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Abstract Researchers have hypothesised that influ-

xes of pelagic zooplankton to river channels after

floods and high flows are necessary for strong recruit-

ment of some native fish species, including Murray cod

(Maccullochella peelii peelii) (Mitchell), in the Mur-

ray–Darling river system, Australia. This study inves-

tigated the composition of the diet and gut fullness of

drifting Murray cod larvae weekly during two spawn-

ing seasons with contrasting flows, to determine if

pelagic zooplankton comprised a greater proportion of

the gut contents and guts were fuller in a high flow

(2000) than in a low flow (2001) year. Gut fullness and

yolk levels of 267 larvae were ranked, and prey

identified to family level. Approximately 40 and 70%

of individuals had been feeding in 2000 and 2001,

respectively. Gut fullness increased with declining

yolk reserves. Larvae in both the years had an almost

exclusively benthic diet, irrespective of the flow

conditions at the time. Substantial inundation of dry

ground in 2000, albeit restricted to in-channel benches,

anastomosing channels and oxbow lakes, did not lead

to an influx of pelagic, floodplain-derived zooplankton

subsequently exploited by Murray cod larvae. These

results have the implications for the management of

regulated temperate lowland rivers: high flows cannot

automatically be assumed to be beneficial for the fish

larvae of all species and their food resources, and

caution should be exercised with the timing of flow

releases.
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Introduction

The initial small size and limited nutritional reserves

of fish larvae impose serious functional constraints on

their anatomy, physiology and interactions with the

external environment, including behaviour and tran-

sition to first feeding (Fuiman & Werner, 2002). It is

widely recognised that because of these functional

constraints, the early life history stages of fish are

highly dependent on environmental conditions that

provide favourable food densities and other condi-

tions for survival, and that most do not survive to

become juveniles (Houde, 2002). Therefore, the

strength of future adult stocks is typically heavily

influenced by the conditions experienced by fish

during the first few weeks of life (May, 1974; Balon,

1984; Cushing, 1990; Winemiller & Rose, 1993;

Houde, 1994, 2002; Fuiman & Werner, 2002).
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The early life history stages of fish have, conse-

quently, been the focus of much research, especially

for marine, commercial fisheries (Fuiman & Werner,

2002). The larvae of riverine fish species, however,

have received less attention, despite the fact that they

are just as dependent on dense food resources as their

marine counterparts; resources that may be less

predictable because of the variable nature of river

flows in many temperate regions of the world (Puck-

ridge et al., 1998). Modification to river systems and

flow regimes has been suggested as the primary driver

of degraded fish assemblages in lowland rivers of the

Murray–Darling Basin, with poor recruitment or

recruitment failure hypothesised as being a result of

altered timing, amounts or types of food available to

larval fish (Humphries & Lake, 2000; Humphries

et al., 2002). An increased understanding of the

feeding of riverine fish larvae and the impacts of

different flows will therefore assist in the management

and persistence of populations. Murray cod (Maccul-

lochella peelii peelii) (Mitchell) is the largest native

freshwater fish species in the Murray–Darling Basin,

an extensive inland river system in south-eastern

Australia. It is a large, long-lived, structure-oriented

macro-carnivore, now primarily inhabiting lowland

river habitats, though also persisting in some upland

river habitats (Cadwallader & Backhouse, 1983;

Rowland, 1989, 1998a, b; 2005; Anderson et al.,

1992; Harris & Rowland, 1996). Its numbers have

declined dramatically since European settlement in

Australia (Rowland, 1989, 2005), and the likely

reasons for this include overfishing and habitat and

flow alteration (Cadwallader, 1978; Cadwallader &

Backhouse, 1983; Rowland, 1983, 1989, 1992, 2005;

Cadwallader & Gooley, 1984; Harris & Rowland,

1996). It has been suggested that spring flooding and

the emergence of pelagic zooplankton associated with

newly inundated floodplain habitat may play an

important role in the survival of Murray cod during

first feeding in lowland river habitats, and that

mortality has increased due to flow alteration and

severing of the connection between the river channel

and floodplain (Lake, 1967a, b; Cadwallader, 1978;

Cadwallader & Backhouse, 1983; Rowland, 1983,

1989, 1992, 2005; Ye et al., 2000). However, the vast

majority of feeding and mortality studies have been

conducted under hatchery conditions and not in the

wild (Lake, 1967b; Rowland, 1992; Tonkin et al.,

2006; Ingram & De Silva, 2007; but see King, 2005).

These conditions are made even more artificial, since

all life stages of the species naturally occur in lotic

environments and larvae drift for several days once

they leave the parental nest (Humphries, 2005; Koehn

& Harrington, 2005). Spring flooding has increased

recruitment in one event in the Barmah–Millewa

floodplain forest in south-eastern Australia (King

et al., in press), but whether this was related to

availability and density of floodplain zooplankton is

unknown. Relationships between first feeding and

other early life history events, such as yolk sac

absorption and dispersal by drifting, have not been

investigated adequately for wild Murray cod, nor has

the diet of wild Murray cod larvae been described

during contrasting flow conditions. This study aims to

describe the diet of wild Murray cod larvae over 2

years with contrasting flow patterns. Specifically, we

aim to: determine if pelagic zooplankton contributes a

greater part of the diet during a high flow year than a

low flow year; explore the relationship between yolk

reserve and feeding during the drifting phase of their

early life history; and consider the results of this study

in regard to the management of Murray cod in flow-

managed Australian lowland rivers.

Materials and methods

Species and study area

Murray cod matures at about 5 years of age, spawns

annually and very predictably (Rowland, 1983,

1998a; Humphries, 2005; Koehn & Harrington,

2005, 2006), produces 10,000–100,000 eggs and

exhibits parental care of the nest and newly hatched

yolk-sac larvae (Lake, 1967b; Rowland, 1983, 1989,

1998a, b; 2005). Murray cod have a reduced larval

stage, and commence feeding whilst still retaining

some yolk (Balon, 1984; Humphries, 2005; King,

2005). Murray cod yolk-sac larvae and larvae appear

to be obligate drift dispersers (Humphries, 2005;

Koehn & Harrington, 2005).

The Broken River is situated in north-eastern

Victoria, Australia, and is located in the south-eastern

region of the Murray–Darling Basin (Fig. 1). It arises

at about 1,000 m above sea level, just north of the

Great Dividing Range, and has a total length of

approximately 180 km. The river has a mean annual

discharge of about 230 9 106 m3, with highest flows
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between June and September, when water tempera-

tures are coldest (*7�C), and lowest flows between

December and April, when water temperatures can

reach[30�C. The Broken River experiences moderate

river regulation, with some storage of winter and

spring flows in two impoundments (Lakes Nillahcoo-

tie and Mokoan) and later release of this over summer.

Releases from Lake Mokoan raise turbidity above

natural levels in the summer/autumn low flow period,

although this impoundment is scheduled to be taken

off-line in the future. There are two substantial weirs

(Casey and Gowangardie weirs) downstream of the

major impoundments—the upstream Gowangardie

weir is an impediment to movement of fish upstream,

but the downstream Casey weir is equipped with a

fishway. Neither weir affects the hydrology of the river

to a major extent (Humphries, 2005). Much of the

Broken River’s catchment has been cleared for

agriculture, resulting in moderate sand siltation of

the main channel, and has been further degraded by de-

snagging in recent decades. Historically, there would

have been 18–20 native fish species inhabiting the

Broken River, although nowadays, this has reduced to

approximately twelve species, including Murray cod

(Humphries & Lake, 2000).

The early life history stages of Murray cod were

collected weekly between mid-October and late

December in 2000 and 2001 from two lowland reaches

of the Broken River downstream from Benalla:

Goomalibee in the section of river between Casey

and Gowangardie Weirs, and Cosgrove Road, down-

stream of Gowangardie Weir (Fig. 1). The Broken

River at these sampling reaches is a lowland river

characterised by a partially incised, meandering

channel and an adjacent floodplain. The stream bed

is composed of coarse quartz sand and silt and is

characterised by depths between approximately 0.2

and 2.0 m, moderate amounts of coarse woody debris,

some stands of emergent macrophytes, relatively few,

small, scattered beds of submergent macrophytes and

highly turbid water. Channel width is commonly 15–

20 m. Further descriptions of the two sampling

reaches are available in Humphries (2005).

Field sampling and measurements

Sampling commenced several weeks before yolk-sac

larvae started to drift, and extended until after they

finished drifting. Drift nets, 1.5 m long, with a hoop

diameter of 0.5 m, and tapering to a 90 mm cod end,

to which a collection bottle was fitted, were used to

collect yolk-sac larvae and larvae, in a similar

manner to Humphries (2005), King (2005) and King

et al. (in press). Usually three drift nets (2 9 500 lm

mesh and 1 9 1000 lm mesh) were set at each reach

in the fast currents, immediately before dusk. Nets

were set so the top of the net mouth just protruded

through the water surface, and the volume of water

filtered was determined by a (General Oceanics�)

flow meter placed in the lower third of the net mouth.

Nets were left in place for 3 h after sunset and then

retrieved. Fish were immediately removed from

samples and placed in 95% ethanol.

Discharge data was obtained from Goulburn–

Murray Water through gauging stations operated by

Thiess Environmental Services. Loggers, installed at

each reach, recorded temperature hourly during the

sampling period. Turbidity, conductivity, dissolved

oxygen and pH of the water at each reach were

recorded on each sampling occasion using an Horiba

Water Quality Checker #10.

Laboratory processing

Morphological measurements of Murray cod yolk-sac

larvae and larvae were carried out prior to dissection.

km
N 0 50 100

Lake
Mokoan

GoomalibeeCosgrove Rd

Lake
NillahcootieNillahcootie

Murray
Darling
Basin

Fig. 1 Map showing the location of the Broken River in the

Murray–Darling Basin, and sampling reaches: Goomalibee and

Cosgrove Road
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Standard length (SL) was measured to 0.1 mm using

a dissecting microscope and an eyepiece graticule. A

mean shrinkage of 3.72% in length of Murray cod

yolk-sac larvae and larvae was recorded by Vogel

(2003) after storage in 95% ethanol for 125 days.

This figure was used as a correction factor for length

of samples in this study. This study assumed that loss

of fluids and consequent shrinkage was approaching

an asymptote after 125 days and such a correction

factor was therefore valid for individuals stored for

longer periods.

The amount of yolk sac was estimated visually

both before and during the course of dissection. Fish

were assigned to five yolk sac categories: 0 (none—

no yolk sac externally visible, no yolk present upon

dissection), 1 (small—no yolk sac visible externally,

slight traces of yolk present upon dissection), 2

(medium—yolk sac either not visible externally, or

not prominent, moderate quantities of yolk present

upon dissection), 3 (large—yolk sac visible exter-

nally and prominent, large quantities of yolk present

upon dissection) and 4 (very large—yolk sac visible

externally and extremely prominent, very large

quantities of yolk present upon dissection).

The entire alimentary canal was removed from

each fish. The relative contribution of different prey

items was estimated using the numerical and mod-

ified points methods (Hyslop, 1980). The gut was

given a score for fullness: 0 = empty, 3 = � full,

6 = � full, 9 = � full, 12 = full, and 15 = dis-

tended. Points were allocated to different prey items

based on a visual assessment of their volumetric

contribution to the contents. Prey organisms were

identified using published guides (Williams, 1980;

Shiel, 1995; Hawking & Smith, 1997; Ingram et al.,

1997). It should be noted that for the purposes of this

study, both Macrotrichidae and Neotrichidae were

treated as Macrotrichidae due to identification guides

pre-dating the split of this family. Prey were classi-

fied as ‘Pelagic’ or ‘Benthic’ on the basis of where

larvae likely intercepted them. Broad categories

(Crustacea, Cladocera, Copepoda and nauplii) that

contained both pelagic and benthic taxa were

excluded; however, this dichotomy required some

compromises. For example, Chydoridae, which are

commonly epiphytic on submergent macrophytes,

were classified as ‘Benthic’. Also, Ephemeroptera

and Trichoptera were all classified as ‘Pelagic’,

despite these two taxa being both benthic and

epiphytic in habit in Australian lowland rivers, as

they were considered to have been intercepted in the

drift. Advice on these classifications was provided by

R. Shiel, University of Adelaide.

For overall and year-by-year comparisons of gut

contents, relative contributions of taxa by number and

points are presented, but only points are presented for

examination of within year patterns for clarity

because they are considered a better descriptor of

the relative importance of prey items.

Data analysis

Data from both reaches were pooled because yearly

comparisons were the focus of the study. Statistical

analyses were carried out in S-Plus (ANOVAs) and

Microsoft Excel (linear regressions). Data for mor-

phological measures (length, weight) and gut fullness

measures were analysed using two-factor ANOVAs

with ‘Date’ and ‘Year’ as factors, with the first

sampling date in 2001 excluded to allow for a balanced

design. Spearman rank correlations were carried out

between yolk sac category and gut fullness for each

year separately. All data was log10 transformed to meet

statistical assumptions.

Results

Mean daily discharge in the mid-late spring period of

2000 in the Broken River was highly variable, fluctu-

ating from a minimum of about 1200 ML d-1 to a

maximum of almost 9,000 ML d-1, with three distinct

peaks during this period (Fig. 2a). At its peak, the river

rose approximately 6 m from base flow and broadened

from a width of 15–20 m to a maximum of 70–80 m.

Whilst remaining within the channel, this peak inun-

dated previously dry low, middle and high in-channel

benches, anastomosing channels and oxbow lakes

(billabongs) for about a month. In contrast, discharge

in 2001 remained low throughout the mid spring/early

summer period, ranging from 140 to 60 ML d-1, with a

brief increase of about 580 ML d-1 in late October,

then a gradual rise to about 700 ML d-1 beginning in

late November. In 2001, the river rose to about 0.3 m

higher than base flow and broadened to about 30 m,

inundating only low benches.

Mean daily water temperature was considerably

warmer in 2000 than 2001 (Fig. 2b), with mean (±1
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SE) temperatures for the entire period from 1 October

to 31 December being 23.1 ± 0.29�C in 2000 and

18.9 ± 0.22�C in 2001, and the mean difference

between the 2 years being 4.2 ± 0.21�C. While

temperatures at the beginning of October were

similar, at approximately 17�C, the rise in tempera-

ture in 2000 was more rapid and sustained than in the

following year.

Totals of 79 and 188 fish were collected in 2000

and 2001, respectively, and these were used for

analysis of gut contents and amount of yolk sac.

There was a significant difference in mean lengths

with Year (P \ 0.001) and with Date (P \ 0.001),

but there was no significant Date 9 Year interaction

(P [ 0.05) (Table 1, Fig. 3a). Year contributed the

most to variation in length. Mean weight also differed

significantly with Date (P \ 0.001), but not with

Year or with the interaction between these two

factors (Table 1, Fig. 3b). Gut fullness differed with

Date (P \ 0.001) and with the interaction between

Year and Date (P \ 0.001), and indeed, the mean

square for the latter was the larger of the two

(Table 1, Fig. 3c).

There was marked variation in the proportion of

larvae with yolk sacs between the years (Fig. 4). The

first individuals collected in 2000—in the third week

of November—had either very large or large yolk

sacs, whereas the first individuals collected in 2001—

in the same week and 2 weeks previously—had either

small or no yolk sacs. In the subsequent 2 weeks in

2000, there were fewer fish with very large or large

yolk sacs, and there was a mixture of sizes of yolk

sac, ranging from very large to none. In contrast, as

the spawning season progressed in 2001, there were
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Table 1 Mean squares and significance levels for ANOVAs of

length, weight and gut fullness of Murray cod larvae by Year

and Date for 2000 and 2001

Factor DF Length Weight Gut fullness

Year 3 0.012*** 0.014 0.008

Date 1 0.006*** 0.220*** 0.687***

Year 9 date 3 0.002 0.039 1.604***

Error 219 0.001 0.017 0.148

DF degrees of freedom

*** P \ 0.001
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fewer fish with small or no yolk sacs, and there were

more with moderate to very large yolk sacs.

When data for both years were combined, Murray

cod with non-empty guts comprised approximately

60% of all those examined (Table 2). Overall,

macrotrichid cladocerans were the most important

prey item, comprising 64.78% by number and

30.91% by points. The next most important prey

items were chydorid cladocerans (6.69 and 7.65% by

number and points, respectively), cyclopoid copepods

(5.77 and 9.80%) and chironomid larvae (4.84 and

16.61%). All other prey types contributed only small

amounts to the gut contents of larvae.

A considerably greater percentage of non-empty

guts was found in Murray cod in 2001 (69.31%) than

in 2000 (39.24%), and there were marked differences

in the contents of guts from the 2 years (Table 3). A

notable difference was that there were almost twice

as many taxa in the guts of larvae collected in 2001

than in 2000 (19 vs. 11); however, in terms of sample

size (number of taxa divided by number of fish), the

values were similar (0.10 and 0.14 taxa per individ-

ual, respectively). There was a range of 0 to 4 and a

mean of 0.49 taxa per gut in 2000 vs. a range of 0 to 6

and a mean of 1.16 taxa per gut in 2001.

The gut contents of Murray cod in 2000 were

dominated by chironomid larvae (29.7 and 32.8% by

number and points, respectively), then by cyclopoid

copepods (16.2 and 11.8%) and leptophlebiid may-

flies (6.8 and 11.1%), with a range of other taxa

contributing lesser amounts (Table 3). In contrast, the

gut contents of individuals collected in 2001 were

dominated by macrotrichids (69.7 and 39.0%), with

chydorids (7.2 and 9.8%), cyclopoid copepods (7.91

and 9.24%) and chironomid larvae (2.8 and 12.2%)

contributing lesser amounts. It is notable that sand

grains were found in the guts of fish from both years,

and indeed made up between 1.6 and 3.0% of the guts

by volume.

Benthic prey dominated the gut contents of

Murray cod in both years, although prey classified

as pelagic contributed considerably more to the guts
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of larvae in 2000 (16.4% by number and 35.8% by

volume) than in 2001 (4.3% by number and 11.8% by

volume) (Table 3). The greater contribution of

pelagic prey in 2000 than in 2001, however, was

largely due to more Ephemeroptera and Trichoptera

in guts in the former season.

The percentage of non-empty guts, when Murray

cod were first collected on 23 November 2000, was

very low (11.1%), but increased to 78.3% by early

December and was 100% a week later (although only

two fish were collected on that occasion) (Table 4).

This was in contrast to the situation in 2001, when

72.5% of Murray cod had non-empty guts when first

collected, with this variable declining as the season

progressed. Chironomid larvae, which dominated the

overall gut contents from 2000, were always an

important component of the diet throughout the 2000

season, but declined in its contribution as the season

progressed (Table 4). Calanoid copepods and hyd-

ropsychid caddisflies also contributed greatly to gut

contents early on, but less so or not at all in later

sampling dates. Harpacticoid copepods and chirono-

mid pupae, on the other hand, became more prom-

inent in guts as time went on. In contrast, in 2001,

macrotrichids dominated early on and declined

somewhat from the later part of the spawning season,

whereas the contribution of cyclopoid copepods

increased during this time. Chironomid larvae con-

tributed the most to guts in mid-season samples.

Gut fullness was significantly negatively correlated

with yolk sac index for both the 2000 and 2001 seasons

(R = -0.41, P \ 0.001 and -0.29, P \ 0.01)

(Fig. 5).

Discussion

The prey of yolk-sac larvae and larvae of Murray cod

examined during the present study were predomi-

nantly benthic. The benthic nature of their diet was

apparent in both the high flow year and the low flow

year. An apparent greater contribution of pelagic prey

in 2000 than 2001, however, was a result of larger

numbers of Ephemeroptera and Trichoptera. These

were unlikely to be taken from the benthos or

submergent macrophytes, given the fast currents

associated with high flows during this time, and were

more likely to have been captured by fish while

drifting in the current. Thus, in this study, there was

no evidence that inundation of in-channel benches,

anastomosing channels and oxbow lakes—although

not the floodplain proper—led to an influx of pelagic

zooplankton that was subsequently exploited by

Murray cod larvae as an important dietary compo-

nent, as has been suggested to occur in lowland rivers

during high flows and flooding (Lake, 1967a, b,

Cadwallader, 1978; Cadwallader & Backhouse, 1983;

Rowland, 1983, 1989, 1992, 2005; Ye et al., 2000).

The corollary of this model of larval Murray cod

feeding (and implied recruitment) is that food

resources for this life stage of the species may be

less abundant under low flow conditions, which

should reflect lower levels of gut fullness. There

were, in fact, fewer empty guts in the low-flow year

Table 2 Overall percentage composition of the diet by num-

ber and points of all Murray cod larvae collected from the

Broken River in 2000 and 2001

Prey taxa % Number % Points

Crustacea

Ostracoda 0.1 0.1

Unidentified Cladocera 2.0 2.8

Chydoridae 6.7 7.6

Daphniidae 2.0 2.4

Ilyocryptidae 0.1 0.3

Macrotrichidae 64.8 30.9

Unidentified Copepoda 1.0 1.4

Nauplii 0.4 0.5

Calanoida 1.5 5.5

Cyclopoida 5.8 9.8

Harpacticoida 0.5 1.1

Insecta

Unidentified insecta 0.3 0.3

Corixidae 0.2 0.5

Chironimidae larvae 4.8 16.6

Chironimidae pupae 0.6 2.3

Simuliidae 0.2 0.4

Unidentified Trichoptera 0.4 2.1

Hydropsychidae 0.1 1.6

Unidentified Ephemeroptera – –

Leptophlebiidae 0.5 2.4

Rotifera 0.1 0.3

Sand grains 2.6 1.9

Unidentified prey/material 5.2 8.9

Total no. of guts 267

% Non-empty guts 60.45
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of 2001 than in the high-flow year of 2000. Further-

more, King (2004) documented abundant benthic

prey in the same river reaches under low flow

conditions.

The prey of early life history stages of freshwater

fish in the wild is typically dominated by pelagic

zooplankton (e.g. Whiteside et al., 1985; Davis &

Todd, 1998), with usually a minor component

comprising benthic chironomid larvae and chydorid

cladocerans (Keast & Harker, 1977; Garner, 1996).

The majority of the dietary studies of the larvae of

Murray–Darling native fish have been under aqua-

culture conditions and have reported a diet largely

based on pelagic prey items, such as calanoid

copepods and moinid and daphniid cladocera that

are encouraged by hatchery practices (Arumugam,

1986, 1990; Arumugam & Geddes, 1987, 1992;

Rowland, 1992, 1996; Tonkin et al., 2006; Ingram &

De Silva, 2007), although Ingram & De Silva (2007)

reported a significant benthic chironomid larvae

Table 3 Percentage

composition of the diet by

number and points of

Murray cod larvae collected

from the Broken River in

2000 and 2001

Prey taxa 2000 2001

% Number % Points % Number % Points

Crustacea

Ostracoda – – 0.1 0.1

Unidentified Cladocera – – 2.1 3.6

Chydoridae – – 7.2 9.8

Daphniidae – – 2.1 3.1

Ilyocryptidae – – 0.1 0.4

Macrotrichidae 5.4 1.3 69.7 39.0

Unidentified Copepoda – – 1.1 1.8

Nauplii 1.4 0.5 0.3 0.6

Calanoida 2.7 8.1 1.4 4.8

Cyclopoida 16.2 11.8 4.9 9.2

Harpacticoida 4.0 4.0 0.2 0.3

Insecta

Unidentified insecta – – 0.3 0.4

Corixidae – – 0.2 0.7

Chironimidae larvae 29.7 32.8 2.8 12.2

Chironimidae pupae 2.7 5.0 0.4 1.5

Simuliidae – – 0.2 0.6

Unidentified Trichoptera 2.7 5.5 0.2 1.1

Hydropsychidae 1.4 7.6 – –

Unidentified Ephemeroptera – – – –

Leptophlebiidae 6.8 11.1 – –

Rotifera – – 0.1 0.4

Sand grains 10.8 3.0 1.9 1.6

Unidentified prey or material 16.2 9.3 4.4 8.8

Benthic 83.6 64.2 95.7 88.2

Pelagic 16.4 35.8 4.3 11.8

Total no. of guts dissected 79 188

% Non-empty guts 39.2 69.3

No. of taxa 11 19

Range of no. of taxa per fish 0–4 0–6

Mean (±1 SE) no. of taxa per fish 0.49 ± 0.095 1.165 ± 0.089
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component in the diet of Murray cod. Overall, this

study suggests that the diets in fertilised hatchery

ponds are not an accurate reflection of the diet of

larval Murray cod in the wild.

Microcrustacea dominated the overall diet of

Murray cod during the 2 years of the study. This

apparent preference for microcrustacean prey, in

contrast to rotifers, which are also abundant in the

Broken River (King, 2004), has been found for larvae

of many other percichthyid species (Arumugam,

1986; Arumugam & Geddes, 1992; Rowland, 1992,

1996; Ingram et al., 1997; King, 2005). Of the

microcrustacea, macrotrichids—epibenthic, periphy-

ton-grazing cladocerans—contributed the most to gut

contents. King (2005) described the diet of Murray

cod yolk-sac larvae and larvae also during a low-flow

year in the Broken River, and similarly found that the

diet was dominated by macrotrichids.

Macrotrichids dominated the diet in the low flow

year of 2001, whereas in the high flow year of 2000,

they contributed only small amounts. Indeed, clado-

cera as a group went from contributing substantially

in 2001, to contributing negligibly in 2000. In this

study, chironomid larvae replaced macrotrichids as

the dominant prey item in 2000, with cyclopoid

copepods the next most important. As has been stated

above, Trichoptera and Ephemeroptera were also

unimportant or absent from gut contents in 2001, but

Table 4 Percentage composition of the diet by points of Murray cod larvae collected from the Broken River for individual sampling

dates in 2000 and 2001

Prey taxa 2000 2001

23 Nov 30 Nov 6 Dec 14 Dec 8 Nov 22 Nov 27–28 Nov 6 Dec 19 Dec

Crustacea

Ostracoda – – – – – 0.3 – – –

Unidentified Cladocera – – – – 12.0 1.2 – – 2.6

Chydoridae – – – – 3.6 14.5 7.0 11.6 5.2

Daphniidae – – – – 0.6 – 8.9 15.1 7.1

Ilyocryptidae – – – – 1.8 – – – –

Macrotrichidae – 1.5 1.4 – 30.7 53.4 29.6 23.3 17.5

Unidentified Copepoda – – – – 1.8 3.9 – – –

Nauplii – 1.5 – – 1.2 – – – 2.6

Calanoida – 13.8 6.4 – 8.4 1.8 14.1 – –

Cyclopoida – – 19.6 9.1 3.0 6.7 2.8 30.2 30.5

Harpacticoida – – – 36.4 – 0.6 – – –

Insecta

Unidentified insecta – – – – 1.2 0.2 – – –

Corixidae – – – – 2.4 – – 2.3 –

Chironimidae larvae – 55.4 23.7 13.6 12.0 5.8 33.3 15.1 9.1

Chironimidae pupae – – 3.6 27.3 1.2 2.7 – – –

Simuliidae – – – – – 1.2 – – –

Unidentified Trichoptera – – 7.3 13.6 – – – – 10.4

Hydropsychidae – 23.1 – – – – – – –

Unidentified Ephemeroptera – – – – – – – – –

Leptophlebiidae – – 20.1 – – – – – –

Rotifera – – – – 1.8 – – – –

Sand grains 100 1.5 2.7 – 0.6 1.9 – 2.3 4.6

Unidentified prey/material – 3.1 15.1 – 19.3 5.8 4.2 – 10.4

No. of guts 9 45 23 2 40 55 38 20 35

% Non-empty guts 11.1 22.2 78.3 100.0 72.5 87.3 63.2 50.0 57.1
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contributed more in 2000, and were probably taken

by Murray cod from the drift. The abundance of

microcrustacea and chironomid larvae can both

increase rapidly in response to flooding (Crome &

Carpenter, 1988; Nielsen et al., 2002), but cladocer-

ans, not just copepods, can do this (Nielsen &

Watson, 2008). However, studies conducted in the

Broken River in 2002 and 2003 showed that macro-

trichid and cyclopoid abundances decreased follow-

ing an experimental increase in velocity through

slackwater habitats, (Humphries, unpublished data;

Nielsen & Watson, 2008), whereas chironomid larvae

showed the opposite response (Humphries, unpub-

lished data). Thus, the patterns in dominance of prey

type in the high flow and low flow years followed

patterns in taxon density predicted from field exper-

iments, albeit at a smaller scale.

Gut fullness levels of Murray cod were greater in

2001 (69.31%) than in 2000 (39.24%). A possible

cause is the difference in flow between the 2 years,

namely the high within-channel flows of 2000. This

would have scoured the predominantly sandy in-

stream substratum and associated periphyton and is

likely to have reduced the abundance of macrotrichid

and other benthic microcrustacea available to larvae

(Humphries et al., 2006; Nielsen & Watson, 2008),

and thus possibly reduced the overall amount of prey

available. The two field manipulations mentioned

above produced inconsistent responses of overall

microbenthos abundance to the experimental increase

in velocity through slackwater habitats: Humphries

et al. (2006) reported no overall change in abundance,

whereas Nielsen & Watson (2008) reported an overall

decrease in abundance. The inconsistent results may

have been due to the different sampling methods

used, with Humphries et al. (2006) taking shallow

cores that incorporated 2 cm of the sediment, while

Nielsen & Watson (2008) using a small pump that

sampled just above the sediment. This apparent

contradiction may in fact indicate that increases in

velocity, either experimentally-induced or produced

by natural increases in discharge, would have

affected the microcrustacea just above the substrate

more than those on or within it.

At a broader scale, Humphries et al. (1999)

suggest in their low flow recruitment hypothesis that

low flows increase water residence times, periphyton

production and sources of benthic microcrustacean

prey. The virtual and complete absence, respectively,

of macrotrichids and chydorids—significant dietary

items in 2001—from the diet in 2000, are possibly the

result of high within-channel flows interrupting a low

flow/periphyton/benthic microcrustacean productiv-

ity cycle. The absence of these dietary components in

2000 did not appear to be fully compensated for by

increases in chironomid larvae and cyclopoid cope-

pods in the diet in that year. Bunn et al. (2006) further

suggest that large floods leading to significant,

prolonged floodplain inundation and significant allo-

chthonous inputs, create one form of productivity

potentially advantageous to river organisms (includ-

ing native fish larvae), and low, stable flow, periph-

yton-driven conditions create another form of

productivity advantageous to river organisms, but

high within-channel flows, which are not large

enough to create the former, but significant enough

to disrupt the latter, may be less productive than

either. Bunn et al. (2006) suggest this is one

mechanism by which river regulation degrades the

ecological communities of regulated lowland rivers.

Natural high within-channel flows as in 2000 may

result in a similar, albeit temporary, effect.

Another possible explanation for lower gut full-

ness in 2000 was that yolk-sac larvae were prema-

turely flushed from their nests and were not

sufficiently developed for feeding, as suggested by

Humphries (2005). Gut fullness was negatively
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Fig. 5 Relationships between yolk sac category and gut

fullness for drifting Murray cod larvae collected during the

breeding seasons of a 2000 and b 2001
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related to the amount of yolk in Murray cod, and fish

early in 2000 had larger yolk sacs than those at a

similar time in 2001. Fish were also significantly

smaller in 2000 than in 2001, suggesting premature

departure from the nest. Humphries (2005) showed

that yolk-sac larvae in 2000 were on average younger

than in the previous 2 years and the subsequent year.

Washout from nests by high flows has been reported

for yolk-sac larvae of other freshwater fish species

(Harvey, 1987; Pavlov, 1994). The ultimate effects of

being washed out from the nest before voluntary

dispersal are not known, but are not likely to be

beneficial if they have reduced ability to orientate or

move into and out of the water column at will, as

older larvae seem to be able to do.

This study has provided no evidence to suggest

that high within-channel flows in the Broken River

created conditions for feeding that benefited survival

and recruitment of early life history stages of Murray

cod more than stable low flows. Rowland (1998a),

however, reported that strong year classes of Murray

cod formed in the Edwards, Wakool, Murray and

Murrumbidgee Rivers following high flow condi-

tions, including ‘near flood levels’ or high within-

channel flows. The apparent contradictory findings

may possibly be explained by the complex channel

geomorphologies of the Edwards and Wakool,

including complex littoral zones with substantial

large woody debris and river red gums growing to the

water’s very edge, which may provide more flow

refugia for Murray cod larvae and prey organisms

than in the Broken River. Furthermore, King et al. (in

press) showed that flooding of a floodplain forest

enhanced recruitment of Murray cod and trout cod

(Maccullochella macquariensis) (Cuvier), although it

was unclear if this was related to increased abun-

dance or changes in the types of prey available. It is

likely that the effects on Murray cod larvae of high

flows will differ with the degree of the rise in flow

(within-channel or flooding), geomorphology (sim-

ple, complex or associated with floodplain proper)

and associated refugia. This suggests that river

managers should be wary of releasing environmental

flows at the time of emergence of Murray cod larvae

based only on the assumption that they will be

beneficial. Such flow releases should ideally take

place only when it is certain that no deleterious

effects on survival of Murray cod larvae will result,

and should be based on field-derived evidence, noting

that such evidence should be river-specific.

Acknowledgements We would like to thank our families,

colleagues and Charles Sturt University staff for their support

and assistance during this study. We are grateful for advice

from Alison King during the inception of the study and to Dean

Gilligan and Robyn Watts for helpful suggestions during

writing up. Russ Shiel provided advice on identification and

classification of microfauna.

References

Anderson, J. R., A. K. Morison & D. J. Ray, 1992. Age and

growth of Murray cod, Maccullochella peeli (Percifor-

mes: Percichthyidae), in the lower Murray-Darling Basin,

Australia, from thin-sectioned otoliths. Australian Journal

of Marine and Freshwater Research 43: 983–1013.

Arumugam, P. T., 1986. An experimental approach to golden

perch (Macquaria ambigua) fry-zooplankton interaction

in fry rearing ponds in south-eastern Australia. PhD thesis,

University of Adelaide, Australia.

Arumugam, P. T., 1990. A continuous flow-chamber to study

prey preferences of golden perch (Macquaria ambigua,

Richardson) larvae. Hydrobiologia 190: 247–251.

Arumugam, P. T. & M. C. Geddes, 1987. Feeding and growth

of golden perch larvae and fry (Macquaria ambigua
Richardson). Transactions of the Royal Society of South

Australia 111: 59–65.

Arumugam, P. T. & M. C. Geddes, 1992. Selectivity of mi-

crocrustacean zooplankton by golden perch (Macquaria
ambigua) larvae and fry in laboratory studies. Transac-

tions of the Royal Society of South Australia 116: 29–32.

Balon, E. K., 1984. Reflections on some decisive events in the

early life of fishes. Transactions of the American Fisheries

Society 113: 178–185.

Bunn, S. E., M. C. Thoms, S. K. Hamilton & S. J. Capon, 2006.

Flow variability in dryland rivers: boom, bust and the bits in

between. River Research and Applications 22: 179–186.

Cadwallader, P. L., 1978. Some causes of the decline in range

and abundance of native fish in the Murray-Darling River

system. Proceedings of the Royal Society of Victoria 90:

211–224.

Cadwallader, P. L. & G. N. Backhouse, 1983. A Guide to the

Freshwater Fish of Victoria. Government printers, Mel-

bourne, Australia.

Cadwallader, P. L. & G. J. Gooley, 1984. Past and present

distributions and translocations of Murray cod Maccul-
lochella peeli and trout cod M. macquariensis (Pisces:

Percichthyidae), in Victoria. Proceedings of the Royal

Society of Victoria 96: 33–43.

Crome, F. H. J. & S. M. Carpenter, 1988. Plankton community

cycling and recovery after drought—dynamics in a basin

on a flood plain. Hydrobiologia 164: 193–211.

Cushing, D. A., 1990. An update of the match/mismatch

hypothesis. Advances in Marine Biology 26: 249–293.

Davis, B. M. & T. N. Todd, 1998. Competition between larval

lake herring (Coregonus artedi) and lake whitefish

Hydrobiologia (2009) 636:449–461 459

123



(Coregonus clupeaformis) for zooplankton. Canadian

Journal of Fisheries and Aquatic Science 55: 1140–1148.

Fuiman, L. A. & R. G. Werner (eds), 2002. Fisheries Science:

The Unique Contributions of Early Life Stages. Blackwell

Publishing, Oxford, Great Britain.

Garner, P., 1996. Microhabitat use and diet of 0? cyprinid

fishes in a lentic, regulated reach of the River Great Ouse,

England. Journal of Fish Biology 48: 367–382.

Harris, J. H. & S. J. Rowland, 1996. Family Percichthyidae:

Australian freshwater cods and basses. In McDowall, R.

(ed.), Freshwater Fishes of South-Eastern Australia. Reed

Books, Sydney, Australia: 150–163.

Harvey, B. C., 1987. Susceptibility of young-of-the-year fishes

to downstream displacement by flooding. Transactions of

the American Fisheries Society 116: 851–855.

Hawking, J. & F. Smith, 1997. Colour Guide to Invertebrates

of Australian Inland Waters. Cooperative Research Centre

for Freshwater Ecology, Albury, NSW, Australia.

Houde, E. D., 1994. Differences between marine and fresh-

water fish larvae: implications for recruitment. ICES

Journal of Marine Science 51: 91–97.

Houde, E. D., 2002. Mortality. In Fuiman, L. A. & R. G.

Werner (eds), Fisheries Science: The Unique Contribu-

tions of Early Life Stages. Blackwell Publishing, Oxford,

Great Britain.

Humphries, P., 2005. Spawning time and early life history of

Murray cod, Maccullochella peelii peelii (Mitchell) in an

Australian river. Environmental Biology of Fishes 72:

393–407.

Humphries, P. & P. S. Lake, 2000. Fish larvae and the man-

agement of regulated rivers. Regulated Rivers 16: 421–

432.

Humphries, P., A. J. King & J. D. Koehn, 1999. Fish, flows and

flood plains: links between freshwater fishes and their

environment in the Murray-Darling river system, Austra-

lia. Environmental Biology of Fishes 56: 129–151.

Humphries, P., L. G. Serafini & A. J. King, 2002. River reg-

ulation and fish larvae: variation through space and time.

Freshwater Biology 47: 1307–1331.

Humphries, P., R. A. Cook, A. M. Richardson & L. G. Serafini,

2006. Creating a disturbance: manipulating slackwaters in

a lowland river. River Research and Applications 22:

525–542.

Hyslop, E. J., 1980. Stomach content analysis—a review of

methods and their application. Journal of Fish Biology 17:

411–429.

Ingram, B. A. & S. S. De Silva, 2007. Diet composition and

preference of juvenile Murray cod, trout cod and Mac-

quarie perch (Percichthyidae) reared in fertilised earthen

ponds. Aquaculture 271: 260–270.

Ingram, B. A., J. H. Hawking & R. Shiel, 1997. Aquatic Life in

Freshwater Ponds. Cooperative Research Centre for

Freshwater Ecology, Albury, NSW, Australia.

Keast, A. & J. Harker, 1977. Fish distribution and benthic

invertebrate biomass relative to depth in an Ontario lake.

Environmental Biology of Fishes 2: 235–240.

King, A. J., 2004. Density and distribution of potential prey for

larval fish in the main channel of a floodplain river:

pelagic versus epibenthic meiofauna. River Research and

Applications 20: 883–897.

King, A. J., 2005. Ontogenetic dietary shifts of fishes in an

Australian floodplain river. Marine and Freshwater

Research 56: 215–225.

King, A. J., Z. Tonkin & J. Mahoney, in press. Environmental

Flow Enhances Native Fish Spawning and Recruitment in

the Murray River, Australia. River Research and

Applications.

Koehn, J. D. & D. J. Harrington, 2005. Collection and distri-

bution of early life stages of the Murray cod (Maccul-
lochella peelii peelii) in a regulated river. Australian

Journal of Zoology 53: 137–144.

Koehn, J. D. & D. J. Harrington, 2006. Environment conditions

and timing for the spawning of Murray cod (Maccul-
lochella peelii peelii) and the endangered trout cod

(M. macquariensis) in south-eastern Australian rivers.

River Research and Applications 22: 327–342.

Lake, J. S., 1967a. Rearing experiments with five species of

Australian freshwater fishes. I. Inducement to spawning.

Australian Journal of Marine and Freshwater Research 18:

137–153.

Lake, J. S., 1967b. Rearing experiments with five species of

Australian freshwater fishes. II. Morphogenesis and

ontogeny. Australian Journal of Marine and Freshwater

Research 18: 155–173.

May, R. C., 1974. Larval mortality in fishes. In Blaxter J. H. S.

(ed.), The Early Life History of Fish. Springer-Verlag,

Berlin.

Nielsen, D. L. & G. Watson, 2008. The response of epibenthic

rotifers and microcrustacean communities to flow

manipulations in lowland rivers. Hydrobiologia 603: 117–

128.

Nielsen, D. L., T. J. Hillman, F. J. Smith & R. Shiel, 2002. The

influence of seasonality and duration of flooding on zoo-

plankton in experimental billabongs. River Research and

Applications 18: 227–237.

Pavlov, D. S., 1994. The downstream migration of young fishes

in rivers: mechanisms and distribution. Folia Zoologica

43: 193–208.

Puckridge, J. T., F. Sheldon, K. F. Walker & A. J. Bolton,

1998. Flow variability and the ecology of large rivers.

Marine and Freshwater Research 49: 55–72.

Rowland, S. J., 1983. Spawning of the Australian freshwater

fish Murray cod Maccullochella peeli (Mitchell), in

earthen ponds. Journal of Fish Biology 23: 525–534.

Rowland, S. J., 1989. Aspects of the history and fishery of the
Murray cod, Maccullochella peeli (Mitchell) (Percich-

thyidae). Proceedings of the Linnaean Society of New

South Wales 111: 201–213.

Rowland, S. J., 1992. Diet and feeding of Murray cod (Mac-
cullochella peeli) larvae. Proceedings of the Linnaean

Society of New South Wales 113: 193–201.

Rowland, S. J., 1996. Development of techniques for the large-

scale rearing of the larvae of the Australian freshwater fish

golden perch, Macquaria ambigua (Richardson, 1845).

Marine and Freshwater Research 47: 233–242.

Rowland, S. J., 1998a. Aspects of the reproductive biology of

Murray cod, Maccullochella peelii peelii. Proceedings of

the Linnaean Society of New South Wales 120: 147–162.

Rowland, S. J., 1998b. Age and growth of the Australian

freshwater fish Murray cod, Maccullochella peelii peelii.

460 Hydrobiologia (2009) 636:449–461

123



Proceedings of the Linnaean Society of New South Wales

120: 163–180.

Rowland, S. J., 2005. Overview of the history, fishery, biology

and aquaculture of Murray cod (Maccullochella peelii
peelii). In Management of Murray cod in the MDB.

Statements, recommendations and supporting papers.

Workshop, 3–4 June, 2004, Canberra, Australia.

Shiel, R. J., 1995. A Guide to the Identification of Rotifers,

Cladocerans and Copepods from Australian Inland

Waters. Cooperative Research Centre for Freshwater

Ecology, Albury, NSW, Australia.

Tonkin, Z. D., P. Humphries & P. A. Pridmore, 2006. Ontog-

eny of feeding in two native and one alien fish species

from the Murray-Darling Basin, Australia. Environmental

Biology of Fishes 76: 303–315.

Vogel, M. T., 2003. The effects of varying temperature and

feeding levels on somatic and otolith growth in Murray

cod, Maccullochella peelii peelii (Mitchell) larvae. Hon-

ours thesis, La Trobe University, Wodonga, Victoria,

Australia.

Whiteside, M. C., C. M. Swindoll & W. L. Doolittle, 1985.

Factors affecting the early life history of yellow perch,

Perca flavescens. Environmental Biology of Fishes 12:

47–56.

Williams, W. D., 1980. Australian Freshwater Life. The

Invertebrates of Australian Inland Waters. Macmillan,

Melbourne, Australia.

Winemiller, K. O. & K. A. Rose, 1993. Why do so most fish

produce so many tiny offspring? The American Naturalist

142: 585–603.

Ye, Q., K. Jones & B. E. Pierce, 2000. Murray cod (Maccul-
lochella peelii peelii) Fishery Assessment Report to PIRSA

for Inland Waters Fishery Management Committee. South

Australian Fisheries Assessment Series 2000/17.

Hydrobiologia (2009) 636:449–461 461

123


	Diet of Murray cod (Maccullochella peelii peelii) (Mitchell) larvae in an Australian lowland river in low flow and high flow years
	Abstract
	Introduction
	Materials and methods
	Species and study area
	Field sampling and measurements
	Laboratory processing
	Data analysis

	Results
	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


