow of nutrients (C and N) 
through the foodweb in the reef-seagrass complex of Jurien Bay using δ13C and δ15N 
stable isotopes. In addition, the aim was to provide stable isotope data for a range of 
primary producers and consumers from inside and outside sanctuary zones, that would 
allow for an examination of the influence of sanctuary zones on food web structure after 
the zones had been gazetted for a period of time (possibly >10 years). The study has, 
therefore, provided a comprehensive base-line data set for this evaluation at an 
appropriate period after the gazetting of the sanctuary zones.  
 
An understanding of variability in stable isotopes at different spatial and temporal scales is 
needed before any evaluations on the influence of sanctuary zones on food webs can be 
undertaken. We have shown that the source of variability differed among types of 
organisms and stable isotopes. For seagrass, variability in δ15N and δ13C was explained by 
small (metres) and large-scale spatial patterns, whereas for macroalgae δ15N varied mainly 
over time and δ13C varied mainly among individuals. For δ15N, differences in the source of 
variance between these benthic primary producers is likely to reflect different nutrient 
pools, while patchiness in light availability is likely to cause variance in δ13C of both groups. 
For consumers, variance of δ15N and/or δ13C was typically explained by among-individual 
differences, which is likely to reflect different dietary and foraging patterns and physiology. 
This level of natural variability has implications on the sampling design of studies 
attempting to examine shift in trophic structure due to human impact or implementation of 
management strategies such as MPAs (see Section 2.2). Furthermore, the level of 
baseline variability often exceeded the discrimination levels most frequently applied to 
each trophic step (3-5‰ for δ15N and 0-1‰ for δ13C) to interpret flow of material through a 
food web. The implications of this included distinctly different outcomes of the feasible 
contributions of food sources to three consumers using the IsoSource mixing model. We 
have, therefore, demonstrated a clear need to determine the causes of variability to 
accurately determine food web structure, and help our understanding of ecosystem and 
physiological processes influencing marine organisms. 
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Dual stable isotopes (δ13C and δ15N) are often used to trace the source(s) of production in 
marine food webs (refs), but the lack of distinction of stable isotope values among potential 
food sources (particularly macroalgae) can limit the value of these isotopes as a tool in 
food web studies. We carried out a two-dimensional biomarker approach, using both stable 
isotopes (δ13C and δ15N) and fatty acids, to determine whether fatty acids overcome the 
lack of clarity from using stable isotopes alone. δ13C showed a clear separation only 
between seagrass (range of means = -10.1 to -14.0 ‰) and macroalgae (-14.6 to -25.2 ‰), 
and could not differentiate amongst the algal types.  Similarly, distinct δ15N signatures (p < 
0.05) were found only for seagrass (range of means = 3.6 to 4.1 ‰) versus calcareous red 
algae (4.6 to 5.5 ‰), with all other types overlapping in their mean δ15N values.  In 
contrast, multivariate analysis of fatty acid data illustrated the utility of these lipid 
biomarkers to distinguish not only between seagrass and macroalgae, but also between 
red and brown algae, and to a limited extent between calcareous and fleshy red algal 
groups. The principal unsaturated fatty acids in the samples were C20 polyunsaturates 
(PUFAs, found primarily in the macroalgae and periphyton), and C18 mono- and 
polyunsaturates, with high proportions of 18:2n-6 and 18:3n-3 typical of the seagrasses.  
The C18 monounsaturate 18:1n-7 was one of the most diagnostic compounds for red algae, 
being present in very low amounts in seagrass and virtually absent in brown algae.  
Conversely, brown algae were high in 18:4n-3 and 22:1n-9, with 20:4n-3 particularly 
diagnostic of the kelp Ecklonia radiata.  These fatty acid biomarkers will provide a useful 
tool for tracing trophic linkages in temperate, nearshore marine systems, while the 
additional application of stable isotope data will be most critical in identifying the trophic 
levels of consumers within the associated food web. 
 
Using a dual biomarker approach, we have provided further evidence that macroalgae and 
periphyton contribute to the food web on reefs and seagrass meadows at Jurien Bay, 
rather than seagrass. These results support the findings of Smit et al. (2006, 2007) in 
seagrass meadows on Success Bank near Perth, as well as those of Hyndes and Lavery 
(2005) and Crawley et al. (2009) in unvegetated, nearshore zones of the region where drift 
macroalage and seagrass accumulate. While this suggests that seagrass material provides 
a trophic “dead end” in the coastal marine environment of the region, decomposing 
seagrass leaves appear to release large amounts of nutrients (Lavery and McMahon, 
unpubl. data) that would feed back into primary producers, and seagrass meadows provide 
important habitat for a high diversity of epiphytic algae, invertebrates and fish (Brearley 
and Wells 1999, Lavery and Vanderklift 2002, Hyndes et al. 2003). The dual biomarker 
approach has indicated that a combination of brown and red algae and periphtyon 
contribute to the diet of grazers in seagrass meadows, including the gastropod 
Canthariduslepidus. The high proportion of the PUFA 20:4n-6 is likely to be associated 
with the consumption of the brown alga E. radiata, which can accumulate in seagrass 
meadows (Wernberg et al. 2006), thereby supports our findings that the allochthonous 
material could partially subsidize productivity of this grazing gastropod (see below). In 
comparison, the large gastropod Turbo intercostalis and urchin Heliocidarus 
erythrogramma, which are abundant on reefs, appear to graze on brown algae as their 
main food source, although the former species is likely to have a varied diet of macroalgae. 
In the case of H. erythrogramma, kelp material appears to be derived from other reefs, 
rather than in situ production (Vanderklift and Wernberg 2008). 

 
In terms of omnivorous species, our data support the findings of Vanderklift et al. (2006) 
that the urchin Phyllacanthus irregularis consumes a range of algae and animal material, 
with the latter comprising mainly sponges and ascidians. Similarly, the western rock lobster 
P. cygnus displayed a varied diet as was reported by MacArthur et al. (2008) in Jurien Bay, 
feeding on articulated coralline red algae and invertebrates. The importance of animal prey 
to the diet of lobsters was shown by MacArthur et al. (2008) to vary between habitat types, 
with invertebrates being less important but articulated coralline red algae being more 
important to the diets of lobsters on reefs surrounded by pavement. Interestingly, the high 
levels of the PUFA 20:4n-6 in the current study suggests the assimilation of nutrients from 



Ecological Interactions in Coastal Marine Ecosystems: Trophodynamics  

2009 

 

150 

 

kelp, although this is likely to be indirect through the consumption of gastropod grazers 
such as C. lepidus.  
 
Very little information is available on the sources of production for filter and suspension 
feeders in Western Australia. The demosponge Chondrilla australiensis has a symbiotic 
relationship with cyanobacteria, including Synechococcus spongiarum (Usher et al. 
2004b). However, since other species of Synechococcus form part of the picoplankton in 
the region (Usher et al. 2004b) and are preferentially retained by the demosponge 
Callyspongia sp. in Jurien Bay, C. australiensis is likely to feed on Synechococcus from the 
water column and heterotrophic bacteria. Compared to the sponge species, the ascidian 
Herdmania momus had far lower proportions of branched fatty acids and higher 
proportions of PUFAs, suggesting a different food source. The high proportion of the 
PUFAs 20:4n-6 and 20:5n-3 may reflect the consumption of invertebrate larvae, which are 
considered to form part of the diet of this species elsewhere (Bingham and Walters 1992). 
In contrast to these filter feeders, the sea cucumber Stichopis mollis ingests detritus from 
the sediment or bio-deposits (Wing et al. 2008, Maxwell et al. 2009). The presence of 
18:2n-6 suggests that this species is likely to attain part of its diet from detrital seagrass, 
however, mixing model outputs and the high proportion of 20:4n-6 suggest a diet 
comprising mainly brown algae, particularly kelp. 
 
We have shown that proximity to habitat edges affects species’ abundance patterns by 
changing the balance of forces influencing mortality (predation) and replenishment 
(recruitment) of populations. Abundances of some species of gastropods decreased with 
increasing distance from reefs (e.g. Pyrene bidentata), while others showed the opposite 
trend (e.g. Cantharidus lepidus). Predators in this study and that of MacArthur et al. (2008) 
were shown to be more abundant on reefs, and in immediately adjacent seagrasses. 
Cantharidus lepidus in seagrass meadows was more susceptible to predation, particularly 
by rock lobsters, while reefs were a source of recruitment for P. bidentata in adjacent 
seagrasses, compensating for losses due to predation. This study, therefore, 
demonstrated the interaction between recruitment supply and predation rates in seagrass-
reef mosaics. 
 
Another factor that potentially influences consumers in seagrass meadows is deposition of 
kelp that has been dislodged from adjacent reefs (Wernberg et al. 2006). We 
demonstrated that two locally abundant gastropods, Pyrene bidentata and Cantharidus 
lepidus, exhibited a preference for macroalgae and seagrass periphyton over seagrass 
leaves, but no consistent preference towards any autochthonous or allochthonous algal 
resource. Reef-derived kelp therefore has the potential to contribute to the food web of 
seagrass meadows, and subsidise secondary production. Building on from this study, we 
showed through laboratory and field experiments, and the dual biomarker study (see 
above), that nutrients from reef-derived kelp are assimilated by gastropods in seagrass 
meadows, and potentially subsidises secondary production in seagrass meadows. 
Furthermore, we demonstrated that nutrients leaching from kelp are taken up by seagrass 
and its epiphytes and that kelp could supply 10-18% of annual N requirement of the 
seagrass. Kelp can therefore have a duel role in subsidising productivity in seagrass 
meadows. 

 
Benthic-pelagic coupling provides another pathway of connectivity in coastal marine 
systems, and marine sponges are key players in the transfer of carbon from the pelagic 
microbial food web into the benthos. We demonstrated that the demosponge Callyspongia 
sp. displayed high filtration efficiencies, particularly for high DNA (HDNA; i.e. active) 
bacteria and Synechococcus, which is a common cyanobacterium in the water colomn of 
the region. However, efficiency varied with time and food type, with overall filtration 
efficiency generally greater for Synechococcus (86.6 ± 6.3 %; mean ± s.d.) than for low 
DNA (LDNA; i.e. inactive) bacteria (40 ± 17.2 %).  When compared to ambient abundances 
of the different food types, Callyspongia sp. exhibited consistently negative selectivity for 
LDNA bacteria and positive selectivity for Synechococcus, while HDNA bacteria were 
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generally a neutral or positive selection.  The total carbon removal rate (sum of all 
prokaryotic picoplankton cells) varied between 0.5 and 3.5 mg C m-2 d-1, quantifying the 
role of a demosponge species in the connectivity between benthic and pelagic habitats 
within the coastal food webs of south-western Australia. 

Management implications 

A fundamental requirement of good marine management is to base any strategies on a 
solid understanding of key processes and scales of connectivity among ecosystems within 
a marine landscape. This is particularly important for spatial management through Marine 
Protected Areas (MPAs), which have become a commonly used management tool in 
numerous countries (Halpern 2003). Australia has adopted a National Representative 
System of Marine Protected Areas (NRSMPA) that aims to contain a comprehensive, 
adequate and representative suite of Australia's marine ecosystems in State, Territory and 
Commonwealth waters. Jurien Bay Marine Park was gazetted in 2003 and is currently one 
of 11 marine parks and reserves managed by the Department of Environment and 
Conservation in Western Australia. Like other marine parks in the state, two of the strategic 
objectives of the park are to maintain: (1) marine biodiversity; and (2) ecological integrity 
(CALM 2005). For these objectives to be achieved, managers need an understanding of 
the ecosystem processes and biological interactions in the park. 
 
Stable isotopes and, more recently, fatty acids are widely used tools to examine food web 
structure in marine environments. These biomarkers have also been used to assess the 
influence of sanctuary zones in food web structure through the removal of fisheries-derived 
top-down trophic effects in sanctuary zones (Guest et al. 2009). The current study 
collected extensive baseline data on stable isotopes, and to a lesser extent, fatty acids 
from a range of locations included those in sanctuary zones immediately after Jurien Bay 
Marine Park had been gazetted. However, the study has highlighted the need to 
understand the natural sources of variability in stable isotope values. Variability could be 
highest at the within-site level, indicating the importance of sufficient within-site replication 
to detect shifts in trophic structure. Future studies in Jurien Bay would require increased 
replication inside and outside sanctuary zones to gain sufficient power to detect shifts in 
food web structure in those zones where fishing has been ceased. 
 
Biomarker studies provide evidence that nutrients from kelp are assimilated into the food 
web, even in seagrass meadows where kelp is a transient source of allochthonous 
material. Kelp detaches from reefs during storm events and can subsequently accumulate 
in seagrass meadows (Wernberg et al. 2006). This movement of kelp can occur over 
distances of several kilometres along the west coast (Kirkman and Kendrick 1997, 
Babcock et al. 2006). Studies in the current project provide evidence that drift kelp can be 
consumed and incorporated into the food web of seagrass meadows, as has been shown 
in reefs (Vanderklift et al. 2008) and surf-zone ecosystems (Crawley and Hyndes 2007, 
Crawley et al. 2009). Furthermore, nutrients from this kelp can be taken up by seagrass 
and their epiphytes and potentially increase primary production. Increasing evidence 
suggests that kelp plays a significant role in the productivity along the west coast of 
Western Australia, and the spatial scales of individual sanctuary zones or the design of a 
network of these zones need to incorporate the representative donor areas, corridors of 
flow of material and the ecosystems receiving the kelp if those zones and marine parks are 
to maintain biodiversity and ecological integrity.  
 
The movement of kelp from reefs into seagrass meadows is one mechanism in which reefs 
can influence biodiversity or production in adjacent seagrass meadows. However, we have 
also shown that reefs provide the source of recruitment for some invertebrates, particularly 
the gastropod Pyrene bidentata. Reefs are also likely to be the sources of recruits for some 
species of macroalgae that are epiphytes on seagrass (van Elven et al. 2004). In addition, 
the western rock lobster P. cygnus migrates up to 100m into seagrass meadows from reefs 
(MacArthur et al. 2008) feeding on a range of invertebrates and macroalgae (MacArthur et 
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al. 2008). In high densities, P. cygnus could have a top-down effect on benthic 
communities in seagrass meadows. Since lobsters has been fished since the 1950s, and 
forms the largest single-species fishery in Australia, the removal of lobsters from the 
coastal regions could have had an effect on the biodiversity of the region. Our study 
suggests that lobsters can influence gastropod densities, and presumably other 
components of the seagrass community. However, there is a clear need to examine the 
effect of decreased lobster densities on biodiversity in the region, particularly as the 
requirements for Marine Stewardship Council accreditation for the fishery becomes more 
stringent. Despite this gap in our knowledge, the current project has highlighted some 
processes by which reefs influence seagrass biodiversity, and indicate the need to 
encompass the mosaic of habitats in the coastal landscape within marine parks in Jurien 
Bay and elsewhere along the mid-west and south-western coasts of Australia. Our results 
have implications on both the size and design of sanctuary zones and other management 
zones in marine parks of the region.  
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