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Abstract

1. There is growing recognition of the importance of food quality over quantity for aquatic 

consumers. In streams and rivers, most previous studies considered this primarily in terms 

of the quality of terrestrial leaf litter and importance of microbial conditioning. However, 

many recent studies suggest that algae are a more nutritional food source for riverine 

consumers than leaf litter. To date, few studies have quantified longitudinal shifts in the 

nutritional quality of basal food resources in river ecosystems and how these may affect 

consumers.

2. We conducted a field investigation in a subalpine river ecosystem in Austria to investigate 

longitudinal variations in diet quality of basal food sources (submerged leaves and 

periphyton) and diet source dependence of stream consumers (invertebrate grazers, 

shredders, filterers and predators, and fish). Fatty acid (FA) profiles of basal food sources 

and their consumers were measured.

3. Our results indicate systematic differences between the FA profiles of terrestrial leaves and 

aquatic biota, i.e., periphyton, invertebrates and fish. Submerged leaves contained very low 

proportions of long-chain polyunsaturated fatty acids (LC-PUFA), which were conversely 

rich in aquatic biota. While the FA composition of submerged leaves remained similar 

among sites, the LC-PUFA of periphyton increased longitudinally, which was associated 

with increasing nutrients from upstream to downstream.

4. Longitudinal variations in periphyton LC-PUFA were reflected in the LC-PUFA of 

invertebrate grazers and shredders, and further tracked by invertebrate predators and fish. 

However, brown trout (Salmo trutta) contained a large proportion of docosahexaenoic acid 

(DHA, 22:6ω3), a LC-PUFA almost entirely missing in basal sources and invertebrates. 

The fish accumulated eicosapentaenoic acid (EPA, 20:5ω3) from invertebrate prey and 

may use this FA to synthesize DHA.

5. Our results provide a nutritional perspective for river food web studies, emphasizing the 

importance of algal resources to consumer somatic growth and the need to account for the 

longitudinal shifts in the quality of these basal resources.

Key words: Food quality, Fatty acids, Brown trout, Diatoms, Food webs
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Introduction

The importance of food quality over food quantity for aquatic consumers has been increasingly 

recognized in recent years (Brett et al., 2017; McInerney et al., 2020). Food quality is central for 

consumer growth, reproduction and survival, in all food webs (Simpson & Raubenheimer, 2012). 

In rivers and streams, previous studies framed under the River Continuum Concept (RCC; 

Vannote et al. 1980), hypothesized that terrestrial food sources were a major dietary carbon source 

supporting aquatic food webs (Junk, Bayley, & Sparks, 1989; Wolff, Carniatto, & Hahn, 2013). 

Such conclusions were largely based on gut content analyses and the feeding behavior of benthic 

invertebrates. However, with the application of biochemical tracers, such as stable isotopes, fatty 

acids (FA) and amino acids, it has become evident that algae are a more nutritionally important 

food source for riverine consumers (Bunn, Davies, & Winning, 2003; Lau, Leung, & Dudgeon, 

2009; Thorp & Bowes, 2017). While Vannote et al. (1980) predicted increased dependence on 

algae in the wider mid-river reaches, few studies have quantified longitudinal shifts in the 

nutritional quality of basal resources and how these basal resources may affect consumers.

The nutritional quality of resources is generally determined by specific biochemical compounds 

that are essential for animal fitness but cannot be synthesized by animals or can only be 

synthesized at very low rates. Long-chain polyunsaturated fatty acids (LC-PUFA) are one of these 

groups of compounds, in particular the omega-3 (ω3) LC-PUFA eicosapentaenoic acid (EPA, 

20:5ω3) and docosahexaenoic acid (DHA, 22:6ω3), and the omega-6 (ω6) LC-PUFA arachidonic 

acid (ARA, 20:4ω6), which are essential to support maintenance, growth and reproduction of 

aquatic consumers (Arts, Ackman, & Holub, 2001; Sargent, Bell, McEvoy, Tocher, & Estevez, 

1999; Tocher, 2003; Gladyshev, Sushchik, Tolomeev, & Dgebuadze, 2018). Aquatic consumers 

must obtain these molecules directly from their diets due to their limited ability to synthesize LC-

PUFA. Diets low in LC-PUFA can constrain somatic growth and reproduction and affect survival 

at the individual level, and may result in reduced secondary production and food chain efficiency 

at the ecosystem level ( Müller-Navarra et al., 2004; Muir et al., 2014; Twining et al., 2016).

In river and stream ecosystems, terrestrial leaves and algae have contrasting LC-PUFA profiles. 

Periphyton growing on large woody debris and rock surfaces, especially diatoms that are rich in 

LC-PUFA, provide high-quality resources for consumers, whereas terrestrial leaves are of low-

quality due to the lack of LC-PUFA, high C:N ratios and presence of other compounds (Guo, A
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Kainz, Sheldon, & Bunn, 2016; Torres-Ruiz, Wehr, & Perrone, 2007). Fungi and bacteria 

colonization on submerged leaves can increase the nutritional quality of leaves, e.g., lower C:N 

ratios, and increased protein content (Tant, Rosemond, Mehring, Kuehn, & Davis, 2015), but 

remain low-quality food compared with algae because fungi and bacteria generally lack LC-PUFA 

(Desvilettes, Bourdier, Amblard, & Barth, 1997; Stahl & Klug, 1996). Despite their low biomass, 

algae growing on the surfaces of submerged leaves have been reported to be an important source 

of dietary LC-PUFA for leaf shredders (Guo et al., 2018; Kühmayer et al., 2020). Preferential 

assimilation of high-quality periphyton over low-quality leaves has been found for primary 

consumers, even in headwaters where terrestrial inputs dominate (Kühmayer et al., 2020). Primary 

consumers feeding on high-quality periphyton in turn provide a source of high-quality prey for 

secondary consumers, including fish and humans (Brett et al., 2017; Guo, Bunn, Brett, & Kainz, 

2017; Ebm, Guo, Brett, Bunn, & Kainz, 2021).

However, periphyton LC-PUFA profiles are very sensitive to variations in environmental 

conditions (Cashman, Wehr, & Truhn, 2013; Guo, Kainz, Sheldon, & Bunn, 2015; Hill, Rinchard, 

& Czesny, 2011), especially light, nutrients and temperature, which change longitudinally in river 

ecosystems. For example, spatial differences in riparian canopy cover may regulate algae LC-

PUFA synthesis. High canopy cover (low light intensity) generally increases the relative content 

of EPA and ARA in periphyton, and reduces the relative availability of the short-chain PUFA 

alpha-linolenic acid (ALA, 18:3ω3) and linoleic acid (LIN, 18:2ω6) (Guo et al., 2015; Hill et al., 

2011). Periphyton LC-PUFA also change in response to variations in nutrient concentrations. 

Moderate nutrient inputs lead to an increase in LC-PUFA (Hill et al., 2011), but high nutrient 

supply, in particular phosphorus, favours cyanobacteria (Müller-Navarra et al., 2004), which have 

no LC-PUFA. Furthermore, low temperatures can lead to increases in periphyton EPA and DHA, 

as well as decreases in ALA and LIN (Guschina & Harwood, 2006). Despite these apparent broad 

patterns, it is largely unknown how periphyton PUFA profiles are affected by longitudinal 

gradients of the above environmental factors in river ecosystems, and how this variation in 

periphyton food quality might affect stream consumers.

While the RCC proposes increased dependence on algae in the wider mid-reaches of rivers, recent 

studies suggest that consumers most likely derive their LC-PUFA primarily from high-quality 

periphyton regardless of stream location (Guo et al., 2018; McInerney et al., 2020). The diet A
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source dependence of stream consumers has been extensively studied, with most studies focusing 

on shifts in macroinvertebrate functional feeding groups (FFG), i.e., shredders, grazers, filterers 

and predators, and fish (Greathouse & Pringle, 2006; Hayden, McWilliam-Hughes, & Cunjak, 

2016; Rasmussen, 2010; Rosi-Marshall, Vallis, Baxter, & Davis, 2016). Since most freshwater 

macroinvertebrates have a very low ability to synthesize LC-PUFA, they must obtain LC-PUFA 

directly from the diet. Given that periphyton are the exclusive source of LC-PUFA (Guo, Kainz, 

Sheldon, et al., 2016; Torres-Ruiz et al., 2007), invertebrate primary consumers should have a FA 

composition that largely reflects the FA composition of periphyton (Guo, Bunn, Brett, Hager, & 

Kainz, 2021; Torres-Ruiz, Wehr, & Perrone, 2010) and this periphyton-derived LC-PUFA can be 

consequently transferred from primary consumers to predators (Guo et al., 2018). It is thus likely 

that the FA profiles of macroinvertebrates should reflect and/or track the spatial patterns of 

periphyton diet quality in river ecosystems.

Fish FA profiles are largely affected by dietary LC-PUFA (Tocher, 2010). In a feeding experiment, 

the incorporation of dietary LC-PUFA into eyes, brains, livers and white muscle of turbot was 

determined by the percentage of these FA in their diet (Estevez, McEvoy, Bell, & Sargent, 1999). 

In river ecosystems, the LC-PUFA profiles in fish tissues were found to more closely resemble 

invertebrate and algal than terrestrial sources (Ebm et al., 2021). The FA profiles in a range of 

riverine fish species have been demonstrated to significantly reflect the concurrent differences in 

periphyton FA from upstream to downstream, e.g., sauger and white bass in the Ohio River 

(Dayhuff & Wells, 2005), channel catfish in the Kaskaskia River (Young, Whitledge, & 

Trushenski, 2016), bluegill across Illinois River reaches (Rude, Trushenski, & Whitledge, 2016) 

and Australian lungfish in the Brisbane River (Tao et al., 2020). However, it is not clear to what 

extent the LC-PUFA composition of fish will reflect dietary supply or how PUFA are innately 

regulated within fish.

We conducted a field study in a subalpine catchment in Austria to examine longitudinal variations 

in diet quality of basal food sources (i.e., submerged leaves and periphyton) and the dietary 

dependence of stream consumers (i.e., invertebrate grazers, shredders, filterers and predators, and 

fish) on them. We tested the hypotheses that: (1) the quality of basal resources, especially 

periphyton, will change in response to longitudinal variations in light, temperature and nutrients; A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

(2) the FA profiles of macroinvertebrate FFG will reflect that of their primary dietary source, and; 

(3) the FA profiles of fish will also reflect that of their local prey.

Materials and methods

Site selection

This study was carried out in the subalpine River Ybbs catchment, Austria (47°45'N, 15°12'E). 

The area has a temperate climate with evenly distributed precipitation over the year. The primary 

land use in the catchment is forestry, with alpine meadows and agriculture constituting only a 

small area in the lower catchment. All study streams were selected in the upper catchment, Weiße 

Ois, which had little or no human disturbances in the study reaches or their upstream catchments. 

The substrata of study streams were cobbles, and the underlying geology was primarily limestone. 

Nine study streams were chosen (Figure 1a), with consideration of different levels of riparian 

canopy cover (shade vs open), altitude (associated with temperature) and nutrient concentrations 

(dissolved inorganic nitrogen (DIN) and soluble reactive phosphorus (SRP)), including 2 

headwater streams with shaded canopy, 2 headwater streams with open canopy, 2 midstream sites 

with open canopy and 3 downstream sites with open canopy.

Field collection

Basal food sources, i.e., submerged leaves and periphyton, and their consumers, i.e., 

macroinvertebrates and fish were collected from 9 streams in October 2016 (Figure 1). All 

samples were collected along a 20-m reach from each stream. Submerged leaves were picked from 

water by hand. Periphyton and macroinvertebrates were sampled using a 1.5 m x 1.5 m quadrat. 

Three replicated samples of periphyton were collected from three quadrats, respectively, and each 

periphyton sample was collected from five different cobbles by scraping them with brushes. 

Macroinvertebrates clinging to those cobbles within each quadrat were washed into a white tray, 

identified to Genus and assigned to FFG (Cummins & Klug, 1979). Macroinvertebrate grazers in 

the study streams included Ecdyonurus sp., and Baetis sp.; shredders were Nemoura sp., Leuctra 

sp., Allogamus sp., and Potamophylax sp.; The only filterer collected was Hydropsyche sp.; 

predators included Rhyacophila sp., Plectrocnemia sp., Perla sp., Perlodes sp., and Isoperla sp.. A 

separate invertebrate sample was preserved for further taxonomic identification. Fish samples 

were collected by electrofishing, anesthetized and killed in situ according to the Federal Act on the A
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Protection of Animals, Austria (http://www.ris.bka.gv.at). Total body length (mm) of each 

collected fish was measured.

All samples were placed in zip-lock plastic bags, stored on ice and kept in the dark in a portable 

freezer in the field. The dorsal muscle tissue of fish samples was extracted immediately for FA 

analyses when back in lab. All FA samples were placed in a -80 °C freezer until further processing, 

and the separate invertebrate sample was preserved in 75% ethanol for invertebrate identification.

At each site, triplicate water samples were collected to determine the concentrations of DIN, 

including nitrate (NO3–N), nitrite (NO2–N) and ammonium nitrogen (NH4–N), and SRP. Nutrient 

samples were stored in a portable dark cooler in the field and filtered through 0.7 µm glass 

microfiber filters (GF/F; WhatmanTM, GE Healthcare) in the laboratory.

Altitude was measured by an outdoor app “Runtastic Altimeter GPS” (Runtastic GmbH, Linz, 

Austria) and, when necessary, verified with cartographical data. Stream temperature and pH were 

measured using an HQD portable measuring meter (HQ30D – Multi/1 Channel, HACH LANGE, 

Germany). Current velocity was measured using a mechanical flow meter (Hydro-Bios, Kiel, 

Germany). Riparian canopy cover was estimated in situ, and followed the method in Guo et al. 

(2018).

Lab analysis

Three fish species were collected in the study catchment, including Brown trout (Salmo trutta), 

Rainbow trout (Oncorhynchus mykiss) and European Bullhead (Cottus gobio). However, only 

juvenile brown trout were abundant and occurred in most sampling sites, and therefore this species 

was used for FA analyses. Their body lengths ranged from 55 to 218 mm.

All FA samples of fish, macroinvertebrates, periphyton and leaves were freeze-dried (Virtis 

Genesis Freeze Dryer). After freeze-drying, each sample was homogenized with a glass rod and/ 

or a food processor. A dry mass of each invertebrate sample (5-7 mg), each fish sample (5-7 mg), 

each periphyton sample (10 mg) and each leaf sample (50 mg) was used for lipid extraction and 

FA methylation according to the methods described in Guo et al. (2016). Fatty acid methyl esters 

(FAME) were analysed using a gas chromatograph (Thermo Trace) equipped with a temperature-A
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programmable injector and an autosampler. FAME were separated by a SupelcoTM SP-2560 

column (100 m, 25 mm i.d., 0.2 um film thickness), identified by comparison of their retention 

times with known standards (37-component FAME mix, Supelco 47885-U; Bacterial Acid Methyl 

Ester Mix, Supelco 47080-U) and quantified with reference to seven-point calibration curves 

based on known standard concentrations. FA compositions were expressed as percentage values 

relative to total FA (FA%).

Dissolved nutrients (DIN and SRP) were analysed by a continuous flow analyser (Alliance 

instrument GmbH, 5020, Salzburg, Austria) (Table 1).

Data analysis

Environmental characteristics of nine stream sites were analysed using principal component 

analysis (PCA). Monte Carlo randomization with 1000 permutations was applied to test the 

significance of the resulting eigenvalues from PCA. All environmental factors were standardized 

for the analysis to minimize the effects of differences in measurement units and variance and 

render the data dimensionless (Zhang, Guo, Meng, & Wang, 2009).

Differences in overall FA profiles between consumers and their basal food sources were visualised 

and estimated by non-metric multidimensional scaling (NMDS). NMDS was based on Bray–

Curtis dissimilarity matrix, and the stress value < 0.2 was accepted (Clarke, 1993). The 

dissimilarity in overall FA profiles between consumers and their basal food sources was further 

assessed by permutational multivariate analysis of variance (PERMANOVA), with taxa (e.g., 

periphyton, leaves, invertebrates and fish) as the fixed factor and sites as the blocking term.

To visualise the longitudinal variations in diet quality, the FA composition of basal food sources 

(i.e., submerged leaves and periphytons), invertebrate primary (grazers, shredders and filterers) 

and secondary (predators) consumers, and fish (Salmo trutta) from headwater streams to 

downstream sites were plotted. The differences among sites were estimated by one-way ANOVA, 

followed by Tukey HSD multiple comparisons. Due to the very low proportions of DHA, EPA 

and ARA in submerged leaves, and DHA and ARA in periphyton, the differences of these FA 

among sites were not examined.A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

The trophic transfer of LC-PUFA to fish from basal food sources was examined by Piecewise 

structural equation models (SEM). Specifically, a priori directed acyclic graph was constructed 

according to the trophic links from basal food sources (submerged leaves and periphyton) to fish 

(Guo et al., 2018; Jardine et al., 2015). The graph was then translated into a set of linear equations, 

each of which was fitted using restricted maximum likelihood (Shipley, 2009). Model fit was 

evaluated using the directed separation test, based on the Fisher’s C statistic and a chi-square 

distribution significance test (Shipley, 2009). The test of directed separation assumes that all 

variables are conditionally independent, which implies no missing relationships among 

unconnected variables (Shipley, 2000). The p-value for the chi-square test > 0.05 indicates support 

for the set of the conditional independence (Shipley, 2009). Path coefficients were then calculated 

for each component model. Invertebrate filterers were not included in the analysis because of their 

small sample size.

Piecewise SEM was undertaken for ω3 LC-PUFA, the sum of DHA and EPA, for three reasons: (1) 

Results of ANOVA and NMDS showed that EPA was high in invertebrates (~14.6%), and DHA 

was high in fish (~24.1%); (2) EPA is critical for invertebrate growth and reproduction (Stanley-

Samuelson, 1994), and DHA is key for fish neural development and vision (Tocher, 2003); (3) It 

is also likely that freshwater salmonids obtain most of their DHA via elongating and desaturating 

EPA (Barry & Trushenski, 2020). Therefore, the sum of EPA and DHA was used to construct the 

models.  

The relative importance of dietary FA, fish body size and spatial environmental factors for the 

overall FA composition of Salmo trutta was partitioned and quantified by partial redundancy 

analysis (partial RDA). The fish FA data were used as the response variable, whereas the three 

sets of data, i.e., dietary FA, fish body size and spatial environmental factors were explanatory 

variables. Dietary FA included the overall FA profiles of invertebrate shredders, grazers, filterers 

and predators in this study, and fish body size was the body length. Spatial environmental factors 

included altitude, riparian canopy, DIN, SRP, velocity, pH and temperature. Partial RDA was 

performed based on a series of combinations of different explanatory variables with or without 

covariables to partition the influence of explanatory variables. 
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All statistical analyses were conducted in the statistical software R version 4.0.0 (R Core Team, 

2020), using the extension package vegan for PCA, NMDS, PERMANOVA and partial RDA 

(Oksanen et al., 2013), and ggm for SEM (Marchetti, Drton, & Sadeghi, 2012). All FA percentage 

data were arcsine-square-root-transformed for normal distribution approximation before analysis 

(Kelly & Scheibling, 2012). Eight individual FA or groups of FA which represented essential FA 

and important FA functional groups in stream ecosystems (Guo et al., 2017), were used for data 

analysis, including DHA, EPA, ARA, ALA, LIN, sum of saturated FA (SAFA), sum of 

monounsaturated FA (MUFA), and sum of bacterial FA (BAFA). Bacterial fatty acids included 

15:0, 17:0 and their branched iso- and anteiso-homologues, and 18:1ω7.

Results

Environmental characteristics of study streams

The first two principal components (PCs) accounted for 77.6% of the variation in physical and 

chemical attributes of nine study streams (Figure 1b, Table 1), and both components were related 

to a gradient of environmental factors from forested headwaters to downstream. PC1 explained 

56.4% of the total variance and was negatively correlated with altitude (correlation coefficient: -

0.93) and canopy (-0.66), but positively correlated with DIN (0.89), SRP (0.82) and temperature 

(0.88). Altitude decreased from upstream to downstream, whereas water temperature and DIN and 

SRP concentrations increased from upstream to downstream. Furthermore, PC1 arranged the nine 

stream sites into 4 groups (Figure 1b): upstream with shaded canopy and low nutrients (up_shade), 

upstream with open canopy and low nutrients (up_open), midstream with open canopy and 

relatively high nutrients (midstream) and downstream with open canopy and high nutrients 

(downstream). PC2 accounted for only 21.2% of the total variance and is not considered further 

here.

Differences in the FA composition of basal food sources and consumers

The NMDS analysis illustrates the dissimilarity in the FA profiles of consumers and their basal 

food sources (Figure 2). NMDS1 was correlated positively with DHA (correlation coefficients: 

0.87), EPA (0.74) and ARA (0.79) but negatively with LIN (-0.92), whereas NMDS2 was 

significantly correlated with ALA (-0.92), SAFA (0.90) and MUFA (0.97). All samples were 

classified into three distinct groups: submerged leaves (high in ALA and LIN), invertebrates and 

periphyton (high in EPA), and Salmo trutta (high in DHA, EPA and ARA).A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Consistent with the NMDS analysis, the PERMANOVA showed significant differences in FA 

profiles among the above three groups. The FA profiles of leaves were significantly dissimilar to 

those of fish (F-value = 236.66, p < 0.001), invertebrates (F-value = 63.37, p < 0.001) and 

periphyton (F-value = 95.46, p < 0.001). The FA of fish were also significantly dissimilar to those 

of invertebrates (F-value = 192.92, p < 0.001) and periphyton (F-value = 156.44, p < 0.001).

Longitudinal variations in the FA profiles of basal sources

Submerged leaves and periphyton both had very low DHA and ARA, but leaves were also 

comparatively low in EPA (Figure 3, Table 2). Although submerged leaves contained high 

proportions of ALA, LIN, BAFA, MUFA and SAFA, their proportions did not change 

significantly among sites (Figure 3). Detailed statistical results are provided in the supplementary 

document.

Unlike submerged leaves, periphyton FA showed pronounced variations from upstream to 

downstream (Figure 3, Table 2). Periphyton EPA was significantly lower in up_shade and 

up_open sites than in downstream sites (F-value = 15.1, p < 0.001; TukeyHSD, up_shade vs 

downstream, p = 0.01; up_open vs downstream, p < 0.001). In contrast to EPA, periphyton ALA 

was significantly higher in up_shade and up_open sites than in downstream sites (F-value = 9.8, p 

< 0.001; TukeyHSD, up_shade vs downstream, p < 0.001; up_open vs downstream, p < 0.045). 

Periphyton LIN did not significantly vary among sites (F-value = 0.37, p = 0.77). Additionally, 

periphyton BAFA was higher in up_shade than that in up_open and downstream sites (F-value = 

5.5, p = 0.006; TukeyHSD, up_shade vs up_open, p = 0.006; up_shade vs downstream, p = 0.01), 

whereas periphyton MUFA in up_shade sites was lower than that in up_open and downstream 

sites (F-value = 7.8, p = 0.001; TukeyHSD, up_shade vs up_open, p < 0.001; up_shade vs 

downstream, p = 0.04).

Longitudinal variations in consumer FA profiles

Variation in the FA profiles of invertebrate primary consumers, i.e., grazers, shredders and 

filterers, followed similar patterns as the periphyton FA from up- to down-stream sites, but only 

the variation in grazer EPA was significant (Figure 3, Table 2). Specifically, grazer EPA was 

significantly lower in up_shade and up_open sites than that in downstream sites (F-value = 7.5, p A
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= 0.004; TukeyHSD, up_shade vs downstream, p = 0.05; up_open vs downstream, p = 0.003). 

Additionally, consistent with the basal food sources, grazers, shredders, and filterers all had low 

proportions of DHA and ARA (Table 2). Detailed statistical results are provided in the 

supplementary document.

The spatial variation of ALA in invertebrate predators, and ALA and EPA in fish, tracked changes 

in grazer FA and periphyton FA (Figure 3, Table 2). Predator ALA was higher in up_shade 

compared to downstream sites (F-value = 4.2, p = 0.02; TukeyHSD, up_shade vs downstream, p = 

0.03). Similarly, fish ALA was higher in up_shade and up_open sites than that in downstream 

sites (F-value = 4.5, p = 0.01; TukeyHSD, up_shade vs downstream, p = 0.04; up_open vs 

downstream, p = 0.004). Further, fish EPA was lower in up_shade and up_open sites than at the 

midstream sites (F-value = 6.5, p = 0.001; TukeyHSD, up_shade vs midstream, p = 0.04; up_open 

vs midstream, p = 0.001). Fish DHA was similar among the sampling sites (F-value = 1.04, p = 

0.38). In addition, invertebrate predators were low in DHA, while the predatory Salmo trutta was 

rich in DHA (Table 2).

The trophic transfer of LC-PUFA in river food webs

Piecewise SEM yielded final path models for ω3 LC-PUFA (Figure 4). Results of directed 

separation tests, Fish’s C = 11.61 and p = 0.48, showed that all variables in the final causal model 

were conditionally independent. The direct influence of basal food sources on brown trout was not 

significant, but this effect indirectly occurred through invertebrate primary consumers and 

predators. Submerged leaves had no significant effect on grazer ω3 LC-PUFA (r = 0.60, p = 0.16) 

and shredder ω3 LC-PUFA (r = 0.66, p = 0.11). In contrast, periphyton FA significantly predicted 

grazer ω3 LC-PUFA (r = 0.75, p = 0.048) and shredder ω3 LC-PUFA (r = 0.78, p = 0.04), and the 

effect on grazers was significantly transferred up to invertebrate predators (r = 0.79, p = 0.04), and 

then to fish (r = 0.78, p = 0.04). In addition to invertebrate predators, fish ω3 LC-PUFA was also 

significantly affected by grazers (r = 0.82, p = 0.02) but not by shredders (r = 0.60, p = 0.16).

Partitioning effects of dietary invertebrate prey, fish body size and spatial environmental 

factors on fish FA composition

The summed dietary invertebrate prey, fish body size and spatial environmental factors together 

explained only 33.9% of the FA variation in Salmo trutta (Table 2). Dietary invertebrate prey A
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contributed 23.8% of the explained FA variation in fish, which was 10.8 times higher than the 

effect of fish body size (2.2%) but similar to the contribution of spatial environmental factors 

(27.4%). The joint effects of dietary invertebrate prey and fish body size explained 26.3% of FA 

variations in fish, while the joint effects of dietary invertebrate prey and spatial environmental 

factors explained 31.8%.

Discussion

This field study provides evidence that there are longitudinal patterns in the food quality (ω3 LC-

PUFA) of periphyton that are reflected in the FA composition of invertebrate grazers and 

shredders, and further tracked by invertebrate predators and fish. Consistent with previous studies, 

the proportion of ω3 LC-PUFA EPA in periphyton varied with environmental conditions 

(Cashman et al., 2013; Guo et al., 2017; Whorley & Wehr, 2018), and EPA was highly 

accumulated in invertebrates (Kühmayer et al., 2020). The other important ω3 LC-PUFA, DHA, 

was high in Salmo trutta, but almost entirely missing in basal resources and invertebrates. The fish 

accumulated EPA from invertebrate prey and likely use this FA to synthesize DHA.

Strong differences were observed between the FA composition of terrestrial leaves and 

invertebrates and fish, confirming that allochthonous inputs are not the source of LC-PUFA that 

are essential for growth, reproduction and maintenance of aquatic consumers in river ecosystems 

(Brett et al., 2017; Guo et al., 2017). Submerged leaves likely play important roles in stream 

systems as a reactive surface on which biofilms grow or as habitat for macroinvertebrates 

(Cummins & Klug, 1979), but offer only weak dietary contributions to consumer LC-PUFA. This 

is evident because leaves are totally devoid of the ω3 LC-PUFA EPA for invertebrates and DHA 

for fish. Although biofilms growing on submerged leaves contain LC-PUFA, their amount may be 

too low to cause larger changes in the FA composition of their consumers, which is supported by 

our path analysis results that submerged leaves did not have a significant effect on shredder FA. In 

contrast, invertebrate overall FA largely overlapped with periphyton FA, indicating invertebrates 

may obtain their LC-PUFA mainly from this source. For the study fish Salmo trutta, its overall FA 

composition differed from periphyton and invertebrates mainly because it contained a high 

proportion of DHA, which is probably obtained via the bioconversion of EPA contained within the 

trout’s prey resources (Barry & Trushenski, 2020).A
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The diet quality of periphyton increased longitudinally from up- to downstream sites, which is 

largely attributed to the DIN and SRP gradients rather than riparian canopy and temperature. 

Riparian canopy cover showed limited effects on periphyton EPA, as periphyton EPA was just 

slightly higher in upstream sites with shaded canopy than in upstream sites with open canopy. In 

previous studies which reported strong effects of canopy cover on periphyton FA (Guo et al., 2015; 

Hill et al., 2011), their canopy cover was either associated with large differences in light 

intensities (Hill et al., 2011) or ranged from 20% to 86% (Guo et al., 2015). We chose only two 

canopy cover levels, i.e., open canopy and partly shaded canopy, for which the differences may be 

not large enough to induce variations in periphyton species composition and FA. Additionally, we 

sampled in late autumn, when most riparian leaves fall and more light could penetrate and reach 

the streams, partly reducing the differences between the two canopy cover levels. Meanwhile, the 

observed temperature effect on periphyton EPA also was rather small, likely due to the small scale 

of the study subalpine river catchment with small temperature variations. Therefore, the 

differences in periphyton EPA between upstream and downstream habitats are likely induced by 

increased DIN and SRP concentrations. Moderate nutrient levels are reported to lead to an 

increase in periphyton EPA, but decreases in the short-chain PUFA ALA (Guschina & Harwood, 

2006; Hill et al., 2011), evidenced by the converse patterns of periphyton EPA and ALA in 

response to nutrient gradients from upstream to downstream in our study.

The path analysis showed that longitudinal variations in periphyton diet quality were tracked by 

grazers and shredders, consistent with previous findings that stream invertebrates have a FA 

composition that largely reflects their dietary algal FA (Guo et al., 2018; Torres-Ruiz et al., 2010). 

Grazers and shredders are frequently used in studies when examining the importance of 

autochthonous and allochthonous diet sources for stream food webs, since these consumers have 

contrasting feeding behaviours on algae and terrestrial leaves, respectively. It is predictable that 

grazer EPA varied with periphyton EPA from upstream to downstream, since grazers primarily 

feed on periphyton and retain large amounts of periphyton FA (Guo et al., 2018, 2021). 

Surprisingly, shredders, which feed on allochthonous sources, also tracked the variations in 

periphyton EPA, although the pattern was not significant from upstream to downstream. Shredders 

feed on submerged leaves which may have algae growing on the surfaces, and these algae can 

boost shredder growth (Guo, Kainz, Valdez, et al., 2016), but few studies have shown how these 

algae influence shredder FA composition. Shredders are found to preferentially retain EPA from A
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periphyton rather than submerged leaves (Kühmayer et al., 2020), probably due to the large 

amount of EPA in periphyton. Together with our results, we propose that shredder EPA is largely 

determined by periphyton EPA, provided via autochthonous diet sources.

Although predator FA did not show longitudinal patterns, path analysis showed their ω3 LC-

PUFA was significantly influenced by grazers. This may be partly caused by the relatively high 

abundance of grazers (e.g., Baetis sp. and Ecdyonurus sp.) in our study streams, which potentially 

are the most abundant diet for predators. Further, the significant transfer of periphyton ω3 LC-

PUFA to predators via grazers confirms the physiological importance of ω3 LC-PUFA for 

invertebrates (Stanley-Samuelson, 1994), and the increasing retention of ω3 LC-PUFA in body 

tissues from primary consumers to predators indicates the more efficient transfer of autochthonous 

than allochthonous carbon in stream food webs (Gladyshev et al., 2011; Guo et al., 2018; Lau, 

Vrede, Pickova, & Goedkoop, 2012). Invertebrates feeding on and retaining dietary ω3 LC-PUFA 

will be consequently high-quality food for their consumers, such as fish.

The ω3 LC-PUFA proportion in Salmo trutta was significantly influenced by that of invertebrates, 

suggesting that invertebrates supply EPA to this trout species. However, the contribution of 

invertebrate prey to the overall FA profiles of brown trout was low (23.8%), suggesting the fish 

may feed on other sources, and/ or be capable of synthesizing LC-PUFA, especially DHA. DHA 

in this trout species represented 24% of the total FA, similar to the average DHA levels in stream 

salmonids (~24%) but much higher than that in Cypriniformes (~5%), Siluriformes (~8%) and 

their food sources periphyton and invertebrates (typically < 1%) (Guo et al., 2017). The high DHA 

in salmonids in such a low-DHA environment challenges their DHA acquisition strategies 

between external dietary sources and internal conversion. Based on gut content analyses, many 

studies have reported that stream-dwelling Salmo trutta primarily feed on aquatic and terrestrial 

invertebrates, > 90% of the diet, with smaller contributions from fish and fish eggs (Becer Ozvarol, 

Ozvarol, Gozacan, Bektas, & Yildirim, 2011; Elliott, 1967; Kara & Alp, 2005). However, Salmo 

trutta in our study catchment were mostly juveniles, which mainly consume benthic invertebrates 

(Sánchez-Hernández, Servia, & Vieira-Lanero, 2012). Stream invertebrates are low in DHA, 

supported by our data, and thus the study fish likely converted dietary precursors (e.g., 

invertebrate EPA) to DHA.A
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In our study, the DHA proportion of the study fish remained constant among sites, indicating their 

strong ability to regulate DHA at a relatively constant level for physiological requirements 

regardless of stream locations and food sources. Moreover, our study fish accumulated EPA from 

invertebrate prey and may use this EPA to synthesize DHA. It is likely that our study fish may 

have a stronger ability to synthesize DHA from EPA compared with other riverine fishes whose 

FA profiles varied with algal FA along the river continuum, such as bluegill (DHA, ~ 7.4%) in 

Illinois River (Rude et al., 2016). Recent feeding trials also show that the freshwater salmonids 

arctic charr (Salvelinus alpinus) and rainbow trout (Oncorhynchus mykiss) are physiologically able 

to synthesize sufficient DHA from dietary precursors (Barry & Trushenski, 2020; Murray, Hager, 

Tocher, & Kainz, 2014). Therefore, the converted DHA in the study salmonid may be sufficient to 

account for the high DHA proportion observed from stream ecosystems.

In summary, our study provides a nutritional perspective into river food web studies from a FA 

view and defines a more holistic perspective of the trophic transfer of LC-PUFA, from the base of 

the food web to carnivorous fish. Our results confirm that stream consumers derive their LC-

PUFA from periphyton, which is irrespective of the functional feeding modes of consumers and 

despite marked longitudinal differences in terrestrial litter inputs or riparian shading. There are, 

however, longitudinal variations in the diet quality of periphyton that are reflected in consumers. 

Therefore, we propose a longitudinal upstream to downstream high-quality periphyton dominated 

energy pathway.
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Figures and Tables

Figure legends

Fig 1.  Nine study sites in the River Ybbs catchment, Austria. (1a) Sampling map. Sites were 

selected based on gradients of riparian canopy cover (shade vs open), altitude (associated with 

temperature) and nutrient concentrations from upstream to downstream, including two headwater 

streams with shaded canopy (TB and SCH), two headwater streams with open canopy (RB and 

WO), two midstream sites with open canopy (TG and OS) and three downstream sites with open 

canopy (YGL, YLG and YLK). (1b) Biplot of principal component analysis (PCA) summarizing 

the variations in environmental characteristics of nine study sites.

Fig 2.  Non-metric multidimensional scaling (NMDS) of fatty acid compositions (% relative to 

total fatty acids) of basal food sources, invertebrates, and fish from nine study sites in the River 

Ybbs catchment, Austria (two-dimensional, stress = 0.12)

Fig 3.  Variations in the fatty acid profiles (% relative to total fatty acids, mean ± SE) in basal food 

sources, invertebrate functional feeding groups and fish among stream locations in the River Ybbs 

catchment, Austria. Salmo, Salmo trutta. Letters indicate significant differences among stream 

locations (p < 0.05). Due to the very low proportions of DHA, EPA and ARA in submerged leaves, 

and DHA and ARA in periphyton, the differences of these FA among sites were not examined. 

Due to the low sample size of invertebrate filterers, their FA differences among sites were not 

examined. Detailed statistical results were provided as the supplementary document.

Fig 4.  The pathways of ω3 long-chain polyunsaturated fatty acids from basal food sources to 

consumers. The pathways were examined by Piecewise structural equation models. Solid paths are 

statistically different from 0 at p < 0.05, whereas dashed paths are not. Invertebrate filterers were 

not included in the analysis because of their small sample size.
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Table 1. Environmental characteristics of 9 study streams in the River Ybbs catchment, Austria

Location Stream name Latitude Longitude Canopy
Altitude 

(m)

Velocity 

(m/s)

Temperature

(°C)
pH

DIN
(mg/L)

SRP
(mg/L)

Upstream Weiße Ois unterhalb Faltl (WO) 47.7657 15.1785 open 1061 0.44 8.20 8.19 0.65 0.00

Upstream Weiße Ois Rehberghütte (RB) 47.7684 15.1574 open 1050 0.33 8.00 8.42 0.67 0.00

Upstream Taschlbach (TB) 47.7892 15.1915 shade 1018 0.35 8.20 8.32 0.61 0.17

Upstream Tagles Schelchen (SCH) 47.8196 15.1122 shade 880 0.35 7.80 8.50 0.54 0.67

Midstream Tagles unten (TG) 47.8319 15.1245 open 720 0.33 8.70 7.90 0.59 1.27

Midstream Oberer Seebach Ritrodat (OS) 47.8524 15.0655 open 618 0.25 8.80 8.31 0.81 1.83

Downstream Ybbs Lunz – Kläranlage (YLK) 47.8550 15.0209 open 595 0.52 8.60 8.37 0.92 1.87

Downstream Ybbs Lunz – Großau (YLG) 47.8292 15.0022 open 570 0.62 8.60 8.55 0.82 1.30

Downstream Ybbs Göstling – Lagerhaus (YGL) 47.8079 14.9370 open 532 0.65 9.00 8.53 0.81 1.07
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Table 2. Fatty acid composition (%, mean±SD) in basal food sources, invertebrates and fish in different stream locations in the River Ybbs 

catchment, Austria

Location Group DHA EPA ALA ARA LIN BAFA MUFA SAFA

Up_shade Submerged leaves 0.00 0.27±0.22 33.4±0.26 0.14±0.11 10.45±0.59 11.98±1.05 11.21±0.99 33.26±0.97

Up_shade Periphyton 0.37±0.23 11.08±5.07 13.36±2.59 0.91±0.38 7.51±0.88 12.28±2.25 23.9±2.71 32.18±3.28

Up_shade Grazers 0.02±0.02 13.01±1.39 8.54±6.21 0.47±0.25 2.52±0.17 13.16±1.03 30.88±3.66 40.49±5.15

Up_shade Shredders 0.04±0.09 8.03±3.56 11.61±7.19 1.8±0.62 7.7±1.56 9.49±6 30±3.45 36.35±7.46

Up_shade Filterers 0.08 10.19 12.99 0.72 6.74 6.03 24.91 40.66

Up_shade Predators 0.05±0.03 16.22±4.02 13.79±2.58 1.59±0.59 6.14±1.38 7.59±2.26 27.84±5.77 30.89±5.71

Up_shade Salmo trutta 22.12±7.65 10.99±1.53 8.91±3.62 1.6±0.3 3.05±1 5.91±2.27 16.49±3.79 26.42±1.32

Up_open Submerged leaves 0±0 0.29±0.29 31.66±6.55 0.1±0.14 11.21±2.91 11.88±0.48 13.1±1.98 33.33±1.34

Up_open Periphyton 0.61±0.34 6.73±1.39 9.15±2.54 0.39±0.14 7.04±2.39 7.55±1.43 31.64±2 35.87±3.26

Up_open Grazers 0.06±0.06 11.27±3.05 13.53±4.49 0.61±0.35 3.44±0.84 12.35±1.36 30.71±3.67 35.1±5.28

Up_open Shredders 0.09±0.1 6.13±2.51 11.24±4.39 1.38±1 9.52±1.01 5.93±3.06 32.1±9.2 35.71±9.05

Up_open Filterers 0.04 6.19 10.42 0.56 8.15 8.92 33.52 35.45

Up_open Predators 0.07±0.05 17.1±4.35 12.89±3.54 1.45±0.65 7.22±2.3 5.43±1.84 26.3±3.08 31.86±7.58

Up_open Salmo trutta 23.05±6.8 10.82±1.38 6.7±2.1 1.94±0.51 4.02±1.24 7.54±1.42 19.57±5.17 25.39±1.79

Mid Submerged leaves 0±0 0.09±0.03 31.64±0.89 0.04±0.06 11.18±0.47 11.34±0.99 10.58±2.17 35.42±1.69

Mid Periphyton 0.46±0.19 13.98±2.62 8.09±2.75 0.56±0.27 7.12±0.68 9.67±3.27 28.14±2.37 29.93±1.8

Mid Grazers 0.02±0.02 12.82±0.31 7.91±3.49 0.6±0.27 2.77±0.55 13.8±0.82 30.45±0.97 40.64±5.62

Mid Shredders 0.09±0.08 7.15±4.48 11.74±3.17 1.2±0.74 12.3±3.46 9.59±4.19 30.64±8.79 32.61±9.7

Mid Filterers 0.08±0 8.13±2.91 10.95±2.88 0.57±0.21 6.39±0.5 6.67±0.9 25.29±0.52 44.35±5.22
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Mid Predators 0.1±0.06 19.13±2.47 13.44±1.98 0.92±0.3 6.2±0.76 6.85±0.93 28.12±3.59 26.74±3.39

Mid Salmo trutta 26.07±5.2 13.64±2.61 6.79±2.35 1.74±0.39 3.01±1.18 5.24±0.72 16.48±5.38 24.53±1.54

Down Submerged leaves 0.12±0.04 1.41±0.43 29.53±2.03 0.49±0.28 9.38±1.86 12.75±0.67 13.45±0.83 33±2.11

Down Periphyton 0.78±0.16 17.29±3.22 5.69±2.03 0.32±0.14 7.68±1.38 8.13±1.16 28.17±3.14 29.57±4.87

Down Grazers 0.02±0.03 16.72±1.03 11.77±5.48 0.85±0.35 3.11±0.27 12.89±1.53 28.7±4.7 34.18±1.65

Down Shredders 0.19±0.17 13.96±6.88 7.28±3.3 1.38±0.98 7.23±3.01 7.84±2.37 32.52±5.44 32.46±7.15

Down Filterers 0.4±0.51 14.58±6.74 8.95±3 1.33±1.12 4.66±1.65 6.59±2.8 26.36±5.36 39.39±5.55

Down Predators 0.11±0.13 20.95±4.48 10.33±1.47 1.36±1.12 5.85±2.13 6.23±1.14 28.09±2.9 29.75±5.05

Down Salmo trutta 27.77±7.79 13.22±1.36 3.27±1.34 2±0.53 2.6±1.42 5.1±1.35 15.62±4.97 27.71±2.76

 ‘Up-shade’ = upstream with shaded canopy; ‘Up-open’ = upstream with open canopy; ‘Mid’ = midstream with open canopy; ‘Down’ = downstream with open 

canopy; BAFA, bacterial fatty acids; MUFA, sum of monounsaturated fatty acids; SAFA, sum of saturated fatty acids
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Table 3. Partial RDA results of the contributions of fish body size, spatial environmental factors and 

dietary invertebrate prey to the fatty acid profiles of Salmo trutta collected in the River Ybbs 

catchment, Austria.

Salmo trutta

Total effects (%) 33.90

Dietary invertebrate prey 23.80

Dietary invertebrate prey + Spatial environmental factors 31.80

Dietary invertebrate prey + Fish body size 26.30

Spatial environmental factors 27.40

Spatial environmental factors + Fish body size 29.60

Fish body size 2.20

FA, fatty acids.
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