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Abstract 

Humanity is altering natural systems, removing habitat, causing extinctions and altering 

of natural cycles. This era is so dominated by anthropogenic processes that has come to 

known as the ‘Anthropocene’. Coastal and marine ecosystems are among the many 

systems experiencing degradation, due to continuous resource consumption and waste 

disposal that feature prominently within environmental agendas. These changes are 

occurring against a backdrop of climate change. The effects of climate change are 

already apparent in marine systems at local and global scales. Coastal ecosystems are in 

close proximity to human developments and deliver a range of important ecosystem 

services that support human well-being (e.g. global fisheries, sea defences, and 

regulates nutrient cycling and the climate). With 44% of the world’s population living 

within 100 km of the coast, human activities are very likely to influence the functioning 

of coastal ecosystems that underpin these ecosystem services. This thesis provides 

insights on the biodiversity of a very wide spread coastal ecosystem: mudflats.  

The macrofaunal assemblages inhabiting mudflats are globally and regionally important 

and mediate a number of ecological functions e.g. secondary production, nutrient and 

carbon cycling, and the creation of biogenic habitat. The biological traits of macrofauna 

are defined as the morphological, physiological and behavioural attributes of an 

organism that interact with the environment and as such they can describe the potential 

of an organism to contribute to these functional roles. This thesis aims to understand 

the biodiversity of macrofaunal assemblages inhabiting subtropical mudflats, 

differences in species composition on the functioning, functional redundancy and the 

resilience of mudflat functions in the presence of increasing human activities and 

climate change impacts.  

Mudflats are widespread but are subjected to continuous alterations by human 

activities. In chapter 2, a systematic database search (WoS and SCOPUS) was conducted 

to identify published literature focusing on mudflat macrofaunal assemblages. The 

searches produced 277 papers addressing benthic macrofaunal assemblages and more 

than 50% of the published literature were from temperate regions, 33% from the 

subtropics, 10% from tropical mudflats and data from polar systems were rare. Of the 

277 papers, only 68 papers contained sufficient methodological detail and original data 
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and so were deemed relevant for inclusion in the analysis. In total 163 datasets on 

macrofaunal assemblages were extracted for the analysis including 448 taxa from 4 

climatic zones and 10 biogeographic region. In the lower latitudes (tropical), traits such 

as smaller body sizes, shorter life spans and taxa that have exoskeletons were abundant 

while direct developmental modes are more prevalent at high latitudes (temperate). 

Despite these differences, the degree of similarity in biological trait composition of 

macrofaunal assemblages was higher relative to the taxonomic composition across both 

climatic and biogeographic spatial scales. This suggest that mudflats globally deliver 

similar functions such as carbon and nutrient cycling, secondary production etc. The 

functional redundancy observed across regional and climatic boundaries suggest that 

ecosystem functioning and service delivery may be expected to show some resilience to 

perturbations. However, increased human activities may continue to pose a threat to 

mudflat functioning.  

Subtropical mudflats support a diverse macrofaunal assemblage consisting of a mixture 

of tropical and temperate species. Chapter 3 presents the most spatially and 

taxonomically comprehensive study to date of intertidal mudflat macrofauna along the 

SE Queensland coast. The effects of climate change were apparent among the studied 

macrofaunal assemblages. The results presented in chapter 3 showed that for the 24 

mudflats sampled in SE Queensland, eight species have moved 146 km distance 

southwards since 1950s. The species substitutions (arrival of tropical range shifters) 

observed to date, do not appear to have altered the ecological functioning of these 

mudflats significantly, as indexed by biological trait composition, with ecosystem service 

delivery being maintained through functional redundancy. However, simple models of 

further species turnover suggest that the limits of this ‘buffer’ may soon be exceeded 

with consequences for a range of ecosystem services. 

The World’s coastlines have become heavily modified over the last century, and the 

biodiversity and health of adjacent natural intertidal habitats have declined under 

increasing pressure from urbanisation. Similarly, the coastal urbanization activities in SE 

Queensland regions have shown an effect on the macrobenthic assemblages because 

the species composition of sub-catchments containing 4-12% industrial activity differed 

significantly from the species composition observed in sub-catchments with 53-90% 

residential coverage and sub-catchments with a mix (54-70%) of nature reserves and 
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low intensity urban/rural activities. However, we did not observe a clear impact of 

urbanisation in structuring macrofaunal assemblages.  It is likely that the impacts of 

urbanisation will vary depending on the nature of industry, rather than ‘urbanisation’ as 

a whole. Although changes in species composition were observed at varying degrees of 

urbanisation, the trait composition of the macrofaunal assemblages did not vary 

between the four sub-catchment land uses suggesting conservation in functioning and 

ecological redundancy in subtropical mudflat ecosystems.  

The manipulation of biological traits in experimental studies is an important tool for 

understanding changes in ecological functioning under anthropogenic pressure, and 

exploring the relationships between biodiversity and functioning. In Chapter 5 I have 

experimentally investigated how the density manipulation of two common large taxa 

Macrophthalmus setosus (Ms) (sentinel crab) and Pyrazus ebeninus (Pe) (Hercules 

mudwhelk), that exhibit functionally distinct traits would influence the ecological 

assemblage and its functioning, e.g. the primary productivity, sediment oxygenation, 

carbon cycling and nutrient cycling. Theoretical biodiversity ecosystem functioning (BEF) 

models were used to explain the biodiversity functioning relationships observed in 

subtropical mudflats. A change in the species and trait composition of the resident 

macrofaunal assemblage was apparent when the densities of P. ebeninus was increased. 

The BEF models did show a degree of redundancy for some ecological functions (e.g. 

sediment oxygenation, carbon cycling and nutrient cycling) suggesting that initially 

subtropical mudflats may show some resilience to environmental perturbations.     
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Chapter 1: Introduction 

1.1 Overview 
 

1.1.1 The Anthropocene 
The over-riding impact of human activities on geological and ecological cycles have led 

to the recognition of a new geological epoch, the “Anthropocene” (Corlett 2015) which 

became popularised after 2000 by atmospheric chemist and Nobel laureate Paul Crutzen 

(Crutzen & Stoermer 2000). The term “Anthropocene” derives from anthropo that 

stands for ‘man’ and cene for ‘new’. It is a concept developed from Italian geologist 

Antonio Stoppani proposition of an “Anthropozoic era” in AD 1873 (Crutzen 2002). The 

beginning of this new paradigm has long been debated (Fig. 1.1) with a number of 

alternative starting dates being proposed e.g. use of fire for the first time by humans 1.8 

million years ago (Glikson 2013), mega fauna extinction in the late Pleistocene 14,000 – 

15,000 years ago (Corlett 2013a), arrival of modern humans on all continents except 

Antarctica (Braje & Erlandson 2013), start of agriculture era 7000 years ago (Ruddiman 

et al. 2011), dawn of the industrial revolution in northern Europe (1712 – 1850s) (Corlett 

2015), exponential growth of economic and human activities globally (1945 – 1955) 

(Steffen et al. 2011) and ‘the millennium year’ 2000 when the idea resurfaced (Crutzen 

& Stoermer 2000).  

The Anthropocene concept was subsequently extended to the social sciences and 

humanities leading to cultural and political discussions on how to live and respond to 

the challenges arising from a human dominated planet (Malhi 2017). An Earth system 

science perspective has shown that the cumulative sum of anthropogenic activities (e.g. 

climate change, ocean acidification, and alterations to the nitrogen and phosphorous 

cycles) is now disrupting many planetary functions, moving the limits beyond the range 

observed during the Holocene period (~11,650 to present) that supported humanity’s 

development (Malhi 2017).  

The alteration to natural biogeochemical cycles has been shown from the ecological 

footprint (Wackernagel et al. 2002), human appropriation of net primary production 

(e.g. it is an integrated socioecological indicator quantifying effects of human induced 

changes in productivity and harvest on ecological biomass flows) (Haberl et al. 2014) and 
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planetary boundaries (e.g. the thresholds of several processes, that would lead to 

negative consequences for planetary functions including life on Earth) (Rockström et al. 

2009). Nine planetary boundaries have been identified (only 7 have quantitative 

estimates) and three have already surpassed the thresholds such as climate (with 

atmospheric CO2 concentrations threshold level below 350 ppm), the biogeochemical 

nitrogen cycle (agricultural and industrial N fixation threshold level below 35 Tg N yr-1) 

and loss of biodiversity (<10 extinctions per million species per year) (Rockström et al. 

2009). 

 

Fig 1.1. Human pressures on the Earth since the start of the Holocene, the proposed start dates 

for each human activity are indicated in circles. The significant human activities were discovery 

of fire, extinction of megafauna in late Pleistocene, beginning of agricultural activities, invasion 

of modern human to other continents, industrial revolution intense burning of fossil fuel, 

exponential population growth with rising economic advances (Malhi 2017). 

 

To date (2019) the human population of the world has reached 7.6 billion and is 

expected to reach 11.2 billion by 2100 (Fig. 1.2) (United Nations Department of 

Economic and Social Affairs Population Division 2017), this increased human population 

leads to increased consumption of resources and waste generation. With the impact of 
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population growth compounded by the growth in per capita use of energy and other 

resources and waste generation, a fact recognised by the UN in its adoption of the 

Sustainable Development Goals (SDG) (UN General Assembly 2015). The SDG seek to 

deliver sustainable development that protects the environment while allowing the 

growing population to achieve increased quality of life.  

 

 

Fig. 1.2. Past and projected future World population growth. The estimated population from 

1950 – 2015 is indicated in black line, the medium variant projection (orange broken lines) 

between year 2015 -2100 with 95% prediction intervals (green shading) is illustrated in the 

diagram (United Nations Department of Economic and Social Affairs Population Division 2017). 

 

Global climate change is occurring at an unprecedented rate today mainly due to 

anthropogenic greenhouse gas (GHG) emissions (IPCC 2014). The Representative 

Concentration Pathways (RCPs) that are used as future projections to describe four 

different 21st century pathways scenarios of GHG emissions and atmospheric 

concentrations, air pollutant emissions and land use e.g. mitigation scenario - RCP2.6, 

intermediate scenarios - RCP4.5 and 6.0, high emission scenario – RCP8.5) (IPCC 2007).  

Global temperatures have increased by about 0.6-0.76°C since the mid-1800s (IPCC 

2007), and are predicted to further increase by minimum (RCP2.6) 0.3°C to 1.7°C under 

scenario and maximum (RCP8.5) by 2.6°C to 4.8°C by years 2081-2100 relative to years 
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1986-2005 (IPCC 2014).  The future projections of increasing global surface temperature 

corresponds with projected global mean sea level rises of between 0.26-0.55 m for 

RCP2.6 and 0.45-0.82 m  for RCP8.5 in years 2081-2100 relative to 1986-2005 (IPCC 

2014). Over the next century, the annual mean precipitation is anticipated to increase 

in high latitudes, equatorial Pacific and middle latitude wet zones under RCP8.5 scenario 

while middle latitude and subtropical dry regions may experience a decrease (RCP8.5) 

in mean annual precipitation (IPCC 2014) causing both more frequent flooding and 

droughts.  

Global climate change affects both the physical and biological aspects of the Earth’s 

ecosystems that leads to changes in biodiversity through direct or indirect interactions 

with the environment (Ogawa-Onishi & Berry 2013). Climate change may influence 

biodiversity in four ways: 1) through the extinction of species leading to loss of 

biodiversity e.g. 10- 30% of mammal, bird and amphibian species are threatened by 

extinction (MEA 2005), 2) changes to phenology e.g. changes to reproductive cycles and 

development; and, 3) geographic range shifts of species whereby organisms move to 

new habitats e.g. both terrestrial plants and animals move to greater elevation while 

and marine fauna towards the poles and to greater water depth as global temperatures 

increase (Sorte et al. 2010, Fowler et al. 2017, Pecl et al. 2017), 4) changes to ecosystem 

functioning and the delivery of ecosystem services e.g. the decrease in the mean size of 

the zooplankton copepods caused a shift towards the dominance of small organisms in 

the zooplankton community have a negative influence on the downward biological 

carbon pump and Gadus morhua (demersal Atlantic cod) leading to reduction in 

ecosystem services  in the north Atlantic (Beaugrand et al. 2010).  

Human civilization has been centred around rivers and coastal areas for many centuries 

facilitating access to fertile agricultural lands, ocean resources and trade routes. Coastal 

regions represent 10% of the Earth’s surface and a large proportion (44%) of the World’s 

population lives within 100 km of the coast (Neumann et al. 2015). Future population 

projections suggest that the coastal proportion of the population will rise to 50% by 2030 

(Neumann et al. 2015). Coastal areas, especially estuaries, have become hotspots for 

urban and industrial developments for logistical reasons such as providing access points 

for marine trade and transport and for recreational and cultural activities (Neumann et 

al. 2015). Since the industrial revolution the coasts have undergone rapid socioeconomic 
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and environmental change. These changes are expected to continue for the foreseeable 

future (United Nations Department of Economic and Social Affairs Population Division 

2017).  Most of the world’s megacities (population >8 million) are located on the coast 

(Nicholls 1995) and many countries have begun to construct artificial islands or expand 

their landmasses seaward e.g. Singapore, China (Earth 2015, Lai et al. 2015, Shepard 

2015). 

The environmental changes associated with coastal urbanisation have direct negative 

impacts on coastal ecosystems such as estuaries, lagoons, mangrove forests, salt 

marshes, sea grass beds, mudflats and sandflats (Lee et al. 2006, Lai et al. 2015). 

Intertidal soft sediment habitats constitute important refuges, feeding and breeding 

grounds for many species (Macfarlane & Booth 2001, Hernández-Alcántara et al. 2014, 

Christine et al. 2015). They are therefore often seen as high conservation importance 

for the species they support. However, most intertidal wetland habitats are being 

transformed as a result of increasing demand for land, as for industrial, commercial and 

residential developments (Small & Nicholls 2003, Waltham & Sheaves 2015). The most 

suitable definition of ‘urbanisation’, for this thesis, was proposed by Kemp and Spotila 

(1997) as “intense development such as road and building construction, changes in land 

use from rural to residential or industrial land use which leads to impermeable surfaces, 

the accumulation of toxic substances and increases in domestic waste water loads due 

to increased human populations”. The increase of population in the coastal zone and 

other activities associated with it led to the degradation of coastal and marine 

ecosystems (Cohen 1995). For example, intensive fisheries have reduced endemic 

coastal fish stocks to 10 – 20% of the supply that existed 3 decades ago (Caddy & 

Cochrane 2001), 50% of all mangroves and nearly 60% of the world’s coral reefs are 

degraded beyond recovery (Burke et al. 2000). Pollution from industry (e.g. greenhouse 

gas emissions, release of hydrocarbons/heavy metals), agriculture (e.g. fertiliser, 

pesticides) (Edyvane 1999), and urban areas (e.g. sewage and waste water effluents) 

(McPhee 2017a) is degrading the quality of world’s fresh water that ultimately flows to 

coastal environments that alters both biotic and abiotic ecosystem properties within, 

surrounding, and even at great distances from point source pollution (Grimm et al. 

2008). For example, the pattern of macrofaunal assemblages in Port Jackson Bay and 

Port Hacking Bay in Sydney were influenced by sediment heavy metal concentrations 
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(Stark 1998). The polluted sites were less diverse than the unpolluted and the 

abundance of capitellids, spionids, nereids and bivalves was significantly higher in the 

polluted sites while crustaceans, paraonids and nephtyids were more abundant in the 

unpolluted sites (Stark 1998). Similarly, an increase in sediment heavy metal 

concentrations were detected in Moreton Bay, SE Queensland (Brady et al. 2014, Morelli 

et al. 2012, Morelli & Gasparon 2014) posing an impact on sediment fauna. Elevated 

levels of persistent organic pollutants (POPs) e.g. polychlorinated dibenzofurans 

(PCDFs), polychlorinated biphenyls (PCBs) compared to background levels in Australian 

marine/estuarine and retail fish were detected in seafood harvested from Moreton Bay 

(Matthews et al. 2008).  The continuous disturbance from human activities to natural 

coastal and marine ecosystems may disrupt the sustainable delivery of ecosystem 

services to maintain human wellbeing.     

 

1.1.2 Ecosystem functioning & services 
Ecological functioning has become an important concept in ecology (Jax 2005), and it is 

best defined as the processes (e.g. primary production, nutrient cycling) and properties 

(e.g. biomass/biological diversity and nutrient content) that shape energy flow through 

the biotic and abiotic components of the ecosystem (Dıáz & Cabido 2001).  There are 

various functions identified in coastal ecosystems and for convenience they can be 

grouped into major categories of functions (Table 1.1). Functioning can be quantified by 

measuring the magnitude and dynamics of the ecosystem functions themselves or by 

proxies e.g. the primary productivity of a benthic intertidal ecosystem can be measured 

by analysing the abundance of microphytobenthos (chlorophyll a concentration) in the 

sediment, the CO2 flux and release of O2; Inorganic N (NOx-/NH4+) and P (PO43-) 

concentrations entering into pelagic water (flux) is used as a proxy to determine 

sediment turnover/oxygenation and nutrient cycling  respectively (Table 1.1) (Naeem et 

al. 1999). 

Benthic macrofauna, i.e. organisms that are larger than 0.5 mm in size, are a key 

biological component driving important ecosystem functions (Table 1.1) such as nutrient 

cycling, physical structuring, sediment oxygenation and organic matter decomposition 

(Snelgrove 1998, Oug et al. 2012, Krumhansl et al. 2016).  Macrofauna are categorised 

as either ‘infauna’ that live within the sediment and ‘epifauna’ animals that live upon 
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the mud (Thorson 1957). Intertidal soft sediments supports a high biomass of benthic 

macrofauna and serves as an important link in the energy flow between primary 

producers and large predators such as fish and birds (Piersma et al. 1993). Secondary 

production is an important ecosystem function delivered by soft sediment habitats (e.g. 

Wadden and Yellow sea mudflats provide food for birds and fish) and the biomass 

increases with wave height on exposed shores, but in general biomass varies inversely 

with wave exposure (low wave exposure resulting in higher biomass) and a curve linear 

relationship (the effect of the independent variable is not a constant value) was shown 

between total biomass and mean grain size with biomass peaking on mudflats (Anthony 

& Edwin 1999). 

The accumulation of organic carbon is greater in mudflats fringed by mangrove forests. 

The quantity, the quality (proportion of refractile or labile carbon, C:N:P ratio, protein 

vs carbohydrate ratio) and the, usually heterogeneous, spatial distribution of organic 

matter within the sediment influence benthic nutrient regeneration (Herbert 1999). The 

large pieces of detrital plant material produced by the adjacent ecosystems (sea grass 

beds, salt marshes and mangrove forests), the allochthonous detrital inputs of rivers and 

oceans (Levin et al. 2001) and other primary producers (macroalgae, phytoplankton) are 

all deposited on intertidal flats (Alongi et al. 1999). Material on the surface of the 

sediment is attacked by mobile scavengers and releases organic material into the 

underlying sediment, however such standings can be sources of local anoxia (Thrush et 

al. 2006). These surface deposits are also subject to redistribution by the tide. Once 

buried organic material is broken down by microbes and infaunal detrital feeders. These 

processes can ultimately release nitrogen and phosphorous ions to the overlying water 

column via the turnover/flushing of pore water. Ammonium, nitrate and phosphate ions 

that are important for primary productivity, hence support the intertidal food web 

facilitating crucial services to human kind.  

The low flow conditions in areas where silt/clay particles are deposited also means that 

the relatively light (compared to mineral grains) particles of organic matter also 

accumulate at these sites (Gray & Elliott 2009). The small particles size of muddy 

deposits results in small interstitial spaces and low permeability of the sediment. In 

intertidal areas this low permeability means that mudflats hold water at low tide and 

provide a benign environment for macrofauna. However, the low permeability limits the 
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flushing of the pore waters with water from the overlying water column. The high 

metabolic oxygen demand of the biota (macrofauna and microbial) and any biochemical 

oxygen demand of the decomposing organic matter utilises much of the available 

oxygen such that sub-surface oxygen levels may be anoxic (Frid et al. 2013). These anoxic 

conditions cause the microbial community to become one dominated by anaerobic 

forms and the rate of decomposition is reduced and the microbes liberate hydrogen 

sulphide, methane and ammonia (Libes 2009). The transition from the aerobic system 

in the surface sediment layer to the anaerobic conditions is marked by the ‘Redox 

Discontinuity Layer” (RDL) and in fine, muddy, sediments typically occurs at depths of < 

1 cm (Libes 2009). 

The primary productivity of soft sediment habitats show high spatial and temporal 

variability within the habitat (Stal 2010). The variability is caused by heterogeneity of 

sediment composition, nutrient availability, seasonal changes, amount of incident light 

and concentration, diatoms within the sediment (van der Wal et al. 2010). The 

microphytobenthos (MPB), the assemblage of photosynthetic bacteria and microalgae 

are the major primary producers in intertidal sediment that contribute up to 50% of the 

total estuarine autochthonous primary production (Underwood & Kromkamp 1999). 
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Table 1.1. Classification of ecosystem functions in coastal ecosystems. The variables used to 

indicate ecosystem functioning are also listed. For example, biomass production can be 

determined from primary production and secondary production (the former quantified by 

measuring abundance of microphytobenthos and the latter was quantified using biomass of 

individuals) (Giller S et al. 2004). 

Types of Functions Ecosystem Function Examples of the response variables 

measured 

Biomass 
production 

Primary production 
 
 
Secondary production 

Amount of biomass (chlorophyll a) 
produced, CO2 consumption, O2 release 
 
Biomass of individuals available as a food 
source, Change in weight and number of 
individual 
 

Organic matter 
(OM) 
transformation 

OM decomposition 
 
OM system inputs/outputs 
 
 
 
OM removal 

Organic matter content present in sediment 
 
Amount of litter fall, dissolved organic 
carbon fluxes, trace movement of carbon 
using stable isotopes C14 

 
Removal/loss of standing stock, rate of 
ingestion by fauna  
 

Ecosystem 
Metabolism 

Carbon mineralization 
 
Production: respiration ratio 
 
 
Oxygen consumption & 
production 
 
 

CO2 emission rates, efflux of CH4 

 

Diel O2 and CO2 production/consumption, 
ecosystem budgets 
 
Change in oxygen concentration over time 
 

Elemental Cycling Denitrification, nitrification, 
nitrogen fixation 
 
Phosphate Flux 

Rate of NO3
- release, N2 incorporation into 

biomass 
 
Release of PO4

3- 

 
Physical 
structuring 

Bioturbation creates 
subsurface habitat 
complexity 
 
Reef building creating 
structures above the 
seafloor 
 
Sedimentation 

Release of inorganic N and P, redox potential 
 
 
 
Oxygen exchange, calcium carbonate 
precipitation rate 
 
 
Accumulation of sediments in traps, 
suspended sediment concentration 
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Ecosystem functions underpin ecosystem services, are the direct and indirect benefits 

humans acquire from natural systems, and they have become a tool to support decision 

making regarding the environment e.g. planning (Lee et al. 2017).  For example, the 

secondary production of the mudflats, which in part derives from the autochthonous 

primary production is exploited by fish, amongst other predators (tertiary and higher 

order predators). When these fish are harvested by a fishery they are contributing to 

the ‘food for consumption’ ecosystem service. The ecosystem services drawn from an 

ecosystem can be categorised in to 4 categories (Austen et al. 2015). They are: (i) 

Provisioning services, which are the products obtained from ecosystems such as food, 

fresh water, wood, fibre, genetic resources and medicines. (ii) Regulating services these 

are defined as the benefits obtained from the regulation of processes such as climate 

regulation, natural hazard regulation, water purification and waste assimilation, 

pollination or pest control. (iii) Habitat services highlight the importance of ecosystems 

in providing habitat for migratory species and to maintain the viability of gene pools. (iv) 

Cultural services are the non-material benefits that people obtain from ecosystems such 

as spiritual enrichment, intellectual development, recreation and aesthetic values. The 

Millennium Ecosystem Assessment has identified a degradation in or unsustainable use 

of 60% of the examined ecosystem services (MEA 2005).  Further highlighting that 

current patterns of human – environment interactions are unsustainable and damaging 

to the supporting ecosystems. 

 

1.1.3 Fate of ecosystems in the Anthropocene 
Humans have significantly impacted the diversity of life on Earth (MEA 2005). The 

biodiversity and environmental conditions of an ecosystem will provide an insight on the 

ability of an ecosystem to deliver ecosystem functions and the services. The Convention 

on Biological Diversity (CBD) and United Nations Sustainable Development Goals seek 

governments to maintain their natural biodiversity through sustainable conservation 

practices that would help perform functioning and deliver ecosystem services that are 

fundamental to human life. Despite all of the polices in place to conserve biodiversity 

the 2010 CBD target was not achieved and forecasting predicts that the 2020 Aichi 

biodiversity targets will not be accomplished either (Tittensor et al. 2014). However, an 

empirical study has shown that financial investment in conservation has reduced the 
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loss of biodiversity in 109 countries that are signatories of CBD by a median of 29% per 

country from 1996 – 2008 (Waldron et al. 2017). This suggests that if the funding 

towards conservation was increased, the countries would be able to maintain a balance 

of sustainable development goals between human development and maintaining 

biodiversity. 

 

1.2 Intertidal mudflats 
Intertidal flats are defined as the area exposed between mean high and low spring tide, 

excluding those areas that are only inundated by extreme weather events. Intertidal 

flats (muddy, sandy and rocky in nature) are extensive habitats found between land and 

sea. Intertidal flats occupy 127,921 km2 of the Earth’s surface (Murray et al. 2019) (Fig. 

1.3). The intertidal flats (70% of the total tidal extent area) were mostly concentrated in 

coastline with high tide ranges with increased sediment flows e.g. Asia, North America 

and South America (Murray et al. 2019). However, Murray et al. (2019) have shown a 

16% decline in tidal flat area between 1984 – 2016 based on the regions e.g. East Asia, 

Middle East and North America that contained sufficient data of the extent of intertidal 

flat area. This decline in the extent of intertidal flats is driven by coastal urbanization, 

sea level rise, reduction in the riverine input to the coast, and coastal erosion. Intertidal 

sediments are complex environments, with daily inundation and submersion influencing 

physicochemical properties and biotic processes such as primary production and 

foraging. Long periods of exposure to air or inundation by the tide results in changes in 

oxygen levels, salinity, pH, alteration of the available forms of nutrients (Levin et al. 

2001).  

The sandy or muddy nature of the intertidal flats are classified depending on the 

proportion of fine, silt and clay (<63 µm equivalent spherical diameter) particles. If the 

sediment composition contains >80% silt and clay (by dry weight) it is categorised as 

mud, >30% silt and clay is known as sandy mud, >10% silt and clay is muddy sand and 

<10% silt & clay is sand flat (Dyer 1979). The mudflats accumulate fine silt and clay 

particles that are brought in by tidal currents and alluvium from rivers that sinks to the 

bottom once they reach towards the coast. The mudflats found on tropical and 

subtropical shorelines are often fringed by mangrove forests which are closely 
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connected to the adjacent coastal waters through an exchange of resources and biota 

(Kruitwagen et al. 2010).  

 

Fig 1.3 Global distribution of intertidal flats mapped from 2014 – 2016 and it also indicates the 

extent of the tidal flats that were mapped as km2 per 1° grid cell (Murray et al. 2019).  

 

1.2.1 The economic and social value of mudflats 
The benefits that society derives from nature, so called “ecosystem services”, are 

assigned market values for decision making purpose, especially when considering 

development activities and biodiversity conservation with the intention of delivering 

sustainable management of natural resources (Costanza et al. 1997). Mudflats are 

important for the local fisheries economy as they provide nursery habitat for 

commercially important fish. The combined economic valuation for Queensland inshore 

fisheries (crabs and fish) was estimated at US$143 million for year 2012 -2013 (Pascoe 

et al. 2016) and the contribution to total fisheries was US$314.9 million in 2014 – 2015 

(Department of Agriculture and Fisheries 2015). Bait harvesting is a significant local 

fisheries activity in the SE Queensland, e.g. yabbies (Trypaea australiensis) and 

bloodworms (Marphysa sp.) are been harvested from the subtropical mudflats for 

recreational and commercial purpose (Skilleter 2004).  In Australia, the contribution of 

mudflats to annual tackle and bait industry turnover was estimated to be over US$170 

million (Australian Bureau of Statistics 2003) and the estimated value of retail sales was 
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US$665 million in 2003 – 2004 (Dominion Consulting Pty Ltd 2005).  Mudflats are 

important in helping to dissipate wave energy and so reduce the risk of eroding 

saltmarshes. This helps to prevent stress on coastal defences and protect low lying land 

from flooding.  They also have an intrinsic natural beauty, adding to the unique 

landscape and seascape to the local environment that generates an income to the local 

people by promoting tourism industry. For example, Boryeong Mud Festival held at 

Yellow Sea mudflats (west coast of Korea) generates an annual economic value of 

US$8.64 million (Choi et al. 2015). 

Increasing human population, resource consumption and waste generation have caused 

the degradation of terrestrial, coastal and marine ecosystems. It was estimated that the 

loss of ecosystem services globally from 1997 to 2011 was US$4.3 - 20.2 trillion per year 

due to land use change (Costanza et al. 2014). In this study the economic value of the 

services delivered by mudflat/intertidal habitat was included in estuarine services that 

showed a decrease in economic services from US$5.6 x 106 2007/yr in year 1997 and 

US$5.2 x 106 2007/yr in year 2011, although there wasn’t a change in the total habitat 

area. At more local scales, the economic value of the Dutch Wadden Sea, which has 

extensive tidal mudflats, is estimated to have generated a total economic value of 

US$2.3, x 109 2003/yr. This included flood prevention, storage and recycling of organic 

matter and nutrients, habitat and nursery functions, nature protection, aquaculture, 

recreation, food, raw materials for construction, spiritual, historic, education and 

scientific uses (Schuyt & Brander 2004). The highest economic valuation for unvegetated 

sediments between the continents was recorded from Asia generating a value of US$2.8 

x 106 2000/yr (Schuyt & Brander 2004). In Osaka Bay, Japan, the water purifying role of 

filter feeding/suspension feeding macrofauna, like oysters, has been estimated to be 

worth US$6.1 x 109 (~478 billion yen) for the 225 ha of mudflats (Irie et al. 2013). 

Mudflats found bordering the mainland across the globe are fundamentally important 

because of the economic benefits they provide for human well-being. These economic 

benefits needs to be reflected in development policies for effective management of 

mudflat conservation and sustainable human development activities. The economic 

valuations integrates expertise and the knowledge of biologists, conservationists and 

economists. As such they provide a powerful tool for local/regional government 

agencies in developing integrated and holistic managements programs for coastal zones.   
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1.2.2 Ecological services and functioning of mudflats 
One of the major challenges in this era is to ensure and improve the well-being of the 

current and future global population (Corlett 2015). Mudflats are extensive, highly 

productive and are therefore an ecologically important component of the marine 

ecosystems. The mudflats biota that lives in sediment play a vital role in the delivery of 

functions that underpins important ecosystem services such as provisioning services e.g. 

food production supporting global fisheries (FAO); regulating services e.g. nutrient 

cycling (biogeochemical cycles C, N and P budgets), shoreline stabilization and coastal 

defences; habitat services e.g. feeding and grounds for migratory birds and feeding and 

nursery habitat for fish and cultural services e.g. nature tourism recreational activities 

that benefit the livelihoods of millions of people globally (MEA 2005).  

The macrofauna inhabiting in mudflats are important to maintain fish stocks, because 

the commercially valuable fish prey on these macrofauna either during their juvenile 

stage or as adults. Therefore, macrofauna secondary production has a direct impact on 

the fisheries industry. Mudflats also provide food (macrofauna biomass) to resident and 

migratory birds delivering habitat services (Section 1.1.2). For example, in temperate 

mudflats macrofauna with large biomass (e.g. bivalves Mytilus edulis, Mya arenaria, 

Cerastoderma edule, Macroma balthica and polychaetes Arenicola marina, Lanice 

conchilega, Nereis diversicolor) attract a variety of birds and demersal fishes (Kuipers et 

al. 1981). For example, Yellow sea mudflats are staging sites for large number of 

migratory birds (Warnock 2010) that helps them to refuel by feeding and resting as they 

complete a long flight of migration and reproduction (Buehler & Piersma 2007). The 

degradation and loss of Yellow Sea mudflat habitat caused by coastal development have 

shown an annual decline in seven bird species at a rate of 8% (Studds et al. 2017). This 

implies that the wildlife relying on mudflat functions (e.g. secondary production) and 

services (e.g. nursery grounds) would be negatively affected and will also have negative 

consequences on nature-based tourism e.g. bird watching, reduction in aesthetic 

amenity, decrease in the real estate value of properties and land in the vicinity of 

mudflat ecosystems. However, with increasing international and local conservation 

efforts mudflats are being protected through legislation to maintain and preserve the 

aesthetic amenity of mudflats that promotes local business uplifting the living standards 

of the locals. 
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Mudflats are recognised as both sources and sinks for nutrients and organic matter, with 

the direction and magnitude of these fluxes being determined by macroinfaunal 

invertebrates, benthic primary producers and the microbial community living within the 

sediments (D'Andrea & DeWitt 2009). Of the mudflat biota, microbes oxidise organic 

matter and transform elements in a series of oxidation and reduction processes which 

controls the biogeochemical cycles of the coastal waters (Worden et al. 2015).  The 

elemental cycling by microbes affect the nutrient availability e.g. carbon and nitrogen to 

the food web (nutrients are taken up by microalgae for primary productivity) and the 

oceans influence on global climate (Worden et al. 2015). Any shift in microbial and 

macrofauna assemblages could influence the regulating services such as nutrient and 

carbon cycling that would have consequences on marine food webs and commercial 

fisheries.   

Presence of filter feeding macrofauna in mudflats can contribute to regulating services 

such as maintaining water quality and biogeochemical cycling in coastal waters (Clark & 

Johnston 2016) and they become very useful in nutrient poor sediment as they help 

recycle dissolved organic matter (De Goeij et al. 2013). Mudflat macrofauna that provide 

biogenic structures (e.g. oyster reefs) are valued as nurseries for economically valuable 

fish and crustacean species and have also been found to be higher in macrofaunal 

biodiversity compared to areas with no biogenic structures (Gain et al. 2016). Some 

macrofauna are recognised as ecosystem engineers (e.g. reef forming oysters, crabs) 

who have the ability to ‘modulate the availability of resources (other than themselves) 

through direct or indirect means to other species, by causing physical state changes in 

biotic or abiotic materials’ (Jones et al. 1994). Therefore, they have the ability to create, 

maintain and transform habitats (Jones et al. 1994) that deliver ecosystem services. 

Apart from the ability of oysters to create new habitat as oyster reefs, they have the 

ability to absorb wave energy and reduce sediment erosion. In a further example, an 

experimental study on increasing densities of cockles Cerastoderma edule have shown 

that the primary productivity of the sediment have increased by 90% due to sediment 

stabilisation facilitated by the cockles (Eriksson et al. 2017).   
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1.3 Biological traits and the quantification of ecosystem functioning 
With increasing human pressure on natural systems (Section 1.1.1 and 1.1.3) it is 

necessity to assess the ecological functioning of ecosystems in order to make marine 

environmental management decisions (MEA 2005). The species richness and 

biodiversity found in an ecosystem have become key indicators for determining 

functioning. Obtaining a direct measurement of ecosystem functioning is challenging 

often requiring repeated measures, and sophisticated techniques that will pose the least 

disturbance to the natural system (Paterson et al. 2012). To overcome these difficulties 

a number of proxies have been used to express functioning, for example, primary 

production (biomass of microphytobenthos) is measured by obtaining the chlorophyll a 

and taking this as the photosynthetic potential of the ecosystem (Hicks et al. 2011). 

However, the reponse of these proxies are often very slow and the link between 

chlorophyll a and the ecosystems ability to provide potential primary productivity is not 

precise but can be used as a generalised measure to predict functioning (Paterson et al. 

2012). Several approaches have been used to assess the ecological functioning mediated 

by benthic macrofaunal assemblages such as grouping taxa  into their respective trophic 

groups (Naeem et al. 1994, Desrosiers et al. 2000), use of of functional groups e.g. 

feeding guilds (Pearson & Rosenberg 1978, Pearson 2001), ecological evaluation index 

(Orfanidis et al. 2003) and ecofunctional quality index (Fano et al. 2003). 

Species differ in their physiology, morphology, life history and behaviour: they differ in 

their ‘biological traits’ (Violle et al. 2007). Biological traits such as the degree of mobility, 

burrowing activity and tube construction, feeding methods, food selection and body size 

can be identified as contributing to specific functions (Frid 2011) and might therefore be 

used as proxies or surrogates to describe ecological functioning. Assemblages with a 

wide range of traits is indicative of a range of functional activities, it is also possible to 

identify traits that show or are vulnerable to anthropogenic activity, for example 

features that make a species susceptible to physical damage from dredging (Kaiser et al. 

2000, Bremner et al. 2005). These are often referred to as ‘effect traits’ (Lavorel & 

Garnier 2002) therefore, shifts in species composition drive changes in the traits in an 

assemblage, potentially altering the way the system functions and provides ecosystem 

services (Krumhansl et al. 2016). 
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The biological traits analysis (BTA) was a an approach that helps to quantify and describe 

the potential contribution of benthic macroinvertebrate assemblages towards 

functioning (Chevene et al. 1994, Frid et al. 2000, Bremner et al. 2003, Haybach et al. 

2004, Bremner 2008, Frid et al. 2008, Pomerleau et al. 2015). It uses the biomass or 

abundance of macroinvertebrates combined with their biological traits to provide a 

quantitative expression of the potential delivery of an identified function. Linking of 

traits to functioning is different in terrestrial and soft sediment benthic communities in 

both freshwater and marine ecosystems. Plant traits such as height, leaf area, seed 

biomass are easy to measure for individuals that are found in a community. These traits 

are measured on a continuous scale and represent real value traits (Weiher et al. 1999, 

Díaz et al. 2004). However, the quantification of traits becomes a challenge for the 

macrofauna found in sediment or moving in the water column, therefore a categorical  

or discontinuous  approach was adopted (Chevenet et al. 1994, Bremner et al. 2003, 

Törnroos & Bonsdorff 2012). For example, living habit trait was divided into attached, 

burrow dweller, tube dweller, and free living. In BTA, the categorical traits are assigned 

with a coding, e.g. fuzzy coding (Chevenet et al. 1994) which means a taxa can be 

assigned to several modalities of a trait based on their multi-faceted behaviour. For 

example, a species can be a deposit feeder and predator (role will shift based on 

resource availability). The species trait will then be multiplied by abundance/density or 

biomass of the observed assemblage (Bremner et al. 2006, Bremner 2008).  

The BTA provides a theoritical quantification of the ‘potential’ functioning of the 

assemblage that was been derived based on the attributes of the macrofaunal species 

assemblage at a given time, it does not represnet the actual functioning. The behaviour 

of some species may change with respect to environmental conditions e.g. changes to 

flow rate  and resource availability (Riisgård & Kamermans 2001). This suggests that 

species show plasticity in expression of their traits and small scale disturbances at local 

level can change the behaviour of individuals of a species that influence the ecological 

functioning at local scale. However, these changes caused by trait plasticity will not be 

identified through the application of BTA (Cesar & Frid 2012). It is recommended that 

more presice estimations can be made if experiments can be conducted to measure the 

ecological functions along with the BTA approach in determining the potential 

functioning. Obtaining trait information to all described species is time consuming and 
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given that most studies are completed within a short time period (1-2 years) becomes a 

challenge. Therefore trait information at higher taxonomic level has to be incorporated 

into species level coding that leads to a generalised pattern. This restrict the ability to 

identify subtle changes to ecological functioning, especially in conservation and 

management decision making processes.  For example, many polychaete genera show 

various reproductive and feeding trait modalities (Jumars et al. 2015). Identifying these 

patterns has been more difficult for marine soft sediment macrofauna compared to 

terrestrial plants, insects and freshwater macrofauna.  

 

1.4 Biodiversity – Ecosystem Functioning (BEF) relationships 
Whilst we know that human activities are causing  species losses and changes in species 

distributions (non-native invasions and biogeographic range shifts)  have impacts that 

extend beyond changing local species composition: all such changes have the potential 

to alter ecosystem functioning and hence the delivery of ecosystem services upon which 

humanity depends (MEA 2005). This has prompted a raft of studies exploring the links 

between biodiversity and ecosystem function (BEF), initially with terrestrial 

environments (Dıáz & Cabido 2001), later expanding to freshwater and marine 

ecosystems (Ieno et al. 2006, Thrush et al. 2006, Bulling et al. 2010). These studies seek 

to determine what the consequences of species loss are for ecosystem functioning and 

what is the nature of that relationship. 

The BEF studies have partially supported the assertion, often made by conservationists, 

that biodiversity regulates ecosystem functioning, by relating biodiversity metrics (e.g. 

species richness Shannon Wiener diversity and Pielou’s evenness) with measures of 

ecosystem functioning (Ieno et al. 2006). These relationships form the basis for a range 

of hypotheses that have been proposed to predict the effects of species loss on 

ecosystem functioning (Fig. 1.4) (Ehrlich & Walker 1998, Giller & O'Donovan 2002, 

Naeem et al. 2002). The major BEF relationships proposed (see Chapter 5.2) are that: 1. 

no relationship – the null hypothesis; 2. rivet hypothesis; 3. modified rivet hypothesis; 

4. inverse rivet hypothesis; 5. redundant species hypothesis; 6. keystone species 

hypothesis; 7. idiosyncratic hypothesis and 8. gradual decline parabolic (type 6) 

hypothesis. The null hypothesis explains that increase/decrease in biodiversity does not 

influence ecosystem function suggesting that the concept of increasing biodiversity 
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enhancing ecosystem functions is not universal. For example, increasing species richness 

in plant litter (2 to 8 species) did not show predictable changes in ecosystem functions 

e.g. the rate of plant litter decomposition and dynamics of litter nitrogen (Wardle et al. 

1997). Previous studies have shown that increasing species richness significantly 

increase ecosystem functioning (e.g. Naeem et al. 1995, Mikola et al. 1998, Hector et al. 

1999). The three types of rivet hypothesis emphasis that all species have an important 

role in functioning and their contribution is similar, therefore all species in an 

assemblage matter. A field experiment conducted by Tilman et al. (1996) revealed that 

increased diversity of live plants boosted primary productivity and plant nitrogen 

acquisition, a result that is consistent with the rivet hypothesis. The redundant species 

hypothesis shows a strong saturating relationship between biodiversity and function, 

suggesting that many species can be lost without a significant effect on ecological 

functioning (e.g. Duffy et al. 2001, Gitay et al. 1996, Schwartz et al. 2000, Wardle et al. 

1997). In contrast to above, the keystone species hypothesis explains that the loss of 

species with unique ecological roles leads to decreases in functioning (e.g. Duffy et al. 

2001). The unpredictable directions (either positive or negative) in BEF relationships is 

consistent with idiosyncratic hypothesis. This suggests that changes in the number of 

species have an unpredictable effect on ecosystem functioning (e.g. Emmerson et al. 

2001, Naeem et al. 2002, Wardle et al. 1997). For example, increase in biodiversity can 

lead to reduction in functioning (e.g. inverse rivet hypothesis, Giller & O'Donovan 2002) 

and increase in biodiversity can reduce some functions (e.g. gradual decline parabolic - 

type 6 hypothesis, Martinez 1996). 
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Fig. 1.4. Major Biodiversity ecosystem functioning hypothesis developed for terrestrial systems. 

(A-B) Eight biodiversity models have been illustrated, of that 6 of the models show a positive 

BEF relationship while 2 indicate inverse BEF relationship. This shows how changes to 

biodiversity would affect ecosystem functioning (Giller & O'Donovan 2002). 

 

The precise role that biodiversity plays in sustaining ecosystem services and the long 

term effects of biodiversity loss is poorly understood and therefore it has become 

difficult to predict ecological functioning of a given ecosystem (Durance et al. 2016). 

Multiple studies have established a positive relationship between biodiversity and 

ecosystem functioning that underpins the provision of ecosystem services (Balvanera et 

al. 2006). However, these studies often reduce biodiversity to species richness only, 

while biodiversity can be viewed in a much broader sense like linking biological trait 

diversity measures with proxies to functioning. It can be argued that rather than the 

number of species per se it is the underlying variety in biological traits drives the positive 

relationship between biodiversity and ecosystem service provision (Solan et al. 2012). 

While species richness may be important for maintaining an ecosystem’s resilience 

(Kotschy et al. 2015) the functional abilities of particular species or the richness of 

biological traits maybe as important in sustaining ecosystem function (Haines-Young & 

Potschin 2010, Durance et al. 2016). 

 

 



 
 

21 
 

1.5 Ecological resilience and functional redundancy  
The response of any ecosystem to constantly changing environmental conditions is 

complex and hence highly unpredictable (Pimm 1984, Marchant 2010). Resilience of an 

ecosystem is defined as the capacity of a system to absorb disturbance and reorganize 

while undergoing change so as to retain essentially the same function, structure and 

identity (Walker et al. 2004). Some have suggested that ecosystems that are biodiverse 

have higher resilience to environmental and anthropogenic perturbations than 

ecosystems that have low biodiversity (Oliver et al. 2015). However, the shape of this 

relationship has not been determined and is unlikely to be linear. Similarly, the 

redundancy hypothesis introduced in BEF models suggest that, based on the fact that 

some species have common functional roles, that while loss of diversity will cause loss 

of functioning, the loss of one or two species may have little impact on the ecosystem 

functioning (Rosenfeld 2002).  

The critical issue for conservationists in assessing vulnerability or resilience of an 

ecosystem, is to characterise the degree of functional redundancy and identify species 

that are functionally important or unique. If only a few species are recognised as 

functionally important, conservation measures should be focused on their protection as 

their loss (extirpation) would significantly reduce functioning (Walker 1995). 

Understanding the role of functionally redundant and functionally critical species can 

help to understand the mechanisms underlying ecosystem stability and the value of 

species diversity and ecosystem processes in maintaining healthy functioning systems. 

Benthic sandflat macrofaunal assemblage observed at Kaipara Harbour, New Zealand, 

was grouped into 26 functional groups to investigate spatial patterns in functional 

redundancy and 85% of the groups contained 2 or more species and 50% of functional 

groups had 4 or more species that suggest a reasonable degree of redundancy within 

the functional groups (Greenfield et al. 2016). Patterns of trait composition help gain 

insight into functional redundancy as a proxy for ecological resilience 

 

1.6 Managing human interactions with mudflat ecosystems 
The significance of intertidal mudflats to human well-being and other species was 

formally recognized since the adoption of the Convention on Wetlands of International 

Importance in Ramsar, Iran in 1971. It was reiterated in 1992 by the formation of the 
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Convention on Biological Diversity, an intergovernmental agreement to support the 

conservation of biodiversity, the sustainable use of its components, and the fair and 

equitable sharing of benefits (Cardinale et al. 2012). Later, several international 

environmental policies were adapted such as Millennium Development Goals, 

Millennium Ecosystem Assessment (MEA 2005), United Nations first global integrated 

marine assessment (Inniss et al. 2016) that all focus on linking ecosystems and human 

well-being.  

The basis for many government policies are based on theory, intuition, ideology, or   

conventional wisdom (personal interest) (Addison et al. 2017). At present, governments 

around the World and global organizations that are concerned with environmental 

monitoring and management have committed to incorporating more research findings 

into policy – so called evidence-based policies (Sutherland et al. 2004, Lawton 2007). 

However, with increasing growth in the quantity of science published (Chapter 2, Fig. 

2.2) it has been recognised that there is an urgent requirement for mechanisms that can 

review available information on biodiversity and conservation status and make 

recommendations to practitioners. For example, there are many aspects of 

conservation-based management that would benefit from the efficient use of evidence, 

including the design of release schemes, habitat management, restoration, and 

education programmes. This would be more effective if the evidence-based 

conservation can be applied to international and local policy development.  This could 

be facilitated by developing a central (web based) database that government, research 

and public can easily access to up to date information (Sutherland et al. 2004). Evidence 

based science also has the potential to secure future research funding by demonstrating 

the effectiveness to funders and policy formers of developing the evidence base.  

 

1.7 Subtropical mudflats in the Anthropocene on Ecosystem functioning 
The importance of benthic macroinvertebrates in ecosystem dynamics has long been 

recognised (Section 1.1.2). Macroinvertebrates are also widely used in ecosystem health 

assessments, because they are comparatively stationary and regulated by the 

environmental conditions over long periods (Pearson & Rosenberg 1978, Borja et al. 

2000). Sampling of mudflat macrofaunal assemblages is a quick, relatively cheap method 

for environmental monitoring (Raffaelli & Hawkins 2012). Macrofauna being good 
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indicators in environmental monitoring and impact assessments (Snelgrove 1998, Gray 

& Elliott 2009), considerable number of studies have been conducted globally to 

investigate species composition (Vargas 1987, Dittmann 2002a), diversity and 

functioning structure of mudflat assemblages (Heip et al. 1992, Snelgrove 1997, 

Hutchings 1998, Bolam et al. 2002). Studies on temperate mudflats were higher 

compared to subtropical and tropical mudflats (Gray 1981) and it is interesting to 

investigate if the knowledge gap remains same after 3 decades of the study.  

The subtropical climatic zone (23.4° - 30° latitude) is a transitional zone extending 

between the tropical and temperate climatic latitudes in both northern and southern 

hemisphere (Corlett 2013b). However, the poleward limit of the subtropics is still in 

disagreement that physical geographers have set broad limits extending from 35° or 40° 

latitude (Corlett 2013b). As tropics been well defined for both terrestrial and marine 

systems (0° - 23.4° latitude north and south) the subtropical boundary for marine system 

is based on both latitude and mixing of warm and cold ocean currents e.g. East 

Australian Current. The spatial patterns of marine biodiversity is important to 

understand functional differences and to determine the future direction of managing 

the marine natural resources and conservation. Spalding et al. (2007) introduced a 

biogeographic classification for coastal and shelf waters using benthic and shelf pelagic 

water fauna, that resulted in 12 realms, 62 provinces and 232 ecoregions. Similarly, 14 

biogeographic regions for coastal and shallow habitats have been proposed by Briggs 

and Bowen (2012) in which they used 10% endemism of fish to define the provinces. 

Therefore, the subtropics are a boundary zone with some endemic taxa but also 

containing sub-sets of the tropical and temperate fauna. With one of the potential 

responses to climate change being species redistributions the subtropics has become a 

key area of focus with potential invasions of tropical taxa and the loss of temperate taxa. 

Several studies have been conducted in north of Queensland (Dittmann 1996, Inglis & 

Kross 2000, Dittmann 2002b) and only two have considered the macrofaunal 

communities in the tidal flats of southeast (SE) Queensland. One focussed on the spatial 

and temporal dynamics of benthic infauna and sediment parameters of an estuarine 

lake (Dunn et al. 2013) while the other investigated the links between macrofaunal prey 

and the varying density of eastern curlew (Finn et al. 2008). However, there were several 

studies conducted on subtidal and offshore macrofaunal assemblages in subtropical SE 
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Queensland (Poiner 1977, Young & Wadley 1979, Eertman & Hailstone 1988). Yet none 

of them have addressed how changes in the macrofauna influence system functioning. 

This study aims to focus on employing benthic macroinvertebrate composition and 

biological trait data to address selected ecosystem functions of the mudflats present in 

SE Queensland.  

The South-east (SE) Queensland is one of the fastest growing regions of Australia in 

terms of population and urban development. As a region it has maintained high levels 

of growth since early 2000 as the economic, social and cultural hub of Queensland 

(Department of Infrastructure Local Government and Planning 2016) and it extends (240 

km) from Noosa in the north to Gold coast and the New South Wales border in the south. 

The two fastest growing cities (Brisbane and Gold Coast) in the state are located on the 

coast where urban development has rapidly transformed peri-urban coastal sub-

catchments into smaller town centres (Clark & Johnston 2016). SE Queensland therefore 

provides an ideal location to observe differences in macrofaunal species composition, 

and their traits, along north-south biogeographic gradient in a region that is at the 

boundary of major oceanic realms and is exposed to a range of human pressures 

associated with human population growth and urbanisation. 
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1.8 Objectives and Outline of the thesis 
The overall objectives of this thesis are as follows: 

i. To understand the biodiversity of subtropical mudflat macrofaunal assemblages 

in relation to global, regional and anthropogenic drivers. 

ii. To investigate the influence of global and regional scale differences in species 

composition on the functioning of sub-tropical mudflats, including the effects of 

urbanisation and associated anthropogenic pressures. 

iii. To investigate the functional redundancy of intertidal mudflats and the resilience 

of ecosystem functioning with the expected changes in the Anthropocene.  

 

This thesis is presented as a series of published and unpublished papers. To provide a 

context for the detailed studies of sub-tropical mudflats, in Chapter 2, a global meta-

analysis was performed of the peer reviewed literature containing quantitative 

information on macrofaunal assemblages of mudflats. The differences in the taxonomic 

and trait composition was examined at global and regional scales (climatic zones and 

biogeographic regions) and how the observed differences would manifest in terms of 

ecological functioning (Objectives i, ii and iii) was presented. This chapter has been 

published in Marine Ecology Progress Series (Dissanayake et al. 2018). 

In chapter 3, a field survey was conducted to understand the natural seasonal and spatial 

(latitude) differences in macrofaunal assemblages in subtropical SE Queensland and to 

examine the influence of urbanisation on these patterns (Objective i and ii). 

In chapter 4, the species composition data for the SE Queensland mudflat fauna 

(Chapter 3), were used to identify trait compositional differences and changes in the 

potential ecological functioning of the assemblage. This considered the observed 

patterns in response to urbanisation and latitudinal gradients. This was extended to 

include possible future changes in the face of continued anthropogenic climate change, 

using simple models of species compositional change (Objective ii and iii). 

Chapter 5 experimentally explores, the ecological role of macrofauna with contrasting 

suites of traits in the delivery of some of the ecological functions of mudflats, e.g. 

primary productivity, sediment oxygenation, carbon decomposition and nutrient 

cycling. The study also examined how the resident macrofaunal assemblage compensate 
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for changes in the densities of manipulated taxa and whether functioning was be 

conserved (Objective iii). 

As each of Chapters 2-5 is a self-contained manuscript the individual findings are 

discussed in each chapter. In Chapter 6, the overall results and aims of the thesis are 

considered and I discuss how my work has helped increase our understanding of sub-

tropical mudflats. I focus on how benthic ecological functioning supports key ecosystem 

services and the impact upon, and resilience of, these assemblages to anthropogenic 

impacts. Recommendations for future work are provided. 
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2.1 Abstract 
Mudflats—unvegetated, soft-sediment, intertidal habitats—support macrofaunal 

assemblages that contribute to a number of important ecosystem functions (e.g. food 

for fish and birds, nutrient and C-cycling). These habitats are widespread but are 

threatened by increasing pressure from anthropogenic activities. Greater knowledge of 

the consequences of biodiversity loss for the functioning of ecosystems can aid 

management, by identifying potential threats. Systematic searches of the Web of 

Science and SCOPUS identified 163 published datasets of essentially ‘pristine’ mudflat 

macrofaunal assemblages, comprising data on 448 taxa from 4 climatic zones and 10 

biogeographic regions. Broad-scale patterns of trait distribution confirmed established 

patterns showing that taxa at low latitudes had smaller body sizes, shorter life spans and 

more exoskeletons, and that direct developmental modes were more prevalent at high 

latitudes. Greater occurrences of burrow dwellers in the temperate zone may have 

supported greater rates of sediment turnover, organic matter decomposition and 

nutrient cycling, whereas in the tropics, tube dwellers provided more biogenic habitat. 

Despite these trait differences, the overall similarity in trait composition relative to 

taxonomic composition indicated that globally, mudflats were functionally similar. The 

functional redundancy observed across regional and climatic boundaries suggests that 

ecosystem functioning and service delivery will show some resilience in the face of 

perturbation. However, the growing anthropogenic pressures on coastal mudflats 

means the risk of system collapse, beyond resilience thresholds, is high. This study 

illustrates how an extensive body of published literature can provide a foundation for 

developing a global understanding of ecological functioning in mudflats to inform 

management responses. 

 

Key words: Functional redundancy, biodiversity, biogeographic trends, biological traits, 

latitudinal gradient, resilience, environmental management 
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2.2 Introduction 
Mudflats are ecologically and socio-economically important ecosystems that deliver 

benefits to human populations worldwide (Costanza et al. 2014). These soft-sediment 

intertidal habitats, with >10% silt and clay (Dyer 1979), support global fisheries through 

the provision of food and habitat (including important nursery habitats), support 

resident and migratory populations of birds, provide coastal defences and have 

aesthetic value. The global value of ecosystem services provided by intertidal systems 

such as estuaries, including mudflats (total area ~1.8 x 106 km2), is estimated to be US$ 

5.2 x 1012 2007$ yr–1, and a further US$24.8 x 1012 2007$ yr–1 are provided by tidal 

marshes and mangroves (Costanza et al. 2014). However, intertidal ecosystems are 

deteriorating globally (Murray 2018) due to increasing anthropogenic pressures (e.g. 

MEA 2005, Pereira et al. 2010, UnitedNations 2016). Major localised threats for mudflats 

include coastal urbanisation, dredging, land reclamation and diffuse and point source 

pollution (e.g. Frid & Caswell 2017), which occur against a backdrop of global climate 

change (IPCC 2013, van der Wegen et al. 2017). 

Studies of intertidal community dynamics have deepened our understanding of the 

ecology of natural systems, providing lessons and/or models that are applicable across 

systems; such as fundamental insights into e.g. the roles of competition (Dayton 1971), 

predation (Paine 1966), grazing (Lubchenco & Gaines 1981) and disturbance in 

structuring communities (Sousa 1984). These works demonstrate that resident 

macrofauna are the most important ecosystem components contributing to major 

ecological processes, often referred to as ‘ecosystem functions’ (e.g. nutrient cycling, C-

cycling, habitat creation and water-treatment). These functions underpin the delivery of 

ecosystem services and benefits (Snelgrove 1997, Hooper et al. 2005, Costello et al. 

2015). Consideration of ecosystem functioning within environmental management 

frameworks was therefore implemented by the United Nations International 

Convention on Biological Diversity (UnitedNations 1992), and the protection of 

ecosystem functioning has become embedded within marine environmental policy (Frid 

et al. 2008). The United Nations Millennium Ecosystem Assessment (MEA 2005, IPBES 

2016) subsequently demonstrated the links between ecosystem functioning and the 

economic value of ecosystem services. Thus, understanding the scale and nature of 



 
 

31 
 

changes in biodiversity, ecosystem functioning and the delivery of the associated 

services has become a research priority. 

Individual species’ contributions to ecosystem functioning may be determined from the 

species morphological, physiological, structural or behavioural characteristics, also 

known as their ‘biological traits’ (e.g. Mermillod-Blondin 2011, Cardinale et al. 2012). 

For example, mudflats are rich in organic matter and its degradation by deposit feeders, 

and subsequently microbes, is facilitated by bioturbators and underpins water-column 

primary productivity (Kristensen et al. 2012, Bolam & Eggleton 2014, Douglas et al. 

2017). This is, therefore, a vital process for carbon and nutrient cycling between benthic 

and pelagic systems (Fitch & Crowe 2011). Categorising the taxa present according to 

their biological traits, in addition to their taxonomic identity, allows the functioning of 

communities and/or ecosystems to be determined (e.g. van der Linden et al. 2012, 

Caswell et al. 2018). Furthermore, an inventory of the functional roles of species gives 

information on the vulnerability of particular functions and ecosystem services, to 

biodiversity loss. The functional redundancy theory expects multiple taxa to deliver the 

same function and so the removal of one or more of these ‘redundant species’ will not 

affect overall ecosystem functioning (Naeem et al. 2002, Törnroos et al. 2015). For 

example, Duffy et al. (2001) in experiments with 3 species of crustacean grazer, showed 

that the extent of epiphyte growth on seagrass remained constant when the density of 

any one grazer species was reduced; grazing continued at the same rate. Alternatively, 

if the taxa removed had a unique functional role within the community, ecosystem 

functioning may be compromised (Fetzer et al. 2015). In the latter case, the loss of such 

a ‘rivet species’ (Walker 1992) can create a dysfunctional ecosystem (Frid & Caswell 

2016). Thus, understanding the patterns of both taxonomic and trait composition can 

be used to predict the consequences of biodiversity loss for the functioning of the 

system, and so inform management of potential threats. 

Macroscale ecological patterns, such as those described by differences in taxonomic 

composition, can reveal how species respond to environmental change (Gaston 2000, 

Pereira et al. 2010, Villarino et al. 2018). The Census of Marine Life initiative(Costello et 

al. 2010, Snelgrove 2010) has recently documented global patterns of marine 

biodiversity, and global syntheses of the biogeographic distributions of many major 

macrofaunal groups have also been compiled (e.g.Boschi 2000, Crame 2000, Rex et al. 
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2005, Blazewicz-Paszkowycz et al. 2012, Poore & Bruce 2012). These works suggest that 

broad-scale patterns exist within both marine and terrestrial systems, such as higher 

biodiversity at low latitudes (Gaston 2000, Hillebrand 2004), although there are several 

exceptions (Smith et al. 2013, Villarino et al. 2018). For instance, some taxonomic groups 

reach maximum diversity at the poles (e.g. subtidal sponges; Brandt et al. 2007) or in 

temperate regions (e.g. seaweeds; Gaston 2000). Similarly, an apparent global cline in 

biodiversity with latitude has been documented in mudflats (Attrill et al. 2001, Dittmann 

2002; from 19 to 20 sites each), and differences in taxonomic composition have been 

documented between intertidal flats in different regions (McLachlan & Dorvlo 2005—

161 sites, Gray & Elliott 2009—12 sites, Defeo et al. 2017—263 sites). Whilst global 

patterns of biodiversity are driven largely by differences in climate, regional differences 

are attributable to historic patterns of speciation and biogeography (e.g. Schneider & 

Schmittner 2006), or anthropogenic activities such as shipping (Gollasch & Riemann-

Zürneck 1996). 

Understanding macroscale variations in ecosystem functioning, and how biodiversity 

loss may impact functioning, is crucial given the recent realignment of management 

strategies to focus on ecosystem service delivery. In terrestrial systems, it has been 

demonstrated that changes in the functional composition of communities are 

responsible for most variations in ecological functioning (Tilman et al. 1997, Hooper et 

al. 2005). Thus, to ensure the continued provision of ecosystem services, the 

conservation of biological trait diversity may be more important than preventing the 

loss of taxonomic diversity (e.g. Frid et al. 2008, Cadotte 2011, Hemingson & Bellwood 

2018). Although marine ecosystems have not been subjected to the same level of 

scrutiny as terrestrial ecosystems (e.g. Hendriks & Duarte 2008), investigations of 

macroscale patterns of functional diversity and/or ecological functioning have been 

conducted in seagrass and mangrove habitats and for coral reef fish populations (Smith 

et al. 2013, Hemingson & Bellwood 2018). However, no global scale analyses of 

ecosystem functioning have been undertaken for soft sediment systems. 

Given the ecological and economic importance of intertidal mudflats, it is appropriate 

to consider whether global and regional differences in taxonomic composition confer 

differences in trait composition, producing variations in the ecological functioning of 

these systems. In the present study, a quantitative systematic approach was adopted to 
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compile data on the taxonomic composition of mudflat assemblages world-wide and 

employed biological traits as proxies for predicting global variations in ecosystem 

functioning. From this we suggest the extent to which ecologically similar species could 

provide resilience in these systems (e.g. Folke et al. 2004, Douglas et al. 2017). 

This study aimed to investigate whether taxonomic and biological trait composition 

differed between the mudflats of climatic zones and biogeographic regions, and to 

determine whether these differences would manifest as differences in the ecological 

functioning of the biogeographically distinct mudflats. To the best of our knowledge this 

study is the first to combine detailed observations of local species pools and biological 

traits to explore differences in mudflat functioning at a global scale. 

 

2.3 Materials and methods 
 
2.3.1 Data compilation 

The 2 main databases of peer-reviewed scientific literature, SCOPUS (Elsevier; 

elsevier.com) and Web of Science (WoS) (Thomson ISI; webofknowledge.com), were 

searched to acquire data on the taxonomic composition of macroinvertebrate mudflat 

communities. Two independent searches were performed using different criteria (Table 

2.1, Fig. 2.1). A preliminary search (Search 1) of WoS only (Table 2.1) identified all 

published papers on marine, estuarine and freshwater systems. Two further searches 

were performed within those results to determine how many were intertidal studies 

and, of those, how many were mudflat studies. 

A review of a subsample (n = 20) of papers from the preliminary WoS search results on 

mudflat macrofauna identified suitable search terms for selecting publications for data 

extraction (Table 2.1). Wildcard functions (e.g. macro*) were used to incorporate all 

possible variants of terms for which there were synonyms (e.g. mudflat, intertidal mud, 

macrofauna, macroinvertebrate, macrobenthic, macrozoobenthos), and quotation 

marks were used to search for compound terms. Database searches were completed 

using the selected key terms connected by Boolean operators in different combinations 

and this generated a maximum of 441 publications in SCOPUS (spanning 1977 to 2016) 

and 656 publications in WoS (spanning 1900 to 2016; Table 2.1). The search terms were 

applied to the article title and abstract in both databases, to the ‘key words’ fields in 
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SCOPUS, and to the ‘author keywords’ and ‘keywords plus’ fields of WoS (these 

differences were imposed by variations in the 2 database search engines). 

Table 2.1. Details of the 2 independent searches to identify peer-reviewed literature on mudflat 

macrofauna. Search 1 aimed to provide the overall context of published material on mudflat 

macrofauna nested within all studies of macrofauna. For Search 2, different key search term 

combinations and Boolean operators were used to identify publications from both databases. 

The combination that produced the greatest number of publications (bold) were considered the 

initial sample (Fig 2.1). All searches were completed on 31/12/2016 

Theme Scopus WoS 

Search 1: macrofauna OR macroinvertebrates – 14 263 

Search within 1: intertidal – 1018 

Search within 2: mud* – 283 

 

Search 2: 

(a) mudflat AND macro* AND *fauna OR ‘intertidal mud’ AND 

macro* AND *fauna OR ‘mud flat’ AND macro* AND *fauna 

187 154 

(b) ‘Mudflat’ AND macro* OR ‘mud flat’ AND macro* OR 

‘intertidal mud’ AND macro* 
441 374 

(c) (‘mudflat’ OR ‘mud flat’ OR ‘intertidal mud’) AND macro* 31 656 

 

The list of publications was imported into Endnote® v. X8.2 (endnote.com) and 

duplicates were removed. This produced 820 unique relevant publications, the abstracts 

of which were individually screened, and only those that focused on mudflat 

macrofaunal composition were retained (277 papers; Fig. 2.1). Metadata were compiled 

for each paper; comprising the aims and objectives of the study, latitude and longitude 

of sampling sites, country, habitat type, whether the study was observational or 

experimental in nature, the type of taxonomic information included (e.g. level of 

taxonomic classification, taxa abundance or biomass), living habit of study subjects (e.g. 

infauna or epifauna), sampling procedure (gear type, sampled area, sampling depth, 

sample volume and sieve mesh size), season and year. Datasets were assigned to one of 

4 climate zones based on their origin: polar—north and south of 60° latitude; 

temperate—40° to 60° north and south; subtropical—between 23° 27’ to 40° north and 
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south; and tropical—0° to 23° 27’ north and south. They were also categorized into 

marine biogeographic regions, according to the classification of Spalding et al. (2007). 

Using the metadata, datasets were selected from within the 277 publications that 

yielded quantitative data (Fig.2.1) that could be used to determine global variations in 

taxonomic composition, biological traits composition and in turn, ecosystem 

functioning. Selection criteria were applied to maximise the comparability of the 

datasets by reducing methodological inconsistencies. The selected datasets were from 

(1) field-based observational studies that recorded the abundance of macrofaunal 

(retained on a 0.5 mm mesh) taxa in mudflats (>10% silt and clay, sensu Dyer 1979) and 

(2) from sites characterised by the original authors as ‘pristine’ or ‘relatively undisturbed 

reference sites’. A total of 88 publications were identified, containing 248 datasets, 

subsequently further refined by excluding datasets for which comparisons were 

inappropriate, i.e. that used disparate sampling volumes or effort (Fig. 2.1), or that 

recorded a total taxa richness of ≤3. This process produced 163 datasets (68 papers) that 

contained data on the taxonomic composition of mudflat communities collected using 

comparable methodologies (Fig. 2.1).  

Fauna retained on a 0.5 mm mesh sieve is the most frequently used operational 

definition of ‘macrofauna’ (Gray & Elliott 2009), however for reasons of expediency 

some studies use a 1.0 mm mesh. The problem of comparing data from studies using 

different mesh sizes has long been recognised (Reish 1959). Rees (1984), for example, 

showed that for temperate sub-tidal benthos, a 1 mm mesh captures 77% of the 

individuals and 69% of the species retained on a 0.5 mm mesh. To date, no mechanism 

exists for consistently estimating the differences between assemblages retained on 

sieves of differing mesh size because the retention of macrofauana varies between 

locations. For this reason our analyses were limited to datasets that employed the more 

commonly used 0.5 mm mesh. 

 

2.3.2 Biological traits analysis 

Taxonomic data were first checked for errors, inconsistencies and changes in taxa names 

since publication (using the World Register of Marine Species, WoRMS Editorial Board 

2016, www.marinespecies.org). Biological traits analysis (BTA) (Bremner et al. 2006) was 
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used to quantify the potential contribution of taxa towards the delivery of selected 

ecosystem functions (Table 2.2). Ten morphological, life history and behavioural traits 

were selected that influenced fundamental mudflat functions mediated by macrofauna 

(Table 2.2). For example, organisms with small body sizes and short life spans may 

facilitate organic C-cycling, whilst taxa that dwell near the sediment surface are most 

likely to be consumed by predators. Taxa that make a significant contribution to nutrient 

cycling included those with deep-burrowing and deposit-feeding habits (Snelgrove 1997, 

Costello et al. 2015) (Table 2.2). 

Information on the biological traits of the recorded taxa were sourced from taxa-specific 

literature or syntheses (e.g. Fauchald & Jumars 1979, Kristensen et al. 2012, Kicklighter 

& Hay 2006, Queirós et al. 2013) and suitable databases, e.g. the Biological Traits 

Information Catalogue (MarLIN 2006), Marine Species Identification Portal (ETI 

Bioinformatics 2018), BOLD systems (Ratnasingham & Hebert 2007) and Polytraits 

(Faulwetter et al. 2014). Each of the 10 traits were represented by 3 to 5 subcategories, 

or modalities; e.g. feeding mode was subdivided into deposit feeder, suspension and 

filter feeder, predator and/or scavenger, and grazer (Table 2.2). The affinity of each 

taxon to a trait modality was coded using a ‘fuzzy coding’ procedure (Chevene et al. 

1994). This method allowed each taxon to exhibit multiple modalities reflecting diverse 

behaviours that occur in nature. The score assigned to each modality (e.g. 0 = species 

had no affinity to that modality, 1.0 = complete affinity) was such that the scores for a 

trait summed to 1. When the affinity of a taxon for a modality was unknown, higher 

taxon level information (e.g. genus < order < class) were used. Taxon abundances were 

multiplied by the trait modality scores to produce a trait-abundance by site matrix. 
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Table 2.2. The 10 biological traits and 41 trait modalities used to characterise mudflat 

macrofaunal taxa and their anticipated contribution to ecosystem functions. Max.: maximum, 

OM: organic matter 

Trait Modalities Ecosystem functions 
Morphological traits 
A. Adult max. 
body length 

(1) <1 cm, (2) 1–3.0 cm, (3) 3.1–5 cm, (4) 
>5 cm 

Nutrient cycling; sediment 
turnover; OM 
decomposition 

B. Body shapea (1) Round–oval, (2) rectangular–
subrectangular, (3) vermiform 

Nutrient cycling; sediment 
turnover 

C. Anti-predator 
adaptationsb 

(1) Unprotected, (2) avoidance, (3) 
exoskeleton, (4) body projections, (5) 
chemical deterrents 

Food for predators, C-
cycling, biogenic habitat 
creation 

Life history traits 
D. Living habit (1) Attached, (2) burrow dweller, (3) tube 

dweller, (4) free living 
Nutrient cycling; sediment 
turnover; OM 
decomposition; biogenic 
habitat creation 

E. Longevity (1) <1 yr, (2) 1–2 yr, (3) 3–5 yr, (4) 6–10 
yr, (5) >10 yr 

Food for predators; 
nutrient cycling; OM 
decomposition 

F. Larval 
development 

(1) Direct, (2) planktotrophic, (3) 
lecithotrophic 

Food for predators; C-
cycling 

Behavioural traits 
G. Feeding (1) Deposit feeder, (2) suspension/filter 

feeder, (3) predator/scavenger, (4) grazer 
Nutrient cycling; C-cycling 

H. Sediment 
dwelling depthc 

(1) Epifaunal, (2) 0–2 cm, (3) 2–5 cm, (4) 
>5 cm 

Sediment turnover; 
nutrient cycling; secondary 
production 

I. Mobility (1) Free living, (2) Limited movement, (3) 
Sedentary, (4) Semi-pelagic 

Sediment turnover; 
nutrient cycling; OM 
decomposition 

J. Bioturbationd (1) None, (2) surface modifier, (3) 
biodiffusor, (4) regenerator, (5) upward/ 
downward conveyor 

Sediment turnover; 
nutrient cycling; OM 
decomposition 

aLength/width of B1 = 1–2, B2 = 3–10;; B3 >10. bC2 = burrows/tubes/immobilisation; C3 = 

exoskeletons including shells/tubes/scales/hard epidermis; C4 = body projections such as 

spines; C5 = chemical deterrents including mucous production. cSediment dwelling depth A2–

A4 applies to infauna only. dBioturbation includes: J1 = no bioturbation; J2 = surface modifiers 

that bioturbate the sediments near the surface; J3 = biodiffusors that constantly and randomly 

mix; J4 = upward/downward conveyors that feed head up or down and transport sediment from 

depth to surface or vice versa; and, J5 = regenerators that excavate continuously maintaining 

burrows (Kristensen et al. 2012, Queirós et al. 2013). 
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2.3.3 Data analyses 

Univariate analyses were performed using SPSS Statistics 22 (IBM) and multivariate 

analyses in PRIMER 6 Beta (Plymouth Routines in Multivariate Ecology Research Ltd.). 

The metadata from the 227 WoS datasets were used to identify trends in research effort 

on mudflat macrofauna through time, the number of papers published in each year were 

standardised to the total number of papers published in the WoS ‘marine and 

freshwater biology’ subject category each year. Also, variations in the scientific focus 

through time, based on the aims and objectives of each study, were explored for all 

papers (n = 277). Pearson’s correlation was used to identify the trends in both research 

effort and scientific focus through time. 

The total number of papers recorded in each climatic zone and biogeographic region 

were standardised to the actual sea surface area (km2) (Arc Map 10.3) in each zone and 

region and were compared using Chi-squared tests. Taxonomic and trait richness in each 

climatic zone were estimated using Ugland, Gray and Ellingsen (UGE) (Ugland et al. 2003) 

and Michaelis-Menton taxa accumulation curves. 

The taxa abundance by site data were log (x + 1) transformed prior to analysis to reduce 

the impact of dominant and rare taxa. The Bray-Curtis similarity of taxonomic and trait 

composition was compared between climatic zones and biogeographic regions using 

ordination (non-metric multidimensional scaling; nMDS). Analysis of Similarity 

(ANOSIM) provided a pairwise comparison of the regions and zones, and Similarity 

Percentage Routines (SIMPER) helped identify taxa and traits that contributed to these 

differences. The mean traits (natural logarithm transformed) and proportion of taxa 

(arcsine transformed) that contributed substantially to dissimilarity between zones and 

regions were compared using one way ANOVA or Mann-Whitney U-tests (Table 4). Pair-

wise correlations between the 41 trait modalities (n = 448 taxa) showed that 3 pairs 

were correlated (Pearson’s correlation, p < 0.001, R2 > 0.25) and the highest association 

(R2 = 0.49) was between the 'free living' habit (D4) and the ‘epifauna’ trait (H1, Table 

2.2). It seems unlikely that this small degree of correlation between traits will have 

inflated the Bray-Curtis similarity between datasets. 
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2.4 Results 

2.4.1 Extent of published work on mudflat macrofauna 

Within the Web of Science (WoS) there were 14 263 peer-reviewed papers on 

‘‘macrofauna OR macroinvertebrates’’ from aquatic systems, of which 1018 considered 

those inhabiting intertidal ecosystems (Fig. 2.1), and of those, 283 were from mudflats. 

The second search identified 656 peer-reviewed publications on mudflat macrofauna in 

WoS, whereas an equivalent search in SCOPUS yielded 441 (Table 2.1, total no. of papers 

1097). After duplicates were removed the total number of papers was 820 (Fig. 2.1). 

After reviewing the abstracts of the 820 unique papers, 277 publications were found to 

directly focus on macrofaunal assemblages (Fig. 2.1). The proportion of papers on 

mudflat macrofauna to those published on marine and freshwater biology did not 

change through time (Fig. 2.2A; Pearson Correlation r (40) = 0.174, p > 0.05) and 

represented 0.03% of those published in ‘‘marine and freshwater biology’’ each year 

between 1975 and early 2017. 

The objectives of the 277 papers described 4 broad research categories comprising 

studies of (1) biodiversity, (2) environmental factors, (3) human impacts, and (4) 

ecosystem processes and functioning. Over the entire period the greatest focus was on 

the influence of environmental factors on benthic macrofauna (34% of papers), followed 

by taxonomic composition (29%), and the impacts of human activities (19%). The 

remainder (18%) investigated ecological functioning or processes. Few studies (< 5%) 

spanned >1 research area, and there were no significant changes in focus throughout 

the 40 yr (Pearson correlation p > 0.05). 

The mudflat macrofaunal studies were derived from 4 climatic zones and 10 of the 12 

biogeographic regions classified by Spalding et al. (2007). The proportion of papers 

published (standardised by the sea surface area of each zone and region) significantly 

differed between zones (Chi-squared test, χ2 (3, N = 277) = 91.99, p < 0.001) and regions 

(Chi-squared test, χ2(9, N = 277) = 94.83, p < 0.001). Half of the papers contained data 

from mudflats in the temperate climatic zone, 32% were from the subtropics, 14% from 

the tropics and only 2% were from the polar zone. Additionally, 50% of publications were 

generated from the Temperate N Atlantic while the Central Indo-Pacific, Temperate 

Australasia and Temperate N Pacific each accounted for a further 7 to 14%, and <4% 

came from each of the 7 remaining regions. 
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A total of 68 publications contained data on taxonomic composition, collected using 

relatively consistent methodologies that were suitable for meta-analyses (Fig. 2.1). 

These studies contained 163 unique datasets that included information on 448 taxa 

from across 4 climatic zones and 10 of the biogeographic regions. Of the total number 

of taxa recorded in each climatic zone, ~75% were classified to species and ~18% to 

genus in both the subtropical (94 taxa) and temperate (211 taxa) zones. In the tropics 

~60% (195 taxa) were described to species and ~30% to genus level. 
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Fig. 2.1. Flow diagram of process for identifying publications, screening abstracts, and selection 

of publications from which data could be extracted. Excluded publications are also shown (right-

hand column). A total of 68 papers were found to contain data that were collected using 

comparable methodologies, which equated to 163 unique datasets used for the analysis of 

taxonomic and biological traits composition in the present study. Note: Mudflats were defined 

as locations with sediments having >10% mud-sized particles (< 0.63 μm diameter, based on the 

Folk classification; studies which did not disclose sediment particle size were classified as ‘mud’ 

if so attributed by the authors). a277 papers with 114 unique to Web of Science (WoS); 50 unique 

to SCOPUS; 113 indexed in both databases. 



 
 

42 
 

 

Fig. 2.2. Global trends in the number of peer-reviewed publications on mudflat macrofauna 

between 1975 and 2016. (A) Those identified from Web of Science (WoS) (n = 227) as a 

proportion of papers in the discipline ‘‘marine and freshwater biology’’ (n = 725 277) in each 

year. (B) Papers within each of 4 research categories (from WoS and SCOPUS; n = 277) as a 

proportion of the total number of mudflat papers published in each year. 

 

2.4.2 Taxa and biological trait richness 

Differences between the number of datasets, and hence sampling effort, for each 

climatic zone meant that the observed taxa richness (Sobs) may not reflect actual 

biogeographic patterns, and so projections of the maximum number of taxa (Smax) in 

each zone were produced. The UGE and Michaelis-Menton projections showed that the 

taxa pool was greatest in the tropics, followed by the temperate zone, and the least 

taxonomically rich benthos occurred in the subtropics (Fig. 2.3A-C). The projected trait 

richness was similar between the tropics, subtropics and temperate zones (Fig. 2.3D-F). 
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Fig. 2.3. Taxa accumulation plots for (A) tropical (observed taxa, Sobs = 195; maximum taxa, Smax 

= 292, from 41 data sets); (B) subtropical (Sobs = 94, Smax = 167 taxa, from 27 datasets); (C) 

temperate climatic zones (Sobs = 211, Smax = 272 taxa, from 94 datasets). Biological traits 

accumulation plots for (D) tropical (Sobs = 41, Smax = 41.2); (E) subtropical (Sobs = 41, Smax = 40.6); 

(F) temperate climatic zones (Sobs = 41, Smax = 40.7). Estimates are based on Michaelis-Menton 

(MM) and Ugland, Gray and Ellingsen (UGE) projections. Estimates were generated from 999 

resamples of the observed (Sobs) taxa and traits across 163 datasets. Redlines indicate the 

projected maximum taxa and trait richness (Smax) generated using the Michaelis Menton 

equation 
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2.4.3 Regional differences in the taxonomic and trait composition of mudflat 

macrofauna 

The Arctic, Western Indo-Pacific and Temperate South African regions were each 

represented by only one dataset (Fig. 2.5B) and so were excluded from the analyses. The 

taxonomic (ANOSIM R = 0.66, p < 0.01; Fig. 2.4C) and trait (ANOSIM, R = 0.11, p < 0.01; 

Fig. 2.4D) composition differed significantly between the remaining 7 biogeographic 

regions. Pairwise ANOSIM showed that 17 pairs of regions significantly differed 

taxonomically (Table 2.3), while biological trait composition differed between the 

Central Indo-Pacific and Tropical Atlantic regions only (p < 0.01). 

The taxonomic composition of mudflats in the Temperate N Atlantic, Central Indo-Pacific 

and Tropical Atlantic regions significantly differed from all other regions (Fig. 2.4C, Table 

2.3). Similarly, the Temperate S American region differed from all regions except for the 

Tropical E Pacific (Table 2.3). Delineation of the Temperate S American region was less 

geographically constrained than most other regions (Fig. 2.5B) because it spans both the 

Pacific and Atlantic coasts, thus the taxonomic composition is heterogeneous. Of the 

448 taxa found across all mudflat assemblages, 43 species, 6 genera and one family 

occurred in the mudflats of just one region, and the greatest numbers of unique species 

were recorded from the Central Indo-Pacific, Tropical E Pacific, and Temperate N Pacific 

(7–9 unique species each; Fig.2.5B, Table S2.1 in the Supplement). 
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Table 2.3. Pairwise ANOSIM and dissimilarity percentage (SIMPER) of taxonomic composition 

between 7 biogeographic regions (taxa that cumulatively contributed ~50% of the dissimilarity 

between regions are provided in Supplementary Table S2.2 and Fig. 2.5B). Comparisons included 

for regions that significantly differed only (p < 0.01).  

Region comparisons ANOSIM statistics SIMPER dissimilarity (%) 

 R P  
Temperate N Atlantic    

Temperate S America 0.717 < 0.01 99 
Temperate Australia 0.553 < 0.01 96 
Central Indo-Pacific 0.553 < 0.01 98 
Tropical E Pacific 0.727 < 0.01 99 
Tropical Atlantic 0.719 < 0.01 99 
Temperate N Pacific 0.530 < 0.01 96 

Tropical Atlantic    
Temperate S America 0.741 < 0.01 99 
Temperate Australia 0.789 < 0.01 99 

 
 

Temperate N Pacific       0.510 < 0.01 98 
Central Indo-Pacific 0.941 < 0.01 99 
Tropical E Pacific 0.868 < 0.01 99 

 Central Indo-Pacific    
Tropical E Pacific 0.968 < 0.01 99 
Temperate N Pacific 0.650 < 0.01 97 
Temperate S America 0.917 < 0.01 98 
Temperate Australia 0.894 < 0.01 98 

Temperate S America    
Temperate N Pacific 0.215 < 0.01 98 
Temperate Australia 0.304 < 0.01 97 

 

 



 
 

46 
 

 

Fig. 2.4. nMDS ordination plot of the Bray-Curtis similarity of global mudflat macrofaunal 

assemblages. (A) Taxonomic composition and (B) trait composition between the 3 climatic 

zones. (C) Taxonomic composition of mudflats in the 7 biogeographic regions (the Western Indo-

Pacific, the Arctic and Temperate S Africa were excluded because they contained only 1 dataset); 

(D) trait composition of mudflats in the 7 biogeographic regions. 
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Fig. 2.5. Taxonomic differences in mudflat macrofauna between the climatic zones and biogeographic 
regions. (A) Cosmopolitan taxa and those that were unique to specific zones (left); and taxa that 
cumulatively contributed to 50% of the taxonomic dissimilarity between zones (and the direction of the 
difference; right). Symbols: '+' indicates the abundance of taxa is higher compared with the other zone; 
'*' indicates taxa found only in the 1 zone (of the 2-zone comparison); and the absence of any symbol 
indicates apparently endemic taxa (Table 2.3, Table S3 in the Supplement). (B) Taxa unique to mudflats in 
one region (Supplementary Table S2 in the Supplement); endemic species as determined from the Ocean 
Biogeographic Information System (OBIS 2018) are shown in Table S1 in the Supplement. Some regions 
contained little or no data and were excluded from the statistical analyses. The ecoregions (subdivisions 
of the biogeographic regions of Spalding et al. (2007) that contained taxonomic data have thicker outlines. 
Biogeographic regions from Spalding et al. (2007). Taxa abbreviations: B. maip. = Borniopsis maipoensis; 
C. cap. = Capitella capitata; C. vol. = Corophium volutator; D. pinn. = Dendronereis pinnaticirris; D. surin. = 
Discapseudes surinamensis; L. bal. = Limecola balthica; M. aes. = Manayunkia aestuarina; N. glan. = 
Neanthes glandicincta; and S. shrub. = Streblospio shrubsolii. See Table S1 for full taxa list 
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Globally the Annelida dominated the mudflat assemblages, accounting for around half 

of all macrofauna. All biogeographic regions contained >25% annelids (Fig. 2.6C), and 

the Temperate N Atlantic assemblage comprised 20% more Annelida than in the Tropical 

Atlantic (Table 2.4, Fig. 2.6C). Of the Annelida, the polychaetes dominated (25 to 53% of 

the assemblage, Fig. 2.6D), and the oligochaetes comprised between 5 and 20% of the 

assemblages, with higher proportions in the Temperate N Atlantic compared to any 

other region (Table 2.4, Fig. 2.6D). 

The Arthropoda comprised 12% of the assemblage in the Temperate N Atlantic and up 

to 67% in the Tropical E Pacific where they were significantly more abundant (Table 2.4) 

than in the Temperate N Atlantic, Temperate N Pacific, Temperate Australasia and 

Central Indo-Pacific regions (p < 0.05). Similarly, the Tropical Atlantic mudflats contained 

significantly more arthropods than the Central Indo-Pacific or any of the temperate 

regions (Table 2.4, Fig. 2.6C). Across all of the 7 regions most of the arthropods were 

Amphipoda (5 to 26%). In Temperate S America the proportions of amphipods were 

greater than in the Central Indo-Pacific, Tropical Atlantic and Temperate N Atlantic (Fig. 

2.6D), and the latter contained more than the Tropical Atlantic (Fig. 6D, Table 2.4). The 

decapods dominated in the Tropical E Pacific (~30% of the assemblage) and constituted 

<10% in the other regions (Fig. 2.6D). Tanaids occurred in only 4 regions (Fig. 2.6D) and 

comprised almost one third of the assemblage in the Tropical Atlantic mudflats; 

significantly more than any other region (Table 2.4). 

The Mollusca comprised 19 to 35% of assemblages globally (Fig. 2.6C), and in the Central 

Indo-Pacific and Temperate North Atlantic the Mollusca comprised significantly greater 

proportions of the assemblage than in Temperate S America (Table 2.4). Bivalves 

occurred in all regions (Fig. 2.6D) and greater proportions occurred in Temperate 

Australian mudflats than in Temperate S America (Table 2.4, Fig. 2.6D), which contained 

<5%. Central Indo-Pacific mudflats contained the greatest proportions of gastropods 

compared with any of the temperate regions (Table 2.4, p < 0.05) and were absent from 

the Temperate S America and Tropical East Pacific regions. 
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Fig. 2.6. Proportions of the key phyla, classes and orders in the different climatic zones and 

biogeographic regions. (A) The proportion (mean ± SE) of phyla, and (B) the main taxonomic 

classes and orders of the total number of individuals (standardized within each dataset) for the 

3 climatic zones. (C) The proportion (mean ± SE) of phyla, and (D) the main taxonomic classes 

and orders of the total number of individuals recorded (standardised within each dataset) within 

the mudflat assemblages of the 7 different biogeographic regions. Abbreviations: TNA = 

Temperate N Atlantic; TNP = Temperate N Pacific; TSA = Temperate S America; TA = Tropical 

Atlantic; TEP = Tropical E Pacific; CIP = Central Indo-Pacific; T Aus = Temperate Australasia 
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Table 2.4. ANOVA and post hoc Tukey test results for comparisons of the proportions (arcsine 

transformed) of key taxa groups between the 7 biogeographic regions and 3 climatic zones 

(proportions shown in Fig. 2.6). Comparisons are only included for regions/zones that 

significantly differed 

Taxa groups ANOVA results Post hoc Tukey comparisons 

 F df, n p  
Biogeographic region comparisons 
Annelida 3.49 6,153 <0.01 Temperate N Atlantic & Tropical Atlantic (p < 0.01) 

Oligochaeta 14.44 6,153 <0.01 Temperate N Atlantic & all other 6 regions (p < 
0.05) 

Arthropoda 22.34 6,153 <0.01 Temperate N Atlantic & Temperate S America, 
Temperate N Pacific, Tropical Atlantic, Central 
Indo-Pacific (p < 0.05) 

Tropical E Pacific & Temperate N Atlantic, 
Temperate N Pacific, Temperate Australia, 
Central Indo-Pacific (p < 0.05) 

Tropical Atlantic & Central Indo-Pacific (p <0.05) 

Amphipoda 6.99 6,153 <0.01 Temperate S America & Temperate N Atlantic, 
Tropical Atlantic, Central Indo-Pacific (p < 0.05) 

Temperate N Atlantic & Tropical Atlantic (p < 0.05) 
Decapoda 12.79 6,153 <0.01 Tropical Atlantic & all other 6 regions (p < 0.01) 
Tanaidacea 87.79 6,153 <0.01 Tropical Atlantic & Temperate N Pacific, 

Temperate N Atlantic, Tropical East Pacific, 
Central Indo-Pacific (p < 0.01) 

Mollusca 2.79 6,153 <0.05 Central Indo Pacific & Temperate S America (p < 
0.05) 

Temperate N Atlantic & Temperate S America (p 
<0.05) 

Bivalvia 3.43 6,153 <0.01 Temperate Australia & Temperate S America (p < 
0.01) 

Gastropoda 4.79 6,153 <0.01 Central Indo-Pacific & Temperate N Atlantic, 
Temperate S America, Tropical E Pacific, 
Temperate N Pacific, Temperate Australia (p < 
0.05) 

Climatic zone comparisons 
Annelida 6.60 2,159 <0.01 Temperate & Tropical (p < 0.01) 
Oligochaeta 8.00 2,159 <0.01 Temperate & Tropical (p < 0.01) 

Arthropoda 15.91 2,159 <0.01 Tropical & Temperate (p < 0.01) 
Tropical & Subtropical (p < 0.01) 

Amphipoda 3.41 2,159 <0.05 Temperate & Subtropical (p < 0.05) 
Decapoda 8.91 2,159 <0.05 Temperate & Subtropical (p < 0.01) 
Tanaidacea 30.50 2,159 <0.05 Temperate & Tropical (p < 0.01) 
Isopoda 7.00 2,159 <0.05 Subtropical &  Temperate(p < 0.01) 

Mollusca 3.72 2,159 <0.01 Subtropical & Temperate (p < 0.01) 
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Only the Central Indo-Pacific and the Tropical Atlantic regions significantly differed in 

trait composition (ANOSIM, R = 0.17, p < 0.01). Nine trait modalities contributed to >5% 

(73% cumulatively) of the dissimilarity between these 2 regions (Fig. 2.7B). The 

proportions of taxa with body size <1 cm, predator avoidance behaviour, tube dwelling, 

direct larval development, deposit feeding, limited movement and surface modifying 

bioturbation were significantly higher in the Tropical Atlantic region, whereas 

exoskeletons were more common in the Central Indo-Pacific (Mann-Whitney U-test, p < 

0.05, Fig. 2.7B). 

 

 

Fig. 2.7. Proportion (mean ± SE) of each trait modality (of the total number of individuals) that 

cumulatively contributed to (A) 50% of the dissimilarity between zones (trait modalities that 

individually contributed >5% to the dissimilarity are indicated by '*'); and (B) 70% of the 

dissimilarity between the Temperate N Atlantic and Tropical Atlantic regions (all traits 

contributed >5% to the SIMPER dissimilarity). Those trait modalities that significantly differed 

(Mann-Whitney U-test) between 2 zones or regions are in bold, and for (A), differences between 

3 zones are underlined. Trait modalities: A1 = <1 cm body size; B3 = vermiform body shape; C2 

= predator avoidance; C3 = exoskeleton; E2 = 1 to 2 yr life span; F1 = direct larval development; 

F2 = planktotrophic larval development; D2 = burrow dwelling; D3 = tube dwellin; G1 = deposit 

feeding; I2 = limited movement; J2 = surface modifying bioturbation (Table 2.2). 
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2.4.4 Latitudinal variations in the composition of mudflat macrofaunal assemblages 

The taxonomic (ANOSIM, R = 0.42, p < 0.01; Fig. 2.4A) and trait composition (ANOSIM R 

= 0.20, p < 0.01; Fig. 2.4B) of mudflat macrofauna significantly differed between the 

tropical, subtropical and temperate climatic zones. The polar zone was excluded from 

the analyses because it was represented by one dataset only. Pairwise ANOSIM showed 

that all 3 climatic zones significantly differed in both taxonomic and trait composition 

(Fig. 2.4A, Table 2.5). Taxa from the tropical mudflats were distinct from those in the 

subtropical and temperate zones (<2% similar), while the subtropical assemblage was 

~8% similar to the temperate (Table 2.5; Fig. 2.4A). The degree of similarity in trait 

composition between the 3 zones was 20 to 30% higher than for taxonomic composition 

(Table 2.5). The taxonomic composition within each climatic zone (SIMPER mean 

similarity 13 to 16%) was also more heterogeneous than trait composition (SIMPER 

mean similarity 30 to 38%). Thus, the taxonomic composition was more variable both 

within and between climatic zones compared with the trait composition. 

A total of 34 taxa contributed to 50% of the cumulative taxonomic dissimilarity between 

the climatic zones (Fig. 2.5A), and of these, 6 were present in all 3 zones (the superclass 

Oligochaeta; the phyla Nemertea; the Capitella capitata and Heteromastus filiformis 

species complexes (Hutchings & Rainer 1982); the genera Corophium and Tharyx). 

Eleven of the 34 taxa only occurred in the mudflats of the tropical zone, while 6 were 

restricted to the temperate zone, and none occurred exclusively in the subtropics (Fig. 

2.5A). 

Consistent with the distribution observed for biogeographic regions the proportions of 

Annelida were 20% higher in the temperate zone compared to the tropics (Table 2.4, 

Fig. 2.6A). Both the polychaetes (Fig. 2.6B) and oligochaetes were numerically important 

with significantly higher proportions of oligochaetes in the temperate zone compared 

to the tropics (Table 2.4, Fig. 2.6B). The higher proportions of arthropods in the tropical 

regions were also apparent for the tropical zone (Table 2.4, Fig. 2.6A) where the 

proportions of Arthropoda and Annelida were nearly equal (~40% each). Similarly, more 

amphipods occurred in the temperate zone than in the tropics (Table 2.4), there were 

more decapods in the subtropics and more tanaids in the tropics (Table 2.4, Fig. 2.6B). 

Additionally, although they did not differ between regions, the isopods were more 

prevalent in the subtropical zone (Table 2.4). 
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The regional differences in the proportions of Mollusca were generalised as higher 

proportions in the subtropics compared with the temperate zone (Table 2.4, Fig. 6A); 

significantly more bivalves in the subtropics compared with either of the other zones; 

and the proportions of gastropods did not vary (Table 2.4, Fig. 6B). 

Twelve trait modalities contributed to 50% of the cumulative dissimilarity between 

zones, and of these, 10 significantly differed (Kruskal-Wallis test, p < 0.01; Fig. 2.7). 

Within tropical mudflats, exoskeletons were twice as abundant as in the subtropics, and 

they were 4 times more common than in temperate mudflats (Fig. 2.7). Traits for body 

length <1 cm (Mann-Whitney U-test, p < 0.05), organisms inhabiting tubes and those 

with surface-modifying bioturbation were more abundant in the tropics than either of 

the other 2 zones (Mann-Whitney U-test, p < 0.01). Whereas taxa with traits for 1 to 2 

yr longevity, direct larval development, deposit feeding and predator avoidance were 

highest in the temperate zone (Mann-Whitney U-test, p < 0.05). Significantly higher 

proportions of burrow dwellers occurred in both the temperate and subtropical zones 

(Mann-Whitney U-test, p < 0.01). In the temperate zone higher proportions of taxa with 

vermiform body shapes (Fig. 2.7) presumably reflected the large differences in the 

proportions of Annelida (Fig. 2.6A). 

 

Table 2.5. Pairwise ANOSIM and similarity percentage (SIMPER) comparisons of the taxonomic 

and trait composition of mudflats in the different climatic zones. Taxa that contributed to the 

dissimilarity between zones, and the nature of the differences are provided in Table S3 in the 

Supplement 

Climatic zones Taxonomic Composition Trait Composition 

ANOSIM SIMPER 

mean 

dissimilarity 

ANOSIM SIMPER mean 

dissimilarity 

 R p (%) R p (%) 

Tropical & Subtropical 0.23 ≤0.01 98 0.19 ≤0.01 29 

Tropical & Temperate 0.55 ≤0.01 99 0.25 ≤0.01 24 

Temperate & Subtropical 0.27 ≤0.01 92 0.36 ≤0.01 19 
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2.5 Discussion 
This study is based on a unique and comprehensive world-wide dataset of taxonomic 

and trait composition for mudflat macrofauna. Within intertidal soft-sediments 

macrofauna deliver many important ecosystem functions that underpin valuable 

ecosystem services (Costanza et al. 2014). Despite their value, the present study is the 

first to investigate global patterns in the biological trait composition and ecological 

functioning of mudflats. Analysis of 163 datasets showed that biogeographic differences 

in taxonomic composition resulted in differences in the biological trait composition of 

the assemblages. However, traits showed substantially less variability between climatic 

zones and biogeographic regions than taxonomic composition. This suggests that 

globally the ecosystem functions driven by macrofauna within, and the ecosystem 

services available from, mudflats are largely conserved. The taxonomic differences do 

not necessarily manifest as functional differences (Costello et al. 2015, Dencker et al. 

2017). 

This global synthesis of mudflat data is ultimately limited by the extent and quality of 

the source data. The 2 scientific databases used (WoS and SCOPUS) are regarded as the 

most comprehensive in the field, and each had ~20 to 40% unique papers (that met our 

predefined criteria) which is consistent with prior bibliographic analyses (Vieira & 

Gomes 2009). The intensity of publication varied between biogeographic regions and 

climatic zones, with half of all papers originating from the Temperate N Atlantic region. 

Most work was conducted in developed countries with extensive mudflats e.g. the USA, 

UK and France. Similar geographic biases have been observed for data on aquatic 

invertebrate taxonomy (Tancoigne & Ollivier 2017), biodiversity (Hendriks & Duarte 

2008) and global rates of seafloor bioturbation (Teal et al. 2008). 

Attempts to develop global syntheses, such as the Census of Marine Life (Costello et al. 

2010), or global environmental health metrics (United Nations 2016) are compromised 

by data deficiencies. Mudflats in the Polar zones, the Western Indo-Pacific, Eastern Indo-

Pacific and Temperate S African regions were data poor and constrained the breadth of 

our analyses. For instance, in the unique environments of Antarctica large numbers of 

endemic taxa occur, exhibiting gigantism, high longevity and late maturity, and 

particular taxonomic groups are very diverse e.g. isopods, ostracods, nematodes, 

pycnogonids and sponges (Brandt et al. 2007, Barnes et al. 2009). Thus, these 
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assemblages may also exhibit unique functional attributes that were not elucidated 

here. Whilst data deficiencies can be addressed by increasing current research efforts, 

the development of new approaches for standardising data collected previously but 

with differing methodologies (e.g. Fig. 2.1) could also help to considerably expand the 

global mudflat dataset. 

 

2.5.1 The biogeography of global mudflats 

Understanding spatial and temporal variations in taxonomic composition has become a 

central theme in ecology for describing macroscale patterns of biodiversity (Gaston 

2000, Costello et al. 2010, Smith et al. 2013). Such work is often used to identify spatial 

(Dittmann 2002, Barboza & Defeo 2015, Defeo et al. 2017) and temporal changes in 

ecosystem health and functioning (Pereira et al. 2010, Snelgrove 2010, United Nations 

2016). The estimates of total species richness showed that, as expected, biodiversity 

was highest in the tropical mudflats (Fig. 2.3), but without the latitudinal cline found in 

previous studies (Attrill et al. 2001, Dittmann 2002, McLachlan & Dorvlo 2005), perhaps 

due to differences between the latitudinal zone delimitations by the various authors. 

Approximately half of all individuals recorded in the global mudflat macrofaunal species 

pool were annelids, with polychaetes dominating across all biogeographic regions and 

climatic zones. Molluscs and arthropods also comprised substantial proportions of the 

remaining fauna (Fig. 2.6A). Significantly, however, there were differences in the 

taxonomic composition of the fauna at lower levels of discrimination such that the 

relative contributions of oligochaetes, decapods, tanaids, isopods and bivalves 

significantly differed between regions and climatic zones. The trend for proportionally 

more decapods and bivalves in the tropics, and the regional restriction of the tanaids, 

match previous observations (Boschi 2000, Crame 2000, Blazewicz-Paszkowycz et al. 

2012). However, the asymmetric global distribution of isopods (Poore & Bruce 2012) 

was not apparent for mudflats, suggesting that the ‘excess’ diversity is in offshore 

habitats and/or ocean regions in the southern hemisphere where data were lacking (Fig. 

2.5B). 

The taxonomic composition of mudflat macrofauna varied between all the climatic 

zones and many biogeographic regions. Present-day marine biogeography is determined 
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by historic patterns of speciation and biological or physical isolation and/or connection 

that alter features of the physicochemical environment, and facilitate or inhibit the 

dispersal and intermixing of species pools (Spalding et al. 2007, Defeo et al. 2017). For 

instance, the considerable taxonomic dissimilarity (>99%) between the Tropical Atlantic, 

Central Indo-Pacific and Tropical Eastern Pacific regions probably reflects the formation 

of the Isthmus of Panama 20 mya when water exchange between the tropical regions of 

the 2 oceans ceased. The subsequent lack of faunal exchange, changes in ocean currents 

(e.g. formation of the Gulf Stream) and increasing salinity in the Atlantic led to the 

development of distinct faunas (Schneider & Schmittner 2006, Hemingson & Bellwood 

2018). 

 

2.5.2 Global variations in biological traits and ecosystem functioning 

The greater similarity in traits compared with taxonomic composition between zones 

and regions suggests that as the identity of taxa changed, the pool of biological and 

physical features in the assemblage remained broadly the same; it therefore follows that 

ecological functioning was maintained. This does not necessarily require direct species 

replacement by functionally similar taxa (Naeem 1998, Norling et al. 2007), as, for 

example, a filter feeding bivalve that provides biogenic habitat in one region may be 

represented functionally by, say, a filter feeding ophiuroid and a reef building tube worm 

in another. Despite the apparent biogeographic convergence of trait composition, there 

remained some significant differences (Table 2.6). 

The prevalence of smaller body sizes in tropical mudflats conformed to the widely 

reported trends for the body size, growth rate and longevity of many invertebrates (e.g. 

crustaceans, bivalves and polychaetes (e.g. Timofeev 2001, Munch & Salinas 2009, 

Villarino et al. 2018) and vertebrates (Meiri & Dayan 2003, Munch & Salinas 2009) to 

increase towards higher latitudes. These life history trends are attributed to the impacts 

of temperature on metabolic rate (Munch & Salinas 2009), and may explain the 

tendency for longer relative lifespans in temperate zone mudflats. Similarly, the greater 

prevalence of direct development in higher latitude mudflats corresponds with 

observations of changing developmental modes (Fernández et al. 2009), increasing egg 
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size (Marshall et al. 2012) and larval development period towards the poles (O'Connor 

et al. 2007). 

The higher proportions of exoskeletons in tropical zone mudflats may be attributable to 

the lower energetic cost of producing an exoskeleton (Watson et al. 2017), and fits with 

prior observations of the greater use of physical (Vermeij 1978) and behavioural anti-

predatory defences (Fawcett 1984). The biotic interaction hypothesis predicts that 

species interactions, i.e. predation, will be strongest at low latitudes (Schemske et al. 

2009, Freestone et al. 2011), and this is thought to have driven high rates of speciation 

over evolutionary timescales (Mittelbach et al. 2007). Burrowing traits were least 

common in the tropics, while there was a greater propensity for surface modifying 

bioturbation and tube dwellers (infaunal or epifaunal) in subtropical mudflats, and 

burrow dwellers in temperate mudflats: trends that do not seem to have been 

documented previously. A global analysis by Teal et al. (2008) found no latitudinal or 

longitudinal trends in bioturbation intensity or mixing depth across marine systems, 

however this analysis (Teal et al. 2008) focused on subtidal environments (with only 8 

of the 917 datasets being intertidal). 

The differences in biological trait composition between zones/regions may manifest in 

the macrofaunal contribution to a number of functions (Table 2.6). However, this would 

not necessarily produce a net difference in potential functioning. For the functions 

considered in the present study, the spatial differences might include the following: 

(1) Sediment turnover, nutrient cycling and OM decomposition. Species that construct 

burrows can redistribute sediment both horizontally and vertically, facilitating the 

redistribution of organic matter and oxygen penetration to depth (Mermillod-Blondin 

2011). This enhances organic matter decomposition and remineralisation by microbes 

(Bolam & Eggleton 2014), and may accelerate the rate of nitrogen transformation 

(Douglas et al. 2017). A greater proportion of burrowers in the temperate zone suggest 

that overall these functions there would be enhanced. However, while all burrow 

dwelling infauna have the potential to stimulate nutrient cycling (Table 2.6), the 

contributions of taxa vary and have differential impacts on functioning. For instance, 

taxa that surface modify overturn less sediment and so may contribute less to these 

functions than taxa that overturn more sediment and/or burrow deeper. 
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(2) Biogenic habitat creation. In the tropics the higher proportions of tube dwellers that 

perform ecosystem engineering roles may change the physical properties of the 

sediment—e.g. by retaining fine particles and organic matter, the sediment is stabilized 

(Eckman et al. 1981)—and increase habitat heterogeneity. These changes affect other 

members of the assemblage and in turn, ecosystem functioning (Callaway 2006, Rabaut 

et al. 2007); for instance by creating new biogenic habitat—refugia are available that 

change species interactions (Bolam & Fernandes 2003, Rabaut et al. 2007). This new 

habitat may also facilitate the growth of other biogenic habitats, e.g. mussel reefs 

(Callaway 2006). 

(3) Labile C-cycling. In benthic ecosystems, C-cycling is influenced by many factors; 

systems predominantly comprised of deposit feeders can process up to 25% less pelagic 

carbon than those dominated by suspension feeders. In such systems the coupling of 

benthic and pelagic productivity is weaker, and less epifaunal and nektonic predators 

can be supported (Pearson & Rosenberg 1992). A prevalence of smaller-sized or short-

lived taxa would stimulate C-cycling due to the faster turnover rate. Taxa with dispersive 

reproductive strategies redistribute carbon over wide spatial scales, and between the 

benthic and pelagic realm, unlike direct developers (Greve et al. 2004), and so the latter 

contribute less to C-cycling. Thus, in the temperate zone, the potential for C-cycling was 

less than in the tropical or subtropical zones (Table 2.6). Furthermore, higher predation 

rates (e.g. Schemske et al. 2009, Freestone et al. 2011) mean the cycling of labile carbon 

should be faster in the tropics and subtropics, but anticipating these differences are 

complicated further by the greater prevalence of prey bearing exoskeletons. 

(4) Food for predators. Mudflat macrofauna are a major source of food for fish, crabs 

and birds and so support commercial fisheries and large populations of birds. In tropical 

and subtropical mudflats the greater predation pressure and prevalence of prey 

defences may, through a co-evolutionary 'arms race', have led to more specialised 

predators, e.g. shell crushers, compared with the temperate zone (Table 2.6; Vermeij 

1978, Mittelbach et al. 2007). Consequently, the actual supply of food from the benthos 

to predators might not differ greatly between zones/regions, although there may be 

energetic trade-offs. 

The biological traits of organisms are, of course, not entirely independent. A small 

degree of correlation existed between traits, however this is unlikely to have inflated 
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the degree of similarity between zones/regions. Deficiencies in our knowledge of species 

biology and behaviour represent an ongoing uncertainty for the attribution of biological 

traits (Tyler et al. 2012). Larval development, sediment dwelling depth and longevity 

lacked information for 60 to 70% of species. Although such limitations can be addressed 

using data from higher taxonomic designations (e.g. genus or family) or fuzzy coding 

(Chevene et al. 1994), a degree of uncertainty is retained. Furthermore, the higher 

proportions of taxa described to species level (~75%) in the subtropical and temperate 

zones will have provided more detail on trait or functional composition and so made 

comparisons within these regions more conservative than those for tropical regions and 

zone. 
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Table 2.6. Biological trait differences between climatic zones and/or regions and how these traits 

could manifest as differences in ecological functioning. Symbols:  '+' indicates the proportions 

were higher ('–' lower) in the first zone or region compared with the second zone or region 

 Trait differences Potential ecosystem functions affected 
Tropical zone 
  vs. Subtropical and temperate zones  
+ Surface modifying 
bioturbation 

Greater proportions of surface modifiers in the tropics may facilitate 
sediment turnover, nutrient cycling, and OM decomposition but only 
near the surface 

 
+ Tube dwellers 
+ Exoskeletons 
+ Body size <1 cm 

Higher proportions of tube dwellers in the tropics could help stabilise 
the sediment for burrowers and create biogenic habitat for other taxa 

Exoskeleton bearing macrofauna and small body sizes prevailed in the 
tropics, which could affect predation patterns (and food for predators) 
and C-cycling in the tropics 

vs. Temperate zone 
– Burrow dwellers 
 

Greater proportions of burrow dwellers in temperate zones would 
contribute more towards sediment turnover, nutrient cycling and OM 
decomposition 

 
– Deposit feeders 
– 1 to 2 yr lifespan 

A shift towards more deposit feeders can lower the amount of C-cycling 
by the benthos. More taxa with a 1 to 2 yr lifespan might slow C-
cycling in the temperate zone compared to the tropics (where 
lifespans tended to be <1 yr) 

Subtropical zone 
vs. Temperate zone 
+ Exoskeletons 
 

The subtropics contained higher proportions of exoskeleton bearing 
macrofauna which could affect predation patterns (and food for 
predators) and C-cycling 

 
– Direct development 
– 1 to 2 yr life span 

Higher proportions of taxa with direct development in the temperate 
zone will contribute less to C-cycling compared to the subtropics 

More taxa with a 1 to 2 year life span might slow C-cycling in the 
temperate zone compared to the subtropics (where lifespans tended 
to be <1 yr) 

Tropical Atlantic region  
vs. Central Indo-Pacific region 
+ Tube dwellers 
+ Surface modifying 
bioturbation 
+ Deposit feeding 
+ Body size <1cm 
+ Direct larval 
development 
+ Predator avoidance 
+ Limited movement 
 

Greater proportions of surface modifiers in the tropics may facilitate 
sediment turnover, nutrient cycling, and OM decomposition but only 
near the surface in the Tropical Atlantic 

A shift towards more deposit feeders, limited movement and higher 
proportions of taxa with direct development can lower the amount of 
C-cycling by the benthos compared to the Central Indo-Pacific region 

 

– Exoskeletons The greater use of exoskeletons in the Central Indo-Pacific region could 
change predation patterns and the amount of C-cycling 
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The increasing anthropogenic pressures on the marine environment could soon exceed 

the resilience thresholds of ecosystems, making them more vulnerable to collapse (Folke 

et al. 2004). The apparent similarity in biological trait composition (~30%) across climatic 

zones and biogeographic regions, despite taxonomic differences, indicates that mudflat 

functioning will have some resilience to moderate levels of environmental change via 

species redundancy. However, it is important to recognise that taxonomically diverse 

assemblages preserve trait diversity, and thus functioning, that ultimately underpins the 

delivery of valuable mudflat ecosystem services (Costanza et al. 2014). The data used in 

this analysis reflected biogeographic variations in species pools that were not subject to 

significant anthropogenic perturbation. So, whilst the results highlight the extent of 

redundancy, and thus functional resilience, in natural systems, the management of 

human pressures to prevent biodiversity loss and habitat degradation in intertidal 

systems remains a necessity. 
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Chapter 3: Understanding subtropical intertidal mudflat 

benthos: Biogeographic relationships and the impacts of 

urbanisation 

 

3.1 Abstract 
Anthropogenic climate change is causing shifts in the biogeographic distribution of 

terrestrial, freshwater and marine fauna. Benthic surveys conducted across 24 

subtropical mudflats along the SE Queensland coast identified a total of 50 macrofaunal 

taxa (48 species and 2 phyla level). Of species recorded 50% taxa were regarded as 

temperate and 40% had tropical origin, suggesting that these mudflats represent a 

faunal transitional zone and biogeographical boundary. Across the sampled area the 

taxonomic composition of the mudflat assemblages differed significantly between the 

northernmost and southernmost sites. Reference to historic distribution records 

showed that this study has identified eight tropical species not previous recorded this 

far south and that these range extensions show mean southward range extension of 146 

km. Coastal urbanisation activities in SE Queensland regions have an effect on the 

macrobenthic assemblages because the species composition of low industry sub-

catchment did differ significantly from the species composition observed at residential 

and peri-urban sub-catchments. However, these changes were more inclined with the 

presence of organic enrichment industries present in low industry sub-catchments. 

Therefore, the effect of the nature of the industry would have more impact in 

structuring macrofaunal assemblages compared to the industry land use cover. 

Subtropical mudflats of SE Queensland provide an ideal testing ground for 

understanding changes to macrofaunal assemblages driven by anthropogenic pressures 

and the high ecological and economic value of the mudflats further promotes the need 

to understand their status and vulnerabilities. 

 

Key words: Range shifts, climate change, coastal urbanisation, biogeography, species 

composition, subtropics, mudflats 
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3.2 Introduction 
Intertidal mudflats are important habitats which provide feeding grounds for birds and 

nursery habitats for commercially important fish and shellfish (Beninger 2018). These 

ecosystems represent the transition between the land and sea, and their close proximity 

to coastal development, and other human activities, makes them vulnerable to the 

impacts of these activities (Evans et al. 1994). The invertebrate macrofauna within 

mudflats play key functional roles within these systems, in particular by promoting 

biogeochemical cycling and acting as a trophic link between allochthonous organic 

matter and consumers that include large invertebrates and vertebrates (Snelgrove 

1998). A recent global analysis of work on mudflat macroinvertebrate communities 

shows that more than half of the published studies consider temperate faunas only, with 

a further third from the sub-tropics and one tenth from tropical mudflats. Further, 

overall over 90% of mudflat studies were conducted in the Northern Hemisphere 

(Chapter 2; Dissanayake et al. 2018).  

The continuous alterations to natural ecosystems (e.g. structuring of biotic assemblages) 

caused by the increasing human impacts have resulted in the declaration of the new 

geological epoch ‘Anthropocene’ (Crutzen & Stoermer 2000) (see Chapter 1.1.1). The 

impacts of human activities range between the classic, spatially constrained, effects 

associated with the over-exploitation of the environment for harvesting (FAO 2016) or 

waste disposal (MEA 2005, Frid & Caswell 2017) to alterations in global processes e.g. 

climate change (MEA 2005, IPCC 2014). Climate change is driving the global 

redistribution of species (Chen et al. 2011) while habitat loss and environmental 

degradation is leading to changes in species distributions at more local scales including 

extirpations. Intertidal mudflats can provide an ideal testing ground for understanding 

these changes and their high ecological and economic value further enhances the need 

to understand their status and vulnerabilities.  

The environmental effects of climate change (e.g. temperature rise) have caused shifts 

in the distribution of many terrestrial, freshwater and marine taxa (Przeslawski et al. 

2012, Poloczanska et al. 2016, Pecl et al. 2017). An initial response of the species to 

increasing temperatures could be a shift in location to remain in their preferred 

environmental conditions. The terrestrial species show a shift towards high cooler 

elevations (Freeman et al. 2018) while the marine taxa move towards cold waters and 
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to deeper depths that contain cooler water (Pecl et al. 2017). Species range shift are 

important as introductions or extinction of species, as the impact of range shifting taxa 

on ecological communities may be similar to the magnitude of introduced non endemic 

species e.g. indicate invasive behaviour (Ling 2008). The information gathered on 975 

species (vascular plants, endotherms – birds, mammals, ectotherms – amphibians, 

fishes, insects, reptiles) over 100 year period from 32 elevation gradients showed that 

species are moving upslope with increasing temperature at both their warm limit edge 

(92 ± 455 m/Century ) and cold limit edge (131 ± 465 m/Century) (Freeman et al. 2018). 

In marine systems, Sorte et al. (2010) identified 129 marine species with established 

range shifts and 75% of were directed towards the poles. Australian king fish has shown 

a shift towards the poles at a rate of 94.4 km/decade (944,000 m/Centuary) (Champion 

et al. 2018) was found to be greater than the historical range change (38 km/decade = 

380,000 m/Centuary) for a suite of nearshore fishes (Sunday et al. 2015) and also it 

exceeds the predicted poleward range shift (average rate 40 km/decade = 400,000 

m/Centuary) by year 2100 for 16 commercially important Australian offshore pelagic 

fish (Hobday 2010). Understanding a species ability to successfully shift its geographic 

range would allow to the assessment of extinction risks and potentially to predict future 

community compositions. 

 

3.2.1 South East (SE) Queensland 
Moreton Bay is a semi-enclosed bay and the macrofaunal assemblages in the west part 

of the Bay are influenced by the mainland features (e.g. urban cities, rivers) in the north 

and in the south the bay is comprised of many small islands that potentially lead to 

differences in the water circulation patterns and environmental conditions from the 

northern part of Moreton Bay (Cetina-Heredia et al. 2014). Soft sediment intertidal flats 

are patchily distributed along the SE Queensland coast (Department of Natural Resource 

and Mines 2016) and range from <0.1 to 2 km in width, and varies between gravelly, 

muddy, muddy sand (concentrated along the Brisbane, Redland and Sunshine coast) 

with sandy beaches proliferating towards the Gold Coast. The intertidal mudflats 

typically occur adjacent to mangrove forests.  

In Australia 85% of the population live within 50 km of the coast, and coastal population 

growth is accelerating with 4.7% increase in population density from 2001–2014 (Clark 
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& Johnston 2016). The coastal population is growing faster than in the hinterland and is 

expected to increase by another one million people by 2025 (Department of 

Environment 2011). In SE Queensland high levels of growth have been maintained since 

2000 (Department of Infrastructure Local Government and Planning 2016). Landsat and 

object based image analysis methods show that urban density and extent have 

increased with extensive vegetation clearing in SE Queensland from 1972 to 2010 (Lyons 

et al. 2012), a pattern that has continued to the present. The coastal belt adjacent to the 

two fastest growing cities (Brisbane and Gold Coast) in Queensland has been severely 

altered with coastal urban developments including marinas, breakwaters, seawalls, and 

land reclaim, coastal and near shore mining, harbours with dredged shipping channels, 

residential developments and tourism infrastructure (Clark & Johnston 2016).  

As for many urbanised coastal waters (Frid & Caswell 2017) Moreton Bay has been 

subjected elevated nutrients, sediments, and pollutants from point/nonpoint sources 

and sediments show a legacy of contamination from pollutants including the pesticide 

Dieldrin (McPhee 2017a), polycyclic aromatic hydrocarbons (PAH) and polychlorinated 

biphenyls (PCBs). Untreated sewage released at Luggage Point (Brisbane River, Oxley 

Creek) has caused incidents of tainted (with a Kerosene like, PAH) sea mullet (Connell & 

Bycroft 1990) which disappeared after the upgrade of the sewage treatment facilities 

(McPhee 2017a). Lithogenic sources of heavy metals are found naturally in sediment 

and sea water (Tchounwou et al. 2012), and have been found to be elevated near 

marinas (Burton et al. 2004, Dunn et al. 2014), industrial and urban developments 

(Mackey et al. 1992). Population increases during the latter half of the twentieth century 

led to increased land clearance in the upper catchments for housing and industrial 

construction caused accelerated sedimentation in Deception Bay (Clark & Johnston 

2016). High levels of heavy metal pollution mainly lead but also arsenic and zinc occur 

in Deception Bay sediments (Brady et al. 2014). Similarly, minor enrichments of 

cadmium, lead, zinc and nickel were also identified near Brisbane and Waterloo Bay 

(Morelli et al. 2012). However, the effects on heavy metal pollution, PAH and PCB, on 

benthic macrofaunal assemblages have not been assessed in the above studies. 

Intensive farming, including agriculture, aquaculture and animal husbandry, together 

with waste water from urban and residential areas, e.g. sewage effluents, are major 

sources of anthropogenic nutrient (nitrogen and phosphorous) inputs into coastal 
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waters (Korpinen & Bonsdorff 2015). These inputs lead to eutrophication and 

deoxygenation which negatively impacts benthic macrofaunal biodiversity, composition 

as the sensitive species are replaced by opportunistic species e.g. Capitella spp. (Pearson 

& Rosenberg 1978) that impact on ecological functioning (Caswell et al. 2018). 

Aquaculture and animal husbandry industries are categorised as intensive land uses in 

the SE Queensland region coastal sub catchments (DSITIA 2014) in which they contribute 

as point source pollution by releasing organic or inorganic waste from leftover feed, 

faeces and dissolved excretory products affecting the sediment and water quality 

parameters of the adjacent environment. However, the effect of anthropogenic 

nitrogen input via waste water effluent treatment plants in Moreton Bay (e.g. Luggage 

Point - Oxley Creek Brisbane River, Hays Inlet, Loganholme  - Logan River) have been 

identified e.g. in the dry season treated sewage effluent contribute 90% to the nitrogen 

point source pollution (EHMP 2004). The nutrient delivery to subtropical Moreton Bay 

is driven by episodic periods of high flow rainfall that makes the system oligotrophic 

limiting nitrogen for primary producers for most of the year. However, after the upgrade 

of these treated waste effluent plants it was shown that the assimilation of 

anthropogenic (sewage) nitrogen into estuarine food web was reduced e.g. rapid 

reduction in 15N in algae and slow reduction in crab tissues was detected in the Luggage 

Point treatment plant (Pitt et al. 2009). 

To date most studies in Moreton Bay have focussed on subtidal and offshore 

macrobenthic assemblages (Stephenson et al. 1970, Poiner 1977, Young & Wadley 1979, 

Ferguson & Eyre 2010) while information on macrofauna inhabiting mudflats are less 

common. In 2010 a workshop on marine fauna and flora showed that the ecological 

significance of the existing biodiversity of the Moreton Bay was not well recognised 

compared to in other areas e.g. Port Philip Bay in southern Victoria (Davie & Phillips 

2010). They concluded that the macrofaunal assemblages of intertidal mudflats needed 

further investigation, specifically the variations in composition through both space and 

time as there is a high possibility to identify new macrofaunal species that contributes 

to the biodiversity of subtropical mudflats. Better characterisation of the macrofaunal 

assemblages would also improve the understanding of the ecological functioning of 

subtropical mudflats (Chapters 4 and 5).  
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The present study investigated the macrofaunal assemblages found in 24 mudflats along 

the SE Queensland coast and sites were distributed across a range of coastal land-use 

types. Macrofauna and the physicochemical environment were sampled in both winter 

2016 and summer 2017 (once per season). This study aimed to characterise the 

intertidal mudflat macrofaunal assemblages observed in the subtropical SE Queensland 

region (northernmost Moreton Bay to Tallebudgera in Gold coast), and to identify 

possible biogeographic differences in macrofaunal assemblages across the ecological 

transition from tropical to the temperate zone. This provides the opportunity to explore 

the observed species distributions and compare them with previous records to identify 

changes in distribution that could be linked with biogeographic range shifts on the SE 

Queensland coast. Secondly, differences in macrofaunal composition in relation to 

urbanisation were explored. This study is the first attempt to summarise the 

macrofaunal mudflat assemblages found in subtropical SE Queensland and to determine 

how they respond to varying levels of urbanisation. The information provided in this 

chapter can be used as a baseline study for future research in intertidal mudflats of 

subtropical Australian mudflats.  

 

3.3 Material and Methods 
 

3.3.1 Study Design 
Muddy intertidal flats (>10% silt and clay) that were bordered by mangroves were 

selected for study as the presence of mangroves limits direct access to the shore thereby 

restricting the many potentially damaging human activities such as trampling, littering, 

dog walking and angling. The study sites were located along the coast from southern 

part of Deception Bay (3 sites ranged from north to south: latitude 27.1464°, longitude 

153.0464° - latitude 27.1956°, longitude 153.0431°), Moreton Bay (20 sites ranged from 

north to south: Latitude 27.2597°, Longitude 153.0747° - latitude 27.8222°, longitude 

153.3781°), to the Tallebudgera (latitude 28.1069°, longitude 153.4464°). Sites were 

selected to cover a range of different intensities of urbanisation (Chapter 1, Section 

1.1.1) based on the proportion of urban land use found in the adjacent sub-catchment 

(see below). All sites selected were situated on the mainland, no more than 500m into 

estuaries and all were accessible from land (Fig. 3.2). Site selection involved collating 
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data on the land use characteristics of the coastal sub-catchments. Land use data for 

catchments were deemed too coarse to accurately classify land use at the resolution of 

individual coastal sites, so sub-catchment units were used. The sub-catchments were 

attributed to one of four categories based on the nature of the land use (as a proportion) 

in that sub-catchment (Fig. 3.1). However, high proportion of industry coverage of the 

total sub-catchment area was difficult to determine as either residential or peri-urban 

land use coverage accounts for most. Therefore, sub-catchments that indicated high 

proportion of industry coverage of the either residential or peri-urban dominating land 

use sub-catchments were selected. The land uses were derived from the digital spatial 

data (GIS ArcMap v. 10.3) downloaded from Queensland Spatial Catalogue 

(www.qldspatial.information.qld.gov.au) owned by Department of Science, Information 

Technology and Innovation, Queensland Government.  

The land use types within each category corresponded to the following definitions and 

activities: (1) Low intensity industry and (2) high intensity industry; large scale business 

or economic activity associated with the processing of raw materials, the manufacture 

of goods/intense animal husbandry (e.g. poultry and fish farms), major utilities (e.g. 

energy production, water extraction or waste treatment) or major transport hubs (e.g. 

airports or ports). (3) Residential; an area facilitating the accommodation of people and 

other essential services required for their wellbeing e.g. commerce and recreation. (4) 

Few sub-catchments were predominantly pristine natural environments therefore the 

term ‘peri-urban’ is used to describe the least developed sub-catchments recognising 

that they had both urban and rural land use characteristics; a mixture of nature reserves, 

low intensity agriculture, horticulture, forestry production, pasturelands for grazing, and 

natural environments such as marshlands, channels and waterways. Low intensity 

transport and utilities e.g. roads, bridges, power or telephone lines spanned all three 

categories. Transport & communication e.g. railway yards, bus depots and main roads 

(e.g. highways), power lines characteristics was also included under peri-urban sub-

catchments. 

The four land use categories applied to the sub-catchments were: 1. low intensity 

industrial (4-12% of the sub-catchment land cover), 2. high intensity industrial (>35% of 

sub-catchment land cover). Subdivision into low and high industry was used to reflect 

the highly variable proportions of industrial use in some sub-catchments. As no sub-

http://www.qldspatial.information.qld.gov.au/
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catchments recorded industrial land use between 13-35% of the total sub-catchment 

area this provided a ‘natural’ break point between low and high intensity industry. 3. 

Residential (53-90% of land cover), and 4. Peri urban (54-70% of land cover). 

A total of 12 pairs of sites were identified each comprising one residential/industrial and 

one natural/peri-urban site with 3 pairs of sites in each of the four sub-catchment types 

(Fig. 3.1 – a total of 24 sites). As the spatial distribution of land use is not random site 

selection was constrained by the availability of suitable sites in the required sub-

catchment type and so sub-catchments contained, between 1 and 3 pairs of sites. Use 

of sites in adjacent sub-catchments were avoided but the concentrated spatial 

distribution of intense industrial activity meant that this could not be avoided 

completely.  

 

 

 

 



72 
 

 

Figure 3.1: A schematic of the experimental design. Four sub-catchment categories were used, 

replicated at least 3 times with two sites of differing land use selected within each replicate sub-

catchment. In total 24 field sites were used. (Note: it was not always possible to select both the 

residential/industry and natural/peri-urban sites within the same sub-catchment so overall 4-5 

sub-catchments were used in each of the 4 categories). The four sub-catchment categories were: 

high-intensity industrial (>35% land use coverage), low-intensity Industrial (4-12% land use 

coverage), residential (53 – 90% land use coverage) and peri-urban (54 – 70% land use coverage). 

The replicated sub-catchments for each land use category were selected so that they were 

spatially distributed along the coast and not immediately adjacent to each other (except high 

industry which was unavoidable) maximising the spatial separation of replicates.  
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      High industry Low industry       Residential  Peri-urban 

 Figure 3.2: The location of the 24 subtropical intertidal mudflat sampling sites adjacent to 

mangrove forest in SE Queensland. Sampled sites were located at ‘natural/peri-urban’ (blue 

dots) or urbanised/industrialised sites’ (red dots) stratified within four classes of land use in the 

sub-catchment (see text for details). (A) Location of SE Queensland within Australia. (B) SE 

Queensland coast from Deception Bay to Gold Coast illustrating relative locations of the four 

main coastal regions (C-F) used in this study. (C) Sub-catchments and sites in Deception bay (site 

1 = -27.1464°, 153.0464°; site 2 = -27.1747°, 153.0319°), Redcliff area (site 3 = -27.1956°, 

153.0431°) and Hays Inlet (site 4 = -27.2597°, 153.0747°; site 5 = -27.2775°, 153.0369°). (D) Sub-

catchments and sites identified in Nudgee beach (site 6 = -27.3436°, 153.0933°; site 7 = -

27.3425°, 153.1000°), port of Brisbane (site 8 = -27.3947°, 153.1391°; site 9 = -27.3950°, 
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153.1583°; site 10 = -27.3933°, 153.1689°), and Wynnum (site 11 = -27.4222°, 153.1706). (E) 

Sub-catchments and sites identified from Wellington point to Jacobs Well (Site 12 = -27.4764°, 

153.2033°; site 13 = -27.4808°, 153.2422°; site 14 = -27.5158°, 153.2622°; site 15 = -27.5739°, 

153.3056°; site 16 = -27.5622°, 153.3003°; site 17 = -27.6019°, 153.3019°; site 18 = -27.6436°, 

153.3119°; site 19 = -27.6589°, 153.3092°; site 20 = -27.7053°, 153.3239°; site 21 = -27.7178°, 

153.3539°; site 22 = -27.7503°, 153.3511°). (F) Sub-catchments and sites identified in Pimpama 

(site 23 = -27.8222°, 153.3781°) and Gold coast (site 24 = -28.1069°, 153.4464°). 

 

Field sampling regime 
 

3.3.2 Sampling of infauna and epifauna 
The sampling was conducted in winter (July-August 2016) and summer (Jan-Feb 2017). 

Sampling usually began 2 hours prior to low water and continued for up to 3 hours 

afterwards. When sampling was completed before low water (i.e. within the first two 

hours) and if logistics permitted a second site was sampled on the rising tide. The 

sampling was completed before mid-tide (low water +3 hours). At each site 5 box cores 

(25 * 25 cm pushed into the sediment to 11 cm depth) along the shore parallel to the 

waterline (sampling ranged from 0.02 - 0.05 m above port datum shore height) 

maintaining a minimum of 2 m distance between box core locations. A preliminary 

survey was conducted in January 2016 at Tallebudgera Creek to determine the number 

of box cores required to adequately represent the macrobenthic assemblage at each 

site (refer rarefaction, see supplementary Fig S1). It was decided that five core samples, 

which captured 92% of the Michaelis-Menton projected species richness (Smax), would 

suffice allowing more sites to be included in the available time. Sediments were sieved 

in situ using 0.5 mm mesh and the residues were transferred into labelled sample 

bottles. The residues were preserved in 90% ethanol and Rose Bengal was added to stain 

the specimens. Sample bottles were kept at 4°C and taken back to the laboratory for 

subsequent identification and enumeration.  

It was important to also characterise the macroinvertebrates that live upon the 

sediment surface including, decapods (crabs), mud whelks and other surface feeding 

snails that were considered to be epifauna. Considering the heterogeneous distribution 

of epifauna, their generally lower abundance and motility they would not be adequately 

represented in box core samples. Epifauna were therefore counted from the surface of 
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the mudflat in three quadrats (0.5 m x 0.5 m) randomly located at each site close to the 

infauna sampling locations. A quadrat with raised side was used to create a barrier to 

catch escaping crabs. The sediment from these quadrats were then extracted to a depth 

of 20 cm and were sieved over a 2 mm mesh on site and the retained fauna was 

preserved in 90% ethanol and brought to laboratory for identification.  

 

3.3.3 Abiotic measurements 
The physicochemical properties of the sediments were described by sampling pore-

water from the voids left by the box cores and the pH and salinity of each was recorded 

in situ at the time of sampling using electronic pH and salinity probes (TPS Aqua CPA 

V2.0 V1656). The redox discontinuity layer (RDL) depth was measured from the 

sediment of each box core using a ruler (to the depth of the black anoxic layer) before 

they were sieved. The core was sliced randomly and 5 RDL depth measurements were 

made. 

Three PVC cores (40 mm internal diameter and 110 mm length) were extracted from 

each site and taken back into the lab to measure sediment organic matter content, 

sediment particle size distribution (proportion of silt and clay) and the concentration of 

biologically available NOx, ammonium and phosphate ions. Three sediment samples 

were obtained using petri dishes from each box core area for the analysis of chlorophyll 

a, and these samples were wrapped in foil. The chlorophyll a samples and the PVC cores 

were kept at 4°C until they reached the laboratory and were then frozen at -20°C for 

later analysis. 

Sediment organic matter content was determined using the Loss on Ignition method 

(Heiri et al. 2001), and sediment granulometry using the dry sieve method (Percival & 

Lindsay 1997). For nutrient analysis, homogenised sediment cores (3 replicates treated 

individually) were used to determine the bioavailable dissolved inorganic NOx and NH4+ 

and reactive PO43-. For inorganic N ion extraction, 1g of wet sediment was dissolved in 

10ml of 2M KCl and for P ions 1 g of wet sediment was dissolved in 10 ml of 1M MgCl2. 

The samples were shaken for 1 hour (at 300 rpm) and were centrifuged for 5 minutes 

(at 4000 rpm). The aliquot was extracted and filtered using glass fibre filters (1.6μm). 

The nutrient concentrations in the filtered aliquots were analysed using a seal 

segmented flow analyser (Auto Analyzer 3, SEAL Analytical Limited). Sediment 



76 
 

chlorophyll a was extracted by adding 40 ml of 90% acetone to 15 g of wet sediment. 

The absorbance of the filtered (Watmann 20 μm) aliquots were measured using the 

spectrophotometer at 5 wave lengths (630, 647, 664, 691 and 750 nm). The 

concentration of chlorophyll a was calculated using the spectrophotometric equation 

(Ritchie 2008).  

 

3.3.4 Data analysis 
The abundances for all infaunal and epifaunal samples were converted to density per 

m2. The box core abundance values for crabs and snails were considered under 

representation of the populations, therefore, the mean abundance values obtained 

from the 3 epifaunal quadrats (0.5 x 0.5 m) were used and their mean densities (per m2) 

were substituted into the infaunal dataset. Diversity metrics (the total number of 

individuals, species richness, Shannon-Weiner diversity and Pielou’s evenness) were 

calculated for the entire macrofaunal assemblages separately for each season and the 

Mann-Whitney U test was used to compare the differences between the seasons and 

also Kruskal-Wallis test was applied to four diversity indices to compare between the 

four land use sub-catchment categories (high industry, low industry, residential, peri-

urban) and local land use categories (e.g. peri-urban, residential) 

Species abundances (individuals per m2) were log (x+1) transformed and between 

sample Bray Curtis similarities were determined using Primer 6 Beta (Plymouth Routines 

in Multivariate Ecology Research Ltd). Species compositional differences between the 

seasons, sub-catchment land use categories and local land use categories  were explored 

using non metric multidimensional scaling (nMDS), Analysis of Similarities (ANOSIM) and 

where differences were identified the species that contributing to the dissimilarities 

were identified using Similarity Percentage (SIMPER) analysis. The densities of those 

species that contributed to >5% to the dissimilarity between groups were compared 

using a two sample t test. One way ANOVA was used to investigate the differences in 

environmental parameters between the sub-catchments land use categories with post-

hoc comparisons of significant differences being assessed using Tukey’s pairwise 

comparison (SPSS Statistics 22, IBM).  

To examine the biogeographic patterns in the macrobenthos, the species composition 

of the macrofauna at the 24 locations was compared with the sites grouped in 3 
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different configurations: (i) The sites to the north and south of Cleveland, (ii) 4 groups 

ordered from north to south (each group containing 6 sites) and (iii) the northernmost 

6 sites and southernmost 6 sites. Differences between water circulation patterns to the 

north (open bay) and south of Cleveland (many large islands inhibit water flow) provided 

a rationale for the latitudinal subdivision of mudflats (McPhee, 2017c). The total number 

of individuals, species richness, Shannon Weiner diversity and Pielou’s evenness 

differences between above biogeographic classifications were compared using the 

Kruskal-Wallis test while species compositional differences were identified using nMDS, 

ANOSIM and SIMPER.  

The frequency of occurrence across the 24 sites, in each season, for all 50 taxa was 

calculated and was then used to categorise the taxa into two groups 1) the taxa that 

were recorded in <=6 sites which were referred to as taxa with a restricted distribution 

and 2) taxa that were recorded in >=18 sites referred to as cosmopolitan taxa. For this 

study the term ‘cosmopolitan’ is used for species that show a wide distribution in SE 

Queensland region. For each species any potential range extension was estimated using 

Google Earth Pro (www.earth.google.com) by measuring the linear distance from the 

last observed record in Atlas of Living Australia/ Ocean biogeographic information 

system (ALA 2018, OBIS 2018) to the extreme northernmost/southernmost sampling 

site at which the species occurred in this study. Atlas of Living Australia contains limited 

number of occurrence information with respect to marine macrofauna, however the 

reliability of the information provided by the online database is high as the species 

information has been verified by experts.  

In addition to the environmental data collected in this study, long term water quality 

monitoring data for 10 parameters (Table 3.8) were obtained from the Queensland 

Department of Environmental Science (EHMP© 2017). For each sediment or water 

quality parameter the data were grouped into 4 categories; lowest (the lowest 25% of 

observations – below the 25% quartile), low (the observations between the 25% quartile 

and the median) high (the observations between the median and 75 quartile) and 

highest values (the observations above 75% quartile) and the species compositional 

differences was tested for each parameter separately using nMDS and ANOSIM analysis. 

Pearson’s correlation was used to identify any relation between the diversity indices and 

measured environmental parameters for winter and summer separately. The 
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differences in these water quality parameters with respect to the sub-catchment land 

use categories were tested using one way ANOVA with post-hoc Tukey pairwise 

comparisons and application of Bonferroni corrections to adjust for multiple 

comparisons (SPSS Statistics 22, IBM).  

 

3.4 Results 
 

3.4.1 Macrofaunal assemblages of mudflats in SE Queensland 
A total of 3047 individuals and 50 taxa were observed across the 24 sites during the 

summer sampling, compared to the winter when only 1800 individuals from 46 taxa 

were recorded. Taxa not recorded during winter sampling were the polychaete 

Platynereis antipoda, the bivalve Paratapes undulatus and the gastropods Recluzia johnii 

and Nassarius coronatus. The 10 most abundant taxa contributed 67% of cumulative 

abundance of the summer assemblage (Table 3.1). The dominant taxon in summer was 

the suspension feeding bivalve Hiatula alba which comprised 14% of the individuals, but 

in winter H. alba comprised only 8% of the assemblage (being the 5th most abundant 

taxa). In winter the 10 most abundant taxa made up 70% of the total macrofaunal 

individuals (Table 3.1), and the dominant taxa were the crabs Mictyris longicarpus and 

Macrophthalmus setosus (~10% each). Whilst M. longicarpus was not in the top 10 taxa 

by abundance in the summer, while M. setosus was the 5th most abundant taxon in the 

summer (Table 3.1).  

The mean number of individuals per m2 (Mann-Whitney U test, Z = -3.629, p < 0.001, Fig. 

3.3A) and mean species richness (Mann-Whitney U test, Z = -2.627, p < 0.005, Fig. 3.3B), 

were significantly lower in the winter than in summer. The mean number of individuals 

per m2 observed in summer was 50% higher than in winter, and 15% more species 

occurred in summer (Fig. 3.3A-B). Conversely, the mean Pielou’s evenness (Mann-

Whitney U test, Z = -2.371, p = 0.018, Fig. 3.3D) was significantly higher in winter 

compared to summer meaning in the winter assemblage species were more even (Fig. 

3.3D). Shannon Weiner diversity did not differ significantly between the summer and 

winter assemblages (Mann-Whitney U test, Z = -0.072, p = 0.942, Fig. 3.3C).  
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Table 3.1. The top 10 taxa (ranked by abundance) as a percentage of the total number of 

individuals retrieved in each season.  

Summer 2017 Winter 2016 
Top 10 taxa Abundance 

(%) 
Top 10 taxa Abundance 

(%) 
Hiatula alba (bivalve) 14.8 Mictyris longicarpus (decapod) 10.4 

Barantolla lepte (polychaete) 9.8 Macrophthalmus setosus 
(decapod) 

10.1 

Aglaophamus australiensis 
(polychaete) 

9.7 Barantolla lepte (polychaete) 9.7 

Elphidium discoidale 
(foraminifera) 

9.4 Aglaophamus australiensis 
(polychaete) 

9.2 

Macrophthalmus setosus 
(decapod) 

5.5 Hiatula alba (bivalve) 8.2 

Magelona dakini (polychaete) 4.5 Pyrazus ebeninus (gastropoda) 6.8 
Notomastus torquatus 
(polychaete) 

3.8 Magelona dakini (polychaete) 4.3 

Marcia hiantina  (bivalve) 3.6 Owenia australis (polychaete) 4.1 
Haminoea fusca (gastropoda) 3.6 Uca vomeris (decapod) 4.0 
Nematoda 3.4 Notomastus torquatus 

(polychaete) 
3.9 
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Fig. 3.3. Mean (±SE) macrofaunal abundance and diversity (based on 5 replicate 0.625m2 cores) 

in mudflat assemblages across 24 sites in SE Queensland, Australia in winter 2016 (blue) and 

summer 2017 (orange). (A) The number of individuals per m2, (B) species richness, (C) Shannon 

Weiner diversity, and (D) Pielou’s evenness.  

 

Species composition significantly differed between winter 2016 and summer 2017 (one 

way ANOSIM, global R = 0.076, p = 0.004) which had an average SIMPER dissimilarity of 

~52% (Fig. 3.4). Thirty seven species contributed to 90% of the cumulative dissimilarity 

between the two seasons. Given the marked seasonal differences in the mudflat 

assemblages, for the remainder of the analyses the summer and winter were considered 

separately. 
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Fig. 3.4.  nMDS ordination of the Bray-Curtis similarity of the macrofaunal species composition 

(log X+1 transformed) from the 24 mudflats sampled in SE Queensland, Australia (Fig. 3.2) in 

winter 2016 and summer 2017.  

 

3.4.2 Biogeographic variations in the mudflat macrofaunal assemblages 
In the assemblages north of Cleveland typically 1-2 more species occurred than at stations south 

of Cleveland and the assemblages were more even compared with those to the south while the 

abundance (individuals per m2) was ~20% higher in the south (Fig. 3.5A-D). However, none of 

these differences were significant. However, Shannon Weiner diversity was significantly higher 

to the north (Table 3.2, Fig 3.5C). These patterns were consistent between summer and winter.   

After grouping the sites from north to south based on their latitude, the mean number of 

individuals per m2, species richness and Shannon Weiner diversity and Pielou’s evenness did not 

differ significantly from north to south in both summer and winter (Fig. 3.5E-H). Assemblages 

were also compared between the northern most 6 sites and southernmost 6 sites (Figs. 3.5I-L).  

The mean number of individuals per m2 observed between the northernmost 6 sites and 

southernmost 6 sites and Shannon Weiner diversity also showed this latitudinal trend (Fig. 3.5 

I-L).  
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Table 3.2. Kruskal-Wallis comparisons of the median number of individuals per m2, species 

richness, Shannon Weiner diversity and Pielou’s evenness of the macrofaunal assemblages 

found in mudflats from 24 sites in SE Queensland in the winter of 2016 and summer of 2017. 

Three comparisons are included (i) those sites to the north and south of Cleveland, (ii) the 24 

sites divided into 4 groups (six sites each) proceeding from north to south, and (iii) the 

northernmost and southernmost six sites. *Indicates a significant difference 

Metric (m-2) Winter 2016 Summer 2017 
 χ2 df, n p χ2 df, n p 
(i) North and south of Cleveland  
Total no. individuals 0.992 1, 24 0.319 0.014 1, 24 0.907 
Species richness 0.679 1, 24 0.410 0.630 1, 24 0.427 
Shannon Weiner  2.143 1, 24 0.143 5.488 1, 24 0.019* 
Pielou’s evenness 0.003 1, 24 0.953 1.895 1, 24 0.169 
(ii) Four equal sized groups  
Total no. individuals 4.112 3, 6 0.250 4.780 3, 6 0.189 
Species richness 2.934 3, 6 0.402 2.914 3, 6 0.405 
Shannon Weiner  3.713 3, 6 0.294 3.527 3, 6 0.317 
Pielou’s evenness 0.420 3, 6 0.936 1.673 3, 6 0.643 
(iii) Northernmost and southernmost six sites 
Total no. individuals 1.641 1, 6 0.200 0.641 1, 6 0.423 
Species richness 0.105 1, 6 0.746 0.103 1, 6 0.748 
Shannon Weiner  0.410 1, 6 0.522 1.641 1, 6 0.200 
Pielou’s evenness 0.316 1, 6 0.574 0.926 1, 6 0.336 
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Fig. 3.5. The macrofauna on SE Queensland, Australia mudflats showing mean (±SE) density 

(individuals per m2), species richness, Shannon Weiner diversity and Pielou’s evenness in winter 

2016 (blue) and summer 2017 (orange). When data are: (A)-(D) grouped north and south of 

Cleveland, (E)-(I) grouped by latitude; Group 1: Sites 1-6 most northern sites; Group 2: Sites 7-

12; Group 3: Sites 13-18; Group 4: Sites 19-24 most southern sites (Fig3.2), and (J)-(L) comparing 

only the northernmost six and southernmost six sites. 
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Macrofaunal species composition did not significantly differ between the (i) sites located 

north or south of Cleveland in winter (one way ANOSIM, global R = -0.001, p = 0.459, Fig. 

3.6A) and summer (global R  = 0.011. p = 0.408, Fig. 3.6B) nor sites that were (ii)  

subdivided into 4 groups along a north to south gradient in winter (one way ANOSIM, 

global R = -0.035, p = 0.749, Fig. 3.6C) and summer (global R = 0.057, p = 0.183, Fig. 3.6D).  

Species composition at the northernmost 6 sites significantly differed from the 

southernmost 6 sites in summer (global R = 0.272, p = 0.015, Fig. 3.6F and Fig. 3.8) but 

not winter (global R=0.065, p=0.199, Fig. 3.6E). Macrofaunal taxonomic composition was 

55% dissimilar between the 6 northernmost sites and the 6 southernmost in summer, 

and five taxa (the bivalves Hiatula alba, Marcia hiantina, the polychaetes Aglaophamus 

australiensis, Magelona dakini and the gastropod Haminoea fusca) each contributed 

>4% to the SIMPER dissimilarity (Fig. 3.8). The polychaete A. australiensis characterised 

as being temperate in the Atlas of Living Australia occurred in significantly higher 

densities in the southernmost 6 sites compared to the northernmost sites (t-test, t(10) 

= 0.923, p = 0.017, Fig. 3.7 and Fig. 3.8). Whereas, the bivalve M. hiantina, characterised 

as tropical (ALA 2018), was more abundant in the northernmost sites (t-test, t(10) = -

1.991, p=0.040, Fig. 3.7). The densities of H. alba, M. dakini and H. fusca (Table 3.7) did 

not significantly differ between the northernmost and southernmost sites. The 

differences observed between northernmost and southernmost sites was also driven by 

the presence and absence of few species (SIMPER analysis). Four temperate taxa, the 

shrimp Alpheus richardsoni, the polychaetes Trypaea australiensis, Sthenelais boa  and 

Helograpsus haswellianus, and three tropical taxa,  the stomatopod Clorida depressa, 

gastropod Recluzia johnii and decapod Uca longidigita, were not observed in the 

northernmost sites but were found in the southernmost sites. In the northermost sites 

five tropical taxa, the bivalves Mactra maculata, Paratapes undulatus, Lutraria impar, 

the brachiopod Lingula anatina and the decapod Tubuca polita, occurred but were 

absent from the assemblages of the southernmost sites (SIMPER analysis).  
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Fig. 3.6. nMDS ordination of the Bray-Curtis similarity of the macrofaunal assemblage 

composition (log (X+1) transformed) in 24 mudflats in SE Queensland, Australia. The taxonomic 

composition of the mudflat assemblages (A) north and south of Cleveland in winter and (B) 

summer; (C) four groups of sites from north (sites 1-6) to south (sites 19-24) in winter and (D) 

summer; (E) the six northernmost and six southernmost sites in winter and (F) summer.  
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Fig. 3.7. The mean density (± SE) of the five taxa contributing to the dissimilarity between the 

northernmost (Deception Bay and northern Moreton Bay) and southernmost six sites (Redland 

Bay to Tallebudgera) in SE Queensland. *Indicates the species that significantly differed in mean 

density. H. alba = Hiatula alba, A. australiensis = Aglaophamus australiensis, M. hiantina = 

Marcia hiantina, H. fusca = Haminoea fusca and M. dakini = Magelona dakini. 

 

In summer 16 of the 50 taxa had restricted biogeographic distributions (occurring at <=6 

sites) while 8 taxa were broadly distributed (occurring at >=18 sites; Table 3.3). In winter 

27 of the 46 taxa had a restricted geographic distribution and 13 taxa were broadly 

distributed (Table 3.3, Fig. 3.8).  

According to the species distributions documented in Atlas of Living Australia and Ocean 

Biogeographic Information System (ALA 2018, OBIS 2018), three species; the bivalve 

Mactra maculata, gastropod Recluzia johnii and amphipod Victoriopisa australiensis had 

previously only been recorded once in the study area (Table 3.4). In this study, M. 

maculata was found at 17 sites and V. australiensis was observed at 11 sites while R. 

johnii was only recorded from 2 mudflats (Table 3.4). Five species Eurysyllis tuberculata, 

Haminoea fusca, Laternula anatina, Prionospio queenslandica and Sternaspis scutata 

had not previously been recorded from within the study area but had been recorded 

once in the greater SE Queensland region (ALA, OBIS, 2018; Table 3.4). Of these taxa H. 

fusca and P. queenslandica were recorded in 11 and 16 of the study sites, respectively. 

Whereas E. tuberculata and L. anatina showed restricted distributions (occurring at 6 

and 5 sites respectively) while S. scutata was found at 7 mudflats (Table 3.4). 
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Table 3.3: Taxa with restricted (≤6 sites) and broad geographic distribution (≥ 18 sites) in the 24 

mudflats in SE Queensland in both winter and summer.  

Restricted taxa (<=6 sites) Cosmopolitan taxa (>=18 sites) 
In both seasons combined  
Bulla vernicosa (Gastropoda) Aglaophamus australiensis (Polychaeta) 
Cirriformia tentaculata (Polychaeta) Barantolla lepte (Polychaeta) 
Clorida depressa (stomatopoda) Conuber sordidum (Gastropoda) 
Eurysyllis tuberculata (Polychaeta) Hiatula alba (Bivalvia) 
Laternula anatina (Bivalvia) Macrophthalmus setosus 
Lingula anatina (Brachiopoda) Magelona dakini (Polychaeta) 
Lutraria impar (bivalvia) Mictyris longicarpus (Crustacea) 
Nassarius coronatus (Gastropoda) Nematoda 
Paratapes undulatus (Bivalvia) Notomastus torquatus (Polychaeta) 
Platynereis antipoda (Polychaeta) Owenia australis (Polychaeta) 
Recluzia johnii (Gastropoda) Pyrazus ebeninus (Gastropoda) 
Sthenelais boa (Polychaeta)  
Trypaea australiensis (Crustacea)  
Tubuca polita (Crustacea)  
Uca longidigita (Crustacea) 
 

 

Winter only 
Acetes sibogae (Crustacea) Barantolla lepte (Polychaeta) 
Alpheus richardsoni (Crustacea) Magelona dakini (Polychaeta) 
Australonereis ehlersi (Polychaeta)  
Elphidium discoidale (Foraminifera)  
Glycera americana (Polychaeta)  
Helograpsus haswellianus (Crustacea)  
Lumbrineris tetraura (Polychaeta)  
Metapenaeus endeavouri (Crustacea)  
Myrianida australiensis (Polychaeta)  
Prionospio queenslandica (Polychaeta)  
Stenothoe miersi (Amphipoda)  
Sternaspis scutata (Polychaeta) 
 

 

Summer only 
Paratapes undulatus (Bivalvia) Aglaophamus australiensis (Polychaeta) 
Platynereis antipoda (Polychaeta) Conuber sordidum (Gastropoda) 
Nassarius coronatus (Gastropoda) Mictyris longicarpus (Crustacea) 
Recluzia johnii (Gastropoda) Nematoda 
 Pyrazus ebeninus (Gastropoda) 
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Table 3.4: New records and range extensions in the SE Queensland mudflat macrobenthos 

derived from records in 3 key Australian faunal databases; the Atlas of Living Australia (ALA), 

Ocean Biogeographic Information System and the Australian Faunal Directory (ABRS 2009, ALA 

2018, OBIS 2018). * Taxa that previously have a single record within the study area. # Taxa not 

previously recorded in the study area but that have been recorded once in the greater SE 

Queensland region. The ‘typical’ climatic zone of each species based on previous records is given 

with the Tropical climatic zones as defined by Dissanayake et al. (2018)(Chapter 2) and 

subtropical and temperate climatic zone boundary based on the location of the Australian East 

Coast Current front (Cetina-Heredia et al. 2014). The maximum geographic range (northernmost 

(N) and southernmost (S) occurrences) of each taxon from the databases and within the 24 sites 

sampled along SE Queensland coast. The number of sites at which each taxon occurred (from 

south Deception Bay to Tallebudgera) overall and in the separate seasons. Abbreviations: Trop 

– Tropical, Temp – Temperate, S – summer, W – winter.  

Taxa Climatic 
zone 

Maximum extent 
of distribution in 

the literature 
(decimal degrees) 

Observed latitudinal 
extent of taxa 

(decimal degrees) 

Site occurrences  

   Latitude  N most  S most  Overall S W 
Eurysyllis tuberculata# Trop 28.6133 27.1747 27.7178 6 4 3 
Haminoea fusca# Trop 25.2500 27.1747 28.1069 16 12 1

 Laternula anatina# Trop 23.4160 27.1956 27.7053 5 5 2 
Mactra maculata* Trop 27.5830 27.1463 28.1069 17 11 1

 Prionospio 
queenslandica# 

Trop 32.2830 27.1463 27.7178 11 8 5 

Recluzia johnii* Trop 27.4269 27.7178 27.7503 2 2 0 
Sternaspis scutata# Trop 32.5000 27.3436 27.7503 7 7 2 
Victoriopisa 
australiensis* 

Temp 27.9160 27.1463 27.7503 11 10 8 

 

Of the total species pool recorded in this survey 50% of the taxa were temperate, 40% 

were tropical and 10% were ‘cosmopolitan’ (wide distribution in both temperate and 

tropical zones) based on ALA occurrence data (ALA 2018). Eleven taxa showed a wider 

distribution compared to their previously documented occurrences. Eight tropical taxa 

(40% of all total tropical taxa) had a southward extension shifting on average 146 ± 66 

km) (Table 3.5, Fig. 3.8). Only 3 (12% of all temperate taxa) temperate taxa e.g. 

Lumbrineris tetraura - 124 km, Myrianida australiensis - 368 km and Victoriopisa 

australiensis – 18 km had an extended distribution towards the north, (Table 3.5).  
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Table 3.5: The geographic range of the 50 taxa (summer and winter combined) found during this study 

and from published biogeographic databases (ALA 2018, OBIS 2018). These new records extended the 

ranges for 10 species (grey-shaded rows), for these species the extent and direction of the expansion is 

documented. Abbreviations: Trop = Tropical, Temp = Temperate. 

Species Zones Geographic range (latitude) of 
taxa in the literature 

Geographic range 
(latitude) of taxa at the 24 

sites sampled 

Distance 
moved 

(km) 
North 

(°) 
South 

(°) 
No. 

records 
North 

(°) 
South 

(°) 
No. 

sites 
 

Acetes sibogae Temp 15.2250 36.2070 174 27.3436 28.1069 12  
Aglaophamus australiensis Temp 17.0330 43.0330 1093 27.1464 28.1069 23  
Alpheus richardsoni Temp 16.7660 41.4660 143 27.1747 28.1069 9  
Armandia intermedia Temp 19.1160 38.8500 285 27.1747 28.1069 16  
Australonereis ehlersi Temp 23.1830 42.2752 566 27.1464 28.1069 12  
Australoplax tridentata Trop 23.2500 36.2078 83 27.1956 28.1069 14  
Barantolla lepte Temp 22.3830 38.8500 791 27.1747 27.8222 18  
Bulla vernicosa Trop 23.9000 34.7500 430 27.2597 28.1069 3  
Chaenostoma punctulatum Temp 10.7160 36.0653 58 27.1464 28.1069 14  
Cirriformia tentaculata Temp 22.3830 42.8800 82 27.1747 27.6436 6  
Clorida depressa Trop 21.2350 27.6667 59 27.1956 27.7178 5 6.5 S 
Conuber sordidum All 10.6000 43.1179 544 27.1464 28.1069 21  
Elphidium discoidale Trop 20.9000 27.4667 48 27.1747 28.1069 7 82 S 
Eurysyllis tuberculata Trop 14.5723 34.7500 31 27.1747 27.7178 6  
Gelasimus vomeris Trop 23.4122 33.8083 145 27.2775 28.1069 10  
Glycera americana Temp 22.3830 41.1600 515 27.1956 27.8222 12  
Haminoea fusca Trop 14.6700 25.2500 16 27.1747 28.1069 16 324 S 
Helograpsus haswellianus Temp 9.5833 43.0300 207 27.3436 27.8222 10  
Hiatula alba Temp 26.7660 43.4630 69 27.1464 28.1069 18  
Laternula anatina Trop 16.5500 23.4160 71 27.1956 27.7053 5 534 S 
Leitoscoloplos bifurcatus Temp 14.6794 42.3902 489 27.1464 28.1069 12  
Lingula anatina Trop 20.4000 27.9667 39 27.2597 27.5158 2  
Lumbrineris tetraura Temp 28.1903 38.7300 22 27.1747 28.1069 12 124 N 
Lutraria impar Trop 23.2000 27.9667 24 27.1956 27.4764 4  
Macrophthalmus setosus Temp 22.3833 36.0612 133 27.1747 28.1069 21  
Mactra maculata Trop 14.6600 27.5830 61 27.1463 28.1069 17 58 S 
Magelona dakini Temp 18.7330 41.1612 371 27.1464 28.1069 19  
Marcia hiantina Trop 23.1827 27.6167 250 27.1464 28.1069 16 56 S 
Marphysa mullawa Temp 12.6660 36.8917 122 27.1747 28.1069 9  
Metapenaeus endeavouri Trop 23.8450 27.4167 2395 27.2775 28.1069 8 77 S 
Mictyris longicarpus All 11.9000 38.4612 342 27.1464 28.1069 20  
Myrianida australiensis Temp 35.8303 35.8303 1 27.1747 27.7503 11 368 N 
Nassarius coronatus Trop 23.1300 33.8330 299 27.2597 27.7503 4  
Nematoda  All 16.1333 41.7339 30516 27.1464 28.1069 20  
Nemertea  All 14.5000 54.7083 3202 27.1747 28.1069 13  
Notomastus torquatus Temp 23.8160 38.4889 493 27.1464 28.1069 21  
Owenia australis Temp 14.6700 38.9000 248 27.1464 28.1069 21  
Paratapes undulatus Trop 23.3330 36.9033 230 27.1956 27.5158 2  
Phyllodoce novaehollandiae Temp 19.8830 38.7661 108 27.1464 28.1069 16  
Platynereis antipoda Temp 10.5863 43.4350 385 27.2775 27.7178 6  
Prionospio queenslandica Trop 10.5861 35.7461 17 27.1463 27.7178 11  
Pyrazus ebeninus All 10.6830 42.9111 380 27.1464 28.1069 22  
Recluzia johnii Trop 23.4167 34.0583 11 27.7178 27.7503 2  
Stenothoe miersi Temp 14.5719 37.8898 48 27.1747 28.1069 8  
Sternaspis scutata Trop 23.8500 32.5000 2 27.3436 27.7503 7  
Sthenelais boa Temp 27.1189 34.0083 15 27.5158 27.8222 4  
Trypaea australiensis Temp 17.7833 38.7000 651 27.395 28.1069 6  
Tubuca polita Trop 22.1167 30.8830 102 27.2775 27.2775 1  
Uca longidigita  Trop 21.1333 27.5000 27 27.4222 27.7503 4 28 S 
Victoriopisa australiensis Temp 27.9160 37.0963 186 27.1464 27.7503 11 18 N 
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The species composition did not significantly differ between the four levels of organic 

matter content in winter (one way ANOSIM: global R = 0.015, p = 0.385, Fig. 3.9A) or 

summer (one way ANOSIM: global R = 0.085, p = 0.091, Fig. 3.9B). Similarly, the species 

composition did not differ significantly between the four RDL depth ranges in summer 

(one way ANOSIM, global R = 0.078, p = 0.121, Fig. 3.9D). The 24 sites were categorised 

into 4 RDL depth ranges and the species composition (winter assemblage) significantly 

differed between the RDL depth ranges (one way ANOSIM, global R = 0.163, p = 0.024, 

Fig. 3.9C) at sites with RDL depth <1.0 cm differing from RDL depths 2.0–3.0 cm (pairwise 

ANOSIM, R = 0.290, p = 0.013, SIMPER: average dissimilarity 51%) and 3.1–4.0 cm 

(pairwise ANOSIM, R = 0.397, p = 0.024; SIMPER: average dissimilarity 57%). The 

suspension feeding deep burrower H. alba contributed >6% to the dissimilarity between 

sites with shallowest (<1.0 cm) and deepest RDL depths (3.1–4 cm) although it wasn’t 

significant. The mean density of Capitellid tube building Barantolla lepte (makes 

temporary mucous tubes) contributed >8% to the dissimilarity between sites with the 

shallowest (<1.0 cm) and deepest RDL depths (3.1–4 cm) and their density significantly 

differed (t-test, t(8) = 2.768, p = 0.024). The burrowing amphipod Victoriopisa 

australiensis contributed >5% towards the compositional differences between (<1.0 cm) 

and 2.1–3.0 cm RDL depth although the densities did not differ significantly between the 

depth ranges. Both the capitellids and amphipods occurred in higher density at sites with 

RDL depths of < 1.0 cm and it corresponds with their sediment dwelling depth range as 

indicated in literature from 0 – 2 cm.  
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Fig 3.8. A summary of the spatial distribution macrofaunal species at the 24 subtropical mudflats 
(indicated by open circles) in SE Queensland survey in 2016-17. The coastal sub-catchments containing 
the sampled mudflats is indicated in light grey. The species that occurred in <=6 sites are referred to as 
“restricted taxa” while “cosmopolitan taxa” occurred in >=18 sites (Table 3.3). The species that drove the 
“significant difference” in assemblage composition between the northernmost and southernmost sites 
are identified the species whose densities differed significantly indicated ‘*’. This study has identified eight 
tropical taxa that have shifted their recorded range southwards (A = Elphidium discoidale, B = 
Metapenaeus endeavouri, C = Mactra maculata, D = Marcia hiantina, E = Clorida depressa, F = Laternula 
anatina, G = Uca longidigita and H = Haminoea fusca). For these taxa the range shift is illustrated with a + 
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indicating the previous, literature, southern most record and a line with an arrow head indicating the 
extension to the new southern limit. The extent of the movement (in km) is indicated. For two species 
(Laternula anatina and Haminoea fusca) only the end location is given because the last recorded site is 
far north from the map area. The dashed lines indicate that the species are moving southward but there 
previous southernmost observed locations are beyond the map area. The species that had same southern 
extent (A, B, C, D and H) were indicated in single colour. Abbreviations: A. australiensis = Aglaophamus 
australiensis, B. lepte = Barantolla lepte, B. vernicosa = Bulla vernicosa, C. tentaculata = Cirriformia 
tentaculata, C. depressa = Clorida depressa, C. sordidum = Conuber sordidum, E. tuberculate = Eurysyllis 
tuberculata, H. fusca = Haminoea fusca, H. alba = Hiatula alba, L. anatina = Laternula anatina, L. anatina 
= Lingula anatina, L. impar = Lutraria impar, M. setosus = Macrophthalmus setosus, M. dakini = Magelona 
dakini, M. hiantina = Marcia hiantina, M. longicarpus = Mictyris longicarpus, N. coronatus = Nassarius 
coronatus, N. torquatus = Notomastus torquatus, O. australis = Owenia australis, P. undulatus = Paratapes 
undulatus, P. antipoda = Platynereis antipoda, P. ebeninus = Pyrazus ebeninus, R. johnii = Recluzia johnii, 
S. boa = Sthenelais boa, T. australiensis = Trypaea australiensis, T. polita = Tubuca polita, U. longidigita = 
Uca longidigita. 

 

 

Fig. 3.9. nMDS ordination of the Bray-Curtis similarity of the macrofaunal assemblages (log (X+1) 

transformed) in 24 mudflats in SE Queensland, Australia. Taxonomic composition with sites 

identified with respect to organic matter content (% LOI) (A) in winter, (B) in summer, and with 

sites identified by the depth (cm) of the redox discontinuity layer (RDL) (C) in winter (D) in 

summer. The four categories represent values below the 25 percentile (), between the 25 

percentile and the median (     ), between the median and the 75 percentile (     ) and those above 

the 75 percentile (     ).  
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3.4.3 Influence of human activities on macrofaunal assemblages 
There were no significant differences in the number of individuals, species richness, 

Shannon Weiner diversity or Pielou’s evenness between the 4 sub-catchment land use 

categories (Fig. 3.10A-D) nor the local land use categories (Fig. 3.11A-D) (two way 

ANOVA, Table 3.6) in either summer or winter. None of the measured environmental 

variables (pH, salinity, silt and clay %, benthic chlorophyll a, organic matter %, RDL depth 

and nutrients (NOx, NH4+ and PO43-) were correlated with any of the univariate 

descriptors of the macrofaunal community in summer or winter (Pearson’s correlation, 

Table 3.9) except Pielou’s evenness was positively correlated with RDL depth in the 

winter (r2 = 0.171, F(1, 24) = 4.540, p = 0.045) (Table 3.9). 

 

Table 3.6. Results of two-way ANOVA to compare the univariate biodiversity indices of 

macrofaunal assemblages between the (i) four sub-catchment land use categories, (ii) local land 

use categories or the (iii) interaction between for the two in winter or summer.   

Metric Winter Summer 
 F df, n p F df,n p 
No. of individuals per m2  
Main effect: Sub-catchment 
land use categories 

0.637 3, 6 0.602 0.508 3, 6 0.682 

Main effect: local land use 1.184 1, 12 0.293 0.147 1, 12 0.707 
Interaction: sub-catchment 
versus local land use  

1.112 3, 24 0.373 1.889 3, 24 0.172 

Species richness 
Main effect: Sub-catchment 
land use categories 

1.067 3, 6 0.391 1.005 3, 6 0.416 

Main effect: local land use 2.527 1, 12 0.131 1.246 1, 12 0.281 
Interaction: sub-catchment 
versus local land use  

0.720 3, 24 0.554 2.195 3, 24 0.128 

Shannon Weiner 
Main effect: Sub-catchment 
land use categories 

1.195 3, 6 0.343 1.082 3, 6 0.385 

Main effect: local land use 1.878 1, 12 0.189 1.156 1, 12 0.298 
Interaction: sub-catchment 
versus local land use  

0.480 3, 24 0.701 1.524 3, 24 0.246 

Pielou’s evenness       
Main effect: Sub-catchment 
land use categories 

0.020 3, 6 0.996 0.914 3, 6 0.456 

Main effect: local land use 0.050 1, 12 0.826 0.004 1, 12 0.950 
Interaction: sub-catchment 
versus local land use  

2.348 3, 24 0.111 2.535 3, 24 0.093 
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Fig. 3.10. Comparison of the mean (± SE) diversity indices for macrofaunal assemblages of 

mudflats in the four sub-catchment land use categories in winter 2016 (blue) and summer 2017 

(orange). For sub catchment land use category descriptions see supplementary table S4. (A) The 

number of individuals per m2
, (B) species richness, (C) Shannon Weiner and (D) Pielou’s 

evenness. 

 

Fig. 3.11. Comparison of the mean (± SE) diversity indices for macrofaunal assemblages of 

mudflats in the local land use categories (peri-urban and industrial/residential) in winter 2016 

(blue) and summer 2017 (orange). (A) The number of individuals per m2
, (B) species richness, (C) 

Shannon Weiner and (D) Pielou’s evenness.  
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In summer the macrofaunal species composition significantly differed between the four 

sub-catchment land use categories but did not differ between the local land use 

categories (Peri-urban and Industry/residential) (two-way nested ANOSIM, sub-

catchments land use: global R = 0.267, p = 0.004; local land use categories: global R = -

0.615, p > 0.05, Fig. 3.12B). In summer the species composition of the low industry sub-

catchments significantly differed from the residential (one way ANOSIM, R = 0.237, p = 

0.035) and peri-urban sub-catchments (one way ANOSIM, R = 0.319, p = 0.011), but not 

the high industry sub-catchments. This pattern is also apparent in the winter but was 

not significant (two-way nested ANOSIM, sub-catchments land use: global R = 0.059, p 

= 0.251; local land use categories: global R = -0.479, p = 943, Fig. 3.12A). In summer, the 

mean abundance of the polychaete Armandia intermedia, bivalve H. alba and 

foraminifera Elphidium discoidale contributed >4% individually to the SIMPER 

dissimilarity (54.13%) of the species composition between low industry and residential 

sub-catchments (Fig 3.13). Of these the mean density of the deposit feeder A. 

intermedia was significantly higher in the low industry compared to the residential sub-

catchments (Mann-Whitney U test, Z = -2.342, p = 0.019) and the foraminifera E. 

discoidale was significantly higher in the residential sub-catchments and were absent 

from the low industry sub-catchments (Mann-Whitney U test, Z = -2.286, p = 0.022). The 

mean density of H. alba observed in low industry sub-catchments did not significantly 

differ from the residential (Mann-Whitney U test, Z = -1.826, p = 0.068) or peri-urban 

sub-catchments (Mann-Whitney U test, Z = -1.026, p = 0.305). The densities of the 

polychaete A. australiensis, the bivalves H. alba and M. hiantina, and nematodes also 

contributed >4% to the SIMPER dissimilarity (56.16%) between the low industry and 

peri-urban sub-catchments in summer (Fig 3.13). The mean density of M. hiantina 

(suspension feeding bivalve) was significantly lower in the low industry compared to 

peri-urban sub-catchments (Mann-Whitney U test, Z = -1.992, p = 0.046). The mean 

densities of A. australiensis (Mann-Whitney U test, Z = -1.306, p = 0.191) and nematodes 

(Mann-Whitney U test, Z = -1.299, p = 0.194) did not significantly differ between the low 

industry and peri-urban sub-catchments. 
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Fig. 3.12. nMDS ordination of the Bray-Curtis similarity (log (x+1) transformed) of the 

macrofaunal mudflat assemblage taxonomic composition in the four sub-catchment land use 

categories and local land use categories (A) winter, and (B) summer. The local land use 

categories are represented by I – Industry/residential land use and P – peri urban land use. 

 

Fig. 3.13. Mean density (± SE) of macrofaunal taxa that made individual contributions of >4% to 

the SIMPER dissimilarity in taxonomic composition between the low industry, residential and 

peri-urban sub-catchments. *Indicates species with mean densities that significantly differed 

between the low industry and one other sub-catchment land-use category. H. alba = Hiatula 

alba, E. discoidale = Elphidium discoidale, A. intermedia = Armandia intermedia, A. australiensis 

= Aglaophamus australiensis, M. hiantina = Marcia hiantina. 
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The sediment environmental parameters (pH, salinity, % silt and clay, benthic 

chlorophyll a, % organic matter, RDL depth, NOx, NH4+ and PO43- concentration), with 

the exception of the winter NOx concentration, did not differ significantly between the 

mudflats in the four different sub-catchment land use categories (one way ANOVA, p > 

0.05, Fig. 3.14) in summer and in winter (Table 3.7). Tukey’s pairwise comparison 

showed that in winter the mean NOx concentration was significantly higher in the high 

industry sub-catchments compared to low industry (p = 0.036), residential (p = <0.001) 

and peri-urban (p = 0.005) sub-catchments. The mean organic matter sediment content 

was 38–50% higher in the low industry sub-catchments. Two of the 5 low industry sub-

catchments had sediments with >4% organic matter and the land use in these included 

animal husbandry, waste treatment and manufacturing, a further two sub-catchments 

with 1.2–3% organic matter included animal husbandry and waste treatment. The sites 

that were adjacent to fish farms carried high organic matter content (>5%) and 1.5% 

organic matter content was present in a marine park site. The overall low industry sub-

catchment land cover occupancy of organic matter generating activities was 2.72%.   

The 10 year mean water quality parameters (EHMP© 2017) initially showed a significant 

difference in turbidity and NOx concentration between the sub-catchment land use 

categories in summer (Table 3.8). The mean turbidity of the water in low industry sub-

catchment was 67% higher compared to the residential sub-catchments (Tukey’s 

pairwise comparison, initial p = 0.046, Bonferroni corrected p = 0.062 Fig. 3.15A). The 

increase in turbidity of the water column in low industry sub-catchments corresponds 

with the significantly lower density of the suspension/filter feeding bivalve M. hiantina 

and the foraminiferan E. discoidale in summer (Fig. 3.13). In winter, the mean 

chlorophyll a abundance and mean NOx concentration (Table 3.8) in the water column 

differed significantly between the four sub-catchment land use categories. The mean 

chlorophyll a concentration in residential sub-catchments was 70% lower than in the 

high industry (Fig 3.15C) and peri-urban sub-catchments (Fig 3.15C). The mean NOx 

concentration of high industry sub-catchments was higher than residential sub-

catchments (Tukey’s pairwise comparison, initial p = 0.044, Bonferroni corrected p = 

0.058, Fig. 3.15B). 
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Fig. 3.14. The sediment environmental parameters (mean ± SE)  (A) pH, (B) salinity, (C) silt and 

clay, (D) benthic chlorophyll a, (E) organic matter percentage, (F) RDL depth, (G) NOx, (H) NH4
+, 

(I) PO4
3-concentration in winter (blue) 2016 and summer (orange) 2017.  
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Table 3.7. Results from one way ANOVA to compare sediment environmental parameters 

between the four sub-catchment land uses categories for winter and summer. Degrees of 

freedom for both summer and winter = 3 

Environmental parameters Winter 2016 Summer 2017 
 F p F p 
pH 2.063 0.137 

0.799 
0.081 
0.190 
0.262 
0.321 

<0.001* 
0.347 
0.639 

0.515 0.676 
0.938 
0.235 
0.335 
0.053 
0.166 
0.291 
0.076 
0.078 

Salinity (psu) 0.337 0.135 
Silt and clay (%) 2.598 1.540 
Chlorophyll a (mg m-2) 1.746 1.201 
Organic matter (%) 1.436 3.035 
RDL depth (cm) 1.242 1.880 
NOx (μg/l) 10.198 1.337 
NH4

+ (μg/l) 1.168 2.659 
PO4

3- (μg/l) 0.573 2.632 
 

 

Table 3.8. Results from one way ANOVA to compare mean water quality parameters measured 

adjacent (<4 km) to the 24 sampled sites between the four sub-catchment land use categories 

in both summer and winter. Data were collected monthly from 2006 – 2015 (EHMP© 2017). 

Data were only available for 22 sites (data was not available for 2 sites belonging to peri-urban 

sub-catchment category). Degrees of freedom for both summer and winter = 3 

Environmental parameters Winter 2016 Summer 2017 
 F p F p 
Salinity (g/l) 1.232 0.327 1.609 0.222 
Dissolved oxygen –DO (mg/l) 0.207 0.890 0.463 0.712 
DO saturation (%) 0.435 0.730 0.635 0.602 
Turbidity (NTU) 1.135 0.362 3.156 0.050* 
Benthic Chlorophyll a (μg/l) 4.143 0.021* 2.382 0.103 
Phaeopigments (μg/l) 2.122 0.133 2.163 0.128 
Total N (mg/l) 2.277 0.114 2.046 0.143 
NOx (μg/l) 3.183 0.049* 3.516 0.036* 
NH4

+ (μg/l) 1.635 0.217 1.563 0.233 
Organic nitrogen (mg/l) 1.617 0.220 1.920 0.162 
Total P (μg/l) 1.398 0.276 1.898 0.166 
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Fig. 3.15. Environmental water quality parameters in the water column adjacent (<4 km) to the 

sampling sites of the four sub-catchment categories (EHMP© 2017). (A) Mean turbidity in 

summer (orange). (B) Mean NOx concentration in winter (blue) and summer (orange). (C) Mean 

chlorophyll a concentration in winter (blue).  
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Table 3.9. Pearson’s correlation between faunal metrics (number of individuals per m2, species 

richness, Shannon Weiner diversity and Pielou’s evenness) and sediment environmental 

parameters measured in 24 sites along the subtropical SE Queensland coast.  

Environmental parameters Winter 2016 Summer 2017 
 R p R p 
Number of individuals m2 

pH 0.008 0.969 
0.287 
0.845 
0.663 
0.432 
0.224 
0.725 
0.977 
0.447 

0.031 0.885 
0.155 
0.761 
0.115 
0.399 
0.624 
0.836 
0.201 
0.328 

Salinity (psu) 0.227 0.300 
Silt and clay (%) -0.042 -0.066 
Chlorophyll a (mg m-2) -0.094 -0.330 
Organic matter (%) -0.168 -0.180 
RDL depth (cm) -0.258 -0.105 
NOx (μg/l) 0.076 -0.045 
NH4+ (μg/l) -0.006 0.271 
PO43- (μg/l) -0.163 -0.209 
Species richness 
pH -0.002 0.993 

0.356 
0.956 
0.831 
0.510 
0.059 
0.610 
0.903 
0.390 

0.101 0.637 
0.396 
0.943 
0.092 
0.149 
0.303 
0.848 
0.418 
0.093 

Salinity (psu) 0.197 0.182 
Silt and clay (%) -0.012 -0.015 
Chlorophyll a (mg m-2) -0.046 -0.352 
Organic matter (%) -0.141 -0.304 
RDL depth (cm) -0.391 -0.220 
NOx (μg/l) 0.110 -0.041 
NH4+ (μg/l) -0.026 0.173 
PO43- (μg/l) -0.184 -0.350 
Shannon Weiner diversity 
pH -0.006 0.977 

0.388 
0.894 
0.611 
0.554 
0.083 
0.747 
0.910 
0.507 

0.146 0.496 
0.520 
0.869 
0.077 
0.183 
0.250 
0.997 
0.509 
0.075 

Salinity (psu) 0.184 0.138 
Silt and clay (%) -0.029 -0.036 
Chlorophyll a (mg m-2) -0.109 -0.368 
Organic matter (%) -0.127 -0.281 
RDL depth (cm) -0.361 -0.244 
NOx (μg/l) 0.069 0.001 
NH4+ (μg/l) -0.025 0.142 
PO43- (μg/l) -0.142 -0.370 
Pielou’s evenness 
pH -0.105 0.626 

0.522 
0.200 
0.094 
0.780 

0.045* 
0.111 
0.533 
0.254 

0.270 0.203 
0.341 
0.748 
0.617 
0.115 
0.410 
0.599 
0.133 
0.673 

Salinity (psu) -0.137 -0.203 
Silt and clay (%) -0.271 -0.069 
Chlorophyll a (mg m-2) -0.349 0.107 
Organic matter (%) 0.060 0.331 
RDL depth (cm) 0.414 -0.176 
NOx (μg/l) -0.334 0.113 
NH4+ (μg/l) 0.134 -0.316 
PO43- (μg/l) 0.242 -0.091 
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3.5 Discussion  
 

3.5.1 Macrofaunal assemblage biodiversity and biogeographic patterns 
The present study represents the most spatially and taxonomically comprehensive study 

to date of intertidal mudflat macrofauna along the SE Queensland coast. The region is 

characterised as subtropical, and so this work contributes valuable new data on 

mudflats from a globally understudied climatic zone (Chapter 2). The macrofauna of the 

mudflats in the study area comprise a mixture of tropical and temperate taxa with a 

biogeographic element to the differences in macrofaunal composition confirming 

previous studies that have identified SE Queensland (Moreton Bay) as a faunal transition 

zone (Endean et al. 1956, Johnson 2010).  

The east coast of Australia has been experiencing climate change impacts including the 

increase in sea temperatures (CSIRO and Bureau of Meteorology 2015), and this study 

has identified the possible range shifts of eight tropical species that appear to have 

extended their distribution towards the south. This finding is consistent with the widely 

reported with movement of species towards the poles as a result of climate change 

impacts and prompts the question how will functioning of these systems be affect by 

restructuring of the existing macrofaunal assemblages (see Chapter 4). In addition to 

pressure from climate change, coastal urbanisation also has an impact on the 

biodiversity of mudflat ecosystems. While land use activities at catchment level have 

minimum effect on the macrofaunal assemblages, however, the impacts of some types 

of activity (e.g. organic matter enriching industries) in the sub-catchment proximal to 

the sites had an impact on the biodiversity of macrofaunal assemblages.        

Fifty macroinvertebrate taxa were recorded from the 24 sites distributed across SE 

Queensland from southern Deception Bay to Tallebudgera. Of these taxa, 48 were 

identified to species level but due to challenges with the resolution of species and the 

time constraint 2 where poly-generic phyla groupings (Nematoda and Nemertea). The 

present study made considerable efforts to correctly identify the macrofauna to species 

level. However, for practical and pragmatic reasons (the difficulty of identifying 

specimens and the meiofaunal nature of most individual nematodes) the nematodes 

and nemerteans were grouped into phyla level. This has been a common practice in 

marine ecology studies (Alongi et al. 1990, Cheverie et al. 2014, Pratt et al. 2015) but it 
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reduces information of the ‘true biodiversity’ of the subtropical macrofaunal community 

and means we are dealing with an ‘assemblage’ defined by the gear and the sampling 

and taxonomic procedures.  

 

The early studies in the Moreton Bay, which comprises most of the study area, were 

predominantly subtidal and offshore and describe soft sediment macrofaunal 

assemblages with 193 macrofaunal species from 29 stations (sampled for 10 months) 

(Young & Wadley 1979) and 355 species (from 400 stations, sampled in 4 seasons) 

(Stephenson et al. 1970). The greater species richness may be attributed somewhat to 

the higher sampling frequency and the large sampling area e.g. use of grabs (Connor & 

McCoy 1979) but primarily the more specious nature of subtidal soft sediment habitats 

where macrofaunal assemblage diversity is high relative to the intertidal assemblages 

(Gray & Elliott 2009).  

Studies of macrofaunal biodiversity in intertidal soft sediment communities are more 

similar to those reported herein. In eastern and southern Australian intertidal flats 54 

macrofaunal taxa have been found in sandy tidal flats (<10% silt and clay) from 3 

estuaries in the temperate latitudes of southern New South Wales (Winberg et al. 2007). 

A total of 40 morpho-species (identifying specimens to family level, genus based on the 

morphological differences that are well known for those species but without specialist 

taxonomic expertise (Oliver & Beattie 1996) were found across 9 estuarine mudflats 

from the Gulf St. Vincent to the Fleurieu Peninsula in temperate South Australia 

(Dittmann 2008). Conversely, in tropical Australian mudflats (Hinchinbrook Channel, 

north Queensland) species richness varied from 42 to 74 species in any one mudflat in 

any one year (Dittmann 2002). Species richness is highly sensitive to sampling effort, and 

based on the current, uneven, global data on mudflat macrofaunal species richness 

(Dissanayake et al. 2018, Chapter 2) used Michaelis-Menton to project global species 

richness by climatic zones and suggest a global species assemblage in the tropics of 292 

taxa, temperate latitudes having 272 taxa, while the subtropics only had 167 taxa. If 

robust, these projections suggest that SE Queensland may contain around one third of 

the global assemblage of subtropical intertidal mudflat macrofaunal species. There were 

no Australian subtropical mudflat macrofaunal studies captured in the global analysis 

although 32% of the studies included were subtropical, from Hong Kong, Korea, 
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southern California and Portugal (Dissanayake et al. 2018). However, it is more likely 

that the global paucity of subtropical studies is influencing this estimate and this study 

therefore makes an important contribution by providing the first quantitative data, at 

the species level, on the biodiversity of an Australian subtropical mudflat. 

The summer macrofaunal assemblage density was almost two-fold higher and species 

richness was 25% higher compared to the winter assemblage. Conversely, soft sediment 

macrofauna in the nearby Coombabah estuarine lake had 2-3 fold higher macrofaunal 

density, 40% higher Shannon diversity in winter compared to summer (Dunn et al. 2013). 

This was attributed to higher organic matter content and nutrient availability in winter. 

However, the seasonal differences in the 24 SE Queensland coastal mudflats could not 

be attributed to differences in organic matter content but might be explained by 

seasonal differences in behaviour (i.e. offshore migration) or mortality – lower 

temperatures, reduced productivity, lowered recruitment or increased predation. The 

species that contributed to the dissimilarity between the two seasons have shown an 

overall decrease in abundance in winter compared to summer, however, the density of 

crabs decreased at a lower rate compared to other groups. This suggests that the 

survivorship rate of crabs is relative high in the presence of seasonal changes. The 

differences observed in SE Queensland contrast with previous studies that observed no 

seasonality in subtropical intertidal macrofaunal assemblages (Rainer 1981, Jones 1987), 

and the general trend that seasonality in animal assemblages weakens towards low 

latitudes where the range of temperatures, photoperiod and precipitation experienced 

are narrower (e. g. Parmesan 2006, Sunday et al. 2011).     

Benthic macrofaunal identification studies, especially polychaete taxonomy, have 

mainly been conducted in the Europe, and to a lesser extent in North America. The term 

‘cosmopolitan species’ is frequently used to describe taxa that were observed across 

many biogeographic regions. However, poor knowledge of the true taxonomy of 

infaunal species, restricted access to published keys and lack of taxonomic expertise 

leads to inflated estimates of the contribution of ‘cosmopolitan’ taxa. Hutchings and 

Kupriyanova (2018) have emphasized that this may not be true for many species. The 

identification of species conducted by non-taxonomists or following a key that describes 

the European polychaetes often overlook the specialised features of “novel species“ 

(species that have not been identified in the region before but have introduced 
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elsewhere or species that have not been described before e.g. endemic), resulting in 

their incorrect naming. For example, an interactive key has been developed for 

polychaetes e.g. POLiKEY (Glasby & Fauchald 2003, Wilson et al. 2003) found in Australia 

and if the specimen is from a species that has been described it will fit the species coded 

key but if it hasn’t been identified it will not fit any of the species coded in the key and 

it will be flagged as novel.  

The macrofaunal assemblages in the subtropics are generally characterised by a mixture 

of tropical and temperate taxa with a few endemics/subtropical specialists (Davie & 

Phillips 2010). This was apparent in the observed macrofaunal assemblage from SE 

Queensland for which 50% were classified as temperate species and 40% were classified 

as tropical species based on their documented distributions in the Atlas of living 

Australia and Ocean Biogeographic Information Systems (ALA 2018, OBIS 2018). Endean 

et al. (1956) identified a similar pattern in SE Queensland for rocky shore macrofauna 

where a survey was conducted between latitudes 16° 39' S (northernmost limit, 

Whitecliffs) and 28° 15' (southernmost limit, New South Wales - Queensland border). 

They concluded the existence of a biogeographic boundary at 25°S (46 km north from 

Harvey Bay). This study shows that for mudflat infauna, the transitional boundary can 

be found further south as Moreton Bay already hosts many ‘tropical taxa’ and this is 

possibly due to climate heating in the intervening 60 years.  This view of Moreton Bay 

as a transitional zone, having both tropical and temperate fauna, is consistent with 

observations of the ichthyofauna, 64 fish species reach their northern range limit and 

310 fish species are at their southern range limit in the Bay (Johnson 2010).   

The offshore part of the Bay is oceanographically significant because water transported 

by the warm East Australian Current mixes with the cool temperate waters flowing in 

from Tasman Sea (McPhee 2017b). The western boundary current in the South Pacific 

Ocean that flows through the region may also influence the structuring the biological 

assemblages (Endean et al. 1956, Clark & Johnston 2016). For instance, the 

compositional differences in mudflat macrofauna observed between the northernmost 

(from -27.1464° S to -27.2775° S) and the southernmost sites (-27.6589° S to -28.1069° 

S). While the fauna at all sites comprised more temperate species than tropical species, 

there were more tropical taxa found in the northernmost sites (17 tropical species) than 

the southernmost sites (15 tropical species). There was no significant difference in 
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biodiversity or species composition observed between north and south of Cleveland and 

between the four biogeographic groups along the north to south gradient. This suggests 

an absence of the ecological differences across the hypothesised boundaries.  

 

3.5.2 Biogeographic range expansions of macrofaunal taxa 
The presence of usually tropical species towards the temperate boundary observed in 

this study (near where the East Australian Current and temperate Tasman Sea Current 

mix) may be symptomatic of ocean warming. The coastal sea surface temperatures of 

Australia are increasing (CSIRO and Bureau of Meteorology 2015), and this has resulted 

in a shift towards poles of for over 100 marine Australian species which are moving at 

an average rate of 29 km/decade (Ramos & Pecl 2015). Sorte et al. (2010) identified 129 

marine native species across the world (e.g. gastropods, barnacles, crabs, annelids, 

insects and fish) that have already shifted their biogeographic range towards the poles 

at an average rate of 19 km per year. Most of these species were coastal and for 70% of 

the range shifting studies have concluded climate change to be the primary driver of 

species range shifts. In subtidal benthic communities along the Atlantic coast of USA 

between 1990 and 2010 60% of species shifted north by on average 181 km and only 

23% shifted ~65 km southward (Hale et al. 2017). In this study 8 usually tropical taxa 

gastropods Haminoea fusca, bivalve Laternula anatina, Mactra maculata, Marcia 

hiantina, decapods Uca longidigita, Metapenaeus endeavouri, foraminiferan Elphidium 

discoidale and stomatopoda Clorida depressa shifted on average distance of 146 km 

south (last 60 years) (Fig. 3.8) and three temperate taxa amphipod Victoriopisa 

australiensis, polychaetes Myrianida australiensis and Lumbrineris tetraura had 

apparently moved north. Therefore, the tropical species have moved at an average rate 

of 2.43 km per year towards the poles and this value is low compared to the subtidal 

macrofauna in the N Atlantic (Hale et al. 2017) and four times faster than for intertidal 

invertebrates (0.68 km per year) reported by Przeslawski et al. (2012)..   

Of these temperate taxa, Myrianida australiensis recorded the largest north ward 

movement, 368 km in 5 years. This rate of movement is at the top end of estimates of 

natural range expansions and could possibly indicate a species that has invaded via ship 

hulls or ballast water transfers. It has been recorded that the con-generic, Myrianida 

pentadentata, originally described in Japan has been recorded in San Diego Bay and Los 
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Angeles Harbors that were collected from floats and ship hulls (Nygren 2004). The 

amphipod Victoriopisa australiensis has apparently moved a short distance (18 km 

north) in 9 years from the previously recorded location in SE Queensland. The 

polychaete Lumbrineris tetraura have a wide distribution across many biogeographic 

regions (OBIS 2018) and their northward movement of 124 km in 23 years, may reflect 

a range shift, or simply that this cosmopolitan species had simply not been sampled 

before in the region. The numerical dominance of and the distances moved by the 

tropical taxa moving poleward is consistent with a range shift of tropical taxa towards 

the poles induced by climate change.  

Range shifters can have significant, positive and negative, impacts on marine 

communities that are similar to those of non-native invasive species (Pecl et al. 2017). 

For instance, the accidental introduction of Crepidula fornicata (gastropod) to Europe 

impacted populations of Mytilus edulis (native mussel) through competition (Thieltges 

et al. 2006). C. fornicata have, however, positively affected phytoplankton dynamics 

causing a shift from toxic flagellates to diatoms by making more silicate available for 

diatoms favouring the production of diatoms, which hinders the growth of toxic algae 

(Thieltges et al. 2006). Of the 129 marine taxa that (Sorte et al. 2010) identified as having 

shifted poleward, 8 had affected marine community and ecosystem level processes such 

as nutrient cycles, competition, herbivory, predation and disease dynamics. For 

example, the sea urchin Centrostephanus rodgersii extended its range from temperate 

New South Wales south towards the Tasmanian coastline negatively impacting the 

macroalgal (4000% decrease) community with direct consequences for macrofaunal 

diversity (Ling 2008). Routine fish monitoring in southern New South Wales has 

identified a 57–801 km poleward shift for 30 juvenile tropical reef fish over the last 16 

years (i.e. 3.5-50 km year-1) (Fowler et al. 2017). Being grazers these fish may impact the 

functioning of temperate reefs, highlighting that range shifts generate ‘novel’ 

assemblages with hitherto unobserved species combinations that might alter functional 

relationships and dynamics. The biogeographic changes observed in the 10 

macroinvertebrates documented in this study may also have unexpected impacts in the 

novel assemblages they create (see also Chapter 4).  

This study is the first to detect possible range shifted taxa in the SE Queensland region. 

The average distance moved by macrofauna  (146 km) are consistent with those 
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observed in fish in NSW (Hobday 2010, Sunday et al. 2015, Fowler et al. 2017, Champion 

et al. 2018) and subtidal macrofauna in the northern hemisphere (Hale et al. 2017). 

However, given the paucity of studies on subtropical mudflats these range expansions 

may simply be the result of new records arising from greater effort. Therefore, the 

findings of this study need to be further validated by conducting more extensive benthic 

sampling programs in this and other ‘biogeographic boundary zones. The macrofaunal 

species distributions available in the online databases needs further updating with the 

present research outputs.  

 

3.5.3 The impacts of urbanisation on macrofaunal mudflat assemblages 
Benthic assemblages are widely regarded as good indicators of environmental quality 

and are often included in environmental impact assessments for that reason (Valença & 

Santos 2012). The relatively sessile nature of macrofauna and their longevity (>3-5 year 

lifespan) potentially provides an integrated measure of environmental conditions over 

time. In this study no large scale effects of urbanisation on mudflat ecology were found, 

as determined from land use at the sub-catchment scale. However, summer 

macrofaunal composition in the low industry sub-catchments differed significantly from 

residential and peri-urban sub-catchments and a similar pattern was discernible in 

winter but the lower abundances meant this was not statistically significant with the 

power available for the applied sampling regime.  We hypothesised that the impacts of 

urbanisation would be most marked in the high intensity industrial areas, followed by 

the low industry, residential and peri-urban sub-catchments. The observed difference 

seemed to be driven by the nature of the industries present in the low industry sub-

catchments (Table 3.10) rather than the absolute land use coverage (which we used to 

construct our categories).  

In the high intensity sub catchments the industrial activity included manufacturing, 

airports/ports and waste water treatment facilities. These ‘traditional’ sources of 

pollution are well regulated and their impacts and mitigation are understood (Frid & 

Caswell 2017, McPhee 2017a). While in the low intensity sub-catchment while there a 

lower proportion of land given over to industry, a greater proportion of land area 

contained industries that provided organically enriched wastes e.g. animal husbandry 

and waste water treatment/disposal plants. The organic matter content in the 
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sediments of low industry sub-catchment sites ranged from 1.5–5% organic carbon. The 

highest levels were recorded from sediments adjacent to a commercial shrimp farm (5%) 

and a golf club (4%). The presence of high densities (15.5 individuals per m2) of the 

deposit feeder Armandia intermedia in the low industry sub-catchments compared to 

residential sub-catchments (1.6 individuals m2) further suggests that the greater 

availability of organic matter (i.e. food) was a factor driving the compositional 

differences. However, increases in organic matter can lead to deoxygenation conditions 

which not all taxa can tolerate contributing to reduced macrofaunal diversity (Levin & 

Gage 1998). A long term study (23 years) conducted at Himmerfjärden Bay (Sweden), 

showed that the abundance and biomass of the common macrofaunal taxa Macoma 

balthica and  Monoporeia affinis increased with the initial moderate nutrient loading 

but the density and biomass declined when the nutrients input were further increased 

(Savage et al. 2002). The ability of many species to change their feeding methods to 

adjust to changes in potential food supply must be one of the basic mechanisms 

underlying short term community stability with increasing nutrient input e.g. a decline 

of suspension feeders and an increase in deposit feeders as organic input to the 

sediment increase. Urbanisation activities do have an influence on structuring 

macrofaunal assemblages, however, the use of the coverage area of the urban activities 

at catchment level does not reflect the changes in macrofaunal assemblages. The type 

of urban activity and its proximity to mudflat assemblages would be a better way to 

understand the response of macrofaunal assemblages to human pressures. 

 

Table 3.10: Nature of industrial activities (% of land cover for each) carried out in the four sub-

catchment land-use categories as a proportion of the whole sub-catchment area. 

Industry type High industry 

% 

Low industry 

% 

Residential 

% 

Peri-urban 

% 

Manufacturing & industry 33.4 2.75 0.70 1.51 

Transport & communication 11.40 1.78 0.00 0.05 

Animal husbandry 0.00 1.06 0.71 0.12 

Waste treatment & disposal 1.10 0.62 0.35 0.38 

Mining 0.0 0.80 0.13 0.23 

Utilities 0.03 0.05 0.07 0.05 
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3.6 Conclusions 
The macrofaunal biodiversity and ecology of the subtropical intertidal mudflats are 

under-studied in the subtropics generally and specifically in Australia. The present study 

has shown that in the SE Queensland region, Moreton Bay is as a faunal transitional zone 

in which both tropical and temperate taxa are found. Increasing sea surface 

temperatures are influencing the structuring of macrofaunal assemblages in subtropical 

mudflats as tropical macrofaunal species move to more southern latitudes. We 

document a total of ten macrofaunal biogeographic range shifts the consequences of 

which are yet to be explored. The proportional area of the urban activities considered 

at sub-catchment level did not have a clear impact on the macrofaunal assemblages. 

However, the nature of the industry/activity, especially organic enrichment, appeared 

to have had a more significant impact on the structure of macrofaunal assemblages. 
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Chapter 4:  The effects of urbanisation and climate change on 

the ecological functioning of subtropical mudflats 

 

4.1 Abstract 
The intertidal mudflats are highly susceptible for continuous degradation of direct 

(urbanisation) and indirect (climate change) human pressures. The alterations to 

macrofaunal assemblages may result in changes to functioning, affecting the delivery of 

ecological services to human well-being. The subtropical mudflats of SE Queensland 

provides an ideal case study to examine changes to ecological functioning because the 

mudflats are located at a gradient of anthropogenic pressures and have shown range 

shift of eight tropical species towards southernmost latitudes. Biological trait analysis 

(both density and biomass weighted) was performed to identify potential functioning of 

subtropical mudflats. The density and biomass weighted macrofaunal trait composition 

did not differ significantly between the northernmost and southernmost biogeographic 

extremes and between the four sub-catchment land use categories in either winter or 

summer. This suggests that changes in species composition was compensated by the 

redundant species that carry similar biological traits and, therefore, similar patterns of 

ecological functioning is observed in different subtropical mudflats along the SE 

Queensland region. Simple models for comparing the taxonomic and trait composition 

of ‘future’ scenarios suggest that the ability of the mudflat macrofaunal assemblages to 

compensate for species biogeographic range shifts will ensure that ecosystem 

functioning and the associated ecosystem services will, initially, be resilient to species 

range shifts. However, as the changes become more pronounced the functioning will 

change and ecosystem service delivery may be compromised. 

  

Key words: Coastal urbanisation, ecological functioning, trait composition, climate 

change, functional redundancy, resilience, subtropics 
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4.2 Introduction 
Recently, the United Nations presented an analysis of the global health of the marine 

environment (Inniss et al. 2016), and identified climate change, overfishing, pollution 

and introduced species as the major anthropogenic pressures. In near shore areas 

ongoing coastal urbanisation represented a significant threat (Clark & Johnston 2016). 

For example, the loss of intertidal flats in the Yellow Sea is occurring at a rate of around 

2% per year due to coastal development (Murray et al. 2015). Intertidal soft sediment 

habitats deliver a range of ecosystem services (Crowe & Frid 2015), such as nutrient 

cycling, food production (global fisheries), biogenic habitat provision and coastal 

defences (Chapter 1, section 1.2.2). The macrofauna inhabiting soft sediments make 

important contributions to ecological functioning and help to deliver valuable 

ecosystem services (Gray & Elliott 2009, Crowe & Frid 2015). Economic valuations of the 

ecosystem services provided by estuaries (including intertidal flats) globally was 5.2 x 

106 2007US$/year (Costanza et al. 2014). This highlights the importance of ensuring 

continued access to these services by protecting and managing our exploitation of 

mudflats. 

Ecosystem services are derived from the natural ecological functions occurring in the 

system e.g. organic waste assimilation arises from the breakdown of organic matter and 

the regeneration of nutrients that in turn fuel primary production (Crowe & Frid 2015). 

These ecological functions are carried out by microbial and macrofaunal assemblages 

and each species contributes to this functioning in ways that are linked to its biology. 

For instance, microorganisms play vital roles in oxidizing organic matter and macrofauna 

accelerate this process by mixing the sediment (Snelgrove 1998). Characterising species 

based on their biological attributes, or traits, provides information on the potential 

ecological functioning of an ecosystem (Chevene et al. 1994, Naeem et al. 1999). 

Behavioural traits such as feeding or burrowing mode may differentially contribute to 

the biogenic mixing of sediments (Chapter 2, 5) that induce sediment oxygenation, the 

burial and decomposition of organic matter and the regeneration of nutrients (Aller 

1988, Solan et al. 2004, Wrede et al. 2017). For example, under laboratory conditions, 

at natural densities, the bivalve Abra alba (suspension-deposit feeder and biodiffuser) 

contributes more to sediment reworking and ammonium effluxes than the polychaete 

Nephtys sp. (predator, biodiffuser) at natural densities (Braeckman et al. 2010). The 
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varying contributions of macrofauna may be determined using biological traits analysis 

(BTA) (Chevene et al. 1994) which considers a suite of morphological, physiological and 

behavioural characteristics of species that incorporates species abundances/biomasses. 

In this way BTA may summarise the biological trait composition of the macrofaunal 

assemblage and so may be used to explore the potential ecological functioning of an 

assemblage or ecosystem (Bremner et al. 2006). 

The use of biological traits for biomonitoring was initiated for stream 

macroinvertebrates (Charvet et al. 1998, 2000) and later it was used for marine 

environments to identify impacts of fishing (Frid et al. 2000a, Bremner et al. 2003a, Tillin 

et al. 2006). The application of biological traits for stream macroinvertebrate 

communities in environmental monitoring is more cost effective as freshwater benthic 

assemblages mainly comprise of insect larvae (Bowman et al. 1997, Mandaville 2000) 

and their biological traits can be determined without full taxonomic identification. 

Therefore, freshwater monitoring assessments using traits can be completed in less time 

and for less cost than those doing full taxonomic assessments (Charvet et al. 2000). In 

contrast, marine macrofauna show high taxonomic diversity and the biological traits 

(e.g. feeding modes, body size) can vary between species of the same genus e.g. Lanice 

spp. Lumbrineris spp. (Jumars et al. 2015). When mapping biological traits for marine 

macrofauna it is therefore necessary to identify them to species level first which will 

requires the same effort (time and money) as taxonomic based studies, making it 

difficult to generate results within a short time frame. Furthermore, the continued 

fluidity of the taxonomy of some groups and limited availability of biological traits 

information to species level often result in the application of more generalised traits 

coding (using data for genera or families) for marine macrofauna (Bremner 2008).  This 

‘generalisation’ limits sensitivity for detecting human impacts, essentially making the 

approach more conservative, i.e. if a difference is detected it is ‘real’ but other 

differences that may exist will go undetected.  

The utility of marine benthos as environmental indicators and as the basis for 

assessments of marine ecosystem health has long been recognised (Snelgrove 1998, 

Gray & Elliott 2009). The sedentary nature of the fauna provides an integrated metric of 

local changes in environmental conditions over time. Some marine ecological studies 

have been able to detect differences in biological trait composition due to selected 
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human pressures (see Bremner 2008 for a review).  The ecosystem impacts of fishing 

activities (Frid et al. 2000a, Bremner 2003a), sediment cadmium contamination (Oug et 

al. 2012) and organic matter enrichment (Caswell & Frid 2017, Caswell et al. 2018) have 

all been shown to alter ecosystem functioning through the application of BTA.  

Humans activities have resulted in alterations to biodiversity that have sometimes led 

to shifts in natural ecosystem functioning (e.g. plants, freshwater macrofaunal 

assemblages) resulting from the replacement of rivet species traits with other sets of 

traits (McCollin et al. 2000). However, in marine systems a change in functioning due to 

shift in traits is detected when the ecosystem has passed beyond its ecological tipping 

point (it is the situation where the forces that create stability are overcome by forces 

that creates instability and the ecosystem tips over into a non-equilibrium state). For 

example, when macroalgal grazers such as parrot fish and surgeon fishes are overfished 

from coral reef habitats, the macroalgae starts to dominate the reef system reducing 

the functions and services delivered by coral reefs (Bellwood et al. 2006).  A change to 

ecological functioning will not be detected when small scale alterations to species 

composition (and so biological traits) are been compensated by the traits of the 

redundant species. For example, changes in the biological traits of macrofauna along a 

gradient of organic enrichment and deoxygenation over 26 years showed that both taxa 

and trait composition differed between the assemblages that were observed at central 

(sewage disposal point), intermediate (1.2 -1.6 km away from the sewage disposal site) 

and peripheral stations (3 km away from the sewage disposal site) but trait 

compositional differences were less compared to the taxonomic compositional 

differences. This confirms that the ecological functioning is conserved to an extent in 

general, because there were functional changes (nutrient cycling and secondary 

production) observed at a distance of 1 -2 km from the sewage disposal point (Caswell 

et al. 2018).  

The effects of climate change (e.g. increased sea temperature drive species range shifts) 

represents the biggest threat to natural ecosystems, social and economic systems (MEA 

2005, IPCC 2014, UN General Assembly 2015).  The geographic distribution of species 

are governed by biogeographic/climatic factors (Spalding et al. 2007, Briggs & Bowen 

2012), and one of the emerging responses of natural systems to climate change is the 

redistribution of species on land and in the sea with changing global temperatures, i.e. 
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biogeographic range shifts (Poloczanska et al. 2016, Pecl et al. 2017). The warming of 

coastal seas result in alterations to nutrient supply (following changes in precipitation 

patterns) and ocean currents (Inniss et al. 2016). Therefore, forecasting above physical 

changes in the system is extremely challenging (IPCC 2014) but when extending these 

models to understand the changes in biological assemblages adds further layers of 

complexity. 

Many species, particularly those with narrow thermal tolerances, are shifting towards 

the poles, as tropical-temperate areas become less habitable with increasing global 

temperatures (Pinsky et al. 2013). These poleward shifts have been detected in both 

terrestrial and aquatic species and in the marine environment (both coastal and open 

ocean) where the biogeographic shifts occurred at an average rate of 19 km per year, 

considerably faster than the terrestrial shifts (0.6 km per year) (Sorte et al. 2010). 

Benthic macrofaunal shifts are expected to be less than that for pelagic species (Cheung 

et al. 2009) because pelagic fish exhibit higher mobility and they are highly sensitive to 

the greater intensity of temperature changes in the pelagic water (Pereira et al. 2010). 

The extent of range shifts for many marine species is also strongly influenced by larval 

dispersal and survival e.g. some macrofauna have highly mobile and protracted larval 

phase that can be dispersed hundreds to thousands of kilometres (Cowen & Sponaugle 

2009). Przeslawski et al. (2012) assessed 311 marine invertebrates using rigorous criteria 

and found 37% had robust evidence for poleward shifts of 0.38 – 0.89 km per year. 

Variations in the reported rates probably result from differing dispersal abilities of taxa, 

changes in ocean currents and the more restrictive criteria used by Przeslawski et al. 

(2012). Analysis of herbarium records (>20,000) of temperate marine macroalgae in 

Australia from 1940-2009 have shown a median shift of 0.5° to 1.9° latitude poleward 

(Wernberg et al. 2011). Shifts in the biogeographic distribution of fish assemblages are 

amongst the most reported of range shifting taxa; for example tropical reef fish found 

to occur on temperate SE Australian reefs (Fowler et al. 2017) and the progressive 

movement of Australian king fish towards the poles (Champion et al. 2018). Shifting 

species of pelagic fish have traits that facilitate these movements including omnivory 

which increases the range of suitable food resources available to them in new 

habitats/locations, high mobility supporting greater range shifts while species which 

already have large latitudinal ranges usually also have broad thermal tolerances (Sunday 
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et al. 2015). Similarly, this chapter explores the biological traits that might favour the 

potential for macrofaunal species to expand their biogeographic range e.g. a broader 

range of feeding traits (deposit feeders/predators), those that have high relative 

mobility and those with dispersive (i.e. planktotrophic) larval development (Sunday et 

al. 2015).  

In the subtropical mudflats of SE Queensland, eight tropical macrofaunal taxa have been 

found (Chapter 3) to extend their range towards the southern latitudes. The species that 

range shifts are important, as the range shifting taxa has the ability to change species 

assemblage structure and function generating unpredictable patterns in biodiversity of 

the prevailing assemblage (Buisson et al. 2013). The sea urchin Centrostephanus 

rodgersii has shifted biogeographic range from New south Wales to eastern Tasmania 

and as this taxa  intensively grazes macroalgae leading to barren patches that exhibit a 

structurally flat homogenous substrate reducing habitat heterogeneity/complexity 

causing decline to biodiversity in east Tasmanian coast(Ling 2008). Increasing sea 

temperatures have changed the relative abundance of two canopy forming macroalgae 

species found in southwest UK and showed that the cool water kelp 

Laminaria hyperborea are contracting the equatorward distribution while tropical warm 

water kelp Laminaria ochroleuca increase their abundance in the poleward edge (Teagle 

& Smale 2018). Therefore, L. ochroleuca have replaced L. hyperborea in southwest UK 

temperate systems resulted in biodiversity loss with 12 times less species compared to 

the cool water kelp Laminaria hyperborea (Teagle & Smale 2018). In the northern 

hemisphere commercial fish species are shifting northwards which includes the 

predatory snow crab which has now been observed in the Arctic, making slow growing 

Arctic macrofaunal communities vulnerable to trawling because fishermen invade the 

northern latitudes to harvest the range shifting commercial fish and also the impact of 

crab predation causing a reduction in small benthic fauna (Jørgensen et al. 2019). There 

can be a temporal lag between the arrival of shifting taxa and the manifestation of the 

ecological effects and the effects of these range shifters include changes in the 

composition of the local macrofaunal assemblage that leads to the creation of novel 

assemblages (Morse et al. 2014).  

In the 21st century changes to ecosystem dynamics, and local anthropogenic impacts 

(e.g. fishing, pollution and urbanisation) are all occurring against a background of global 
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climate change. It is therefore important to understand the contribution that each of 

these factors have individually and in synergy on ecosystem health, and ultimately the 

delivery of ecosystem services. The present study focuses on the effects of urbanisation 

and range shifting tropical species on the trait composition and ecological functioning 

of the macrofauna in subtropical mudflats in SE Queensland. The subtropics are a 

relatively understudied climatic zone (Chapter 2), and the presence of a biogeographic 

boundary in the SE Queensland region and the existence of mudflats assemblages along 

a gradient of anthropogenic pressures makes SE Queensland (Moreton Bay) an excellent 

location to examine the extent to which changes in faunal composition lead to changes 

in ecological functioning. We indexed ecological functioning using biological traits and 

consider the effects of both ‘natural’ biogeographic faunal shifts and compositional 

differences associated with urbanisation on ecological functioning. We further consider 

future changes in ecological functioning in the face of continued anthropogenic climate 

change, using simple models of species compositional change. We test the following 

specific hypotheses: 

i. A difference in biological traits composition will not be observed between the 

northernmost and southernmost subtropical mudflats of Moreton Bay. 

ii. Effects of urbanisation would not be reflected in the trait composition. 

iii. The biological traits composition does not change between the scenarios that 

were developed to mimic the effects of climate change. 

 

4.3 Materials and Methods 
The core data used in this chapter is the macrofaunal species abundance, by site and 

season, collected during the field survey of SE Queensland mudflats detailed in Chapter 

3. Sampling locations and field and laboratory methodologies are detailed in Section 3.3. 

Mudflat macrofaunal composition significantly differed between the summer and 

winter assemblages (Section 3.4 and section 3.5.1) and therefore the seasons were 

considered separately herein.  
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4.3.1 Biological traits analysis 
A total of 48 macrofaunal species and 2 phyla were recorded in SE Queensland (Chapter 

3). A biological trait analysis (BTA) approach (Chapter 1) was used (Bremner et al. 2003b, 

2006) to identify the potential contribution of the 50 taxa to ecological functioning. Ten 

biological traits representing morphological, life history and behavioural traits were 

used. Each biological trait was characterised by 3–5 trait modalities (e.g. maximum adult 

body size was divided into 4 size groups: <1 cm, 1-3 cm, 3-5 cm and >5 cm; see Table 

2.2), giving a total of 40 trait modalities. For each trait, the affinity of each taxon to every 

modality was assigned such that the ‘total’ affinity for a trait summed to 1. This ‘fuzzy 

coding’ (splitting the value of 1 between the trait modalities of a single trait) approach 

allows both diversity/plasticity in the biology of the organisms and uncertainty to be 

captured (Chevene et al. 1994). Information on the biological traits of taxa were 

obtained from the literature, in particular; the Biological Traits Information Catalogue 

(MarLIN 2006), Marine Species Identification Portal (ETI Bioinformatics 2018), BOLD 

systems (Ratnasingham & Hebert 2007) and Polytraits (Faulwetter et al. 2014). These 

species-traits tables were then matrix multiplied by the species abundance and biomass 

(Frid et al. 2000b, Bremner et al. 2006,) to give a trait by site table (weighted by 

abundance and biomass, respectively). 

Each of the 50 taxa were characterised based on their ‘normal’ climatic zone (i.e. 

tropical, temperate or cosmopolitan) as recorded in the Atlas of Living Australia and the 

Ocean Biogeographic Information Systems (ALA 2018, OBIS 2018). For the purposes of 

this study we define cosmopolitan as the taxa that were found in equal abundance in 

the tropical, temperate and subtropical climatic zones along the east coast of Australia 

which differs from the universally accepted definition of cosmopolitan of Hutchings and 

Kupriyanova (2018). Based on their biogeographic distribution three taxa and the 

polygeneric taxa (Nematoda and Nemertina) were all characterised as cosmopolitan. 

Given the paucity of published literature on mudflat macrofauna within the region we 

therefore used online databases (e.g. ALA 2018, OBIS 2018) to determine the historic 

biogeographic ranges of each species. For each of the remaining 45 taxa the published 

biogeographic ranges (ALA 2018, OBIS 2018) and their observed distributions in this 

study (Chapter 3), were used to classify them into 6 categories (Table 4.1). A. Tropical 

species that have extended their range to the southernmost sites of SE Queensland 
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(range shifters), B. Tropical species that occurred throughout the SE Queensland and 

showed no evidence of recent range changes. C. Tropical species that are absent from 

the southernmost sites of SE Queensland. D. Temperate species that occur throughout 

SE Queensland and E. temperate species that were absent from the northernmost 6 

sites. The latter may be most vulnerable to increasing sea temperatures. The 

‘cosmopolitan taxa’ formed group F. Next, the trait attributes of species that can cause 

possible distinguishable difference between the above 6 groups were identified. 

Differences in trait composition were explored between the northernmost and 

southernmost sites in Moreton Bay and between the four sub-catchment land uses.  

 

4.3.2 Effects of climate change on subtropical mudflat functioning: Simulating species 
compositional (and so trait composition) change  
Anthropogenic climate change is expected to result, amongst other changes, in the 

poleward migration of taxa. Chapter 3 found that the 6 southernmost sites surveyed in 

SE Queensland have already been subject to ‘invasion’ by eight tropical species 

(Elphidium discoidale, Haminoea fusca, Marcia hiantina, Metapenaeus endeavouri, 

Mactra maculata, Clorida depressa and Laternula anatina and Uca longidigita) 

expanding their biogeographic ranges. These changes were used as the basis for 

simulating a number of different scenarios of species compositional change. We use 

these scenarios to explore the possible implications of these invasions for ecosystem 

functioning. 

Biological traits analysis uses the total abundance/biomass of each trait modality to 

characterise the potential functioning of communities and so it is sensitive to the total 

density/biomass of the individuals within an assemblage. In order for changes in species 

composition in the southernmost 6 sites, the simulated assemblages were standardised 

to allow comparisons between the 5 scenarios (Table 4.1). The summer macrofaunal 

assemblages were standardised to a total of 400 individuals per m2 (Chapter 3.3, total 

number of individuals recorded in southernmost 6 sites during summer sampling were 

rounded to the closest round value), while the winter assemblages were standardised 

to 160 individuals per m2 (Chapter 3.4, total number of individuals recorded in 

southernmost 6 sites during winter sampling were rounded to the closest even value). 

The respective observed values were 385 ± 119 in summer and 158 ± 40 in winter 
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(Chapter 3, Section 3.4). For biomass-based comparisons, the summer assemblages 

were standardised to 7000 mg dry wt. of macrofauna per m2, and winter assemblage 

5000 mg dry wt. per m2. The respective observed values were 9907 ± 2118 mg dry wt. 

per m2 in summer and 5050 ± 950 mg dry wt. per m2 in winter (Chapter 3, Section 3.4). 

The biomass of individuals were multiplied by the respective taxa density in the 

simulated assemblages so that the observed relative density/biomass of each taxon 

were maintained (based on the field observations: Chapter 3). 

Five scenarios of taxa biogeographic distribution were used for the southernmost 6 sites 

in SE Queensland, the first of which was the ‘baseline’ state (A) (i.e. the taxa had their 

densities/biomass ‘standardised’ to the total density/biomass for each assemblage). For 

the remaining 4 scenarios (Table 4.1) the species composition was manipulated prior to 

standardisation. The scenarios were:  

• Pre-invasion scenario: the tropical range shifting species were removed from the 

baseline community and the individuals redistributed amongst the remaining taxa.  

• Further invasion scenario: The densities of the tropical taxa that were absent from 

the southernmost sites were added to the southernmost 6 sites species 

composition. The densities observed at the northernmost six sites of tropical taxa 

that have not invaded the southernmost sites were added to those in the 

southernmost 6 sites in the similar order e.g. northernmost 1 site to 1st starting site 

of southernmost sites etc.  

• Loss of vulnerable temperate taxa: The most vulnerable temperate taxa (taxa that 

have not been recorded in the northernmost 6 sites that suggests contraction of 

their distribution) were removed from the baseline assemblage.  

• Loss of temperate taxa (E): All temperate taxa were removed from the baseline 

assemblage.  

For each of the simulated assemblages the corresponding biological traits matrices were 

multiplied by the standardised densities/biomasses that resulted in biological trait 

composition for each scenario. 
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4.3.3 Data analysis 
The trait attributes of the 50 species/taxa were distinguished based on the climatic zone 

that showed their high density distribution, and secondly 2) based on their range 

distribution (6 species categories, section 4.2.2) were explored using non metric 

multidimensional scale (nMDS) and one way analysis of variance (ANOSIM) (Primer 6 

Beta software: Plymouth Routines in Multivariate Ecology Research Ltd). The similarity 

percentage routine (SIMPER) was used to identify the traits that drove the significant 

differences (pairwise ANOSIM) between the species groups. To examine the effects of 

different levels of urbanisation on functioning, trait modality richness and Shannon 

Weiner diversity was calculated separately for each of the four sub-catchment land use 

categories (high industry, low industry, residential and peri-urban; Chapter 3) for both 

summer and winter. The differences between the sub-catchments were compared using 

Kruskal Wallis (SPSS Statistics 22, IBM). Trait composition (weighted by density and 

biomass) was compared between the four sub-catchment and local land use categories 

using ordination nMDS and two way ANOSIM for winter and summer separately. The 

same approach was used to compare trait composition between the northernmost and 

southernmost six sites in the SE Queensland region. The trait compositional differences 

(weighted by density and biomass) between the 5 scenarios were tested using 

ordination nMDS and one way ANOSIM for both seasons separately.  

 

Table 4.1. Modelled scenarios of changing mudflat macrofaunal composition experiencing 

continued anthropogenic warming in SE Queensland. The scenarios are based on changes in 6 

categories of taxa (see section 3.4.1) those that are: tropical species that have extended their 

distribution to the southernmost 6 sites (tropical range shifters) (A); tropical species that occur 

throughout SE Queensland region (B); tropical species that are found in the northern sites of SE 

Queensland region (C); temperate species whose current range extends throughout the SE 

Queensland region (D); temperate species that does not occur in the northernmost 6 sites of 

the SE Queensland region (E); and, cosmopolitan species (F). Species that were eliminated from 

the observed community are indicated by ‘-’ and species added to the observed community is 

indicate by ‘+’. Most species were observed in both seasons, however, few species occurred only 

in one season. The species that were found only in winter or summer were listed separately. 
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Scenario Description Species categories Manipulated species  
  A B C D E F  
1. Baseline The existing community of 

observed species composition  
x x  x x x None 

2. Pre-invasion Absence of the range shifting 
tropical species from the 
existing community: indicates 
the ecological functioning of 
subtropical mudflats in the 
absence of tropical range 
shifting species 

 x  x x x Both seasons 
(-) Elphidium discoidale 
(-) Haminoea fusca 
(-) Marcia hiantina 
(-) Metapenaeus  endeavouri 
(-) Uca longidigita 
Winter 
(-) Mactra maculata 
Summer 
(-) Clorida depressa 
(-) Laternula anatina 

3. Further 
invasions 

Presence of tropical species 
that have not yet arrived at the 
southernmost sites: indicates 
the status of functioning with 
presence of more tropical 
species invading the southern 
latitudes 

x x x x x x Both seasons 
(+) Paratapes undulatus 
(+) Lutraria impar 
(+) Lingula anatina 
(+) Tubuca polita 
 

4. Loss of 
vulnerable 
temperate 
taxa 

Absence of the vulnerable 
temperate species (not yet 
extended to the northernmost 
6 sites) from the existing 
community: indicates on the 
functioning if only the tropical 
species and the robust 
temperate species 

x x x x  x Both seasons 
(-) Acetes sibogae 
(-) Helograpsus haswellianus 
(+) Lingula anatina 
(+) Lutraria impar 
(+) Paratapes undulatus 
(-) Trypaea australiensis 
(+) Tubuca polita 
Summer 
(-) Sthenelais boa 

5. Loss of 
temperate 
taxa 

Absence of all the robust 
temperate species (extending 
to the northernmost 6 sites) 
from the existing community: 
indicates on the functioning if 
only the tropical species and 
temperate species vulnerable 
to increasing sea temperatures. 

x x x   x Both seasons 
(-) Acetes sibogae 
(-) Aglaophamus australiensis 
(-) Alpheus richardsoni 
(-) Armandia intermedia 
(-) Australonereis ehlersi 
(-) Barantolla lepte 
(-) Chaenostoma punctulatum 
(-) Glycera Americana 
(-) Helograpsus haswellianus 
(-) Hiatula alba 
(+) Lingula anatina 
(-) Leitoscoloplos bifurcatus 
(-) Lumbrineris tetraura 
(+) Lutraria impar 
(-) Macrophthalmus setosus 
(-) Magelona dakini 
(-) Marphysa mullawa 
(-) Myrianida australiensis 
(-) Owenia australis 
(+) Paratapes undulatus 
(-) Phyllodoce novaehollandiae 
(+) Tubuca polita 
(-) Trypaea australiensis 
(-) Victoriopisa australiensis 
Summer 
(-) Notomastus torquatus 
(-) Platynereis antipoda 
(-) Stenothoe miersi 
(-) Sthenelais boa 
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4.4 Results 
 

4.4.1 Trait composition of the macrofaunal assemblage 
The species/taxa that were categorised based on the climatic zone (tropical, temperate 

and cosmopolitan) that they showed high distribution shared similar number of trait 

modalities for both winter (one way ANOVA, global R = 0.066, p = 0.063, Fig. 4.1A) and 

summer (one way ANOVA, global R = -0.019, p = 0.657, Fig. 4.1B). Based on the existing 

species/taxa occurrence information from the sampled locations, the species/taxa were 

further categorised into 6 distribution groups (see Section 4.2) and it was found that the 

number of trait attributes represented significantly differed between the 6 species/taxa 

distribution categories in summer (one way ANOSIM, global R = 0.111, p = 0.026, Fig. 

4.1D) but not in winter (one way ANOSIM, global R = 0.079, p = 0.078, Fig. 4.1C). In 

summer macrofaunal assemblage, the number of trait modalities of temperate 

species/taxa that occur throughout in SE Queensland (Group 4) differed significantly 

from both the number of trait modalities of species/taxa tropical range shifters (Group 

1) (ANOSIM pairwise, R = 0.201, p =0.016, Fig. 4.1D) and tropical species/taxa that 

occurred throughout in SE Queensland (Group 2) (ANOSIM pairwise, R = 0.12, p =0.046, 

Fig 4.1D). The trait modality that contributed >5% dissimilarity between the temperate 

species/taxa that occurred throughout in SE Queensland and tropical range shifters was 

vermiform body shape. None of the tropical range shifters had vermiform body shape. 

A round–oval body shape was observed in foram Elphidium discoidale, gastropod 

Haminoea fusca and bivalves Marcia hiantina, Mactra maculata while rectangular-

subrectangular body shape was observed in bivalve Laternula anatina, crustacean 

Metapenaeus  endeavouri, , and stomatopod Clorida depressa . Maximum adult body 

size (1 -3 cm) and vermiform body shape traits contributed >5% to the dissimilarity 

between the temperate species/taxa that occurred throughout in SE Queensland and 

tropical species/taxa that widely occurred in SE Queensland sites. The tropical 

species/taxa found throughout in SE Queensland showed significantly higher affinity 

towards 1 – 3 cm body size (0.756 ± 0.14; Mann-Whitney U test, z = -2.912, p = 0.04) and 

significantly lower affinity towards vermiform body shape (0.222 ± 0.15; Mann-Whitney 

U test, z = -2.451, p = 0.014) compared to the affinity shown by temperate species/taxa 

that occur throughout in SE Queensland (1 – 3 cm body size: 0.195 ± 0.08; vermiform 

body shape: 0.714 ± 0.10). 
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Fig. 4.1. The differences in trait attributes/modalities of species/taxa based on the concentrated 

distribution in tropical, temperate and cosmopolitan (A) in winter (B) in summer. The 

differentiation of the traits attributes/modality affinities of species/taxa based on the 

occurrence in SE Queensland (C) in winter (D) in summer.  

 

4.4.2 Effects of urbanisation on macrofaunal trait composition 
Trait richness and diversity did not differ significantly between assemblages from the 

different sub-catchment land use categories in winter (trait richness Kruskal Wallis test, 

χ2 (3) = 2.715, p = 0.438; trait diversity, χ2 (3) = 0.963, p = 0.810) or summer (trait richness 

χ2 (3) = 1.780, p = 0.619; Fig. 4.2A; trait diversity χ2 (3) = 1.356, p = 0.716; Fig. 4.2B). 

Across all sites the mean trait richness was 36 ± 0.27 (out of a possible 40 trait 

modalities) and mean (Shannon Weiner trait diversity of 3.33 ± 0.01). The macrofaunal 

assemblages present in the four sub-catchment land use categories therefore exhibit 

90% of the possible trait modalities and the lack of significant differences of trait 
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richness and diversity between the four sub-catchments suggests that the assemblages 

performs similar functions and therefore functioning is conserved disregard of the land 

use effect.   

 

 

Fig. 4.2. (A) Mean macrofaunal trait richness and (B) Shannon Weiner diversity in winter (blue) 

and summer (orange) of mudflat assemblages from the four sub-catchment land use categories 

in SE Queensland.   

 

Trait composition (weighted by density) did not significantly differ between the four sub-

catchment land use categories (two way nested ANOSIM, p>0.05 Fig. 4.3A-B) nor 

between the local land use categories in winter or summer (two way nested ANOSIM, 

p>0.05). The biomass weighted trait composition also did not significantly differ 

between the sub-catchment land use or local land use categories in winter or summer 

(two way nested ANOSIM, p>0.05; Fig. 4.3C-D). Thus, trait composition (density and 

biomass weighted) was similar between sub-catchments irrespective of land use 

suggesting similar patterns of ecological functioning in the different mudflats.  
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Fig. 4.3. nMDS ordination of the Bray-Curtis similarity of the trait composition mudflat 

macrofaunal assemblages in the four sub-catchment land use categories and the local land use 

categories. (A) Trait composition (density) in (A) winter and (B) summer, biomass weighted trait 

composition in (C) winter and (D) summer. R/I – residential/industry, P – peri-urban 

 

4.4.3 Biogeographic differences in macrofaunal trait composition 
Trait composition whether density or biomass weighted did not differ significantly differ  

between the northernmost and southernmost 6 sites in winter or summer (one way 

ANOSIM, p > 0.05, Fig 4.4A-D). 
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Fig. 4.4. nMDS ordination of the Bray-Curtis similarity of the mudflat macrofaunal assemblages 

observed in the northernmost and southernmost six sites in SE Queensland. Trait composition 

weighted by density (A) in winter and (B) in summer. Trait composition weighted by biomass (C) 

in winter and (D) in summer.  

 

4.4.4 Simulation of species and traits compositional change 
Overall the five simulated assemblages differed in species composition (density) in 

winter (one way ANOSIM, global R = 0.203, p = 0.002, Fig. 4.5A) or summer (global R = 

0.195, p = 0.001, Fig. 4.5B). However, in both seasons this difference was the result of 

the loss of temperate fauna (scenario 5) differing significantly from the other scenarios 

in terms of species composition while the remaining scenarios did not significantly differ 

(Table 4.2). For species composition by biomass the five scenarios significantly differed 

in the summer assemblage only (one way ANOSIM, global R = 0.125, p = 0.037, Fig. 4.5C-

D). As for density, this overall difference was the result of the loss of temperate fauna 

scenario differing from the other four scenarios (Table 4.2). The SIMPER dissimilarities 

obtained between the scenarios was driven mainly by the species that were 

manipulated to create this scenario (Table 4.2).  
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The biological trait composition of mudflat macrofauna, when weighted by density 

significantly differed between the scenarios in both winter (one way ANOSIM, global R 

= 0.12, p = 0.011, Fig. 4.5E) and summer (one way ANOSIM, global R = 0.129, p = 0.012, 

Fig. 4.5F; Table 4.3). When biomass weighted, the summer trait composition 

significantly differed between the 5 scenarios (global R = 0.107, p = 0.034, Fig. 4.5G) but 

not the winter (global R = 0.001, p= 0.452, Fig. 4.5H). As with species composition these 

differences were due to scenario 5 significantly differing from the remaining scenarios, 

which did not differ from each other (Table 4.3).  
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Fig. 4.5. nMDS ordination of the Bray-Curtis similarity of the simulated mudflat macrofaunal 

assemblages observed in the southernmost 6 sites. Species composition (density) of the 5 

scenarios (A) in winter and (B) in summer; species composition (weighted by biomass) (C) in 

winter and (D) in summer; trait composition (weighted by density) (E) in winter and (F) in 

summer; and, trait composition weighted by biomass (G) in winter and (H) in summer.  
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In winter three trait modalities, those lacking protection from predators (C1), life span 

<1 year (E1) and direct development (F1) contributed >5% to the SIMPER dissimilarity in 

trait composition (density) between the scenarios. Of these only those lacking 

protection from predators was significantly lower in loss of all temperate taxa scenario 

compared to pre-invasion, further invasions and loss of vulnerable temperate taxa 

scenarios (Table 4.4, Fig. 4.6A). In summer, the trait composition (density) differed 

between the scenarios; the tube dwellers (D3) and upward/downward conveyors (J5) 

being significantly less abundant in loss of all temperate taxa scenario compared to the 

remaining 4 scenarios (Table 4.4, Fig. 4.6B). In summer trait composition (weighted by 

biomass) significantly differed between the loss of all temperate taxa scenario and other 

4 scenarios, with the abundances of three traits (vermiform body shape – B3, 

unprotected – C1 and tube dwellers – D3) been significantly lower in loss of all 

temperate taxa scenario (Table 4.4, Fig 4.6C). 

 

Fig. 4.6. Biological trait modalities (mean ± SE) that contributed >5% to the SIMPER dissimilarity 
between scenarios. Trait composition (weighted by density) (A) in winter and (B) in summer, and 
Trait modalities (weighted by biomass) (C) in summer. Trait modalities were as follows: B3 = 
Vermiform body shape, C1 = No protection from predators, D3 = Tube dwellers, F1 = Direct 
development and J5 = Upward/downward conveyors.  
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Table 4.2. Comparisons of the simulated macrofaunal species composition (density and biomass; 

pairwise ANOSIM) and SIMPER dissimilarity between the five range shift scenarios for winter 

and summer. Species that contributed >5% to the dissimilarity between each of the scenarios is 

shown. A. australiensis = Aglaophamus australiensis, B. lepte = Barantolla lepte, M. setosus = 

Macrophthalmus setosus, M. dakini = Magelona dakini, N. torquatus = Notomastus torquatus 

and P. ebeninus = Pyrazus ebeninus.  

Scenario 
comparisons 

ANOSIM statistics SIMPER 
dissim. 

(%) 

Species that contributed >5% to SIMPER 
dissimilarity  

Winter density 
5 & 1 R = 0.784, p = 0.002 75.71 A. australiensis, B. lepte, M. dakini 
5 & 2 R = 0.867, p = 0.002 78.88 A. australiensis, B. lepte, M. dakini 
5 & 3 R = 0.728, p = 0.002 75.66 A. australiensis, B. lepte, M. dakini 
5 & 4 R = 0.720, p = 0.002 75.15 A. australiensis, B. lepte, M. dakini 
Summer density 
5 & 1 R = 0.624, p = 0.002 78.46 A. australiensis, M. dakini 
5 & 2 R = 0.770, p = 0.002 80.93 A. australiensis, M. dakini 
5 & 3 R = 0.593, p = 0.002 77.70 A. australiensis 
5 & 4 R = 0.570, p = 0.002 77.67 A. australiensis, M. dakini 
Summer biomass 
5 & 1 R = 0.456, p =0.004 69.20 M. setosus, A. australiensis, N. torquatus 
5 & 2 R = 0.552, p = 0.002 70.71 M. setosus, A. australiensis, N. torquatus 
5 & 3 R = 0.417, p =0.004 68.68 M. setosus, A. australiensis, 
5 & 4 R = 0.380, p =0.004 67.09 M. setosus, A. australiensis, N. torquatus, 

P. ebeninus 
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Table 4.3. Comparisons of the simulated macrofaunal trait composition (density and biomass; 

pairwise ANOSIM) and SIMPER dissimilarity between the five range shift scenarios for winter 

and summer. Trait modalities that contributed >5% to the dissimilarity between each of the 

scenarios is shown. *Traits that significantly differed between scenarios. 

Scenario 
comparisons 

ANOSIM results SIMPER 
dissim. (%) 

Trait modalities that contributed to 
SIMPER dissimilarity (>5%) 

Winter density 
5 & 1 R = 0.587, p =0.002 14.03 Unprotected from predators, direct 

development, life span <1 year 
5 & 2 R = 0.707, p =0.002 14.82 Unprotected from predators *, direct 

development, life span <1 year 
   5 & 3 R = 0.555, p =0.002 13.80 Unprotected from predators *, direct 

development, life span <1 year 
   5 & 4 R = 0.568, p =0.002 13.98 Unprotected from predators *, direct 

development, life span <1 year 
  Summer density 
   5 & 1 R = 0.433, p =0.004 15.66 Upward/downward conveyors*, tube 

dweller*, no bioturbation mode, direct 
development 

   5 & 2 R = 0.435, p =0.004 16.36 Upward/downward conveyors*, tube 
dweller*, direct development* 

   5 & 3 R = 0.387, p =0.004 15.33 Upward/downward conveyors*, tube 
dweller*, no bioturbation mode, direct 
development 

   5 & 4 R = 0.378, p =0.004 15.74 Upward/downward conveyors*, tube 
dweller*, direct development 

Summer biomass 
   5 & 1 R = 0.472, p =0.002 17.13 Vermiform body shape*, tube dweller*, 

Unprotected from predators *, 
upward/downward conveyors 

   5 & 2 R = 0.385, p =0.002 17.86 Vermiform body shape*, tube dweller*, 
Unprotected from predators * 

   5 & 3 R = 0.385, p =0.004 16.96 Vermiform body shape*, tube dweller*, 
Unprotected from predators *, 
upward/downward conveyors 

   5 & 4 R = 0.365, p =0.004 16.80 Vermiform body shape*, tube dweller*, 
Unprotected from predators*, 
upward/downward conveyors 
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Table 4.4 T-test results comparing the means of the trait modalities that contributed >5% 

dissimilarity between scenario groups in both winter and summer. The biological traits weighted 

by density and biomass was recorded separately. Degrees of freedom=10. The trait modalities 

that did not show a significant difference between the scenarios were indicated in ‘-’ sign. 

Scenario 
comparisons 

Trait modality T-test to compare scenarios 
Winter  Summer  

Density 
5 & 1 Tube dweller - t =-2.630, p =0.025 

Upward/downward conveyors - t = -2.629, p = 0.025 
5 & 2 Unprotected t = -7.964, p<0.001 -  

Tube dweller - t = -2.669, p = 0.024 
Direct development - t =-2.323, p =0.043 
Upward/downward conveyors - t =-2.693, p = 0.023 

5 & 3 Unprotected t = -7.323, p<0.001 - 
Tube dweller - t =-2.470, p =0.033 
Upward/downward conveyors - t =-2.470, p =0.033 
   

5 & 4 Unprotected t =-7.403, p<0.001 - 
Tube dweller - t = -2.444, p = 0.035 
Upward/downward conveyors - t = -2.439, p = 0.035 

Biomass 
5 & 1 Vermiform - t = -4.933, p = 0.001 

Unprotected - t = -7.178, p <0.001 
Tube dwellers - t = -2.516, p = 0.031 

5 & 2 Vermiform - t = -4.781, p = 0.001 
Unprotected - t = -6.811, p <0.001 
Tube dwellers - t = -2.431, p = 0.035 

5 & 3 Vermiform - t =-4.507, p=0.001 
Unprotected - T =-6.584, p<0.001 
Tube dwellers - T =-2.416, p = 0.036 

5 & 4 Vermiform - t = -4.533, p = 0.001 
Unprotected - t = -6.499, p <0.001 
Tube dwellers - t = -2.440, p = 0.035 

 

 
 
4.5 Discussion 
Anthropogenic activities affect species/assemblages across a wide range of ecosystems 

(UN General Assembly 2015) both locally, e.g. increased urbanisation, and globally, e.g. 

the adverse impacts of climate change. The present study explored the ecological 

functioning of macrofauna in subtropical mudflats, as indexed by their biological traits 

and using biological trait analysis. In common with other studies, the biological trait 

composition initially appeared resilient in the face of anthropogenic changes (Bremner 

et al. 2005, Caswell et al. 2018). Trait composition did not significantly differ between 
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northernmost and southernmost sites at the regional scale, even though SE Queensland 

encompassed a biogeographic boundary that showed a significantly different in species 

composition at two extremes (northernmost and southernmost) of the sampled sites of 

SE Queensland (Toussaint et al. 2016, Dissanayake et al. 2018). The natural capacity for 

functioning (or at least biological traits) to compensate for changes in species 

composition (Bremner et al. 2003b, Bremner 2008) was also apparent between the 

different intensities and types of land use. Differences in macrofaunal composition 

associated with, mainly, ‘enriching’ industries were not manifest in mudflat biological 

trait composition. Analyses of taxonomic composition showed that a biogeographic 

boundary exists in Moreton Bay and also showed that range shifts in eight marine 

macrofaunal taxa have already occurred in the SE Queensland region, at least some of 

which may be driven by climatic warming, change in ocean currents, life history 

characteristic of species e.g. adult mobility, dispersal potential, and trophic level 

interactions (Chapter 3). Simple models for comparing the taxonomic and trait 

composition of ‘future’ scenarios suggest that the ability of the mudflat macrofaunal 

assemblages to compensate for species biogeographic range shifts will ensure that 

ecosystem functioning and the associated ecosystem services will, initially, be resilient 

to species range shifts. However, as the changes become more pronounced the 

functioning will change and ecosystem service delivery may be compromised. Other 

studies of ecosystem functioning have also shown such thresholds and hysteresis 

(Bellwood et al. 2006, Caswell & Frid 2013, Caswell et al. 2018). 

The analysis in this chapter has conducted separately for winter and summer 

assemblages. In chapter 3, we showed that the species composition differed significantly 

between the two seasons. It was found that in winter the densities of the species 

decreased except crabs, which also showed a decline but of much smaller magnitude 

compared to other groups. This suggests that the life history characteristics of the 

decapods e.g. large body size, burrowing habit, having an exoskeleton, 2-3 years life 

span have increased their survivorship in the presence of seasonal changes. 
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4.5.1 Biogeographic variations in macrofaunal trait composition 
Although there were significant differences in taxonomic composition of mudflats in the 

northernmost (northern Moreton Bay) and southernmost mudflats sampled (southern 

Moreton Bay to Tallebudgera), the trait composition did not significantly differ between 

the northernmost and southernmost sites of SE Queensland. Taxonomic composition 

accounts for species identities and the faunal assemblages found in each 

biogeographic/climatic zones comprise endemic species. However, species share similar 

biological traits disregard of their taxonomic identity. Therefore changes in trait 

composition will be less compared to taxonomic composition. For example, a study of 

the morphological characteristics of 9000 freshwater fish across six biogeographic 

realms found that the differences in trait composition between the biogeographic 

realms was three fold lower compared to the differences in taxonomic composition 

between the realms (Toussaint et al. 2016). Similarly, biological trait composition of 

mudflat assemblages had a significantly differed between the temperate, subtropical 

and tropical climatic zones with greater similarity in trait composition than in taxonomic 

composition (Chapter 2; (Dissanayake et al. 2018). Whereas a study conducted at 

regional level showed that the trait composition of subtidal benthos in the UK did not 

differ regionally between the southern North Sea and eastern English Channel unlike the 

taxonomic composition (Bremner et al. 2003b).The results from the present study align 

with the above global and regional trends, the biological trait composition did not differ 

along the north-south gradient in SE Queensland suggesting that these mudflat 

assemblages perform similar functions.  

Whilst the species present within macrofaunal assemblages may have differing 

identities, the species will share one or more biological traits usually results in less 

variation in biological traits composition compared with taxonomic composition 

(Bremner 2008, Törnroos et al. 2013). Therefore, the elimination of species from an 

assemblage does not necessarily result in changes in the trait composition nor functional 

diversity. In Chapter 3 a biogeographic differences in taxonomic composition were 

observed, but this was not reflected in the trait composition. This suggests that the traits 

of the species that were absent in the six northernmost and six southernmost sites were 

compensated for by the traits of the existing macrofaunal species at those sites 

(Bremner 2008), therefore no difference in the trait composition was detected.  
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Incorporation of trait information to species level is crucial to detect changes in 

ecosystem processes/functions (Bowman et al. 1997). The present study has made a 

significant contribution by collating biological traits information at species level for 

subtropical mudflat fauna. Of the 50 taxa identified 2 were Phyla level aggregations, of 

the 48 species 68% had all their trait information to species level, 24% of the species had 

all the trait information derived from either species or genus level sources, whilst only 

8% of species had their traits coded from information aggregated at 

species/genus/family level. The longevity and larval development trait modalities were 

the least resolved to species level. Therefore, around one third of the taxa (32% of 

species plus 2 phyla) having at least some of their traits coded to a more generalised 

level. This is likely to have influenced the ability of the analyses to detect changes in 

potential functioning. To this attempt to offset this high level of ‘conservativism (Type II 

error) we employed a number of analytical approaches. For example, the traits were 

weighted both using absolute abundance and biomass. The abundance weight trait 

analysis and biomass weighted trait analysis both produced the similar patterns for the 

trait compositional differences suggesting that the results are robust.  

 

4.5.2 The impacts of urbanisation on the trait composition of mudflat macrofauna 
Biological traits analysis was originally developed to provide a metric of ecosystem 

health (Chevenet et al. 1994, Bremner et al. 2003b, Törnroos & Bonsdorff 2012) and can 

provide information on the impact of human activities (Bremner et al. 2006). The 

present study sought to determine the effects of urbanisation (based on the spatial 

coverage) on the functioning of mudflat assemblages as mediated by macrofauna and 

suggest that the functioning was conserved between the present levels of urbanisation. 

However, early research conducted on freshwater macrofaunal assemblages showed 

that trait composition differs between semi-natural and polluted streams (Charvet et al. 

1998, Charvet et al. 2000). Similarly, the effects of urbanisation can be observed on 

terrestrial plant traits, for instance plants inhabiting urban woodlands tended to exhibit 

traits including higher specific leaf area, less underground vegetative growth, higher 

affinities for base-rich and fertile soils and shorter life-spans compared to the plants in 

rural woodlands (Vallet et al. 2010). 
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Incorporating more trait modalities in the biological trait analysis will provide more 

information about the macrofaunal assemblage contribution towards overall 

functioning of the ecosystem (Bremner et al. 2006). Selection of biological traits that 

respond to (e.g. effect traits, response traits) urbanisation is helpful to detect human 

influence on functioning but it will not provide the complete functional response of the 

assemblage (Bremner et al. 2006). The selected traits in this study provides a detailed 

functional response of the subtropical mudflat assemblages to the urbanisation activity 

gradients. However, the selection of specific biological trait modalities can increase the 

sensitivity of BTA to the impacts of human activities, but this will always depend on the 

selection of traits respond in different ways to these impacts. For instance, some traits 

of benthic macrofauna are sensitive to the pressures of fishing while other traits are not 

(Bremner et al. 2005). Studies of the impacts of chronic North Sea bottom trawling on 

the biological trait composition of soft sediment benthic assemblages, heavily trawled 

sites showed a shift from sessile, epifaunal and large bodied taxa towards infaunal 

smaller sized fauna (Kaiser et al. 2000). The nature or intensity of human pressures also 

affect our ability to detect changes in biological traits composition. For example, 

macrofaunal assemblages in organically enriched sites exhibit reduced sediment 

dwelling depth, burrowing activity, body size, mobility, and life span (Pearson & 

Rosenberg 1978, Oug et al. 2012, Bolam & Eggleton 2014).  

 

4.5.3 Simulation of species and traits compositional change in subtropical mudflats 

The ‘species ranges’ are geographically dynamic boundaries surrounded by a set of 

abiotic and biotic factors within which favours the presence and survival for a certain 

species. However, theses boundaries fluctuate in response to temporal variations in 

climatic factors, demographic variations or edge effects (Kawecki 2008). The shifts in 

biogeographic range of the species is often influenced by change in environmental 

conditions, removal of dispersal barriers and evolution of species at their habitat 

boundaries (Hoffmann & Blows 1994, Kawecki 2008). Changes in the biogeographic 

ranges of species, is a well-known consequence of climate change (Pecl et al. 2017). In 

marine systems changes in temperature, rainfall patterns, frequency of extreme 

weather events, altered ocean circulation and acidification affects the distribution 
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physiology and phenology of organisms (IPCC 2014). Therefore, the combined effects of 

above factors may have driven the tropical range shifters to move at an average rate of 

2.43 km per year towards the poles. 

Overall, species are moving towards the poles and the rate of displacement is highly 

variable e.g. on average ‘marine fauna’ are shifting 19 km south per year (Sorte et al. 

2010), the inhabitants of subtidal benthos on the US coast of the NW Atlantic is moving 

181 km northwards per year (Hale et al. 2017) and in Australia tropical reef fish have 

moved 57–801 km towards the southern temperate latitudes in 16 years (Fowler et al. 

2017). The present study in SE Queensland identified eight tropical benthic macrofaunal 

species that have moved at an average of 146 km southwards (last 60 years) (Chapter 

3), and it is likely that the macrofauna have extend their distribution towards the 

southern latitudes of the SE Queensland coast driven by increasing sea temperatures, 

change in ocean circulation patterns and larval dispersal potential of the species. The 

south west and south east ocean waters of Australia have indicated the fasted warming 

(Poloczanska et al. 2009) and sea surface temperature of Queensland coast will become 

warmer by between 0.4 - 1°C in year 2030 and will increase to 2.5 - 3°C by 2090 

compared to the baseline sea temperatures recorded 1986-2005 (CSIRO and Bureau of 

Meteorology 2015).  With above temperature increase forecasts, there can be a 

possibility for other tropical species to move to southern latitudes (further invasions 

scenario) that may lead to restructuring of macrofaunal assemblages and changes to 

ecological functioning can be expected.  

Apart from increasing in temperature, the faster rates of expansion for benthic 

invertebrates reported in the present study might be facilitated by oceanographic 

features such as the strong (up to 1.3 ms−1) southward flowing East Australia Current 

which promotes larval and juvenile dispersal (Booth et al. 2007), which has strengthened 

with climate change and now penetrates further south than prior to the 1940s (Ridgway, 

2007). Five of the eight tropical range shifting species e.g. gastropod Haminoea fusca, 

bivalve Laternula anatina, Mactra maculata, Marcia hiantina and decapod 

Metapenaeus endeavouri undergo a planktotrophic larval duration and increase in 

water temperatures may raise the metabolic rate of species, shortening larval duration 

and distance travelled (O'Connor et al. 2007). In the present study simulated changes in 

species composition based on their ability to range shift resulted in 4 hypothetical 
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macrofaunal assemblages. By altering species composition the associated traits of 

macrofauna that mediate a range of benthic ecological functions were simulated.  

In the pre-invasion scenario where all tropical range shifters were excluded from the 

southern sites and in further invasions scenario the tropical species that have the 

potential to invade southern temperate latitudes were added to the present day 

assemblage to anticipate the future trait composition and the trait compositions did not 

significantly differ between the 3 scenarios. Tropical species that were widely 

distribution across the 24 mudflats (Chapter 3) were not manipulated in the simulations, 

and in so doing the traits of the unmanipulated taxa could compensate for the changes 

in traits in the different scenarios. For stream macrofauna in the Mediterranean and 

temperate Europe the taxonomic composition and trait composition differed regionally, 

however traits were less variable than in this study (Bonada et al. 2007). This suggests 

that impacts of climate change can have a higher impact on the species composition but 

weaker impact with respect to trait composition. The extinction or loss of temperate 

species due to their biogeographic shifting towards the northern latitudes will be 

compensated by the southern Mediterranean taxa (Bonada et al. 2007). With respect to 

the loss of all temperate taxa scenario, differed in trait composition from the other 4 

scenarios suggesting that a shift in some ecological functioning is apparent (Table 4.5) 

when all temperate taxa is been eliminated from the system. Elimination of all 

temperate taxa will lead to significant decrease in some traits such as no protection from 

predators, tube dwellers, vermiform body shape, Upward/downward conveyor and 

direct development (Table 4.5). The reduction of above traits in the assemblages with 

lead to decrease in some of the potential functions such as sediment oxygenation, 

nutrient cycling, carbon cycling and biogenic habitat provision suggesting that the 

contribution of traits present from tropical invaders does not compensate for the traits 

contribution of all temperate taxa indicating a decline in potential functioning in the 

subtropical mudflats. 

The observed macrofaunal taxa (n=50) were categorised into 6 groups based on their 

biogeographic distribution. The biogeographic range of the species were obtained from 

the observed species occurrences and previous occurrence records from Atlas of Living 

Australia (ALA), Ocean Biogeographic Information System (OBIS) online databases. The 

past literature focussing on macrofauna in SE Queensland was limited (e.g. Poiner 1977, 
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Muffley 1981, Saenger et al. 1982, Skilleter et al. 2007, Ferguson and Eyre 2010, Eyre 

and Maher 2011). Of the published studies from the region 38%  were from intertidal 

seagrass meadows, 9% from mangroves and 16% from sandflats with mudflats forming 

only ~10% of the published work within the region (based on WoS search, April 2019). 

The species distribution information provided by the online databases are updated 

periodically to include new published work by including peer reviewed literature, 

government reports and museum collection records. However, it is known that the 

marine macrofauna occurrence information available on ALA is limited therefore the 

global database (OBIS) was also used. However, it remains the case that these databases 

may not capture all the available information but they are likely to capture the vast 

majority of records and provide a ‘standardised’ source of information on which to 

assess changes in distribution.  
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Table 4.5. Differences in biological traits the loss of all temperate taxa scenario and: the baseline 

= 1, the pre-invasion = 2, further invasions = 3, and loss of vulnerable temperate taxa = 4 

scenarios. When trait abundances were lower in the 1st scenario compared to other scenarios it 

is indicated by ‘(-)’. 

Trait differences Alterations to potential ecosystem functions 
Weighted by density 
Loss of all temperate taxa  
Winter 
Vs. scenario 2, 3 & 4 
(-) Unprotected from predators 

 
 
 
 
Lower abundance of species exhibiting no protection 
from predators may decrease the ability to move labile 
carbon along the food chain, reduce C cycling 

Summer 
Loss of all temperate taxa scenario 
Vs. 1, 2*, 3 and 4 
(-) Tube dweller 
 
 
(-) Upward/downward conveyor 
 
 
(-) Direct development* 

 
 
 
Less tube dwellers decreased the provision of biogenic 
habitats and sediment stability. This could lead to 
reduced biodiversity in subtropical mudflats  
The species ability to perform sediment mixing would 
decline greatly that may negatively impact organic 
matter decomposition and nutrient cycling 
Less c-cycling in subtropical mudflats 

 
Weighted by biomass 
Loss of all temperate taxa scenario  
Vs. 1,2,3 and 4 
Summer 
(-) Vermiform body shape 
 
 
 
 
 
(-) Tube dweller 
(-) Unprotected 

 
 
 
 
 
Vermiform body shape influence sediment mixing 
however, a greater reduction in vermiform body shape 
does not have a major impact on sediment turn over, 
nutrient cycling and organic matter decomposition 
compared to a massive or round body shape (large 
surface area).  
Less tube dwellers will decrease biodiversity 
Reduces C cycling in the subtropics 
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4.6 Conclusions 
Macrofaunal species have moved on an average of 145 km polewards in the last 60 

years, and it is likely that these changes were driven by increasing sea surface 

temperatures, changes in ocean circulation pattern and trophic level interactions. These 

impacts have a direct influence on the distribution of species causing some of them to 

move to new geographic locations, potentially leading to a restructuring and the 

formation of novel communities. The macrofaunal inhabitants of mudflats show that 

some tropical species have expanded their range towards higher latitudes whereas 

some temperate species (that are sensitive to temperature change) that have moved 

will become more and more restricted towards higher temperate latitudes. More robust 

temperate species will also, potentially, show declines driven by interactions, i.e. 

competition or predation, with tropical forms. Our models suggest the changes to date, 

and those likely to occur in the near future, are within the envelope whereby ecological 

functioning is maintained by functional compensation and redundancy within the 

mudflat assemblage. However, in the most extreme scenario the replacement of the 

temperate by tropical taxa resulted in major changes in ecological functioning with 

potential impacts on essential ecological functions such as sediment oxygenation, 

nutrient cycling, C cycling and biogenic habitat provision undermining the potential of 

these mudflats to continue to deliver critical ecosystem services. Similarly, urbanisation 

also has a direct impact on the structure and functioning of macrobenthic assemblages. 

In this study, a weak response in macrofaunal species composition was detected 

between land use in the sub-catchments indicating that the nature of the 

industry/activity is more critical than simply the level of urbanisation as a whole.  

Although there were changes in species composition, the trait composition did not vary 

between the four land uses suggesting conservation in functioning and ecological 

redundancy in subtropical mudflat ecosystems.  
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Chapter 5: The role of macrofauna in the ecological functioning 

of mudflats: An experimental approach 

 

5.1 Abstract 
The adverse impacts of population growth and coastal development are currently 

leading to gradual transformation of ecosystem processes through the alteration of 

species composition in intertidal flats. The elimination or reduction of taxa exhibiting 

traits that make a significant contribution to vital functions would eventually decrease 

the delivery of ecosystem services supporting human well-being. In this study we aimed 

to experimentally investigate how density manipulation of two common large taxa 

Macrophthalmus setosus (Ms) and Pyrazus ebeninus (Pe) that exhibit functionally 

distinct traits would influence the ecological assemblage and its functioning, e.g. primary 

productivity, sediment oxygenation, carbon cycling and nutrient cycling. A mudflat 

(McCoy’s Creek, SE Queensland) with least human impacts was selected and the 

experiments were conducted in two consecutive implementations due to logistic 

reasons. In total, five replicates of 12 treatments were used across both experiments 

with 3 controls (2 controls without the cage, cage control) and 6 density manipulations 

with one species occurring at natural densities and the other at double, quadruple the 

natural densities, both species at one and a half or three times their natural densities. 

The study showed that by increasing the densities of the grazer P. ebeninus (of up to 32-

112 whelks m-2) and the deposit feeder Macrophthalmus setosus (up to 48-144 crabs m-

2) caused a shift in the taxonomic and trait composition of the macrofaunal assemblage. 

However, when the manipulated taxa (from the BTA) were excluded the remaining 

macrofaunal community did not exhibit a significant change in either taxonomic or trait 

composition therefore any changes in functioning were compensated for by the traits 

of the remaining macrofaunal assemblage, suggesting that there is functional 

redundancy in the McCoy’s Creek subtropical mudflat.  

Key words: Biodiversity ecosystem functioning, biological traits, trait composition, 

functional redundancy, resilience. 
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5.2 Introduction 
Intertidal mudflats provide a range of important ecosystem services and many of these 

depend directly (e.g. food for juvenile fish and birds) or indirectly (via biogeochemical 

processes) on the activities of benthic macrofauna (Crowe & Frid 2015). Soft sediment 

macrofaunal assemblages have been found to mediate ecosystem functions including 

primary and secondary productivity, carbon cycling, nutrient cycling, sediment stability, 

sediment oxygenation and bioturbation (Norling et al. 2007). For instance, coastal soft 

sediment habitats (e.g. estuarine mudflats) receive large amounts of organic matter and 

nutrients from terrestrial systems (Middelburg et al. 1995, Herbert 1999). The microbial 

communities inhabiting the sediment play a vital role in oxidising complex organic 

compounds and regenerating nutrients that are essential for primary productivity in 

both the sediment and overlying water column (Herbert 1999). The activities of 

meiofauna and macrofauna (e.g. through their feeding and bioturbation) may influence 

the rates of these sediment microbial activities, and nutrient sediment effluxes which 

are approximately 4-fold higher compared to sediments without macrofauna (Karlson 

et al. 2007).  

Marine sediments are largely chemically ‘reduced’ and are overlain by a thin oxic surface 

layer and this boundary is described as the redox discontinuity layer (RDL). In organically 

rich and productive sediments the RDL may be only a few millimetres thick (Kristensen 

2000). Macrofauna redistribute particles e.g. through burrow construction or tube 

building, and modify the flow of oxygenated water through the sediments e.g. by 

irrigating these burrows and tubes (Kristensen 2000). In turn this bioirrigation impacts 

carbon and nitrogen cycling, for example the deep burrowing polychaete Nereis through 

its bioirrgiation enhances aerobic microbial activity, the decomposition of organic 

matter and effluxes of bioavailable inorganic nutrients from the sediment (Michaud et 

al. 2005, Mermillod-Blondin 2011).  

To date studies of the biotic contribution to benthic functioning have focused on 

microbial communities (Zak et al. 1994) or manipulations of macroinvertebrate species 

(Thrush et al. 2006, Bishop et al. 2007, Karlson et al. 2007), however measuring 

ecological functioning and determining the contribution from the biota remains a 

challenge (Mouillot et al. 2011). Experimental studies in laboratory mesocosms (Biles et 

al. 2003, Waldbusser et al. 2004, Braeckman et al. 2010, Karlson et al. 2016) and the 
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field (Clare et al. 2016; O’Connor and Crowe 2005) have examined how the biological 

characteristics (or traits) of macrofauna influence functioning. Under laboratory 

conditions the range of environmental factors e.g. light, temperature, salinity and pH to 

which communities are exposed may be tightly controlled. However, whilst laboratory 

experiments may identify the potential effects in nature they are limited in the extent 

to which they can simulate natural conditions (O'Connor & Crowe 2005). For example, 

the inability to mimic natural water flow under laboratory conditions influences the 

feeding and bioturbatory mode of Nereis diversicolor (Riisgård & Kamermans 2001) and 

so does not provide a reliable estimate of their contribution to functioning under natural 

conditions. Similarly, the experiments executed in the field requires human intervention 

(e.g. setting up cages to retain animals, use of copper paint) that creates a set of 

circumstances to test the hypothesis and the artefacts of the human activities can bias 

the outcome of the experiment (Underwood 1990, Benedetti-Cecchi & Cinelli 1997). The 

effects of artefacts in the field will depend on the habitat, type of manipulation and the 

experimental target species. Deploying cages to retain animals have the potential to 

change the behaviour of the animals and also environmental factors within the plot 

(Peterson & Black 1994), therefore it is necessary to have control measures to avoid 

getting confounding results in both field and laboratory experiments (Harrison 2004).  

Field experiments have mimicked species loss (random removal of taxa) and tested the 

ability of the remaining taxa to functionally compensate, e.g. through the manipulation 

of grazing gastropod densities in rock pools to examine changes in algal diversity and 

productivity (O'Connor & Crowe 2005). In this case, it is not the reduction of species 

diversity per se that affected algal communities, but it was the removal of a significant 

grazer the limpet Patella ulyssiponensis. Initially, the loss of the limpet caused an 

increase in algal community diversity and productivity. However, after 4 months system 

had started to show functional redundancy: the biomass of two other grazers Littorina 

littorea and Gibbula umbilicalis increased and maintained algal cover at the previous 

levels and so these taxa compensated for the functional role of P. ulyssiponensis. The 

redundancy effect disappeared after 13 months, algal cover increased under the 

presence of high biomass L. littorea and G. umbilicalis failing to compensate for the loss 

of P. ulyssiponensis. This suggests that long-term monitoring of functioning is necessary 

because the species may be temporally limited in their ability to compensate for species 
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losses in the long run. Similarly, manipulations of the deep infaunal bivalve Scrobicularia 

plana in a temperate mudflat revealed decreases in RDL, and so bioturbation depth, as 

S. plana density increased the density of the functionally important amphipod 

Corophium volutator decreased (Clare et al. 2016). These studies show that the 

biological activities of different taxa influence ecosystem functioning differently and so 

changes in the density of functionally important taxa (through taxa introduction or loss) 

can produce changes in ecosystem functioning. The differing intensity of sediment 

reworking by individual taxa influence biogeochemical cycling and related functions to 

differing extents (Wrede et al. 2017). For example, under laboratory conditions the 

bivalve Abra alba contributes more to sediment reworking and ammonium effluxes 

compared with the polychaete Nephtys sp. at natural densities (Braeckman et al. 2010).  

Higher species richness, often used as an indicator of biodiversity, often provides higher 

levels of ecosystem functioning under controlled laboratory conditions than less diverse 

systems (Balvanera et al. 2006, Cardinale et al. 2012). However, the ecological roles and 

the biological characteristics of the taxa present strongly influence the maintenance and 

regulation of functions in an ecosystem and so species identities and hence attributes 

are important (Loreau et al. 2001, Hooper et al. 2005). The contribution of individual 

taxa to the processes underpinning ecological functioning can be derived from their 

biological characteristics or traits e.g. the various morphological, behavioural and life 

history attributes of the taxa. The biological traits of individual species within a given 

ecological assemblage will make a contribution towards one or multiple ecosystem 

functions (Díaz et al. 2013). The use of biological traits as a proxy for quantifying 

functioning (and ultimately ecosystem services) (Bremner et al. 2003b, 2006) makes 

tractable the understanding of Biodiversity-Ecosystem Functioning (BEF) (Chapter 1.4, 

Fig. 1.4) questions such as the degree of functional resilience in an ecosystem (Oliver et 

al. 2015, Dissanayake et al. 2018) and hence its ability to withstand perturbation.  

If the influence of species on ecosystem functioning vary depending on the unique 

biological traits they exhibit then changes in biodiversity, and hence the number of traits 

expressed can lead to changes in functioning (Griffin et al. 2009). Global declines in 

biodiversity during the Anthropocene have led to increasing attempts to understand and 

describe the relationships between biodiversity and ecosystem functioning (Naeem et 

al. 2012) so that changes in functioning can be anticipated. Several types of biodiversity 
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ecosystem function relationships (BEF) have been identified. 1. The redundancy model: 

whereby increasing biodiversity corresponds with increasing functioning until saturation 

is reached. The trajectory reaches an asymptote after which variations in biodiversity do 

not cause changes in functioning, indicating that species losses are compensated for by 

other taxa in the community. For example, Duffy et al. (2001) experimentally tested how 

grazing species influenced seagrass functioning and found that 3 crustacean grazers 

Gammarus mucronatus, Idotea baltica, and Erichsonella attenuate were functionally 

redundant (by removing species from the system) in reducing epiphyte growth on eel 

grass biomass in mescocosms. 2. The keystone species model: where the loss of species 

that make unique contribution to some ecological function and significant increases or 

decreases effect said function. Duffy et al. (2001) showed a strong decline in total 

secondary production when Gammarus mucronatus, an amphipod grazer, was removed 

from a seagrass bed illustrating the significant contribution it made to biomass 

production. 3. The rivet model: describes a relationship whereby there is redundancy 

until one too many ‘rivet species’ are lost and functioning collapses. 4. The idiosyncratic 

model: within which the trajectory is unpredictable, several different relationships are 

observed indicating that the effects of species loss or addition depends upon the local 

conditions (e.g. community species composition, or the level of disturbance) (Naeem et 

al. 2002). For instance, the relationship between species richness and ammonium efflux, 

due to macrofaunal bioturbation, followed an idiosyncratic pattern due to the differing 

feeding traits within the selected assemblage (e.g. the proportions of filter feeders, 

deposit feeders and surface deposit feeders) (Emmerson et al. 2001). 5. Linear models: 

the trajectory is positive, as diversity increases functioning increases (Naeem et al. 

2002). However, linear biodiversity ecosystem functioning relationships are rarely found 

compared with the idiosyncratic relationships (Schmid et al. 2009). 

Experimental studies of BEF relationships are mostly described from temperate systems, 

e.g. of the 187 studies (marine, terrestrial and freshwater) reviewed by Clarke et al. 

(2017) only 13% (24 studies) were conducted in the tropics (no attempt was made to 

distinguish subtropical systems). Clarke et al. (2017) hypothesised that in the tropics 

higher species richness may be due to a greater number of possible ecological niches 

and so more may have specialists evolved to exploit these niches, leading to higher 

biodiversity. Therefore, in tropical systems the BEF relationships may differ from the 
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established theoretical models, or in the case of redundancy the asymptote might be 

expected to occur at higher species richness compared to temperate systems (Clarke et 

al. 2017). The role of macrobenthic communities in delivering ecosystem functioning in 

the subtropics have not examined in detail, but similar to the tropics species richness 

increases towards lower latitudes and so BEF relationships in the subtropics might be 

expected to show the same trends as in the tropics. This study aims to experimentally 

investigate the role of taxa with contrasting suites of traits on the functioning of 

subtropical mudflats in situ.  

Three critical factors are considered in designing a manipulative field experiment, and 

they are plot size, replication and the duration of the experiment (Raffaelli & Moller 

1999). Clearly, it is necessary for the duration of the experiment to be long enough for 

a response to be detectable. The direction and the magnitude of a response to 

experimental manipulations can be quite different in the same cage experiments run for 

short and long term durations. For example, Paine (1974) showed that the short- and 

long-term effects of starfish (Pisaster ochraceous) removal generated contrasting 

outcomes. In longer duration manipulations the mussels (response species) are grown 

into prey-size refuge and in subsequent exposures to starfish, the predator is unable to 

alter the assemblage. In short term experiments, the perturbation was relaxed (cages 

removed and starfish given access) before the point that mussels enter the size refuge 

and the assemblage returned to the original structure and composition (Paine 1974).  

Tilman (1989) reviewed 180 terrestrial field experiments finding that 40% ran for <1 year 

whilst only 7% had a duration of 5 years or more. The duration of marine manipulative 

field experiments (n=136) have varied from 1 week to 5 years with the majority of 

studies being run for between 1-3 months (Raffaelli & Moller 1999). While the variation 

in these experimental durations can be related to; the availability of funding, based on 

previous literature, the known dynamics of the manipulated species e.g. survival rate 

within an enclosure and concern about experimental structure introducing artefacts 

(Tilman 1989). The considerably shorter duration of the marine experiments being 

attributed to the greater level and rate of development, of artefacts in the hydrologically 

complex system (Hall et al. 1990).  
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Field experiments in aquatic systems that use cages to manipulate species typically 

produce large experimental artefacts (Hall et al. 1990). For example, changes in small 

scale hydrodynamics may cause the redistribution of sediments, cages get damaged by 

storms, shading by macroalgae/drifting plant debris, clogging of cage mesh, and the loss 

of physical and chemical sediment sub-structure through cage installation process may 

impact the resident macrofaunal community (Hulberg & Oliver 1980, Woodin 1981). 

Some examples of installation of cage structures that are also known to alter the 

densities of mobile fauna e.g. gastropods (Kennelly 1983), whelks (Navarrete 1996), and 

polychaetes (Berlow 1997). The effects of these artefacts generally increase over time 

(Hall et al. 1990), and hence favour short-term experiments (Raffaelli & Moller 1999). 

There is therefore a trade-off between increasing duration to increase the chaces of 

detecting an effect and the increased duration of cage experiments increasing 

experimental artefacts which could confound the interpretation of data. An often used 

strategy is to keep durations short but increase the magnitude of the manipulation (i.e. 

add the species in high densities or remove completely) to at least indicate the direction 

of the community response (Hall et al. 1990; Raffaelli & Moller 1999). In the present 

study we followed the approach of a high magnitude manipulation (by addition only) of 

large macrofaunal taxa (e.g.Thrush et al. 2006, Cesar & Frid 2012, Clare et al. 2016) for 

a duration of two weeks to reduce possible cage artefacts. This allow the observation of 

the resulting taxonomic and trait compositional differences in the macrobenthic 

assemblage. 

Two macrofaunal taxa that were common and abundant taxa in SE Queensland (Chapter 

3) with functionally distinct traits were selected for the experimental manipulations. The 

first, the Hercules club mud whelk Pyrazus ebeninus was a non-selective deposit feeder 

that disturbs the upper few millimetres of the sediment surface only. The thick shell and 

large size of the whelk, maximum life span of 5 years, means it has few predators, aside 

from logger head turtles (McPhee 2017) and indigenous humans (Sulliven 1978, Bishop 

et al. 2007), which means that it may remain in the environment for some time (and so 

make a major contributing to functioning). The second species manipulated was the 

Australian sentinel crab Macrophthalmus (Mareotis) setosus (Barnes 2010) a deposit 

feeder that consumes microphytobenthos in both surface and sub surface sediments 

(Barnes 2010) where it constructs and inhabits burrows (Poore 2004). In principle the 
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two taxa will differ in their contribution to ecosystem functioning with one actively 

bioturbating the sediment and the other providing long-term surface modification only. 

We hypothesized that the ecological assemblage and its functioning, e.g. the primary 

productivity, sediment oxygenation, carbon cycling and nutrient cycling, would respond 

to changes in the densities of the manipulated taxa. Alternatively, the resident 

macrofaunal assemblage will compensate for changes in the densities of manipulated 

taxa and functioning will be conserved (i.e. there is redundancy).  

 

5.3 Materials and Methods 

5.3.1 Study site 

The experiments were conducted on an intertidal mudflat at McCoy’s Creek, near the 

mouth of Pimpama River, SE Queensland (Latitude: -27.8222°, longitude: 153.3778°; Fig. 

5.1). The mudflat is fringed by mangrove forests that are dominated by Rhizophora sp., 

Bruguiera sp. and Avicennia marina species. The site occurs within a Marine National 

Park, and lies within a peri-urban sub-catchment (Chapter 3) although there is minimal 

human activity, i.e. a walking track within 500 m and residential land use within 750 m 

of the site. The site was therefore considered to be relatively unimpacted by direct 

human activities and so was deemed suitable for determinations of functioning in 

‘natural’ systems.  
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Fig. 5.1: The location of the study site is indicated closer to the mouth of the Pimpama River 

(white). The two experimental set ups, experiment 1 and 2 are indicated in black dots and they 

were situated within McCoy’s creek (grey area between the dashed lines) in the lower Pimpama 

river (grey) in SE Queensland, Australia, and is situated within a peri-urban sub-catchment. The 

coastline was fringed by mangroves (green) and the mudflat is indicated in orange. 
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5.3.2 Experimental approach 

In this study the densities of biological traits were manipulated by adding animals into 

experimental field plots rather than extracting animals because the disturbance (i.e. the 

removal of biomass and the physical disturbance of key sediment properties) to the 

resident biological community would be so great as to invalidate/undermine any 

estimates of community or functional change. In order to avoid altering the macrofaunal 

dynamics at the study site and the high spatial variability of P. ebeninus observed at the 

study site, the individuals were collected from nearby mudflats at Jacobs Well (Latitude: 

-27.7747°, longitude: 153.3613°) approximately 5 km from the study site, and all 

Macrophthalmus setosus from McCoy’s Creek (400 m away from the experimental set 

up area). Specimens were collected one week prior to initiation of the field experiment 

and were maintained in aerated aquaria (10oC) filled with water collected from the 

McCoy’s Creek which was renewed daily. To induce a shift in the mean density of animals 

to the level required for the treatments we had to assume that the ambient natural 

densities in the field plots would reflect the mean density of the two species (as 

measured during the preliminary sampling in June 2018, the density of the manipulated 

taxa were obtained by retrieving 10 box core samples). Animals were then added 

accordingly to each mesocosm to achieve the desired final densities (Table 5.2). As such, 

the actual number of animals enclosed within the cages will have varied somewhat 

between replicates.  

To explore changes in functioning we employed a number of physicochemical 

measurements as proxies for functioning. Changes in sediment organic matter content 

at the beginning and end of the experiment were used as proxies for carbon 

decomposition; and, bioavailable nutrients (NH4+, NO2-, NO32-, PO43-) were used as 

proxies for nutrient cycling. Changes in the benthic chlorophyll a concentration (e.g. the 

amount of microphytobenthos) were used as a proxy for primary productivity. The 

depth of the redox discontinuity layer was measured as a proxy for the degree of 

bioturbation by macrofauna and sediment oxygenation. This is because the RDL depth 

is mostly controlled by the dynamic equilibrium between the downward transport of 

oxygen from the surface by bioturbators and the consumption of oxygen by the 

sediment dwelling organisms (microbial and metazoan) (Libes 2009).  
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5.3.3 Experimental design and field protocol 

In order to investigate the relationships between the biota and key ecological functions 

an experiment was established, that examined the impact of the addition of two 

macrofaunal species: the Hercules club mud whelk Pyrazus ebeninus (hereafter referred 

to as Pe) and the Australian sentinel crab Macrophthalmus setosus (hereafter referred 

to as Ms). The two taxa have contrasting biological traits (Table 5.1) that are expected 

to make different contributions to ecosystem functioning. For logistical reasons the 

experiments were conducted in two consecutive implementations: experiment 1 and 2. 

Experiments were run consecutively on the 10th – 26th June 2018 (experiment 1) and 

25th August – 9th September 2018 (experiment 2).  

 

Table 5.1: Traits of the two manipulated macrofaunal taxa (Chapter 4) selected for experimental 

manipulations of biological traits. 

Biological traits Macrophthalmus setosus 

(Ms) 

Pyrazus ebeninus (Pe) 

Adult maximum 

body size  

Medium (3-5 cm) Large (>5 cm) 

Body shape (length: 

width ratio) 

Round (1:2) Massive (3:10) 

Feeding  Sub surface deposit feeder Surface deposit feeder 

Bioturbatory mode Regenerator Surface modifier 

Sediment dwelling 

depth 

2 – 5 cm 0-2 cm 
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In total five replicates of 12 treatments were used across experiments 1 and 2 (Table 

5.2). Three different types of control treatment and 3 density treatments were used for 

each experiment. The densities of the crab and whelk were manipulated to produce 

treatments with one species occurring at natural densities and the other at double 

(2Ms:Pe and Ms:2Pe) or quadruple the natural densities (4Ms:Pe and Ms:4Pe); or, both 

species at one and a half (1.5Ms:1.5Pe), or three times (3Ms:3Pe) their natural densities 

(Table 2.5). The manipulative treatments were based on the mean natural population 

densities of M. setosus and P. ebeninus (10 and 3 respectively per 0.2 m2 sediment) at 

the study site in winter (established by sampling 10 box cores prior to the 

commencement of the experiment in June 2018).  

To maintain the required animal densities, the treatment areas were enclosed in 

cylindrical mesh cages (0.3 m high by 0.51 m diameter; Fig. 5.2) to contain the 

manipulated species and exclude epifaunal predators (e.g. fish and birds). Cages were 

constructed of aluminium metal ‘gutterwire’ with mesh size of 0.5 cm and were secured 

with cable ties, the cylindrical cages were covered with gutterwire lids reinforced with 

bamboo canes (Fig. 5.2B). This was sufficient to contain the juvenile and adult crabs 

(carapace width 0.8 – 4.2 cm) and mud whelks (shell length 5-6 cm). Cages were sunk 

0.15 m into the sediment (the previously recorded mean redox depth; Chapter 3) and 

so assuming none of the animals burrowed >0.15 m into the sediment and they would 

have remained in the experimental cages. A cage control (CC), i.e. a cage enclosing an 

unmanipulated area of sediment, was established to account for any artefacts 

introduced by the cage. Initial controls (IC) and final controls (FC) without cages 

(unmanipulated areas of sediment) were also used for both experiment 1 and 2. The 

cages covered ~0.2 m2 of sediment surface each, and in due course 0.0625 m2 area of 

sediment was sampled by box core from the centre of the plot, this meant that a 8–13 

cm ‘buffer zone’ was created to minimise the impacts of edge effects (Fig. 5.2A).  

In the field, treatment cages were established in a randomised block design. Five 

experimental blocks were established for each experiment, and these were situated 2 

m apart and arranged parallel to the shore (Fig. 5.3A-B). Experiment 2 was setup at a 

distance of 300 m from experiment 1 as it was clear that the site for experiment 1 had 

not recovered from the disturbance caused during sampling. Within each block, one 
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replicate of each of the 3 density manipulation treatments and the 3 controls were 

randomly assigned a position (Fig. 5.3A-B).  

 

   

Fig. 5.2 A. Plan view of the enclosure cage (diameter 0.51 m, area of sediment enclosed 0.2m2) 

and the 0.0625m2 area of sample retrieved at the end of the experiment. B. Enclosure cage as 

deployed in the field.  

 

Upon initiation of the experiments, the cages were installed during low tide on two 

consecutive days because of the tidal constraints (Fig. 5.3B, Table 5.2). Three 

experimental blocks (1-3) were deployed on the first day and the other two blocks (4 

and 5) were deployed on the second day (Figs 5.2B, 5.3A-B). Macrofauna were added 

into their respective treatment cages (Table 5.2) and the covers were secured on the 

day the cages were installed and this marked the beginning of the experiment. 

Thereafter, the initial control samples (undisturbed sediment) were retrieved from both 

experiments for the macrofaunal community analyses. The RDL was measured using a 

ruler (to the nearest 1 mm) as the box cores were retrieved. Sediment was sieved over 

0.5 mm mesh and the macrofaunal residue was preserved in 90% ethanol containing 

rose bengal stain. For each control, samples for chlorophyll a analysis were collected 

from the sediment surface (top 1.4 cm) using a disposable petri dish (9 cm diameter), 

and 3 PVC sediment cores (3 cm diameter, 15 cm depth) were extracted for 

determination of: loss on ignition, nitrate and nitrite (NOx), ammonium, phosphate, and 

the percentage of silt and clay-sized particles. All sediment samples were kept on ice (at 

B A 
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4°C) in an insulated cool box to prevent degradation (and chlorophyll samples were 

immediately wrapped in foil to exclude light) until they were all brought to the 

laboratory and frozen (-20°C).  

Visual checks were made on the experimental cages 7 and 11 days after deployment to 

ensure their integrity. No sampling or manipulation occurred, but any macro-debris, or 

accumulated weed was removed from the experimental cages to minimise the risks of 

physical damage and shading on the experimental set up. 

The density manipulation experiments were terminated after 14 days. During low tide 

on two consecutive days (day 1: block 1-3, day 2: block 4-5), the enclosures were 

carefully removed and box core samples were extracted from the centre of the plot (Fig. 

5.2A). The final controls were sampled from the unmanipulated areas allocated within 

each block. The redox discontinuity layer was measured (from the extracted box cores), 

one petri dish sample and 3 PVC cores were collected for determinations of 

physicochemical variables as per initial control samples.  
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Table 5.2: Experimental treatments for the density manipulations at McCoy’s Creek, Pimpama 

River. The number of Macrophthalmus setosus (Ms) and Pyrazus ebeninus (Pe) added to the 

treatments are based on the mean natural population density of the two species in the mudflat 

in June 2018 (i.e. 10 crabs and 3 whelks per 0.2 m2 sediment). Treatments were as follows for 

experiment 1 Ms:2Pe - double the natural density of P. ebeninus; 1.5Ms:1.5Pe one and a half 

times the natural density of both taxa; 2Ms:Pe double the natural population density of M. 

setosus. Experiment 2: Ms:4Pe – four times the natural population density of P. ebeninus; 

4Ms:Pe  four times the natural population density of M. setosus; and, 3Ms: 3Pe three times of 

the natural density of both M. setosus and P. ebeninus. IC = Initial controls, FC = final controls 

and CC = cage controls were used for both experiments 1 and 2 (Fig. 5.3). All density 

manipulations and cage controls were sampled after 14 days. 

Treatments Number of M. setosus 

added per cage 

Number of P. ebeninus 

added per cage 

Experiment 1 

IC   0 0 

FC   0 0 

CC  0 0 

Ms:2Pe 0 3 

2Ms:Pe 10 0 

1.5Ms:1.5Pe 5 2 

Experiment 2 

IC   0 0 

FC   0 0 

CC  0 0 

Ms:4Pe 0 9 

4Ms:Pe 30 0 

3Ms:3Pe 20 6 
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Fig. 5.3: Experimental layout showing the randomised block design for the 12 treatments with 

varying densities of M. setosus (Ms) and P. ebeninus (Pe). (A) For experiment 1 the treatments 

were deployed for two weeks from 10th June - 25th June 2018 and (B) experiment 2 was initiated 

two weeks from 25th August – 9th September 2018. The density treatments were IC = initial 

control, FC = final control (both without cage), CC = Cage Control; 2Ms:Pe double the natural 

population density of M. setosus; Ms:2Pe double the natural population density of P. ebeninus; 

1.5Ms:1.5Pe one and a half times of the natural density of both taxa; 4Ms:Pe four times the 

natural population density of M. setosus; Ms: 4Pe four times the natural population density of 

P. ebeninus, 3Ms:3Pe three times of the natural density of both species.  

 

 

 

A 

B 
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5.3.4 Laboratory analyses for macrofaunal taxonomic identification and sediment 

physico-chemical parameters 

The preserved sieved residues from each box core were carefully examined under low 

magnification and macrofaunal remains were enumerated and identified to species level 

(as far as was practicable). Specimens were identified using standard Australian 

taxonomic works (Beesley et al. 1998, Beesley et al. 2000, Glasby & Fauchald 2003, 

Department of the Environment and Energy 2009, ALA 2018) and identifications were 

verified with experts at the Museum and Art Gallery of the Northern Territory, the 

Queensland Museum and Museums Victoria, Melbourne. The biomass of the taxa that 

contributed 90% of the cumulative relative abundance were selected to weigh the 

biomass. For example, large bodied crab contribute more to sediment turnover than 

small bodied polychaete, therefore, the biomass provide a reasonable weight to the 

traits rather than obtaining their abundance. Ten individuals from each taxa were oven 

dried (at 60°C for until they reached a constant weight) and the dry weight was 

measured. The macrofaunal assemblage exhibited 10 traits that was identified in 

chapter 2 (Table 2.2). Then the identified taxa were assigned a value of 0 – 1 according 

to the trait modalities (40) exhibited by the taxa (Chapter 2) e.g. the taxa that showed 

high affinity to a trait modality would be assigned a maximum value of 1 and the taxa 

that showed the lowest affinity to the trait modality were assigned a value of 0. The 

mean of the dry weight of each taxon was used for biological traits analysis. 

The samples for physico-chemical and chlorophyll analyses were thawed overnight at 

4°C and were manually homogenised for 5 minutes using a spoon prior to analysis. 

Samples for Chlorophyll a analysis had 40 ml of 90% acetone (reagent grade) added to 

20 g of sediment to establish a 1:2 ratio of sediment to solvent. The samples were 

mechanically shaken in the dark for 2 hours, wrapped in foil and refrigerated (4°C) for 

24 hours in the dark. Samples were centrifuged (3500 rpm) and filtered (Watmann 

20μm) to remove fine debris (Grinham et al. 2007). The absorbance of the aliquots was 

determined using spectrophotometry at 630, 647, 664, 691 and 750 nm wavelengths. 

The concentration of chlorophyll a was calculated using the spectrophotometric 

equation (Ritchie 2008).  

The measurement of available NO2-, NO3- and NH4+ concentrations in the sediment 

followed the method of Percival & Lindsay (1997). One gram of wet sediment was added 
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to 10 ml 2M KCl solution and the sediment suspension was mechanically shaken for 1 

hour and filtered through glass fibre filter paper (1.6 μm). To determine the bioavailable 

PO43- concentration, 1 g of wet sediment was added to 10 ml 1M MgCl2 solution and was 

shaken for 1 hour prior filtering through glass fibre filter paper (1.6 μm). The nutrient 

ion concentrations of N and P were subsequently analysed using a seal segmented flow 

analyser (Auto Analyzer 3).  

The organic matter content of the sediment was estimated using the loss on ignition 

(LOI) method (Heiri et al. 2001). Twenty grams of wet sediment from each sample were 

dried at 105°C to remove moisture, and the dried weight (DW105) was recorded. The 

dried samples were ignited at 550°C for 5 hours in a muffle furnace, and after cooling 

the samples were weighed again (DW550). Organic matter content was calculated as 

(LOI550); LOI550 = ((DW105–DW550)/DW105)*100 (Heiri et al. 2001). For sediment particle 

size analysis 50 g of homogenised oven dried sediment (60°C for 48 hours) was sieved 

through 0.63 μm mesh to obtain the silt and clay fraction which was expressed as a 

percentage (Percival & Lindsay 1997). 

 

5.3.5 Data analysis 

Temporal variations of the mean densities observed in manipulated taxa during 

preliminary sampling (and the initial controls to ascertain the ambient densities) was 

determined by comparing the densities obtained at each sampling occasion using one 

way ANOVA. The coefficient of variation was calculated for the crabs and whelks 

separately for the IC sampling days. The mean densities of the manipulated taxa and 

total community biomass in both experiments were statistically compared between the 

treatments using one way ANOVA to determine the effectiveness of the density 

manipulations. The mean proportions of silt and clay, benthic chlorophyll a abundance 

and NOx, NH4+ and PO43- ion concentrations were all statistically compared between the 

final control and cage control using one way ANOVA to identify experimental artefacts 

(from the cages). 

Biological traits analysis was used in order to determine whether the density 

manipulations impacted the biological traits composition of the assemblage, the taxa 

that contributed 90% of the cumulative proportion abundance were included because 
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the remaining taxa had less than 3 individuals to obtain a reasonable biomass average. 

The mean biomass of each taxon was multiplied by the absolute abundance of the 

respective taxon to obtain a taxa biomass by treatment matrix which was multiplied by 

the taxa by traits matrix. This resulted in a biomass (dry weight) by traits matrix that was 

log (x + 1) transformed and Bray Curtis similarity was performed (Primer v. 6 Beta). The 

effects of the four density combinations on benthic macrofaunal assemblage taxonomic 

(transformed log (x + 1)) and trait composition were explored using non-metric 

multidimensional scaling (nMDS) of the Bray-Curtis similarity (Primer v. 6 Beta). 

Multivariate one-way and two-way analysis of similarity (ANOSIM, Primer 6 Beta) was 

used to determine whether density combinations significantly differed when the 

manipulated taxa were included and excluded from the analyses. Compositional 

differences were identified using the Similarity Percentage Routine (SIMPER). 

Diversity indices (species richness, Shannon Weiner diversity index (H’) and Pielou’s 

evenness (J’)) were determined for each of the four density combinations (experiment 

1 and 2 together) and for both taxa and traits was statistically compared using Kruskal 

Wallis and Mann-Whitney U (SPSS statistics 22 IBM). Variations in the means of the 

measured proxies (benthic chlorophyll a concentration, redox discontinuity layer (RDL) 

depth, organic matter percentage, NOx concentration, NH4+ concentration and PO43-) 

were compared between the density combinations using one way ANOVA. The 

relationship between diversity indices for both taxa and traits (species richness, 

Shannon Weiner diversity and evenness) and the measured environmental proxies were 

tested using linear regression (SPSS statistics 22).  

 

5.4 Results 

5.4.1 Effectiveness of the treatments 

The preliminary surveys (n = 10) for assessing the background densities of the two 

manipulated species showed they were extremely heterogeneous (Fig. 5.4A) in their 

spatial distribution. The mean density of Macrophthalmus setosus was 3.2 with a 

coefficient of variation (cv) around the mean of 0.46, and the mean density of Pyrazus 

ebeninus was 0.8 (cv=1.05), and so the latter was highly variable. Therefore, within the 

5 replicate samples collected for each treatment the animal densities overlap with those 
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in the controls (Fig. 5.4A). This was confounded by the seasonal differences in the 

ambient densities, e.g. in experimental controls 4 ± 2 individuals of M. setosus were 

found per box core in June (cv = 0.84) and 1.8 ± 1 per box core in September (cv = 0.91). 

Similarly, in the experimental controls the mean density for P. ebeninus was 0.2 

individuals per box core in June (cv = 2.24) and zero in September (Fig. 5.4A). High spatial 

variability in the ambient density of M. setosus can be observed in the preliminary 

samples and the experimental controls (Fig 5.4A). 

Initial analyses of the log (x+1) transformed mean densities of the manipulated taxa in 

the experimental plots at the end of experiment 1 showed that neither the density of 

M. setosus (ANOVA, F(5, 30) = 0.380, p = 0.858) nor P. ebeninus (F(5, 30) = 2.530, p = 0.056) 

significantly differed between treatments (Fig. 5.4B). This suggests that the density 

manipulations in experiment 1 have not produced the expected density differences for 

crabs or whelks. Increasing the density of the two taxa by 3 and 4 times in experiment 2 

produced less variation (Fig. 5.4C) in crab density between treatments compared to 

experiment 1. The number of whelks observed at the beginning and end of the 

experiment 1 (T-test, t(29) = -0.273, p = 0.787) and 2 (t(29) = 1.278, p = 0.211) did not 

differ for any treatment showing that the whelks did not escape the cages. However, 

the crabs were buried in sediment, therefore it was impossible to obtain their initial 

abundance within the cage area to test if they have escaped the cage. 

In contrast with experiment 1, in experiment 2 the log (x+1) transformed mean densities 

of M. setosus (F(5, 30) = 4.910, p = 0.003) and P. ebeninus (F(5, 30) = 43.462, p < 0.001) 

significantly differed between the 6 treatments (Fig. 5.4C). This suggests that the density 

treatments were partially successful for experiment 2 (Fig. 5.4A). The mean density of 

M. setosus in treatment 4Ms:Pe and 3Ms:3Pe was more than three-fold higher than in 

the IC and FC (post hoc Tukey test, p < 0.05, Fig. 4C). Similarly, the mean number of P. 

ebeninus were significantly higher in the CC, Ms:4Pe and 3Ms:3Pe, the latter of which 

was ten-fold higher, than in the IC and FC  (post hoc Tukey test, p < 0.05, Fig. 5.4C). 

Treatment 4Ms:Pe lacked P. ebeninus, and significantly differed from the CC, Ms:4Pe 

and 3Ms:3Pe (p < 0.05). The latter three treatments significantly differed from each 

other with lower P. ebeninus densities in the CC (p < 0.05).  
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The mean of the total biomass of the replicates (n = 5) for each treatment in experiment 

1 did not significantly differ between the 6 treatments (ANOVA, F(5, 30) = 2.426, p > 0.05; 

Fig. 5.4D), although it did differ in experiment 2 (ANOVA, F(5, 30) = 33.234, p < 0.001, Fig 

5.4D). All 3 controls had significantly lower mean biomass compared with treatment Ms: 

4Pe and 3Ms: 3Pe (post hoc Tukey test, p < 0.001), and the mean biomass of 4Ms:Pe 

(post hoc Tukey test, p < 0.001) was 5-6-fold lower than either of these treatments. 
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Fig. 5.4 (A) Temporal variation in the mean densities of M. setosus and P. ebeninus per box core 

in the control samples (standard error bars for each sampling occasion indicate spatial variability 

between samples). Preliminary survey was carried out on 5/6/2018, experiment 1 on 

10/06/2018 and experiment 2 25/06/2018 the duration of both experiments was 14 days. IC = 

initial control, FC = final control. (B) The mean (± SE) number of M. setosus and P. ebeninus 

observed from the control and density treatments for experiment 1; 2Ms:Pe, Ms:2Pe and 

1.5Ms:1.5Pe. (C) The mean (± SE) number of M. setosus and P. ebeninus observed from the 

control plots and 4Ms:Pe, Ms:4Pe and 3Ms:3Pe treatments. * indicates the mean density of M. 

setosus is significantly higher compared to IC and FC; significantly higher mean densities of P. 

ebeninus compared to IC, FC and 4Ms:Pe are indicated in bold and the treatments contained 

significantly higher mean densities of P. ebeninus compared to CC are underlined.    (D) The mean 

(± SE) of the total biomass (dry weight) in each treatment (n=5) for experiment 1 and 2 

combined. 

 

 

The mean total biomass (post hoc Tukey test; p > 0.05, Fig 5.4D) and the total number 

of individuals (post hoc Tukey test; p > 0.05) did not significantly differ between the final 

controls and cage controls in either experiment. In experiment 1 the taxonomic 

composition of the assemblage significantly differed between the 3 controls (ANOSIM, 

global R = 0.437, p = 0.002), with the initial control significantly differing from both the 

final (pairwise ANOSIM, R = 0.652, p = 0.008) and cage control (pairwise ANOSIM, R = 

0.356, p = 0.024), although the final and cage controls did not differ from each other 

(pairwise ANOSIM, R = 0.32, p > 0.05). This suggests that in experiment 1 there was a 

shift in species composition through time, however, a temporal effect was not detected 

for experiment 2 (ANOSIM, global R = 0.114, p > 0.05). None of the physico-chemical 

parameters measured significantly differed between the CC and the FC on the final day 

of the experiments (Table 5.3). Therefore, the cages used to maintain the animal 

densities throughout the experiment do not appear to have introduced physical 

artefacts over the 14 days of the experiments.  

The range of natural ambient M. setosus and P. ebeninus densities observed was high 

with 1.8-4 and 0–0.8 per box core, respectively (Fig. 5.4A), and we therefore reclassified 

the treatments a posterioi. The results from experiment 1 and 2 were combined and 
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four levels of ‘density combinations’ were created to span the two experiments, these 

were (Fig. 5.5): (i) those with low mean densities of both species (Low Ms: Low Pe); (іі) 

those with elevated densities of the crab but whelks at or below ambient (High Ms: Low 

Pe); (iii) those with crab abundances similar to the ambient but with elevated densities 

of the whelk (Low Ms: High Pe); and, (iv) those with the ambient densities of both taxa 

(High Ms: High Pe). 

 

Table 5.3. Comparison of the mean of the measured physico-chemical parameters between the 

FC (final control) and CC (cage control) of experiments 1 and 2. Means were compared using 

Mann-Whitney U test. 

Measured parameter FC (mean ± SE) CC (mean ± SE) Mann-Whitney U 

Z value P value 

Experiment 1 

Silt & clay % 19.15 ± 1.15 19.24 ± 2.11 -0.313 0.754 

Chlorophyll a (mg m-2) 10.01 ± 1.70 14.19 ± 1.83 -1.776 0.076 

NOx (μg/l) 90.97 ± 20.07 70.60 ± 10.69 -0.522 0.602 

NH4+ (μg/l) 235.41 ± 5.47 218.69 ± 13.54 -0.940 0.347 

PO43- (μg/l) 548.25 ± 60.28 574.28 ± 29.84 -0.313 0.754 

Experiment 2 

Silt & clay % 12.34 ± 0.16 12.51 ± 0.17 -1.149 0.251 

Chlorophyll a (mg m-2) 9.55 ± 0.99 13.36 ± 1.70 -1.776 0.076 

NOx (μg/l) 189.12 ± 29.49 185.76 ± 27.45 -0.104 0.917 

NH4+ (μg/l) 283.06 ± 36.30 263.27 ± 19.28 -0.104 0.917 

PO43- (μg/l) 160.41 ± 16.63 146.16 ± 16.14 -0.731 0.465 
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Fig. 5.5. The observed M. setosus (Ms) and P. ebeninus (Pe) densities combined for experiment 

1 and 2, into the four new proposed ‘density combinations’. The ambient densities of M. setosus 

and P. ebeninus are indicated by continuous black lines. (The total number of observations was 

60 but some points overlap with each other – points with a thick black border indicated that >2 

samples overlapped, the number of overlapping samples is also shown) .  

 

5.4.2 Influence of taxa manipulations on the taxonomic composition of the biological 

assemblage 

The natural macrobenthic assemblage in McCoy’s creek was dominated by annelids, 

molluscs and arthropods. A total of 4182 individuals from 50 taxa were recorded from 

6.25 m2 of sediment surface area (with 96% described to species level, Nemertea and 

Nematoda were at phyla level). The most abundant taxa were the bivalve Hiatula alba 

which accounted for 22% of all the individuals recorded from both experiments. Over 

56% of all the individuals observed were accounted for by 3 taxa the bivalve H. alba and 

the polychaetes Aglaophamus australiensis and Barantolla lepte. 
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The taxonomic richness (Kruskal Wallis, χ2 (3) = 8.508, p = 0.037, Fig. 5.6B), Shannon 

Wiener diversity (H’) (χ2 (3) = 7.989, p = 0.046, Fig. 5.6C) and mean of the total biomass 

(including the manipulated taxa) (one way ANOVA, F(3, 60) = 53.709, p < 0.001, Fig. 5.6A) 

significantly differed between the four density combinations, but species evenness did 

not (χ2 (3) = 7.234, p = 0.065, Fig 5.6D). The taxonomic richness (Mann-Whitney U test, 

p = 0.006, Fig 5.6B) and H’ (Mann-Whitney U test, p = 0.008, Fig. 5.6C) were higher in 

the low Ms: high Pe density combinations compared to the low Ms: low Pe. The high 

whelk density combinations (low Ms: high Pe and high Ms: high Pe) had 80% higher 

mean biomass compared to the low whelk density combinations (post-hoc Tukey’s test, 

p < 0.001, Fig. 5.6A) due to the large biomass of this species. When the manipulated taxa 

were excluded, the mean biomass of the remaining macrofauna still significantly 

differed between the four density combinations (one way ANOVA, F(3, 60) = 4.297, p = 

0.008), but only the mean biomass of the low Ms: high Pe combination was significantly 

higher than that observed in both low densities of M. setosus and P. ebeninus (post hoc 

Tukey test, p = 0.025, Fig 5.6A). The biomass, excluding P. ebeninus, was dominated by 

Hiatula alba, the decapod Trypaea australiensis and polychaetes Lumbrineris tetraura, 

Notomastus torquatus (Fig. 5.7) which individually contributed >10% towards the 

SIMPER dissimilarity between low Ms: high Pe and Low Ms: Low Pe density 

combinations.  
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Fig 5.6. (A) Mean (± SE) of total biomass in each density combination with manipulated taxa (Ms 

= M. setosus, Pe = P. ebeninus) included (light grey) and excluded (dark grey). (B) Mean (± SE) 

macrofaunal species richness, (C) Shannon Weiner diversity, and (D) Pielou’s evenness, (E) trait 

richness, (F) trait Shannon Weiner diversity and (G) trait Pielou’s evenness between the four 

experimental density combinations used in the mudflats at McCoy’s Creek, Pimpama River, 

Queensland.  
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The taxonomic composition of the macrobenthic community (including the manipulated 

taxa) significantly differed between density combinations (two way ANOSIM, global R = 

0.206, p = 0.004, Fig. 5.8A). Pairwise ANOSIM showed it differed between the low Ms: 

high Pe and the low Ms: low Pe (R = 0.225, p = 0.001) and high Ms: low Pe cages (R = 

0.35, p = 0.004, Fig 5.8A). After excluding the manipulated taxa the taxonomic 

composition of the remaining biological assemblage of 48 taxa, did not significantly 

differ between any of the density combinations (ANOSIM, global R = 0.064, p = 0.146, 

Fig 5.8B). The mean biomass of the bivalve Mactra maculata (F(3, 60) = 3.454, p = 0.022) 

and decapod Chaenostoma punctulatum (F(3, 60) = 2.888, p = 0.043) significantly differed 

between the four density combinations. The mean biomass of M. maculata was 

significantly higher (53% higher) in low Ms: high Pe cages compared to low Ms: low Pe 

cages (post hoc Tukey test, p = 0.042) and C. punctulatum had 72% higher biomass in 

high Ms: low Pe cages compared to low Ms: low Pe cages (post hoc Tukey test, P = 0.026). 

Hiatula alba mean biomass in the low Ms: high Pe density combination was significantly 

higher compared to the Low Ms: low Pe density combinations (Z = -3.042, p = 0.002).  
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Fig. 5.7. The mean (± SE) biomass (dry weight) of the seven species that contributed >5% to the 

SIMPER dissimilarity between the four density combinations after excluding the manipulated 

species (M. setosus and P. ebeninus) from the mudflats at McCoy’s Creek, Pimpama River, 

Queensland. *indicates species that differed significantly between two density combinations. H. 

alba = Hiatula alba, A. australiensis = Aglaophamus australiensis, B. lepte = Barantolla lepte, N. 

torquatus = Notomastus torquatus, O. australis = Owenia australis, M. maculata = Mactra 

maculata, C. punctulatum = Chaenostoma punctulatum. 

 

  

Fig 5.8. nMDS ordination plot of the Bray-Curtis similarity of the macrobenthic assemblages in 

the four Crab (M. setosus) and whelk (P. ebeninus) density combinations. (A) Species 

composition for experiment 1 and 2 combined. (B) Species composition of experiment 1 and 2 

combined (manipulated taxa excluded).  
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None of the measured physico-chemical parameters significantly differed between the 

four density combinations (One way ANOVA, p > 0.05; Fig. 5.9). Although no significant 

difference was observed, the cages with higher whelk biomass had high RDL depth, 

organic matter content and phosphate concentration (Fig. 5.9) suggesting that the high 

whelk biomass may induced changes to mudflat functioning. 

 

 

Fig. 5.9. Mean (± SE) sediment physico-chemical parameters from the four density combinations 

(Ms = M. setosus and Pe = P. ebeninus). (A) RDL depth, (B) chlorophyll a concentration, (C) mean 

organic matter content, (D) NOx concentration, (E) NH4
+ concentration, and (F) PO4

3- 

concentration.  
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The relationship between species richness and Shannon Weiner with organic matter 

content when both experiments combined (proxy for C cycling, Fig 5.10E & F 

respectively) and PO43- concentration (experiment 2, Fig 5.10K and L respectively) (proxy 

for nutrient cycling) followed the redundancy model. A clear separation (stepwise) of 

PO43- concentration in experiment 1 and 2 was indicated in (Fig 5.10K and L) suggesting 

a rivet BEF model. Therefore, the relationship between the species diversity and PO43- 

concentration was tested separately and a redundant model was apparent only in 

experiment 2. The organic matter content was inversed to correspond with the standard 

BEF model.  Linear regression showed that organic matter content and PO43- 

concentration were correlated with both species richness (organic matter: R2 = 0.310, F 

= 26.110, p < 0.001, Fig 5.10E; PO43- concentration: R2 = 0.177, F = 6.008, p = 0.021, Fig 

5.10K) and Shannon Weiner diversity (organic matter: R2 = 0.248, F = 19.102, p < 0.001, 

Fig 5.10F; PO43- concentration: R2 = 0.213, F = 7.586, p = 0.010, Fig 5.10L). The RDL depth, 

NOx, NH4+ (proxies for sediment oxygenation and nutrient cycling functions respectively) 

also followed the redundancy model and were weakly correlated with species richness 

(Fig 5.10C, G and I respectively) and Shannon Weiner diversity (Fig 5.10D, H and J 

respectively). Benthic chlorophyll a was not significantly correlated with species richness 

(Fig. 5.10A) and Shannon Weiner diversity (Fig. 5.10B). 
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Fig. 5.10. The relationships between taxonomic richness and the six measured proxies for 
ecosystem functioning. (A) Benthic chlorophyll a, (C) RDL depth, (E) Organic matter percentage, 
(G) NOx concentration, (I) NH4

+ concentration, and (K) PO4
3- concentration. The relationship 

between Shannon Weiner diversity and measured environmental parameters (B) Benthic 
chlorophyll a, (D) RDL depth, (F) organic matter content, (H) NOx, (J) NH4

+ and (L) PO4
3- 

concentrations. These are used as proxies for primary production, sediment oxygenation, 
carbon cycling, and nutrient cycling, respectively. The results of linear regression between each 
proxy and species richness are shown; there was no BEF relationship (p > 0.05) between species 
richness and Shannon Weiner diversity and benthic chlorophyll a, or PO4

3- concentrations 
(experiment 1). 
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5.4.3 Influence of manipulated taxa on the biological traits expressed by the biological 

assemblage 

Trait richness (Kruskal Wallis test, χ2 (3) = 6.485, p = 0.090, Fig 5.6E) and trait Shannon 

Weiner diversity (χ2 (3) = 3.189, p = 0.363, Fig 5.6F) did not significantly differ between 

the four density combinations, but trait evenness (χ2 (3) = 10.21, p = 0.017, Fig 5.6G) 

differed significantly between the density combinations. The trait evenness was 

significantly higher in assemblage observed in the low Ms: low Pe density combination 

compared to the trait evenness in low Ms: high Pe density combinations (Mann Whitney 

U test, Z = -2.995, p = 0.003, Fig 5.6G). Biological trait composition (including the two 

manipulated taxa) significantly differed between the four density combinations 

(ANOSIM, global R = 0.128, p = 0.007, Fig 5.11A) and pairwise ANOSIM showed that only 

the trait composition of the low Ms: low Pe assemblage differed from the other three 

combinations (p < 0.05; Fig. 5.11A). Seven trait modalities contributed >5% to the 

dissimilarity between low Ms: low Pe and the other assemblages and they were 

planktotrophic larval development, 1-2 year lifespans, predator avoiders, taxa with 

restricted movement, surface modifying bioturbation, burrow dwellers and those that 

burrow to >5 cm depth. Compared with the low Ms: High Pe and high Ms: high Pe 

assemblages the low Ms: low Pe assemblage had less taxa with the 7 trait modalities 

listed above (Fig. 5.12).   

When the manipulated taxa were excluded, the trait composition did not significantly 

differ between any of the density combinations (ANOSIM, global R = -0.011, p > 0.05, 

Fig. 5.11B). However, the trait composition of the density combinations that carried high 

density of P. ebeninus have concentrated together in the left corner of the trait space 

suggesting that by increasing the biomass of P. ebeninus the traits of the remaining 

community have begun to show a shift. In the remaining community, the mean biomass 

of burrow dwellers, avoidance from predators and life span (1-2 years) was significantly 

higher in low Ms: high Pe cages compared to low whelk density cages low Ms: low Pe 

and high Ms: low Pe (post hoc Tukey test, p < 0.05, Fig 5.12). In cages where whelks were 

added the biomass of bivalve Hiatula alba and the polychaetes Barantolla lepte, 

Aglaophamus australiensis and Notomastus torquatus was high (Fig 5.7) as they lives in 

deep burrows, avoidance from predators, have shorter life span and also goes through 

a planktotrophic larval stage. 
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Fig 5.11. nMDS ordinations of the Bray-Curtis similarity of the macrofaunal trait composition of 

the four density combinations used in experimental mesocosms in McCoy’s Creek mudflat, SE 

Queensland. (A) The trait composition of the macrofaunal assemblage including the 

manipulated crab M. setosus and whelk P. ebeninus; and, (B) the assemblage excluding 

manipulated taxa.  

 

Fig. 5.12. The mean (± SE) trait biomass of traits (excluding manipulated taxa) that contributed 

more than 5% to the SIMPER dissimilarity between the four density combinations. *indicates 

the significant differences of the trait biomass between the low P. ebeninus density combination 

cages and high P. ebeninus density combination cages. C2 = avoidance trait 

(burrows/tubes/immobilisation), D2 = burrow dweller, E2 = 1-2 year lifespan, F2 = 

planktotrophic larval development, H4 = >5 cm sediment dwelling depth, I2 = limited movement 

and J2 = surface modifier. 
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The following measured environmental parameters (proxies for functioning) correlated 

with each other: Organic matter content correlated with benthic chlorophyll a (r = 0.366, 

p = 0.004), RPD depth (r = -0.409, p = 0.001), NOx (r = -0.474, p < 0.001) and PO43- 

concentrations (r = 0.623, p < 0.001). NOx concentration (r = -0.416, p = 0.001) and the 

RDL depth (r = -0.315, p = 0.014) correlated with PO43- concentrations. 

The relationship between trait diversity (richness and Shannon Weiner) with organic 

matter percentage (proxy for carbon cycling) and RDL depth (proxy for sediment 

oxygenation) followed the BEF redundancy model.  This suggests that the loss of 

macrofaunal assemblage trait richness and diversity would not affect sediment 

oxygenation and carbon cycling as there are several trait modalities that mediate similar 

function. The organic matter (%) was inverse transferred to obtain a positive linear 

relationship to correspond with the typical BEF model. Organic matter (%) and RDL 

depth showed the strongest significant correlation with both species richness (organic 

matter: R2 = 0.257, p < 0.001, Fig 5.13E, RDL depth: R2 = 0.220, p < 0.001, Fig 5.13C) and 

Shannon Weiner diversity (organic matter: R2 = 0.174, p < 0.001, Fig 5.13F, RDL depth: 

R2 = 0.220, p < 0.001, Fig 5.13D). The other ecosystem proxies (NOx, NH4+) also followed 

the redundancy model and they showed weak but significant correlations with trait 

richness (Fig 5.13G) and trait Shannon Weiner diversity (Fig 5.13H and J). Benthic 

chlorophyll a and PO43- showed no significant relationship with species richness and 

diversity.  
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Fig. 5.13. The relationship between trait richness and the measured six proxies for ecosystem 
functioning. (A) Benthic chlorophyll a, (C) RDL depth, (E) organic matter percentage, (G) NOx, (I) 
NH4

+ and (K) PO4
3- concentrations. The relationship between trait Shannon Weiner diversity and 

the environmental parameters (B) benthic chlorophyll a, (D) RDL depth, (F) Organic matter 
percentage, (H) NOx concentration, (J) NH4

+ concentration, and (L) PO4
3- concentration. Benthic 

chlorophyll a is a proxy for primary production, RDL depth is a proxy for sediment oxygenation, 
organic matter percentage is a proxy for carbon cycling, NOx, NH4

+ and PO4
3- concentration are 

proxies for nutrient cycling. There was no BEF relationship observed between species diversity 
(species richness and Shannon Weiner) and benthic chlorophyll a, PO4

3- concentrations, and also 
between trait richness and NH4

+ concentration. 



 
 

182 
 

5.5 Discussion 

Intertidal mudflats provide vital ecosystem functions that underpin ecosystem services 

including providing food and coastal defences. Improved understanding of the dynamics 

within macrofaunal assemblages and their functioning could help to anticipate how 

ecological functioning might change in the future under anthropogenic pressures. Due 

to the challenges of directly measuring functioning (Bolam et al. 2002, Gammal et al. 

2017), the potential contribution of biological traits to functioning is often used to 

anticipate changes in ecological functioning and ecosystem service delivery (Törnroos & 

Bonsdorff 2012, Beauchard et al. 2017). It is therefore important that these estimates 

are verified by direct measurements of ecosystem functioning. In the present study the 

densities of a large (~ 5 cm length) surface modifying grazing whelk Pyrazus ebeninus; 

and, a moderate sized (2-3 cm carapace) deposit feeding burrowing crab 

Macrophthalmus setosus were manipulated to determine the effects on the functioning 

of subtropical mudflats. By changing the densities of the whelk, but not the crab (after 

excluding the crab and the whelk), we observed a shift in the taxonomic and biological 

trait composition of the resident macrobenthic community. The different crab and 

whelk density combinations did not significantly impact ecological functioning based on 

the proxies measured in this study (sediment chlorophyll a, RDL depth, organic matter 

content and nutrient concentrations), suggesting the trait changes were not sufficient 

to cause a change in functioning. 

In the present study artificial increases in the density of P. ebeninus, showed a 

corresponding increase in the species richness and Shannon Weiner diversity of the 

macrobenthic community after 2 weeks, and the density manipulations altered the 

taxonomic composition of the macrobenthic community (including the manipulated 

taxa). An in situ study on mud flats near Botany Bay, Sydney (Bishop et al. 2007) 

increased the densities of P. ebeninus to 4 or 44 individuals m-2 over 2 months, and found 

that the species richness and total abundance and of the resident macrofaunal 

assemblage was approximately halved. Although the reasons for these changes were 

unclear reductions in microphytobenthos of ~20% suggested that competition for 

resources may have been important (Bishop et al. 2007). In contrast, in the present 

study after 14 days with whelk densities of 32–112 m-2 the community had 20-40% 

higher species richness, Shannon Weiner diversity and total macrofaunal biomass 
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(excluding the whelks themselves). Four species, gastropods Bulla vernicosa, Phasianella 

solida and Nassarius coronatus, and bivalve Paratapes undulatus was additionally found 

in high whelk/crab density combinations compared to low whelk/crab density 

combinations. Increased mudwhelk density, increases the sediment mixing of the top 

few millimetres stimulating the growth of sediment microphytoplanktons. This reduces 

the competition for food among the epifaunal grazers Bulla vernicosa, Phasianella solida 

whilst Nassarius coronatus scavenge on other small macrofauna. This may explain of 

having more species, diversity and biomass in high mudwhelk density combinations. 

However, the availability of resources such as organic matter and benthic chlorophyll a 

does not explain the increase of above diversity indices because the abiotic measures 

have remained unchanged between the high and low whelk density combinations. 

Although the manipulations were successful in causing a shift in the biological trait 

composition of the macrobenthic community at high whelk densities (of up to 32-112 

m-2; when the whelk contribution was included), increasing the whelk and crab densities 

in situ did not produce a change in the trait richness, diversity or composition of the 

resident assemblage (excluding the manipulated taxa). In the treatments with increased 

whelk density (after excluding the manipulated taxa) the remaining community 

contained more burrowers, taxa that avoid predators and 1-2 year life spans. These trait 

changes are attributable to changes in the biomasses of five taxa: the bivalve Hiatula 

alba and the polychaetes Barantolla lepte, Aglaophamus australiensis, decapod Trypaea 

australiensis and Notomastus torquatus each contributed >10 to the dissimilarity and all 

except Notomastus torquatus had higher biomass at high whelk densities. These taxa 

differences were the same when the analysis was completed with P. ebeninus included. 

All of these taxa were burrowers and sub-surface deposit feeders (Macdonald et al. 

2010, Queirós et al. 2013) except H. alba which is a suspension feeder. The food supply 

is often limiting for deposit feeders (Thrush et al. 2006) in mudflats, and the non-

selective deposit feeding behaviour of the mudwhelk may have limited the resources 

available for other taxa (Levinton & Stewart 1982). Therefore, increased competition for 

the food may have caused a shift towards taxa with traits for alternative feeding 

modes/feeding at greater sediment depth e.g. niche partitioning (Karlson et al. 2010). 

Higher proportions of short lived taxa that contribute more to carbon cycling, in the long 
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term. P. ebeninus in contrast is less susceptible to predation due to its thickened shell 

and so will contribute less to carbon cycling  

The McCoy’s creek mudflats had benthic chlorophyll a concentrations between 11 and 

13 mg m-2 in the top 2 mm of sediment, this is comparable with those found in other 

muddy sand areas of Moreton Bay (8 and 10 mg m-2 across northern and southern 

Moreton Bay; (Grinham et al. 2007)). Organic matter content was negatively correlated 

with RDL depth, because sediment mixing by macrofauna stimulates sediment 

oxygenation, organic matter decomposition and the depth of the RDL (Gammal et al. 

2017). Increased biomasses of taxa with deep burrowing traits would in principle 

increase the sediment oxygenation (as indicated by RDL depth), however this was not 

observed despite there being more taxa with traits for burrowing to >5 cm depth in the 

high whelk density combinations. The RDL depth varied considerably from 0.5–5.3 cm 

between and within cages. The high variability in some of the measured proxies in the 

McCoy’s Creek mudflat, e.g. RDL depth, may render them unreliable for quantify 

functioning e.g. in this case sediment oxygenation in the field.  

Increasing the densities of the common sentinel crab M. setosus did not affect the 

taxonomic or trait composition of the macrofaunal assemblage. Crab numbers were 

highly variable at small spatial scales within McCoys Creek (i.e. within the ~3.8 m2 of 

sediment sampled across experiments). During its short 1-2 year life span M. setosus 

constructs permanent dwelling burrows up to 5 cm depth which it inhabits until the 

burrow collapses (Barnes 2010, Otani et al. 2010). Whilst constructing its burrow it 

transports sediment from depth to the surface and so regenerates the sediments 

(Chapter 2). Previous studies have emphasized the importance of burrowing crabs and 

in particular deposit feeding crabs in mudflat ecological functioning (McCraith et al. 

2003, Wang et al. 2010). For example, the soldier crab Mictyris longicarpus which is 

abundant (159-253 m-2) in muddy-sand in the subtropics is a biodiffusor (Chapter 2), 

that makes temporary burrows every day and intensively grazes organic detritus and 

microbes causing large reductions (77-99%) in benthic chlorophyll a and organic carbon, 

and increases N2 efflux but not NH4+ and NOx (Webb & Eyre 2004). At similar densities, 

up to 252 m-2 the subtropical mud crab Austrohelice crassa also reduces the standing 

stock of microphytobenthos through its deposit feeding. However, after 22 days A. 

crassa also stimulated benthic chlorophyll a production by doubling NH4+ efflux through 
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its construction and maintenance of permanent burrows on muddy-sandy shores 

(Needham et al. 2011). The existence of permanent long-term burrows (i.e. those lasting 

for 6 weeks as opposed to 2 weeks) is crucial for the establishment of the microbial 

communities that drive nutrient effluxes (Marinelli et al. 2002). However, in the present 

study, artificially elevated densities of between 48-144 M. setosus m-2, which exhibit 

similar burrowing behaviour to A. crassa, did not produce a change in benthic 

chlorophyll a or nutrient content (NOx, NH4+, PO43-) after 14 days. Changes in fluxes may 

have occurred but not been apparent in our measurements of sediment NOx, NH4+ and 

PO43- concentrations at the end of the experiment due to nutrients being transferred 

into the overlying water column and removed during tidal flushing (Su et al. 2004). 

Alternatively, primary productivity (and nutrient utilisation) may have kept pace with 

the rate of depletion (through grazing/deposit feeding). The results of experiments with 

A. crassa suggest that at these M. setosus densities changes in nutrient and chlorophyll 

a content might be expected after 22 days. However, differences in sediment properties 

(i.e. grain size) can impact burrow stability and crab burrowing behaviour so the effects 

of burrowing on nutrient cycling may differ between sites (Needham et al. 2011).  

 

5.5.1 Biodiversity Ecosystem Functioning relationships at McCoy’s Creek 

Many prior studies of biodiversity-ecosystem functioning relationships have explored 

the links between species richness and functioning in terrestrial ecosystems (Loreau et 

al. 2001, Hooper et al. 2005), and to a more limited extent in marine systems. The 

relationships between functional diversity, viewed as the number of functional groups 

(i.e. akin to the biological traits used herein) and functioning of the macrofaunal 

assemblage have also been investigated (Baldrighi et al. 2017). Exploration of the 

relationship between the trophic diversity, e.g. the richness of deposit feeders and 

predators, in deep sea macrofauna showed an exponential relationship between 

benthic biomass and the richness of deposit feeders (Baldrighi et al. (2017)), whereas 

predator richness did not. Generally, BEF relationships have been found to differ 

between marine habitat types (Srivastava & Vellend 2005, Schmid et al. 2009). The 

effects of different bioturbators on nutrient cycling (NH4+ efflux) varies depending on 

which other taxa are present (Bulling et al. 2010). When combined with Corophium 
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volutator and Hydrobia ulvae, Hediste diversicolor burrow depth shallowed compared 

to when it occurred alone and this reduced the NH4+ efflux.  

A range of hypotheses that have been proposed to predict the relationship between 

biodiversity and ecosystem functioning (BEF) and these form the basis for the prediction 

of the effects of species loss on ecosystem functioning (Ehrlich & Walker 1998, Giller & 

O'Donovan 2002, Naeem et al. 2002). In additional to the several hypothesis 

relationships and underpinning mechanisms there is the additional possibility, the Null 

Model, of their being no relationship between measured diversity attributes and the 

delivery of ecosystem functioning. (Giller & O'Donovan 2002). The theoritical basis of 

the ‘redundancy’ family (there are several variants) of  BEF models is an initially 

trajectory of increasing function delivery with increasing diversity before reaching a 

plateau at high species/trait richness such that the further addition or removal of 

species/traits does not change functioning (Tilman et al. 1997, Loreau 1998, Loreau et 

al. 2002, Cardinale et al. 2004). In the present study linear increases have been observed 

between (i) taxonomic diversity and proxies for carbon cycling and nutrient cycling (PO43-

), and (ii) trait diversity with carbon cycling and sediment oxygenation. This suggests that 

in these subtropical mudflats the existence of a redundancy type BEF relationship with 

an initial linear phase. However, an asymptote was not apparent in the results (Fig. 

5.10B, L; Fig. 5.13D, F). It is known that in tropical systems the asymptote is reached at 

a higher species richness compared to the temperate systems (Clarke et al. 2017), 

therefore suggesting that the observed subtropical mudflat assemblages require more 

species to obtain saturation and full redundancy. The absence of a difference in 

sediment oxygenation, carbon cycling and nutrient cycling (RDL depth, OM content and 

PO43-, respectively) between density treatments is consistent with this interpretation. 

There were no relationships between benthic primary production and either taxa or trait 

diversity; between nutrient cycling (NOx, NH4+ and PO43-) and trait diversity and only 

weak relationships between sediment oxygenation and nutrient cycling with taxonomic 

diversity. These lack of patterns fits what is often termed the Null Model of Biodiversity 

– Ecosystem functioning. This postulates that there is no unifying relationship between 

the level of biodiversity and the delivery of functioning but rather it is the individual taxa 

present and their ecological activities that combine to deliver the observed functioning. 
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The contribution species make to functioning varies with body size both within: larger, 

and usually older, members of a species often contributing more to ecosystem 

functioning than those that are smaller (Thrush et al. 2006, Norkko et al. 2013). The 

manipulated taxa had not all reached their maximum body size, e.g. crabs were between 

0.8 and 3.5 cm width but have a maximum size of 4 cm, and whelks were 5-6 cm but can 

attain 11 cm length (Murphy 2015), and so their contribution to ecological functioning 

may not yet have reached their maximum potential. For example, they may contribute 

less to sediment mixing compared to a fully grown adult (Norkko et al. 2013). Our results 

were obtained in the winter and might be expected to be higher in the summer at higher 

temperatures as shown by Bulling et al. (2010), but also because other resident 

macrofauna (aside from M. setosus and P. ebeninus) were small at the time of sampling 

may have become more functionally important as they grew larger. For instance, the 

bivalve Hiatula alba was <1 cm in length in June but can attain up to 5 cm shell length 

(King et al. 2004). Due to logistic reasons it was unable to repeat the experiments in 

other seasons, however, this experiment can be further developed to repeat the 

experiments in all four seasons, for better comparison of functional differences between 

the seasons.  

Almost 70% of studies of BEF (n = 122) have been conducted in laboratory mesocosms 

and last for on average 90 days (Crowe et al. 2012). Experimental studies have 

manipulated the densities of macrofaunal taxa that are suspected to be functionally 

important based on their biological traits with the expectation that changes in such taxa 

will stimulate changes in ecological functioning (Duffy et al. 2003, Thrush et al. 2006, 

Cardinale et al. 2011, Norkko et al. 2013, Gammal et al. 2017). For instance, increasing 

the density of the bivalve Scrobicularia plana in experimental cages on temperate UK 

mudflats decreased the density of the burrowing crustacean Corophium volutator (Clare 

et al. 2016). By continuously disturbing the surface sediments during feeding/excretion 

S. plana reduced the ability of C. volutator to maintain its burrows and corresponded 

with a decrease in the RDL depth. Therefore, reductions in the densities of the key 

bioturbator S. plana altered benthic functioning.  

Marine ecologists have used experimental cages to retain animal communities or to 

exclude the addition of new animals and/or their removal through predation to 

manipulate the movement, growth and survival of organisms (Peterson & Black 1994). 
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However, cages can often produce artefacts that may influence the outcome of the 

experiment (Raffaelli & Moller 1999, Miller & Gaylord 2007), e.g. the longer you run the 

experiment the more you introduce artefacts producing confounding results. The 

present study adopted a short period – high treatment strategy (Hall et al. 1990) running 

the experiment for two weeks and increasing the densities of manipulated taxa by upto 

4 times the natural density. Due to the short duration of the caged experiment, the 

installation of metal cages did not show any influence on the physical environment 

(particle size, benthic chlorophyll a and sediment nutrient concentrations) within the 

centre of the cage and non-cage control mesocosms. Although many experimental 

manipulations use longer time periods (Duffy et al. 2001, 2003, Crowe et al. 2012) to 

provoke changes in functioning, we show that in just two weeks changes have begun to 

occur in both the macrofaunal community and their traits. Increasing the density of P. 

ebeninus had begun to impact the taxa and trait composition of the resident 

macrofaunal community and if the experiment was conducted for longer presumably 

this pattern would become stronger (e.g. Needham et al. 2011, Norkko et al. 2013, Clare 

et al. 2016). 

 

5.6 Conclusions 

The manipulation of biological traits in experimental studies is an important tool for 

understanding changes in ecological functioning under anthropogenic pressure, and 

exploring the relationships between biodiversity and functioning. In this study we 

showed that increasing the densities of the grazer P. ebeninus (of up to 32-112 whelks 

m-2) and the deposit feeder Macrophthalmus setosus (up to 48-144 crabs m-2) caused a 

shift in the taxonomic and trait composition of the macrofaunal assemblage. However, 

when excluding the manipulated taxa (from the BTA) the remaining macrofaunal 

community did not exhibit a significant change in either taxonomic or trait composition 

therefore any changes in functioning were compensated for by the traits of the 

remaining macrofaunal assemblage, suggesting that there is functional redundancy in 

the McCoy’s Creek mudflat. The high spatial variability of the measured environmental 

parameters and the natural densities of the crab M. setosus may have obscured subtle 

changes driven by the species manipulations. Biodiversity (taxa and traits) exhibited a 



 
 

189 
 

positive linear relationship with ecosystem functioning for sediment oxygenation, 

carbon cycling and bioavailable PO43- and so corresponded to the typical redundancy 

BEF models observed in terrestrial and marine biotic assemblages. However, in nature 

these biodiversity ecosystem functioning relationships are more complex (e.g. species 

specific interactions, species interactions with the environment) and for individual 

species these relationships may differ. Small scale field based long term experiments are 

important for future biodiversity and ecosystem approach as it helps to validate large 

scale trends e.g. regional and global of biodiversity and ecological functioning of 

mudflats. This study was an initial attempt to experimentally quantify the actual 

functioning of the subtropical mudflat and also used biological trait analysis that have 

both proven functional redundancy suggesting that the mudflats are resilient for 

perturbations to some extent. 
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Chapter 6: General Discussion 

As we enter the ‘Anthropocene’, this thesis has identified the importance of examining 

the biodiversity of the macrofaunal assemblages and ecological functioning of mudflats 

at both global and regional (within SE Queensland Australia) scale. The macrofauna that 

dwell in soft muddy (>10% silt & clay) sediments mediate a range of ecological functions 

(Snelgrove 1998). It is the range of biological attributes, or traits, of the diverse fauna 

that actually control the delivery of the functions (Bremner et al. 2003, Frid et al. 2008, 

Törnroos & Bonsdorff 2012) which in turn support ecosystem services that are essential 

for human well-being (MEA 2005).  

The first aim of this study was to assess the biodiversity of the sediment dwelling 

macrofaunal assemblages observed in subtropical mudflats in relation to global, regional 

and anthropogenic drivers. Research on mudflat macrofauna has been carried out since 

the early 1900s (Petersen 1913), however, the studies that quantitatively assessed 

mudflat macrofauna (Chapter 2) were predominantly from the past four decades only. 

Overall, subtropical mudflats were sampled less (32% of papers on mudflat macrofauna) 

compared with temperate mudflats (>52% of the total mudflat macrofauna), but the 

proportion of the subtropical mudflat papers found was greater than the effort 

dedicated to tropical mudflats globally. However, research on macrobenthos was biased 

towards the northern hemisphere (50% of the total mudflat papers are from Temperate 

N Atlantic region) and was particularly acute for sub-tropical systems, for which only 

13% of subtropical studies were from the southern hemisphere. The lack of macrofaunal 

abundance data at community level and the differences in field sampling protocols (e.g. 

the use of sieve mesh size >0.5 mm) further reduced the quantity of comparable data 

on subtropical mudflats for the global analyses. The new data generated from SE 

Queensland’s mudflats in Chapter 3 is of great value. Once the manuscript is submitted 

the species occurrence data along with sampled locations will be directed to the 

respective personnel that operates species occurrence databases (ALA 2018), that 

becomes a baseline for future studies and providing insight to the biodiversity of 

mudflats located in this urbanised and intensively used embayment. The effects of 

urbanization in SE Queensland, as indexed by sub-catchment land usage, was not 

reflected in the macrofaunal diversity of the mudflat assemblages. However, this study 
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identified up to 8 possible range shifts of tropical species towards more southerly 

(poleward) latitudes possibly as a result of increases in temperatures and other changes 

associated with global heating (Chapter 3).  

The second aim was to investigate the effects of differences in species and trait 

composition of mudflat macrofauna on ecological functioning at global and regional 

scales using SE Queensland as a case study. The range of human activities in the study 

allowed to examine the impacts of human activities on ecosystem functioning. The 

taxonomic composition of mudflat macrofauna significantly differed globally between 7 

biogeographic regions and 3 major climatic zones (Chapter 2) and it differed regionally 

between the northernmost and southernmost mudflats in SE Queensland in summer 

(Chapter 3). The differences observed between the northernmost and southernmost 

sites was driven by changes in occurrence of a few species. The northernmost mudflats 

macrofaunal assemblage contained 5 additional, tropical, species whilst four temperate 

species were only observed in the southernmost 6 mudflat macrofaunal assemblages.  

However, globally the trait composition was far less variable than the taxonomic 

composition suggesting some degree of redundancy in, or conservation of, ecological 

functioning. The trait composition did not significantly differ between the northernmost 

and southernmost sites of SE Queensland also suggesting conservation of functioning at 

regional level (Chapter 4).  

While the attempts made in this study to manipulate trait composition directly through 

field experiments (Chapter 5) were of only limited success, the experimental results and 

those in Chapters 2 and 4 allowed the third aim of identifying functional redundancy in 

mudflats. The results from this work (Chapter 2, 4, 5) align with much of the wider 

marine literature which shows conservation of functioning in the face of local and large 

scale, short and long term, natural and anthropogenic drivers of environmental change 

(Caswell & Frid 2017, Caswell et al. 2018, Törnroos et al. 2018)  . These studies also 

demonstrate or allude to sudden, threshold type, declines in functioning with a degree 

of hysteresis in the system dynamics (Caswell & Frid 2013). Ecological hysteresis is 

known as the unpredictable backward and forward switch between alternative states of 

ecosystems occurring at different critical conditions (Scheffer et al. 2001). For example, 

phase shifting of coral dominated to macroalgal dominated ecosystem reduce the 

ecological, economical social and cultural benefits of the reefs (Cheal et al. 2010). 
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Similarly the selective harvesting of large predator fish in marine systems have caused 

drastic shifts of the abundant prey populations e.g. intensive exploitation of North sea 

cod (predator on herrings) have increased herrings populations that have led to the 

suppression of cod recruitment because herrings predate on cod’s eggs and larvae 

suggesting that predator prey reversal can cause ecological hysteresis in the North Sea 

(Fauchald 2010). These observations may have global relevance and contain important 

for helping to understand ecological functioning and lessons for regulators, 

environmental managers and the policy-makers. 

The assemblages inhabiting today’s marine ecosystems have a long history which has 

allowed ample time for speciation events and co-evolution that have promoted 

biodiversity by narrowing ecological niches (Dayton & Hessler 1972). Coastal areas 

support high biodiversity because they comprise a diversity of habitats, e.g. sedimentary 

habitats, rocky shores, reef habitat and sea grass beds (Gray & Elliott 2009). However, 

the challenges of sampling vast areas of marine habitats have resulted in the biodiversity 

of marine ecosystems being less well-described than in terrestrial or freshwater 

habitats. The decade long (2000 – 2010) Census of Marine Life international initiative 

sought to redress this (Costello et al. 2010) and ultimately recognized that most of the 

currently known species belong to the larger and more recognisable Mollusca, Crustacea 

and Pisces. While only covering 24 sites in a small region of Australia (Chapter 3), this 

study has contributed to plugging the global knowledge gap of southern hemisphere 

subtropical benthic communities by making assemblage compositional data available 

that were derived using widely accepted standard protocols (Przeslawski et al. 2018).   

Pollution and overfishing are the main anthropogenic drivers of biodiversity loss (FAO 

2016, Inniss et al. 2016) that was followed by species introductions, climate change 

impacts such as increase in temperature, ocean acidification and deoxygenation (UN 

General Assembly 2015). However, the effects of these pressures differ between the 

regions and therefore the response of macrofaunal assemblages to such pressures can 

also vary at spatial scale (Costello et al. 2010). Observing differences in macrofaunal 

species composition across spatial gradients e.g. regional and global in chapter 2 and 3 

will help to decipher how invasive species or species that range shift change ecological 

functioning and the resilience of the ecosystem to functional changes (Ling 2008). For 

example, increasing sea temperatures have changed the composition of the marine 
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fisheries catch with high dominance of warm water fishes in higher latitudes while the 

catch continue to decrease in the tropical latitudes (Cheung et al. 2013) affecting the 

economic activity of the coastal fishing communities of the tropical countries (most are 

developing countries). Therefore, detecting changes in species composition (e.g. fish 

stocks) become important for policy planers to implement adaptation plans to minimize 

the economic impacts and food security of the coastal communities found in the tropics. 

Recent rapid declines in global biodiversity has prompted an increased consideration of 

the consequences for ecosystem functioning and services (Naeem et al. 1994, MEA 

2005, Crowe & Frid 2015). Coastal areas comprise only 10% of the Earth’s surface area 

but provide 30% of marine production and contribute 90% of global marine fisheries 

(MEA 2005). The intertidal flats account for 80% of the marine organic matter burial to 

deeper depths (carbon sequestration) and 90% of the marine nutrient cycling and 

carbon mineralisation, and retaining 90% of the land borne sediment carried by rivers 

(Inniss et al. 2016). Hypothesised links between biodiversity and ecological functioning 

(BEF) have been examined for terrestrial, (Hector & Hooper 2002) freshwater and 

marine ecosystems (Duffy et al. 2001, O'Connor & Crowe 2005, Worm et al. 2006, 

Gamfeldt et al. 2015, Strong et al. 2015). To date most studies have used species 

richness as the index of biodiversity (Loreau et al. 2002) to explain ecological 

functioning, for example, the commonest relationship examined has been between 

biodiversity (species richness) and primary productivity (Tilman et al. 2001). However, it 

has been shown that functional groups (e.g. feeding guild, sediment reworking mode) 

can provide a stronger predictor of functioning than species richness (Tilman et al. 2001, 

Petchey & Gaston 2002). In this thesis I used the species composition (richness and 

Shannon Weiner diversity) and traits derived from the species composition (richness and 

Shannon Weiner diversity) to predict the ecological functioning of subtropical mudflats.   

As noted in Chapter 2, most mudflat ecological studies have been conducted in 

temperate regions. As such, most testing of biodiversity and ecosystem functioning 

models is via laboratory and field experiments that are derived from temperate systems 

e.g. intertidal and subtidal mostly (Solan et al. 2012). This has led some authors (Clarke 

et al. 2017) to question whether these BEF relationships are applicable to ecosystems 

found in other species rich climatic zones. The great species richness in the tropics might 

suggest different species assembly rules i.e. more specialists with narrower ecological 
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niches. In the tropics, the asymptote in the biodiversity-ecological functioning 

relationship will be much higher level than in temperate ecosystems (Clarke et al. 2017). 

However, it is not clear how the shape of the relationship would change under such 

circumstances (e.g. BEF relationships observed for species rich tropical rain forest and a 

tropical intertidal mudflat with less species richness may indicate different shape of the 

BEF relationship). Therefore, repetitive experiments are needed for better validation of 

BEF relationship patterns. Increasing species richness towards the tropics was apparent 

for some biotic assemblages’ e.g. subtidal epifaunal macrofauna, however, the infaunal 

macrofaunal species richness was similar between the tropical, temperate and 

subtropics (Thorson 1957). Similarly, the Michaelis-Menton projected macrofaunal 

species richness of tropics showed higher species richness compared to temperate and 

subtropical species richness (Chapter2, Dissanayake et al. 2018) corresponds with the 

possibility of obtaining a saturation in functioning at a higher species richness (Clarke et 

al. 2017). Lack of community level macrofaunal species information in the subtropics 

have limited our knowledge to understand the expected BEF relationships.  

In chapter 5, a clear relationship between biodiversity and the delivery of ecosystem 

functions was not apparent for either species or trait diversity (indexed by richness and 

Shannon Weiner diversity). This is consistent with many other field studies that have 

failed to find the clear relationships suggested by the theoretical studies and 

demonstrated in the classic grassland trials (Tilman et al. 1997, Naeem et al. 1999, 

Tilman et al. 2001). This suggests that BEF relationships are complex in the real world 

and are variable depending on the nature of the ecosystem, geographic location, the 

type of function being considered and the index of biodiversity use (richness or 

functional diversity or species composition) (Strong et al. 2015). The type of BEF model 

depends on the number of species that mediate specific functions such as the provision 

of biogenic habitat. Species like oysters build reefs, some polychaetes build tubes either 

as reefs or as dense surface features that alter sea bed dynamics. These species mediate 

biogenic habitat provision yet are, usually, only a very small proportion of the entire 

species compliment. Therefore, the loss of a species at random will probably not impact 

biogenic habitat provision, but the loss of one of those species can have a catastrophic 

effect on the provision of this function. Thus, the habitat provision function can be best 

explained by a rivet model. However, the majority of species in the macrofaunal 
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assemblages in subtropical mudflats exhibit traits that mediate functions such as carbon 

cycling, sediment turnover/oxygenation, nutrient cycling and food for predators. The 

sharing of these traits means that for these functions the assemblage tends to follow a 

redundancy model suggesting that the mudflats are resilient to the loss or substitution 

of taxa (Chapter 4 & 5).  

The findings of this thesis suggest that the level of urbanisation activities at present can 

be carried out in coastal sub-catchments because of the functional redundancy 

observed in subtropical mudflats. However, the resilience of mudflats in the delivery 

functions can vary on the effects of short term intense anthropogenic activities such as 

sewage effluent discharge, littering, intense bait digging (Thrush et al. 2006, Mosbahi et 

al. 2015, Mestdagh et al. 2018). With increasing conflict of interest emerging between 

facilitating economic development that benefit humans and conserving the natural 

ecosystems, it is important for conservationists and policy planers to know the species 

composition, function they mediate and the status of the conservation of functioning 

for effective decision making process in maintaining and recovery (if needed in the face 

of perturbations) of the mudflat functions. 

The range shifts of species is widely discussed in marine ecosystems (e.g. pelagic and 

benthic) as the rate of movement is higher in the marine ecosystems compared to the 

movements recorded in terrestrial ecosystems (Sorte et al. 2010, Hale et al. 2017, Pecl 

et al. 2017, Champion et al. 2018, Freeman et al. 2018). Some of the range shifting taxa 

have shown alterations to coastal ecosystems that they newly colonise that have led to 

changes in ecological functioning (Ling 2008). However, in this study the effect of the 

ecological role of the tropical macrofaunal range shifters on the potential functioning 

was determined using the trait compositional differences between the scenarios. It was 

shown that in the phase of intensifying impacts of climate change the domination of 

tropical taxa in subtropical mudflats (even after the elimination of all temperate species) 

would continue to deliver ecological functioning and so confirms with redundancy in the 

biological traits that mediate selected functions.  
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6.1 Limitations of the study and recommendations for future work 
All scientific studies are constrained, usually by resources such as time or equipment but 

in ecology the limitations to our knowledge of the taxonomy and biology/autecology (or 

‘natural history’) of the organisms we encounter. In Chapter 2 and Gray’s (1981) 

observations have showed that subtropical marine soft sediment systems are less 

studies and the tropics are the least studied. Although there have been studies 

conducted in the subtropical mudflats, the lack of complete macrofaunal community 

level described to species/genus datasets restrict our knowledge on the macrofaunal 

species observed in this region. Thus, making it more difficult to carry out ecological 

studies (e.g. spatial patterns) as the basic taxonomy and biology of the fauna that are 

under described. Another reason for lack of information on subtropical intertidal 

macrofauna can be due to the difficulty in the identification of subtropical marine 

boundaries because it is linked with ocean circulation e.g. the east Australian current is 

impacted by effects of climate change (Cetina-Heredia et al. 2014) and the southern limit 

of subtropical and temperate boundary keep shifting. For example acccording to the 

marine biogeographic classification of Spalding et al. (2007) the subtropical SE 

Queensland region is included as part of temperate Australasia. The physical 

geographers have demarcated the poleward subtropical limit to 35° or 40° latitude while 

the lower latitudinal limit is fixed by the tropical zone definition (Corlett 2013). The 

presence of a mixuture of tropical and temperate species pool in the subtropics suggest 

that subtropics as merely transition zone between tropical and temperate systems 

(Corlett 2013). Further, the climatic zones are defined as tropical, temperate and polar 

and so integrating the subtropical boundaries into the temperate zone (because of the 

poleward boundary is subjective) that reduces biodiversity information making 

subtropical zones appear less species rich.  

Macrofaunal studies have been conducted in mudflats to improve our scientific 

understanding of natural systems and for environmental health monitoring purposes. 

According to global maps of tidal flat area the majority occur in Asia (44% of total), North 

America (15.5%) and South America (11%) (Murray et al. 2019). Globally, mudflats are 

threatened by anthropogenic activities and between 1984 and 2016, a 16% loss of tidal 

flat area primarily occurred in East Asia, the Middle East and North America (Murray et 

al. 2019). Therefore, in some regions significant loss may occur before information on 
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their biodiversity and ecology can be acquired. The Australian coastline extends from 

temperate latitudes in the south up through the subtropics and in to the tropics in the 

north. Even with the data collected for this thesis and making it available via the Atlas 

of Living Australia data portal (ALA 2018), there still remains a paucity of information on 

subtropical mudflat macrofaunal assemblages found in Australia. It is hoped that this 

study will also encourage further work in these systems, building knowledge, and 

specifically, place the data in the public domain and to further supplement the traits 

data base, with the ultimate aim of developing an Australia wide species traits database.  

The taxonomy of the majority of soft sediment macrofauna was originally developed for 

the fauna of European countries e.g. Scandinavia, UK, Netherlands and much of the 

expertise on taxonomy is still found in these countries (and the US and Australia). 

Therefore, the macrobenthic species that are endemic to tropical and subtropical 

regions may not be recognised and accurately described by local scientists. These 

professionals are constrained by working with keys and documentation generated from 

the temperate fauna unless they can get help from a local trained expertise on 

taxonomy. Using information from taxonomic keys developed for European 

macrofaunal specimens may lead to the misidentification of species and classification of 

these taxa as ‘cosmopolitan’ (Hutchings & Kupriyanova 2018). This suggests that there 

could be more endemic species in subtropical (and topical) regions than detected in 

Chapter 2’s global review on mudflat macrofauna.  

There are those that argue that traditional taxonomy and natural history are no longer 

relevant in the 21st century (Pires & Marinoni 2010). With the development of new 

technologies, species identification has taken a different approach from the use of 

traditional taxonomic keys to the use of molecular approaches such as DNA finger-

printing, eDNA and the use of image analysis software to identify specimens from 

macrofaunal assemblages (Sinniger et al. 2016). Although a sequence of DNA would 

identify the species present within a habitat it provides no information on their 

biological traits and ecological role. By conducting field sampling, collecting specimens 

and autecology studies would provide ecologists and conservationists with more 

detailed information on their biology and ecology allowing the trait database(s) to be 

updated. The recent focus of research funding on molecular biology and automated 

environmental data acquisition has the potential to undermine understanding of the 
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biology of the organisms. Without knowledge on the ‘natural history’ of the organisms 

we encounter, we run the risk of losing the ability to understand both contemporary and 

future functioning of mudflats and other ecosystems. It requires a considerable effort 

to gather information of the traits that are already published but scattered throughout 

the literature, and generating information de novo for new taxa is even more resource 

intensive.  

The macrofauna of mudflats consists of a diverse assemblage and cataloguing the 

assemblage requires a thorough taxonomic knowledge (Hutchings & Kupriyanova 2018). 

The study has conducted sampling at 24 sites in two seasons that produced a total of 

240 box core samples. Processing of these required considerable time for enumeration 

and identification of the species and highlights the difficulties of benthic sampling and 

the gaps taxonomic knowledge. Extending the data set to include biological traits at 

species level is further constrained as the information is not available for all described 

species. In the BTA approach used in this study, when trait information is only available 

at higher taxonomic levels e.g. genus, or family this is incorporated into the trait coding 

using fuzzy coding. Of the 48 species observed in the subtropical mudflats of SE 

Queensland, 84% of the species had at least one trait where modalities were assigned 

based on information for either another, congeneric, species or using information from 

higher taxonomic levels. The use of trait information from higher taxon levels, or other, 

even closely related species, reduces the ability of the approach to detect changes in 

trait compositional differences. This leads to more apparent similarities (conservation) 

in functioning between ecosystems. Enabling access to biological trait databases and 

updating trait information or selecting traits that have information to address questions 

on biodiversity and ecosystem functioning would help to overcome the above limitation 

to some extent. 

A biological traits analysis will only ever provide potential estimates of ecosystem 

functioning. This is because the analysis is based on the biological and behavioural 

attributes of the taxa present: it does not reflect the actual individuals present and their 

actual behaviour in that assemblage. For example, the trait for body size is the maximum 

body size that the species can obtain, and in the majority of mudflats most if not all the 

individuals will be smaller than this maximum. This in turn makes them potentially of 

lower food value to a predator and capable of displacing less sediment, and achieving 
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less sediment oxygenation. Take therefore a comparison of two sites. The two sites both 

have the same density of species A, but at site 1 all the individuals are smaller, due to 

some site environmental factor than at site 2. BTA would show that because the sites 

have the same numbers of species A that the traits (and functions) it contributes will be 

the same. In reality the contribution of species A will be markedly different at the two 

sites. So BTA cannot provide an estimate of the actual functioning, and this is further 

confounded because some species also show trait plasticity (e.g. the ability to change 

their feeding strategy) based on environmental conditions (Cesar & Frid 2012). 

The selection of sufficiently replicated study sites that reflect varying anthropogenic 

activities along the SE Queensland coast was a challenge. The selection of mudflats that 

bordered by a mangroves fringe reduced the intensity of direct human pressures (e.g. 

trampling, walking dogs for recreation, littering and bait collection). It would be worth 

comparing the differences in taxonomic composition between mudflats that are directly 

exposed to human activities with the mudflats that have no direct access to human 

pressures (Rossi et al. 2007). This study used GIS land use maps to classify urbanization 

at the sub-catchment level, and then explored the effects on macrofaunal assemblages 

which might not be efficient at detecting subtle changes in macrofaunal composition. 

The results I obtained from chapter 3 suggest that the nature of the human 

activity/industry would be a better indicator to detect changes in macrofaunal 

assemblages than simply the area in industrial use e.g. effects of waste water treatment 

on macrofaunal assemblages (Bustamante et al. 2012), effects of human trampling on 

mudflat macrofauna (Rossi et al. 2007)  
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6.2 Conclusions 
 

Subtropical and tropical mudflats remain under-studied in spite of their critical 

importance as suppliers of key ecosystem services. Lack of availability of community 

level macrofaunal assemblage datasets in subtropics and tropics have limited the 

knowledge on biodiversity and the relationship with functioning. Queensland’s 

subtropical mudflats are comparable in diversity to the temperate mudflats (SE 

Australia) because the species richness identified in temperate mudflats (as recorded in 

the literature) was comparable to the species richness recorded in this study. 

Biodiversity ecosystem functioning (BEF) relationships converts taxonomic information 

into surrogates of ecosystem functions. With increasing demand to address ecological 

functioning in marine assessment surveys, there is a potential to use BEF relationships 

in practical applications of ecosystem monitoring with the support of ecological 

modelling.  

A growing body of research, including this study that soft sediment marine ecosystems 

are initially resistant to perturbations and show conservation of functioning through 

species substitution. However, the literature suggests critical thresholds beyond which 

system and functional collapse occurs. Ascertaining what these critical limits are a key 

challenge for science in order to inform sustainable and resilient management of these 

systems. 
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Table S1: Macrofaunal taxa (n = 448) from the mudflat assemblages for the 163 datasets used 
in the analysis. Taxa that were endemic to the: †Temperate N Atlantic; §Tropical Atlantic 
*Temperate Australasia; ‡Temperate S America; #Central Indo-Pacific; ∂Tropical E Pacific; and, 
¶Temperate N Pacific regions according to the Ocean Biogeographic Information System 
database (OBIS 2018). 

Taxa   
Abra sp. Bivalvia Cossura longocirrata 
Abra alba Boccardia sp. Crangon crangon 
Abra prismatica Boccardia polybranchia Cryptomya californica 
Abra tenuis Boccardia syrtis Cumacea 
Acrocnida brachiata Borniopsis maipoensis# Cumella vulgaris 
Albunea lucasia Bullacta exarata Cumopsis goodsir  
Alitta succinea Callinectes arcuatus Cyathura sp. 
Alitta virens Callinectes bocourti Cyathura carinata 
Alkmaria romijni Camptandrium sexdentatum Cyathura muromiensis 
Alpheus sp. Cancer (Gammarus) sp. Cyprideis pacifica  
Alpheus mazatlanicus  Capitellidae Cyprideis torosa 
Americorophium salmonis Capitella spp. Dendronereides sp. 
Americorophium spinicorne Capitella capitata Dendronereis pinnaticirris 
Ampelisca sp. Caprella drepanochir Desdemona ornate 
Ampelisca vadorum Carazziella citrona Dexamidae  
Ampharete sp. Carcinus maenas Diloma subrostratum 
Ampharete acutifrons Cardium sp. Dinophilus gardineri 
Ampharete baltica Caulleriella sp. Dipolydora coeca 
Amphinome rostrate Cephalaspidea  Dipolydora quadrilobata  
Amphipoda  Ceratonereis sp. Dipolydora socialis 
Ampithoe valida Ceratonereis marmorata Discapseudes sp. 
Anomalifrons lightana Ceratocephale sp. Discapseudes mackiei 
Anthopleura aureoradiata Cerastoderma edule Discapseudes surinamensis§ 
Anthopleura hermaphroditica‡ Cerastoderma glaucum Dosinia sp. 
Anthozoa Cernosvitoviella immota Ecrobia ventrose 
Anthuridae  Chaetacanthus sp.  Edotia montosa 
Aonides oxycephala Chaetozone sp. Eobrolgus chumashi 
Aonides trifida Chaetozone setosa Eohaustorius sp. 
Aphelochaeta marioni Cheus sp. Eohaustorius estuaries 
Aphelochaeta multibranchis  Chironomidae Ervilia sp. 
Aphrodita sp. Chondrochelia savignyi  Eteone sp. 
Apseudes sp. Cirratulidae Eteone flava 
Apseudopsis latreillii Cirriformia tentaculata Eteone longa  
Arcuatula senhousia Cistenides hyperborean Euclymene oerstedii 
Arenicola marina  Cleistostoma dilatatum Eulalia viridis 
Arthritica bifurca Clenchiella sp. Eulima sp. 
Aricidea sp. Clibanarius lineatus Eupolymnia sp.  
Armandia sp. Clinocardium nuttallii Eurycarcinus orientalis 
Assiminea sp. Clymenella sp. Eurytellina rubescens 
Assiminea brevicula Clymenella torquate Exogone verugera 
Assiminea succinea Colurostylis lemurum Exosphaeroma sp. 
Assiminea violacea Cominella glandiformis Exosphaeroma hylecoetes 
Astarte borealis Corbicula javanica Fabriciidae  
Austrohelice crassa* Corbula gibba Fabricia sp. 
Austromacoma constricta Coricuma nicoyensis∂ Fabricia stellaris 
Austrominius modestus Corophium sp. Ficopomatus enigmaticus  
Austrovenus stutchburyi* Corophium arenarium Gammaridea  
Baltidrilus costatus Crassicorophium bonellii Gammarus oceanicus 
Bathyporeia sarsi Corophium volutator† Gammaropsis sp. 
Batillaria zonalis Cossura sp. Gemma gemma 
Bittium sp. Cossura consimilis Glauconome chinensis 



 
 
Table S1: Continued 

Taxa   
Glycinde sp. Leucothoe incisa  Monopylephorus sp. 
Glycinde armigera Limecola balthica Monopylephorus evertus 
Glycinde polygnatha Limnodrilus sp. Monopylephorus parvus 
Glyceridae Limnodriloides sp. Montacuta semiradiata* 
Glycera Americana Lineus sp. Mulinia cleryana 
Glycera capitate Lineus ruber Mya arenaria  
Glycera chirori Linopyrga tantilla Myrianida sp. 
Glycera tridactyla Linucula hartvigiana Myrianida langerhansi 
Glycera unicornis Lysilla sp. Mysella sp. 
Gnathiidae Littorina littorea Mysella donaciformis 
Grandidierella japonica Littorina saxatilis  Mysida 
Grandifoxus grandis Loimia medusa Mytilus sp. 
Halicarcinus whitei Lumbricillus sp. Mytilus edulis  
Halicryptus spinulosus  Lumbrineridae  Mytilus galloprovincialis 
Halmyrapseudes spaansi§ Lumbrineris sp.  Naididae 
Harpacticoida Lumbrineris tetraura Namalycastis abiuma 
Hediste sp. Lumbrineriopsis sp. Nasima dotilliformis 
Hediste diversicolor† Lysidice ninetta Naticidae  
Hemiplax hirtipes* Macomona liliana* Neanthes glandicincta 
Heteromastus sp. Macoma sp. Neanthes uniseriate 
Heteromastus filiformis Macomangulus tenuis  Nematoda 
Hobsonia florida Macroclymenella stewartensis Nematostella vectensis 
Hyale sp. Macrophthalmus definitus Nemertea 
Hydrobia sp. Macrophthalmus japonicas Neohelice granulate 
Hydrobiidae  Magelona sp.  Neomysis integer 
Hypereteone heteropoda Magelona dakini Nephtys sp. 
Idotea chelipes Malacoceros tetracerus Nephtys caeca  
Idotea emarginata Manayunkia aestuarina Nephtys californiensis 
Iliacantha hancocki   Manningis arabicum Nephtys cirrosa 
Ilyoplax formosensis Marcia hiantina Nephtys hombergii 
Ilyoplax ningpoensis Marenzelleria viridis Nereididae 
Ilyoplax stevensi Marphysa depressa Nereis sp. 
Iravadia sp. Mediomastus sp. Neripteron violaceum 
Iravadia bombayana Mediomastus ambiseta Nicon aestuariensis 
Iravadia ornate Mediomastus californiensis Nicolea sp.  
Isolda sp.  Mediomastus fragilis Nippoleucon hinumensis¶ 
Isopoda  Melinna sp. Notomastus sp. 
Kurtiella bidentate Melinna palmate Notomastus latericeus 
Laeonereis acuta‡ Melita sp. Odostomia solidula 
Lagis australis  Melita awa Oligochaeta 
Lanice conchilega Melita palmate Onisimus litoralis  
Laomedia astacina Melita zeylanica stebbing Opusia indica 
Laonome sp. Mesopodopsis slabberi Orbinia angrapequensis 
Lasaea parengaensis Metapenaeus ensis Orbinia papillosa 
Leiochone leiopygos Metaplax elegans Orchestia sp. 
Leitoscoloplos sp. Microcerberus sp.  Orchestia gammarellus 
Leodamas cylindrifer Micronephthys minuta Ostracoda 
Lepidonotus sp. Micronephthys oligobranchia Owenia sp.  
Lepidophthalmus bocourti  Micropodarke dubia Palaemon elegans 
Leptocheirus pilosus Microspio theeli  Palaemon longirostris 
Leptocheirus plumulosus Micrura sp. Panopeus sp. 
Leptochelia rapax Monocorophium acherusicum Paphies australis 
Leptoplana sp. Monocorophium insidiosum Paradoneis lyra 
Leucosilia jurinii  Monoculodes sp. Paracalliope novizealandiae 
   

Table S1: Continued 



 
 

Taxa   
Paracorophium hartmannorum Prionospio patagonica‡ Streblospio benedicti 
Paradoxapseudes mortoni  Prionospio pulchra Streblospio gynobranchiata 
Paragnathia formica Prionospio sexoculata Streblospio shrubsolii† 
Paralacydonia paradoxa Protankyra bidentate Syllis sp. 
Paranais litoralis Protodorvillea kefersteini Tagelus politus 
Paranthura sp. Psammoryctides sp. Tagelus plebeius 
Paraonis sp. Pseudopolydora sp. Tanaidacea 
Paraprionospio pinnata Pseudopolydora kempi Tarebia sp. 
Parexogone hebes Pseudopolydora paucibranchiata Tectidrilus gabriella 
Paridotea ungulata Pygospio sp. Tellinidae  
Pectinaria sp. Pygospio elegans  Tellinoidea 
Penaeus occidentalis  Pyramidellidae  Thalassomyia sp. 
Perinereis aibuhitensis Reloncavia chilenica Tharyx sp. 
Perinereis gualpensis Reticunassa festiva Tharyx parvus 
Perinereis nuntia Retusa sp. Theora iridescens 
Perinereis vallata Retusa obtuse Theora lata 
Peringia ulvae† Retusa truncatula Tipulidae 
Perkinsiana acuminate Rimapenaeus byrdi  Torridoharpinia hurleyi 
Persephona townsendi  Rissoina sp. Trichoptera 
Pholoe inornata Saduriella losadai Tritia neritea 
Phoxocephalidae Sagartia troglodytes Tubificoides sp. 
Phoxocephalus holbolli Salinator fragilis Tubificoides benedii† 
Phyllocomus sp. Schistomeringos neglecta Tubificoides brownie 
Phyllodoce sp. Scoloplos sp. Tubificoides nerthoides 
Phyllodoce koreana Scoloplos armiger  Tubificoides pseudogaster 
Phyllodoce maculate Scoloplos tribulosus Tubificoides wasselli 
Phyllodoce mucosa Scolecolepides benhami Turritella capensis 
Phyllodocidae Scrobicularia plana† Uca maracoani 
Phyllodoce arenae Sermyla sp. Umbonium thomasi 
Phylofoetida atlantica Sermyla riqueti# Urothoe poseidonis 
Pinnixa sp. Sigambra grubii Varuna litterata 
Pinnixa valerii Sigambra hanaokai# Victoriopisa sp. 
Pinnotheridae  Sigambra tentaculata Zeacumantus lutulentus 
Pinnotheres sp. Simplisetia erythraeensis  
Pirenella cingulata  Sinocorophium triangulapedarum  
Platynereis bicanaliculata Sinonovacula constricta  
Podarkeopsis arenicolus Sipuncula  
Podocopida  Solen strictus  
Polychaeta  Spio decorata  
Polydora sp. Spio martinensis  
Polydora ciliate Spio setosa  
Polydora cornuta Spionidae  
Polynoidae  Spiophanes bombyx  
Porcellanidae  Sphaeroma sp.  
Potamocorbula laevis Sphaerosyllis californiensis  
Prionoplax ciliata  Sphaerosyllis semiverrucosa  
Prionospio sp. Squilla aculeata   
Prionospio aucklandica* Stenothyra sp.  
Prionospio cirrifera Stenothyra divalis#  
Prionospio japonicus¶ Streblospio sp.  

 

 

  



 
 
Table S2: SIMPER results showing taxa that cumulatively contributed ~50% of the pairwise dissimilarity 
between the seven biogeographic regions that significantly differed (pairwise ANOSIM, p < 0.01, Table 4). 
Taxa are listed in decreasing order of individual contribution, and nature of the differences are indicated 
as follows: taxa recorded in only the *first region of the pairwise comparison; the direction of any 
differences is indicated by [-] when present in lower and [+] and higher abundance in the 1first zone 
compared with the 2second of the two zone comparison. See also Fig. 2.5B. 

Region comparisons Species/taxa contributing to 50% dissimilarity 

Temperate N Atlantic1 versus 

Temperate S America2 

Perinereis vallata, Peringia ulvae*, Hediste diversicolor*, Tubificoides benedii*, 
Oligochaeta[+], Limecola balthica*, Pygospio elegans*, Monocorophium insidiosum, 
Monocorophium acherusicum, Naididae[-], Heteromastus filiformis*, Ostracoda[-], 
Corophium volutator*, Prionospio patagonica, Cirratulidae*, Anthopleura 
hermaphroditica, Scrobicularia plana* 

Temperate Australasia2 

Heteromastus filiformis [-], Peringia ulvae*, Hediste diversicolor*, Tubificoides 
benedii*, Oligochaeta [+], Corophium spp. [-], Prionospio aucklandica, Limecola 
balthica*, Naididae [-], Montacuta semiradiata, Pygospio elegans*, Hemiplax 
hirtipes, Gammaropsis sp., Nemertea [-], Austrovenus stutchburyi, Corophium 
volutator*, Cirratulidae [+], Macomona Liliana, Capitella spp. [-] 

Central Indo-Pacific2 

Neanthes glandicincta, Capitella capitata [-], Borniopsis maipoensis, Peringia 
ulvae*, Hediste diversicolor*, Tubificoides benedii*, Oligochaeta [+], Perkinsiana 
acuminata, Limecola balthica*, Heteromastus filiformis [+], Pygospio 
elegans*,Sermyla riqueti, Corophium volutator*, Dendronereis pinnaticirris, Tharyx 
sp. [-], Stenothyra divalis, Cirratulidae*, Sigambra hanaokai, Scrobicularia plana* 

Tropical E Pacific2 

Coricuma nicoyensis, Cyprideis pacifica, Pinnixa valerii, Mediomastus californiensis, 
Carazziella citrona, Peringia ulvae*, Hediste diversicolor*, Paraprionospio pinnata, 
Eurytellina rubescens, Lumbrineris tetraura, Tubificoides benedii*, Glycinde 
armigera, Oligochaeta*, Tagelus politus, Limecola balthica* 

Tropical Atlantic2 

Halmyrapseudes spaansi, Sigambra grubii, Peringia ulvae*,Hediste diversicolor*, 
Tubificoides benedii *, Oligochaeta [+],Limecola balthica*, Discapseudes 
surinamensis, Pygospio elegans*, Assiminea succinea, Heteromastus 
filiformis*,Corophium volutator* 

Temperate N Pacific2 

Oligochaeta [-], Peringia ulvae*, Hediste diversicolor*, Pygospio elegans [+], 
Tubificoides benedii*, Limecola balthica [+], Chondrochelia savignyi,  
Heteromastus filiformis [+], Manayunkia aestuarina [+], Capitella capitata [-
],Corophium volutator*, Cirratulidae*, Streblospio benedicti [-], Scrobicularia plana*, 
Nematoda*, Grandidierella japonica, Nippoleucon hinumensis, Pseudopolydora 
kempi, Cumella vulgaris, Corophium spp.*, Streblospio shrubsolii*, Monocorophium 
acherusicum 

Central Indo-Pacific1 versus 

Tropical E Pacific2 

Coricuma nicoyensis, Cyprideis pacifica, Pinnixa valerii, Neanthes glandicincta*, 
Borniopsis maipoensis*, Capitella capitata*, Mediomastus californiensis,  
Carazziella citrona, Paraprionospio pinnata [-], Eurytellina rubescens,   
Lumbrineris tetraura, Glycinde armigera, Tagelus politus, Perkinsiana acuminate*, 
Sermyla riqueti* 

 

 

 

 

 

 



 
 
Table S2: Continued 

Region comparisons Species/taxa contributing to 50% dissimilarity 

Central Indo-Pacific1 versus cont. 

Temperate N Pacific2 

Neanthes glandicincta*, Capitella capitata[+], Borniopsis maipoensis*, Oligochaeta 
[-], Perkinsiana acuminate*, Chondrochelia savignyi,  Sermyla riqueti*, Dendronereis 
pinnaticirris*, Stenothyra divalis*, Tharyx sp. [+], Sigambra hanaokai*, Discapseudes 
mackiei*, Grandidierella japonica, Nippoleucon hinumensis, Pseudopolydora kempi, 
Pygospio elegans, Heteromastus filiformis [+], Cumella vulgaris, Streblospio 
benedicti, Mediomastus sp. [-], Monocorophium acherusicum, Limnodriloides sp.*, 
Astarte borealis, Micronephthys oligobranchia [+], Mediomastus californiensis, 
Prionospio japonicus 

Temperate S America2 

Perinereis vallata, Neanthes glandicincta*, Capitella capitate*, Borniopsis 
maipoensis*, Perkinsiana acuminate*, Sermyla riqueti*, Monocorophium insidiosum, 
Monocorophium acherusicum, Ostracoda, Dendronereis pinnaticirris*, Prionospio 
patagonica, Stenothyra divalis*, Anthopleura hermaphroditica, Hyale sp., Sigambra 
hanaokai*, Laeonereis acuta, Tharyx sp.*, Discapseudes mackiei* 

Temperate Australasia2 

Neanthes glandicincta*, Capitella capitate*, Borniopsis maipoensis*, Heteromastus 
filiformis [-], Prionospio aucklandica, Perkinsiana acuminate*, Corophium sp. [-], 
Montacuta semiradiata, Sermyla riqueti*, Hemiplax hirtipes, Naididae, Gammaropsis 
sp., Austrovenus stutchburyi, Nemertea, Macomona liliana, Dendronereis 
pinnaticirris*, Stenothyra divalis*, Sigambra hanaokai*, Austrohelice crassa, 
Paraonis sp., Tharyx sp.* 

Tropical Atlantic1 versus 

Temperate S America2 
Halmyrapseudes spaansi*, Sigambra grubii*, Perinereis vallata, Discapseudes 
surinamensis*, Assiminea succinea*, Monocorophium insidiosum, Monocorophium 
acherusicum, Ostracoda, Prionospio patagonica, Anthopleura hermaphroditica 

Temperate Australasia2 

Halmyrapseudes spaansi*, Sigambra grubii*, Heteromastus filiformis, Prionospio 
aucklandica, Corophium sp., Montacuta semiradiata, Discapseudes surinamensis*, 
Gammaropsis sp., Naididae, Hemiplax hirtipes, Assiminea succinea*, Nemertea [-], 
Austrovenus stutchburyi 

Temperate N Pacific 

Halmyrapseudes spaansi*, Sigambra grubii*, Oligochaeta [-],Chondrochelia savignyi, 
Discapseudes surinamensis*, Heteromastus sp. [+],Assiminea succinea*, Capitella 
capitata, Grandidierella japonica, Nippoleucon hinumensis, Pseudopolydora kempi, 
Pygospio elegans, Cumella vulgaris, Monocorophium acherusicum, Streblospio 
benedicti  Astarte borealis 

Central Indo-Pacific2 

Halmyrapseudes spaansi*, Sigambra grubii*, Neanthes glandicincta, Capitella 
capitata, Borniopsis maipoensis, Perkinsiana acuminata, Discapseudes 
surinamensis*, Sermyla riqueti, Assiminea succinea*, Dendronereis pinnaticirris, 
Stenothyra divalis, Sigambra hanaokai 

Tropical E Pacific2 
Coricuma nicoyensis, Cyprideis pacifica, Halmyrapseudes spaansi*, Sigambra grubii*, 
Pinnixa valerii, Mediomastus californiensis, Carazziella citrona, Paraprionospio 
pinnata, Eurytellina rubescens, Lumbrineris tetraura 

Temperate S America1 versus 

Temperate N Pacific2 

Perinereis vallata*, Oligochaeta [-], Monocorophium acherusicum [+], Chondrochelia 
savignyi, Monocorophium insidiosum*, Ostracoda*, Prionospio patagonica*, 
Anthopleura hermaphroditica*, Capitella capitata, Hyale sp.*, Nemertea [+], 
Laeonereis acuta*, Boccardia sp.*, Naididae*, Grandidierella japonica, Nippoleucon 
hinumensis, Pseudopolydora kempi, Pygospio elegans, Cumella vulgaris, Streblospio 
benedicti  Astarte borealis  Polydora sp * 

Temperate Australasia2 

Perinereis vallata [+], Heteromastus filiformis*, Naididae [-], Prionospio 
aucklandica*, Corophium sp.*, Montacuta semiradiata*, Gammaropsis sp.*, 
Hemiplax hirtipes*, Nemertea [-], Monocorophium insidiosum, Monocorophium 
acherusicum, Ostracoda [+], Austrovenus stutchburyi*, Macomona Liliana*, 
Prionospio patagonica, Anthopleura hermaphroditica, Hyale sp. 



 
 
Table S3: SIMPER results showing taxa that cumulatively contributed ~50% of the pairwise 
dissimilarity between the tropical, subtropical and temperate zones for those that significantly 
differed (pairwise ANOSIM, p < 0.01; Table 3). Taxa are listed in decreasing order of individual 
contribution, and nature of the differences are indicated as follows: taxa recorded in only the 
*tropical zone, ^subtropical zone, or # temperate zone; the direction of any differences is 
indicated by [-] when present in lower abundance and [+] when recorded in higher abundance 
in the first zone compared with the second of the two zone comparison. See Fig. 5A for visual 
representation of the data. 

Climatic zone 
comparison Taxa contributing to 50% of the cumulative dissimilarity  

Tropical & 
Subtropical 

Halmyrapseudes spaansi*, Sigambra grubii*, Oligochaeta [-], Scrobicularia plana^, 
Peringia ulvae^, Capitella capitata [+], Neanthes glandicincta*, Borniopsis 
maipoensis*, Hediste diversicolor^, Streblospio shrubsolii^, Heteromastus filiformis 
[-], Perkinsiana acuminate*, Tharyx sp. [+],  

Sermyla riqueti*, Cyathura carinata^, Heteromastus sp. [-], Discapseudes 
surinamensis*, Assiminea succinea*, Dendronereis pinnaticirris*, Stenothyra 
divalis*, Sigambra hanaokai*, Nemertea [-], Corophium spp. [-], Discapseudes 
mackiei*, Mediomastus sp. [+] 

Tropical & 
Temperate 

Halmyrapseudes spaansi*, Tubificoides benedii # , Hediste diversicolor#, Oligochaeta 
[-], Limecola balthica#, Peringia ulvae#, Pygospio elegans#, Sigambra grubii*, 
Capitella capitata [+], Heteromastus filiformis [-], Neanthes glandicincta*, 
Corophium volutator#, Borniopsis maipoensis*, Cirratulidae [-], Manayunkia 
aestuarina#, Nematoda#, Corophium spp. [-], Perkinsiana acuminata*,Sermyla 
riqueti*, Capitellidae [-], Tharyx sp. [+], Discapseudes surinamensis*, Naididae#, 
Dendronereis pinnaticirris* 

Temperate & 
Subtropical 

Oligochaeta [+], Peringia ulvae [+], Tubificoides benedii#, Hediste diversicolor [+],  
Scrobicularia plana [-], Limecola balthica#, Pygospio elegans#, Heteromastus 
filiformis [+], Streblospio shrubsolii [-], Corophium volutator#, Cirratulidae#, 
Manayunkia aestuarina#, Corophium spp. [+], Nematoda#, Naididae [+], Cyathura 
carinata [-], Capitellidae#, Capitella capitata [+] 

 

 

 

 

 

 

 

 

 



 
 
 

Appendix B 
 

 

Chapter 3: Understanding subtropical intertidal mudflat 
benthos: Biogeographic relationships and the impacts of 

urbanisation 

 

 

Chapter 4: The effects of urbanisation and climate change on 
the ecological functioning of subtropical mudflats 

 

 

  

 

 

 

 

 

 

 

 

  



 
 
Table S4: List of activities under each sub-catchment land use category 

Sub catchment category Land use type Listed activities 
Industrial (High & Low) Manufacturing & industry Manufacturing & industrial, 

Sawmill, Food processing 
factory, Abattoirs, General 
purpose factory, Major 
industrial complex, Oil 
refinery 

Mining Mines, quarries, extractive 
industry not in use, tailings,  

Utilities Electrical substations & 
transmissions, water 
extraction & transmission, 
fuel powered electricity 
generation 

Waste treatment & disposal Effluent pond, landfill, solid 
garbage, sewage 

Animal husbandry Intensive animal production, 
dairy sheds & yards, cattle 
feedlots, poultry farms, 
piggeries, aquaculture, horse 
studs, stockyards/sale yards, 
abandoned intensive animal 
husbandry 

Airports and Ports Ports and water transport, 
airports/aerodromes 

Residential Residential Urban residential 
services Services, commercial, public, 

recreation & culture, 
defence facilities, research 
facilities 

Peri urban Transport & communication Roads, railways  
Horticulture Perennial horticulture, 

seasonal horticulture 
Dryland agriculture Plantation forestry, 

hardwood plantation, 
softwood plantation, grazing 
modified pastures, cropping, 
land in transition 

Irrigated agriculture Irrigated modified pasture, 
irrigated cropping, irrigated 
land in transition 

Production from relatively 
natural environments 

Grazing native vegetation, 
production forestry 

Conservation & natural 
environment 

Nature conservation, 
manage resource protection, 
other minimal use, 
marsh/wetland, 
estuary/coastal waters, river 

 

 



 
 

 

Figure S1. Species accumulation plot for macrofaunal benthos collected in 20 core samples 
(0.018 cm2 x 11 cm sediment depth) from the mid-intertidal mudflats at Tallebudgera Creek, SE 
Queensland (January 2016). The observed species count (Sobs; green) plateaus after the 5th 
sample, thus a minimum of five box cores are required to represent the benthic macrofaunal 
assemblage. UGE = Ugland, Gray and Ellingsen (Ugland et al. 2003).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
Table S5. The morphological traits exhibited by the macrofaunal species found in SE Queensland were 
indicated by ‘X’. A1= <1cm; A2= 1-3 cm; A3 = 3-1-5 cm; A4 = >5 cm; B1 = Round-oval; B2 = rectangular-
subrectangular; B3 = vermiform; C1 = unprotected; C2 = avoidance, C3 = exoskeleton; C4 = body 
projections; C5 = chemical deterrents. (see Table 2.2, Chapter 2) 

 
Adult max. body length Body shape Anti-predator adaptations 

 
A1 A2 A3 A4 B1 B2 B3 C1 C2 C3 C4 C5 

Acetes sibogae   X       X       X X   

Aglaophamus australiensis       X     X X X       

Alpheus richardsoni      X     X     X X     

Armandia intermedia   X         X   X       

Australonereis ehlersi       X     X     X     

Australoplax tridentata   X       X     X X     

Barantolla lepte     X       X     X     

Bulla vernicosa   X       X     X X     

Chaenostoma punctulatum   X       X     X X     

Cirriformia tentaculata       X     X   X       

Clorida depressa       X   X     X X     

Conuber sordidum     X   X       X X     

Elphidium discoidale X       X       X X     

Eurysyllis tuberculata X           X   X       

Gelasimus vomeris   X       X     X X     

Glycera americana       X     X   X     X 

Haminoea fusca    X     X         X     

Helograpsus haswellianus   X     X       X X     

Hiatula alba   X X   X       X X     

Laternula anatina        X   X     X X     

Leitoscoloplos bifurcatus      X X     X   X       

Lingula anatina       X X       X       

Lumbrineris tetraura       X     X   X       

Lutraria impar       X   X     X X     

Macrophthalmus setosus   X     X       X X     

Mactra maculata     X   X       X X     

Magelona dakini      X X     X   X       

Marcia hiantina      X X X       X X     

Marphysa mullawa       X     X   X       

Metapenaeus endeavouri       X   X     X X X   

Mictyris longicarpus   X     X       X .X     

Myrianida australiensis  X           X   X X     

Nassarius coronatus     X   X         X     

Nematodes X           X X X       

Nemertea sp.       X     X   X       

Notomastus torquatus       X     X   X X     

Owenia australis       X     X   X X     

Paratapes undulatus       X   X     X X     

Phyllodoce novaehollandiae       X     X   X     X 

Platynereis antipoda       X     X     X     

             

             



 
 

Table S5 continued    

 Adult max. body length Body shape Anti-predator adaptations 

 A1 A2 A3 A4 B1 B2 B3 C1 C2 C3 C4 C5 

Prionospio queenslandica   X X       X     X     

Pyrazus ebeninus        X   X       X     

Recluzia johnii    X     X         X     

Stenothoe miersi X         X   X   X     

Sternaspis scutata   X       X     X       

Sthenelais boa       X     X     X X   

Trypaea australiensis       X   X       X     

Tubuca polita   X       X     X X     

Uca longidigita   X       X     X X     

Victoriopisa australiensis X X       X     X X     

 

Table S6. The life history traits exhibited by the macrofaunal species found in SE Queensland were 
indicated by ‘X’. D1= Attached; D2= burrow dweller; D3 = tube dweller; D4 = free living; E1 = <1 yr; E2 = 1-
2 yr; E3 = 3-5 yr; E4 = 6-10 yr; E5 = >10 yr; F1 = direct development; F2 = planktotrophic, F3 = lecithotrophic. 
(see Table 2.2, Chapter 2). 

 
Living habit Longevity Larval development 

 
D1 D2 D3 D4 E1 E2 E3 E4 E5 F1 F2 F3 

Acetes sibogae       X X X       
  

X 

Aglaophamus australiensis   X   X     X      X 
 

Alpheus richardsoni    X       X        X 
 

Armandia intermedia   X     X          X 
 

Australonereis ehlersi     X     X        X  

Australoplax tridentata   X       X        X  

Barantolla lepte     X     X       X X X 

Bulla vernicosa   X   X   X       X  

Chaenostoma punctulatum   X       X       X  

Cirriformia tentaculata   X       X        X 

Clorida depressa   X         X      X 

Conuber sordidum   X   X   X X .X   X  

Elphidium discoidale   X       X       X  

Eurysyllis tuberculata   X       X       X  

Gelasimus vomeris   X       X       
 

X 

Glycera americana   X         X     X  

Haminoea fusca        X   X       X  

Helograpsus haswellianus   X       X X     X  

Hiatula alba   X       X X     X  

Laternula anatina    X     X         
 

 X 

Leitoscoloplos bifurcatus    X       X X     X  X 

Lingula anatina   X       X       
 

X  

Lumbrineris tetraura   X   X     X X   X   

Lutraria impar   X     X X        X  

Macrophthalmus setosus   X   X   X        X  

 

 



 
 

Table S6. Continued. 

 Living habit Longevity Larval development 

 D1 D2 D3 D4 E1 E2 E3 E4 E5 F1 F2 F3 

Mactra maculata   X       X        X  

Magelona dakini    X   X     X      X  

Marcia hiantina    X     X X        X  

Marphysa mullawa   X     X           X 

Metapenaeus endeavouri   X   X   X         X 

Mictyris longicarpus   X         X       X 

Myrianida australiensis        X   X        X  

Nassarius coronatus       X   X         X 

Nematodes   X   X X          X  

Nemertea       X   X         X 

Notomastus torquatus     X     X         X 

Owenia australis     X       X      X  

Paratapes undulatus   X         X      X  

Phyllodoce novaehollandiae       X   X        X  

Platynereis antipoda     X     X        X  

Prionospio queenslandica     X     X        X  

Pyrazus ebeninus        X     X      X  

Recluzia johnii        X X           X 

Stenothoe miersi       X X X       X   

Sternaspis scutata   X       X       X   

Sthenelais boa     X     X        X  

Trypaea australiensis   X       X X       X 

Tubuca polita   X       X         X 

Uca longidigita   X       X         X 

Victoriopisa australiensis   X       X       X   

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
Table S7. The behavioural traits exhibited by the macrofaunal species found in SE Queensland were 
indicated by ‘X’. G1= Deposit feeder; G2= suspension/filter feeder; G3 = predator/scavenger; G4 = grazer; 
H1 = 0-2 cm; H2 = 2.1-5 cm; H3 = >5 cm; I1 = free living; I2 = limited movement; I3 = sedentary; I4 = semi-
pelagic, J1 = none; J2 = surface modifier; J3 = biodiffuser; J4 = regenerator; J5 = upward/downward 
conveyor. (see Table 2.2, Chapter 2). 

 
Feeding Sediment dwel. 

depth 
Mobility Bioturbation 

 
G1 G2 Ge G4 H1 H2 H3 I1 I2 I3 I4 J1 J2 J3 J4 J5 

Acetes sibogae   X     X           X X         

Aglaophamus 
australiensis 

X   X       X X           X     

Alpheus 
richardsoni  

    X       X X     X     X     

Armandia 
intermedia 

X       X       X         X     

Australonereis 
ehlersi 

    X     X X   X         X     

Australoplax 
tridentata 

X         X   X             X   

Barantolla lepte X       X X   X               X 

Bulla vernicosa       X X     X         X       

Chaenostoma 
punctulatum 

X         X   X             X   

Cirriformia 
tentaculata 

X       X X     X       X       

Clorida depressa     X       X X           X     

Conuber sordidum     X   X X   X         X       

Elphidium 
discoidale 

  X     X       X     X X       

Eurysyllis 
tuberculata 

    X   X       X         X     

Gelasimus 
vomeris 

X           X X             X   

Glycera 
americana 

    X       X X           X     

Haminoea fusca        X X     X         X       

Helograpsus 
haswellianus 

      X     X X               X 

Hiatula alba X X         X   X       X       

Laternula anatina    X         X   X       X       

Leitoscoloplos 
bifurcatus  

X       X X   X           X     

Lingula anatina   X         X   X       X       

Lumbrineris 
tetraura 

X   X       X X           X     

Lutraria impar   X         X     X     X       

Macrophthalmus 
setosus 

X         X   X             X   

Mactra maculata   X         X   X       X       

Magelona dakini  X           X X         X       

Marcia hiantina    X         X X         X       

Marphysa 
mullawa 

    X     X X X           X X   

Metapenaeus 
endeavouri 

X       X X X X     X     X X X 

Mictyris 
longicarpus 

      X     X X           X     

                 



 
 

                 

Table S7 continued 

 Feeding Sediment dwel. 
depth 

Mobility Bioturbation 

 G1 G2 Ge G4 H1 H2 H3 I1 I2 I3 I4 J1 J2 J3 J4 J5 

Myrianida 
australiensis  

    X   X     X           X     

Nassarius 
coronatus 

    X   X     X         X       

Nematodes X     X X       X       X       

Nemertea     X   X X X X           X     

Notomastus 
torquatus 

X           X X               X 

Owenia australis X X         X   X       X       

Paratapes 
undulatus 

  X       X X   X       X       

Phyllodoce 
novaehollandiae 

    X   X     X           X     

Platynereis 
antipoda 

X   X       X   X         X     

Prionospio 
queenslandica 

X X     X X     X             X 

Pyrazus ebeninus  X       X     X         X       

Recluzia johnii      X   X     X     X   X X     

Stenothoe miersi     X   X     X         X       

Sternaspis scutata X       X     X           X     

Sthenelais boa     X       X X           X     

Trypaea 
australiensis 

X           X X           X X   

Tubuca polita X           X X             X   

Uca longidigita X           X X             X   

Victoriopisa 
australiensis 

X       X       X       X       
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