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Abstract 

While many streams and rivers are dominated by terrestrial inputs of organic carbon, 

algae are important trophic base for stream food webs. However, the nutritional 

importance of algae for stream invertebrates has only recently been highlighted. Algae 

are acknowledged as higher quality food compared with terrestrial organic matter for 

the growth and reproduction of invertebrates. In part, this is because of algal higher 

polyunsaturated fatty acid (PUFA) content. Current studies on algal PUFA and their 

effect on invertebrates are mainly from lacustrine systems, and only few studies have 

explicitly investigated algal PUFA in streams. This thesis aimed to evaluate the role of 

algal food quality, as assessed by PUFA, in stream food webs by using a range of 

methods literature review, field investigation, field manipulative study and laboratory 

feeding experiment. All experiments involved in this thesis were conducted in 

subtropical streams in South-East Queensland, Australia. 

 

Riparian canopy cover and NOx-N concentrations were identified as the two most 

important factors affecting periphyton PUFA profiles. Periphyton eicosapentaenoic 

(EPA, 20:5ω-3) and docosahexaenoic (DHA, 22:6ω-3) were positively correlated with 

canopy cover and NOx-N concentrations, whereas α-linolenic (ALA, 18:3ω-3) and 

linoleic acid (LIN, 18:2ω-6) were positively correlated with NOx-N, but negatively with 

canopy cover. Variations in riparian canopy cover and nutrients gave rise to opposite 

outcomes in terms of periphyton food quality and quantity. The highest periphyton food 

quality occurred in streams with high canopy cover and low nutrients, while the highest 

periphyton food quantity occurred in streams with low canopy cover. 
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Two light levels (open and shaded canopy) and two nutrient regimes (ambient and 

enriched) were applied to manipulate different periphyton PUFA compositions in 

streams, and in turn to investigate the response of PUFA and somatic growth in stream 

herbivores. Manipulated light and nutrients led to distinct changes in periphyton PUFA 

proportions (%), which were passed on to the PUFA profiles and consequently affect 

somatic growth of benthic consumers. The fatty acid similarity between stream grazers 

(the mayfly Austrophlebioides and caddisfly Helicopsyche) and periphyton varied with 

periphyton food quality. When periphyton food quality was improved, the similarity 

increased and grazers became larger compared with initial condtions. Compensatory 

feeding was observed under low periphytion food quality, which was associated with 

relatively smaller grazers and no changes in fatty acid similarity between periphyton 

and grazers. The growth of large instars of both grazers increased in response to 

increased periphyton food quality. Moreover, the results of algal PUFA transfer in this 

experiment were validated by using stoichiometric ratio C: N as a measure of algal food 

quality to estimate their effect on stream grazer growth. The result was consistent with 

PUFA results. 

 

A laboratory feeding experiment was conducted by using different light (open and shade 

canopy) and nutrient levels (ambient and enriched) to manipulate different algal PUFA 

compositions on leaf surfaces (leaf species, Lophostemon confertus, Brush box), and 

consequently to assess their effect on the somatic growth of invertebrate shredders 

(Anisocentropus bicoloratus, Trichoptera). Nutrient enrichment significantly increased 

the concentrations of ω3 PUFA, DHA, ALA and 16:1ω7 in leaf litter. The variations in 

shredder fatty acids were consistent with leaf fatty acid change. Invertebrate shredders 
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reached a significant larger size as nutrients were added. The presence of high quality 

algae attached to leaf litter boosted invertebrate shredder growth. Although the studied 

shredders obtained most energy by leaf consumption, they acquired and selectively 

retained their physiologically important fatty acids from high quality algae.  

 

This thesis shows that algae are important food sources in streams, not only affecting 

invertebrate somatic growth and energy transfer to upper trophic levels but also 

regulating the incorporation of low quality leaf litter into stream food webs. The thesis 

also indicates that the energy transfer across the plant-animal interface was strongly 

affected by human disturbance, such as riparian canopy change and nutrient inputs. 

Changes in riparian and nutrients led to significant variations in algal PUFA content, 

which were then observed in invertebrate body tissue and influence their growth. The 

measurement of algal PUFA transfer would be an important tool to elucidate the 

complex consumer-resource relationships in stream food webs. 
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Chapter 1 The importance of high quality algal food 

sources in stream food webs – current status and 

future perspectives 

 

 

 

 

 

 

 

 

Figure 1- 1 Mt Barney Creek in the Logan-Albert catchment, South-East Queensland, Australia   
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1.1 Introduction 

Food-webs in streams and rivers are often complex, incorporating aspects of both 

terrestrial and aquatic systems. Stream food sources, such as terrestrial matter and algae, 

are strongly influenced by seasonal changes, flow conditions and anthropogenic activity 

(Dodds and Whiles 2010), resulting in spatial and temporal variation in food availability 

and quality which consequently affects the growth and fitness of consumers (Torres-

Ruiz et al. 2007). Therefore, mixed feeding modes and a high degree of omnivory are 

increasingly reported for freshwater consumers, particular those in running waters 

(Woodward et al. 2005, Anderson and Cabana 2007, Woodward et al. 2010). This 

flexibility makes elucidating the exact consumer-resource relationships in streams 

complicated. 

 

Polyunsaturated fatty acids (PUFA) are becoming an increasingly popular biochemical 

tracer for assessing consumer-resource relationships in aquatic food webs (Galloway et 

al. 2015). Animals are unable to synthesise certain PUFA, which are only abundant in 

algae, and therefore they must intake PUFA from their diets to meet physiological 

requirements (Brett and Müller-Navarra 1997). Those PUFA could be transferred from 

food sources to consumers with no or minimal modification, and may represent long-

term dietary information (Iverson 2009). In stream ecosystems, PUFA have been used 

to detect the relative importance of food sources and elucidate trophic relationships 

(Torres-Ruiz et al. 2007, Lau et al. 2009a, Descroix et al. 2010). More importantly, 

PUFA composition is also an indicator of food nutritional quality, which is not only 

critical for invertebrate growth and reproduction, but also affects energy transfer 

efficiency (Müller-Navarra et al. 2000, Gladyshev et al. 2011). Diatoms with high levels 

of eicosapentaenoic acid (EPA, 20:5ω-3) and docosahexanoic (DHA, 22:6ω-3) are 
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considered as high quality food for invertebrates (Brett and Müller-Navarra 1997), 

while cyanobacteria are usually low quality food because they lack these specific PUFA 

as well as sterols (Martin-Creuzburg et al. 2008). Higher algal food quality has been 

shown to support higher growth rates and reproduction of consumers (Müller-Navarra 

1995, Müller-Navarra et al. 2000), and stimulate energy transfer efficiency to upper 

trophic levels (Müller-Navarra et al. 2000, Kainz et al. 2004, Gladyshev et al. 2011). 

Basal consumers feeding on high quality food will also be of high nutritional quality 

food for secondary consumers, such as fish (Brett and Müller-Navarra 1997). However, 

current studies on algal PUFA and their effect on invertebrates are mainly from 

lacustrine systems, and only few studies have explicitly investigated algal PUFA in 

streams. 

 

In stream food webs, food sources are known to differ markedly in their nutritional 

quality (Cross et al. 2003, Cross et al. 2005, Lau et al. 2009a). Compared with terrestrial 

organic matter, algae are considered as higher quality food for invertebrates because of 

higher PUFA content (Torres-Ruiz et al. 2007, Lau et al. 2009a). Based on studies using 

a number of biochemical tracers, including stable isotopes, fatty acids and compound-

specific stable isotopes, algae have been demonstrated as the trophic base of stream 

food webs (Bunn et al. 2003, Lau et al. 2009a, Descroix et al. 2010). Nonetheless, only 

recently has the importance of algal food quality, as distinct to just food quantity, been 

highlighted in stream food web studies. It is time to assess algal food quality and 

identify key factors that determine “quality”. This chapter will examine the role of algal 

food quality, measured by PUFA composition, in stream food webs by summarising the 

nutritional quality of food sources, evaluating the role of algal food quality for the 

growth and reproduction in stream macroinvertebrates, discussing the influence of 
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human disturbance on energy flow across the plant-animal interface, and proposing 

future study directions. This review will bring together our understanding about 

nutritional quality, biochemistry and animal physiology to answer broad ecosystem 

questions, and may help us better understand how human disturbances (climate change, 

riparian clearing, and nutrient enrichment) can influence fundamental ecosystem 

properties. 

 

Table 1- 1 Fatty acid terminology 

Abbreviation Full name Nomenclature 

FA Fatty Acid  

SAFA Saturated Fatty Acid 

10:0, 11:0, 12:0, 13:0, 14:0, 15:0, 16:0, 

17:0, 18:0, 20:0, 22:0, 23:0, 24:0 

MUFA Monounsaturated Fatty Acid 

14:1, 15:1, 16:1, 17:1, 18:1ω9/ω7, 20:1, 

22:1ω9/ω11, 24:1 

PUFA Polyunsaturated Fatty Acid FA with 2 or more double bonds 

HUFA Highly Unsaturated Fatty Acid PUFA with 20 or more carbon atoms 

Cx Refer to the number of carbons in fatty acids e.g. C18 = 18 carbons 

ω3: ω6 ω3: ω6 PUFA ratio  

LIN Linoleic acid 18:2ω-6 

ALA α-linolenic acid 18:3ω-3 

ARA Arachidonic acid  20:4ω-6 

EPA Eicosapentaenoic acid 20:5ω-3 

DHA Docosahexaenoic acid 22:6ω-3 

 

1.2 PUFA terminology and physiological functions 

Fatty acids (FA) are usually divided into three major groups: saturated FA (SAFA), 

monounsaturated FA (MUFA) and polyunsaturated FA (PUFA), according to the degree 
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of unsaturation and the length of carbon chain (Arts and Wainmann 1999) (Table 1-1). 

Highly unsaturated FA (HUFA) are a subset of PUFA with 20 or more carbon atoms, 

mainly discriminating the long-chain PUFA, such as docosahexaenoic acid (DHA, 

22:6ω-3), eicosapentaenoic acid (EPA, 20:5ω-3) and arachidonic acid (ARA, 20:4ω-6), 

from the shorter-chain C18 PUFA, such as linoleic (LIN, 18:2ω-6) and α-linolenic 

(ALA, 18:3ω-3) (Bell and Tocher 2009). 

 

Fatty acids are the main components of neutral and polar lipids for all biota. SAFA are 

usually used for energy storage, and are preferentially catabolised (Brett and Müller-

Navarra 1997). PUFA commonly regulate cell membrane fluidity and serve as 

precursors for animal hormones (Brett and Müller-Navarra 1997). Among PUFA, LIN 

and ALA are structural starting molecules that can be converted to long-chain ω6 PUFA, 

including ARA, or long-chain ω3 PUFA, such as EPA and DHA. LIN and ALA are 

essential fatty acids for almost all animals because enzymes, which are usually found in 

algae and plants (Kelly and Scheibling 2012), are required to convert 18:1ω-9 to LIN 

(Δ12 desaturase) and further to ALA (Δ15 desaturase) (Cook and McMaster 2002). 

Although it has been reported that many invertebrates and fish have the ability to 

convert dietary LIN and ALA to other PUFA (Jones et al. 1979, Waldock and Holland 

1984, Goulden and Place 1993, Sargent et al. 1999a), this generally occurs at a level 

that is too limited and too low to support optimal growth ((Brett and Müller-Navarra 

1997), but see Murray et al. (2014) for ALA conversion to DHA in the freshwater 

Alpine charr). Accordingly, it is necessary for freshwater animals to have access to 

adequate amounts of dietary PUFA, particularly in stream ecosystems which are 

typically poor in dietary long-chain PUFA. 
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EPA, ARA and DHA are the most physiologically important PUFA for invertebrates 

(Stanley-Samuelson 1994a, b). EPA and ARA are precursors to eicosanoids, which are 

critical cellular signaling compounds required for development, reproduction, and 

hormone regulation in many invertebrates (Stanley-Samuelson 1994a, Gurr et al. 2002). 

EPA has been shown to be required for insect emergence and reproduction (Stanley-

Samuelson 1994a), barnacle hatching (Hill and Holland 1992), gastropod and mussel 

spawning (Morse et al. 1977), and hydra tissue regeneration (Stanley-Samuelson 1994b). 

 

Although the role of EPA in consumer physiology is well studied, the physiological 

function of ARA for invertebrates needs clarification. ARA has been shown to support 

somatic growth and reproduction of chironomids and ephemerids (Ahlgren et al. 2009). 

However, the patterns are not consistent; when small amounts of cyanobacteria 

containing 2.5% ARA were added to cryptophytes, zooplankton did not improve their 

somatic growth or reproduction (Ravet et al. 2003). 

 

Due to its high number of double bonds, DHA has a greater effect on membrane fluidity 

than the other long-chain PUFA (i.e., EPA and ARA) (Niebylski and Salem Jr 1994), 

even at low temperatures (Stillwell and Wassall 2003). DHA is also associated with 

neural tissue, in particular the retina, playing an important role in neural development 

and vision functions (Sargent et al. 1993b, Böhm et al. 2014). 

1.3 Algal food quality in stream food webs 

1.3.1 Terrestrial matter vs algae 

A fundamental question regarding energy flow in streams is whether the basal 

component of the food web is predominantly driven by allochthonous or autochthonous 
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sources. Earlier river conceptual models, the River Continuum Concept (RCC) 

(Vannote et al. 1980) and the Flood Pulse Concept (FPC) (Junk et al. 1989), had 

advocated that allochthonous carbon from either upstream (RCC) or lateral floodplains 

(FPC) fuelled stream food webs. Most those studies were based primarily on consumer 

ingestion, such as direct observations of gut content and feeding behaviour. However, in 

recent years, the widespread use of biochemical tracers, in particular stable isotopes and 

more recently FA, amino acids and isotopes of FA and amino acids has challenged the 

view of the dominant terrestrial sources, and highlighted the importance of algal food 

sources in stream food webs. Specific algal biochemical tracers have been found in 

animal tissues, even in streams whose conditions are not conducive for algal growth 

(Bunn et al. 2003, Lau et al. 2009a). Algae have been demonstrated as the trophic basis 

of food webs and the main driver of consumer production in temperate rivers (Torres-

Ruiz et al. 2007, Descroix et al. 2010), subtropical rivers (Bunn et al. 2003), tropical 

inland rivers (March and Pringle 2003), and tropical forest and headwater streams (Brito 

et al. 2006, Lau et al. 2009a). Despite of these findings, several recent studies in lake 

food webs that drew on isotope data challenge this view again (Cole et al. 2011, Zigah 

et al. 2012). Therefore, a better functional understanding of the physiological 

mechanism behind the interaction between stream consumers and their food sources 

will help us address this controversy. 

1.3.2 Algal food quality 

Why are stream food webs often dependent on inconspicuous algae? As the research 

emphasis changed from consumer ingestion to assimilation, it has become increasingly 

clear that food quality, and not quantity, is the more important factor regulating the 

efficiency of energy flow through stream ecosystems (Torres-Ruiz et al. 2007, Lau et al. 

2008b, Lau et al. 2009b, a). The existing literature suggests that allochthonous and 
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autochthonous sources differ in their nutritional quality for invertebrates (Cross et al. 

2005, Lau et al. 2009a). 

 

Allochthonous food sources, such as leaf litter, and fungi and bacteria colonizing leaves, 

are considered as lower quality food for invertebrates compared with algae (Cross et al. 

2005, Torres-Ruiz et al. 2007, Lau et al. 2009a). Live terrestrial leaf matter of vascular 

plants is typically characterized by high C: N and C: P ratios, relatively high levels of 

C18 PUFA (i.e., LIN and ALA), but non-detectable HUFA (Napolitano 1999, Mills et 

al. 2001). C18 PUFA are usually lost when leaves are dead (Torres-Ruiz and Wehr 

2010). After leaves enter stream channels, fungi and bacteria colonizing decomposing 

leaves can increase their nutritional quality in terms of decreased C: N ratios and 

increased protein content (Bärlocher and Kendrick 1975, Cornut et al. 2015, Manning et 

al. 2015, Tant et al. 2015). Colonized or conditioned detritus is more rapidly consumed 

and assimilated by invertebrates and supports better growth than sterile detritus 

(Bärlocher and Kendrick 1975, Allan and Castillo 2007, Manning et al. 2015). 

Nevertheless, fungi and bacteria are still rather poor diet quality for invertebrates, 

because studies on terrestrial and marine fungi reported that 16:0, 18:0, 18:1ω9 and LIN 

are the most common FA in fungi (Cooney et al. 1993, Stahl and Klug 1996). Bacteria 

are generally rich in 15:0, 17:0 and their branched derivatives, and vaccenic acid 

18:1ω7 (Desvilettes et al. 1997, Kainz and Mazumder 2005), and methanotrophs are 

unique in having 16:1ω8 and 18:1ω8 (Sundh et al. 2005). 

 

In contrast, algae have been recognized as higher quality food sources than terrestrial 

matter for the growth and reproduction of invertebrates because of their lower C:N and 

C:P ratios (Frost and Elser 2002, Cross et al. 2005, Lau et al. 2009a) and higher PUFA 
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component (Torres-Ruiz et al. 2007, Lau et al. 2009a). Most studies on the FA 

composition of stream periphyton are consistent with results from marine and lacustrine 

systems. Diatoms are best characterised by EPA, 16:1ω7 and C16 PUFA, while green 

algae are rich in LIN and ALA (Napolitano et al. 1994, Torres-Ruiz et al. 2007). Some 

cyanobacteria also contain LIN and ALA, but typically lack HUFA (Napolitano et al. 

1994, Napolitano 1999). The difference between marine and freshwater systems is that 

the DHA content of stream periphyton is very low, which may consequently influence 

the growth and reproduction of consumers. 

1.3.3 Environmental factors affecting algal food quality 

Most studies regarding the effect of environmental factors on algal PUFA have been 

conducted on single algal species under laboratory conditions, aiming to improve algal 

nutritional value (aquaculture), to increase PUFA production (the pharmaceutical 

industry), or to enhance lipid content (biodiesel production). Light intensity, nutrient 

availability, as well as temperature, have been shown to be the most important 

environmental factors affecting algal PUFA content (Guschina and Harwood 2009) 

(Table 1-2). Algae adapt to low temperature by increasing the degree of unsaturation, 

leading to an increase in long-chain PUFA content (Morgan-Kiss et al. 2006, Piepho et 

al. 2012). Algal PUFA biosynthesis is regulated by light levels (Wainman et al. 1999, 

Guschina and Harwood 2006b), and strongly affected by nutrient regimes (Guschina 

and Harwood 2009). In addition, elevated CO2 (Thompson 1996, Muradyan et al. 2004), 

pH stress (Tatsuzawa et al. 1996, Guschina and Harwood 2009), and environmental 

pollutants (Chia et al. 2012, Chia et al. 2013) also have impacts on algal PUFA (Table 

1-2). However, few studies have considered the effect of environmental factors on algal 

PUFA content in stream food webs (Hill et al. 2011, Cashman et al. 2013, Guo et al. 

2015), and the consequent effect on macroinvertebrates.  
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Table 1- 2 Mechanisms and general patterns of algal fatty acid composition in response to different environmental changes 

Environmental factors Mechanisms and general patterns 

Temperature 

Algae adapt to low temperature by increasing the degree of unsaturation, leading to an increase in PUFA content, which can be 

incorporated into the lipids of thylakoid membranes and assist in maintaining membrane fluidity (Renaud et al. 2002, Morgan-

Kiss et al. 2006, Piepho et al. 2012). 

Light 

Light can stimulate algal fatty acid synthesis, growth, and the formation of membranes (particularly chloroplasts) (Guschina 

and Harwood 2009). De novo fatty acid synthesis relies largely on NADPH, which is generated from the light reaction of 

photosynthesis (Wainman et al. 1999). In general, low light leads to increases in the relative content of PUFA while high light 

intensity is required for the synthesis of saturated fatty acids (Guschina and Harwood 2006b). 

Nutrients 

Nutrient limitation leads to a steady decline in cell division rate, which in turn slows down algal growth, and typically results in 

increasing cellular production of triacylglycerols (TAG) and decreasing proportions of PUFA in most algae (Guschina and 

Harwood 2009), whereas greater aqueous nutrient levels cause an increase in the content of galactolipids, which are rich in 

PUFA (Guschina and Harwood 2006b). 

Carbon sources 

Elevated CO2 generally results in a reduction in the degree of algal FA unsaturation (Thompson 1996, Pronina et al. 1998, Sato 

et al. 2003, Muradyan et al. 2004, Guihéneuf et al. 2009). Nevertheless, in Nannochloropsis sp, elevated CO2 considerably 

increased EPA content (Hu and Gao 2006). 

pH 

Alkaline pH stress has been found to result in triacylglycerols (TAG) accumulation and a decline in membrane lipids in 

Chlorella spp (Guschina and Harwood 2009). However, when Chlamydomonas spp was cultured in medium pH, the relative 

percentage of TAG in the total lipid content was higher than that at higher pHs (Tatsuzawa et al. 1996). 

Pollutants 

Cd exposure had a positive correlation with triacylglycerols (TAG), causing an increasing degree of saturation and a decrease 

of PUFA content (Chia et al. 2012, Chia et al. 2013). The impacts of Pb and Cu have also been observed in four algal lichen 

photobionts (Guschina and Harwood 2006a); The major effects in a number of cases were an overall inhibition of total lipid 

labelling and a relative increase in the labelling of TAG in the non-polar fraction. The effect of herbicides on algal PUFA has 

also been studied (El-Sheekh et al. 1994, Böger et al. 2000, Chalifour et al. 2014). 

*Abbreviations: PUFA, polyunsaturated fatty acids; EPA, eicosapentaenoic acid (20:5ω3). 
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1.4 The role of algal food quality for growth and reproduction in 

stream invertebrates 

Evidence of the influence of algal PUFA content on consumer growth and reproduction 

comes primarily from freshwater zooplankton (i.e., copepods and cladocera) (Harrison 

1990, Kleppel et al. 1998, Müller-Navarra et al. 2000, Brett et al. 2006) and 

economically important marine benthic species (i.e., prawns, mussels, oyster and 

crayfish) (Xu et al. 1993, Deering et al. 1997, Milke et al. 2004, Sinanoglou et al. 2008). 

Those studies demonstrate that algal HUFA, in particular EPA and DHA, are strong 

predictors of secondary production and can be transferred efficiently to higher trophic 

levels. However, few studies have addressed the role of algal PUFA for stream 

macroinvertebrates; data suggest that besides dietary EPA, the C18 PUFA LIN and 

ALA probably also improve consumer growth and reproduction (Goedkoop et al. 2007). 

Some macroinvertebrates may preferentially retain or synthesize HUFA from short-

chain homologues C18 PUFA (Stanley-Samuelson et al. 1988) with the rate of 

conversion supporting their somatic growth and survival (Goedkoop et al. 2007) when 

experiencing low quality food. Nonetheless, this is controversial since some other 

species show very limited ability to synthesize HUFA and their FA composition 

consistently matched dietary PUFA (Torres-Ruiz et al. 2010). Thus, to better understand 

the nutritional importance of algal PUFA for the somatic growth and reproductive 

success in stream macroinvertebrates, it is essential to know how macroinvertebrates 

utilize algal PUFA, to what extent macroinvertebrate FA composition is influenced by 

dietary PUFA, and if their capacity to synthesize HUFA from shorter homologues can 

meet physiological requirements during periods of active somatic growth and 
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reproduction. This information is essential to estimate energy transfer efficiency in 

stream food webs. 

 

Only a limited number of studies have referred to the importance of algal PUFA for 

stream macroinvertebrates. Current field investigations mainly focus on the FA 

dynamics of macroinvertebrates, such as temporal and spatial changes, and influencing 

factors (food sources and consumer physiology), emphasizing the importance of algal 

HUFA with an eye toward the nutritional availability to fish. Existing laboratory 

feeding experiments primarily try to address the role of algal PUFA composition for the 

somatic growth and reproduction in macroinvertebrates and their PUFA metabolism. 

1.4.1 Fatty acid composition of stream macroinvertebrates 

The present field data have been drawn mainly from studies in northern temperate rivers, 

such as the Yenisei River in Russia, River Allan in Scotland, and the Muscoot River, 

the upper Mississippi River, tributary systems of Lake Michigan and a range of natural 

running water habitats in the US (Table 1-3) (Hanson et al. 1985, Bell et al. 1994, 

Ghioni et al. 1996, Sushchik et al. 2003, Sushchik et al. 2006, Sushchik et al. 2007, 

Torres-Ruiz et al. 2007, Makhutova et al. 2011, Gladyshev et al. 2012, Volk and 

Kiffney 2012, Larson et al. 2013, Lau et al. 2013, Larson et al. 2015, Smits et al. 2015). 

Direct comparisons of the FA composition between different studies are difficult 

because of differences in sampling methods, measured FA (i.e., some measured MUFA 

as Cx: 1 without specifying the position of double bonds), and methods of expressing 

data (i.e., some authors use mg/g wet weight, and others report weight %). However, 

from across the data some general FA patterns of macroinvertebrates can be elucidated 

(Table 1-3). In general, 16:0 is the most dominant SAFA, followed by 18:0 and 14:0 

(Table 1-3). 16:1ω7, 16:1ω9, 18:1ω7 and 18:1ω9 are the most abundant MUFA. Among 
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PUFA, EPA is the most abundant ω3 PUFA in most macroinvertebrates, followed by 

ALA, and LIN is the most abundant ω6 PUFA, followed by ARA. DHA content is 

generally higher in Bivalvia, Crustacea, Oligochaeta and Turbellaria, but considerably 

less or completely lacking in Insecta. 

 

It is worth noting that insect larvae with well-developed nervous systems and complex 

behavior do not accumulate DHA. The lack of DHA may reflect a low activity 

conversion of precursor FA to DHA, low DHA retention requirements, and/or a limited 

dietary supply (Bell et al. 1994). DHA is usually present in cryptophytes and diatoms. 

Compared with the DHA content in marine cryptophytes (6.5 ± 2.2%) and diatoms (2.9 

± 1.7%), and freshwater cryptophytes (2.9 ± 1.8%) and diatoms (2.5 ± 3.0% ) (Brett et 

al. 2009b), stream periphyton as a whole has much lower DHA content, mostly < 1% 

(Napolitano et al. 1994, Hill et al. 2011, Guo et al. 2015, Honeyfield and Maloney 

2015). DHA, as well as EPA and ARA are the most physiologically important HUFA 

for invertebrates (Stanley-Samuelson 1994a). Insects may need more EPA and ARA for 

growth and reproduction rather than DHA (Ahlgren et al. 2009). Proper neural and 

retinal tissue development is probably fulfilled in insects by EPA, which may account 

for the high abundance of C20 PUFA in the retina of the butterfly (Ogg et al. 1991). 

Nevertheless, insects are important food sources for freshwater fish, which retain high 

DHA contents. Fish may choose more nutritionally complete macroinvertebrates, such 

as Crustacea, or may obtain DHA from conversion of dietary EPA or ALA. The 

presence of biochemical conversion from dietary EPA to DHA in some freshwater fish, 

including rainbow trout and grayling, has been presented experimentally (Buzzi et al. 

1997, Murray et al. 2014) and proposed based on field observations (Ahlgren et al. 1999, 
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Sushchik et al. 2006). Freshwater fish appear to have a greater capacity to elongate and 

desaturate C18PUFA to DHA than marine fish (Sargent et al. 1993a). 

 

The FA composition of stream macroinvertebrates reflects the diversity of their food 

sources. Algal FA tracers for diatoms, green algae and cyanobacteria are present in all 

macroinvertebrates. Bacterial and fungal tracers also exist in higher levels in 

Ephemeroptera, Trichoptera, Chironomidae, Gammaridae and Oligochaeta in 

comparison with other recorded taxa. In streams, the ω3/ ω6 ratio of invertebrates is of 

great importance since it has been used to identify food sources (terrestrial matter vs 

algae) (Pollero et al. 1981, Desvilettes et al. 1994, Torres-Ruiz et al. 2007). Among all 

studied stream macroinvertebrates, except Lampsilis cardium (Bivalvia) from off-

channel habitats of the upper Mississippi River (Larson et al. 2015) (Table 1-3), the ω3/ 

ω6 ratio > 1 confirms that algae are the more important food sources fuelling stream 

food webs. Although macroinvertebrates use different feeding modes, feeding results 

may be similar in that they all require high quality algae to improve their growth and 

survival. Algae may be scraped by grazers feeding on periphyton, collected by filters 

feeding in the water column, or gathered by collectors feeding in depositional areas. The 

dominance of EPA in most macroinvertebrates indicates the nutritional importance of 

diatoms as trophic bases for stream macroinvertebrates. 
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Table 1- 3 Current field investigations on the fatty acid composition of macroinvertebrates in streams 

Taxa Species Abundant FA ω3/ ω6 Study area References 

Ephemeroptera Ephemerella setigera  EPA, ALA and LIN, 18:4ω3 and C16 

PUFA 

4.9 The Yenisei River, 

Russia 

Makhutova et al. (2011) 

Ephemerella spp ω3 PUFA, EPA, ALA 5.5 The Muscoot River, 

south-eastern New York 

Torres-Ruiz et al. (2007) 

Ephemera lineata, 

Ephemerela ignita, Pothamantus luteus 

EPA, ARA, 16:1ω9, 16:1ω7 and  

18:1ω7 

2.8 The Yenisei River, 

Russia 

Sushchik et al. (2003) 

Ecdyonurus venosus, 

Caenis, 

Ephemerella 

EPA, ALA, LIN, ARA 4.9-6.8 River Allan, Scotland Ghioni et al. (1996) 

Ecdyonurus venosus, 

Caenis, 

Ephemerella 

16:1ω7, 18:1ω7, 18:1ω9, EPA, ALA, 

LIN, ARA 

6.2-8.2 As above Bell et al. (1994) 

 Heptageniidae EPA, ALA, 18:1ω9 and 16:1 4.0 Streams, western 

Washington state 

Volk and Kiffney (2012) 

 Baetidae EPA, ALA, ARA and 18:4ω3 4.8 

Trichoptera Hydropsyche spp  ω3 PUFA, EPA, ALA, 16:ω4s 2.8-6.9 The Muscoot River, 

south-eastern New York 

Torres-Ruiz et al. (2007) 

Apatania crymophila EPA, ω3, ω6, C18 and C20 PUFA  The Yenisei River, 

Russia 

Sushchik et al. (2007) 

Apatania crymophila, EPA, ALA, LIN, 18:4ω3, C16 

PUFA, 16:4ω3 and 16:3ω3 

5.5 As above Makhutova et al. (2011) 

Apatania crymophila ALA, LIN, ARA, EPA 3.2-13.0 As above Sushchik et al. (2006) 

Apatania crymophila, 

Aethaloptera evanescens 

18:1ω9, EPA, ALA 3.8 As above Sushchik et al. (2003) 

Apatania crymophila 16:1ω7, 18:1ω9, EPA, ALA 6.6 As above Gladyshev et al. (2012) 

Hydropsychidae EPA, ALA, LIN,ARA 3.2 Tributary systems of 

Lake Michigan 

Larson et al. (2013) 

 Glossosomatidae EPA, ALA and 18:1ω9 5.7 Streams, western 

Washington state 

Volk and Kiffney (2012) 
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Crustacea, 

Gammaridae 

Eulimnogammarus viridis EPA, DHA, ALA, LIN, ARA 6.2 ± 1.1 The Yenisei River, 

Russia 

Makhutova et al. (2011) 

Eulimnogammarus viridis EPA, DHA, ALA, LIN, ARA  As above Sushchik et al. (2007) 

Eulimnogammarus viridis EPA, DHA, ALA, LIN, ARA 2.9-7.3 As above Sushchik et al. (2006) 

Eulimnogammarus viridis, 

Gmelinoides fasciatus 

EPA, ARA, DHA, 22:5ω3, 18:1ω9 3.8 As above Sushchik et al. (2003) 

Eulimnogammarus viridis 16:1ω7, 18:1ω9, EPA 5.7 As above Gladyshev et al. (2012) 

Turbellaria Dendrocoelopsis sp EPA, DHA 

22:5ω3, ALA, LIN 

5.9 ± 0.4 As above Makhutova et al. (2011) 

Bivalvia Dreissena bugensis, Dreissena 

polymorpha 

DHA, EPA, 22:5ω3, 22:5ω6 and 

ARA 

1.3-1.8 As above Makhutova et al. (2011) 

dreissenid mussels (presumably 

Dreissenna polymorpha) 

EPA, DHA, ALA 2.1 Tributary systems of 

Lake Michigan 

Larson et al. (2013) 

Dreissena polymorpha  1.6-4.0 The upper Mississippi 

River 

Larson et al. (2015) 

Lampsilis cardium  0.8-1.5 As above Larson et al. (2015) 

Oligochaeta Lumbriculus variegatus, 

Tubifex. tubifex 

EPA, LIN, ALA, ARA and DHA 2.8-3.5 The Yenisei River, 

Russia 

Makhutova et al. (2011) 

 EPA, C16 PUFA 3.5 The Muscoot River, 

south-eastern New York 

Torres-Ruiz et al. (2007) 

Lumbriculus variegatus, 

Pristinella bilobata, 

Stylaria lacustris 

EPA, DHA ARA and iso- and 

anteiso-fatty acids  

 The Yenisei River, 

Russia 

Sushchik et al. (2007) 

Lumbriculus variegatus, 

Pristinella bilobata, 

Stylaria lacustris 

EPA, LIN, ALA, ARA and DHA 3.3 ± 0.4 As above Sushchik et al. (2006) 

Chironomidae Prodiamesa olivacea, 

Chironomus plumosus 

EPA, LIN, ALA 1.1-3.6 The Yenisei River, 

Russia 

Makhutova et al. (2011) 

Prodiamesa olivacea, 

Pseudodiamesa branickii 

ω3 C20, ω6 C18, ω3 C18, and ω4 + 

ω7 C16 

 As above Sushchik et al. (2007) 
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Prodiamesa olivacea, 

Pseudodiamesa branickii 

EPA, LIN, ALA, ARA 2.3-5.3 As above Sushchik et al. (2006) 

Diamesa 

Baicalensis, 

three other species 

16:1ω9, 16:1ω7, 18:1ω7, EPA, ALA, 

LIN 

2.7 As above Sushchik et al. (2003) 

 EPA, LIN, ALA, ARA 2.0 River Allan, Scotland Ghioni et al. (1996) 

 16:1ω7, 18:1ω7, 18:1ω9. 16:1ω7, 

EPA, ALA, LIN, ARA 

2.2 As above Bell et al. (1994) 

Plecoptera  EPA, ALA, LIN, ARA 3.5-3.8 River Allan, Scotland Ghioni et al. (1996) 

EPA, ALA, LIN, ARA 4.0 As above Bell et al. (1994) 

Coleoptera  ALA, EPA, LIN, ARA 1.9-3.6 River Allan, Scotland Bell et al. (1994), Ghioni 

et al. (1996) 

Corixidae  ALA, EPA, LIN, ARA 2.6-3.9 River Allan, Scotland Ghioni et al. (1996) 

ALA, EPA, LIN, ARA 3.2 As above Bell et al. (1994) 

Notonecta  ALA, EPA, LIN, ARA 3.2-3.9 River Allan, Scotland Ghioni et al. (1996) 

ALA, EPA, LIN, ARA 3.7 As above Bell et al. (1994) 

*Abbreviations: FA, fatty acid; PUFA, polyunsaturated fatty acids; DHA, docosahexaenoic acid (22:6ω-3); EPA, eicosapentaenoic acid (20:5ω3); ARA, arachidonic acid 

(20:4ω6); ALA, α-linolenic acid (18:3ω3); LIN, linoleic acid (18:2ω6). 
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Table 1- 4 Laboratory feeding experiments on the capacity of stream macroinvertebrates to synthesize highly unsaturated fatty acids (HUFA) from dietary 

short chain polyunsaturated fatty acids (C18 PUFA) 

Species Food sources 
Capable of synthesizing HUFA 

(Yes/ No) 
References 

Dreissena polymorpha 

The flagellate Isochrysis, 

Eustigmatophycee Nannochloropsis (rich in EPA and 

ARA), 

The green alga Chlorella, 

The cyanobacteria Aphanothece 

No 
Wacker et al. (2002), Wacker and 

von Elert (2004) 

Hydropsyche sp. 

Commercial fish food,  

Oat particles,  

The green alga Cladophora glomerata, 

Conditioned leaves 

No Torres-Ruiz et al. (2010) 

Chironomus riparius 

Oat flakes,  

The cyanobacteria Spirulina, 

Fish food Tetraphyll 

Yes Goedkoop et al. (2007) 

Clistoronia magnifica 

Wheat, 

Microbial conditioned alder, 

Wheat plus alder 

Yes Hanson et al. (1983) 

*Abbreviations: PUFA, polyunsaturated fatty acids; HUFA, highly unsaturated fatty acids; EPA, eicosapentaenoic acid (20:5ω3); ARA, arachidonic acid (20:4ω6). 
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HUFA content, in particular EPA, ARA and DHA increases with stream trophic 

positions, while SAFA, especially 16:0 decreases, which is consistent with findings 

from lacustrine systems (Persson and Vrede 2006, Lau et al. 2012). The greater HUFA 

content in predators than in non-predators is suggested to be chiefly dependent on food 

sources (Bell et al. 1994). Recent field studies found that algal resources are even more 

important for secondary than primary consumers in benthic habitats (Lau et al. 2014), 

and the basal resource support from biofilm substantially higher for benthic predators 

than for primary consumers. This suggests that benthic predators can selectively choose 

invertebrates that are rich in HUFA or feed on diatoms. The accumulation of HUFA in 

subsequent trophic levels can enhance consumer growth and reproduction, and allow 

more efficient trophic transfer, while SAFA are preferentially catabolised decreasing 

their relative abundance (Brett et al. 2009a, Gladyshev et al. 2011, Lau et al. 2014). 

 

In addition to food sources, variations in FA composition of stream macroinvertebrates 

are also affected by sampling seasons and locations (Sushchik et al. 2006, Torres-Ruiz 

et al. 2007, Larson et al. 2015), and phylogenetic differences (Makhutova et al. 2011). 

The latter is considered to be more important (Makhutova et al. 2011). At the class level, 

the FA composition of Trichoptera and Ephemeroptera differed significantly (Smits et 

al. 2015). In contrast, at lower taxonomic levels, despite having the same feeding 

strategies, even the populations of the same species showed distinct PUFA content 

(Makhutova et al. 2011), reflecting different FA metabolism abilities. Additionally, 

larvae in different developmental stages also have different dietary requirements or 

preferences for FA (Cargill et al. 1985b, a). Therefore, even if stream 

macroinvertebrates probably ingest similar food varieties and /or proportions, 

differences in FA assimilation can lead to different FA levels, suggesting that stream 
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macroinvertebrates are not simple 'collectors', but rather 'selective retainers' of dietary 

FA. 

 

Consumer reproduction requires large HUFA investment to eggs. Thus far, studies on 

the impact of algal PUFA on the reproduction of macroinvertebrates are limited to zebra 

mussels, Dreissena polymorpha. Algal PUFA content strongly affects their egg quantity 

and quality (Wacker and von Elert 2003, 2004). D. polymorpha fed diets rich in EPA 

and ARA invested two times more EPA and ARA in eggs and released three times more 

eggs than mussels fed PUFA-deficient food. They were still able to allocate ARA and 

EPA to oocytes and spawn under PUFA-deficient food, which is suggested to be a 

consequence of internal reserves to oocytes. 

1.4.2 The ability of stream macroinvertebrates to synthesize HUFA 

Controlled feeding experiments provide a better understanding of the observed 

interspecific differences in fatty acid composition in field (Table 1-4). Zebra mussels, D. 

polymorpha, showed better survival and higher growth when fed diets rich in EPA and 

ARA compared to treatments with green algae and cyanobacteria (Wacker et al. 2002). 

Without dietary EPA and ARA only 50% of the larvae survived 2-3 weeks (Wacker and 

von Elert 2004), suggesting these larvae lacked the capacity to convert short-chain 

PUFA to HUFA. Similarly, the FA composition of net-spinning caddisfly larvae 

Hydropsyche sp. consistently matched those of the diets provided, and showed very 

limited abilities to synthesize and elongate ARA and EPA even when supplied with 

their precursors LIN and ALA (Torres-Ruiz et al. 2010). Conversely, the deposit-feeder 

Chironomus riparius (Chironomidae) grew and developed well without dietary sources 

of EPA and ARA and with only low levels of ALA and LIN, respectively, indicating 

that this species has the physiological capacity to synthesize HUFA from C18 PUFA 
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(Goedkoop et al. 2007). Clistoronia magnifica (Trichoptera) may also be able to 

synthesize HUFA from shorter homologues since they accumulated 20: 4 and 20: 5 

when fed HUFA-free diets (Hanson et al. 1983). Furthermore, the freshwater benthic 

generalist Asellus aquaticus (Isopoda, Asellidae) are suggested to regulate their PUFA 

content according to season-specific physiological status and dietary quality (Lau et al. 

2013). 

1.5 Future directions 

1.5.1 The influence of human disturbance on the energy flow from algae to 

upper trophic levels 

Disturbances to streams include alterations to the light regime (i.e., riparian vegetation 

removal and turbidity), increased nutrient concentrations from point and non-point 

sources (i.e., agricultural and urban sewage), and environmental pollutant inputs (i.e., 

heavy metals or PCBs) (Bunn et al. 1999). Ecologists have long recognised that these 

human disturbance to streams can mostly negatively affect in-stream algal primary 

production and then secondary production (Bilby and Bisson 1992, Bunn et al. 1999). 

Nevertheless, only recently the impact of human disturbance on algal food quality has 

been considered. 

 

Riparian vegetation is effective in intercepting solar radiation, which determines the 

light intensity reaching the stream (Hill et al. 1995, Hill et al. 2001). Removal of 

riparian vegetation leads to an increase in light intensity, causing a shift in primary 

producer from high quality diatoms to low quality filamentous green algae and 

ultimately macrophytes (Davies et al. 2008) and resulting in increases in the biomass 

and density of all macroinvertebrate functional feeding groups except grazers 
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(Moldenke and Ver Linden 2007). Nonetheless, few studies have been concerned with 

the mechanisms behind these two processes. Meanwhile, nutrient inputs from 

anthropogenic activity pose an increasing threat to aquatic ecosystems because of their 

proximity to population centres and vulnerability to land use changes (Malmqvist and 

Rundle 2002, Liess et al. 2012). In lacustrine ecosystems, lake trophic status 

significantly affects seston EPA and DHA composition (Müller-Navarra et al. 2004), 

and Daphnia growth rates are expected to be highest in lakes with intermediate trophic 

status (Persson et al. 2007). In lotic ecosystems, nutrient inputs are also strongly 

associated with the FA composition of basal food sources (Boëchat et al. 2011, Larson 

et al. 2013, Boëchat et al. 2014, Guo et al. 2015), but their consequent effects on 

macroinvertebrates need further exploration. Additionally, global warming may interact 

with human induced light and nutrients to influence the PUFA metabolism of algae and 

macroinvertebrates. Other factors, such as flow conditions (e.g., intermittent droughts or 

floods) and geomorphology (e.g., watershed slope and substrate size) could also act in 

concert, making the energy transfer more complicated. 

 

To date, in stream ecosystems, few studies have been concerned with the influence of 

human disturbance on algal PUFA content and their consequent effects on 

macroinvertebrates and fish. As mentioned above, algal PUFA are sensitive, but not 

limited, to variations in light, nutrients and temperature (Table 1-2). In natural streams, 

algal PUFA are influenced simultaneously by gradients of environmental factors (Hill et 

al. 2011, Cashman et al. 2013, Guo et al. 2015). It should be a priority to identify the 

most important factors affecting algal PUFA, which can help management more focus 

on them. Further field surveys and manipulative studies need to focus on how algal 
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PUFA vary with gradients of environmental factors in streams, since algae are the 

primary sources of PUFA for invertebrates and fish. 

 

Variations in algal PUFA content may potentially influence the growth and 

reproduction of primary consumers. When exposed to high food quality conditions, 

consumers may grow faster and have higher reproductive rates, which in turn make 

them more resilient to over-exploitation by upper trophic levels (Persson et al. 2007). 

However, how do stream macroinvertebrates deal with low quality food? If stream 

macroinvertebrates are limited in converting dietary PUFA, survival on low food 

quality would result in slow growth and development (Goedkoop et al. 2007), and may 

negatively affect the fitness of their offspring. In contrast, if stream macroinvertebrates 

are able to perform sufficient PUFA conversion to support their somatic growth and 

reproduction, they are capable of upgrading low quality food to high quality for fish and 

may enhance the energy transfer efficiency of food webs. However, only several species 

have been considered to be able to synthesise PUFA or convert one PUFA molecule to 

another in stream food webs. More importantly, nutritional stress on the female 

influences larvae development (Bayne 1976, Gabbott 1976) as lipids and particularly 

HUFA are heavily invested in reproduction (Arts 1999, Lee et al. 2006). D. polymorpha  

have been found to produce a smaller number but larger eggs when food quality was 

low (Wacker and von Elert 2003, 2004). Large eggs can improve the ability of neonates 

to withstand starvation (Tessier and Consolatti 1989, Gliwicz and Guisande 1992). 

However, our knowledge on the PUFA reproductive response of macroinvertebrates to 

different food quality conditions is thus far limited to zebra mussels. 
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Among all trophic levels, the plant-animal interface is the most variable and least 

predictable link (Brett and Goldman 1997, Müller-Navarra et al. 2000). Due to the 

variety of human disturbances, this link is more complex in stream food webs. Studies 

on the effects of human disturbances on the energy flow from algae to 

macroinvertebrates are just beginning, and require further exploration. More controlled 

feeding trials and manipulative studies are needed to understand PUFA conversion 

capacities and reproductive investment of stream macroinvertebrates under different 

food quality conditions. This information will provide insights into how freshwater 

species cope with different nutritional food conditions from human disturbance such as 

riparian vegetation clearance and/ or nutrient inputs, which should be integrated into the 

conservation and restoration of streams and riparian zones. 

1.5.2 Interaction between algal food quality and invertebrate shredders 

Although algal tracers EPA, ALA and LIN are abundant in most stream 

macroinvertebrates, tracers of allochthonous sources, fungi and bacteria, are also 

observed in a range of macroinvertebrates. Fungi and bacteria conditioning appears to 

be the major process determining the fate of terrestrial matters in lotic food webs. The 

potential interaction between allochthonous and autochthonous sources could arise from 

small amounts of labile carbon exudates released by algae, accelerating the 

decomposition of more recalcitrant organic matter (e.g., leaf litter) (Guenet et al. 2010). 

Algae have been observed to mediate the interactions between bacteria and fungi, and 

algal presence in combination with fungi increased leaf litter decomposition, and 

improved the nutritional quality of detritus (Danger et al. 2013). 

 

In stream ecosystems, macroinvertebrates, mainly from the shredder functional feeding 

group, are responsible for up to 70% of the leaf litter reduction (Cuffney et al. 1990). By 
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feeding on leaves, shredders also actively participate in leaf fragmentation and produce 

abundant faecal pellets (Allan and Castillo 2007). Recent studies have established the 

links between invertebrate shredders, leaf litter decomposition, fungi, bacteria and 

environmental factors (i.e., light and nutrients), and proposed that algae can be an 

important component of the nutritional value of the leaf-biofilm for invertebrate 

shredders (Franken et al. 2005, Albarino et al. 2008). However, the nutritional 

importance of algae for invertebrate shredders has yet to be reported. Shredders may 

have an impact on the interaction between the two types of food sources, and their 

feeding choices between algae, fungi and bacteria directly affect the transfer of 

allochthonous sources into stream food webs. Further studies are needed to explore the 

pathway how stream shredders acquire high quality algae through feeding on leaf litter, 

and if they are the strong ecological interactor to upgrade low quality food to high 

quality food. 

1.5.3 Algal food quality influence from individual invertebrates to 

ecosystem levels 

The majority of the above studies have focussed on the consumer-resource interactions 

at small scales, and/ or between individuals, whereas stream ecology has moved to a 

broader landscape perspective of aquatic ecosystems (Allan 2004). The importance of 

cross-system movements of materials for local food-web structure has been well 

recognised (Polis et al. 1997, Baxter et al. 2005), and the transfer of algal PUFA along 

food chains and around food webs likely affect how different animal species thrive or 

survive (Lands 2009). Food webs that lack algal PUFA may demonstrate trophic 

decoupling, leading to significant increase in primary productivity with little 

corresponding increase in consumer biomass. Algal PUFA composition could be the 

possible link between species survival, community dynamics and ecosystem functions 
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across ecosystems. It could be suggested that (1) Algal PUFA content could be 

developed as an efficient biomarker of human impacts on aquatic ecosystems, indicating 

ecosystem functions or health, since algal PUFA are more sensitive to environmental 

changes than algal community composition (Guo et al. 2015, Honeyfield and Maloney 

2015); (2) Consumer PUFA composition indicates the fitness of populations, with the 

potential to explain community dynamics (Smyntek et al. 2008); (3) The PUFA 

dynamics in stream food webs could be a potential proxy of climate change because 

total lipid content of fish has been connected to climate-induced community changes 

(Litzow 2006), and FA are promising compounds to reconstruct paleo-environment 

(Ouyang et al. 2015). Progress along those lines will be enhanced by further creative 

thinking and cross-system interactions. 

1.6 Conclusions 

The study of algal food quality effect on energy transfer is helping to define a more 

holistic perspective of stream ecosystems, but also has the potential to shape new 

directions for ecology. There have been numerous studies of spatial and temporal 

patterns of macroinvertebrates and their food sources. However, the conceptual models 

that could explain the underlying mechanisms of those patterns and guide future 

research lag behind. This review emphasises the importance of algal food quality, 

measured by PUFA composition, which influences the somatic growth and reproductive 

success of stream macroinvertebrates and ultimately the energy transfer to fish and 

humans. Algal PUFA transfer in stream food webs would lead the way toward 

integrating different food sources and invertebrate patterns. This integration will 

provide a profound understanding of how stream food webs respond to human 

disturbance and make stream management more pertinent. 



28 
 

1.7 Thesis structure 

The overall objective of this thesis was to evaluate the importance of algal PUFA for 

stream macroinvertebrates in subtropical streams in South-East Queensland, Australia. 

This thesis combined a range of research methods, such as literature review, field 

investigation, field manipulative study and laboratory feeding experiment, to address 

four main questions (Figure 1-2): (1) What is the current status of studies on algal 

PUFA in stream food webs? (Chapter 1) (2) How does algal PUFA composition change 

along a gradient of environmental factors in natural streams? (3) How are the somatic 

growth and PUFA composition of stream macroinvertebrates affected by algal PUFA 

content? (4) What is the nutritional role of algae for invertebrate shredders? This thesis 

was structured as follows: 

 

Chapter 2 was designed as a field survey to evaluate the spatial variations of 

periphyton PUFA composition across a gradient of environmental factors in subtropical 

streams. The most important environmental factors affecting periphyton PUFA 

composition were identified, and the spatial patterns of periphyton PUFA were 

recognised. 

 

After recognising the most important environmental factors affecting periphyton PUFA 

variation (canopy cover and nutrient concentration), they were further applied to 

investigate the influence of periphyton PUFA change on stream macroinvertebrates, in 

particular grazers and shredders. Periphyton PUFA content was manipulated by 

applying two light levels (open and shaded canopy) and two nutrient regimes (ambient 

and enriched) for six weeks in streams, in order to investigate the response of the PUFA 

composition and somatic growth of stream grazers. Algal elemental ratios were also 
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measured, used for validating PUFA results. This field manipulative study was 

described in Chapter 3 and 4. 

 

Chapter 5 was the laboratory feeding trials involving stream invertebrate shredders 

(Anisocentropus bicoloratus, Trichoptera) and their food sources, conditioned leaf litter 

of Lophostemon confertus (Brush box). Different combinations of light and nutrients 

were applied to manipulate different PUFA composition of leaf litter. It was postulated 

that the presence of high quality algal PUFA in leaf litter enhanced shredder growth, 

and shredder PUFA composition varied with leaf PUFA. 

 

Finally, Chapter 6 integrated the findings from the above studies and assessed the role 

of algal food sources in stream food webs. The results of this thesis will improve our 

understanding of how algal PUFA transfer in stream food webs, and provide evidence 

in stream ecosystems that algal PUFA, at the base of aquatic food webs, are important 

for macroinvertebrates. 

 



30 
 

 

 

Figure 1- 2 The conceptual model for this study. Solid lines represent what this study will 

address, and dashed lines stand for future directions 
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Chapter 2 Spatial variation in periphyton fatty acid 

composition in subtropical streams 

 

 

 

 

 

 

 

 

 

Figure 2- 1 Some study streams in the Logan-Albert catchment in South-East Queensland, 

Australia  
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2.1 Introduction 

Benthic algae play an important role in many streams as the trophic base of food webs, 

and influence energy transfer efficiency to consumers. In addition to their available 

biomass, algae directly affect the growth and reproduction of herbivores through their 

nutritional quality (Piepho et al. 2012). Compared with allochthonous sources, algae are 

usually recognized as higher quality food for herbivores because of their high levels of 

essential elements (nitrogen and phosphorus) and polyunsaturated fatty acids (PUFA) 

(Hill et al. 2011). The elemental limitation reflects the degree of nutrient constraints on 

consumers, and thus indicates food quality (Sterner and Elser 2002), but it is insufficient 

to completely explain the energy transfer efficiency from primary sources to consumers 

(Müller-Navarra 1995, Brett and Müller-Navarra 1997). PUFA, in particular 

eicosapentaenoic acid (EPA, 20:5ω3), docosahexaenoic acid (DHA, 22:6ω3) and 

arachidonic acid (ARA, 20:4ω6), are only abundant in certain groups of algae, but are 

required for animal growth and reproduction. They help regulate cell membrane fluidity 

and serve as precursors for animal hormones (Brett and Müller-Navarra 1997). In spite 

of their nutritional importance, most aquatic consumers are unable or have limited 

ability to synthesize PUFA de novo from saturated fatty acids (Brett and Müller-

Navarra 1997, Kelly and Scheibling 2012). Animals must thus obtain PUFA from their 

diets to meet physiological requirements. Therefore, PUFA in aquatic organisms have 

been widely studied to assess food quality, trophic relationships and even ecosystem 

functions of aquatic systems. 

 

Algae are important primary producers of PUFA. Elevated content of highly 

unsaturated fatty acids (HUFA), a subset of PUFA with 20 or more C in their acyl 

chains, especially EPA and DHA, indicates higher algal food quality and consequently 
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enhances animal growth and reproduction (Müller-Navarra 1995, Brett and Müller-

Navarra 1997). Diatoms, containing EPA and DHA, are considered high quality food 

sources (Brett and Müller-Navarra 1997, Torres-Ruiz et al. 2007), while green algae, 

often considered medium dietary quality, contain primarily shorter chain PUFA, such as 

α-linolenic acid (ALA, 18:3ω3) and linoleic acid (LIN,18:2ω6) (Napolitano 1999). 

Cyanobacteria are poor in PUFA and generally lack sterols, another group of organic 

molecules important in vitamin production (Martin-Creuzburg et al. 2008). Among 

algal-derived PUFA, EPA is a good predictor of secondary production and can stimulate 

energy transfer to higher trophic levels in lakes, reservoirs and ponds (Müller-Navarra 

et al. 2000, Kainz et al. 2004, Müller-Navarra et al. 2004, Gladyshev et al. 2008). 

 

A number of environmental factors can affect algal PUFA composition, and an 

understanding of these could potentially reveal the underlying mechanisms of 

ecosystem processes, such as energy flow from algae to herbivores and then ultimately 

to fish and humans. Light intensity, nutrient availability and temperature have been 

suggested to be important environmental factors affecting algal PUFA content 

(Guschina and Harwood 2009), with each environmental factor differing in the 

mechanistic way in which it affects PUFA content. Algae adjust to low temperatures by 

increasing the degree of unsaturation within their fatty acids, leading to an increase in 

PUFA content, which can be incorporated into the lipids of thylakoid membranes and 

assist in maintaining membrane fluidity (Morgan-Kiss et al. 2006, Piepho et al. 2012). 

Light stimulates algal fatty acid (FA) synthesis, growth, and the formation of 

membranes (particularly chloroplasts) (Guschina and Harwood 2009). Low light 

generally increases the relative content of unsaturated fatty acids, whereas high light 

intensity is required for the synthesis of saturated fatty acids (SAFA), which are often 
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used for energy storage (Brett and Müller-Navarra 1997, Guschina and Harwood 2006b). 

Nutrient levels can also result in changes in algal PUFA composition. Nutrient 

limitation leads to a steady decline in cell division rate, which in turn slows down algal 

growth, and typically results in increasing cellular production of triacylglycerols (TAG) 

and decreasing proportions of PUFA in most algae (Guschina and Harwood 2009), 

whereas greater aqueous nutrient levels cause an increase in the content of galactolipids, 

which are rich in PUFA (Guschina and Harwood 2006b). Despite these apparent broad 

patterns, studies often only focus on individual algal species with limited relevance to 

entire assemblages or community level processes. 

 

Information on environmental factors affecting algal PUFA content in situ in stream 

ecology is limited. One study conducted in artificial streams with controlled light 

intensity and phosphorus concentrations (Hill et al. 2011) demonstrated that stream 

periphyton FA profiles were highly sensitive to light intensity and phosphorous 

concentration: the proportion of PUFA decreased with light augmentation and increased 

with phosphorous enrichment, while SAFA and monounsaturated fatty acids (MUFA) 

increased with light intensity and decreased with phosphorous conditions. By contrast, a 

recent field study, with manipulated light levels and enriched fertilizer (Cashman et al. 

2013), found that open canopy resulted in an increase of MUFA percentage but 

decreases of SAFA and HUFA, while nutrient addition showed no significant effect on 

the proportions of SAFA, MUFA and most PUFA. Such differing results suggest that 

the PUFA content of periphyton in natural streams is often influenced simultaneously 

by different environmental factors. The above studies focused on light and nutrients as 

factors, but did not consider fully the interaction between these and other environmental 

conditions, such as stream habitat change, which could constrain their effectiveness. 
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The present study was carried out in natural streams across a gradient of riparian canopy 

cover. This is the first field investigation to test effects of environmental factors on algal 

FA content in subtropical streams. The key objective was to identify the environmental 

factors affecting FA composition of benthic algae in Australian subtropical streams. The 

hypotheses were: (1) riparian canopy cover was more important than other factors in 

determining PUFA content; (2) the proportions of PUFA would increase with shaded 

canopy and decrease with open canopy, and (3) the interaction of different 

environmental factors may contribute to the inconsistent trends of some FA responses to 

individual environmental factors. 

2.2 Methods 

2.2.1 Study streams 

The study streams are located in the Logan-Albert catchment in South-East Queensland, 

Australia (Figure 2-2). This area has a sub-tropical climate with distinct wet and dry 

seasons and about 70% of the annual precipitation occurs in summer (December to 

March). The upper catchment is heavily forested, the middle catchment is mainly used 

for cattle grazing, intensive agriculture and rural residential, while the lower catchment 

contains a mix of urban and rural residential development. Samples were collected from 

nine streams spanning the upper and middle catchment from November 14 – 27, 2012. 

In each stream, two riffles dominated by cobble substrata (upstream and downstream) 

with similar canopy cover were sampled. The distance between those two riffles was 

less than 100 meters.  
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Figure 2- 2 Map of the Logan-Albert catchment in South-East Queensland, Australia, showing 

the location of the nine study streams 
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Table 2- 1 Field measured environmental characteristics, ambient nutrient concentrations and periphyton composition obtained from the nine study 

streams in South-East Queensland, Australia 

 

Streams Stream Number Velocity Canopy TN TP NOX-N NH4-N SRP Diatoms Green algae Cyanobacteria 

(m s-1) (%) (mg L-1) (mg L-1) (mg N L-1) (mg N L-1) (mg P L-1) (%) (%) (%) 

Stockyard Creek S2 0.08 81 0.14 0.12 0.02 0.02 0.06 56.01 13.17 30.82 

Left Hand Branch Creek S3 0.13 12 0.17 0.07 0.02 0.04 0.05 73.21 1.98 24.81 

Lost World Creek S4 0.27 47 0.38 0.05 0.21 0.02 0.04 79.71 2.40 17.80 

Christmas Creek at Stinson Park S6 0.31 29 0.23 0.07 0.05 0.04 0.06 27.95 2.74 69.31 

Running Creek S8 0.39 20 0.15 0.05 0.04 0.02 0.03 77.17 0.57 22.11 

Christmas Creek at Burgess Park S10 0.34 35 0.40 0.07 0.12 0.04 0.05 75.78 2.21 22.02 

Mt Barney Creek S13 0.41 78 0.40 0.02 0.18 0.00 0.01 55.69 2.70 41.60 

Burnett Creek S14 0.15 86 0.21 0.04 0.03 0.03 0.02 85.08 3.56 11.36 

Upper Christmas Creek S16 0.30 50 0.17 0.05 0.08 0.03 0.05 72.53 0.80 26.68 

*Abbreviations: Canopy, riparian canopy cover; TN, total nitrogen; TP, total phosphorus; NOx-N, nitrate + nitrite; NH4-N, ammonium nitrogen; SRP, soluble reactive 

phosphorus. 

*Algal percentage data were based on actual cell numbers rather than biovolume. 
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2.2.2 Sample collection 

Periphyton was scraped with brushes from the upper surface of cobbles. At each riffle, 4 

independent replicate samples were collected for FA analysis, and 3 replicates for algal 

community structure. Terrestrial organic matter, macroinvertebrates and particles were 

removed by hand to ensure relatively clean samples. All samples were immediately 

placed in zip-lock plastic bags, stored on ice and kept in the dark in a portable freezer. 

Samples were brought to the laboratory within 6 hours. All FA samples were placed 

at -80°C freezer until processing, and samples for taxonomic identification were kept in 

lugol’s iodine preservative and in the dark without refrigeration. 

 

Riparian canopy cover was measured using a densiometer in situ (Table 2-1). At each 

riffle, duplicate ambient water samples were collected to determine the concentrations 

of total nitrogen (TN) and total phosphorus (TP). Ambient water samples were filtered 

in situ through 0.45 µm Sartorius Minisart (Sartorius Australia, East Oakley, Australia) 

single use filter to determine the ambient concentrations of dissolved inorganic nutrients, 

specifically nitrate + nitrite (NOx-N), ammonium nitrogen (NH4-N), and soluble 

reactive phosphorus (SRP). Samples were stored on ice and kept in the dark in a 

portable freezer in the field, and put at -20°C in the laboratory. Current velocity was 

measured by a current velocity meter (Open stream current velocity meter model 2100, 

Swoffer Instruments, Inc) (Table 2-1). 

2.2.3 Laboratory processing 

Periphyton samples for FA analysis were freeze-dried (Virtis Genesis Freeze Dryer). A 

sub-sample of 5-10 mg periphyton (dry mass) from each sample was used for lipid 

extraction. Samples < 5 mg from the same riffle were pooled, and eventually 2-3 
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samples were taken from each riffle, and in total 5-6 samples from each stream. Lipids 

were extracted according to a modified version of the methods presented in Kainz et al. 

(2010). Briefly, periphyton samples were extracted in chloroform: methanol (2:1 v/v), 

followed by sonication, vortex and centrifugation to remove non-lipid materials. This 

step was repeated three times. Extracted lipids were evaporated to a final volume (1.5 

mL) under nitrogen. Duplicate aliquots (100 μL each) were dispensed into pre-weighed 

tin cups for gravimetric assessment of total lipids. The remaining extract was stored at -

20°C until FA were derivatized to methyl esters (FAME). For FAME formation, 

sulphuric acid in methanol (1:100 mixture used as methylation reagent) and toluene 

were added to the lipid extract and the solution was incubated for 16 hours at 50°C in a 

water bath. Thereafter, potassium hydrogen carbonate and hexane were added, and the 

sample was then shaken, vortexed and centrifuged. The upper organic layer of the 

solution was transferred and hexane was added again. This step was repeated twice. All 

FAME containing layers were pooled and concentrated under nitrogen. Fatty acids were 

analysed as FAME using a gas chromatograph (THERMO Trace GC) as in 

Heissenberger et al. (2010). All samples were extracted and analysed at WasserCluster – 

Biologische Station Lunz, Austria. 

 

Algal samples were identified to genus level. Soft algae (i.e., green algae and 

cyanobacteria) were identified and enumerated using a Sedgewick Rafter counting 

chamber under a microscope (Olympus BX51, Olympus Corporation, Tokyo, Japan) at 

400x magnification. Enumeration stopped only on the condition that either the most 

common taxa had a minimum of 23 units (trichomes /filaments or colonies) or 40 

squares were counted. The following step was to scan the slide to 200 squares at 200x 

magnification in order to identify any possible algae which were not previously 
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observed (Entwisle et al. 1997). Diatoms were mounted on permanent slides using 

Naphrax
TM

 after oxidizing the organic material with acid following the methods of 

Chessman et al. (1999). Samples were identified at 1000x magnification with a 

minimum of 400 valves per slide. Taxa were combined into categories (diatoms, 

cyanobacteria and green algae) for analysis (Table 2-1). 

 

Dissolved nutrients (NOx-N, NH4-N, and SRP) were analysed using a SmartChem200 

discrete chemical analyser (Westco Scientific Instruments, Brookfield, CT, USA) 

(APHA 1995) at Griffith University, Queensland, Australia (Table 2-1). Total nutrients 

(TN and TP) were digested using a simultaneous persulfate digestion method (Hosomi 

and Sudo 1986) before being analysed on the same machine (Table 2-1). 

2.2.4 Data analysis 

Constrained ordination analysis was applied to identify the most important 

environmental factors explaining the variability in periphyton FA composition. The 

percentage data of FA were arcsine-square-transformed for normal distribution 

approximation. Environmental factors were log10 transformed except the percentage 

data of canopy cover, which were arcsine-square-transformed. Preliminary detrended 

correspondence analysis of the FA data set produced the gradient lengths of 0.765 and 

0.792 for the first two axes, respectively, indicating that the response was monotonic 

and thus a linear model (rather than an unimodal model) was more suitable to explain 

the FA data structure (Ter Braak and Prentice 1988, Jongman et al. 1995). Therefore, a 

multivariate direct gradient analysis, redundancy analysis (RDA) (Legendre and 

Legendre 1998), was used to analyse the data set. 
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In the RDA analysis the transformed FA data were used as the response variables, with 

environmental factors the independent variables. Fatty acids percentages and sample 

sites were each assigned scores on the ordination axes, of which the first two axes were 

displayed on the ordination biplot. The significance of the RDA model and canonical 

axes were tested using permutation procedures (Oksanen et al. 2013), with the marginal 

effects of all measured environmental factors  tested in the same manner. In addition, 

correlation analysis was used to explore relationships between PUFA, or FA categories, 

and gradients of canopy cover and nutrient conditions. All statistical analyses were 

conducted in the statistical software R version 3.0.3 (R Core Team 2014), with the 

package Vegan (Oksanen et al. 2013) used for the constrained ordination analysis and 

the package Hmisc (Harrell and Dupont 2012) for correlation analysis. 

2.3 Results 

2.3.1 Fatty acid composition 

SAFA were the most abundant FA category in periphyton (41-61% of total FA), 

followed by MUFA (24-36%) and PUFA (15-25%) (Table 2-2). Palmitic acid (16:0), 

palmitoleic acid (16:1ω7) and EPA were the principal SAFA, MUFA and PUFA, 

respectively. These three FA represented 48 - 63% of the total FA across nine streams. 

Both 16:1ω7 and EPA were used as diatom biomarkers. The ratios of DHA/EPA 

(ranging from 0.03-0.13) were < 1, confirming the dominance of diatoms in the algal 

biofilm (Dalsgaard et al. 2003, Parrish 2009). The shorter chain C18 PUFA, i.e., ALA 

and LIN, biomarkers of most green algae and a number of cyanobacteria, accounted for 

only 5-13% of the total FA. HUFA represented between 5.4 and 7.4% of the total FA 

while EPA, DHA, and ARA accounted for 82-91% of the total amount of HUFA.  
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Table 2- 2 Fatty acid compositions (%, percentages relative to total fatty acids, mean ± SE) of all periphyton samples from the nine study streams in 

South-East Queensland, Australia 

Fatty acid S2 S3 S4 S6 S8 S10 S13 S14 S16 

SAFA          

14:0 8.6 ± 1.9 4.6 ± 0.2 6.2 ± 0.9 4.4 ± 0.3 5.5 ± 0.5 13.4 ± 2.6 7.0 ± 0.3 4.6 ± 0.5 11.6 ± 0.8 

15:0 0.5 ± 0.0 0.6 ± 0.0 0.6 ± 0.0 0.7 ± 0.1 1.2 ± 0.1 0.8 ± 0.2 0.7 ± 0.0 0.6 ± 0.1 0.6 ± 0.0 

16:0 34.1 ± 2.6 31.4 ± 0.8 27.8 ± 1.8 36.4 ± 2.0 36.8 ± 1.2 31.1 ± 3.1 30.9 ± 1.3 27.5 ± 2.4 30.3 ± 1.5 

17:0 0.3 ± 0.0 0.3 ± 0.0 0.5 ± 0.1 0.5 ± 0.2 0.5 ± 0.1 0.4 ± 0.1 0.3 ± 0.0 0.5 ± 0.1 0.4 ± 0.0 

18:0 4.0 ± 0.4 3.1 ± 0.1 4.5 ± 0.5 4.7 ± 1.1 4.1 ± 0.5 5.2 ± 0.7 3.9 ± 0.3 6.9 ± 1.1 3.2 ± 0.4 

20:0 0.4 ± 0.0 0.2 ± 0.0 0.8 ± 0.1 0.7 ± 0.2 0.3 ± 0.0 0.5 ± 0.1 0.4 ± 0.0 0.9 ± 0.3 0.3 ± 0.1 

21:0 0.2 ± 0.0 0.0 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.2 ± 0.1 0.2 ± 0.0 0.0 ± 0.0 0.5 ± 0.2 0.0 ± 0.0 

22:0 0.8 ± 0.1 0.3 ± 0.0 0.4 ± 0.1 0.5 ± 0.1 0.6 ± 0.1 0.5 ± 0.1 0.4 ± 0.0 1.5 ± 0.2 0.2 ± 0.0 

24:0 0.8 ± 0.1 0.3 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.5 ± 0.1 0.4 ± 0.1 0.7 ± 0.0 1.4 ± 0.2 0.4 ± 0.1 

MUFA          

14.1ω5 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.3 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 0.6 ± 0.1 

15.1ω5 0.0 ± 0.0 0.2 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.8 ± 0.4 0.0 ± 0.0 

16.1ω7 20.3 ± 2.7 24.6 ± 2.1 15.7 ± 0.8 18.1 ± 4.4 19.6 ± 1.4 14.5 ± 1.4 17.9 ± 1.1 18.3 ± 2.0 14.3 ± 1.3 

16.1ω9 0.7 ± 0.1 1.2 ± 0.2 1.3 ± 0.3 0.7 ± 0.3 1.7 ± 0.3 0.5 ± 0.2 1.0 ± 0.1 1.0 ± 0.1 1.2 ± 0.1 

18.1ω6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 2.0 ± 0.9 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

18.1ω7 3.2 ± 0.3 3.3 ± 0.6 3.7 ± 1.0 3.7 ± 0.5 3.8 ± 0.2 2.8 ± 0.5 4.2 ± 0.4 3.9 ± 0.4 4.2 ± 0.4 

18.1ω9 4.3 ± 0.5 4.8 ± 1.1 4.4 ± 0.4 4.7 ± 0.6 4.4 ± 0.3 5.2 ± 0.5 3.7 ± 0.3 3.9 ± 0.4 3.6 ± 0.7 

18.1ω12 0.6 ± 0.3 1.2 ± 0.3 2.9 ± 0.5 0.9 ± 0.2 1.1 ± 0.2 0.7 ± 0.1 3.0 ± 0.6 2.1 ± 0.5 3.8 ± 0.8 

20.1ω9 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 

22.1ω9 0.2 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 

24.1ω9 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.2 ± 0.1 0.0 ± 0.0 0.2 ± 0.1 0.1 ± 0.1 0.4 ± 0.1 0.0 ± 0.0 
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PUFA          

18.2ω6 3.6 ± 0.3 5.3 ± 0.7 5.1 ± 0.3 5.1 ± 0.7 4.6 ± 0.3 2.7 ± 0.2 5.7 ± 0.3 3.5 ± 0.2 3.3 ± 0.3 

18.3ω3 2.9 ± 0.4 4.2 ± 1.0 7.3 ± 0.7 7.5 ± 1.7 4.5 ± 0.6 3.9 ± 0.1 6.5 ± 0.9 2.2 ± 0.3 9.6 ± 1.9 

18.3ω6 0.5 ± 0.1 0.6 ± 0.0 0.7 ± 0.1 0.6 ± 0.1 0.4 ± 0.0 0.3 ± 0.0 0.8 ± 0.1 0.7 ± 0.1 0.4 ± 0.1 

18.4ω3 1.0 ± 0.2 1.0 ± 0.1 0.9 ± 0.2 0.6 ± 0.1 0.4 ± 0.1 0.4 ± 0.0 0.7 ± 0.1 0.9 ± 0.2 0.2 ± 0.0 

20.2ω6  0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0± 0.0 0.0 ± 0.0 0.2 ± 0.0 0.2 ± 0.1 0.0 ± 0.0 

20.3ω3 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 

20.3ω6 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 

20.4ω3 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.1 0.1 ± 0.0 

20.4ω6 1.6 ± 0.2 1.2 ± 0.2 1.2 ± 0.2 1.1 ± 0.3 0.5 ± 0.1 0.6 ± 0.1 1.1 ± 0.1 1.7 ± 0.3 0.5 ± 0.1 

20.5ω3 5.1 ± 0.7 6.5 ± 1.2 6.8 ± 1.2 3.7 ± 0.7 2.5 ± 0.4 3.7 ± 0.4 4.1 ± 0.6 6.2 ± 1.4 3.6 ± 0.6 

22.2ω6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.1 0.0 ± 0.0 

22.3ω3 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 

22.4ω6 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.0 ± 0.0 0.2 ± 0.0 0.4 ± 0.1 0.0 ± 0.0 

22.5ω3 0.2 ± 0.0 0.3 ± 0.1 0.2 ± 0.0 0.3 ± 0.1 0.1 ± 0.0 0.1 ± 0.0 0.2 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 

22.6ω3 0.2 ± 0.1 0.5 ± 0.1 0.6 ± 0.1 0.1 ± 0.1 0.3 ± 0.0 0.2 ± 0.1 0.5 ± 0.1 0.4 ± 0.3 0.4 ± 0.1 

HUFA 7.7 ± 1.0 9.1 ± 1.5 9.3 ± 1.5 5.9 ± 0.9 3.9 ± 0.4 5.1 ± 0.5 7.1 ± 0.7 9.4 ± 2.0 5.0 ± 0.7 

C18 PUFA 8.0 ± 0.9 11.1 ± 1.6 14.0 ± 1.1 13.8 ± 2.5 10.0 ± 0.7 7.2 ± 0.2 13.7 ± 1.4 7.2 ± 0.6 13.6 ± 2.1 

DHA/EPA 0.04 ± 0.02 0.03 ± 0.01 0.02 ± 0.01 0.06 ± 0.02 0.05 ± 0.02 0.06 ± 0.03 0.09 ± 0.04 0.07 ± 0.03 0.04 ± 0.02 

* SAFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; HUFA, highly unsaturated fatty acids; DHA, docosahexaenoic 

acid (22:6ω-3); EPA, eicosapentaenoic acid (20:5ω-3). 

*a SE of 0.0 means SE < 0.05.  
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2.3.2 RDA analysis 

An RDA of the FA composition of all samples indicated that NOx-N and riparian 

canopy cover were the most important environmental predictors of periphyton FA 

profiles (Figure 2-3). The RDA model was significant (F-value = 3.107, p = 0.005). The 

first four canonical axes explained 94% of the variation in the FA data set, but only the 

first two axes were significant (axis 1: F-value = 7.559, p = 0.005; axis 2: F-value = 

4.843, p = 0.005) with the explanations of FA variation 40.4% and 25.6%, respectively. 

The first axis was strongly correlated with NOx-N (α = -0.802) with the second axis 

mainly correlated with riparian canopy cover (α = -0.817). The marginal effects for all 

environmental variables showed that only NOx-N (F-value = 3.483, p = 0.005) and 

riparian canopy cover (F-value = 3.818, p = 0.005) were significant. 

 

The correlations between NOx-N, riparian canopy cover and FA compositions of 

periphyton were revealed by the first two axes. NOx-N concentrations showed negative 

correlations with most SAFA and MUFA regardless of riparian canopy cover, while 

canopy cover indicated positive relationships with most SAFA and MUFA, but negative 

relationships with 16:0 and 16:1ω7. As for PUFA, along the first axis, contents of ALA, 

LIN, EPA and DHA were greater with increasing NOx-N concentrations, but ARA was 

lower at higher NOx-N concentrations; high NOx-N concentration (0.21 mg N L
-1

) 

versus low NOx-N concentration (0.02 mg N L
-1

) in EPA = 6.8% versus 5.1%, DHA = 

0.6% versus 0.2%, ARA = 1.2% versus 1.6%, ALA = 7.3% versus 2.9% and LIN = 5.1% 

versus 3.6%. Along the second axis, EPA, DHA and ARA contents were higher at 

higher canopy cover, but ALA and LIN contents were lower; high canopy cover (86%) 

versus low canopy cover (20%) in EPA = 6.2% versus 2.5%, DHA = 0.4% versus 0.3%, 

ARA = 1.7% versus 0.5%, ALA = 2.2% versus 4.5% and LIN = 3.5% versus 4.6%. 
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The first two axes reflected the separation of periphyton nutritional quality among 

different stream conditions. Different combinations of riparian canopy cover and NOx-N 

corresponded with different periphyton HUFA compositions. Stream S14, with high 

riparian canopy cover and low NOx-N concentration, contained higher contents of 

HUFA EPA and ARA, but lower contents of ALA in comparison with stream S16 that 

had low canopy cover and high NOx-N concentration; S14 versus S16 in HUFA = 9.4% 

versus 5.0%, EPA = 6.2% versus 3.6%, ARA = 1.7% versus 0.5%, ALA = 2.2% versus 

9.6%. The higher HUFA content in S14 compared with other streams indicated higher 

nutritional quality of periphyton. 

 

The first two axes also strongly differentiated major taxonomic groups. Regardless of 

riparian canopy cover, the biomarkers of diatoms (EPA and 16:1ω7) dominated streams 

with low NOx-N concentrations, while under high NOx-N concentration and low canopy 

cover conditions, it was the biomarkers of green algae and cyanobacteria (ALA and LIN) 

that dominated. 

2.3.3 Correlation analysis 

The correlations between PUFA (EPA, DHA, ARA, ALA and LIN) and environmental 

factors (NOx-N concentrations and riparian canopy cover) were consistent with the 

RDA results, but only the trends in ARA with canopy cover and in ALA and DHA with 

NOx-N concentrations were significant (p < 0.05, Figure 2-4). In addition, correlation 

results also indicated that the relationships between environmental factors (NOx-N 

concentrations and riparian canopy cover) and FA categories varied. Both SAFA% and 

MUFA% were lower with increasing canopy cover and nutrient concentrations, but 
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PUFA% and HUFA% were higher. Only the trends in HUFA with canopy cover and in 

PUFA with NOx-N were significant (p < 0.05, Figure 2-5). The correlation coefficients 

in all significant relationships ranged from 0.28 to 0.44. 
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(a) 

 
(b) 

 
 

Figure 2- 3 Position of each study stream (centroid ± SE) as well as individual replicates on the 

first two axes (RDA1 and RDA2) from the redundancy analysis (RDA) of periphyton fatty acid 

composition for all samples. DHA, docosahexaenoic acid (22:6ω-3); EPA, eicosapentaenoic 

acid (20:5ω-3); ARA, arachidonic acid (20:4ω6); ALA, α-linolenic acid (18:3ω3); LIN, linoleic 

acid (18:2ω6)  
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Figure 2- 4 Relationships between NOx-N concentration, canopy cover and periphyton essential 

fatty acids. Only significant relationships were showed (p < 0.05). DHA, docosahexaenoic acid 

(22:6ω-3); ARA, arachidonic acid (20:4ω6); ALA, α-linolenic acid (18:3ω3)  
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Figure 2- 5 Relationships between NOx-N concentration, canopy cover and periphyton fatty acid 

groups (SAFA, MUFA, PUFA and HUFA). Only significant relationships were showed (p < 

0.05). PUFA, polyunsaturated fatty acids; HUFA, highly unsaturated fatty acids 
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2.4 Discussion 

This study has illustrated the complex relationships between riparian canopy cover, 

dissolved nutrients and periphyton nutritional quality in natural streams. Periphyton FA 

profiles most strongly correlated with differences in stream water NOx-N concentrations 

and riparian canopy cover. NOx-N, rather than phosphorus, was identified as the most 

important nutrient predictor of FA profiles, which is perhaps not unexpected given most 

streams in the region are nitrogen limited (Mosisch et al. 2001). Although it was 

predicted that riparian canopy cover would be a more important factor, local land use 

(catchment forest cover, cattle grazing and intensive agriculture) also creates a gradient 

of NOx-N concentrations, which may strengthen the influence of NOx-N in this study. 

The observed relationships between environmental factors and periphyton FA 

composition in these natural streams differ from laboratory studies that focused 

primarily on individual algal species and single environmental factors. This study thus 

provides field evidence that algal FA profiles are sensitive to a combination of 

environmental changes. The significant relationships obtained in the RDA analysis were 

not apparent when canopy cover and NOx-N concentrations were examined in isolation. 

This indicated the complexity of the natural environment, and the possible interactions 

between additional environmental factors. 

 

The observed relationships between NOx-N concentrations and most SAFA, MUFA and 

PUFA in this study were consistent with previous experimental findings (Guschina and 

Harwood 2006b, 2009). In particular, PUFA% was significantly higher in streams with 

higher NOx-N concentrations. Riparian canopy cover was negatively correlated with 

only the most abundant SAFA and MUFA (16:0 and 16:1ω7), which likely explains the 

negative relationships between SAFA%, MUFA% and canopy cover. 
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The higher SAFA% and lower PUFA% observed in this study compared with others 

(Hill et al. 2011, Cashman et al. 2013) may be attributed to different temperature 

regimes. Saturated FA have been reported to accumulate more in high temperatures and 

decrease in cold temperatures, whereas PUFA tend to accumulate more in cold 

temperatures to increase cell membrane fluidity (Guschina and Harwood 2006b). This 

study was conducted in early summer in subtropical areas with the stream temperature 

range 17-25°C, thus SAFA% appeared to be higher and PUFA% lower. A field 

investigation in six headwater streams in western Washington State (Volk and Kiffney 

2012) with a 7-day average temperature of 11.5 - 12°C, showed a similar proportion of 

periphyton SAFA (48%) to this study but PUFA (28%) were lower than the artificial 

stream study (Hill et al. 2011). These differences confirm that periphyton FA 

compositions are influenced by the interplay of several different environmental factors. 

 

Variations in the proportions of HUFA and C18 PUFA corresponded with differences in 

riparian canopy cover and NOx-N concentrations. Both EPA and DHA were positively 

correlated with canopy cover and NOx-N concentrations, whereas ALA and LIN were 

positively correlated with NOx-N, but negatively with canopy cover, suggesting 

taxonomic shifts among the proportions of diatoms, cyanobacteria and green algae in 

the algal biofilm. ARA showed an interesting trend different from other HUFA: the 

content was lower with increasing NOx-N concentrations, which is inconsistent with the 

previous artificial stream study (Hill et al. 2011). Nonetheless, laboratory studies have 

shown that nitrogen starvation can induce a strong increase in ARA proportion of total 

FA in freshwater green algae (Khozin‐Goldberg et al. 2002, Solovchenko et al. 2008). 

This might be due to the fact that compared with field observation and laboratory 
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experiments, manipulative studies only focused on certain factors and did not consider 

fully the interaction between these and other environmental conditions, which may 

influence periphyton FA patterns and contribute to the unexplained variance. ARA is 

the most efficiently retained PUFA in organisms of planktonic food webs in 

oligotrophic lakes (Kainz et al. 2004), and is also essential during early development of 

marine finfish (Izquierdo et al. 2000), but its function in streams has not been clarified. 

Moreover, EPA and DHA play an important role in normal neural development and 

vision functions, and are broadly required for cellular membrane functioning (Arts and 

Kohler 2009, Parrish 2009). Therefore, the variation in algal HUFA content could 

potentially influence the production of herbivores and even higher trophic levels, such 

as fish and humans. 

 

The observed changes in periphyton FA composition can be explained by physiological 

acclimation. When light is abundant (below photoinhibitory levels), the synthesis of 

light-capturing pigments and photosynthetic membranes (rich in PUFA) decline, 

leading to less N required by algal cells (Hessen et al. 2002, Hill et al. 2011). 

Conversely, under low light intensity, higher concentrations of N in the algal cell are 

required to produce more photosynthetic pigments to maximize their ability to harvest 

light (Mock and Kroon 2002). Marine diatoms have been observed to decline in PUFA% 

with increasing light intensity due to photoacclimation (Thompson et al. 1990, 

Thompson et al. 1993, Leu et al. 2010), while the PUFA% of stream diatoms was 

reported not to decline as light intensity increased, being attributed more to increasing 

production of MUFA and SAFA rather than to photoacclimation (Hill et al. 2011). In 

this study, PUFA% were significantly higher with higher NOx-N and slightly higher as 

canopy cover increased, indicating photo-acclimation may contribute to the changes in 
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periphyton FA. Alternatively, another possible pathway is the alteration in periphyton 

community composition. Periphyton FA profiles strongly reflected the algal biofilm 

community composition in terms of the proportions of diatoms, cyanobacteria and green 

algae in this study. Changes in the composition of FA biomarkers 16:1ω7, EPA, LIN 

and ALA from low to high NOx-N concentrations (RDA axis 1) and from high to low 

canopy cover (RDA axis 2) suggested taxonomic shifts from diatoms to cyanobacteria 

and green algae. Nevertheless, periphyton taxonomic composition did not show any 

significant relationships with canopy cover, NOx-N concentrations, and FA biomarkers. 

Therefore, the observed relationships between environmental factors and periphyton FA 

profiles were mainly due to physiological acclimation. 

 

Optimal light intensity and nutrient conditions should lead to the highest algal food 

quality. In this study, the highest periphyton food quality (highest HUFA %) occurred in 

S14 (9.4%) with high canopy cover and low nutrients, whereas the lowest was in S8 

(3.9%) with low canopy cover and low nutrients. This is in contrast to observed changes 

in food quantity, with increases in GPP associated with reduced canopy cover and 

increased nutrients in these streams (Bunn et al. 1999, Fellows et al. 2006). This 

suggests a clear trade-off between periphyton food quality and food quantity for 

herbivores. They cannot acquire enough carbon (GPP) under low light levels, and they 

obtain less HUFA as light intensity increases. Nevertheless, dietary HUFA threshold for 

herbivore somatic growth in rivers are still poorly studied, and how this threshold 

compares to the availability of PUFA is as yet unresolved. 

 

Previous studies have observed that removal of riparian vegetation led to an increase in 

light intensity, causing a shift in aquatic plant composition from diatoms to filamentous 
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green algae and ultimately macrophytes (Davies et al. 2008), and also resulting in 

increases in the biomass and density of macroinvertebrate functional feeding groups 

except grazers (Moldenke and Ver Linden 2007). However, few studies have been 

concerned with the mechanisms behind these two processes. This study shows that algal 

food quality differs with riparian vegetation removal and nutrient inputs, with likely 

consequences to energy flow from algae to consumers. 
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Chapter 3 Effects of light and nutrients on periphyton 

and the fatty acid composition and somatic growth of 

invertebrate grazers in subtropical streams 

 

 

 

 

 

 

 

Figure 3- 1 Manipulated light and nutrients in Upper Mary catchment in South-East Queensland, 

Australia  
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3.1 Introduction 

The biochemical composition of food sources constrains the trophic transfer from 

primary producers to higher trophic levels in food webs. Elemental content (e.g., 

nitrogen and phosphorus) and polyunsaturated fatty acids (PUFA) have been widely 

used as proxies for food quality and trophic biomarkers to assess resource-consumer 

relationships (Brett and Müller-Navarra 1997, Sterner and Elser 2002). The elemental 

limitation reflects the degree of nutrient constraints on consumers and thus indicates 

food quality (Sterner and Elser 2002), but it is insufficient to completely explain the 

energy transfer efficiency from primary sources to consumers (Müller-Navarra 1995, 

Brett and Müller-Navarra 1997). PUFA are important constituents for all biota in that 

they play a significant role for physiological and biochemical processes (Sargent et al. 

1999b). Since most aquatic animals are unable or have only limited ability to synthesize 

PUFA de novo, animals must obtain PUFA from their diets to meet physiological 

requirements (Brett and Müller-Navarra 1997). PUFA can be transferred from their food 

sources to consumers with no or minimal modification, and accumulate and represent an 

integration of dietary intake over time (Iverson 2009). Therefore, PUFA have been 

broadly recognized and applied as trophic tracers to assess food quality and trophic 

relationships (Parrish 2009, Lau et al. 2014, Galloway et al. 2015). 

 

Algae are important primary producers of PUFA that support somatic growth and 

reproduction of aquatic consumers. Laboratory studies on the response of herbivore 

growth and reproduction to different foods have shown that a great content of highly 

unsaturated fatty acids (HUFA), a subset of PUFA, especially eicosapentaenoic (EPA, 

20:5ω-3) and docosahexaenoic (DHA, 22:6ω-3), leads to higher algal food quality and 

consequently enhances animal growth and reproduction (Müller-Navarra 1995, Brett 
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and Müller-Navarra 1997). Diatoms are considered high quality food sources for aquatic 

herbivores because they contain EPA and DHA (Brett and Müller-Navarra 1997, 

Torres-Ruiz et al. 2007), while green algae, often considered to be of medium dietary 

quality, contain shorter chain PUFA, such as α-linolenic (ALA, 18:3ω-3) and linoleic 

acid (LIN, 18:2ω-6) (Napolitano 1999). Cyanobacteria are poor in PUFA and generally 

lack sterols (Martin-Creuzburg et al. 2008). Algal-derived PUFA, especially EPA, has 

been demonstrated to predict secondary production and enhance energy transfer 

efficiency (Müller-Navarra et al. 2000, Kainz et al. 2004, Müller-Navarra et al. 2004, 

Gladyshev et al. 2008). However, algal PUFA content is strongly influenced by 

environmental factors, in particular light, nutrients and temperature (Guschina and 

Harwood 2009). Algae adapt to low temperature by increasing the degree of 

unsaturation, leading to an increase in PUFA content (Morgan-Kiss et al. 2006, Piepho 

et al. 2012). Algal PUFA synthesis is regulated by light levels, and affected by nutrient 

regimes. In general, low light leads to increases in the relative content of HUFA while 

high light intensity is required for the synthesis of saturated fatty acids (Guschina and 

Harwood 2006b). Nutrient limitation results in increasing cellular production of 

triacylglycerols (TAG) and decreasing proportions of PUFA in most algae, whereas 

greater aqueous nutrient levels cause an increase in the content of galactolipids, which 

are rich in PUFA (Guschina and Harwood 2006b). 

 

Aquatic herbivores link the energy transfer from algae to upper trophic levels, and they 

often have a more variable PUFA profile compared to secondary consumers (Sushchik 

et al. 2006). Although herbivores may have some intrinsic ability to modify dietary fatty 

acids (von Elert 2002), their PUFA composition is strongly affected by dietary PUFA 

(Brett et al. 2006, Ravet et al. 2010, Burns et al. 2011, Masclaux et al. 2012). For 
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example, EPA and arachidonic acid (ARA, 20:4ω6) in Daphnia (Brett et al. 2006) and 

PUFA profiles in the stream caddisfly Hydropsyche sp. (Torres-Ruiz et al. 2010) varied 

with their dietary fatty acids. However, some field studies have found that herbivore 

PUFA profiles are independent of their dietary PUFA supply, and are mainly influenced 

by taxonomic differences, phylogenetic position, or life history characteristics (Persson 

and Vrede 2006, Smyntek et al. 2008). For instance, cladocerans preferentially 

accumulate EPA, while copepods are mostly enriched in DHA (Persson and Vrede 2006, 

Smyntek et al. 2008). These results are supported by Müller-Navarra (2006), who found 

significant dietary PUFA influence in the laboratory, but weak correlations with natural 

food sources in the field. The weak relationships between herbivore PUFA and diet 

PUFA in the field may be partly due to the fact that most experimental studies employ 

algal monocultures, while natural algal biofilms are rarely dominated by only one group. 

The variation in algal fatty acid profiles in the laboratory may be greater than in the 

field (Müller-Navarra 2006, Brett et al. 2009b). The resolution of algal PUFA effects on 

herbivore PUFA is important because herbivores feeding on high quality food will also 

be of high nutritional quality food for secondary consumers, such as fish (Brett and 

Müller-Navarra 1997). 

 

Different periphyton PUFA compositions were manipulated in streams in South-East 

Queensland, Australia, to examine the response of PUFA profiles and somatic growth 

of stream herbivores. Stream grazers were used and thus restricted this study to PUFA 

trajectories across the algal-consumer interface. Stream periphyton PUFA were 

manipulated by applying two light levels and two nutrient regimes (2 × 2) since light 

and nutrients are the two most important factors affecting in-stream algal PUFA% in 

these streams (Guo et al. 2015). The hypotheses were: (1) Both shading and enriched 
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nutrients would lead to increases in periphyton HUFA%; (2) Grazer PUFA% would 

vary in response to periphyton PUFA%; and (3) Grazers would grow faster under those 

treatments with higher periphyton HUFA%. 

3.2 Materials and methods 

3.2.1 Study streams 

This study was conducted in three headwater streams (Bridge, Scrub and Balgwolah) in 

the upper Mary River catchment in South-East Queensland, Australia (152º40´E, 

26º45´S). Most rainfall in this area is from December to March, which frequently leads 

to extreme discharge events, but during the dry season (July - October), streams are 

typically at base-flow (Mosisch et al. 2001). Forestry is the major land use, and most 

agriculture involves grazing for cattle and occurs on the lower slopes and in the 

surrounding lowland areas (Bunn et al. 1999). The selected streams are all first-order 

streams with similar width and depth (Table 3-1) and with no direct human disturbance 

on the study reaches or their upstream catchments. The experiment was conducted 

between September and November 2013 (six weeks). There were no major rainfall 

events during this period and the streams remained at baseflow throughout the 

experiment. 
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Table 3- 1 Field measured environmental characteristics and ambient nutrient concentrations obtained from the three study streams in South-East 

Queensland, Australia 

 

Streams Latitude Longitude 

Velocity Depth Width Temperature 

TN 

(Mean ± SE) 

TP 

(Mean ± SE) 

NOX-N 

(Mean ± SE) 

NH4-N 

(Mean ± SE) 

SRP 

(Mean ± SE) 

(m s
-1

) (cm) (m) (°C) (mg L
-1

) (mg L
-1

) (mg N L
-1

) (mg N L
-1

) (mg P L
-1

) 

Bridge 26.72450S 152.85016E 0.25 9.8 2.0 21.0 0.23±0.03 0.09±0.00 0.00 0.00 0.04±0.00 

Scrub 26.79879S 152.73151E 0.24 7.8 2.0 20.5 0.14±0.05 0.06±0.00 0.03±0.00 0.01±0.00 0.01±0.00 

Balgwolah 26.80264S 152.70587E 0.36 10.0 2.8 18.8 0.16±0.07 0.07±0.02 0.01±0.00 0.02±0.00 0.01±0.00 

*Abbreviations: TN, total nitrogen; NOx-N, nitrate + nitrite; NH4-N, ammonium nitrogen; TP, total phosphorus; SRP, soluble reactive phosphorus. 

* a SE of 0.00 means SE < 0.005.  
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3.2.2 Experimental design 

The experiment was designed to evaluate the response of PUFA profile and somatic 

growth of stream herbivores to different periphyton PUFA%. A 2 × 2 factorial design 

was applied to the three streams with open canopy cover. Each stream received four 

treatments, a control (open [O]), and three manipulations (open with nutrients [O×N], 

shade [S] and shade with nutrients [S×N]). The treatments without nutrient addition (O 

and S) were always located in the upstream, and each treatment was separated from 

others by at least 15 m. Each treatment was set up within a riffle habitat, which was 

dominated by cobble substrate. The sampling area for each treatment was between 4.5 – 

6.0 m
2
, and samples of algae, macroinvertebrates, and water nutrients were collected in 

pre- and post-treatment periods. 

 

Light and nutrient treatments were established using shade cloth and adding slow 

release pelleted fertilizer, respectively. In each stream, four riffles with open canopy 

cover were selected. Light availability was measured by taking photographs of the 

riparian canopy in mid-stream at 50 – 100 cm above the water surface at each study 

riffle, using a Nikon D70 camera (Nikon Corporation, Tokyo, Japan) and fish-eye lens. 

Images were analysed for percentage canopy cover, using Gap Light Analyzer, an 

imaging software to extract forest canopy and gap light transmission indices (Frazer et 

al. 1999). Only riffles with canopy cover ≤ 20% were used for this study. Shade cloth 

(90%) was suspended from four steel posts at about 0.5 – 1.0 m above the water surface 

to shade the stream. Nutrients were added by placing bags (made of the same shade 

cloth) filled with fertilizer pellets (Oscomote Exact Standard 3 - 4 months, slow 

diffusing; Scotts Australia Pty Ltd, NSW, Australia) on the upstream portion of the 
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study riffles. This fertilizer contained 16% N, 3.9% P and 10% K by weight, and about 

500 g was added per m
2
, which can release 0.45 g N and 0.11 g P per m

2
 per day and 

last for 56 days. This was estimated, based on Redfield ratios (Redfield 1958), to 

support a gross primary production of 3,000 mg C m
2
 day

-1
 in cobble streams in South-

eastern Queensland (Udy and Bunn 2001). 

3.2.3 Sample collection 

Samples were taken from the centre of each treatment to avoid edge effects. A 30 × 30 

cm quadrat was used to collect macroinvertebrates. All rocks in the quadrat were picked, 

and macroinvertebrates clinging to the rocks were washed into a white tray. Three 

quadrats were sampled in each treatment. Mayflies were identified to Family, cased and 

free-living caddisflies separated, and other invertebrates sorted to Order. Since previous 

studies suggest that the abundant invertebrate grazers in this area were from mayflies 

and caddisflies (McKenny 2005), only mayflies and caddisflies were put into liquid 

nitrogen in the field and placed at -80°C in the laboratory for fatty acid (FA) analysis. 

Other macroinvertebrates were stored on ice in a portable freezer in the field and placed 

at -20°C in the laboratory. 

 

The same rocks were used to collect periphyton for FA analysis. At each treatment, four 

replicated samples were collected, and each sample was collected from five different 

cobbles. Periphyton was scraped with brushes from the cobbles, and algal slurry was 

filtered onto pre-combusted and pre-weighed 47 mm Whatman GF/F filters. All 

samples were placed in liquid nitrogen in the field and stored at -80°C in the laboratory 

until further analysis. 
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At each riffle, duplicate ambient water samples were collected to determine the 

concentrations of total nitrogen (TN) and total phosphorus (TP). Ambient water nutrient 

samples were also filtered in situ through 0.45 µm Sartorius Minisart (Sartorius 

Australia, East Oakley, Australia) single use filters to determine the ambient 

concentrations of dissolved inorganic nutrients, specifically nitrate + nitrite (NOx-N), 

ammonium nitrogen (NH4-N), and soluble reactive phosphorus (SRP). Samples were 

stored on ice and kept in the dark in a portable freezer in the field, and kept frozen at -

20°C in the laboratory. 

 

Temperature, conductivity, and pH were measured using a portable turbidity meter 

(TPS, Brendale, QLD, Australia) (Table 3-1). Current velocity was measured by a 

current velocity meter (Open stream current velocity meter model 2100, Swoffer 

Instruments, Inc. Seattle, WA, USA) (Table 3-1). Water depth and stream width were 

measured using a meter ruler and 50 m tape measure (Table 3-1). 

3.2.4 Sample processing 

Mayflies and caddisflies were identified to genus level using a dissecting microscope 

(Leica MZ6, Leica Microsystems, Wetzlar, Germany) after being freeze-dried, and 

other macroinvertebrates were thawed at room temperature and sorted to genus level. 

Macroinvertebrates were classified into functional feeding groups as determined by 

Cummins and Klug (1979). Grazers found in the study streams included 

Austrophlebioides (Leptophlebiidae), Helicopsyche (Helicopsychidae), Agapetus 

(Glossosomatidae), Tasimia (Tasimiidae), Nymphulinae (Pyralidae), Elmidae and 

Sclerocyphon (Psephenidae). Two grazer groups, Austrophlebioides (1110 individuals) 

and Helicopsyche (462 individuals) accounted for 46% of the total individuals and 
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occurred in sufficient abundance to be analysed individually. The density of these two 

grazers was recorded and head capsule width was measured individually using an 

eyepiece micrometre. 

 

All samples of periphyton, Austrophlebioides and Helicopsyche for FA analysis were 

freeze-dried (Virtis Genesis Freeze Dryer; VWR International, Pty Ltd. Murarrie, QLD, 

Australia). Filters with periphyton were re-weighed and a sub-sample of 

macroinvertebrates (5 mg dry mass) from each sample was used for lipid extraction. 

Lipids were extracted according to a modified version of the methods presented in 

Kainz et al. (2010). Briefly, periphyton filters or macroinvertebrate samples were 

extracted in chloroform: methanol (2:1 v/v), followed by sonication, vortex and 

centrifugation to remove non-lipid materials. This step was repeated three times. 

Extracted lipids were evaporated to a final volume (1.5 mL) under nitrogen. Duplicate 

aliquots (100 μL each) were dispensed into pre-weighed tin cups for gravimetric 

assessment of total lipids. The remaining extract was stored at -20°C until FA were 

derivatised to fatty acid methyl esters (FAME). For FAME formation, sulphuric acid in 

methanol (1:100 mixture used as methylation reagent) and toluene were added to the 

lipid extract and the solution was incubated for 16 hours at 50°C in a water bath. 

Thereafter, potassium hydrogen carbonate and hexane were added, and the sample was 

then shaken, vortexed and centrifuged. The upper organic layer of the solution was 

transferred and hexane was added again. This step was repeated twice. All FAME 

containing layers were pooled and concentrated under nitrogen. Fatty acids were then 

analysed as FAME using a gas chromatograph (THERMO Trace GC; Heissenberger et 

al. (2010)), identified by comparison of their retention times with known standards (37-

component FAME mix, Supelco 47885-U) and quantified with reference to seven-point 
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calibration curves based on known standard concentrations. Fatty acid compositions 

were expressed as percentages relative to total fatty acids (FA%). All samples were 

extracted and analysed at WasserCluster – Biologische Station Lunz, Austria. 

 

Dissolved nutrients (NOx-N, NH4-N and SRP) were analysed using a SmartChem200 

discrete chemical analyser (Westco Scientific Instruments, Brookfield, CT, USA) 

(APHA 1995). Total nutrients (TN and TP) were digested using a simultaneous 

persulfate digestion method (Hosomi and Sudo 1986) before being analysed on the 

same machine as the dissolved nutrients (Table 3-1). 

3.2.5 Data analysis 

Linear mixed effect models were used to test for significant changes in individual FA 

by treatments from pre- to post-treatment periods. Linear mixed effect models, with 

broad possibilities for modelling longitudinal data, are considered to be an appropriate 

method for analysing repeated measure data (Zuur et al. 2009). The terms in linear 

mixed models refer to response variables, and the fixed and random factors. In this 

study, the response variables were periphyton individual FA% (i.e., EPA, ARA and 

ALA, respectively) and grazer individual FA%, respectively, with period (pre- and post- 

treatment) as fixed factors and three streams as random factors. The protocol for linear 

mixed model fit and validation followed Zuur et al. (2009). Restricted maximum 

likelihood estimation was used to fit models, and the likelihood ratio test was used to 

compare and select fitted models. First, three models (M1, M2 and M3) were defined: a 

linear model using generalized least squares (without random effect) to investigate the 

fixed factor effects, and two mixed effect models, namely a random intercept model 

(with streams as random factors) and a random intercept and slope model (considering 



68 

 
 

the initial condition of each stream). Then, likelihood ratio tests were employed to 

choose the best model, with checks for homogeneity of variance and independence 

within the best model. Residuals versus fitted values were plotted to verify homogeneity, 

and residuals against each explanatory variable were plotted to check independence. If 

strong patterns were observed in the residuals, quadratic terms were added, or data were 

then rank-transformed. Then the optimal fixed structure was selected by checking the 

significance of each fixed factor using the likelihood ratio test. If the effect of a fixed 

factor was not significant, the factor was dropped from the model and a new mixed 

model updated. Eventually, the optimal model was refitted using restricted maximum 

likelihood estimation and validated by examining residual plots. Meanwhile, the relative 

effect size of each treatment on individual FA% was measured by calculating the 

percentage change of individual FA% from pre- to post-treatment periods, and used to 

help assess the direction and magnitude of the treatment effect. 

 

To assist the visualization of the above results, principle component analysis (PCA) was 

used to compare grazer FA composition to that of periphyton using seven FA groups: 

sum of saturated FA (SAFA), sum of monounsaturated FA (MUFA), sum of C18 

ω3PUFA, sum of C18 ω6PUFA, sum of HUFA, sum of bacterial FA (BAFA) and the 

ratio ω3: ω6. These seven fatty acid groups represented the key fatty acid functional 

groups in periphyton and grazers. Significance of the resulting eigenvalues was tested 

using Monte Carlo randomization with 1,000 permutations. The position of each taxon 

(periphyton and two grazers) (centroid ± SE) in each treatment, as well as individual 

replicates on the first two axes (PC1 and PC2) for all samples, were plotted. 

Furthermore, Euclidean distances from the centroid of a specific food source to the 

centroid of the respective grazer in the same treatment in both pre- and post-treatment 
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periods were calculated, and used as a measure of the FA similarity between periphyton 

and grazers in terms of treatments. Significance of changes in Euclidean distances in 

each treatment from pre- to post-treatment periods was then estimated by linear mixed 

models following the same protocols as mentioned above. Also one-way ANOVA was 

performed to test if grazer taxa had an impact on the Euclidean distance between each 

grazer and periphyton. 

 

The effects of four treatments on grazer size distribution and density were first assessed 

graphically. Increased head width without a concomitant increase in density would 

imply that the treatment increased the average individual growth of at least some size 

groups. Then a body size-specific analysis was conducted (Davis et al. 2010a). Each 

individual was assigned to an approximate size class on the basis of its log-transformed 

head width rather than simply assigning a single head width to a taxon (i.e., an average 

or maximum body size). A linear mixed effect model was used to compare the 

difference within each size group in each treatment from pre- to post-treatment periods. 

This body size analysis was conducted separately for the two grazers, and the results 

indicated that the treatment effect varied with head width groups. Divergences in 

Austrophlebioides response were detected at a size class of 1.70 mm, and Helicopsyche 

at 0.45 mm. Therefore, each grazer was categorized into two representative groups: 

Austrophlebioides, small individuals (individual head width < 1.70 mm) and large 

(individual head width ≥ 1.70 mm), and Helicopsyche, small individuals (individual 

head width < 0.45 mm) and large (individual head width ≥ 0.45 mm). Linear mixed 

models were then employed to estimate the size changes of large and small instars in 

Austrophlebioides and Helicopsyche from pre- to post-treatment periods, respectively. 

Additionally, the relative size change of each grazer was measured by calculating the 
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percentage change of grazer head width from pre- to post-treatment periods in each 

treatment, and then logit-transformed. One-way ANOVA was applied to compare the 

relative size change of two grazers, as well as their size change under each treatment. 

 

All FA percentage data were logit-transformed for normal distribution approximation 

(Warton and Hui 2011), and the ratio ω3: ω6 was sqrt-transformed. All statistical 

analyses were conducted in the statistical software R version 3.0.3 (R Core Team 2014), 

using the extension package lme4 for linear mixed effect models (Bates et al. 2012) and 

package Vegan for PCA (Oksanen et al. 2013). 

3.3 Results 

3.3.1 Periphyton and grazer PUFA variations 

Manipulated light and nutrients resulted in distinct changes in periphyton PUFA profiles 

(Table 3-2). In the control treatment (O), periphyton EPA% decreased compared with 

pre-treatment condition, whereas ARA% increased. Conversely, shading (S) increased 

the proportions of EPA, ARA and total HUFA relative to the initial condition but 

decreased ALA, LIN and C18 PUFA. Added nutrients with the combined effect of open 

canopy (O×N) increased periphyton ALA%, while the interaction with shading (S×N) 

increased the proportions of periphyton EPA, HUFA and PUFA. 
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Table 3- 2 Changes in periphyton fatty acid proportions after six week manipulation. Fatty acids 

with average proportions less than 1% were excluded, unless they were present in more than 70% 

samples. Asterisks represent a significant difference from pre- to post-treatment periods (p < 

0.05) 

Fatty acids  
Relative effect size from pre-treatment to post-treatment 

 Open Open×Nutrients Shade Shade×Nutrients 

14:0 Mean ± SE 0.01±0.52 2.35±1.19 -0.34±0.26 -0.43±0.20 

 
F 1.22 19.9 2.1 3.01 

 
p 0.27 0.00* 0.14 0.11 

15:0 

 

 

Mean ± SE 0.00±0.35 -0.11±0.3 -0.13±0.22 0.03±0.15 

 F 0.12 1.58 1.13 0.03 

 p 0.67 0.20 0.27 0.86 

15:1ω5 Mean ± SE 0.03±0.24 0.05±0.19 0.58±0.23 0.35±0.28 

 F 0.08 0.19 0.37 0.00 

 p 0.76 0.65 0.56 0.90 

16:0 Mean ± SE -0.09±0.09 -0.22±0.06 -0.03±0.05 0.09±0.04 

 F 0.76 6.67 1.24 6.81 

 p 0.36 0.01* 0.24 0.01* 

16:1ω7 Mean ± SE 0.28±0.40 -0.22±0.23 0.18±0.16 0.49±0.58 

 F 0.10 0.18 2.20 1.22 

 p 0.71 1.68 0.13 0.24 

16:1ω9 Mean ± SE 0.05±0.12 4.19±4.24 0.02±0.32 0.15±0.09 

 F 0.11 0.65 0.03 0.39 

 p 0.74 0.36 0.85 0.62 

17:0 Mean ± SE 0.16±0.34 0.31±0.42 -0.14±0.12 0.21±0.21 

 F 0.00 0.10 0.34 0.38 

 p 0.98 0.70 0.53 0.61 

18:0 Mean ± SE 0.07±0.32 -0.03±0.24 0.16±0.13 0.42±0.43 

 F 0.05 0.28 0.36 1.54 

 p 0.78 0.54 0.55 0.24 

18:1ω9 Mean ± SE 0.45±0.57 1.42±1.26 -0.32±0.16 -0.29±0.17 

 F 1.11 0.88 10.92 6.37 

 p 0.30 0.30 0.00* 0.03* 
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18:1ω7 Mean ± SE 0.34±0.23 1.16±0.39 0.25±0.27 0.21±0.25 

 F 5.77 35.06 1.37 1.45 

 p 0.03* 0.00* 0.24 0.2 

18:3ω6 Mean ± SE 0.00±0.3 0.01±0.41 0.34±0.19 0.23±0.44 

 F 0.66 0.9 3.99 0.04 

 p 0.39 0.32 0.04* 0.80 

18:4ω3 Mean ± SE -0.09±0.28 1.05±0.72 0.18±0.46 1.25±0.74 

 F 1.27 3.23 0.97 3.48 

 p 0.24 0.08 0.31 0.06 

LIN Mean ± SE 0.24±0.18 0.16±0.37 -0.24±0.09 0.13±0.21 

 F 1.71 0.00 

 

7.05 0.59 

 p 0.19 1.00 0.02* 0.43 

ALA Mean ± SE -0.01±0.15 1.09±0.57 -0.43±0.07 -0.14±0.04 

 F 0.01 10.35 8.61 0.92 

 p 0.92 0.00* 0.01* 0.35 

EPA Mean ± SE -0.22±0.02 -0.16±0.14 0.92±0.35 0.64±0.46 

 F 5.03 1.43 14.31 4.85 

 p 0.03* 0.23 0.00* 0.03* 

ARA Mean ± SE 0.50±0.13 0.43±0.16 1.33±0.14 0.74±0.20 

 F 11.67 1.90 43.13 19.89 

 p 0.00* 0.17 0.00* 0.00* 

C18 PUFA Mean ± SE 0.05±0.1 0.42±0.4 -0.27±0.01 0.08±0.16 

 F 0.05 0.44 8.62 0.41 

 p 0.82 0.44 0.01* 0.49 

HUFA Mean ± SE -0.03±0.06 -0.09±0.08 0.99±0.32 0.62±0.28 

 F 0.12 0.38 21.32 10.94 

 p 0.72 0.52 0.00* 0.00* 

PUFA Mean ± SE 0.00±0.05 0.07±0.16 0.15±0.06 0.32±0.11 

 F 0.09 0.19 1.35 8.28 

 p 0.75 0.65 0.23 0.01* 

*Abbreviations: PUFA, polyunsaturated fatty acids; HUFA, highly unsaturated fatty acids; EPA, 

eicosapentaenoic acid (20:5ω3); ARA, arachidonic acid (20:4ω6); ALA, α-linolenic acid (18:3ω3); LIN, 

linoleic acid (18:2ω6).  
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(a) Austrophlebioides 
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(b) Helicopsyche  

 
 

Figure 3- 2 Changes in the proportions of grazer polyunsaturated fatty acids after six week 

manipulation (Mean ± SE). (a) Austrophlebioides, (b) Helicopsyche. * P < 0.05, ** P < 0.01, 

*** P < 0.001. Abbreviations: HUFA, highly unsaturated fatty acids; PUFA, polyunsaturated 

fatty acids; EPA, eicosapentaenoic acid (20:5ω3); ARA, arachidonic acid (20:4ω6); ALA, α-

linolenic acid (18:3ω3); LIN, linoleic acid (18:2ω6); Pre, pre-treatment; Post, post-treatment; O, 

the control treatment (open canopy); O×N, the combined effect of open canopy and added 

nutrients; S, the shade treatment; S×N, the combined effect of shading and added nutrients. 
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The variation in Austrophlebioides PUFA was consistent with that of periphyton except 

under the S×N treatment (Figure 3-2a). In the control treatment (O), ARA% increased 

compared with the pre-treatment condition, and shading (S) also increased ARA% and 

nearly significantly increased total HUFA% (p = 0.06, F = 4.82). The interaction of 

enriched nutrients with open canopy (O×N) increased ALA%, LIN%, ARA% and C18 

PUFA%, but with shading (S×N) did not show any effects. Due to low sample biomass 

in the control treatment (O), only one replicate of Helicopsyche was used for FA 

analysis (Figure 3-2b), and for the shading treatment (S) the sample size was too low for 

FA analysis. However, the combined effects of added nutrients and open canopy (O×N) 

decreased EPA% and HUFA%, and the interaction of shading and added nutrients (S×N) 

increased ARA%, decreased LIN% and nearly significantly decreased total HUFA% (p 

= 0.06, F = 0.76). 

3.3.2 Fatty acid similarity 

Results of PCA confirmed the importance of PUFA in explaining the relationships 

between grazer and periphyton FA (Figure 3-3). The first two principal components 

explained 63.0% and 16.0% of the variance, respectively (Figure 3-3a), and only the 

first two eigenvalues were significant (PC1, p = 0.000; PC2, p = 0.008). The first PC 

was most positively associated with HUFA (α = 0.90), C18 ω3 PUFA (α = 0.81) as well 

as BAFA (α = 0.73), and negatively associated with SAFA (α = -0.92). The second PC 

was strongly correlated with C18 ω6 PUFA (α = 0.70) and C18 ω3 PUFA (α = 0.53). 

Periphyton FA varied mainly towards more HUFA (Figure 3-3b), C18 ω3 PUFA and 

BAFA along PC1 except in the control treatment with no obvious variations, and along 

PC2 mostly towards less C18 PUFA (except in the O×N treatment which had more C18 

PUFA). As for stream grazers (Figure 3-3b), Austrophlebioides FA shifted to more 
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HUFA, C18 ω3PUFA and BAFA along PC1, and more C18 PUFA along PC2 except in 

the shade treatment. Helicopsyche showed increased C18 PUFA along PC2 but along 

PC1 they showed no apparent changes, except in the S×N treatment with an increase in 

SAFA. 

 

Fatty acid similarity between grazers and periphyton changed with periphyton HUFA 

content. For Austrophlebioides, shading (S) and the interaction of shading and nutrients 

(S×N) led to a decline in the Euclidean distance between their FA and periphyton FA 

relative to pre-treatment conditions (S, p = 0.002, F = 34.94; S×N, p = 0.002, F = 42.86), 

and thus the FA similarity increased. The control treatment (O) and the combined 

effects of nutrients and open canopy (O×N) did not show any significant effects (O, p = 

0.17, F = 1.70; O×N, p = 0.95, F = 0.00). For Helicopsyche, the Euclidean distance 

declined with the addition of nutrients (O×N, p = 0.048, F = 4.98; S×N, p = 0.03, F = 

4.72), and their FA similarity increased. Since there were not enough samples for FA 

analysis under control (O) and shade (S) treatments as mentioned earlier, the Euclidean 

distance change was not considered. It is also worth noting that the Euclidean distance 

between Austrophlebioides and periphyton was generally greater than that between 

Helicopsyche and periphyton (p = 0.0003, F = 16.11). 

3.3.3 Grazer growth 

The growth of large instars of both grazers varied with periphyton HUFA%, but the size 

distribution of small instars did not change after six week manipulation (Figure 3-4). 

For Austrophlebioides (Figure 3-4a) in the control treatment (O), large instars showed 

lower growth (i.e. their density did not change after six weeks but overall head width 

declined). In contrast, shading (S) increased overall density and the density of large 
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instars as well as average head width of large instars, suggesting large instars grew 

bigger and also more large instars moved in. The combined effects of open canopy and 

enriched nutrients (O×N) did not lead to any changes in either density or average head 

width of large instars, but the interaction of shading and enriched nutrients (S×N) 

showed increased growth of large instars (the overall density did not change but the 

average head width of large instars increased). The density of Helicopsyche did not 

change in any treatment from pre- to post-treatment periods, except under O×N, but 

overall head width increased (Figure 3-4b), suggesting that they grew bigger. The 

control condition (O) and shading (S) did not show any effects on the density and head 

width of large instars compared with initial conditions, while nutrient enrichment (O×N 

and S×N) significantly increased the growth of large instars. 

 

The relative size change of Austrophlebioides was generally smaller than that of 

Helicopsyche (p = 0.000, F = 23.00). In the control treatment (O), Helicopsyche 

increased their size significantly faster than Austrophlebioides (p = 0.000, F = 78.82) 

but this difference was not significant in the other treatments (S, p = 0.08, F = 5.22; 

O×N, p = 0.25, F = 2.15; S×N, p = 0.17, F = 2.85). 
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(a) 
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(b) 

 

Figure 3- 3 The first two components (PC1 and PC2) of the principle component analysis (PCA) 

with fatty acid (FA) composition of periphyton and stream grazers. (a) Bivariate plots of 

periphyton and grazer FA composition for PC1 versus PC2; (b) The position of each taxon 

(periphyton and two grazers) (centroid ± SE) in each treatment, as well as individual replicates 

on PC1 and PC2 for all samples. Sample type symbols: A, periphyton; Aus, Austrophlebioides; 

Hel, Helicopsyche; P1, pre-treatment; P2, post-treatment; open triangles, periphyton FA at pre-

treatment; filled triangles, periphyton FA at post-treatment; open squares, Austrophlebioides FA 

at pre-treatment; filled squares, Austrophlebioides FA at post-treatment; open circles, 

Helicopsyche FA at pre-treatment; filled circles, Helicopsyche FA at post-treatment. 

Abbreviations: SAFA, saturated FA; MUFA, monounsaturated FA; PUFA, polyunsaturated FA; 

HUFA, highly unsaturated FA; BAFA, bacterial FA; O, the control treatment (open canopy); 

O×N, the combined effect of open canopy and added nutrients; S, the shade treatment; S×N, the 

combined effect of shading and added nutrients  
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(a) Austrophlebioides 
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(b) Helicopsyche  

 

Figure 3- 4 Changes in grazer density and head width for overall community and each size 

group from pre- to post-treatment periods (Mean ± SE). (a) Austrophlebioides, (b) Helicopsyche. 

* P < 0.05, ** P < 0.01, *** P < 0.001. Abbreviations: Pre, pre-treatment; Post, post-treatment; 

O, the control treatment (open canopy); O×N, the combined effect of open canopy and added 

nutrients; S, the shade treatment; S×N, the combined effect of shading and added nutrients 

  



82 

 
 

3.4 Discussion 

Changes in periphyton PUFA induced by light and nutrients clearly affected grazer 

PUFA profiles and growth in this study. FA similarity between stream grazers and 

periphyton likely reflects the quality of the food available. Previous studies showing 

that herbivore PUFA composition was mainly affected by dietary HUFA were 

conducted under either laboratory conditions or in lakes (Brett et al. 2006, Ravet et al. 

2010, Masclaux et al. 2012). In this stream study, FA similarity between stream grazers 

and periphyton varied with periphyton food quality, expressed as HUFA. When 

periphyton food quality was improved, the similarity increased and grazers became 

larger. Results of this stream study complement previous findings that PUFA in 

periphyton, at the base of stream food webs, are transferred to upper trophic levels 

(Brett and Müller-Navarra 1997, Brett et al. 2006). 

3.4.1 Light and nutrient effects on periphyton PUFA 

The observed positive effect of shading on periphyton HUFA% and negative effect on 

C18 PUFA% are consistent with previous laboratory and field findings (Guschina and 

Harwood 2006b, Guo et al. 2015). Added nutrients with the interacting effect of open 

canopy increased ALA% in periphyton, as in past studies (Hill et al. 2011, Cashman et 

al. 2013), and with the interaction of shading increased HUFA% and total PUFA% (Hill 

et al. 2011). HUFA, in particular EPA, are often used as a measure of higher food 

quality in natural food sources. In this study, the control treatment (O) was characterised 

by lower EPA%, and thus indicated lower periphyton food quality, while periphyton in 

the shade treatment (S) contained higher EPA% and HUFA%. The interaction of open 

canopy and added nutrients (O×N) was distinguished by increased ALA%, an essential 

precursor for other omega-3 PUFA, and the combined effects of shading and nutrients 
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(S×N) by increasing periphyton HUFA, indicated higher food quality. Therefore, the 

interaction of light and nutrients results in distinct changes in preiphyton HUFA 

proportions and may consequently affect their consumers. 

3.4.2 Grazer responses to light and nutrients 

The observation that FA similarity between stream grazers and periphyton was 

influenced by periphyton HUFA content was in accordance with laboratory feeding 

studies. For example, cladoceran PUFA were more closely aligned to their dietary 

PUFA when they were fed with HUFA-enriched algae (Masclaux et al. 2012). Similarly, 

the FA composition in Daphnia was similar to that of dietary cryptophyte or 

chlorophyte samples, but Daphnia fed PUFA-devoid cyanophytes were distinct from 

their diet (Brett et al. 2006). In this study, when periphyton HUFA% increased under S 

and S×N, grazer FA became more similar to periphyton FA compared with pre-

treatment conditions, whereas their FA similarity with periphyton did not change when 

these grazers were exposed to low HUFA% diets under O and O×N. Interestingly, the 

FA similarity between Helicopsyche and periphyton also increased under O×N, 

probably because Helicopsyche are sedentary grazers and are thus more strongly 

exposed to local changes in dietary FA. Also cased-caddisflies are reported more 

effective grazers of periphyton than mobile mayflies (Lamberti et al. 1987), which may 

make them more able to track the FA composition of local periphyton. 

 

The greater FA similarity implies higher HUFA synthesis, possibly due to increased 

diatoms, and/or more HUFA accumulated by grazers, which may consequently support 

their fitness. It is well-established that HUFA-enriched diets can enhance consumer 

growth and reproduction (Müller-Navarra 1995, Brett and Müller-Navarra 1997, Brett et 
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al. 2006). In this study, large instars of Austrophlebioides reached a significant larger 

size as the result of interacting effects of shading and nutrients (S×N) relative to initial 

conditions, but their growth declined in the control treatment (O). Also large instars of 

Helicopsyche were larger compared with initial conditions under S×N, but did not 

change their size in the control treatment. The consistent pattern between grazer growth 

and FA similarity relative to periphyton HUFA suggests that grazer growth and FA 

profiles were limited by periphyton HUFA. 

 

It is still largely unknown how herbivores vary in their ability to modify their PUFA 

relative to dietary FA composition. The observed differences in FA similarity between 

two grazers and periphyton suggest that Austrophlebioides may have greater capacity to 

convert and/or more selectively retain dietary FA than Helicopsyche. This could reflect 

physiological differences. For instance, Austrophlebioides may invest more energy to 

convert or retain dietary PUFA than Helicopsyche since conversion of dietary PUFA 

has an energetic cost. Such possible differences in energy use are consistent with grazer 

size change, since Austrophlebioides generally grew at a slower rate than Helicopsyche. 

The higher energy requirements to convert, or more selectively retain, dietary PUFA in 

Austrophlebioides may have constrained their somatic growth and suggests 

physiological differences may have a clear effect on grazer somatic growth and PUFA 

patterns. Nonetheless, this effect varied with periphyton HUFA change; Helicopsyche 

increased their size significantly faster than Austrophlebioides in the control treatment 

(O), but inconspicuously faster in the shaded treatments (S and S×N). Therefore, the 

somatic growth and PUFA patterns of these studied grazers are, although in part taxa-

specific, likely mediated by dietary HUFA content. 
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Benthic invertebrates adapt to low-food quality conditions by compensatory feeding 

(Strayer 1991), and/or by being less dependent on dietary HUFA (Goedkoop et al. 

2007). In this study, when exposed to low periphyton HUFA% (O×N treatment) where 

periphyton ALA% increased, Austrophlebioides selectively accumulated more ALA and 

LIN, which was probably due to compensatory feeding. The lack of dietary HUFA may 

have been compensated by accumulating C18 PUFA, as was reported for cladocerans 

feeding on HUFA-deficient algae (Masclaux et al. 2012). By comparison, as periphyton 

HUFA increased, both grazers increased their growth but their HUFA% changed 

differently: Austrophlebioides HUFA% did not change, but Helicopsyche nearly 

significantly decreased HUFA% (p = 0.06). This change in HUFA% suggests that 

Austrophlebioides may have greater capacity to modulate their PUFA composition, 

while Helicopsyche may invest more dietary energy for somatic growth. The different 

PUFA responses of two grazers to high/low periphyton HUFA content may partially 

account for differences in the degree of similarity between each grazer and periphyton 

(as reflected by Euclidean distances), and strongly suggests that diet quality influenced 

taxon-specific differences. 

 

The fact that HUFA were enriched in periphyton is particularly important because EPA, 

ARA and DHA are the most physiologically important PUFA for invertebrates 

(Stanley-Samuelson 1994a). In the study grazers, DHA was very low or completely 

lacking, suggesting that herbivorous zoobenthos may need more EPA and ARA for 

growth and reproduction rather than DHA (Ahlgren et al. 2009). As the trophic transfer 

efficiency of HUFA, especially EPA and ARA, decreases with increasing lake trophic 

status (Kainz et al. 2004, Müller-Navarra et al. 2004, Brett et al. 2006, Persson and 

Vrede 2006), results of this study complement this finding in that HUFA transfer in 
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streams may be strongly related to shading and nutrients. The interaction of canopy 

cover and nutrients led to distinct changes in periphyton PUFA that were passed on to 

the PUFA profiles and consequently somatic growth of these benthic consumers with 

the potential to affect ecological processes at higher trophic levels.  



87 

 
 

Chapter 4 The effect of light and nutrients on algal food 

quality and their consequent effect on grazer growth in 

subtropical streams 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4- 1 Stream invertebrate grazers used in this study. Left, Austrophlebioides. sp 

(Leptophlebiidae, Ephemeroptera); Right, Helicopsyche. sp (Helicopsychidae, Trichoptera). 

Images are from internet. 
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4.1 Introduction 

Herbivores occupy an important position in aquatic food webs, linking energy transfer 

from basal food sources to higher trophic levels (Allan and Castillo 2007). Their 

somatic growth and reproduction is strongly affected by “bottom-up” processes through 

changes in food sources, quantity or quality (Hessen et al. 2002, Cross et al. 2005, Ohta 

et al. 2011). Food quantity measurements, e.g., primary productivity, biomass and 

chlorophyll a, have been widely used to assess herbivore growth and biomass, however, 

food quantity alone is insufficient for describing the resource base of consumers in 

many situations (Stelzer and Lamberti 2002). In the past two decades food quality for 

herbivores has been recognized as more important than food quantity (Sterner and Elser 

2002). Stoichiometry theory proposes that the elemental imbalance between consumers 

and food sources reflects the degree of nutrient constraints on consumers, and thus 

indicates food quality (Sterner and Elser 2002). Generally, low C: N and C: P ratio food 

is usually more easily assimilated as less energy is needed for animals to maintain their 

elemental homeostasis (Sterner and Elser 2002, Lau et al. 2008a). As a result, they are 

thought of as higher quality foods and are often preferred by consumers for enhancing 

growth and reproduction (Frost et al. 2002). 

 

In benthic habitats, a number of studies have investigated the stoichiometric imbalance 

between algae and grazers, indicating that animal growth is restricted by foods with 

high C: N and C: P ratios (Liess and Hillebrand 2005, Fink et al. 2006, Lau et al. 2009a, 

Ohta et al. 2011, Liess et al. 2012). Invertebrate grazers are often exposed to suboptimal 

nutritional conditions (Liess and Hillebrand 2005, Liess et al. 2009). For example, the 

nutritional quality of periphyton is variable under different environmental conditions 

(Kahlert et al. 2002). Inadequate supplies of nutrient content in food can constrain 
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animal growth (Elser et al. 2000, Frost and Elser 2002) and alter their physiology, 

behaviour, and life history (Sterner and Elser 2002, Frost et al. 2005). Herbivores have 

several potential ways to deal with low food nutrient content, actively selecting particles 

with high contents of the limiting mineral nutrients (Butler et al. 1989), or enhancing 

nutrient retention during digestion and thus releasing faeces that are nutrient-depleted 

relative to the food source (Darchambeau et al. 2003). Active compensation is another 

strategy, referring to an increase in consumption of lower quality food rather compared 

with a comparable amount of higher quality food. Threshold elemental ratios (TER) are 

often used to estimate the amount of nutrient needed for herbivore growth (Sterner and 

Elser 2002), and with these ratios reflecting herbivore adaptation to its nutritional and 

environmental constraints (Liess and Lange 2011). It is therefore useful to explore the 

factors affecting the food elemental ratios required for herbivore growth, which 

potentially reveals the underlying mechanisms of ecosystem processes, such as energy 

transfer efficiency between trophic levels. 

 

Light intensity and nutrient availability are considered the two most important factors 

determining algal elemental ratios, and consequently affecting grazer growth in aquatic 

ecosystems (Sterner et al. 1997). Algae obtain carbon by photosynthesis and uptake N 

and P from the ambient environment. Light can increase algal nutrient competition and 

decrease their concentration through increasing C-fixation rates (Sterner et al. 1997), 

while the consequent effects on grazer growth are idiosyncratic. Low light intensity has 

been shown to reduce the growth of grazing mayflies and tadpoles (Fuller et al. 1986, 

Mallory and Richardson 2005), but increase the growth of some snail grazers (Liess and 

Lange 2011). Meanwhile, algal elemental composition often tracks the dissolved 

nutrients in streams (Stelzer and Lamberti 2001, Liess et al. 2012). Shifts in stream 
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nutrient status directly affect benthic algal nutrient composition and their subsequent 

food quality, which in turn influence grazer growth (Cross et al. 2006, Davis et al. 

2010b, Liess et al. 2012, Baggett et al. 2013). Nevertheless, in natural streams, algal 

elemental ratios and grazer growth are often influenced simultaneously by these factors. 

 

One key concept that successfully explains this simultaneous variation is the light: 

nutrient hypothesis (LNH) (Sterner et al. 1997), which states that light and nutrients 

together regulate herbivore growth through changes in algal elemental ratios, and 

predicts that the relationship between herbivore growth and light-to-nutrient ratios will 

be unimodal. Herbivore growth is expected to maximise at intermediate light-to-nutrient 

ratios where high-quality food is at high abundance. At high light-to-nutrient ratios, 

grazer growth is nutrient-limited, and decreases with decreasing food quality, whereas 

at low light-to-nutrient ratios, grazer growth tends to be carbon-limited, and increases 

with increasing light intensity (Urabe and Sterner 1996, Sterner et al. 1997). It has been 

generally supported for the pelagic environment (Urabe and Sterner 1996, Hessen et al. 

2002) and lakes (Hillebrand et al. 2004, Qin et al. 2007), but in stream ecosystems 

results of LNH studies are still contradictory. Most studies conducted in streams are 

manipulative, with either controlled light intensity and nutrient concentrations or grazer 

densities and body size. One experimental study demonstrated that snail grazer growth 

and reproduction were maximised at intermediate light intensity in oligotrophic systems, 

supporting ideas in the LNH (Ohta et al. 2011). However, a recent field study 

examining the effects of large seasonal cycles in light and nutrients on the growth rate 

of a snail grazer in two oligotrophic streams rejected the LNH, suggesting that 

periphyton production was the predominant factor driving herbivore growth in streams 

(Hill et al. 2010). In another study conducted in experimental stream channels, the 
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growth of snail grazers was higher under low light compared with under high light 

intensities and this pattern increased with increasing nutrient addition, but the authors 

concluded that the grazer growth was mainly restricted by UV exposure (Liess and 

Lange 2011). Such differing results suggest that grazer growth in natural streams may 

be influenced by additional factors to food quality or in a complex interaction with food 

quality. In addition to light and nutrients, grazer species, density and their body size 

were all controlled in the above studies, which could constrain their effectiveness, since 

differences in herbivore body nutrient content and their homeostatic strictness can 

influence their response to light and nutrients (Sterner et al. 1997). Herbivore density 

changes with algal productivity, water velocity and interactions among other species in 

natural streams (Hawkins and Sedell 1981, Downes et al. 1993, Mallory and Richardson 

2005). Their body size can change under varying environmental conditions (Peckarsky 

et al. 2001), with both factors influencing their response to disturbance in a variety of 

food web types (Bourassa and Morin 1995). Thus, further research is required to 

elucidate the importance of LNH in natural streams, and understanding the combined 

effects of light and nutrients on grazer growth. 

 

The main objective of this chapter was to assess the effect of light and nutrients on algal 

elemental ratios and their consequent effect on invertebrate growth. Light and nutrients 

were manipulated in three headwater streams containing natural grazer communities in 

South-East Queensland, Australia. Previous studies in this region suggest that light and 

nutrients are the two most important factors affecting in-stream algal production 

(Mosisch et al. 2001) and nutritional quality (measured by polyunsaturated fatty acids) 

(Guo et al. 2015). The hypotheses were: (1) grazer responses to combined light and 

nutrient conditions varied with grazer identities and body size; (2) grazer growth was 
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higher at low light-to-nutrient ratios where algal elemental ratio decreased, and lower at 

high light-to-nutrient ratios where algal elemental ratio increased. 

4.2 Methods 

4.2.1 Study streams 

This study was conducted in the upper Mary River catchment in South-East Queensland, 

Australia. Three headwater streams, the Bridge, Scrub and Balgwolah streams, were 

selected (Table 3-1), with no direct human disturbance on the study reaches or their 

upstream catchments. Streams are typically at base-flow during July - October, while 

most rainfall occurs from December to March, which frequently leads to extreme 

discharge events (Mosisch et al. 2001). The major land use in this region is forestry, and 

most agriculture involves grazing for cattle and occurs on the lower slopes and in the 

surrounding lowland areas (Bunn et al. 1999). The experiment was carried out between 

September and November 2013 (six weeks). There were no major rainfall events during 

this period and the streams remained at base-flow throughout the experiment. 

4.2.2 Experimental design 

Two light levels (open and shade canopy) and two nutrient regimes (ambient and 

enriched) were applied in a 2 × 2 factorial design, and four treatments were set up in 

each stream, i.e., open canopy [O], open canopy plus nutrients [O×N], shade canopy [S], 

and shade canopy plus nutrients [S×N]. Treatments without nutrient addition (O and S) 

and with nutrient addition (O×N and S×N) were always located from upstream to 

downstream and separated by at least fifteen meters. Each treatment was located in a 

riffle dominated by cobble substrate. The sampling area for each treatment was between 
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4.50 ~ 6.08 m
2
, and samples of algae, macroinvertebrates and water nutrients were 

collected in pre-treatment and post-treatment periods. 

 

In each stream, four riffles with open canopy cover were selected. Light availability was 

measured by taking photographs of the riparian canopy in mid-stream at 50 – 100 cm 

above the water surface at each potential study reach, using a Nikon D70 camera (Nikon 

Corporation, Tokyo, Japan) and fish-eye lens. Images were analysed using Gap Light 

Analyzer, an imaging software to extract forest canopy and gap light transmission 

indices (Frazer et al. 1999). Only riffles with riparian canopy cover ≤ 20% were used 

for this study. Shade cloth with 90% shading effects was installed by being stringed 

from steel posts at about 0.5 – 1 m from the water surface to obtain the shaded canopy. 

 

Enriched nutrients were set up by putting stockings (made of the same shade cloth) 

filled with fertilizer pellets (Oscomote Exact Standard 3 - 4 months, slow diffusing) on 

the upstream of the study reaches. About 500g was added per m
2
, which can release 

0.45g N and 0.11g P per m
2
 per day and last for 56 days. This was calculated based on 

Redfield ratios (Redfield 1958) to support a gross primary production of 3000 mg C m
2
 

day
-1

 in cobble streams in South-East Queensland (Udy and Bunn 2001). 

4.2.3 Sample collection 

Macroinvertebrates were collected from a 30 x 30 cm quadrat. All cobbles in the 

quadrat were picked, and macroinvertebrates clinging to the cobbles were washed into a 

white tray. Three quadrats were sampled in each treatment. Cased and free-living 

caddisflies were separated, mayflies were identified to Family, and other invertebrates 

were sorted to Order by eye. Mayflies and caddisflies were put into liquid nitrogen in 
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the field and placed at -80°C when brought to the laboratory. Other macroinvertebrates 

were stored on ice in a portable freezer in the field and kept at -20°C in the laboratory. 

 

The same rocks were used to collect periphyton samples for elemental content and 

biomass analysis. At each treatment, 4 replicated samples for elemental contents and 3 

replicated samples for Chl-a were collected, with 5 representative cobbles for each 

replicate. Algae were scraped with brushes from cobbles with distilled water, and algal 

slurry was filtered onto 47mm Whatman GF/F filters for algal Chl-a. All samples were 

placed in zip-lock plastic bags, stored on ice and kept dark in a portable freezer 

immediately. Samples for algal elemental content analysis were put at -20°C, and for 

Chl-a analysis were placed at -80°C until processing. 

 

Water samples were collected to assess total nitrogen (TN), nitrate + nitrite (NOx-N), 

ammonium nitrogen (NH4-N), total phosphorus (TP) and soluble reactive phosphorus 

(SRP). Samples were stored on ice and kept in the dark in a portable freezer in the field, 

and kept at -20°C in the laboratory. Samples were processed within two weeks. 

 

Temperature, conductivity and pH were measured using a portable turbidity meter (TPS, 

Brisbane) (Table 3-1). Current velocity was measured using a current velocity meter 

(Open stream current velocity meter model 2100, Swoffer Instruments, Inc) (Table 3-1). 

Water depth and width were measured with a measuring tape (Table 3-1). 

4.3.4 Sample processing 

Mayflies and caddisflies were freeze-dried (Virtis Genesis Freeze Dryer; VWR 

International, Pty Ltd. Murarrie, QLD, Australia), and then identified to Genus using a 
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dissecting microscope (Leica MZ6, Leica Microsystems, Wetzlar, Germany). Other 

macroinvertebrates were thawed at room temperature and sorted to Genus. All 

macroinvertebrates were classified into functional feeding groups as determined by 

Cummins and Klug (1979). Grazers found in the study streams included the mayfly 

Austrophlebioides, the caddisflies Helicopsyche, Agapetus, Tasimia, the lepidopteran 

Nymphulinae, and the beetles Elmidae and Psephenidae. The most abundant grazers, 

Austrophlebioides (1110 individuals) and Helicopsyche (462 individuals), accounted for 

46.1% of the total abundance, and were present in all streams. Thus, the head capsule 

width of all individuals of these two grazers was measured using an eyepiece 

micrometre on a dissecting microscope, and their density in each treatment was 

recorded. The head width of Austrophlebioides ranged from 0.75 to 2.5 mm, and for 

Helicopsyche 0.25 ~ 0.90 mm. 

 

Periphyton samples for elemental content analysis were oven-dried at 60°C for 72 hours 

until completely dry, and then all dried samples were homogenised using a mortar and 

pestle. 7-8 mg of each sample was weighed into a small tin capsule. Algal C and N 

contents were determined by a continuous flow-isotope ratio mass spectrometer (IRMS) 

(Sercon Hydra 20-22, Evroda EA-GSL, Crewe, Cheshire, CW1 6JT, UK). 

 

Algal Chl-a extraction and spectrophotometric analysis followed Muhid et al. (2013). 

Filters were immersed in ice-cold 100% ethanol, sonicated twice for 30 seconds at 

50/50 pulse, and the extract placed at -20°C for 24 hours. Absorbances of these extracts 

were measured at 750, 665, 664, 647 and 630 nm (Jeffrey and Humphrey 1975). The 

hydrochloric acid treatment was used to adjust chlorophyll values for phaeopigments 

(Lorenzen 1967). Chl-a concentration was expressed as mg cm
-2

. 
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Dissolved nutrients (NOx-N, NH4-N and SRP) were analysed using a SmartChem200 

(Westco Scientific Instruments, Bookfield) (APHA 1995) discrete chemical analyser at 

Griffith University, Queensland, Australia. Total nutrients (TN and TP) were digested 

using a simultaneous persulfate digestion method (Hosomi and Sudo 1986) before being 

analysed on the same machine (Table 3-1). 

4.3.5 Data analysis 

Linear mixed effect models were applied to detect significant changes in each treatment 

from pre- to post-treatment periods. The terms in linear mixed models refer to the fixed 

and random factors (Zuur et al. 2009). In this study, the response variable was algal C: 

N, algal Chl-a, grazer head width or density, respectively, with the period (pre- and 

post- treatment) as fixed factors and the three streams as random factors. The protocol 

for linear mixed model fit and validation followed Zuur et al. (2009). Restricted 

maximum likelihood estimation was used to fit models, and the likelihood ratio test was 

used to compare and select fitted models. First, three models (M1, M2 and M3) were 

constructed: a linear model using generalized least squares (without random effect) to 

investigate the fixed factor effects, and two mixed effect models, namely random 

intercept model (with streams as random factors) and random intercept and slope model 

(considering initial conditions in each stream). Then the likelihood test ratio was 

employed to choose the best model. The next step was to check the homogeneity of 

variance in the best model and independence. Residuals versus fitted values were 

plotted to verify homogeneity, and residuals against each explanatory variable were to 

check independence. If the residuals displayed strong patterns, quadratic terms were 

added, or data were rank-transformed. The optimal fixed structure was then selected by 
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checking the significance of each fixed factor using the likelihood ratio test. If the effect 

of a fixed factor was not significant, the factor would be dropped from the model, and 

the model updated to form a new mixed model. Eventually, the optimal model obtained 

using this method was refitted using restricted maximum likelihood estimation and 

validated by examining residual plots. The estimated change of the response factor 

helped assess the direction and magnitude of the treatment effect. 

 

The effects of light and nutrients on grazer size distribution and density were first 

assessed graphically. Increased head width without a concomitant increase in total 

density would imply that the treatment increased the average individual growth of at 

least some size groups of grazers. Then a body size-specific analysis was conducted to 

assess the effects of light and nutrients on grazer size group. Each individual was 

assigned to an approximate size class on the basis of its log-transformed head width 

rather than simply assigning a single head width to a taxon (i.e., an average or 

maximum body size). A linear mixed effect model was employed to compare the 

differences in each treatment in each size group during the pre-treatment and post-

treatment periods. This calculation was repeated for the head width within each size 

group. This body size analysis was conducted separately for two grazers. Large instars 

of Austrophlebioides (≥ 2.0) and Helicopsyche (≥ 0.65) were grouped into a size 

category, respectively, which provided a sufficient sample size for analysis. On the 

basis of results from the linear mixed models, the treatment effects varied with head 

width groups. Divergences in the Austrophlebioides response were detected at a size 

class of 1.7mm, and Helicopsyche at 0.45mm. Each grazer was categorized into two 

representative groups: Austrophlebioides, small individuals (individual head width < 

1.7mm) and large individuals (individual head width ≥ 1.7mm), and Helicopsyche, 
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small individuals (individual head width < 0.45mm) and large individuals (individual 

head width ≥ 0.45mm). Then linear mixed models were employed to estimate the 

growth changes of large and small instars in Austrophlebioides and Helicopsyche from 

pre- to post-treatment period. Since the smallest size groups with least individuals 

compared with other size groups, 0.75 ~ 1mm of Austrophlebioides and 0.25 ~ 0.35mm 

of Helicopsyche, were only collected in one stream at the pre-treatment stage, they were 

excluded from further analysis. 

 

Linear regression models were used to explore the relationships between grazer somatic 

growth, algal C: N and algal biomass. The percentage changes of algal C: N, algal Chl-a 

and grazer head width from pre-treatment conditions (“initial”, 0 days) to the endpoint 

of the study (“final”, 42 days) were calculated to standardise for initial conditions in 

each stream and to account for relative effect sizes of each treatment, as has been used 

in similar experimental designs (Steinman et al. 1995, Cashman et al. 2013). The 

percentage change of grazer growth was the response factor, and that of periphyton C: 

N, or biomass was the predictor, respectively. Data were log10 transformed for normal 

distribution approximation. The information-theoretic approach was used for model 

selection (Johnson and Omland 2004). A likelihood ratio test was used to determine 

each model over a null model. The top models were selected by ranking models using 

the unbiased AICc with the cut-off rule ΔAICc ≤ 2 (Burnham and Anderson 2001). 

Model averaging was used to produce one final model, as well as regression coefficients 

that were weighted averages from the top models using the “zero method” (Burnham 

and Anderson 2002). 

  



100 

 
 

Table 4- 1 Changes in algal C: N and Chl-a in four treatments from pre- to post-treatment period. 

Linear mixed effect models were used for this analysis. The algal C: N and Chl-a were the 

response factors, respectively, with period (pre-treatment and post-treatment) as the fixed factor 

and streams as the random factor. Model fit and validation protocols were followed Zuur et al. 

(2009). Asterisks represent a significant difference from pre- to post-treatment period (p < 0.05) 

Variable Treatment Pretreatment Posttreatment Change F p 

C:N ratio Open 7.55 ± 0.62 8.22 ± 0.45 0.03 ± 0.01 5.94 0.02* 

 Open + nutrients 9.58 ± 2.51 7.96 ± 0.49 –0.02 ± 0.09 0.06 0.76 

 Shade 8.27 ± 1.54 7.75 ± 0.38 –0.01 ± 0.08 0.01 0.89 

 Shade + nutrients 8.72 ± 1.21 7.71 ± 0.29 –0.00 ± 0.06 0.01 0.89 

Chl-a Open 0.89 ± 0.54 0.90 ± 0.44 0.16 ± 0.21 0.57 0.39 

(µg/cm
2
) Open + nutrients 0.61 ± 0.40 0.42 ± 0.21 –0.01 ± 0.13 0.01 0.96 

 

Shade 1.41 ± 1.33 0.41 ± 0.19 –0.21 ± 0.39 0.29 0.54 

 

Shade + nutrients 0.41 ± 0.25 0.65 ± 0.41 0.21 ± 0.01 3.56 0.06 

 

Table 4- 2 AICc values, ∆AICc and Akaike weights of models in the candidate linear regression 

models calculated for grazer growth where each model provided a statistically better fit to the 

data than the null model 

Response variable Predictor form df logLik AICc ∆AICc Weight 

Austrophlebioides C:N ratio 3 33.31 –57.6 0.00 0.77 

Chl a 3 31.97 –54.9 2.69 0.20 

Null 2 28.11 –50.9 6.74 0.03 

Helicopsyche C:N ratio 3 21.65 –34.3 0.00 0.72 

Chl a 3 19.94 –30.9 3.42 0.14 

Null 2 17.65 –30.0 4.34 0.09 

*Notes: AICc values, ∆AICc and Akaike weights were results of model selection procedure. Bold values belonged to 

the top models that were selected by the cut-off rule ΔAICc ≤ 2. The percentage change of grazer head width was the 

response variable, and that of periphyton C: N or biomass was the predictor form, respectively.  
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 (a) Austrophlebioides 

 
 

(b) Helicopsyche 

 
 
Figure 4- 2 Relationships between the somatic growth of large instars for both grazers 

(Austrophlebioides and Helicopsyche) and periphyton C: N. The percentage change of grazer 

head width was the response variable and periphyton C: N was the predicting variable. All data 

were log10 transformed. Regression coefficients were estimated by model averaging procedure 
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All analyses were performed with R 3. 0 .3 (R Core Team 2014), using the extension 

package lme4 for linear mixed effect models (Bates et al. 2012) and package MuMin for 

model selection and model averaging (Bartoń 2009). 

 

4.3 Results 

4.3.1 Periphyton 

Periphyton C:N and Chl-a varied with light:nutrient ratio conditions (Appendix A, 

Table 4-1). In the O treatment, periphyton C:N increased significantly, whereas 

periphyton C:N did not change significantly in the S×N treatment. In the S and O×N 

treatments, periphyton C:N slightly decreased but these changes were not significant. 

Algal biomass (as Chl-a) did not change significantly in response to any light:nutrient 

treatment. 

 

4.3.2 Grazers 

Grazer growth and density in response to light:nutrient conditions differed among 

grazer size groups and species (Figure 3-4). Growth of small larvae of both species was 

unaffected by light:nutrient conditions. The head width of large Austrophlebioides 

decreased in the O treatment  (Figure 3-4a), but their density did not change, indicating 

that somatic growth decreased. In the S×N treatment, the average head-capsule width of 

large larvae increased, but their overall density did not change, indicating an increase in 

somatic growth. In the S treatment, overall larval density, density of large larvae, and 

the average head width of large larvae increased, indicating that large larvae grew even 

larger, and more large larvae moved into the surveyed area from other areas, whereas in 
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the O×N treatment, larval density and head-capsule width of large larvae did not change. 

 

The density and head width of large Helicopsyche (Figure 3-4b) did not change in the O 

treatment, whereas in the S×N treatment, their density did not change but head width 

increased, which suggested they grew bigger. In the S treatment, the density and head 

width of large larvae did not change, whereas in the O×N treatment, their density and 

head width both increased, suggesting that large larvae grew even larger, and more large 

larvae moved into the surveyed area from other areas. 

 

Since only large instars were significantly affected by light and nutrients, their growth 

patterns for both grazers were used for the linear regression analysis. Algal C: N was 

selected as the best-fit explanatory factor predicting the somatic growth of large instars 

for both grazers (Table 4-2, Figure 4-2). For Austrophlebioides, algal C: N, Chl-a and 

null model explained 77.2%, 20.1% and 2.7% of the variations in head width, 

respectively. Algal C: N model (ΔAICc = 0.00) was selected as the best model 

according to the cut-off rule ΔAICc ≤ 2. Somatic growth of Austrophlebioides 

significantly decreased with increasing algal C: N (R
2 

= 0.55, p = 0.006); regression 

coefficients were estimated by model averaging. For Helicopsyche, algal C: N model 

was also selected as the top model (ΔAICc = 0.00). Similar to Austrophlebioides, 

somatic growth of large instars of Helicopsyche significantly decreased with increasing 

algal C: N (R
2 

= 0.49, p = 0.01). 
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4.4 Discussion 

This study shows that light and nutrients affected stream grazer growth by regulating 

periphyton elemental ratios in subtropical streams. This study provides strong field 

evidence in support of the LNH. Different to previous manipulative studies, mostly 

using snails of a similar size group as the model organism with controlled densities (Hill 

et al. 2010, Liess and Lange 2011, Ohta et al. 2011), responses of grazer communities in 

this study were all investigated under natural conditions. The key grazers in the study 

streams, Austrophlebioides and Helicopsyche, were used for the first time in a LNH 

study. Their responses to light and nutrients depended on body size and periphyton C: N 

ratio. Large instars were more sensitive to induced light and nutrients than small ones 

(supporting prediction 1). The growth of large instars was significantly higher under 

low light intensity and nutrient-enriched conditions, and lower under high light and low 

nutrient conditions (supporting prediction 2), which is consistent with the LNH. 

4.4.1 Differences between large and small instars 

This study provides experimental field evidence that grazer response to light and 

nutrients was related to body size. Large instars were more sensitive to alterations in 

light and nutrients than small instars. This contrasting size response was similar 

between mobile grazers (Austrophlebioides) and sedentary grazers (Helicopsyche); It is 

possible that larger invertebrates have a stronger ability to outcompete their smaller 

competitors for food and/ or space (Bourassa and Morin 1995). When food is limited, 

competition among consumers may restrict growth and fecundity, and intraspecific 

competition is usually found to be stronger than interspecific effects among herbivores 

(Gurevitch et al. 1992). The higher ability to compete for food with small instars 

enables large ones to enhance their growth, and also indicates that large invertebrates 
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are more sensitive to food changes. An alternative possibility is the potential existence 

of predator size-refugia, which could reduce the predation risk of large instars (Davis et 

al. 2010a). Less predation probably facilitated the increasing growth of large instars. 

Additionally, dietary plasticity owing to omnivory could also potentially contribute to 

the size differences. Some large detritivores mainly consume detritus as early instars, 

but switch to cannibalism and intraguild predation as late instars (Wissinger et al. 1996). 

However, in this study, carbon stable isotope analysis from study streams showed 

strong correlations between large instars and periphyton (Appendix B). Hence, large 

instars tend to be more sensitive to periphyton changes induced by light and nutrients. 

 

Previous manipulative studies exploring grazer growth response to light and nutrient 

influence mostly only used grazers in certain size groups as model organisms, such as 

Gyraulus chinensis with shell-diameter 3.0-3.2 mm (Ohta et al. 2011), Potamopyrgus 

antipodarum with 2-3mm in length and mean dry mass of 2.1 mg (Liess and Lange 

2011), and Elimia clavaeformis ranging from 20~150 mg (Hill et al. 2010). It is easier 

to observe and compare growth rates when using similar size classes under various 

treatments. Nevertheless, it may neglect some other groups which might have important 

functional roles in streams and further alter aquatic ecosystem functions (Davis et al. 

2010a). In this study, various size groups differed in their responses to light and 

nutrients, which may reflect diverse functional roles of small and large instars in stream 

ecosystems. Since only large instars were significantly affected by light and nutrients, 

only large instars are discussed below. 
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4.4.2 Grazer response to different light and nutrient conditions 

Periphyton C: N ratio rather than its biomass, as assessed by Chl-a, was selected as the 

best-fit explanatory variable for grazer growth. Increasing algal C: N ratios predicted 

decreasing grazer growth, suggesting that algal food quality played a more decisive role 

in stream grazer growth than food quantity. In this study, high light intensity induced 

increasing algal C: N ratio and a pronounced decrease in the head width of large instars 

of Austrophlebioides, which suggested that the grazer growth was strongly constrained 

by food quality (C: N). Similarly, the growth of snail grazer was lower at 1500 µmol s
-1

 

m
-2

 than that at 300 µmol s
-1

 m
-2

 in oligotrophic streams, which was attributed to the 

decreases in periphyton food quality (Ohta et al. 2011). This is in agreement with the 

LNH that herbivore growth rates are more likely to be limited by food quality in 

environments with high light to nutrient ratios (Sterner et al. 1997). On the other hand, 

low light intensity led to a significant increase in Austrophlebioides growth, which 

might have been caused by increased periphyton food quality. An alternative 

explanation could be a predator or UV-radiation avoidance strategy. Avoiding predators 

or UV-radiation can lead to higher grazing activity, which could eventually cause stress 

and eventually restrict growth (Liess and Lange 2011). Nonetheless, the growth of large 

instars of Austrophlebioides showed a significant increase under shade conditions in this 

study, indicating that light regulated Austrophlebioides growth through changes in algal 

food quality. The response of Helicopsyche to light was different to that of 

Austrophlebioides, probably due to species-specific traits. For example, 

Austrophlebioides are mobile grazers, and have the ability to track algal variation by 

swimming or by moving into drift (Mackay 1992), whereas Helicopsyche are sedentary 

grazers, and the ballast of their mineral cases constrains them to drift in the water 
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column (Mackay 1992), and the slow crawling speeds indicate that they may not be able 

to rapidly track local variations in algae (Kotliar and Wiens 1990). 

 

Nutrient enrichment significantly increased the growth of the two grazers 

Austrophlebioides and Helicopsyche, which is consistent with previous findings that 

nutrient enrichment can positively affect the growth of invertebrate primary consumers 

(Cross et al. 2006, Davis et al. 2010a, Baggett et al. 2013). Compared with treatments 

with limited nutrients (O and S), grazers significantly increased their growth when 

fertilizers were added, demonstrating that these grazers were nutrient limited. Nitrogen 

rather than phosphorus was identified as the primary limiting nutrient for algal growth 

in the study catchment (Mosisch et al. 2001). Nevertheless, with fertilizer addition, algal 

C: N decreased slightly but not significantly under both high and low light conditions. 

This is probably caused by excessive grazing activity. Grazers not only selectively 

remove nutrient-rich patches by direct consumption (Butler et al. 1989, Cross et al. 

2005), but also spend more time in nutrient-rich patches than would be expected under 

random movement (Hart 1981, Kohler 1984, Allan and Castillo 2007). In addition, 

Helicopsyche growth showed slight increase or decrease under nutrient-limited 

conditions (O and S), while snail grazers have been observed to significantly reduce 

growth rates when food nutrient content was low (Stelzer and Lamberti 2002). A 

strategy for invertebrate consumers to cope with nutrient limitation is compensatory 

feeding, i.e. an increase in food consumption as a response to food deficient in essential 

dietary nutrients. Since compensatory feeding also causes energetic costs that will 

potentially decrease grazer growth, its effect on grazer growth is insignificant (Fink and 

Von Elert 2006). The periphyton in the study system might have had excessively high C: 

N ratio to compensate Helicophyche growth in treatments without nutrient addition. 
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Although the two grazers differed in their responses to light and nutrients, the growth of 

both grazers significantly increased under shade and nutrient-enriched conditions. Low 

light intensity and high nutrient concentrations usually lead to higher algal food quality 

with low C: N: P and high polyunsaturated fatty acid content, which can enhance animal 

growth (Sterner and Elser 2002, Guschina and Harwood 2006b). While low light 

intensity can decrease algal biomass, high nutrient concentrations increase algal 

biomass (Mosisch et al. 2001). In this study, periphyton biomass showed no significant 

changes in all treatments except a near significant increase under shade and nutrient-

enriched condition. This suggests that stronger food quality effects occur with high food 

quantity (Sterner et al. 1997). Benthic grazers are usually perceptive to carbon limitation, 

and consequently, to interactive effects of food quantity and food quality (Fink and Von 

Elert 2006). When food quantity is high, consumers will have enough C for metabolism 

and somatic growth so other essential nutrients will constrain their growth (Stelzer and 

Lamberti 2002). A recent field study which rejected the LNH in streams observed that 

the growth rates of snail grazer were positively correlated with algal quantity, with the 

highest growth rate under lowest algal food quality where light intensity was high in 

streams (Hill et al. 2010). The authors suggested that those study streams were carbon-

limited. In the present study, however, all reaches were initially under open canopy (≤ 

20%) and obtained enough sunlight to support algal growth, thus the food availability 

was relatively high. This suggests that the somatic growth of these grazers was 

primarily regulated by algal food quality. 

 

The LNH proposes a unimodal model of herbivore growth, in which growth initially 

increases as rising light: nutrient ratios stimulate primary productivity, but levels off and 
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then declines as the effects of light and nutrients on algal food quality overrides the 

effects on food quantity (Urabe and Sterner 1996, Sterner et al. 1997). The inflection 

point of herbivore growth in this model is expected to occur at intermediate light: 

nutrient ratios. In this study, although growth in both grazers peaked at low light and 

high nutrient condition with high quality food, it is still difficult to interpret the 

inflection point. The large instars of Austrophlebioides increased their growth in the S 

treatment compared with initial conditions and did not show any changes in the O×N 

treatment, whereas Helicopsyche showed an opposite trend. Their different responses 

could also be influenced by different body nutrient contents and requirements, and may 

thus lead to various inflection points. Hence, the responses of a wide variety of stream 

grazers to multiple levels of light and nutrients need to be studied in the future. 

4.4.3 Grazer nutrient limitation in streams 

Previous studies suggest that grazer nutrient limitation is widespread and important in 

streams, and, as a consequence, the efficiency with which energy and nutrients are 

transferred to high trophic levels (Stelzer and Lamberti 2002, Sperfeld et al. 2012). The 

link between algal C: P ratio and grazer growth has been established in running waters 

(Stelzer and Lamberti 2002). Nonetheless, in this study, only C: N was examined as N 

was the putative limiting nutrient for algae in the study catchment (see Mosisch et al. 

(2001)). In South-East Queensland, Australia, where the major land uses are grazing 

and cropping, nitrogen rather than phosphorus is the primary limiting nutrients for algal 

growth in freshwater streams (Dennison and Abal 1999, Mosisch et al. 2001, Udy et al. 

2006). Changes in algal nutrient composition can be reflected in grazer growth rates. In 

this study, Austrophlebioides significantly reduced their growth when fed ambient 

periphyton with higher C: N ratio compared with periphyton under nutrient-enriched 
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conditions with lower C: N ratio, which suggested that this grazer was N-limited. It is 

thus possible that stream grazer growth in this region is N-limited. More studies are 

needed to identify the chemical factors that determine food quality for stream grazers, 

which will be important to predict how changes in this chemical milieu affecting energy 

transfer efficiency in food webs and further impact on ecosystem health. 
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Chapter 5 High quality algae attached to leaf litter boost 

invertebrate shredder growth 

 

 

 

 

 

 

 

Figure 5- 1 Riparian leaf litter and invertebrate shredders used in this study. Left, riparian leaf 

litter, Lophostemon confertus (Brush box); Top right, invertebrate shredders, Anisocentropus 

bicoloratus (Calamoceratidae, Trichoptera); Bottom right, shredder larvae inside of cases  
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5.1 Introduction 

The relative importance of allochthonous leaf litter and autochthonous algae for stream 

food webs has been debated for decades (Vannote et al. 1980, Junk et al. 1989, Bunn et 

al. 2003), but few investigators have considered the interaction between these 2 food 

sources and the consequent effect on their consumers. Leaf-litter conditioning by the 

heterotrophic microbial community (fungi and bacteria) is a major factor determining 

the fate of allochthonous material in food webs (Allan and Castillo 2007). However, 

algae on leaf surfaces can stimulate heterotrophic activity and increase leaf-litter 

decomposition and, thus, may improve the nutritional quality of leaf material for 

invertebrates (Danger et al. 2013, Kuehn et al. 2014). 

 

Algae are much higher quality food than allochthonous leaf litter for stream 

invertebrates because they have a higher content of polyunsaturated fatty acids (PUFAs), 

in particular ω3 PUFAs (Torres-Ruiz et al. 2007, Lau et al. 2009a). PUFAs are critical 

constituents for all biota in that they play an important role in regulating cell membrane 

fluidity and serve as precursors for animal hormones (Sargent et al. 1999b). However, 

most aquatic consumers are unable or have limited ability to synthesize PUFAs de novo 

and must obtain PUFA from their food sources (Brett and Müller-Navarra 1997). 

Diatoms and cryptophytes are considered high-quality food sources for aquatic 

invertebrates because they contain the long-chain ω3 PUFAs eicosapentaenoic acid 

(EPA; 20:5ω-3) and docosahexaenoic acid (DHA; 22:6ω-3) (Brett and Müller-Navarra 

1997). Cryptophytes also have high proportions of the short-chain ω3 PUFAs α-

linolenic acid (ALA; 18:3ω-3) and stearidonic acid (SDA; 18:4ω3) (Brett et al. 2009a). 

In contrast, higher plants often have a high proportion of saturated fatty acids (SAFAs), 

which are often used for energy storage and are preferentially catabolised by animals 
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(Brett et al. 2009a). Fungi and bacteria colonizing decomposing leaves can increase the 

nutritional quality of leaf litter by decreasing C:N ratios and increasing protein content 

(Suberkropp 2001, Manning et al. 2015, Guo et al. 2016b). Nevertheless, this matrix of 

leaf-material fungi and bacteria lacks ω3 PUFAs because fungi are characterized by 

16:0, 18:0, 18:1ω9, and LIN according to studies done in terrestrial and marine 

ecosystems (Cooney et al. 1993, Stahl and Klug 1996) and bacteria are generally rich in 

15:0, 17:0 and their branched derivatives, and vaccenic acid 18:1ω7 (Desvilettes et al. 

1997, Kainz and Mazumder 2005). Therefore, the presence of high-quality algae 

attached to leaf litter probably provides physiologically important ω3 PUFAs for 

aquatic invertebrates. 

 

Algal PUFA content is sensitive to environmental conditions (Guschina and Harwood 

2009, Guo et al. 2015). Few authors have referred specifically to the PUFA content of 

algae attached to terrestrial leaf litter, but in studies on phytoplankton and periphyton, 

low light levels generally result in higher PUFA content, whereas high light levels lead 

to lower PUFA content (Guschina and Harwood 2009). Nutrient limitation leads to 

increasing cellular production of triacylglycerols (TAG) and decreasing proportions of 

PUFAs in most algae, whereas greater aqueous nutrient levels cause an increase in 

PUFA content (Guschina and Harwood 2009, Guo et al. 2016a). Light intensity and 

nutrient enrichment positively affect algal abundance and production on leaf surfaces 

(Franken et al. 2005, Albarino et al. 2008, Danger et al. 2013, Kuehn et al. 2014). To 

date, few studies have considered the combined effect of light and nutrients on algae 

attached to leaf litter and their consequent effect on invertebrate consumers. 

 

In stream ecosystems, macroinvertebrate shredders are responsible for up to 70% of the 
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leaf-litter processing (Cuffney et al. 1990). Invertebrate shredders selectively choose 

conditioned over fresh detritus (Nolen and Pearson 1993, Connolly and Pearson 2013), 

and select more nutritious leaves or patches on leaves by discriminating among leaf 

species and decomposition stages (Clapcott and Bunn 2003, Leberfinger and Bohman 

2010, Fuller et al. 2015). The nutritional function of fungi and bacteria on leaf litter for 

shredder growth has been widely studied, especially for fungi as the pioneer microbial 

decomposers (Hieber and Gessner 2002). Benthic algae often are found on submerged 

leaf litter and are thought to be an important component of the leaf biofilm for 

invertebrates (Franken et al. 2005, Albarino et al. 2008), but the nutritional importance 

of algal biofilms for invertebrate shredders has yet to be reported. 

 

Therefore, an experimental study was conducted in which different light and nutrient 

levels was used to assess the effect of PUFA content of algae attached to leaf litter on 

the somatic growth of stream invertebrate shredders. Preliminary examination of algal 

communities attached to leaf surfaces in this study showed that cyanobacteria, diatoms, 

cryptophyte, and green algae were present. Fungi also were observed. Therefore, ω3 

PUFAs were used as a biomarker of high-quality algae, the sum of bacterial fatty acids 

(BAFAs) as a biomarker of bacteria, the sum of long-chain SAFAs (i.e., 20:0, 22:0 and 

24:0) as a biomarker of terrestrial C (terrFA), and 16:1ω7 as a biomarker of diatoms 

(Napolitano et al. 1994, Torres-Ruiz et al. 2007) to explore the nutritional role of high-

quality algae attached to leaf litter in invertebrate shredder growth. In addition to high 

proportions of long-chain SAFAs, living terrestrial leaf matter of vascular plants also 

contains relatively high levels of C18 PUFAs (i.e., LIN and ALA) but nondetectable 

highly unsaturated fatty acids (i.e., EPA and DHA) (Napolitano 1999, Mills et al. 2001). 

However, C18 PUFAs usually are lost when leaves are dead (Torres-Ruiz at al. 2010). 
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Only dead submerged leaf litter were used in this study. Therefore, long-chain SAFAs 

were used as the biomarker of terrestrial matter. Two hypotheses in this study were: 1) 

nutrient enrichment would result in a greater content of ω3 PUFA in leaf litter, and 

consequently increase shredder growth, and 2) open canopy (high light intensity) would 

lead to a lower content of ω3 PUFAs in leaf litter, which in turn would restrict shredder 

growth. 

 

5.2 Methods 

5.2.1 Experimental design 

Two light levels (reflecting open and shade canopy) and two nutrient regimes (ambient 

and enriched) were established in a 2 × 2 factorial design, resulting in four treatments, 

i.e., open canopy [O], open canopy plus nutrients [O×N], shade canopy [S], and shade 

canopy plus nutrients [S×N]. The experiments were carried out in individual plastic 

containers filled with 700 ml of either natural stream water or nutrient-enriched stream 

water. Six replicates of each treatment with invertebrate shredders were conducted to 

assess the effect of algal PUFA in leaf litter on shredder growth, and 4 replicates 

without shredders were used as controls to evaluate the effect of leaf leaching on 

measured variables. 

 

Invertebrate shredders, Anisocentropus bicoloratus (Trichoptera), and leaf litter from 

Lophostemon confertus (Brush box), were collected from a 25-m riffle in Stony Creek, a 

fourth order forested stream, located in the Brisbane River catchment in South-East 

Queensland, Australia. The climate in this area is subtropical humid with hot wet 
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summers and mild dry winters and the average rainfall is 1500 mm (Young and 

McDonald 1987). The major vegetation is dense wet sclerophyll rain forest (Clapcott 

and Bunn 2003), and Lophostemon confertus is one of the abundant tree species in this 

area. Submerged leaves of this species were randomly collected from the stream bottom. 

To make sure all leaves were at the same stage of decomposition, only those leaves with 

red brown colouration were collected. Individuals of Anisocentropus bicoloratus were 

picked from submerged leaf litter in streams and held in stream water. The genus 

Anisocentropus is the only Australian representative of the family Calamoceratidae 

(sleeping bag caddis with the cases made from two leaf fragments) (Gooderham and 

Tsyrlin 2002), and they are the abundant shredders of allochthonous leaf litter in the 

study area (Clapcott and Bunn 2003). 

 

In the laboratory, leaf discs (19 mm diameter) were punched from the leaves, and the 

midrib of each leaf was avoided. Discs were blotted with Kim Wipe
TM

 to remove 

sediment from the leaf surface. Initial dry weight of leaf discs was estimated by the 

regression analysis between wet weight and freeze-dried weight using 40 replicate discs 

(y = 0.99x - 45.2, R
2 

= 0.94). Meanwhile, the shredder larvae were acclimatized in the 

laboratory for 7 days in aerated stream water with a diet of solely Lophostemon 

confertus prior to the feeding experiment. The regression between ventral case length 

and freeze-dried weight was established by using 80 replicate individuals (y = 0.27x - 

1.42, R
2 

= 0.90). Larval ventral case length ranged from 5 to 13 mm, and pupae were 

found in the cases with the ventral case length from 12 to 15 mm. Larvae with the same 

ventral case length (9 mm) were used in the feeding experiment, which was the most 

abundant size group among all instars. 
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Four metal halide lights (10000K, 150 Watt, Abyss Aquarium, NSW, Australia) were 

used to obtain the open canopy treatment, and 90% shade cloth over containers under 

this light was used as the shade canopy treatment. Light intensity on the water surface 

of each container was checked with a light meter (LIN-250A, LI-COR Inc., Nebraska, 

USA) every other day. The light intensity of open canopy was 114.13 ± 3.78 μmol m
-2

 

s
-1

 (mean ± SE), and of shade canopy 21.13 ± 1.01 μmol m
-2

 s
-1

. Enriched nutrient 

solutions were made using stream water by adding NaNO3 as nitrogen (N) and KH2PO4 

as phosphorous (P). The ambient NOx concentration in Stony Creek was 0.02 mg N L
-1

 

and SRP 0.012 mg P L
-1

 with the ratio N: P 1.67, and the enriched NOx concentration 

was 1.08 ± 0.01 mg N L
-1 

(mean ± SE) and SRP 0.66 ± 0.00 mg P L
-1

 with the ratio N: P 

1.63. 

 

Fifty leaf discs with an average dry weight of 3126.4 ± 0.4 mg (mean ± SE) were put in 

each container with 10 shredders, and one leaf disc was put in each container without 

shredders. Four treatments were assigned randomly across all containers. Either stream 

water or enriched nutrient water was replaced every 6 days. A photoperiod of 12L × 

12D hours was applied, and water temperature was monitored throughout the 

experiment. The experiment lasted 17 days from 12 – 28 Aug 2015. 

5.2.2 Sample collection 

After the experiment, leaf litter was collected from each container and placed at -80ºC 

freezer. Leaf litter for algal taxonomic identification were kept in Lugol’s iodine 

preservative and in the dark without refrigeration. Invertebrate shredders were sampled 

carefully with their cases to keep their body intact. Each shredder was put in an 

individual vial and immediately placed at -80ºC freezer. Throughout the experiment 
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there was high larval survival and the mortality was not observed; five larvae began to 

pupate during the experiment (2 in S×N and 3 in O×N), so these specimens were not 

included in the analysis. 

5.2.3 Sample processing 

Algae were scrubbed gently off from the leaf surface with a spatula. A 1-mL subsample 

was loaded on a Sedgwick–Rafter counting chamber for identification and enumeration 

under a light microscope (Leica DM4000; Leica, Wetzlar, Germany). Algae were 

identified to the genus level at 400× magnification and stopped enumeration on a /cell 

basis when the most common taxon had a minimum of 23 units (trichomes, filaments, or 

colonies) or 40 squares had been counted on the counting chamber (Hötzel and Croome 

1999). The enumeration step was followed by examining the slide at 200× 

magnification for 200 squares of the counting chamber to identify algal taxa that were 

not previously observed (Entwisle et al. 1997). 

 

All samples were freeze-dried (Virtis Genesis Freeze Dryer; VWR International, Pty 

Ltd. Murarrie, QLD, Australia). The dry weight of leaf litter was measured, and then 

leaf litter were grounded into powder with 150 mg dry weight per sample for FA 

analysis. The dry weight of each shredder without cases was measured on a 

microbalance (Weighing capacity 5.10 mg; Sartorius). Then, shredders from the same 

container were pooled; and, in total, 24 samples were prepared with a dry weight of 10 

mg per sample for FA analysis. 

 

Lipids were extracted according to a modified version of the methods presented in 

Kainz et al. (2010). Briefly, leaf litter or shredder samples were extracted in chloroform: 
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methanol (2:1 v/v), and then the solution was sonicated, vortexed and centrifuged for 

three times in order to remove non-lipid materials. Nonadecanoic acid (19:0) was used 

as internal standard. Extracted lipids were evaporated to a final volume of 1.5 mL under 

nitrogen. Duplicate aliquots (100 μL each) were dispensed into pre-weighed tin cups for 

gravimetric assessment of total lipids. The remaining extract was stored at -20°C until 

FA were derivatised to fatty acid methyl esters (FAME). For FAME formation, 

sulphuric acid in methanol (1: 100 mixture used as methylation reagent) and toluene 

were added to the lipid extract and the solution was incubated for 16 hours at 50°C in a 

water bath. Thereafter, potassium hydrogen carbonate and hexane were added, followed 

by shaking, vortex and centrifugation. The upper organic layer of the solution was 

transferred and hexane was added again. This step was repeated twice. All FAME 

containing layers were pooled and concentrated under nitrogen. Fatty acids were 

analysed as FAME using a gas chromatograph (THERMO Trace GC; Heissenberger et 

al. (2010)), identified by comparison of their retention times with known standards (37-

component FAME mix, Supelco 47885-U) and then quantified using seven-point 

calibration curves based on known standard concentrations (µg FAME/mg dry mass). 

 

5.2.4 Data analysis 

The effects of light and nutrients on FA concentrations of leaf litter and/ or shredders, 

leaf weight loss and/or shredder growth were evaluated using a two-way ANOVA, 

respectively. Multiple linear regressions were conducted to explore the relationships 

between shredder growth and leaf FA biomarkers. In addition, the relationship between 

leaf ω3 PUFA and BAFA in each treatment was measured by correlation analysis. Data 
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were log-transformed for normal distribution approximation, and all statistical analyses 

were conducted in the statistical software R version 3.0.3 (R Core Team 2014). 

 

5.3 Results 

5.3.1 Variations in algal community composition on leaf surfaces 

Algal community composition was dominated by cyanobacteria across the 4 treatments 

(Table 5-1). The proportion of cyanobacteria decreased and the proportion of diatoms 

increased as nutrients were added regardless of light intensity. The proportion of green 

algae increased with nutrient enrichment and light enhancement, but did not respond to 

the light × nutrient interaction. 

 

5.3.2 Variations in leaf FA content 

The content of total FA and FA groups, i.e., total SAFA and total monounsaturated fatty 

acids (MUFA), did not change in response to light and nutrients (Table 5-2). The 

combined effect of shading (negative) and added nutrients (positive) resulted in a 

significant increase of total PUFAs. 

 

The content of individual PUFAs were significantly altered by light and nutrients (Table 

5-2). DHA, ARA, and ALA increased with nutrient enrichment, and LIN content 

increased with the interaction of shading and added nutrients. 

 

The responses of FA biomarker content to light and nutrients were FA specific (Table 

5-2). Nutrient enrichment increased ω3 PUFAs and 16:1ω7. BAFA content increased 
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with the interaction of shading and added nutrients. The ω3:ω6 ratio was positively 

affected by light and nutrients, with the lowest value in the O treatment (open canopy 

without nutrient addition). However, light and nutrients did not affect terrFA content. 

 

The correlation between ω3 PUFAs and BAFAs was significant in the S treatment (r = 

0.83, p = 0.04), and nearly significant in the O treatment (open canopy without nutrient 

addition, r = 0.79, p = 0.06), but not significant in the nutrient-enriched treatments 

(O×N, r = –0.44, p = 0.38; S×N, r = 0.06, p = 0.91). 

 

5.3.3 Shredder FA and growth 

Light and nutrients did not lead to pronounced changes in the content of total FA and 

FA groups (total SAFA, total MUFA, and total PUFA) (Table 5-3), but did affect some 

individual PUFA and FA biomarkers in shredder body tissue. Content of ω3 PUFAs, 

ALA, DHA, BAFAs, 16:1ω7, and the ω3:ω6 ratio increased as nutrients were added 

and showed no changes in response to light treatments or the interaction of light and 

nutrients. However, terrFA content decreased with nutrient enrichment and increased 

with shading. 

 

The first multiple linear regression based on all leaf-litter FA biomarkers (ω3 PUFAs, 

16:1ω7, terrFA, and BAFAs) as predictor variables of shredder growth showed that 

shredder growth was affected by the content of leaf FA biomarkers and accounted for 

65% of the variation in shredder growth (p < 0.001). Leaf ω3 PUFAs and 16:1ω7 both 

increased shredder growth (p = 0.03 and p = 0.01, respectively), whereas terrFA was 

negatively related to shredder growth (p = 0.003). Leaf BAFA content did not show any 
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significant effects on shredder growth (p = 0.53). A second multiple linear regression 

based only on algal biomarkers as the predictor of shredder growth showed that the 

high-quality algal biomarkers (ω3 PUFAs and 16:1ω7) explained 43% of the variation 

in shredder growth (p = 0.003). 

 

Nutrient enrichment led to a significant increase in shredder dry mass regardless of light 

intensity (p < 0.001, F = 115.44; Figure 5-2). Nutrient-enriched treatments (O×N and 

S×N) were associated with larger shredder size and greater content of ω3 PUFAs, ALA, 

DHA, BAFA, and 16:1ω7 in the conditioning leaf litter. In contrast, smaller shredder 

size and lower content of the above FA on leaves were associated with the S treatment. 

In the O treatment, the content of these FA were between those of S and S×N, but were 

associated with smaller shredder size. 

 

5.3.3 Leaf mass loss 

Leaf mass loss was higher with than without nutrient addition (p < 0.001, F = 95.59) 

(Figure 5-3) but did not differ between light treatments. The regression relationship 

between leaf mass loss and shredder growth was significant (R
2 

= 0.91, p < 0.001). 
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Table 5- 1 Analysis of variance (ANOVA) of light and nutrient effects on √(x)-transformed algal community composition. O = open canopy without added 

nutrients, O×N = open canopy with added nutrients, S = shade without added nutrients, S×N = shading with added nutrients. * = p < 0.05, ** = p < 0.01, ***p 

< 0.001. 

Algal group 

Proportional abundance ANOVA (F value, df = 1) 

O O×N S S×N Light Nutrients Light × nutrients 

Cyanobacteria 0.984 ± 0.010 0.488 ± 0.173 0.987 ± 0.006 0.737 ± 0.080  9.44*  

Diatoms 0.014 ± 0.008 0.437 ± 0.143 0.012 ± 0.006 0.253 ± 0.081  43.70***  

Green algae 0.001 ± 0.001 0.073 ± 0.030 0.000 ± 0.000 0.010 ± 0.008 7.30* 19.17**  

Cryptomonads 0.002 ± 0.002 0.002 ± 0.001 0.001 ± 0.000 0.000 ± 0.000    
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Table 5- 2 Analysis of variance (ANOVA) of light and nutrient effects on the log(x)-transformed content of leaf-litter fatty acid (FA) groups, essential FAs, 

and FA biomarkers. SAFA = saturated FAs, MUFA = monounsaturated FAs, PUFA = polyunsaturated FAs; DHA = docosahexanoic acid (22:6ω-3), EPA = 

eicosapentaenoic acid (20:5ω-3), ARA = arachidonic acid (20:4ω6), ALA = α-linolenic acid (18:3ω3), LIN = linoleic acid (18:2ω6), BAFA = sum of bacterial 

FAs (14.Me13, 14.Me12, 15:0, 15.Me14, 16.Me15, 16.D.9.10, 17:0, 17.1ω7, 18.D.9.10, 18.1ω6, and 18.1ω7); terrFA = sum of terrestrial FAs (20:0, 22:0 and 

24:0);  O = open canopy without added nutrients; O×N = open canopy with added nutrients; S = shade without added nutrients; S×N = shading with added 

nutrients; dm = dry mass. * = p < 0.05, ** = p < 0.01, ***p < 0.001. 

FAs 
FA content (µg FAME/mg dm) ANOVA (F value, df = 1) 

O O×N S S×N Light Nutrients Light × nutrients 

Total FA 2.773 ± 0.047 2.772 ± 0.128 2.124 ± 0.347 2.843 ± 0.112 
   

SAFA 1.472 ± 0.033 1.527 ± 0.077 1.129 ± 0.179 1.517 ± 0.054 
   

MUFA 0.504 ± 0.006 0.453 ± 0.022 0.396 ± 0.077 0.470 ± 0.027 
   

PUFA 0.768 ± 0.015 0.760 ± 0.039 0.575 ± 0.090 0.817 ± 0.041 
  

4.70* 

EPA 0.015 ± 0.001 0.014 ± 0.002 0.010 ± 0.002 0.016 ± 0.002 
   

DHA 0.005 ± 0.001 0.005 ± 0.000 0.004 ± 0.001 0.007 ± 0.001 
 

5.42* 
 

ARA 0.009 ± 0.000 0.010 ± 0.001 0.007 ± 0.001 0.011 ± 0.001 
 

7.92* 
 

ALA 0.349 ± 0.008 0.372 ± 0.020 0.286 ± 0.050 0.400 ± 0.026 
 

5.35* 
 

LIN 0.333 ± 0.008 0.310 ± 0.016 0.227 ± 0.033 0.324 ± 0.014 
  

6.37** 

ω3 PUFA 0.375 ± 0.009 0.401 ± 0.022 0.307 ± 0.052 0.436 ± 0.029  5.94*  

BAFA 0.131 ± 0.006 0.126 ± 0.005 0.090 ± 0.019 0.159 ± 0.012 
 

5.39* 6.82* 

terrFA 0.211 ± 0.004 0.208 ± 0.010 0.158 ± 0.024 0.213 ± 0.008 
   

16:1ω7 0.042 ± 0.003 0.062 ± 0.004 0.035 ± 0.007 0.062 ± 0.004  13.78***  

ω3:ω6 0.920 ± 0.020 1.119 ± 0.026 1.125 ± 0.043 1.122 ± 0.050 7.20* 5.03* 
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Table 5- 3 Means (±SE, n = 6) and analysis of variance (ANOVA) of light and nutrient effects on the log(x)-transformed content of shredder fatty acid (FA) 

groups, essential FAs, and FA biomarkers. SAFA = saturated FAs, MUFA = monounsaturated FAs, PUFA = polyunsaturated FAs; DHA = docosahexanoic 

acid (22:6ω-3), EPA = eicosapentaenoic acid (20:5ω-3), ARA = arachidonic acid (20:4ω6), ALA = α-linolenic acid (18:3ω3), LIN = linoleic acid (18:2ω6), 

BAFA = sum of bacterial FAs (14.Me13, 14.Me12, 15:0, 15.Me14, 16.Me15, 16.D.9.10, 17:0, 17.1ω7, 18.D.9.10, 18.1ω6, and 18.1ω7); terrFA = sum of 

terrestrial FAs (20:0, 22:0 and 24:0);  O = open canopy without added nutrients, O×N = open canopy with added nutrients; S = shade without added nutrients; 

S×N = shading with added nutrients; dm = dry mass. * = p < 0.05, ** = p < 0.01, ***p < 0.001. 

FAs 
FA content (µg FAME/mg dm) ANOVA (F value, df = 1) 

O O×N S S×N Light Nutrients Light × nutrients 

Total FA 32.996 ± 2.765 33.588 ± 2.139 32.017 ± 2.517 38.513 ± 1.539    

SAFA 9.721 ± 1.058 10.513 ± 0.734 9.571 ± 0.859 12.277 ± 0.632    

MUFA 8.026 ± 0.810 7.786 ± 0.584 7.684 ± 0.683 8.888 ± 0.365    

PUFA 14.332 ± 0.831 14.092 ± 0.769 13.951 ± 0.916 16.056 ± 0.554    

EPA 1.137 ± 0.043 1.028 ± 0.044 1.224 ± 0.089 1.111 ± 0.032    

DHA 0.009 ± 0.001 0.010 ± 0.001 0.006 ± 0.000 0.010 ± 0.001  4.56*  

ARA 0.551 ± 0.017 0.545 ± 0.032 0.598 ± 0.027 0.560 ± 0.015    

ALA 4.986 ± 0.436 5.359 ± 0.280 4.912 ± 0.416 6.420 ± 0.362  6.11*  

LIN 7.400 ± 0.461 6.908 ± 0.436 6.973 ± 0.420 7.665 ± 0.257    

ω3 PUFA 6.210 ± 0.423 6.475 ± 0.304 6.209 ± 0.500 7.628 ± 0.346  4.62*  

BAFA 2.382 ± 0.216 3.075 ± 0.187 2.274 ± 0.197 3.377 ± 0.142  19.44***  

terrFA 0.281 ± 0.003 0.227 ± 0.013 0.298 ± 0.015 0.259 ± 0.009 4.77* 17.17***  

16:1ω7 0.465 ± 0.029 0.712 ± 0.06 0.540 ± 0.132 0.680 ± 0.045  9.80**  

ω3:ω6 0.764 ± 0.029 0.854 ± 0.016 0.799 ± 0.034 0.904 ± 0.028  12.86**  
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Figure 5- 2 Mean (+1 SE) invertebrate shredder dry weight in response to light and nutrient 

treatments (O = open canopy without added nutrients, O×N = open canopy with added nutrients, 

S = shade without added nutrients, S×N = shading with added nutrients). Bars with the same 

letter are not significantly different (p > 0.05). 
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Figure 5- 3 Mean (+1 SE) leaf-litter mass loss in response to light and nutrient treatments (O = 

open canopy without added nutrients, O×N = open canopy with added nutrients, S = shade 

without added nutrients, S×N = shading with added nutrients). Bars with the same letter are not 

significantly different (p > 0.05). 
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5.4 Discussion 

This study suggests that high quality algae attached to leaf litter boosted invertebrate 

shredder growth. Although the studied shredder, Anisocentropus bicoloratus, obtained 

most energy by leaf consumption, they acquired and selectively retained their 

physiologically important FA from high quality algae. This study provides evidence in 

stream ecosystems that the availability of high quality algae regulates invertebrate 

shredder growth, and the incorporation of low quality leaf litter into aquatic food webs 

(Franken et al. 2005, Brett et al. 2009a). In this study, enriched nutrients resulted in an 

increase in leaf ω3 PUFA concentrations, and rendered the leaves more nutritional for 

invertebrate shredders, which in turn enhanced shredder growth. 

 

The increases in the concentrations of ω3 PUFA, DHA, ALA and 16:1ω7 in shredder 

body tissue as nutrients were added, were consistent with leaf FA change. Similarly, the 

FA composition of the stream net-spinning caddisfly larvae Hydropsyche sp. also varied 

with their food sources (Torres-Ruiz et al. 2010). Previous studies suggest that 

Anisocentropus. sp are able to assimilate more lipids from available leaf material when 

nutrients were supplemented (Pearson and Connolly 2000). However, in this study, as 

nutrients were enriched, the concentrations of SAFA, MUFA and PUFA in shredder 

body tissue did not change, whereas ω3 PUFA, DHA and ALA increased. This suggests 

that this shredder can selectively retain physiologically important FA for their somatic 

growth. The increased concentrations of these FA in shredder body tissue revealed an 

increased ingestion and/ or assimilation of high quality algae. 

 

These variations in shredder FA concentrations were reflected in their somatic growth, 

reaching a larger size and entering the pupal stage earlier in the nutrient-enriched 
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treatments compared with low nutrient treatments. Omega-3 PUFA from high quality 

algae have been shown to enhance invertebrate somatic growth and reproduction (Brett 

and Müller-Navarra 1997, Müller-Navarra et al. 2000, Wacker and von Elert 2001) and 

to stimulate energy transfer efficiency to upper trophic levels (Müller-Navarra et al. 

2000, Kainz et al. 2004, Gladyshev et al. 2011). Although total FA content in leaf litter 

was very low (Cargill et al. 1985b), only accounting for 1.6% ± 0.1% (mean ± SE, n = 

24) of total leaf dry weight in this study, shredders still acquired and selectively retained 

ω3 PUFA. Increased nutrient levels led to increases in shredder size and ω3 PUFA 

concentrations in shredder body tissue but decreases in terrFA, suggesting that 

terrestrial carbon may be preferentially catabolised, whereas autochthonous algae play a 

more important role in invertebrate somatic growth and reproduction (Brett et al. 2009a). 

 

The fact that shading led to an increase in shredder terrFA concentration but smaller 

body size reflects the low nutritional quality of terrestrial carbon. In the S treatment, a 

positive correlation between ω3 PUFA and BAFA was observed, which may suggest 

the priming effect mediated by algae (Danger et al. 2013, Kuehn et al. 2014). Nutrient 

limitation can stimulate the production of C exudates by algae (Baines and Pace 1991, 

Scott et al. 2008, Ziegler and Lyon 2010), which constitute an important C source for 

bacteria (Lyon and Ziegler 2009, Rier et al. 2014). Terrestrial DOM-driven bacteria 

production and/ or terrestrial carbon barely support zooplankton growth and 

reproduction (Brett et al. 2009a, McMeans et al. 2015), with only low growth rates and 

very low numbers of viable offspring compared with zooplankton feeding on algae. 

Given that leaf ω3 PUFA concentrations were very low in the S treatment, shredders 

may need to consume increased quantities of low-quality leaf litter to sustain their 

somatic growth. Shading and low nutrients also led to low algal abundance and 
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production on leaf surfaces (Franken et al. 2005, Albarino et al. 2008, Danger et al. 

2013, Kuehn et al. 2014), which may partly explain low ω3 PUFA concentrations. 

Therefore, in this study, invertebrate shredders with a smaller size in the S treatment 

could be attributed to low leaf ω3 PUFA concentrations and the increased consumption 

of leaf litter. 

 

Previous studies found that open canopy led to an increase in shredder growth (Franken 

et al. 2005), whereas in this study open canopy was associated with smaller shredder 

size. This could be due to the lower ω3: ω6 ratio of leaf litter in the O treatment 

compared with other treatments. Food sources with lower ω3: ω6 ratios could restrict 

invertebrate somatic growth and reproduction (Ahlgren et al. 2009). As reported in prior 

studies, food sources with very low ω3: ω6 ratios gave only slightly lower growth rates 

in stream invertebrates compared with foods with the much higher ω3: ω6 ratios 

(Goedkoop et al. 2007). Omega-6 PUFA are found mainly in green algae, cyanobacteria 

or fungi (Stahl and Klug 1996, Brett et al. 2009a). Cyanobacteria were the 

taxonomically abundant algal group found on leaf surfaces in this study. They typically 

lack long-chain PUFA (Napolitano et al. 1994, Napolitano 1999), and negatively affect 

herbivore survival, population growth, and neonate size (Sarnelle et al. 2010). The 

effect of fungi on invertebrate growth depends on different fungi assemblages (Cornut 

et al. 2015), and fungal growth and production may be stimulated by algae under open 

canopy conditions (Kuehn et al. 2014). Previous work by Franken et al. (2005) 

suggested that open canopy led to increased shredder growth due to higher algal 

biomass and composition, consisting of more diatoms and less green algae. The results 

from the present study complement these findings that high quality algae, not all algae 

attached to leaf litter, can stimulate shredder growth. 
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In addition to variations in FA composition, leaf mass loss significantly increased as 

nutrients were added. This is consistent with results from a whole-system nutrient 

enrichment experiment in detritus-based streams (Cross et al. 2006). Although nutrient 

addition significantly reduced the quantity of leaf litter, nutrient enrichment through its 

effect on detrital quality, measured by C: N: P, led to high levels of shredder biomass, 

abundance and secondary production (Cross et al. 2003, Cross et al. 2006). In the 

present study, the positive nutrient-induced changes to leaf food quality, expressed as 

ω3 PUFA concentrations, were also associated with increased leaf mass loss and 

shredder growth. This observation adds further evidence that the nutritional quality of 

leaf litter can be enhanced by high quality algae, and it appears that high quality algae 

attached to leaf litter likely mediate the efficiency with which leaf litter is consumed by 

invertebrate shredders (Brett et al. 2009a). 

 

In this study, light intensity did not result in any significant changes in shredder growth 

and leaf-litter processing. This finding is probably attributable to the 2 light levels used 

by the present study. (Franken et al. 2005) found positive effects of light intensity on 

leaf mass loss and shredder growth, but they used 5 light levels, ranging from 0 to 156 

μmol m
–2

 s
–1

. They found significant differences in the comparison of treatments with 

light levels ≤5 and >100 μmol m
–2

 s
–1

. The difference between the 2 light intensities 

(114 and 21 μmol m
–2

 s
–1

) may have been too small to induce changes in algal ω3 

PUFA and shredder growth. 

 

In conclusion, this study suggests that high-quality algae attached to leaf litter regulated 

the FA composition and somatic growth of shredders. The presence of high-quality 
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diatoms boosted shredder growth when nutrients were added. Invertebrate shredders 

may selectively allocate FA from terrestrial C for catabolism and retain the 

physiologically important FA from high-quality algae for somatic growth. 
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Chapter 6 General discussion 

 

 

 

 

 

 

 

 

 

Figure 6- 1 Christmas Creek at Stinson Park in the Logan-Albert catchment, South-East 

Queensland, Australia 
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This thesis aimed to assess the role of algal PUFA composition in stream food webs and 

has yielded a number of significant findings. Algal PUFA profiles were significantly 

affected by environmental factors, in particular riparian canopy cover and water nutrient 

concentrations. Variations in algal PUFA were then observed in invertebrate body 

tissues and influenced invertebrate somatic growth. Current studies on algal PUFA and 

their effect on invertebrates are mainly from lacustrine systems, and only few studies 

have explicitly investigated algal PUFA in streams. This thesis complements previous 

findings of algal PUFA importance in stream ecosystems (Torres-Ruiz et al. 2007, Lau 

et al. 2009a) by providing both field and laboratory evidence, and improves our 

understanding of how stream invertebrates utilize algal PUFA. 

6.1 Periphyton PUFA in response to environmental factors 

Previous manipulative studies in streams with controlled light intensity and nutrient 

concentrations (Hill et al. 2011, Cashman et al. 2013) came to contrasting conclusions 

on periphyton PUFA response, suggesting that periphyton PUFA composition in natural 

streams may be influenced simultaneously by different environmental factors. Chapter 

2 filled this knowledge gap using a field investigation in subtropical streams in South-

East Queensland, Australia. This study found that periphyton PUFA profiles were 

sensitive to a combination of environmental factors. Riparian canopy cover and water 

NOx-N concentrations were identified as the two most important factors in the RDA 

analysis, whereas the relationships were not apparent when canopy cover and NOx-N 

concentrations were examined in isolation. This confirmed the complexity of the natural 

environment and the possible interactions between additional environmental factors. 
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Consistent with previous laboratory studies (Guschina and Harwood 2009), periphyton 

EPA and DHA were positively correlated with canopy cover and NOx-N concentrations, 

while ALA and LIN were positively correlated with NOx-N, but negatively with canopy 

cover. It is worth noting that the algal community composition was not significantly 

correlated with periphyton PUFA content, riparian canopy cover and NOx-N 

concentrations. This suggests that periphyton PUFA composition is more sensitive to 

environmental changes than algal community composition (Honeyfield and Maloney 

2015), which suggests it could be developed as an efficient biomarker of human impacts 

on aquatic ecosystems, indicating ecosystem functions or health. 

6.2 Invertebrate response to variations in periphyton PUFA 

The field manipulative study successfully evaluated variations in periphyton PUFA 

profiles in response to light and nutrients, and their consequent effect on stream 

invertebrate grazers (the mayfly Austrophlebioides and caddisfly Helicopsyche) 

(Chapter 3). Previous studies concerning the effect of algal PUFA on invertebrates 

have mainly focussed on freshwater zooplankton in lake ecosystems (Kleppel et al. 

1998, Müller-Navarra et al. 2000, Brett et al. 2006, Ravet et al. 2010, Masclaux et al. 

2012). Results of this stream study complement previous findings that PUFA in 

periphyton, at the base of stream food webs, are transferred to upper trophic levels 

(Brett and Müller-Navarra 1997, Brett et al. 2006). 

 

The results of Chapter 3 were validated by Chapter 4, which used stoichiometric ratio 

C: N as a measure of algal food quality to estimate food quality effects on stream 

grazers, Austrophlebioides and Helicopsyche. This study showed that algal food quality 

(C: N) played a more decisive role in grazer growth than food quantity (Chl-a). The 
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growth of both grazers was lower under high light and low nutrient conditions, where 

periphyton food quality was low (high C: N and low HUFA%), whereas their growth 

was higher under low light intensity and nutrient-enriched conditions, where high 

quality food was at high abundance (low C: N and high HUFA%). This chapter 

supported the results of Chapter 3, and confirmed the importance of algal food quality 

in stream food webs. 

 

The response of stream grazers to variations in periphyton PUFA and C: N differed, 

reflecting their abilities to cope with different food quality conditions. When stream 

grazers experienced low quality periphyton, compensatory feeding was observed. 

Austrophlebioides significantly decreased their growth compared with previous 

conditions, and Helicopsyche did not show changes in their growth. The FA similarity 

between stream grazers and periphyton did not change relative to initial conditions. In 

contrast, when periphyton food quality was improved, both grazers reached a larger size 

compared with previous conditions, and their FA composition was more similar to 

periphyton FA. Future work should also measure the reproductive response of stream 

invertebrates to different quality food, which may consequently affect their population 

dynamics (Smyntek et al. 2008). The ability of stream invertebrates to deal with 

different food quality conditions provides important information in understanding their 

behaviour in face of human disturbance such as riparian vegetation change and/ or 

nutrient inputs, and should be integrated into species conservation and restoration of 

streams and riparian zones. 
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6.3 Interaction between allochthonous leaf litter and 

autochthonous algae 

Previous studies have demonstrated the function of the heterotrophic microbial 

community, namely fungi and bacteria for shredder feeding (Hieber and Gessner 2002, 

Connolly and Pearson 2013, Manning et al. 2015), whereas the importance of algae 

attached to submerged leaf litter has only been proposed (Franken et al. 2005, Albarino 

et al. 2008). Chapter 5 filled the knowledge gap, and found that high quality algae 

attached to leaf litter (Lophostemon confertus, Brush box) boosted the somatic growth 

of invertebrate shredders (Anisocentropus bicoloratus, Trichoptera). Although these 

shredders obtained most their energy through leaf consumption, they acquired and 

selectively retained their physiologically important FA from high quality algae. This 

chapter provides evidence for stream ecosystems that the availability of high quality 

algae regulates invertebrate shredder growth, and the incorporation of low quality 

terrestrial leaf litter into aquatic food webs (Brett et al. 2009a). 

 

This chapter emphasizes the nutritional importance of high quality algal food sources 

for invertebrate shredders compared with terrestrial leaf litter alone. Terrestrial carbon 

may be preferentially catabolised, whereas autochthonous algae play a more important 

role in invertebrate somatic growth and reproduction (Brett et al. 2009a). Studies on 

zooplankton found that terrestrial carbon and/ or t-DOM-driven bacterial production are 

able to support zooplankton growth and reproduction (Brett et al. 2009a, McMeans et al. 

2015), but the growth rates were lower and the number of viable offspring was smaller 

compared with zooplankton feeding on sufficient algae. In Chapter 5, nutrient 

enrichment led to a significant increase in high quality algal PUFA, which consequently 
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enhanced shredder growth. In contrast, shredder growth was restricted in the low 

nutrient treatments. In particular, under shaded conditions, the terrestrial FA in shredder 

body tissues increased but shredders were still associated with smaller size, suggesting 

the low nutritional quality of the available terrestrial carbon. Therefore, different from 

previous studies focusing on bacteria and fungi, algae mediated pathways for shredders 

obtaining their carbon provides a new perspective to understand the interaction between 

allochthonous leaf litter and autochthonous algae. 

6.4 Human disturbance on algal PUFA transfer in stream food 

webs 

As the trophic transfer efficiency of PUFA decreases with increasing lake trophic status 

(Kainz et al. 2004, Müller-Navarra et al. 2004, Brett et al. 2006, Persson and Vrede 

2006), this thesis suggests that PUFA transfer in streams may be strongly related to 

riparian canopy cover and water nutrient concentration. The interaction of riparian 

canopy cover and nutrients led to distinct changes in periphyton PUFA that were passed 

on to the PUFA profiles and consequently somatic growth of these benthic invertebrates 

with the potential to affect ecological processes at higher trophic levels. 

 

NOx-N, rather than phosphorus, was identified as the most important nutrient predictor 

of algal PUFA, which is perhaps not unexpected given most streams in the region are 

nitrogen limited (Mosisch et al. 2001, Udy et al. 2006). Catchment land-use change, i.e., 

riparian canopy and nutrients, has been shown to influence the biomass of fish, 

macroinvertebrates and algae (Stephenson and Morin 2009), biotic diversity (Weijters et 

al. 2009), water quality (Tong and Chen 2002), benthic primary production (Fellows et 

al. 2006) and nutrient cycling (Udy et al. 2006). This thesis suggests that algal PUFA 
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transfer in stream food webs could potentially explain the mechanism behind those 

complex ecological changes induced by human disturbance. Meanwhile, consumer 

PUFA composition may indicate the fitness of populations, with the potential to explain 

community dynamics (Smyntek et al. 2008). Together with other recent work in streams 

(Bunn et al. 1999, Hill et al. 2011, Cashman et al. 2013, Honeyfield and Maloney 2015), 

this thesis recommends routine measurement of PUFA content in algae and/ or their 

consumers should be considered in catchment management in order to monitor the 

effect of environmental changes on stream food webs. 

6.5 Conclusions and future research 

Based on the overall findings of this thesis, it can be concluded that algae are important 

food sources in stream food webs, not only affecting invertebrate growth and energy 

transfer to upper trophic levels but also regulating the incorporation of low quality leaf 

litter into stream food webs. Given that streams are increasingly affected by a variety of 

human disturbances (Allan 2004), this makes the energy transfer more complex. This 

thesis also shows that algal PUFA variations induced by riparian canopy cover and 

nutrient change can be transferred to invertebrate grazers and shredders, with the 

potential to affect the energy flow to upper trophic levels.  

 

However, studies on algal PUFA effect on energy transfer in stream food webs are just 

beginning, and require further exploration. This thesis mainly focused on the effect of 

algal PUFA variations on invertebrate somatic growth. Future studies should consider 

more about invertebrate reproductive investment in PUFA in response to different food 

quality conditions, since long-chain PUFA are heavily invested in invertebrate 

reproduction (Arts 1999, Lee et al. 2006). In addition, current studies of algal PUFA 
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effects on stream invertebrates are limited to a certain area, i.e., northern temperate 

rivers, or several invertebrate species. More studies on different species and broader 

areas are needed to improve our understanding of how macroinvertebrates utilize algal 

PUFA and to help estimate the energy transfer efficiency in stream food webs. As for 

environmental factors, stream food webs are also strongly affected by flow conditions, 

geomorphology, pollutant inputs and climate change. Measurement of algal PUFA 

transfer could be an important tool to elucidate the effect of these factors on the 

consumer-resource relationships in stream food webs. 
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Appendices 

Appendix A: Periphyton C and N content 

Period Treatment Creek 
Elemental (%) 

C:N 
C N 

pre shade scrub 33.1 6.0 5.57 

pre shade scrub 25.3 4.3 5.92 

pre open scrub 23.8 3.7 6.46 

pre open scrub 15.8 2.4 6.70 

pre open scrub 17.8 2.7 6.51 

pre open+nutrients scrub 22.4 3.5 6.38 

pre shade+nutrients scrub 20.1 3.0 6.65 

pre open bridge 20.6 2.7 7.51 

pre open bridge 20.9 3.2 6.50 

pre open bridge 17.7 2.2 7.89 

pre shade bridge 38.9 5.8 6.70 

pre shade bridge 20.9 3.0 6.94 

pre open+nutrients bridge 33.2 4.8 7.00 

pre open+nutrients bridge 21.8 3.5 6.26 

pre open+nutrients bridge 16.5 2.4 6.83 

pre shade+nutrients bridge 25.1 3.7 6.77 

pre shade+nutrients bridge 21.4 3.0 7.01 

pre open Balgwolah 26.8 3.4 7.92 

pre open Balgwolah 35.3 3.8 9.25 

pre shade Balgwolah 28.5 2.8 10.16 

pre shade Balgwolah 32.7 2.6 12.64 

pre shade Balgwolah 25.3 2.5 9.97 

pre shade+nutrients Balgwolah 30.4 3.6 8.48 

pre shade+nutrients Balgwolah 25.5 2.8 9.28 

pre shade+nutrients Balgwolah 32.4 3.0 10.97 

pre shade+nutrients Balgwolah 31.3 2.6 11.85 

pre open+nutrients Balgwolah 31.5 3.5 9.10 

pre open+nutrients Balgwolah 34.6 2.3 14.83 

pre open+nutrients Balgwolah 35.6 2.1 16.64 

pre open bridge 20.3 2.7 7.52 

pre open Balgwolah 34.6 3.7 9.27 

post open bridge 15.9 2.1 7.62 

post open bridge 15.6 1.9 8.31 

post open bridge 12.8 1.6 7.77 
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Period Treatment Creek 
Elemental (%) 

C:N 
C N 

post open bridge 15.6 2.0 7.88 

post shade bridge 12.9 1.8 7.27 

post shade bridge 9.6 1.3 7.52 

post shade bridge 9.7 1.1 8.47 

post shade bridge 10.7 1.3 8.31 

post open+nutrients bridge 14.4 2.0 7.12 

post open+nutrients bridge 14.0 1.9 7.22 

post open+nutrients bridge 12.8 1.6 7.93 

post open+nutrients bridge 20.8 2.8 7.41 

post shade+nutrients bridge 11.0 1.4 7.74 

post shade+nutrients bridge 12.4 1.8 6.91 

post shade+nutrients bridge 11.7 1.4 8.38 

post shade+nutrients bridge 12.0 1.5 8.19 

post open Balgwolah 20.4 2.2 9.45 

post open Balgwolah 29.6 3.2 9.15 

post open Balgwolah 25.1 3.0 8.46 

post open Balgwolah 24.1 2.7 9.02 

post shade Balgwolah 20.8 2.9 7.15 

post shade Balgwolah 21.7 2.6 8.25 

post shade Balgwolah 22.7 3.2 7.08 

post shade Balgwolah 24.4 2.8 8.77 

post shade+nutrients Balgwolah 19.3 2.7 7.14 

post shade+nutrients Balgwolah 21.8 2.8 7.89 

post shade+nutrients Balgwolah 15.9 2.0 8.01 

post open+nutrients Balgwolah 25.7 2.8 9.23 

post open+nutrients Balgwolah 16.2 1.7 9.41 

post open+nutrients Balgwolah 24.8 2.9 8.52 

post open+nutrients Balgwolah 29.6 4.1 7.28 

post shade scrub 19.6 2.5 7.78 

post shade scrub 19.1 2.8 6.87 

post open scrub 20.8 2.5 8.46 

post open scrub 27.1 3.9 6.97 

post open scrub 18.7 2.5 7.38 

post open+nutrients scrub 29.9 4.1 7.33 

post open+nutrients scrub 31.8 3.9 8.15 

post shade+nutrients scrub 25.0 3.4 7.40 
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Appendix B: Correlations between δ13C of large instars for two 

stream grazers (Austrophlebioides and Helicopsyche) and 

periphyton δ13C. 

A. Austrophlebioides 

 

B. Helicopsyche 
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