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Abstract
The early life stages are a crucial period for fish. Mortality rates are highest during this
time, and because of the high fecundity of many fishes, slight variation in mortality
rates during this time can result in major fluctuations in recruitment strength.
Knowledge of the magnitude and variation of mortality rates of fish species at different
ages and developmental stages, and the biotic and abiotic conditions responsible for
these, is the key to understanding the nature of recruitment variability in fish
populations.

The aim of this thesis was to investigate sources and severity of mortality in native
Murray-Darling fishes during the larval period. Two common and widely distributed
small bodied zooplanktivores, carp gudgeon, Hypsleotris spp. (Eleotridae), and
unspecked hardyhead, Craterocephalus stercusmuscarum fulvus (Atherinidae) were
chosen as the focal species for this study. Both species are protracted spawners, and
have a life span of only 1-2 years; however differences in fecundity, size and
development at hatch, and the presence/absence of a transitional overlap between
endogenous and exogenous feeding provided an opportunity to examine the
relationship between mortality and early life history traits.

Cohort specific mortality schedules were estimated for the two species as they
developed from yolksac larvae through to juveniles. Multiple cohorts were tracked at
two-day intervals, from four reaches, as they appeared over the four month 2005-06
spawning period in the Lindsay River, a lowland river in the Murray-Darling Basin,
south-eastern Australia. Mortality estimates were calculated by constructing survival
curves from abundance-at-age data for each cohort of larvae born within 4 days of
each other. To determine the presence/absence of a critical period during the larval
phase, alternative mortality models (constant mortality, non-constant mortality) were
compared against the loge (x+1) abundance at age data for each cohort.

Comparisons of age/stage specific mortality rates revealed that there were particular
times during the larval period when fish experienced greater rates of mortality than at
other times, and that the degree of mortality which occurred during this time was
ix

species-specific. Mortality rates of carp gudgeon larvae were greatest when larvae
were 3-6 days of age, and this coincided with the transition from endogenous to
exogenous feeding. In contrast, changes in mortality rates during larval development
for unspecked hardyhead were less pronounced. The findings of this thesis provide
strong evidence in support of the critical period hypothesis for carp gudgeon, and
more equivocal results for unspecked hardyhead.

The age at which recruitment strength (to the juvenile stage) was established was
investigated. For carp gudgeon, recruitment strength was largely determined by
immediately following the developmental stage which experienced the greatest
mortality – the transition to exogenous feeding. In contrast, higher mortality rates
early in the larval development of unspecked hardyhead did not drive recruitment
strength, because mortality rates through the following stages of development were
still high and variable. As a result, recruitment strength for this species could not be
predicted until the end of the post-flexion stage.

Relationships between hatch date and cohort mortality revealed that early-hatched
carp gudgeon cohorts experienced significantly lower total and critical period mortality
rates than cohorts that hatched later in the spawning season. This pattern was
independent of growth rate (which was constant over the 2005-06 spawning period),
and despite the fact that early-hatched cohorts took longer to reach metamorphosis.
Neither hatch date nor stage duration had a significant influence on hardyhead cohort
mortality during the 2005-06 spawning period.

Despite high densities of epibenthic and pelagic food occurring in the Lindsay River
during the 2005-06 spawning season, high rates of mortality in carp gudgeon and
hardyhead cohorts were still observed. It is hypothesised that in low flow habitats such
as the Lindsay River, starvation is not likely to be a major source of mortality for larval
fish of small bodied zooplanktivores like carp gudgeon and unspecked hardyhead.

Temporal changes in abiotic and biotic conditions failed to explain variation in
unspecked hardyhead mortality over the four month study period. However, variation
in mortality rates of pre-recruit carp gudgeon larvae over the protracted spawning
x

period were largely explained by a positive association with densities of epibenthic
ostracods. The results of this study highlight the potential importance of the benthos
to act not only as a food source, but an environment in which competition and
predatory forces also have the capacity to shape larval recruitment.

It is hypothesised that the early life strategies of carp gudgeon and unspecked
hardyhead played a key role in shaping the different patterns of mortality observed,
particularly in relation to size and development at hatch, and transitional periods
between endogenous and exogenous feeding. The present study found that carp
gudgeon, which are small and poorly developed at hatch, and with a brief transition
from endogenous to exogenous feeding, experienced greater total mortality rates
during the larval phase than unspecked hardyhead. Unspecked hardyhead are larger,
well developed at hatch, and have an extended transition from endogenous to
exogenous feeding. These findings fit well with the life history models of animal
populations, which show that at the inter-species scale, mortality and body size are
inversely related. As far as is known, the results of this thesis constitute the first
attempt to investigate early life stage mortality of fish in an Australian freshwater
environment, and fills some fundamental knowledge gaps pertinent to both
recruitment ecology and the conservation of native fish populations.
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Chapter 1: General Introduction

The fishes are the largest and most diverse group of living vertebrates. There are
approximately 30,000 species; which is more than all other species of vertebrates
combined (Hickman et al. 2007). In recent decades, declines in the abundance and
diversity of fish populations has become of serious global concern (see e.g. Jelks et al.
2008). Freshwater, estuarine and marine fish populations have all been grossly
affected by over-fishing and habitat alteration, but it is freshwater fishes which have
been affected most severely (Holt 2002, Jelks et al. 2008).
The focus of declines in abundance and diversity of freshwater fishes has largely been
on the mature stages of the life cycle, and the factors that affect their growth, habitat
use, migrations and breeding (Matthews 1998). Yet, the extent of mortality during the
larval phase of a fish's life history is considered fundamental to the establishment of
future year-class strength and population dynamics of fishes (Wootton 1990). Indeed,
mortality is greatest during the early life stages, where population losses of up to 99.87
and 99.99% have been reported in some freshwater species (Li and Mathias 1987,
Wootton 1990). Given the high fecundity of many fishes, even slight variations in
mortality rates of 0.01% can result in major fluctuations of the number of individuals
successfully becoming juveniles and adults, and can largely drive population dynamics
(Trippel and Chambers 1997). Information regarding the magnitude of mortality rates
of fish species at different ages and developmental periods, the potential variation in
the magnitude of mortality rates, and the biotic and abiotic conditions responsible for
such variation, are keys to understanding the factors that contribute to recruitment
variability in fish populations.

1.1 Recruitment ecology of fishes
Recruitment ecology aims to understand the factors that determine the level of influx
of young organisms to populations.

Its application to fisheries science is long

established, largely because of its importance for managing commercially harvested
marine fish stocks (Hjort 1914). Recruitment is broadly defined as the number of
1

individuals that reach a particular age to join a specific part of the population (van der
Veer et al. 2000, Maceina and Pereira 2007). In the context of fisheries, recruitment is
generally defined as the abundance of a year-class when it joins the adult spawning
population (Heath and Richardson 1989). For many fish species, recruitment strength
of adult and juvenile populations is established during the larval phase (Crecco et al.
1983, Peterman et al. 1988, Freeburg et al. 1991, Nilo et al. 1997, Rutherford et al.
1997, Johnston et al. 1995, Sammons and Bettoli 1998, Mion et al. 1998, Pope and
Willis 1998, Muhkina et al. 2003). Therefore it may be more ecologically meaningful to
consider recruitment as the time (age, or size) when fish have ‘safely’ passed through
all major survival and developmental bottlenecks, and from which point forward, the
year-class strength is more or less fixed (van der Veer et al. 2000).

Recruitment success (or strength) is determined by two processes, i) the magnitude of
reproduction and spawning and ii) survival and growth of young through the most
vulnerable life stages (Wootton 1990). The first process, reproduction, involves the
production, release, and fertilisation of eggs at spawning. Reproductive success of a
population is dependent on the number of individuals capable of reproduction (i.e.
standing stock biomass), and suitable environmental cues to trigger spawning and
hatching. The second process, survival and growth of eggs, larvae and juveniles is
determined by individual ‘fitness’, habitat suitability, the availability and quality of
food, losses due to predation, as well as water quality (May 1974, Li and Mathias 1987,
Bailey and Houde 1989, Leggett and Deblois 1994, Houde 1997). Traditionally, the
emphasis of work regarding the recruitment ecology of freshwater fish populations has
been on understanding the conditions which lead to reproductive success. However,
for many species, stock-recruitment models have failed to explain variation in
recruitment success (King 1995, Cushing 1996). This suggests that variation in mortality
rates during the early life stages is a major determinant of recruitment strength in
subsequent year-classes or cohorts (Uphoff 1989, Butler 1991, Olney et al. 1991,
Myers and Cardigan 1993, Leggett and Deblois 1994, Rutherford et al. 1997, Pope and
Willis 1998, Pine et al. 2000).

2

Recruitment hypotheses
Several hypotheses have been erected over the last century in an attempt to explain
the environmental factors responsible for controlling both survival and recruitment
success in the early life stages of fishes. Below is a brief chronological summary.

The critical period concept was first introduced into fisheries science at the end of the
19th Century. Domergue and Biétrix (1897) reported that in ex situ conditions, mass
mortality was a regular occurrence in larvae of some marine fishes at a certain period
in development, particularly towards the end of yolksac absorption. The authors
proposed that the observed mortality was most likely to be due to the result of
inherent developmental limitations brought on by morphological or physiological
deficiencies, rather than external limitations such as absence of food per se.
(Vladimirov 1975). Later, Hjort (1914) considered the transition from endogenous to
exogenous feeding to be a critical period in marine larval fishes. He proposed that a
scarcity of food at this time would result in mass mortality, and was likely to be the
primary cause of subsequent year-class variability. It has been this ‘extrinsic’ concept
of a critical period that is now one of the most important recruitment hypotheses of
fish ecology. Evidence in support of the critical period hypothesis, however, remains
elusive and highly controversial (see Marr 1956, May 1974, Vladimirov 1975, Leggett
and Deblois 1994 for reviews).

The ‘mismatch’ hypothesis (Cushing 1975, 1990) built on the idea that food availability
was the limiting factor to larval survival, and placed emphasis on the importance of a
temporal overlap between the seasonal timing of peak larval production and their food
resources. Cushing (1975, 1990) proposed that when peaks of larval production and
food resources occurred simultaneously - a ‘match’ - survival would be maximised and
thus recruitment strength strong. Alternatively, if the timing of peak larval production
occurred on either side of a peak in food resources - a ‘mismatch’ - survival would be
low, and consequently lead to poor recruitment. The variability in matches and
mismatches of larvae and larval food is suggested by this hypothesis to be the cause of
overall recruitment variability in fishes. Since it was first proposed, many studies have
attempted to test the validity of the match/mismatch hypothesis (see Marr 1956, May
1974, Li and Mathias 1987, Leggett and Deblois 1994 for review). Whilst many
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experimental studies have documented greater survival rates under high food
scenarios (e.g. Taylor and Freeberg 1984, Gotceitas et al. 1996), few field studies have
shown strong linkages between larval food supply and recruitment strength (Leggett
and Deblois 1994, Limburg et al. 1997, Chick and Van Den Avyle 1999, Partridge and
DeVries 1999, Johnson 2000, Sirois and Dodson 2000).

Also based upon the belief that food-limited starvation is the primary cause of
mortality for young marine fish, Lasker’s (1978) ‘stable ocean’ hypothesis emphasised
the spatial importance of food resources. Lasker found that the maintenance of
‘threshold for feeding’ concentrations of food were associated with maximum
chlorophyll layers in a stratified water column, which where formed during calm and
stable ocean conditions. In contrast, increases in wind were proposed to result in a
reduction in food concentration, and thus lead to an increase in larval mortality. Whilst
this hypothesis is based on marine environments, its applicability to freshwater
environments is plausible. For instance, it is known that water residency time is an
important factor that influences the abundance and production of zooplankton
(Robertson et al. 1995, Basu and Pick 1996, Baranyi et al. 2002, Viroux 2002).

After several laboratory-based observations suggested that the minimum thresholds
for food needed to sustain larvae were in fact much greater than the food levels
occurring within their environment, Rothschild and Osborn’s (1988) 'contact
hypothesis' proposed that micro-turbulence was a critical factor that could enhance
encounter rates between larvae and prey, thus enabling larvae to survive in their
environment at prey densities that were lower than expected. This hypothesis also
proposed that turbulence slowed the rate of starvation and mortality for a cohort,
because weaker, slower individuals would especially benefit from the effect of
turbulence.

1.2 Sources of mortality
Mortality can be partitioned into either extrinsic or intrinsic sources (Miranda and
Bettoli 2007). Extrinsic mortality can be caused by starvation (Letcher et al. 1996a,
Chick and Van Den Avyle 1999, Figueroa-Lucero et al. 2004), predation (Hewitt et al.
1985, Houde 1987, Gisbert et al. 2004), disease (Gunaskera et al. 1998, Katharios et al.
4

2008, Bigarre et al. 2009), or physical-chemical induced stress (Mion et al. 1998,
Planque & Frédou 1999) (Figure 1.1). Intrinsic mortality relates to any morphological
and physiological failures occurring throughout larval development which leads to
death. Few studies exist which provide convincing evidence as to the main sources of
mortality during the early life stages. However, throughout the literature it is clear that
the majority of researchers believe that it is either starvation or predation which drives
the severity of mortality in young fish.

predation
physico-chemical parameters
Eggs

Abundance

predation
endogenous
nutrition

predation
starvation
physico-chemical parameters

Yolk-sac
Larvae

disease
predation

Larvae

disease
exogenous nutrition

Juveniles
exogenous nutrition

Developmental stage

Figure 1.1: A conceptualisation of the recruitment process in fishes including the sources of
nutrition, probable extrinsic sources of death and hypothesised mechanism of control for the
early life stages of fish. Redrawn after Houde 1987.

Starvation
Small larvae are most vulnerable to starvation due to smaller energy reserves, poor
hunting abilities, and food size limitations relating to mouth gape (Miller et al. 1988,
Johnson and Dropkin 1995). Food shortages can have both direct and indirect effects
on fish larvae. As well as ultimately leading to death, starvation can cause changes in
fish behaviour, such as reducing swimming speed, feeding activity and stamina (Jonas
and Wahl 1998). Food deprivation may also affect sensory abilities, affecting the ability
to learn or remember behaviours important for social interactions, predator avoidance
and food capture (Jonas and Wahl 1998). For starving larvae, this may ultimately lead
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to high rates of predation-related mortality (Cushing 1990, Arnolt and Werner 1998,
Rettig and Mittelbach 2002).

Predation
It was not until the late 1980’s that a major paradigm shift occurred away from
starvation-related mortality. Bailey and Houde (1989) proposed that predation could
be the most important driver of egg and larval mortality, and argued this based on
several key observations on the literature of the time; first, there is little evidence of
high rates of starvation in marine larval fish; secondly, that starvation can not explain
mortality in the egg and yolksac larval stages - developmental periods where mortality
are is often highest, and thirdly, that survival of larvae under natural food conditions,
but in the absence of predators can result in high survival rates. Predation is now seen
by many to be the largest single cause of mortality in fish during their early life stages
(Houde 2002, Gisbert et al. 2004).

The vulnerability of larval fish to predation is dependent on several factors, including
larval size, development and growth rate (Shepherd and Cushing 1980, Bailey and
Batty 1984, Purcell 1986, Bailey 1994), the relative size of predators (Pepin et al. 1992,
Cowan et al. 1996) and the densities and capabilities of both predators and larval fish
prey (Grimes and Isely 1996). The effects of predation can be either direct, through
actual capture and ingestion, or indirect, through behavioural changes. While the
direct effects of predation on larval fish can be more easily observed, the presence of
predators may negatively affect larval growth and developmental rate by modifying
behaviour and reducing food uptake (Werner and McPeek 1994, Relyea and Werner
1999, Peacor and Werner 2000, Stoks et al. 2001).

Environmental factors such as turbidity, temperature, and availability of refugia, such
as macrophytes, can have important consequences on the encounter risk of larvae and
their predators (Wootton 1990, Elliot and Leggett 1996, Jacobsen and Berg 1998,
Fiksen et al. 2002). While there have been few examples of quantitative estimates of
mortality caused by predators (Bailey 1989), Houde’s (1987) reviews of predation
studies concluded that the predation-component of mortality in marine fishes was
high, and could account for up to 87% of total mortality. However, in many cases, the
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magnitude of predation effects is often estimated by inference of the unexplained
variance of starvation-related mortality (i.e. Leak and Houde 1985). More recently, it
has been acknowledged that progress in our understanding of recruitment ecology
depends on moving away from investigating ‘single-source’ stressors on larval
survivorship (Leggett and Deblois 1994).

Disease
Disease is a common source of mortality in aquaculture settings (Gunaskera et al.
1998, Katharios et al. 2008, Bigarre et al. 2009), but its influence on mortality in
riverine fish larvae has not been quantified. Generally speaking, it may only be an
important source of mortality when densities are high and exposed to malignant
abiotic conditions (Wootton 1990).

Physico-chemical factors
The physico-chemical environment is also an important influence on the development
and survival of eggs and larvae (Fuiman and Werner 2002), and it has been recently
speculated that recruitment of freshwater fish may be driven largely by episodic
mortalities as a result of variable abiotic conditions (Houde 1989). Eggs and very early
larvae are most susceptible to water quality, primarily because of their small size,
which makes them highly sensitive to the abiotic environment, and their poorly
developed swimming capabilities, which limits ability to avoid unfavourable conditions
(Wootton 1990). Potential stresses of abiotic conditions on larval survival can be
brought on by discharge and current velocity (Maceina & Bettoli 1998, Mion et al.
1998), water temperature (Mills & Mann 1985, Henderson et al. 1988, Houde &
Zastrow 1993, Elliot & Leggett 1996, Stags & Otis 1996, Jonas & Wahl 1998, Planque &
Frédou 1999, Bartolino et al. 2008), dissolved oxygen (Keckeis et al. 1996, Wieland
2000, Fiksen et al. 2002), pH (Peterson et al. 1982), salinity (Jobling 1995), turbidity
(Kim & DeVries 2001, Stuart-Smith 2004, Gadomski & Parsley 2005), and contaminants
(Jobling 1995).

Whilst the majority of studies have focussed on the lethal effects of the physicochemical environment on fish eggs, larvae and juveniles, non lethal effects, and the
interaction of abiotic and biotic factors may be as, or even more important, to
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population dynamics (McPeek and Peckarsky 1998, Stoks et al. 2001). For example, the
interaction between light and turbidity can greatly affect the feeding success and risk
of predation of larvae (Fiksen et al. 2002). Such interactions are poorly understood and
difficult to quantify (Rothschild 1986), given that the nature and effects of biotic
interactions such as larval survival, food availability, and predation, may change as the
physical-chemical environment changes (Wootton 1990, Fiksen et al. 2002).

Intrinsic mortality
Traditionally, efforts in identifying the sources of mortality have ignored the potential
importance of intrinsic-related mortality in early larval development. Intrinsic mortality
can occur as a result of inherent physiological or morphological defects or constraints
(Vladimirov 1975, Malhotra and Munshi 1985, Li and Mathias 1987). For many fish
species, development at hatching is poor, and the larval period is characterised by
rapid morphological and physiological development, as structures for respiration,
feeding, sight, and locomotion transform into the adult definitive phenotype (Jobling
1995, Balon 1995). To survive the larval period, the successful formation of features
must precede the requirement of individuals to use these features (Wieser 1995).
Furthermore, inherited or derived defects in morphology of physiology may allow
survival of larvae to a particular ontogenetic stage - usually when organs commence
functioning for the first time - but beyond that they are lethal (Vladimirov 1975).

Intrinsic-related mortality is most likely to be expressed during the egg and early larval
phases (Vladimirov 1975). During egg development, the stage at the end of
gastrulation and the beginning of organogenesis, as well as the stage at the end of
blastula division, are times when intrinsic related mortality may be high (Vladimirov
1975). During larval development, high rates of intrinsic mortality can occur either
prior to or during the transition of endogenous to exogenous feeding, and is
independent of food availability. For larvae to successfully feed exogenously, sense
and locomotory organs and gut must be differentiated and the jaw ossified (Jobling
1995, Wieser 1995). Regardless of food availability, if functional development of these
features has not been achieved by the time either the yolksac has been absorbed, or
feeding has commenced, such physiological constraints will quickly result in death
(Vladimirov 1975, Malhotra and Munshi 1985, Li and Mathias 1987).
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Susceptibility of larvae to intrinsic mortality will be largely influenced by a species' life
history, but also by both heritable and non-heritable parental traits, including
condition and age at breeding (Browman 1995, Cardinale and Arrhenius 2000,
Burggren and Blank 2009). Whilst the role of these factors is widely acknowledged to
have flow-on effects on larval condition and survival, the importance of intrinsicmortality as a recruitment regulator has received little attention from fish ecologists.
As Browman (1995) exemplifies, a significant percentage of larval fish never initiate
exogenous feeding, and while this is rarely mentioned in the literature, its potential
implications on recruitment should not be ignored.

1.3 Quantifying mortality in larval fish populations
Obtaining estimates of any of the vital rates (mortality, births, immigration, and
emigration) of animal populations is inherently challenging; and studying mortality in
larval fish populations is especially difficult. Fish larvae are small, mobile, easily
dispersed, patchily distributed, and represent a minute biomass of the system in which
they reside (Houde 1989). Furthermore, critical events that impact on mortality rates
take place over a short period of time, (hours-days) making them hard to detect
(Wootton 1990). Thus, it is not surprising that we still know very little about the
magnitude and variability of early life stage mortality, what the major drivers of
mortality are, and at what stage, within the early life stages, recruitment strength is
set.

Put simply, mortality is the death of individuals in a population, and the rate of
mortality (M) is defined as the proportion of a population dying in a given time period
(Davis 1970). Conversely, survival rate (S) is the proportion of initial numbers
remaining in a population after a period of subjection to mortality processes (S=1-M,
Davis 1970, Heath and Richardson 1989). There are several ways mortality is measured
in larval fish populations. Estimates of mortality are commonly derived from plots of
age or size frequency distributions of catch, known as catch curves (Ricker 1975), agefrequency curves (Beverton and Holt 1957) or abundance-at-age curves (Chambers and
Leggett 1989). Theoretically, the youngest fish should be the most abundant, and so
the standard interpretation of a catch curve is that any ascending left limb on the
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curve represents age (or size) classes that were incompletely sampled by the collection
method, while the slope of the descending right limb of the curve describes the rate of
mortality within a given age (or size) interval (Ricker 1975, Cada and Hergenrader
1980, Wootton 1990). Fisheries scientists typically assume that mortality is an
exponential decay function, and can be described as;
Nt = N0e –Zt

{1.1}

where N = number of individuals within the population at time (t), and Z= the instantaneous rate of
mortality.

And thus, the instantaneous per capita mortality rate (Z) can be defined by:
dN/Ndt=-Z

{1.2}

Mortality is generally expressed in this way because it indicates that the risk of an
individual dying in a given time interval does not change with age or size of the
individual (Beverton and Holt 1957), and thus the number of deaths occurs as a
constant percentage of the remaining individuals. By estimating mortality in this way,
there are two main assumptions. The first is that it assumes that mortality rates are
constant over the time that the individuals were collected, and secondly, that fish are
equally susceptible to mortality regardless of age, developmental stage or size. The
use of Z in this way assumes that the decline in the abundance of a cohort over the
defined time interval is exponential, although the true pattern of mortality within the
time interval is unknown.

The use of exponential curves to derive mortality rate estimates is widespread in
fisheries literature, and is the most commonly used method for estimating survival in
marine and freshwater fish populations (Miranda and Bettoli 2007). Such studies have
helped make the link between larval mortality rates and recruitment variability
(Chambers and Trippel 1997), but the causes behind this variation often remains
elusive. There are several reasons why this is so, and one of the major ones is the
validity of the assumptions underlying the use of population-based catch curves (May
1974, Fortier and Leggett 1985, Chambers and Leggett 1989).
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As previously mentioned, the first assumption of exponential-based population catch
curves is this that all larvae, regardless of size, or development are equally susceptible
to mortality. Yet, size and ontogeny are considered to be major determinants of
mortality (Miller et al. 1992, Pepin 1991, Pepin 1993). Key rapid morphological and
physiological changes which occur throughout larval development mean that smaller,
less developed larvae have reduced mobility, reaction times and capture success
(Fuiman and Higgs 1997), and therefore may be more susceptible to poor abiotic
conditions (Jobling 1995), predation (Purcell et al. 1987, Houde 1987) and starvation
(Miller et al. 1992). Evidence of strong relationships between size and mortality has
been documented (see Pepin 1993 for review), yet estimates of mortality which
encompass the majority of developmental phases of the larval period are rare (Cada
and Hergenrader 1980).

The second assumption of population catch curves is that environmental conditions do
not change across the spatial and temporal duration from which larvae are collected.
Typically, larval populations have been sampled over large temporal (weeks-months)
and spatial scales (50-100 kms) (Fortier and Leggett 1985). Given that the breeding
season of many fish takes place over extended periods, catch-curves taken at this scale
are subsequently an amalgamation of multiple cohorts appearing throughout the
sampling period. Fortier and Leggett (1985) argue that the averaging of age-abundance
data across cohorts, and over such coarse temporal and spatial scales will produce an
artificially smoothed survival curve, which has little ecological significance to the real
mortality risks experienced by larvae.

Major criticisms continue to be raised regarding the value of population catch curves
(Marr 1956, Gulland 1965, May 1974, Dhalberg 1979, Chambers and Leggett 1989);
however, their frequent use continues and suggests that these warnings are largely
ignored. There is a dearth of studies which have i) followed individual cohorts
throughout the larval development, ii) estimated mortality rates throughout the major
developmental periods from hatching right through to juvenile metamorphosis, and iii)
linked environmental conditions to specific cohort age/stage mortality rates. Such an
approach is essential if we are to be able to detect significant relationships between
environmental conditions, larval mortality, and subsequent recruitment strength.
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1.4 Recruitment Ecology of Murray-Darling Basin Fishes
Murray Darling fishes
The Murray-Darling Basin is home to approximately 58 fish species. Of these, 46 are
native species, and 12 are alien (Lintermans 2007). Over the last 50 years, significant
declines in both the distribution and abundance of native fish populations have
occurred throughout the Murray-Darling Basin. Many species that were once
considered abundant, such as the iconic Murray cod, are now considered to be
threatened. It is estimated that current fish communities are about 10 % of their levels
prior to European settlement, and 26 species are classified as either rare or threatened
on National, State and Territory listings (Lintermans 2007). Key processes that have
been attributed to the decline in native fish populations include: the alteration to
natural flow regimes as a result of river regulation for navigation and irrigation supply,
the removal of in-stream habitat such as snags, over-fishing, the presence of physical
barriers such as dams and weirs and the introduction of exotic species such as carp and
redfin.

While the importance of progeny survivorship in determining recruitment strength has
been well documented by many studies overseas in both marine and freshwater
environments, in Australian freshwater environments, this field of science is relatively
new. Our understanding of the fish recruitment dynamics has, to date, focused mainly
on the success and magnitude of reproduction (Humphries and Lake 2000). Harris and
Gehrke's (1994) 'flood recruitment model' was the first to highlight the importance of
larval survival, proposing that survivorship of flood and non-flood dependent species
were favoured by flood conditions. Whilst the hypothesis lacked scientific evidence,
and upon later testing by King et al. (2003) was found to be wanting, it opened up a
new area of thinking regarding recruitment ecology that had not been dealt with – the
need for understanding how the early life stages are influenced by environmental
conditions.

Since this time, field-based studies have blossomed and provided insights into the
recruitment ecology of Murray-Darling Basin fishes (Vilizzi 1998, Humphries et al.
2002, Meredith et al. 2002, Vilizzi et al. 2007, King et al. 2003, King 2004, Smith and
Walker 2004, Humphries 2005, King et al. 2005, Humphries et al. 2006, Price 2007,
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2008). Early in this renaissance period and as a response to perceived limitations of the
flood recruitment model, Humphries et al. (1999), proposed that due to the
unpredictable nature of floods in some regions of the Murray-Darling Basin, spawning
and recruitment of some fish species, occur independently of floods. This idea formed
the basis of the 'low flow recruitment hypothesis', which proposed that the spawning
and subsequent recruitment of small (<10 cm), short lived (2-3 years), and highly
fecund (100-1000 eggs.batch-1) would be favoured under the warm, low flow
conditions of non-flood events. King et al. (2003) subsequently tested the flood
recruitment hypothesis, and found that flooding had little effect on the use of the
floodplain by larval fish. Meredith et al.

(2002) tested tenets of the low flow

hypothesis across a spatial dimension, by investigating the spawning and abundance of
larvae of a lowland fish assemblage, in a series of connected rivers with different flow
characteristics. The authors found evidence in support of the low flow recruitment
hypothesis, with abundances of larvae much greater in non- and slow flowing rivers,
than in faster flowing rivers, for species including Australian smelt, Retropinna semoni,
carp gudgeon, Hypseleotris spp., flathead gudgeon, Philypnodon grandiceps,
unspecked hardyhead, Craterocephalus stercusmuscarum fulvus, and rainbowfish,
Melanotaenia fluviatilis.

Catchment description
The Murray-Darling Basin is one of the largest catchments in the world. It is also one of
the driest. Situated in south-eastern Australia, it covers 1/7th of Australia’s land mass
and drains an area of more than 1 million km2 (Walker and Thoms 1993). The Basin
comprises 24 major rivers; its two largest, the Murray and the Darling rivers, have a
combined length of 5 500 river km (Young et al. 2001).

More than 90% of the Murray-Darling Basin is situated in semi-arid to arid climatic
zones that are characterised by low rainfall and high evaporation rates (Maheshewari
et al. 1995). However, due to its large geographical range, there is a high degree of
variation in climatic conditions within the Basin. The northern Darling River Basin is
characterised by summer rainfall cycles and has the warmest temperatures and lowest
rainfall. Across the mountain regions of the Eastern Highlands, from which the majority
of the head waters of the Murray-Darling Basin rise, the climatic conditions are cool
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and humid, while the Murray-Murrumbidgee lowlands are warm, dry and
predominantly fed by winter rainfall (Young 2001).

Rainfall and stream flow is low and highly erratic in the Basin, and despite the riversystem being one of the longest in the world, it has a very small discharge
(Maheshiwari et al. 1995). The majority of runoff occurs near the source of the
Murray. Within the semi-arid environment of the lower Murray River (downstream of
the Murray and Darling rivers’ confluence), annual rainfall is 200 - 250 mm, whilst
evaporation exceeds 2 000 mm (Maheshiwari et al. 1995). Runoff from the lower
Murray is negligible; instead, flow throughout this section is greatly influenced by
flows from the Darling River (Maheshiwari et al. 1995).

The main land use of the Murray-Darling Basin is irrigated agriculture and grazing
(Australian Bureau of Statistics 2007). The basin supports a large percentage of
Australia’s irrigated lands, dryland cropping, cattle and dairy farms. On average, it is
estimated that almost 60% of annual discharge is extracted from the Murray River
every year. Of this, most is used for irrigated agriculture.
Since the late 19th century, the Murray River, and particularly the lower Murray, has
been transformed by flow regulation, primarily to supply demand for increasing
irrigation development. Prior to regulation, flows in the lower Murray were highly
variable, and characterised by extreme events of both flood and drought (Walker and
Thoms 1993, Puckridge et al. 1998). Dams have been constructed on important
contributors of discharge to the Basin, including the Hume (Murray River), Dartmouth
(Mitta Mitta River) and Eildon (Goulburn River) dams. The lower Murray River is
impounded by a series of 10 low level, 3 m weirs that form a series of near continuous
pools along the river (Maheshiwari et al. 1995).

Regulation of the Murray has seen a reduction in flow volumes, longer and more
frequent ‘low flow’ conditions and a reduction in the frequency, size and duration of
large floods (Walker 1985, Walker and Thoms 1993, Maheshiwari et al. 1995). Within
the lower Murray, flow still remains variable; however, the magnitude of peak
seasonal flows has been greatly reduced. Regulation has further reduced the
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connectivity and exchange between the river, the floodplain and its associated
anabranches and wetlands. These changes in condition have detrimentally impacted
upon the persistence and resilience of native flora and fauna populations within the
Basin (Walker and Thoms 1993).

1.5 Summary of knowledge gaps
Over the past century, severe declines in both the distribution and abundance of
native fish populations have occurred throughout the Murray-Darling Basin (Young
2001). Understanding the processes behind these declines is imperative to the future
conservation and sustainability of Murray-Darling fish populations. Whilst still in its
infancy, recruitment ecology within Australian freshwater environments has focussed
heavily on the dynamics and ecological requirements of the adult breeding population.
More recently, it has been suggested that native fish populations may be in fact be
limited by conditions affecting their early life stages, and not the adult stages as
previously assumed (Humphries and Lake 2000). The determination of recruitment
strength during the first few months of life has been observed in both marine and
freshwater environments (Houde 1997, Trippel & Chambers 1997, Pine et al. 2000),
however, it is not well understood what conditions lead to strong survivorship rates of
fish throughout the egg, larvae and early juvenile stages. As far as it is known, no
studies have been conducted within Australian freshwater environments that
investigate the sources and severity of mortality in fish during these early life stages.
Understanding the causal factors of mortality, during the life stages at which
recruitment potential is governed, may provide an important insight into how fish
populations can be enhanced.

1.6 Aims and structure of thesis
The preceding pages of this chapter have presented the array of sometimes conflicting
information relating to the ecology and importance of mortality in recruitment of
larval fish. While this provides a context to understanding the general complexity of
this area of recruitment ecology, this thesis attempts to focus on the sources and
severity of mortality in larval fish populations.
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In this thesis I investigate the cohort-specific mortality dynamics of two common
Murray-Darling protracted-spawning fishes during their early life stages in an
Australian, semi-arid, lowland river. Specifically, I follow individual cohorts throughout
their larval development; estimate mortality rates throughout the major
developmental periods from hatching through to juvenile metamorphosis; and I
investigate relationships between environmental conditions and specific cohort
age/stage mortality rates. This thesis is structured as follows:

Chapter 2 provides a detailed description of the study area, including key aspects of
hydrology, geomorphology, habitat and fish assemblages. The majority of data
collected for this study was conducted during one intense sampling season. The
determination of appropriate methods for sampling fish larvae, as well as the main
field component of larval sampling, is also described here.

Chapter 3 describes the temporal patterns of a lowland riverine larval fish assemblage
over a breeding season. Specifically, I investigate the short-term variability of larval
populations as detected by sampling every two days, and examine the importance of
temperature, flow and photoperiod in explaining the production of newly hatched
larvae. Using this information, I identify two species of fish to be the focus of the
remainder of the thesis. For these species, the cohort-specific mortality schedules are
quantified and assessed in relation to the temporal landscape in which they appear in
the 2005-2006 breeding season.

In Chapter 4, I use abundance-at-age data to construct multiple survival curves for 4day cohorts of carp gudgeon (Hypseleotris spp.) and unspecked hardyhead
(Craterocephalus stercusmusarum fulvus) appearing throughout the 2005-06 spawning
season. From this analysis, I investigate the existence of a critical period in the larval
phase of these two species, and compare the sensitivity of cohort-based analysis and
traditional population-based approaches for critical period detection.

Chapter 5 is an extension of the analysis of the survival curves produced in chapter 4. I
quantify cohort-specific mortality rates for larval fish as they develop from yolksac
larvae to juveniles. I then establish the age at which recruitment appears to be set for
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each species, and determine if mortality rates are influenced by spawn date, larval
duration, or density-dependent processes.

Chapter 6 combines the mortality data presented in previous chapters with analysis of
temporal changes in food availability, predator density and physico-chemical factors.
The aim of this chapter is to investigate the relative importance of these potential
sources of mortality in influencing the recruitment strength of carp gudgeon and
unspecked hardyhead.

Finally, in Chapter 7, I summarise the findings of the study, present a conceptual model
that describes mortality and recruitment of the two species, and discuss the relevance
of the findings to recruitment and conservation ecology of freshwater fish.
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Chapter 2: Study area and methods for larval fish sampling
2.1 Study area description
The study was conducted in the Lindsay River, a 32 km long anabranch of the Murray
River, located in the north-west corner of Victoria, Australia (Figure 2.1). The Lindsay
River leaves the Murray River 8 km upstream of Lock and weir no. 7 (one of thirteen
weirs located along the Murray River), and travels south-west until it re-enters the
main channel just above Lock and weir no. 6, near the borders of South Australia, New
South Wales and Victoria.

2.1.1 Climate
The Lindsay River is situated within the semi-arid, spring-winter rainfall zone of the
Murray-Darling Basin. The surrounding plains experience hot summers, with an
average of 77 days > 30 °C, including 30 days where temperatures > 35 °C (data
derived from the period 1957-2002, Bureau of Meteorology). Winters are generally
mild, with an average of four nights per annum where temperatures drop below 0 °C
(Bureau of Meteorology). Mean annual rainfall in this region is approximately 290 mm
(Figure 2.2). Maximum rainfall generally occurs in September-October, and minimum
rainfall occurs between February and April (data derived from the period 1957- 2002,
Bureau of Meteorology).

2.1.2 Hydrology
Prior to the regulation of the Murray River’s main channel, the Lindsay River was
characterised by perennial spring flows and seasonal drying events during the late
summer and autumn months (SKM 2003). From 1920-1940, a series of weirs was
constructed along the entire length of the Murray River up to Hume dam, near Albury,
NSW (Walker and Thoms 1993, Maheshwari et al. 1995). Regulation of the Murray has
seen a reduction in flow volumes, longer and more frequent low flow conditions and a
reduction in the frequency, size and duration of floods (Figure 2.3). Diversions from the
Murray are estimated to have reduced average annual flow by 57%, from
approximately 13,400 GL to 6,100 GL, near the Lindsay River confluence
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Figure 2.1: Lindsay River, Victoria, Australia. L6= Lock and weir no. 6, L7= Lock and weir no. 7.
Dashed and dotted lines represent state borders. Arrows indicate direction of flow.
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Figure 2.2: Climate variables for the Lindsay River; a) mean monthly maximum and minimum
air temperatures at Renmark, S.A. and b) mean monthly rainfall at Lindsay Point, Vic. Source of
data: Bureau of Meteorology (locations used represent climate data closest to the study area).
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Figure 2.3: Comparison between modelled current and natural flows of the Murray
River near the South Australian border. a) mean monthly flows at Lock and weir 6; ( )
= modelled natural flows, ( ) = modelled current flows, b) total annual flow at Lock
and weir 6; ( ) = modelled natural flow, ( ) = modelled current flow. The natural flow
regime is defined as flows that would exist if no diversions or storage of water
occurred. The modelled current is a flow regime reflecting the diversions and usage
patterns of the 1990’s, and is used as a standard benchmark in modelling of the
Murray River (Maheshwari et al. 1995.)
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(Maheshwari et al. 1995). Artificial head heights created by the backing up of water
behind Lock and weir no. 6 means that there is now a permanent pooling of water in
the lower reaches of the Lindsay River. Water still flows down the Lindsay River;
however, due to the small head difference between both Lock and weirs 6 & 8, flow is
minimal and is no longer as strongly seasonal (SKM 2003). For the Lindsay River to
commence to flow, discharge in the Murray River needs to exceed 20,000 ML.day-1 at
Lock and weir no. 7 (Figure 2.4). This has not occurred since 2000. As a result, much of
the lower reaches of the Lindsay River is characterised by very slow current velocities
(< 10 m.s-1), with the section upstream of the Mullaroo and Lindsay confluence
reduced to ponded, non-flowing environments (Figure 2.5). Given the difference in
hydrological characteristics in the Lindsay River upstream and downstream of the
Mullaroo and Lindsay River confluences, upstream of the confluence is referred to
hereafter as the upper Lindsay River, and downstream of the Mullaroo confluence is
referred to hereafter as the lower Lindsay River.

2.1.3 Water quality
The water quality of the Lindsay River is similar to that of the adjacent Murray River
(Meredith et al. 2002, Vilizzi et al. 2007); however, the nearby locks have a significant
effect on conductivity levels. Locks stabilise water levels immediately upstream, and
cause surrounding groundwater levels to rise (Walker 1985). In the upper section of
the Lindsay River, above the Lindsay River/Mullaroo Creek confluence, groundwater
levels are higher than the height of the surface water running through the Lindsay
River. This causes the intrusion of more saline groundwater to the Lindsay’s surface
water, resulting in conductivity levels that are approximately twice (500-800 μS.cm-1)
that found below the confluence of the Lindsay River and Mullaroo Creek (Meredith et
al. 2002).

2.1.4 The riverine environment
The Lindsay River is part of the Mallee Plains tract of the Murray River catchment. This
region is characterised by 5-10 km wide floodplains within which the Murray meanders
freely, with anastomosing anabranches, channels and billabongs which are periodically
inundated (Walker and Thoms 1993). Lindsay River soils are predominantly heavy grey
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140000
120000
100000
80000
60000
40000
20000
0
Dec Dec Dec Dec Dec Dec Dec Dec Dec Dec Dec Dec Dec Dec Dec Dec Dec
75 77 79 81 83 85 87 89 91 93 95 97 99 01 03 05 07

Year

Figure 2.4: Daily discharge in the Murray River at Lock and weir 7 from 1975 - 2007. Vertical
grey bar indicates study period. Dotted line indicates threshold at which the upper Lindsay
River begins to flow. Heavy solid line indicates floodplain inundation of the Lindsay River at
100 000 ML.day-1. Source of data: Theiss environmental services and SKM (2003).
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Figure 2.5: Photograph of the ponded-nature of the upper Lindsay River, upstream of
the Mullaroo Creek confluence.
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clay, changing into sandier, oxidised red alluvium at higher elevations upon the
floodplain (Rowan and Downes 1963).

The riparian vegetation community of the Lindsay River is characterised by old river
redgums Eucalyptus camaldulensis and an open shrubby understorey of lignum
Muehlenbeckia florulenta and eumong Acacia stenophylla. Ground cover of native
grasses and herbs is variable, dependent on season, rainfall, and recent inundation
history.

The main channel of the upper Lindsay River is approximately 21 km long, 20 m wide
and 1.5 m deep. The riverine substratum is dominated by sand, with small sections of
fine clay. Despite being relatively shallow, the Lindsay River has a large amount of instream woody debris and large refuge pools throughout its course. Significant strands
of emergent macrophytes including Phragmites australis, and Typha spp. are present
along the littoral zone of the river. Beds of submerged macrophytes including ribbon
weed, Vallisneria americana, and Potamogeton spp., and patches of red water milfoil,
Myriophyllum veruccosum, are common in the river channel.

Downstream of the Mullaroo confluence, the Lindsay becomes wider (~40 m) and
deeper (~3 m) under the influence of Lock and weir no. 6. The riverine substratum is
largely dominated by heavy clay, though sand bars are present on the inward bend of
meanders. Fewer strands of emergent macrophytes are found in this section, though
beds of V. americana and Potamogeton spp. are still common.

2.1.5 Fish community
Ten native and four alien fish species have been recorded in the Lindsay River,
however, the presence of one species, the freshwater catfish, Tandanus tandanus, has
not been recorded in over a decade (Meredith et al. 2002, Vilizzi et al. 2007). Recent
surveys indicate that seven native and three alien species occur in the Lindsay River as
larvae, suggesting that breeding populations are present in the river (Table 2.1). Of the
nine native species still found in the Lindsay River, six have been listed as threatened
under the Victorian Flora and Fauna Guarantee Act 1988. Murray cod are further
considered to be vulnerable to extinction under the national Environment Protection
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Table 2.1: Fish species recorded in the Lindsay River and their conservation status. Based on
Meredith et al. (2002) and additional data from Douglas et al. (1998). L = collected as larvae
(Meredith et al. 2002, Vilizzi et al. 2007). Victorian conservation status; CE= critically
endangered, EN= endangered, VU=vulnerable, DD=data deficient, LI= listed but not current
status not yet threatened, (VU) = nationally listed as vulnerable.

Common name
Native species
Murray cod
Golden perch
Silver perch
Bony herring
Freshwater catfish
Australian smelt
Murray River
rainbowfish
Unspecked
hardyhead
Flathead gudgeon
Carp gudgeon
Alien species
Gambusia
European perch
Common carp
Goldfish

Scientific name

Collected Conservation
as larvae status

Maccullochella peelii peelii
Macquaria ambigua
Bidyanus bidyanus
Nematalosa erebi
Tandanus tandanus
Retropinna semoni
Melanotaenia fluviatilis

L

L
L

DD

Craterocephalus
stercusmuscarum fulvus

L

LI

Philypnodon grandiceps
Hypseleotris spp.

L
L

Gambusia holbrooki
Perca fluviatilis
Cyprinus carpio
Carassius auratus

L
L
L

EN (VU)
VU
CE

L
VU*

*= has not been recorded since 1998 (Douglas et al. 1998). Freshwater catfish have
however been recorded nearby in the Chowilla system as both larvae and adults (see
Leigh et al. 2008 and Zampatti et al. 2008).
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and Biodiversity Conservation Act 1999. The local fish community of the Murray River,
from which the Lindsay River is an anabranch, is classified as an ‘endangered aquatic
ecological community’ under New South Wales legislation (Lintermans 2007).

2.1.6 Study reaches
Four 500 m reaches of the upper Lindsay River, known as Pathway of Pink Piezometers
(PPP), Delirium (D), Big Bend (BB), and Swan Reach (SR), were randomly chosen as
study locations (see Figure 2.1) Reaches were similar in channel bed morphology,
shape and flow velocity (Table 2.2, Figure 2.6). The ponded nature of the upper Lindsay
River makes it an ideal environment to study mortality dynamics in larval fish
populations. Larval fish are poor swimmers and are not likely to cover large spatial
distances (Blaxter 1986, Pepin 2004). By studying population dynamics in a system
where flow is minimal, it can be assumed that losses or gains in individuals to the
resident population as a result of immigration or emigration will be negligible, meaning
that changes in abundance will be due to births and mortality (Begon et al. 1996,
Miranda and Bettoli 2007).

2.2 Larval sampling
The majority of fieldwork for this thesis was undertaken during the 2005-06 fish
spawning season. Fish larvae, food availability (zooplankton), predator density (small
bodied fish and macroinvertebrates), and water quality were measured from 8 Oct
2005 - 8 Feb 2006. Details of the validation experiments associated with gear choice
for sampling fish larvae and the following field sampling are described below, whilst
the details of the field methods relating to the collection of food availability, predator
density and water quality data are found in the methods section of relevant chapters.

Fish larvae were sampled at a temporal scale sensitive enough to reveal the effects of
abiotic and biotic processes (i.e. starvation, predation) on the relative abundances of
larval fish cohorts as they develop through their larval phase (Pepin et al. 1995). The
frequency of sampling also needed to take into consideration the length of time
individual species spend as larvae. For many small bodied species, the larval stage may
only last between 15-25 days (Serafini and Humphries 2004), and in this time, many
developmental and physiological changes are taking place. To get an understanding of
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Table 2.2: Reach characteristics of the four Lindsay River study reaches. PPP=Path of the
Pink Piezometers, D=Delirium, BB=Big Bend and SR= Swan Reach.
Reach
Easting
(datum = AGD66)

PPP
517319 –
517027

D
517178517421

BB
517524 517634

SR
517621 –
517832

Northing
(datum = AGD66)

6219704 –
6219557

6219649 6219972

6220721 –
6220772

6221185 –
6221192

Reach length (m)

500

500

500

500

Mean depth (m)
(n = 5)
Mean width (m)
(n = 5)
Mean current
-1
velocity (m.s )
(n=5)
Distance from the
start of the
Lindsay River (km)

1.3

1.2

1.2

1.4

30.8

31.5

32.4

36.6

0

0

0

0

14.9

11

7.9

4.1
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a)

b)

c)

d)

Figure 2.6: Photos of the 4 study reaches: a) Swan Reach (SR), b) Big bend (BB), c) Delirium (D),
and d) Path of the Pink Piezometers (PPP).
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how these different developmental stages may be susceptible to starvation, predation
or physiological stress caused by unfavourable abiotic factors, time steps between
sampling intervals needed to be frequent enough to detect these changes (Fortier and
Leggett 1985). Based on this, sampling of the Lindsay River fish larvae population took
place every other day for the four months, which encompassed the majority of the
2005-06 spawning season.

Prior to the main sampling event, several validation studies were conducted to
determine; i) the most appropriate sampling gear for collecting larval fish in the
Lindsay River (section 2.2.1), ii) any size-selectivity of fish larvae associated with the
chosen sampling gear (section 2.2.2), and iii) if the level of proposed sampling intensity
had a significant effect on the abundances of future larval fish populations (section
2.2.3).

2.2.1 Validation of sampling methods: determination of sampling gear
Objective
The most appropriate method for capturing fish larvae in the Lindsay River was
determined in a pilot study at the beginning of the 2005-06 spawning season, from 19 22 September 2005. The number of species and individuals caught, and the size and
stage distribution of the fish was compared for four larval fish sampling methods; (1)
modified quatrefoil light traps (2), a purpose built drop-net enclosure, (3) backpack
electro-fishing, and (4) 10 m hand trawls. Each method was replicated four times and
deployed four times during a 24 h period; noon, dusk, midnight and dawn, Sampling
took place over three 24 h cycles, along 500 m random reaches of the Lindsay River,
such that all sampling methods were conducted for each time of day, and repeated for
each day of the study. Previously unsampled reaches were used for each sampling
time, and the deployment of each method in each reach was separated by a 50 m
buffer zone. A brief description of each method follows.

Modified quatrefoil light traps (after Floyd et al. 1984, Secor et al. 1992) are an
effective method for collecting fish larvae, as they exploit the positive phototactic
response of many fish species (Hickford and Schiel 1999). Light traps were constructed
from Perspex ™ and steel (Figure 2.7a). The light traps were 30 cm deep and 22 cm
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a) quatrefoil light trap wrapped in 3 mm mesh

c) backpack electrofishing unit
with modified sweep-net (Photo: A.King)

b) drop-net enclosure

d) 10 m hand trawl

Figure 2.7: Sampling gear trialled: a) Modified quatrefoil light trap used for larval fish field
sampling. 3 mm nylon mesh wrapped around Perspex columns to ameliorate in-trap predation
of larvae by adult small bodied native fish species, b) purpose built drop-net enclosures, c)
back-pack electrofishing with modified sweep-net, and d) hand trawl.
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square, with a removable 200 m mesh aluminium sieve attached to the base. Gaps of
5 mm were present between the 4 cylindrical tubes, which allowed larvae into the
traps but excluded larger fish. The trap chambers were also encased in a 3 mm knotto-knot mesh. Vilizzi et al. (2008) found that light traps with the addition of mesh
caught significantly greater numbers of fish larvae than those without mesh. The
results were attributed to predation of larvae by larger fish in non-meshed light traps.
Upon deployment, yellow Cyalume 12 h light-sticks (Omniglow Corporation, W.
Springfield, MA, USA) were placed in the centre tube of the light trap, and four
replicate light traps were set randomly from the edge of the river bank for a period of
1.5 h. Samples were preserved immediately in 70% ethanol.

A 3 x 2 x 1.5 m drop-net enclosure was designed and constructed for the purpose of
having an active, quantitative sampling method for collecting fish larvae (La Bolle et al.
1985, Dewey 1992). It consisted of a floating polypore 3 x 2 m rectangular frame from
which a weighted 1.5 m long ‘curtain wall’ (mesh size 250 µm) hung (Figure 2.7b). The
net was thrown into the river by two people each holding an end of the enclosure,
using a swinging motion, releasing the net in mid air to allow the netting to fall directly
under the rectangular frame. Four replicate enclosures were thrown randomly in each
study reach. After the net was thrown, a large, open mouthed 250 m dip net was
swept through the enclosed water column for a period of 4 min or until no more fish
were collected (checked every minute thereafter). A reducing jar was attached to the
net, and all samples were immediately preserved in 70% ethanol and returned to the
laboratory for further analysis.

A portable backpack electrofisher (Smith Root Model 12) (Figure 2.7c), with a modified
250 m sweep-net attached to the anode ring (King & Crook 2002) was used for 4 x 4
min periods along the littoral edge of the Lindsay River. A reducing jar was attached to
the end of the modified sweep net, and all individuals collected after each 4 min
period were immediately preserved in 70% ethanol. The average distance of littoral
zone covered during each electrofishing period was ~20 m.

Hand trawls involved throwing a 30 cm diameter, 250 µm mesh conical net 10 m into
the pelagic zone of the river, and pulling it back through the water column (Figure
33

2.7d). Four replicate hand trawls were conducted randomly from the littoral zone in
each study reach. A reducing jar was attached to the net, and all samples were
immediately preserved in 70% ethanol.

Data analysis
Raw abundances of larvae and juvenile/adults were adjusted to catch-per-unit-effort
(CPUE). Due to the low numbers of fish caught, data was pooled across the four days
for the analysis. Abundances of larvae and juvenile/adults were log 10(x+1)
transformed, however, normality and homogeneity of variances assumptions of
parametric two-way ANOVA could still not be met. Instead, the Scheirer-Ray-Hare
extension of the Kruskal-Wallis test was used (Scheirer et al. 1976, Sokal and Rohlf
2000, Dytham 2003). This procedure follows the same protocol as ANOVA, but uses
ranked abundances instead of total number of individuals as the dependent variable
(Sokal and Rohlf 2000, Dytham 2003). For this study, catch rates of gears were not
standardised, but the mean number caught per gear was ranked and compared.
‘Method’ (hand trawl, electrofishing, drop-net, light trap) and ‘time of day’ (dawn,
noon, dusk, midnight) were used as fixed factors to examine differences in the ranked
abundances of larvae and juvenile/adults (df=3 for both factors). The analysis of
juvenile/adult fish abundances was conducted in order to determine the most suitable
method for quantitatively assessing densities of large-bodied potential predators for
later work (Chapter 6). Statistical analyses were conducted using SPSS™ software and
significance levels were set at p = 0.05.

Results
A total of 1013 fish, comprising 7 species, was collected during the pilot study. Fish
larvae contributed to 37% of the total number of individuals caught (n=373), with small
adults and juvenile fish making up the remainder (63%). Enclosures were the most
effective method for capturing juvenile/adult fish, at all four times of day (Table 2.3,
Figure 2.8). Light traps caught a total of 299 larvae, whilst hand-trawls, enclosures,
and electrofishing and enclosures caught a total of 30, 23, and 21 larvae, respectively.
However, no significant difference in the ranked abundance of larvae caught across
methods, or time of day was detected (Table 2.3). Comparisons of median larval
abundance across method and time of day, however, clearly showed that light traps
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Table 2.3: Two-way non-parametric ANOVA results (Scheirer-Ray-Hare test) for evaluating
differences in larval and juvenile/adult fish catch as a function of sampling method (enclosure,
electrofishing, light trap and hand trawl) and time of day (dawn, noon, dusk and night).
Significant p-values (<0.05) in bold.

Juvenile/adults
Time of day
Method
Method*Time of day
Larvae
Time of day
Method
Method*Time of day

d.f

SS

3
3
8

209.452
1557.546
496.99

1.351
10.041
1.202

0.717
0.018
0.997

3
3
8

134.913
105.811
303.051

3.428
2.548
2.738

0.330
0.466
0.949

35

SS/MStotal

p-value

Total catch (no. of inds.)

Time of day

Figure 2.8: Box plots of total juvenile/adult fish abundance catch collected using different
sampling methods at four different times of day. = electrofishing, = enclosure, = light trap,
= = hand trawl. Circles represent minor outliers (observations 1.5 x the interquartile range
outside the central box), stars represent major outliers (observations 3 x the interquartile
range outside the central box).
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deployed at night collected greater numbers of fish larvae than any other sampling
method, regardless of time of day (Figure 2.9). Therefore, the lack of significance was
most likely attributable to the conservative nature of conducting statistical analyses
using ranked data, and the inherent variability in ranks that would be expected when
low numbers of larvae are collected. Given light traps caught on average 10 times
more larvae than all other methods, and that the majority of these were collected at
midnight, night time light trapping was chosen as the most effective method for
collecting fish larvae for the main study.

Discussion
Light traps have been effective in sampling fish larvae in both marine (Doherty 1987,
Milicich et al. 1992, Sponagule and Cowen 1996, Munday et al. 1998, Meekan et al.
2000, Miller and Shanks 2005, Lembergert et al. 2009) and freshwater environments
(Muth and Haynes 1984, Gehrke 1991, Dewey and Jennings 1992, Secor et al. 1992,
Mueller et al. 1993, Gehrke 1994, Ponton 1994, Killgore and Baker 1996, Marchetti and
Moyle 2000, Ferrer-Montano and Dibbles 2002, Humphries et al. 2002, Niles and
Hartman 2007, Pierce et al. 2006, Kehayias and Doulka 2007, Billman 2008, Gyekis et
al. 2008), and are commonly reported to collect greater numbers of larvae compared
to other sampling devices (Floyd et al. 1984, Gregory and Powles 1998, Pierce et al.
2006, Niles and Hartman 2007). For example, in a comparative study by Niles and
Hartman (2007), light traps catch per unit effort (CPUE) was significantly higher than
for activity traps and benthic sleds for the most commonly collected taxonomic groups,
including Notropis spp., Pimephales spp., and Lepomis spp. Other studies have shown
that when used as a primary or sole sampling method, light traps can successfully
reflect the relative abundances of fish species known to be attracted to them (Doherty
1987, Choat et al. 1993, Meekan et al. 2000, Anderson 2002).

One of the major disadvantages of using light traps for sampling fish larvae is that they
can exhibit species and size selectivity due to the differing attractions of fish to light
and abilities that fish larvae have to swim into the trap (Kelso and Rutherford 1996).
Thus, for presence/absence assemblage-orientated surveys, the use of multiple
methods has traditionally been considered the best sampling approach (Kelso and
Rutherford 1996, Marchetti and Moyle 2000). However, for this study, the primary aim
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Total catch (no. of inds.)

Time of day

Figure 2.9: Box plots of total fish larvae abundance collected using different sampling methods
at four different times of day. = electrofishing, = enclosure, = light trap,
= hand trawl.
Circles represent minor outliers (observations 1.5 x the interquartile range outside the central
box); stars represent major outliers (observations 3 x the interquartile range outside the
central box).
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of the sampling was to be able to follow the relative abundances of larval fish species
over time. Because of this, it was not considered appropriate to take a multiplemethods approach to sampling, as different gears would target different sized larvae,
at different scales of numerical magnitude, making it erroneous to produce survival
curves based on abundance-at-age data from such amalgamated data. Instead, it was
decided that a trade-off for the number of species represented by the study would be
made for higher accuracy in following the declines of relative abundance-at-size/age
data. The one assumption that did need to be upheld was that the light traps did not
exhibit any size-selectivity on the fish species collected in the light traps while in their
larval phase. Details of the validation study conducted to investigate the sizeselectivity of light traps for Lindsay River fish species is presented next.

2.2.2 Validation of sampling methods – size selectivity of light traps
Objective
When investigating population dynamics, it is important to determine whether the
sampling method influences the size of the fish captured. For example, drift nets, tow
nets and bongo nets have found to be size-selective methods: early stage larvae tend
to be under-represented due to their small size, whilst many juvenile fish are also
under-represented due to their ability to actively avoid nets (Kelso and Rutherford
1996).

The aim of this experiment was to investigate size selectivity of the modified quatrefoil
light traps (encased in 3 mm mesh) in collecting the larvae of two common species:
carp

gudgeon

Hypseleotris

sp.

and

unspecked

hardyhead

Craterocephalus

stercusmusarum fulvus. Unspecked hardyhead represent the upper range of larval
sizes for species found in the Lindsay River (see Chapter 3), providing a conservative
measure of any size-selectivity, which may occur during the larval stage.
Methods
A mesocosm experiment was conducted in the Lindsay River from 14 – 15 January
2009. Six 1.5 x 1.5 x 0.4 m inflatable, pre-conditioned, plastic wading pools were set up
in the Lindsay River (517178E, 6219649N; Figure 2.10a). Filtered (<53 µm) river water
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was pumped into the mesocosms to a depth 0.3 m. Larval and juvenile carp gudgeon
and unspecked hardyhead larvae were collected from the Lindsay River on 14 January
2009 using hand trawls, light traps without mesh, and larval beach seines. It was
considered important to use a combination of sampling methods to collect a wide size
range of larvae and juvenile fish. Hand trawls involved throwing a 30 cm diameter, 250
µm conical net 10 m into the pelagic zone of the river, and pulling it back through the
water column. Additionally, multiple 250 mm x 4 m long x 1 m deep beach seines were
pulled through the littoral area of the river. Twelve quatrefoil light traps set with
yellow 12 h Cyalume light sticks were deployed along the littoral edge of the Lindsay
River for 2 h at night. All larvae collected were immediately cleared from the gear and
placed in 20 L aerated holding aquaria. Sampling continued until at least 300 larvae of
each species were collected (approx. 50 individuals per mesocosm).
After the sampling collection had finished, larvae in the holding aquaria were randomly
and evenly distributed amongst the 6 mesocosms. That evening, after dusk, a
quatrefoil light trap wrapped in 3 mm mesh and containing a yellow Cyalume  light
stick was placed in the middle of each mesocosm and left for 1.5 h (Figure 2.10b). After
the 1.5 h period, larvae collected in the light traps were euthanased and immediately
preserved in 70% ethanol. Any larvae which had not been collected by the light traps
and which remained in the mesocosm were collected by draining the water with a
bilge pump through a 50 µm mesh net that had a reducing jar attached. The net was
rinsed, and the entire sample preserved immediately in 70% ethanol. There was no
mortality caused by handling.
Data analysis
All larvae from the mesocosms were identified, staged and measured (TL mm) to 0.1
mm resolution using a dissecting microscope. To estimate the ability of individuals to
pass through the mesh of the mesocosms, maximum heights (mm) of all fish in the
experiment were measured. Height measurements were taken as the diameter of the
individual from the widest point, which most commonly occurred at the pectoral fins.
The sizes of the larval and juvenile carp gudgeon and hardyhead collected from the 6
light traps (RM = removed population) was compared to the initial larval population
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a)

b)

Figure 2.10: Photographs showing a) the 6 mesocosms used in the size-selectivity experiment,
b) modified quatrefoil light traps in each of the mesocosms at night.
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contained in the mesocosms at the commencement of the study (IN=initial
population).

Results & Discussion
A total of 233 carp gudgeon and 102 hardyhead larvae and juveniles were collected
from the Lindsay River and used in the study. Light traps successfully caught 100% of
all carp gudgeon (n=119) and unspecked hardyhead (n=12) larvae from the 6
mesocosms (Figure 2.11), indicating there was no size-selectivity occurring for either
species during their larval phase. Evidence of size selective behaviour commenced well
into the juvenile phase of carp gudgeon; the maximum length of a carp gudgeon larvae
recorded was 12.1 TL mm, whilst the smallest fish not collected by the light traps was
15.0 mm TL (Figure 2.11a). Only a very small number of hardyhead larvae could be
found in the Lindsay River during the sampling period, and with very few late- staged
larvae collected. However, results of the mesocosm study showed that hardyheads
had all reached juvenile stage by 10.6 mm TL, and that light traps only became less
effective in trapping individuals once they had reached > 12 mm TL (Figure 2.11b).

2.2.3 Validation of sampling methods - impact of sampling effort on abundances of
larval fish
Objective
Due to the planned sampling frequency, it was important to validate that the
abundance of the larval population available to sample on any one night was not
affected by sampling regime itself (i.e. that sampling-related mortality at time Ti was
an insignificant loss of individuals from the population available for sampling at time
Ti+1). Few studies have attempted to quantify the sampling efficiency of light traps,
despite their popularity for larval sampling in both marine and freshwater studies (but
see Meekan et al. 2000). The aim of this validation study was to calculate the
proportion of the larval population of a typical 500 m reach of the Lindsay River that
would be removed with the proposed sampling regime on any one night (3 x 1.5 h light
traps).
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Max. height (mm)

a) Carp gudgeon (n=233)

b) Unspecked hardyhead (n=102)

Length (TL mm)

Figure 2.11: Size selectivity of modified quatrefoil light-traps wrapped with 3 mm mesh; a)
regression of carp gudgeon length (TL) vs. maximum height, b) regression of unspecked
hardyhead length (TL) vs. maximum height. (o) = individuals collected in light traps, (+) =
individuals left in mesocosms. Grey dashed ellipses encompass larval phase of fish.
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Methods
There were two components to this validation study: the first involved estimating the
number of larval fish within a typical 500 m reach of the Lindsay River (P), and the
second involved calculating the proportion of P that would be removed by the
proposed sampling regime on any one night (LT). Due to the difficulties in estimating
the total populations of all fish species in the Lindsay River, two species, carp gudgeon
and unspecked hardyhead, were investigated as they represented > 90% of the entire
larval catch over the 2005-06 spawning period.

To provide a population estimate (P) of the mean number of fish larvae in a typical
reach of the Lindsay River (defined as 500 m long, 30 m wide, mean depth 1.5 m); five
replicate beach seines (250 µm mesh, 8 m x 1.5 m) were undertaken in 3 randomly
selected 500 m reaches. Seines were used because they are an active technique, and
unlike light traps, they could provide an estimation of larval abundance within a known
area. For each reach, the mean density of larvae (no. of individuals.m -2) was calculated
by dividing the number of larvae caught in all 5 seines by the total area of water
sampled. Estimations of the number of larvae in an entire reach (no. of
individuals.reach-1) were made by multiplying the mean larval density by the area of
water (m2) contained in the 500 m reach. Due to the narrow width of the river, and
homogenous flow, depth, temperature and habitat profiles of the Lindsay River across
pelagic and littoral zones, the densities of larvae collected in seine nets along the
littoral zone were assumed to also be indicative of the densities of the whole Lindsay
River channel. Post-flexion and meta-larval stages were used for the calculations
because younger larval stages are frequently under-represented in seine catches
(Tischler et al. 2000, Humphries et al. 2008). Estimations of the carp gudgeon and
unspecked hardyhead post flexion and metalarvae populations were carried out on 3
occasions; November 23 2009, December 21 2009, and January 18 2010. These times
were chosen as they encompassed the bulk of the Lindsay River spawning period.

On the same evenings, the number of larvae that could be removed using the standard
light trap method of sampling was recorded. Three light traps were deployed for 1.5 h
at night-time in a nearby 500 m reach of the Lindsay River, adjacent to seined reaches.
The number of carp gudgeon and unspecked hardyhead post flexion and metalarvae
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collected by the light traps was recorded and pooled (no. of individuals removed.reach 1

). The number of inds.reach-1 removed by light traps (LT) was then divided by the

number of larvae.reach-1 in the total population (P) to provide an estimate of the
magnitude of sampling related mortality for the reach populations. If the sampling
effort removed <5% of the population on any one night, it was considered that the
proposed sampling protocol would have an insignificant effect on the larval population
of the Lindsay River.

Results & Discussion
It is estimated that the proposed light trap effort captured between <0.01 - 3.16% of
the available population of carp gudgeon and unspecked hardyhead late staged larvae
in the Lindsay River at any one time (Table 2.4). While these results are estimates only,
they are a good indication that only a small proportion of larvae present in Lindsay
River reaches were removed using 3 light traps, and therefore the frequency of
sampling proposed for this thesis was not likely to interfere with the abundance
estimates of consecutive sampling nights.

Table 2.4: Estimated capture efficiency of light traps for sampling carp gudgeon and hardyhead
larvae. ‘P’ = population estimates of the number of carp gudgeon and hardyhead post flexion
and metalarvae in a 500 m reach of the Lindsay River, ‘LT’= the number of larvae removed
from a 500 m reach population using 3 light traps, and ‘%’ = percentage of the estimated larval
population within a 500 m reach removed using 3 light traps.

Month

Per reach
Nov 23
Dec 19
Jan 18
Mean

Carp gudgeon

Unspecked Hardyhead

P

LT

%

P

LT

%

3174.0
87.0
16989.1

30.50
2.75
0.50

0.960
3.160
0.003
1.370

1000.2
260.9
2478.3

6.75
3.00
2.50

0.670
1.150
0.100
0.640

These results support those of previous studies which have found light traps surveys to
have little effect on available larval populations. Meekan et al. (2000) conducted
several recapture experiments which involved releasing tagged reef fish (Ambassis sp.)
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0.5 and 10 m away from stationed light traps. After 0.5 h traps captured an average of
4.2% of the available population. Despite the low efficiency that light traps in capturing
larval and juvenile fish, providing that the efficiency of light traps is consistent, they
are still considered suitable for detecting temporal and spatial changes in relative
abundances (Choat et al. 1993, Kelso and Rutherford 1996, Meekan et al. 2000).

2.2.4 Field sampling for fish larvae
Fish larvae were collected from four reaches in the Lindsay River every second day
between 8 October 2005 and 8 February 2006. This time period encompassed the
majority of the annual spawning season for fish in the area (Meredith et al. 2002,
Engledow and Vilizzi 2006, Vilizzi et al. 2007). The reaches were all located upstream
of the Lindsay River and Mullaroo creek confluence (Figure 2.1). Modified quatrefoil
light traps with yellow Cyalume 10˝ glow sticks were used as the primary sampling
method, with three light traps deployed per reach on each sampling night. Light traps
were covered in 3 mm nylon mesh, to reduce in-trap predation by small adults (Vilizzi
et al. 2008). Light traps were deployed after dark (between 21:00 and 23:00) and
randomly positioned along the littoral edge of river at each reach, and were placed at
least 50 m away from each other. To further minimise the risk of in-trap predation,
light traps were deployed for a period of only 1.5 h. The decision to use a short
deployment time was based on Smith (2006), who showed that the brightness of glow
sticks used in light traps declined dramatically after only 1-2 h (Appendix A). Deploying
light traps for a relatively short time would be advantageous because it would provide
a more reliable estimate of the spatial arrangement and density of larvae at a small
scale, assuming consistent movement with time, and reduce the amount of in-trap
predation by older, larger larvae.

After light traps had been retrieved, larvae were immediately preserved in 90%
ethanol for storage. Samples were then taken to the laboratory and all larvae were
identified to species and staged in accordance with Serafini and Humphries (2004). The
definitions used to define larval developmental stage for the purposes of this thesis
were: yolksac larvae, protolarvae, flexion, post flexion and metalarvae (Table 2.5).
Gambusia larvae, which are born live, were classified as postlarvae 1 (new born larvae
with no pelvic fin buds present) and postlarvae 2 (pelvic fin buds present). Murray cod
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larvae were also termed postlarvae, due to the advanced development of their fins
whilst still retaining their yolksac. For the purposes of comparison, Murray Cod and
Gambusia are treated as yolksac larvae because they still possess yolk and this is the
first earliest stage at which they are caught. Total lengths (TL) of each larva were
measured using a dissecting microscope and an eyepiece graticule to 0.1 mm.
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Table 2.5: Definitions used to define larval developmental stage. Source: Kelso and Rutherford
1996, Serafini and Humphries 2004.

Stage

Developmental description

Yolksac larvae

free swimming larvae with no curvature of the
notochord in the caudal fin, showing yolk
material as a ventral sac, including oil globules

Proto larvae

no curvature of the notochord in the caudal fin;
yolksac absent, prominent fin fold present on
dorsal and ventral surface, with no median fin
rays or spines (dorsal, anal and caudal)

Flexion

curvature of the notochord present; appearance
of distinct, but incomplete, complement of
median fin rays; finfold still predominant

Postflexion

adult complement of principle median fin rays;
fin fold greatly reduced; notochord flexion
complete with hypural plates evident within
caudal fin

Metalarvae

adult complement of principle and soft rays in
median fins, presence of pelvic fin buds for
species with pelvic fins in adults; residual fin fold
may be present

Juvenile/adult

full complement and position of adult characters,
including scales, fins, rays and spines, with
evidence of segmentation of soft rays; fin folds
not visible
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Chapter 3: Small-scale temporal patterns in the larval fish
assemblage of a lowland river and relationships with
environmental variables.

3.1 Introduction
The early life stages are a critical time for the establishment of recruitment strength in
fish populations (Hjort 1914, May 1974, Leggett and Deblois 1994, Bradford and
Cabana 1997, Karjalainen et al. 2000). For many marine and freshwater species,
recruitment strength appears set by the end of the larval phase (Leggett and Deblois
1994). Understanding the causes underpinning recruitment variation has been a major
focus of fish population ecology studies, with much research investigating the
relationship between larval abundance or survival and environmental variables (Frank
1988, Grime and Kingsford 1996, Mooij 1996, Wintersberger 1996a,b, Anderson et al.
1998, Freeman et al. 2001). Despite this interest, little unequivocal field-based
evidence currently exists regarding the key recruitment determinants of many marine
and freshwater fish populations. This paucity of conclusive studies highlights the
limitations of many studies which have tended to: sample at temporal scales that are
too insensitive to detect ecologically significant relationships, and used ‘larval
abundance’ as a proxy for more complicated, but more ecologically appropriate,
recruitment-based metrics - namely reproduction effort and survival.

The temporal resolution of freshwater field studies in freshwater investigating larval
populations has typically been coarse; often weekly (Martin & Paller 2008, Oberst et al.
2009), fortnightly (King et al. 2003, Ramos et al. 2006) or monthly (Humphries et al.
2002, Bialetski et al. 2005, Stuart and Jones 2006, Zeug and Winemiller 2007,
Mountain et al. 2008, Nicholson et al. 2008, d’Elbee et al. 2009, La Mesa et al. 2009).
Fish larvae are highly susceptible to their environmental conditions, and significant
changes in the biotic and abiotic stressors of larval fish occur over shorter timescales
than would be detected by weekly or monthly sampling (Fortier and Leggett 1985).
Thus, it is unlikely that such coarse sampling would be appropriate for the study of
recruitment of freshwater fish.
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Larval ‘abundance’ is a commonly used measurement unit in early life population
based studies, whereby the number of individual larvae are pooled regardless of age,
size or developmental stage (e.g. Sheaffer and Nickum 1986, de Castro et al. 2002,
Humphries et al. 2002, Bialetzki et al. 2005, Durham and Wilde 2008, Baumgartner et
al. 2008). However, this approach generally ignores the fact that larval ‘abundance’ is
the net result of reproductive effort (production inputs), and mortality (outputs), both
of which can have a significant impact on larval abundances over short periods of time
(days), and individually can have a significant influence on recruitment. Given the
influence of these two forces on larval populations, it may be more ecologically
meaningful to investigate relationships between environmental factors with
reproduction and mortality separately. The relationship between reproductive ‘inputs’
– eggs or recently hatched larvae – and environmental conditions has received little
attention in freshwater environments (Fuiman and Werner 2002).

The seasonal timing of reproduction for living organisms has evolved to maximise the
probability of survival of offspring, presumably during periods when environmental
conditions are most benign (Wootton 1990). Changes in temperature and day-length
characterise seasonal progression in freshwater environments at high latitudes, whilst
the major seasonal event at low latitudes is often the change in water level (Wootton
1990, Jobling 1995). Ideally, hatching should occur within a time of year that is most
likely to provide larval fish with appropriate food and abiotic conditions, and
protection from predators (Wootton 1990). This can be achieved either through
spawning through a short period of time during optimal recruitment conditions (brief
spawners), or spawning over a longer period of time, where a subset of the larvae
produced are likely to encounter optimal conditions (protracted spawners). Seasonal
changes in temperature, day-length and flow are considered to be the major
environmental cues for triggering gonad maturation in fishes (Bond 1996, Gillet and
Dubois 2007, Rakowitz et al. 2008, Butler and Rowland 2009).

Despite much conjecture, little is known of the spawning cues of native Murray-Darling
fishes (Humphries et al. 1999, Gilligan and schiller 2003, Humphries et al. 2005, Koehn
and Harrington 2006, King et al. 2009a, 2009b, 2010). The majority of understanding
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about the spawning cues of Murray-Darling fishes has focussed on commercially or
recreationally important species such as golden perch and Murray cod, via aquaculture
studies (Lake 1967a, 1967b, Anderson et al. 1971, Arumugam and Geddes 1996). Much
less attention has been given to small-bodied species. Furthermore, knowledge of the
larval ecology of native Murray-Darling fishes in riverine environments has come only
relatively recently (Humphries et al. 1999, 2002, Meredith et al. 2002, Gilligan and
Schiller 2003, Leigh et al. 2003, King 2004a,b, King 2005, Price 2007, Balcombe et al.
2007, Cheshire and Ye 2008). Studies conducted across broad spatial (10 – 100 km) and
temporal (weeks - months) scales dominate the literature, many of which appear
designed simply to describe the seasonal spawning and larval abundance patterns. To
date, there has been no investigation into the meso-scale (days, 1 – 10 km) patterns of
larval fish assemblages.

The Lindsay River contains a range of freshwater fish (Vilizzi et al. 2007). The low flows
which characterise this river, create a ponded environment, making it an ideal
environment to investigate fine scale temporal changes in abundances of newly
hatched larvae. Larval fish are poor swimmers and are not likely to cover large spatial
distances, and so movement of individuals in out and of the system, either actively, or
passively, can be assumed to be negligible (Blaxter 1986, Pepin 2004).

The aims of this chapter are to i) describe the small-scale patterns in composition and
abundance of the Lindsay River larval fish assemblage during the 2005-06 spawning
season, and ii) investigate the relationship between the production of newly hatched
larvae and temperature, flow and photoperiod.
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3.2 Methods
3.2.1 Field sampling
A detailed description of the study reaches and sampling protocol are provided in
Chapter 2. Briefly, fish larvae were collected approximately every two days from four
reaches in the Lindsay River between 8 October 2005 and 8 February 2006, using three
modified quatrefoil light traps, randomly deployed along the littoral edge of each
reach, for 1.5 h after dark.

After light traps had been retrieved, larvae were

immediately preserved in 90% ethanol for storage. Samples were then taken to the
laboratory and all larvae were identified to species and staged according to definitions
of Serafini and Humphries (2004) (Table 2.5). Total lengths (TL) of each larva were
measured using a dissecting microscope and an eyepiece graticule to 0.1 mm.

When the light trap samples were sorted and identified, two distinct groups of carp
gudgeon larvae (Hypseleotris spp.) were observed. Carp gudgeon group ‘1’ was smaller
than carp gudgeon group ‘2’ at all stages of development. It was carp gudgeon 1 which
numerically dominated the assemblage of fish larvae in the Lindsay River during the
study period. Hereafter, when no distinction between the two groups is made,
references to carp gudgeon refer to carp gudgeon 1.

Water quality parameters, including temperature, pH, turbidity (NTU) and conductivity
(μs.cm-1) were recorded using a Horiba 2000 water quality checker at dusk, at each
reach, on each sampling date. Additionally, hourly readings of water temperature were
recorded at all four reaches using submerged data loggers (Tinytag , USA), for the
duration of the study. Discharge data was obtained from the Victorian Water
Database.

3.2.2 Data analysis
Total larval abundance was calculated by pooling the 12 light traps samples from the
four study reaches on each sampling date, because inter-site variation was not of
interest for this study. To meet the assumptions of normality and homogeneity of
variances, data were loge(x+1) transformed before performing statistical analyses.
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Effect of lunar phase and turbidity on light trap efficiency
Light trap efficiency may be influenced by moon phase and turbidity (Hickford and
Shiel 1999), and so it was necessary to determine if any relationships between larval
catch and these parameters existed prior to conducting further analyses. The influence
of lunar phase on light trap catch of i) total larvae, ii) carp gudgeon 1 and iii) unspecked
hardyhead was explored using seasonal decomposition (time-series analysis). The
seasonal decomposition procedure identifies and removes seasonal periodic
fluctuations from time series. Partial-autocorrelations were used to detect significant
periodicity in the larval catch data over time, for total larvae (all species combined),
and for the two most abundant species separately; carp gudgeon 1 and unspecked
hardyhead. A significant peak found in plots of the partial-autocorrelation function at
28-29 days (lunar periodicity) suggests the presence of seasonality in the data due to
lunar phase.

An assumption of time series analysis is that the interval between each sampling event
is equal. For this study, it was intended that sampling would take place on every
second day; however, due to inclement weather, the Lindsay River became
inaccessible on several designated sampling nights: 29/10/05, 1/12/05, and 25/12/05
and 29/1/06. Instead, sampling took place on the following nights, with sampling
resuming every 2nd evening after that. Because one night of delayed sampling occurred
on each month of the sampling period, and at approximately the same time, the
influence of the sampling regime should not alter the ability to detect periodicity (i.e.
the monthly missing dates should cancel each other out). Taking this into
consideration, if periodicity with a significant cycle of 28.5±2 days was detected in
catch data, this was deemed significant to indicate the presence of lunar- related
periodicity.

The relationship between turbidity (NTU) and light trap catch of i) total larvae, ii) carp
gudgeon and iii) unspecked hardyhead was explored using a generalised linear model
(GLM). It was expected that as turbidity increased, light trap catch would decline.
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Relationships between environmental conditions and abundance of yolksac larvae
Regression analysis was used to determine if there was a relationship between
abundances of newly hatched yolksac larvae (YSL) with physical-chemical conditions of
the Lindsay River. Abundances of YSL were used as an indication of the level of
reproductive activity occurring in the Lindsay River, assuming that the rates of egg and
hatching related mortality were relatively constant over time. Environmental variables
associated with both hatching and spawning conditions were correlated with YSL
abundance for carp gudgeon, and unspecked hardyhead, because these are the two
most abundant species collected as larvae in the Lindsay River, and the relative paucity
of the other species meant there was not sufficient power in the data for statistical
tests. Carp gudgeon eggs have an approximate incubation time of 1-2 days, and once
hatched, retain their yolksacs for approximately 2 days (Lake 1967a, Unmack 2000).
Unspecked hardyhead eggs have an approximate incubation time of 7-8 days, and
once hatched, retain their yolksacs for approximately 4 days (Llewellyn 1979).

The environmental variables used for the analysis were mean temperature ‘Temp’ (°C),
mean daily discharge ‘Flow’ (ML.day-1) and photoperiod ‘Photo’ (the number of
minutes between sunrise and sunset). Approximate hatching and spawning dates were
estimated from back-calculated average incubation times and age-at-catch data
respectively (where hatch date = catch date - average retention time of yolksac, and
spawning date = catch date – average retention time of yolksac + average incubation
time). Using this formula, time lags of 1 and 3 days were calculated and used to
indicate the likely environmental conditions encountered by carp gudgeon hardyhead
at hatch and spawning, respectively. For unspecked hardyhead, time lags of 2 and 10
days were calculated and used to indicate the likely environmental conditions
encountered by this species at hatch and spawning, respectively.

Scatter plots were used to determine the likely type of relationship between
environmental variables at a) hatch and b) spawning, and YSL abundance. Multiple
quadratic regression analyses were then performed using ‘Temp’, ‘Flow’, and ‘Photo’.
The models which best explained the variation in abundance, whilst reducing the level
of complexity of the model itself, was determined with Akaikie Information Criterion
(AIC) and one-way analysis of variance (ANOVA) (Quinn and Keogh 2002). All univariate
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statistical analyses were conducted using SPSS (version 14) and ‘R’ (version 2.7.0.1)
statistical packages. Multivariate dissimilarities and NMDS were carried out using the
software package PRIMER 5.0 (© 2002 Primer-E Ltd.).

3.3 Results
3.3.1 Abiotic conditions
Water quality conditions in the Lindsay River remained relatively stable over the Oct
2005 – Feb 2006 study period (Figure 3.1). Compared with the long-term (15 year)
mean (±SE) (737.9±69.9 ML.day-1), discharge in the Lindsay River was low over the
study period (18.3 ±0.6 ML.d-1). A small flow peak occurred in mid November as a
result of Lock and weir 7 being temporarily raised (Figure 3.1a). This event was not
accompanied by any obvious increase in current speed, nor did it change the ponded
nature of the Lindsay River. Changes in turbidity mimicked the temporal patterns in
discharge. Overall turbidity conditions were low, with a mean (±SE) of 17.6 (±0.59)
NTU, and a range of 8-48 NTU (Figure 3.1c). pH and dissolved oxygen concentrations
remained stable over the spring/summer months (Figure 3.1a,b), while mean
temperature across the four reaches gradually increased over time, peaking in late
January at 31.7 °C and then slowly declining thereafter (Figure 3.1d).

Water

temperature at three of the four reaches followed a similar pattern (Big Bend ‘BB’,
Delirium ’D’, and Path of the Pink Piezometers ’PPP’), whereas temperatures at the
most upstream reach, Swan Reach ‘SR’, reached a maximum mean temperature of
29.8 °C earlier (Figure 3.2). At the time of the study, SR was slightly deeper than the
other reaches, and this may have contributed to cooler temperatures. The minimummaximum temperature range for SR, BB, D and PPP were 9.6-29.8°C, 9.6-34.8°C, 6.933.9°C and 9.6-33.0°C, respectively.

Light trap catch appeared largely unaffected by both lunar phase and turbidity levels
during the study period. Partial-autocorrelations showed that neither total catch, carp
gudgeon, nor unspecked hardyhead catch showed any significant periodicity that
matched the monthly lunar phase (28.5±2 days) (Appendix B.1). Only unspecked
hardyhead catch significantly decreased with increasing turbidity, however, the
variance explained by this relationship was low (R2=0.143). In contrast, both total catch
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Figure 3.1: Daily mean a) discharge, b) temperature, c) turbidity, d) pH, e) conductivity and f)
dissolved oxygen in the Lindsay River during the 2005-06 sampling period.

56

35
30

a) SR

25
20
15

10
5

0
35
30

b) BB

25

20
15

Temperature (°C)

10
5
0
35
30

c) D

25

20
15
10
5
0
35
30
25
20
15
10
5
0

d) PPP

10-Oct-05

10-Nov-05

10-Dec-05

10-Jan-06

10-Feb-06

Date
Figure 3.2: Daily mean, minimum and maximum water temperatures for the four Lindsay River
sampling reaches during the study period. From most upstream; a) Swan Reach ‘SR’, b) Big
bend ‘BB’, c) Delirium ‘D’, and d) Path of the pink piezometers ‘PPP’. Solid black line represents
mean, grey dashed line represents minimum, and grey dotted band represents maximum
temperatures.
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and carp gudgeon catch increased with increasing turbidity, but again, with only a
small proportion of the variance explained (p<0.05, R2=0.078 and R2=0.083,
respectively) (Appendix B.2). The low and opposite correlation coefficients suggests
that the effect of turbidity on catch was unlikely to be causal, but instead, related to
seasonal spawning patterns (see below).

3.3.2 Lindsay River larval fish assemblage
A total of 80 927 fish larvae and early juveniles were collected from the Lindsay River
over the four month study period (Table 3.1). Eleven species of fish were represented
in the larval fish catch, 9 of which were native and 2 alien. Short-lived, small bodied,
zooplanktivorous fish species dominated the larval assemblage, both in abundance and
species composition. The most abundant species were carp gudgeon, Hypseleotris
spp., unspecked hardyhead, Craterocephalus stercusmuscarum fulvus, flathead
gudgeon, Philypnodon grandiceps, and carp gudgeon 2, Hypseleotris spp.; representing
over 98% of the individuals collected. Large bodied species, including Murray cod,
Maccullochella peelii peelii, bony herring, Nematolosa erebi, silver perch, Bidyanus
bidyanus, and the alien common carp, Cyprinus carpio, were also collected as larvae,
but were only represented by a small number of individuals (less than 0.05% of the
total number of larvae caught).

The timing of peak abundances of the larvae of the various fish species differed over
the season (Figure 3.3). Australian smelt, flathead gudgeon and carp gudgeon 2 were
most abundant early in the season, during October. Peak abundances of carp gudgeon
1, bony herring and Murray cod occurred in November, and peak abundances of
common carp, Murray River rainbowfish and unspecked hardyhead occurred in
December. Gambusia post-larvae and early juveniles were most abundant later in
season, in the latter part of January. Five species were present throughout much of the
spawning season: these were flathead gudgeon, carp gudgeon 1 & 2, unspecked
hardyhead and gambusia. November was the only month in which all species were
present. The larger-bodied species, including silver perch, bony herring and Murray
cod were collected on only one or two nights. Due to the small numbers of specimens
collected, it remains unclear for how long these species’ spawning seasons extended.
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Table 3.1: Total abundances of the fish species collected as larvae and early juveniles in the
Lindsay River using quatrefoil light traps during the 2005-06 spawning season. *=alien species.
Common name

Scientific name

Carp gudgeon 1
Unspecked hardyhead

Hypseleotris spp.
Craterocephalus
stercusmuscarum fulvus
Philypnodon grandiceps
Hypseleotris spp.
Retropinna semoni
Gambusia holbrooki
Melanotaenia fluviatilis

Flathead gudgeon
Carp gudgeon 2
Australian smelt
Gambusia*
Murray River rainbowfish
Common carp*
Silver perch
Bony herring
Murray cod
Unidentified sp.

Cyprinus carpio
Bidyanus bidyanus
Nematolosa erebi
Maccullochella peelii peelii

Total
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No. of
individuals
sampled
64 563
9 405
4 213
1 834
497
324
65

Proportion
of total
catch (%)
79.78
11.62
5.20
2.26
0.61
0.40

10
3
2
1
10

0.08
0.01
<0.01
<0.01
<0.01
0.01

80 927

100.00

Abundance (no. of inds.)
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Figure 3.3: Total number of fish larvae collected during the 2005-06 spawning season (in order
of appearance) for; a) Australian smelt, b) flathead gudgeon, c) carp gudgeon 2, d) carp
gudgeon 1, e) silver perch, f) bony bream, g) Murray cod, h) common carp, i) Murray River
rainbowfish, j) unspecked hardyhead, and k) gambusia.
= all larval stages,
= yolksac
larvae.
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Whilst larvae of all the small species were present throughout much of the season,
their abundances were highly variable over time (Figure 3.3). The difference between
the minimum (n=92) and maximum (n=5281) catch per sampling trip was almost 60
fold.

There was a general decrease in larval abundance with increasing developmental stage
for the 6 native species (Table 3.2). Overall, YSL dominated the fish catch (45.7 %),
followed by protolarvae (42.3%), flexion (6.7%), post flexion (2.9%) and metalarvae
(2.4%). Substantial variation in the size of larvae following hatching was apparent
amongst the small bodied native species (carp gudgeon 1, unspecked hardyhead,
flathead gudgeon, carp gudgeon 2, Australian smelt and rainbowfish) (Table 3.2). Carp
gudgeon 1 had the smallest yolksac larvae (3.2±0.3 mm), and rainbowfish the largest
(5.5±0.4 mm).

3.3.3

Relationships between abiotic factors and the abundance of newly hatched

larvae
YSL abundance and the environmental variables associated with estimated hatching
and spawning dates were significantly correlated for both carp gudgeon and
unspecked hardyhead (Table 3.3).

Temperature at hatching (TH) explained

approximately 51% of the variance in the abundance of carp gudgeon YSL (p<0.001),
while spawning temperature (TS) explained 16% (p<0.05). Photoperiod and Flow at
spawning were also weakly related with carp gudgeon YSL abundance (p<0.05), but
there was no significant relationship between Flow at hatching (F H) (p=0.079, Table
3.3). Models incorporating Temperature, Flow and Photoperiod explained the most
variance in carp gudgeon YSL abundance (hatching: R2=0.56, spawning: R2=0.45),
however, comparison of all the model’s AIC showed that hatching temperature was
the best overall model for relating abiotic conditions to yolksac larval abundance (R 2 =
0.5135, p<0.0001, Figure 3.4a). This relationship can be described by the function
{3.1}:
2

Carp gudgeon YSL abundance = 3.736(TH) – 0.080(TH) – 36.764
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{3.1}

The abundance of unspecked hardyhead YSL was best explained by the photoperiod at
hatching (PH) (p<0.001, Figure 3.4b). Whilst AIC’s indicated that the quadratic model
involving PH was the best model for explaining YSL abundance, there was little
difference between the explanatory power of PH, Photoperiod at spawning (PS) and
Temperature and Photoperiod at spawning (PTS) (PH: d.f=2,48, F=20.06, R2=0.4553, PS:
d.f=2,48, F= 19.77, R2=0.4517, and PTS = d.f=5,45, F=9.538, R2= 0.514). Flow was poorly
correlated with hardyhead YSL abundance, whilst temperature explained 33% and 26%
of the variance in YSL abundance hatching and spawning, respectively. This
relationship can be described by the function {3.2}:
2

Unspecked hardyhead YSL Abundance = 0.219(PH) – 0.0001152(PH) - 99.37
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{3.2}

Table 3.2: Mean total lengths (mm) ± S.E of the different developmental stages of fish larvae caught in the Lindsay River during the study period.

Carp gudgeon 1
Unspecked hardyhead
Flathead gudgeon
Carp gudgeon 2
Australian smelt
Rainbowfish
Gambusia
Common carp
Murray Cod
Silver Perch
Bony herring
Total catch

Yolksac larvae
Mean ±s.e
3.2 ±0.3
5.0 ±0.6
4.3 ±0.6
4.9 ±0.4
3.8 ±0.4
5.5 ±0.4
5.5 ±0.4
3.8 ±0.9
3.3 ±0.2

n
30480
2773
620
820
6
41
4

Protolarvae
Mean ±s.e
3.5 ±0.6
5.6 ±0.9
4.9 ±0.6
5.1 ±0.4
7.1 ±1.6
4.5 ±0.6
6.2 ±0.7

n
27065
2401
1669
953
45
21

Flexion
Mean ±s.e
5.5 ±0.7
6.9 ±0.7
6.5 ±0.7
6.1 ±0.7
9.3 ±1.0
6.0 ±0.4
6.5 ±0.4

2

Post flexion
Mean ±s.e
7.0 ±0.8
8.4 ±0.8
8.2 ±1.0
8.2 ±1.0
11.5 ±1.4
8.4 ±0.0

n
2883
1505
543
53
55
2

n
1004
730
333
5
143
1

Metalarvae
Mean ±s.e
8.4 ±1.1
9.5 ±1.4
10.1 ±1.1
9.1 ±1.3
13.9 ±1.5

n
956
363
382
2
95

9.8 ±2.4

19

11.6 ±0.0

1

4

3
2
34749

32156

5045

2216

1818

Table 3.3: Results of Akaikie Criterion Test (AIC) used to establish the ‘best’ model for relating abiotic conditions to abundance of yolksac larvae of carp
gudgeon and unspecked hardyhead. Larval abundance modelled with abiotic conditions at estimated hatching time, and at estimated spawning time. The
model with the lowest AIC for each species is in bold.
Algorithm

Model

Carp gudgeon
2
R
AIC

d.f

F-ratio

temp
photoperiod
flow
temp + photoperiod
temp + flow
photoperiod + flow
photoperiod + flow + temp

2,48
2,48
2,48
5,45
5,45
5,45
9,41

4.394
4.363
3.667
4.828
4.979
6.627
3.731

0.1548
0.1538
0.1325
0.3491
0.3562
0.4241
0.4502

temp
photoperiod
flow
temp + photoperiod
temp + flow
photoperiod + flow
photoperiod + flow + temp

2,48
2,48
2,48
5,45
5,45
5,45
9,41

25.33
4.26
2.675
10.33
10.41
6.1
5.77

0.5135
0.1508
0.1003
0.5345
0.5363
0.404
0.5588

Unspecked hardyhead
2
R
AIC

p-value

d.f

F-ratio

p-value

175.1745
175.2304
176.4974
167.8471
167.2938
161.6082
167.2386

<0.05
<0.05
<0.05
<0.01
<0.001
<0.0001
<0.01

2,48
2,48
2,48
5,45
5,45
5,45
9,41

8.581
19.77
3.236
9.538
5.277
9.078
5.514

0.2634
0.4517
0.1188
0.5145
0.3696
0.5022
0.5476

173.5902
158.5354
182.7282
158.3273
171.6454
159.6072
162.7278

<0.001
<0.001
<0.05
<0.0001
<0.001
<0.0001
<0.0001

147.0031
175.4159
178.3603
150.7532
150.5535
163.3591
156.0155

<0.0001
<0.05
0.0792
<0.0001
<0.0001
<0.0001
<0.0001

2,48
2,48
2,48
5,45
5,45
5,45
9,41

12.1
20.06
2.57
8.401
5.671
7.659
4.829

0.3352
0.4553
0.0967
0.4828
0.3865
0.4598
0.5146

168.3573
158.1956
183.9916
161.5533
170.2583
163.7770
166.3184

<0.0001
<0.0001
0.08706
<0.0001
<0.0001
<0.0001
<0.0001

Spawning
x1
x2
x3
x3+x1
x3+x2
x1+x2
x3+x2+x1

Hatching
x1
x2
x3
x3+x1
x3+x2
x1+x2
x3+x2+x1

No. of inds. (loge(x+1))

2

3

4

y

5

6

7

a) Carp gudgeon
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Figure 3.4: Regressions relating environmental variables to yolksac larvae abundance; a) carp
gudgeon and temperature at hatch, b) unspecked hardyhead and photoperiod at spawning.
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3.4. Discussion
3.4.1 Lindsay River larval fish assemblage
Species composition
The number of native species found as fish larvae in the Lindsay River during the 200506 spawning season corresponds to 17 % of the total number of wholly freshwater fish
recorded in the Murray-Darling Basin (Lintermans 2007). Of the nine native species
known to occur in the locality, eight were collected as larvae in the present study.
golden perch, Macquaria ambigua, was the only species that is known to occur in the
Lindsay River as adults (Vilizzi et al. 2007) that was not collected as larvae. However,
evidence of golden perch spawning in November 2005 was observed by Conallin and
Meredith (2006) in the nearby deeper, flowing waters of Mullaroo Creek and the
Lower Lindsay River. Humphries (et al. 2002) presents a comparison of the life history
strategies of these and other species in the Murray Darling Basin and their amenities
to low flow conditions.

The larval fish assemblage was both numerically and species-dominated by smallbodied zooplanktivores. Seven of the 11 species collected (representing >99% of total
catch), exhibit similar reproductive strategies; and could be classified as opportunistic
(Winemiller and Rose 1992). Opportunistic strategists are characterised by small adult
body size, short generation times, high reproductive effort, and protracted spawning
seasons (Winemiller and Rose 1992, Humphries et al. 1999). Eggs are either demersal
or adhesive, and, whilst parental care of eggs occurs in some species (i.e. carp
gudgeon), embryos are small and poorly developed.

The presence and relative

abundance of these species in the warm, low flow conditions of the Lindsay River is
consistent with other multi-year long term studies of low flow regimes (e.g Meredith
et al. 2002, Vilizzi et al. 2007) that support predictions of the Low Flow Recruitment
Hypothesis (Humphries et al. 1999); in that the spawning of such species is not related
to rises in flow as previous models of fish recruitment have assumed, but alternatively,
that their recruitment will be promoted under low flow conditions.

The dominance of small-bodied, opportunistic species in the Lindsay River is consistent
with long-term observations by Meredith et al. (2002) and Vilizzi et al. (2007). Vilizzi et
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al. (2007), however, reported greater relative abundance of Australian Smelt larvae in
the Lindsay River than found in this study. Given the spawning of Australian smelt
frequently commences in this region in the winter months (June – August), it is likely
that the majority of spawning of Australian smelt occurred prior to the sampling period
of this study (Humphries et al. 2008).

The remaining four species collected as larvae in the study, albeit only in low
abundance, were Murray cod, silver perch, common carp and bony herring. The low
capture rate of these species compared to the smaller bodied species is likely to be
due to several factors, including light trap species-selectivity, shorter spawning seasons
(Humphries and Lake 2000), smaller resident adult breeding populations (Vilizzi et al.
2007), different regimes of parental care and/or suboptimal spawning conditions.

The species richness of the Lindsay River larval assemblage is comparable to other
Murray-Darling rivers (Humphries et al. 2000, 2002, Cheshire and Ye 2008, Leight et al.
2008, Vilizzi et al. 2007, Zampatti et al. 2009, King et al. 2010). In the Broken River,
Southern Murray-Darling Basin, Humphries et al. (2000, 2002) collected 9 native fish
species as larvae, but only 3 in the more regulated Campaspe River. King et al. (2003)
recorded six native species associated with the Ovens River floodplain and its
associated anabranches and billabongs, in an assemblage dominated by Australian
smelt, Retropinna semoni, and carp gudgeon larvae. Over a 2 year period, Humphries
et al. (2008) recorded 7 native species in the Ovens River, and only 3 in the regulated
Goulburn River.

Larval abundance
The relative abundance of larvae found in the Lindsay River during this study (132.2
larvae.light trap-1) was much greater than has been previously reported in studies
using comparable sampling methods. In Australian freshwater environments,
Humphries et al. (2000) reported a mean of only 1.9 and 0.8 larvae.light trap -1 from the
Campaspe and Broken rivers, respectively. Similarly, a mean of 1.91 larvae.light trap -1
(76 individuals from 45 light traps) were collected from the Cooper Creek floodplain,
during a major flood in January 2004 (Balcombe et al. 2007). Further afield, in the Rio
Grande, an arid river of New Mexico, Pease et al. (2006) collected a mean of 5.2
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larvae.light trap-1 in the low flow conditions of 2005-06 spawning season. During a 2year study of the larval fish community in the lower Putah Creek, California, Marchetti
and Moyle (2000) collected a mean of 17.8 larvae.light trap-1, and a mean of 19.4
larvae.light trap-1 was collected from a portion of the floodplain and adjacent channel
of the Tallhatchie River, Mississippi by Tuner et al. (1994). While direct comparisons of
CPUE across riverine systems should be made with some caution, the one to two
orders of magnitude more larvae collected in the Lindsay River suggests that the
warm, low flow conditions of the spring-summer spawning season make it a highly
productive nursery area for some species of fish which do not require flow to remain
suspended in the water column (Mathews 1998).

Slow flowing off-channel and floodplain habitats are being increasingly recognised as
important nursery grounds for freshwater fish and other riverine biota (Copp 1989,
Brown and Coon 1994, King 2004a, Price 2007, Csoboth and Garvey 2008, Price and
Humphries in press). Over the last decade there has been growing evidence to show
that many fishes do not require major flood events to recruit, but where current speed
is greatly reduced, such as at river margins, and in backwaters, tributaries and oxbow
lakes, larval densities can be very high (Scheidegger and Bain 1995, de Castro et al.
2002, King et al. 2003, King 2004a, Pease et al. 2006, Pollux et al. 2006, Price 2007,
Csoboth and Garvey 2008). Such habitats are typically characterised by warm
temperatures, and still or slow flowing water, and contain greater densities of
zooplankton, phytoplankton and meiofauna compared to main channel environments
(Bass et al. 1997, King 2004b, Nunn et al. 2007, Ning et al. in press). Additionally, larval
fish, especially at hatch, are often poor swimmers (Arumagum and Geddes 1987,
Blaxter 1986, Bellwood and Fisher 2001, Pepin 2004), and low velocities can provide
larvae with minimal risk of being involuntarily displaced downstream into
unfavourable environments (Harvey 1991, Price and Humphries in press).

One additional reason for the higher catch rates of larvae in the present study may be
because the efficiency of the chosen sampling method, due to noteable the short
deployment time, and the inclusion of light trap mesh. The shorter deployment time of
3 hours may have reduced the total amount of time available for in-trap predation to
occur. Further, the inclusion of 3 mm mesh around the main entrance slits of the light
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traps has been found to increase larval catch rates, presumably through the exclusion
of larger, piscivorous fish and macroinvertebrates (Villizzi et al. 2008).

3.4.2 Small scale temporal variability
By intensively sampling a larval assemblage during the spawning season, both the
degree of variability in larval abundances over time, and the underlying mechanisms
driving these patterns can be investigated. Larval abundance was found to be highly
variable temporally during the 2005-06 Lindsay River spawning season. This small-scale
temporal variability in larval fish abundance most likely can be explained by changes in
the production (input) and mortality (output) rates of the larvae over the spawning
season.

A cautionary approach to using light traps for quantitatively sampling larval fish has
traditionally been taken, due to the possible influences of abiotic factors such as
turbidity and ambient light conditions on their efficiency (Kelso and Rutherford 1996,
Hickford and Shiel 1999, Lindquist and Shaw 2005, Rooker et al. 2005). However, in
this study, turbidity levels within the Lindsay River were relatively low (mean 17 NTU)
and stable during the entire study period, and at most explained only a minor amount
of the variance in light trap catch. Ambient night-time light conditions are largely
influenced by lunar phase, but for this study, there was no significant correlation
between lunar phase and the abundance of total larval catch, or with the two most
abundant species, carp gudgeon and unspecked hardyhead. These findings indicate
that the observed variability in larval abundance over time was not likely to be an
artefact of sampling limitations, but instead a true reflection of variation in production
and mortality of larvae.

The large fluctuations in larval abundance observed in this study, suggest that the
processes regulating the early life stages of fish are highly dynamic and have the
capacity to significantly influence larval assemblages over very short time periods. This
has important implications for the way we approach the study of the dynamics of
larval fish. Traditionally, riverine larval fish assemblages have been studied by sampling
at weekly (Gadomski and Barfoot 1998, Marchetti and Moyle 2000, Pease et al. 2006,
Pollux et al. 2006), fortnightly (King et al. 2003, Scheidegger and Bain 1995, Csoboth
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and Garvey 2008) or monthly (de Castro et al. 2002, Humphries et al. 2002, Bialetzki et
al. 2005) time intervals. Given that larval fish populations are highly responsive to birth
and mortality rates over periods of hours-days, there seems to be a current mismatch
between the scale at which larval assemblages are being measured, and the temporal
scale by which they are affected. To understand the dynamics of larval fish
assemblages, it may be better to investigate the specific processes that contribute to
recruitment in fish population, including; i) the spawning cues of adults ii) relationships
between reproductive success (spawning effort plus hatching survival) and
environmental conditions, iii) stage/age specific mortality rates within the egg and
larval phase, iv) the interdependency of larval and juvenile stages, and v) the causal
mechanisms behind mortality rates.

3.4.3 Spawning plasticity of lowland fishes
In light of the low flow recruitment hypothesis, Humphries et al. (1999) proposed that
small-bodied Murray-Darling species could be divided into two major groups; those
which have protracted, serial or repeated spawning events (Mode “3a”), and those
which are single spawners whose breeding season is short and typically does not
exceed more than 2 months (Mode “3b”). During the 2005-06 spawning season, carp
gudgeon spawning took place over the entire four months of sampling. Previous
studies conducted in the Lindsay River have reported that carp gudgeon have the most
protracted spawning season of all the species present, and were consistently found as
larvae from September through to late May (7-8 months spawning duration) (Vilizzi et
al. 2007). These findings contradict those of Humphries et al. (2002), who classified
carp gudgeon as Mode “3b” after observing spawning occurring for only 1-2 months in
the Campaspe and Broken Rivers. Species’ spawning durations of small-bodied fish
may be more plastic than previously hypothesised; rather than being perceived as
fixed life history traits, they are instead a response to localised environmental
conditions (Schwassman 1992, Marchetti and Moyle 2000). Observed geographical
(King 2002, Meredith et al. 2002, Humphries et al. 2008) and inter-annual variation
(Humphries et al. 2002, Vilizzi et al. 2007) in the spawning durations of small bodied
Murray-Darling fishes lends support to this proposal. These findings lend support to
the notion that the classification of fish as either brief or protracted may not be
appropriate and needs revising (Humphries et al. 2008). Identifying the underlying
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environmental conditions that determine spawning duration and the implications of
spawning duration on recruitment should be a priority for future research.

3.4.4 Relationship between production of young and environmental variables
Despite much conjecture, there has been little work conducted on the spawning cues
of native Murray-Darling fishes.

The majority of our understanding about the

spawning cues of Murray-Darling fishes has come through aquaculture studies, mostly
from commercial or recreationally important species as golden perch and Murray cod
(Lake 1967a, 1967b, Anderson et al. 1971, Arumugam and Geddes 1996). In this study,
temperature at time of hatch was found to explain approximately 49% of the shortterm variation in the abundance of carp gudgeon YSL over the 2005-06 spawning
period, whereas photoperiod at time of both hatching and spawning explained
approximately 51% the variation in abundance of unspecked hardyhead YSL.

Abundance of carp gudgeon YSL was greatest at temperatures of 23°C. Whilst
associations between minimum temperatures and commencement of spawning has
been made for carp gudgeon (22.5°C, Lake et al. 1967a), there are no comparable
studies related to the relationship of maximum reproductive effort with water
temperature. However, the appearance of carp gudgeon YSL at temperatures <17°C,
further highlight the spawning plasticity of this species. Variance of carp gudgeon YSL
abundance was best explained by temperature at hatch rather than temperature at
spawning. This could be a result of differences in egg incubation time throughout the
protracted spawning season, or caused by mortality during the egg stage.

It is hypothesised that variation in egg mortality may have contributed largely to the
poor relationship between conditions at spawning and abundance of YSL compared to
conditions at hatch. Carp gudgeon eggs are not able to tolerate desiccation, yet are
typically laid at depths less than 25 cm, and often up to 5 cm below the water surface
(Lake 1967a). Thus, it may be that some of the unexplained variation in YSL abundance
might be attributable to changes in water level. Given the shallow and gentle gradient
of the Lindsay River’s channel morphology, even the smallest changes in head height,
as controlled by the downstream weir pool of Lock 6, might create short-term changes
in water level detrimental to egg survival. Fluctuating water levels have been known to
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cause high rates of mortality for other freshwater fish species (Kohler et al. 1993, Bell
et al 2008). For example, Bell et al. (2008) found that newly emerged bull trout,
Salvelinus confluentus, and chinnook salmon, Oncorhynchus tshwaytscha, were at high
risk of stranding due to water level fluctuations in Oregon streams.

In contrast to carp gudgeon, models incorporating photoperiod at both hatching and
spawning time explained unspecked hardyhead YSL abundances equally. This suggests
that either mortality during the egg stage may be less significant for unspecked
hardyhead than for carp gudgeon, or that temperature has a reduced effect on the
development and incubation times of hardyhead embryos. In relation to reduced egg
mortality, unspecked hardyhead eggs are laid on submerged macrophytes, and
therefore the risk of egg stranding and desiccation is far less for this species than carp
gudgeon. The eggs are also covered with strong, adhesive filaments, anchoring the
eggs to the vegetation on which they are laid, providing both disguise and structural
refuge away from potential pelagic predators (Pusey et al. 2004).

The production of unspecked hardyhead larvae increased with increasing daylight, and
peaked around the time of the summer solstice (day length approx 14.25 h, December
22 2005). Similarly to carp gudgeon, information on the conditions surrounding
unspecked hardyhead spawning is also scant. Llewellyn (1979) reported that C.
stercusmuscarum fluviatilis spawned during day lengths of 13 h at 24-25°C in New
South Wales (34° 11’S and 145° 50’ E, Llewellyn 1979). If, as suggested by the findings
in the present study, photoperiod explained more variance in reproductive activity of
unspecked hardyhead than temperature or flow alone, then it could be hypothesized
that the spawning season of hardyhead populations across the basin might be less
variable, due to smaller geographical variation in photoperiod. However, long-term
data of unspecked hardyhead spawning duration in the Lindsay River does not support
this. Meredith and McCasker (2004) found that in the 2001-02 spawning season
hardyhead larvae were present for two months (Nov – Dec), and in 2003-04 they were
present for eight months (Oct – June). Also in the 2003-04 spawning season,
hardyhead larvae were present in a connected, adjacent water body to the Lindsay
River; but in contrast, they were only present for 3-4 months (Meredith and McCasker
2004).
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Given that photoperiod is a regular, predictable occurrence, other environmental
factors must also be important determinants of unspecked hardyhead spawning than
those suggested by the results of the present study. Still, non-flowing conditions
persisted in the Lindsay River during the duration of study period, and it is possible
that while the potential influence of flow was minor in this study, it may be greater
under other circumstances, for example at higher discharge or greater water level
changes. Further research into the spawning cues of carp gudgeon and unspecked
hardyhead is clearly warranted.

Approximately 50% of the variation in YSL abundance could not be explained by the
abiotic variables measured at time of hatching and/or spawning for carp gudgeon and
unspecked

hardyhead.

Relationships

between

environmental

variables

and

reproductive activity may be more difficult to detect in short-lived, protracted
spawning species. This is because relative reproductive effort is influenced by multiple
factors, such as; changes in the abundance of the breeding population, size or agerelated temporal spawning patterns (Garvey et al. 2002), and seasonal changes in
fecundity and embryo ‘quality’ as a result of maternal health and resource allocation
(Mateinsdottir and Steinarsson 1998, Cardinale and Arrhenius 2000, Bang et al. 2006).
These are all areas that would benefit from future research.

3.4.5 Concluding remarks
Small-scale temporal distribution of larvae was highly variable in the Lindsay River
during the 2005-06 spawning season. This study provided evidence that 11 of the 46
fish species of Murray Darling Fishes do not require floods, or even high in-channel
flows to spawn (as opposed to recruit). This study found significant relationships for
two abundance species between YSL abundance and abiotic temperature and
photoperiod. Large fluctuations in the larval abundance over time is not likely to be a
result of spawning effort alone, but also a result of mortality. Under different
environmental conditions, it is likely that mortality rates may change over a season,
and affect different life stages differently. Investigating the relationship between
mortality rates and environmental factors may provide more insight into factors
contributing to strong recruitment than the relationship between larval abundance
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and environmental factors. The influence of mortality on larval abundance has not
been studied in any Australian freshwater environment. Chapter 4 aims to quantify
mortality for 2 abundant species, carp gudgeon and unspecked hardyhead, during their
larval stage during different developmental stages, and at different times throughout
the 2005-2006 spawning season. Chapter 5 investigates intra-seasonal and density
dependent processes in mortality, and, finally, Chapter 6 aims to identify the major
environmental sources of the mortality observed.
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Chapter 4: Mortality in two protracted spawners (Hypseleotris
spp. and Craterocephalus stercusmuscarum fulvus) during their
early life stages; evidence supporting the critical period
hypothesis.

4.1 Introduction
One of the primary challenges in fish ecology is to understand the key processes which
influence the survival of fish during their early life stages, when mortality is typically
greatest (Gulland 1965). Major physiological, behavioural and morphological changes
during development means, however, that mortality is unlikely to be constant
throughout this period. The critical period hypothesis proposes that there is a time
during the early life stages of fish during which mortality rates are unusually high, and
that it is at this stage that year-class strength is determined (Hjort 1914, May 1974).
Since Hjort’s (1914) first tentative suggestion that first-feeding larvae experienced
greatest mortality during the transition from exogenous to endogenous feeding, it has
been hypothesised that critical periods occur at several other development stages.
These include the egg stage (Uphoff 1989, Quinlan and Crowder 1999, Castro and
Hernandez 2000), the newly hatched pre-feeding stage (Treasurer 1989), and juvenile
metamorphosis (Bollens et al. 1992, Folkvord et al. 1994, Thorrison 1994, Letcher et al.
1996a, Jordaan and Brown 2003). Due to the potential for critical periods being the
major determinant of recruitment strength in fish populations, the critical period
hypothesis has become one of the most important hypotheses in fisheries science and
recruitment ecology (see Marr 1956, Gulland 1965, May 1974, Vladimirov 1975, and
Leggett and Deblois 1994 for reviews).

Despite hundreds of studies which have investigated critical periods in fish over the
last century, conclusions as to both their existence and importance in determining
year-class strength remain equivocal (May 1974, Li and Mathias 1982, Chambers et al.
2001). This largely is due to methodological limitations - which include pooling of data
across large spatial scales (Pepin 1993, Fortier and Leggett 1985), immigration and
emigration impacts on sampling zones (Bailey 1994), the patchy distribution of larvae
over temporal and spatial scales (May 1974), a lack of mortality estimates that
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encompass the entire larval phase, and analytical limitations including the absence of
comparisons of alternative models that discriminate between constant and varying
mortality (but see Frank and Leggett 1982, Secor and Houde 1987, Chambers 1989).

While there is general agreement that a critical period can be defined as a period of
higher than average instantaneous mortality (Z), the existence of critical periods has
been inferred largely from subjective estimates of the goodness of fit of exponential
decay models (i.e. constant mortality) to abundance-at-age data (Cada and
Hergenrader 1980, Dey 1981, Li and Mathias 1982, Cochrane 1986, Palomera and
Lleonart 1989, Butler 1991, Karas 1996, Wilhelm et al. 2005). Deviation of the data
from exponential decay curves has generally not been investigated, despite their
implication that mortality is not constant throughout larval development. It may
therefore be more insightful to compare abundance-at-age data against two
alternative models for mortality; one which assumes that mortality is constant
irrespective of developmental stage or age (i.e. no critical period), and another, more
flexible model, which allows for mortality rates to change with developmental stage or
age (i.e. evidence for a critical period). For example, Fortier and Leggett (1985) found
that abundance-at-age data for egg and yolksac larval capelin, Mallotus aurita, fitted
an exponential model adequately, however, when compared to the fit of a logistic
decay model (non-constant mortality model), the exponential model was the poorer
descriptor of their data. To date, this approach of alternative hypothesis testing has
only been adopted by a handful of studies (e.g. Lo 1986, Secor and Houde 1987,
Chambers 1989).

Another methodological limitation in the way studies have typically assessed mortality
in larval fish has been the use of catch curves that incorporate abundance-at-age data
collected from broad spatial and temporal scales (see Marr 1956, Gulland 1965,
Dahlberg 1979, Fortier and Leggett 1985 for critical reviews). Fortier and Leggett
(1985) argue that there are three main problems associated with coarse-scale catch
curves. Firstly, the consequences of sampling a large geographical area (i.e. 50-100 km)
mean that the temporal resolution of such studies is likely to be insufficient in being
able to detect brief periods of high mortality related to specific developmental stages.
Secondly, due to the nature of spawning in fish, production of eggs commonly spans
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several weeks or months, with the larval population comprising more than one cohort.
Fortier and Leggett (1985) argue that the averaging of age-abundance data across
distinct cohorts is likely to produce an artificially smoothed survival curve, which has
little ecological significance to the real mortality risks experienced by individual
cohorts. Lastly, by averaging across large spatial and temporal scales, information at
the level at which mortality is likely to occur (1-10 km, hours to days) is lost (Chambers
and Trippel 1997).

It thus appears that there is a lack of well designed studies investigating mortality in
larval fish throughout multiple developmental stages at spatial and temporal scales
most ecologically appropriate (but see Crecco et al. 1983, Fortier and Leggett 1985,
Dorsey et al. 1996). Ideally, studies should investigate individual cohort catch-curves,
not population responses, and use alternative models for detecting contracted periods
of high mortality (Chambers 1989, Chambers et al. 2001). Additionally, the frequency
of sampling should occur at the temporal scale at which mortality is likely to act (i.e.
hours – days), with cohorts followed through the entirety of their larval development.
The advancement of otolith-aging techniques in fisheries science over the last two
decades has enabled the estimation of fundamental population dynamics such as
growth, movement and mortality at scales previously not possible (Campana and
Nielson 1985, Jones 1992, Begg et al. 2005, Campana 2005). Through aging and backcalculation techniques, not only can individual larval growth trajectories be mapped,
but the identification of overlapping cohorts is possible (e.g. Yoklavich and Bailey 1990,
Rutherford et al. 1997, Sirois et al. 1998).

One of the major hindrances to properly evaluating the critical period hypothesis in
marine systems has been the issue of immigration and emigration. Tracking particular
cohorts in marine systems can be difficult, due to their open nature and complex
current dynamics, leading to larvae being patchily distributed and highly vulnerable to
dispersal from the study area (May 1974, Chambers et al. 2001). Freshwater
environments, on the other hand, provide many advantages and opportunities for the
study of age- and stage- specific mortality (e.g. Taylor and Freeburg 1984, Rice et al.
1987a,b, Uphoff 1987, Treasurer 1989, Mooij 1996, Rutherford et al. 1997, Knotek and
Orth 1998, Bunnel et al. 2003). In particular, tracking population declines in off77

channel systems such as backwaters, billabongs and floodplain rivers, allows for more
accurate determination of mortality rates. This is the case in the Lindsay River, where
in the previous chapter it was shown that there was little inflow during the 2005-06
spawning season, effectively creating a closed environment in which immigration and
emigration of larvae can be considered negligible. Additionally, the majority of species
collected exhibited protracted spawning, which provides an opportunity to follow
multiple cohorts throughout their entire larval phase within one season.

The present chapter will therefore estimate mortality rates of the two most abundant
species (carp gudgeon, Hypseleotris spp., and unspecked hardyhead, Craterocephalus
stercusmuscarum fulvus) collected from the Lindsay River during the 2005-06 study
period. Both species have wide distributions across the Murray-Darling Basin, and are
ideal model species for investigating mortality dynamics due to their high abundance
in the study system, and differing early life history traits. Carp gudgeons are altricial
and we would expect high rates of early mortality, whereas hardyheads are
comparatively precocial and we would therefore expect comparatively low rates of
mortality for the same period.

The main objective of this chapter is to investigate if there is a critical period during the
larval development of carp gudgeon and unspecked hardyhead when mortality rates
are greatest. In addition, the secondary aim of this chapter is to compare the
sensitivities of cohort-based versus population-based catch curve analysis for detecting
critical periods. Aspects of the early life history of the two species that relate to the
presence or absence of a critical period are also discussed.
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4.2

Methods

4.2.1 Study species
Carp gudgeon
The carp gudgeon (Hypseleotris spp.) (Figure 4.1) is a member of the Family Eleotridae,
which consists of ~35 genera and ~150 species (Fishbase 2009). There are
approximately 11 recognised species of Hypseleotris; however, there is a degree of
taxonomic uncertainty due to the presence of hybrids and lack of species
differentiation because of few distinct morphological characteristics in the genus
(Bertozzi et al. 2000, Unmack 2000, Thacker and Unmack 2005). It is thought that at
least 4 species, plus hybrids, exist, but because of the ambiguity surrounding
identification, as well as the close ecological and morphological similarities across
‘morpho-species’, carp gudgeon are generally referred to as a species complex.
Despite the taxonomic uncertainty, Hypseleotris are considered to be the most
widespread genus within Australia (Unmack 2001), and are commonly found to
numerically dominate many fish communities (Pusey et al. 2004). Two morphospecies
of carp gudgeon were collected during the study period, but carp gudgeon species 1
dominated (Chapter 3). This is the morphospecies that is the focus of this and
subsequent chapters. Carp gudgeon are a small, zooplanktivorous fish which reach a
size of 40 mm (Unmack 2000). Sexual maturity is reached in their first year, and
maximum age is recorded as 2-3 years (Pusey et al. 2004). Carp gudgeon are found in
slow flowing or still areas of the lowland rivers and floodplains lakes of the MurrayDarling Basin (Lintermans 2007). As adults, they are commonly associated with
macrophyte beds (Lintermans 2007, Pusey et al. 2004).

Figure 4.1: Carp gudgeon (Hypseleotris spp.). Photograph: N. Bond.
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The early life history traits of carp gudgeon are similar to other small bodied native fish
found in the Murray-Darling Basin.

Carp gudgeon exhibit protracted spawning

behaviour between late spring and summer, with spawning activity thought to be
associated with an increase in temperatures above 22.5oC (Lake 1967a, Chapter 3).
Eggs are laid in batches of 1000-2000, which are deposited amongst grass and twigs
close to the water surface, commonly at depths less than 25 cm and up to only a few
centimetres (Anderson et al. 1971). Hatching time is relatively short, taking 2-3 days at
temperatures of 18-23 C (Lake 1967b, Table 4.1). Under shallow summer conditions
where temperatures can reach 30 C, these rates would be much faster (Lake 1967b,
Anderson et al. 1971). At hatch, carp gudgeon larvae are small (1.5 – 2.1 mm) and
poorly developed; larvae are transparent, their eyes unpigmented, jaws not developed
or capable of feeding, and their pectoral fins have not yet formed (Anderson et al.
1971, Lake 1976b). Feeding is endogenous for the first 3-4 days upon digestion of the
yolksac, when larvae then begin to feed exogenously on small dietary items such as
algae. There is no overlap in transition from endogenous to exogenous feeding (Lake
1976b, King 2005).

Unspecked hardyhead
The unspecked hardyhead (Craterocephalus stercusmuscarum fulvus) (Figure 4.2) is a
member of the Family Atherinidae, which consists of ~150 species from ~25 genera
(Fishbase 2009). Atherinids are widely distributed throughout tropical and temperate
waters, and whilst they are predominantly a marine group, approximately 50 species
inhabit freshwater environments. Of the 26 species which belong to the Genus
Craterocephalus, seven are found in the river systems of eastern Australia (Ivantsoff
and Crowley 1996). Unspecked hardyhead is a small bodied, pelagic schooling species.
Adults are approximately 50-60 mm long (Lintermans 2007), and longevity is thought
to be 2-3 years (Pusey et al. 2004). They are found in slow-flowing freshwater
environments such as lowland rivers, lakes, backwaters and billabongs (Lintermans
2007). Unspecked hardyhead was historically widely distributed and commonly
occurring throughout the Murray-Darling Basin, however, its distribution has
undergone a significant reduction, and it is now listed as a threatened species in the
southern part of its range (Lintermans 2007). Reasons for its decline are not well
understood, but possible threats include habitat degradation, increased salinisation,
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and competition and predation from alien species such as European perch, Perca
fluviatilis, and eastern Gambusia, Gambusia holbrooki (Lintermans 2007).

Figure 4.2: Unspecked hardyhead (Craterocephalus stercusmuscarum fulvus). Photograph: R.H.
Kuiter.

Unspecked hardyhead reach sexual maturity at ~8 weeks, produce larger eggs (1.3-1.7
mm) and are less fecund than carp gudgeon (Table 4.1) (Semple 1985). Spawning
occurs over 4-5 months during spring and summer, and is thought to peak when
temperatures exceed 24 C (Semple 1985, Chapter 3). Eggs are demersal, and have
adhesive filamentous strands which aid attachment to aquatic vegetation (Semple
1985). Incubation takes approximately 4-7 days, and newly hatched larvae are well
developed (5 mm TL); eyes are pigmented, the jaw is ossified and fully functioning, and
larvae are capable of free-swimming immediately (Llewellyn 1979, Pusey et al. 2004).
The yolksac provides an endogenous food supply for the larvae up until the flexion
stage, during which they are also able to feed externally (Semple 1985). In contrast to
carp gudgeon, this provides this species with a transitionary overlap between
endogenous and exogenous feeding (approx. 3-5 days).

4.2.2

Field collections

Carp gudgeon and unspecked hardyhead larvae were collected from the Lindsay River
(described in detail in Chapter 2). Briefly, larvae were collected at night (approx. 23000200 h) using modified quatrefoil light traps. Sampling was conducted at four reaches
in the Lindsay River, with three light traps deployed for 1.5 h at each reach on every
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Table 4.1: Comparison of carp gudgeon and unspecked hardyhead life history traits.

Life history traits

Carp gudgeon

Adult size (mm)
Longevity (years)

40
2-3

Unspecked
hardyhead
50-60
>2

Larval duration (d)
Serial spawner
Fecundity (inds.batch-1)

<30 days
Yes
1000-2000

< 30 days
Yes
20-100

Egg size (mm)
Nature of egg
Size at hatch (mm)

0.4-0.5
Demersal,
adhesive
1.8-2.1,

1.3-1.7
Demersal,
adhesive
5

Age at 1st feeding (d)

3-4

5-6

Age at free swimming (d)
Diameter of yolk (mm)

5-6
0.26-0.35

1
?

Diameter of oil globule
(mm)

0.04-0.11

0.03-0.15

Diameter of yolk at
feeding (mm)

<0.05 (almost
resorbed)

?

Approx. time to hatching
(h)

47-53 (@18-23C) 96-216

Endogenous/exogenous
overlap (days)

0

3-5
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second evening from 8 October 2005 to 8 February 2006. Samples were preserved in
90 % ethanol and taken back to the laboratory for further processing. All larval and
juvenile fish were identified and measured (TL) with a dissecting microscope and
ocular micrometer to the 0.1 mm. Based on their morphological development, larvae
were classified as being yolksac protolarvae (YSL), protolarvae (PL), flexion (F), post
flexion (PF), or juvenile/adults (JA) (refer to Table 2.5 for definitions). These
classifications were used as they describe the differences in larval development based
on function and morphological forms, important for discerning possible relationships
between mortality and larval susceptibility to surrounding environmental conditions.

Larvae were pooled from all four reaches in the Lindsay River for the following
analyses, because it was considered that this would give an integrated picture of the
patterns of mortality during the spawning season. Furthermore, the focus of the study
was not inter-reach differences in mortality rates.

4.2.3 Aging techniques and otolith analysis
Due to the abundance of larval fish collected (approx. 90 000), estimates of individual
larval age were calculated using age-length regression equations. Monthly sub-samples
of carp gudgeon and hardyhead larvae were used for otolith analysis, with 240 pairs of
otoliths processed, representing approximately 5% of the carp gudgeon and hardyhead
larvae caught. Sagittal otoliths were removed from a random sub-sample of 30 larvae
captured in each of the 4 sampling months. Otoliths were mounted, sulcus side down,
on glass microscopic slides with the epoxy resin Crystalbond™ (Ted Pella Inc, USA).
Owing to their small size, the sagittae did not need to be ground before increments
were counted. Ages of the larvae were determined by counting the number of
increments deposited within the otolith microstructure.

The deposition of daily growth increments in otoliths was validated for both carp
gudgeon and unspecked hardyhead in the present study (Appendix C). The first growth
increment was assumed to coincide with hatch date. While this was not validated,
otolith analysis of the smallest, least developed yolksac larvae revealed a maximum of
only one otolith increment, and all yolksac larvae had increments, indicating that
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deposition of the 1st increment was almost certainly a hatch check, and unrelated to
first feeding.

All otoliths were viewed at 400x or 1000x under bright-field illumination with a
compound microscope. The number of increments of each otolith was counted twice
by the primary reader. Verification of the counts was conducted by a second reader,
and only those counts that were in agreement with both readers were included in the
analysis, with the remainder discarded.

Due to the influence of temperature on growth rates (Brett 1979, Radtke and Shafer
1992, Kamler 1992, Jobling 1995), several temporally distinct age-length keys were
produced for the two fish species investigated. Age-length keys based on daily mean
temperatures were used, as degree-days were not suitable, because of the large diel
variation in daily water temperature (mean diel ∆ = 5.2 °C). Instead, age-length keys
were established for each month of the study duration; October (mean temp = 19.8
°C), November (mean temp = 22.4 °C), December (mean temp = 25.5 °C), and January
(mean temp = 26.7 °C). Growth estimates (mm.day-1) were calculated from monthly
age-length keys by fitting alternative growth models to the data and using the model
of best fit. Three growth functions were fitted to the data; linear, von Bertalanffy, and
Gompertz models.

The linear growth function was described by the equation:

Li  ti  b

{4.1}

where Li is the expected length at age for the ith individual, ti is the true age of the ith
individual, and b= theoretical length at age 0.

The von Bertalanffy growth function was described by the equation:

Li  L e k (t i  t 0 )

{4.2}

where Li is the expected length at age for the ith individual, L∞ is the theoretical
maximum length, k is the Brody growth co-efficient, t0 is the theoretical age at length 0
mm, and ti is the true age of the ith individual.
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The Gompertz growth function was described by the equation:

Li  L e e[ k (t i  t 0 )]

{4.3}

where Li is the expected length at age for the ith individual, L∞ is the theoretical
maximum length, k is the Brody growth co-efficient, t0 is the theoretical age at length
0, and ti is the true age of the ith individual.

Akaikie’s Information Criterion (AIC) was used to determine the most appropriate
growth model for each month; October, November, December and January. 95%
confidence intervals were computed for each monthly growth function using standard
regression techniques (Zar, 1981) to establish the variation in length-at-age for each
species and month.

For each species, monthly growth equations were re-arranged and solved for age
(days). From these, the age of each carp gudgeon and unspecked hardyhead collected
during the study was calculated. The residuals of predicted age were plotted to
investigate any error associated with calculating age from length using the models of
best fit. The decision was made to investigate mortality rates of cohorts based on the
accuracy of which length-age predictions could be made. Given that the majority of
age-length residuals fell within the 95% confidence limits of ± 3.9 days, the decision
was made to investigate mortality rates of cohorts of larvae born within 4 days of each
other.

With the lengths of all larvae measured, and their associated ages estimated; ‘hatch
dates’ were assigned for each carp gudgeon and unspecked hardyhead larvae {4}.

Hatch datei = date of collectioni - agei

{4.4}

4.2.4 Ontogenetic development
The rate of ontogenetic development in carp gudgeon and unspecked hardyhead was
determined by calculating the length of time larvae spent in each major development
stage (YS, yolksac larvae; PL, protolarvae; F, flexion; PF, post flexion; and ML,
metalarvae). Box-plots of age for each stage and month were constructed to
85

determine the monthly median length of time (days) larvae spent within each major
developmental stage. Larval stage duration (LSD) was taken as the number of days
between the 25th and 75th quartiles. The range of ages for each stage was calculated
for each month separately. The overall time taken to reach metamorphosis for each
month was calculated by adding the time taken to complete each developmental stage
(LSDtotal=LSD(YS+PL+F+PF+ML)).

4.2.5

Abundance-at-age survival curves

Mortality estimates were calculated by constructing survival curves using log e(x+1)
transformed abundance-at-age data for each cohort of larvae born within 4 days of
each other. The rate of decline along the survival curve was calculated for each cohort
at 2 day intervals, commencing from 1-2 day old yolksac larvae, up until the time that
cohorts metamorphosed into juveniles (see Table 2.5 for life stage definitions). For
carp gudgeon, corresponding total lengths (TLs) for newly hatched larvae and recently
metamorphosed juveniles were approximately 3.2 and 9.5 mm, and metamorphosis
was generally achieved by 24 days. For unspecked hardyhead, corresponding TLs for
newly hatched larvae and recently metamorphosed juveniles were 6 and 11.0 mm,
respectively. Metamorphosis was generally achieved by 26 days.

To determine if there is a stage during the larval phase of carp gudgeon and unspecked
hardyheads which experiences higher than average instantaneous mortality rates (Z),
three alternative models (linear, Weibull and asymptotic) were compared against
abundance at age data for each cohort (Figure 4.3). The linear function (often
presented as an exponential function on untransformed data), is the most commonly
used survival curve to estimate mortality rates in fish populations (Miranda and Bettoli
2007). Best fit of the linear equation indicates that mortality rates are constant across
larval age; that is, that fish larvae experienced the same mortality likelihood
throughout their development (i.e. no evidence of a critical period). The Weibull
function is a commonly employed ‘hazard function’ (measuring the mortality rate as a
function of age) in general survival analyses (Cox and Oakes 1984, McCallum 2000).
However, like other alternative survival functions, use of the Weibull function in
fisheries ecology remains largely neglected (but see Nielson et al. 1989). Unlike the
linear function, the Weibull distribution provides a better fit to the abundance data for
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populations with a temporally variable mortality rate. The asymptotic function
behaves similarly to a Weibull model in that it accommodates mortality rates that
change temporally, however, as with the Pareto function (e.g. Lo et al. 1989),
asymptotic functions best describe populations with a monotonically decreasing
mortality rate (Pinheiro and Bates 2000). Thus in this study, best fit of either the
Weibull or asymptotic functions indicates that fish larvae cohorts experience higher
mortality rates at some stage of their development, and therefore provide supporting
evidence of the existence of a critical period in some form.

AIC was used to determine the most appropriate model for each individual cohort (see
Appendix D for model parameters). From this, instantaneous daily mortality rates
could be estimated for each cohort as the negative slope of the descending limb of the
loge(x+1) transformed curve for which;

The linear regression model was described as:
f ( x)  Zx  c

{4.5}

where Z=rate of mortality, c=intercept

The asymptotic regression model was described as:

f ( x)  a  ( R0  a) * exp

( exp lrc x)

{4.6}

where a=asymptote, R0= when x=0, lrc=log(rate constant).

The Weibull regression model was described as:

f ( x)  a  d exp

( exp lrc x pwr )

{4.7}

where a=asymptote, d=drop, lrc=log(rate constant), and pwr=numeric constant.
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Loge(x+1) Abundance

Age (days)

Figure 4.3: Schematic model of linear (constant mortality: solid line), asymptotic
(non-constant mortality: dashed line) and Weibull (non-constant mortality:
dotted line) functions of mortality, based on loge(x+1) abundance-at-age data.
Asymptotic and Weibull functions suggest a critical period of high mortality in
larval development; linear function suggests mortality is constant throughout
development.

4.2.6 Detection of critical periods: population vs. cohort estimates
Traditional methods for constructing survival curves were also undertaken on carp
gudgeon and unspecked hardyhead to test if critical periods could be detected using
population based catch curves. To do this, abundance-at-age data was pooled across
all cohorts sampled during the entire study period for each species. The three
alternative models were fitted against the newly-pooled population-based abundanceat-age data, with AIC used to determine the most appropriate model to describe
mortality schedules of each species during larval development.

4.2.7 Mortality rates
The survival curves produced were used to calculate overall mortality rates for each
cohort, as well as 2-d age-specific mortality rates for carp gudgeon and unspecked
hardyhead. For several cohorts, survival curves could not be produced, as model
parameters would not converge. As a result, for carp gudgeon, 22 cohorts (c3&c5-c25),
and for unspecked hardyhead 12 cohorts (c9-c12, c15-c16, c18-c19, c22-c25) were
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followed. Several estimates of age-specific mortality were calculated, including daily
mortality rates, and instantaneous mortality rates. Daily mortality rate (Mdaily)(%
loss.day-1) was calculated as the proportion of individuals lost from the previous age
class:
Mdaily = (1-(Ntage / Ntage-2))*100

{4.8}

where Ntage=abundance of larvae at age x, and Ntage-2 is the abundance of larvae 2
days prior.

The instantaneous daily mortality coefficient (Z) for each cohort and the pooled-survey
analysis were calculated using the derivative form of the equation which best
described each cohort’s survival curve.

4.2.8 Assumptions
Estimating mortality rates from abundance data requires that some key assumptions
are made. In addition to the size-selectivity of light traps, which was shown to be
insignificant in Chapter 2, the derivation of mortality rates from abundance-at-age
survivorship curves requires an assumption that losses of individuals due to emigration
are negligible and/or offset by population gains due to immigration. This assumption is
likely justified during the study period, as there was little water movement occurring
through the Lindsay River at this time. As a result, the river itself was essentially a
closed system, and active and passive movement of larvae, across scales of >10 km, or
even between study reaches (>2-3 km) would have been very unlikely. It is also
assumed that larvae of all sizes and ontogenetic stages are equally susceptible to being
sampled.

4.3 Results
4.3.1 Otolith analysis and aging techniques
A total of 105 carp gudgeon and 122 hardyhead larvae/early juveniles were aged
successfully and used to construct monthly age-length relationships. All models (linear,
Gompertz and von Bertalanffy curves) predicted length from age well (carp gudgeon;
R2>0.95, unspecked hardyhead; R2>0.85 for months in which cohorts were followed)
(Figure 4.4). AIC scores revealed some variation in which model was the best predictor
of length for individual months (Table 4.2). Carp gudgeon growth was best predicted in
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Figure 4.4: Monthly age-length relationships for carp gudgeon and unspecked hardyhead
during their larval and early juvenile phases for a) October, b) November, c) December and d)
January. Growth models fitted to the age-length data are von Bertalanffy (grey dotted line),
Gompertz (black dashed line), and linear (black dashed line).
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Table 4.2: AIC results of fitted monthly growth equations for carp gudgeon
and unspecked hardyhead.

Carp gudgeon
October
Linear
Gompertz
von Bertalanffy
November
Linear
Gompertz
von Bertalanffy
December
Linear
Gompertz
von Bertalanffy
January
Linear
Gompertz
von Bertalanffy
Overall
Linear
Gompertz
von Bertalanffy
Unspecked hardyhead
October
Linear
Gompertz
von Bertalanffy
November
Linear
Gompertz
von Bertalanffy
December
Linear
Gompertz
von Bertalanffy
January
Linear
Gompertz
Von Bertalanffy
Overall
Linear
Gompertz
von Bertalanffy

2

SE

Parameters

R

AIC

0.4979
0.4123
0.4152

1
3
3

0.961

38.55106
30.37191
30.71770

0.3465
0.2871
0.2838

1
3
3

0.979

0.5941
0.6252
0.6041

1
3
3

0.9652

0.6773
0.6859
0.6564

1
3
3

0.967
0.970

63.63070
65.26364
62.71632

0.6189
0.6414
0.6168

1
3
3

0.9566
0.9538
0.9570

201.2039
209.6845
201.4455

0.9122
0.9312
0.9310

1
3
3

0.6833

75.58222
77.59459
77.58158

0.4581
0.4191

1
3

0.9689,

40.94695
36.69509

0.4488
0.4529
0.4551

1
3
3

0.9593

42.22946
43.71031
44.01155

0.6876

1

0.8781

74.95871

0.8097
0.8107

1
3

0.8552

296.2740
297.5723

0.974

0.986,

0.966
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22.59626
13.70173
13.10497
50.62958
54.17237
52.38985

November and January by the von Bertalanffy model, in October by a linear model and
in December by a Gompertz model. Unspecked hardyhead growth was best predicted
in November and January by a Gompertz model, and October and December growth
by a linear model. However, in many cases there were only minor differences in the fit
of the three models. There was no significant difference in growth rates across months
(Table 4.3).

Comparisons between the plots of predicted age and their associated residuals
indicated minimal difference in error among the three alternative growth models
(Figure 4.5 & 4.6). For carp gudgeon, the linear and Gompertz equations overestimated predicted age from length for the youngest, early staged larvae (Figure 4.5).
Given that the majority of larvae collected during the 2005-06 spawning season were
early-stage larvae (yolksac and protolarvae), it was decided that the Gompertz model
was the most suitable model for fitting monthly age-length relationships for both carp
gudgeon and unspecked hardyhead. For simplicity, and because there was minimal
difference in the error associated with the use of the Gompertz model and the model
of best fit as determined by AIC, the Gompertz model was used to determine age from
length for all months and species (Table 4.3). The use of the Gompertz growth curve to
describe growth in larval freshwater fish is common (Campana and Jones 1992,
Miranda and Bettoli 2007), and has become the most frequently fitted model with
respect to fish larvae (e.g. Lough et al. 1982, McGurk 1987, Narimatsu and Munehara
1999, Otterlei et al. 1999, Quinonez-Velazquez et al. 2000, Humphrey et al. 2003,
Nielsen and Munk 2004, Klimogianni et al. 2004, Tonkin et al. 2008). Overall, predicted
age fell within 4 days of the actual age, as determined by the number of growth
increments, and the first is a hatch check, for both carp gudgeon and unspecked
hardyheads for all months (Figure 4.5 & 4.6). To reduce the effect of the variance
surrounding the age estimates, the variability of age estimates can be reduced by
grouping larvae into multi-day cohorts (Crecco and Savoy 1985, Campana and Jones
1992). Here, cohorts were defined as all larvae hatching within 4 days of each other.
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Figure 4.5: Monthly scatter-plots of residuals against predicted age based on linear, Gompertz
and von Bertalanffy growth functions for carp gudgeon larvae and early juveniles for a)
October, b) November, c) December and d) January.
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Figure 4.6: Monthly scatter-plots of residuals against predicted age based on linear, Gompertz
and von Bertalanffy growth functions for unspecked hardyhead larvae and early juveniles for
a) October, b) November, c) December and d) January. Note: in Oct, Nov and Jan von
Bertalanffy models did not converge.
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Table 4.3: Gompertz growth parameters derived from length at age data for the larval and
early juvenile phase of carp gudgeon and unspecked hardyhead. n is the sample size. Bold =
significant parameters.

L

s.e

k

s.e

Carp gudgeon
October
November
December
January
All months

13.58
92.23
19.13
19.90
31.98

1.03
117.50
4.34
2.25
14.84

0.05
0.013
0.038
0.041
0.022

0.007
0.007
0.011
0.006
0.008

5.81
81.56
14.47
13.73
29.34

1.49
75.33
6.54
3.12
20.17

Unsp.
hardyhead
October
November
December
January
All months

19.35
92.22
21.44
19.90
19.85

25.57
117.50
4.32
2.25
1.92

0.029
0.013
0.034
0.041
0.037

0.041
0.007
0.008
0.006
0.004

13.91
81.56
13.93
13.74
15.18

46.76
75.33
6.15
3.12
2.88
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t0

s.e

4.3.2 Ontogenetic development and time till metamorphosis
Despite there being little difference in growth rates of larvae over the spawning
season, the length of larval duration for carp gudgeon and unspecked hardyhead
decreased with the progression of spawning season (Figure 4.7). This trend was more
pronounced in unspecked hardyhead than in carp gudgeon. In October and November
the majority of hardyhead larvae had reached juvenile metamorphosis by 21 and 22
days, respectively, in December metamorphosis was reached by 19 days, and January
it was reached by 15 days (Figure 4.7b). By comparison, in October, most carp
gudgeon larvae (75th quartile) had reached juvenile metamorphosis by 23 days, and in
November, December and January it took 21, 20 and 19 days, respectively (Figure
4.7a).

4.3.4 Detecting a critical period
Individual cohort survival analysis
Twenty-five carp gudgeon cohorts that hatched between 10 Oct 2005 and 28 Jan 2006,
and seventeen unspecked hardyhead cohorts that hatched between 16 Nov 2005 and
28 Jan 2006 were followed throughout their larval development until 24 days old.
Twenty-two out of 25 carp gudgeon cohorts could be tested for constant or nonconstant mortality (Table 4.4). AIC indicated that all 22 cohorts were best fitted by the
Weibull or asymptote algorithms. Mortality rates for carp gudgeon were therefore not
constant with age, being greatest during the first 6-8 days post hatch (Figure 4.8). This
time of high mortality generally encompassed the yolksac (1-2 days) through to the
end of the protolarvae phase (3-8 days), after which mortality rates remained
relatively low and constant up until juvenile development. Twelve unspecked
hardyhead cohorts could be tested for constant or ages-specific mortality. AIC
indicated that mortality was constant across the larval phase for 6 cohorts (i.e., the
linear model provided the best fit), while the remaining 6 cohorts showed evidence of
age-specific mortality (with Weibull or asymptote algorithms providing the best fit Table 4.5).

For the unspecked hardyhead cohorts that experienced changing mortality rates with
age, there was less contrast between the periods of high and low mortality than for
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Figure 4.7: Monthly frequency box-plots of age (days) of each developmental stage for a) carp
gudgeon and b) unspecked hardyhead.
= October born larvae,
= November born larvae,
= = December born larvae, and = January born larvae. YS= yolksac protolarvae,
PL=protolarvae, FL=flexion, PF= post flexion, and ML = metalarvae.
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Table 4.4: AIC results for the alternative models of mortality during the larval phase of carp
gudgeon for each 4d cohort; linear (constant mortality), asymptote (non-constant mortality)
and Weibull (non-constant mortality) functions. Data loge(x+1) transformed. Bold=model of
best fit. C.P = critical period, where Y=yes, N=no, ?= undetermined.

Cohort
c1
c2
c3
c4
c5
c6
c7
c8
c9
c10
c11
c12
c13
c14
c15
c16
c17
c18
c19
c20
c21
c22
c23
c24
c25

Hatch date
10-13 Oct
14-17 Oct
18-22 Oct
23-27 Oct
28-2 Oct
3-7 Nov
8-11 Nov
12-15 Nov
16-19 Nov
20-23 Nov
24-27 Nov
28-2 Dec
3-7 Dec
8-11 Dec
12-15 Dec
16-19 Dec
20-23 Dec
24-28 Dec
29-1 Jan
2-6 Jan
7-10 Jan
11-14 Jan
15-18 Jan
19-23 Jan
24-28 Jan

Constant Mortality
Linear
AIC
ΔAIC
SE
37.367
0.000 0.979
45.734
0.000 1.388
38.421
-13.13 1.023
38.340
0.000 1.020
39.108 -11.247 1.053
39.827 -29.978 1.085
29.416
-9.795 0.703
31.098
-3.449 0.754
32.372 -15.190 0.795
39.786 -11.678 1.083
41.621 -15.010 1.169
44.409 -22.400 1.313
38.318
-1.353 1.019
43.667
-9.443 1.273
46.914
-9.937 1.458
48.677
-5.847 0.965
46.588
-2.038 1.438
38.265 -10.548 1.017
50.761 -32.065 1.711
53.270
0.000 1.900
47.046
0.000 1.466
45.854 -16.851 1.395
46.719 -13.151 1.466
39.149
-4.690 1.055
42.580
-8.207 1.217

AIC

Non-constant mortality
Asymp
Weibull
ΔAIC
SE
AIC
ΔAIC

35.291

0.000

0.871

27.861
13.429
19.651
27.649
17.182
28.108
26.611
22.009
36.965
34.224
36.977
42.830
48.626
30.599
26.727

0.000
-3.580
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
-2.882
-8.031

0.639
0.350
0.454
0.634
0.409
0.646
0.607
0.501
0.934
0.833
0.934
1.193
1.500
0.716
0.609

32.003
33.568
34.459
34.373

0.000
0.000
0.000
0.000

0.759
0.811
0.841
0.838
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SE

30.793
9.849

-2.932
0.000

0.705
0.294

18.489

-1.307

0.422

27.321
23.903

-0.710
-1.894

0.610
0.529

38.970

-1.993

0.991

27.717
18.696
23.501
12.343
33.888

0.000
0.000
0.000
0.000
-1.885

0.620
0.426
0.520
0.327
0.801

36.456

-1.997

0.892
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Y
Y
Y
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Figure 4.8: Individual cohort survivorship curves for larval carp gudgeon, based on the pooling
of larvae across the four sampling reaches in the Lindsay River during the 2005-06 study
period. Data loge (x+1) transformed. Dotted line represents Weibull function (non-constant
mortality model), solid line represents asymptote function (non-constant mortality model),
and dashed line represents linear function (constant mortality model).
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Table 4.5: AIC results for the alternative models of mortality during the larval phase of
unspecked hardyhead for each 4d cohort; linear (constant mortality), asymptote (age-specific
mortality) and Weibull (age-specific mortality) functions. Data loge(x+1) transformed.
Bold=model of best fit. C.P=critical period, where Y=yes, N=no, ?=undetermined.

Cohort
c9
c10
c11
c12
c13
c14
c15
c16
c17
c18
c19
c20
c21
c22
c23
c24
c25

Hatch date
16-19 Nov
20-23 Nov
24-27 Nov
28-2 Dec
3-7 Dec
8-11 Dec
12-15 Dec
16-19 Dec
20-23 Dec
24-28 Dec
29-1 Jan
2-6 Jan
7-10 Jan
11-14 Jan
15-18 Jan
19-23 Jan
24-28 Jan

Constant Mortality
Linear
AIC
ΔAIC
SE
20.19
4.477 0.55
21.272 2.288 0.581
23.381 0.000 0.645
32.997 5.884 1.043
24.238
0.673
19.136
0.522
11.191 0.000 0.351
16.557 1.079 0.459
22.890
0.629
25.714 0.136 0.797
33.580 5.262 1.074
28.628
0.839
31.056
0.947
35.155 0.000 1.162
40.707 0.000 1.534
38.113 0.000 1.348
24.946 0.000 0.698

Age – specific mortality
Asymp
Weibull
AIC
ΔAIC
SE
AIC
ΔAIC
SE
15.713 0.000 0.4157
18.984 0.000 0.5009
23.550 0.169 0.6293
27.113 0.000 0.735

15.478

0.000

0.420

28.318

0.000

0.7988

36.896
42.066
38.274
26.198

1.741
1.359
0.161
1.252

1.227
1.588
1.314
0.718

100

12.850

1.659

0.3602

25.578

0.000

0.6807

C.P
Y
Y
N
Y
?
?
N
Y
?
Y
Y
?
?
N
N
N
N

carp gudgeon, however, periods of higher mortality generally extended from 4 to 8
days for such cohorts (Figure 4.9). This generally encompassed the entire protolarvae
phase (approx. 5-8 days) for the majority of hardyhead larvae sampled (Table 4.5).

Individual vs. population derived mortality estimates
In some cases, population based survival analyses provided different results to that of
individual cohort survival analysis in relation to the detection of critical periods. For
carp gudgeon, the pooling of all data spatially and temporally had no effect on the
detection of a critical period (Figure 4.10a). In contrast, the pooling of the unspecked
hardyhead data spatially and temporally resulted in no –age-specific mortality being
detected for the species (Figure 4.10b).

4.3.5 Age-specific mortality rates
Mean cohort age-specific mortality rates for carp gudgeon and unspecked hardyhead
revealed contrasting patterns between the two species (Figure 4.11). Mean carp
gudgeon instantaneous mortality rates (Z) peaked at 1.5 (max=3.84) for 1-2 day-old
larvae, at which time they declined exponentially with age to 0.02 at 23-24 days old
(min <0.01) (Figure 4.11a). Changes in mean unspecked hardyhead Z with age were
less pronounced; maximum Z occurred at 5-6 days (mean=0.30), when it continued to
slowly decline to 0.11 from 19-24 days old (Figure 4.11b). Mean Z was lower in
unspecked hardyhead than carp gudgeon early on in development, but beyond 9-10
days old, hardyhead mortality rates exceeded those of carp gudgeon until
metamorphosis.

These patterns were also reflected in daily mortality rates; with the highest daily
mortality rates experienced by carp gudgeon at 3-4 (81%.d-1), 5-6 (76%.d-1) and 7-8
(58%.d-1) days old (Figure 4.11c). By 17-18 days old, daily mortality rates were less than
10%.d-1, where they remained until 24 days old (mean age at metamorphosis).
Hardyhead daily mortality rates were much more stable, ranging between 41%.d -1 (7-8
days old) and 37%.d-1 at 24 days old (Figure 4.11d).

101

Mean overall mortality for carp gudgeon for the entire larval phase was 99.4 ± 0.4 %
(Figure 4.11e). Mean cumulative mortality for unspecked hardyhead larvae from 3-4
days until 24 days was 97.4 ± 1.4 % (Figure 4.10f). Within the same time frame, carp
gudgeon experienced 82.9% mortality. Based on estimated numbers of 1-2 day old
hardyhead larvae, overall mortality for unspecked hardyhead for the entire larval was
estimated to be 96.8%.
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Figure 4.9: Individual cohort survivorship curves for larval unspecked hardyheads, based on
the pooling of larvae across the four sampling reaches in the Lindsay River during the 2005-06
study period. Data loge (x+1) transformed. Dotted line represents Weibull function (nonconstant mortality model), solid line represents asymptote function (non-constant mortality
model), and dashed line represents linear function (constant mortality model).
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a) Carp gudgeon

b) Unspecked hardyhead

Figure 4.10: Population based survivorship curves for a) carp gudgeon and b) unspecked
hardyhead. Data based on the sum of all cohorts combined. Dashed grey line represents linear
equation (constant mortality), black solid line represents the weibull equation (non-constant
mortality). Data loge(x+1) transformed.
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Figure 4.11: Mean cohort (±2S.E) instantaneous mortality rates (-Z) of; daily mortality rates
(Mdaily) and cumulative survival (%) of carp gudgeon (n=22) and b) unspecked hardyhead larvae
(n=12) during their 1st 24 days of life. (-Z) is the gradient of the survival curves at each age
(days).

105

4.4 Discussion
4.4.1 Evidence of age-specific critical periods
The critical period hypothesis and its purported link to the switch from endogenous to
exogenous feeding is a central tenet of recruitment ecology. Despite this, few studies
have sampled the early life stages of fish at appropriate temporal and spatial scales to
test this hypothesis effectively (May 1974, Li and Mathias 1982, Fortier and Leggett
1985, Chambers et al. 2001). Those which have followed individual cohorts through
the majority of their larval phase have found evidence of critical periods in some
species (e.g. American shad, Alosa sapidissima - Crecco et al. 1993; freshwater dace,
Leuciscus leuciscus – Mills 1982), but not in others (freshwater drum, Aplodinotus
gruniens – Cada & Hergenrader 1980; Pike, Esox lucius – Bry et al. 1995; white crappie,
Pomoxis annularis, or black crappie, Pomoxis nigromaculatus – Bunnell et al. 2003).

A lack of a suitable, standardised methodology and analytical approach for testing this
hypothesis makes comparisons across species difficult. However, species differences in
expression of critical periods may be closely linked with early life history traits, with
variability in these traits leading to variability in the presence/absence of a critical
period.

In the present study, changes in abundance-at-age data for individual cohorts were
sampled at small temporal (2 day) and spatial (10 km) scales. It was found that the two
study species, carp gudgeon and unspecked hardyhead, exhibited different responses
in relation to age-specific mortalities. Carp gudgeon showed strong evidence of a
critical period, with all 24 cohorts having best fit with a non-linear mortality curve.
Mortality rates were greatest for larvae aged 3-6 days old, which coincided with the
timing of first exogenous feeding. In contrast, evidence of a critical period was also
detected in unspecked hardyhead, and this also coincided with the transition to
exogenous feeding, but this pattern was only detected in half of the cohorts followed.
For the remaining cohorts, the linear model fit best, suggesting mortality rates
remained constant throughout their larval development.
Here, as in previous studies, whether or not a fish displays evidence of a critical period
is determined by the comparison of its best-fit survivorship curve with an arbitrarily
defined (statistical) boundary described by some mid-point between competing
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models. The apparent inconsistency of model choice for unspecked hardyhead cohorts
may therefore be because the best-fit survivorship curve for this species resembles
closely the arbitrary centreline between linear, asymptotic and Weibull functions.
Thus, because the unspecked hardyhead survivorship curve has a less pronounced
inflexion (i.e. deviation from linearity) than does the carp gudgeon survivorship curve,
there exists some confusion as to whether or not the unspecked hardyhead does
indeed have a critical period during larval development. It follows that rather than
conclude in absolute terms about the presence or absence of a critical period for a fish
species; it may be more pertinent to refer to the ‘degree’ or ‘severity’ of mortality
exhibited by individual species during a critical period.

4.4.2 Influence of early life history traits on age-specific mortality
In accordance with other studies, differences in early life history traits might explain
the differences in the severity of mortality rates of these carp gudgeon and unspecked
hardyhead at first feeding. Specifically, two traits, i) the presence/absence of overlap
between endogenous and exogenous feeding and ii) development and size at hatch,
are proposed to play a large role in the species-specific patterns observed.

For fish to begin successfully feeding exogenously, they must learn how to detect,
strike and digest their food (Miller et al. 1992). The importance of learning these
behaviours successfully by first feeding larvae has been well documented (Fuiman and
Higgs 1997, Fuiman and Cowan 2003). Capture success has been shown to improve
significantly within days of the switch from endogenous to exogenous feeding for a
variety of species (Johnson and Mathias 1994, Chesney 2008). It follows that higher
mortality rates are expected at the onset of this learning phase (Vladimirov 1975,
Blaxter 1986, Laurel et al. 2001) and this appeared to be the case for both carp
gudgeon and unspecked hardyhead larvae in this study.

There have been few studies which have investigated the development of either carp
gudgeon or unspecked hardyhead around the time of the transition from endogenous
to exogenous feeding (Lake 1967a,b, Llewelyn 1979). For carp gudgeon, however,
previous observations made on the spawning events of these fish in aquaria suggest
that there is no overlap between endogenous and external feeding (Lake 1967a). In
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the present study, carp gudgeon generally retained their yolksac for the first 1-2 days
post hatch. With the exception of those sampled in October, by the 3rd day, the
majority of individuals had exhausted their yolksac, but remained as protolarvae until
6-8 days of age. In contrast, the onset of exogenous feeding occurs prior to the
exhaustion of yolksac reserves in unspecked hardyhead (Llewelyn 1979, Pusey et al.
2004). Llewelyn (1979) documented a transitional overlap between endogenous and
exogenous feeding which lasted for 3-5 days before unspecked hardyhead larvae
began feeding solely on external food sources. Thus, because their early survival is less
dependent on the success of initial, largely inefficient attempts at prey capture,
hardyhead larvae would be more likely to experience lower mortality rates than carp
gudgeon under the same environmental conditions. The observed difference in the
severity of inflexion of survivorship curves in the current study supports this.

Differences in development at hatch may also contribute to the higher mortality rates
experienced by carp gudgeon than unspecked hardyhead. At hatch, carp gudgeon
larvae are small (1.5 – 2.1 mm) and poorly developed (Lake 1967b). Larvae are
transparent, their eyes unpigmented, jaws not developed or capable of feeding, and
their pectoral fins have not yet formed (Anderson et al. 1971, Lake 1976b). Unspecked
hardyhead larvae are much larger at hatch (~5 mm). Upon hatching they are well
developed, their eyes are pigmented, and the jaw is ossified and fully functioning
(Pusey et al. 2004) making them more likely to be successful at capturing and ingesting
prey at an earlier age (Figuieroa-Lucero et al. 2004). As a result, unspecked hardyhead
may be less vulnerable to starvation during the time of first feeding when compared to
carp gudgeon.

The effect of size of individuals on mortality rates has also been well documented for a
variety of organisms, including fish (Pepin 1993), birds (Low and Part 2009), mammals
(Sibly and Brown 2009), and invertebrates (Remmel and Tammaru 2009). For fish,
larger conspecifics have generally been shown to have lower energy demands per unit
mass (Post and Lee 1996, Jonas and Wahl 1998), and have proportionally greater
energy stores (Post and Evans 1989). Swimming ability, which for larval fish is
advantageous for predator avoidance (Purcell et al. 1987) and prey capture success
(Letcher and Rice 1997), also increases with body size. Previous studies investigating
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the role of size at hatch on early larval dynamics have also shown that fish that are
larger at hatch take longer to absorb their yolksac, are able to commence exogenous
feeding earlier, and take longer to reach irreversible starvation (Miller et al. 1988).
Furthermore, Fuiman and Werner (2002) suggest that species that produce small eggs
do not have the advantage of large, well developed larvae at hatching. Instead, such
species improve their chances of having offspring which survive through a
reproductive age by producing more eggs.

It is therefore axiomatic that species such as carp gudgeon, that produce large
numbers of comparatively small eggs and are poorly developed at hatch, would be
expected to experience greater mortality over the first few days post-hatch than
species like unspecked hardyhead, which are less fecund but produce larger eggs. The
resulting more pronounced (or ‘severe’) inflexion of the survivorship curves of carp
gudgeon more likely conform to a non-linear model, and can be less equivocally
described as having a critical period than the less numerous, larger, and better
developed unspecked hardyhead.

Thus, the presence or absence of an overlap in endogenous and exogenous feeding,
and the level of development at hatch will likely both have a strong influence on the
strength of the inflexion exhibited in survivorship curves for different species, and this
largely explains the differences found between the severity of inflexion in the
survivorship curves of carp gudgeon and unspecked hardyhead in the present study.
However, whilst feeding and predation-related factors – both extrinsic in nature - are
possible causes for a critical period, intrinsic factors may also play a role (Vladimirov
1975, Li and Mathias 1987).

4.4.3 The importance of scale in detecting critical periods
Historically, mortality estimates of fish during their early life stages have been from
derived data obtained over large temporal (weeks, months) and spatial scales (50-100
km). In the present study it was shown such approaches can be misleading and
insensitive to changes occurring at finer temporal and spatial scales. While population
abundance-at-age data still detected evidence of a critical period in carp gudgeon, this
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approach failed to detect changes in age-specific mortality rates associated with
unspecked hardyhead larval development.

For species such as carp gudgeon, which appear to be pre-disposed to high rates of
mortality at a particular age regardless of environmental condition, temporally coarse
studies may still detect changes in age-specific mortality rates. However, for other
species, such as unspecked hardyhead, deriving mortality rates from catch curves
based on the relative abundance of ages pooled across an entire season will mask the
variation in mortality occurring at potentially vulnerable ages or developmental stages.
This mismatch between the scale of study and the scale of the process being
investigated has been highlighted previously as a major limitation to studies
investigating evidence for the critical period hypothesis in field studies (May 1974,
Dahlberg 1979, Chambers et al. 2001). Given the determination of the presence or
absence of a critical period lies heavily on both model selection and sampling protocol,
it may be that the more ecologically appropriate question to ask may not be so black
and white as to ask if there is there a critical period, but rather, what are the factors
associated with variation in age-specific mortality rates both within cohorts, and across
cohorts? Identifying the causal mechanisms behind the variation in mortality across
cohorts during the 2005-06 spawning season will be the focus of Chapter 6.

4.4.4 Further research
Mortality during the egg and yolksac larvae phases of development was not estimated
in the present study. However, such information would provide important perspective
on the relative importance of the mortality rates observed in the present study
(Uphoff 1989).

The critical period hypothesis postulates that there is a time during the early life stages
of fish during where mortality rates are unusually high, and that it is at this stage that
year-class or cohort strength is determined (Hjort 1914, May 1974). In fact, it is
possible for critical periods to exist during the early life stages of development, but not
be the cause of recruitment variation (Marr 1956). This can occur if the critical period
is not immediately proceeded by low, constant mortality rates (Marr 1956), or if the
critical period is proceeded by density-dependent mortality at later life stages (Houde
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1987, Kimmerer et al. 2000). Based on the characteristics of the cohort survivorship
curves of the two study species, it is predicted that carp gudgeon recruitment may be
largely determined by the extent of mortality occurring during the critical period,
whereas for unspecked hardyhead, recruitment strength will be more likely
determined by mortality rates over the whole larval period. This hypothesis will be
investigated in the following chapter.

4.4.5 Concluding remarks
The current chapter has provided insight into the mortality of individual cohorts of 2
species as they develop from yolksac larvae to juveniles. For flexible spawners, such as
carp gudgeon and unspecked hardyhead, multiple cohorts appear consistently
throughout the spawning season, which can last up to 6-8 months (Vilizzi et al. 2007).
Seasonal changes in environmental conditions over these time spans can have
important consequences for survival and recruitment strength of cohorts. Hatch date
(Wright and Bailey 1996, Sanchez-Ramirez and Flores-Coto 1998, Pine et al. 2000,
Durham and Wilde 2005), along with temperature-induced changes in growth and
ontogenetic development rates are considered to be major determinants of mortality
rates and recruitment strength (Jonas and Wahl 1998, Miller et al. 1998, Mittelbach
and Chesson 1987, Werner et al. 1983, Werner and Gilliam 1984, Nielsen and Munk
2004). Understanding the role of intra-seasonal influences on carp gudgeon and
unspecked hardyhead cohorts during the 2005-06 spawning periods forms the focus of
the following chapter.
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Chapter 5: Intra-seasonal influences on survival and
recruitment: the importance of hatch date, development,
critical periods and density-dependent processes.
5.1 Introduction
Timing of reproduction in most organisms has evolved to maximise the probability that
offspring will have the necessary resources for survival (Mathews 1998). For many fish
species, the timing of reproduction is strongly linked to seasonal cycles in food
availability (Cushing 1990), flow (Junk et al. 1989), seasonal rainfall (Reardon and
Chapman 2008), and, as illustrated in Chapter 3, temperature and photoperiod.

In freshwater environments, conditions can be extremely variable over space and time,
making synchronisation of reproduction with optimum conditions for offspring survival
difficult. Fish occupying such variable environments commonly exhibit “bet-hedging”
reproductive strategies, whereby reproductive output is spread over an extended
period (i.e. months) in order to increase the chances that at some stage throughout
the spawning season, a proportion of the offspring produced will encounter conditions
conducive for survival (Winemiller and Rose 1992, 1993, Humphries et al. 2002).
Previous studies that have compared hatch date distributions of newly hatched larvae
over protracted spawning seasons to the hatch date distributions of recruits have
rarely shown recruitment to be proportional to intra-seasonal reproductive effort
(Wright and Bailey 1996, Sanchez-Ramirez and Flores-Coto 1998, Pine et al. 2000,
Durham and Wilde 2005, Fox et al. 2007, Humphries et al. 2008). These findings
highlight the temporal variability of survival across larval cohorts, and the importance
of intra-seasonal dynamics in shaping recruitment.

Previous research devoted to understanding the causal mechanisms behind intercohort differences in survival of larvae have identified a number of contributing
factors, including hatch date (Narimatsu and Munehara 1999, Powell et al. 2004,
Garvey et al. 2002), developmental rate (including growth rate - Dey 1981, Sirois and
Dodson 2000, Pine & Allen 2001, Bartyl and Keckeis 2004, Nielsen and Munk 2004,
Griffiths and Harrod 2007; and ontogeny - Hare and Cowan 1997), and density113

dependent mortality (Taggart & Leggett 1987, Elliot 1990, Myers & Cadigan 1993, Halls
et al. 2000, Kimmerer et al. 2000, Myers 2001). The relative importance of these
factors has, however, rarely been investigated. Furthermore, the potential interaction
of these inter-cohort mechanisms with intra-cohort differences in age-specific
mortality (Chapter 4), have not previously been evaluated.
5.1.1 Importance of hatch date
Hatch date can have both delayed and immediate effects on larval mortality and
recruitment. Delayed effects relate to the proximity of hatch date to winter, a time
when mortality rates can be high due to low food conditions (Matthews 1998). In
regard to the relationship between hatch date and delayed mortality, early hatched
larvae are generally considered to have a survival advantage, as they can maintain a
size advantage over later-hatched fish resulting in greater lipid accumulation, thus at
less risk over-winter mortality (Wright and Bailey 1996, Sanchez-Ramirez and FloresCoto 1998, Pine et al. 2000, Durham and Wilde 2005, Fox et al. 2007). In regard to the
relationship between hatch date and immediate survival, there is little agreement.
Some studies have reported greatest survival of offspring spawned early in the season
(Cargnelli and Gross 1996, Ludson and DeVries 1997, Pine et al. 2000), in the middle of
the season (Rooker et al. 1999), and late in the season (Rice et al. 1987a, Limburg et al.
1999, Voss et al. 2006). The underlying causes for intra-seasonal differences in
immediate survival is unclear, but likely to relate to changes in environmental
conditions (Cushing 1990), growth rate and time to metamorphosis (Limburg and Ross
1995), competition (Garvey and Stein 1998), and maternal provisioning (Taylor &
Miller 1990, Goodgame and Miranda 1993, Cardinale and Arrhenius 2000).

5.1.2 Importance of developmental rate
There have been many studies which have documented a positive relationship
between larval growth rate, hatch date and survival (Gallego et al. 1999, Nielsen and
Munk 2004) There has, however, been little attempt to assess hatch date
independently of growth rate. Given that growth rates (mm.day-1) of carp gudgeon and
unspecked hardyhead did not change throughout the 2005-06 spawning period
(Chapter 4), this study provides an opportunity to investigate the role of hatch date
independently of growth. For example, it is hypothesised that if growth rate was a
114

stronger determinant of cohort survival than hatch-date per se, there would be no
significance difference in overall survival rates across months.

Development of individuals through the larval phase involves two main processes:
growth and ontogeny. Growth gives rise to modification of a prior function, and is
usually expressed in relation to addition of length, or weight (Isely and Grabowski
2007). In contrast, ontogeny results in the appearance of new features or substantial
reorganization or loss of existing ones (Fuiman and Higgs 1997). As a consequence,
ontogeny gives rise to developmentally novel behaviours or physiological capabilities
important for feeding, habitat selection and predator avoidance (Balon 1986).

It is generally accepted that slow growth rates prolong the time spent in vulnerable
size-classes and thus, increase the likelihood of mortality (Werner et al. 1983, Werner
and Gilliam 1984, Jonas and Wahl 1998, Miller et al. 1988). However, the use of length
as a determinant of development-at-age ignores the potential for variation in
ontogenetic state at any give size. For example, it may be possible that individuals that
are quicker to reach a particular ontogenetic state, or do so at smaller size, may be
those that contribute disproportionately to recruitment. Compared with growth, the
progress of ontogeny and its importance for survival and recruitment is poorly
understood. The consideration of growth and ontogeny as separate processes will
provide a much greater understanding of the early life dynamics of fish (Fuiman and
Higgs 1997).

In Chapter 4, it was found that the growth rate and ontogenetic state of unspecked
hardyhead decoupled over the 2005-06 spawning season. While growth remained
relatively constant over the study period, the time taken for larvae to reach juvenile
metamorphosis was reduced from approximately 25-26 days to 15-16 days. The 200506 spawning season therefore provides an important opportunity to investigate the
importance of ontogenetic developmental rate on survival, independent of growth
rate. It is hypothesised that if the rate of ontogenetic development plays a more
important role in determining overall survival rates than growth rate or size, then
survival for late.
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5.1.3 Importance of density-dependent mortality and critical periods
Populations are regulated by one of two major processes: density-independent factors,
and density-dependent factors. Density-independent factors are those which affect
mortality rates independently of population density, whereas density-dependent
factors are those that affect population size over time that are themselves affected by
the abundance of individuals, such as juvenile and adult survival (e.g predation, spread
of disease, food availability), breeding success (interference, competition for mates
and spawning sites), growth and recruitment (food availability, predation), as
described more thoroughly by Krebs (2009). Knowledge of density-dependence is
essential for fisheries management (Frank and Leggett 1994), and there has been
much debate as to whether mortality during the larval phase is governed by densityindependent or density-dependent mechanisms. Whereas laboratory, pond and
mesocosm experiments frequently show survival to be related to density-dependent
processes, the detection of density-dependent mortality in field populations has been
scant (Ware 1975, Rothschild 1986, Taggart and Leggett 1987, but see McFadden et al.
1967, Elliot 1984, Elliot 1985). Taggart and Leggett (1987) propose that the reason for
this lack of evidence is because, even if density-dependent population regulation
exists, it is easily obscured by the statistically dominant density-independent effects of
abiotic factors (Sissenwine 1984). Identifying the relative importance of densitydependent and density-independent mortality during the larval phase may provide an
insight into the causal mechanisms behind the mortality observed in the species
investigated in this study.

In Chapter 4 it was found that cohorts of carp gudgeon and unspecked hardyhead
experienced periods of high mortality early on in their development. However, the
importance of ‘critical period’ mortality for cohort recruitment strength is not known.
According to the traditional view of the critical period hypothesis, critical periods may
be the causal mechanism behind recruitment variation when resources are un-limited
(e.g abundance of food items), but they may also have the potential to dampen
recruitment variability due to density-dependent processes (e.g competition for food
items).
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For example, cohorts with high numbers of newly hatched larvae may experience
greater mortality rates during the critical period than cohorts with lower numbers of
newly hatched larvae, if resources such as food or space are limited. Such densitydependent mitigated recruitment has been observed in many reef fishes during the
critical ‘settlement’ phase of newly metamorphosed juveniles (Steel 1997). Whilst few
studies have provided evidence of critical periods in freshwater fish, even fewer have
investigated their role in dampening, or creating variability in recruitment strength of
fish populations.

In Chapter 3 it was shown that the reproductive output of protracted spawners was
highly variable in the 2005-06 Lindsay River spawning season. Chapter 4 revealed that
cohorts of larvae born throughout the 2005-06 spawning season experienced different
rates of mortality, suggesting the importance of intra-seasonal effects on survival.
Furthermore, individuals within and between cohorts, were not equally susceptible to
mortality. The presence of a critical period in carp gudgeon, and to a lesser extent in
unspecked hardyhead, showed that younger, less developed larvae were more likely to
die than older, more developed larvae. In this present chapter, I aim to identify the
intra-seasonal mechanisms which may be responsible for these mortality patterns.

The primary objective of this chapter is to determine if overall survival rates of carp
gudgeon and unspecked hardyhead during the larval phase is related to hatch date,
developmental rates, and/or density-dependent factors. Furthermore, this chapter
evaluates the potential ecological significance of the critical period, and investigates
the relationship between mortality rates during the critical period and the number of
individuals reaching juvenile metamorphosis.

More specifically, this chapter asks the questions i) what are the stage-specific
mortality rates carp gudgeon and unspecked hardyhead experience during the larvae
phase? ii) Do larvae born at a particular time in the season confer an advantage over
larvae born at other times in the season? iii) Do cohorts with faster ontogenetic
development have lower mortality rates? iv) Is mortality density-dependent? And
finally, v) what is the ecological significance of the critical period in carp gudgeon and
hardyhead?
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5.2 Methods
5.2.1 Field sampling
Carp gudgeon and unspecked hardyhead larvae were collected from the Lindsay River
as described in section 2.3. Briefly, larvae were collected at night (approx. 2300-0200
h) using modified quatrefoil light traps. Sampling was conducted at four reaches in the
Lindsay River, with three light traps deployed for 1.5 h at each reach on every second
evening from 8 October 2005 to 8 February 2006. Samples were preserved in 90 %
ethanol and taken back to the laboratory for further processing. All larval and juvenile
fish were identified and measured (TL mm) with a dissecting microscope and ocular
micrometer. Lengths were measured to 0.1 mm. Based on their morphological
development, larvae were classified as being yolksac protolarvae, protolarvae, flexion,
post flexion, or juvenile/adults (refer to Table 2.5 for definitions). These classifications
were used as they describe the differences in larval development based on function
and morphological forms, important for discerning possible relationships between
mortality and larval susceptibility to surrounding environmental conditions. In the
previous chapter, survival curves were produced for 22 carp gudgeon and 13
unspecked hardyhead 4-d cohorts (see section 4.2.4 for details). The modelled
abundance-at-age data derived from these curves formed the basis of the mortality
estimates produced in the present chapter.

5.2.3 Stage-specific mortality rates
Stage-specific mortality rates were calculated for each cohort of carp gudgeon and
unspecked hardyhead for which survival curves were successfully fitted in Chapter 4.
Two mortality coefficients were calculated: Mstage and Mdaily. Mstage is the total percent
loss of individuals from the commencement of a development stage to
commencement of the proceeding developmental stage. To take into account that the
duration of developmental stages changed across months, M daily was also calculated to
provide an estimate of the daily percent loss of individuals within a particular
developmental stage. Mdaily was calculated as Mstage / T, where T is the number of days
within the stage. Mstage and Mdaily were calculated for protolarvae, flexion, post-flexion
and metalarvae developmental stages. Calculated mortality estimates for yolksac
protolarvae (YS) was beyond the scope of this study as I did not have any true estimate
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of the number of hatched/spawned larvae for cohorts (day 0). Cohorts were assigned
larval stage durations according to the month in which they were born.

5.2.4 Analysis of intra-seasonal effects on mortality
To investigate the influence of hatch date and ontogenetic/stage-duration on both i)
overall mortality rates and ii) mortality rates during critical period, cohorts were
divided into four monthly groups depending on their appearance throughout the
spawning period: October (Oct), November (Nov), December (Dec) and January (Jan).
Cohorts were grouped by month for this analysis given that growth rate determination
was also made by monthly groupings (Chapter 4).

Non-parametric equivalents to one-way analysis of variance (ANOVA) Kruskall-Wallace
tests were conducted to determine if there was any significant difference in overall
cohort mortality rates for each species across the four months; where month (Oct,
Nov, Dec, Jan) was the grouping variable and the dependent variables were i) initial
abundance of newly hatched larvae (YSL abundance), ii) overall cohort mortality rates
(%), and iii) number of survivors reaching juvenile metamorphosis.

Kruskal-Wallis tests were also conducted to determine if there were any significant
difference in mortality rates during the time of the critical period for each species
across the four months; where month was the grouping variable and the dependent
variables were i) instantaneous rate of mortality Z and ii) overall mortality (% lost) post
critical period. The time of the critical period was taken as 5-6 days and 7-8 days of age
for carp gudgeon and unspecked hardyhead, respectively (Chapter 4). Based on this,
the overall mortality post-critical period was calculated as the number of individuals
lost from the cohort up until 7-8 days and 9-10 days for carp gudgeon and unspecked
hardyheads, respectively.
Given growth rate (mm.day-1) was not found to change throughout the study period
(Chapter 4), it was hypothesised that if survival rates were strongly related to growth
rate, there would be no significant difference in the survival rates across month. If
ontogenetic development (stage-duration) had a significant effect on survival rates, it
was hypothesised that survival rates should decrease with time (month) during the
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spawning season. Since monthly differences in the time taken to juvenile
metamorphosis (LSDtotal) were more pronounced in unspecked hardyhead than carp
gudgeon, it was further hypothesised that the relationship between stage duration and
survival rates would be more pronounced for unspecked hardyhead.

5.2.5 Density-dependent mortality
Key-factor analysis was used to investigate the role of density-dependent processes in
shaping the mortality rates of carp gudgeon and unspecked hardyhead. Key-factor
analysis uses life-table data to estimate the contributions of mortality factors
operating at different developmental stages of an organism’s life cycle to overall
mortality (e.g. Varley and Gradwell 1960, Elliot 1984, 1985, 1994, Berven 1995, Bailey
et al. 1996, Noda et al. 1998, Jonsson et al. 1998). The factor that contributes the
most to variation in total larval mortality is called the ‘key-factor’ and is defined as the
component of the life cycle that causes major fluctuations in population size.

For this analysis, the population density is expressed on a logarithmic scale so that the
total mortality rate is the sum of the mortality rates between successive development
stages during the larval phase. Mortality rates were measured between the;

yolksac and protolarvae stage:
kYS=loge(number of yolksac larvae) - loge(number of protolarvae)

{5.1}

protolarvae and flexion stage:
kPL=loge(number of protolarvae) - loge(number of flexion larvae)

{5.2}

flexion and post flexion stage:
kFL=loge(number of flexion larvae)-loge(number of post-flexion larvae)

{5.3}

post-flexion and metalarvae:
kPF=loge(number of post-flexion larvae)-loge(number of metalarvae)

{5.4}

and metalarvae and number of metamorphosing larvae:
kML=loge(number of metalarvae)- loge(number of metamorphosing larvae)
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{5.5}

Total mortality-rate (K) was calculated as the sum of the mortality-rates between the
yolksac larvae and metamorphosis stages (K=kYS+kPL+kF+kPF+kML). To test for density
dependence, mortalities for the different life stages were plotted against the initial
density of the stage and tested for a significant relationship (Dempster 1975, Begon et
al. 1996). A significant, positive relationship, indicating high mortality when larvae are
abundant, was taken as evidence of density dependence. Mean log e abundance was
the independent variable to eliminate the potential bias inherent in relationships
between two variables from the same data source (Myers and Cardigan 1993).

5.2.6 Age of recruitment
The relationships between the number of individuals successfully reaching juvenile
metamorphosis and the number of individuals still alive at each 2-d age interval were
investigated using regression analysis in order to determine at what age recruitment
(to the juvenile stage) could be predicted.

R2 values ≥0.8 indicate that strong

recruitment forecasts of cohort strength (number of individuals reaching juvenile
phase) can be made. The incorporation of multiple cohorts provides a better
understanding of the recruitment processes of the two species.

5.3

Results

5.3.1 Stage-specific mortality rates
Total cohort-specific carp gudgeon mortality rates from the end of the yolksac
protolarval stage to metamorphosis ranged from 96.3-99.9% (mean=99.4±0.9%) during
the 2005-06 spawning period (Table 5.1). Mean Mstage and Mdaily mortality rates were
greatest for protolarvae and decreased with increasing developmental stage. Mean
daily mortality rates (% of cohort lost.day-1) for each stage were estimated as 21.2
%.day-1 for protolarvae, 11.2 %.day-1 for flexion, 5.8 %.day-1 for post-flexion, and 2.9
%%.day-1 for metalarvae.

Total cohort-specific unspecked hardyhead mortality rates from the end of the yolksac
proto-larval stage to metamorphosis ranged from 92.1-98.7% (mean= 96.8±2.08%)
(Table 5.2). Mstage mortality rates were more variable for unspecked hardyhead cohorts
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Table 5.1: Carp gudgeon stage-specific total and daily % mortality rates for the post-yolksac
developmental stages.

P rotolarvae
C ohort

F lexion

P os t-flexion

Total

Metalarvae

Ms tag e

Mdaily

Ms tag e

Mdaily

Ms tag e

Mdaily

Ms tag e

Mdaily

Mtotal (1-2d)

Mtotal (3-4d)

c3

92.4

46.2

71.8

9.0

1.4

0.2

0.0

0.0

97.88

97.88

c5

79.9

39.9

90.4

11.3

29.0

4.8

6.8

1.7

98.75

93.76

c6

98.8

16.5

0.5

0.1

0.0

0.0

0.0

0.0

98.77

89.99

c7

95.6

15.9

16.2

2.7

0.9

0.2

0.1

0.0

96.33

71.96

c8

91.8

15.3

72.6

12.1

39.3

9.8

27.8

6.9

99.13

97.56

c9

96.6

16.1

80.2

13.4

45.2

11.3

31.9

8.0

99.78

99.09

c10

99.0

16.5

83.2

13.9

44.0

11.0

28.1

7.0

99.94

99.51

c11

98.8

16.5

67.2

11.2

20.4

5.1

8.5

2.1

99.71

97.45

c12

99.4

16.6

64.0

10.7

15.5

3.9

5.5

1.4

99.81

97.43

c13

96.6

16.1

76.8

12.8

38.9

9.7

25.0

6.3

99.64

98.45

c14

98.8

16.5

70.2

11.7

23.4

5.8

10.4

2.6

99.76

97.87

c15

99.3

16.6

61.8

10.3

13.9

3.5

4.6

1.1

99.79

97.02

c16

99.8

16.6

40.4

6.7

3.4

0.9

0.6

0.2

99.89

94.74

c17

84.5

14.1

78.5

13.1

61.5

15.4

65.7

16.4

99.56

99.14

c18

89.2

14.9

97.7

16.3

44.4

11.1

2.1

0.5

99.86

99.82

c19

98.7

24.7

98.5

16.4

19.7

4.9

0.2

0.0

99.98

99.90

c20

99.9

25.0

84.7

14.1

14.4

3.6

2.4

0.4

99.99

98.28

c21

99.7

24.9

87.2

14.5

39.2

9.8

21.8

3.6

99.98

98.87

c22

98.2

24.5

68.1

11.3

9.9

2.5

2.3

0.4

99.48

92.30

c23

99.2

24.8

51.7

8.6

2.5

0.6

0.3

0.0

99.62

87.05

c24

95.5

23.9

75.2

12.5

21.7

5.4

8.8

1.5

99.20

94.33

c25

98.8

24.7

87.3

14.6

36.1

9.0

17.2

2.9

99.92

98.64

mean

95.9

21.2

69.3

11.2

23.9

5.8

12.3

2.9

99.4

95.5

s .d

5.3

8.2

24.2

4.0

17.7

4.4

16.0

4.0

0.9

6.2

c.v

0.1

0.4

0.3

0.4

0.7

0.8

1.3

1.4

0.0

0.1
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Table 5.2: Hardyhead stage-specific total and daily % mortality rates for the post-yolksac
developmental stages.
P rotolarvae

F lexion

P os t flexion

Metalarvae

Total

C ohort

Ms tage

Mdaily

Ms tage

Mdaily

Ms tage

Mdaily

Ms tage

Mdaily

Mtotal (1-2d)

Mtotal (3-4d)

c9

37.25

9.31

87.75

14.62

43.09

10.77

2.47

0.62

95.86

95.73

c10

80.58

20.15

77.10

12.85

45.42

11.35

34.38

8.59

99.49

98.41

c11

51.72

12.93

68.27

11.38

57.91

14.48

67.98
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than for carp gudgeon cohorts. Mstage was 54.3±21.3 % for unspecked hardyhead
protolarvae, peaking during the flexion stage (65.3 %) before decreasing to 48.4±17.3
% and 31.8±19.4 % for post-flexion and metalarvae stages respectively.

5.3.2 Intra-seasonal effects on mortality
Mean loge initial abundance of 1-2 day old larvae during the spawning period for carp
gudgeon and unspecked hardyhead ranged from 6.4-7.4 (raw abundance 615 -2710)
and 4.06-4.01(58-86), respectively (Figure 5.1a,b). Of the 22 carp gudgeon cohorts
followed from 1-2 days through to juvenile metamorphosis, three hatched in October
(early), five in November (early-mid), seven in December (mid-late) and seven in
January (late). Of the twelve unspecked hardyhead cohorts followed from 3-4 days
through to metamorphosis, four hatched in November (early), December (mid), and in
January (late). There was no significant difference in the initial size of carp gudgeon or
unspecked hardyhead cohorts across hatch month (p>0.05).

Non-parametric Kruskall-Wallace indicated that hatch date had a significant effect on
overall carp gudgeon mortality during the larval phase (K.W3=15.096, p=0.002) and the
number of individuals reaching metamorphosis (K.W3=9.740, p=0.021) (Figure 5.1a).
There was an increase in overall mortality rates from October through to December,
suggesting that early spawned larvae had an advantage over later spawned larvae
(Figure 5.1c). Mean number of survivors was also highest for cohorts born early in the
season (OCT: 3.38±1.64), and declined steadily over the spawning period (Figure 5.1e).
Mean (±2SE) number of survivors for the mid (NOV), mid-late (DEC), and late (JAN) was
1.91±0.67, 1.15±0.66 and 0.65±0.54, respectively. Based on these results, the
hypothesis that early hatched larvae had an advantage over later spawned carp
gudgeon larvae irrespective of growth rate or stage duration is supported.

No October spawned hardyhead cohorts were followed, leaving comparisons of the
influence of hatch date to be conducted for November (early), December (mid) and
January (late) (Figure 5.1b,d,f). Hatch date was not found to have significant effect on
overall hardyhead survival (%) (K.W2=2.522, p=0.283, Figure 5.1d) or the number of
individuals reaching metamorphosis (K.W2=2.497, p=0.287, Figure 5.1f). Based on
these results, the hypotheses that either i) early hatched larvae had an advantage over
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Figure 5.1: Monthly differences (±2S.E) in mean cohort total mortality, number of survivors
reaching juvenile metamorphosis, and initial abundance (loge(x+1)) of cohorts of carp gudgeon
and unspecked hardyhead. No October spawned unspecked hardyhead cohorts were followed,
leaving comparisons of the influence of hatch date for this species to be conducted for
November, December and January only.
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later spawned unspecked hardyhead larvae, and ii) that faster developing cohorts have
a greater survival advantage over slower developing larvae are not supported.

For carp gudgeon, there was no significant difference in mortality rate (Z) during the
time of the critical period over the four months (K.W3=3.323, p=0.344) (Figure 5.2a).
However, there was a significant difference in the cumulative mortality post critical
period during this time (K.W3=15.196, p=0.002) (Figure 5.2c). Mortality post critical
period was lowest for cohorts spawned early in the season (97.23±2.70), and increased
to 98.28±0.84, 98.89±0.68 and 99.92±0.02 for cohorts spawned mid, mid-late and late
season respectively.

Similar to patterns observed at the end of the unspecked hardyhead larval phase,
hatch date had no significant effect on either the instantaneous mortality rate at the
time of critical period (K.W2=1.533, p=0.465, Figure 5.2b), or the cumulative mortality
post critical period (10 days old) (K.W2=0.727, p=0.695 Figure 5.2d).

5.3.3 Density-dependent mortality
Only a small amount of the variance in mortality rates of carp gudgeon and unspecked
hardyhead could be explained by density-dependent relationships. Thirty-five and 27%
of the mortality that occurred during the flexion and metalarvae stages of carp
gudgeon, respectively, could be attributed to density-dependent processes (Flexion:
F1,18=9.654, p=0.006, R2=0.35; Metalarvae: F1,13=4.865, p=0.046, R2=0.27) (Figure
5.4). Mortality during the yolksac (F1,20=0.036, p>0.05), protolarvae (F1,19=0.029,
p>0.05) and post flexion (F1,12=2.162, p>0.05) stages were not significantly affected
by initial abundances; indicating mortality during these stages was instead driven by
density-independent factors.

A positive relationship was detected between mortality rate of unspecked hardyhead
and initial abundance of larvae at flexion stage, with abundances at the
commencement of this stage explaining 32% of variation in mortality (F 1,12=5.585,
p=0.036). The remaining relationships between kstage mortality rate and initial density
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Figure 5.2 Monthly differences (±2S.E) in mean mortality rate (Z) at the critical period for a)
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of the stage was not significant for the protolarvae (F1,14=2.291, p>0.05), post-flexion
(F1,12=3.199, p>0.05) or metalarvae stages (F1,9=1.925, p>0.05, Figure

5.3). This

suggests that mortality during these developmental stages was driven by densityindependent factors.

5.3.4 Age at recruitment
The relationship between the number of individuals entering the juvenile stage with
the number of survivors collected at each 2-d age interval were investigated in order
to determine at what age recruitment (to the juvenile stage) could be predicted.
Walters (1989) suggests that correlations of 0.8 are necessary for forecasts of yearclass (or cohort strength) to be useful. The results of the regression analysis of the
number of individuals entering the juvenile stage with the number of survivors
collected at each 2-d age interval indicate that recruitment strength of carp gudgeon
could be accurately predicted from the abundances from larvae aged 11-12 days old
and onwards (R2=0.78, Figure 5.4a). R2 values indicating predictive power of
recruitment strength increased dramatically from age 6 to age 12 days old,
corresponding to the time individuals spend as flexion larvae. This result demonstrates
that the probability of surviving to metamorphosis depends largely on whether a carp
gudgeon larva can survive the first 4-10 days after exogenous feeding begins.

In contrast, the recruitment strength of unspecked hardyhead could not be predicted
until much later in larval development (Figure 5.4b). The number of larvae reaching
metamorphosis could be predicted from abundances of 18 d old larvae (R2=0.87), at
which time most larvae were either nearing the end of the post-flexion development,
or had already become metalarvae. The lowest R2 values were associated with larvae
aged between 8 to 12 days. In relation to developmental stage, this generally
corresponded with the transition from protolarvae (7-8 days age) through to the
flexion stage. The previous observations that daily mortality rates were higher and
more variable for hardyhead larvae from 9-10 days age to metamorphosis further
support these trends that the processes influencing recruitment strength are more
prolonged throughout development for unspecked hardyhead than with carp gudgeon
larvae.
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5.4 Discussion
5.4.1 Stage-specific mortality rates of fish larvae
Estimates of age- and stage-specific mortality rates are fundamental to the
understanding of fish populations (Cada & Hergenrader 1980). Even though it is
generally believed that mortality during the egg and larval stages is a key determinant
of recruitment strength, such estimates for freshwater fish species are uncommon
(Cada & Hergenrader 1980). This is the first study, as far as is known, to have
estimated age- and stage-specific mortality rates for Australian freshwater fish species.

During the 2005-06 Lindsay River spawning period, estimates of mean total mortality
for carp gudgeon and unspecked hardyhead from 1-2 days-old until metamorphosis
were 99.4% and 96.8%, respectively. Due to the under-representation of 1-2 day old
unspecked hardyhead larvae in the samples, total mortality for this species was
estimated from the extrapolation of cohort survival curves. Comparisons of total
mortality based on the descending limb of the survival curves revealed that both
species experienced similar overall mortality rates between 3-4 days of age through to
the beginning of the juvenile phase (carp gudgeon: 95.5%, hardyhead: 95.4%). No
other studies of eleotrid species could be found to compare with the mortality rates of
carp gudgeon observed in the present study. Studies of mortality in larval freshwater
atherinid species are also scant, however, several marine and estuarine atherinid
species, including silversides, Menidia beryllina, have been investigated (Gleason and
Bengston 1996). In a series of predator-exclusion experiments conducted in the
Pettaquamscutt River, Gleason and Bengtson (1996) reported mean total mortality
rates for M. beryllina larvae to be 11-12%. Based on the high survival rates
documented in the absence of predators, the authors concluded that predation was
likely to be a major source of mortality in the field. Unfortunately, the study lacked
control mesocosms; making the relevance of the mortality rates reported difficult to
assess in relation to natural conditions.

Despite the similarities in total mortality for the two species in the present study from
3-4 days to metamorphosis, differences in stage-specific mortality rates during this
time were marked. Strong stage-specific mortality was evident in all cohorts of carp
gudgeon followed during the larval development. Unspecked hardyhead experienced
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greatest mortality during the flexion stage, however, differences in daily mortality
rates throughout their larval phase were slight (11.8-18.2%.day-1) when compared to
carp gudgeon (2.9-21.2%.day-1). Negative relationships between size/developmental
stage and mortality have been previously reported for other freshwater and estuarine
species during their larval phase; including striped bass, Morone saxatilis (Dey 1981,
Uphoff 1989, Secor and Houde 1995, Rutherford et al. 1997), American shad, Alossa
sapidissima (Crecco et al. 1983, Crecco and Savoy 1985), pike, Esox lucius (Bry et al.
1995), and bloater, Coregonus hoyi (Rice et al. 1987a). Uphoff (1989) reported that
mortality of striped bass postlarvae (larvae that had absorbed their yolks) in the
Choptank River, USA was 5-19%.day-1 and decreased as a function of larval size.

Differences in carp gudgeon and unspecked hardyhead body size at the same
developmental stage may be a contributing factor to the differences observed in
mortality schedules. The importance of body size in explaining differences in survival
both within and between species may be a result of one of two driving mechanisms of
mortality: risk of starvation and risk of predation (Miller et al. 1988). Larger fish have
lower energy demands per unit mass and have proportionally greater energy stores,
and therefore may be able to better survive periods of food deprivation (Post and
Evans 1989, Rice et al. 1993, Post and Lee 1996, Letcher 1997, Jonas and Wahl 1998,
Fuiman and Werner 2002). Furthermore, smaller and less developed individuals are
considered to be more vulnerable to gape-limited predators than larger ones (Werner
and Gilliam 1984, Post and Prankevicius 1987, Purcell et al. 1987, Rice et al. 1987b,
Grimes and Isely 1996). Understanding the role that starvation and predation play in
contributing to mortality rates of fish during their early life will be the focus of the next
chapter.

5.4.2 Importance of hatch date
Early hatched carp gudgeon cohorts experienced significantly lower total mortality and
lower critical period mortality rates than mid- and late-spawned cohorts. This was
independent of growth rate (which was constant over the 2005-06 spawning period),
and despite early hatched cohorts taking longer to reach metamorphosis. In contrast,
hatch date had no significant influence on hardyhead cohort mortality during the
2005-06 spawning period.
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Regardless, the observed difference in relative importance of hatch date for carp
gudgeon and unspecked hardyhead mortality reflects the varied conclusions of
previous studies which have investigated this hypothesis. Whilst many studies have
found spawning time to be the most important determinant of recruitment (e.g. Pine
et al. 2000), some have reported that early cohorts have a survival advantage over late
cohorts (Cargnelli and Gross 1996, Ludson and DeVries 1997), while others have found
either late-hatch advantage (Crecco and Savoy 1985, Garvey et al. 2002), or nonsignificant hatch-date correlations altogether (Fox et al. 2007). For example, in a study
of bluegill, Lepomis macrochirus, recruitment in Lake Opincion, Canada, Carnelli and
Gross (1996) reported that early hatched cohorts contributed to 40% of the total
recruits, while accounting for only 17% of production of newly hatched larvae.
Alternatively, Garvey et al. (2002) later observed that the majority of juvenile bluegill
and pumpkin seed, L. gibbosus, found in the same system in subsequent years were
products of mid and late season spawning, with high mortality rates apparent for
those spawned early.

Early-hatched carp gudgeon may have had a survival advantage over later spawned
cohorts for several reasons: firstly, environmental conditions were most favourable
early on in the season; secondly, early hatched cohorts experienced less competition
with later cohorts for food, shelter and space; and thirdly, maternal investment of
energy per individual young may be greatest early in the season, resulting in enhanced
survival for such cohorts. If the timing of these factors varies from year to year, any
selective pressure for early or late spawning would be quickly eliminated.

Fish occupying variable environments commonly exhibit “bet-hedging” reproductive
strategies, whereby reproductive output is spread over an extended period (i.e.
months) in order to increase the chances that at some stage throughout the spawning
season, a proportion of the offspring produced will encounter conditions conducive for
survival (Winemiller and Rose 1993). Predation and starvation are considered to be
the major causes of mortality in fish during their early life stages (Dorsey et al. 1995,
Husebo et al. 2009), and therefore the lower early season mortality rates of carp
gudgeon may have been a result of either high food densities associated with spring
increases in water temperatures and primary production, or because potential
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predators were less abundant. Temporal changes in abiotic and biotic conditions and
their associated impact on larval mortality rates are examined in the following chapter.

One of the tradeoffs of protracted spawning behaviour is that spatial and temporal
overlaps in the appearance of consecutive cohorts may leave different aged and sized
larvae having to compete for resources (Garvey and Stein 1998). Earlier hatched
cohorts may have a size and developmental advantage over later hatched cohorts, and
therefore more likely to have a competitive advantage for food and habitat resources.
For example, Kneib (1993) investigated the growth and mortality of successive cohorts
of mummichog, Fundulus heteroclitus, and found that cohorts were not nutritionally
independent of each other, and that the use of salt marsh nursery habitat by cohorts
had a negative effect on the survival of larvae in the proceeding cohorts. While this
may also explain the differences in carp gudgeon survival with hatch date, any
competitive advantage of cohorts will not only be determined by the numbers of
preceding cohorts which appear within the same space and time, but also the number
of larvae present at that time as well. Carp gudgeon dominated the Lindsay River larval
assemblage, and peak abundances of newly hatched larvae did not occur until
November through to late December (Chapter 3). It is therefore possible that the
advantage of early hatch was not only due to reduced risk of competition with older,
larger larvae from preceding cohorts, but also because there were fewer overall
potential competitors.

Seasonal changes in maternal investment may also explain the differences in hatch
date survival of carp gudgeon. This is because changes in the energy reserves of
protracted spawning adults can have a direct effect on the size and condition of their
offspring, which in turn can influence subsequent growth and survival of young
(Durham and Wilde 2005). In a study of North Atlantic herring, Blaxter (1969) found
that egg size was largest in populations that spawned in early spring and smallest in
populations that spawned in late summer. Bonner (2000) and Taylor and Miller (1990)
also found that for some species, larger fish tend to spawn early in the season,
resulting in intra-seasonal changes in hatching ‘quality’ and size. Larger fish have been
shown to produce larger offspring (Kamler 1992, Chambers 1997), which in turn can
lead to a survival advantage over smaller, later-hatched larvae (Hislop 1988, Miller et
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al. 1988, Chambers 1997). This may be because larvae that hatch at larger sizes have
superior behaviour and physiological capabilities than larvae hatching at smaller sizes,
and are more resistant to starvation due to larger energy stores and a reduced weightspecific metabolic rate (Fuiman and Werner 2002, Einum 2003).

Based on the above explanations of intra-seasonal changes in competition, maternal
provisioning and environmental conditions for driving differences in hatch date
survival, why then did I observe greater survival in early hatched carp gudgeon but not
unspecked hardyhead? Given that yolksac quantity and quality is determined by the
age of the female and feeding conditions during gonadal maturation (Balon 1999),
provision of maximum energy reserves to young via the yolksac may have greater
implications in regard to the risk of starvation-induced mortality for species with
shorter, or non-existent overlap between endogenous and exogenous feeding (such as
is the case for carp gudgeon). As discussed in the previous chapter, upon hatching,
unspecked hardyhead larvae are larger, are free swimmers, and have an extended
transitional period between endogenous and exogenous feeding. Given their greater
development and first-feeding ‘buffer’, it may be that unspecked hardyhead have a
greater resistance to starvation, and therefore may be less vulnerable to the negative
effects of either competition for food resources, or changes in maternal provisioning.
Multi-season surveys will be important for determining the underlying processes
related to the importance of hatch date on larval growth and survival.

5.4.3 Importance of stage duration
In Chapter 4 it was shown that time taken for carp gudgeon and unspecked hardyhead
cohorts to reach metamorphosis decreased with the progression of the spawning
season. In the present chapter it was found that cohorts with short larval durations did
not exhibit a survival advantage over cohorts with longer larval duration. These
findings do not support the stage-duration hypothesis, which states that cohorts that
spend longer times in vulnerable life stages will experience greater mortality than
those that develop at a faster rate (Houde 1987). This suggests that the effect of hatch
date is the overriding factor influencing differences in intra-seasonal mortality, and
that stage duration plays a subordinate role at most.
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5.4.4 Density-dependent mortality
The present study found that density-dependent mechanisms were only partially
responsible for regulating mortality during the flexion stage of carp gudgeon and
unspecked hardyhead larval development, and also during the metalarval stage of carp
gudgeon. At best, a maximum of 35% of the variance could be explained by densitydependent relationships. Density-dependent mortality in fish populations can be
difficult to detect (Ray and Hasting 1996, Wiedenmann and Essington 2006), and this
lack of evidence has been attributed largely to high spatial and temporal variability of
abiotic and biotic conditions, causing mortality to be attributed to density-independent
processes instead (Shepherd and Cushing 1980, Houde 1989). However, the results of
the present study concur with previous studies of other freshwater species, which
have found density-dependent factors to be important for the survival of fish during
their very early stages of development (Elliot 1984, 1985, Jonsson et al. 1998, Halls et
al. 2000). For example, in a long-term study of trout, Salmo trutta, recruitment in Black
Brows Beck, UK, Elliot (1984,1985) found that mortality rates within each life stage
after the summer of the first year of life were independent of initial densities, but that
the first month of life following gravel emergence was a critical period for population
regulation (Elliot 1989). Partridge and DeVries (1999) reported that survival of cohorts
of larval bluegill, Lepomis macrochirus, to the juvenile stage was negatively correlated
with limnetic fish density, although recruitment of juveniles was determined by
processes affecting fish later in their development.

The underlying causes of density-dependent mortality of carp gudgeon and unspecked
hardyhead larvae during the flexion stage can only be guessed at. Generally,
competition for food resources and territory (Elliot 1985, Hanson and Leggett 1985),
cannibalism (Dong and DeAngelis 1998) and the response of predators (Kellison et al.
2002) are considered to be the likely causes of density-dependent mortality (Chambers
and Trippel 1997). One interesting finding from this study was that in the case of carp
gudgeon, whilst density-dependent processes could account for some of the mortality
during the flexion stage, their impact was non-significant in protolarvae, the stage in
which the majority of larval mortality occurred. Given the greater initial abundances of
protolarvae compared to flexion larvae, if competition for limited food resources was a
factor driving the observed density-dependent mortality at the flexion stage, it is
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reasonable to expect that mortality during the protolarval stage should equally, if not
more so, be influenced by food resources. The absence of such a relationship suggests
that either food-related starvation may not have been a major cause of mortality in
larval fishes, or that significant ontogenetic dietary shifts occur during larval
development for this species (King 2004b, King 2005).

Life history theories have been developed to predict the relative influences of densitydependent and density-independent ecological influences on life stages and age
classes (Reznick et al. 2002). Based on Winemiller’s (1995, 2005) life history
classifications, carp gudgeon and unspecked hardyhead can be described as
opportunistic; possessing life-history attributes that should maximise fitness in
environmental settings dominated by density-independent ecological influences. The
small degree of density-dependent mortality observed for carp gudgeon and
unspecked hardyhead during their larval stage supports Winemiller’s (2005)
predictions that populations of opportunistic strategists would be expected to be well
below the carrying capacity most of the time, and frequently subjected to densityindependent sources of mortality.

It is possible that the potential importance of density-dependent mortality was
underestimated in this study, given the possibility that any temporal variation in biotic
conditions could create a flexible “carrying capacity” that would be hard to detect
through time (Wiedenmann and Essington 2006). Furthermore, given the potential
overlap in niche, food requirements and habitat occupancy of co-occurring larval fish
species (Nunn et al. 2007), it is possible that the use of species- and stage-specific
densities for evaluating density-dependent mortality was too simplistic. Clearly, the
task of investigating the role of density-dependent processes in fish populations is
complex. As a result, it may prove more informative to investigate the potential drivers
that would lead to density-dependent mortality, such as food availability, predator
densities, and/or habitat limitation. This forms the basis of the following chapter.

Density-dependent mechanisms may be important for other developmental stages not
investigated in the present study. For example, the early juvenile phase of reef fishes
has commonly been reported to be a time of density-dependent mortality, due to
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settlement into spatially limited habitats (e.g. Ralston and Howard 1995). Further
research into other early life history stages, including egg, yolksac and juvenile stages is
strongly encouraged.

5.4.5 Recruitment and the ecological importance of the critical period
Strength of recruitment to the juvenile stage was largely determined by the end of the
flexion stage for carp gudgeon (approx. 12 days old), and the end of the post flexion
stage (approx. 18 days old) for unspecked hardyhead. These results support other
studies which have found recruitment strength to be determined early in larval
development (Uphoff 1989, Rutherford et al. 1997). Uphoff (1989) quantified the
stage-specific mortality rates of striped bass, Morone saxatilis, egg, yolksac larvae, post
yolksac larvae and juveniles in the Choptank, Hudson and Potomac Rivers and found
that year-class strength was determined during the first 3 weeks of life. Studies of
anadromous striped bass have shown recruitment success to be determined by 8 mm
(Rutherford et al. 1997). However, recruitment studies of freshwater species, including
white crappie, Pomoxis annularis, and black crappie, P. nigromaculatus, have shown
that the first week as larvae is not critical to survival to the juvenile stage (Bunnel et al.
2003). Furthermore, Partridge and DeVries (1999) found no relationship between
bluegill larvae (6-13 mm) and juvenile abundances.

Did the high mortality rates observed during ‘critical periods’ shape overall cohort
recruitment strength? For carp gudgeon, recruitment strength could be determined by
the end of the flexion stage (12 days), 4 days after the end of the ‘critical period’. In
contrast, despite evidence that half of the unspecked hardyhead cohorts experienced
higher mortality rates during the time of the critical period, mortality rates were still
relatively high and variable throughout successive developmental stages. In fact, there
was much more variation in mortality rates across the cohorts for days 8-14 compared
to any other time during the hardyhead larval phase, leading to a loss in the power to
predict recruitment strength during this time. As a result, recruitment to the juvenile
phase could not be determined until 18 days, which was equivalent to late postflexion-late metalarvae stage for cohorts. My findings support Marr’s (1956)
predictions, which state that for species that exhibit short, sharp critical periods early
in their life history, recruitment will commonly be set by events occurring at this stage
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(i.e. carp gudgeon), but for species that exhibit a constant decrease in mortality rate
(i.e. a more protracted critical period, as in the case of unspecked hardyhead),
recruitment is determined by mortality rates throughout the whole of the larval
period, not just the mortality rates of the critical period.

5.4.6 Concluding remarks
According to the critical period concept, it is during these periods of high mortality that
recruitment strength is determined, and that variation in survival during these
particular stages is responsible for variation in year-class or cohort strength (Hjort
1914). This chapter investigated the relative role that the critical period, hatch date,
stage duration and density-dependent processes had on overall cohort mortality rates
and subsequent recruitment to the juvenile phase. For both species, densitydependent processes only partially accounted for mortality during the larval phase, or
specifically at the time of the critical period, suggesting that density-independent
factors such as abiotic or inherited factors may be responsible for the mortality rates
observed. In the next chapter, I describe the temporal abiotic and biotic conditions of
the Lindsay River, and investigate the relationship between cohort survival and food
availability, potential predator densities, and water quality.
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Chapter 6: Sources of mortality in larval fish; partitioning the
influence of food abundance, predators, and abiotic conditions.

6.1 Introduction
Since Hjort’s (1914) first proposal of the critical period concept, starvation has
generally been assumed to be the major cause of mortality in larval fish (May 1974).
The match/mismatch hypothesis, developed by Cushing (1975, 1990), further
hypothesised that the supply of adequate densities of food determines the magnitude
of larval survival and subsequent recruitment strength. This hypothesis proposes that
strong recruitment events take place when the peak production of fish larvae and their
prey overlap both spatially and temporally (‘match’), and that failed recruitment
events are a result of a non-overlap of larvae and their food (‘mismatch’) (Cushing
1990). If the hypotheses developed by Hjort and Cushing both hold true, we would
expect mortality during the critical period to be strongly correlated with food density.

Food deprivation can have both direct and indirect effects on fish larvae (Jonas and
Wahl 1998). Direct influences of starvation involve the depletion of energy stores and
eventual death, whereas indirect influences of starvation may involve behavioural
changes, potentially resulting in increased susceptibility to predation, reduced
competitive ability and reduced foraging success (Rice et al. 1987b, Houde 1989, Jonas
and Wahl 1998). Despite the attention that the study of starvation-induced mortality
has received in fisheries science, much of the evidence on which this is based remains
largely circumstantial, and conflicting (see Marr 1956, May 1974, Vladimirov 1975,
Leggett and Deblois 1994, Chambers et al. 2001 for reviews). While a plethora of
studies have observed the co-occurrence of larval survival, food abundance and
subsequent indicators of strong recruitment (Fortier and Leggett 1984), as many have
observed no such relationship (Garvey et al. 2002, Bunnell et al. 2003). Furthermore,
the development of more direct measures of larval condition using nucleic techniques
(RNA:DNA ratios) shows that for numerous species, food availability does not appear
to limit larval survival (Rooker et al. 1997, Chícharo et al. 1998a,b, Malzahn et al.
2007).
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Predation is an alternative source of mortality in larval fishes, and is currently
considered by some to be the major cause of larval mortality for many species (Hunter
1984, Hewitt et al. 1985, Houde 1987, Bailey and Houde 1989, Quist et al. 2003).
Predation risk depends on three main factors: the density of predators, the density of
prey, and the relative size of predator to prey (Pepin et al. 1987, Miller et al. 1988,
Bailey and Houde 1989). Furthermore, predation during the early life stages of fish is
often considered to be selective; preferentially removing smaller or more conspicuous
individuals within cohorts (Houde 1987, Purcell et al. 1987, Miller et al. 1988, Fuiman
1989, Grimes and Isely 1996, Meekan et al. 2006).

In marine systems, zooplankton (copepods, chaetognaths, ctenophores and
coelenterates), macroinvertebrates (euphausid shrimps, amphipods), and fish (larvae,
juveniles and adults) are considered important predators of fish larvae (Table 6.1). Less
is known of the organisms that eat fish larvae in freshwater systems, however,
laboratory experiments have shown that hydra (Elliot et al. 1997), cyclopoid copepods
(Fregadolli 2003), damselflies and dragonflies (Horn et al. 1994), and larval, juvenile
and adult fish prey on fish larvae (McGovern and Olney 1988, Mason and Brandt 1996,
Kim and DeVries 2001, Quist et al. 2003) (Table 6.1). Additionally, experimental and
mesocosm studies have shown that both intra- and inter-cohort cannibalism occurs in
a wide range of fish during their larval phase (Giles et al. 1986, Frankiewicz et al. 1999,
Baras et al. 2000a,b). To date, only few studies have attempted to assess the
importance of predation as a cause of mortality in larval freshwater fishes (Mason and
Brandt 1996, Kim and DeVries 2001, Schooley et al. 2008).

Disease is another possible cause of mortality during the early life history of fishes. It
is common in aquaculture settings (Gunaskera et al. 1998, Katharios et al. 2008,
Bigarre et al. 2009), but its influence on mortality in riverine fish larvae has not been
quantified. Generally speaking, it may only be an important source of mortality when
densities are high and exposed to malignant abiotic conditions (Wootton 1990).

While much focus in recruitment ecology of fish has oscillated between starvation- or
predation-induced mortality paradigms, abiotic factors have also been shown to
contribute to survival and recruitment variation in freshwater fish larvae. Significant
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Table 6.1: Known potential predators of fish eggs & larvae. Environment (Env): Est.=Estuarine, Mar.=Marine, Fr.=Freshwater; Observation (Obs):
Lab=laboratory, F=field, Meso=Mesocosm.
Predator
Zooplankton
Cyclopoid copepods

Calanoid copepods
Ostracods
Ctenophore & siphonophore
Medusae
Hydroids
Hydra Hydra canadensis
Macroinvertebrates
Amphipods
Jellyfish Aurelia aurita
Chaetognaths
Euphausiids
Gastropods
Damselfly nymphs
Dragonfly nymphs
Planktivorous/raptorial fish
Bay anchovy Anchoa mitchelli
Atlantic menhaden Brevoortia tyrannus
Carp gudgeon Hypseleotris sp.
Bluegill Lepomis macrochirus
White crappie Pomoxis annularis
Gizzard shad Dorosoma cepedianum
White perch Morone americana
Stickleback Gasterosteus aculeatus
Fish - intra cohort cannibalism
Walleye Sander vitreus
Pike Exos lucius
Fish - intercohort cannibalism
Striped bass Morone saxatilis

Prey

Prey stage

Env

Obs

References

Striped bass Morone saxatilis
Piaractus mesopotamicus
Colossoma macropomum
Pilchard Sardinops sagax

Egg
Larvae
Larvae
Larvae

Est.

Lab
Lab
Lab
Field

McGovern & Olney (1988)
Fregadolli (2003)
“
“
Palomares & Alejandre (1995)
Zaret (1980), in Bailey & Houde (1989)

Marine

Striped bass

Ys larvae

Marine
Marine
Est.

Bluegill Lepomis macrochirus

Larvae

Fr.

Capelin Mallotus aurita

Larvae

Lab
Field

Marine

Lab
Lab

Bailey & Houde (1989), Pallson (1984)
Elliot & Leggett (1996)
Bailey & Houde (1989)
Bailey & Houde (1989), Theilacker & Lasker(1974)
Pallson (1984)
Horn et al. (1994)
‘’
“

Meso
Meso
Meso
Meso
Lab
Lab

McGovern & Olney (1988)
“
“
Meredith et al. 2002, Vilizzi et al. (2008)
Kim & DeVries (2001)
“
“
“ “
Monteleone & Houde (1992)
Elliot & Leggett (1996)

Lab
Marine
Marine

Razorback sucker Xyrauchen texanus
Razobrack sucker
Striped bass Morone saxatilis
Striped bass

Eggs
Larvae
Larvae

Fr.
Fr.
Est.
Est.
Fr.
Fr.
Fr.
Fr.
Est.

Bailey & Houde (1989)
Bailey & Houde (1989)
Smith & Kernehan (1981), McGovern & Olney
(1988)
Elliot et al. (1997)

Bluegill Lepomis macrochirus
Bluegill
Bluegill
Striped bass
Capelin Mallotus aurita

Egg & larvae
Egg & larvae
Larvae
Larvae
Larvae
Larvae
Larvae
Larvae

Walleye Sander vitreus
Pike Exos lucius

Larvae
Larvae

Giles et al. (1986), Wright & Giles (1987)
Li & Mathias (1982)

Larvae other sp.

Larvae

Chick & Van Den Avyle (1999)

relationships with mortality have been observed with discharge and current velocity
(Maceina and Bettoli 1998, Mion et al. 1998), water temperature (Mills and Mann
1985, McGurk 1986, Henderson et al. 1988, Houde and Zastrow 1993, Elliot and
Leggett 1996, Stags and Otis 1996, Jonas and Wahl 1998, Planque & Frédou 1999,
Bartolino et al. 2008), dissolved oxygen (Keckeis et al. 1996, Weltzien et al. 1999,
Fiksen et al. 2002, Pollock et al. 2007), pH (Peterson et al. 1982), salinity (MartinezPalacios et al. 2008), turbidity (Kim & DeVries 2001, Stuart-Smith et al. 2004, Gadomski
& Parsley 2005), and contaminants (Floyd et al. 2008, Harmon 2009).

It is still not clear what the relative importance of predation, starvation, and abiotic
conditions are in driving early life stage mortality in freshwater fishes. One of the
major limitations to our current knowledge can be attributed to the paucity of studies
which have investigated all three potential causes simultaneously (but see Rice et al.
1987b, Jennings and Philipp 1994, McGovern and Olney 1996, Rettig and Mittlebach
2002, Quist et al. 2003, Hoxmeier et al. 2006). According to Pepin et al. (2003), the use
of intensive surveys of localised conditions is the key for adequately following
fluctuations in intra-seasonal environmental conditions and being able to detect the
effect that these conditions have on survival of larval fish populations. However,
experimental research on the effects of food availability and predation on survival are
especially important (Kim and deVries 2001). Having established patterns of intra- and
inter-cohort mortality of carp gudgeon and unspecked hardyhead in previous chapters,
the present chapter aims to elucidate the biotic and abiotic factors that influence
mortality during the larval phase of these species. Investigating the conditions under
which mortality events take place will provide important information regarding how
survival and subsequent recruitment strength of native fish populations might be
promoted.

As far as I am aware, this is the first study to investigate the potential causes of insitu
mortality for Australian freshwater fishes during their larval phase. Given the different
life histories and contrasting mortality patterns of carp gudgeon and hardyhead
documented in previous chapters, the temporal and spatial overlap in the appearance
of cohorts provides an opportunity to compare inter- and intra- species mortality rates
to abiotic and biotic conditions.
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The primary aim of this chapter is to determine if variation in cohort mortality rates
during the time when recruitment strength is set can be explained by variation in the
density of microfauna (food availability), potential predator densities or abiotic
conditions.

The specific aims of this chapter are to: i) describe the temporal abundance of prey
and potential predators of fish larvae over the 2005-06 spawning period, ii) investigate
the relationship between abiotic conditions and prey and predator densities, and iii)
establish the relative role of starvation, predation and abiotic conditions in shaping
mortality during larval development.
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6.2 Methods
6.2.1 Fish larvae
Carp gudgeon and unspecked hardyhead larvae were collected from the Lindsay River
as described in section of Chapter 2.3. Briefly, larvae were collected at night (approx.
2300-0200 h) using modified quatrefoil light traps. Sampling was conducted at four
reaches in the Lindsay River, with three light traps deployed for 1.5 h at each reach on
every second evening from 8 October 2005 to 8 February 2006. Samples were
preserved in 90 % ethanol and taken back to the laboratory for further processing. All
larval and juvenile fish were identified and measured (TL mm) with a dissecting
microscope and ocular micrometer. Lengths were measured to 0.1 mm. Based on their
morphological development, larvae were classified as being yolksac larvae (YSL),
protolarvae (PL), flexion (F), post flexion (PF), metalarvae (ML) or juvenile/adults (JA)
(refer to Table 2.5 for definitions). These classifications were used as they describe the
differences in larval development based on function and morphological forms,
important for discerning possible relationships between mortality and larval
susceptibility to surrounding environmental conditions.

6.2.2 Prey abundance
Field sampling
To encompass all possible food sources for fish larvae, both pelagic and epibenthic
microfauna were sampled (King 2004b). Epibenthic samples were collected using a
modified bilge pump apparatus, consisting of a small bilge pump attached to a 12 volt
battery and a 3 m length of black 30 mm diameter hose (Figure 6.1). The pump was
moved slowly over the substratum of the littoral zone of the river until a total of 20 L
of water had been filtered. One sample was collected at each reach, and samples were
filtered through a 53 μm mesh net, rinsed and then preserved in 70% ethanol. Pelagic
samples were collected by pulling a 53 μm mesh, 30 cm diameter plankton net through
5 m of water. Two plankton tows were carried out at each of the four reaches, pooled,
and preserved in 70% ethanol. Pelagic and epibenthic microfauna were sampled
randomly in each of the four study reaches at dusk, every second day from 8 Oct 2005
to 8 Feb 2006 on the same day that larval fish sampling took place.
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30 mm tube

53 μm mesh net
Holding staff

Reducing jar

Bilge pump

Figure 6.1: Photograph of the epibenthic bilge pump used to sample microfauna.

147

Laboratory procedures
Prior to sorting, all samples were stained with Rose Bengal and then sub-sampled.
Epibenthic samples were washed with distilled water to separate organic from
inorganic material and the remaining inorganic material was checked for microfauna.
To sub-sample, each epibenthic and pelagic sample was filtered through 53 µm mesh,
transferred to a 100 ml cylindrical beaker and the total volume of the sample was then
made up to 80 ml. The 80 ml sample was stirred so that all invertebrates were
suspended evenly in the water column, and then 8 x 1 ml sub-samples were removed
using a calibrated Gilson pipette. The 1 ml sub-samples were combined and examined
using a Bogarov tray. All animals were counted and identified to order using a
dissecting microscope with an inverted transmitted light source. Pelagic and
epibenthic microfauna abundances were standardised to number of individuals per
litre (no. of inds.L-1) by dividing the number of individuals collected in each sample by
the amount of water (L) that had been filtered.

6.2.3 Potential predators
To assess the temporal changes in potential predator density, drop-net enclosures (see
below, and section 2.2.1) were randomly deployed along the edge of the river bank at
each of the four study reaches on a near weekly basis (n=13) between 8 October – 8
February 2006. Predator sampling did not take place as frequently as larval fish and
microfauna sampling because it was considered that small bodied adult and juvenile
fish and macroinvertebrate abundances were not likely to fluctuate as rapidly as fish
larvae and microfauna given their greater replacement times (Merritt and Cummins
1996).

Description of drop-net enclosure
A floating, rigid, 2 x 1.5 m rectangular frame was constructed from 30 mm PVC pipe
and plumbing joints. An enclosure net, made from nylon 250 µm mesh material, which
had a 4 cm folded hem sewn into it at both the top and bottom, was attached to the
frame. Seven metres of linked steel-chain was fed through the bottom hem of the
material to act as a weight for the enclosure. The height of the enclosure was 0.9 m.
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Field sampling
Two operators were needed for the deployment of the drop-net enclosure. Each
operator took an end of the enclosure, and holding the frame, weights and material,
threw the enclosure out into the water. The rigid floating frame meant that the
enclosure held its rectangular shape and the netting quickly sank to the substratum.
Enclosures were thrown into water from the river bank, negating any disturbance of
the area to be sampled. Once the enclosure had been deployed, a large-mouthed 250
µm dip net with a reducing jar at the end was trawled through the enclosed water for
three minutes. The dip-net was rinsed, and the sample immediately preserved in 70%
ethanol. The mean depth was recorded for each enclosure, and all counts were
converted to densities (no. of inds.L-1). Samples were returned to the laboratory for
processing.

Laboratory processing & data analysis
All fish and macroinvertebrates were sorted, counted and identified using a dissecting
microscope and published keys (Shiel 1995, Ingram et al. 1997, Gooderham and Tsyrlin
2002, Serafini and Humphries 2004). Total lengths of organisms (TL) <10 mm were
measured using an eyepiece graticule, and fish >10 mm were measured using vernier
callipers; all to 0.1 mm. Macroinvertebrates were identified to Family where possible,
and, where appropriate, distinctions between adult and larval stages were made.
Identification of potential predators of fish larvae were based on the functional
feeding groups of the taxa collected, and a scientific literature search of known larval
predators from both marine and freshwater systems (Table 6.1). One-way analysis of
variance

(ANOVA)

was

conducted

to

investigate

if

predatory

fish

and

macroinvertebrate densities significantly changed over time.

6.2.4 Physico-chemical parameters
Water quality parameters were recorded at the four sampling reaches on each night
that larval fish sampling took place. Measurements of pH, conductivity (μS.cm-1),
turbidity (NTU), dissolved oxygen (mg.L-1) and temperature (°C) were taken using a
Horiba 2000® at dusk. Hourly readings of water temperature were also recorded using
submerged data loggers (Tinytag®, USA) at all four reaches for duration of the study
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The water height of the Lindsay River was measured at each reach on every sixth night.
Discharge (ML.day-1) data was obtained from Theiss Environmental Services.

6.2.5 Statistical Analysis
Microfauna assemblages
Sample-by-sample Bray-Curtis dissimilarity matrices were calculated for microfauna
assemblages. Matrices were calculated using square-root and presence/absence
transformations to reduce the influence of the most abundant species. Non-metric
multidimensional scaling (NMDS) was used to derive three-dimensional ordinations of
microfauna assemblages, where zone (pelagic, epibenthos) was the grouping variable.
Two factor ANOSIMs (analysis of similarity), provided by Global R and P-values, tested
for differences in the Bray-Curtis dissimilarities between groups across sampling date.

Multiple linear regression analyses were used to investigate the relationships between
microfauna and abiotic conditions. The dependent variables investigated were total
densities (no. of inds.L-1) of i) pelagic microfauna and ii) epibenthic meiofauna as well
the densities of the three numerically dominant taxa occurring in each zone. Mean
daily temperature (Temp), discharge (D), electrical conductivity (EC), dissolved oxygen
(DO), pH, and turbidity (Turb) were the independent variables used. The models which
best explained the variation in abundance, whilst reducing the level of complexity of
the model itself, was determined using Akaikie Information Criterion (AIC).

Mortality (Z) matrices
In Chapter 4, larvae were aged using age-length keys and, based on their hatch dates,
survival curves were produced for 22 carp gudgeon and 12 unspecked hardyhead 4-d
cohorts developing from yolksac larvae through to juvenile metamorphs (see section
4.2.3 for details). The instantaneous mortality rates (Z) derived from these curves
(section 4.2.6, Appendix E and F) were used to construct a mortality matrix for the
2005-06 spawning season. This was done by arranging the cohorts and their associated
mortality rates for each 2-d interval by the dates in which they appeared throughout
the spawning season, allowing the relationship of food availability, potential predator
and water quality variables associated with each day’s mortality rates to be
investigated.
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Relationships between mortality, and biotic and abiotic conditions
Multiple linear regressions were undertaken to determine the relationships between 6
prey, 7 predator and 6 water quality variables and mortality (Z) of carp gudgeon and
unspecked hardyhead. The microfauna variables investigated included epibenthic and
pelagic densities of rotifers (R), copepod nauplii (N), ostracods (O), and copepods and
cladocerans. To reduce the number of variables used to explain variation in Z,
copepods and cladoceran densities were grouped as microcrustacea (M). Nauplii were
not included in this grouping because of their small size and were treated separately,
and ostracods were also investigated separately because of their marked difference in
form and niche. Since copepods, cladocerans and ostracods are all potential predators
(Table 6.1) they were also considered as predator attributes. Other predator variables
investigated

included

abundances

of

juvenile/adult

fish

and

predatory

macroinvertebrates (decapods, dipterans, coleopterans, hemipterans and odonatans).
Water quality variables included temperature, discharge, dissolved oxygen, pH,
electrical conductivity, and turbidity. Since mortality rates were not constant across
age, the abiotic and biotic attributes were related to Z for each 2-d age group during
the pre-recruitment phase for carp gudgeon (< 12 days old) and unspecked hardyhead
(< 18 days old). Data was normalised prior to analysis. Microfauna and potential
predator densities were square-root transformed (Zar 1981, Quinn and Keogh 2002).
Prior to regression analysis, collinearity among the predictor variables was detected by
examining a scatterplot matrix of the explanatory variables and checking the tolerance
value for each variable (Quinn and Keogh 2002). Tolerance scores (R 2) greater than 0.9
indicated that collinearity was strong between two variables. A high degree of
collinearity was found between temperature and discharge with dissolved oxygen, pH,
electrical conductivity and turbidity. Based on this, DO, pH, EC and Turb were omitted
from further regression analysis given their known dependency on temperature and
discharge in freshwater environments.
Hierarchical partitioning of R2 values was used to determine the proportion of variance
explained independently by each variable (Chevan and Sutherland 1991, Mac Nally
2000). This method allows identification of variables whose independent correlation
with the dependent variable is strong, in contrast to variables that have little
independent effect but have a high correlation with the dependent variable resulting
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from joining correlation with other independent variables. Variables that
independently explained a larger proportion of variance than could be explained by
chance were identified by comparison of the observed value of independent
contribution in explained variance (I) to a population of I’s from 500 randomisations of
the data matrix. Significance was accepted at the upper 95% confidence limit (Z-score
≥ 2.65: Mac Nally 2002, Walsh and Mac Nally 2003). Statistical analysis was conducted
using R™ freeware (version 2.6.1).

6.3 Results
6.3.1 Temporal patterns in microfauna assemblages
A total of 17 taxa were collected from the pelagic and epibenthic zones (Table 6.2). All
taxa present in the pelagic zone also occurred in the epibenthos. Fauna unique to the
epibenthic zone included Collembola, Tanypodinae, Corixidae, Ephemeroptera, and
Nematoda.

Epibenthic densities of microfauna were greater than pelagic densities in the Lindsay
River: mean pelagic and epibenthic densities were 5585 inds.L-1 and 10175 inds.L-1,
respectively. This trend was largely driven by rotifer densities, which was the dominant
taxon in both environments. Mean densities of pelagic rotifer were almost half that of
mean epibenthic densities (Table 6.2). The pelagic microcrustacea assemblage was
dominated by copepod nauplii and cyclopoids. Cladocerans, calanoid copepods and
ostracods were less common. The epibenthic microcrustacea assemblage was
dominated by cladocerans, copepod nauplii and cyclopoid copepods. Ostracod and
calanoid copepod densities were greatest in the epibenthos than in the pelagic
environment (Table 6.2).

Pelagic and epibenthic densities of microfauna fluctuated greatly over short time
intervals during the study period. Large variation within sampling times was also
evident, reflecting the patchy spatial distribution of microfauna in the Lindsay River
(Figure 6.2). With the exception of copepod nauplii (Figure 6.2c), there was little
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Table 6.2: Overall mean (2SE), minimum and maximum density (inds.L-1) of each taxon in the
pelagic and epibenthic zones.
Taxon
Mean

Pelagic
2SE
Min.

Max.

Mean

Epibenthic
2SE
Min.

Max.

Protozoa
Testate amoebae

146.9

50.0

0.0

986.4

44.8

12.6

0.0

375.0

3799.4

655.8

388.6

9808.9

6853.8

628.4

375.0

27240.5

Nematodes

0.0

0.0

0.0

0.0

114.9

14.3

3.3

375.0

Hydra

0.5

0.4

0.0

5.3

13.9

9.8

0.0

375.0

<0.1

<0.2

0.0

2.6

10.1

9.6

0.0

375.0

71.8

22.8

4.7

439.3

1694.4

264.5

56.2

6791.7

3.3

1.2

0.0

26.9

179.8

23.8

150.0

676.2

1353.4

245.0

48.0

4053.1

603.9

36.9

255.0

1103.5

204.8

70.4

0.0

1071.6

430.1

41.0

120.0

1199.0

7.0

2.0

0.0

26.5

15.0

10.5

0.0

375.0

Ephemeropterans

0.0

0.0

0.0

0.0

21.8

9.6

0.0

375.0

Hemipterans Corixidae

0.0

0.0

0.0

0.0

10.2

9.6

0.0

375.0

Dipterans

Chironomidae

0.5

0.6

0.0

11.3

128.9

14.2

0.0

375.0

Ceratopogonidinae

0.4

0.8

0.0

22.6

10.1

9.6

0.0

375.0

Tanypodinae

0.0

0.0

0.0

0.0

21.3

9.5

0.0

375.0

Zygopterans

<0.1

<0.02

0.0

1.3

12.4

9.6

0.0

375.0

0.0

0.0

0.0

0.0

10.2

9.6

0.0

375.0

Rotifers

Arthropods
Decapods
Crustacea
Cladocerans
Ostracods
Copepods
nauplii
Cyclopoids
Calanoids
Insects

Odonates
Collembolans

Total

5535.8

30.9

10175.8
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66.1

evidence of seasonal change in the densities of the pelagic microfauna (Figure
6.2a,e,g). Though still variable over short time periods, densities of pelagic copepod
nauplii generally increased throughout the study period and peaked in late January.
This trend was opposite in the epibenthic environment, with copepod densities
showing the least change of all dominant microfauna taxa over the duration of the
study period (Figure 6.2d). Epibenthic cladocerans and ostracod densities exhibited
similar seasonal change; initially in low densities in late October, they became more
abundant as the season progressed, with densities peaking in mid-summer (early Jan),
then declining rapidly by early February (Figure 6.2f,h). A spike in epibenthic rotifer
densities also occurred in early January (mid-summer).

The assemblage composition of the epibenthic and pelagic zones were significantly
different (Global R = 0.742 p=0.01). Non-metric multidimensional scaling (NMDS)
showed a distinct separation between the pelagic and epibenthic assemblages (Figure
6.3). There was greater variation in the pelagic assemblage than in the epibenthic
assemblage based on density (Figure 6.3a) and species richness (Figure 6.3b) The
pelagic zone was characterised by rotifers, copepod nauplii and cyclopoids (Indicator
species analysis: P<0.001), whilst the epibenthic zone was characterised by rotifers,
cladocerans and copepod nauplii (Indicator Species Analysis: P<0.001).

6.3.2 Relationship between microfauna and abiotic conditions
Temporal patterns in water quality parameters were reported earlier in section 3.3.1.
Briefly, water quality conditions in the Lindsay River remained relatively stable over
the Oct 2005 – Feb 06 study period (refer to Figure 3.1). Compared with the long-term
mean, discharge in the Lindsay River was low, with a mean of 20 ML.d -1. A small flow
peak occurred in mid-November as a result of Lock and Weir no. 7 being temporarily
raised, but this event was not accompanied by any obvious increase in current velocity,
nor did it change the ponded nature of the river. Mean temperature across the four
reaches gradually increased over time, peaking in late January at 31.7 °C and then
slowly declining thereafter. Changes in turbidity mimicked the temporal patterns in
discharge. Overall, turbidity conditions were low, with a mean (±1SE) of 17.6 (±0.59)
NTU, and a range of 8-48 NTU. pH (8.16±0.07) and dissolved oxygen (8.56±0.12 mg.L-1)
concentrations remained stable over the study period.
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Figure 6.2: Temporal patterns of the mean densities of the dominant microfauna during the
study period; a) pelagic rotifers, b) epibenthic rotifers, c) pelagic copepod nauplii, d) epibenthic
copepod nauplii, e) pelagic cyclopoids (dominant pelagic microcrustacea), f) epibenthic
cladocerans (dominant epibenthic microcrustacea), g) pelagic ostracods and h) epibenthic
ostracods. Densities untransformed.
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a) square-root transformed

Stress = 0.11

b) presence/absence

Stress = 0.10

Figure 6.3: Two-dimensional NMDS plot of the mean abundance of all taxa, from all sampling
trips, in the pelagic and epibenthic microfauna samples for a) square-root transformed data
and b) presence/absence data. = pelagic samples; = pelagic samples.
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Approximately 23 and 26 % of the variance in total epibenthic and pelagic microfauna
densities could be significantly explained by abiotic variables, respectively (Table 6.3).
The total density of epibenthic meiofauna was significantly positively associated with
temperature, and negatively associated with turbidity and pH. The total density of
pelagic zooplankton was significantly positively associated with temperature only
(Table 6.3).

Of the three dominant epibenthic taxa, cladocerans were the only group whose
density was significantly related to abiotic variables. Temperature (+), turbidity (+) and
discharge (-) explained nearly 80% of the variation in cladoceran density. The density
of the dominant pelagic taxa - rotifers, copepod nauplii and cyclopoids - were
significantly related to abiotic variables (R2<0.40) (Table 6.3). Copepod nauplii had the
strongest relationship with abiotic variables (R2=0.37): densities were positively
associated with temperature, and negatively associated with turbidity. Pelagic
cyclopoids were negatively correlated with discharge and dissolved oxygen (R 2=0.34),
and rotifers were weakly, but positively associated with temperatures and negatively
associated with dissolved oxygen.

6.3.3 Temporal patterns in potential predator densities
A total of 36 taxa were collected within the enclosures, including 6 fish and 30
macroinvertebrate taxa (Table 6.4). Juvenile/adult fish sampled were carp gudgeon,
gambusia, unspecked hardyhead, flathead gudgeon, Australian smelt, and common
carp. Corixids, calanoid copepods and aytid shrimp dominated the invertebrate
assemblages, contributing 37.5, 24.3 and 21.5 % to the total number of individuals
collected over the study period, respectively.
Of the 36 taxa, 19 were identified as potential predators of fish larvae. This included all
the fish species and 12 of the invertebrate taxa. Potential invertebrate predators
belonged to Decapoda, Diptera, Coleoptera, Hemiptera and Odonata, and represented
62.9% of total mean invertebrate abundance (Table 6.4).
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The mean number of potential fish and invertebrate predators collected in the
enclosures was 45.94 and 99.41, respectively (Table 6.4). There was no significant
difference in total predatory invertebrate abundance among sampling trips (F=0.240,
df=1,42, p=0.626, Figure 6.4). A marginal significant difference in total adult/juvenile
fish abundance among sampling trips was detected (F=4.958, df=1,42, p=0.032),
however, post-hoc analysis indicated no single trip was significantly different from any
other. Based on this, the significant result was considered biologically unimportant.
Thus, data collected from the enclosure sampling was not used for any further
statistical analysis. Potential relationships investigating the influence of predation in
explaining mortality rates of pre-recruit larvae was therefore limited to densities of
potential microfauna taxa, such as epibenthic and pelagic ostracods, cladocerans and
copepods.

6.3.4 Relationship between mortality and abiotic and biotic factors
Mortality of carp gudgeon during their pre-recruitment phase (3-12 days) was strongly
associated with abiotic and biotic conditions for every 2-d age group (R2=0.52 - 0.70,
p≤0.001, Figure 6.5). In contrast, mortality during the pre-recruitment phase of
unspecked hardyhead (5-18 days) was only marginally significantly associated with
abiotic and biotic variables for 13-14 (R2= 0.483, p=0.041) and 17-18 (R2=0.455,
p=0.049) day-old larvae (Figure 6.6). Consistent trends between environmental
variables and mortality rates were evident for carp gudgeon pre-recruit larvae.
Mortality rates were positively (+) associated with the density of epibenthic ostracods,
and pelagic microcrustacea, and negatively (-) associated with discharge. Discharge,
densities of epibenthic ostracods and pelagic microcrustacea (dominated by
cladocerans) were the significant factors influencing mortality rates (Z) of 3-4 day old
larvae (Figure 6.5a). Combined, they explained 61% of the variance in Z3-4. For the
remaining pre-recruit larvae, epibenthic ostracods were the most significant factor
influencing mortality rates, with pelagic microcrustacea also significantly contributing,
but to a lesser degree, to Z5-6, Z7-8, and Z11-12, (Figure 6.5b-e). Combined, these two
biotic variables alone contributed to 52-70% of the variance in mortality rates of 5-6, 78, 9-10 and 11-12 day old carp gudgeon larvae, with an increase in explanatory power
as larvae grew.
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Table 6.3: Best multiple linear regression models relating abiotic factors to the total and dominant epibenthic and pelagic microfauna taxa
densities sqrt(inds.L-1). Microfauna densities are square-root transformed. N.S= not significant. Temp= temperature (°C), Turb= turbidity (NTU),
DO= dissolved oxygen (mg.L-1).

Taxa
Pelagic zooplankton

Model

d.f

.

Total (Tpel)

Tpel = -37.918 + 4.251 Temp

Rotifers (Rpel)

Rpel = 41.859 - 5.647 DO + 2.687 Temp

Copepod nauplii (Npel)
Cyclopoids (Cypel)

Cypel = 44.47 - 2.391 DO - 0.663 Discharge

F

Adj. R

2

p-value

1,39

15.26

0.263

<0.001

2,38

4.92

0.164

0.012

Npel = -22.1875 + 2.616 Temp -0.302 Turb

2,38

12.69

0.369

<0.001

.

2,38

11.37

0.341

<0.001

2,28

5.117

0.236

0.004

2,28

3.021

0.118

0.064

-

-

40.37

0.797

.

.

.

.

.

Epibenthic meiofauna
.

.

.

Total (Tepi)

Tepi = 30.715 + 3.706 Temp - 0.574 Turb - 1.057 pH

Rotifers (Repi)

Repi= 30.819 + 2.404 Temp - 1.116 pH

.

.

Copepod nauplii (Nepi)
Cladocerans (CLepi)

.

.

.

CLepi = -10.885 + 3.0282 Temp + 0.6412 Turb - 0.858 Discharge

3,27

N.S
<0.001

Table 6.4: Mean (±2SE), minimum and maximum abundance (CPUE) and percentage
contribution (%) of the invertebrate taxa collected from enclosures. * denotes potential
predators.
Taxa
Fish
Carp gudgeon*
Gambusia*
Unspecked hardyhead*
Flathead gudgeon*
Australian smelt*
Common carp*
Total fish predators
Macroinvertebrates
Nematoda
Annelida Hirudinea
Hydra*
Mollusca
Gastropoda
Mollusca
Arthropoda
Decapoda

Planorbidae
Hyriidae
Aytidae*
Parastacidae*

Crustacea
Isopoda
Insecta
Ephemeroptera Caenidae
Lephtophlebiidae
Trichoptera
Calocidae/Helico
Leptoceridae
Hydroptilidae
Hemiptera
Corixidae*
Nepidae*
Gerridae*
Notonectidae*
Coleoptera
Hydrophilidae*
Elmidae (larvae)
Gyrinidae*
Curculionoidea
Diptera
Chironimiinae
Culucidae
Orthocladinae
Ceratopogodinae *
Tanypodinae
Tabanidae*
Sciomyzidae
Stratiomyidae
Odonata
Zygoptera*
Epiproctophora*
Lepidoptera
Crambidae
Total macroinvertebrate predators
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Mean (±2SE)

%

22.37(±5.04)
19.67(±7.84)
2.97(±7.84)
1.87(±1.18)
0.20(±0.28)
0.02(±0.02)
45.94(±10.02)

47.5
41.8
6.2
4.0
0.4
< 0.1
100.0

0.11(±0.16)
0.04(±0.06)
0.04(±0.08)

0.1
0.1
< 0.1

0.15(±0.20)
0.30(±0.20)
0.11(±0.18)

0.1
0.2
0.1

33.70(±10.06)
0.33(±0.30)

21.5
0.2

0.17(±0.08)

0.1

6.41(±2.46)
0.61(±0.38)
1.67(±0.70)
1.72(±0.72)
1.07(±0.86)
58.83(±21.36)
0.02(±0.04)
0.20(±0.28)
0.87(±0.86)
0.02(±0.04)
0.09(±0.10)
0.03(±0.04)
0.24(±0.28)
0.63(±2.30)
0.02(±0.04)
0.91(±0.78)
0.5(±0.46)
8.15(±3.34)
0.07(±0.14)
0.02(±0.04)
0.03(±0.06)
2.67(±1.22)
0.24(±0.16)
0.02(±0.04)
99.41(±25.14)

4.1
0.4
1.1
1.1
0.7
37.5
< 0.1
0.4
0.6
< 0.1
0.1
< 0.1
0.2
4.4
< 0.1
0.6
0.3
< 0.1
< 0.1
< 0.1
< 0.1
1.7
0.2
< 0.1
62.8
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Figure 6.4: Mean (+2SE) abundance of potential predators over the study period; a)
macroinvertebrates, and b) juvenile/adult fish. Macroinvertebrate abundance includes the
potential predatory taxa of diptera, decapoda, zygoptera, odonata, and hemiptera.
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Figure 6.5: Percentage of explained variance in mortality rates (Z) of pre-recruit carp gudgeon
larvae aged a) 3-4, b) 5-6, c) 7-8, d) 9-10, and e) 11-12 days old, as explained by each of the ten
abiotic and biotic variables (temperature, discharge, epibenthic densities of ostracods, rotifers,
microcrustacea and nauplii, and pelagic densities of ostracods, rotifers, microcrustacea and
nauplii). Variables marked with (+) were identified to have significant independent
contributions (I) based on the randomizations of data matrices (Z-scores ≥ 1.67) which were of
a positive association with mortality rates; (-) denotes negative associations with mortality
rates. R2 values of the full model. Right hand column figures depicts the observed (solid line)
and predicted (broken line) cohort mortality rates (Z) based on multiple linear regressions
involving the significant independent variables identified.
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Figure 6.6: Percentage of explained variance in mortality rates (Z) of pre-recruit unspecked
hardyhead larvae aged a) 5-6, b) 7-8, c) 9-10, d) 11-12, and e) 13-14 days old, as explained by
each of the ten abiotic and biotic variables (temperature, discharge, epibenthic densities of
ostracods, rotifers, microcrustacea and nauplii, and pelagic densities of ostracods, rotifers,
microcrustacea and nauplii). Variables marked with (+) were identified to have significant
independent contributions (I) based on the randomizations of data matrices (Z-scores ≥ 1.67)
which were of a positive association with mortality rates; (-) denotes negative associations
with mortality rates. R2 values of the full model.
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For unspecked hardyhead, the only significant independent variable to explain Z was
the density of pelagic nauplii (Figure 6.6). Mortality rates were negatively associated
with densities of pelagic nauplii, however, when analysed separately from the
remaining explanatory variables, nauplii failed to significantly explain any of the
variance in Z for either 15-16 or 17-18 day old larvae (Z15-16 : R2=0.19, p>0.05; Z17-18
R2=0.10, p>0.05).

6.4 Discussion
6.4.1 Pelagic and epibenthic microfauna assemblages
Pelagic and epibenthic microfauna assemblages in the Lindsay River during the 200506 fish spawning season were significantly different, and densities of the dominant
taxa fluctuated rapidly over short time scales in both zones. Microfauna densities were
greater in the epibenthos than the pelagic zone, which concurs with previous
comparative studies (King 2004b). In the present study, mean densities of the Lindsay
River pelagic and epibenthic microfauna exceeded 5,000 and 10,000 inds.L-1,
respectively.

To date, there is no knowledge of the zooplankton densities required for growth and
survival of Australian freshwater larval fish in their natural environments. In marine
systems, the required prey densities for larval survival have been estimated to vary
between 20 and 1000 inds.L-1 (Theilacker et al. 1996), with wind generated microturbulence playing an important role in increasing the encounter rate of larvae with
their prey (Peterman et al. 1987, 1988, MacKenzie and Leggett 1991, MacKenzie et al.
1994). In Lake Marion, South Carolina, Chick and Van Den Avyle (1999) found that few
striped bass larvae fed when the abundance of zooplankton was < 100 inds.L -1, with
feeding success increasing to 50% when densities approached 1000 inds.L-1. In feeding
trials of first-feeding pike perch larvae, Ljunggren (2002) found that at the onset of
feeding, larvae (6.5 mm) needed prey densities > 585 inds.L-1 to maintain mass,
whereas at day 5 (7.0 mm) and day 20 (11 mm) post first-feed, larvae only required 55
inds.L-1 and 2 inds.L-1, respectively. For pumpkinseed, Lepomis gibbosus, and white
sucker, Catostomus commersoni, larvae, Hart and Werner (1987) reported strong
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survival and growth under laboratory conditions at prey densities at 250 inds.L-1. For
the ex situ rearing of large bodied Murray-Darling fish such as Murray cod,
Maccullochella peelii peelii, silver perch, Bidyanus bidyanus, and golden perch
Macquaria ambigua, zooplankton densities of 500 inds.L-1 are regarded to maximise
the chance of larval survival (King 2002). Even assuming a conservative prey density
requirement of 1000 inds.L-1, it is evident that there was an abundance of potential
food items for fish larvae throughout the 2005-06 spawning season in the Lindsay
River. This also concurs with similar research by King 2004b in the Broken River, a
tributary of the Murray River, where food was not found to be limited.

Microfauna densities may be influenced by a combination of abiotic factors, including
discharge, temperature, retention time and oxygen (Shiel et al. 1982, Ferrari et al.
1989, Bass et al. 1997, van Dijk and van Zanten 1995). In the present study, abiotic
factors, including flow, temperature, and oxygen were relatively stable over time, and
explained only 23 and 26% of the variance of epibenthic and pelagic microfauna
densities, respectively. Given that there was a large amount of variation in mean
rotifer, and microcrustacea densities in the Lindsay River over a period of days to
weeks, it is likely that this variation was not due to differences in the above abiotic
factors alone, but attributable to their spatial patchiness, as well as changes in food
availability or predation from invertebrates and larval, juvenile and adult fish (Shiel et
al. 1982).

6.4.2 Sources of mortality: partitioning the influence of food abundance, predators
and abiotic conditions.
Starvation
Despite the high densities of potential prey recorded throughout the study period,
high total mortality rates were observed for all carp gudgeon and unspecked
hardyhead cohorts (Chapter 4 & 5). Furthermore, densities of potential prey items
could not explain any of the variation in mortality rates of pre-recruit larvae for carp
gudgeon or unspecked hardyhead. This study joins other freshwater field studies that
have failed to relate low microfauna densities to increased mortality (Rice et al.
1987ab, Klein-Macphee et al. 1993, Welker et al. 1994, Betsill and Van Den Avyle 1997,
Garvey et al. 2002, Bunnell et al. 2003). For example, Betsill and Van Den Avyle (1997)
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examined the effects of prey availability and water temperature on survival of weekly
cohorts of larval threadfin shad, Dorosoma petenense, in a South Carolina reservoir
and found that cohort survival was related to temperature, but not prey availability.
Bunnell et al. (2003) hypothesised that first feeding Pomixis spp. larvae would be
vulnerable to low zooplankton densities because of their small size at hatch and
vulnerability to potential competitors, but failed to find a link between survival and
zooplankton biomass. Similarly, Garvey et al. (2002) reported that larval survival of
blue gill, Lepomis macrochirus, and pumpkinseed, L. gibbosus, was unrelated to
abundance of zooplankton. Whilst there are no studies of mortality in Australian
freshwater fish with which to compare, previous work by King (2005) investigated the
gut-fullness and diets of freshwater fish larvae collected in the Broken River, in the
Murray-Darling Basin, and found little evidence of starving larvae. Because of the high
densities of pelagic and epibenthic microfauna densities observed in the Lindsay River
and the lack of explanatory power of potential prey for mortality rates, it seems
unlikely that starvation would have been a major source of mortality in pre-recruit
carp gudgeon and unspecked hardyhead larvae.

Starvation has long been considered the major cause of mortality and recruitment
variation, and forms the basis behind Hjort’s (1914) critical period hypothesis and
Cushing (1990’s) match-mismatch hypotheses. In Chapter 4, evidence of high
mortalities that coincided with the transition to exogenous feeding was found, and
therefore food availability was one of several alternative hypothesises used to explain
these high mortality rates. The present findings suggest that the critical period can still
occur, but, in contradiction to Hjort and Cushings proposals, food availability seems
unlikely to be the determining factor.

Abiotic factors
No significant relationship was observed between mean daily temperature and prerecruit mortality of carp gudgeon or unspecked hardyhead. Water temperature is
commonly reported to be an important determinant of larval survival and recruitment
in fish populations (Mills and Mann 1985, McGurk 1986, Henderson et al. 1988, Houde
and Zastrow 1993, Rutherford and Houde 1994, Elliot and Leggett 1996, Stags and Otis
1996, Jonas and Wahl 1998, Planque & Frédou 1999, Bartolino et al. 2008). Eggs and
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newly hatched larvae are most vulnerable to temperature-related stress; eggs can fail
to hatch, and risk of physical abnormalities, disease, and reduced growth rates
increases when temperature either exceeds or drops below optimal conditions
(Mendiola et al. 2006). Temperature thresholds have not been reported for either carp
gudgeon or unspecked hardyhead, however, it is likely that any temperature-related
mortality would occur at the egg and yolksac life stages, during which times in the
present study, mortality rates were not estimated. However, considering that both
species appear to be adapted to spawning during spring/summer months in low flow
conditions, it is proposed that the role of temperature for these ‘low flow specialists’
(sensu Humphries et al. 1999, King 2002) may influence the timing and duration of
spawning, rather than survival per se. This is an area, nevertheless, that requires
further study, both in the field and under controlled, laboratory conditions.

Despite the general low flow conditions which characterised the Lindsay River over the
2005-06 spawning season, discharge had a small, but significant positive effect on carp
gudgeon mortality rates for 3-4 day old protolarvae. This relationship was not upheld
for either the older pre-recruit carp gudgeon larvae, or for unspecked hardyhead prerecruit larvae. As has been mentioned in earlier chapters, carp gudgeon protolarvae
are very small (3-3.5 mm), are poorly developed with little swimming capability, and
spend much of their time on the substratum. It is possible that an increase in discharge
caused displacement from the natal area or physical abrasion, resulting in the
observed increase in mortality rates (Mion et al. 1998). However, the ponded nature
of the Lindsay River is such that any increases in current speed associated with the
increased discharges during the spawning season were likely to be very small. Instead,
it may be that changes in discharge may have been associated with other detrimental
factors not measured in this study (Fitzsimons et al. 2007).

Negative interactions with microfauna
Microinvertebrates, such as cyclopoid copepods, are known to be both predators and
prey of larval fish (McGovern and Olney 1988, Palomares and Alejandre 1995,
Fregadolli 2003). To take this into account, any significant positive associations
between mortality rates and increasing microfauna densities were used to signal
potential predatory interactions.
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There was no significant positive relationship between unspecked hardyhead mortality
rates and benthic densities of microfauna. Hardyhead larvae are typically associated
with pelagic environments (Pusey et al. 2004, Lintermans 2007), and therefore it is not
surprising that interactions with benthic fauna were not observed for this species.
There was also no significant positive relationship between unspecked hardyhead
mortality rates and densities of pelagic microfauna taxa. Predation by cyclopoids has
been observed to have a significant impact on larval survival in other species (see
below), but despite the fact that cyclopoids dominated the pelagic microcrustacea,
there was no evidence to suggest they were an important source of mortality for
unspecked hardyhead.

In comparison with unspecked hardyhead, a significant positive relationship was found
between pelagic microcrustacea densities and carp gudgeon mortality for the majority
of pre-recruit ages. Cyclopoid copepods have been reported to be significant predators
of yellow perch Perca flavescens, white perch Morone Americana, striped bass Morone
saxatilis, and alewife Alosa psuedoharengus larvae (Smith and Kernehand 1981, Bailey
and Houde 1989). Unlike unspecked hardyheads, there was a significant positive
relationship between densities of the cyclopoid-dominated pelagic microcrustacea
community and carp gudgeon mortality for the majority of pre-recruit ages. Here, I
propose that predation was the most likely cause of this relationship. It is possible that
carp gudgeon larvae are more vulnerable to predation by cyclopoid copepods than
unspecked hardyhead larvae, because the former are small, less developed and
sedentary. Such characteristics have been shown to increase capture rates in
invertebrate predators (Bailey a1984, Fuiman 1994). Unspecked hardyhead are more
pelagic, larger, more mobile, and have better avoidance capabilities than carp gudgeon
larvae (pers. obs.). In light of the differences in development and swimming ability,
carp gudgeon maybe more susceptible to capture by predatory invertebrates than
unspecked hardyhead.

In the present study, benthic densities contributed to the majority of the variation in
carp gudgeon mortality rates. The positive relationship with ostracod densities and
pre-recruit carp gudgeon mortality rates was unexpected. Ostracods can form a
168

substantial proportion of the diet of large fish larvae (Mischke et al. 2003, Sassa and
Kawaguchi 2005), as well as juvenile and adult fish (Garcia-Bethou 2001, Thorp and
Casper 2003, de Carvalho and Soares 2006), but few studies have documented
associations between ostracods and small larvae (i.e. 2-3 mm). As far as is known, this
is the first study to report such a relationship. Possible explanations can only be
hypothesised, but may be a result of: I) trophic succession of dominant preferred food
items, 2) ostracod predation on carp gudgeon larvae, 3) competition between carp
gudgeon and ostracods for food resources, 4) the fact that the observed relationship is
a surrogate for more complex food-web interactions not detected in this study, or 5)
ostracods densities being a surrogate for other environmental factors unrelated to
food webs that influence carp gudgeon mortality. These alternative hypotheses will be
explored and their likelihood discussed in the following sections.

Alternative hypothesis #1: Trophic succession of dominant organisms
In seasonal wetlands, ostracod densities tend to increase throughout the temporal
period

that

the

wetland

is

inundated

(Coetzer

1987).

Observations

of

microinvertebrate succession in aquaculture ponds reveal that ostracod densities are
usually scarce during the early culture pond period, but can become the dominant
crustacean during the pond culture period, when rotifers and other microcrustacea,
such as copepods and cladocerans, become scarce (Mossig and Fallu 2004). As a result,
the rearing of fish larvae when ostracod densities are high is avoided in aquaculture,
because of the associated lower densities of desirable and beneficial forms of food
items (Mossig and Fallu 2004). In this study, ostracods were never the numerically
dominant zooplankton in the Lindsay River, even at their peak densities. Thus, trophic
succession is unlikely to be a valid explanation of the observed positive relationship
between ostracods densities and carp gudgeon mortality rates.

Alternative hypothesis #2: Ostracod predation on carp gudgeon larvae
Predation is another alternative explanation for the positive relationship between
ostracod density and carp gudgeon mortality. But how prevalent is carnivory in
ostracods, and could it be an important contributor to larval mortality? Carnivory has
been documented in some marine and freshwater ostracod species feeding on
invertebrates and larval and small fish (De Deckker 1983, McCormick and Polis 1982,
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Campbell 1995, Vannier et al. 1997, Dole-Olivier et al. 2000). However, ostracods are
typically considered to be generalists, feeding on detritus, phytoplankton and plants
(Chapman and Lewis 1976). Predation has been observed in some Australian ostracod
species, including Australocypris insularis, but the species is generally associated with
hyper-saline lakes where fish are absent (Campbell 1995).

While the impact of

predation by other microfauna (e.g. cyclopoids, hydra) is considered a major source of
larval mortality (Bailey and Houde 1989), the significance of ostracod predation on
larval populations has not been documented. Based on the paucity of information
regarding diets and behaviour of ostracods, it is uncertain as to the plausibility of this
predation hypothesis. It is recommended that future work should be directed at
indentifying the interaction between these two taxa.

Alternative hypothesis # 3: Competition for food resources
Competition for food resources is another possible explanation for the positive
relationship between ostracod densities and pre-recruit carp gudgeon mortality. Carp
gudgeon are poorly developed at hatch, and are very poor swimmers until first feeding
(approx 5 days) (Lake 1967a). They have a strong propensity to sink when very young
and therefore spend much time on or near the substratum (Lake 1967a,b). Ostracods
are also relatively sedentary, and occupy epibenthic and interstitial habitats (De
Dekker 1983, Dole-Olivier et al. 2000). Taking into consideration the similar demersal
behaviour of carp gudgeon larvae and ostracods, there is likely to be substantial spatial
overlap in their distribution. But is there any overlap in the diets of young carp
gudgeon larvae and ostracods?

Similarly to ostracods, the diets of Australian freshwater larval fish have received scant
attention (but see Gehrke 1992, Vilizzi 1998b, King 2005). Carp gudgeon larvae exhibit
small changes in feeding habits with ontogeny; individuals <5 mm have been observed
to eat rotifers (Gehrke 1992) and copepod nauplii (King 2005), whilst individuals >5
mm have been observed to consume calanoid copepods & cladocerans (Gehrke 1992),
and rotifers, nauplii and cyclopoids (King 2005). However, the diets of smaller, ‘firstfeeding’ carp gudgeon larvae are poorly documented. Since the maximum size of prey
eaten by larvae is largely determined by gape size (King 2005), it is possible that the
first feeding larvae sampled in the Lindsay River may also consume smaller prey items,
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including rotifers, bacteria, diatoms, and algae. Given the high spatial overlap between
the pre-recruit carp gudgeon and ostracods, it may be that local small-scale densities
of phytoplankton, bacteria, and rotifers for newly feeding carp gudgeon are depleted
by higher densities of ostracods. Whilst there is potential that competitive interactions
may occur between carp gudgeon larvae and ostracods, their diets and behaviour need
to be investigated further.

For this competitive hypothesis to be plausible, it must be inferred that food limitation
drove carp gudgeon pre-recruit mortality. This appears to contradict earlier statements
that microinvertebrates were abundant throughout the study period, and highlights
the distinction that must be made between food ‘abundance’ and food ‘availability’
per se: food limitation may be more closely related to the ratio of predators to prey,
than by prey densities alone (Bailey and Houde 1989). Given the numbers of potential
consumers that share similar diet niches with carp gudgeon larvae, it may be more
insightful to investigate the importance of starvation as a source of larval mortality
through direct measures of individual condition. Condition indices may provide further
insight of how larvae encounter their environment, without having to match the scale
of larvae, with food and predator encounters; especially interactions with food and
other environmental variables, like predator densities, cover and patch dynamics. The
development of sensitive histological and nucleic indices (e.g. RNA:DNA ratios) for
measuring larval condition provide such an opportunity (Buckley 1984, Clemmensen
1994, Pepin et al. 1999, Kono et al. 2003, Voss et al. 2006), and should be explored for
future recruitment studies.

Alternative hypothesis # 4: Surrogate for more complex food web interactions
The hypotheses explored so far have assumed that the impact of ostracods on carp
gudgeon is of a direct nature. However, given the observational nature of the study,
causal relationships can only be inferred. Considering the complexity of food webs
within freshwater environments (Wetzel 2001, Winemiller and Jespen 1998), it is also
possible that the observed correlation between ostracods and carp gudgeon mortality
is indirect, and a surrogate for more complex interactions occurring among organisms
not included in the present study (Thorp and Casper 2003). For example, it may be that
organisms which prey on ostracods (i.e. small zooplanktivorous fish) inadvertently and
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detrimentally affect the habitat, food resources, or behaviour of carp gudgeon larvae.
Again, this would be fruitful area for future research.

Alternative hypothesis #5: Surrogate for other environmental conditions
The final hypothesis considered is that the observed correlation between pre-recruit
carp gudgeon mortality and ostracods densities is a surrogate for changes in abiotic
conditions of the Lindsay River not detected in this study. There may be environmental
conditions to which ostracod densities favourably respond and which are detrimental
to carp gudgeon survival. For example, ostracod densities are positively correlated
with phytoplankton density (Rees 1979, Coetzer 1987, Beaver et al. 1999). High
phytoplankton densities in still or slow-flowing rivers can cause large diurnal
fluctuations in oxygen availability, with large spikes maximal during the middle of the
day, but dropping to very low levels early morning (Wetzel 2001). Fish larvae are
highly sensitive to oxygen levels (Brook and Colby 1980, Breitburg et al. 1999, Fiksen et
al. 2002, Pollock et al. 2007), and given their limited mobility to escape localised
abiotic changes, changes in oxygen availability could be fatal (Pollock et al. 2007).
Although little is known of the tolerance of the early life stages of Australian native fish
species to abiotic conditions (but see McNeil and Closs 2007), low dissolved oxygen
concentrations are a significant source of mortality for other freshwater larvae
including inland silverside, Menidia beryllina (Weltzien et al. 1999). It is recommended
that future research investigates the effect of dissolved oxygen concentrations and
other physical-chemical parameters on the larvae of Murray-Darling fishes and its
potential role in recruitment.

What is the most likely hypothesis?
The most likely hypothesis for explaining the association between increased ostracods
densities with high carp gudgeon mortality rates is a matter of speculation. It is likely
though, that if the relationship between ostracod densities and mortality is of a direct
nature (i.e. competition for food resources or predation), such an interaction will be
exacerbated in still, slow flowing waters, where ostracod densities are likely to be
greater than in deeper, faster flowing habitats (Dole-Olivier et al. 2000). Despite the
strong explanatory power of carp gudgeon pre-recruit mortality by various biotic
variables, it must be emphasized that these correlations do not infer causality, but
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provide a platform for the generation of hypotheses from which future work should be
directed (Sih et al. 1985).

Future recruitment research would benefit from

investigating i) ostracod and carp gudgeon diets, ii) nutritional condition of larval
cohorts under different environmental conditions, iii) the sensitivities of fish larvae to
physico-chemical parameters, and iv) the effect of ostracod exclusions in situ.

6.4.3 Unexplained variation in mortality rates
Approximately 39 - 48% of the variation in carp gudgeon protolarvae mortality rates
could not be explained by the abiotic and biotic variables used in this study, and this
dropped to 30-32% as larvae passed through the flexion stage. In comparison with carp
gudgeon, the present study failed to link unspecked hardyhead pre-recruit mortality to
any of the explanatory variables. Other factors which may account for the unexplained
variation in carp gudgeon and unspecked hardyhead mortality include: disease,
episodic changes in abiotic conditions other than temperature or discharge, intrinsic
mortality related to physiological or morphological constraints in early development,
cannibalism, predation by larger organisms, and sampling error associated with
mortality estimates or small-scale spatial variation of the variables measured.

Disease may be a source of unexplained variance in carp gudgeon mortality. Disease is
a common source of mortality in aquaculture settings (Gunaskera et al. 1998,
Katharios et al. 2008), but its influence on mortality in riverine fish larvae has not been
quantified. It may only be an important source of mortality when densities of larvae
are high and exposed to poor abiotic conditions (Bigarre et al. 2009), but deserves
further study.

Intrinsic mortality may be a major source of unexplained mortality in pre-recruit carp
gudgeon. Carp gudgeon mortality rates coincided with the time of first feeding, and
this pattern was consistent for all 22 4-d cohorts during the spawning season (Chapter
4) across a wide range of abiotic and biotic conditions. Since carp gudgeon are so
poorly developed at hatch, it is hypothesised that a large amount of carp gudgeon
mortality is driven by physiological limitations associated with early growth and
ontogenetic development.

Such constraints are likely to occur very early in
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development, and decrease with age or developmental stage as the proportion of fit
individuals increases with selection (Vladimirov 1975).

Quantification of intrinsic related mortality has been largely ignored by fisheries
scientists, despite the acknowledgement of its potential importance in shaping larval
recruitment (Browman 1995). In a laboratory experiment, Malhotra and Munshi
(1985) showed that timing of first exogenous feeding, relative to histological
development and readiness to feed, is of major importance in the survival of a small
Indian carp species, Asiparia morar. The authors found that larvae frequently began to
eat before their bodies were developed sufficiently to ingest food properly, leading to
high rates of mortality. This was attributed to the physiological stress that premature
feeding caused. Mortality was less prevalent in individuals that began first feeding
when i) their bodies were morphologically and physiologically prepared and ii) some
yolk sac still remained. Thus, a graduated transition between endogenous and
exogenous feeding may be important because it provides a temporal buffer between
metabolic demands coinciding with the loss of the yolksac, behavioural feeding
capabilities and sufficient physiological and morphological development. Indeed, a
significant proportion of fish larvae of some species never initiate feeding and so will
die irrespective of how much food exists in the environment (Vladimirov 1975). Future
work that investigates the rates of intrinsic mortality and the potential influence of
variation in maternal provisioning on such rates is recommended (Browman 1995).

Inter- and intra-species, and inter and intra-cohort cannibalism is commonly observed
in larval fish (Giles et al. 1986, Miranda and Hubbard 1994, Chick and van Den Avyle
1999); although its effect on actual population dynamics generally and recruitment
strength particularly, remains unclear. Cannibalism is a significant source of mortality
in walleye, Sander vitreus, yellow perch, Perca flacescens, northern pike, Esox lucius,
and sockeye salmon, Oncorhynchus nerka (see Dalhberg 1979). Cannibalism is sizeselective, and while the ratio of predator: prey has a large influence on cannibalism
rates, smaller larvae are generally considered the most vulnerable (De Angelis 1980,
Hunter 1981, Miranda and Hubbard 1994). Taking into consideration the temporal
overlap of different aged cohorts of multiple fish throughout the 2005-06 spawning
period, there is potential that cannibalism by older, larger larvae and juveniles was an
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important source of unexplained mortality observed in pre-recruit carp gudgeon and
unspecked hardyhead populations.

Predation by larger predators is another likely source of unexplained mortality (Hewit
et al. 1985, Leak and Houde 1987, Bailey and Houde 1989). Leak and Houde (1987)
investigated cohort survival of larval bay anchovy, Anochoa mitchilli, and concluded
that mean daily losses of cohorts to predation were 2-3 times higher than losses to
starvation.

Hewitt et al. (1985) reported that predation-related losses of jack

mackerel, Trachurus symmetricus, ranged from 99.5-99.9% during the yolksac stage.
Whilst the present study failed to detect changes in the densities of large-bodied
predators, such as small-bodied fish and macroinvertebrates, over the sampling
period, other factors besides predator densities may influence the risk of larvae to
predation. These include the density and distribution of alternative prey (Butler
1991),the size ratio of predators to their prey (Cowan et al. 1996), and the behaviour
of both predators and prey (i.e. schooling, active/passive searchers) (Bailey and Houde
1989, Fuiman 1994). The complexity of predator-prey relationships highlight some of
the limitations associated with observational studies, and thus future work would
benefit from incorporating field experiments and large-scale in situ mesocosms which
exclude potential predators, while following changes in larval assemblages over time.
Such an approach may provide insight into the importance of predation of larvae in
riverine environments.

Whilst the major sources of mortality of unspecked hardyhead cohorts can only be
speculated on, and being mindful of some of the error surrounding the mortality
estimates, it is proposed that mortality may be driven largely by predation by pelagic
fish and macroinvertebrates. Previous studies on atherinids and other species have
found predation to be a major source of mortality (Gleason and Bengtson 1996).
Gleason and Bengtson (1996) observed mean survival rates of 88-89% for the larval
atherinid, Meindia beryllina, in the absence of predators using in situ mesocosms in a
Rhode Island, USA, estuary. In the present study, predator densities were pooled
across species, which may have been too coarse to indicate predatory pressure on
larval populations, and highlights the need for identification of the major predators of
175

fish larvae in the Murray-Darling Basin, and a more direct or experimental approach to
assessing the importance of predation on larval mortality.

One final possible explanation for the failure to link unspecked hardyhead mortality
rates to environmental conditions may be due to error associated with mortality
estimates derived in Chapter 4. Overall, the model-fitting procedure showed that the
residual variation in abundance-at-age data for individual cohorts was greater for
unspecked hardyhead than for carp gudgeon. This could have an effect on the ability
to detect any significant changes in environmental conditions and subsequent impact
on larval survival, and should be kept in mind when interpreting these results.

6.4.5 Concluding remarks
Observational studies can be extremely useful in hypothesis generation, but are poor
in identifying causal mechanisms. As Sih et al. (1985) discusses, observational
techniques can address broad questions, but are more open to alternative
interpretations. I have suggested a large number of studies that would to help identify
the relative importance of factors related to the mortality of the two species studied
here. Mesocosm and exclusion experiments would go a long way to elucidate key
drivers in mortality of the two species, although the practicalities of such experiments
would be problematic.

The majority of marine and freshwater observational studies investigating factors
associated with larval fish mortality and recruitment have limited their sampling to
pelagic environments. To date, few have explored the role of the benthos in fish
recruitment (but see Klein-Macphee et al. 1993). The ‘low flow recruitment’
hypothesis proposed that the benthic environment of rivers may be an important site
for interactions with larvae and food resources (Humphries et al. 1999). This was later
confirmed by King (2004b) who found densities of potential prey items to occur in
densities significantly greater in the epibenthos than in the open water. The results of
the present study shows that for demersal life stages, encounters with benthic fauna
may also be source of negative interactions, highlighting the trade-offs between
increased food densities, and either competition for these resources, or predation.
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Whilst few studies have investigated the role of the benthos in recruitment of
freshwater fish, the effect of the benthos on larval marine fish has been demonstrated
in mesocosm experiments; where negative interactions with the benthos reduced the
abundance of larval menhaden, Brevortia tyrannus, (Sullivan et al. 1991) and survival
rates of larval winter flounder, Pleuronectes americanus, (Klein-Macphee et al. 1993).
The possible explanations for this effect include predation by benthic organisms, or
competition with benthic filter feeders. In estuarine environments, benthic
invertebrates have been suggested to be an important competitor of not only other
benthic species, but also of water column species (Daborn 1986). Under, shallow, lowflow conditions, the potential exchange between the benthic and pelagic environment
is likely to increase. Such conditions were typical of the Lindsay River during the 200506 spawning season, and the results of the present study highlights the importance of
the benthos to act not only as a food source, but also an environment in which both
competition and predatory forces also have the capacity to shape larval recruitment.
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Chapter 7: General Discussion
The aim of this thesis was to investigate mortality of native Murray-Darling fish during
their early life stages. To achieve this, I quantified the cohort-specific mortality
schedules of two native, small bodied fish species as they developed from yolksac
larvae through to juveniles. Following multiple cohorts at two-day intervals as they
appeared over a protracted four month spawning period, provided a unique
opportunity to investigate both intra- and inter-species differences in mortality, and
how this responded to changing abiotic and biotic conditions. As far as I am aware,
this study constituted the first attempt at quantifying the early life stage mortality
rates of freshwater fish within a natural Australian freshwater environment.

The main findings of this thesis are illustrated as a conceptual model in Figure 7.1. The
model highlights the differences in the mean (±2SE) mortality schedule of carp
gudgeon,

Hypseleotris

spp.,

and

unspecked

hardyhead,

Craterocephalus

stercusmuscarum fulvus during their larval development from yolksac larvae through
to juveniles, and refers to the stage when recruitment strength (to the juvenile stage)
is established. As mortality is greatest during the pre-recruit phase, the relative
importance of potential sources of mortality during this phase is hypothesised. The
model also points out the stages in which density-dependent processes have an
influence on mortality. An accompanying summary of the important events relating to
the early life stage mortality and their underlying mechanisms are discussed below.

7.1 Differences in cohort mortality with age and developmental stage
The study of fish in the Lindsay River during the spawning season of 2005-06
demonstrated that there are particular times during the larval period when some
species are more vulnerable to mortality than at other times (Figure 7.1). Chapter 4
quantified age-specific mortality rates of 4-day cohorts of two small opportunistic
zooplanktivores, carp gudgeon and unspecked hardyhead at 2-d intervals, as they
developed from yolksac larvae through to juveniles. Mortality rates of carp gudgeon
larvae were greatest for all 22 cohorts studied when larvae were 3-6 days old
coinciding with the transition from endogenous to exogenous feeding. By contrast,
changes in mortality rates during larval development for unspecked hardyhead were
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Carp gudgeon
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Exo/endo trans.
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D.D

F
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Abiotic factors
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recruitment
Food avail.

Predation by cyclopoids

Abiotic factors
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Figure 7.1: Conceptual model of mean early life stage mortality of carp gudgeon (Hypseleotris spp.) and unspecked hardyhead (Craterocephalus
stercusmuscarum fulvus), with hypothesized importance of causal mechanisms influencing recruitment. Avail.= food availability, Int.= interaction. Greyshadowed areas represent variation in mortality rates across cohort (±2SE). Dashed circles represent stages when significant density-dependent (D.D)
mortality occurred. 'Exo/endo trans' refers to the endogenous/exogenous transition period, YS = yolksac, PL = protolarvae, F = flexion, PF = post flexion and
ML = metalarvae.

less pronounced. Despite this, variation in age- and stage-specific mortality was
greater in this species than in carp gudgeon. Overall, carp gudgeon experienced
greater rates of total mortality over the larval phase than did unspecked hardyhead.
The findings from this chapter provided strong evidence in support of the critical
period hypothesis for carp gudgeon and more equivocal results for unspecked
hardyhead.

7.2 Predicting recruitment strength
The present study evaluated the ecological importance of the critical period in
explaining recruitment variability; where recruitment was defined as becoming a
juvenile (Chapter 5). In the case of carp gudgeon, recruitment strength was largely
determined during the critical period (Figure 7.1), but processes impacting on larvae
for a further 4-6 days also had a contributing influence. Evidence of some
compensatory density-dependent mortality was observed to follow the critical period
towards the end of the pre-recruit phase, with recruitment strength established
around the end of the flexion stage. On the other hand, higher mortality rates early in
larval development of unspecked hardyhead did not drive recruitment strength,
because mortality rates through the following stages of development were still high
and variable. As a result, recruitment strength for this species could not be predicted
until the end of the post flexion stage (Figure 7.1).

One assumption of this work was that juvenile mortality was not a significant source of
mortality variation. This assumption may be most applicable for small, short lived
species who reach reproductive age quickly, but for larger, longer lived species, the
juvenile phase could have an important influence on recruitment strength, because of
marked ontogenetic shifts in behaviour, habitat use and diet (Bollens et al. 1992,
Folkvord et al. 1994, Thorrison 1994, Jordaan and Brown 2003, King 2004a, 2005).
Ideally, future work should attempt to follow cohorts through their juvenile and adult
phases to test if recruitment predictions based on the larval phase still hold true.

7.3 Intra-seasonal variation in cohort mortality
Chapter 5 investigated the importance of hatch date, stage duration and densitydependent processes on overall cohort mortality rates and ascertained whether
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mortality during the critical period determined recruitment of carp gudgeon and
unspecked hardyhead through to the juvenile phase. The study concluded that carp
gudgeon cohorts that hatched early in the spawning season experienced significantly
lower total and critical period mortality rates than cohorts that hatched during the
middle or late in the spawning season. This pattern was independent of growth rate
(which was constant over the 2005-06 spawning period), and despite the fact that
early-hatched cohorts took longer to reach metamorphosis. In contrast, neither hatch
date or stage duration had a significant influence on hardyhead cohort mortality
during the 2005-06 spawning period.

7.4 Sources of mortality
Chapter 6 investigated the relationship between food availability, predation and
abiotic conditions and pre-recruit mortality rates of carp gudgeon and unspecked
hardyhead (Figure 7.1). One of the major findings of this thesis was that despite high
densities of epibenthic and pelagic food densities occurring in the Lindsay River during
the 2005-06 spawning season, high rates of mortality in carp gudgeon and hardyhead
cohorts were still observed. Whilst mean densities of copepod nauplii and rotifers
exceeded 600 inds.L-1 and 3000 inds.L-1, respectively, approximately 99.4% and 96.8%
of carp gudgeon and unspecked hardyhead yolksac larvae had died before reaching the
juvenile stage. It is hypothesised that in low flow habitats such as the Lindsay River,
starvation is not likely to be a major source of mortality for larval fish of small bodied
zooplanktivores like carp gudgeon and unspecked hardyhead.

This finding supports a growing number of freshwater studies which have failed to
identify food availability as a limiting factor to larval fish survival (Rice et al. 1987ab,
Klein-Macphee et al. 1993, Welker et al. 1994, Betsill and Van Den Avyle 1997, Garvey
et al. 2002, Bunnell et al. 2003). These observations contradict two of the major
hypotheses relating to recruitment ecology. Hjort’s (1914) original idea of a critical
period proposed that recruitment variability of fish populations was largely
determined by variation in food densities at the time when larval cohorts began firstfeeding on exogenous food items. Cushing (1975, 1990) further developed this idea
with the match-mismatch hypothesis, which stated that strong recruitment strength
was the result of a match between peak larval production and peak food availability.
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Both the critical period hypothesis and the match-mismatch hypothesis were originally
conceived for marine species, and while the developmental and physiological
constraints of marine and freshwater larvae may be similar, it may be that their
interaction with other organisms within their respective environments may vary
greatly, and based on the scale at which they are spatially distributed (Myers et al.
1997, Letcher and Rice 1997).

These sorts of studies which have explored starvation as a possible source of mortality
of larvae would benefit from comparisons of the nutritional condition of different
species at similar developmental times, cohorts over time, as well as developmental
stages which exhibit high (i.e. protolarvae/flexion) and low rates (metalarvae) of
mortality. Use of condition indices, including nucleic (RNA:DNA ratios), and histological
(epithelial gut cell height) to evaluate the direct risk of individuals to starvation is
recommended. Coupled with mortality estimates and environmental measurements,
such information would be invaluable.

The vast majority of the marine and freshwater studies attempting to relate prey and
predators to survival and mortality of fish larvae have been conducted in the pelagic
zone. However, interactions between carp gudgeon and the benthic environment may
have important implications for mortality of this particular species. Variation in
mortality rates of pre-recruit carp gudgeon larvae were largely explained by a positive
association with epibenthic ostracods, and to a lesser extent, pelagic cyclopoid
densities. Whilst this study did not establish if these relationships were due to direct
(i.e. predation), indirect (i.e. competition) interactions, or were surrogates for other
abiotic or biotic conditions, the observed relationships warrant further investigation.
Previous studies have highlighted the importance of the epibenthos as a food resource
for the early life stages of fish (King 2004), but few freshwater studies have
investigated the potential negative interactions (i.e. predation, competition) that may
be associated with life near the benthos. Given the high densities of invertebrates
known to occupy the benthos, it is possible that this may be an overlooked, but
important source of mortality for larval fish which share similar demersal life histories.
Future work that examines the small-scale interactions between demersal larvae and
their epibenthic surroundings should be a priority. Experimental and manipulative field
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based studies, such as the use of in-stream exclusion cages may provide such an
opportunity to investigate the direct or indirect influences associated with demersal
life.

Future work could also investigate the mortality rates of egg and yolksac larvae of carp
gudgeon and unspecked hardyhead, as this would help assess the ecological
importance of the mortality rates observed for the proceeding larval phases
documented in the present study. More importantly, it may shed light on the relative
importance of starvation and other sources of mortality in pre-recruit larvae. For
example, if yolksac mortality rates mimic those of protolarvae, then it could be
hypothesised that mortality during the protolarvae stage was not related to the
transition from endogenous to exogenous feeding. Instead, such patterns would
indicate that predation, or abiotic factors may be major sources of pre-recruit
mortality, affecting both yolksac larvae and protolarvae (Leak and Houde 1987).
However, greater mortality for protolarvae than yolksac larvae, would lend support to
the argument that mortality was related to the transition to exogenous feeding.
Future work, involving manipulative laboratory and field experiments, may help in
understanding the relative importance of food abundance and predation intensity in
setting survival and recruitment patterns.

Finally, the consistently high rates of mortality experienced by young carp gudgeon
larvae led to the hypothesis that intrinsic mortality may be a contributing factor to
variation in survival and recruitment strength for this species. The role of physiological
development in the mortality of larvae has lagged behind that of ecological studies.
Further research regarding the role and magnitude of intrinsic mortality in fish species,
and the role of maternal provisioning in the survival of young are needed.

7.5 Relationship between early life history traits and mortality
Life history no doubt played a key role in the differences observed in patterns, sources
and severity of mortality of carp gudgeon and unspecked hardyhead larvae. The
present study found that carp gudgeon, which are small and poorly developed at
hatch, and with a brief transition from endogenous to exogenous feeding, experienced
greater total mortality rates during the larval phase than unspecked hardyhead.
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Unspecked hardyhead are larger, well developed at hatch, and have an extended
transition from endogenous to exogenous feeding. These findings fit well with the life
history models of animal populations, which show that at the inter-species scale,
mortality and body size are inversely related (Miller et al. 1988, Winemiller and Rose
1992).

Due to the similar adult life history characteristics of carp gudgeon and unspecked
hardyhead, such as longevity, size and flexible spawning behaviour, comparisons
between fecundity, egg size and larval survival are possible. Carp gudgeon are more
fecund than unspecked hardyhead, but as shown in this study, have higher mortality
rates. By contrast, unspecked hardyhead produce fewer offspring but have higher
survival rates during the larval phase. Theoretical and empirical studies of life history
predict that in prey-rich environments, such as the Lindsay River, the ‘quantity not
quality’ strategy, as exhibited by carp gudgeon, will result in a greater number of
survivors (Winemiller and Rose 1993, Humphries et al. 1999, Vila-Gispert and MorenoAmich 2002). The dominance by carp gudgeon of the small-bodied fish assemblage of
the Lindsay River attests to this. Whilst the findings of this study are predicted to be
applicable to other opportunistic species, future work that investigates the mortality of
Murray-Darling Basin species with different life histories, such as those with
'equilibrium' (sensu Winemiller and Rose 1993) (e.g. Murray cod), and 'periodic' (e.g.
golden perch) strategies is strongly recommended.

Because the present study investigated differences in mortality of larval fish
populations at the cohort scale over the course of only one spawning season,
investigating inter-annual differences in recruitment was beyond the scope of this
study. Taking into account the flexible spawning behaviour of carp gudgeon and
unspecked hardyhead, the relative role of seasonal spawning effort and survival in
establishing 0+ populations is currently unknown. For example, it is not known if the
length of the spawning season is a more important determinant of recruitment success
than variation in mortality rates. It is speculated that that the recruitment strength of
protracted spawners may be largely determined from the number of spawning events
occurring (driven largely by duration of spawning season), whereas for species with
brief spawning events, the importance of survival will be the recruitment determinant.
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7.6

The importance of these findings to recruitment ecology and conservation of

Murray-Darling fishes
Successful recruitment into populations is dependent on two key processes: the
magnitude of reproduction and spawning, and the subsequent survival and growth of
young through the most vulnerable life stages (Wootton 1990). The field of
recruitment ecology for freshwater fish in Australia is in its infancy, with research
focusing heavily on the dynamics and ecological requirements related to spawning
initiation of the adult population. To date, understanding how the magnitude of
spawning translates to overall recruitment strength has been a ‘black box’, because
survival during the early life stages has not been investigated. The present study has
been an important first step in this process. The observation that the production of
newly hatched larvae could not explain the number of individuals reaching juvenile
stage, highlights the need for further research to investigate the factors influencing
survival during the larval phase. Thus, it is recommended that further research
investigates the responses of other Murray-Darling Basin fishes’ survival during their
pre-recruit phase, and under different environmental conditions. The characteristics of
lowland, floodplain rivers, such as the Lindsay River, provide a snapshot of the
hydrological conditions under which native fish recruit, and therefore comparisons of
the findings of this study to other rivers and freshwater habitats is strongly
encouraged.

Identifying the age, size or developmental stage at which recruitment is set has major
implications for both the advancement of recruitment science and successful
conservation and protection of fish populations. For example, the provision of
environmental flows in regulated rivers is one of the key strategies implemented
across the Murray-Darling Basin and other regulated catchments for native fish
conservation (MDBA 2004, Lintermans 2007). Monitoring the relative abundance of
post-recruit larvae in response to these flows could provide a much more direct effect
of pre-recruitment processes on larval survival and recruitment to environmental
conditions, compared to juvenile back-calculation methods. Additionally, the relative
abundance of post-recruit larvae will be a superior index for recruitment response
compared to a gross ‘larval abundance’ which pools both pre-recruit and post-recruit
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larvae; the common approach to larval ecology studies in the Murray-Darling Basin to
date.

The ability to determine the time when recruitment strength is established for larval
fish cohorts has important implications for the successful conservation of native fish
populations. This is because it provides a finite and condensed time frame, when
suitable management actions can be best targeted towards providing favourable
conditions during this particular life stage, be it habitat that provides flow refuge, high
food densities, or refugia from predators. For protracted low-flow specialists, these
conditions can be promoted on both a temporal (promoting extended spawning
seasons) and spatial scales (providing summer low-flow habitats within main channel
and off-channel environments). Though identification of the major causes of variation
in mortality and subsequent recruitment variation in this study are largely speculative,
continued research in this field will, without doubt, provide valuable knowledge for the
enhancement and conservation of native fish populations.
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Appendix A: Degradation of yellow Cyalume light stick illumination intensity over time
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Appendix B.1: Partial auto-correlations for detecting the influence of lunar phase on
light trap catch. Species investigated: a) all species combined, b) carp gudgeon 1, c)
unspecked hardyhead, d) flathead gudgeon and e) carp gudgeon 2. Data loge(x+1)
transformed. Horizontal lines represent significance levels. *=significant periodicity
detected. Significant at 28 days indicates lunar effect.
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Appendix B.2: Relationship between total larval catch and turbidity: a) all species
combined, b) carp gudgeon 1, and c) unspecked hardyhead.
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Appendix C: Validation of daily increment formation in otoliths for carp gudgeon 1 and
unspecked hardyhead larvae and early juveniles.
Aims
The specific aim of this validation study was to determine the period of increment
deposition on carp gudgeon and unspecked hardyhead otoliths in larvae and early
juveniles.

Methods
Lab experiment
Larvae were collected from the Lindsay River on the night of 17 January 2009. Eight
light traps were randomly deployed along the littoral zone of a 600m of river and left
for approximately 2 h (22:00-00:00 h). Light traps were retrieved carefully by placing
them in a water filled container prior to being pulled out of the river, making sure that
larvae were not damaged during the handling process. Larvae were immediately
transported back to Albury in aerated plastic tanks containing filtered (53 µm) river
water. Upon returning to the laboratory, carp gudgeon and unspecked hardyhead
larvae and juveniles were live picked using a dissecting microscope and plastic pipette.
Individuals were randomly assigned to one of two Alizarin Red ® baths; a short term
exposure bath and a long term exposure bath. The short term exposure bath had a
buffered concentration of 1g.L-1 Alizarin Red and 5g.L-1 Sodium Chloride (pH 7.5), in
which larvae were exposed for 3-5 minutes under complete darkness. The long term
exposure bath had a buffered concentration of 300mg.L-1 Alizarin Red and 1g.L-1
Sodium Chloride (pH 7.5). In this treatment, larvae were left in the baths for 12 h
under complete darkness. Once larvae had been exposed to either treatment, they
were transferred into one of two aerated 20L glass aquaria were they remained
outside for a further 8 days under natural light conditions (14 h light: 10 h dark
photoperiod). Larvae were fed daily with rotifers and zooplankton which had been
collected from a nearby wetland using a 5 m hand trawl net (53µm mesh). Larvae were
retrieved from the tanks at the end of the experiment and immediately preserved in
90% ethanol.
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Otolith processing
Individual larvae were placed directly onto glass slides. Using a dissecting microscope
and pins, the left sagittal otolith of each larvae was removed and mounted onto the
slide with epoxy resin. Otoliths were polished and read using a fluorescent microscope.
Otoliths were checked for fluorescing rings, and the number of rings deposited
between this point check and the outer most ring were counted. If the number of rings
matched the number of days lapsed during the field experiment (±1day), the daily
deposition of otolith rings could be confirmed. All otoliths were read twice. If there
was discrepancy within the two readings by more than ±2 days, the otolith was
disgarded. If there was a discrepancy within the two readings by ±1 day, a 3 rd count
was made by an independent reader. Readings made under x40-x 100 magnifications,
immersion oil was used.

Results
A total of 258 carp gudgeon and 82 unspecked hardyhead larvae and juveniles were
collected and exposed to the two Alizarin baths. High rates of mortality occurred in the
both the short and long term exposure treatments to Alizarin Red. Twelve hours post
emersion, only 74 and 39 carp gudgeon and unspecked hardyhead larvae/juveniles,
respectively, were alive. Of these, the otoliths of 12 carp gudgeon and 8 unspecked
hardyheads exhibited fluorescing rings. 100% of the otoliths that were stained
successfully exhibited 8 countable increments between the outermost ring and the
fluorescing ring (Figure C.1). The time between marking and the experiment
terminating was 8 days, indicating that increment formation was a daily event for carp
gudgeon and unspecked hardyhead larvae and early juveniles.

The biggest carp

gudgeon larvae/juvenile successfully stained was 83 mm (TL, juvenile stage). The
biggest unspecked hardyhead larvae/juvenile successfully stained was 101 mm (TL,
juvenile stage).
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Daily increment formation
a) Carp gudgeon

Alizarin stain under UV light

b) Unspecked hardyhead

Figure C.1: Photographs of increment deposition on the sagittal otoliths of a) carp
gudgeon and b) unspecked hardyhead larvae as viewed under bright field, and their
associated Alizarin marks as viewed under UV light.
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Appendix D: Model parameters for the best survival curve for each 4 day carp gudgeon
and unspecked hardyhead cohort (based on loge(x+1) transformed data). Model =
model of best fit as determined by AIC scores, where A=asymptotic, L=linear and
W=Weibull.
Cohort
Model
Carp gudgeon
1
2
3
A
4
5
A
6
W
7
A
8
A
9
A
10
A
11
A
12
A
13
A
14
A
15
A
16
A
17
A
18
W
19
W
20
W
21
W
22
A
23
A
24
A
25
A

a

Ro

lrc

3.272

14.902

-0.585

3.909
3.952
3.654
1.935
1.149
0.854
1.764
2.029
1.359
1.488
1.515
1.713
-3.014
0.713
0.249
0.271
0.138
0.854
0.896
0.699
0.410

10.821

-1.482
-4.803
-0.731
-2.178
-2.048
-1.773
-1.425
-1.285
-1.910
-1.464
-1.223
-0.827
-3.189
-7.378

Unspecked hardyhead
9
W
1.809
10
A
0.753
11
L
4.537
12
W
2.355
13
14
15
L
5.435
16
A
1.540
17
18
W
1.733
19
A
1.159
20
21
22
L
5.333
23
L
5.163
24
L
5.132
25
L
3.764

12.246
8.285
9.225
10.803
10.974
12.764
9.051
10.750
12.2
17.574
6.102

d

pwr

4.727

3.235

5.964

3.189

-0.646
-0.190
-0.886
-0.557
-1.181
-1.182

21.137
26.099

0.989
0.723

-10.256
-2.164
-0.176
-10.725

3.0147

4.103

2.679

5.606

3.846

2.820

7.843

11.611
16.758
8.390
11.587

7.695

7.212

-0.136
-2.364

12.307

-7.041
-1.454

-0.212
-0.205
-0.233
-0.187
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Appendix E: Instantaneous mortality rates (-Z) of carp gudgeon for each larval
cohort and 2 d age group. -Z calculated as the derivative of the descending limb of
each cohort survival curve at each 2 day age interval.

Ins tanteneous mortality rate (-Z )

C ohort no.
c3
c5
c6
c7
c8
c9
c10
c11
c12
c13
c14
c15
c16
c17
c18
c19
c20
c21
c22
c23
c24
c25
Mean
Min-max
R ange
S .D
C .V

1-2 d
2.13
1.00
0.55
1.58
0.57
0.80
1.20
1.37
1.71
0.85
1.35
1.75
2.89
0.35
0.05
0.63
3.84
3.29
1.94
2.89
1.28
1.86

3-4 d
0.70
0.63
1.34
0.60
0.46
0.62
0.86
0.85
0.98
0.63
0.85
0.97
1.21
0.32
0.23
1.19
1.37
1.12
0.85
0.92
0.69
1.01

5-6 d
0.23
0.40
0.46
0.23
0.36
0.48
0.61
0.52
0.56
0.47
0.53
0.54
0.50
0.29
0.50
1.13
0.49
0.46
0.37
0.29
0.37
0.54

7-8 d
0.08
0.26
0.01
0.09
0.29
0.37
0.43
0.32
0.33
0.35
0.34
0.30
0.21
0.27
0.70
0.65
0.18
0.21
0.16
0.09
0.20
0.29

9-10 d
0.02
0.16
0.00
0.03
0.23
0.29
0.31
0.20
0.19
0.26
0.21
0.17
0.09
0.25
0.70
0.23
0.06
0.10
0.07
0.03
0.11
0.16

11-12 d
0.01
0.10
0.00
0.01
0.18
0.22
0.22
0.12
0.11
0.19
0.13
0.09
0.04
0.23
0.49
0.05
0.02
0.05
0.03
0.01
0.06
0.09

13-14 d
0.00
0.07
0.00
0.00
0.15
0.17
0.16
0.08
0.06
0.14
0.08
0.05
0.02
0.21
0.23
0.01
0.01
0.03
0.01
0.00
0.03
0.05

15-16 d
0.00
0.04
0.00
0.00
0.12
0.13
0.11
0.05
0.04
0.11
0.05
0.03
0.01
0.19
0.07
0.00
0.00
0.02
0.01
0.00
0.02
0.03

17-18 d
0.00
0.03
0.00
0.00
0.09
0.10
0.08
0.03
0.02
0.08
0.03
0.02
0.00
0.18
0.01
0.00
0.00
0.01
0.00
0.00
0.01
0.01

19-20 d
0.00
0.02
0.00
0.00
0.07
0.08
0.06
0.02
0.01
0.06
0.02
0.01
0.00
0.16
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01

21-22 d
0.00
0.01
0.00
0.00
0.06
0.06
0.04
0.01
0.01
0.04
0.01
0.00
0.00
0.15
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

23-24 d
0.00
0.01
0.00
0.00
0.05
0.05
0.03
0.01
0.00
0.03
0.01
0.00
0.00
0.14
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.54
0.84
0.47
0.28
0.18
0.11
0.07
0.05
0.03
0.02
0.02
0.02
(0.05-3.84) (0.23-1.37) (0.23-1.13) (0.01-0.70) (<0.01-0.70) (<0.01-0.49) (<0.01-0.23) (<0.01-0.19) (<0.01-0.18) (<0.01-0.16) (<0.01-0.15) (<0.01-0.14)
3.79
1.13
0.91
0.69
0.70
0.49
0.23
0.19
0.18
0.16
0.15
0.14
0.99
0.31
0.18
0.17
0.15
0.11
0.07
0.05
0.05
0.04
0.04
0.03
0.64
0.37
0.39
0.60
0.84
1.00
1.02
1.17
1.43
1.67
1.89
2.11
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Appendix F: Instantaneous mortality rates (-Z) of unspecked hardyhead for each larval
cohort and 2 d age group. -Z calculated as the derivative of the descending limb of
each cohort survival curve at each 2 day age interval.

C ohort no.
c9
c10
c11
c12
c15
c16
c18
c19
c22
c23
c24
c25
Mean
Min-Max
R ange
S .D
C .V

1-2 d
-

3-4 d
0.03
0.50
0.18
0.19
0.14
0.37
0.11
1.02
0.21
0.21
0.23
0.19

5-6 d
0.11
0.40
0.18
0.76
0.14
0.30
0.22
0.64
0.21
0.21
0.23
0.19

7-8 d
0.23
0.32
0.18
0.38
0.14
0.25
0.31
0.40
0.21
0.21
0.23
0.19

9-10 d
0.35
0.25
0.18
0.00
0.14
0.21
0.35
0.25
0.21
0.21
0.23
0.19

Ins tanteneous mortality rate (-Z )
11-12 d
13-14 d
15-16 d
0.38
0.27
0.11
0.20
0.16
0.13
0.18
0.18
0.18
0.00
0.00
0.00
0.14
0.14
0.14
0.17
0.14
0.12
0.33
0.26
0.17
0.16
0.10
0.06
0.21
0.21
0.21
0.21
0.21
0.21
0.23
0.23
0.23
0.19
0.19
0.19

17-18 d
0.02
0.10
0.18
0.00
0.14
0.10
0.09
0.04
0.21
0.21
0.23
0.19

19-20 d
0.00
0.08
0.18
0.00
0.14
0.08
0.04
0.02
0.21
0.21
0.23
0.19

21-22 d
0.00
0.06
0.18
0.00
0.14
0.07
0.01
0.02
0.21
0.21
0.23
0.19

23-24 d
0.00
0.05
0.18
0.00
0.14
0.06
0.00
0.01
0.21
0.21
0.23
0.19

0.28
0.30
0.25
0.21
0.20
0.17
0.14
0.13
0.11
0.11
0.11
(0.03-1.02) (0.11-0.76) (0.14-0.40) (<0.01-0.35) (<0.01-0.38) (<0.01-0.27) (<0.01-0.23) (<0.01-0.23) (<0.01-0.23) (<0.01-0.23) (<0.01-0.23)
0.99
0.66
0.27
0.35
0.38
0.27
0.23
0.23
0.23
0.23
0.23
0.26
0.20
0.08
0.09
0.09
0.07
0.07
0.08
0.09
0.09
0.09
0.93
0.69
0.32
0.43
0.47
0.43
0.46
0.63
0.76
0.84
0.89
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