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Synopsis
Understanding flows of energy and nutrients through food webs can provide important insights
into mechanisms influencing the structure and function of riverine ecosystems and ecological
responses to human activities. However, it is not well understood how changing land use, river
impoundment and flow alteration affect the quality and quantity of food resources supporting
riverine food webs. The broad aims of this thesis were to determine: (1) the effects of human
disturbances on basal food sources and food quality for aquatic consumers in sub-tropical rivers
in south-east Queensland (SEQ); and (2) the potential for poor food quality to be causing low
recruitment of the threatened Australian lungfish (Neoceratodus forsteri Krefft, 1870).
Understanding food webs is important and useful for planning environmental conservation,
management and restoration. However, research on food webs has not been uniformly
conducted across different parts of the world; it tends to be concentrated in specific areas or
ecosystem types, and this may limit our understanding of food webs and ecosystem processes.
Therefore, before answering the research questions posed, I first examined trends in food web
research over time by analysing publication data from Web of Science (WOS). The review
focused on the ecosystem types studied, countries in which the studies were conducted, and
which countries collaborated on the studies. A total of 20,239 publications on food webs were
examined, and food web research has increased dramatically since the 1990s. Most
publications were focused on aquatic ecosystems, and North America and Europe contributed
far more studies than Africa and South America. Collaboration among individual authors and
countries has become increasingly prevalent. The USA and Canada were consistently the two
most productive countries, and had the most frequent collaborations. The results indicate that
food web studies from terrestrial ecosystems also require more attention in the future,
especially countries from Africa and South America. Importantly, the majority of freshwater
food web research has been conducted in temperate systems in the northern hemisphere. The
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comparatively small number of studies conducted in tropical, sub-tropical or arid freshwater
systems may limit our ability to develop a general understanding and synthesis of the key
factors influencing freshwater food web processes globally.
The relative importance of allochthonous sources versus autochthonous sources to aquatic
consumers varies in predictable ways along longitudinal gradients in rivers. However, it
remains unclear how this will change under human disturbances, such as river impoundment,
flow alteration and agricultural land use. I examined the potential effects of these
anthropogenic disturbances on aquatic food webs by using stable isotopes (δ13C and δ15N) from
six sites in each of two comparable sub-tropical rivers, the Brisbane River and Mary River in
SEQ. The Brisbane River downstream was heavily affected by impoundment and flow
alteration compared to the upstream and to the Mary River. Both catchments had similar levels
of agricultural land use. The results showed that the main sources of variation in δ13C and δ15N
isotopic values of most basal sources, invertebrates, and fish trophic guilds were due to the
effects of relative catchment position within rivers, with minimal overall differences between
rivers and seasons. Most of the basal sources and consumers showed a general enrichment in
δ15N values from upstream to downstream in both rivers, which could be caused by increased
anthropogenic nitrogen inputs and changed nitrogen cycling in riparian soils. Mixing model
analyses revealed that most of the consumers examined in both rivers were supported by
autochthonous carbon sources, with no detectable influence of flow alteration or land use. In
contrast, the reliance of consumers on food sources was changed to a higher contribution from
autochthonous pelagic sources in Brisbane River sites downstream of the dam.
Fatty acids (FA) play an important role in aquatic food webs and are potentially powerful
biomarkers for studying the structure and function of ecosystems. However, there has been
limited research characterizing FA profiles among potential food sources and how they vary
spatially along natural and anthropogenic disturbance gradients in rivers. Quantifying these

ii

major sources of variation in FA profiles of aquatic food sources is a critical pre-requisite to
understanding variation in food quality for fish and other higher consumers and can contribute
to more effective aquatic ecosystem conservation and management. I investigated the FA
composition of nine potential food sources for higher consumers (including primary producers
and invertebrate primary consumers) collected from eight sites in two sub-tropical rivers
(Brisbane River and Mary River) subjected to varying degrees of human disturbance. Different
food sources had distinctive FA profiles, and several functionally important unsaturated FA
were found to bioaccumulate with increasing trophic position. Partial redundancy analysis
(pRDA) was conducted to separate the effects of food source category (taxa) and environment
(site). Taxa and site together explained 70.4 % of the variation in FA profiles, though taxa
alone accounted for most of this (90.6 %). I found significant spatial variation in FA
composition for several food sources that were potentially related to flow alteration, but the
effects were weak and not uniform across taxa.
The Australian lungfish, Neoceratodus forsteri Krefft, 1870, is federally listed threatened
species whose long-term persistence is at risk due to land use intensification, water resource
development, and other human pressures. Changes in the availability of high-quality food
resources for this species may impact recruitment and contribute to population declines. I
analysed the fatty acid (FA) composition of lungfish eggs and fin tissues from two locations
with contrasting flow alteration resulting from a large impoundment in the Brisbane River. I
hypothesised that flow alteration alters the FA composition of important dietary items for N.
forsteri which will translate to the body tissues and eggs. The contribution of each food source
was estimated with mixing models using carbon and nitrogen stable isotopes. Although no
negative effect on FA composition on tissues was detected from flow alteration, the stable
isotope analysis demonstrated FA difference in lungfish eggs could be attributed to changes in
their diet.
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To conclude, my studies found that: (1) current understanding on aquatic food web processes
could be biased towards temperate systems and should be modified through conducting more
studies in other systems; (2) consumers in south-east Queensland sub-tropical rivers were
largely supported by algal basal sources, regardless of the influence of human disturbance; (3)
basal food sources and primary aquatic consumers varied in nutritional quality and possessed
distinctive FA profiles, but spatial variation in FA of individual food sources was relatively
low and unaffected by human disturbances associated with dams and land use; (4) the low
availability of high-quality food sources could potentially be the reason for low concentrations
of FAs in lungfish eggs and potentially explain the low recruitment success of this threatened
species; (5) the Wivenhoe dam increased the contribution of autochthonous pelagic sources to
consumers in the Brisbane River sites downstream of the dam, but did not show a negative
effect on lungfish egg quality; (6) catchment land use increased the δ15N values of sources and
consumers probably through increasing anthropogenic nutrient inputs and changing nitrogen
cycling in riparian soils. My studies indicate that a food web approach, focusing in particular
on high-quality food sources that sustain the growth and reproduction of consumers, can inform
river ecosystem conservation and management.
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Chapter 1:

General Introduction

1.1. Carbon sources in riverine ecosystems
Rivers and streams play vital roles in providing important goods and services for human society,
such as drinking water, food, transportation, irrigation, hydropower, recreation, and habitats
for aquatic plants and animals (Cushing et al. 2006, Dudgeon et al. 2006, Allan and Castillo
2007, Vörösmarty et al. 2015). Although containing an extremely small percentage of the
world’s freshwater, these riverine ecosystems also play an important function in nutrient cycles
and energy flows to maintain the structure and function of the biosphere (Malmqvist and
Rundle 2002, Meybeck 2003, Dudgeon et al. 2006, Allan and Castillo 2007).
Understanding the sources and fate of energy and nutrients and interaction among producers
and consumers is an essential theme in ecology (Vannote et al. 1980, Pimm 1982). Since rivers
and streams exhibit high connectivity laterally, longitudinally, and vertically with their
surroundings, a long-standing question revolving around riverine ecosystems is whether the
supporting carbon source is allochthonous sources (terrestrial input) or autochthonous sources
(primary production within river) (Allan and Castillo 2007, Pingram et al. 2012, Brett et al.
2017, Tanentzap et al. 2017). This question has induced a vigorous debate in the literature and
produced a range of models or concepts, including the River Continuum Concept (RCC)
(Vannote et al. 1980, Sedell et al. 1989), Flood Pulse Concept (FPC) (Junk et al. 1989),
Riverine Productivity Model (RPM) (Minshall 1978, Thorp and Delong 1994), and more
recently Riverine Ecosystem Synthesis (RES) (Thorp et al. 2008), that have progressed our
understanding of energy sources, the cycling of nutrients and organic matter and the effects on
food webs in riverine ecosystems (Pingram et al. 2012).
The River Continuum Concept was originally proposed by Vannote et al. (1980) mostly based
on temperate rivers. They viewed riverine ecosystems as a longitudinal continuum, with biotic
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assemblages that changed predictably along physical gradients from upstream to downstream.
According to the RCC, headwater food webs are often supported by terrestrial inputs and then
change to be supported by aquatic autochthonous sources with increasing river size and width.
A number of reviews have challenged the general applicability of the RCC (Statzner and Higler
1985). For example, Statzner and Higler (1985) and Sedell et al. (1989) suggested that RCC is
more applicable to constricted-channel rivers (mostly headwater streams and small rivers) than
in lowland rivers and river floodplain ecosystems. Even so, a number of studies have argued
that the RCC is supported across a wide range of rivers and streams from different latitude
(tropical, sub-tropical, temperate, and subarctic) and altitudes (Bott et al. 1985, Naiman et al.
1987, Tang et al. 2004, Greathouse and Pringle 2006, Neres-Lima et al. 2017).
For river-floodplain river ecosystems, which do not conform to the RCC, Junk et al. (1989)
proposed the complementary Flood Pulse Concept (FPC). The FPC stipulates that the
secondary production in river-floodplain ecosystems is based mainly on energy derived from
the floodplains by laterally-migrating organisms rather than on the leakage of organic matter
from upstream reaches. According to this concept, the flood pulse is the key driver responsible
for the existence and productivity of the major biota and interactions in these systems, and the
main function of the river channel is to act as a migration route and dispersal system to access
resources (mostly of terrestrial origin) and refuges. Although the FPC acknowledged the
potential contribution of floodplain-derived autochthonous carbon, the importance of
autochthonous carbon in floodplain rivers was demonstrated in later studies (e.g. Lewis et al.
2001).
Despite the emphasis on allochthonous sources (riparian or floodplain derived) of these two
models, Minshall (1978) argued that the dependency of streams on allochthonous organic
materials has been overemphasized, and in many cases, autotrophy is of primary importance
in maintaining the structure and function of flowing water communities. This view was further
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developed in the Riverine Productivity Model (RPM; Thorp and Delong 1994, 2002). The
RPM is most relevant for large rivers with constricted channels and firm substrates in the photic
zone, and the model was subsequently expanded to encompass river networks (Thorp et al.
2006, 2008). The RPM indicates most of the benthic invertebrates in these rivers are primarily
dependent on autochthonous production.
The Riverine Ecosystem Synthesis (RES) incorporated RPM and some viewpoints and findings
from previous theories including the RCC and FPC (Thorp et al. 2006, 2008). The RES
addresses the influence of the hydrological and geomorphological character within a river
network on the ecological character from population to ecosystem levels of organization. The
RES proposes that the distribution of species and composition of community from head water
to river mouth are mainly determined by features of functional process zone (FPZ), rather than
the clinal position along the river. The majority of consumers are supported by autochthonous
sources (in-stream algae), but with some seasonal and locational exceptions (Thoms et al.
2017).
The emphasis of the RCC and FPC on terrestrial/floodplain sources of energy and nutrients for
aquatic consumers in riverine ecosystems has been increasingly challenged from a food quality
perspective (Cruz-Rivera and Hay 2000, Thorp and Delong 2002, Arts et al. 2009, Marcarelli
et al. 2011, Guo et al. 2016d, Brett et al. 2017). Earlier studies implied that allochthonous
sources were important for aquatic animals, mainly because terrestrial carbon inputs are
obviously larger than in-stream production (Vannote et al. 1980, Maranger et al. 2005). In
addition, primary production to respiration ratios (P/R) is commonly low (<1) in many systems,
which also indicates these systems are net heterotrophic (Vannote et al. 1980). However, a
growing number of other studies, have shown that autochthonous sources are much more
important, even though they represent a smaller biomass. This is because autochthonous
sources are high-quality food and more palatable compared with terrestrial carbon sources.
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Terrestrial organic carbon inputs lack important compounds, such as some polyunsaturated
fatty acids, amino acids and vitamins, which are essential for somatic growth and reproduction
of consumers (Brett et al. 2009, Lau et al. 2009b, Guo et al. 2016a). The observed low P/R
ratios in many streams can be attributed to a microbial decomposer pathway fuelled by lowquality terrestrial carbon, which is largely uncoupled from higher trophic level consumers
(Thorp et al. 2006, 2008, Brett et al. 2017). These studies emphasize that it is food quality that
matters, not where the food sources come from (Marcarelli et al. 2011, Brett et al. 2017).
Most of our understanding on the importance of allochthonous vs autochthonous sources are
mainly based on natural fluvial ecosystems. Spatial and temporal variations in natural fluvial
systems determine large scale and local scale environmental characteristics in predictable ways,
such as climate, catchment topography, flow, light, water temperature, and nutrient loading
(Fig. 1.1) (Vannote et al. 1980, Poff et al. 1997). For example, light input increases as the
riparian cover decreasing from upstream to downstream in rivers. The created environmental
gradients then affect food web processes, including quality and quantity of food sources,
contribution of food sources to consumers, composition and abundance of species, and
structure of food web (Fig. 1.1). For example, flow regime is of central importance in sustaining
the ecological integrity of riverine ecosystems (Poff et al. 1997). It is also a pivotal driver of
the exchange of organisms and food resources in and between them and their associated
riparian and floodplain systems (Junk et al. 1989, Poff and Allan 1995, Poff et al. 1997,
Douglas et al. 2005, Kennard et al. 2007). Variation in light input related to the season, riparian
coverage and water depth and transparency can affect important ecosystem processes, such as
the abundance, composition and growth of producers (e.g., algae and aquatic plants) (Vannote
et al. 1980, Junk et al. 1989, Singh and Singh 2015, Guo et al. 2016c). For example, submerged
macrophyte growth is light-limited in most aquatic environments (Madsen et al. 2001).
Temperature and water quality (e.g. nutrients) can directly affect the distribution, composition,
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growth and quality of algae and other aquatic producers (Moss 1973, Butterwick et al. 2005,
Piggott et al. 2015, Singh and Singh 2015, Guo et al. 2016d, 2016c, Liu et al. 2016). These
changes of food sources in response to environmental gradients, therefore, can affect the food
web processes, such as food source contribution to aquatic consumers and composition of
consumers (Fig. 1.1). However, the food quality and relative importance of allochthonous and
autochthonous sources to consumers can also be affected by human disturbance-induced
environment changes, but is poorly understood at present (Fig. 1.1).

Natural System

Spatial
Temporal

Human System
•
•
•

Landscape scale
•
Climate
•
Flow regime
•
Catchment topography

Local scale
•
Flow
•
Light
•
Temperature
•
Nutrients
•
Riparian cover
•
Physical habitat structure

Gradient Environment

Human land use (e.g., agriculture,
urbanization)
Water resource development (e.g. dam
construction, water impoundment)
Climate change

Food sources
• Allochthonous inputs
• Autochthonous production
• Quality and quantity

Consumers
•
Source contribution
•
Composition
•
Abundance
Food webs and ecosystems
• Complexity
• Stability
• Biodiversity

Food Web Processes

Figure 1.1. Simplified conceptual model of environmental effects on food web processes. The
diagram shows that how natural and human systems create gradient environment at different
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scales in rivers, then affect food web processes including quality and quantity of food sources,
contribution of food sources to aquatic consumers and food web structure and biodiversity.

1.2. Human disturbance in riverine ecosystems
Human disturbance is a primary threat to global biodiversity, and is substantially impacting the
goods, services and long-term benefits healthy ecosystems provide for people (Vitousek et al.
1997, MacDougall et al. 2013, Hautier et al. 2015, Barlow et al. 2016, Cloern et al. 2016,
Arroyo Rodríguez et al. 2017). Human disturbance has thoroughly changed our planet through
various mechanisms, including human land use change, water resource development, climate
change, biological invasion, and pollution (Fig. 1.1) (Elton 1958, Jackson et al. 2001, Bunn
and Arthington 2002, Foley et al. 2005, Kennard et al. 2005, Nilsson et al. 2005, Olden et al.
2008, IPCC 2014). Therefore, their effects have been considered as a key challenge for
ecosystem conservation and management (Joy and Death 2003, Crain et al. 2008, Olden et al.
2010, Côté et al. 2016).
However, no other ecosystems have been as significantly affected by human disturbances as
riverine ecosystems (Nilsson et al. 2005, Dudgeon et al. 2006, Prenda et al. 2006, Ricciardi
2006, Thomsen et al. 2012), and this could be a major threat to biodiversity conservation and
human water security (Vörösmarty et al. 2010, 2015). In relation to riverine ecosystems, the
main constituents of human disturbance include flow alteration, catchment land use change,
habitat degradation, water pollution, and non-native species invasion (Malmqvist and Rundle
2002, Meybeck 2003, Dudgeon et al. 2006, Lamsal et al. 2014). These disturbances can interact
to pose a substantial and complex influence on riverine ecosystems, both on the abiotic
environment and bio-communities (Meybeck 2003, Vörösmarty et al. 2010). Changes in
abiotic environmental factors naturally or induced by human disturbance subsequently change
food web processes such as quality and quantity of food sources, and their contribution to
aquatic consumers in riverine ecosystems (Fig. 1.1) (Vannote et al. 1980, Winemiller et al.
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2011). These affected abiotic factors mainly include flow regime, light, temperature and water
quality (e.g. nutrients, Fig.1.1).
Flow alteration is one of the major threats caused by humans in riverine ecosystems which can
result from water resources development such as dams, weirs, and bank construction and water
abstraction for agriculture (Bunn and Arthington 2002, Bond et al. 2008). The ecological
consequences of flow regime alteration could include changes in physical habitat and biotic
composition (Bunn and Arthington 2002, Allan and Castillo 2007, Kennard et al. 2007). In
fragmented and regulated rivers, the construction of barriers such as dams or weirs not only
changes physiochemical characteristics through the capture of sediments, but also reduces the
magnitude and frequency of peak flows, resulting in channel degradation, narrowing, tributary
head-cutting, and changes in substrate composition (Bowen et al. 2003). With a decrease in
water flow, lotic habitats have been changed to lentic habitats, and the corresponding lotic
organisms are replaced by lentic-favorited species. An increase in the abundance of
macrophytes and periphyton with flow decrease has been observed in many studies (Chambers
et al. 1991, Madsen et al. 2001, Tonkin et al. 2009). Water level decrease or drought from flow
regulation, implying reduced flooding and less interaction with productive floodplains, would
subsequently change water physicochemical characteristics and decrease terrestrial inputs
(Junk et al. 1989, Nilsson et al. 2005).
Riparian deforestation and land use remarkably change the riparian canopy cover on river or
stream channels, and thus the light input (Rutherford et al. 2004). The extent of the decrease
shade could force the stream to shift from heterotrophic to autotrophic (Minshall 1978, Bunn
et al. 1997). As aquatic producers (aquatic plants) have different preferences for light, palatable
microalgae are predicted to be replaced by filamentous algae and/or macrophytes which have
high requirements for light as the Gross Primary Production (GPP) increases (Bunn et al. 1999).
Light can change the abundance and composition of producers (aquatic plants), and thus is a
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determinant for the river to shift between heterotrophic and autotrophic states. Bunn et al. found
that when canopy cover decreases to below 73%, it would stimulate GPP and when less than
40~50% in the Mary river catchment, GPP would exceed the respiration in a typical day (R24)
and the stream shifts from heterotrophic to autotrophic dominance (Bunn et al. 1999).
Both reduced river volume (or stream size) and flows may result in greater heat absorption
(Allan 2004). The impoundment created by dams can significantly affect the water thermal
regimes in riverine ecosystems, thus the growth and composition of aquatic primary producers.
For example, low head dams often lead to increases in downstream temperature through
increased exposure to sunlight in upstream impoundments; this potential temperature increase
could be up to 5 ℃ in summer (McRae and Edwards 1994). Additionally, impoundments such
as lakes are very different to streams and rivers in terms of the thermal regime, for
impoundments often have less seasonal and diurnal variation (Webb 1993). Rutherford et al.
(2004) have also suggested that riparian shade immediately changes daily maximum water
temperature in small streams in Western Australia and south-east Queensland.
Human activities, such as deforestation can change sediment sources, pathways, transfers and
sinks (Meybeck 2003), thus water quality. For example, the conversion of forest to cropland in
Lanyang-Hsi of Taiwan resulted in the accelerated transfer of the total suspended solids by a
factor of at least four (Kao and Liu 2002). Chemicals and fertilizers used in agriculture are an
important source of allochthonous nutrients in many catchments (Triska et al. 1993, Postel
1998). These sediments and allochthonous nutrients can substantially change primary food
bases, sometimes causing eutrophication. Sediments act as sinks and sources of nutrients and
together with nutrients normally play an important role in controlling primary production in
riverine ecosystems where light is not limited (Mosisch et al. 2001). These increased nutrients
can cause blooms of blue green algae (Schindler 1977, Hall et al. 1980, Paerl 1988, Anderson
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et al. 2002, Paerl et al. 2016), thus potentially resulting in an increase in primary production
but a decrease in food quality.
1.3. Food webs and food quality
Understanding how human disturbances may change the structure and function of riverine
ecosystems through changing contribution of food sources to aquatic consumers and the quality
(fatty acids) of food sources has received increasing attention in recent years (Delong et al.
2011, Lau et al. 2012, Delong et al. 2016, Guo et al. 2016d, Brett et al. 2017). However, it is
still largely unknown how human disturbance changes the composition of basic carbon sources
supporting consumers, and how the quality of food sources varies in response to natural and
anthropogenic gradients in riverine ecosystems.
1.3.1. Food web and stable isotopes
Food webs depict networks of trophic relationships in ecosystems, and provide complex but
tractable depictions of biodiversity, species interactions, and ecosystem structure and function
(Pimm 1982, Dunne et al. 2002, Phillips et al. 2014, Brett et al. 2017). Although the influence
of human disturbance on ecosystems is extremely complex, the study of ecosystem-level
processes, such as food webs, are recognized as an ideal, comprehensive and integral approach
to reflect and assess ecosystem health and conditions, as well as the influence of human
disturbance, and can benefit the conservation management of local ecosystems (Bunn et al.
1999, Fry and Davis 2015).
Stable isotope analysis (SIA) has emerged as one of the most powerful tools and a cost effective
way for tracing organic carbon and trophic levels for organisms in food webs in a mostly nonlethal manner during the last several decades (Fry 2006, Shiffman et al. 2012, Larsen et al.
2013, Brett et al. 2016). It can overcome drawbacks in traditional gut or stomach content
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analysis to construct food webs, including snapshot bias and identification difficulties (Paine
1980, Post 2002, Shiffman et al. 2012).
Stable isotopic compositions in organisms change in predictable ways along food chains, which
often expressed as δHX= [(Rsample/Rstandard-1)]*1000 (R is the ratio of the heavy isotope to
the light isotope in samples or international standards for X stable isotope) (Peterson and Fry
1987, Fry 2006). The δ difference between sources and consumers, defined as Trophic
Enrichment Factor (TEF) (Tieszen et al. 1983, Hobson and Welch 1992, Caut et al. 2009),
which is expressed as ΔbX

consumer-source=

δ bX

consumer

- δbX

source.

Carbon and nitrogen stable

isotopes are two most common stable isotopes used in ecological and environmental studies.
δ15N become enriched between food sources and consumers ((3-5‰; mainly due to the
excretion of isotopically light nitrogen in urine), while δ13C exhibit little or no trophic level
enrichment (0-1‰; due to carbon isotopic fractionation during assimilation or respiration).
Therefore, δ values provide the opportunity to estimate the contribution of different sources to
consumers, to establish food webs. In addition, this method can be used to detect the change in
basal carbon sources of aquatic food webs under human disturbance. By adjusting δ value of
food sources and consumers to the same trophic level using TEF (Δ), the contribution of each
source to a consumer then can be estimated through mixing models. Mixing models provide a
unique solution to scenarios involving n elements and n+1 prey items (e.g. δ15N or δ13C to
calculate the contribution of two prey items, δ13C and δ15N for three prey items) (Phillips and
Gregg 2003, Fry 2006, Boecklen et al. 2011).
1.3.2. Food quality and fatty acids
The potential food sources for aquatic invertebrates and fish are diverse and they vary in food
quality when assessed by fatty acids, protein and fibre (Cummins and Klug 1979, Cross et al.
2003, 2005, Lau et al. 2009b, Guo et al. 2017). Fatty acids, unlike other nutrients (proteins,
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vitamins), are extremely important in sustaining the structure and function of cell membranes,
as well as being critical for development, growth and reproduction of organisms. Variations in
the availability of fatty acids in the diets of consumers have also been linked to the persistence
of species and ecosystem function and health (Arts et al. 2009, Kemp 2011, Brett et al. 2017,
Guo et al. 2017). Fatty acids can be divided into saturated fatty acids (SAFAs) and unsaturated
fatty acids (UFAs), according to the presence of double bonds or not. Unsaturated fatty acids
are named here as A:BωC, where A is carbon chain length, B is the number of double bonds,
and C is the position of first double bonds counted from terminal methyl end (Belicka et al.
2012). Unsaturated fatty acids with only one double bond are called monounsaturated fatty
acids (MUFAs), while polyunsaturated fatty acids (PUFAs) often have 2 to 6 double bonds.
PUFAs can be subdivided into ω3 fatty acids and ω6 fatty acids, based on the position of their
first double bonds relate to terminal methyl end. PUFAs with twenty or more carbon atoms are
often referred as highly unsaturated fatty acids (HUFAs).
The importance of fatty acids, especially of unsaturated fatty acids has been increasingly
recognized as a fundamental index of food source quality (Kainz et al. 2004, Brett et al. 2017,
Guo et al. 2017). The is mainly because fatty acids play a vital role in maintaining cell
membrane structure and function, as well as some important biochemical synthesis processes.
For example, PUFA and especially HUFAs, are critical to maintaining high growth, survival
and reproductive rates and high food conversion efficiencies for various marine and freshwater
organisms (Brett and Müller-Navarra 1997). Secondly, for consumers, some fatty acids
(essential fatty acids, EFA) can only be derived from their food sources. For example, 18:3ω3
(α -linolenic acid) and 18:2ω6 (linoleic acid), are essential for growth, development, and
cellular function, but cannot be synthesized by most consumers, and must be obtained through
the diet (Belicka et al. 2012, Guo et al. 2017). In addition, fatty acids from a prey item are taken
up into consumer adipose and muscle tissue with relatively minor or predictable modifications,
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thus can be used as a tracer for energy flow and matter cycling (Belicka et al. 2012, Brett et al.
2017). Therefore, fatty acids are promising biomarkers to study food webs.
Numerous factors can affect fatty acids of food sources for consumers indirectly and directly
(Guschina and Harwood 2009, Guo et al. 2016d). Firstly, ambient factors like flow regime,
light, nutrients can change fatty acids for consumers by changing aquatic plants composition.
It is generally accepted that aquatic plants vary in their fatty acid profile. For example,
compared with higher plants and refractory organic matters, algae contain high levels of
polyunsaturated fatty acids (Hill et al. 2011). Algal species of high food quality are rich in
HUFA (Brett and Müller-Navarra 1997). Diatoms and dinoflagellates have higher ω3
polyunsaturated FA (Garrido et al. 2008). Secondly, environmental factors can directly affect
synthesis processes of fatty acids in aquatic plants (Guschina and Harwood 2009, Guo et al.
2016d), that means, the same producer species may produce a different fatty acid profile under
different environmental conditions. For example, high light can induce oxidative damage of
PUFA and reduction of EPA (Adlerstein et al. 1997). The proportion of SAFA and MUFA in
periphyton increases with light augmentation, whereas PUFA decreases with increasing light
(Hill et al. 2011). Temperature also significantly affects the types of fatty acids produced by
microalgae, and many microalgae species increase the ratio of unsaturated to saturated fatty
acids to adapt to low growth temperature (Renaud et al. 2002). Decreasing temperature tends
to increase the content of unsaturated fatty acids in bio-membranes of algae (Thompson et al.
1996, Sushchik et al. 2003b); along with this, zooplankton from freshwater systems
demonstrate lower concentrations of ω3 HUFA under higher temperatures. Warmer
temperatures generally reduce the concentrations of long-chain fatty acids in bio-membranes
of various aquatic organisms (Schlechtriem and Zellmer 2006). Renaud et al. (2002) found all
four studied Australian tropical algae had lower percentages of 22:6ω3 at higher growth
temperatures. Nutrient limitations which cause reduced cell division rates, with increased
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triacylglycerol (TAG) would result in a reduction of polyunsaturated fatty acids in most algae
(Guschina and Harwood 2006). Eutrophication which generally results in a shift from HUFArich taxa such as diatoms, cryptophytes, and dinoflagellates (Brett and Müller-Navarra 1997)
to HUFA-poor taxa such as bloom forming chlorophytes and especially cyanobacteria (bluegreen algae) (Müller-Navarra et al. 2004), would lead to a decrease in HUFA production in
aquatic ecosystems.
1.4. Local water issues in south-east Queensland
South-east Queensland (SEQ) is the fastest growing region in Australia with a population of
approximate 3.4 million people (Australian Bureau of Statistics, 2014, Bunn et al. 2010).
Human water use, water infrastructure, and catchment land use changes are three important
sources of human disturbance in rivers and streams of SEQ. For example, there are 26 dams
and 51 weirs in operating and supplying more than 90% of drinking water for this area
(SEQWater). Almost half (48%) of the land in SEQ was used for grazing, and 12% of the land
was used for residential and farm infrastructure (DSITI 2014). These human disturbances
caused a series of water issues in regional aquatic ecosystems, such as flow regime alteration,
water impoundment, water pollution, eutrophication, which are also common globally.
Few studies have investigated the effects of natural and human disturbance gradients on the
quantity and quality of food resources in rivers, particularly in sub-tropical regions (Larson et
al. 2013, Boëchat et al. 2014). Many studies in SEQ have found the riverine food webs are
primarily supported by autochthonous production rather than allochthonous inputs (Bunn et al.
1999, Douglas et al. 2005, Schmitt 2005, Hadwen et al. 2010a). Previous studies also
demonstrated algae are high-quality food sources to consumers in SEQ, but the quality of these
food sources is very likely to be altered by environmental change (e.g. light, nutrients) under
human disturbance, thus can affect the growth and reproduction of consumers (Guo et al. 2015,
2016c, 2016a). However, whether the relative importance of allochthonous sources and
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different autochthonous sources (benthic algae and phytoplankton), and how their quality
change along natural and human disturbance-induced environmental gradients is still not well
understood. These questions urgently need to be answered, along with the exploration of the
environmental drivers contributing to such changes.
These human disturbance-induced environmental changes also threatened local biodiversity,
including the iconic and endemic species, the Australian lungfish (Neoceratodus forsteri Krefft,
1870). Lungfish habitats have been severely impacted by agriculture and forestry, alien plants
and fish and by river impoundment and regulation of flows (Arthington 2009, Kemp 2014),
and this species is now showing signs of limited recruitment and population reduction. Kemp
(2011) indicated that poor quality parental nutrition, a deficiency of volatile fatty acids derived
from the diet before spawning season could influence eggs developing into healthy young.
These local water issues are pervasive throughout much of the world. How FA profiles of food
sources vary spatially along natural and anthropogenic disturbance gradients in rivers is poorly
understood, as well as how the food web will change under these human disturbances, but both
have global implications for conservation and management. Furthermore, identifying the
reason for lungfish recruitment failure is critical to protect this species. In addition, the research
on food webs is likely not uniform globally, which tends to be concentrated in specific areas
or ecosystem types and would hinder our understanding of food webs and ecosystem processes.
An overall understanding of the current status of food web research is essential for planning
future research in this area.
1.5. Thesis Aims and Outline
1.5.1. Thesis aims
My thesis explores the influence of human disturbance on the carbon source of aquatic food
webs and quality of food sources sustaining fish communities, in sub-tropical rivers in south14

east Queensland (SEQ). Four main aims will be addressed (Table 1.1). Since research on food
webs is potentially not uniformly represented around the world, my first goal is to explore the
trends and cautions in food web research using bibliometric analysis. The second question is
how do food webs (carbon source) change along natural and human disturbance gradients in
rivers in SEQ based on stable isotope analysis? The third question is how does fish food quality
(fatty acids) change along natural and human disturbance gradients in two rivers in SEQ? The
last question is how does human disturbance (flow alteration) affect egg quality (fatty acids)
and food composition (stable isotopes) of lungfish? The results of my study will contribute to
environment and lungfish conservation and management from a food source perspective.
Table 1.1. Research questions of this study.
Research questions
Question 1

What are the trends and cautions in food web research?

Question 2

How do food webs change along natural and human disturbance
gradients in rivers in SEQ?

Question 3

How does fish food quality change along natural and human
disturbance gradients in rivers in SEQ?

Question 4

How does human disturbance affect egg quality and food
composition of endangered Australian lungfish?

1.5.2. Thesis outline
According to the four research questions, I set seven chapters in my thesis as below:






Chapter 1. General Introduction (this chapter), provides the background to the study
and review of the key literature.
Chapter 2. Study area. A description of the study area and the two studied river systems.
Chapter 3. Trends and potential cautions in food web research from a bibliometric
analysis. To review the current status in food web research, and identify future research
directions using bibliometric methods.
Chapter 4. Riverine food webs and the effects of flow alteration, river impoundment
and land use. To explore how the carbon source of riverine food webs change under
natural and human disturbance gradients, using stable isotope data.
Chapter 5. Variation in fatty acid composition of basal food sources and primary aquatic
consumers in sub-tropical rivers. To identify high-quality food sources and explore how
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their quality change under natural and human disturbance gradients using fatty acid
data.
Chapter 6. Quality and contribution of food sources to Australian lungfish evaluated
using essential fatty acids and stable isotopes. To identify the food source reason for
limited recruitment and population reduction of Australian lungfish under human
disturbance, using fatty acid and stable isotope data.
Chapter 7. General Discussion. A summary of key findings in all my studies and
propose opportunities for future research.

The structure model of my study was shown in Figure 1.2.
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Figure 1.2. The structure of this thesis.
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Chapter 2:

Study area

2.1. Location
The study was conducted in two rivers of south-east Queensland (SEQ, Fig. 2.1), which is the
fastest growing region in Australia with a population of approximate 3.4 million people
(Australian Bureau of Statistics, 2014). Prior to European settlement, the region was dominated
by wet and dry sclerophyll forests with substantial areas of sub-tropical rainforest and coastal
‘wallum’ (Banksia heathlands). Rivers and streams in the region generally have well-defined
riffle-run-pool sequences in the mid- to upper reaches of the catchments. Lowland mainchannel areas are characterised by long, deep, and slow-flowing reaches with sandy substrates
that are interspersed with bedrock controls and large riffles. My study systems are the Brisbane
River and Mary River. Both catchments have their headwaters in the foothills of the Great
Dividing Range and Conondale Range where the terrain is dominated by Palaeozoic
sedimentary, volcanic and metamorphic rocks, with significant occurrences of Palaeozoic to
Mesozoic granitic rocks (Arthington et al. 2000, Brizga et al. 2004). Tertiary volcanic rocks
(basalt, agglomerate, rhyolite, and trachyte) are also present. Extensive deposits of Quaternary
alluvium occur along the Mary and Brisbane River valleys.
2.2. Climate and hydrology
The climate of the south-eastern Queensland region is transitional between sub-tropical and
temperate (Pusey et al. 2004). Patterns of temperature, typified by that recorded at Lowood in
the central Brisbane River catchment, and Gympie in the Mary River catchment, are strongly
seasonal (Fig. 2.2). Mean monthly thermal maxima and mean monthly minima vary by about
10℃ and 15℃, respectively, throughout the year (Fig. 2.2). The pattern of rainfall is strongly
influenced by the summer monsoon but also frequently by the northward extension of
temperate weather systems (Pusey et al. 2004).
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Figure 2.1. Map of study area and location of sampling sites in the Brisbane River (squares)
and Mary River (circles) catchments, south-eastern Queensland. Open squares or circles show
sampling sites from upstream, solid squares or circles show sites from downstream of each
river. Also shown are the location of dams, weirs and major reservoirs. The location of stream
gauges in each river used for plotting streamflow data in Figure 2.3 is indicated with grey stars.
The locations of nutrient sampling sites in the upstream, midstream and downstream reaches
of each river are indicated with grey diamonds. The inset shows the location of the study area
in eastern Australia.
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Figure 2.2. Plots of mean minimum and maximum temperature (vertical bars) and mean total
rainfall (open circles) for each month at Lowood (central Brisbane River catchment) and
Gympie (central Mary River catchment), south-eastern Queensland. Data record length
was >40 years for both locations. Data source: Bureau of Meteorology.

The majority of rainfall and streamflow in the region occurs in the Austral summer and early
autumn months of December to March whereas rainfall and streamflows during mid-winter
and spring are usually low and stable (Figs. 2.2, 2.3). However, river discharge is highly
variable, both intra- and inter-annually in comparison to other regions of eastern Australia and
elsewhere (Kennard et al. 2010). High flows (floods) can occur at any time of year but are most
common during summer and autumn (January to April). Extended periods of low flows can
also occur at any time of year, but are most common during spring and summer (September to
December).
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Figure 2.3. Variation in daily river discharge (Ml.day-1) for the regulated lower Brisbane River
(red line) and unregulated lower Mary River (blue line) since 1980 (a) and during the period
leading up to and including the study period from 2013-2015 (b). See Figure 2.1 for the location
of stream gauges in each river. Also shown the approximate timing of the completion of
Wivenhoe Dam construction on the Brisbane River (indicated by an arrow in (a)) and timing
of field sampling trips (indicated with black bars in Figure b)). Data source: Queensland
Government Water Monitoring Information Portal.
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2.3. Study catchments and human impacts
Human water use, water infrastructure, and catchment land use changes are three important
sources of human disturbance in rivers and streams of SEQ. For example, there are 26 major
dams and 51 smaller weirs in operation (Fig. 2.1), supplying more than 90% of drinking water
for this area (SeqWater). Almost half (48%) of the land in SEQ is used for grazing native
vegetation, and 12% of the land is used for residential and farm infrastructure (DSITI 2014).
Both the Brisbane and Mary catchments have relatively similar proportions of area devoted to
different land uses (Table 2.1) including conservation and natural environments, production
from relatively natural environments and production from dryland agriculture and plantations.
The main difference between catchments was that the Brisbane River catchment contained
slightly greater area (9.4% vs 5.5%) subject to intensive uses associated with urban and
industrial settlements and intensive horticulture and animal husbandry.
Table 2.1. Land use for the Mary and Brisbane Rivers (Source: ABARES 2016*).
Attribute

Unit

Mary River

Brisbane River

Conservation and natural environments1

% area

19.61

15.53

Production from relatively natural environments2

% area

35.18

32.56

Production from dryland agriculture and plantations3

% area

38.88

41.29

Intensive uses4

% area

5.54

9.40

*

Australian Bureau of Agricultural and Resource Economics and Sciences (ABARES). 2016.
Land use of Australia 2010–11. Available at: http://www.agriculture.gov.au/abares/aclump/
land-use/data-download
1
Land used primarily for conservation purposes, based on the maintenance of the essentially
natural ecosystems present
2
Land used primarily for primary production based on limited change to the native vegetation
(includes grazing native vegetation)
3
Land used mainly for primary production, based on dryland farming systems (includes
grazing modified pastures, cropping and non-intensive horticulture)
4
Land subject to extensive modification, generally in association with closer residential
settlement, commercial or industrial uses (includes intensive horticulture and animal husbandry)
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The Brisbane River is about 344 km long, with a watershed area of 13,500 km2. It is the main
water supply for Brisbane, the third largest city in Australia with a population of over 2.0
million. To provide adequate water supply and control flooding, Wivenhoe Dam was
constructed in 1985 (Arthington et al. 2000). The Dam holds 1.165 million megalitres of
storage but also is designed to hold a further 1.967 million megalitres of temporary flood
storage. A dam of this size fundamentally alters the natural river flow downstream of the dam.
This has resulted in elevated and more constant base flows and a reduction in the frequency
and duration of small and medium floods in the Brisbane River downstream of Wivenhoe Dam
(Fig. 2.3). The Mary River is about 291 km in length, with a watershed area of 9,595 km2. This
river is much less regulated than the Brisbane River with only a few smaller dams and weirs
on some minor tributary streams (Fig. 2.1). Both catchments are affected by nutrient loading
from agricultural land use (grazing and cropping) and riparian degradation. The total nitrogen
concentration in water was generally higher in downstream than in upstream (Fig. 2.4). The
total phosphorus concentration in water was low and similar from upstream to downstream in
both rivers (Fig. 2.4). Sampling sites in both rivers had similar intensities of human pressures
associated with human land use, extractive industries and other point sources of pollution, as
reflected by similar Catchment Disturbance Index Scores (Stein et al. 2002, 2014, see Fig. 2.5).
In contrast, downstream sites in the Brisbane River had much higher Flow regime Disturbance
index scores in comparison to all other sites, due largely to the effects of Wivenhoe Dam (Fig.
2.5). In addition, the lower Brisbane River has a higher urbanization rate than in the lower
Mary River.
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Figure 2.4. Box plots showing variation in (a) Total Nitrogen and (b) Total Phosphorus for
upstream, midstream and downstream locations in the Brisbane River and Mary River, southeastern Queensland. Nutrient data for each location was collected approximately quarterly from
1994 – 2016 (sample sizes in parentheses). See Fig 2.1 for sampling locations. Data source:
Queensland Government Water Monitoring Information Portal.

Figure 2.5. Variation in the intensity of human pressures at each sampling site as quantified
using the Catchment Disturbance Index and the Flow Regime Disturbance Index of Stein et al.
(2002). These indices of river disturbance reflect both the upstream spatial extent and potential
magnitude of impact on riverine ecosystems as a result of human pressures. The Catchment
Disturbance Index includes spatial data on human land use, urbanisation, extractive industries
and other point sources of pollution. The Flow Regime Disturbance Index includes spatial data
on alterations to the flow regime from impoundments, flow diversions or discharges and levee
banks. Data were sourced from the Australian Hydrological Geospatial Fabric database (Stein
et al. 2014).
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2.4. Sampling times and sites
I conducted three field trips to collect water samples, basal food sources, invertebrates and fish,
in June-July 2014, September 2014, and February-March 2015. Six sites were chosen along
the Brisbane River and six sites from the Mary River (Fig. 2.1). The twelve sites were evenly
grouped into four sub-catchments according to their catchment positions in each river, i.e.
upstream and downstream Brisbane River, and upstream and downstream Mary River. The
sites from each river were comparable in terms of natural environmental characteristics (e.g.
relative position in the catchment, stream size, and upstream catchment area) but differed in
disturbance intensity due to flow alteration.
For chapter 4 on stable isotopes, all six sites from each river were selected (Fig. 2.1). The six
paired sites included three Brisbane River sites upstream of Wivenhoe Dam, three Brisbane
River sites downstream of Wivenhoe Dam, and three sites from the upper Mary River and three
sites from the lower Mary River, respectively. A wide range of basal food sources and
consumers were sampled for stable isotope analysis in June-July (dry season) 2014 and
February-March (wet season) 2015. For chapter 5 on fatty acids, I selected four paired sites
from this group, including two Brisbane River sites upstream of Wivenhoe Dam (site 2, 3), two
Brisbane River sites downstream of Wivenhoe Dam (site 4, 6), and two sites from the upper
Mary River (site 7, 9) and two sites from lower Mary River (11, 12), respectively (Fig. 2.1). I
only collected samples for the fatty acid analysis in June-July 2014. For chapter 6, two
sampling sites in the Brisbane River were selected; one site (site 1) upstream of the dam, and
one site (site 6) downstream of the dam. Lungfish were collected by boat electrofishing in
September 2014, to obtain egg and fin samples for fatty acid analysis and stable isotope
analysis.
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Chapter 3:

Trends and potential cautions in food web research from a bibliometric

analysis

This chapter forms the basis of the following journal manuscript:
Tao, J., Che, R., He, D., Yan, Y., Sui, X., & Chen, Y. (2015). Trends and potential cautions
in food web research from a bibliometric analysis. Scientometrics, 105(1), 435-447.

25

3.1. Introduction
A food web is a map of who eats whom. The food web is a central concept in ecology and
useful because it can provide complex yet tractable depictions of biodiversity, species
interactions, and the structure and function of any ecosystem (Pimm 1982, Dunne et al. 2002,
Berlow et al. 2004). However, global changes caused by anthropogenic activities have not only
reduced the biodiversity of the earth, but also substantially impacted the food webs of
ecosystems, and thus their structure and function (Vitousek et al. 1997, Schröter et al. 2005).
Human activities are reported to be responsible for an 18.3% decline in species richness
(Murphy and Romanuk 2014). Microcosm experiments have shown that environmental
warming can result in a disproportionate loss of top predators and herbivores (Petchey et al.
1999). Human disturbance can reduce the complexity of food webs by decreasing the
productivity of ecosystems (Jenkins et al. 1992), thus discounting their function. Biological
invasion, as a pervasive and costly environmental problem, has changed interspecies
relationships, trophic levels of organisms, and habits of native species; it poses a serious threat
to biodiversity and native food webs and ecosystems (Vander Zanden et al. 1999, Qiu and Chen
2009, Wesner and Belk 2015). For example, after the invasion of smallmouth bass
(Micropterus dolomieu) in glacial lakes, the feeding habitats of native species Walleye (Sander
vitreus) was displaced from a littoral to a pelagic area (Galster et al. 2012).
Understanding food webs is important and useful for planning environmental conservation,
management and restoration. For example, food web theory can be the basis for making
conservation decisions, because species interact with each other and the management of one
species can impact on another species (Possingham et al. 2001). Even though the aim of
biodiversity conservation is to protect a specific species rather than a whole ecosystem, a food
web view is necessary, because the population dynamics of any species depends on the
response of their resources, prey, and potential predators to environmental change (Mills et al.
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1993, Power et al. 1996). However, the current research on food webs is not uniform around
the world and certain details are still not known. Much work tends to be concentrated in specific
areas or focused on specific ecosystem types (Chase 2000). This non-uniformity can lead to
misunderstandings on food webs and natural ecological processes because of the differences
that exist across ecosystem types. For example, compared to aquatic food webs, terrestrial food
webs often have weak top-down effects and infrequent trophic cascades (Chase 2000). A lack
of understanding of underground ecosystems has also been recognized (Sugden et al. 2004).
Bibliometrics is a way of using a set of methods to quantitatively analyze academic literature
(White and McCain 1989). It is an effective approach for exploring research tendency and
knowledge gaps, and has been used in many research areas, such as global climate change (Li
et al. 2011), cancer (Sullivan et al. 2008, Ugolini et al. 2012), stem cell (Li et al. 2009),
biological invasion (Qiu and Chen 2009), and nanotechnology (Rueda et al. 2007). For example,
Sullivan, Eckhouse and Lewison (2008) found that, despite increased funding in cancer
research, the slow growth rate in research outputs has led to a 6% annual cost increase for
publishing research papers.
The objectives of this study were as follows: 1) to examine the trends in food web research
during recent decades by analysing publication data from Web of Science (WoS), by especially
focusing on ecosystem types, countries in which the studies were done, and which countries
collaborated on the studies; and 2) to find out potential knowledge areas that have not been
adequately addressed by researchers. I predicted that, compared to aquatic food webs, there
would be a lack of understanding regarding terrestrial food webs, particularly those in
undeveloped areas. I also hypothesized that as well as the dramatically increased productivity
in this area, collaboration among countries and among individual researchers would be more
intensive. Additionally, new technologies, such as stable isotope analysis, would also be
reflected from keyword analysis.
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3.2. Methods
The data used in this research were based on the online database of Science Citation Index
Expanded (SCI-E), WoS, published by the Institute of Scientific Information (ISI),
Philadelphia, USA. According to Journal Citation Reports (JCR), as of 2012, WoS indexed
8,471 major journals with citation references across 173 scientific disciplines. The search
phrase used to search titles, abstracts and keywords for this study was “food web*”. Documents
were analysed according to their type, language, output, subject category, publication patterns,
authorship, institution information, country, and distribution of author keywords. Articles
originating from England, Scotland, Northern Ireland, and Wales were reclassified as being
from the United Kingdom (UK). Impact factors (IF) were taken from the JCR published in
2012. The addresses of authors were highly correlated with their study areas. Analyses on
keywords and collaboration among countries were assisted by the Endnote reference library
and network analysis software Pajek (Batagelj and Mrvar 1998).
3.3. Results
3.3.1. General results
Fourteen languages were found among the 20,239 publications retrieved through our research,
though almost all these (20,082, or 99.224%) were published in English. Several other
languages also appeared, including Spanish (52, or 0.257%), French (36, or 0.178%), German
(24, or 0.119%), Portuguese (17, or 0.084%), Russian (14, or 0.069%), Japanese (7, or 0.035%),
Polish (2, or 0.01%), and one (0.005%) for Chinese, Estonian, Hungarian, Italian, Korean, and
Turkish respectively. These data prove that, as in other research areas (Hsieh WH, 2004),
English is the leading scientific language in food web research. Another contributor to this
phenomenon is that most of the ISI-listed journals were published in English (Chiu and Ho
2007). Fifteen document types were found, with the articles being the most frequently used,
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comprising 89.7% (18,160) of the total production, followed distantly by reviews, 7.9% (1,607),
and proceedings papers, 5.2% (1,045).
Based on the SCI-E database, food web research emerged in the 1960s, and both the number
of publications and articles devoted to this area have experienced obvious increases in
subsequent decades, particularly since the 1990s (Fig. 3.1). One of the reasons contributing to
the gap between the 1980s and the 1990s could be the development of electronic databases.
The number of food web–related publications was approximately 200 in 1990. However, less
than a quarter of a century later, the annual publication production in this area reached over
2,000. Although this research output growth has been observed in many fields and is related to
the increasing number of online publications, the standardized number of publications (ratio of
the number of publications in specific area to the total number of publications in the SCI-E
database) on food webs displayed here proves an absolute increase of interest in food web
studies (Fig. 3.1).

29

Figure 3.1. Number of SCI publications referring to “food web*” and its standardized growth
number from 1965 to 2013.

3.3.2. Ecosystem bias
In total, the 20,239 publications involved 202 subject categories, and the three top WoS
categories with the largest number of publications were Ecology (6,881, or 34.0%), Marine
Freshwater Biology (6,148, or 30.4%), and Environmental Sciences (41, or 6.8%). Other top
subject categories are revealed in Figure 3.2. Accompanying the development of research on
food webs, the subject categories involved underwent a substantial increase, from 36 at the
starting stage to 193 in the current decade. Figure 3.2 also shows that, during the past several
decades, Ecology and Marine Freshwater Biology consistently occupied dominant places in
food web research. While some categories initially didn’t publish food web articles at all, such
as Microbiology and Evolutionary Biology, other categories, such as Environmental Sciences,
have become more important than before in terms of rank. In contrast, Biology and
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Evolutionary Biology show less production on food webs now than previous years by
percentage.

Figure 3.2. Distribution of the subject categories for total and each stage by percentage: the top
15. Numbers on the bar top are the total number of publications. The total percentages all
exceed 100% because overlap happens among categories. Mar FB, Marine freshwater biology;
Env S, Environmental sciences; Mul S, Multidisciplinary sciences; Bio C, Biodiversity
conservation; Evo B, Evolutionary biology; Soi S, Soil science; Geo M, Geosciences
multidisciplinary.

The top 20 most active journals on food web research are listed in Table 3.1, as well as their
total number of publications (TP), total citation counts (TC), citation per publication (CPP),
impact factors (IF) and h indexes for journals and journal ranks (R) in their categories along
with qualities (Q). If a journal belongs to more than one category, the best-ranked data have
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been used. The IF measures the academic influence of an individual journal, while the h index,
developed by Hirsch (2005), can be used to indicate the number of highly cited papers of a
journal. The table reveals that Marine Ecology Progress Series is the most productive journal
in food web research, accounting for 4.9% (982) of total publications, followed by Ecology
(3.0%, or 605), Hydrobiologia (2.6%, or 517), Freshwater Biology (2.2%, or 444), and
Limnology and Oceanography (2.05%, or 415).
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Table 3.1. The top 20 most active journals on food web research from 1965 to 2013. Using standard abbreviated journal title for journal name. TP:
total number of publications; TC: total citation counts; CPP: citation per publication; IF: impact factor from the Journal Citation Report (JCR)
published in 2012; R: journal rank in category; T: total journals in category; Q: quality in category
Journal name (category name)
MAR ECOL PROG SER (Marine & Freshwater Biology)
ECOLOGY (Ecology)
HYDROBIOLOGIA (Marine & Freshwater Biology)
FRESHWATER BIOL (Marine & Freshwater Biology)
LIMNOL OCEANOGR (Limnology)
OIKOS (Ecology)
OECOLOGIA (Ecology)
ENVIRON SCI TECHNOL (Environmental Sciences)
CAN J FISH AQUAT SCI (Fisheries)
ECOL MODEL (Ecology)
J PLANKTON RES (Marine & Freshwater Biology)
PLOS ONE (Multidisciplinary Sciences)
AQUAT MICROB ECOL (Marine & Freshwater Biology)
ESTUAR COAST SHELF S (Marine & Freshwater Biology)
MAR BIOL (Marine & Freshwater Biology)
ENVIRON TOXICOL CHEM (Environmental Sciences)
J EXP MAR BIOL ECOL (Marine & Freshwater Biology)
ECOL LETT (Ecology)
DEEP-SEA RES PT II (Oceanography)
J ANIM ECOL (Zoology)

TP
982
605
517
444
415
395
394
352
342
334
285
282
266
266
256
253
234
213
207
202

TP (%)
4.852
2.989
2.554
2.194
2.05
1.952
1.947
1.739
1.69
1.65
1.408
1.393
1.314
1.314
1.265
1.25
1.156
1.052
1.023
0.998

TC
30548
42441
8085
11067
20766
13648
14887
12736
10195
4646
5935
1385
6357
4544
6102
5357
4774
14119
5072
8126

CPP
31.108
70.150
15.638
24.926
50.039
34.552
37.784
36.182
29.810
13.910
20.825
4.911
23.898
17.083
23.836
21.174
20.402
66.286
24.502
40.228

IF
2.546
5.175
1.985
3.933
3.405
3.322
3.011
5.257
2.323
2.069
2.435
3.730
2.037
2.324
2.468
2.618
2.263
17.949
2.243
4.841

h index
83
104
41
52
79
58
63
60
54
32
41
17
42
35
40
37
37
65
36
50

R (T); Q
16 (100); Q1
15 (136); Q1
35 (100); Q2
3(100); Q1
1(20); Q1
32 (136); Q1
37 (136); Q2
7 (210); Q1
5 (50); Q1
63 (136); Q2
19 (100); Q1
7 (56); Q1
33 (100); Q2
22 (100); Q1
18 (100); Q1
59 (210); Q2
27 (100); Q2
1 (136); Q1
18(60); Q2
1 (151); Q1
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In terms of CPP, Ecology is the leading journal, with 70.15, and the following journals are
Ecology Letters (66.286) and Limnology and Oceanography (50.039). Journals with a high
CCP often have a high h index, which indicates that these two indexes are highly correlated.
Both of them are suitable for estimating the influence of journals on food webs. In other words,
the IF is not a good reflection of the visibility of publications for a journal in a specific research
area. For example, PLoS One, which is a good journal in terms of its IF (3.730), R (7/56) and
Q (Q1), has a relatively low CPP (4.911) in the food web research area when compared to other
top active journals, for Plos One is a much younger journal which firstly issued in 2006.
In the keywords analysis, the period before 1984 was not displayed because of the absence of
keywords in most papers. The top 20 keywords for next three decades are shown in Table 3.2.
The number of keywords of each publication was 6.55 from 1984 to 1993, 8.11 from 1994 to
2003, and 8.89 from 2004 to 2013. “Food web/s” is consistently the most frequent keyword
used in the literature. It is clear that the focus on food web research shifted from phytoplankton
during the 1984–2003 period to the community level during the current decade.
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Table 3.2. Research trends from key words distribution analysis.
1984-1993
(4383/669)
FOOD WEB*S
PHYTOPLANKTON
ZOOPLANKTON
ECOSYSTEM*S
COMMUNITY*IES
DYNAMICS
GROWTH
CARBON
ECOLOGY
BACTERIA
SEA
MARINE
FISH
POPULATIONS
STABILITY
COMPETITION
NITROGEN
ABUNDANCE
BACTERIOPLANKTON
LAKE
WATERS

1984-1993
92
63
54
54
53
52
41
41
32
31
31
31
29
29
27
27
25
23
23
23
21

1994-2003
(44251/5455)
FOOD WEB*S
PHYTOPLANKTON
COMMUNITY*IES
ECOSYSTEM*S
DYNAMICS
ZOOPLANKTON
GROWTH
CARBON
NITROGEN
FISH
COMMUNITY STRUCTURE
BIOMASS
MARINE
PRODUCTIVITY
ECOLOGY
PREDATION
FRESH-WATER
WATER
BACTERIA
PREY
ORGANIC-MATTER

1994-2003
1184
472
458
442
430
343
339
311
306
290
289
221
215
209
204
200
198
197
178
177
168

2004-2013
(138469/15569)
FOOD WEB*S
COMMUNITY*IES
ECOSYSTEM*S
DYNAMICS
CARBON
COMMUNITY STRUCTURE
NITROGEN
FISH
PHYTOPLANKTON
DIVERSITY
BIODIVERSITY
ZOOPLANKTON
GROWTH
ECOLOGY
ORGANIC-MATTER
PATTERNS
FRESH-WATER
STABLE-ISOTOPES
CLIMATE-CHANGE
DELTA-N-15
TROPHIC CASCADES

2004-2013
4814
1158
1140
1023
886
752
712
686
681
677
666
578
576
567
564
483
482
448
440
430
418
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3.3.3. Geographic bias
In all, 145 countries or territories were involved in the 20,239 publications, and only 145
publications did not include country information. The three most productive countries in terms
of research were the USA, Canada and the UK. The USA overwhelmingly had the dominant
position, with a publication output of 8348, which accounted for 41.25% of the total output,
followed by Canada (2,670, or 13.19%) and the UK (1,969, or 9.73%). Among the 20,239
publications, 12,890 (63.69%) of them were the product of independent research, and the
remainder were products of collaborative work. To look into the change and trends of
international cooperation among countries and continents in this area, cooperation networks
were drawn, using Pajek, for the following four periods: 1965–1983 (the start stage), 1984–
1993, 1994–2003, and 2004–2013.
Clearly, countries such as the USA and Canada made significant contributions to the
development of food web research, as well as produce some prolific individual scientists. Table
3.3 shows the top productive authors in this area and their publication influence. In terms of
citations, the top 15 productive scientists have an average h index of 30. All of them are from
Europe and North America, which is consistent with the countries’ contribution. German
scientist Scheu is leading the number of publications in food web research, while Hobson and
Carpenter, from Canada and USA respectively, both have equal highest h index. Another
scientist, Wardle, should not be ignored, as he has the highest total citations, which also
demonstrates his influence in food web research.
Table 3.3. Top 15 productive authors from SCI publications during 1965-2013. TP: total
number of publications; TPR: TP rank; TC: total citation counts; CPP: citation per publication;
hR: h-index rank.
Author
Scheu, S
Hobson, KA
Muir, DCG
Carpenter, SR

TP
88
82
77
70

TPR
1
2
3
4

TC
2997
5172
3805
5325

CPP
34.06
63.07
49.42
76.07

h-index
30
36
31
36

hR
5
1
4
1

country
Germany
Canada
Canada
USA
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Author
Woodward, G
Fisk, AT
Elser, JJ
Vander Zanden, MJ
Jennings, S
Kitchell, JF
Wardle, DA
Brose, U
Fry, B
Nielsen, TG
Power, ME

TP
61
58
50
50
49
49
48
47
47
47
47

TPR
5
6
7
7
9
9
11
12
12
12
12

TC
2481
2387
3690
3320
2949
3883
5439
1380
2985
1426
4442

CPP
40.67
41.16
73.80
66.40
60.18
79.24
113.31
29.36
63.51
30.34
94.51

h-index
26
23
29
25
28
30
32
22
29
22
29

hR
11
13
7
12
10
5
3
14
7
14
7

country
UK
Canada
USA
USA
UK
USA
Sweden
Germany
USA
Denmark
USA

3.3.4. Collaboration
In 1991, the number of authors for the total of 185 publications was 452, with an average of
2.2 authors per publication (APP). Six years later, the APP reached 3.0 in this area. This number
steadily increased during the observed duration, reaching 4.4 in 2013, with a total publication
count of 2,088.
As evidenced by collaborative networks among countries, international collaboration has
become increasingly intensive (Fig. 3.3). At the first stage of food web research (1965–1983),
12 countries had published papers on food web research, but only four countries had started
cooperating with others (USA, Canada, UK, and Norway), which meant that both productivity
and cooperation were low. In the next two decades, an increasing number of countries from
other continents participated in food web research, which resulted in much more complicated
cooperation relationships among countries. However, Europe and North America were still the
prominent forces in food web research. As seen in Fig. 3.3 (d), from 2004 to 2013, both
publication productivity and cooperation activity reached unprecedented levels. The
importance of countries from other continents like China, Japan, Brazil and Australia emerged
and increased.
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Figure 3.3. Collaboration network among countries on food web research from SCI publications during 1965 and 2013: (a) 1965-1983; (b) 19841993; (c) 1994-2003; (d) 2004-2013. Size of circle implicates the publication productivity of the country, and the following colours represent
continents: Europe (red), North America (blue), Africa (yellow), Asia (green), Oceanic (pink), South America (white). The width of the line
between countries shows the relative amount of collaborative publications between them.
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3.4. Discussion
The first interesting finding, which supports our prediction, is that food web studies are not
uniform, both in terms of ecosystem types and geographical areas. From the analyses of the
subject categories, journal sources and keywords, most of the publications related to food webs
have focused on aquatic ecosystems. Among the top 15 subject categories, more than a quarter
(4 out of 15) is specifically related to aquatic ecosystems (namely, Marine Freshwater Biology,
Oceanography, Limnology and Fisheries). Most of the remaining categories are
multidisciplinary; only one is specifically related to microbiology, and none is exclusively on
terrestrial ecosystems. Every journal has its aims and scope, which is generally reflected in its
name. From the top 20 most active journals (Table 3.1) on food web research, over half (11 out
of 20) are specifically related to studying aquatic ecosystems. This tendency extended to
keyword analysis (Table 3.2); for example, the high presence rate of aquatic-related keywords
such as ‘phytoplankton’, ‘zooplankton’, ‘fish’, and ‘water’. Theoretically, the fact that there
are more food web studies on aquatic ecosystems than terrestrial ecosystems is reasonable,
because over two-thirds of the earth is occupied by aquatic ecosystems. However, there are
other potential reasons for the disproportionate level of terrestrial food web research. One of
them could arise from scale size and sampling or manipulating difficulties. In aquatic
ecosystems, organisms live within clearly defined boundaries, since both producers and
consumers are often confined in water or close to water (Shurin et al. 2006). Small-scale food
web studies such as in aquatic ecosystems or on grasslands perhaps have been overemphasized
(Chase 2000). Constructing a food web for a specific terrestrial ecosystem is more difficult
than for an aquatic ecosystem, especially when large animals and birds present. For example,
tracing sources for birds requires a wide range sampling in stable isotope analysis (Webster et
al. 2002).
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The non-uniformity of food web studies is not only evident in ecosystem types, but also among
geographical areas (Fig. 3.3). Analysis on country productivity demonstrates that countries
from North America and Europe contributed much more in terms of food web research than
those from Africa and South America. In Asia and Oceania, food web research has received
increased attention in the past two decades. The USA and Canada were consistently the top
two productive countries in terms of research, and had the most frequent collaborations. This
result was also consistent with the nationality distribution of the top 15 productive authors, as
all of them are from North America and Europe (Table 3.3). The reasons for the
disproportionality could result from the economic levels and official languages of these
countries or areas. In undeveloped countries, scientific research is relatively lagging, because
the governments have to allocate their limited funds to infrastructure and construction and to
fulfil the essential needs of citizens. For example, the countries in the G8 and European Union
(comprising 31 countries), as the two biggest economic groups, accounted for more than 98%
of the world’s most highly cited papers, while the remaining 162 countries contributed less
than 2% in total (King 2004). Language could also be another reason, since English is the
dominant scientific language (Hsieh et al. 2004), as evidenced in the results of this study,
accounting for 99.224% of the publications. The prevalence of English not only limits the
spread of science to non-English countries, but also prohibits these countries’ communication
with the rest of the world. For example, Man et al. found that there is a significant relationship
between national spending on research and TOEFL (Test of English as a Foreign Language, a
measure of English proficiency) scores with the publication output of developed countries in
highly ranked general medical journals (Man et al. 2004).
In addition, aquatic food web research was potentially overemphasized on temperate systems
in the northern hemisphere. Most rivers in the world (in terms of total length and number) flow
through tropical, sub-tropical or arid climates and biomes (Shiklomanov 1998), while the
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results showed that most papers potentially focused on temperate systems in the northern
hemisphere. This bias could mislead some basic understandings on aquatic food web processes,
for example, the relative importance of allochthonous sources (terrestrial inputs) versus
autochthonous sources (aquatic primary production) to aquatic consumers. For example,
previous studies conducted in north temperate systems found that allochthonous sources are
more important than autochthonous sources, though with some exceptions (Delong and Thorp
2006). Therefore, most of the systems are net heterotrophic (Vannote et al. 1980, Sedell et al.
1989, Brett et al. 2017). However, recent studies in tropical and sub-tropical rivers and streams
found autochthonous sources (i.e. algae) are the main food supported aquatic consumers
(Douglas et al. 2005, Pingram et al. 2012). Since aquatic food web studies were more prevalent
in north temperate systems than in other areas, the importance of allochthonous sources may
potentially be overemphasized.
The second interesting finding in this study is that, also as predicted, research cooperation has
become more and more extensive in this field (Glänzel et al. 1999). This trend is firstly
reflected by the index authors per publication (APP), which increased from 2.4 in 1991 to 4.4
in 2013. Secondly, the activity among countries has also become more frequent than before, as
shown in Fig. 3.3. Apart from the increasing number of countries involved in food web research,
the strength of the links between countries, which is reflected in collaborative publications,
also substantially increased. Several reasons could contribute to the cooperation requirement
in food web research. Firstly, with the development of science and technology, scientific
research is widely recognized as more complex than before (Glänzel et al. 1999); without
collaboration, it is difficult to accomplish research programs and get papers published.
Secondly, this complexity has been recognized by governments, which have invested a lot of
money in scholarly communication events and supporting visiting scholars. Both of these
promote collaboration among authors and countries, as well as increase the number of
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cooperative publications. Thirdly, considering the huge challenges brought on by global
changes, it is better to consider scientific questions globally (Wilbanks and Kates 1999). This
means that scientists should carry out research on the same theme in different countries and
areas. Moreover, academic systems which reward the number of publications would encourage
the sharing of publications in institutions.
Another interesting finding is the visibility of new technology in food web bibliometrics
analysis. Gut or stomach content analysis is a traditional and theoretically practical method that
can be used for food web constructing, but it has many drawbacks, such as snapshot bias and
species identification difficulties (Paine 1980, Post 2002, Shiffman et al. 2012). Stable isotope
analysis has emerged as one of the most powerful and cost-effective tools in food web studies
during the last several decades (Peterson and Fry 1987, Larsen et al. 2013), which is also
reflected in keyword analysis (Table 3.2). For example, the occurrence rate of carbon and
nitrogen has increased. Normally, the carbon isotope ratio and nitrogen isotope ratio are used
for tracing organic carbon sources and trophic levels for organisms in food webs. Additionally,
from the keyword analysis, the influence of climate change has also been shown as a hot spot
in food web research during 2004 to 2013 (Table 3.2). Climate change research has flourished
from the 1990s (Li et al. 2011) but with less attention given to its link to food web research.
Based on a bibliometrics analysis on food web research publications, I found that cooperation
trends have become more and more obvious and extensive in this area, both among individual
authors and countries. Most of the work has been done in aquatic ecosystems, and countries
with high economic levels have contributed more research outputs than undeveloped countries.
These existing ecosystem and geographical biases have the potential to affect our
understanding of food webs and ecosystem processes. The keyword analysis also revealed the
rise of new technology and the emergence of climate change as a reoccurring topic. My study
indicates that food webs from ecosystems other than aquatic ones, such as terrestrial
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ecosystems, require more attention in the future; in particular, those that exist within countries
from Africa and South America.
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Chapter 4:

Riverine food webs and the effects of flow alteration, river impoundment

and land use
4.1. Introduction
Dams play a vital role in flood control, agricultural irrigation, drinking water supply, navigation,
electricity generation and aquaculture (World Commission on Dams 2000). Nearly half of
global large rivers have already been affected by dam construction and many more dams are
planned and under construction globally (Nilsson et al. 2005, Lehner et al. 2011, Zarfl et al.
2015). Dams can significantly alter natural patterns of river flow, including changes to the
magnitude, frequency, duration and timing of high and low flow events and changes in flow
regime variability over a range of temporal scales (Richter et al. 1996, Poff et al. 1997). Flow
regime alteration downstream of dams not only changes river geomorphology and the physical
and chemical environment, but also the community composition of aquatic plants, plankton,
benthic invertebrates and fish (Baxter 1977, Bunn and Arthington 2002). Although occupying
only 0.8% of the earth’s surface, rivers and other freshwater ecosystems, support a
disproportionate percentage (6%; 100,000) of all described species (Nilsson et al. 2005,
Dudgeon et al. 2006). Therefore, dams represent a pervasive threat to aquatic biodiversity and
ecosystem integrity.
There have been many studies on the effect of dams and flow alteration on aquatic communities
(Baxter 1977, Bunn and Arthington 2002, Martínez et al. 2013, Wellard Kelly et al. 2013,
Freedman et al. 2014a, Cheng et al. 2015, Hall et al. 2015), and the behavior and population
dynamics of individual species (Ligon et al. 1995, Agostinho et al. 2004, Zhang et al. 2012,
Bond et al. 2016, Song et al. 2017). However, it remains unclear how aquatic food webs change
in response to dams and flow alteration (Hoeinghaus et al. 2007, Ruhí et al. 2016), and
particularly what effect they will have on the relative importance of allochthonous carbon
sources (terrestrial inputs) versus autochthonous carbon sources (primary production within
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river) to consumers (Power and Dietrich 2002, Growns et al. 2014). In natural rivers, the
relative importance of the two distinct food sources to consumers varies in predictable ways
along longitudinal gradients, which also governs fundamental processes and food web
dynamics within rivers (Vannote et al. 1980, Allan 2004). These processes have been
incorporated into a series of conceptual models including the River Continuum Concept (RCC)
(Vannote et al. 1980, Sedell et al. 1989), Flood Pulse Concept (FPC) (Junk et al. 1989),
Riverine Productivity Model (RPM) (Minshall 1978, Thorp and Delong 1994), and more
recently Riverine Ecosystem Synthesis (RES) (Thorp et al. 2008). In impounded rivers, the
transportation and production of both allochthonous and autochthonous carbon sources can be
changed by dams and flow alteration (Ward and Stanford 1983, 1995). For example, dams can
obstruct the downstream transportation of allochthonous sources from upstream. The
interception of high flow events can result in reduced lateral inundation of riparian and
floodplain areas downstream, thus can reduce allochthonous inputs to riverine environments
(Ward and Stanford 1995). Dams often reduce the frequency and duration of high flow events,
and increase the magnitude and stability of low flows (Bunn and Arthington 2002, Lehner et
al. 2011). As a consequence, the increased stability of riverine environments downstream of
dams can potentially cause excessive growth of autochthonous sources including macrophytes,
periphyton and phytoplankton (Ward and Stanford 1979, McKinney et al. 1999, Tonkin et al.
2009, Pingram et al. 2014). In addition, the large area of lentic environment created by dams
can increase the biomass of plankton (Baxter 1977). The plankton released from such reservoirs
upstream dams can be an important food subsidy to downstream aquatic consumers (Doi et al.
2008, Ock and Takemon 2014).
Catchment land use change is another important source of human disturbance in rivers and
streams around the world (Allan et al. 1997, Allan 2004, Foley et al. 2005, Joy 2014).
Catchment land use (e.g. grazing, cropping, and urbanization) and associated riparian
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degradation can increase runoff of sediments and nutrients (N and P) and alter the delivery of
allochthonous carbon (Sliva and Williams 2001, Buck et al. 2004, Hagen et al. 2010, Xia et al.
2016). For example, sediment concentration and water nutrient level were highly correlated
with the percentage of agricultural land use in catchments (Allan et al. 1997, Jones et al. 2001).
Riparian deforestation can decrease the allochthonous inputs to rivers and streams (Delong and
Brusven 1994, Scarsbrook et al. 2010). Increased light inputs from reduced riparian cover,
together with nutrient addition, can stimulate photosynthesis activity and increase gross
primary production (GPP) within rivers (Feminella et al. 1989, Bernot et al. 2010). Collectively,
catchment land use can affect both allochthonous and autochthonous source inputs at the base
of aquatic food webs, but how their contribution to consumers will change is poorly understood
at present.
Stable isotopes (e.g. δ13C and δ15N) have been used in food web studies and to detect the effects
of human and natural disturbance over several decades (Bunn et al. 1999, Cole et al. 2004,
Bergfur et al. 2009, Fry and Davis 2015). The contribution of allochthonous sources and
autochthonous sources to a specific consumer can be estimated by using a simple mixing model,
since they have distinct δ13C values. Carbon limitation from increasing production, decreasing
CO2 concentration, and decreasing flow velocity can result in δ13C enrichment in basal food
sources such as algae (Trudeau and Rasmussen 2003, Finlay 2004). The δ15N value of basal
food sources and consumers has been increasingly acknowledged as an indicator of
anthropogenic nutrient loading in aquatic ecosystems (Lake et al. 2001, Anderson and Cabana
2005, Vander Zanden et al. 2005, Udy et al. 2006, Peterson et al. 2007). For example, the
influence of livestock dung and chemical and organic fertilizers was reflected by the δ15N value
of fish in land use-changed catchments (Carvalho et al. 2015).
This chapter aims to test how flow alteration, river impoundment and land use may affect
aquatic food webs by using stable isotope data from two comparable sub-tropical rivers, the
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Brisbane River and Mary River in south-east Queensland, Australia. The Brisbane River
downstream is heavily affected by impoundment and flow alteration compared to the upstream
and to the Mary River. Both catchments have similar levels of agricultural land use. Based on
my review of the potential effects of human disturbance on allochthonous and autochthonous
inputs, I hypothesized that: (1) consumers from both catchments are highly relied on
autochthonous sources but not allochthonous sources; (2) δ15N in producers and consumers
would reflect the influence of anthropogenic activities from upstream to downstream in both
rivers; (3) consumers downstream of the dam in the Brisbane River would have a higher
reliance on autochthonous pelagic food compared to other sub-catchments.
4.2. Methods
4.2.1. Study area and sampling sites
See descriptions in Chapter 2. In this chapter, all six sites from each river were selected (Fig.
2.1). The six paired sites included three Brisbane River sites upstream of Wivenhoe Dam, three
Brisbane River sites downstream of Wivenhoe Dam, and three sites from the upper Mary River
and three sites from the lower Mary River, respectively.
4.2.2. Field sampling
A wide range of basal food sources and consumers was sampled for stable isotope analysis in
June-July (dry season) 2014 and February-March (wet season) 2015 (Table 4.1). Basal food
sources included biofilm, phytoplankton, filamentous algae, macrophytes, and terrestrial leaf
litter. Consumers included molluscs, aquatic insects, crustaceans, and fish. Biofilm samples
were scraped off rinsed rocks by a scalpel and stored in a 5ml sterile plastic tube. Phytoplankton
samples were filtered by using a pre-combusted filter and a hand pump system; each of the
replicates (3 replicates for each site) was filtered (Whatman membrane filters, pore size 0.45
μm) from at least 500 ml water. Filamentous algae and macrophytes (Hydrilla verticillata,
Potamogeton crispus, and Vallesnaria nana) were collected by hand. Molluscs, including
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gastropods (Thiara spp.) and bivalves (Corbicula spp.), were mainly collected by sieving sands
from flowing water. Aquatic insects, such as Ephemeroptera (the omnivorous gathering
collectors Offadens spp. and Pseudocloeon spp., Fam. Baetidae) and Trichoptera (the
omnivorous filtering collector Cheumatopsyche spp., Fam. Hydropsychidae), were collected
by a dip net (mesh size 250 μm) (Bunn et al. 1997). We used composite samples for
Ephemeroptera and Trichoptera to obtain sufficient mass for stable isotope analysis.
Crustaceans (palaemonid and atyid shrimp) and fish were mainly collected by a backpack DC
unit electrofishing unit (Mk 12 POW, Smith-Root, www.smith-root.com/) with a standard
Smith-Root anode (25 cm diameter ring supported dip net attached to a 2 m pole) and cathode
(3.2 m wire cable). The electrofisher typically operated at 300 or 400 V, 70 Hz frequency, and
4 ms pulse width (Kennard et al. 2006). Boat electrofishing was used in non-wadable sections
of lowland sites in both rivers to collect large-bodied fish species. In the field, all samples were
sorted and identified where possible; then they were immediately placed in individually
labelled zip-lock bags or in 5 ml tubes and stored on ice. For small aquatic invertebrates
collected in this study, this approach has been shown to allow sufficient time for them to void
their guts to ensure that isotope signatures reflect consumer tissues only, and are not influenced
by gut contents (Hadwen and Bunn 2005). A non-lethal fin clip of most fish was taken, which
is a reliable surrogate of muscle tissue for stable isotope analysis in Australia freshwater fishes
(Jardine et al. 2011). Therefore, most of the fish were released alive after the fin clip. Small
fish were kept whole for ensuring muscle samplings since a fin clip was not enough for stable
isotope analysis. All samples were then stored in a freezer (-20℃) in the laboratory until
processing. All sampling was approved by the Griffith University Animal Ethics Committee
(GU Ref No: ENV/12/14/AEC).

48

Table 4.1 Sample size for stable isotope analysis in two seasons at the Brisbane River and Mary
River. S = small (maximum length ≤ 20 cm), M = medium (21-60 cm maximum length), L =
large (maximum length > 60 cm); HerDet = herbivore-detritivore, Omn = omnivore, Inv =
invertivore, InvPis = invertivore-piscivore.
Taxa
Producer
Biofilm
Phytoplankton
Aquatic plant
Filamentous algae
Leaf litter
Invertebrate
Bivalve
Gastropod
Ephemeroptera
Trichoptera
Odonata
Crustacean
Fish
Ambassis agassizii
Amniataba percoides
Anguilla reinhardtii
Arramphus sclerolepis
Bidyanus bidyanus
Craterocephalus marjoriae
Craterocephalus
Cyprinus
carpio
stercusmuscarum
Gambusia holbrooki
Glossamia aprion
Gobiomorphus australis
Hephaestus fuliginosus
Hypseleotris compressa
Hypseleotris galii
Hypseleotris klunzingeri
Leiopotherapon unicolor
Maccullochella mariensis
Macquaria ambigua
Macquaria novemaculeata
Melanotaenia duboulayi
Mogurnda adspersa
Mugil cephalus
Nematalosa erebi
Neoarius graeffii
Neoceratodus forsteri
Notesthes robusta
Oreochromis mossambicus
Philypnodon grandiceps
Philypnodon maculatus
Poecilia reticulata
Pseudomugil signifer
Retropinna semoni
Tandanus tandanus
Xiphophorus maculatus

Functional
group

Brisbane Dry Brisbane Wet

Mary Dry

Mary Wet

Biofilm
Ppf
AP
FA
LL

18
12
31
16
16

18
18
37
14
41

18
12
16
18
19

18
18
17
12
36

Biv
Gast
Ephem
Trich
Odon
Crust

18
27
13
12
23
39

14
22
16
7
34
32

16
12
17
17
9
36

12
18
17
17
21
36

S_Inv
M_Omn
L_InvPis
M_HerDet
M_Inv
S_Omn
S_Omn
L_Omn
S_Omn
M_InvPis
M_Inv
M_Omn
S_Omn
S_Inv
S_Inv
M_Omn
L_Inv
L_InvPis
M_InvPis
S_Omn
S_Inv
L_HerDet
M_HerDet
M_InvPis
L_Omn
M_InvPis
M_Omn
S_Inv
S_Inv
S_Inv
S_Inv
S_Inv
L_Inv
S_Omn

6
3
6
3
0
6
15
0
18
6
5
0
3
0
11
3
0
0
7
17
9
5
12
4
16
2
16
1
5
0
9
17
7
3

15
1
5
5
0
5
17
3
17
9
0
0
1
0
10
0
2
3
9
17
4
9
12
10
9
0
12
3
0
3
6
15
4
2

10
0
19
3
1
12
1
0
4
4
0
2
5
6
18
2
1
0
3
12
0
3
6
1
3
0
0
4
0
0
15
18
11
2

16
0
4
4
0
15
9
0
10
7
0
0
1
1
15
1
0
0
2
16
0
3
11
3
0
0
1
2
0
0
14
18
1
0
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4.2.3. Laboratory processing
All samples were defrosted at air temperature and rinsed by using distilled water. Muscle tissue
of molluscs, crustaceans, and small fish, fin clip for large-bodied fish were kept for stable
isotope analysis. An individual aquatic insect was too small to fulfil the mass requirement in
stable isotope analysis, therefore, I used composite samples. All stable isotope samples were
oven dried at 60℃ for at least 48 h. Dried samples were ground to a fine powder with mortar
and pestle for animals, and a mill grinder for plants (Retsch Mixter Mill Type MM200,
frequency 30/s, 1~3 minutes), then weighed (1.0 ~ 2.0 mg and 4.0 ~ 6.0 mg for animal samples
and plant samples each, respectively). One-quarter of the phytoplankton filter was weighted
for stable isotope analysis. All stable isotope samples were packed in tin capsules and then
combusted in an elemental analyzer connected via continuous flow to a Sercon isotope mass
spectrometer at Griffith University. Stable isotope values (δ13C; δ15N) are reported in delta
notation (δ, in ‰) relative to international standards for carbon (Pee Dee Belemnite) and
nitrogen (air) (Jardine et al. 2005).
4.2.4. Data analysis
Spatial and temporal variation in δ13C and δ15N isotopic values of basal sources, invertebrate
consumers, and fish trophic guilds were analyzed using permutational analysis of variance
(PERMANOVA), based on Euclidean distance matrices using Primer V6 with the
PERMANOVA+ add-on package (Anderson 2001, Clarke and Gorley 2006, Anderson et al.
2008). For each basal source and consumer, I tested the effects of River, Season and Catchment
position (nested within River) on variation in δ13C and δ15N isotopic values. To evaluate the
potential effects of the large dam on the Brisbane River, I also performed post-hoc
PERMANOVA analyses to test for differences between Rivers for downstream sites only. Fish
were divided into 12 trophic guilds for the analyses. The trophic classification was according
to total length and feeding habit (Pusey et al. 2004). There were three length groups (small: ≤
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20 cm; medium: 21-60 cm; and large: > 60 cm), and four feeding habit groups (herbivoredetritivore, omnivore, invertivore, and invertivore-piscivore). Fish species belonging to each
trophic guild are listed in Table 4.1. Longitudinal trends of δ13C and δ15N values of basal
sources, invertebrates and fish were examined by correlating (Pearson’s correlation) with the
distance of each site from the river outlet.
Based on my first hypothesis, concerning the relative importance of allochthonous,
autochthonous pelagic and autochthonous benthic food sources to consumers, I used terrestrial
leaf litter, filter-feeding bivalves and benthic grazing gastropods to represent each of these
respective food sources. The specialist consumers (bivalves and gastropods) were used instead
of seston and periphyton samples directly, because seston and periphyton samples have
considerable within-site and temporal variation in stable isotope values (e.g. Hadwen et al.
2010b). Therefore, specialist consumers can better represent variation in these primary
producer food sources over a relatively long term and are more appropriate for estimating
changes in the contribution of different food sources to aquatic consumers (Post 2002, Fry
2006). A three-endmember mixing model was used to estimate the relative contributions of
each food source to each higher consumer (crustaceans and fish). Aquatic insect consumers
(Ephemeroptera, Trichoptera, and Odonata) were not included in the mixing model analyses
as they were not identified to species level and included representatives from several functional
feeding groups. The contribution of each food source to a specific consumer was estimated
based on stable isotope values after adjustment by trophic enrichment factors (TEF, Δ) (Caut
et al. 2009). The main mixing calculations were based on Δ13C = 0.8 ‰ and Δ15N = 3.4 ‰ with
referring to the overall stable isotope values of producers, aquatic invertebrates, and fish in this
study (Post 2002). Terrestrial leaf litter and consumers were adjusted to the same trophic level
of bivalve and gastropod using the TEFs. The trophic level of fish was determined from the
gut content analysis (Pusey et al. 2004). The contribution of each food source to consumers
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was estimated using IsoSource mixing model software (Phillips and Gregg 2003). In IsoSource,
the increment was set at 1%, and mass balance tolerance was set at 0.1 and increased to a
maximum of 1 until a solution was achieved (Pingram et al. 2014).
4.3. Results
4.3.1. Variation in δ13C and δ15N values of basal food sources and consumers
A total of 1,633 samples was analysed, including basal food sources (N = 405), aquatic
invertebrates (N = 485) and fish (N = 743) (Table 4.1). PERMANOVA showed that the main
sources of variation in δ13C and δ15N values of most basal sources, invertebrates and fish
trophic guilds were due to the effects of catchment position within rivers, with little overall
differences between rivers and seasons (Table 4.2). However, there were significant differences
between rivers for downstream sites only, and these differences were evident for most basal
sources and invertebrates (except Odonata and Crustacea). Few differences in isotopic values
of fish trophic guilds were observed between rivers for downstream sites, except for fish
belonging to the small and large omnivore guilds and the medium and large
invertivore/piscivore guilds, which differed in their δ15N values (Table 4.2).
Very few longitudinal trends were found in δ13C values for producers, invertebrates and fish in
both rivers (Table 4.3). For example, filamentous algae were significantly enriched in 13C from
upstream to downstream in both rivers (Table 4.3). However, the δ13C value of leaf litter
showed opposite longitudinal trends in the two rivers; i.e. significantly 13C-enriched along the
river in the Mary River but 13C-depleted in the Brisbane River. Significant longitudinal
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C-

depletion trends in some taxa such as phytoplankton, Trichoptera and small invertivore fish
were found only in the Mary River, but these trends were weaker and in some taxa changed to
C-enrichment in the Brisbane River (Table 4.3). In comparison, δ15N values for most of the
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basal sources, invertebrates, and fish in both rivers showed a significant enrichment trend from
upstream to downstream, particularly for consumers (Table 4.3).
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Table 4.2. PERMANOVA results for differences in δ13C and δ15N values of basal sources,
invertebrates and fish trophic guilds in response to factors River, Season, Catchment
position (nested within River) and interactions. Post-hoc PERMANOVA tests for
differences between Rivers for downstream sites are also shown. Significant differences (P
< 0.01) are indicated in bold.
Taxon
Basal sources
Leaf litter
Leaf litter
Biofilm
Biofilm
Filamentous algae
Filamentous algae
Phytoplankton
Phytoplankton
Aquatic plants
Aquatic plants
Invertebrates
Bivalvia
Bivalvia
Gastropoda
Gastropoda
Ephemeroptera
Ephemeroptera
Trichoptera
Trichoptera
Odonata
Odonata
Crustacea
Crustacea
Fish trophic guild
M_Her/Det
M_Her/Det
L_Her/Det
L_Her/Det
S_Omn
S_Omn
M_Omn
M_Omn
L_Omn
L_Omn
S_Inv
S_Inv
L_Inv
L_Inv
M_Inv/Pis
M_Inv/Pis
L_Inv/Pis
L_Inv/Pis

Source
River x
CatPos (River)
Season
x Season
0.419
0.538
0.657
0.744
0.891
0.001
0.922
0.011
0.317
0.182
0.654
0.062
0.967
0.102
0.878
0.022
0.838
0.179
0.178
0.986

Isotope

River

Season

δ13C
δ15N
δ13C
δ15N
δ13C
δ15N
δ13C
δ15N
δ13C
δ15N

0.733
0.753
0.242
0.128
0.369
0.352
0.852
0.093
0.781
0.626

0.180
0.047
0.845
0.754
0.483
0.986
0.332
0.085
0.411
0.815

CatPos
(River)
0.010
0.007
0.001
0.001
0.001
0.001
0.001
0.035
0.006
0.001

δ13C
δ15N
δ13C
δ15N
δ13C
δ15N
δ13C
δ15N
δ13C
δ15N
δ13C
δ15N

0.188
0.453
0.34
0.495
0.292
0.534
0.481
0.311
0.241
0.723
0.037
0.72

0.637
0.937
0.001
0.914
0.486
0.316
0.424
0.001
0.665
0.335
0.089
0.178

0.005
0.001
0.012
0.001
0.007
0.001
0.001
0.001
0.864
0.001
0.582
0.001

0.175
0.276
0.558
0.299
0.933
0.925
0.939
0.001
0.748
0.919
0.143
0.381

δ13C
δ15N
δ13C
δ15N
δ13C
δ15N
δ13C
δ15N
δ13C
δ15N
δ13C
δ15N
δ13C
δ15N
δ13C
δ15N
δ13C
δ15N

0.517
0.828
0.011
0.151
0.972
0.529
0.342
0.542
0.766
0.862
0.954
0.615
0.034
0.89
0.451
0.755
0.663
0.069

0.897
0.027
0.064
0.286
0.053
0.093
0.717
0.157
0.384
0.207
0.201
0.138
0.253
0.860
0.006
0.361
0.004
0.729

0.251
0.019

0.024
0.001
0.380
0.219
0.718
0.988
0.442
0.555

0.095
0.001
0.132
0.001
0.001
0.001
0.001
0.001
0.984
0.001
0.220
0.001
0.009
0.317

0.757
0.531
0.702
0.024
0.001
0.069
0.940
0.010

0.055
0.142
0.926
0.502
0.121
0.001
0.161
0.946
0.163
0.041
0.590
0.257

0.171
0.153
0.151
0.037

0.075
0.079

Downstream
Brisbane vs Mary
0.001
0.577
0.001
0.001
0.040
0.002
0.005
0.005
0.868
0.642
0.001
0.002
0.001
0.037
0.001
0.003
0.001
0.001
0.315
0.808
0.013
0.417
0.663
0.124
0.014
0.146
0.645
0.007
0.716
0.055
0.779
0.020
0.547
0.391
0.002
0.318
0.567
0.007
0.500
0.001
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Table 4.3. Mean (± 1 SD) δ13C and δ15N values and their longitudinal trend of basal sources, invertebrates and fish from the Brisbane River and
Mary River. Positive r values (Pearson’s correlation) indicate a longitudinal enrichment trend, and negative r values indicate a longitudinal
depletion trend. Abbreviations for fish trophic guilds are S = small (maximum length ≤ 20 cm), M = medium (21-60 cm maximum length), L =
large (maximum length > 60 cm); HerDet = herbivore-detritivore, Omn = omnivore, Inv = invertivore, InvPis = invertivore-piscivore. (* = P <
0.01; ** = P < 0.001 ).
δ13C (Mean ± 1 SD, ‰)
Brisbane
Mary
Basal sources
Leaf litter
Biofilm
Filamentous algae
Phytoplankton
Aquatic plants
Invertebrates
Bivalvia
Gastropoda
Ephemeroptera
Trichoptera
Odonata
Crustacea
Fish trophic guild
M_HerDet
L_HerDet
S_Omn
M_Omn
L_Omn
S_Inv
M_Inv
L_Inv
M_InvPis
L_InvPis

Longitudinal δ13C (r)
Brisbane
Mary

δ15N (Mean ± 1 SD, ‰)
Brisbane
Mary

Longitudinal δ15N (r)
Brisbane
Mary

Sample size
Brisbane Mary

-29.02 ± 1.32
-21.58 ± 5.62
-24.86 ± 6.18
-26.34 ± 1.70
-27.18 ± 3.36

-28.92 ±1.10
-25.10 ± 2.35
-29.71 ± 6.07
-26.72 ± 2.39
-27.49 ± 2.88

-0.35*
0.25
0.52*
-0.26
-0.35*

0.35*
-0.34
0.65**
-0.62**
-0.20

2.13 ± 2.89
6.76 ± 3.79
5.68 ± 3.18
4.93 ± 1.95
5.45 ± 3.62

2.57 ± 2.84
12.39 ± 3.55
9.86 ± 4.62
7.33 ± 2.44
7.54 ± 2.82

0.30
0.31
0.79**
0.38
0.67**

0.26
0.50*
0.48
0.17
-0.04

57
36
30
30
68

55
36
30
30
33

-29.28 ± 2.17
-23.72 ± 2.81
-26.69 ± 1.76
-25.44 ± 3.05
-25.53 ± 2.45
-23.37 ± 1.80

-31.51 ± 2.49
-25.45 ± 2.39
-28.38 ± 2.52
-28.81 ± 3.51
-25.96 ± 2.02
-24.34 ± 1.73

-0.50*
0.34
0.40
0.37
-0.07
-0.07

-0.39
-0.23
-0.32
-0.59**
-0.17
-0.11

7.50 ± 3.20
6.12 ± 3.34
5.82 ± 3.28
7.84 ± 2.60
7.08 ± 3.29
9.66 ± 3.72

10.28 ± 2.05
9.29 ± 2.35
9.66 ± 2.98
9.55 ± 2.39
8.52 ± 2.10
11.23 ± 2.82

0.95**
0.90**
0.85**
0.54
0.89**
0.88**

0.61**
0.45
0.65**
0.70**
0.58**
0.62**

32
49
29
19
57
71

28
30
34
34
30
72

-23.84 ± 2.46
-23.04 ± 1.27
-24.15 ± 2.91
-23.92 ± 2.57
-25.34 ± 1.60
-24.85 ± 1.87
-27.02 ± 0.84
-24.12 ± 1.27
-23.89 ± 1.38
-23.97 ± 2.56

-24.25 ± 2.25
-25.16 ± 2.23
-23.96 ± 2.41
-22.76 ± 2.06
-25.64 ± 0.20
-24.69 ± 2.30
-26.30
-26.94 ± 2.51
-23.69 ± 0.97
-23.90 ± 2.36

0.02
0.01
-0.16
0.30
-0.70*
-0.21
-0.12
0.31
-0.08
0.43

0.42
NA
-0.08
NA
NA
-0.32**
NA
0.21
0.15
-0.27

12.45 ± 2.57
12.78 ± 0.73
8.99 ± 3.05
9.68 ± 3.58
12.38 ± 2.74
9.84 ± 3.73
12.55 ± 1.15
12.43 ± 3.89
15.16 ± 2.89
15.98 ± 1.01

11.89 ± 1.53
12.16 ± 1.14
11.41 ± 3.00
14.32 ± 2.81
11.91 ± 0.25
11.49 ± 2.38
13.08
12.58 ± 1.97
14.44 ± 2.13
13.41 ± 1.45

0.35
0.07
0.77**
0.69**
0.93**
0.77**
-0.38
0.87**
0.74**
-0.28

-0.07
NA
0.38**
NA
NA
0.46**
NA
0.71*
-0.02
0.06

32
14
121
35
28
114
5
14
47
13

24
6
87
6
3
137
1
12
20
24
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4.3.2. Carbon sources
The food webs from both rivers were obviously supported by autochthonous sources, i.e.,
the benthic algae indicated by gastropods and plankton indicated by bivalves, rather than
allochthonous food source indicated by terrestrial leaf litter (Table 4.4). The mean
percentage contribution of autochthonous sources to crustaceans and fish was 81.1 ± 21.4%
(SD), compared with 18.9 ± 21.4% for allochthonous sources. Mixing model results from
IsoSource also revealed that most consumers were supported by autochthonous benthic
sources (66.4 ± 23.0%), rather than autochthonous pelagic sources (14.7 ± 17.2%).
Many consumers in Brisbane River sites downstream of Wivenhoe Dam had relatively high
contributions of autochthonous pelagic sources, although there was no solution for some
occasions in IsoSource (Table 4.4). For example, the contribution of pelagic algal sources
was higher in downstream of the Brisbane River than in upstream, and also higher than in
downstream of the Mary River (Table 4.4). In comparison, the contribution of
autochthonous benthic source was lower in downstream of the Brisbane River than in
upstream, and also lower than in downstream of the Mary River. Similar patterns were
found in crustaceans and different fish species, for example, Craterocephalus
stercusmuscarum, Glossamia aprion, Hypseleotris klunzingeri, Mugil cephalus,
Nematalosa erebi, Neoceratodus forsteri, Philypnodon maculatus, Pseudomugil signifer,
and Tandanus tandanus (Table 4.4). Some consumers at Brisbane River sites downstream
of Wivenhoe Dam also had comparatively lower contributions of allochthonous sources
(Table 4.4). For example, few fish showed a lower reliance on terrestrially derived sources
in the Brisbane River downstream than in upstream and in the Mary River downstream,
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such as C. stercusmuscarum, G. holbrooki, H. klunzingeri, M. cephalus, N. erebi, N.
forsteri, P. signifer, and T. tandanus.
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Table 4.4. 50th percentile contributions of three food sources to consumer biomass
estimated using IsoSource. TL = trophic level, CP = catchment position, BU = Brisbane
River upstream, BD = Brisbane River downstream, MU = Mary River upstream, MD =
Mary River downstream. 1st to 99th percentiles are displayed in parentheses.
Taxa/Species
Crustacean

Ambassis

TL
1

1

agassizii
Arramphus

1

sclerolepis
Craterocephalus

1

stercusmuscarum
Glossamia

1

aprion
Gambusia

1

holbrooki
Hypseleotris

1

compressa
Hypseleotris

1

klunzingeri
Mogurnda

1

adspersa
Mugil

1

cephalus
Melanotaenia

1

duboulayi
Nematalosa
erebi

1

CP
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU

Autochthonous
Bivalve
Gastropod
0.003 (0-0.01)
0.993 (0.99-1)
(pelagic)
0.22
(0.2-0.24)
0.77(benthic)
(0.76-0.78)
ns
ns
0.005 (0-0.02)
0.968 (0.93-1)
0.087 (0-0.19)
0.82 (0.79-0.85)
ns
ns
ns
ns
0.006 (0-0.02)
0.881 (0.83-0.92)

Allochthonous
Leaf litter
0.003 (0-0.01)
0.01 (0-0.02)
ns
0.027 (0-0.07)
0.093 (0-0.20)
ns
ns
0.113 (0.08-0.17)

Tolerance
0.8
0.1
ns
0.8
0.1
ns
ns
0.9

0.02 (0-0.06)

0.843 (0.80-0.90)

0.138 (0.10-0.20)

0.3

ns
0.165 (0.12-0.21)
0.323 (0.31-0.34)
0.357 (0.33-0.38)
0.003 (0-0.01)
0.026 (0-0.07)
0.425 (0.38-0.46)

ns
0.817 (0.79-0.83)
0.669 (0.66-0.68)
0.563 (0.54-0.59)
0.791 (0.77-0.81)
0.957 (0.93-1)
0.572 (0.54-0.62)

ns
0.018 (0-0.05)
0.009 (0-0.02)
0.079 (0.05-0.11)
0.206 (0.19-0.23)
0.017 (0-0.05)
0.003 (0-0.01)

ns
0.2
0.1
0.1
0.1
0.5
0.7

ns
ns
0.005 (0-0.02)
ns
0.004 (0-0.01)

ns
ns
0.628 (0.61-0.65)
ns
0.157 (0.12-0.19)

ns
ns
0.368 (0.35-0.39)
ns
0.839 (0.81-0.88)

ns
ns
0.7
ns
0.9

ns

ns

ns

ns

ns
0.017 (0-0.05)
0.294 (0.27-0.32)
0.006 (0-0.02)
0.003 (0-0.01)
0.017 (0-0.05)
0.011 (0-0.03)

ns
0.975 (0.95-1)
0.483 (0.47-0.50)
0.79 (0.77-0.81)
0.527 (0.50-0.55)
0.975 (0.95-1)
0.158 (0.14-0.19)

ns
0.008 (0-0.03)
0.223 (0.20-0.25)
0.204 (0.19-0.23)
0.47 (0.45-0.50)
0.008 (0-0.03)
0.831 (0.81-0.86)

ns
0.8
0.1
0.6
0.3
0.3
0.6

0.136 (0.11-0.16)

0.825 (0.81-0.84)

0.039 (0.01-0.06)

0.1

0 (0-0)
0.007 (0-0.02)
0.06 (0.03-0.09)
ns
ns
ns
0.325 (0.32-0.33)
0.5 (0.47-0.53)
0.002 (0-0.01)
0.007 (0-0.02)

0.64 (0.63-0.65)
0.987 (0.98-1)
0.725 (0.71-0.74)
ns
ns
ns
0.675 (0.67-0.68)
0.215 (0.19-0.24)
0.672 (0.65-0.69)
0.987 (0.98-1)

0.36 (0.35-0.37)
0.007 (0-0.02)
0.215 (0.19-0.24)
ns
ns
ns
0 (0-0)
0.285 (0.26-0.31)
0.327 (0.31-0.35)
0.007 (0-0.02)

0.6
0.3
0.1
ns
ns
ns
0.1
0.1
0.7
1
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Taxa/Species
Neoceratodus

TL
1

forsteri
Oreochromis

1

mossambicus
Philypnodon

1

grandiceps
Philypnodon

1

maculatus
Pseudomugil

1

signifer
Retropinna

1

semoni
Tandanus

1

tandanus
Xiphophorus

1

maculatus
Anguilla

2

reinhardtii
Leiopotherapon

2

unicolor
Neoarius

2

graeffii
Macquaria
novemaculeata

3

CP
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD
BU
BD
MU
MD

Autochthonous
Bivalve
Gastropod
0.555 (0.50-0.60) 0.439 (0.40-0.50)
(pelagic)
(benthic)

Allochthonous
Leaf litter
0.006 (0-0.02)

Tolerance
0.4

0.003 (0-0.01)
ns
0.003 (0-0.01)

0.507 (0.48-0.53)
ns
0.69 (0.69-0.70)

0.49 (0.47-0.52)
ns
0.3 (0.3-0.31)

0.4
ns
0.6

ns

ns

ns

ns

0.395 (0.33-0.44)
ns
ns
0.154 (0-0.32)
0.233 (0.21-0.26)

0.599 (0.55-0.67)
ns
ns
0.377 (0.34-0.41)
0.427 (0.41-0.44)

0.007 (0-0.02)
ns
ns
0.469 (0.30-0.62)
0.34 (0.32-0.37)

0.7
ns
ns
0.1
0.1

0.438 (0.42-0.45)
0.007 (0-0.02)
0.003 (0-0.01)
0.067 (0-0.18)
ns
0.003 (0-0.01)
0.212 (0.19-0.23)
0.141 (0-0.27)
0.395 (0.38-0.41)
0.297 (0.27-0.32)
0.262 (0.25-0.28)

0.56 (0.54-0.58)
0.977 (0.96-1)
0.818 (0.79-0.84)
0.557 (0.52-0.61)
ns
0.985 (0.97-1)
0.678 (0.65-0.70)
0.739 (0.71-0.77)
0.605 (0.59-0.62)
0.363 (0.34-0.39)
0.667 (0.64-0.69)

0.002 (0-0.01)
0.015 (0-0.04)
0.18 (0.16-0.21)
0.376 (0.27-0.47)
ns
0.012 (0-0.03)
0.111 (0.09-0.13)
0.12 (0-0.25)
0 (0-0)
0.339 (0.31-0.37)
0.071 (0.05-0.09)

0.4
0.3
1
0.6
ns
0.2
0.1
0.1
0.8
0.1
0.1

ns

ns

ns

ns

0.551 (0.54-0.57)

0.252 (0.23-0.28)

0.197 (0.18-0.22)

0.1

0.247 (0.22-0.27)
ns
ns
0.016 (0-0.05)
ns

0.537 (0.52-0.55)
ns
ns
0.673 (0.66-0.69)
ns

0.215 (0.19-0.24)
ns
ns
0.312 (0.28-0.34)
ns

0.1
ns
ns
0.8
ns

ns

ns

ns

ns

0.161 (0.14-0.18)

0.711 (0.70-0.73)

0.128 (0.10-0.15)

0.1

ns

ns

ns

ns

0.003 (0-0.01)

0.318 (0.31-0.33)

0.68 (0.67-0.69)

0.3

ns

ns

ns

ns
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4.4. Discussion
As predicted, most of the consumers examined in the two studied rivers were supported by
autochthonous carbon sources (81%), rather than by allochthonous carbon sources (19%),
and the importance of autochthonous carbon sources was not really influenced to any
degree by the dam or land use (Table 4.4). Within autochthonous carbon sources, 66% of
them were benthic sources, and 15% was pelagic sources. These results are consistent with
previous findings from other similar systems in Australia (Bunn et al. 2003, Douglas et al.
2005). For example, a food web study conducted in five Queensland streams over eight
weeks demonstrated that the mean contribution of benthic algae to aquatic consumers was
between 66% and 92% (Hadwen et al. 2010b).
The high level of autochthony in consumers from the two studied rivers was in line with
predictions from Riverine Productivity Model (Minshall 1978, Thorp and Delong 1994)
and Riverine Ecosystem Synthesis (Thorp et al. 2008), but not with earlier concepts such
as the River Continuum Concept (Vannote et al. 1980, Sedell et al. 1989) and Flood Pulse
Concept (Junk et al. 1989) prevailing in the past. Recently, the evidence of autochthonous
sources supporting consumers in riverine food webs has been increasingly reported around
the world (Pingram et al. 2012, Brett et al. 2017). For example, δ13C values of aquatic
consumers were found more strongly correlated with δ13C values of algae than with that of
terrestrial detritus in temperate headwater streams of northern California (Finlay 2001).
Studies from tropical streams in Hong Kong showed aquatic consumers were mainly
supported by periphytic algae (Lau et al. 2009b, 2009a). Pingram et al. (2014) found
autochthonous algae and biofilms were the most important basal sources supporting
invertebrates and fish in the longest New Zealand river (Waikato River). In two river
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systems of southern New Brunswick (Canada), stable-isotope mixing models indicated that
all the consumers were predominantly supported by autochthonous carbon sources except
shredders (Hayden et al. 2016). Although allochthonous sources are disproportionately
high in biomass in many river systems (Vannote et al. 1980), autochthonous sources such
as algae or biofilm are more important to consumers, because these basal sources are rich
in essential biochemical compounds (i.e. fatty acids and amino acids etc.) for growth and
reproduction of consumers (Guo et al. 2016d, Brett et al. 2017). Conversely, allochthonous
sources process less of these compounds and more indigestible lignocellulose, which
makes them less palatable and unlikely to be highly utilised by consumers. For example,
experiments of Daphnia magna feeding on diet combined terrestrial particulate organic
carbon (t-POC) and phytoplankton found they assimilated 84% of their fatty acids from
phytoplankton component (Brett et al. 2009). Compared to t-POC, phytoplankton-derived
POC can strongly enhance the growth and reproduction of Daphnia. Amino acid studies
also verified that diets of aquatic consumers from large rivers and small streams were
largely contributed by algae (Ishikawa et al. 2014, Thorp and Bowes 2017).
Although the dam did not appear to change the main carbon source (i.e. autochthonous
sources) for consumers in the Brisbane River downstream, the dam was associated with a
decreased contribution of allochthonous sources and autochthonous benthic sources, and
an increased contribution of autochthonous pelagic sources. Other studies have also found
that dams can shift resource use of consumers from benthic toward pelagic sources, within
the impounded area and downstream (Doi et al. 2008, Freedman et al. 2014b, Ock and
Takemon 2014). This could be because pelagic sources such as phytoplankton are higher
in quality than autochthonous benthic sources and allochthonous sources (Ahlgren et al.
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1997). When phytoplankton is present at high biomass, aquatic consumers are more likely
to assimilate them to support high growth and reproduction performance. There are two
possible mechanisms by which dams could increase the downstream biomass of
phytoplankton. First, flow alteration can make the downstream environment of the
Brisbane River more stable, with a potentially greater availability of slow-flowing pools,
thus facilitating the growth of phytoplankton downstream. For example, many studies
found that flow alteration can promote the growth of phytoplankton (Ward and Stanford
1979, McKinney et al. 1999, Tonkin et al. 2009, Pingram et al. 2014). Second,
phytoplankton grown in the reservoir upstream of dams can be transported to downstream
via flow releases from dams (Baxter 1977, Doi et al. 2008, Ock and Takemon 2014). When
high-quality food sources (i.e. phytoplankton) are present in high abundances, reduced
consumption of relatively poor-quality sources, such as allochthonous sources and
autochthonous benthic sources, by consumers may also be expected.
Much of the variation in carbon and nitrogen stable isotope values of basal sources and
consumers was explained by catchment position within rivers, with minimal overall
differences between rivers and seasons. For example, δ15N values for most of the sources
and consumers in both rivers showed a significant enrichment trend from upstream to
downstream (Table 4.3), and δ15N values for producers and consumers in the Mary River
were higher than in the Brisbane River. These can potentially be explained by
anthropogenic activities (Cabana and Rasmussen 1996, Anderson and Cabana 2005).
Although the index of catchment disturbance was of similar magnitude across all the
sampling sites in both rivers (Fig. 2.5), the cattle industry (for both dairy and beef
production) in the Mary River catchment has a larger scale and longer history than in the
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Brisbane River catchment. These agricultural activities can increase the rate of nitrogen
cycling in soil, thus elevate the δ15N value of nitrogen sources, which enter streams and
rivers through leaching and surface runoff (Udy and Bunn 2001). In the lower Brisbane
River, the elevated δ15N values could come from sewage wastewater (Costanzo et al. 2001),
as there are more intense human activities and higher urbanization rates in this area. In
addition, the accumulation of anthropogenic nutrients and isotopic fractionation during instream nitrogen processing from upstream to downstream could also contribute to the
longitudinal δ15N enrichment trend in both rivers (Miyajima et al. 2009, Growns et al.
2014).
The results of this study indicate that flow alteration, river impoundment and catchment
land use collectively may have changed the riverine food webs. Most importantly, the
reliance of consumers on food sources was changed to a higher contribution from
autochthonous pelagic sources in downstream of the dam. However, most of the consumers
examined in the two studied rivers were supported by autochthonous carbon sources,
regardless the influence from the dam or land use. The study highlights the importance of
autochthonous sources to aquatic consumers in the studied systems from a food quality
perspective. Therefore, future studies should focus on high-quality food sources (e.g. algae,
phytoplankton), and how human disturbances affect their quality and contribution to
consumers. This issue is addressed in detail in Chapter 5 and 6.

62

Chapter 5:

Variation in fatty acid composition of basal food sources and primary

aquatic consumers in sub-tropical rivers

This chapter forms the basis of the following journal manuscript:
Tao J., Kennard M.J., Roberts D.T., Guo, F., Kainz M.J., Chen Y., & Bunn S.E. (Submitted).
Variation in fatty acid composition of basal food sources and primary aquatic consumers in
sub-tropical rivers. Freshwater Science.
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5.1. Introduction
Fatty acids (FA) play an important role in aquatic ecosystems and are increasingly recognized
as a fundamental indicator of dietary quality (Brett and Müller-Navarra 1997, Kainz et al. 2004,
Ravet et al. 2010, Guo et al. 2016d). Fatty acids can be integral parts of phospholipids that
serve as 'building-blocks' of cell membranes and, as such, are essential in maintaining key
functions of organisms (Brett et al. 2017, Guo et al. 2017). For example, some polyunsaturated
FA (PUFA) are subject to various modification processes and are converted to eicosanoids,
which can suppress inflammation and support immunity reactions and reproduction processes
(Henderson 1996, Funk 2001).
Alpha-linolenic acid (18:3ω3, ALA) and linoleic acid (18:2ω6, LIN) are essential PUFA for
consumers because they cannot be synthesized de novo due to the lack of delta-15 and delta12 desaturases, respectively. Other omega-3 (ω3) and omega-6 (ω6) PUFA, such as
eicosapentaenoic acid (20:5ω3, EPA), docosahexaenoic acid (22:6ω3, DHA) and arachidonic
acid (20:4ω6, ARA), are nutritionally still very important and conditionally indispensable
(Cunnane 2000) for consumers because of their limited synthesis from precursors (Dalsgaard
et al. 2003, Ravet et al. 2010). In general, ω3 and ω6 PUFA are synthesized by primary
producers, particular algae at the base of aquatic food webs. These PUFA are physiologically
critical for various marine and freshwater organisms to maintain high growth, survival and
reproductive rates (Brett and Müller-Navarra 1997, Sargent et al. 1999, Guschina and Harwood
2006, Torres-Ruiz et al. 2007, Brett et al. 2009, Tocher 2010, Kainz et al. 2010, Heissenberger
et al. 2010, Guo et al. 2016d). Because the FA composition varies among dietary categories
(Dalsgaard et al. 2003, Kainz et al. 2004, Persson and Vrede 2006, Lau et al. 2012), differences
in FA composition can be used as powerful biomarkers in studying the structure and function
of food webs (Napolitano 1999, Ravet et al. 2010, Belicka et al. 2012, Cashman et al. 2016).
The application of FA in tracking trophic energy transfer within aquatic food webs provides
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more detailed dietary information than bulk stable isotope tracers, and thus more information
on the contribution of various food sources to consumers (Post 2002, Phillips and Gregg 2003,
Galloway et al. 2014).
Human activities substantially threaten global biodiversity, and ecosystem structure and
function, particularly in freshwater ecosystems (Vitousek et al. 1997, Dudgeon et al. 2006,
Vörösmarty et al. 2010, Murphy and Romanuk 2014). Human water use, water infrastructure
and catchment land use change are three important sources of human disturbance in rivers and
streams around the world (Foley et al. 2005, Nilsson et al. 2005). Dams and weirs transform
aquatic habitats, reduce longitudinal connectivity and dramatically alter flow regimes and the
transport of materials downstream. Catchment land use (e.g. grazing, cropping, and
urbanization) and associated riparian degradation can increase runoff of sediments and
nutrients (N and P) and alter the delivery of allochthonous carbon. Collectively, these impacts
can affect aquatic primary productivity and generally decrease the provision of dietary PUFA
at the base of aquatic food webs (Müller-Navarra et al. 2004, Boëchat et al. 2011).
Scientific evidence is scarce on how human disturbances can alter the supply of dietary FA in
aquatic ecosystems and thus its transfer to consumers. However, it can be speculated that such
human disturbances include: 1) changing the availability of high-quality food sources by
changes in the taxonomic composition, and/or 2) changing the FA composition in available
food sources (Guo et al. 2015). In the first case, human disturbance can affect FA composition
of the basal food resource pool by changing the taxonomic composition, given that FA
composition of different food sources can vary substantially among taxa (Sushchik et al. 2003b,
Kainz et al. 2004, Persson and Vrede 2006, Honeyfield and Maloney 2015). For example,
different algal species differ in their ability to synthesize FA (Johns et al. 1979, Volkman et al.
1989, Honeyfield and Maloney 2015). The FA composition of phyto- and zooplankton largely
depends on species composition (Kainz et al. 2004, Persson and Vrede 2006, Maazouzi et al.
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2008). In the second case, human disturbance can affect the FA composition in available food
sources by changing the food sources’ ability to synthesize and/or accumulate FA.
Environmental factors, such as light, temperature, and nutrient changes resulting from human
disturbance can directly affect synthesis and accumulation processes of FA in aquatic
producers and consumers (Cohen et al. 1988, Guschina and Harwood 2006, Gladyshev et al.
2015, Guo et al. 2016c).
Few studies have investigated the effects of human disturbance gradients on the FA
composition of the food resource pool in rivers (but see Larson et al. 2013 and Boëchat et al.
2014). Additionally, compared to lacustrine ecosystems, FA characteristics across multiple
food sources are largely unknown in riverine food webs (Guo et al. 2016d). Assessing the FA
composition of potential food sources for higher consumers (including primary producers and
invertebrate primary consumers) and identifying the key environmental determinants of
variation in FA composition for different taxa can inform river management and restoration.
In this study, I examined the FA composition across nine potential food sources from sites
within two human-disturbed rivers in south-east Queensland, Australia. Our objectives were to
characterize FA composition of food sources for higher consumers in aquatic food webs, and
identify the key environmental factors contributing to variations in FA composition.
5.2. Methods
5.2.1. Study area and sampling sites
See descriptions in Chapter 2. In this chapter, I selected four paired sites from this group,
including two Brisbane River sites upstream of Wivenhoe Dam (site 2, 3), two Brisbane River
sites downstream of Wivenhoe Dam (site 4, 6), and two sites from the upper Mary River (site
7, 9) and two sites from lower Mary River (11, 12), respectively (Fig. 2.1). I only collected
samples for the fatty acid analysis in June-July 2014.
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5.2.2. Sampling and laboratory processing
Samples of a wide range of basal food sources, including seston, filamentous algae, periphyton,
submerged macrophytes, aquatic invertebrates, molluscs, and crustaceans were retained for FA
analysis. Seston samples were filtered by using a pre-combusted filter (Whatman glass fibre
filter paper, pore size 0.45 μm) and a hand pump system; each replicate was filtered from
comprised at least 500 ml water. Filamentous algae and macrophytes (Hydrilla verticillata,
Potamogeton crispus and Vallesnaria nana) were collected by hand. Stems and leaves of
macrophyte samples were rinsed to remove attached periphyton and organic matter before
storage in zip-lock plastic bags. A scalpel was used to scrape periphyton samples from
submerged rocks which were lightly rinsed beforehand to remove organic matter and sediment.
Periphyton samples were stored in 5 ml sterile plastic tubes. Periphyton samples were
dominated by diatoms but also contained cyanobacteria and green algae. Periphyton samples
were analysed in bulk form as previous studies in rivers in the study region found that variation
in periphyton taxonomic composition was not related to variation in FA profiles (Guo et al.
2015). Molluscs including gastropods (Thiara spp.) and bivalves (Corbicula spp.) were
collected from rocks or by sieving sands from flowing water. Ephemeroptera (the omnivorous
gathering collectors Offadens spp. and Pseudocloeon spp., Fam. Baetidae) and Trichoptera (the
omnivorous filtering collector Cheumatopsyche spp., Fam. Hydropsychidae) were collected by
using a dipnet (mesh size 250 m), to take kick samples in running water or by sweeping in
backwaters (Bunn et al. 1997). Crustaceans (palaemonid and atyid shrimps) were collected by
using a seine net (mesh size 11 mm), a dip net, or a backpack DC unit electrofishing machine
(Mk 12 POW, Smith-Root, www.smith-root.com/) with a standard Smith-Root anode (25 cm
diameter ring) and cathode (3.2 m wire cable). In the field, all food source taxa were sorted and
identified as far as possible and then stored separately in different size cryogenic vials
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separately depending on their volume. All samples for FA analysis were immediately stored in
liquid nitrogen in the field and transferred into a -80℃ freezer in the laboratory until processing.
Water quality and catchment characteristics were used to quantify potentially important
correlates of spatial variation in FA composition. Water nutrient levels at each site were
assessed by measuring dissolved nitrate and nitrite (NOx-N), ammonium nitrogen (NH4-N)
and soluble reactive phosphorus (SRP). Water samples were filtered by single-use membrane
filters (Whatman, pore size 0.45 μm) in the field and transported to the laboratory and frozen
(-20℃) until processing. The water samples were then defrosted and analysed using a
SmartChem200 discrete chemical analyser (WESTCO Scientiﬁc Instruments, Brookﬁeld, CT,
USA) at Grifﬁth University, Queensland, Australia (Lu et al. 2017). Riparian cover was
assessed in the field using a spherical densiometer. Site elevation, upstream catchment area,
and indices of river disturbance were sourced from the Australian Hydrological Geospatial
Fabric database (Stein et al. 2014). The river disturbance indices reflected both the upstream
spatial extent and potential magnitude of impact on riverine ecosystems as a result of human
pressures arising from catchment disturbance and flow regime disturbance, respectively (Stein
et al. 2002). The catchment disturbance index (CDI) reflected human pressures including land
use, urbanization, extractive industries and other point sources of pollution. The flow regime
disturbance index (FRDI) reflected alterations to the flow regime from impoundments, flow
diversions or discharges and levee banks.
All frozen samples were freeze-dried in a Benchtop SLC freeze dryer at less than -50℃ for at
least 48 hours until fully dried. Lipids were extracted and analysed from freeze-dried,
homogenized samples (ca. 3-10 mg dry weight) using chloroform: methanol (2:1 v/v) as
described in detail by Heissenberger et al. (2010). Total lipids were quantified as mass fractions
(mg lipids · g dry weight-1) gravimetrically using duplicate measurements. Known volumes of
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total lipid extracts were derivatized to fatty acid methyl esters (FAME) using H2SO4-methanol
(incubated at 50℃for 16 h). FAME were dried under N2 before being re-dissolved in hexane
and run on a gas chromatograph (TRACE GC THERMO coupled to flame ionization detection)
with a SupelcoTM SP-2560 column used for separation of FAME. FAME were identified by
comparison of their retention times with known standards (37-component FAME mix,
Supelco 47885-U; bacterial fatty acids, SupelcoTM 47080-U; and the following individual
FAME standards: stearidonic acid, O5130 SIGMATM; and ω3 docosapentaenoic acid,
SupelcoTM 47563-U) and quantified with reference to seven-point calibration curves derived
from 2.5, 50, 100, 250, 500, 1000, 2000 ng µL-1 solutions of the FAME standard for each
identified FA. FAME were reported individual FA relative proportions (% of total identified
FA). All lipid and FA analyses were conducted at WasserCluster Lunz, Austria. Reported FA
are named here as A:BωC, where A is carbon chain length, B is the number of double bonds,
and C is the position of first double bonds counted from terminal methyl end (Belicka et al.
2012). FA composition was reported as relative values (percentage concentrations relative to
total fatty acids). Preliminary analyses using raw FA concentration data revealed similar
patterns to those from analysis using percentage data, so I used the latter, as is commonly used
in other studies (Guo et al. 2015, 2016c, 2016a).
5.2.3. Data analysis
Constrained ordination analysis was applied to separate the contribution of taxa identity and
environment gradients on FA composition of all the sampled food sources, as well as to identify
the most important environmental factors accounting for variation in FA composition (Lau et
al. 2012, Guo et al. 2015). Constrained ordination only shows the FA variation that can be
explained by taxa identities and environmental variables. The percentages of individual FA
were arcsine-square-transformed to satisfy normal distribution approximation. Riparian cover
was arcsine transformed, and the remaining environmental variables were transformed by
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ln(x+1). Preliminary detrended correspondence analysis (DCA) on the FA data set was used to
decide whether a linear or monotonic model was suitable for subsequent analysis. The results
of DCA showed the gradient lengths of the first two axes were 1.139 and 0.860, respectively;
indicating redundancy analysis (RDA) was suitable for subsequent analyses (Braak and
Smilauer 2002). In partial RDA (pRDA), taxa identity and site were coded as dummy
environmental variables to investigate their independent and joint contribution to the variation
of FA composition. RDA was conducted to identify the key environmental factors for the
explained variance of FA composition. Monte Carlo permutations (999) were used to test the
significance of all ordination axes from RDA. One-way ANOVA was used to detect any
significant difference among sub-catchments for the five conditionally indispensable FA and
grouped FA of each food source; the results were then related to the effects of flow alteration.
No FA sample for Ephemeroptera was collected from downstream of Brisbane River, and only
one composite sample for Trichoptera was collected from upstream Brisbane River, so related
comparison analyses were not conducted. Only significant results were presented. Data
transformation and analyses were conducted in R version 3.2.3 and Canoco 4.5 (Braak and
Smilauer 2002, R Core Team 2013).
5.3. Results
5.3.1. Fatty acid composition
In total, 142 samples were analyzed for FA, involving nine basal food sources (four primary
producers and five invertebrate consumers) from the two studied rivers (Table 5.1). Overall,
saturated FA (SAFA) were dominant in most sources, ranging from 32 % to 62 % with a mean
of 43 %, followed by PUFA (30 ± 1 %) and mono-unsaturated FA (MUFA; 24 ± 1%). The
proportion of SAFA was very high in seston (62 ± 3%) and periphyton (51 ± 1 %) compared
to all other food source taxa. The proportion of MUFA in these nine sources ranged from 16 ±
1 % (gastropod) to 34 ± 1 % (Ephemeroptera). Among the MUFA, 16:1ω7, 18:1ω7 and 18:1ω9
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contributed more than half of the MUFA abundance (Table S5.1). The proportion of PUFA
varied among the nine food sources, from 11 ± 1 % (seston) to 43 ± 2 % (gastropods). PUFA
were most abundant in macrophytes (42 ± 4 %), while PUFA in consumers were highest in
gastropods. However, the PUFA composition differed considerably among producer and
consumer sources. The five conditionally indispensable FA, i.e. LIN, ALA, ARA, EPA, and
DHA, contributed 25 ± 1 % of the total FA. For producers, PUFA consisted mainly of LIN,
ALA, and EPA, while consumers retained LIN, ALA, ARA, EPA, and DHA. It was also
noticeable that macrophytes had high contents of ALA (27 ± 3 %). There was very little ARA
and DHA in producers or in Ephemeroptera and Trichoptera. In general, producers were rich
in C18 PUFA, while invertebrate consumers had more highly unsaturated FA with 20 or more
carbons (HUFA), except Ephemeroptera and Trichoptera (Table 5.1).
5.3.2. Redundancy analysis and partial redundancy analysis
The Monte Carlo permutation of all redundancy analysis (RDA) and partial redundancy
analysis (pRDA) on all taxa with environmental gradients showed that all obtained canonical
axes were significant (P < 0.01). The RDA results found that the summed taxa categories (taxa)
and environmental gradients (site) together explained 70.4 % of all FA variation in all food
sources (Fig. 5.1a). The pure and joint contributions of taxa and site to FA variations of food
sources were estimated by pRDA. Taxa alone contributed 90.6 % of the total explained FA
variation, while site contributed 8.1 %. The joint effects of species identity and site accounted
for only 1.3 % of the total explained FA variation.
The first two canonical axes of the pRDA of the pure effects of taxa identity accounted for
66.4 % of the variance, equal to 60.2 % the total explained FA variation. The ordination plot
(Fig. 5.1b) revealed the separation of food sources on the first axis due to variation in ARA,
DHA, ALA and LIN. The second axis separated the food sources by 16:1ω9 and EPA. Aquatic
primary producers including periphyton, filamentous algae, and macrophytes were arrayed
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close to each other in the ordination plot (Fig. 5.1b) and were characterized by high SAFA
contents, such as 14:0, 16:0 and 22:0, and also LIN and ALA in filamentous algae and
macrophytes. The macrophytes were very high in C18 PUFA (~ 40 %; Table 5.1). Trichoptera
and Ephemeroptera were close to each other on the first axis, with Trichoptera very close to
periphyton. These two sources had a relatively high proportion of MUFA (e.g., 16:1: ω7 and
18:1ω9). Gastropods and bivalves were highly rich in HUFA. Crustaceans were typically high
in EPA.
Partial redundancy analysis was also conducted to assess the pure effects of environmental
gradients. The first two canonical axes contributed 70.7 % of the variation explained by
environmental gradients, i.e. 5.7 % of the total explained variation (Fig. 5.1a). The eight
concerned environmental factors were plotted with the FA composition. Most of the 37
individual FA had very low loading values to environmental factors, indicating the limited
overall effects of environmental factors (Fig. 5.1c).
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Table 5.1. Fatty acid composition (percentages of total fatty acids, mean ± SE) of primary producers (seston, filamentous algae, periphyton,
macrophytes) and consumers (gastropods, bivalves, Ephemeroptera, Trichoptera, and crustaceans) collected from Brisbane River and Mary River
in south-east Queensland, Australia. (N = 142). Data show three major fatty acid groups (SAFA, MUFA, and PUFA), four subgroups of PUFA
(HUFA, C18 PUFA, ω3, and ω6), ω3: ω6 ratios, and five essential fatty acids. (Details of all individual fatty acids are showed in Supplementary
Table S5.1). SAFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; HUFA, highly unsaturated
fatty acids with 20 to 22 carbon atoms; C18 PUFA, unsaturated fatty acids with 18 carbon atoms; ω3, PUFAs with the first double bond at the
third carbon atom start from the methyl end of the carbon chain; ω6, PUFAs with the first double bond at the third carbon atom start from the
methyl end of the carbon chain. LIN, linoleic acid; ALA, α-linolenic acid; ARA, arachidonic acid; EPA, eicosapentaenoic acid; DHA,
docosahexaenoic acid, SE of 0.0 means SE < 0.05.
n
SAFA
MUFA
PUFA
HUFA
C18 PUFA
ω3
ω6
ω3:ω6
18:2ω6 LIN
18:3ω3 ALA
20:4ω6 ARA
20:5ω3 EPA
22:6ω3 DHA

Seston
15
62.2 ± 2.7
23.0 ± 1.8
10.7 ± 1.0
2.8 ± 0.3
7.8 ± 0.8
5.9 ± 0.6
4.8 ± 0.7
1.5 ± 0.2
3.1 ± 0.5
2.5 ± 0.3
0.4 ± 0.1
1.1 ± 0.1
0.5 ± 0.1

Filamentous algae
16
47.1 ± 3.2
20.5 ± 1.3
26.7 ± 3.1
5.2 ± 1.1
21.5 ± 3.2
18.9 ± 2.8
7.8 ± 0.6
2.4 ± 0.3
5.1 ± 0.5
13.4 ± 2.6
0.6 ± 0.1
3.4 ± 0.9
0.1 ± 0.0

Periphyton
16
50.7 ± 1.4
26.9 ± 0.9
17.3 ± 1.7
6.3 ± 0.8
11.0 ± 1.1
12.7 ± 1.4
4.6 ± 0.4
2.7 ± 0.2
3.1 ± 0.3
6.1 ± 0.8
0.8 ± 0.1
4.3 ± 0.6
0.4 ± 0.1

Macrophyte
12
34.7 ± 2.6
16.6 ± 2.1
42.1 ± 3.6
3.0 ± 0.5
39.1 ± 3.8
30.3 ± 3.1
11.8 ± 1.6
2.9 ± 0.4
11.2 ± 1.6
27.3 ± 3.2
0.4 ± 0.1
2.3 ± 0.5
0.1 ± 0.0

Gastropod
21
38.2 ± 1.5
16.0 ± 0.9
43.2 ± 2.0
35.5 ± 1.7
8.2 ± 0.8
19.9 ± 0.9
23.3 ± 1.6
0.9 ± 0.1
3.8 ± 0.6
3.4 ± 0.3
11.7 ± 0.8
8.2 ± 0.4
2.9 ± 0.4

Bivalve
16
41.3 ± 0.9
21.3 ± 0.4
35.0 ± 1.0
23.4 ± 1.0
11.7 ± 0.7
26.1 ± 0.9
8.9 ± 0.6
3.2 ± 0.2
2.5 ± 0.3
6.0 ± 0.4
3.7 ± 0.3
6.1 ± 0.3
5.9 ± 0.2

Ephemeroptera
12
41.0 ± 1.4
33.8 ± 1.1
24.1 ± 1.7
11.4 ± 0.8
12.9 ± 1.3
18.5 ± 1.1
5.6 ± 0.6
3.5 ± 0.2
3.5 ± 0.4
7.0 ± 0.7
1.3 ± 0.2
9.2 ± 0.7
0.1 ± 0.0

Trichoptera
12
44.4 ± 3.2
28.6 ± 1.8
24.8 ± 3.3
7.3 ± 0.8
17.5 ± 3.1
15.3 ± 1.8
9.5 ± 1.9
2.2 ± 0.3
7.9 ± 1.8
8.9 ± 1.5
1.2 ± 0.2
5.5 ± 0.6
0.1 ± 0.0

Crustacean
22
32.3 ± 0.6
30.5 ± 1.1
35.6 ± 1.2
26.8 ± 1.1
8.8 ± 0.6
24.0 ± 0.8
11.6 ± 0.7
2.2 ± 0.1
4.5 ± 0.5
3.2 ± 0.2
6.1 ± 0.4
13.9 ± 0.6
4.9 ± 0.4
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Figure 5.1. a) Partial redundancy analysis (pRDA) results of pure and joint contributions of
taxa identity (taxa) and environmental gradients (site) to fatty acid variations of different food
source taxa collected from the Brisbane River and Mary River, south-east Queensland;
Ordination plot of canonical axis 2 versus 1 after pRDA of b) fatty acid composition of all
examined food source taxa (set environmental gradients as covariates), producers are indicated
by solid triangles, consumer sources are indicated by solid circles, c) fatty acid composition
variation correlated with environment gradients, catchment disturbance index(CDI), flow
regime disturbance index (FRDI).

5.3.3. Comparison among sub-catchments
The degree of flow alteration is greatest downstream of Wivenhoe Dam on the Brisbane River,
while both rivers were similarly affected by the degree of catchment disturbance (Fig. 2.5).
Comparisons among sub-catchments revealed that periphyton, macrophytes, and crustaceans
showed no difference in the five conditionally indispensable FA, while none of the remaining
six food sources showed a significant difference in EPA (Fig. 5.2). In the Brisbane River,
filamentous algae from downstream sites had a significantly lower MUFA content than
upstream sites. Bivalves at downstream sites had significantly higher ω3:ω6 ratios than at
upstream sites. In the Mary River, bivalves at downstream sites had a higher percentage of
SAFA, but a lower percentage of PUFA than the upstream sites; while Trichoptera from
downstream possessed a higher proportion of DHA and HUFA than upstream. Trichoptera
from the Brisbane River had a higher LIN and ALA content, but a lower SAFA content than
from Mary River.
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Figure 5.2. Multiple comparisons (with Bonferroni correction) among sub-catchments for
essential fatty acids and grouped fatty acids of each food source (only significant results
presented, small letters show significant differences, P < 0.05; bars show ±1 SD). LIN, linoleic
acid; ALA, α-linolenic acid; ARA, arachidonic acid; DHA, docosahexaenoic acid; SAFA,
saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids;
HUFA, highly unsaturated fatty acids; ω3:ω6, ratio of ω3 to ω6 series FAs; ω3, PUFAs with
the first double bond at the third carbon atom start from the methyl end of the carbon chain;
ω6, PUFAs with the first double bond at the third carbon atom start from the methyl end of the
carbon chain. BU and BD are upstream and downstream of Brisbane River; MU and MD are
upstream and downstream of Mary River.

5.4. Discussion
This study clearly demonstrates that different basal food sources in these aquatic ecosystems
have distinctive FA profiles (Table 5.1, Fig 5.2b). In general, aquatic primary producers were
relatively high in SAFA, C18 PUFA, such as LIN and ALA, while invertebrate consumers
were relatively high in MUFA, represented by 16:1ω7, 18:1ω7and 18:1ω9, and PUFA such as
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ARA, EPA, and even DHA (Table 5.1, Table S5.1). These findings are comparable with
previous studies. For example, the percentage of SAFA in seston in this study is similar to that
found in Lake Washington (Ravet et al. 2010). Other studies conducted in different places also
found periphyton contained abundant SAFA and MUFA, such as 16:1ω7 (Guo et al. 2015,
Honeyfield and Maloney 2015). Although this study was conducted in a separate catchment
and season to a previous FA study in this region (Guo et al. 2015), the FA profiles of periphyton
were similar, implying there were only small temporal and regional effects (Lau et al. 2012).
Filamentous algae and macrophytes synthesize high amounts of C18 PUFA and thus provide
a rich source of LIN and ALA for consumers (Rozentsvet et al. 2002, Liu et al. 2016).
Consumers contain specific FA that can reflect their physiological requirements (e.g. genetic
predisposition) (Brett and Müller-Navarra 1997) and also ecological traits (e.g. feeding mode,
dietary preference). For example, a high content of SAFA, C18 PUFA, and 18:1ω9 in the
Trichoptera is evidence of their reliance on macrophytes, while a high content of 16:1ω7 in
Ephemeroptera suggests a dietary dependence on periphyton (Mackay and Wiggins 1979,
Napolitano 1999). In this study, bivalves, crustaceans, and gastropods had much more HUFA,
but less C18 PUFA than Ephemeroptera and Trichoptera (Table 5.1). An obvious HUFA
bioaccumulation from producers (3 to 6% HUFA) to consumers (7 to 36% HUFA) was evident.
The higher variation in HUFA content among consumers than among producers was likely due
to consumers occupying more than one trophic level. Bioaccumulation of PUFA with
increasing trophic levels has also been observed in other studies (Persson and Vrede 2006, Lau
et al. 2014) and suggests that such high PUFA requirements in consumers are independent of
taxa and aquatic ecosystems. According to the content of PUFA and ω3: ω6 ratio, periphyton
is the best dietary FA source for primary consumers, while bivalves and crustaceans offer the
best FA sources for higher consumers (Table 5.1) because essential PUFA cannot be
synthesized by consumers.
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This study also revealed relatively low spatial FA variation in food sources due to
environmental factors comparing to the variation in taxa (Fig. 5.1a). This finding is consistent
with several other studies (Budge et al. 2002, Czesny et al. 2011, Lau et al. 2012, Honeyfield
and Maloney 2015). For example, Lau et al. also found that the composition of consumers in
boreal lakes was primarily determined by species identity, while seasons and sites had limited
influence (Lau et al. 2012). In other stream ecosystems, it was argued that seasonal patterns in
periphyton FA composition strongly reflect changes in benthic algal community composition,
indicating that changes in periphyton FA are determined by algal community changes rather
than the ability of FA synthesis of each algal species (Honeyfield and Maloney 2015). The
significant but weak relationships between environmental variation and spatial variation in FA
composition for particular food sources also supported the above finding (Hill et al. 2011, Guo
et al. 2015). It is difficult to separate effects of environment and taxonomic difference on FA
composition of a specific food source (e.g., a multi-species assemblage of diatoms; Hill et al.
2011), but this could be resolved by combining taxonomic composition analysis (Honeyfield
and Maloney 2015).
Although environmental factors had limited influence on FA profiles, there were some
significant differences in FA composition for several food sources that were potentially related
to river impoundment and flow alteration downstream. Sub-catchment scale comparison
analyses revealed that variation in FA profiles of some individual food sources corresponded
with variation in human disturbance, although the effects were not uniform. For example, I
found that the high degree of flow alteration could have negative effects on MUFA synthesis
in filamentous algae (Fig. 5.2). Water released from dams generally has low concentrations of
suspended sediments, thus allowing high light penetration. It has been shown that high light
can decrease the percentage of MUFA in filamentous algae (Napolitano et al. 1994). Flow
alteration not only can change the FA composition of food resources by changing the

78

distribution, abundance and diversity of aquatic organisms (Poff and Allan 1995, Kennard et
al. 2007), but also affect FA synthesis or transfer efficiency in food webs by changing the
abiotic environment (e.g. light and temperature). Flow alteration through river impoundment
can potentially change the downstream thermal regime through the discharge of cold water
from the impoundment (Baxter 1977, Bunn and Arthington 2002). Temperature has been
shown to affect the types of FA produced by microalgae through increasing the ratio of
unsaturated to saturated FA as a response to a lower temperature regime (Renaud et al. 2002,
Sushchik et al. 2003a). Warmer temperatures can generally reduce the content of PUFA
(Renaud et al. 2002, Schlechtriem and Zellmer 2006). Bivalves from downstream Mary River
contain higher SAFA, but lower PUFA than at upstream sites, which may be explained by the
potential higher downstream water temperature in a free-flow river (Vannote et al. 1980, Ward
1985).
In this study, catchment land use induced nutrient addition significantly increased the quality
of Trichoptera (Fig. 5.2). For example, the content of HUFA in Trichoptera was significantly
higher at downstream sites with higher nutrient level (Fig. 2.4) in both rivers compared to
upstream sites. Both nutrient limitation and eutrophication can affect the quality of food quality
(e.g., algae) available to Trichoptera. For example, a nutrient limitation that causes reduced
cell division rates would result in a reduction of PUFA in most algae (Guschina and Harwood
2009). Eutrophication generally results in a shift from HUFA-rich taxa such as diatoms,
cryptophytes, and dinoflagellates (Brett and Müller-Navarra 1997) to HUFA-poor taxa such as
bloom-forming chlorophytes and especially cyanobacteria (Müller-Navarra et al. 2004), which
leads to reduced HUFA availability in the ecosystem thus can impact aquatic consumers.
However, moderate nutrient enrichment (1.1 mg N/L) can increase the somatic growth of
Trichoptera through increasing the nutritional quality of biofilms (Guo et al. 2016a). Thus, the
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higher content of HUFA in Trichoptera downstream of rivers is likely due to the increased
supply of high-quality food (primary producers).
The presence of distinctive FA compositions among food sources is a pre-requisite when using
FA as biomarkers to study food webs in addition to stable isotopes (Dalsgaard et al. 2003,
Perga et al. 2006, Jardine et al. 2015). This study contributes further evidence to support the
assumption in running waters (Guo et al. 2016d), and complements previous studies in
lacustrine ecosystems. The results of this study also have implications for catchment
management and ecosystem restoration. The FA composition of the food resource pool can
substantially affect both food web structure and function (Persson and Vrede 2006). The
absence of high-quality food cannot be completely compensated by another low-quality food
source, even if available in high abundances (Cruz-Rivera and Hay 2000, Brett et al. 2009).
The basal food sources of the studied rivers have distinguishable and diverse FA profiles, but
the FA variation within a given taxon appears to be minimally affected by environmental
gradients or human disturbance. Therefore, I conclude that ecosystem impacts due to changes
in food quality are only likely to occur if environmental disturbance (e.g., flow alteration)
affects the presence and abundance of those high-quality food sources important to consumers.
I could not detect a significant difference solely due to a strong flow alteration gradient and
thus argue that flow alteration does not negatively impact basal food source quality as long as
it does not lead to the loss of taxa that are important food sources for consumers. Thus,
catchment and water resource managers should give priority to mitigating threats (e.g. habitat
degradation associated with catchment land use and water infrastructure) that may affect the
availability of high-quality food sources (e.g., bivalves, crustaceans) to higher consumers. This
study highlights the importance of considering food quality in the management and protection
of larger consumers in river ecosystems and the need to mitigate threats to presence and
abundance of taxa that are high-quality food sources. Although environmental factors had a
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small (but significant) effect on food quality, further studies are required to understand how
human disturbance affect the FA composition at the base of the aquatic food web. Furthermore,
understanding how the changed quality of food sources affect the growth and reproduction of
higher consumers, for example, the endangered Australian lungfish, is essential in related
biological conservation. This issue is addressed in detail in Chapter 6.
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5.5. Supplementary material
Table S5.1. Fatty acid composition (percentages to total fatty acids, mean ± SE) of all food source taxa collected from Brisbane River and Mary
River in south-east Queensland, Australia (n = sample size for each food source). SE of 0.0 indicates SE < 0.05.
Fatty acid
n
14:0
15:0
16:0
17:0
18:0
20:0
21:0
22:0
23:0
24:0
14:1ω5
15:1ω5
16:1ω7
16:1ω9
17:1ω7
18:1ω6
18:1ω7
18:1ω9
18:1ω12
20:1ω9
22:1ω9
24:1ω9
18:2ω6
18:3ω3
18:3ω6

Seston
15
5.8 ± 0.5
1.5 ± 0.2
33.4 ± 1.2
0.9 ± 0.1
16.4 ± 2.2
1.2 ± 0.2
0.3 ± 0.1
0.8 ± 0.1
0.1 ± 0.0
2.0 ± 0.3
0.0 ± 0.0
0.2 ± 0.1
5.2 ± 0.6
3.0 ± 0.3
0.0 ± 0.0
0.0 ± 0.0
1.8 ± 0.2
10.3 ± 1.4
1.0 ± 0.2
0.3 ± 0.0
1.2 ± 0.2
0.1 ± 0.0
3.1 ± 0.5
2.5 ± 0.3
0.3 ± 0.1

Filamentous algae Periphyton
16
16
6.7 ± 1.4
8.3 ± 0.9
0.3 ± 0.0
0.6 ± 0.1
35.3 ± 2.9
32.7 ± 1.0
0.2 ± 0.0
0.6 ± 0.1
3.5 ± 0.5
6.9 ± 0.7
0.2 ± 0.0
0.4 ± 0.1
0.0 ± 0.0
0.0 ± 0.0
0.3 ± 0.1
0.3 ± 0.1
0.0 ± 0.0
0.0 ± 0.0
0.4 ± 0.1
0.9 ± 0.2
0.1 ± 0.0
0.1 ± 0.0
0.0 ± 0.0
0.1 ± 0.0
5.2 ± 0.9
15.2 ± 1.2
2.3 ± 0.4
1.1 ± 0.1
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
5.6 ± 1.0
3.1 ± 0.2
6.5 ± 1.1
5.9 ± 0.9
0.3 ± 0.1
1.2 ± 0.3
0.1 ± 0.1
0.1 ± 0.0
0.3 ± 0.1
0.0 ± 0.0
0.1 ± 0.0
0.0 ± 0.0
5.1 ± 0.5
3.1 ± 0.3
13.4 ± 2.6
6.1 ± 0.8
0.7 ± 0.2
0.4 ± 0.1

Macrophyte
12
1.9 ± 0.3
0.2 ± 0.0
24.5 ± 1.4
0.3 ± 0.0
5.5 ± 1.1
0.5 ± 0.0
0.1 ± 0.0
0.7 ± 0.1
0.0 ± 0.0
1.1 ± 0.1
0.0 ± 0.0
0.1 ± 0.1
7.4 ± 1.8
1.6 ± 0.2
0.0 ± 0.0
0.0 ± 0.0
1.9 ± 0.3
3.8 ± 0.2
0.4 ± 0.1
0.2 ± 0.0
0.8 ± 0.1
0.0 ± 0.0
11.2 ± 1.6
27.3 ± 3.2
0.1 ± 0.0

Gastropod
21
3.8 ± 0.5
0.9 ± 0.1
19.6 ± 1.1
2.0 ± 0.2
10.8 ± 0.4
0.4 ± 0.1
0.2 ± 0.0
0.2 ± 0.0
0.0 ± 0.0
0.3 ± 0.0
0.0 ± 0.0
1.0 ± 0.1
5.1 ± 0.6
0.8 ± 0.1
0.1 ± 0.0
0.0 ± 0.0
3.8 ± 0.5
3.5 ± 0.2
0.3 ± 0.1
0.9 ± 0.1
0.2 ± 0.0
0.0 ± 0.0
3.8 ± 0.6
3.4 ± 0.3
0.1 ± 0.0

Bivalve
16
4.7 ± 0.2
0.6 ± 0.0
25.9 ± 0.7
2.5 ± 0.1
6.7 ± 0.2
0.4 ± 0.0
0.2 ± 0.0
0.2 ± 0.0
0.1 ± 0.0
0.1 ± 0.0
0.4 ± 0.0
0.5 ± 0.1
8.3 ± 0.4
1.0 ± 0.1
0.0 ± 0.0
0.0 ± 0.0
3.2 ± 0.1
6.4 ± 0.3
0.2 ± 0.0
1.1 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
2.5 ± 0.3
6.0 ± 0.4
0.3 ± 0.0

Ephemeroptera
12
2.9 ± 0.2
0.4 ± 0.0
29.0 ± 0.8
0.9 ± 0.1
7.1 ± 0.6
0.2 ± 0.0
0.0 ± 0.0
0.3 ± 0.0
0.0 ± 0.0
0.1 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
12.0 ± 0.7
0.4 ± 0.0
0.1 ± 0.0
0.0 ± 0.0
11.8 ± 0.7
8.0 ± 0.3
0.4 ± 0.1
0.9 ± 0.2
0.0 ± 0.0
0.0 ± 0.0
3.5 ± 0.4
7.0 ± 0.7
0.5 ± 0.1

Trichoptera
12
6.8 ± 1.5
0.6 ± 0.1
28.1 ± 1.5
1.4 ± 0.1
6.9 ± 0.4
0.3 ± 0.0
0.0 ± 0.0
0.3 ± 0.0
0.0 ± 0.0
0.1 ± 0.0
0.1 ± 0.0
0.3 ± 0.1
8.8 ± 0.9
0.6 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
2.2 ± 0.2
16.1 ± 2.4
0.2 ± 0.0
0.1 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
7.9 ± 1.8
8.9 ± 1.5
0.2 ± 0.0

Crustacean
22
3.2 ± 0.2
0.6 ± 0.0
19.7 ± 0.5
1.1 ± 0.1
6.6 ± 0.3
0.4 ± 0.0
0.1 ± 0.0
0.3 ± 0.0
0.0 ± 0.0
0.3 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
10.7 ± 1.0
0.4 ± 0.0
0.1 ± 0.0
0.0 ± 0.0
7.8 ± 0.3
10.4 ± 0.7
0.6 ± 0.2
0.3 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
4.5 ± 0.5
3.2 ± 0.2
0.4 ± 0.0
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Fatty acid
18:4ω3
20:2ω6
20:3ω3
20:3ω6
20:4ω3
20:4ω6
20:5ω3
22:2ω6
22:3ω3
22:4ω6
22:5ω3
22:6ω3

Seston
1.3 ± 0.2
0.0 ± 0.0
0.0 ± 0.0
0.1 ± 0.0
0.1 ± 0.0
0.4 ± 0.1
1.1 ± 0.1
0.0 ± 0.0
0.1 ± 0.0
0.2 ± 0.1
0.2 ± 0.1
0.5 ± 0.1

Filamentous algae Periphyton
1.1 ± 0.3
1.3 ± 0.3
0.1 ± 0.0
0.0 ± 0.0
0.1 ± 0.0
0.1 ± 0.0
0.1 ± 0.1
0.1 ± 0.0
0.3 ± 0.1
0.2 ± 0.0
0.6 ± 0.1
0.8 ± 0.1
3.4 ± 0.9
4.3 ± 0.6
0.0 ± 0.0
0.0 ± 0.0
0.1 ± 0.0
0.1 ± 0.0
0.0 ± 0.0
0.1 ± 0.0
0.4 ± 0.1
0.3 ± 0.1
0.1 ± 0.0
0.4 ± 0.1

Macrophyte
0.4 ± 0.1
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.4 ± 0.1
2.3 ± 0.5
0.0 ± 0.0
0.1 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.1 ± 0.0

Gastropod
0.8 ± 0.1
1.6 ± 0.2
0.3 ± 0.1
0.7 ± 0.1
0.2 ± 0.0
11.7 ± 0.8
8.2 ± 0.4
0.1 ± 0.0
0.0 ± 0.0
5.2 ± 0.4
4.2 ± 0.4
2.9 ± 0.4

Bivalve
2.8 ± 0.2
0.9 ± 0.0
0.3 ± 0.0
0.2 ± 0.0
0.5 ± 0.0
3.7 ± 0.3
6.1 ± 0.3
0.0 ± 0.0
0.0 ± 0.0
1.2 ± 0.2
4.7 ± 0.2
5.9 ± 0.2

Ephemeroptera
1.7 ± 0.3
0.1 ± 0.0
0.1 ± 0.0
0.1 ± 0.0
0.2 ± 0.0
1.3 ± 0.2
9.2 ± 0.7
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.1 ± 0.0
0.1 ± 0.0

Trichoptera
0.5 ± 0.1
0.0 ± 0.0
0.1 ± 0.0
0.1 ± 0.0
0.1 ± 0.0
1.2 ± 0.2
5.5 ± 0.6
0.0 ± 0.0
0.1 ± 0.0
0.0 ± 0.0
0.1 ± 0.0
0.1 ± 0.0

Crustacean
0.7 ± 0.1
0.3 ± 0.0
0.4 ± 0.0
0.2 ± 0.0
0.2 ± 0.0
6.1 ± 0.4
13.9 ± 0.6
0.0 ± 0.0
0.0 ± 0.0
0.1 ± 0.0
0.6 ± 0.1
4.9 ± 0.4
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Chapter 6:

Quality and contribution of food sources to Australian lungfish evaluated

using essential fatty acids and stable isotopes

This chapter forms the basis of the following journal manuscript:
Tao J., Kennard M.J., Roberts D.T., Fry B., Kainz M.J., Chen Y., & Bunn S.E. (Ready for
submission). Quality and contribution of food sources to Australian lungfish evaluated using
essential fatty acids and stable isotopes. Biodiversity and Conservation
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6.1. Introduction
The Australian lungfish (Neoceratodus forsteri Krefft, 1870) is the only survivor of an
extensive group of lungfish species that once occupied rivers and wetlands in the eastern half
of the Australian continent during the mid-Tertiary (Kemp 1997, Pusey et al. 2004). Now this
species exists as remnant natural populations in two rivers (Burnett River and Mary River) of
south-east Queensland (SEQ), and as translocated populations in the Brisbane and North Pine
Rivers (Pusey et al. 2004). Lungfish habitats are impacted by numerous anthropogenic
activities including agriculture and forestry, alien plants and fish and river impoundment and
flow regulation (Arthington 2009, Kemp 2014). Such is the threat, and this species is now listed
as Vulnerable largely due to extensive loss of habitat and low levels of recruitment potentially
leading to declining populations (Department of Sustainability, Environment, Water,
Population and Communities, 2011). However, the mechanisms behind the decline of lungfish
populations remain unclear.
Previously, ecological impacts of water resource development (e.g. dams and weirs) and
associated regulated flow regimes have been assessed by evaluating effects on habitat
availability and critical physical chemical parameters impacting successful spawning (e.g.,
depth, velocity, dissolved oxygen) (Espinoza et al. 2013, Roberts et al. 2014, Marshall et al.
2015). For example, Marshall et al. (2015) found excessive water level fluctuations in riverine
impoundments impact on the availability of Vallisneria nana growth, the preferred spawning
habitat of Australian lungfish. Roberts et al. (2014) found that the littoral zone of large
impoundments experience extremes in temperature and dissolved oxygen fluctuations. More
recently, the quality of a fish’s diet, particularly the fatty acid (FA) composition, has been
considered as an important factor in the reproductive success of the fish (Furuita et al. 2003,
Pethybridge et al. 2014, Raghavan et al. 2016). Studies have shown that the dietary FA
composition can affect the FA composition of consumers (Müller-Navarra et al. 2000, Brett et
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al. 2009) and also critically affect the FA composition of eggs (Røjbek et al. 2014). A lack of
essential FA in eggs, may also translate into poor larval development and egg hatching success
rates (Olsen et al. 2014, Røjbek et al. 2014). Deterioration of lungfish habitat has raised
concerns that the reproductive success and long-term population sustainability may be at risk
due to an inadequate quality of diet. For example, Kemp (2011) has suggested that poor quality
parental nutrition, particularly any deficiency in critical FA from the diet before the spawning
season could negatively influence eggs development and larval survival.
The polyunsaturated FA (PUFA), particularly essential FA (EFA) cannot be synthesized de
novo in most consumers and need to be obtained from primary food sources, such as algae and
phytoplankton in aquatic ecosystems (Brett and Müller-Navarra 1997, Guschina and Harwood
2006, Guo et al. 2016d). The EFA including α-linolenic acid (18:3ω3, ALA), linoleic acid
(18:2ω6, LIN), arachidonic acid (20:4ω6, ARA), eicosapentaenoic acid (20:5ω3, EPA), and
docosahexaenoic acid (22:6ω3, DHA) are physiologically critical for aquatic organisms to
maintain high growth, survival and reproductive rates (Brett and Müller-Navarra 1997, Sargent
et al. 1999, Torres-Ruiz et al. 2007, Brett et al. 2009, Tocher 2010, Guo et al. 2016d). The EFA
are particularly important in fish reproduction (Røjbek et al. 2014, Asil et al. 2017). For
example, low concentration of EFA in the diet results in low egg production and viability rates
(Ashton et al. 1993, Tveiten et al. 2004), while high concentration of EFA can improve the
quality of fish sperm, egg and offspring (Saavedra et al. 2016, Luo et al. 2017). Deficiency in
dietary EFAs, which translated to a deficiency in fish eggs, can induce functional disorder and
reduce progeny quality. For example, young turbot (Scophthalmus maximus) feeding on an
EFA deficient diet, showed a destruction of the osmoregulatory gill epithelia (Bell et al. 1985).
Similarly, a nine-week feeding trial with a diet deficient in EFA resulted in suppressed growth
and cellular immunity and an alteration in renal morphology in juveniles of gilthead sea bream
(Sparus aurata) (Montero et al. 2004). Egg survival rates of spotted wolffish were negatively
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correlated with both the ARA: EPA and ARA: DHA ratio in eggs (Tveiten et al. 2004). ARA
is a primary precursor of prostaglandins (pg), which is important for ovulation, and EPA can
produce leukotriene (lt) which is important in the immune system. Also, the high DHA
concentration in the fish nervous system and retina indicates its critical role and the high
requirement in functioning (Bell et al. 1986, Tocher and Harvie 1988).
It is possible that a diet deficient in EFA may negatively affect reproduction and recruitment
success in lungfish. However, there is currently no information available to assess this
hypothesis. In this study, I sampled lungfish eggs and fin tissue upstream and downstream of
Wivenhoe Dam in the Brisbane River to determine the FA composition and to assess if FA
composition of eggs and fin tissue may be influenced by flow alteration. I also used carbon and
nitrogen stable isotopes to determine the potential dietary sources that may lead to altered FA
composition in lungfish.
6.2. Methods
6.2.1. Study area and sampling sites
See descriptions in Chapter 2. In this chapter, two sampling sites in the Brisbane River were
selected; one site (site 1) upstream of the dam, and one site (site 6) downstream of the dam
(Fig. 2.1). Lungfish were collected by boat electrofishing in September 2014, to obtain egg and
fin samples for fatty acid analysis and stable isotope analysis.
6.2.2. Sample processing and data analysis
Lungfish eggs were collected by gentle milking of the females’ abdomen, and fin clips were
taken from the same fish by cutting a small 1cm square piece of tissue from the tip of the tail.
All samples for FA analysis were immediately stored in liquid nitrogen in the field and
transferred into a -80℃ freezer in the laboratory until processing. All the frozen samples were
freeze dried with a Benchtop SLC freeze dryer at under -50℃ for at least 48 hours. Fatty acids
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were determined and quantified using a gas chromatography coupled with a flame ionization
detector (GC-FID; THERMOTM) system. Samplers were prepared by extracting lipids with
chloroform–methanol solution(2:1; v/v), followed by sonication, vortexing and centrifugation
(Kainz et al. 2010, Heissenberger et al. 2010). Lipid extracts were evaporated under N2 and
toluene, then H2SO4-methanol (1% v/v) was added, samples vortexed and stored for 16 h at
50℃ for FA methyl esters (FAME) formation. The FAME were dried under N2 and redissolved
in hexane and subsequently identified by GC-FID. Independent t-Tests were used to detect any
significant differences between the fatty acid composition of lungfish egg and fin clips taken
from upstream and downstream of Wivenhoe Dam.
The contribution of potential food sources to the diet of lungfish was estimated by using
previously published diet predictions (Kind 2011), stable isotope data and fatty acid profiles
from a range of potential food sources sampled (Chapter 4 and 5). Although no quantitative
dietary data is available in the published literature (Kemp et al. 1981), Kemp et al. (1981)
reported that adult lungfish in captivity consume a wide range of animals and plants including
fish, insect larvae, crustaceans, molluscs, worms, tadpoles, dead toads, meat, offal, egg yolk,
dried dog or poultry food, Vallisneria spiralis, Hydrilla vertcillata, filamentous algae and water
hyacinth rootlets. In addition, bivalves (Corbicula spp.) are observed in the faeces of freshly
caught live lungfish (personal observations). Accordingly, I sampled a range of potential food
sources including bivalves, crustaceans, gastropods, Ephemeroptera, Trichoptera, seston,
filamentous algae, periphyton, and macrophytes. Potential food sources were collected at the
same sites as lungfish samples by hand or dipnet and stored in the same manner as for lungfish
FA tissue samples. Muscle tissue from these three food sources and lungfish fin clips were
cleaned and were oven dried at 60 ℃ for at least 48 hours in the lab, then ground to a fine,
uniform powder with a mortar and pestle. Between 1.0 and 2.0 mg of sample was weighed and
packed in a tin capsule before combusted in an elemental analyser connected via a continuous
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flow to a Sercon isotope mass spectrometer. Stable isotope values (δ13C; δ15N) are reported in
delta notation (δ, in ‰) relative to international standards for carbon (Pee Dee Belemnite) and
nitrogen (air) (Jardine et al. 2005). Potential food sources were adjusted by average trophic
enrichment factors (TEF, Δ) before estimates of dietary contribution were made. Because TEF
are unknown for both δ13C and δ15N in lungfish, and of the sensitivity of TEF to mixing model
outputs (Bunn et al. 2013), a range of TEF was tested. The TEF for δ13C ranges from -0.9‰ to
1.7‰ and for δ15N from 2.4‰ to 4.4‰ (Post 2002, Bond and Diamond 2011), with average
values near 0.8 and 3.4‰ (Vander Zanden and Rasmussen 2001). The TEF tested that resulted
in the adjusted lungfish samples falling outside the potential food source isotopic polygon
space were not considered further in the analysis. This approach avoids violating the mixing
model assumptions that consumers cannot fall outside the polygon of potential sources. The
final TEF used in mixing model calculations were Δ13C = 0.8‰ and Δ15N = 3.3 ‰. Variation
in FA profiles (based on percentage FA data) of lungfish fin, egg and potential food sources
were examined using a non-metric multidimensional scaling (NMDS) ordination, and the three
most likely food sources for lungfish was determined by visual inspection of the ordination
plot. Ordination analysis was based on a Euclidean distance matrix and undertaken using the
Primer 6 software package (Clarke and Gorley 2006). The proportional contribution of the
three most likely food sources to lungfish diet was estimated in R (SIAR package) by using a
Bayesian model (Parnell et al. 2010) and as well as using the IsoError programme (Phillips and
Gregg 2001). The additional calculations from IsoError were used as often calculations using
SIAR can produce results that are biased towards the all-sources-are-equal generalist (prior)
solutions (Brett 2014).
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6.3. Results
6.3.1. Fatty acid composition in lungfish egg and fin
In terms of total FA concentrations, lungfish eggs had significantly higher FA composition
than fin clips, except for 17:1ω7 (Table 6.1, Table S6.1). The total FA concentration of lungfish
eggs was 170.0 ± 16.5 (mean ± SD) μg/ mg, while for fins it was 22.0 ± 0.7 μg/mg. Compared
to fin clips, lungfish eggs also contained significantly higher percentage of mono-unsaturated
FA (MUFA), C18 PUFA (with 18 carbon atoms), LIN ALA, and ω3: ω6 ratios, whereas fins
contained significantly higher percentage of PUFA, HUFA, ARA and EPA than the eggs.
MUFA were the most abundant FA in lungfish eggs, accounting for 40.3 ± 1.1 % (mean ± SE)
of total FA content, followed by saturated FA (SAFA, 30.7 ± 1.1 %) and PUFA (26.8 ± 1.8 %).
FA 16:0 (19.2 ± 0.7 %) and 18:0 (8.1 ± 0.4 %) were the top two SAFA, contributing almost
90% of total SAFA, while 18:1ω9 (22.0 ± 0.7 %), 16:1ω7 (8.4 ± 0.4 %) and 18:1ω7 (7.6 ±
0.9 %) were the highest contributing MUFA. The percentage of individual PUFA was less
variable and much lower than either SAFA or MUFA, ranging between 0.0 to 4.3 %. The most
abundant PUFA in lungfish eggs was 22:5ω3 (4.3 ± 0.3 %), followed by 18:3ω3 ALA (4.0 ±
0.5 %) and 20:4ω6 ARA (3.9 ± 0.4 %). The percentage of HUFA (19.2 ± 1.6 %) was
significantly higher than C18 PUFA (8.1 ± 0.7 %).
Results for FA concentrations in lungfish eggs showed that 10 of the 13 grouped FA or
individual EFA were significantly higher in downstream samples compared to upstream (Table
6.1). The total concentration of FA was 143.4 ± 10.3 μg/mg in eggs from upstream of Brisbane
River and was 232.1 ± 24.6 μg/mg in eggs from downstream. No significant difference (t-Test)
was detected in the percentage of SAFA, MUFA and PUFA between eggs from upstream and
downstream (Table 6.1). However, eggs from downstream had significantly higher proportions
of ARA, DHA, but a lower proportion of ALA than eggs from upstream (Table 6.1).
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Table 6.1. Fatty acid composition (concentration and percentages to total fatty acids, mean ± SE) and comparisons (t-Test) of lungfish eggs and fins
collected from upstream (Ups) and downstream (Dos) of Wivenhoe Dam in Brisbane River in south-east Queensland, Australia. Only data for the major
classes of fatty acid are shown (SAFA, MUFA, and PUFA), four subgroups of PUFA (HUFA, C18 PUFA, ω3, and ω6), ω3: ω6 ratios, and five essential
fatty acids. (Details of all individual fatty acids are showed in Table S6.1). SAFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA,
polyunsaturated fatty acids; HUFA, highly unsaturated fatty acids with 20 to 22 carbon atoms; C18 PUFA, unsaturated fatty acids with 18 carbon atoms;
ω3, PUFAs with the first double bond at the third carbon atom start from the methyl end of the carbon chain; ω6, PUFAs with the first double bond at the
third carbon atom start from the methyl end of the carbon chain. LIN, linoleic acid; ALA, α-linolenic acid; ARA, arachidonic acid; EPA, eicosapentaenoic
acid; DHA, docosahexaenoic acid. SE of 0.0 means SE < 0.05. a is significantly higher than b (t-Test; P < 0.05)
Total
n
FA class
SAFA
MUFA
PUFA
HUFA
C18 PUFA
ω3
ω6
ω3:ω6
LIN 18:2ω6
ALA 18:3ω3
ARA 20:4ω6
EPA 20:5ω3
DHA 22:6ω3

Egg
10

Fin
10

51.7 ± 4.9a
68.5 ± 6.5 a
45.9 ± 6 a
33.6 ± 5.4 a
12.0 ± 1.0 a
28.9 ± 3.8 a
17.0 ± 2.3 a
1.7 ± 0.1 a
4.6 ± 0.6 a
6.5 ± 0.7 a
7.0 ± 1.3 a
6.3 ± 0.8 a
5.6 ± 1.8 a

6.2 ± 0.2b
7.1 ± 0.3 b
8.4 ± 0.3 b
7.9 ± 0.3 b
0.5 ± 0.1 b
2.9 ± 0.2 b
5.5 ± 0.2 b
0.5 ± 0.0 b
0.3 ± 0.0 b
0.2 ± 0.0 b
3.3 ± 0.1 b
1.1 ± 0.1 b
0.5 ± 0.1 b

Concentration (μg/ mg)
Egg
Ups
Dos
7
3
45.1 ± 3.9 b
59.5 ± 5.8 b
36.0 ± 4.0 b
24.2 ± 2.8 b
11.5 ± 1.3
23.3 ± 2.8 b
12.8 ± 1.2 b
1.8 ± 0.1
3.8 ± 0.4 b
6.7 ± 0.8
4.5 ± 0.5 b
5.2 ± 0.7 b
2.1 ± 0.3 b

67.1 ± 8.7 a
89.4 ± 9.6 a
69.0 ± 7.0 a
55.8 ± 6.1 a
13.1 ± 1.8
42.0 ± 6.3 a
27.0 ± 1.1 a
1.6 ± 0.2
6.5 ± 1.6 a
5.9 ± 1.5
12.7 ± 1.1 a
8.7 ± 1.4 a
13.6 ± 1.4 a

Fin

Total

Ups
5

Dos
5

Egg
10

Fin
10

6.4 ± 0.4
7.5 ± 0.4
8.7 ± 0.5
8.1 ± 0.5
0.7 ± 0.1 a
3.3 ± 0.4
5.4 ± 0.1
0.6 ± 0.1
0.3 ± 0.0
0.3 ± 0.1 a
3.0 ± 0.1 b
1.2 ± 0.1
0.3 ± 0.0 b

6.0 ± 0.2
6.6 ± 0.3
8.1 ± 0.4
7.7 ± 0.4
0.4 ± 0.1 b
2.5 ± 0.2
5.6 ± 0.3
0.5 ± 0.0
0.2 ± 0.1
0.1 ± 0.0 b
3.7 ± 0.2 a
0.9 ± 0.1
0.6 ± 0.1 a

30.7 ± 1.1
40.3 ± 1.1 a
26.8 ± 1.8 b
19.2 ± 1.6 b
8.1 ± 0.7 a
16.9 ± 1.2 a
9.9 ± 0.8 b
1.7 ± 0.1 a
2.8 ± 0.3 a
4.0 ± 0.5 a
3.9 ± 0.4 b
3.7 ± 0.3 b
2.8 ± 0.7

28.1 ± 0.3
32.1 ± 0.8 b
38.2 ± 0.6 a
35.9 ± 0.7 a
2.4 ± 0.3 b
13.2 ± 0.7 b
25.0 ± 0.9 a
0.5 ± 0.0 b
1.3 ± 0.1 b
0.9 ± 0.2 b
15.3 ± 0.8 a
4.7 ± 0.2 a
2.2 ± 0.3

Percentage (%)
Egg
Ups
Dos
7
3
31.5 ± 1.5
41.1 ± 1.5
25.4 ± 2.4
17.1 ± 1.8 b
9.0 ± 0.7 a
16.4 ± 1.6
9.0 ± 0.8
1.8 ± 0.1
2.7 ± 0.2
4.7 ± 0.5 a
3.2 ± 0.4 b
3.7 ± 0.5
1.5 ± 0.2 b

28.7 ± 0.7
38.5 ± 1.3
29.8 ± 1.5
24 ± 0.6 a
6.0 ± 1.0 b
18 ± 1.1
11.9 ± 1.3
1.6 ± 0.2
3.0 ± 1.1
2.5 ± 0.4 b
5.5 ± 0.1 a
3.7 ± 0.2
5.9 ± 0.2 a

Fin
Ups
5

Dos
5

28.1 ± 0.3
32.7 ± 0.8
38.2 ± 0.8
35.3 ± 1.1
3.1 ± 0.4 a
14.5 ± 0.9 a
23.8 ± 1.0
0.6 ± 0.1
1.4 ± 0.1
1.2 ± 0.2 a
13.4 ± 0.7 b
5.2 ± 0.3 a
1.3 ± 0.1 b

28.1 ± 0.5
31.4 ± 1.4
38.2 ± 1
36.4 ± 1
1.8 ± 0.3 b
11.9 ± 0.5 b
26.3 ± 1.3
0.5 ± 0.0
1.2 ± 0.3
0.5 ± 0.1 b
17.2 ± 0.9 a
4.2 ± 0.2 b
3.0 ± 0.2 a
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The most abundant FA in lungfish fins was PUFA (38.2 ± 0.6 %), followed by MUFA (32.1 ±
0.8%) and SAFA (28.1 ± 0.3 %). Similar to eggs, FA 16:0 (14.2 ± 0.4 %) and 18:0 (11.3 ±
0.3 %) contributed the proportion of SAFA, and 18:1ω9 (16.6 ± 0.5 %), 18:1ω7 (6.3 ± 0.3 %)
and 16:1ω7 (5.4 ± 0.3 %) were the highest MUFA. In terms of PUFA, the dominant was HUFA
(35.9 ± 0.7 %), while C18PUFA accounted for only 2.4 ± 0.3 % of the total fatty acids (Table
6.1, Table S6.1). Fins from upstream and downstream fish had no difference in SAFA, MUFA,
and PUFA, based on both concentration data and percentage composition. However, upstream
lungfish fins had more ALA and EPA, but less ARA and DHA than fins from downstream
individuals.
6.3.2. Food source contribution to lungfish with respect to flow alteration
Ordination analyses of variation in FA profiles of nine potential lungfish fish food sources and
lungfish egg and fin collected from Brisbane River revealed that gastropods, bivalves, and
crustaceans are the three closest sources to lungfish eggs and fin tissue samples (Fig. 6.1).
Based on the NMDS plot and previously published diet information for lungfish, the three most
likely potential lungfish food sources include gastropods, bivalves, and crustaceans. Figure 6.2
is the carbon and nitrogen stable isotope biplot of these three most probable food sources and
the lungfish fin clip samples from upstream and downstream of Wivenhoe Dam. The relative
positions of each food source and lungfish were similar in both the upstream and downstream
locations. However, there was a consistent difference in all food source samples, with average
δ13C being more depleted between upstream (-24.58 ‰) and downstream (-26.89 ‰) and more
enriched in δ15N between upstream (4.52 ‰) and downstream (9.76 ‰). Similarly, the lungfish
fin tissue samples were more depleted in δ13C and enriched in δ15N between the upstream and
downstream locations. The mean δ15N and δ13C of food sources and lungfish were near 5‰
and -24‰, respectively, from upstream sites and were near 11‰ and -26‰ from downstream
sites (Fig. 6.2, Table S6.2). These differences in δ15N and δ13C between the upstream and

92

downstream samples were significantly different (t-Test, P < 0.05). The lungfish was more
enriched in δ15N than its food sources in both the upstream and downstream locations (Fig.
6.2). Among the three food sources, bivalves consistently had the most depleted δ13C values,
while crustaceans and gastropods had similar δ13C values. Crustaceans had higher δ15N values,
than gastropods and bivalves.

Figure 6.1. Non-metric Multidimensional Scaling (NMDS) ordination plot of nine potential
fish food sources and lungfish egg and fin collected from Brisbane River based on percentage
data of 37 fatty acids. Abbreviations are: lungfish egg (lune), lungfish fin (lunf), bivalve (biva),
crustacean (crst), gastropod (gast), Ephemeroptera (ephe), Trichoptera (tric), seston (sest),
filamentous algae (fila), periphyton (peri), and macrophyte (macp).
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Figure 6.2. The carbon and nitrogen stable isotopes values (mean ± SE) of lungfish fin tissues
and three potential food sources from upstream and downstream of Wivenhoe Dam in the
Brisbane River. The open circles indicate the mean value of lungfish with trophic enrichment
factors adjustment (Δ13C = 0.8‰, Δ15N = 3.3 ‰). The dash triangles show food source triangles.

The contribution of each probable food source to lungfish diet estimated by SIAR and IsoError
and summarized in Figure 6.3. The estimated contribution of bivalves to lungfish diets was
relatively low overall (~20%) with a slightly higher contribution in downstream lungfish
samples (27 / 25 %) than in upstream lungfish samples (19 / 18 %) (Table S6.3). Gastropod
contributions to lungfish diet were estimated to be highest in upstream lungfish samples, while
in downstream samples crustaceans contributed the highest estimated proportion. Although the
general pattern in estimates from IsoError and SIAR were consistent, other than for crustaceans
and gastropods in upstream lungfish samples, the mean estimated contributions were variable
between the two programs. For example, IsoError showed a larger shift in the estimated diet
contributions from gastropods and crustaceans between the upstream and downstream
locations, compared to the SIAR results (Fig. 6.3, Table 6.3). The SIAR results probably reflect
the expected bias towards a generalist estimated diet (Brett, 2014).
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Figure 6.3. The mean contribution of three food sources to lungfish in the Brisbane River
estimated from carbon and nitrogen stable isotopes by different programmes, a) SIAR, b)
IsoError.

6.4. Discussion
The concentration of total FA in lungfish fin tissue was significantly lower than in eggs and
had no difference in PUFA between samples collected from upstream and downstream of
Wivenhoe Dam (Table 6.1). However, the total concentration of FA, PUFA, HUFA and most
EFA in eggs from downstream was significantly higher than upstream. The percentage FA data
also showed that eggs from downstream possessed significantly higher proportion of HUFA,
ARA, DHA, and DHA: EPA ratio, but significantly lower C18 PUFA and ALA than eggs from
upstream. Previous studies have proposed that EFA content is an important indicator of egg
quality and supports critical functions in fish reproduction, zygote development and progeny
quality (Sargent 1995). Therefore, based on fatty acid differences in lungfish fins and eggs
between upstream and downstream, no negative effect from flow alteration was indicated. In
fact, lungfish eggs from downstream of Wivenhoe Dam were of comparatively higher quality
than upstream since they were richer in PUFA and most EFA.
The fatty acid profiles of lungfish eggs from the Brisbane River were found to contain lower
overall content when compared to a range of other fish species reported from other published
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studies, particularly a lower percentage of PUFA and DHA (Table 6.2). The mean percentage
of PUFA and DHA in fish eggs from the literature was around 47% and 22%, respectively,
while eggs of the Australian lungfish had mean PUFA and DHA values of 28% and 4%,
respectively. PUFA deficiency, particularly in EFA, can cause functional disorders in
developing eggs (Izquierdo et al. 2001). For example, by examining variation in the mass and
composition of egg lipids within and among ten walleye (Sander vitreus) populations, Wiegand
et al. (2004) found that insufficient EFA in eggs reduced the larval survival by decreasing the
ability to swim and capture food post hatching. Studies also found that increasing certain EFA
in broodstock diets improved the percentage of morphologically normal eggs and egg viability,
in a number of species, such as gilthead seabream (Sparus aurata) (Fernández-Palacios et al.
1995), Baltic cod (Gadus morhua) (Pickova et al. 1997), Japanese halibut (Paralichthys
olivaceus) (Furuita et al. 2000), and Atlantic halibut (Hippoglossus hippoglossus) (Mazorra et
al. 2003). The apparent deficiency in PUFA within Australian lungfish eggs could be a
contributing factor in the abnormal embryological development observed in previous studies
(Kemp 2011, 2014). However, it is uncertain, based on the results of my study, if these low
PUFA levels are a natural feature of Australian lungfish or are a result of anthropogenicinduced dietary deficiency. Certainly, lungfish contain some of the lowest recorded PUFA
concentrations in eggs observed from a wide range of other fish species, indicating diet
deficiency may be occurring. If dietary deficiencies are contributing to low PUFA values in
eggs, and this deficiency is implicated from hydrological changes due to Wivenhoe Dam, then
I would expect the downstream egg samples to be lower than upstream of the dam, which was
not the case found here. It is possible these low PUFA values reflect a dietary deficiency,
though chapter 5 revealed that there was no significant differences in the fatty acids
composition of a range of lungfish food sources between sites upstream and downstream of the
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dam, The dietary deficiency in PUFA could from a low availability of high-quality lungfish
food sources (e.g. crustaceans) or basal food sources (e.g. algae).
DHA not only can enhance fish larval growth (Mourente et al. 1993, Copeman et al. 2002,
Seoka et al. 2007), but also plays an important role in fish nervous system and visual systems
(i.e. retina) (Bell et al. 1986, Tocher and Harvie 1988, Sargent 1993, Bell et al. 1995). For
example, Bell et al. (1995) found that Herring (Clupea harengus) reared on a zero DHA diet
were less successful predators under low light intensity. Their findings indicate DHA
deficiency during the early larval development period affected rod neuron development,
important for low light visions, thus impacting visual performance in low light conditions.
Another study found that a deficiency in DHA or EPA in the diet of larval Japanese flounder
(Paralichthys olivaceus) induced a significantly smaller cerebellum volume in the brain
(Furuita et al. 1998). Similar conclusions were also found that, the DHA-enriched diet in
yellowtail larvae (Seriola quinqueradiata) significantly increased the relative volume of the
tectum opticus (TO) and the cerebellum, and the larger TO could be the key contributor to a
better development of schooling behaviour (Ishizaki et al. 2001). It has been shown that the
DHA: EPA ratio is an important predictor of egg quality in farmed fish (Sargent 1995).
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Table 6.2. Comparison of fatty acid profiles of lungfish eggs from this study with eggs from other fish species from the literature (mean ± SE). PUFA,
polyunsaturated fatty acids; ω3:ω6, ω3, PUFAs with the first double bond at the third carbon atom start from the methyl end of the carbon chain; ω6,
PUFAs with the first double bond at the third carbon atom start from the methyl end of the carbon chain. LIN, linoleic acid; ALA, α-linolenic acid; ARA,
arachidonic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid. Trophic guild: herbivore (H), invertivore (I), piscivore (P), omnivore (O).
Ups and Dos are upstream and downstream of Wivenhoe Dam in Brisbane River, respectively.
Fish species
Engraulis ringens
Engraulis ringens
Ammodytes lancea
Anarhichas minor
Bidyanus bidyanus
Clupea harengus
Macquaria australasica
Macquaria australasica
Macquaria australasica
Malloutus villosus
Melanogrammus aeglefinus
Centropomus undecimalis
Gadus morhua
Gadus morhua
Lates calcarifer
Maccullochella peeli
Macquaria novemaculeata
Macquaria ambigua
Merlangus merlangus
Oncorhynchus tshawytscha
Oncorhynchus tshawytscha
Pollachius virens
Protopterus aethiopicus
Protopterus aethiopicus
Protopterus aethiopicus

Trophic guild
H
H
I
I
I
I
I
I
I
I
I
I&P
I&P
I&P
I&P
I&P
I&P
I&P
I&P
I&P
I&P
I&P
I&P
I&P
I&P

Tissue
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Egg
Muscle
Muscle
Muscle

PUFA %
41.5±0.9
68.6±0.6
49.2

ω3: ω6
/
/
11.6

LIN%

ALA%

ARA%

EPA%

DHA %

2.2±0.1 1.1±0.1
2.3±0.0 1.0±0.0
1.7
0.7

1.0±0.1
2.8±0.1
1.9

15.0±0.4 21.0±0.5
43.5±1.1 15.6±0.5
16.7
25.5

43.0±0.4 8.9±0.2 3.3±0.2 0.7±0.0
/
/
6.2
1.4
48.7
29.4
0.5
0.3

1.2±0.0
7.1
1.0

16.3±0.2 19.2±0.3
1.3
14.7
13.7
31.4

40.5±0.0 1.5±0.0 3.1±0.0 0.9±0.0
40.5±0.0 1.5±0.0 3.2±0.0 0.9±0.0
/
/
5.1
1.5
49
24.8
0.8
0.6
49.4
8.7
0.7
0.3

9.9±0.0
9.8±0.0
1.8
1.1
3.7

4.3±0.0
4.5±0.0
0.7
19.0
12.6

16.3±0.0
16.1±0.0
8.2
24.6
27.6

34.9±0.1 2.5±0.1 1.4±0.0 0.7±0.0 3.7±0.0 2.4±0.0 13.7±0.2
10.7
50.3±0.3
0.5±0.1 0.2±0.0 3.0±0.2 15.5±0.4 27.6±1.0
49.1
15.4
1.1
0.3
1.9
15.3
28.6
/
/
2.7
0.2
8
0.3
29.3
/
/
3.6
1.2
3.7
0.6
14.6
/
/
1.1
0.9
15.3
2.2
17.8
/
/
4.9
4.1
5.1
0.2
24.7
48.4
14.6
0.7
0.1
2.4
13.3
30.3
43.8
17.1
0.8±0.1 0.7±0.1 1.2±0.0 13.7±0.4 17.1±0.7
42.3
19.0
0.8±0.1 0.7±0.1 1.0±0.0 15.1±0.5 17.8±5
45.4
13.7
1.3
0.6
1.6
11.5
27.7
0.5
48.4±0.4
1.0±0.1 0.4±0.0 21.1±0.8 2.3±0.1 7.8±1.4
1.0
42.4±0.2
2.4±0.1 0.5±0.1 13.1±0.5 4.7±0.4 8.5±0.4
0.9
49.6±0.1
2.5±0.2 1.0±0.0 15.2±0.2 2.5±0.2 11.0±0.2

References
(Castro et al. 2010)
(Castro et al. 2010)
(Tocher and Sargent 1984)
(Tveiten et al. 2004)
(Anderson et al. 1990)
(Tocher and Sargent 1984)
(Sheikh-Eldin et al. 1996)
(Sheikh-Eldin et al. 1996)
(Anderson et al. 1990)
(Tocher and Sargent 1984)
(Tocher and Sargent 1984)
(Yanes-Roca et al. 2009)
(Salze et al. 2005)
(Tocher and Sargent 1984)
(Anderson et al. 1990)
(Anderson et al. 1990)
(Anderson et al. 1990)
(Anderson et al. 1990)
(Tocher and Sargent 1984)
(Ashton et al., 1993)
(Ashton et al., 1993)
(Tocher and Sargent 1984)
(Kwetegyeka et al. 2008)
(Kwetegyeka et al. 2008)
(Kwetegyeka et al. 2008)
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Fish species
Protopterus aethiopicus
Salmo salar
Salmo salar
Scophthalmus maximus
Neoceratodus forsteri
Neoceratodus forsteri
Neoceratodus forsteri
Neoceratodus forsteri

Trophic guild
Tissue
PUFA % ω3: ω6
I&P
Muscle 38.9±0.8
2.0
I&P
Egg
48.3
5.2±0.4
I&P
Egg
48.3
4.8±0.2
P
Egg
43.9±0.5 7.6±0.4
O
Egg (Ups) 25.4±2.4 1.8±0.1
O
Egg (Dos) 29.8±1.5 1.6±0.2
O
Fin (Ups) 38.2±0.8 0.6±0.1
O
Fin (Dos) 38.2±1.0 0.5±0.0

LIN%
/
0.7±0.1
0.7±0.0
1.2±0.1
2.7±0.2
3.0±1.1
1.4±0.1
1.2±0.3

ALA%
ARA%
3.5±0.1 6.6±0.1
0.6±0.1 6.2±0.3
0.6±0.0 6.7±0.3
0.5±0.0 3.0±0.2
4.7±0.5 3.2±0.4
2.5±0.4 5.5±0.1
1.2±0.2 13.4±0.7
0.5±0.1 17.2±0.9

EPA%
6.1±0.1
6.6±0.4
5.7±0.2
7.8±0.2
3.7±0.5
3.7±0.2
5.2±0.3
4.2±0.2

DHA %
13.2±0.3
24.8±0.9
25.1±0.6
23.8±0.5
1.5±0.2
5.9±0.2
1.3±0.1
3.0±0.2

References
(Masa et al. 2011)
(Pickova et al. 1999)
(Pickova et al. 1999)
(Silversand et al. 1996)
This study
This study
This study
This study
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The output of mixing models are sensitive to the choice of trophic enrichment factor (TEF),
particularly when the stable isotope values of food sources are similar (Bond and Diamond
2011, Bunn et al. 2013). A range of TEF combinations for δ13C and δ15N were trialled in this
study and uncertainty in the contribution of crustaceans and gastropods was large as predicted.
Compared to bivalves, the crustaceans and gastropods were too close to each other on the stable
isotope bi-plots (Fig. 6.2). I used Δ13C = 0.8‰, Δ15N = 3.3‰ in the mixing models, because
only Δ15N close to 3.3 ‰ resulted in the adjusted lungfish falling in food source triangles thus
making the mixing model solution reasonable. The priori decision to use the TEF of 3.3‰ for
lungfish may have be incorrect and in fact there may have been other food sources present that
weren’t sampled. Comparing results from the IsoError and SIAR model highlights that the
potential for SIAR to give centrist and generalist solutions (Brett 2014). The predictions from
SIAR were at odds with the data plotted in Figure. 6.2 and mixing model assumptions, while
results from IsoError were not. Due to the low reliability of contribution predictions from SIAR
in this study, it was not considered in further discussion. Although outputs of the two mixing
models varied due to the above reasons, it is clear from both is that bivalves did not comprise
a major part of lungfish diet. Therefore, it is also clear that lungfish heavily relied on benthic
algal based diet (e.g. gastropods or crustaceans), but not seston (terrestrial organic particles and
plankton) represented bivalves, since the δ13C value of lungfish was too enriched when
compared with bivalves. Even under the largest TEF tested for Δ13C (1.7‰), the contribution
of bivalves to lungfish was still less than 45%. Therefore, the difference of FA composition in
lungfish eggs between upstream and downstream could result from the availability of
gastropods and crustaceans, since crustaceans have more ω3 PUFA and DHA than gastropods
(Chapter 5). In addition, the consistent change in both carbon and nitrogen stable isotope values
between lungfish and food sources (Fig. 6.2) indicates that lungfish relied on local food sources
and were not moving widely through the system (Jardine et al. 2012).
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All lungfish eggs from the Brisbane River contained a lower percentage of PUFA and DHA
compared to a range of other fish species (Table 6.2), potentially indicating other human
disturbances (e.g. catchment land use) decreased the quality and availability of key food
sources (e.g. algae) at the base of food web. Field investigations and manipulated experiments
in the same study region demonstrated that light and water nutrient can change FA profiles of
algae, thus of consumers through food web (Guo et al. 2015, 2016c). For example, the content
of HUFA in algae was increasing with riparian canopy cover (Guo et al. 2015). Light increasing
and nutrient addition together can have a significant negative effect on Austrophlebioides
growth through changing algal quality (Guo et al. 2016b). Temperature also significantly
affects the types of fatty acids produced by microalgae, and many microalgae species increase
the ratio of unsaturated to saturated fatty acids to adapt to low growth temperature (Renaud et
al. 2002). The catchment land use in this area has generally caused a decrease in riparian canopy
cover and an increase in nutrient inputs. Reduced riparian canopy cover may result in greater
heat absorption and consequently increase water temperature (Rutherford et al. 2004). The
change in algal nutritional quality due to land use, therefore, can affect growth and FA profiles
of primary consumers (e.g. gastropods and crustaceans), and consequently, the FA availability
to lungfish.
The four sub-catchments (upstream and downstream of the Brisbane and Mary River) I studied
have similar levels of agricultural land use, and I was not able to sample more widely in the
species native range of lungfish for ethical reasons. Future studies on FA profiles of algae and
lungfish should conducted in more local catchments (e.g. Mary and Burnett River) with
different levels of agricultural land use to compare with the results and examine the hypothesis
raised from this study. Based on the fatty acid differences observed in lungfish fin and egg
samples between locations upstream and downstream of a large river impoundment, I found no
detectable negative effect from flow alteration due to the dam. However, this preliminary study
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found that the lungfish eggs from both upstream and downstream locations were deficient in
PUFA and EFA, compared to other fish species. The relatively low DHA: EPA ratio in
Australian lungfish eggs also suggested their low egg quality. It is unclear if these low EFA
levels are a natural feature of lungfish or if this reflects a diet deficient in high quality food
sources due to a lack of samples from more comparison catchments or sites. The results suggest
that the catchment disturbance such as land use in this area could change the FA profile of
algae at the very base of lungfish food web, thus inducing the relatively low content of PUFA
and EFA in lungfish egg. This study indicates that lungfish conservation need give priority to
mitigating threats that affect the availability of high-quality food sources.
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6.5. Supplementary material
Table S6.1. Fatty acid composition (concentration and percentages to total fatty acids, mean ± SE) and comparisons (t-Test) of lungfish eggs and fins
collected from upstream and downstream of Brisbane River in south-east Queensland, Australia. SE of 0.0 means SE < 0.05. a is significantly higher than
b (t-Test; P < 0.05)
Concentration (μg/ mg)
Total
n
Fatty acid
14:0
15:0
16:0
17:0
18:0
20:0
21:0
22:0
23:0
24:0
14:1ω5
15:1ω5
16:1ω7
16:1ω9
17:1ω7
18:1ω6
18:1ω7
18:1ω9
18:1ω12
20:1ω9
22:1ω9

Percentage (%)

Egg

Fin

Total

Egg

Fin

Egg
10

Fin
10

Ups
7

Downs
3

Ups
5

Downs
5

Egg
10

Fin
10

Ups
7

Downs
3

Ups
5

Downs
5

1.7 ± 0.2 a
0.8 ± 0.1 a
32.3 ± 3.0 a
1.6 ± 0.4 a
13.7 ± 1.4 a
0.6 ± 0.0 a
0.0 ± 0.0
1.0 ± 0.1 a
0.0 ± 0.0
0.2 ± 0.0 a
0.0 ± 0.0
0.1 ± 0.0
14.7 ± 2 a
1.4 ± 0.2 a
0.0 ± 0.0 b
0.0 ± 0.0
12 ± 1.7 a
37.6 ± 4.2 a
0.3 ± 0.0 a
1.1 ± 0.1 a
0.2 ± 0.0 a

0.1 ± 0.0 b
0.1 ± 0.0 b
3.1 ± 0.2 b
0.1 ± 0.0 b
2.5 ± 0.1 b
0.0 ± 0.0 b
0.0 ± 0.0
0.1 ± 0.0 b
0.0 ± 0.0
0.0 ± 0.0 b
0.0 ± 0.0
0.1 ± 0.0
1.2 ± 0.1 b
0.3 ± 0.0 b
0.1 ± 0.0 a
0.0 ± 0.0
1.4 ± 0.1 b
3.6 ± 0.2 b
0.0 ± 0.0 b
0.1 ± 0.0 b
0.0 ± 0.0 b

1.5 ± 0.2 b
0.5 ± 0.1 b
28.6 ± 2.6 b
0.9 ± 0.1 b
11.7 ± 1.0 b
0.5 ± 0.1
0.0 ± 0.0
1.1 ± 0.1
0.0 ± 0.0
0.2 ± 0.0 a
0.0 ± 0.0
0.1 ± 0.0 b
11.7 ± 1.3 b
1.2 ± 0.1 b
0.0 ± 0.0
0.0 ± 0.0
12.6 ± 1.3
31.8 ± 3.1 b
0.3 ± 0.0
0.9 ± 0.1 b
0.2 ± 0.0

2.0 ± 0.3 a
1.3 ± 0.1 a
40.9 ± 5.6 a
3.2 ± 0.3 a
18.2 ± 2.3 a
0.6 ± 0.1
0.0 ± 0.0
0.7 ± 0.2
0.0 ± 0.0
0.1 ± 0.1 b
0.0 ± 0.0
0.2 ± 0.0 a
21.7 ± 3.3 a
2.0 ± 0.3 a
0.0 ± 0.0
0.0 ± 0.0
10.6 ± 5.5
51.2 ± 7.8 a
0.3 ± 0.0
1.5 ± 0.2 a
0.2 ± 0.0

0.1 ± 0.0
0.1 ± 0.0 b
3.4 ± 0.2
0.1 ± 0.0 b
2.5 ± 0.1
0.0 ± 0.0
0.0 ± 0.0
0.1 ± 0.0 a
0.0 ± 0.0
0.0 ± 0.0 a
0.0 ± 0.0
0.1 ± 0.0 b
1.2 ± 0.1
0.3 ± 0.0
0.2 ± 0.0 a
0.0 ± 0.0
1.6 ± 0.1 a
3.9 ± 0.2
0.0 ± 0.0 a
0.1 ± 0.0
0.0 ± 0.0

0.1 ± 0.0
0.2 ± 0.0 a
2.8 ± 0.1
0.2 ± 0.0 a
2.5 ± 0.1
0.0 ± 0.0
0.0 ± 0.0
0.1 ± 0.0 b
0.0 ± 0.0
0.0 ± 0.0 b
0.0 ± 0.0
0.2 ± 0.0 a
1.2 ± 0.1
0.3 ± 0.0
0.1 ± 0.0 b
0.0 ± 0.0
1.2 ± 0.1 b
3.4 ± 0.1
0.0 ± 0.0 b
0.1 ± 0.0
0.0 ± 0.0

1.0 ± 0.1 a
0.4 ± 0.0 b
19.2 ± 0.7 a
0.9 ± 0.1
8.1 ± 0.4 b
0.3 ± 0.0 a
0.0 ± 0.0
0.6 ± 0.1
0.0 ± 0.0
0.1 ± 0.0
0.0 ± 0.0
0.1 ± 0.0 b
8.4 ± 0.4 a
0.8 ± 0.0 b
0.0 ± 0.0 b
0.0 ± 0.0
7.6 ± 0.9
22.0 ± 0.7 a
0.2 ± 0.0 a
0.6 ± 0.0 a
0.1 ± 0.0 a

0.5 ± 0.0 b
0.6 ± 0.1 a
14.2 ± 0.4
0.7 ± 0.1
11.3 ± 0.3 a
0.1 ± 0.0 b
0.0 ± 0.0
0.6 ± 0.0
0.0 ± 0.0
0.1 ± 0.0
0.0 ± 0.0
0.6 ± 0.1 a
5.4 ± 0.3 b
1.4 ± 0.1 a
0.6 ± 0.0 a
0.0 ± 0.0
6.3 ± 0.3
16.6 ± 0.5 b
0.1 ± 0.0 b
0.3 ± 0.0 b
0.1 ± 0.0 b

1.0 ± 0.1
0.4 ± 0.0 b
19.9 ± 0.8
0.6 ± 0.0 b
8.3 ± 0.6
0.4 ± 0.0
0.0 ± 0.0
0.8 ± 0.1 a
0.0 ± 0.0
0.2 ± 0.0 a
0.0 ± 0.0
0.1 ± 0.0 b
8.1 ± 0.5
0.8 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
8.7 ± 0.3
22.0 ± 1.0
0.2 ± 0.0 a
0.6 ± 0.0
0.1 ± 0.0

0.9 ± 0.0
0.6 ± 0.0 a
17.5 ± 0.6
1.4 ± 0.1 a
7.8 ± 0.3
0.3 ± 0.0
0.0 ± 0.0
0.3 ± 0.1 b
0.0 ± 0.0
0.0 ± 0.0 b
0.0 ± 0.0
0.1 ± 0.0 a
9.2 ± 0.5
0.8 ± 0.1
0.0 ± 0.0
0.0 ± 0.0
4.9 ± 2.5
21.8 ± 1.1
0.1 ± 0.0 b
0.6 ± 0.0
0.1 ± 0.0

0.5 ± 0.0
0.5 ± 0.0 b
15 ± 0.4 a
0.4 ± 0.0 b
10.7 ± 0.2 b
0.1 ± 0.0 b
0.0 ± 0.0
0.7 ± 0.0 a
0.0 ± 0.0
0.2 ± 0.0 a
0.0 ± 0.0
0.3 ± 0.1 b
5.2 ± 0.3
1.2 ± 0.1 b
0.7 ± 0.0 a
0.0 ± 0.0
6.9 ± 0.3 a
17.1 ± 0.7
0.2 ± 0.0 a
0.3 ± 0.0
0.1 ± 0.0

0.6 ± 0.0
0.8 ± 0.1 a
13.4 ± 0.3 b
0.9 ± 0.1 a
11.8 ± 0.3 a
0.2 ± 0.0 a
0.0 ± 0.0
0.5 ± 0.0 b
0.0 ± 0.0
0.0 ± 0.0 b
0.0 ± 0.0
1.0 ± 0.1 a
5.5 ± 0.5
1.6 ± 0.1 a
0.5 ± 0.0 b
0.0 ± 0.0
5.6 ± 0.3 b
16.0 ± 0.7
0.0 ± 0.0 b
0.4 ± 0.0
0.0 ± 0.0
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Concentration (μg/ mg)
Total
n
24:1ω9
18:2ω6
18:3ω3
18:3ω6
18:4ω3
20:2ω6
20:3ω3
20:3ω6
20:4ω3
20:4ω6
20:5ω3
22:2ω6
22:3ω3
22:4ω6
22:5ω3
22:6ω3 DHA

Egg
10
0.1 ± 0.0 a
4.6 ± 0.6 a
6.5 ± 0.7 a
0.3 ± 0.0 a
0.6 ± 0.1 a
0.7 ± 0.1 a
0.6 ± 0.1 a
1.1 ± 0.1 a
2.0 ± 0.2 a
7.0 ± 1.3 a
6.3 ± 0.8 a
0.0 ± 0.0
0.0 ± 0.0
3.1 ± 0.5 a
7.3 ± 0.9 a
5.6 ± 1.8 a

Fin
10
0.1 ± 0.0 b
0.3 ± 0.0 b
0.2 ± 0.0 b
0.0 ± 0.0 b
0.0 ± 0.0 b
0.0 ± 0.0 b
0.0 ± 0.0 b
0.1 ± 0.0 b
0.1 ± 0.0 b
3.3 ± 0.1 b
1.1 ± 0.1 b
0.0 ± 0.0
0.0 ± 0.0
1.7 ± 0.1 b
1.1 ± 0.1 b
0.5 ± 0.1 b

Egg
Ups
7
0.1 ± 0.0
3.8 ± 0.4 b
6.7 ± 0.8
0.3 ± 0.0 a
0.6 ± 0.1
0.4 ± 0.0 b
0.6 ± 0.1
1.1 ± 0.1
1.9 ± 0.2
4.5 ± 0.5 b
5.2 ± 0.7 b
0.0 ± 0.0
0.0 ± 0.0 a
2.2 ± 0.2 b
6.0 ± 0.8 b
2.1 ± 0.3 b

Downs
3
0.1 ± 0.0
6.5 ± 1.6 a
5.9 ± 1.5
0.1 ± 0.0 b
0.5 ± 0.1
1.3 ± 0.0 a
0.6 ± 0.1
1.1 ± 0.1
2.2 ± 0.6
12.7 ± 1.1 a
8.7 ± 1.4 a
0.0 ± 0.0
0.0 ± 0.0 b
5.2 ± 0.4 a
10.5 ± 1.3 a
13.6 ± 1.4 a

Percentage (%)
Fin
Ups
5
0.1 ± 0.0 a
0.3 ± 0.0
0.3 ± 0.1 a
0.0 ± 0.0 a
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0 a
0.2 ± 0.0 a
0.1 ± 0.0 a
3.0 ± 0.1 b
1.2 ± 0.1
0.0 ± 0.0
0.0 ± 0.0
1.7 ± 0.1
1.4 ± 0.2 a
0.3 ± 0.0 b

Downs
5
0.1 ± 0.0 b
0.2 ± 0.1
0.1 ± 0.0 b
0.0 ± 0.0 b
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0 b
0.1 ± 0.0 b
0.0 ± 0.0 b
3.7 ± 0.2 a
0.9 ± 0.1
0.0 ± 0.0
0.0 ± 0.0
1.6 ± 0.1
0.8 ± 0.1 b
0.6 ± 0.1 a

Total
Egg
10
0.1 ± 0.0 b
2.8 ± 0.3 a
4.0 ± 0.5 a
0.2 ± 0.0 a
0.4 ± 0.1 a
0.4 ± 0.0 a
0.4 ± 0.0 a
0.7 ± 0.1
1.2 ± 0.1 a
3.9 ± 0.4 b
3.7 ± 0.3 b
0.0 ± 0.0
0.0 ± 0.0
1.8 ± 0.1 b
4.3 ± 0.3
2.8 ± 0.7

Fin
10
0.3 ± 0.0 a
1.3 ± 0.1 b
0.9 ± 0.2 b
0.0 ± 0.0 b
0.1 ± 0.0 b
0.2 ± 0.0 b
0.0 ± 0.0 b
0.6 ± 0.1
0.4 ± 0.1 b
15.3 ± 0.8 a
4.7 ± 0.2 a
0.0 ± 0.0
0.0 ± 0.0
7.6 ± 0.3 a
4.9 ± 0.5
2.2 ± 0.3

Egg
Ups
7
0.1 ± 0.0
2.7 ± 0.2
4.7 ± 0.5 a
0.2 ± 0.0 a
0.4 ± 0.1 a
0.3 ± 0.0 b
0.4 ± 0.0 a
0.8 ± 0.1 a
1.4 ± 0.1
3.2 ± 0.4 b
3.7 ± 0.5
0.0 ± 0.0
0.0 ± 0.0 a
1.6 ± 0.2 b
4.2 ± 0.5
1.5 ± 0.2 b

Fin
Downs
3
0.0 ± 0.0
3.0 ± 1.1
2.5 ± 0.4 b
0.1 ± 0.0 b
0.2 ± 0.0 b
0.6 ± 0.1 a
0.2 ± 0.0 b
0.5 ± 0.1 b
0.9 ± 0.2
5.5 ± 0.1 a
3.7 ± 0.2
0.0 ± 0.0
0.0 ± 0.0 b
2.2 ± 0.1 a
4.5 ± 0.2
5.9 ± 0.2 a

Ups
5
0.3 ± 0.0
1.4 ± 0.1
1.2 ± 0.2 a
0.1 ± 0.0 a
0.1 ± 0.0
0.2 ± 0.0
0.1 ± 0.0 a
0.9 ± 0.1 a
0.5 ± 0.0 a
13.4 ± 0.7 b
5.2 ± 0.3 a
0.0 ± 0.0
0.0 ± 0.0
7.7 ± 0.5
5.9 ± 0.6 a
1.3 ± 0.1 b

Downs
5
0.3 ± 0.0
1.2 ± 0.3
0.5 ± 0.1 b
0.0 ± 0.0 b
0.1 ± 0.0
0.2 ± 0.0
0.0 ± 0.0 b
0.3 ± 0.0 b
0.2 ± 0.0 b
17.2 ± 0.9 a
4.2 ± 0.2 b
0.0 ± 0.0
0.0 ± 0.0
7.5 ± 0.4
3.8 ± 0.2 b
3.0 ± 0.2 a
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Table S6.2. Stable isotope values of lungfish and their three potential food sources collected
from upstream and downstream of the Wivenhoe dam in the Brisbane River.
δ13C

δ15N

Sample Size

7.10 ± 1.76
(Mean± SD)
4.03 ± 0.66

5

Bivalve

-23.04 ± 0.64
(Mean± SD)
-27.33 ± 0.19

Crustacean

-23.35 ± 0.29

5.84 ± 0.25

3

Gastropod

-23.07 ± 0.30

3.69 ± 0.24

3

Lungfish

-25.60 ± 0.82

13.79 ± 0.62

5

Bivalve

-30.11 ± 0.23

10.29 ± 0.55

3

Crustacean

-25.16 ± 0.73

10.69 ± 0.70

3

Gastropod

-25.39 ± 0.21

8.48 ± 0.22

3

Taxa
Upstream

Downstream

Lungfish

3

Table S6.3. The mean contribution (mean ± SE) of three food sources to lungfish in the
Brisbane River estimated from carbon and nitrogen stable isotopes by SIAR and IsoError,
respectively. Trophic enrichment factors for lungfish were Δ13C = 0.8‰ and Δ15N = 3.3 ‰,
i.e., these values were subtracted from measured lungfish values prior to the mixing
calculations that also used the measured prey values. All the measured values are given above
in Supplementary Table S6.2.
SIAR

IsoError

Upstream

Downstream

Upstream

Downstream

Bivalve

0.19 ± 0.08

0.27 ± 0.08

0.18 ± 0.04

0.25 ± 0.05

Crustacean

0.34 ± 0.14

0.49 ± 0.12

0.03 ± 0.17

0.71 ± 0.10

Gastropod

0.47 ± 0.14

0.24 ± 0.10

0.80 ± 0.16

0.05 ± 0.10
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Chapter 7:

General Discussion

7.1. Synthesis and implications of the research


Bibliometric analysis

The food web is a key concept in ecology (Pimm 1982, Dunne et al. 2002, Berlow et al. 2004).
My bibliometric analysis found that food web studies were largely focused on particular
regions of the world, for example, Europe and North America (Chapter 3). This geographical
bias was not proportional to the global distribution of studied ecosystems. For example, aquatic
food web research was potentially overemphasized on temperate systems in the northern
hemisphere. Most rivers in the world flow (in terms of total length and number) through
tropical, sub-tropical or arid climates and biomes (Shiklomanov 1998), while the results
showed that most papers potentially focused on temperate systems in the northern hemisphere.
This geographic bias could limit our general understandings of key aquatic food web processes,
for example, the relative importance of allochthonous sources (terrestrial inputs) versus
autochthonous sources (aquatic primary production) to aquatic consumers (Vannote et al. 1980,
Douglas et al. 2005, Thorp et al. 2008, Pingram et al. 2012). To address these issues, further
studies of aquatic food web processes are required in arid, tropical and sub-tropical regions of
the world, where there is a deficiency in food web studies.


Importance of autochthonous carbon sources

Evidence from stable isotope analysis (Chapter 4) suggest that food webs in south-east
Queensland sub-tropical rivers are strongly dependent on autochthonous carbon sources, or
more specifically, algal basal sources, regardless of the influence of human disturbances. This
is also consistent with findings from previous studies in this region (Bunn et al. 1999, 2003,
Hadwen et al. 2010a). The importance of autochthonous carbon sources (i.e. algae) to food
webs in the studied systems could from their rich possessing in essential fatty acids, which are
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functionally important in growth and reproduction of consumers. Therefore, environmental
factors which affect the quality and quantity of algal basal sources are likely important
considerations in catchment management and conservation, for example, light, temperature and
nutrients (Guschina and Harwood 2009, Hill et al. 2011, Guo et al. 2016c). Terrestrial
vegetation was a relatively unimportant carbon source to riverine food webs, but variation in
riparian vegetation extent can alter the riverine food webs through changing these
aforementioned environmental factors (Allan 2004). For example, riparian deforestation can
decrease riparian canopy cover and increase light inputs to the river channel (Allan 2004). In
addition, clearing of land for agricultural activities or urbanisation, can result in increased
inputs of nutrients and sediments to the aquatic environment (Delong and Brusven 1994, Allan
2004).
Stable isotopes and fatty acids (Chapter 6) collectively showed algal basal sources were
extremely important to sustaining population of endangered Australian lungfish, and also
potentially of other fish. The content of FA, particular PUFA in lungfish eggs from the Brisbane
River were exceptionally low compared to other fish species I reviewed, which could result
from a dietary deficiency in high-quality lungfish food sources (e.g. crustaceans) or basal food
sources (e.g. algae) that rich in PUFA, and could be an underlying mechanism explaining their
low recruitment success. However, due to the lack of healthy lungfish’ FA samples from
undisturbed catchment for comparison, it is too early to conclude that this deficiency in PUFA
of lungfish is result from catchment human disturbance and high quality food deficiency. In
addition, other factors such as flow alteration and land use could also affect lungfish’s
recruitment success (e.g., egg hatching and larval development) through changing
physiochemical characteristics of water environment. Therefore, more lungfish samples from
less disturbed rivers or reared on high quality diets in captivity need to be analysed to test this
hypothesis in the future.
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Effects of the dam and land use

The mixing model analysis on stable isotope data (Chapter 4) showed that Wivenhoe Dam was
associated with an increase in the contribution of pelagic carbon sources to consumers. This
change in the contribution of basal carbon sources resulted from dam operation as in other
studies (Doi et al. 2008, Growns et al. 2014, Ock and Takemon 2014), therefore, could
potentially affect the population dynamics and composition of higher consumers (Baxter 1977,
Ligon et al. 1995, Bunn and Arthington 2002), and should be highlighted in flow-altered
catchment management and conservation in the future. The dam appeared to have no negative
effects on FA composition in lungfish, since lungfish eggs from downstream of the dam
possessed more FA than lungfish eggs from upstream.
Variation in FA composition of basal food sources and primary aquatic consumers (Chapter 5)
showed that different food sources in the two sub-tropical river systems vary substantially in
quality. However, there was comparatively low spatial variation in FA of these food sources
and little effect that could be attributed to the dam or land use-induced changes in
environmental factors. Therefore, in my studied systems, ecosystem impacts due to changes to
food quality are more likely to occur if environmental disturbance affects the presence and
abundance of those high-quality food sources important to consumers, rather than by changing
the FA composition of those food sources. For example, stable isotopes and fatty acids
collectively showed (Chapter 6) that low availability of high-quality food sources (e.g.
crustaceans) potentially could be the reason for the lower quality of lungfish eggs in upstream
compared to downstream of the Brisbane River. Therefore, it is important to mitigate threats
to presence and abundance of taxa that are high-quality food sources to higher consumers in
catchment management and conservation.
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Land use change was associated with a general increase in δ15N values of food sources and
consumers from upstream to downstream in both rivers (Chapter 4), potentially through
increasing anthropogenic nutrient inputs (Udy and Bunn 2001, Costanzo et al. 2001, Anderson
and Cabana 2005). In the downstream reaches of the Brisbane River, the anthropogenic
nutrients could result from urbanisation and sewage wastewater (Costanzo et al. 2001), while
in the Mary River, the nutrients may largely be attributable to agricultural activities and
changed nitrogen cycling in riparian soils (Udy and Bunn 2001). This finding confirms that
δ15N values of food sources and consumers could be a valuable diagnostic tool to monitoring
anthropogenic nutrient loading and disturbance (Udy et al. 2006).
7.2. Future research directions


Food quality and quantity

My studies not only highlighted the importance of autochthonous sources in sub-tropical
riverine food web from a food quality perspective, but also the importance of availability of
high-quality food source to consumers (e.g. lungfish). Although the nutritional quality of food
sources has been emphasized recently (Brett et al. 2017, Guo et al. 2017), food quantity
(presence, abundance or availability) and quality should be considered together (Cruz-Rivera
and Hay 2000, Marcarelli et al. 2011). It is essential to know whether the quantity and quality
of food sources are consistent in responding to environmental change for river management
and conservation. It is not well understood if the environmental factors required to maintain
the quality and quantity of food sources are similar and was beyond the scope of my study.
Future studies could be designed and undertaken to sample food quantity and quality data
simultaneously across a wide range of environmental gradients and human disturbance levels,
particularly for high quality food sources and environmental health indicator taxa, such as algae
(diatoms) and important invertebrates (Ephemeroptera, Plecoptera, and Trichoptera). In
addition, by combining with stable isotope data, the abundance data of food sources and
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consumers would also provide new insights into food web processes and responses to human
disturbances (Rigolet et al. 2015). Such knowledge is required for more effective river
conservation management. The management activities could include controlling nutrient inputs
(e.g. through riparian vegetation management and prevention of stock access to river channels)
and reducing the effects of flow alteration downstream of dams (e.g. through implementation
of environmental flows) (Arthington 2012, Olley et al. 2015).


Mixing effects of multiple environmental factors on food quality

Human disturbance has been considered as a key challenge for ecosystem conservation and
management (Joy and Death 2003, Crain et al. 2008, Olden et al. 2010, Côté et al. 2016).
Identifying the most important factors affecting FA composition in food sources and the
transport and uptake of FA in higher trophic level consumers, is valuable in ecosystem
management (Guo et al. 2016d). Many environmental factors (e.g. temperature, light intensity
and nutrients) can be affected by human disturbance and thus affect FA composition of food
sources and FA transfer in higher consumers (Guschina and Harwood 2009, Guo et al. 2016d).
It is difficult to estimate the individual effects of multiple potentially interacting environmental
factors on FA profiles of food sources and consumers, particularly from field studies such as
mine. Therefore, further large spatial scale investigations along clearly-defined environmental
gradients or meta-analysis studies are required to potentially identify these key environmental
factors (Guo et al. 2016d, 2017). In addition, manipulative experiments in which environment
differences can be controlled (Piggott et al. 2015, Gall et al. 2017) may be a promising approach
to explore individual and combined effects of environmental factors on FA composition of
sources and consumers.


Fatty acids and food web study
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The presence of distinctive FA compositions among food sources is a pre-requisite when using
FA as biomarkers to study food webs in addition to stable isotopes (Dalsgaard et al. 2003,
Perga et al. 2006, Jardine et al. 2015). This study contributes further evidence to support this
assumption in running waters (Guo et al. 2017), and complements previous studies in lacustrine
ecosystems (Guo et al. 2016d). Fatty acids are potentially good biomarkers to identify specific
food sources of consumers, but not appropriate to estimate the food chain length and other
community metrics (Brett et al. 2017). There are several challenges for utilizing fatty acids as
biomarkers to study food webs in the future (Brett et al. 2016). These include the need to
identify which fatty acids are transferred up the food chain in predictable ways, as well as
estimating the trophic enrichment factors of these fatty acids between food sources and
consumers (Brett et al. 2016).
7.3. Conclusions
To conclude, my studies found that: (1) current understanding on aquatic food web processes
could be biased towards temperate systems and should be modified through conducting more
studies in other systems; (2) consumers in south-east Queensland sub-tropical rivers were
largely supported by algal basal sources, regardless of the influence of human disturbance; (3)
basal food sources and primary aquatic consumers varied in nutritional quality and possessed
distinctive FA profiles, but spatial variation in FA of individual food sources was relatively
low and unaffected by human disturbances associated with dams and land use; (4) the low
availability of high-quality food sources could potentially be the reason for low concentrations
of FAs in lungfish eggs and potentially explain the low recruitment success of this threatened
species; (5) the Wivenhoe dam increased the contribution of autochthonous pelagic sources to
consumers in the Brisbane River sites downstream of the dam, but did not show a negative
effect on lungfish egg quality; (6) catchment land use increased the δ15N values of sources and
consumers probably through increasing anthropogenic nutrient inputs and changing nitrogen
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cycling in riparian soils. My studies indicate that a food web approach, focusing in particular
on high-quality food sources that sustain the growth and reproduction of consumers, can inform
river ecosystem conservation and management.
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