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Dietary tracers and stomach contents reveal pronounced
alimentary flexibility in the freshwater mullet (Myxus
capensis, Mugilidae) concomitant with ontogenetic shifts
in habitat use and seasonal food availability
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Abstract We investigated ontogenetic and seasonal

variations in the diet of the freshwater mullet (Myxus

capensis) across a river–estuary interface using diet-

ary tracer (stable isotopes and fatty acids) and

stomach content analyses. Two hypotheses were

tested: (A) the freshwater mullet diet shifts as

individuals grow and migrate from the estuary to the

river, and (B) the dominant food resources utilized by

freshwater mullet vary through time, mainly as a

function of the seasonal changes in the availability of

preferred food items in each habitat. Both hypotheses

were supported, as our results indicated broad dietary

flexibility by M. capensis, with utilized food items

ranging from benthic microalgae to insects depending

on habitat and seasonal patterns in availability of

resources. Given the unexpected importance of

invertebrate-derived prey, including some of terres-

trial origin (i.e. aerial or semi-aquatic insects), during

the freshwater phase of the M. capensis life cycle, we

also emphasize a need for a re-assessment of the

trophic designation of this species (previously desig-

nated as a strict detritivore).

Keywords Fish trophic ecology � Insects �
Allochthony � Detritivory � Ontogeny � Riparian zone

Introduction

Compared to other aquatic systems, estuaries are often

characterized by large proportions of detritivorous

relative to herbivorous species (Lin et al., 2007;

Franco et al., 2008). The dominance of detritivores in

estuaries is due to the large amount of detrital material

in these systems, of which the exact nature and origin

is usually uncertain (Babler et al., 2010). Determining

the nature and origin of detritus consumed by estuarine

consumers can assist us in identifying the importance

of allochthonous versus autochthonous organic matter

in estuarine food webs (Baxter et al., 2005; Babler

et al., 2010), a controversial topic in aquatic ecology

(Cole et al., 2011; Brett et al., 2012). Specifically, the

use of organic carbon of terrestrial origin by aquatic
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consumers, along with the importance of local primary

producers versus imported material to the pool of

detritus that is consumed by many species, is an issue

that is highly debated (Polis et al., 1997; Carpenter

et al., 2005; Brett et al., 2009, 2012; Cole et al., 2011;

Jaschinski et al., 2011). Primary producers such as

phytoplankton, microphytobenthos, macroalgae and

vascular plants (terrestrial or aquatic) all occur in

various quantities in estuaries and rivers, but their

relative contributions to the detrital pool fuelling local

detritivores, including fishes, remain largely unknown

(Vaz et al., 1999; Wantzen et al., 2002; Lin et al.,

2007; Lopes et al., 2007; Abrantes & Sheaves, 2010).

Among the variety of fish species displaying

detritivory in southern African estuaries, the grey

mullet (Mugilidae) represent a substantial proportion

of the total fish biomass (Harrison & Whitfield, 2006).

Mugilids are marine/estuarine-opportunistic species

that use estuaries during a major part of their life cycle,

especially as nursery areas (Whitfield, 2016). Mullets

are often described as ‘mud-eaters’, as their diet is

usually dominated by organic matter mixed with

sediment (Cardona, 2016). However, associated

microphytobenthos, small benthic invertebrates,

foraminiferans, filamentous algae, zooplankton and

detritus are additional important dietary items of fish

within this family (Blaber, 1976, 1977). Mugilidae are

characterized by an elevated trophic flexibility, as they

are able to switch between deposit- and suspension-

feeding according to food availability and they have a

complex feeding apparatus that allows them to ingest a

variety of resources at the base of the food web

(Cardona, 2016). Such dietary flexibility probably

contributes to the dominance of this fish family in

many estuarine and coastal environments within warm

temperate and subtropical regions of the world

(Whitfield, 2016).

Estimating the relative importance of different food

resources to mugilid diets is complicated by the

challenge of obtaining valid quantitative dietary

analyses using conventional stomach content tech-

niques for detritivorous species (Cardona, 2016). Most

mugilid stomach contents are dominated by a mixture

of particulate organic material (POM) and associated

sediment (Blaber, 1976, 1977), precluding the appli-

cation of numerical, biomass or volume-based metrics

often applied in stomach content analyses (Hyslop,

1980; Magoro et al., 2015; Cardona, 2016). The nature

of the POM or benthic floc is not visually identifiable,

and a large proportion is either quickly digested or

passed through the alimentary canal without being

assimilated (Vaz et al., 1999; Babler et al., 2010;

Cardona, 2016). Furthermore, stomach contents pro-

vide an ‘instantaneous’ image of a fish diet because

only those items consumed immediately prior to

capture are recorded (Cortés, 1997). The importance

of different food items in the diet of detritivorous

mullet therefore needs to be evaluated using a

combination of methods that assess the dietary items

assimilated along with their origins (e.g. terrestrial

versus aquatic, or animal versus plant). Methods like

stable isotope and fatty acid analyses are particularly

appropriate (Elsdon, 2010; Kelly & Scheibling, 2012;

Cardona, 2016), as they allow for a comprehensive

picture of resources that are assimilated by a consumer

over time (weeks to months depending on species and

tissues examined; e.g. Buchleister & Latour, 2010).

Additionally, stable isotope and fatty acid analyses

permit a multidimensional assessment of dietary

variability (Hobson, 1999; Post, 2002; Budge et al.,

2006; Elsdon, 2010; Kelly & Scheibling, 2012).

The trophic ecology of mugilids is of major interest

to ichthyologists and environmental managers, as

these species are often used as biological indicators of

the ecological health of aquatic ecosystems, and in

particular for tracing pollution levels in estuaries and

other coastal waters (Wang et al., 2011). Their

migrations between coastal, estuarine and freshwater

systems also make some species within this family

particularly vulnerable to human-induced habitat

alterations such as dams, weirs or other structures that

represent obstacles to fish migration routes (Whitfield,

2016). As such, mullet represent a critical component

in energy transfer between aquatic ecosystems, and it

is essential that we develop an understanding of their

trophic dynamics in a variety of coastal systems.

In South Africa, 17 mugilid species have been

recorded from coastal, estuarine and freshwater areas

(Froese & Pauly, 2016). The grooved mullet (Liza

dumerili Steindachner, 1870), southern mullet (Liza

richardsonii Smith, 1846), flathead mullet (Mugil

cephalusLinnaeus, 1758) and freshwater mullet (Myxus

capensis Valenciennes, 1836) are the more abundant

taxa and therefore the most studied in the region

(Whitfield, 1998). There have been comprehensive

studies conducted on the diets of the first three species

(Blaber, 1976, 1977; Marais, 1980; Le Loc’h et al.,

2015), but little is known about the diet of M. capensis
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in either estuaries or riverine systems. Based on the

limited dietary data available, the freshwater mullet in

the estuarine phase of their life cycle are regarded as

being dependent upon ‘‘diatoms, filamentous green

algae and detritus together with some animal prey’’

(Blaber, 1976, 1977, reviewed in Cardona, 2016).

Furthermore, the spatial and temporal variability in M.

capensis food preferences, and the origin of its primary

food sources, remain largely unknown.

Our objective was to provide quantitative estima-

tions of freshwater mullet dietary composition in the

river–estuary interface area of a South African system

using a combination of methods. We tested the

following hypotheses:

(A) similar to many other migratory species whose

ontogenetic movements between freshwater,

estuarine and marine environments are known,

freshwater mullet change their diet as they grow

and migrate from the estuary into the lower

riverine area, thereby making use of different

food resources depending on habitat; and

(B) because of the dietary flexibility characterizing

mugilids, the dominant food resources utilized

by freshwater mullet vary among seasons,

mainly as a function of the shifting temporal

availability of preferred food items in a partic-

ular habitat.

Materials and methods

Fish sampling

Myxus capensis specimens were collected seasonally

from three sites in the Kowie system (Fig. 1). The

sampling sites were located in and just above the ebb

and flow region at the head of the Kowie Estuary, as

the species congregates in these areas prior to moving

upstream into the catchment (Whitfield, 1998). Fresh-

water Site A was located just above a weir equipped

with a fish ladder, while two downstream sites (B and

C) were located within 1 km of the upper site and were

subject to tidal influence at the head of the estuary

(Fig. 1). Other details regarding the study region are

documented in Bergamino et al. (2014), Dalu et al.

(2014), Bergamino & Richoux (2015), Carassou et al.

(2016), Dalu et al. (2016), Moyo (2016) and Moyo

et al. (2017).

Specimens of M. capensis were collected using

three monofilament gill nets (10 m 9 2 m and stretch

mesh sizes of 45, 75 and 100 mm) where depth

permitted (i.e. at Site A), and with a cast net (1.6 m

diameter and 1 cm bar mesh) in shallower waters (i.e.

at sites B and C) (Fig. 1). Each site was visited

quarterly between March 2012 and February 2013, for

a total of four sampling times: autumn (March/April

2012), winter (August 2012), spring (November 2012)

and summer (February 2013). Fish were euthanized

using iced water and preserved on ice in a cooler box

for transport back to the laboratory at Rhodes

University.

Sampling of food sources

Potential food items for M. capensis were collected

within the fish sampling area (corresponding to Site B)

as part of a larger project investigating energy flow in

the Kowie River catchment, so the relevant tracer data

were extracted from several studies (Dalu et al.,

2014, 2016; Moyo, 2016; Moyo et al., 2017). Food

items were selected based on published literature of

M. capensis diet (Blaber, 1976, 1977; Cardona, 2016)

and from stomach content observations made during

this study, following the rationale used in Carassou

et al. (2016) for other fish species in the Kowie system.

Samples of coarse particulate organic matter (CPOM),

benthic microalgae growing on rocks (epilithon) and

plants (epiphyton), insects, other aquatic inverte-

brates, and dominant vascular plants were collected

in September (winter) and November (spring) 2012,

and February (summer) and May (autumn) 2013.

CPOM was used as a surrogate for detrital material, as

it was composed mainly of decaying leaf litter (Dalu

et al., 2016).

Epiphyton and epilithon were brushed from sub-

merged plants and rocks, respectively (Dalu et al.,

2014), and based on their isotopic similarities (Moyo,

2016) and similar visual appearance in fish stomach

contents, they were collectively labelled epiphytic

microalgae. Larvae of aerial insects, aquatic insects,

semi-aquatic (air–water interface) insects (e.g.

Hydrometridae) and other freshwater invertebrates

were sampled in the river by repetitive kick sampling

and sweeping using a South African Standard Scoring

(SASS) net (mesh size 80 lm). Dominant emergent

and submerged vascular plants such as Juncus effusus

[Linnaeus, 1753], Phragmites australis [von Trinius
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ex. Von Steudel, 1841], Stuckenia pectinata [Börner,

1912] and Schoenoplectus brachyceras [von Hochstet-

ter ex. Richard, 1971] were collected by hand. All

samples were placed on ice in plastic containers and

transported to the laboratory.

Fish dissection

Fish were measured (standard length (SL) in cm) and

their stomachs removed and preserved in 4%

formaldehyde for 72 h before being transferred to

70% ethanol. The stomach contents were later placed

in a Petri dish and categorized under a dissecting

microscope into broad taxonomic groups (usually

order), the relative proportions of which were visually

estimated (% of total content) according to the area

each food type occupied in the dish. For each fish, two

samples of dorsal muscle (one sample per tracer

method) were extracted and lyophilized (VirTis

BenchTop 2K) for C30 h at -60�C and stored at

-80�C.

Preparation of stable isotope samples

Methods for fish stable isotope analysis (d13C and

d15N) are detailed in Carassou et al. (2016). Briefly,

dried and homogenized fish tissues were weighed to the

nearest mg with an analytical microbalance (Mettler

Toledo XP205) and packaged into 8 9 5 mm sterile

tin capsules. Epiphytic microalgae and detritus

(CPOM) were vacuum-filtered onto GF/F glass fibre

filters, treated with 1 M hydrochloric acid to remove

carbonates, and further processed according to Dalu

et al. (2014) and Dalu et al. (2016). Insects and other

freshwater invertebrates were identified to the lowest

possible taxonomic level (usually family), and all data
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Fig. 1 Location of study area and sites at the river–estuary interface of the Kowie system, Eastern Cape Province, South Africa
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on the insects were extracted from Moyo (2016). These

potential prey items were kept alive for about 6 h to

allow for gut clearance before the animals were frozen

and lyophilized. For each taxon, one to five individuals

were combined to obtain sufficient dry mass for

isotopic analysis (i.e. 0.5–1 mg). Additional details

on laboratory processing and analysis of insects and

invertebrates to produce stable isotope data are avail-

able in Moyo (2016).

Analyses of d13C and d15N values of fish and food

sources were conducted at IsoEnvironmental cc,

Grahamstown, using a Europa Scientific 20-20 Isotope

Radio Mass Spectrometer linked with an ANCA SL

Prep Unit. Ammonium sulphate, casein and beet sugar

were used as internal standards, calibrated against the

International Atomic Energy references (Vienna Pee

Dee Belemnite for carbon, and atmospheric N2 for

nitrogen). The analyses were performed with a 0.1%
precision for both isotopes. Carbon and nitrogen

isotopic content of fish and food source samples were

based on the standard delta unit notation (d):

d13C or d15N ¼ Rsample=Rstandard

� �
� 1

� �
� 1000

where R = 13C/12C or 15N/14N.

Preparation of fatty acid samples

Lipids were extracted from the food sources and fish,

and the fatty acids transformed into fatty acid methyl

esters following protocols modified from Folch et al.

(1957), Indarti et al. (2005) and Budge et al. (2006).

The lipid extraction and fatty acid methyl ester

synthesis procedures for fish samples are detailed

herein, and the methods for food source preparation

and analyses are described in Bergamino et al. (2014),

Richoux & Ndhlovu (2014) and Moyo (2016).

Freeze-dried fish samples were homogenized with a

mortar and pestle, and dry masses ranging between

14.4 and 87.3 mg (average of 55.3 mg) were placed in

1.5 ml of chloroform with 0.01% butylated hydroxy-

toluene (used as an antioxidant). To extract lipids,

1 ml of ice-cold methanol was added to each sample

before vortexing and sonication for 4 min in an ice-

bath. Samples were decanted through a lipid-clean

cotton wool plugged pipette to filter out tissue remains

and mixed with 1.5 ml of 0.9% potassium chloride,

followed by vortexing and centrifugation for 3 min at

3000 rpm, with the aqueous phase then being

discarded. Potassium chloride (0.5 ml of 0.9% con-

centration) and methanol (0.5 ml) were added to the

organic phase, which was vortexed and centrifuged for

3 min at 3000 rpm. The aqueous phase was removed a

second time, and sodium sulphate added to the

samples before filtering through a lipid-clean cotton

wool plugged pipette filled with sodium sulphate (the

addition of sodium sulphate was to ensure that samples

were anhydrous). The remaining organic component

was dried under a gentle stream of N2, covered with

0.5 ml of CHCl3 and stored at -20�C.

We used column chromatography to isolate the

neutral lipids from the fish samples. Since phospho-

lipids are primarily structural and not readily affected

by dietary changes in secondary or higher consumers,

we focused only on the neutral lipids that represent

stored lipids obtained from the diet (Parrish et al.,

2000; Dalsgaard et al., 2003; Budge et al., 2006). Each

sample was eluted through activated silica gel with

8 ml of (98:1:0.5) chloroform:methanol:formic acid to

obtain a neutral lipid-containing eluant. The solvents

were dried under a gentle stream of N2 and topped with

1.5 ml of dry methylene chloride.

Fatty acid methyl esters were synthesized using a

standard sulphuric acid method (Budge et al., 2006)

and the extracts were stored in hexane and injected

(1 ll aliquots) into an Agilent 7890A gas chro-

matograph equipped with a Zebron-Waxplus 320

column with helium as the carrier gas (see Richoux

& Ndhlovu, 2014 for oven protocols). Peaks were

integrated with Chemstation chromatography soft-

ware and identified by an Agilent QQQ mass spec-

trometer and Masshunter software. Fatty acid

composition was expressed qualitatively as individual

fatty acid proportions of the total neutral lipids in fish

and total lipids in food sources.

Data analysis

Fish size data were plotted (number of fish vs SL) to

visualize the size distribution of M. capensis collected

over the study period. This distribution plot helped to

define three size categories of fish corresponding to

successive ontogenetic stages, the ranges of which

were estimated based on fish size relative to the lowest

estimate of size at first maturity (Sm) for the species,

i.e. 19 cm SL (Whitfield, 1998). The categories were

as follows: small juveniles were smaller than 1/4th Sm

(J1, B5 cm SL), medium-sized juveniles were smaller
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than 1/2 Sm (J2, 5.1–10 cm SL), and adults were larger

than Sm (Ad, [19 cm SL). Analysis of variance

(ANOVA) was applied to test for differences in fish

size between seasons (d.f. = 3) and sites (d.f. = 2),

and in fish d13C and d15N values between seasons

(d.f. = 3), sites (d.f. = 2) and size categories

(d.f. = 2).

Analysis of similarity (ANOSIM) was used to

determine any differences in fish stomach content

composition according to season, site and size class. All

unidentified prey and any minor prey items recorded

only once were removed from the stomach content data

matrix before analysis. ANOSIM were based on

Euclidean distance matrices built upon square-root

transformed data to balance the weighting of dominant

versus rarer prey in the dataset (Zar, 1999). Analyses of

contributions to the dissimilarity (SIMPER) identified

the prey items responsible for any observed difference,

and the relative proportions of food items in fish

stomachs were visualized in box plots.

To make comparisons with the stomach content and

fatty acid findings, dietary contributions to the fresh-

water mullet were estimated based on stable isotope

data analysed with Bayesian stable isotope mixing

models (Moore & Semmens, 2008; Parnell et al.,

2013), specifically using the MixSIAR package in R

(Stock & Semmens, 2013). For consistency and

simplicity, and to facilitate comparisons among

methods, broad food source categories were created

to resemble those categories used in stomach content

analyses. Food source categories were designed to

highlight the ultimate origin of animal prey (Table 1).

For example, invertebrates were separated into two

groups: one included all animal prey from the aquatic

environment (i.e. freshwater invertebrates such as

crustaceans or gastropods and strictly aquatic insects)

and the other included all animal prey utilizing mainly

the terrestrial environment (i.e. aerial flying insects or

their larvae and semi-aquatic insects occupying the

air–water interface, such as Hydrometridae).

Seven mixing models were run: four ‘seasonal’

models (autumn, winter, spring, summer) in which the

fish data were analysed separately for each season, and

three ‘life-stage’ models (J1, J2, Ad) in which the fish

life stages were analysed separately. Time-averaged

food source data were included in all models to

overcome species-specific issues related to growth,

protein turnover rate, temperature and lags between

fish and source sampling times for some seasons

(McCutchan et al., 2003; Martı́nez del Rio et al., 2009;

Bergamino et al., 2014). In addition, since all models

were run with similar smoothed food source isotope

data, comparisons were facilitated between models

based on different seasons or fish life stages. Trophic

enrichment factors (TEF) were 0.4 ± 0.1 and

2.0 ± 0.3 for carbon and nitrogen, respectively, as

recommended by McCutchan et al. (2003) for fresh-

water aquatic consumers, and after examination of

isotopic values from available food source data in the

Kowie system (Carassou et al., 2016; Moyo, 2016).

These TEFs for consumers fall within the confidence

limits summarized by Vanderklift & Ponsard (2003)

and Caut et al. (2009).

Proportions of individual fatty acids, saturated fatty

acids, monounsaturated fatty acids and polyunsatu-

rated fatty acids in fish and food source samples were

summarized. Additionally, several indices were cal-

culated to represent diet-derived fatty acid composi-

tion in the fish tissues. The proportion (% total neutral

lipids) of essential fatty acids (sum of 20:4x6, 20:5x3

and 22:6x3) was considered an indicator of fish

nutritional condition (Dalsgaard et al., 2003; Tocher,

2010). The proportion of bacterial fatty acids (sum of

the odd number and branched chains) indicated the

consumption of bacterial-derived material (Dalsgaard

et al., 2003). The proportion of long-chain (C20

carbons) saturated fatty acids was associated with the

consumption of terrestrial plants (Dalsgaard et al.,

2003; Budge et al., 2006). The Rx3/Rx6 ratio was

used as a measure of the relative influence of aquatic

versus terrestrial material in the fish diet, with higher

ratios indicative of higher contributions of terrestrially

derived food (Parrish et al., 2000; Brett et al., 2009;

Taipale et al., 2013; Antonio & Richoux, 2014).

Values of all the fatty acid indices were compared

between seasons (d.f. = 3), sites (d.f. = 2) and fish

life stages (d.f. = 2) using ANOVA.

Variations in fish total neutral lipid composition

between seasons, sites and life stages were statistically

tested using ANOSIM based on a Euclidean distance

matrix. Two fish samples characterized by abnormally

small amounts of neutral lipids were excluded from

the matrix due to a problem that arose during

laboratory processing. Total fatty acid compositions

of the resources and neutral fatty acid compositions of

fish were combined into a non-parametric multidi-

mensional scaling analysis (nMDS) to infer trophic

relationships within the community. Food source fatty
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Table 1 List of food source categories, with detailed taxo-

nomic content and d13C and d15N values (average ± standard

deviation) used in stable isotope mixing models (time-

averaged) of Myxus capensis’ diet in the Kowie river–estuary

interface (Waters Meeting Reserve region, South Africa)

Source category Source code Taxa included Autumn

(May

2013)

Winter

(Sept

2012)

Spring

(Nov

2012)

Summer

(Feb

2013)

d13C d15N

Detritus (CPOM) ‘‘detrit’’ – X X X X -28.16 ± 0.87 8.02 ± 0.71

Vascular plants

(macrophytes)

‘‘macro’’ Juncus effusus X -25.48 ± 2.12 15.14 ± 1.24

Pragmites

australis

X

Stuckenia

pectinata

X X X X

Schoenoplectus

brachyceras

X X X X

Epiphytic

microalgae

(epiphyton and

epilithon)

‘‘EpPe’’ – X X X X -23.79 ± 1.64 13.55 ± 0.85

Aquatic

invertebrates

(crustaceans,

mollusks and

strictly aquatic

insects)

‘‘AQ_invert’’ Amphipoda X X X -25.53 ± 2.39 16.24 ± 1.74

Atyidae X X X X

Physidae X X

Potamonautidae X X X X

Gastropoda X X

Belostomatidae X X X X

Dytiscidae X X X

Gyrinidae X X X X

Nepidae X

Pleidae X

Aerial/interface

invertebrates

(flying aerial

insects and semi-

aquatic insects

occupying the

water–air

interface)

‘‘AI_invert’’ Aeshnidae X X X -27.09 ± 2.29 16.73 ± 1.71

Baetidae X X

Chironomidae X X

Coenagrionidae X X X X

Hydrometridae X

Hydropsychidae X X X

Leptoceridae X

Leptophlebiidae X

Libellulidae X X X

Simuliidae X X

Tabanidae X X

CPOM coarse particulate organic matter
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acid data were obtained from concurrent studies at

sites and during seasons similar to those of the

stable isotope data. The nMDS matrix comprised 35

columns corresponding to the 35 fatty acids identified

in fish muscles, and 212 lines including fish observa-

tions (N = 33) grouped by season and life-stage and

source observations (N = 179) grouped into five

categories similar to those used in the stable isotope

approach: detritus (n = 4), epiphytic microalgae

(n = 41), vascular plants (n = 29), aquatic inverte-

brates (n = 50) and aerial/interface insects (n = 55).

Results

Fish collection

Seventy-four fish were captured during the study

period, including 37, 7, 20 and 10 in autumn, winter,

spring and summer, respectively; 29, 26 and 19 at sites

A, B and C, respectively; and comprising 26 small

juveniles, 27 medium-sized juveniles and 21 adults.

Seventy-two fish were dissected for stomach content

analysis (7–10 replicates per site and per season), 65

for stable isotope analysis (7–10 replicates per site and

per season), and 35 for fatty acid analysis (5 replicates

per site and per season). Fish size varied significantly

between seasons (F = 144.5, P\ 0.0001) and sites

(F = 27.2, P\ 0.0001). Overall, small (B5 cm SL)

and medium-sized (5.1–10 cm SL) juveniles were

more abundant at the downstream sites B and C in

autumn and spring, respectively, whereas adult fish

([19 cm SL) were collected mostly from the upstream

site (A) during winter and summer (Fig. 2).

Stomach contents

Two of the 72 fish dissected for stomach content

analysis had empty stomachs. Particulate organic

material (POM) and filamentous algae dominated the

stomach contents of fish from all size categories (i.e.

they occurred in more than 80% of stomachs for all

categories; Table 2). Vascular plant debris (detritus),

sand, polychaetes and amphipods were recorded in

more than 20% of the adult stomachs, whereas insects,

specifically larvae of aquatic breeding flies
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(chironomids and unidentified flies), occurred in 50%

of the small juvenile M. capensis stomachs, and

vascular plant debris (detritus) occurred in more than

10% of the medium-sized juvenile stomachs (Table 2).

The ANOSIM performed on the stomach content

data detected significant but weak differences in fish

diet between sites (R = 0.058, P = 0.026), significant

and stronger differences between seasons (R = 0.119,

P = 0.027), but no significant difference between fish

size classes (P[ 0.05). Filamentous algae, POM and

Chironomidae always explained more than 15% of the

observed significant differences. However, those food

items did not display any consistent spatial or temporal

patterns, with highly variable proportions at every site

and season (Fig. 3). Nevertheless, filamentous algae

occurred more frequently in the diet of M. capensis

during autumn and winter than spring and summer,

while Chironomidae occurred more frequently in the

fish from Site B (Fig. 3).

Stable isotopes

Fish d13C and d15N values varied significantly

between sites (F = 45.88, P\ 0.0001 and F = 6.98,

P = 0.0019 for d13C and d15N, respectively), seasons

(F = 18.63, P\ 0.0001 and F = 19.72, P\ 0.0001

for d13C and d15N, respectively) and fish size cate-

gories (F = 85.12, P\ 0.0001 and F = 18.25,

P\ 0.0001 for d13C and d15N, respectively). Rela-

tively low d13C and high d15N values were observed in

fish collected at Site A during winter and summer

(Fig. 4a, b), while the smallest juveniles (J1) had much

higher d13C values compared to larger fish (Fig. 4c).

The medium-sized juveniles (J2) had the lowest but

most variable nitrogen values (Fig. 4c).

Mixing models highlighted clear variations in food

resources used by M. capensis during different seasons

and life stages (Fig. 5A, B; Supplementary Material 1).

Aerial/interface insects were the dominant prey of M.

Table 2 Frequency of occurrence (% of fish dissected with non-empty stomachs) of prey items observed in the stomachs of small

juvenile (J1), medium-sized juvenile (J2), and adult (Ad) Myxus capensis

Prey item J1 (N = 26) J2 (N = 25) Ad (N = 19) Total (N = 70)

Annelida (Polychaetes) 0.0 0.0 21.0 5.7

Arthropod (unidentified) 0.0 0.0 5.3 1.4

Cladocerans (Daphnia sp.) 0.0 0.0 10.5 2.9

Crustaceans (Amphipods) 0.0 0.0 21.1 5.7

Crustaceans (Isopods) 15.4 0.0 0.0 5.7

Crustaceans (unidentified) 0.0 0.0 5.3 1.4

Diatoms 3.8 0.0 0.0 1.4

Filamentous algae 73.1 76.0 63.2 71.4

Insects (Ants) 3.8 0.0 0.0 1.4

Insects (Chironomids) 34.6 0.0 10.5 15.7

Insects (small bugs or damselflies) 3.8 0.0 5.3 2.9

Insects (unidentified aquatic breeding flies) 15.4 4.0 10.5 10.0

Insects (unidentified flying insects) 7.7 8.0 0.0 5.7

Vascular plant debris (detritus) 0.0 12.0 36.8 14.3

Molluscs (Bivalves) 0.0 0.0 5.3 1.4

Nematode (parasitic) 0.0 4.0 0.0 1.4

Particulate organic material (POM) 84.6 100.0 100.0 94.3

Plant leaves 0.0 0.0 5.3 1.4

Plant seeds 0.0 0.0 5.3 1.4

Sand 0.0 0.0 26.3 7.1

Scorpion-like insect 0.0 0.0 5.3 1.4

Unidentified 0.0 0.0 10.5 2.9

Wood fragments 0.0 0.0 5.3 1.4

Corresponding fish size distribution is given in Fig. 2c
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capensis in winter and summer (Fig. 5A; Supplemen-

tary Material 1), mainly due to their large contribution

to the diets of adult fish (Fig. 5B) that were abundant

during those times (Fig. 2a). Aquatic invertebrates

were the major food sources of M. capensis in autumn

(Fig. 5A), mainly due to their large contribution to the

diets of the small juveniles (Fig. 5B) that were

abundant during this season (Fig. 2a). Medium-sized

juveniles were most abundant in spring (Fig. 2a) and

this cohort relied on a more balanced mixture of food

resources, dominated by epiphytic microalgae and

detritus (Fig. 5A, B). Macrophyte contributions to M.

capensis diet never exceeded 20% in any of the

seasonal or life-stage models (Fig. 5A, B; Supplemen-

tary Material 1).

Fatty acids

Among the 35 fatty acids identified in M. capensis

dorsal muscles, the most abundant were 16:0 (average

of 23.4% total neutral lipids) and 16:1x7 (14.1%),

followed by 20:5x3 (9.7%), 18:1x9 (8.6%), 18:0

(5.9%), 14:0 (5.3%) and 18:1x7 (4.5%) (Table 3). All

food resources also presented relatively large amounts

of 16:0 (always [15% of total fatty acids; Table 3).

Detritus and vascular plants had large proportions of

18:3x3 and 18:2x6, while 16:1x7 was typical of

epiphytic microalgae, and 20:5x3 and 18:1x9 of

animal prey (i.e. aquatic invertebrates and aerial/

interface insects; Table 3).

Differences in fatty acid indices derived from fish

tissues according to season, site and fish life stage were

relatively small when significant, as indicated by low

F values in corresponding ANOVA (F\ 10 in most

instances; Table 4). However, the summed essential

fatty acids indicative of M. capensis nutritional

condition varied significantly between seasons, sites

and fish life stages, with the highest values occurring

in small juveniles during spring at Site B, and the

lowest values in adults during winter at Site A

(Table 4). Bacterial fatty acid proportions in M.

capensis tissues were always small (\1%), and varied

only according to fish life stage, with the highest

values occurring in medium juveniles (Table 4). The

Rx3/Rx6 ratio indicative of terrestrial contributions

to fish diets varied between seasons and fish life stages,
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with the highest values occurring in adults during

summer and the lowest values in small juveniles

during autumn (Table 4). Proportions of long-chain

saturated fatty acids indicative of vascular plant

consumption were small (\1%) and did not vary

between seasons, sites or fish life stages (Table 4).

When considering the entire fatty acid compositions

in the neutral lipid fraction of fish tissues, some

significant differences occurred between seasons

(R = 0.277; P = 0.001), sites (R = 0.228; P = 0.001)

and fish life stages (R = 0.366; P = 0.001), although

small R values derived from the ANOSIM indicated

that overlapping occurred. Fish fatty acid compositions

were unrelated to those of detritus and vascular plants,

but were more closely linked to the compositions of

epiphytic microalgae, aquatic invertebrates and aerial/

interface insects (Fig. 6).

Discussion

The combined use of stomach content, stable isotope

ratio and fatty acid analyses allowed us to assess the diet

of a poorly studied but abundant mullet species in a

South African river–estuary interface region. Overall,

M. capensis in the Kowie system had a high frequency

of occurrence of POM and filamentous algae in its

stomach contents. Assimilated food resources varied

seasonally due to fish migration placingM.capensis life

stages at different localities along the estuary–river

continuum (in support of Hypothesis A: freshwater

mullets change their diet as they grow and migrate from

the estuary into the lower riverine area, thereby making

use of different food resources depending on habitat).

Thus, important contributions of detritus and epiphytic

microalgae (epiphyton and epilithon) were recorded in

the diets of medium-sized juveniles, with dominant

contributions of animal-derived food, mainly insects

and small aquatic invertebrates, at other life stages.

Variations in diet, together with temporal changes

in food resource availability within the study area

(Moyo, 2016; discussed below), reinforced the trophic

flexibility of this fish family (Cardona, 2016; in

support of Hypothesis B: the dominant food resources

utilized by freshwater mullet vary between seasons,

mainly as a function of the shifting temporal avail-

ability of preferred food items in a particular habitat).

However, some differences occurred between the

datasets produced using different methods, thus

reflecting their inherent biases and strengths. Bio-

chemical tracer techniques such as stable isotopes and

fatty acids were necessary to estimate the proportions

of different foods assimilated by M. capensis, infor-

mation that is not available from stomach contents. As

this study is the first to combine three different

methods to address dietary features of any mugilid in

the world, we could identify major trophic character-

istics that would have remained unresolved using

stomach content analysis or stable isotope ratios alone.

The stomach content analyses revealed the inges-

tion of a variety of food resources byM. capensis, most
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system. Codes for fish life stages (c) are given in the text
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of which were embedded within a matrix of uniden-

tified organic material of unknown origin. However,

many insects and some small aquatic invertebrates

were identified, together with filamentous algae and

vascular plant detritus. Stomach content analysis

therefore provided a useful guideline for the selection

of appropriate food resources to be analysed using the

biochemical techniques, therefore illustrating the
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epiphytic microalgae (=epiphyton ? epilithon, ‘‘EpPe’’) and

macrophytes (=vascular plants, ‘‘macro’’) to the diet of Myxus
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estimated from stable isotope data analysed using MixSIAR

models. Further details on food resource categories are provided

in Table 1. Different coloured areas show the distribution of

Bayesian estimated proportions for different food resource

categories based on multiple runs of the models (after testing, all

models set at ‘long runs’, corresponding to a 300,000 chain

length of Markov Chain Monte Carlo iterations). Codes for fish

life stages are given in the text. Detailed posterior estimates of

the models are provided in Supplementary Material 1
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advantage of combining traditional analyses with other

methods for fish dietary assessment. As d15N and d13C

reflect consumer trophic level and origin of food

sources (e.g. marine versus freshwater), respectively

(Fry & Sherr, 1989; Hobson, 1999; Post, 2002),

isotopic ratios measured in the freshwater mullet

muscles showed changes in diet and habitat occupancy

with fish development. Small juvenile fish were

characterized by higher d15N and d13C values com-

pared with larger juveniles. Values of d15N typically

increase with trophic level, while d13C values increase

with salinity, i.e. along freshwater-marine gradients

(Post, 2002). As with most estuary-associated marine

fish species, the early developmental stages of

M. capensis utilize zooplankton in the marine envi-

ronment prior to first recruitment into the estuary

(Blaber & Whitfield, 1977). These early juveniles are

therefore highly carnivorous, a trophic position high-

lighted by their high d15N values, and dependent on

marine-derived food sources, as reflected by their high

d13C values (Hobson, 1999; Post, 2002).

Medium-sized juveniles occupied the less saline

waters of the river–estuary interface of the Kowie

system where they consumed a mixture of food items

(including both animal- and plant-derived resources),

thus contributing to their lower d15N and d13C values

relative to the smaller fish (i.e. lower d15N values

indicate a lower trophic level, while lower d13C values

reflect food assimilated from less saline environments;

Hobson, 1999; Post, 2002). The migration of devel-

oping juveniles into the river resulted in further dietary

changes, and adults collected from this region dis-

played a mostly carnivorous diet characterized by high

d15N and low d13C values, reflecting their consump-

tion of insects and occupation of the freshwater

environment, respectively (Hobson, 1999; Post,

2002). Therefore, the stable isotope approach con-

firmed M. capensis movements across the different

habitats in the study system, consistent with the

described migratory behaviour of this species in other

South African coastal systems (Whitfield, 2016).

Estimations of food resource contributions to the

mullet diet based on stable isotope mixing models

highlighted the assimilation of animal-derived prey

items, with aerial/interface insects (or their larvae) and

small aquatic invertebrates (including aquatic insects)

making large contributions to the diets of small

juveniles and adults during most seasons. Detritus

and epiphytic microalgae made important
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contributions to the diet of M. capensis only in

medium-sized juveniles abundant in spring, together

with a mixture of other resources. However, microal-

gae and detritus are traditionally described as the

major dietary component of various mugilid species,

including M. capensis, in various stomach content

studies (Blaber, 1976, 1977; Cardona, 2016). Our

MixSIAR approach revealed that in the Kowie system,

detritus and epiphytic microalgae contributed to the

diet of M. capensis for limited periods and specific life

stages, while animal-derived resources dominated the

rest of the time.

Mixing models also highlighted relatively small

contributions of macrophyte material to the diet of

M. capensis, although this food type occurred fre-

quently in the stomach contents (Table 2). Temporal

discrepancy between sampling periods for food

sources and consumers may have resulted in an over-

or under-estimation of the importance of some food

sources in the dietary mixing models. However, this

explanation is unlikely given the consistently small

contributions of macrophytes and corresponding large

contributions of animal-derived food to the diet of M.

capensis during three out of the four seasons (Fig. 5), a

result consistent with our fatty acid approach. Outputs

from mixing models can also be affected by the

selected trophic fractionation factors (TEFs), an aspect

that has been scrutinized in previous studies conducted

in the Kowie River system (Bergamino et al., 2014;

Bergamino & Richoux, 2015; Carassou et al., 2016).

Based on the published sensitivity analyses (Carassou

et al., 2016), the TEFs used in our models were

appropriately based on the environmental and biolog-

ical characteristics of our study region.

Contributions by primary producers to the diet of a

consumer feeding upon both plant-derived and ani-

mal-derived material can be further biased by the

premises of stable isotope mixing models themselves,

particularly the assumption of consistent carbon and

nitrogen contents among food resources (Fry, 2013;

Phillips et al., 2014). To deal with this potential bias,

some authors recommend the incorporation of con-

centration-dependent data, although the ecological

relevance of this procedure in food web studies

remains challenged (e.g. Phillips & Koch, 2002; Koch

& Philipps, 2002; Robbins et al., 2002). In the absence

of available data on absolute carbon and nitrogen

contents of animal prey and other algal or plant-

derived sources (including epiphytes), our models

were run without inclusion of concentration-

Fish_Ad

Aerial/interface insects
Aquatic invertebrates

Detritus
Epiphytic microalgae

Fish_J1
Fish_J2

Vascular plants

2D Stress: 0,1

Fig. 6 Non-parametric multidimensional scaling analysis

(nMDS) for Myxus capensis (black labels) and its potential

food resources (coloured labels) based on fatty acid proportions

(% total neutral lipids and total lipids in fish and resources,

respectively). The list of fatty acids included in this analysis is

provided in Table 3. The MDS plot is shown using two axes, and

includes all seasonal data for both fish and food sources. This

facilitated a summary of the global relationship between fatty

acid profiles of fish and the different food resources
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dependent data. Furthermore, it can sometimes be

difficult to differentiate primary producers from one

another based on their stable isotope composition. For

example, in a neighbouring South African estuary,

stable isotopes could not distinguish vascular plants

from epiphytes (Richoux & Froneman, 2007, 2008).

However, it is unlikely that any of these issues resulted

in under-estimations of macrophyte contributions to

the diet of M. capensis in our mixing models, as the

fatty acid approach (including both MDS and calcu-

lations of fatty acid indices, discussed below) clearly

confirmed the lack of a trophic relationship between

vascular plants and fish, but a strong reliance of fish on

animal-derived food and epiphytic microalgae.

The large contribution of epiphytic microalgae to

the diet of M. capensis during spring could be partly

the result of aforementioned issues relating to primary

producer discrimination. However, this factor seems

to have affected only our spring and medium-sized

juvenile model, while all other models highlighted a

clear dominance of animal-derived prey. The assump-

tion that epiphytic microalgae make substantial con-

tributions to the diet of M. capensis during this specific

season and life stage therefore appears reasonable, and

probably reflects ontogenetic variations in diet char-

acterizing the species in our study system. Fish

collected in spring were indeed mostly medium-sized

juveniles, all collected from sites B (n = 13) and C

(n = 7), which were the most estuarine-influenced

sites in our study area. During the other seasons,

between 32% (autumn) and 100% (winter and sum-

mer) of fish analysed originated from site A, which is

isolated from the estuary by a weir (Fig. 1). Besides

chironomid larvae, considerably fewer insects are

available in the estuarine area when compared to the

riverine portion of the Kowie system (Moyo, 2016),

and this may explain why M. capensis from the lower

sites of our sampling gradient fed mostly upon

microalgae during spring.

According to Blaber (1976, 1977), POM dominat-

ing M. capensis stomach contents in estuaries gener-

ally contains sand granules of 0.2–0.3 mm mean

diameter, thus providing evidence that M. capensis

juveniles in estuaries forage primarily on the bottom,

i.e. not at the air/water interface. This behaviour could

also explain the small contributions of insects and the

large contributions of benthic microalgae in the diet of

juvenile M. capensis that dominated our spring

collection. Consumption of aerial/surface insects in

riverine areas during the other seasons and life stages

can therefore be viewed as a secondary opportunistic

foraging behaviour that is energetically beneficial to

M. capensis because of the higher energy, fat and

protein contents of insect food.

Besides considerations relating to the spatial origin

of analysed specimens, the large contribution of

epiphytic microalgae to the diet of M. capensis during

spring is consistent with the temporal variations in

food resource availability in the study system (in

support of our hypothesis B, as already discussed

above). In spring, microalgae in most aquatic ecosys-

tems begin to multiply due to improved growing

conditions, especially increased light penetration

within the water column. Therefore, it is not surprising

that M. capensis utilized benthic primary producers to

a significant extent during this season. Furthermore,

insect numbers begin building up during spring but

only reach maximum abundance (both larval and adult

forms) in summer; hence, M. capensis utilized greater

proportions of insects during summer than spring. The

latter explanation was further confirmed by the fatty

acid nutritional condition index results, as discussed

below.

The fatty acid composition of freshwater mullet

tissues was consistent with that typically recorded in

muscles of bony fish from a variety of aquatic systems

(Osman et al., 2001; Robin et al., 2003; Turner & Rooker,

2005, 2006; Skadullah & Tsuchiya, 2009; van der Bank

et al., 2011; Iitembu & Richoux, 2016). Proportions of

essential fatty acids measured inM. capensis, which were

used as indicators of fish nutritional condition (Dalsgaard

et al., 2003; Tocher, 2010), were largely above the

minimum requirements reported through feeding exper-

iments on various reared fish species (Takeuchi, 1997;

Izquierdo, 2005; Tocher, 2010), although values from the

latter studies are usually expressed as a percentage of

total unsaturated fatty acids or total lipids, and are

therefore difficult to compare with our estimates from

wild fish based on the percentage of total neutral lipids.

However, essential fatty acids, together with other fatty

acid indices used in this study, highlighted the variability

in mullet diet and nutritional condition with season and

fish life stage. More specifically, the largest amounts of

essential fatty acids occurred in small juvenile fish

collected during spring, while the smallest amounts

occurred in adults collected during winter (Table 4).

Besides ontogenetic variations associated with fish

nutritional metabolism (Tocher, 2010), this trend may
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reflect a decreased nutritional condition in M. capensis

during winter, consistent with decreased availability of

nutrient-rich food resources such as larval insects. For

instance, biomass estimates of emergent larval insects

and infalling terrestrial insects into the Kowie system

varied from 3–28 mg m-2 day-1 and 11–220 mg m-2 -

day-1 in winter, to between 169–1402 mg m-2 day-1

and 413–679 mg m-2 day-1 during summer (Moyo

et al., 2017), resulting in decreased availability of

nutrient-rich resources and therefore decreased fish

nutritional condition during winter. This explanation is

further supported by the larger amounts of essential fatty

acids (and therefore better nutritional condition) recorded

in adult fish during summer compared to winter

(Table 4).

Values for other fatty acid indices derived from M.

capensis were low, typical of many high-order con-

sumers in aquatic environments (Budge et al., 2001;

Dalsgaard et al., 2003), and they varied relatively

weakly through space and time. For instance, sums of

bacterial (odd-numbered and branched chains) and

vascular plant-associated (long saturated chains) fatty

acids in M. capensis never exceeded 1% of the total

neutral lipids. Both indices did not vary or varied

weakly between seasons and fish life stages in the

Kowie system, reflecting little consumption of bacte-

rial-derived and vascular plant material (Parrish et al.,

2000; Budge et al., 2006). This finding was consistent

with outputs from our mixing models that showed

small contributions of vascular plants to the nutrition

of M. capensis. The Rx3/Rx6 ratio of the mullet

(putative marker for consumption of autochthonous

versus allochthonous resources) also ranged within

typically low values for aquatic consumers (Budge

et al., 2001; Dalsgaard et al., 2003), including marine

fishes (Osman et al., 2001). However, the ratio

highlighted a larger contribution of terrestrial-derived

food to the adult mullet diet during spring and summer

compared to autumn and winter, a finding consistent

with the greater availability of nutrient-rich insects in

the study system during spring and summer (Moyo

et al., 2017). The large contribution of insects to the

diet of adult mullet highlighted by the above method is

supported by the M. capensis stomach content and

stable isotope datasets.

The most striking outcome regarding the diet of

freshwater mullet arose from our multivariate analysis

of fatty acid compositions from both the fish neutral

lipids and the food source total lipids, which

illustrated clear similarities between the fish and three

major food resources available in the Kowie system,

i.e. aquatic invertebrates (including aquatic insects),

aerial/interface insects and epiphytic microalgae,

whereas detritus and vascular plants had divergent

compositions. This result affirmed our interpretations

from the stomach content analysis and mixing model

outputs, specifically in terms of the dominance of

animal-derived and epiphytic algal material in the diet

of M. capensis. The importance of those dominant

resources to the fish varied temporally in accordance

with seasonal changes in fish size, larval insect

emergence and terrestrial insect infall (Moyo et al.,

2017), as well as with epiphytic algae growth in the

study system.

Another important outcome of this study was

evidence of a strong reliance by M. capensis on flying

(aerial) or interface (semi-aquatic) insects, which are

terrestrially derived food sources. This finding implies

that a strong trophic connection exists between the

aquatic environment and adjacent riparian zones that

may allow for the elevated feeding success of

freshwater mullet, an important consumer in the

Kowie River (Bok, 1979). Similar examples of strong

connectivity between water and land occur in other

riverine systems (e.g. Nakano et al., 1999; Nakano &

Murakami, 2001; Pusey & Arthington, 2003; Baxter

et al., 2005; Marcarelli et al., 2011), leading to

increased interest in the importance of connectivity

for aquatic ecosystem functioning (Richardson &

Sato, 2015). The abundance of insects in the Kowie

catchment (Moyo, 2016) may therefore partly explain

why M. capensis favours the freshwater reaches of

this system as a nursery area, i.e. the fish can benefit

from insects falling into the river from the riparian

area or occupying the water–air interface (Baxter

et al., 2005).

Stream environments characterized by relatively

undegraded riparian vegetation favour terrestrial sub-

sidization of food resources into the water body, thus

benefitting the recipient fish communities (Pusey &

Arthington, 2003; Wang et al., 2003; Richardson et al.,

2010). A similar situation may pertain to the Kowie

River, which has large numbers of trees in the riparian

zone and many deep pools that are suitable for

occupation by fish species such as M. capensis (Bok,

1979). Furthermore, the Kowie system has a perma-

nently open estuary mouth, a relatively large catch-

ment (769 km2), and a perennial river flow. These
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characteristics permit free access by recruiting juve-

nile M. capensis from the sea into the river at any time

of the year and the return migration of sexually mature

fish to the marine environment where spawning

occurs. In the riverine reaches of the Kowie system,

M. capensis also benefits from lower competition for

food resources from other mullet species that are

confined to the estuary, and from the absence of

estuary-associated marine piscivorous fish. Unfortu-

nately, the introduction of largemouth bass (Mi-

cropterus salmoides), an important consumer of

migrating juvenile freshwater mullet (Magoro et al.,

2015) in the lower Kowie River system, reduces this

predator-free advantage of river occupation by

M. capensis.

To conclude, our results clearly highlight the need

for a re-assessment of the freshwater mullet trophic

guild designation as a strictly detritivorous species, as

our data indicate that M. capensis in the Kowie River

assimilated mostly microphytobenthos and inverte-

brates, with a heavy reliance on animal-derived food.

This result is consistent with a study of other mugilid

species in Aiguillon Bay on the French Atlantic coast,

where a higher than expected reliance by Liza ramada

and L. aurata on invertebrates such as benthic

meiofauna and small macrofauna was documented

(Lebreton et al., 2011). Furthermore, although mullets

are often associated with the detritivore trophic guild

(Cardona, 2016; Crosetti & Blaber, 2016), it seems

that different species within the family display strong

trophic niche segregation, with each species relying on

different carbon sources within the microphytoben-

thos or organic detrital matter pools (Le Loc’h et al.,

2015). Based on these different lines of evidence, we

recommend that additional tracer-based studies be

conducted on detritivorous fishes such as Mugilidae to

clarify their relative dietary dependence on detritus/

POM, plants and animals.
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