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The sand bar at the mouth of Broke Inlet on the south coast of Western Australia.
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Abstract
___________________________________________________________________________
This thesis has addressed the following three main areas of research. 1) The physicochemical characteristics of eight selected estuaries on the south coast of Western Australia
that represent different estuary types, 2) the ichthyofaunal characteristics of the basin and
riverine regions of offshore, deeper waters of five of those estuaries and 3) aspects of the
biology of the iconic Black Bream Acanthopagrus butcheri in each of those estuaries in
which it was abundant.
Although four of the estuaries on the south coast of Western Australia remain
permanently open to the ocean, the others only become open when the volume of river
discharge is sufficient to breach the prominent sand bars that form at their mouths. The sand
bars of the latter estuaries are breached either annually following heavy winter and early
spring rainfall (seasonally-open estuaries) or infrequently after exceptionally heavy discharge
(normally-closed estuaries). The work for this thesis was undertaken in the permanently-open
Oyster Harbour, the seasonally-open Broke, Irwin and Wilson inlets and the normally-closed
Wellstead Estuary and Hamersley, Culham and Stokes inlets, which are all located within a
ca 500 km stretch of coastline.
In permanently and seasonally-open estuaries, pronounced haloclines and oxyclines
were present in their narrow riverine regions, but not in their wide basins where the waters
are subjected to wind-driven mixing. The extent of cyclical seasonal fluctuations in
environmental conditions differed markedly among the three seasonally-open estuaries and
between years in one of those systems. These differences reflected variations in the
relationship between the volume of fluvial discharge, which is determined by a combination
of the amount of local rainfall, catchment size and extent of clearing of native vegetation, and
the amount of intrusion by marine waters, which is largely controlled by the size and duration
of the opening of the estuary mouth. The mean seasonal salinities in the basins of three of the
normally-closed estuaries increased over three years of very low rainfall to 64 in the deepest
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estuary (Stokes Inlet) to 145 in Hamersley Inlet and to 296 in the shallowest estuary (Culham
Inlet).
Gill netting seasonally for two years at sites in the basin and saline lower reaches of
the main tributary of the seasonally-open Broke, Irwin and Wilson inlets, the permanentlyopen Oyster Harbour and the normally-closed Wellstead Estuary yielded 22 329 fishes
representing 58 species. Overall, and irrespective of estuary type, the species compositions of
the basins and rivers differed markedly. This was attributable to consistently greater
abundances of Mugil cephalus, and usually also of A. butcheri, in the riverine region of each
estuary and to the restriction of a range of species largely to the basins. However, the
ichthyofaunal compositions in the basins of the five estuaries varied markedly, reflecting, in
part, differences in the extent and duration of the opening of the estuary mouth and/or
whether extensive growths of macrophytes were present. Changes in the ichthyofaunal
composition of the normally-closed Wellstead Estuary between the first and second years of
the study were attributable, in particular, to the movement of two mugilid species into
offshore waters as they increased in size. Cyclical changes in ichthyofaunal composition
were conspicuous in both the basin and riverine regions of the estuary that underwent the
most pronounced seasonal variations in environmental conditions. In each estuary, species
richness was greater in the basin than river, where salinities were more variable and fell to
lower levels and were thus less conducive to the immigration of most marine species. Catch
rates were least in Broke Inlet, which had the lowest primary productivity, and were
particularly high in Wellstead Estuary, which is highly eutrophic.
The maximum ages of Acanthopagrus butcheri ranged downwards from 13 to 15
years in Wilson Inlet, Wellstead Estuary, Culham Inlet and Stokes Inlet, 9 years in Oyster
Harbour and only 5 years in Irwin Inlet and Hamersley Inlet. Growth of A. butcheri varied
markedly among the various estuaries, probably reflecting differences in the density of
A. butcheri, quality/quantity of food and/or salinity regime. The relationship between fish
length and otolith radius varied between sexes and among estuaries. The width of the annual
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growth zones of otoliths was shown, however, to vary among years, particularly in Stokes
Inlet, in which the growth zones were widest in years of relatively high rainfall and thus
when salinities were presumably below that of full-strength sea water. The trends exhibited
throughout the year by the gonadosomatic indices and the prevalences of each of the
sequential stages in gonadal development demonstrate that A. butcheri spawns mainly in
spring in estuaries on the south coast of Western Australia. The lengths at maturity (L50s) of
A. butcheri in the four estuaries from which it was possible to obtain substantial reproductive
data were not significantly different (all p > 0.05), with the values for females, for example,
ranging only from 146-161 mm. While no fish matured at the end of their first year of life in
those estuaries, the majority of fish did mature at the end of their second year of life (73100%). The vast majority or all fish were mature by 200 mm, which is well below the
minimum legal length (MLL) for retention of this species in Western Australia, thus
providing the potential for all fish that survive to the MLL to reproduce before being legally
retained. Recruitment of A. butcheri varied markedly among years and estuaries. Recruitment
in the seasonally-open Wilson Inlet was greatest in years of below average rainfall and thus
presumably also relatively elevated salinities and reduced stratification and associated
deoxygenation of the bottom water layer in the rivers. Although massive mortalities of A.
butcheri in two of the normally-closed estuaries prevented comparisons across this estuary
type, it appears that strong recruitment in these estuaries is related to years of relatively high
rainfall and presumably the lowering of salinities in these estuaries to below that of fullstrength sea water. Total mortality (Z) of A. butcheri appeared to be slightly higher in
estuaries with the greatest fishing pressure.
The species composition and diversity of the diets of A. butcheri in three normallyclosed estuaries, i.e. Hamersley, Culham and Stokes inlets, which vary markedly in the
extents to which they become hypersaline during dry periods, were compared. Although a
wide range of taxa, including macrophytes, polychaetes, molluscs, crustaceans, insects and
teleosts, were ingested by A. butcheri in each estuary, the frequencies of ingestion and
volumetric dietary contributions of these taxa varied greatly among the fish in these estuaries.
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Thus, for example, relatively greater contributions were made to the diet by polychaetes and
crustaceans in Stokes Inlet, by macrophytes in Hamersley Inlet, and by insects (mainly
chironomid larvae) in Culham Inlet. The relatively greater contribution of teleosts to the diets
of A. butcheri in the Hamersley and Culham inlets than in Stokes Inlet, and also differences
in the main teleost species ingested in the first two estuaries, are consistent with differences
in the densities of fish overall and of the main fish species in those estuaries. The diversity of
the diet was far greater in Stokes Inlet than in the other two far more variably saline estuaries,
presumably reflecting a greater diversity of food. The dietary compositions of A. butcheri in
upstream pools in the tributary of Culham Inlet, which offer refuge when salinities increase
markedly in the main body of the estuary, differed from those in downstream regions, further
emphasising the opportunistic nature of the feeding behaviour of A. butcheri. The dietary
compositions of A. butcheri underwent size-related changes, but the taxa contributing most to
those changes varied greatly among estuaries. Size-related changes would be particularly
beneficial in reducing intraspecific competition for food in the two estuaries that vary greatly
in salinity and would thus be likely to contain a less diverse range of prey.
In summary, this thesis has demonstrated that the physico-chemical characteristics of
estuaries on the south coast of Western Australia vary markedly even among estuaries of the
same type, i.e. seasonally open and normally closed, and has elucidated the basis for those
differences. While the characteristics of the ichthyofaunas in the offshore waters of the
various estuaries on that coast differ markedly, those differences were not as marked as the
overall difference between the basin and riverine regions of those systems. Finally, the iconic
Black Bream Acanthopagrus butcheri is characterised by very different growth and
recruitment patterns in the various estuaries and highly opportunistic feeding behaviour. The
great plasticity of A. butcheri helps account for the success of this species in the range of
very different environments found in south coast estuaries.
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Chapter 1: General introduction
___________________________________________________________________________
1.1. Fishes that utilise estuaries
Estuaries are among the most productive of all ecosystems (Schleske and Odum,
1961). They thus provide an abundant source of food for the many marine fish species,
which, throughout the world, use these systems and, particularly, as nursery areas (Haedrich,
1983; Potter and Hyndes, 1999; Whitfield, 1999; Beck et al., 2001; Gillanders et al., 2003,
Elliott et al., 2007). The presence of an abundant food supply and relatively low numbers of
piscivorous fish predators in estuaries facilitate the rapid growth and survival of the juveniles
of these species (Schleske and Odum, 1961; Blaber, 1980; Kennish, 1990). Estuaries are thus
particularly important for ensuring the sustainability of a number of fisheries in marine
waters of both the northern and southern hemispheres (Pollard, 1981; Kennish, 1990;
Whitfield, 1998; Sardiña and Cazorla, 2005). Some estuaries, however, contain fisheries that
are based on marine species during their occupancy of these systems and/or on species that
complete their life cycle within estuaries (e.g. Costa et al., 2002; Jaureguizar et al., 2003;
Jung and Houde, 2003).
The ways in which fishes use estuaries have been used to define a number of
functional use groups, i.e. life-cycle categories or guilds (e.g. Cronin and Mansueti, 1971;
Potter and Hyndes, 1999; Elliott et al., 2007). Thus, marine species comprise those that often
enter estuaries in large numbers from the ocean and particularly as juveniles (marine
migrants) and those that enter estuaries irregularly and in low numbers (marine stragglers).
Some of the species that are designated to the first of those guilds can also use protected
nearshore coastal waters as nursery areas, an ability that is particularly valuable in regions
where there are few estuaries or access to such systems is prevented through their mouths
being closed (Lenanton and Potter, 1987). In certain geographical areas, however, estuaries
are considered so crucial to the survival of the juveniles of some marine fish species, that
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those species have been considered to be estuarine-dependent (e.g. McHugh, 1976;
Whitfield, 1999; Able, 2005; Ray, 2005).
The fish species that are able to complete their life cycle within the estuarine
environment mainly comprise those that are either entirely confined to estuaries (estuarine
residents) and those that are also represented by discrete marine populations (estuarine
resident & marine) (Potter and Hyndes, 1999; Elliott et al., 2007). In addition, certain species
rely on estuaries as a route for migrating from the ocean, where they typically spend most or
all of their trophic life, to their spawning grounds in rivers (anadromous). In contrast, other
species, which likewise use estuaries as a migratory route, undergo the reverse migration, i.e.
from their riverine feeding sites to their spawning areas in the ocean (catadromous). A few
freshwater species are sometimes present in moderate numbers in estuaries (freshwater
migrants) and a number of freshwater species appear irregularly in estuaries and usually in
their low salinity upper reaches (freshwater stragglers).
While the fish faunas of estuaries in many parts of the world contain relatively few
estuarine species (e.g. Kennish, 1990; Elliott and Dewailly, 1995; Potter and Hyndes, 1999;
Whitfield, 1999), such species can make substantial contributions to the abundance of fishes
in estuaries. Thus, in terms of their numbers, estuarine species can rank among the most
abundant fish species and even dominate, overall, the ichthyofaunas in nearshore, shallow
waters of certain estuaries in southern Australia, southern Africa and Europe (e.g. Claridge et
al., 1986; Mathieson et al., 2000; Young and Potter, 2002 ; James et al., 2008; Selleslagh and
Amara, 2008) and those in offshore, deeper waters of some estuaries in southern Australia,
tropical South America, northern Africa and southern Europe (Potter and Hyndes, 1999;
Thiel et al., 2003; Barletta et al., 2005; Simier et al., 2006; Martinho et al., 2007).
The number of species that complete their life cycles in the estuaries of south-western
Australia and southern Africa, which are located along microtidal coasts and have similar
morphological characteristics, are greater than those typically found in estuaries elsewhere
(e.g. Loneragan et al., 1989; Potter et al., 1993; Potter and Hyndes, 1999; Whitfield, 1999;
13

Young and Potter, 2002; Hoeksema and Potter, 2006; James et al., 2007). While most of
these species in south-western Australia, such as those belonging to the Atherinidae and
Gobiidae, are small and have short life cycles of one or two years, a few of the others attain
an appreciable size and can live for several years. An example of such a species is Black
Bream Acanthopagrus butcheri, which is one of the most important recreational and
commercial species in south-western Australian estuaries (Lenanton and Potter, 1987;
Smallwood and Sumner, 2007).

1.2. Estuarine definitions and classifications
Most of the definitions of estuaries have been based on the characteristics that are
found in northern hemisphere systems, and particularly those in macrotidal regions (e.g.
Pritchard, 1967; McLusky and Elliott, 2007). As a consequence, the widely referred to
definition of Pritchard (1967) does not allow for the inclusion of systems that are periodically
closed to the ocean and/or become hypersaline, such as is the case with several of those
found in southern Australia (e.g. Hodgkin and Lenanton, 1981, Roy et al., 2001; Young and
Potter, 2002), southern Africa (e.g. Day, 1980; Cooper, 2001) and south-western North
America (e.g. Raz-Guzman and Huidobro, 2002). While Day (1980, 1981) subsequently
modified Pritchard’s (1967) definition to recognise those characteristics, that latter definition
failed to explicitly recognise that the salinities of certain estuaries may become markedly
greater than that of natural local sea water.
Although estuaries of the macrotidal regions of particularly the northern hemisphere
are typically of the flooded river valley or fjord type and remain permanently open to the
ocean (Pritchard, 1967; Elliott and McLusky, 2002), those found in microtidal regions of
both the northern and southern hemispheres are generally of the bar-built type and can be
either permanently open or, through the development of sand bars across their mouths,
periodically closed to the sea (e.g. Hodgkin and Lenanton, 1981; Potter et al., 1990; Cooper,
2001; Roy et al., 2001). In contrast to the typical funnel shape of northern hemisphere
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macrotidal estuaries, they typically consist of a narrow and short entrance channel, a wide
central basin area and the saline lower reaches of their tributaries (Day, 1981; Hodgkin and
Hesp, 1998). Although the larger estuaries on the lower west coast of Western Australia
typically remain permanently open, only a few of those on its south coast are continuously
connected with the ocean (Brearley, 2005). The vast majority of the others on that latter coast
are separated from the sea for varying periods through the formation of sand bars across
theirs mouths (Hodgkin and Lenanton, 1981; Potter and Hyndes, 1999). The sand bars of
some of these estuaries are naturally or mechanically breached in the winter or spring of each
year, when the volume of water in the estuary increases as a result of the heavy rainfall and
thus, riverine discharge, that occurs in the region during winter (e.g. Ranasinghe and
Pattiaratchi, 1999). However, in contrast to these seasonally-open systems, the amount of
water in those estuaries that are located in the drier regions of the south coast does not
frequently increase to the levels required to breach the sand bar, and consequently, such
estuaries remain normally closed to the ocean (Lenanton and Hodgkin, 1985).

1.3. Anthropogenic effects on estuaries and their fish faunas
In view of their great importance to a range of biota and to fisheries, it is of worldwide concern that estuaries are now considered the most degraded of all temperate marine
ecosystems (Jackson et al., 2001). Although estuaries are highly productive ecosystems,
primary productivity has been further increased in many systems through the input of
excessive nutrients, particularly from surrounding agricultural land or effluent disposal (e.g.
McComb and Lukatelich, 1995; Kemp et al., 2005). While increased primary productivity
generally leads to increased secondary and tertiary production and thus greater fish
abundance (e.g. Houde and Rutherford, 1993; Whitfield et al., 1994), increased plant growth
and its subsequent decay can lead to hypoxia and anoxia and thus to substantial changes to
the habitats of particularly demersal fish (e.g. Eby et al., 2005; Powers et al., 2005), which
can even be lethal to those and other organisms (Goodman and Campbell, 2007).
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Furthermore, increased primary production can also lead to marked changes in the species
composition of aquatic vegetation (e.g. McComb and Lukatelich, 1995; Morand and
Merceron, 2005), which, in turn, can lead to substantial changes in species composition of
ichthyofaunas (Powers et al., 2005).
Clearing of land in the catchments of estuaries for agricultural use and other
anthropogenic changes to catchments, such as those aimed at retaining and/or diverting
water, have resulted in marked changes to the freshwater regime of many estuaries (e.g.
Scharler and Baird, 2002; Chícharo et al., 2006; Fernández-Delgado et al., 2007). Such
changes can contribute to increased salinities in estuaries, which can lead to massive fish kills
(e.g. Appendix I). Catchment modifications thus have the potential to change the structure of
fish communities in estuaries, particularly when coupled with increasing global temperatures
(Roessig et al., 2005) and eutrophication.
The mouths of many estuaries have been anthropogenically modified to reduce the
impacts of flooding on surrounding agricultural and residential land, to enable the passage of
vessels or to reduce the levels of nutrient loading (e.g. Young and Potter, 2003a). For
example, the sand bars at the mouths of six of the seven seasonally-open estuaries on the
south coast of Western Australia are breached artificially each year when the water level
within the estuaries reaches a prescribed height (Hodgkin and Clark, 1988, 1989a, 1990a).
Furthermore, the entrance channels of many estuaries in microtidal regions are maintained
permanently open through dredging and/or the construction of sea walls. Such modifications
can significantly alter the tidal regime of estuaries (e.g. Grovel et al., 1999), rates of
sedimentation (Eyre et al., 1998) and suspended sediment loads, and can thus have a major
influence on their fish faunas (e.g. Blaber and Blaber, 1980).
As pointed out earlier, estuaries provide important habitats for particularly the
juveniles of marine species of commercial and/or recreational importance and house certain
commercial and/or recreational fisheries, as well as acting as a migratory route for
economically and recreationally valuable diadromous species. These systems are thus crucial
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for the survival of many fisheries, a point emphasised by the fact that approximately 50% of
the total United States fisheries catch constitutes species that, in some way, utilise estuaries
during at least some stage in their life cycles (Houde and Rutherford, 1993). Furthermore, the
commercial exploitation of fish stocks in estuaries account for approximately 5% of the total
global catch, while estuaries only occupy 0.5% of the global marine environment (Houde and
Rutherford, 1993). In addition, since estuaries are often easily accessible and the number of
recreational fishers is increasing, the fish stocks in estuaries are coming under increasing
fishing pressure (e.g. Smallwood and Sumner, 2007). Heavy fishing can have major effects
on the numbers and biology of individual species and thus on the composition of
ichthyofaunas as a whole. Thus, for example, it can affect growth rates of individual species
(Brown et al., 2008) and can result in recruitment overfishing that can lead to localised
extinctions of particular species (Blaber et al., 2000). Selective removal of targeted species
can also lead to conspicuous changes in the compositions of fish assemblages (e.g. Sluka and
Sullivan, 1998).

1.4. Sparidae, Acanthopagrus and Acanthopagrus butcheri
The Sparidae (sea breams or porgies),which is represented by at least 110 species
distributed among 33 genera, is found throughout the tropical and temperate regions of the
Atlantic, Pacific and Indian Oceans and the temperate regions of the Southern Ocean
(Nelson, 2006). Although sparids predominantly inhabit marine waters, the representatives of
this family can occupy environments ranging from freshwater (Nelson, 2006) to hypersaline
water (Young and Potter, 2002). Many species of sparid make a substantial contribution to
various commercial and/or recreational fisheries and a number of these species are cultured
for human consumption or caught for ornamental aquarium markets (Bauchot and Smith,
1984).
Seven sparids occur in Australian waters, including five belonging to the genus
Acanthopagrus, i.e. A. butcheri (Black Bream), A. australis (Yellowfin Bream), A. berda
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(Pikey Bream), A. latus (Western Yellowfin Bream) and A. palmaris (Northwest Black
Bream) and a single species of Rhabdosargus, i.e. R. sarba (Tarwhine) and of Pagrus, i.e.
P. auratus (Snapper) (Gomon et al., 2008). The first three of these species, i.e. A. butcheri,
A. australis and A. berda, complete their life cycles within estuaries, while R. sarba and
P. auratus frequently enter such systems in appreciable numbers. Although the three
estuarine-spawning species tend to have different geographical ranges, some degree of
overlap occurs between the distributions of A. butcheri and A. australis and these two species
have been reported to hybridise in estuaries on the southern coast of New South Wales
(Rowland, 1984; Roberts et al., 2009).
Acanthopagrus butcheri, which is endemic to southern Australia, is found between
south-western Western Australia and central New South Wales, including Tasmania (Roberts
et al., 2009). Although this species is an estuarine resident, i.e. completes its entire life cycle
within estuaries (Potter and Hyndes, 1999; Sarre and Potter, 1999), A. butcheri occasionally
occurs in coastal marine waters, particularly in the gulf regions of South Australia and along
the south-western coasts of Western Australia following extreme flooding. Since no
permanent populations of this species have been recorded in coastal marine waters, it is
assumed that the individuals that are occasionally found in such habitats either eventually die
or re-enter estuaries. Acanthopagrus butcheri is also found in a number of land-locked saline
habitats in south-western Australia (e.g. Sarre and Potter, 2000), although the origins of these
populations are not known (Chaplin et al., 1998). This sparid, which attains maximum
lengths and weights of ca 55 cm and 3.45 kg, respectively (Hutchins and Swainston, 1996;
Gomon et al., 2008), is an important recreational and commercial species and is often the
main target for estuarine anglers, particularly in Western Australia (e.g. Caputi, 1976;
Loneragan et al., 1987; Smallwood and Sumner, 2007) and Victoria (Grixti et al., 2008).
This species also dominates the catches of many commercial estuarine fisheries in both
Victoria and Western Australia (e.g. Lenanton and Potter, 1987; Hindell et al., 2008).
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1.5. Biological studies of fishes and fisheries management
A sound understanding of the biology of individual fish species is essential for
developing effective and appropriate strategies for managing and thus sustaining recreational
and commercial fisheries (Ricker, 1975; Hall, 1993; Kailola et al., 1993; King, 1995).
Furthermore, when a species occurs in very different habitats, such biological data are
required for the various populations. Thus, the development of management strategies for a
species, such as the use of minimum legal lengths for retention, bag limits and total allowable
catches, fishing gear restrictions and fishing exclusion zones, requires sound quantitative
biological information on that species. Such data includes the age compositions, patterns of
growth, recruitment success, rates of mortality and reproductive biology of the various
populations under consideration (e.g. Casselman, 1987; Hill, 1990; Campana and Thorrold,
2001). In addition, since the availability of food items, such as invertebrates and
macrophytes, can be markedly influenced by environmental conditions, ecosystem-based
management plans that, inter alia, aim to maintain biodiversity of estuaries, require
information on the dietary characteristics of the key fish species and thus of the trophic
linkages in those systems.

1.6. Rationale and general aims
The estuaries of Western Australia’s south coast are diverse, containing a few that are
permanently open to the ocean, several that open seasonally and some that are normally
closed. As marine species require an open estuary mouth to enter or leave an estuary, the
extent of connectivity of an estuary will inevitably influence the extent to which such species
are found in that system, and thus also its ichthyofaunal composition. The extent of
connectivity, together with the characteristics of the catchments and rivers, will also
influence the physico-chemical environment of an estuary and thus presumably also its
ichthyofauna.
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This thesis has initially focused on describing and comparing the physico-chemical
and ichthyofaunal characteristics of offshore, deeper waters of examples of the main estuary
types found on the south coast of Western Australia, i.e. permanently open, seasonally open
and normally closed. Particular emphasis has been placed on elucidating the extent to which
the ichthyofaunal compositions varied among estuaries and how such variations might be
related to the extent to which an estuary was connected to the sea and to the characteristics of
the catchments and thus of fluvial discharge. This thesis also explored the degree to which
the ichthyofaunas of the two morphologically very different regions of the estuaries, i.e.
narrow rivers and wide basin areas, varied.
The thesis has also concentrated on determining various aspects of the biology of the
Black Bream Acanthopagrus butcheri, the sole large species that represents the estuarine
resident guild in south-western Australia. This species is also important because it is
abundant and commercially and recreationally fished in many of these systems. It is for this
reason that sound biological data for this species is essential for fisheries and environmental
managers to develop plans aimed at conserving this important resource. The acquisition of
such data for a number of systems was also considered particularly worthwhile because
previous studies had demonstrated that the biological characteristics of this species, such as
growth rates and diets, vary among estuaries. Specific rationale, aims and hypotheses are
given in each of the following chapters.
Finally, the characteristics determined for the estuaries on the south coast of Western
Australia are used to assist in a discussion of what constitutes an estuary and to produce an
appropriate definition that encompasses the characteristics of estuaries world wide.
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Chapter 2: General materials and methods
___________________________________________________________________________
2.1. Sampling regime
A number of sites in nearshore, shallow and offshore, deeper waters of the basins of
the seasonally-open Broke, Irwin and Wilson inlets, the permanently-open Oyster Harbour
and the normally-closed Wellstead Estuary (Fig. 2.1) were sampled by seine and gill net,
respectively, in the last month of each season between summer 2005/06 and spring 2007 and
those in the normally-closed Hamersley, Culham and Stokes inlets (Fig. 2.1) were sampled in
the middle of each season between summer 2001/02 and spring 2004. As the amount of
rainfall and thus discharge was very low during that latter period, some of the selected sites
in the basin of Hamersley and Culham inlets became dry. Gill netting was also used in the
same seasons to sample sites in offshore, deeper waters of the riverine, saline reaches of the
above eight estuaries, however, the water level in Hamersley Inlet declined to the point
where a boat could no longer be used to enter its river, which was not otherwise able to be
readily accessed as it runs through an area of very dense vegetation and is bounded by steep
cliffs. Seine netting was employed to sample sites in nearshore, shallow waters of the main
tributary of Oyster Harbour, Wellstead Estuary and Culham and Hamersley inlets (Fig. 2.1),
the four tributaries that contained nearshore, shallow habitats that could be effectively
sampled with a seine net. In the case of Culham Inlet, sampling with rod and line was also
conducted in an upstream riverine pool during the same seasons in which the estuary was
sampled. Additional gill and seine net samples were collected in winter and spring 2005 from
the same sites in the Broke, Irwin and Wilson inlets, and in spring 2005 from the Wellstead
Estuary. Samples of Black Bream Acanthopagrus butcheri were also collected from Stokes
Inlet in each month between early winter and early summer 2004.
The seine net that was used to sample nearshore, shallow waters was 21.5 m long and
consisted of two 10 m long wings (6 m of 9 mm mesh and 4 m of 3 mm mesh) and a 1.5 m
bunt of 3 mm mesh. The net, which was laid parallel to the shore and then hauled onto the
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Fig. 1. Maps showing the location of Broke, Irwin and Wilson inlets, Oyster Harbour,
Wellstead Estuary and Hamersley, Culham and Stokes inlets on the south coast of Western
Australia and the location of sampling sites (circles) in those estuaries.
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beach, fished to a depth of 1.5 m and swept an area of ca 116 m2. Fishes in the offshore,
deeper waters were sampled in the Broke, Irwin and Wilson inlets, Oyster Harbour and
Wellstead Estuary using sunken composite multifilament gill nets, comprising 20 m panels,
each with a height of 2 m, but containing a different stretched mesh size, i.e. either 35, 51,
63, 76, 89, 102 or 115 mm and the same nets, excluding the 115 mm mesh panel, were used
in the Hamersley, Culham and Stokes inlets. Gill nets were set in the Broke, Irwin and
Wilson inlets and Oyster Harbour at dusk and retrieved ca 12 h later around dawn, but were
set for only 1 h from dusk in the Wellstead Estuary and Hamersley, Culham and Stokes inlets
as preliminary sampling demonstrated that gill nets set overnight in these estuaries would, at
times, yield unacceptably high catches of fish, and in particular, of the iconic Black Bream.
Fishes were euthanased in an ice slurry immediately after capture.
Salinity, water temperature and dissolved oxygen concentration in the middle of the
water column at each nearshore site and at the surface and bottom of the water column at
each offshore site were measured on each sampling occasion using a Yellow Springs
International Model 85 Oxygen, Conductivity, Salinity and Temperature Meter.

2.2. Physical characteristics of the sampling localities
The area of the basins of the eight estuaries range from 2.3-2.5 km2 in Hamersley
Inlet and Wellstead Estuary to between 10 and 16 km2 in the Irwin, Culham and Stokes inlets
and Oyster Harbour, to 48 km2 in both the Broke and Wilson inlets (Table 2.1). The
catchment areas and percentage of those catchments that have been cleared for particularly
agriculture also vary substantially and, together with rainfall differences, account for the
marked differences in discharge from the tributaries of the eight estuaries (Table 2.1).
Although the catchment of Broke Inlet is relatively small, the mean annual discharge
collectively from its three tributaries is substantial, i.e. 172 x 106 m3 (Table 2.1), due to this
catchment being located in the highest rainfall region of south-western Australia (Hodgkin
and Clark, 1989a, Brearley, 2005). As this catchment has not been cleared of native
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vegetation for agriculture to the same extent as those of the other south coast estuaries, the
amount of nutrient runoff and thus primary productivity in its basin are also less (Hodgkin
and Lenanton, 1981; Brearley, 2005). The mouth of Broke Inlet is artificially breached each
year in winter or early spring when, as a result of the highly seasonal rainfall, the water level
in the estuary rises to approximately 1.8 m above the Australian Height Datum (AHD).

Table 2.1. Physical characteristics of the Broke, Irwin and Wilson inlets, Oyster Harbour,
Wellstead Estuary and Hamersley, Culham and stokes inlets and their catchments.
Estuary

Classification

Basin
surface
area (km2)

Catchment
area (km2)

Catchment
percentage
cleared
(%)

Mean
annual
rainfall
(mm)

Annual
rainfall
range
(mm)

Broke
Inlet

Mean
annual
discharge
(m3 x 106)

Seasonally
open

48.0 a

700 b

9b

1035 d

842-1357

d

172.0 b

Irwin
Inlet

Seasonally
open

10.0 a

2300 b

39 b

623 d

467-863

d

163.0 b

Wilson
Inlet

Seasonally
open

48.0 a

3400 b

60 b

765 d

577-975

d

161.0 b

Oyster
Harbour

Permanently
open

16.0 a

3000 b

72 b

691 d

496-895

d

108.0 b

Wellstead
Estuary

Normally
closed

2.5 a

720 b

75 b

494 d

239-741

d

14.0 b

Hamersley
Inlet

Normally
closed

2.3 a

1270 c

37 c

451 d

214-647

d

1.2 b

Culham
Inlet

Normally
closed

11.3 a

3780 c

50 c

388 d

219-551

d

3.4 b

Stokes
Inlet

Normally
closed

14.0 a

5300 c

60 c

520 d

296-769

d

11.9 b

Sources: a Hodgkin and Clark, 1987, 1988, 1989a, 1989b, 1990a, 1990b; b Pen, 1999; c Western
Australian Department of Water, unpublished data; d Commonwealth Bureau of Meteorology

Although the catchments of Irwin and Wilson inlets are located in a far lower mean
rainfall region than that of the likewise seasonally-open Broke Inlet, the mean annual
discharges into the former two estuaries approach that of the latter estuary (Table 2.1). This is
due to the former two catchments being far larger and having been more extensively cleared.
The basins of Irwin Inlet and the much larger Wilson Inlet each receive a considerable
nutrient input (e.g. Radke et al., 2004), which accounts for their containing extensive areas of
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the seagrass Ruppia megacarpa (e.g. Carruthers et al., 1999) and substantial growths of
epiphytic algae and phytoplankton (Hodgkin and Lenanton, 1981; Dudley et al., 2001;
Twomey and Thompson, 2001). Although the sand bars at the mouths of the Irwin and
Wilson inlets are breached artificially in the winter or early spring of most years, these
breachings occur at a lower water level than in Broke Inlet, i.e. ca 1 vs 1.8 m above AHD.
The catchment of the permanently-open Oyster Harbour is large and extensively
cleared for agriculture (Table 2.1). While a large amount of nutrients thus enter the basin of
this estuary via its two large tributaries, much of the annual discharge of ca 108 x 106 m3
occurs immediately after periods of particularly heavy rainfall and leads to substantial
amounts of nutrients being flushed out to sea (Hodgkin and Clark, 1990a). The sea grass
community in the basin consists primarily of marine species, such as those belonging to
Posidonia (Hodgkin and Clark, 1990a; Carruthers et al., 2007).
The Wellstead Estuary and Hamersley, Culham and Stokes inlets, which are each
normally closed to the sea, are located in a low rainfall region of the south coast (Table 2.1).
While precipitation typically occurs in this region during winter and early spring, extreme
cyclonic summer storms do occur in some years and in those years contribute substantially to
overall annual rainfall and therefore also to discharge. However, as such storms can be highly
localised and the extent of clearing among catchments vary, the discharges from the rivers
into the basins of the Wellstead Estuary and Hamersley, Culham and Stokes inlets differ, and
markedly so in some years. Substantial amounts of nutrients from the surrounding
agricultural land enter the rivers and subsequently the basins of these estuaries (e.g. Radke et
al., 2004). Culham Inlet is unique in that the seaward end of its basin contains a small
(ca 0.05 km2) but relatively deep lagoonal-like area, which originated through the
construction of a roadway across the basin and is now essentially separated from the main
body of the estuary (Hodgkin, 1997).

25

Chapter 3: The divergent environmental characteristics of
permanently-open, seasonally-open and normally-closed estuaries
on the south coast of Western Australia
___________________________________________________________________________
The contents of this chapter have been published as: Chuwen, B.M., Hoeksema, S.D., Potter,
I.C. (2009). The divergent environmental characteristics of permanently-open, seasonallyopen and normally-closed estuaries of south-western Australia. Estuarine, Coastal and Shelf
Science 85, 12-21.

3.1. Introduction
The estuaries of south-western Australia are becoming increasingly influenced by the
effects of anthropogenic activities. For example, the clearing of deep-rooted native vegetation
from the catchments of some estuaries has led to the water table rising and thus to salt being
brought to the soil surface, from where it is washed into the rivers and eventually the
estuaries where it increases their salt load (Pen, 1999). During dry periods, high evaporation
rates in those estuaries that are closed to the ocean can lead to salinity becoming so elevated
that it leads to massive mortalities among certain fish species (Young and Potter, 2002;
Appendix I). Furthermore, large inputs of nutrients from agricultural land have led to some
estuaries, particularly the Peel-Harvey Estuary on the lower west coast of Australia,
becoming highly eutrophic (McComb and Lukatelich, 1995) and to, for example, Wilson
Inlet on the south coast becoming mesotrophic (Lukatelich et al., 1987). These problems are
exacerbated by south-western Australia being located in a microtidal region and thus tidal
water movement in its estuaries is limited and therefore restricted in its ability to flush excess
salt and nutrients out to sea.
The increasing pressure to which the estuaries of south-western Australia are being
exposed through anthropogenic activities, allied with the likely effects of climate change,
mean that managers require a good understanding of the physico-chemical characteristics of
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these estuaries so that they can develop plans aimed at preventing their further degradation
and at maintaining their biodiversity. This is particularly the case with estuaries on the south
coast of this region, for which there are limited published data and where the full range of
estuary types from permanently open to normally closed are represented. Physico-chemical
data are also required by biologists to enable them to elucidate the ways in which factors
such as the duration of the opening of the estuary mouth and the level of salinity influence
the abundance of the key species and thus also the faunal compositions in these systems.
Salinity, water temperature and dissolved oxygen concentration at the surface and
bottom of the water column at sites located throughout the one permanently-open, three
seasonally-open and four normally-closed estuaries that were the focus of this study were
recorded seasonally for at least two years. The data were used to compare the physicochemical characteristics of the two main and morphologically distinct regions of these
estuaries, i.e. the basins and saline lower reaches of their rivers. They were also used to
examine how the above three environmental variables in particularly seasonally-open
estuaries varied in response to the markedly seasonal (winter/early spring) pattern of rainfall
and thus also of discharge and the extent to which those of normally-closed estuaries changed
during protracted dry periods. Particular emphasis was also placed on exploring the degree to
which the extent of connectivity of an estuary with the ocean influences the environmental
characteristics of both individual estuaries and estuary types.

3.2. Materials and methods
Environmental data were recorded at sites in the basins and rivers of the permanentlyopen Oyster Harbour, the seasonally-open Broke, Irwin and Wilson inlets and the normallyclosed Wellstead Estuary and Hamersley, Culham and Stokes inlets (see Chapter 2 for details
of the sampling localities and regime and description of estuaries).
Records were kept of whether the mouth of each of the eight estuaries was open to the
ocean and, if so, the duration of that opening. Salinity, water temperature and dissolved
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oxygen concentration were measured at the surface and bottom of the water column at each
site in each season in both the basin and river of each of the eight estuaries using a Yellow
Springs International Model 85 Oxygen, Conductivity, Salinity and Temperature Meter.
When salinity at a site exceeded the maximum that could be recorded by this meter, i.e. 80, a
sample was taken and diluted by a known volume of distilled water and its salinity used to
calculate that of the water at that site. The mean ± 1SE for each environmental variable at the
surface and bottom of the water column in the basin and river of each estuary in each season
was calculated, using the values recorded at each site in each region of each estuary. Each
site was located 50 to 200 m from the shore in the basins and ca 5 m from the shore in the
rivers and in depths that typically ranged from 1 to 3 m, but occasionally reached 6 m.

3.3. Results
3.3.1. Environmental characteristics of Broke, Irwin and Wilson inlets, Oyster Harbour and
Wellstead Estuary
Mean salinities at the surface and bottom of the water column in offshore, deeper
waters of the basins in each of the Broke, Irwin and Wilson inlets, Oyster Harbour and
Wellstead Estuary in any given season were almost invariably the same, with conspicuous
haloclines developing only in Irwin Inlet in winter (Fig. 3.1). Salinities in nearshore waters of
the basin of an estuary in any season did not differ significantly from those at the surface of
the water column in nearby offshore waters of that estuary (p > 0.05).
The extent of seasonal variation in the salinities of the basins of the five estuaries
differed markedly (Fig. 3.1). Thus, while salinities underwent marked seasonal changes in
Irwin Inlet in both years and in Broke Inlet in the second year, such changes were far less
pronounced in Wilson Inlet, Oyster Harbour and Wellstead Estuary. Furthermore, salinities
in Oyster Harbour remained at or close to that of full-strength sea water throughout the
sampling period, while Wellstead Estuary became hypersaline in two seasons and salinities
always remained substantially below that of full-strength sea water in Wilson Inlet (Fig. 3.1).
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The mean seasonal salinities at the bottom of the water column in the main tributary
of each estuary followed similar trends to those described above for their basins (Fig. 3.1).
Although mean salinities in any season were often less at the bottom of the water column in
the river than the basin of an estuary, this difference was only pronounced in Wellstead
Estuary. In contrast to the situation in the basins, marked haloclines were present in most
seasons in the main tributaries of the Broke, Irwin and Wilson inlets and Oyster Harbour,
with the maximum differences between surface and bottom of the water column being 16.9,
25.7, 13.6 and 14.0, respectively, all of which were recorded during winter (Fig. 3.1).
Mean seasonal water temperatures followed similar seasonal trends in the basins and
rivers of each of the five estuaries, reaching their maxima of 23-25°C in summer and
declining to their minima of 11-13°C in autumn or winter (Fig. 3.2). Although thermoclines
formed in the rivers of the Broke, Irwin and Wilson inlets and Oyster Harbour in some
seasons, the differences between temperatures at the surface and bottom of the water column
exceeded 2.5°C only in Wilson Inlet in autumn 2007, when the difference was 5.1°C
(Fig. 3.2).
Mean seasonal dissolved oxygen concentrations in the basins and rivers underwent
consistent seasonal changes, with maxima occurring during winter and minima during
summer (Fig. 3.3). They were almost invariably lower at the bottom than top of the water
column and generally markedly so in the rivers. The maximum difference between oxygen
concentrations at the surface and bottom of the water column, which was recorded in the
river of Irwin Inlet during winter 2007, was 5.3 mg l-1 (Fig. 3.3).

3.3.2. Environmental characteristics of Hamersley, Culham and Stokes inlets
Mean seasonal salinities in the basins of Stokes, Hamersley and Culham inlets in
summer 2001/02 were 31, 35 and 53, respectively (Fig. 3.4). While mean seasonal salinities
in each estuary subsequently increased in an essentially progressive manner, the extent of
those changes varied markedly among the three estuaries. Thus, over the three year period,
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the water column in the basins and rivers of the Broke, Irwin and Wilson inlets, Oyster
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mean salinities rose to as high as 145 in Hamersley Inlet and to an even far greater value of
296 in Culham Inlet, but to only 64 in Stokes Inlet (Fig. 3.4). However, salinities did decline
in the basins of Hamersley Inlet and more particularly Culham Inlet for a period after
summer 2002/03, following the only substantial precipitation that occurred in the catchments
of these two estuaries during the whole of the three year study period. In contrast to the
situation in the main basin area of Culham Inlet, mean seasonal salinities in the lagoonal-like
area at the entrance of Culham Inlet, which receives marine water from seepage and waves
that wash over the sand bar, never exceeded 51 (Fig. 3.4).
While mean salinities at the bottom of the water column in the rivers of the Culham
and Stokes inlets in each season were always slightly lower than those in their basins, they
did likewise increase with time (Fig. 3.4). Mean salinities at the surface of the water column
in these two estuaries were always the same or similar to those at the bottom of the water
column except in autumn 2003 in Culham Inlet and winter 2003 in Stokes Inlet, when they
were considerably lower (Fig. 3.4) due to an increase in discharge in those seasons. Mean
seasonal salinities in the upstream pools of Culham Inlet, which were formed in the deeper
areas of the river as water levels became reduced, ranged from 12.0 to 28.6 (Fig. 3.4).
Mean water temperatures in the basins and rivers of the Hamersley, Culham and
Stokes inlets (data not shown) followed the same trends as those already described for the
Broke, Irwin and Wilson inlets, Oyster Harbour and Wellstead Estuary (see Fig. 3.2).
Mean seasonal dissolved oxygen concentrations in the basins of Hamersley, Culham
and Stokes inlets rose sharply in 2002 from 5-6 mg l-1 in summer to 10-11 mg l-1 in winter
and then declined markedly in spring and then summer (Fig. 3.4). After rising to higher
levels in autumn and winter 2003, mean seasonal dissolved oxygen concentrations declined
in the basins of Hamersley and Culham inlets over the ensuing seasons. Dissolved oxygen
concentrations in the basin of Stokes Inlet underwent a less marked overall decline and
exhibited seasonal cyclicity, with maxima in winter and minima in summer. Marked
oxyclines were formed in the rivers of the Stokes and Culham inlets in certain seasons.
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3.4. Discussion
3.4.1. Permanently-open, seasonally-open and normally-closed estuaries
The data collected on the environmental characteristics of eight estuaries on the south
coast of Western Australia during this study, allied with historical records kept by
governmental agencies and residents as to whether the mouths of these systems were open or
closed, confirm that it is appropriate to classify each of those estuaries as either permanently
open, seasonally open or normally closed to the ocean. Thus, the fact that the mouth of
Oyster Harbour, which is located close to the city of Albany and thereby regularly visited by
the staff of local authorities and by residents, has never been observed to be closed, clearly
validates the classification of this estuary as permanently open. Consequently, Oyster
Harbour is one of only four of the 29 estuaries on the south coast of Western Australia
between 115.1° and 121.8° E that fall into this category, the others being the Blackwood
River Estuary, Nornalup-Walpole Estuary and Waychinicup Estuary (Brearley, 2005).
The sand bars that form across the mouths of the Broke, Irwin and Wilson inlets have
almost invariably been artificially breached each year for at least 45 years, when, following
high winter rainfall, the water in the basins rises to a level that threatens to inundate the
surrounding land, which in the cases of Irwin and Wilson inlets are of agricultural and/or
urban value. These artificial breachings bring forward slightly the time in the year when the
bar at the mouth of the estuary would otherwise naturally have been breached. In the case of
Wilson Inlet, official records show that since 1955, the mouth of this estuary has been open
at some time in every year except 2007 and anecdotal observations indicate that such
openings occurred in all previous years since the early 1900s.
From the above, it follows that the Broke, Irwin and Wilson inlets are appropriately
categorised as seasonally-open estuaries. The decision by managers not to breach the bar of
Wilson Inlet in 2007 was due to water levels in the basin being particularly low as a result of
limited discharge from the catchment following low rainfall in winter. This type of situation
will become more prevalent in the future if the climate becomes drier and/or damming and

35

extraction of water from the rivers of this estuary increase. This will obviously have an
impact on the ecology of Wilson Inlet and thus have implications for the management of this
system and its resources.
In contrast to the mouths of the permanently-open Oyster Harbour and seasonallyopen Broke, Irwin and Wilson inlets, those of the other four estuaries investigated were either
closed for the whole of the study period (Hamersley, Culham and Stokes inlets) or for all but
the initial part of the study (Wellstead Estuary). Records for earlier years confirm that the
mouths of these estuaries often remain closed for years at a time and thereby justify the
classification of these systems as normally closed (e.g. Young and Potter, 2002; Brearley,
2005).
The four permanently- or seasonally-open estuaries are located in the western part of
the south coast, i.e. west of 118.5° E, as are the other main estuaries in these two categories
(Brearley, 2005). In contrast, the four estuaries that are normally closed, and also others of
this category, lie further to the east. It is therefore highly relevant that rainfall and thus
discharge into each of the estuaries in the former region greatly exceeds that into those in the
latter region (Table 2.1). Thus, whereas the volume of water discharged into each of the
estuaries in the western region is sufficient to lead to the bars of those estuaries being
breached either naturally or artificially each year, the volume of discharge into those in the
eastern region is only sufficient for that purpose in years when rainfall is exceptionally high.
Hodgkin and Hesp (1998) considered that, when first flooded by the Holocene marine
transgression, all estuaries in south-western Australia were permanently open and tidally
influenced for some distance upstream. Subsequently, a combination of sedimentary and
hydrodynamic processes and reductions in sea level increasingly led to sand bars being
formed at the mouths of these estuaries (Hodgkin and Hesp, 1998). The size of a sand bar and
the amount of riverine discharge, allied in some cases with artificial intervention, dictates
when and for how long that bar is breached. Hodgkin and Hesp (1998) proposed that there
was an “evolutionary” gradient from permanently-open estuaries, in which the sand bar is of
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insufficient size to form a barrier to the ocean, to those that are barred but open seasonally, to
those that are normally closed by a sand bar and eventually to those that are permanently
separated from the sea and which should then thus be regarded as saline coastal lakes or
lagoons. The above proposed historical sequence of changes is reflected in the trend for the
extent of land-locking among estuaries on the south coast of Western Australia to increase in
an eastwards direction as overall rainfall, and thus fluvial discharge, declines. In a similar
context, Perillo (1995) and Perillo et al. (1999) classified estuaries into primary and
secondary systems, with the former category representing those that are essentially
unmodified from their original form and the latter representing those that have been relatively
modified through the interaction of marine processes and riverine discharge.

3.4.2. Comparisons of trends exhibited by environmental characteristics in the different
estuaries
Any consideration of the environmental characteristics of estuaries on the microtidal
south coast of Western Australia and comparisons between the different estuaries of that
coast needs to recognise that, irrespective of estuary type, they almost invariably contain two
morphologically very distinct main regions, i.e. wide basins and the narrow, lower saline
reaches of the tributaries, and that, when open, they possess a short and narrow entrance
channel (Hodgkin and Lenanton, 1981). Many of the larger estuaries along the southern
coasts of eastern Australia and Africa likewise contain distinct basin and riverine regions
(Day, 1981; Roy et al., 2001; Potter et al., 1990). The structure of the vast majority of these
estuaries contrasts markedly with the wedge shape typically exhibited by estuaries in
macrotidal temperate regions of the northern hemisphere (Day, 1981).
While salinity in the riverine region of all estuaries underwent seasonal changes
similar to that of their respective basins, marked haloclines formed throughout much of the
year in the rivers but not the basins of the permanently-open Oyster Harbour and seasonallyopen Broke, Irwin and Wilson inlets. The lack of haloclines in the basins is largely
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attributable to this region being wide, shallow and exposed and thereby subjected to winddriven mixing. The difference in salinity with depth in the rivers was accompanied by
oxyclines, with dissolved oxygen concentrations being consistently greater near the surface.
Rainfall is substantial and highly seasonal in the western part of the south coast of
Western Australia, with more than 70% of the total annual rainfall occurring between early
winter and late spring (Commonwealth Bureau of Meteorology, unpublished data). As
riverine discharge to the estuaries of this region thus peaks during winter and early spring,
salinity will decline during this period and particularly so if the mouth of the estuary is closed
and thereby prevents the movement of water out of the system. The volume of water in
seasonally-open estuaries eventually increases to the point where the sand bar at the estuary
mouth becomes breached either naturally or artificially. This releases estuarine water to the
ocean and allows the intrusion of oceanic water, thus leading to an increase in salinity within
the estuary. The above sequence of events results in salinity undergoing annual cyclical
changes, which are well illustrated by those recorded in the Irwin and Wilson inlets between
winter 2005 and spring 2007 (Fig. 3.1). However, the extent of the salinity changes was far
less pronounced in Wilson Inlet than Irwin Inlet, with salinities ranging from only 15 to 26 in
the former system, compared with 6 to 39 in the latter. It is thus relevant that the basin of
Irwin Inlet has a volume which is only ca 20% of that of Wilson Inlet and yet receives a
similar volume of riverine discharge. Consequently, discharge into Irwin Inlet has a far more
marked effect on salinity and leads to a more pronounced and protracted breaching of the
sand bar at the estuary mouth, which, in turn, results in the intrusion of large volumes of
oceanic water. On the basis of pooled data for sites throughout the basin, the maximum
salinities in Wilson Inlet in September 1987 and April 1989 were also appreciably less than
full strength sea water (Potter et al., 1993).
Data for Broke Inlet illustrate very well how the salinity in an estuary can vary greatly
between years as a result of marked interannual differences in the size and duration of the
opening of the estuary mouth. Thus, salinities between winter 2005 and winter 2006, when
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the opening of the mouth of this estuary was small and of limited duration, did not exceed 10,
whereas those in summer 2006/07 and autumn 2007, when the estuary mouth was much
larger and remained open for a far longer period, reached that of full strength sea water and
underwent a marked cyclical change during the year. In contrast to the situation in the above
seasonally-open estuaries, salinities in the basin of Oyster Harbour were always close to that
of full-strength sea water due to the entrance channel of this permanently-open estuary being
relatively wide and deep and thus allowing a very substantial exchange of water between the
ocean and the estuary.
Environmental data for Stokes, Hamersley and Culham inlets demonstrate that
salinity regimes can vary markedly among normally-closed estuaries as they do amongst
seasonally-open estuaries. Thus, over the same three consecutive years of particularly low
rainfall (2002-2004), mean seasonal salinities in the basins rose only to 64 in Stokes Inlet,
whereas they reached 145 in Hamersley Inlet and the remarkably high level of 296 in Culham
Inlet. These differences largely reflect the fact that the basin of Stokes Inlet is the deepest of
the three estuaries (Brearley, 2005), whereas that of Culham Inlet is the shallowest and thus
the most susceptible to the effects of evaporation. Although salinities rose to exceptionally
high levels in the basin and the river of Culham Inlet, they remained < 51 in the lagoonal-like
area at the seaward end of its basin and < 29 in the upstream pools, to which the upper part of
the river becomes reduced when water levels become low during extended dry periods. The
lagoonal-like area and upstream pools are thus able to constitute refugia for fish species when
salinities in the main body of the estuary rise to exceptional levels (Appendix I). While
salinities in the basin of the normally-closed Wellstead Estuary remained between 30 and 45
in 2005-2007, they exhibited marked fluctuations in 1996-1998 when, for example, they rose
sharply from ca 53 to 112 during the relatively dry period between July 1996 and March
1997 and then declined to ca 14 in September 1997 following substantial riverine discharge
and subsequently rose again following a brief opening of the sand bar (Young and Potter,
2002).
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These data demonstrate that the environmental characteristics of individual estuaries
on the south coast of Western Australia are influenced by interactions among a number of
factors. These factors include the volume of fluvial discharge, which is determined by a
combination of the amount of local rainfall, catchment size and the extent to which native
vegetation has been cleared, the size and depth of the estuary basin and the amount of marine
intrusion, which is largely controlled by the size and duration of the opening of the estuary
mouth. Thus, while certain attributes are common to each category of estuary, i.e.
permanently open, seasonally open or normally closed, each individual estuary has a unique
combination of features that dictates its particular environmental characteristics.
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Chapter 4: Factors influencing the characteristics of the fish
faunas in offshore, deeper waters of permanently-open,
seasonally-open and normally-closed estuaries
___________________________________________________________________________
The contents of this chapter have been published as: Chuwen, B.M., Hoeksema, S.D.,
Potter, I.C. (2009). Factors influencing the characteristics of the fish faunas in offshore,
deeper waters of permanently-open, seasonally-open and normally-closed estuaries.
Estuarine, Coastal and Shelf Science 81, 279-295.

4.1. Introduction
As in temperate regions of the northern hemisphere (e.g. Haedrich and Hall, 1976;
Beck et al., 2001; Elliott et al., 2007; Franco et al., 2008), the fish faunas of estuaries in the
southern hemisphere contain substantial numbers of marine species that either use these
estuaries typically as nursery areas or enter them infrequently as either juveniles or adults and
generally in low numbers (e.g. Blaber, 1980; Bennett, 1989; Potter et al., 1993; Potter and
Hyndes, 1994, 1999; Whitfield, 1999). However, in contrast to macrotidal estuaries in the
northern hemisphere, those of south-western Australia contain several species whose
individuals complete their life cycles within these systems (Potter et al., 1990; Potter and
Hyndes 1999), an ability that is particularly valuable to species in normally-closed estuaries
(Bennett, 1989; Whitfield, 1999; Young and Potter, 2002). Work in southern Africa has
shown that the species compositions of the fish faunas in nearshore waters along a coast,
where estuaries range from permanently open to normally closed, were related to the duration
that each estuary was open to the sea (Bennett, 1989, Vorwerk et al., 2003). Furthermore, the
ichthyofaunal composition of an estuary that has been closed for a protracted period can
change markedly when the bar at the estuary mouth is breached and thus allows the
immigration of substantial numbers of marine species (Young and Potter, 2002; James et al.,
2008).
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The ichthyofaunal composition of estuaries can vary among years through, in
particular, variations in the abundances of those marine species that use estuaries as nursery
areas. Such interannual variations can result from interspecific differences in recruitment
success among years or periods (e.g. Potter et al., 1997a, 2001; Maes et al., 2005) or
differences in the degree of access to the estuary among years, through variations in the size
and duration of the opening of the estuary mouth in the case of seasonally-open or normallyclosed estuaries (Young and Potter, 2002; James et al., 2008). Furthermore, the compositions
of the fish faunas of nearshore waters in any given region of microtidal and macrotidal
estuaries often undergo seasonal cyclical changes due to time-staggered immigrations and
emigrations of certain species (e.g. Claridge et al., 1986; Potter et al., 1986; Young and
Potter, 2003b; Maes et al., 2005; Hoeksema and Potter, 2006).
The fish faunas of nearshore, shallow waters of south-western Australian and
southern African estuaries, which are usually sampled with seine nets, are dominated by the
juveniles of marine species and by small estuarine species (Bennett, 1989; Potter and
Hyndes, 1999; Whitfield, 1999; Hoeksema and Potter, 2006; James et al., 2008). In contrast,
the ichthyofaunas of offshore, deeper waters, which are frequently sampled by gill netting,
contain substantial numbers of larger fishes, which, in south-western Australia, include the
adults of estuarine-spawning species, such as the sparid Acanthopagrus butcheri and the
plotosid Cnidoglanis macrocephalus, and the larger juveniles of the marine-spawning
mugilids Aldrichetta forsteri and Mugil cephalus (e.g. Loneragan et al., 1989; Potter et al.,
1993; Young and Potter, 2002). Studies on the large permanently-open estuaries on the lower
west coast of south-western Australia demonstrate that the compositions of the ichthyofaunas
of the main regions of those estuaries differ, reflecting differences in the regions typically
occupied by certain species in those systems (Loneragan et al., 1987, 1989; Loneragan and
Potter, 1990).
Representative samples of fishes have been obtained from the seasonally-open Broke,
Irwin and Wilson inlets, the permanently-open Oyster Harbour and the normally-closed
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Wellstead Estuary. The species compositions, species richness and catch rates of fishes in
these estuaries, which vary markedly in their environmental characteristics, were analysed
and compared to test the following hypotheses. 1) As the durations of mouth opening vary
markedly among the five estuaries, the contributions of marine species to both the number of
fish species and number of individuals in the five estuaries differ, thus leading to pronounced
inter-estuarine differences in ichthyofaunal compositions. 2) The marked differences between
the physico-chemical characteristics of the basins and rivers of each estuary, and a
pronounced tendency for certain species to occupy one or the other of those regions, are
reflected in conspicuous differences between the compositions of their fish faunas,
irrespective of whether the estuary is permanently open, seasonally open or normally closed.
3) Interannual variations in ichthyofaunal composition occur either when the physicochemical characteristics of an estuary change progressively with time and/or certain species
move into offshore, deeper waters. 4) Seasonal changes in the compositions of the fish faunas
are most pronounced in those estuaries that undergo the greatest changes in physico-chemical
characteristics during the year. 5) As salinities vary less and stay higher in the basins than
rivers, many marine species tend to remain in the basins and consequently species richness is
greater in that region of the estuary than in the rivers. 6) Catch rates of fishes are relatively
low in the most oligotrophic estuary and relatively high in estuaries with the greatest primary
productivity.

4.2. Materials and methods
4.2.1. Sampling localities and regime
The fishes in offshore, deeper waters of the basins and main tributaries of the Broke,
Irwin and Wilson inlets, Oyster Harbour and Wellstead Estuary were sampled seasonally
between summer 2006 and autumn 2007 (see Chapter 2 for details of the sampling localities
and regime).
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Each species was allocated to one of the following life-cycle guilds (categories)
defined by Elliott et al. (2007) and using the life-cycle designations provided by Potter and
Hyndes (1999) for the various species in south-western Australia or, in the case of the few
species not included in that review, those derived from the results of recent studies. Marine
stragglers (MS), i.e. species that spawn at sea and typically enter estuaries irregularly and
only in low numbers; marine migrants (MM), i.e. species that spawn at sea and often enter
estuaries in large numbers and particularly as juveniles; estuarine residents (ER), i.e. species
typically found only in estuaries and which thus complete their life cycles within the
estuarine environment; estuarine residents and marine species (ER&M), i.e. species
represented by discrete populations in both estuarine and marine waters; freshwater stragglers
(FS), i.e. freshwater species that are found in estuaries and usually only in low numbers and
in their low salinity, upper reaches.

4.2.2. Multivariate analyses
The mean percentage contributions of each species to the catches of fishes obtained
from both the basins and the rivers of each of the five estuaries in each season of each year of
sampling were square-root transformed and employed to construct a Bray-Curtis resemblance
matrix using PRIMER v6.1.2 (Clarke and Gorley, 2006). This transformation was shown to
be appropriate from the relationship between the log10 of the standard deviation and the log10
of the mean percentage contribution of each species to the total catch in the basin and river of
each estuary in each season of both years (see Clarke and Warwick, 2001). The above matrix
was subjected to permutational analysis of variance (PERMANOVA) (Anderson et al., 2008)
to facilitate a preliminary exploration as to whether there were significant interactions
between estuary, region of estuary (basin vs river), year and/or season and, if so, the strength
of those interactions compared with that of any significant main effects.
The above matrix was next subjected to non-metric multidimensional scaling (nMDS)
ordination (Clarke, 1993; Clarke and Gorley, 2006) to explore visually the extent to which,
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overall, the species composition differed between region of estuary and between estuaries,
which were shown by PERMANOVA to be by far the most important factors influencing
ichthyofaunal composition (see section 4.3.3). Two-way crossed analysis of similarity
(ANOSIM) (Clarke, 1993), using a Bray-Curtis resemblance matrix derived from the
percentage contribution of the various fish species to each replicate sample, was then used to
determine the relative importance of each of the above four factors, without the confounding
effects of the other three factors. This involved using, in turn, each factor vs a combination of
the other three factors, which thereby removed their combined effects. Note that this type of
approach was adopted for all subsequent two-way crossed ANOSIMs when more than two
factors were involved and that, in order to obtain sufficient permutations for these ANOSIM
tests, they used the percentage contributions of each species in each replicate sample, rather
than the mean of those replicates. The influence on ichthyofaunal compositions of estuarine
region, the most important of the above four factors (see section 4.3.3), was then examined
individually for each estuary using two-way crossed ANOSIM tests.
A matrix constructed from the mean percentage contributions of the various species
to the fish faunas in the basins of the five estuaries was then subjected to nMDS ordination.
Two-way crossed ANOSIMs were employed to determine whether the fish faunas of the
basins differed significantly among estuaries, years and seasons. Pairwise ANOSIMs were
then used to explore the extent of any differences between the ichthyofaunal compositions of
the basins in each pair of estuaries. The above procedure was then adopted for the riverine
ichthyofauna in the five estuaries.
Two-way crossed ANOSIMs and nMDS ordinations were used to further explore the
influence of year and season on the compositions of the fish faunas within each region of
each estuary separately. In all ANOSIM tests, particular emphasis was placed on the
R statistic values determined by those tests. R statistic values close to 1 demonstrate that the
composition of a priori groups of samples are very different, whereas those close to 0 show
that such groups are very similar.
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Similarity percentages (SIMPER) were used to determine the species that best
typified the ichthyofaunas of a priori groups and those that best distinguished between the
ichthyofaunal compositions of those groups (Clarke, 1993). Where appropriate, multivariate
dispersion (MVDISP) was used to compare the extent of the variability in the compositions
of the fish faunas in the basins and rivers of the five estuaries (Somerfield and Clarke, 1997).
Biota and environment matching (BIOENV) (Clarke and Warwick, 2001) was
employed to elucidate which of certain environmental variables or combination of those
variables provided the best correlation with the underlying pattern of distribution (rank order
of similarity) of ichthyofaunal compositions in the various samples. These variables were
salinity, water temperature and dissolved oxygen concentration at the surface and bottom of
the water column, number of days that the mouth had been open prior to each sampling
occasion and whether or not substantial macrophyte growths were present. For this
procedure, a Euclidean matrix, using square root transformed and normalised data for the
environmental variables, was matched against the Bray-Curtis similarity matrix constructed
using the square root transformed percentage contributions of each fish species in each of the
corresponding replicate samples.

4.2.3. Univariate analyses
The species richness (number of species) and catch rate of fishes in each replicate
sample from the basin and river of the Broke, Irwin and Wilson inlets and Oyster Harbour in
each season of 2006 and 2007 were both subjected to four-way analysis of variance
(ANOVA). These ANOVAs thus determined whether the species richness and/or catch rates
of fishes were influenced significantly by estuary, region of estuary (basin vs river), season
and/or year, each of which was considered a fixed factor. Note that because gill nets had to
be set for a far shorter period in Wellstead Estuary, i.e. 1 vs 12 h, and would thus have
yielded values for particularly catch rates that would not have been directly comparable with
those for the other four estuaries, the species richness and catch rates for Wellstead Estuary
46

were subjected to separate three-way ANOVAs to elucidate whether estuary region, year
and/or season influenced the species richness and/or catch rate of fishes in this system.
Prior to subjecting species richness and catch rates to ANOVA, the data for these
variables were square root and fourth root transformed, respectively. These transformations
were shown to be appropriate from the relationship between the log10 of the standard
deviation and log10 of the mean for the values for each biotic variable in the replicate samples
obtained seasonally from the basin and river of each estuary in each year (see Clarke and
Warwick, 2001). When there were significant interactions (p < 0.05), Scheffé’s multiple
comparison tests were used to determine whether the differences in the means were
significant.

4.3. Results
4.3.1. Contributions of the various species to the fish faunas of the five estuaries
A total of 22 329 individuals and 58 species of fish were caught by seasonal gill
netting over two years in the basins and rivers of the Broke, Irwin and Wilson inlets, Oyster
Harbour and Wellstead Estuary (Table 4.1). The majority of these fishes were collected from
the basin region of each estuary, with a total of 15 717 individuals and 57 species of fish
being caught in this region (Table 4.1). The total number of fishes caught in the basin of each
estuary ranged from 1 638 in Broke Inlet to 4 324 in Irwin Inlet, while the total number of
fish species ranged from 17 in Wellstead Estuary to 45 in Oyster Harbour (Table 4.1). Note
however, that because of marked differences in the sizes of these estuaries, the number of
sites selected to obtain representative samples for each estuary differed (see Fig. 2.1) and that
this would have influenced the numbers of fishes and, to a lesser extent, also the numbers of
fish species caught.
Within the basins, the most abundant species in the Broke, Irwin and Wilson inlets
and Wellstead Estuary was Aldrichetta forsteri, whereas Pelates sexlineatus was the most
abundant in Oyster Harbour (Table 4.1). Although the contributions of A. forsteri to the total
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Table 4.1. Life-cycle guilds (L.G.) and percentage contributions of each fish species to the
total catch from offshore, deeper waters of the basin and river of the Broke, Irwin and Wilson
inlets, Oyster Harbour and Wellstead Estuary. Numbers of sampling sites are given in
parenthesis for each region of each estuary. MS = marine straggler, MM = marine migrant,
ER&M = estuarine resident & marine, ER = estuarine resident, FS = freshwater straggler.
Basins
Species

L.G.

Aldrichetta forsteri
Mugil cephalus
Acanthopagrus butcheri
Arripis georgianus
Cnidoglanis macrocephalus
Pelates sexlineatus
Engraulis australis
Arripis truttaceus
Pseudocaranx dentex
Platycephalus speculator
Ammotretis rostratus
Sillaginodes punctata
Rhabdosargus sarba
Argyrosomus japonicus
Trachurus novaezelandiae
Hyporhamphus melanochir
Pagrus auratus
Gymnapistes marmoratus
Platycephalus laevigatus
Trygonoptera mucosa
Gonorynchus greyi
Pomatomus saltatrix
Acanthaluteres brownii
Meuschenia freycineti
Pseudorhombus jenynsii
Sillago schomburgkii
Haletta semifasciata
Heterodontus portusjacksoni
Aplodactylus westralis
Leviprora inops
Enoplosus armatus
Sphyraena novaehollandiae
Sillago bassensis
Chelidonichthys kumu
Trygonorrhina fasciata
Elops machnata
Dactylophora nigricans
Nelusetta ayraudi
Aptychotrema vincentiana
Schuettea woodwardi
Cristiceps aurantiacus
Notolabrus parilus
Neosebastes pandus
Maxillicosta scabriceps
Achoerodus gouldii
Contusus brevicaudus
Sphyrna zygaena
Dasyatis brevicaudata
Myliobatis australis
Perca fluviatilis
Upeneichthys vlamingii
Kyphosus sydneyanus
Cheilodactylus vestitus
Cheilodactylus rubrolabiatus
Arenigobius bifrenatus
Ammotretis elongatus
Acanthaluteres vittiger
Marilyna pleurosticta

MM

Total number

MM

Broke
Inlet
(8)
46.9
8.5

ER
MM

18.0

ER&M
MM
ER&M
MM
MM
ER&M
ER&M
MM
MM

2.9
0.9
6.8
0.1
2.4
0.7
2.0

Irwin
Inlet
(7)

Wilson
Inlet
(10)

21.0
11.6
0.4
18.4
16.2
5.6
1.0
5.9
7.4
0.3
5.2
0.8
2.4

21.4
9.7
3.4
9.1
11.9
8.2
15.8
0.2
0.2
7.7
0.6
3.8
1.6

0.7
0.8

2.8
1.6

MM
MM
ER&M
MM
MM

5.3
0.6
0.2

<0.1

MM
MM

Oyster
Harbour
(6)
1.7
2.3
7.1
10.5
4.7
28.8
0.3
3.8
8.3
1.1
0.5
5.4
0.2
1.1
10.0
0.1
0.1
1.5
2.6
2.4
0.3

0.2
0.1
0.1
0.1
0.9
0.2

0.2
0.6
0.1
0.2
0.2
0.4

MS

0.7

0.1

MS
MS

0.1

0.2

0.1

0.7
0.1
0.7

0.1

<0.1

0.3
0.1
0.3

MM
MM
MS
MS
MM
MM

0.7
0.4
0.2
0.1
0.1
0.2

Rivers

MS
MS

MS
MS
MS

0.1

MS
MS

0.3
6.1
0.1
0.1
0.3
0.5
1.9

12.4
37.3
45.2
<0.1
1.9

0.3
10.5
0.6

0.8
0.8

0.1

0.1
1.1

0.5

0.3

<0.1
0.1
2.0

1.6
13.6
46.2
0.6
1.1
3.5
1.1
0.1
0.1
0.4
1.2
27.8
2.2
0.2
0.1

Wellstead
Estuary
(3)
14.9
28.2
53.0

2.2
1.1

0.1
0.5

0.1

0.5
1.1
0.9
0.2
<0.1
1.1
0.8

<0.1
0.5

0.1
0.3

0.1
<0.1

MS
MS

<0.1
<0.1

MS
MS

<0.1

MS
MS

<0.1
0.1
0.1
<0.1
<0.1
<0.1
<0.1

0.1
0.5

MS

<0.1

MS

0.1
<0.1
<0.1

MS
MS

<0.1

ER&M
MS

5.4
70.3
10.0
0.5
1.4

Oyster
Harbour
(3)

0.2

MS

MS

Wilson
Inlet
(3)

0.2

MS

MS

96.2
0.9
1.4

Irwin
Inlet
(3)

0.3

MS
MS

43.7
16.7
25.4
1.8
0.9

Broke
Inlet
(3)

0.9
0.6

MS
MM

Wellstead
Estuary
(5)

0.1
<0.1

MS

<0.1

MS

1638

4324

3917

2351

3487

213

1527

2158

979

1735
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catches in the basins of Broke Inlet and Wellstead Estuary were particularly high, it
contributed only 1.7% to the catch in the basin of Oyster Harbour. Arripis georgianus
contributed more than 9% to the catches in the basins of all but the Wellstead Estuary, and
the same was true for Mugil cephalus and Cnidoglanis macrocephalus in two estuaries, and
Engraulis australis in one estuary. Acanthopagrus butcheri made a far greater contribution to
the fish fauna of the basin of Wellstead Estuary (25.4%) than to that of the Irwin and Wilson
inlets and Oyster Harbour and was not caught in the basin of Broke Inlet (Table 4.1).
Concomitant sampling at three sites in each of the river regions of the five estuaries
yielded a total of 6 612 individuals and 20 species of fish. The total numbers of fishes
obtained from this region of each estuary varied markedly from 213 in Broke Inlet to 979 in
Oyster Harbour to between 1 527 and 2 158 in Irwin Inlet, Wellstead Estuary and Wilson
Inlet (Table 4.1). The number of species recorded in the rivers ranged from 6 in Broke Inlet
to 16 in Oyster Harbour. Mugil cephalus dominated the riverine catches in the Broke and
Irwin inlets and was the second most abundant species in Wilson Inlet and Wellstead Estuary
and the third most numerous in Oyster Harbour. However the contributions of this mugilid to
the total catch ranged widely from 96.2% in Broke Inlet to 70.3% in Irwin Inlet to 37.3% and
28.2% in Wilson Inlet and Wellstead Estuary, respectively, to only 13.6% in Oyster Harbour.
Acanthopagrus butcheri replaced M. cephalus as the most abundant species in the river
regions of Wilson Inlet, Oyster Harbour and Wellstead Estuary. Although Argyrosomus
japonicus constituted more than 25% of the numbers caught in the tributary of Oyster
Harbour, it was found neither in the rivers nor basins of the other four estuaries (Table 4.1).
The two most abundant species in each river collectively contributed between 60 and 97% to
the total catches in that region of their respective estuaries.
As in most studies of estuarine fish communities, the individual species have been
ranked according to their contribution to the total numbers of fishes caught. While the
ranking of most species remained similar in each system when using biomass, this did not
apply to E. australis, which was the smallest fish species caught by gill net and was
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invariably bridled rather than meshed. Thus, whereas this species ranked second in Wilson
Inlet by numbers, it was only nineteenth in terms of biomass. Those differences reflect
variations in percentage contributions of 15.8 vs 0.2%, respectively.

4.3.2. Contributions of different life-cycle guilds to the fish faunas of the five estuaries
The number of marine species varied markedly among the basins of the five estuaries
(Table 4.2), reflecting, in part, differences in the type of estuary. Thus, in that region, the
marine straggler and marine migrant categories were represented by only 1 and 9 species,
respectively in the normally-closed Wellstead Estuary, compared with as many as 21 and 18
species, respectively, in the permanently-open Oyster Harbour. However, in terms of species
richness, marine species still dominated the fish faunas of the basin region of all five
estuaries, with their collective contributions ranging from 58.8% in Wellstead Estuary to
86.7% in Oyster Harbour (Table 4.2). In contrast, the numbers of estuarine-spawning species
in total (ER and ER&M) ranged only from 4 to 7, with the collective contribution of those
two guilds being far greater in the basin of Wellstead Estuary (41.2%) than in that of any
other estuary.
While no marine stragglers were caught in the river of any estuary, marine migrants
were caught in this region of all five estuaries, with the number of such species ranging from
4 to 7 in the Broke, Irwin and Wilson inlets and Wellstead Estuary to 12 in Oyster Harbour
and contributing between ca 50 and 75% to the total number of species in that region of all
estuaries (Table 4.2). The total number of estuarine-spawning species collectively in the
rivers ranged from 1 to 5 and contributed between 16.7% (Broke Inlet) and 50.0% (Wilson
Inlet).
In terms of number of individuals, the ichthyofaunas in the basins of each estuary
were dominated by marine species (and particularly marine migrants), with their
contributions approaching 60% in Wilson Inlet and lying between 73 and 89% in each of the
other four estuaries (Table 4.2). The contribution by estuarine-spawning species to the total
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numbers of fishes in the basins ranged widely from only 10.7% in Broke Inlet to 42.2% in
Wilson Inlet. In the rivers, marine migrants contributed far more to the fish faunas of Broke
Inlet (99%) and Irwin Inlet (88%) than to those of Wilson Inlet, Oyster Harbour and
Wellstead Estuary, i.e. between 45 and 51% (Table 4.2). Conversely, estuarine-spawning
species made far lower contributions in the rivers of the first two estuaries (< 12%) than the
latter three estuaries (45 to 53%).

Table 4.2. Contributions of the number of species and number of individuals of the different
life-cycle guilds to the ichthyofaunal compositions of the offshore, deeper waters of the
basins and rivers of the Broke, Irwin and Wilson inlets, Oyster Harbour and Wellstead
Estuary. MS = marine straggler, MM = marine migrant, ER&M = estuarine resident &
marine, ER = estuarine resident, FS = freshwater straggler.
Basins
Broke
Inlet

Irwin
Inlet

Wilson
Inlet

Rivers
Oyster
Harbour

Wellstead
Estuary

Broke
Inlet

Irwin
Inlet

Wilson
Inlet

Oyster
Harbour

Wellstead
Estuary

Number of species
MS
MM
ER&M
ER
FS

Number
Contribution (%)

11

7

6

21

1

37.9

25.9

22.2

46.7

5.9

Number
Contribution (%)

14

14

15

18

9

4

7

5

12

5

48.3

51.9

55.6

40.0

52.9

66.7

63.6

50.0

75.0

62.5

Number
Contribution (%)

4

5

5

5

6

3

4

3

2

13.8

18.5

18.5

11.1

35.3

27.3

40.0

18.8

25.0

Number
Contribution (%)

1

1

1

1

1

1

1

1

1

3.7

3.7

2.2

5.9

16.7

9.1

10.0

6.3

12.5

6

11

10

16

8

Number
Contribution (%)

Total number of species

1
16.7
29

27

27

45

17

Number of individuals
MS
MM
ER&M
ER
FS

Number
Contribution (%)
Number
Contribution (%)
Number
Contribution (%)

53

34

19

159

1

3.2

0.8

0.5

6.8

<0.1

1410

3255

2243

1865

2545

210

1347

1098

488

776

86.1

75.3

57.3

79.3

73.0

98.6

88.2

50.9

49.8

44.7

175

1018

1521

159

57

28

85

39

40

10.7

23.5

38.8

6.8

1.6

1.8

3.9

4.0

2.3

17

134

168

88

2

152

975

452

919

0.4

3.4

7.1

25.4

0.9

10.0

45.2

46.2

53.0

1527

2158

979

1735

Number
Contribution (%)
Number
Contribution (%)

Total number of individuals

1
0.5
1638

4324

3917

2351

3487

213
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4.3.3. Comparisons between the ichthyofaunal compositions in basins and rivers
A preliminary analysis using PERMANOVA demonstrated that ichthyofaunal
composition was influenced significantly by estuary, region of estuary and season, but not by
year and that there were significant two-way interactions between estuary and each of region
of estuary, year and season and between region of estuary and season (Table 4.3). The mean
squares were far higher for region of estuary than estuary, which in turn, were higher than the
interaction between estuary and region of estuary, which was the only interaction that was
moderately strong. Year was not significant and the influence of season was relatively small
(Table 4.3).

Table 4.3. Mean squares and significance levels for four-way PERMANOVA of the
ichthyofaunal compositions at sites in the basin and river regions of offshore, deeper waters
of the Broke, Irwin and Wilson inlets, Oyster Harbour and Wellstead Estuary in each season
of 2006 and 2007. * p < 0.05, ** p < 0.01, *** p < 0.001.
Main effects
df

Estuary (E)
4

Region (R)
1

Year (Y)
1

Season (S)
3

Residual
12

Composition

11468.0***

46301.0***

908.2

1090.1*

458.8

Two-way interactions
df
Composition

ExR
4

ExY
4

ExS
12

RxY
1

RxS
3

YxS
3

5240.6***

816.6*

871.1*

462.9

857.5*

697.5

Three-way interactions
df
Composition

ExRxY
4

ExRxS
12

ExYxS
12

RxYxS
3

589.9

539.4

406.0

422.3

After the matrix, derived from the mean contributions of the various species to each
seasonal sample from the basin and river of each estuary, had been subjected to ordination,
the samples from each of the basins lay in the lower part of the plot and showed essentially
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no overlap with those of the rivers, which occupied the upper part of the plot (Fig. 4.1a).
When the same data were coded for estuary, the samples from the Broke, Irwin and Wilson
inlets and Oyster Harbour formed vertical and essentially discrete groups that progressed
from left to right on the ordination plot (Fig. 4.1b). Although the samples from Wilson Inlet
and Wellstead Estuary intermingled in the top part of the plot, those for these two estuaries in
the lower part of the plot, which corresponded to samples from their basins, formed discrete
groups (cf Figs 4.1a, b), which helps explain the basis for the estuary x region interaction.
The samples for neither year nor season tended to form distinct groups on the ordination plot
when the data were coded separately for these two variables (plots not shown).
Two-way crossed ANOSIM tests using each factor in turn vs a combination of the
other three factors yielded Global R statistic values of 0.574 for region of estuary (p = 0.001),
0.507 for estuary (p = 0.001), 0.180 for season (p = 0.001) and 0.122 for year (p = 0.001).
Comparisons of the results for two-way crossed ANOSIM tests for region vs year and season
combined in each estuary demonstrated that the extents of the differences in the compositions
of the fish faunas in the basin and river varied among estuaries. Thus, this regional difference
was greatest in Irwin Inlet (0.808), followed by Oyster Harbour (0.633), Broke Inlet (0.598)
and Wellstead Estuary (0.528) and was least in Wilson Inlet (0.441).
The presence of relatively greater contributions and frequencies of occurrence of
M. cephalus distinguished the faunas of the river from the basin in each estuary except
Oyster Harbour and the same was true for A. butcheri in all but Broke Inlet. In contrast,
A. georgianus was caught in consistently greater numbers in the basins than rivers in each of
the five estuaries and this was also the case for C. macrocephalus in Irwin Inlet, Wilson Inlet
and Oyster Harbour and for A. forsteri in the Broke and Irwin inlets and Wellstead Estuary
and for P. sexlineatus in Wilson Inlet and Oyster Harbour. Consistently greater numbers of
A. japonicus distinguished the river from the basin of Oyster Harbour, while the reverse trend
was exhibited by E. australis in Wilson Inlet, Arripis truttaceus in Wellstead Estuary and
Pseudocaranx dentex and Sillaginodes punctata in Oyster Harbour.

53

Stress 0.14

a)

Basins

b)

Broke Inlet Irwin Inlet

Rivers

Stress 0.14

Wilson Inlet Oyster Harbour Wellstead Estuary

Fig. 4.1. Non-metric multidimensional scaling ordination plots constructed from the matrix
derived from the mean percentage contributions of each species to the catches obtained in
each season of each year from offshore, deeper waters of Broke, Irwin and Wilson inlets,
Oyster Harbour and Wellstead Estuary. Samples are coded for a) rivers and basins and
b) each estuary. NB. In both a) and b) an extreme outlying sample from the river of Broke
Inlet has been excluded from the ordination.
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4.3.4. Comparisons of the ichthyofaunal compositions in the basins of the five estuaries
After the matrix, constructed from the mean contributions of the various fish species
to the basin samples from the five estuaries, had been subjected to ordination, the samples for
each estuary formed discrete groups on the ordination plot (Fig. 4.2a). Furthermore, the
samples from Broke, Irwin and Wilson inlets and Oyster Harbour formed groups that
progressed from left to right on the ordination plot, i.e. according to their west to east
location on the south coast of Western Australia. In contrast, the samples from Wellstead
Estuary, the most easterly and geographically discrete of the five estuaries, lay in the top
quarter of the plot immediately above those from Wilson Inlet and above all samples from
each of the other estuaries, except for two of those from Broke Inlet. The samples from
Broke Inlet were the most widely dispersed, while those from Wellstead Estuary were the
least dispersed (Fig. 4.2a), which is reflected in their respective MVDISP values of 1.67 and
0.35.
A two-way crossed ANOSIM test, involving data for estuary vs year and season
combined, produced a Global R statistic of 0.507 and thus confirmed that the ichthyofaunal
compositions of the basins of the five estuaries were significantly different (p = 0.001).
Furthermore, pairwise ANOSIM comparisons demonstrated that the ichthyofaunal
compositions of the basins of each pair of estuaries were significantly different, i.e. all p =
0.001, with the R statistic values ranging from 0.358 for Irwin Inlet vs Wilson Inlet to 0.746
for Irwin Inlet vs Wellstead Estuary (Table 4.4).
Although A. forsteri was among the two most important typifying species in the
basins of all five estuaries except Oyster Harbour, A. georgianus and C. macrocephalus were
the only other species to rank highly as typifying species in the basin of more than one
estuary (Table 4.4). The fourth and fifth most important typifying species in the basins
include several, which, like A. forsteri, A. georgianus and C. macrocephalus, are fished
commercially in south coast estuaries, i.e. M. cephalus in Broke Inlet, Ammotretis rostratus
in Irwin Inlet, Platycephalus speculator and A. georgianus in Wilson Inlet and
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a)

Stress 0.14

b)

Stress 0.10

Broke Inlet Irwin Inlet

Wilson Inlet Oyster Harbour Wellstead Estuary

Fig. 4.2. Non-metric multidimensional scaling ordination plots of the matrices derived from
the mean percentage contribution of each species to each replicate sample obtained in each
season of each year from offshore, deeper waters of a) the basins and b) the rivers of Broke,
Irwin and Wilson inlets, Oyster Harbour and Wellstead Estuary.
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C. macrocephalus and S. punctata in Oyster Harbour. Engraulis australis and P. speculator
were consistently abundant only in catches obtained from the basin of Wilson Inlet, and thus
distinguished the ichthyofaunal composition of this basin from that of each of the other four
estuaries (Table 4.4). Similarly, the consistently high contributions of P. dentex and
C. macrocephalus in Irwin Inlet and of P. sexlineatus and Trachurus novaezelandiae in
Oyster Harbour distinguished the ichthyofaunal compositions of the basins of these estuaries
from those of each other estuary. The consistently high contribution of a single species,
A. butcheri, distinguished the fauna of the basin of Wellstead Estuary from that of each of the
other estuaries. While consistently higher contributions of A. forsteri distinguished the
ichthyofauna of the basin of Broke Inlet from those of Irwin Inlet, Wilson Inlet and Oyster
Harbour, a relatively lower contribution of this species distinguished the fish fauna of the
basin of Broke Inlet from that of Wellstead Estuary (Table 4.4).

4.3.5. Comparisons of the ichthyofaunal compositions in the rivers of the five estuaries
On the ordination plot, derived using the matrix constructed from the mean
percentage contributions of the various species to the fish faunas of the river component of
the five estuaries, the distributions of the samples progressed from left to right in an arc from
Broke Inlet on the left to Irwin Inlet to a combination of Wilson Inlet and Wellstead Estuary
and finally to Oyster Harbour on the extreme bottom right (Fig. 4.2b). Thus, as with the
basins, they progressed from left to right in an eastwards direction according to their
geographical location in each case apart from Wellstead Estuary. Although the samples from
the river of Oyster Harbour formed a discrete group and those of Broke Inlet did not overlap
those from Wilson Inlet and Wellstead Estuary, the samples from the latter two estuaries
intermingled and there was some overlap between those from Irwin Inlet and Broke Inlet and,
to a very limited extent, also Wilson Inlet.
A two-way crossed ANOSIM test, involving data for estuary vs year and season
combined, demonstrated that the ichthyofaunal compositions of the rivers of the five
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estuaries were significantly different (p = 0.001), with a Global R statistic of 0.511. Pairwise
ANOSIM tests showed that the differences between the ichthyofaunal compositions in the
rivers of each pair of estuaries were significant, i.e. all p < 0.01 or 0.001. While the R statistic
values for seven of the 10 pairwise tests between the riverine regions of the various estuaries
were ≥ 0.500, they were lower for Broke Inlet vs Irwin Inlet (0.443), Wilson Inlet vs Irwin
Inlet (0.407) and only 0.255 for Wilson Inlet vs Wellstead Estuary (Table 4.5).

Table 4.4. R statistic values and significance levels for pairwise ANOSIMs for the
ichthyofaunal compositions of the basins of the Broke, Irwin and Wilson inlets, Oyster
Harbour and Wellstead Estuary derived from the matrix constructed using the percentage
contributions of the various fish species to each replicate sample. The species determined by
SIMPER as most responsible for typifying the ichthyofaunal compositions of the basins of
individual estuaries (non-shaded boxes) and for distinguishing between the ichthyofaunal
compositions in each pairing of those five estuaries (shaded boxes). * p < 0.05, ** p < 0.01,
*** p < 0.001; + denotes that the species makes a greater contribution to the ichthyofaunal
composition of the estuary at the top of the column.
Estuary

Broke
Inlet

Irwin
Inlet

Wilson
Inlet

Oyster
Harbour

Broke
Inlet

A. forsteri
A. georgianus
M. cephalus

Irwin
Inlet

0.495***
C. macrocephalus
A. forsteri+
P. dentex
P. sexlineatus
A. truttaceus

A. georgianus
A. forsteri
C. macrocephalus
A. rostratus

Wilson
Inlet

0.479***
C. macrocephalus
A. forsteri+
E. australis
P. sexlineatus
P. speculator

0.358***
E. australis
P. speculator
P. dentex+
A. truttaceus+
C. macrocephalus+
M. cephalus

A. forsteri
E. australis
C. macrocephalus
P. speculator
A. georgianus

Oyster
Harbour

0.739***
P. sexlineatus
A. forsteri+
T. novaezelandiae
A. butcheri
A. georgianus+
C. macrocephalus
P. dentex

0.626***
A. forsteri+
P. sexlineatus
T. novaezelandiae
A. butcheri
P. dentex+
M. cephalus+
C. macrocephalus+

0.508***
A. forsteri+
E. australis+
T. novaezelandiae
P. sexlineatus
P. dentex
P. speculator+
M. cephalus+

P. sexlineatus
A. georgianus
T. novaezelandiae
C. macrocephalus
S. punctata

Wellstead
Estuary

0.493***
A. butcheri
A. georgianus+
A. forsteri
A. truttaceus

0.746***
A. butcheri
C. macrocephalus+
A. georgianus+
P. dentex+

0.468***
E. australis+
A. butcheri
P. sexlineatus+
P. speculator+
C. macrocephalus+

0.732***
A. forsteri
P. sexlineatus+
A. butcheri
T. novaezelandiae+
M. cephalus

Wellstead
Estuary

A. forsteri
A. butcheri
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Table 4.5. R statistic values and significance levels for pairwise ANOSIMs for the
ichthyofaunal compositions of the rivers of the Broke, Irwin and Wilson inlets, Oyster
Harbour and Wellstead Estuary derived from the matrix constructed using the percentage
contributions of the various fish species to each replicate sample. The species determined by
SIMPER as most responsible for typifying the ichthyofaunal compositions of the rivers of
individual estuaries (non-shaded boxes) and for distinguishing between the ichthyofaunal
compositions in each pairing of those five estuaries (shaded boxes). * p < 0.05, ** p < 0.01,
*** p < 0.001; + denotes that the species makes a greater contribution to the ichthyofaunal
composition of the estuary at the top of the column.
Estuary

Broke
Inlet

Irwin
Inlet

Wilson
Inlet

Oyster
Harbour

Broke
Inlet

M. cephalus

Irwin
Inlet

0.443***
A. butcheri
A. truttaceus
A. forsteri
C. macrocephalus

M. cephalus
A. butcheri

Wilson
Inlet

0.630***
A. butcheri
M. cephalus+
A. forsteri

0.407***
A. butcheri
M. cephalus+
A. forsteri
A. truttaceus+
C. macrocephalus

A. butcheri
M. cephalus
A. forsteri

Oyster
Harbour

0.773***
A. butcheri
M. cephalus+
A. japonicus

0.694***
A. japonicus
M. cephalus+
A. butcheri
A. truttaceus+
A. forsteri+

0.500***
A. japonicus
M. cephalus+
A. forsteri+
C. macrocephalus+
T. novaezelandiae

A. butcheri
A. japonicus
M. cephalus
E. australis

Wellstead
Estuary

0.736***
A. butcheri
M. cephalus+

0.625**
A. butcheri
M. cephalus+
A. forsteri

0.255**
A. forsteri
M. cephalus+
C. macrocephalus+
A. butcheri

0.597***
A. japonicus+
A. forsteri
M. cephalus
E. australis+

Wellstead
Estuary

A. butcheri
M. cephalus
A. forsteri

Mugil cephalus was one of the three most important typifying species in the river of
each estuary and the same was true for A. butcheri in each estuary except Broke Inlet
(Table 4.5). The only other species to rank among the two most important typifying species
in the rivers of the various estuaries was A. japonicus in Oyster Harbour, the only estuary in
which this sciaenid was caught (Table 4.1).
Relatively low contributions and a very low frequency of occurrence of A. butcheri
distinguished the ichthyofaunal composition in the river of Broke Inlet from that of all other
estuaries, while consistently greater numbers of this sparid distinguished the composition of
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the river of Wellstead Estuary from that of each other estuary except Oyster Harbour
(Table 4.5). Argyrosomus japonicus distinguished the ichthyofauna of the river of Oyster
Harbour from the river of each of the other estuaries. Although the consistently greater
contribution of A. forsteri distinguished the ichthyofauna of the river of Wellstead Estuary
from that of each of the other estuaries, frequently greater abundances of the mugilid
M. cephalus distinguished the fish faunas of Broke, Irwin and Wilson inlets from that of
Wellstead Estuary but not from that of Oyster Harbour (Table 4.5).

4.3.6. Ichthyofaunal compositions vs environmental characteristics
The rank order of similarity of the ichthyofaunal compositions at the various
sampling sites were shown by BIOENV to be better correlated with a combination of surface
salinity, duration of sand bar opening prior to sampling and whether or not macrophytes were
abundant (p = 0.010, ρ = 0.315) than with any individual variable or other combination of
variables. Although these results demonstrate that the above three variables influence
ichthyofaunal composition in south coast estuaries, the ρ value was not high, which implies
either that other important, but less tangible factors were contributing to the variations in
composition and/or that certain fish species behave differently in different types of estuaries.

4.3.7. Interannual and seasonal comparisons of ichthyofaunal compositions
Two-way crossed ANOSIMs, using the matrix constructed from data for replicate
samples, demonstrated that the ichthyofaunal compositions of the basin of each estuary
differed significantly between years and among seasons, except in the case of year in Wilson
Inlet and Oyster Harbour (Table 4.6). However, the R statistic values only exceeded 0.2 in
the case of season in Broke Inlet, year in Wellstead Estuary and year and season in Irwin
Inlet (Table 4.6). On the ordination plots derived from the data for Irwin Inlet, the samples
for 2007 tended to lie in the middle of those for 2006 (Fig. 4.3a). In 2006, most of the
samples for each season in the basin of Irwin Inlet formed groups that progressed
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sequentially in an anticlockwise direction according to season (Fig. 4.3b). In 2007, the
samples for summer, winter and spring also formed groups that pursued an anticlockwise
track on the ordination plot, while those for autumn were widely dispersed but tended to be
closer to those of spring and summer rather than winter (Fig. 4.3c).

Table 4.6. R statistic values and significance levels for two-way ANOSIMs for year and
season derived from the matrices constructed using percentage contributions of the various
fish species to the ichthyofaunal compositions in replicate samples from the basin and river
of Broke, Irwin and Wilson inlets, Oyster Harbour and Wellstead Estuary. * p < 0.05, ** p <
0.01, *** p < 0.001.
Basins

Rivers

Estuary

Year

Season

Year

Season

Broke Inlet
Irwin Inlet
Wilson Inlet
Oyster Harbour
Wellstead Estuary

0.149**
0.293***
0.022
0.018
0.297***

0.291***
0.349***
0.090**
0.137**
0.100*

0.046
0.250
-0.046
-0.102
0.528**

-0.034
0.259**
0.071
-0.140
0.398**

In the case of the rivers, two-way crossed ANOSIMs, employing year and season as
factors, showed that ichthyofaunal composition was significantly influenced by year and
season in Wellstead Estuary and by season in Irwin Inlet. The Global R statistic values for
year (0.528) and season (0.398) in Wellstead Estuary were far greater than for season (0.259)
in Irwin Inlet (Table 4.6). On the ordination plot for the river of Wellstead Estuary, 8 of the
12 samples for 2006 lay to the left of all of the 12 samples for 2007 (Fig. 4.4a), while the
samples for the four seasons in that river tended to progress sequentially in both years (Figs
4.4 b, c).

4.3.8. Species richness and catch rates of fishes
Four-way ANOVA demonstrated that species richness differed significantly between
Broke, Irwin and Wilson inlets and Oyster Harbour and also between regions (basin vs river)
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Fig. 4.3. Non-metric multidimensional scaling ordination plots of the matrices derived from
the percentage contributions of each species to replicate samples obtained in offshore, deeper
waters of the basin of Irwin Inlet in each season of a) 2006 and 2007, b) each season of 2006
and c) each season of 2007. NB. In c) an extreme outlying summer sample has been excluded
from the ordination plot.
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Fig. 4.4. Non-metric multidimensional scaling ordination plots of the matrices derived from
the percentage contributions of each species to replicate samples in offshore, deeper waters
of the river of Wellstead Estuary in a) each season of 2006 and 2007, b) each season of 2006
and c) each season of 2007.
63

and seasons but not years (Table 4.7). The mean square was far greater for region than
estuary, which in turn was far greater than that for both season and the interaction between
estuary and region. There was a small but significant three-way interaction between estuary,
region and season (Table 4.7).
In each of the above four estuaries, the mean value for species richness was greater in
the basin than river in each season (Fig. 4.5). These regional differences were significant in
all four seasons in Broke Inlet, two of the seasons in both Irwin Inlet and Oyster Harbour and
in none of the seasons in Wilson Inlet. The three-way interaction between estuary, region and
season was no longer significant when Irwin Inlet was removed from the analyses,
demonstrating that the very marked decline in the mean species richness in Irwin Inlet in
winter (Fig. 4.5) was largely responsible for this interaction and indeed the overall seasonal
effect.

Table 4.7. Mean squares and significance levels for four-way ANOVAs of the numbers of
species and catch rates of fishes at sites in the basins and rivers of offshore, deeper waters of
the Broke, Irwin and Wilson inlets, Oyster Harbour and Wellstead Estuary in each season of
2006 and 2007. * p < 0.05, ** p < 0.01, *** p < 0.001.
Main effects
df

Estuary (E)
3

Region (R)
1

Year (Y)
1

Season (S)
3

Residual
278

Number of species
Catch rate

24.711***
24.368***

60.584***
3.804***

0.631
3.728***

1.607***
0.979*

0.247
0.340

Two-way interactions
df
Number of species
Catch rate

ExR
3

ExY
3

ExS
9

RxY
1

RxS
3

YxS
3

2.197***
7.711***

0.252
0.381

0.424
0.548

0.036
0.428

0.642
1.610**

0.080
0.944*

Three- and four-way interactions
df
Number of species
Catch rate

ExRxY
3

ExRxS
9

ExYxS
9

RxYxS
3

ExRxYxS
9

0.354
0.707

0.568*
0.939**

0.344
0.515

0.303
1.090*

0.090
0.319
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The mean species richness in both the basin and river of Broke Inlet in each season
were less than those in the corresponding regions of Irwin and Wilson inlets and Oyster
Harbour and, in most seasons, these differences were significant. Furthermore, in each
season, the mean species richness in the basins of Irwin Inlet and Oyster Harbour were
greater than those in this region in Wilson Inlet (Fig. 4.5) and these differences were usually
significant.
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Fig. 4.5. Mean species richness ± 95% CI derived from back-calculated data for offshore,
deeper waters of the basin (solid line) and river (dashed line) of Broke, Irwin and Wilson
inlets and Oyster Harbour in each season.
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Four-way ANOVA demonstrated that the catch rates of fishes differed significantly
between estuaries, regions, years and seasons (Table 4.7). The mean square was far greater
for estuary than the estuary x region interaction, which in turn was greater than those for both
region and season. The mean squares for both of the other significant two-way interactions
and the significant three-way interactions were relatively low (Table 4.7).
The catch rates in both the basin and river of Broke Inlet were less than those in the
corresponding regions of each of the other three estuaries and these differences were
frequently significant (Fig. 4.6). The catch rates in the basin of Irwin Inlet were greater than
those in Oyster Harbour in all seasons and than those in Wilson Inlet in each season
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Fig. 4.6. Mean catch rate ± 95% CI derived from back-calculated data for offshore, deeper
waters of the basin (solid line) and river (dashed line) of Broke, Irwin and Wilson inlets and
Oyster Harbour in each season.
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except summer and the catch rates in the rivers were greater in Wilson Inlet than in Oyster
Harbour in all seasons and than in Irwin Inlet in all seasons except autumn (Fig. 4.6).
On the interaction plot for estuary x region x season, there was no consistent overall
trend for catch rate to be greater in the basin than the river or vice versa. Thus, while the
mean catch rate was greater in the basin than river in all seasons in Broke Inlet, the reverse
was true for three seasons in Wilson Inlet and the catch rates were very similar in the river
and basin in each season in Oyster Harbour (Fig. 4.6). In Irwin Inlet, catch rates in winter
declined markedly in the river but not in the basin (Fig. 4.6), thereby paralleling the situation
with species richness (cf Fig. 4.5) and largely accounting for the significant estuary x region
x season interaction. The small region x year x season interaction in the rivers can be largely
attributed to the mean catch rates being particularly low in the rivers in winter 2006 and high
in autumn 2007 and especially so in Irwin Inlet (data not shown).
In Wellstead Estuary, three-way ANOVA demonstrated that species richness differed
significantly between region and season, with the mean square and significance level being
far higher for region (Table 4.8). Mean species richness ranged from 5.3 in autumn to 7.1 in
winter in the basin and from 2.6 in summer to 4.3 in autumn in the river. Catch rate was
significantly influenced by season and there were significant region x year and year x season
interactions, with the mean square and significance level being highest for the region x year
interaction (Table 4.8). The mean catch rate in the river was greater than in the basin in 2006,
i.e. 85 vs 67 fishes h-1, whereas the reverse was the case in 2007, i.e. 49 vs 95 fishes h-1.

4.4. Discussion
This paper provides the first quantitative data on the ichthyofaunal compositions of
offshore, deeper waters in the basins and rivers of permanently-open, seasonally-open and
normally-closed estuaries along the same coast and which have been based on seasonal
sampling of the same sites over successive years. This study has enabled the species
compositions, contributions of different life-cycle guilds, species richness and catch
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rates in estuaries with divergent environmental characteristics to be compared. They have
thus allowed the ways in which factors related to the “status” of the estuary mouth, the region
within estuary and the time of year influence the characteristics of the ichthyofaunas of
offshore waters of microtidal estuaries to be elucidated. The clarification of the roles of such
factors is particularly important as many estuaries are becoming highly degraded and/or
modified (e.g. McComb, 1995; Jackson et al., 2001), and yet still act as important nursery
areas for marine fish species and frequently support important recreational and commercial
fisheries (e.g. Haedrich and Hall, 1976; Lenanton and Potter, 1987; Whitfield, 1998;
Blaber et al., 2000).

Table 4.8. Mean squares and significance levels for three-way ANOVAs of the number of
species and catch rate of fish recorded at sites in the basins and rivers of offshore, deeper
waters of Wellstead Estuary in each season of 2006 and 2007. * p < 0.05, ** p < 0.01, *** p
< 0.001.
Main effects
df

Region (R)
1

Year (Y)
1

Season (S)
3

Residual
48

Number of Species
Catch rate

4.990***
0.339

0.031
0.061

0.311*
0.489**

0.091
0.110

Two- and three-way interactions
df
Number of Species
Catch rate

RxY
1

RxS
3

YxS
3

0.064
1.585***

0.223
0.297

0.209
0.421*

RxYxS
3
0.066
0.186

4.4.1. Relationships between contributions of life-cycle guild and estuary type
The estuaries of temperate regions of the northern hemisphere, which are typically
permanently-open and macrotidal, are dominated by marine species and particularly by their
juveniles (Haedrich, 1983; Claridge et al., 1986, Elliott and Dewailly, 1995). The paucity of
estuarine-spawning species in these estuaries presumably reflects, in part, the fact that the
turbulent and turbid conditions in these tidally-dominated systems are not particularly
68

conducive to the survival of the eggs and larvae of many fish species. Because rainfall and
thus discharge is very low in the late spring to early autumn in south-western Australia and
tidal action in the estuaries of this region is very limited, the conditions in these systems are
far more benign during the period when many estuarine-spawning fish species breed (Potter
and Hyndes, 1999). While this would account for the success of such species in southwestern Australian estuaries and particularly amongst the small species, such as those of the
Atherindae and Gobiidae, which are found in shallow, nearshore waters, other estuarinespawning species, such as Acanthopagrus butcheri, Cnidoglanis macrocephalus and
Engraulis australis, which were caught during the present study, are abundant in the
offshore, deeper waters of these estuaries.
The marked differences between the contributions of the number of species
representing the different life-cycle guilds to the ichthyofaunas of offshore, deeper waters of
five estuaries on the south coast of Western Australia can be related to differences in estuary
type. Thus, for example, while 21 species of marine straggler and 18 species of marine
migrant were caught in the permanently-open Oyster Harbour, only 1 species of marine
straggler and 9 species of marine migrant were recorded in the normally-closed Wellstead
Estuary. Furthermore, the numbers of species representing these two guilds collectively in
the seasonally-open Broke, Irwin and Wilson inlets ranged from 21 to 25 and were thus
intermediate. These findings largely parallel those recorded for comparable types of estuaries
in southern Africa, which likewise frequently contain narrow mouths that can become closed
though the formation of sand bars (Bennett, 1989; Whitfield and Kok, 1992; Vorwerk et al.,
2003; Harrison and Whitfield, 2006). As many marine species did not penetrate the saline
reaches of the rivers, the above trends between numbers of marine species and estuary type
largely reflect the situation in the basins.
The relationships between the contributions made by the number of individuals of
marine species and estuary type did not always follow the same trend as species richness.
Thus, for example, although Oyster Harbour is permanently open and Wellstead Estuary is
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normally closed, the contributions made by the number of individuals of marine species to
the total catch were similarly high in both their basins, i.e. 79 and 73%, respectively, and
their rivers, i.e. 50 and 45%, respectively. However, whereas the high contribution in Oyster
Harbour was due to appreciable catches of a number of marine species, that in Wellstead
Estuary was mainly attributable to the presence of substantial numbers of Mugil cephalus and
Aldrichetta forsteri and to the very low abundances of estuarine-spawning species other than
A. butcheri. Marine species presumably entered Wellstead Estuary in the period immediately
prior to and after the commencement of the study when the estuary was open to the ocean,
and were subsequently prevented from emigrating from the estuary through its closure for the
rest of the study.
The contribution of marine species to the total catch in the basin of Wilson Inlet was
the lowest by far of any estuary (57.8%), which was partly due to the estuary mouth being
closed for much of the study and, even when the sand bar had been breached, the opening
was small and thereby reduced the opportunities for immigration from the sea. However, it
also reflects the presence of large numbers of estuarine residents, such as E. australis,
C. macrocephalus and Platycephalus speculator, which collectively made a particularly large
contribution to the ichthyofauna of the basin of this estuary, as was also the case in 19871989 (Potter et al., 1993).
The high contributions (> 75%) made by marine migrants to the total catches in both
the basins and rivers of Irwin and Broke inlets reflected the immigration of substantial
numbers of A. forsteri, Arripis georgianus and M. cephalus at times when the mouths of
those estuaries were open and allowed good exchange between the ocean and the estuary.
However, they also reflect the relatively low overall abundance of estuarine-spawning
species and particularly of A. butcheri, which was very abundant in each of the other
estuaries.
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4.4.2. Ichthyofaunal compositions of the rivers
Our data demonstrate conclusively that there is a major overarching difference
between the ichthyofaunal compositions of the basins and rivers across all estuaries and
which does not thus depend on whether an estuary is permanently open, seasonally open or
normally closed. Indeed, the distinction between the ichthyofaunal compositions of the basins
and rivers is greater than that of the overall difference between the compositions in the five
estuaries. It is therefore particularly relevant that the riverine ichthyofaunas were always
characterised predominantly by consistently large numbers of M. cephalus and also of
A. butcheri in all estuaries except Broke Inlet. The marine species M. cephalus is likewise
abundant in many estuaries throughout its wide distribution and penetrates far upstream in
these systems and even into freshwater (Thomson, 1957a; Blaber and Whitfield, 1977;
Chubb et al., 1981; Cardona, 2000). The estuarine resident A. butcheri also has a marked
tendency to occupy the river region of other estuaries, particularly during the dry late spring
to autumn months, and to spawn in that region (Sarre and Potter, 1999). The overwhelming
importance of M. cephalus and A. butcheri to the ichthyofaunas of the rivers is emphasised
by the fact that the only other species to rank in the top two typifying species for the river of
any estuary was Argyrosomus japonicus in Oyster Harbour.
Although M. cephalus was of overriding importance in characterising the fish faunas
of the rivers of each estuary, and the same was true for A. butcheri in all estuaries except
Broke Inlet, the compositions of the fish faunas in the rivers of the various estuaries were
significantly different. These differences thus reflect, in particular, variations in the
contributions of M. cephalus and usually also A. butcheri to the fish faunas of the rivers,
recognising that the distinction between the fish faunas of the rivers of Wilson Inlet and
Wellstead Estuary was far less than between the rivers of all other pairs of estuaries. In the
case of the river of Oyster Harbour, however, the composition of its ichthyofauna was
discrete, largely due to the unique and substantial contribution made by juvenile
A. japonicus, indicating that this marine sciaenid spawns in nearby coastal marine waters.
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The capture of only two A. butcheri in the river of Broke Inlet is remarkable in that
this sparid is not only abundant in the rivers of the other four estuaries, but also typically in
other south-western Australian estuaries (Potter and Hyndes, 1999). The paucity of
A. butcheri in the river of Broke Inlet parallels the situation recorded in the 1970s and 1980s
by Hodgkin and Clark (1989a), who attributed this phenomenon to the very low salinities
present in that river during winter. A combination of the very low catches of A. butcheri and
relatively low catches of M. cephalus in the river of Broke Inlet, the only typifying species
for this estuarine region, explains why, in each season of the two years, the overall catch rate
was far lower in the river of this estuary than in that of any other estuary.

4.4.3. Ichthyofaunal compositions of the basins
The contrast between the overriding importance of one or generally both of
M. cephalus and A. butcheri to the ichthyofaunas of the river of each estuary and their greatly
reduced importance in the basins of those estuaries clearly contributed greatly to the overall
distinction between the ichthyofaunal compositions of these two major regions in estuaries.
In contrast to the rivers, the major typifying species for the ichthyofaunas varied far more
markedly among the basins, with A. forsteri and A. georgianus being the only two species to
play this role in more than two estuaries. As substantial numbers of both A. forsteri and
A. georgianus were caught below and above their respective lengths at maturity (Thomson,
1957b; Fairclough et al., 2000), these estuaries provide an important environment for both
the juveniles and adults of these marine species on the south coast of Western Australia. The
only other species to act as a typifying species for the ichthyofauna of the basin of more than
one estuary was the estuarine resident C. macrocephalus, which performed this function in
both Irwin and Wilson inlets. Furthermore, several species acted as major typifying species
of the ichthyofauna of only one estuary. The far greater variation among the typifying species
of the basins than rivers helps explain why the differences among ichthyofaunal
compositions are almost invariably greater among basins than rivers.
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The marked differences among the ichthyofaunal compositions in the basins of the
various estuaries on the south coast of Western Australia contrast with the conclusions
derived from analysing samples collected by gill netting in 10 either permanently or
intermittently-open estuaries in southern Africa (Vorwerk et al., 2003). The differences in the
current study are attributable to variations in the duration over which those estuaries were
connected to the ocean and/or the types of environment found within the basins. Thus, for
example, ichthyofaunal composition in the basin of the estuary that remained permanently
open to the sea, and thus in which salinity remained close to that of full-strength sea water,
i.e. Oyster Harbour, was the most discrete of any of the basins, reflecting, in particular, the
immigration of a diverse range of marine species (see Section 4.4.1 for further discussion of
influence of status of estuary mouth). In the context of environmental conditions, it is
relevant that, as detached macrophytes constitute an important nursery habitat for
C. macrocephalus (Crawley et al., 2006), this plotosid was most abundant in the basin of
Irwin and Wilson inlets in which the growths of the seagrass Ruppia megacarpa were very
prolific. The paucity of macrophyte growth in Broke Inlet could thus help account for the
absence of this plotosid from the basin of this estuary.
The relatively far larger contribution made by A. butcheri to the ichthyofauna of the
basin of Wellstead Estuary than to that of this region in any other estuary almost certainly
reflects the fact that the morphological and environmental distinction between basin and river
and thus their habitats is the least marked of any estuary (Fig. 2.1). This conclusion is
consistent with the difference between the ichthyofaunal compositions of the basins and
rivers being least in Wellstead Estuary.

4.4.4. Temporal variations in ichthyofaunal compositions
Ichthyofaunal composition was found only occasionally to undergo clear interannual
or seasonal changes in either the basins or rivers of the five estuaries. The greatest
interannual shift in the ichthyofaunal composition occurred in the river of Wellstead Estuary
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and this was accompanied by lesser but still significant changes to the ichthyofauna of the
basin. It is thus relevant that the Wellstead Estuary became closed to the sea early in the
study and remained so for the rest of its duration. The interannual shift in this river was
attributable, in particular, to a marked increase in the relative abundances of both
M. cephalus and A. forsteri in the gill net catches. Comparisons between length-frequency
data for sequential seasonal seine and gill net samples from nearshore, shallow and offshore,
deeper water, respectively, demonstrate that the interannual changes can be explained by the
following sequence of events (data not shown). Substantial numbers of the small juveniles of
the above two species of marine mugilid were recruited into the nearshore waters of this
estuary immediately prior to and just after the commencement of the study, when the estuary
mouth was open, and then, as they increased in size, moved offshore and became susceptible
to capture by gill netting during the second year of the study. As the closure of the mouth of
Wellstead Estuary resulted in the salinity in each season of the second year exceeding that of
the corresponding season in the first year of the study, the overall increase in salinity to levels
appreciably above that of sea water may have had a differential effect on the various species
and thus also contributed to the shift in species composition between years.
The greatest seasonal changes in ichthyofaunal composition in the basins occurred in
those of the Irwin and Broke inlets, which underwent the greatest intra-annual changes in
salinity. Although ichthyofaunal composition also underwent pronounced seasonal changes
in the river of Irwin Inlet, this was not the case in the river of Broke Inlet, in which the
ichthyofauna was highly depauperate. The pronounced cyclical changes that occurred in the
basin of Irwin Inlet in each year reflected, inter alia, increased abundances of A. forsteri in
summer and autumn, of A. georgianus in summer, autumn and spring and of M. cephalus in
winter. These changes reflect a combination of differences in the movement patterns of the
various fish species into and out of the basin when the estuary mouth was open and into and
out of the rivers during periods of low and high freshwater discharge, respectively. Cyclical
changes in ichthyofaunal composition in permanently-open estuaries have been related to the
time-staggered immigrations and emigrations of various fish species in both macrotidal
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(Claridge et al., 1986; Potter et al., 1986; Maes et al., 2005) and microtidal estuaries (Young
and Potter, 2003b, Hoeksema and Potter, 2006). The seasonal changes in the river of
Wellstead Estuary, and particularly in the first year, were far less cyclical than in the basins
of Irwin and Broke inlets, presumably reflecting the fact that the environment of this system
changed during the study as a result of the estuary mouth shifting from being open at the very
beginning of the study to being closed for all of the remaining period.

4.4.5. Species richness and catch rates: inter and intra-estuarine comparisons
The finding that the mean species richness in each estuary was greater in its basin
than river was largely attributable to the fact that many of the marine species found in the
basins, including all of the marine stragglers, never penetrated the rivers, presumably
representing, at least in part, a preference for higher salinities. Furthermore, although always
relatively low, the number of estuarine-spawning species was always greater in the basin than
river of each estuary. This is consistent with south-western Australian estuaries being of
recent origin (Hodgkin and Hesp, 1998) and that such fish populations were probably derived
from those found in the marine environment and thus, as with marine stragglers, they
presumably prefer salinities closer to those of full-strength sea water.
In contrast to the situation with species richness, the catch rates showed no consistent
trend to be greater in the basins than rivers across all estuaries. Indeed, in the Wellstead
Estuary, they were greater in the river than basin in 2006 and vice versa in 2007. The large
95% confidence limits for several of the mean seasonal catch rates, and particularly for some
of those in the rivers, reflected variability in the catches of certain species through their
tendency to form aggregations in certain areas, e.g. M. cephalus (Major, 1978; Chubb et al.,
1981) and A. butcheri (Sarre and Potter, 1999), and thus to vary in density among sampling
sites within a region of the estuary at any given time.
It was conspicuous that, in each season, the mean catch rates in both the basin and
river of Broke Inlet were lower than in the corresponding regions of Irwin and Wilson inlets
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and Oyster Harbour. This finding is consistent with Broke Inlet being by far the most
oligotrophic of those four systems (Hodgkin and Clark, 1989a) and therefore containing the
least amount of food for those invertebrates that constitute the prey of most fish species and
providing the least macrophyte cover for fishes. In contrast, the overall abundance of fishes
was greatest in Wellstead Estuary, which is eutrophic and has high primary productivity
(Brearley, 2006). Elsewhere in south-western Australia, an increase in eutrophication in the
large Peel-Harvey Estuary over time resulted in an increase in the catch per unit of effort for
the commercial fishery and thus presumably in the overall abundance of fishes (Steckis et al.,
1995). Furthermore, a subsequent decline in eutrophication in that same estuary was
accompanied by a marked reduction in the overall abundance of fishes (Young and Potter,
2003a).
In summary, this component of the study emphasises that the characteristics of the
ichthyofaunas of offshore, deeper waters of the basins and rivers of microtidal estuaries are
very different, irrespective of whether the estuary is permanently open, seasonally open or
normally closed. Indeed, the overall differences in the ichthyofaunal compositions of those
two regions were even greater than amongst these divergent estuaries as a whole. This
emphasises that it is crucial to take into account the region of estuary, when making overall
comparisons between estuaries in which there are marked differences between the
environmental characteristics of their main regions, such as is often found in microtidal
temperate regions. Although the typifying species for the rivers were essentially the same in
all estuaries, those for the basins varied among these systems, reflecting, in particular, the
influence of differences in the status of the estuary mouth and types of habitat present.
Species richness and catch rates were least in the most oligotrophic estuary and catch rates
were particularly high in an estuary that was highly eutrophic.
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Chapter 5: Biology of Black Bream Acanthopagrus butcheri in
estuaries on the south coast of Western Australia
___________________________________________________________________________
5.1. Introduction
Several of the estuaries along the microtidal coasts of south-western Australia and
southern Africa become closed to the ocean for varying periods through the formation of
sand bars at their mouths (Hodgkin and Hesp, 1998; Cooper, 2001; Chapter 3). Such closures
would have favoured those species whose individuals were able to complete their life cycle
within these systems (Potter and Hyndes, 1999). While some estuarine-spawning species are
also represented by genetically-distinct marine-spawning populations (e.g. Ayvazian et al.,
1994), others are restricted to estuaries for the whole of their life cycle (Potter and Hyndes,
1999).
Although the estuaries of south-western Australia and southern Africa both contain a
number of species that are able to complete their life cycles within estuaries (e.g. Potter et al.,
1993; Whitfield, 1999; Chapter 4), those species in southern Africa are all small and shortlived (e.g. James et al., 2008). Among the large estuarine-spawning species of south-western
Australia, the Black Bream Acanthopagrus butcheri (Sparidae), which is endemic to southern
Australia, is the only species that is not also represented by marine populations (Chaplin et
al., 1998; Potter and Hyndes, 1999).
Acanthopagrus butcheri makes a major contribution to the recreational and
commercial fisheries in the estuaries of south-western Australia (Lenanton and Potter, 1987;
Loneragan et al., 1987; Smallwood and Sumner, 2007) and Victoria (e.g. Kailola et al., 1993;
Grixti et al., 2008) and is particularly abundant in the estuarine regions of their tributaries
(e.g. Hindell et al., 2008; Chapter 4). This species can also dominate the fish faunas of
offshore, deeper waters in the basins of some estuaries that become closed to the sea for
protracted periods and which thus limit the opportunities for recruitment of marine species
(e.g. Young and Potter, 2002). The ability of A. butcheri to tolerate a wide range of salinities
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from close to that of freshwater (Young et al., 1997) to that of nearly twice full-strength sea
water (Young and Potter, 2002; Appendix I) demonstrates that this sparid must be highly
euryhaline and helps account for its great success in a range of different estuary types.
The genetic composition of the different populations of this species in south-western
Australia varies, implying that the individuals in any one estuary tend to remain in that
estuary (Chaplin et al., 1998). Although this suggests that genetic differences might account
for the differences in the growth of A. butcheri among estuaries (e.g. Hobday and Moran,
1983; Morison et al., 1998; Sarre and Potter, 2000), this possibility was not supported by the
results of a culture experiment. In that experiment, brood stocks of A. butcheri were collected
from two different estuaries in which the growth of this species had been shown to vary
markedly (Sarre and Potter, 2000). The groups of juveniles derived from both broodstocks
were reared separately, but under the same environmental and dietary conditions (Partridge et
al., 2003). The growth of both groups was essentially the same, suggesting that the marked
difference in growth among the two wild populations was due to environmental rather than
genetic factors. It thus appears relevant that this species is a highly opportunistic feeder and
that its dietary composition differs markedly among the various estuaries in which it is found
and thus in estuaries at different latitudes and therefore with different temperature regimes
(Sarre et al., 2000; Chapter 6). In addition, Sarre and Potter (2000) found that the early
growth of A. butcheri was least in the estuary in which the densities of particularly the
juveniles of this sparid were greatest, suggesting that density could influence the growth of
the juveniles of this species. If the differences in growth of A. butcheri among estuaries
reflect differences in environmental conditions, it would follow that the growth of this
species in an estuary would vary between years when environmental conditions were
markedly different.
Acanthopagrus butcheri spawns between the late winter to early summer period
(Haddy and Pankhurst, 1998; Sarre and Potter, 1999) and predominantly in the mid to upper
reaches of estuaries (Haddy and Pankhurst, 2000). The length of A. butcheri at maturity can
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vary markedly among estuaries, particularly as a result of variations in the growth of
juveniles among different populations (Sarre and Potter, 1999). Thus, while A. butcheri
generally reaches sexual maturity at the end of its second year of life, the length at maturity is
greater in those populations in which juvenile growth is most rapid.
Recruitment of juvenile A. butcheri varies markedly among years in a number of
estuaries along the south-western coastline of Western Australia (Sarre and Potter, 2000) and
Victoria (Hobday and Moran, 1983; Morison et al., 1998). Hobday and Moran (1983) found
that year classes tended to be strongest in years with relatively dry springs and that weak year
classes tended to occur during years with high river flows in spring and low water
temperatures. On the basis of the results of planktonic sampling at various depths in two
estuaries, Nicholson et al. (2008) suggested that the mortality of the eggs and early larvae of
A. butcheri increased, when, due to stratification and reduced river flow, hypoxic conditions
prevailed. This proposal is supported by the fact that, under laboratory conditions, the
mortality rates of those two life stages increased under hypoxic conditions (Hassell et al.,
2008a, b).
Sarre and Potter (2000) found evidence that there was little or no spawning and/or
recruitment success of A. butcheri in the normally-closed Wellstead Estuary in those years
when discharge was particularly heavy and thus provided the potential for eggs, larvae and
small juveniles to be flushed out of the estuary. In contrast, A. butcheri exhibited more
consistent annual recruitment in estuaries that lie in regions of south-western Australia where
total annual rainfall is greater and more seasonally predictable, with all age classes up to 15+
being represented (Sarre and Potter, 2000).
Because of the high value of A. butcheri to recreational and commercial fishers, and
the very different levels of fishing for this species in the different estuaries, fishing mortality
for this sparid is likely to vary considerably among estuaries. Furthermore, as natural
mortality is likely to be influenced greatly by the environmental conditions to which
individuals of this species in the different estuaries are subjected, total mortality is likely also
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to vary considerably among estuaries, even in the absence of fishing. The influence of the
latter type of factor can be extreme, such as was the case with the massive mortality of
A. butcheri that resulted from salinities increasing to lethal levels for this species in two
estuaries on the south coast of Western Australia (Appendix I).
Representative samples of A. butcheri were collected from eight estuaries that
covered the range of estuary types found on the south coast of Western Australia and in
which the salinity regimes, levels of primary productivity and fishing pressure and density of
A. butcheri differed (see Chapters 3, 4). The resultant data have been used to estimate the
growth, length and age at maturity, spawning period, annual recruitment and mortality of
A. butcheri in each of those estuaries. This enabled the following hypotheses to be tested.
1) The growth of A. butcheri differs among estuaries in which fish densities and/or
environmental characteristics differ, but which are located at approximately the same
latitude. 2) The growth of individuals of A. butcheri varies among years and particularly in
normally-closed estuaries in which environmental characteristics can vary markedly among
years. 3) The lengths at first maturity of female and male A. butcheri are greatest for those
populations in which juvenile growth is most rapid. In addition, the levels of total mortality
of A. butcheri in the different estuaries were determined and the annual spawning and/or
recruitment success of juveniles of A. butcheri on the south coast of Western Australia were
considered in the context of inter-annual variations in environmental conditions.

5.2. Materials and methods
Acanthopagrus butcheri was collected from sites in the basins and saline lower
reaches of the main tributaries of the Broke, Irwin and Wilson inlets, Oyster Harbour,
Wellstead Estuary and the Hamersley, Culham and Stokes inlets (see Chapter 2 for details of
the sampling localities and regime and estuary types). Fish were euthanased in an ice slurry
immediately after capture and the wet weight and total length (TL) of each fish were
recorded to the nearest 0.1 g and 1 mm, respectively.
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5.2.1. Growth and length and age compositions
The growth zones in the otoliths of A. butcheri are well-defined and have been
validated as being formed annually (Sarre and Potter, 2000), a prerequisite for ageing studies
on fish (Beamish and McFarlane, 1983).
The two sagittal otoliths of each fish were removed, cleaned, dried and stored. The
otoliths of A. butcheri < 100 mm TL were examined whole and a record kept of whether or
not an opaque zone was present (Sarre and Potter, 2000). In contrast, the otoliths of larger
fish were sectioned prior to counting their opaque zones. In the case of whole otoliths, one
otolith from each fish was placed in a black dish, covered with methyl salicylate and
examined under reflected light using an Olympus SZ60 dissecting microscope. For
sectioning, otoliths were mounted in clear epoxy resin and, using a low-speed diamond saw
(Buehler), cut into ca 500 µm sections through their primordia and at right angles to the
longest axis of the otolith. The resultant sections were cleaned, mounted on glass slides and
viewed under reflected light against a black background using an Olympus SZ60 dissecting
microscope. The number of opaque zones in each otolith was counted a second time on
another occasion and without knowledge of the first count. On the very few occasions that
there was a discrepancy between the two counts, a third count was made, which was always
the same as one of the other two counts and thus the one recorded for that otolith. In the very
few cases when an otolith was unreadable, that otolith was omitted from further analyses.
The ages of each individual A. butcheri were estimated using 1) the date of capture, 2)
the number of opaque zones in the otolith examined, 3) the date when, on average, newlyformed opaque zones typically become delineated from the otolith periphery, i.e. November
(Sarre and Potter, 2000) and 4) a hatching date (“birth date”), representing the mid-point of
the spawning period. The number of opaque zones for fish caught within two months prior to
the date assigned for delineation of the opaque zone were adjusted downwards by 1 year if
their otoliths possessed a narrow translucent edge, whereas those caught after that date were
adjusted upwards a year if their otoliths possessed an opaque (or wide translucent) margin.
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The age, t, of each individual was calculated as:
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mc is the month of capture, dc is the day of the month of capture, md is the month of
delineation and mb is the birth month (where the date assigned to the time of delineation and
birth date corresponded to the beginning of that month).
The von Bertalanffy growth parameters and their 95% confidence limits were
estimated from the lengths at age of fish at the date of capture and employing the nonlinear
regression routine in SPSSTM. The von Bertalanffy growth equation for describing the growth
of each sex is Lt = L∞ (1 − e( − k (t − t 0 )) ) , where Lt is the length (mm) at age t (years), L∞ is the
asymptotic length (mm) predicted by the equation, k is the growth coefficient (year-1) and t0
is the hypothetical age (years) at which fish have zero length.
The von Bertalanffy growth equations for the females and males in each estuary,
except Broke, Irwin and Hamersley inlets for which there were insufficient data, were
compared using a likelihood-ratio test (Cerrato, 1990). The hypothesis that the lengths at age
of each sex in an estuary could be described by a single growth curve was rejected at the α =
0.05 level of significance if the test statistic, calculated as twice the difference between the
log-likelihoods obtained by fitting a common growth curve for both sexes and by fitting a
separate growth curves for each sex, exceeded χ 2α (q ) , where q is the difference between the
numbers of parameters in the two approaches. The log-likelihood, λ, for each curve, ignoring
n
ss
constants was calculated as λ = − log e , where n refers to sample size and ss refers to the
2
n
sum of squared residuals between the observed and expected lengths at age. Likelihood-ratio
tests were also used to compare the growth curves for each sex in the populations of each pair
of estuaries.
Likelihood-ratio tests were used to compare the growth of both sexes of A. butcheri
during the current study (2005-2007) with those of the corresponding sexes of this sparid in
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the same estuary in 1995-96. This comparison used the raw data collected by Sarre and Potter
(2000) for this species in 1995-96.
Since the likelihood-ratio test is extremely sensitive when comparing curves derived
from large sample sizes, differences were considered to be of biological significance when
the difference between the lengths at a given age exceeded 5% (see Hesp et al., 2004).

5.2.2. Interannual variations in the growth of otoliths
Preliminary plots indicated that the relationships between total fish length and otolith
radius for each sex of A. butcheri differ among estuaries. Given that previous studies provide
strong evidence that the growth of A. butcheri is influenced far more by environmental than
by genetic factors (Partridge et al., 2003), it is likely that the fish length-otolith radius
relationship for A. butcheri varies according to environmental conditions. As backcalculation of fish length from the radius at each of the growth zones relies on the
relationship between these variables being constant (Wilson et al., 2009), it was considered
inappropriate to use back-calculated estimates of fish length to explore whether growth varies
among years. However, it was appropriate to use inter-annual differences between the
increments of the radii of successive growth zones to investigate whether the growth of the
otolith differed among years and whether any such differences could be related to interannual variations in environmental conditions.
The distances from the primordium to the outer edge of each successive opaque zone
and to the outer edge of the otolith, i.e. radii, in each of 50 randomly-selected otoliths from
female and male A. butcheri from each of Wilson Inlet, Oyster Harbour, Wellstead Estuary
and Stokes Inlet were measured. Measurements were made to the nearest 0.1 µm along the
same axis of each sectioned otolith employing Leica IM 1000 software and images captured
with a Leica DC300 camera attached to a Leica MZ75 dissecting microscope and using
reflected light.
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The data for each sex within each estuary were analysed to determine whether the
distance between the outer edges of each pair of successive opaque zones in otoliths
(hereafter termed an annual growth increment) was influenced by the year in which the
growth occurred, which was considered a fixed factor. For each annual growth increment, the
data for those growth years for which there were more than three observations were analysed
using a one-way analysis of variance (ANOVA) employing the procedure “lm” in R
(R Development Core Team, 2008). Use of the initial radius at the outside edge of the first of
the pair of opaque zones associated with the annual growth increment as a covariate was also
explored. However, as the results were essentially the same as those obtained in the absence
of the covariate, the results from that more complex analysis are not reported.

5.2.3. Reproductive variables
The gonads of each fish were removed and weighed to the nearest 0.01 g and then
identified macroscopically as either ovaries or testes, or as indeterminate in the case of
juvenile fish with very small gonads that could not be sexed. On the basis of their
macroscopic characteristics and following the scheme of Laevastu (1965), the gonads of each
fish were allocated to one of the following eight stages of gonadal development. I =
immature, II = resting adult, III = developing, IV = maturing, V = prespawning, VI =
spawning, VII = spent, and VIII = recovering spent (see Table 5.1). Fish that possessed
gonads at stages III-VIII during the spawning period were classified as mature.
In each month, the gonads of up to 20 females, covering a wide range of lengths and
the full suite of gonadal stages observed in that month, were retained and prepared for
histological examination. For this purpose, a portion of the mid-region of one ovarian lobe
was placed in Bouin’s fixative for ca 48 h and dehydrated in a series of increasing
concentrations of ethanol. The ovarian portions were then embedded in paraffin wax, cut
transversely into 6 µm sections and stained with Mallory’s trichrome. The stages in oocyte
development in each section were then determined by examination using a Leica MZ7.5
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dissecting microscope to validate that the stages in gonadal development assigned to each
ovary on the basis of its macroscopic appearance were appropriate (see Table 5.1, Fig. 5.1).
Logistic regression analysis was used to fit curves to the probabilities that female and
male fish at each length during the spawning period would possess gonads at one of stages
III–VIII. The logistic equation describing the probability of an individual possessing mature
gonads, P, at length, L, was P = 1 /[1 + e(− log e (19)( L − L50 )( L50 − L95 ))] , where L50 and L95 are
the total lengths at which 50 and 95% of the individuals, respectively, would be expected to
possess gonads at stages III–VIII. On the basis of its length, the likelihood of the jth fish
possessing or not possessing gonads at stages III–VIII was calculated as Pj or 1 − Pj,
respectively. Setting Xj = 0 if the jth fish did not possess gonads at such a stage and Xj = 1 if
it did possess such gonads, the overall log-likelihood, λ was calculated as:

∑ {X

j

log e Pj + (1 − X j ) log e [(1 − P) j ]}. The logistic equation was fitted by maximizing this

j

log-likelihood, using SOLVER in Microsoft ExcelTM. The data were randomly resampled and
analysed to create 1000 sets of bootstrap estimates of the parameters of the logistic equation
and of the probabilities of females and males being mature for each of a range of specified
lengths. The 95% confidence limits of the probability of maturity at each specified length
were taken as the 2.5 and 97.5 percentiles of the corresponding predicted values resulting
from this resampling analysis. The medians of the bootstrap estimates were used as the point
estimates of each parameter and of the probability of maturity at each specified length. The
logistic regressions describing the length-at-maturity data for each water body were
compared using the likelihood-ratio test outlined previously. The results were then
considered in the context of the growth of the juveniles of the two sexes of A. butcheri within
the different estuaries.
The gonadosomatic index (GSI) was calculated separately for each female and male
fish using the equation GSI = W1/W2 × 100, where W1 = wet weight of the gonad and W2 =
total wet weight of the fish. The index was calculated using data for fish ≥ the estimated L50
at first maturity for females and males.
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Table 5.1. Macroscopic appearances of stages in the development of Acanthopagrus butcheri
gonads and corresponding histological characteristics of ovaries. Stages largely follow the
scheme of Laevastu (1965) and histological terminology is modified from Wallace and
Selman (1981).
Stage

Macroscopic appearance

Histological characteristics of
ovaries

I
Immature

Gonads very small. Ovary transparent,
no oocytes visible. Testes grey, strandlike.

Oocytes highly organised along
ovarian lamellae, chromatin
nucleolar and early perinucleolar
oocytes (small previtellogenic
oocytes) present.

II
Resting adult

Gonads larger than stage I. Ovaries
translucent, testes white and ribbon-like.

Similar to stage I with late
perinucleolar oocytes present.
These oocytes are found in all
subsequent stages.

III
Developing

Ovaries becoming opaque, orange to red
in colour with whitish oocytes visible.
Testes white. Occupy up to 1/3 of the
ventral cavity.

Cortical alveolar oocytes abundant.

IV
Maturing

Cortical alveolar and yolk granule
Ovaries orange with blood capillaries
oocytes abundant.
and yolk granule oocytes visible. No
milt appears when pressure is applied to
the trunk of males. Occupy 1/3 to 1/2 of
the ventral cavity.

V
Prespawning

Gonads 1/3 to filling ventral cavity.
Milt appears with firm pressure from
testes. Ovaries large with numerous
capillaries, no hydrated oocytes visible.

Many yolk granule oocytes tightly
grouped. Few cortical alveolar
oocytes present.

VI
Spawning

Hydrated oocytes visible through ovary
wall. Milt appears with slight pressure.
1/3 to filling the ventral cavity.

Hydrated oocytes, migrating nuclei
oocytes and/or postovulatory
follicles present.

VII
Spent

Gonads smaller than stage V or VI.
Ovaries and testes flaccid though not
fully empty.

Large amounts of connective tissue.
Remnant yolk granule and cortical
alveoli oocytes generally undergoing
atresia.

VIII
Recovering
spent

Testes and ovaries red to brown, flaccid
with scarring visible at ends of ovaries.
No oocytes are visible in ovaries.

Oocytes unorganised, with extensive
connective tissue and large “empty”
areas.
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Fig. 5.1. Histological sections of stage (a) II, (b) III, (c) IV, (d) V, (e, f) VI, (g) VII and (h)
VIII ovaries of Acanthopagrus butcheri possessing small previtellogenic oocytes (spv),
cortical alveolar oocytes (ca), yolk-granule oocytes (yg), hydrated oocytes (ho), migrating
nuclei oocytes (mn), post-ovulatory follicles (pof), atretic oocytes (ao) and scar tissue (st).
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The timing, duration and peak time of spawning of A. butcheri in each estuary were
estimated from the trends exhibited by the mean monthly gonadosomatic indices and the
monthly prevalences of the various gonad stages.

5.2.4. Gill net selectivity and total mortality
Gill net mesh selectivities for A. butcheri, which were required to eliminate possible
selection bias in research samples of age composition, were calculated for the research gill
nets using the method described by Kirkwood and Walker (1986). In this method, the
functional form of the relationship between selectivity and fish length was assumed to be of
the form of a gamma distribution. Thus, the selectivity for mesh i and length class j may be
α

i
L 
 Lj 

 exp α i − j  , where L j is the midpoint of length class j
calculated as Sij = 
βi 
 α i βi 


( j = 1,L, J ), and α i and βi are parameters of the gamma distribution that are determined
from the mesh size mi of mesh i ( i = 1, L, I ). Kirkwood and Walker (1986) express the
parameters of the selectivity curves in terms of two alternative parameters, θ1 and θ 2 ,

(

(

however, where α i βi = θ1mi and β i = −0.5 θ1mi − θ12 mi2 + 4θ 2

)

0.5

). Thus, given the values of

the parameters θ1 and θ 2 , and the mesh size of the gill net mi , the values of α i and βi may
be calculated.
The model was fitted to length-composition data for A. butcheri collected by fishing
with composite gill nets (see Chapter 2 for sampling details) using the method described by
Kirkwood and Walker (1986). For this calculation, estimates of the relative proportion of fish
∑I n
in the population from length class j are calculated as µ j = i =1 ij I
, where nij are the
∑i =1 Sij
number of fish of length class j in the sample from mesh i. The log-likelihood is calculated
I

J

[

]

as LL = ∑∑ nij log e (µ j Sij ) − µ j Sij . Estimates of the parameters θ1 and θ 2 were obtained by
i =1 j =1

maximising the value of the log-likelihood, using the Solver procedure within an ExcelTM
implementation of the model.
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Values of mean selectivity at age, Sα , for the composite seven-panel research gill net
were estimated as S a = ∑ i=1 Sia
I

∑ aA=0 ∑ iI=1 Sia

, where Sia is the selectivity of fish with length

La , the length at the midpoint of the ages within length class a ( a = 0,L, A ).

An estimate of the fishing mortality F of fully-vulnerable fish was determined by
fitting a model to the age composition data for the combined sexes for fish in random
samples collected from gill net catches from each estuary in consecutive years. The model
assumed a constant known level of natural mortality, i.e. the value of the estimate derived
from the maximum age recorded for the species by employing Hoenig’s (1983) equation for
fish.
It was assumed that the fish within the estuary with lengths greater than or equal to
the minimum legal length (MLL) are exposed fully to a constant level of fishing mortality,
while those with lengths less than the MLL experience no fishing mortality, i.e. they are
affected only by natural mortality. Thus, the age composition data from the estuary will
reflect this pattern of fishing mortality. However, the age composition data were assumed to
be influenced not only by natural and fishing mortality, but also by inter-annual variability in
recruitment strength. Thus, the number of fish of age a in year t may be assumed to be
 a −1 

σ2
represented by N a , t = Rexp  Rt − a − R  exp − ∑ Z j  , where R is the mean level of annual
2 

 j = a1 
recruitment, Rt −a is the deviation in the natural logarithm of annual recruitment for year class

t − a , σ R2 is the variance of the values of Rt −a , a1 is the first age present in the agecomposition data, Z a = M + Fa is the total mortality experienced by fish of age a, and the
fishing mortality of fish of this age is zero if the length of fish at the midpoint of the ages in
the age class is less than the MLL, otherwise Fa = F , the fishing mortality of fullyvulnerable fish.
It was assumed that the age composition within each annual sample collected using
research gill nets represented a random sample drawn from a multinomial distribution, where
the expected proportion at age a in the sample for year t was calculated as
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pˆ a ,t =

S a N a,t

, where A was the maximum age recorded in the age sample and values of

A

∑ S j N j ,t
j = a1

selectivity at age S a were estimated as described earlier. AD Model Builder (ADMB) (Otter
Research Ltd, 2007) was used to estimate the values of F and of Rt −a for those year classes
for which explicit estimates of the deviation in the natural logarithm of recruitment were to
be estimated, where zero values for this deviation were assumed for all other year classes.
The objective function for the model was taken to be the negative log-likelihood, calculated
A

as NLL = −∑ ∑ pa ,t log e pˆ a ,t , where p a ,t is the recorded proportion of fish of age a in the
t

a = a1

sample collected in year t. A penalty was imposed to ensure that estimates of fishing
mortality exceeded zero and estimates of the 95% confidence limits for this parameter were
obtained by using ADMB to generate the likelihood profiles of this variable.
The results were considered in the context of subjective estimates of fishing pressure
and environmental conditions in the different estuaries.

5.2.5. Variability in annual recruitment

The total numbers of A. butcheri of each year class in the gill net samples from each
estuary were plotted to elucidate which years in each estuary were characterised by strong
recruitment of juveniles. A recruitment index was also calculated for each year class in each
estuary (see Section 5.2.4). Thus, the recruitment index, i.e., the multiplier of the mean level

σ2
of recruitment, for year class t − a is exp  Rt − a − R  , where Rt −a is the deviation in the
2 

natural logarithm of annual recruitment for year class t − a and σ R2 is the variance of the
values of Rt −a .
Attempts to relate recruitment strength with particular environmental variables are
hindered by the lack of sound historical data on such variables as salinity and dissolved
oxygen concentration and of riverine discharge in most of the estuaries. Thus, such attempts
have to rely on proxies for these variables, e.g. rainfall for riverine discharge, recognising
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that these proxies have limited reliability. However, the 0+ age class of A. butcheri was
caught by seine netting in the rivers and basins of some estuaries and thus there are
environmental data during the periods of that sampling, which can be compared with the
recruitment of 0+ fish. The mean densities of 0+ A. butcheri were calculated from the seine
net catches obtained in the spring to winter seasons of 2005/06 and 2006/07 from sites in the
river and basin of Oyster Harbour and Wellstead Estuary, the estuaries in which comparable
nearshore habitats could be sampled in both of those regions. As spawning occurs in spring,
those samples represented the 2005 and 2006 year classes, respectively. The same procedure
was adopted for the 0+ age class in the Culham and Stokes inlets in 2001/02, 2002/03 and
2003/04, which thus corresponded to the 2001, 2002 and 2003 year classes, respectively.

5.3. Results

5.3.1. Growth, length and age composition

The length-frequency compositions of Acanthopagrus butcheri varied markedly
among the different estuaries (Fig. 5.2). Thus, the total lengths ranged from 55 to 309 mm in
Hamersley Inlet, from 10-12 to 368-376 mm in Wellstead Estuary, Culham Inlet and Stokes
Inlet, from 46 to 371 mm in Irwin Inlet and from 49 to 389 mm in Oyster Harbour. The two
individuals caught in Broke Inlet measured 320 and 405 mm TL. Age composition also
varied markedly among the estuaries, with the age classes present ranging from 0+ to 5+ in
Hamersley and Irwin inlets, 0+ to 13+ in Stokes Inlet and 0+ to 15+ in Wilson Inlet,
Wellstead Estuary and Culham Inlet (Fig. 5.2). The two A. butcheri caught in Broke Inlet
were 3+ and 5+ years of age (data not shown).
von Bertalanffy growth curves provided good fits to the lengths at age for both the
females and males of A. butcheri from Wilson Inlet, Oyster Harbour, Wellstead Estuary,
Culham Inlet and Stokes Inlet (Fig. 5.3, Table 5.2). However, although the growth curves
fitted the data well for both females and males in Irwin Inlet (Fig. 5.3), very high L∞s were
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Fig. 5.2. Length and age class frequency distributions of Acanthopagrus butcheri caught with
seine and gill nets in Irwin and Wilson inlets, Oyster Harbour and Wellstead Estuary in
2005/07 and in Hamersley, Culham and Stokes inlets in 2002-2004. n = number of fish.
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estimated for this species in that estuary (Table 5.2) reflecting the lack of information that
was available to obtain reliable estimates for this parameter. There was also insufficient
contrast of ages within the length-at-age data for reliable estimates of the growth parameters
to be obtained for this species in Hamersley Inlet. The likelihood-ratio test demonstrated that,
while the growth curves of the females and males in Oyster Harbour, Wellstead Estuary,
Culham Inlet and Stokes Inlet differed significantly (all p < 0.001), those in the Irwin and
Wilson inlets did not (Fig. 5.3). These differences were considered likely to be of biological
significance only in the case of Oyster Harbour, where, unlike the situation in the other
estuaries, the differences between the estimated lengths for each sex at ages 1, 2, and 5 years
each exceeded 5%.
The growth curves for each sex in Irwin and Wilson inlets, Oyster Harbour, Wellstead
Estuary and Stokes Inlet differed significantly among each pair of estuaries (all p < 0.001).
These differences were considered to be of biological significance in each pairwise
comparison as the differences between the estimated lengths at ages 1, 2, 5 and 10 years were
typically > 5% and frequently exceeded 10% (Fig. 5.4).
The growth curves determined for females and males of A. butcheri in Wellstead
Estuary during the present study (2005-2007) differed significantly from those derived for
the corresponding sexes of this sparid in the same estuary in 1995-96 (both p < 0.001) (Fig.
5.5). These differences were considered to be of biological significance as the differences
between the estimated lengths for both females and males at ages 2, 5, 10 and 15 were almost
invariably > 10% and exceeded 15% at ages 5, 10 and 15 years in the case of females and at
5 years in the case of males (Fig. 5.5).

5.3.2. Interannual variations in the growth of otoliths of Acanthopagrus butcheri

Analysis of variance (ANOVA) of the otolith increment data for each annual growth
increment for each sex within each estuary demonstrated that, in certain estuaries and for
certain annual growth increments, the increment radii of the otoliths of A. butcheri
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Fig. 5.3. von Bertalanffy growth curves fitted to lengths at age of female and male
Acanthopagrus butcheri from Irwin and Wilson inlets, Oyster Harbour and Wellstead
Estuary, Culham and Stokes inlets. The lengths at age of females and males from Hamersley
Inlet are also shown. n = number of fish.
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Table 5.2. von Bertalanffy growth parameters and their 95% confidence limits (CL) derived
from lengths at age of female and male Acanthopagrus butcheri caught in Irwin Inlet, Wilson
Inlet, Oyster Harbour, Wellstead Estuary, Culham Inlet and Stokes Inlet. L∞ is the asymptotic
length (mm), k is the growth coefficient (y-1), to is the hypothetical age at which fish would
have zero length (y) and R2 is the coefficient of determination. n, Lmax, Wmax, and Amax
represent sample sizes, maximum lengths (mm), maximum weights (g) and maximum ages
(y) respectively. N.B. Confidence limits were not estimated for the females or males in Irwin
Inlet due to low sample sizes.
von Bertalanffy
parameters
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Fig. 5.4. Comparisons between von Bertalanffy growth curves for the females and males of
Acanthopagrus butcheri in Irwin and Wilson inlets, Oyster Harbour, Wellstead Estuary and
Culham and Stokes inlets.
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Fig. 5.5. Comparisons between von Bertalanffy growth curves for the females and males of
Acanthopagrus butcheri in Wellstead Estuary derived from data collected in 1995-96 (open
circles and dashed line) and in 2005-07 (solid circles and solid line).

differed significantly among years (Table 5.3). Thus, for example, the growth of otoliths was
particularly strong for growth zones 1, 4 and 6 in Stokes Inlet during the 1998/99 year of
growth (Table 5.3). Similarly, there was a consistent and significant decline in the growth of
the third annual growth increment in Oyster Harbour in 2003/04 relative to that recorded for
2002/03. While significant differences in inter-annual growth were found for some other
year, sex and estuary combinations, the pattern was not consistent among the different annual
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growth increments, possibly due to inadequate sample sizes given the variability of growth
increment widths in the data.

5.3.3. Reproductive biology

In the four estuaries for which there were substantial sample sizes of A. butcheri, and
for which logistic regression analysis could be applied successfully, the minimum length of
mature females during the spawning period ranged from 134 mm in Stokes Inlet to 139 mm
in Wellstead Estuary, to 148 mm in Wilson Inlet and 163 mm in Oyster Harbour (Fig. 5.6).
The corresponding minimum lengths of the males at maturity in each of those estuaries were
within 3-8 mm of those of the females (Fig. 5.6). The L50s at maturity in Wilson Inlet, Oyster
Harbour and Stokes Inlet ranged only from 159 to 161 mm for females and only from 155 to
164 for males (Table 5.4) and for neither sex were the L50s in any pair of these estuaries
significantly different (all p > 0.05). Although the L50s for females (146 mm) and males (138
mm) in Wellstead Estuary were less than those for the corresponding sexes in the other three
estuaries, those differences were not significant (all p > 0.05). More than 95% of females
were mature by lengths of 227 mm in Stokes Inlet, 216 mm in Wellstead Estuary, 206 mm in
Wilson Inlet and 214 mm in Oyster Harbour. The lengths at which > 95% of males were
mature in each of those estuaries were between 14 and 32 mm of those of the females.
No A. butcheri became mature at the end of their first year of life. However, 73% of
females were mature at the end of their second year of life in Wilson Inlet, as were 96-100%
in Oyster Harbour, Wellstead Estuary and Stokes Inlet and essentially all individuals were
mature by the end of their third year of life in those estuaries. The same trends were exhibited
by males in the above four estuaries.
Mean monthly GSIs of female A. butcheri > L50 at first maturity in each of the
estuaries rose from < 1.0 in autumn to between 2.4 and 3.2 in Wilson Inlet, Oyster Harbour,
Wellstead Estuary and 5.5 in Stokes Inlet in winter, and then to peaks > 4.3 in spring in each
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of the estuaries, before declining markedly to < 1.0 in summer (Fig. 5.7). The mean seasonal
GSIs of males followed a similar trend to that for females (Fig. 5.7).
Table 5.3. Overall F-statistics and significance levels for one-way ANOVAs of otolith
increment widths for female and male Acanthopagrus butcheri in Wilson Inlet, Oyster
Harbour, Wellstead Estuary and Stokes Inlet for each increment number (Y) and, mean
increment radii, standard errors (SE) and significance levels for each pairwise comparison
with the first year. ns = not significant, * p < 0.05, ** p < 0.01, *** p < 0.001. n = number of
samples.

Wilson Inlet
Females

Males

Increment
number

Year

1

Y
1997/98
1998/99
2001/02
2002/03
2003/04
2004/05

1

4

Oyster Harbour
Females

Males

Wellstead Estuary
Females

Males

3

3

3

2

Mean
radius
(µm)

SE

n

21.4
40.7
11.6
14.0
8.0
14.6

41
4
4
5
13
11
4

5.47

311.3
315.8
416.5
363.5
314.9
379.8

15.0
16.3
19.6
12.9
13.6

91.0
65.6
92.5

7.2
5.1
5.6

41
4
4
6
15
12
14
4
4
6

5.08

341.4
297.2
394.5
390.2
338.1

Y
2002/03
2003/04

6.3
3.0

33
10
23

15.43

147.8
123.5

Y
2002/03
2003/04

5.0
4.0

33
9
24

23.74

142.0
118.5

Y
1999/00
2000/01
2003/04
2004/05

8.7
3.1
2.5
4.3

43
4
20
4
15

3.63

84.0
83.3
92.5
99.6

Y
1999/00
2003/04
2004/05

5.1
8.4
14.7

41
22
15
4

6.90

124.6
159.4
134.2

Y
1996/97
1997/98
2001/02
2002/03
2003/04
Y
1999/00
2000/01
2004/05

Fstatistic

Significance

Significance
(vs 1st year)

***
ns
**
*
ns
*
**
ns
ns
ns
ns

5.75

*
*
ns
***
***
**
**
*
ns
ns
ns
**
***
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Table 5.3. Continued.
Increment
number
Stokes Inlet
Females

1

3

4

6

Males

1

2

3

4

6

Year

Y
1993/94
1995/96
1998/99
Y
1995/96
1997/98
2000/01
Y
1996/97
1998/99
Y
1998/99
2000/01
Y
1992/93
1993/94
1995/96
1998/99
Y
1993/94
1995/96
1996/97
1999/00
Y
1994/95
1995/96
1997/98
2000/01
Y
1995/96
1996/97
1998/99
Y
1997/98
1998/99
2000/01

Mean
radius
(µm)

SE

382.9
408.4
495.3

9.4
12.1
14.2

131.0
122.2
109.8

3.9
6.0
3.9

84.4
132.0

2.7
6.7

90.2
74.3

2.9
5.9

317.7
375.8
388.9
432.6

27.1
10.7
12.2
15.3

218.4
166.1
158.5
159.7

6.7
7.8
6.1
8.5

131.2
129.2
141.7
100.8

8.8
3.0
13.4
5.7

85.4
85.2
125.7

4.2
4.0
9.0

63.7
94.8
62.1

10.9
3.5
5.2

n

52
19
6
27
48
19
6
23
27
21
6
26
20
6
40
4
20
7
9
42
4
22
6
10
40
4
20
7
9
33
4
22
7
33
4
22
7

F
statistic

21.56

Significance

Significance
(vs 1st year)

***
ns
***

7.36

**
ns
***

66.37

***

6.13

*

6.37

**

***

*
*
***
4.07

*
**
**
**

6.93

***
ns
ns
*

12.11

***
ns
**

12.06

***
**
ns

The ovaries of either the vast majority or all of the females of A. butcheri (> L50 at
first maturity) in each estuary were at stage II (immature/resting) in autumn (Fig. 5.8). Fish
with stage III (developing) ovaries were found in autumn and winter and those with stage IV
(maturing) ovaries were recorded in winter and spring. Fish with stage V/VI
(prespawning/spawning) ovaries were found in winter and spring and, collectively, were the
dominant category in each estuary during spring. Stage VII (spent) and stage VIII
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Fig 5.6. Percentage frequencies of occurrence of fish with ovaries or testes at stages III-VIII
in sequential total length classes of Acanthopagrus butcheri. The logistic curves (solid lines)
and their 95% confidence limits (dotted lines) were derived from logistic regression analyses
that described the relationship between total length and the probability that an individual fish
possessed gonads at stages III-VIII. Sample sizes in each length class are shown.
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Fig 5.7. Mean monthly gonadosomatic indices ± 1SE for female and male Acanthopagrus
butcheri > L50 at sexual maturity from Irwin and Wilson inlets, Oyster Harbour and
Wellstead Estuary in 2005-2007 and Hamersley, Culham and Stokes inlets in 2002-2004.
Numbers of fish are shown above each mean. Closed bars on the x-axes represent winter and
summer months and open bars represent autumn and spring months.
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Table 5.4. Lengths at first maturity (L50) and their 95% confidence limits (CL) of female and
male Acanthopagrus butcheri in Wilson Inlet, Oyster Harbour, Wellstead Estuary and Stokes
Inlet.
L50 (mm)

Lower 95% CL

Upper 95% CL

Wilson Inlet

Females
Males

159.0
164.0

138.6
149.2

172.4
173.4

Oyster Harbour

Females
Males

161.3
155.1

131.4
130.3

171.2
163.8

Wellstead Estuary

Females
Males

145.6
138.2

140.4
133.5

153.6
143.4

Stokes Inlet

Females
Males

160.2
156.0

153.8
149.9

165.5
163.1

(recovering/spent) ovaries were first recorded in fish in spring and, by summer, the ovaries of
essentially all fish were either at stage VIII or stage II. The frequency of occurrence of the
different stages in testicular development during the year followed essentially the same trend
as that of ovaries (Fig. 5.8).
As the mean GSIs of female A. butcheri in each estuary, derived from data collected
in one month in each season for three years, peaked in spring, spawning presumably also
peaked in that season. Such a view is consistent with the fact that fish with ovarian stages V
and VI dominated the samples in October in Hamersley, Culham and Stokes inlets and fish
with stage VII (spent) and VIII gonads dominating the samples collected in November in
Wilson Inlet, Oyster Harbour and Wellstead Estuary. Indeed, those latter data on the
prevalence of ovarian stages suggest that spawning of this species typically peaks in October
in south coast estuaries. It was thus considered appropriate to assign 1 October as the birth
date for A. butcheri in these estuaries.

5.3.4. Gill net selectivity and mortality estimates

Analyses of mesh selectivity for A. butcheri indicated that, stretched meshes of 35,
51, 63, 76, 89, 102 and 115 mm predominantly (i.e. for values of relative selectivity > 0.2)
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caught fish with lengths of 80-189, 100-239, 130-269, 170-309, 210-349, 250-379 and 290409 mm, respectively (Fig. 5.9a). The values of θ1 and θ 2 , calculated using the method of
Kirkwood and Walker (1986), were 3.10 and 1506.30, respectively. Trends in estimates of
selectivity at age indicated that this species became fully susceptible to capture by the
composite research gill net at an age of ca 2 years in each estuary and remained so
throughout the rest of life, e.g. up to 15 years in Wilson Inlet (Fig 5.9b), but declined slightly
with age in some estuaries due to differences in growth.

Relative selectivity
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Fig. 5.9. Relative selectivity of Acanthopagrus butcheri captured by the composite research
gill net in terms of a) total length in all estuaries combined and b) ages of fish in Wilson
Inlet.

Although, because of data limitations, relatively imprecise estimates of total mortality
(Z) for A. butcheri were produced, the point estimates suggested that this variable differed
among estuaries. Thus, those estimates were highest for Oyster Harbour and Wilson Inlet and
least for Wellstead Estuary, with that for Stokes Inlet being intermediate (Fig 5.10). Each of
the point estimates for fishing mortality (F) were greater than that estimated for natural
mortality (M) using Hoenig’s (1983) equation, assuming that Z = M + F and M is constant,
i.e. M = 0.134 year-1, where the estimate of M is based on the maximum recorded age of 31

years for this species in Western Australia. The estimate of Z (and its 95% confidence limits)
derived from data collected ca 10 years earlier for A. butcheri by Sarre and Potter (2000) in
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Wellstead Estuary, i.e. 0.39 year-1 (0.16-0.75 year-1), was slightly higher than that derived for
this species in that estuary during the current study, i.e. 0.25 year-1 (0.15-0.52 year-1).

Total mortality (

Z)

1.2

0.8

0.4

0

Wilson

Oyster

Wellstead

Stokes

Inlet

Harbour

Estuary

Inlet

Estuary

Fig. 5.10. Estimates of total mortality (Z) and their 95% confidence limits for Acanthopagrus
butcheri in Wilson Inlet, Oyster Harbour, Wellstead Estuary and Stokes Inlet.

5.3.5. Variability in annual recruitment

The differences between the numbers of the different year classes in gill net samples
from the various estuaries, together with differences in the estimates of the recruitment factor
for those estuaries in which there were sufficient numbers of individuals from different year
classes to estimate this variable, demonstrated that recruitment varied markedly among years
and estuaries (Fig. 5.11). Thus, on the basis of data from samples collected in 2005-2007,
annual recruitment peaked in 1997 and 2002 in Wilson Inlet, 2001 in Oyster Harbour and
1998, 2002 and 2005 in Wellstead Estuary and, on the basis of data from sampling in 20022004, peaked in 2000 in Hamersley Inlet, 2001 in Culham Inlet and 1993 and 1998 in Stokes
Inlet (Fig. 5.11).
Catches of 0+ A. butcheri obtained in 2005-2007 by seine netting in nearshore,
shallow waters provided very strong evidence that the annual recruitment strength in Oyster
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Fig. 5.11. Total numbers of each year class of Acanthopagrus butcheri captured with gill nets
in each estuary (columns) and estimated recruitment indices for the various year classes in
Wilson Inlet, Oyster Harbour, Wellstead Estuary and Stokes Inlet (lines).
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Harbour and Wellstead Estuary varied (Table 5.5). Thus, individuals from the 2006 year
class were more numerous than those from the 2005 year class in Oyster Harbour, whereas
those of 2005 were most numerous in Wellstead Estuary. No 0+ individuals were captured in
Wilson Inlet, indicating that no recruitment of this species occurred in that estuary in 2005 or
2006 and very low densities of 0+ A. butcheri from both of those year classes were recorded
in Irwin Inlet. In the case of Stokes Inlet, sampling in 2002, 2003 and 2004 indicated that,
while very large numbers of juvenile A. butcheri were recruited in 2003, no such recruitment
occurred in 2002 (Table 5.5). No 0+ juveniles were recorded in any year in Hamersley Inlet,
and while relatively high densities of individuals from the 2001 year class were recorded in
Culham Inlet, no recruitment of A. butcheri occurred in that estuary in 2002 or 2003 (Table
5.5.).

Table 5.5. Mean densities of 0+ Acanthopagrus butcheri in nearshore, shallow waters (fish
100 m-2) representing the 2005 and 2006 year classes in the case of Broke, Irwin and Wilson
inlets, Oyster Harbour and Wellstead Estuary and the 2001, 2002 and 2003 year classes in
Hamersley, Culham and Stokes Inlets.

Broke Inlet
Irwin Inlet
Wilson Inlet
Oyster Harbour
Wellstead Estuary
Hamersley Inlet
Culham Inlet
Stokes Inlet

2001

2002

2003

2005

2006

0
19.0
3.4

0
0
0

0
0
58.9

0
0.1
0
0.2
20.5
-

0
0.1
0
2.9
3.5
-

5.4. Discussion

5.4.1. Comparisons of the growth of Acanthopagrus butcheri among estuaries

This study on A. butcheri in estuaries on the south coast of Western Australia
complements that of Sarre and Potter (2000) and further emphasises that the growth of this
species varies markedly among estuaries in south-western Australia. An earlier laboratory
experiment provided very strong circumstantial evidence that the marked differences in the
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early growth of A. butcheri in two different estuaries were related to the pronounced
differences in the environment of those estuaries rather than to genetic variability between
those populations (Partridge et al., 2003).
Sarre and Potter (2000) suggested that the variations in the growth of A. butcheri
among estuaries might be related to differences in water temperature and/or the density
and/or dietary composition of this species. As the estuaries that were the subject of the
current study were all located at a latitude of ca 34° S and thus have similar water
temperature regimes (Chapter 3), this environmental variable would appear to be an unlikely
candidate for accounting for the marked differences in the growth of this species among
south coast estuaries.
The growth of A. butcheri particularly during the first three years of life was greatest
in the estuaries in which the densities of this sparid were least, i.e. Irwin and Culham inlets.
The faster growth in those two estuaries may thus be related to the presence of less
intraspecific competition for either spatial and/or food resources. The possibility that growth
is influenced by density is consistent with the fact that the growth of A. butcheri in the
Wellstead Estuary was far less during the present study than ca 10 years earlier (see Sarre
and Potter, 2000) when, during a previous study (Young and Potter, 2002), the catch rates of
this species were far lower (data not shown).
In the context of the possibility that the quality and/or quantity of food are related to
growth, it is relevant that the dietary composition of A. butcheri varies markedly among
estuaries. This strongly suggests that this species is highly opportunistic in its feeding and
indicates that it targets food sources that are abundant and/or of high nutritional value (Sarre
et al., 2000; Chapter 6). For example, the volumetric contributions of macrophytes to the

diets of A. butcheri were far higher in the Moore River Estuary than the Swan River Estuary,
while the reverse was true for molluscs (Sarre et al., 2000). The latter authors considered that
these differences could have contributed to the growth in the early years of life being much
slower in the former estuary. Likewise, A. butcheri consumed far greater volumes of
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macrophytes in Stokes Inlet than in Culham Inlet, in which greater volumes of benthic
macroinvertebrates, teleosts and insects were ingested and the length at age was greater
throughout the first six years and main part of life (Chapter 6).
Partridge and Jenkins (2002) recorded the growth of A. butcheri during the first four
to six months of life in a range of salinities in the laboratory. Their results demonstrated that
growth was greatest at a salinity of 24 and least at 60. These indications that salinity would
be likely to influence the growth of A. butcheri in its natural habitat are consistent with the
finding that growth was slowest overall in Stokes Inlet in which the salinities remained
elevated for a prolonged period (Chapter 3), but did not exceed 65, which approaches the
lethal level of this species (Appendix I). Although the growth of this species in Culham Inlet
was particularly rapid early in life (Fig. 5.4), it should be recognised that these growth data
were based on that recorded for samples collected during the first two seasons of the study,
when salinities were lower than 65.
Given the confounding effects of the different factors affecting growth, the relative
effects of those variables on the growth of A. butcheri are difficult to disentangle. The above
comparisons indicate, however, that the growth of A. butcheri in an estuary is strongly
influenced by one or more of the following variables; density of this species and the
composition and abundance of the available food sources and the salinity regime of that
estuary.

5.4.2. Growth of the otoliths of Acanthopagrus butcheri in different years

The results of the otolith-growth analyses were broadly consistent with the hypothesis
that the greatest differences in inter-annual otolith growth would be detected in normally
closed estuaries. Thus, inter-annual differences in the extent of otolith growth were
particularly marked in the normally-closed Stokes Inlet, with growth being greatest in the
growth year of 1998-99, which was characterised by relatively high rainfall (Commonwealth
Bureau of Meteorology) and thus presumably also relatively low salinities (< 35). It is not
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clear why year did not have a similar influence on the growth of A. butcheri in the normallyclosed Wellstead Estuary, which was studied in a different period. Insufficient numbers of
A. butcheri, due to massive mortalities resulting from exceptionally high levels of salinity

(Appendix I), were available in the other normally-closed estuaries (Culham and Hamersley
inlets) for analysis. The decline in the fourth annual growth increment for both sexes for
2004 in the permanently-open Oyster Harbour could not be explained.
Although the relationship between otolith radius and fish length appeared to vary
among estuaries and sexes of A. butcheri, and thus constrained prediction of fish length from
otolith radius and exploration of the direct influence of environmental factors on the growth
of fish, it is highly likely that such growth will vary with those factors in a manner that
corresponds to the variation exhibited by the growth of otoliths, i.e. years in which otolith
growth is greatest are also likely to be those in which fish growth is greatest.

5.4.3. Reproductive biology of Acanthopagrus butcheri

The reproductive data for the estuaries for which the sample sizes of A. butcheri were
substantial, i.e. Wilson Inlet, Oyster Harbour, Wellstead Estuary and Stokes Inlet,
demonstrated that, while this species never matured at the end of the first year of life in any
of those estuaries, the majority, i.e. 73-100%, did attain maturity by the end of their second
year of life. Furthermore, the L50s at first maturity were similar in Wilson Inlet, Oyster
Harbour and Stokes Inlet and only slightly less in Wellstead Estuary. It is thus relevant that,
although the overall growth of A. butcheri varied markedly among the populations in the
different estuaries, growth in the above four estuaries was relatively similar in the first few
years of life. Thus, the lengths at age 2 years, estimated from the von Bertalanffy growth
equations for A. butcheri in each of those four estuaries, ranged only from 139 to 155 mm in
the case of females and 133 to 164 mm for males and, the minimum recorded lengths for
females and males after ca 2 years of growth in each estuary ranged only from 135 to
143 mm.
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From the above, it was not possible to ascertain whether the attainment of maturity of
A. butcheri in south coast estuaries is dependant mainly on length or age, or a combination of

those two variables. In this context however, it is relevant that, in the Swan River Estuary on
the lower west coast of Australia in which the growth of the juveniles of this species was
particularly rapid, maturity was likewise attained (85%) at the end of the second year of life
but at far greater lengths (Sarre and Potter, 1999). This suggests that the attainment of
maturity of A. butcheri in south-western Australian estuaries may be, at least in part, age
dependant.
The L50s at maturity of the females (145-161 mm) and males (138-164 mm) of
A. butcheri in the four estuaries on the south coast of Western Australian for which there

were substantial sample sizes, were far lower than the minimum legal length (MLL) of 250
mm for retention of this species in south-western Australia. Indeed, all A. butcheri that had
reached 250 mm in these systems were mature and this even applied to the vast majority of
those that had reached 200 mm. Thus, the current MLL for A. butcheri in Western Australia
potentially allows all A. butcheri in south coast estuaries the opportunity to spawn before
being legally retained. However, since the fecundity of A. butcheri increases exponentially
with increasing body size (Sarre and Potter, 1999), the larger fish contribute more to egg
production than smaller fish and thus heavy fishing pressure could have a major impact on
the abundance of this species in an estuary. This point is particularly relevant as A. butcheri
are confined to their natal estuaries in south-western Australia (Chaplin et al., 1998), and thus
the stock in an estuary cannot be replenished naturally from another system.

5.4.4. Juvenile recruitment of Acanthopagrus butcheri

Seasonal gill netting over two or three years demonstrated that the recruitment of
A. butcheri in south coast Western Australian estuaries varies markedly (between ca 25 and

400%) among years. Since recent work in eastern Australia demonstrated that hypoxic
conditions, particularly when accompanied by low salinities, lead to increased mortality of
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the eggs and early larvae of this species (Hassell et al., 2008a, b; Nicholson et al., 2008), low
dissolved oxygen concentration and low salinity are also likely to influence the recruitment
success of A. butcheri in south-western Australian estuaries.
The riverine regions of estuaries in the western part of the south coast, and
particularly those that are seasonally open and thus have restricted tidal influence, are
markedly stratified throughout most of the year, with salinities being lower at the surface and
dissolved oxygen concentrations being lower at the bottom of the water column (Chapter 3).
Thus, since A. butcheri spawns predominantly in the upper estuary (river), the presence of
extremes in these conditions would presumably inhibit the survival of the eggs and early
larvae of A. butcheri (see Newton, 1996; Haddy and Pankhurst, 2000; Hassell et al., 2008a,
b). It therefore appears relevant that the year classes of this species in Wilson Inlet were
strongest in those years when rainfall was below average and thus stratification was less and
salinities and dissolved oxygen concentrations were consequently higher. Such a relationship
between reduced fluvial discharge and increased recruitment of A. butcheri in seasonallyopen south-western Australian estuaries contrasts with the relationship between those
variables in intermittently-open estuaries in Victoria, where decreased flows resulted in
increased stratification and anoxia and thus reduced survival of early-life stages of this
species (Nicholson et al., 2008). Those authors attributed increased survival of those life
stages to increased dissolved oxygen concentrations in the bottom water layer as a result of
increased flow and subsequent breaching of the sand bar and tidal replenishment of oxygen
reduced saline water.
In contrast to seasonally-open estuaries, the rivers in the normally-closed estuaries of
the eastern region of the south coast of Western Australia are shallower and can remain
hypersaline for extended periods. In these latter estuaries, high levels of recruitment of
A. butcheri occurred in years when rainfall increased just prior to the spawning period or

there were successive years of average rainfall and salinities were thus presumably not
excessively high. Such a view is consistent with the fact that, following heavy rainfall and
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reduction in salinities to below that of full-strength sea water in 2005 in Wellstead Estuary,
seine net catches of the juveniles of this species that hatched in that year were particularly
high. Although the sand bar at the mouth of that estuary was breached in the autumn of 2005
and stayed open for the remainder of that year, riverine flow was not particularly strong
during the spawning period of this species and would thus not have flushed the eggs and
larvae of this species out to sea, as would potentially be the case if the sand bar was open and
flow was particularly high during the spawning period (see Sarre and Potter, 2000).
The marked differences between the years in which recruitment of A. butcheri peaked
among the normally-closed Hamersley, Culham and Stokes inlets are probably related, in
part, to the highly localised rainfall that can occur in the drier eastern region of the south
coast. However since massive mortalities of this species occurred in the former two estuaries
(Appendix I), direct comparisons of the year class compositions in those estuaries is
problematic.

5.4.5. Mortality estimates for Acanthopagrus butcheri

As annual recruitment of A. butcheri varied markedly in each estuary and some
estuaries contained relatively few year classes, it was not appropriate to use traditional catch
curve analyses to estimate the total mortality (Z) of this species in south coast Western
Australian estuaries. Thus, relative abundance analyses of the various year classes were used
for estimating Z (Deriso et al., 1985). Although, because of data limitations, this method
provided relatively imprecise estimates of Z, the point estimates for this variable suggested
that total mortality was greatest in those estuaries in which commercial fishing is most
intense (Wilson Inlet and Oyster Harbour) and least in Wellstead Estuary, which has been
closed to commercial fishing for more than 20 years. Furthermore, although A. butcheri
occurs mainly in the upper estuary, i.e. lower river (e.g. Hindell et al., 2008; Chapter 4) and
commercial fishing is prohibited in the rivers of Wilson Inlet and Oyster Harbour, it is
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relevant that the rivers of Wilson Inlet and more particularly Oyster Harbour are subjected to
high levels of recreational fishing.

5.4.6. Conclusions

The results of this component of the thesis provide further evidence of the “plasticity”
of A. butcheri and this is particularly well reflected in the marked variations in the growth of
this species in the different estuaries. Such differential growth is likely to be attributable to
one or more of the following factors; density of A. butcheri, quality/quantity of food and
salinity. The ability of A. butcheri to adapt to a range of environmental conditions accounts
for the success of this sparid in very different types of estuaries. Moreover, since the
recruitment strengths of A. butcheri are also likely to be related to environmental factors
including salinity and dissolved oxygen concentrations, effective management of this species
requires the integration of environmental and fisheries plans to maintain environmental
conditions that will enhance the conservation of this iconic species.
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Chapter 6: Dietary compositions of the sparid Acanthopagrus
butcheri in three normally-closed and variably hypersaline
estuaries differ markedly
___________________________________________________________________________
The contents of this chapter have been published as: Chuwen, B.M., Platell, M.E., Potter, I.C.
(2007). Dietary compositions of the sparid Acanthopagrus butcheri in three normally closed
and variably hypersaline estuaries differ markedly. Environmental Biology of Fishes 80, 363376.

6.1. Introduction

The environmental characteristics in normally-closed estuaries on the south coast of
Western Australia vary markedly among seasons, years and estuaries, reflecting such factors
as rainfall and volume of fluvial discharge, evaporation and the size and depth of the estuary
basin (Brearley, 2005; Chapter 3). Extremes of these environmental variations over a
particularly dry three year period resulted in salinity in the lower region of Hamersley Inlet
exceeding 145 and even reaching as high as 296 in that region of Culham Inlet (Chapter 3).
Salinity in the upstream pools that form in that latter estuary remained below that of fullstrength sea water (ca 35) over that period and salinity did not exceed that of twice fullstrength sea water in Stokes Inlet. Such extreme and divergent environmental conditions had
a major impact on the fish faunas of those estuaries (Appendix I) and presumably, also on the
characteristics of their aquatic invertebrate faunas (e.g. Teske and Wooldridge, 2003).
Work on a range of sparids, including A. butcheri, has demonstrated that the species
of this widely-distributed family often ingest a wide range of food items, including
macrophytes, diverse invertebrate taxa and fish, and that their dietary composition frequently
change markedly with increasing body size (e.g. Blaber, 1974, 1984; Stoner and Livingston,
1984; Booth and Buxton, 1997; Havelange et al., 1997; Sarre et al., 2000). Furthermore, the
dietary compositions of different populations of a given sparid species sometimes vary
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markedly (Sarre et al., 2000; Mariani, 2002; Tancioni et al., 2003), which implies that
sparids are highly opportunistic feeders. Although the diets of some sparids do not differ
markedly with season (Dia et al., 2000; Pallaoro et al., 2003), Lithognathus mormyrus has
been found to become more selective in its feeding in summer (Kallianiotis et al., 2005).
Most studies on the diets of fish in estuaries have focused on individual species or on
comparing the dietary compositions of different species in the same system (e.g. Almeida,
2003; Maes et al., 2003; Platell et al., 2006). No study has explored the ways in which the
dietary compositions of a species varies among estuaries in the same region, which, through
exhibiting varying levels of degradation, are likely to differ in the relative species
compositions of their potential prey. Furthermore, most comparisons between the diets of
estuarine fishes have not taken into account such factors as body length and time of year
(Elliott et al., 2002).
Extensive quantitative data on the diets of the various size classes of A. butcheri in
the Stokes, Hamersley and Culham inlets were examined in each season. These dietary data
have been subjected to multivariate analyses to test the following hypotheses. 1) The diet of
A. butcheri in Stokes Inlet is more diverse and differs in composition from that of the

Hamersley and Culham inlets in which salinities rise to far higher levels and are thus likely to
contain a less diverse range of potential prey. 2) Although the diversity of prey is likely to be
less in the latter two estuaries, it is still hypothesised that the diet of A. butcheri undergoes
size-related changes in those estuaries. Such changes would reduce the potential for
competition among the individuals of this species, a situation that is particularly
advantageous when the range of potential food resources is restricted. Whether there was
evidence of seasonal changes in dietary composition was also explored.
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6.2. Materials and methods

Acanthopagrus butcheri was caught by seine and gill netting at sites throughout the

basin and lower reaches of the main tributary of each of the Stokes, Hamersley and Culham
inlets (see Chapter 2 for details of the sampling localities and regime).

6.2.1. Examination of dietary compositions

The foregut of each A. butcheri in the seasonal subsamples was examined
macroscopically and recorded as either empty or containing food. Foreguts containing food
were removed from up to 30 A. butcheri in each subsample and stored in 70% ethanol.
The fullness of each foregut was estimated visually on a scale of 1 (10% full) to 10
(100% full). The contents of each foregut were viewed under a dissecting microscope using
reflected light and each dietary item identified to the lowest possible taxon. The frequency of
occurrence of each dietary item in the foreguts of A. butcheri from each estuary (% F) was
recorded and the percentage contribution of each dietary item to the volume of the gut
contents of each fish (% V) was estimated. Each dietary item was then allocated to one of 33
taxonomic groups, subsequently referred to as dietary categories.
The percentage volumetric dietary data for individual fish were used to determine, for
each estuary, the mean percentage contribution of each dietary category to the overall volume
of the diets of all A. butcheri and of each of their sequential 50 mm length classes. The same
data were also used to calculate the mean value ± 95% confidence limits (CL) for the
Shannon-Wiener diversity index for each length class in each estuary.

6.2.2. Multivariate analyses

Multivariate analyses focused on determining whether the overall dietary composition
of A. butcheri in the basins and lower reaches of the tributaries of the Stokes, Hamersley and
Culham inlets were influenced by estuary, season and/or fish size and, if so, the relative
extents of those differences. Thus, the mean percentage volumetric contributions of the
117

dietary categories to the overall diet of fish of sequential 50 mm length classes, i.e. ≤ 49, 5099 mm etc., in each estuary in each season were square-root transformed and subjected to the
Bray-Curtis resemblance measure using the PRIMER v6.1.2 software (Clarke and Gorley,
2006). The first comparison used dietary data for length classes of fish > 100 mm, as those
size classes were represented in all three estuaries, while the second employed dietary data
for the two length classes of smallest fish in Stokes and Culham inlets, in which, unlike
Hamersley Inlet, individuals of both of these length classes were caught. However, note that,
because of their rapid growth, smaller fish were represented only in two seasons and thus did
not provide a sufficient number of mean seasonal values for the dietary samples for testing
statistically for differences between the dietary compositions of these length classes in these
two estuaries. Thus, for such comparisons, the dietary data for individuals within each length
class were randomly assorted into groups of three and then meaned (for rationale and further
details of this randomisation procedure see Platell and Potter, 2001).
The matrices produced for the dietary data for length classes both above and below
100 mm were each subjected to non-metric multidimensional scaling (nMDS) ordination and,
where appropriate, a series of one-way Analyses of Similarities (ANOSIM) tests were used
to determine whether the diets of A. butcheri were influenced significantly by estuary, season
and/or fish length (Clarke, 1993; Clarke and Gorley, 2006). Note that nMDS ordination,
when used in conjunction with ANOSIM tests, is particularly well suited to comparing the
dietary compositions of different a priori groups of fish as it does not rely on the data being
linearly related and normally distributed (Platell et al., 1998). The magnitudes of the Global
R statistic values in the MDS ordinations were used to ascertain the extents to which dietary
composition was influenced by those factors. The null hypothesis for ANOSIM tests that the
dietary compositions were not significantly different was rejected if the significance level (p)
exceeded 0.05. Similarity of Percentages (SIMPER) were used to determine which dietary
categories typify a priori groups and distinguish between those groups that were significantly
different (Clarke, 1993).

118

As the overall dietary composition of A. butcheri was influenced to a greater degree
by estuary than by either season or body size (see Section 6.3.3), the extents to which the
diets of this species were influenced by the latter two variables in each estuary were then
explored. Thus, separate matrices for the dietary data for A. butcheri from each of the basins
and lower reaches of the tributary rivers of Stokes, Hamersley and Culham inlets were
constructed and subjected to nMDS ordination as described above.
Multivariate analyses were also used to determine whether the diets of A. butcheri in
the upstream pools of Culham Inlet differed from those in the main body of this estuary,
i.e. below the rock bar on the tributary. These analyses used dietary data for the two length

classes found in both regions, i.e. those between 150 and 249 mm. Thus, the mean percentage
volumetric contributions of each dietary category to the diets of individual fish in those
length classes were square-root transformed and subjected to the Bray-Curtis resemblance
measure (Clarke and Gorley, 2006). nMDS ordination, ANOSIM and SIMPER were then
carried out as described above.

6.3. Results

6.3.1. Overall dietary compositions

Although macrophytes was the dominant dietary taxon of Acanthopagrus butcheri in
the Stokes, Hamersley and Culham inlets, their frequency of ingestion and more particularly
their volumetric contribution to the overall diet varied greatly among estuaries (Table 6.1).
Thus, macrophytes were present in ca 88% of the foreguts of A. butcheri in Hamersley Inlet
compared with 79 and 65% in the Stokes and Culham inlets, respectively, and contributed ca
63% to the overall volume of the diets of this species in that former estuary compared with
54 and 38% in the latter two estuaries, respectively. Two species of Cladophora were
collectively by far the most important of the macrophyte component of the diets of
A. butcheri in each estuary (Table 6.1). The colonial diatoms of Pleurosigna sp. made a
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Table 6.1. Frequency of occurrence (%F) and mean percentage volumetric contribution (%V) of
major taxa (boldface) and 33 dietary categories (marked with an asterisk) to the overall diets of
Acanthopagrus butcheri in Stokes, Hamersley and Culham inlets.
Stokes Inlet

Hamersley Inlet

Culham Inlet

Major taxa and dietary categories

%F

%V

%F

%V

%F

%V

Polychaetes
Nereidae*
Capitellidae*
Spionidae*
Orbiniidae*
Ficopomatos enigmatica*

60.5
2.2
27.3
4.4
1.1
40.6

22.5
0.7
8.2
2.1
0.4
11.1

49.0
0.7
38.6
15.9

7.8
<0.1
5.3
2.5

16.9
3.5
9.3
5.8

4.6
0.8
2.9
0.9

Molluscs
Bivalves
Mytilidae*
Arthritica semen*
Other bivalves*

15.9
8.9
3.7
3.0
2.2

2.3
1.8
1.5
<0.1
0.3

1.4
0.7
0.7
-

<0.1
<0.1
<0.1
-

27.9
13.4
12.8
0.6
-

11.5
5.8
5.8
<0.1
-

9.2
7.0
3.0
0.4
-

0.4
0.2
0.1
0.1
-

0.7
0.7
0.7

<0.1
<0.1
<0.1

16.9
11.6
4.1
1.2
-

5.8
5.0
0.7
0.1
-

21.8
5.9
0.7
17.7
-

8.2
0.8
<0.1
7.3
-

2.1
1.4
0.7
-

<0.1
<0.1
<0.1
-

9.3
2.3
5.8
1.2

2.9
1.8
0.8
0.3

Teleosts
Atherinosoma elongata*
Pseudogobius olorum*
Unidentifiable teleosts
Teleost eggs*
Teleost larvae*

9.6
3.3
1.8
2.6
1.5
0.4

4.2
1.6
1.4
0.6
0.6
<0.1

42.8
39.3
4.1
1.4
0.7

23.4
23.1
0.2
0.1
<0.1

26.7
7.0
15.1
4.1
1.2
-

19.5
5.2
13.7
0.4
<0.1
-

Insects
Chironomidae*
Trichoptera*
Coleoptera (terrestrial)*
Egg cases*

29.5
27.3
1.5
1.5
0.7

4.0
3.6
0.2
0.2
<0.1

53.8
43.4
11.7
10.3

5.0
1.3
3.5
0.1

41.3
38.4
4.1
2.3
-

22.4
20.6
1.1
0.7
-

Macrophytes
Cladophora sp. 1*
Cladophora sp. 2*
Polyphysa peniculus*
Vauchuria sp.*
Ruppia megacarpa*
Terrestrial vegetation*
Pleurosigna sp. (colonial form)*
Other Material
Sediment

78.6
32.1
29.5
26.6
15.9
18.8
5.5
26.6

54.1
14.3
7.5
6.3
3.9
5.6
0.5
16.1

87.6
46.2
66.9
47.6
0.7
23.4
20.7
-

62.8
17.9
23.8
12.4
<0.1
7.5
1.1
-

64.5
35.5
26.2
19.2
1.2
1.2
7.0
20.3

38.4
10.5
9.6
5.8
0.2
0.6
0.5
11.2

33.9

4.8

7.6

0.9

7.0

0.5

Gastropods
Hydrococcus brazieri*
Hydrobia buccinoides*
Assiminea sp.*
Nassarius burchardii*
Trochidae*
Crustaceans
Parartemia sp.*
Ostracoda*
Mysidacea*
Amphipoda*
Decapoda*

Number of foreguts
Mean gut fullness (± 95% CL)

271

145

172

4.62 ± 0.25

4.1 ± 0.31

3.9 ± 0.34
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substantial contribution to the diets of A. butcheri in the Stokes and Culham inlets, but were
not present in the gut contents of fish from Hamersley Inlet.
Among faunal prey, polychaetes were far more frequently ingested and contributed
far more to the dietary volume of A. butcheri in Stokes Inlet than in either Hamersley or
Culham inlets (Table 6.1). Thus, in terms of volume, polychaetes, comprising mainly
Ficopomatus enigmatica and capitellids, contributed 22.5% to the diet of fish in Stokes Inlet

and only 7.8 and 4.6% to those in Hamersley and Culham inlets, respectively. Furthermore,
crustaceans, consisting mainly of amphipods, contributed 8.2% to the volume of the diets in
Stokes Inlet, but far less to those in Hamersley and Culham inlets (Table 6.1). In contrast, the
volumetric contribution made to the diets of A. butcheri by molluscs, mainly represented by
hydriid bivalves and Hydrococcus brazieri, was far greater in Culham Inlet, i.e. 11.5%, than
in either of the other two estuaries, in which they contributed ≤ 2.3%. Likewise, insects,
particularly chironomid larvae, were a very important volumetric component of the diets of
fish from Culham Inlet, where they contributed 22.4% to the overall diets, compared to 5%
or less in the other two estuaries (Table 6.1).
Teleosts made similarly high volumetric contributions to the diets of A. butcheri in
Hamersley (23.4%) and Culham (19.5%) inlets, but only 4.2% to that in Stokes Inlet (Table
6.1). Although the teleost component of the diet in Hamersley Inlet comprised only
Atherinosoma elongata, that in Culham Inlet contained both this atherinid and, in greater

relative volumes, also the goby Pseudogobius olorum.

6.3.2. Relationships between dietary composition and body size

The smaller A. butcheri in Stokes Inlet, i.e. < 99 mm in length, ingested mainly
Ficopomatus enigmatica, other polychaetes (Nereidae, Spionidae and Orbiniidae),

amphipods, chironomids and macrophytes, with these dietary categories collectively
contributing over 95% to the overall dietary volume of the ≤ 49 mm and 50-99 mm length
classes (Fig. 6.1a). In general, as body size increased, the contribution made to the diets by
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amphipods, other polychaetes and chironomids declined precipitously, whereas those of
capitellid polychaetes and particularly macrophytes increased sharply and that of
F. enigmatica did not undergo a conspicuous change (Fig. 6.1a).

In contrast to the situation in Stokes Inlet, the diets of both the ≤ 49 and 50-99 mm
length classes of A. butcheri in Culham Inlet consisted almost exclusively of plant material
and chironomid larvae (Fig. 6.1b). Although larger fish continued to ingest substantial
amounts of macrophytes, they only consumed very small amounts of chironomids. In
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Fig. 6.1. Volumetric contributions of the different dietary categories to the overall diets of
sequential 50 mm length classes of Acanthopagrus butcheri in (a) Stokes Inlet, (b)
Hamersley Inlet and (c) Culham Inlet.
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the case of teleost prey, P. olorum contributed most to the diets of fish of 100-199 mm in
length, whereas A. elongata made its greatest contribution in the case of the diets of fish ≥
200 mm. Gastropods were exclusively ingested by fish ≥ 200 mm in length (Fig. 6.1b).
The diets of each length class of A. butcheri caught in Hamersley Inlet, i.e. those
> 100 mm, consisted very largely of the teleost A. elongata and macrophytes, with the
contribution of the first of these dietary categories declining progressively with increasing
fish size, while that of the second exhibited the opposite trend (Fig. 6.1c). Small amounts of
capitellids, F. enigmatica and insects other than chironomids were ingested by the
individuals of each length class ≥ 150 mm.
The mean values for the Shannon-Wiener index for the diversity of the diet of all but
the smallest A. butcheri in Stokes Inlet were far greater than those of their corresponding
length classes in Culham Inlet and their 95% CLs showed no overlap (Fig. 6.2). The mean
values for this index for fish in Stokes Inlet of each of the four length classes > 100 mm were
also greater and showed no overlap in their 95% CLs with those of the corresponding length
classes of A. butcheri in Hamersley Inlet. Note that no fish < 100 mm were caught in
Hamersley Inlet. The mean values for the Shannon-Wiener index of the four length classes
> 100 mm in the Hamersley and Culham inlets were similar and the 95% CLs for each length
class overlapped markedly (Fig. 6.2).

6.3.3. Comparisons of dietary compositions among estuaries

Following ordination of the mean percentage volumetric contribution of each dietary
category to the diets of the different length classes of A. butcheri > 100 mm in each season in
the basins and lower tributaries of the Stokes, Hamersley and Culham inlets, the dietary
samples for A. butcheri in each estuary formed largely discrete groups on the resultant
ordination plot (Fig. 6.3a). Thus, those from Hamersley Inlet formed a tight group in the
upper central part of the plot and to the right and/or above those from Stokes Inlet and mostly
to the left and/or above those from Culham Inlet.
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One-way ANOSIM demonstrated that, although the dietary compositions of
A. butcheri differed significantly among estuaries (p = 0.001), seasons (p = 0.025) and length

classes (p = 0.03), the Global R statistic values were far greater for estuary (0.373) than for
either length class (0.149) or season (0.074). Pairwise ANOSIM tests demonstrated that the
dietary compositions of A. butcheri in each pairing of estuaries differed significantly
(p = 0.001), with R statistic values ranging only from 0.363 for Stokes vs Hamersley inlets to
0.391 for Culham vs Hamersley inlets.
SIMPER showed that, although the diets of A. butcheri in the basins and lower
reaches of the tributaries of all three estuaries were typified by Cladophora sp. 1 and 2, the
ingestion of relatively greater amounts of F. enigmatica in Stokes Inlet, of A. elongata in
Hamersley Inlet and of Hydrococcus brazieri and P. olorum in Culham Inlet, distinguished
the diet of A. butcheri in each of those estuaries, respectively, from those in the other two
estuaries (Table 6.2).

1.2

Stokes Inlet
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Shannon Wiener index

Culham Inlet

1.0
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<49
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200-249

>250

Length class (mm)

Fig. 6.2. Shannon Wiener indices ±95% confidence limits for the dietary compositions of
sequential 50 mm length classes of Acanthopagrus butcheri in Stokes, Hamersley and
Culham inlets.
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Table 6.2. Dietary categories determined by SIMPER as those most responsible for typifying
the dietary compositions of Acanthopagrus butcheri (non-shaded boxes) in Stokes,
Hamersley and Culham inlets and distinguishing between the diets of that species in those
three estuaries. Asterisks denote that the dietary category makes a greater contribution to the
diets recorded for the species at the top of the column.
Estuary

Stokes Inlet

Hamersley Inlet

Stokes Inlet

F. enigmatica
Cladophora sp. 1
Cladophora sp. 2
Pleurosigna sp.

Hamersley Inlet

A. elongata
Pleurosigna sp.
Cladophora sp. 2
F. enigmaticus *

Cladophora sp. 2
Cladophora sp. 1
A. elongata

Culham Inlet

F. enigmaticus *
H. brazieri
P. olorum

A. elongata*
Cladophora sp. 2*
H. brazieri
P. olorum

Culham Inlet

Cladophora sp. 1
Cladophora sp. 2
H. brazieri

When the mean dietary data for groups of three individuals of A. butcheri in each of
the ≤ 49 and 50-99 mm length classes in the Stokes and Culham inlets were subjected to
ordination, all of the dietary samples for Stokes Inlet lay to the left of those for Culham Inlet
(Fig. 6.3b), emphasising the dietary compositions in the two estuaries were very different.
The dietary samples for the two length classes intermingled in both the Stokes and Culham
inlets and were not significantly different (p > 0.05) in either of these estuaries, with the
R statistic values being very low, i.e. 0.031 and -0.126, respectively. SIMPER demonstrated
that the diets of juvenile A. butcheri in the two estuaries are typified by completely different
taxa and that of Stokes Inlet is distinguished from that of Culham Inlet, in particular, by a
relatively far greater volume of amphipods and a relatively far smaller volume of
chironomids and Pleurosigna sp.
When the dietary data for the different size classes of A. butcheri recorded in the
basins and lower reaches of the tributary rivers of the Stokes, Culham and Hamersley inlets
in the different seasons were subjected to nMDS ordination, the dietary samples for
sequential length classes in each estuary in a given season often tended to form a progression
on the plot. (Figs 6.4a-c). Thus, for example, on the ordination plot for Stokes Inlet, the
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samples for sequential lengths of fish in winter and spring both progressed upwards and those
for autumn and, to a lesser extent, summer shifted from left to right (Fig. 6.4a). Although the
data were more limited for the Hamersley and Culham inlets, the dietary samples for
sequential length classes could also be seen to undergo progressive changes in winter and
autumn in Hamersley Inlet and in spring in Culham Inlet (Figs 6.4b, c). Furthermore, the
dietary samples for the smallest fish in both Stokes and Culham inlet, i.e. ≤ 49 mm and 5099 mm, when both of these length classes were present in these estuaries, were located close
together and well to the left of dietary samples of the length classes representing the larger
fish (Figs 6.4a, c). Although the dietary samples for corresponding length classes of
A. butcheri in the various seasons in each estuary sometimes lay close together on the

ordination plot, on other occasions they widely separated (Figs 6.4a-c). Thus, there was no
clear evidence for either seasonal differences or similarities in the dietary compositions of
A. butcheri in the three estuaries.

6.3.4. Comparisons of dietary compositions in different regions of Culham Inlet

After the dietary data for individuals of Acanthopagrus butcheri with lengths of 150
to 249 mm from above and below the rock bar in Culham Inlet were subjected to ordination
and coded for region, the dietary samples for the downstream region were widely distributed
in the right two thirds of the plot and generally above and/or to the right of those for the
upstream pools (Fig. 6.5). The diets of A. butcheri in the two regions were significantly
different (p < 0.1%, R statistic = 0.259). The main typifying dietary categories included
Pseudogobius olorum and Hydrococcus brazieri in the downstream region and hydriid

molluscs in the upstream pools, and these species were also important in distinguishing
between the diets of fish in these two regions.
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6.4. Discussion

6.4.1 Comparisons of dietary compositions and their diversity among estuaries

The results of this study emphasise that, even in the three environmentally-degraded
estuaries that were the subject of the present study, Acanthopagrus butcheri still feeds on a
wide range of plant and animal taxa, as it does in estuaries elsewhere in south-western
Australia (Sarre et al., 2000). Thus, prior to the development of extreme hypersaline
conditions in the Hamersley and Culham inlets, this sparid ingested polychaetes, molluscs,
crustaceans, teleosts, insects and macrophytes in both of these estuaries as well as in Stokes
Inlet. However, the dietary compositions of A. butcheri in the three estuaries did vary
markedly. Thus, A. butcheri ingested relatively greater volumes of polychaetes and
crustaceans in Stokes Inlet than in the other two estuaries, while those in Hamersley Inlet
consumed a particularly large volume of macrophytes and those in Culham Inlet fed to a
greater extent on molluscs. Furthermore, relatively far greater volumes of teleosts were
ingested by A. butcheri in both the Hamersley and Culham Inlets than in Stokes Inlet, and the
colonial diatom Pleurosigna sp. was ingested in substantial amounts by A. butcheri in the
Stokes and Culham inlets, but never by those in Hamersley Inlet. These comparisons of the
dietary data within and among three normally-closed estuaries, together with those for
permanently and intermittently-open estuaries and a coastal lake (Sarre et al., 2000),
demonstrate that A. butcheri is highly opportunistic in its feeding behaviour, which would
help account for the success of this sparid in a wide range of estuary types in south-western
Australia (Potter and Hyndes, 1999; Sarre and Potter, 2000).
Although the wide range of food types ingested by A. butcheri in the three estuaries
implies that this species is also a generalist feeder, the diversity of the food types ingested by
all but the very smallest fish in Stokes Inlet was far greater than that of this species in both
the Hamersley and Culham inlets. It is thus highly relevant that, during dry periods, the water
in Stokes Inlet does not fall to such low levels and consequently does not become nearly as
hypersaline as that of the Hamersley and Culham inlets (see Chapter 3 and Hodgkin and
Clark, 1989b, 1990b). As Stokes Inlet is not so prone to becoming grossly hypersaline and
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A. butcheri feed opportunistically, it is proposed that the greater diversity of biota in the diet

of A. butcheri in Stokes Inlet reflects a greater diversity of potential food in that estuary.
Unlike the situation with all other length classes, the mean diversity of the smallest
fish in Stokes Inlet was similar to that in Culham Inlet. However, it is evident from the mean
volumetric contributions of each dietary category to the overall diet of fish ≤ 49 mm that,
overall, the smallest fish consume a far wider range of dietary categories in the Stokes than
Culham inlets. This implies that each individual small fish tends to feed on a restricted
number of dietary categories, which is consistent with the results of an examination of the
raw data for the diets of those small fish.
The massive mortalities undergone by A. butcheri in both the Hamersley and Culham
inlets as salinity levels rose markedly (Appendix I), emphasise that the upstream pools in at
least Culham Inlet, which were found to contain A. butcheri, act as important refugia for this
species. They can thus replenish downstream regions with fish when water levels and
discharge increase and the salinities in those regions thus decline to levels that can be
tolerated by A. butcheri. It was particularly noteworthy that the dietary compositions of
A. butcheri in the two regions differed conspicuously, with the teleost Pseudogobius olorum

and the small gastropod Hydrococcus brazieri typifying that of fish in the downstream region
and hydriid mussels typifying that of fish in upstream pools. These differences will reflect
not only differences in potential prey in these two regions, but also the fact that, even during
the early part of the study, when environmental conditions were relatively benign, the
presence of a large rock bar across the river greatly restricted flow and thus the movement of
fish between upstream and downstream areas.

6.4.2. Size-related differences

Although the suite of potential prey was likely to have been limited in the Hamersley
and Culham inlets, the diets of A. butcheri in these two estuaries, as well as in Stokes Inlet,
still underwent conspicuous size-related changes. For example, in Stokes Inlet, these changes
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involved, inter alia, a shift from the ingestion of relatively small prey, such as the polychaete
Ficopomatus enigmatica, amphipods and chironomid larvae, to the consumption of larger

prey including teleosts.
However, the trends exhibited by the ingestion of plant material as A. butcheri
increased in size, differed among estuaries. Thus, the volume of plant material in the gut
contents of A. butcheri in Stokes Inlet rose progressively with each length class up to
199 mm and remained high in the two length classes of largest fish, whereas in those from
Culham Inlet, it was relatively high in the gut contents of fish < 100 mm and did not increase
in those of fish > 100 mm and, amongst those larger fish, never approached the levels
recorded in Stokes Inlet. The far wider range of invertebrate prey found in the gut contents of
A. butcheri < 100 mm in the Stokes than Culham inlets, suggest that small A. butcheri ingest

plant material to a greater extent in the latter estuary because the diversity and/or abundance
of potential invertebrate prey in that more degraded estuary is less. Surprisingly, the reverse
trend was exhibited by the diets of larger fish, with plant material comprising ca 58-78% of
those of each length class above 100 mm in Stokes Inlet and ≤ 35% in those of the same
length classes in Culham Inlet. Furthermore, the faunal component of the diet of larger fish
was dominated by invertebrate prey in Stokes Inlet and by teleost fish in Culham Inlet. It is
thus relevant that the densities of small fish, i.e. the atherinid Atherinosoma elongata and the
goby Pseudogobius olorum, were approximately three times greater in the Culham than
Stokes Inlet (S. Hoeksema, unpublished data). Moreover, the densities of these small fish
were also approximately twice as great in Hamersley Inlet as the Stokes Inlet and likewise
made a greater contribution to the diet of A. butcheri in the former than latter estuary. Yet, it
must be recognized that, although sparids often consume plant material and possess the
amylase required for digesting the carbohydrates in that material (Fernández et al., 2001) and
incorporate the C from that source in their tissues (Havelange et al., 1997), in general, plant
material is less digestible than animal matter (Stevens and Hume, 1995).
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Among the teleost prey, it was noteworthy that, while A. elongata and P. olorum were
both ingested by A. butcheri in Culham Inlet, only the former species was consumed by this
sparid in Hamersley Inlet. This presumably reflects, at least in part, the fact that the ratio of
the densities of A. elongata to P. olorum in Culham Inlet was twice that in Hamersley Inlet
(S. Hoeksema, unpublished data). However, it was also evident that fish of 100-199 mm in
Culham Inlet consumed relatively more P. olorum than A. elongata, and that the reverse was
true for fish > 200 mm. This difference in the teleosts ingested by A. butcheri of different
sizes presumably reflects the fact that, as atherinids are relatively far more mobile than
gobies, they would be more readily caught by the larger and thus faster-swimming
individuals of A. butcheri.
Although the dietary composition of A. butcheri in the Stokes and Culham inlets
underwent an essentially progressive change, the shift that occurred in the diet between the
two length classes < 100 mm and four length classes > 100 mm was pronounced. It could
thus be relevant that, at 80 mm length, the location of the area centralis in the retinal ganglion
cell of the eyes of A. butcheri changes and that, in the laboratory, this was found to be
accompanied by a switch from feeding at the water surface or bottom of the water column to
a bentho-pelagic feeding mode (Shand et al., 2000). Data from the present study do not
reveal such a radical shift in the location of prey ingested, with all of the prey consumed by
both small and large A. butcheri typically living above or on the substrate (spionids,
orbiniids, amphipods and teleosts). However, capitellid polychaetes, which are exclusively
infaunal, were ingested in moderate amounts by fish > 100 mm but not by smaller fish in all
three estuaries. Despite the fact that the dietary categories which contribute most to sizerelated dietary shifts in A. butcheri vary among estuaries, any size-related changes in diet
would help reduce the potential for intraspecific competition for food resources, and thus be
particularly beneficial in estuaries where the diversity of food types is limited.
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Chapter 7: General discussion
___________________________________________________________________________
7.1. Main conclusions

The descriptions of the physico-chemical characteristics of the eight estuaries on the
south coast of Western Australia, which were the focus of this thesis, emphasise that the
environments of these systems vary markedly (Chapter 3). While some of these differences
were clearly related to estuary type, i.e. whether they were permanently open, seasonally
open or normally closed, the characteristics of the three seasonally-open and of the four
normally-closed estuaries also varied due to differences among such local features as the
amount of fluvial discharge and the size and extent of the opening of the estuary mouth. The
heterogeneity of estuaries on the south coast of Western Australia thus needs to be taken into
account by ecologists when attempting to generalise about the factors that influence their
biota and by environmental managers when developing plans for maintaining these systems.
The results of this thesis and of a concurrent study of nearshore, shallow waters
(Appendix II) also emphasise that the ichthyofaunas of estuaries on the south coast of
Western Australia contain several abundant species that are able to complete their life cycles
within these systems, irrespective of whether they are permanently open, seasonally open or
normally closed. A collation of data from the present and past studies demonstrates that 19
such species are present in estuaries in south-western Australia as a whole, of which six are
large and can live for a number of years (Potter and Hyndes, 1999; Hoeksema and Potter,
2006; Chapter 4; Appendix II). This situation contrasts with that found in the macrotidal
estuaries of certain temperate regions of the northern hemisphere, with, for example, only
three to five such species being recorded during very extensive sampling of two large
northern hemisphere macrotidal estuaries (Claridge et al., 1986; Thiel and Potter, 2001).
Although 42 estuarine-spawning species have been recorded in the estuaries on the
microtidal coast of southern Africa (Whitfield, 1999), only a few are abundant and those are
all small and short-lived (e.g. Vorwerk et al., 2001; James et al., 2007). It has been proposed
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that the prevalence of estuarine species in the estuaries of southern Africa and south-western
Australia may reflect selection for the individuals of species that are able to spawn in
estuaries, when those systems become closed to the ocean for periods (e.g. Potter and
Hyndes, 1999). In this context it is relevant that analyses of allozyme data by Watts and
Johnson (2004) suggested that estuaries increase genetic subdivision of populations of
inshore fish species.
Although the duration of the opening of the mouth of an estuary obviously plays a
major role in determining the species composition of the ichthyofauna of that estuary, the
results obtained during this study demonstrate that there were unexpectedly large differences
between the ichthyofaunal compositions in the morphologically very distinct riverine and
basin regions of all estuaries. Thus, any comparisons between the ichthyofaunas of different
estuaries and the management of such faunas must take into account the existence of these
regional differences within estuaries.
Acanthopagrus butcheri, which is the only large and long-lived fish species that is

essentially restricted to estuaries in south-western Australia, was moderately to very
abundant in all estuaries, except Broke Inlet, that were the subject of the present thesis. This
species is also abundant in estuaries on the lower west coast of Australia (e.g. Sarre and
Potter, 2000). The great success of A. butcheri in estuaries, which vary so markedly in their
physico-chemical characteristics, demonstrates that this species is remarkably adaptable.
Such adaptability is reflected, for example, in its ability to survive in salinities ranging from
just above freshwater (Young et al., 1997) to almost twice that of full-strength sea water
(Young and Potter, 2002; Appendix I). This feature is particularly important in estuaries in
the eastern region of the south coast of Western Australia as these systems can become
hypersaline (Chapter 3). However, it should be recognised that there is a limit to the ability of
A. butcheri to tolerate very high salinities and that those of about twice that of full-strength

sea water (70) lead to massive mortalities (Appendix I).
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Another characteristic that enables A. butcheri to live in a wide range of environments
is its opportunistic feeding behaviour (Sarre et al., 2000; Chapter 6). Thus, in some systems it
ingests large amounts of macrophytes, while in others it feeds to a far greater extent on
benthic macroinvertebrates and fish. Such differences in diet and/or variations in density are
likely to be factors that contribute to the markedly different growth rates exhibited by this
sparid among estuaries (Chapter 5). Despite its great overall success, the recruitment of
A. butcheri differs markedly among years, presumably in response to interannual variations

in certain environmental characteristics, such as freshwater discharge, salinity and/or
dissolved oxygen concentration, as is the case with this species in eastern Australia (e.g.
Nicholson et al., 2008).
The implications of the main findings of this research are discussed in detail in each
of the relevant chapters of this thesis.

7.2. The characteristics of south-western Australian estuaries in the context of what
constitutes an estuary

The results of this thesis emphasise that, as elsewhere in the world, estuaries on the
south coast of Western Australia play an important role in at least part of the life cycle of a
number of fish species and there is no doubt that the same is true for other components of the
biota. Furthermore, some of those fish species form the basis of commercial and/or
recreational fisheries in the estuaries of that coast. However, those estuaries vary in their
characteristics from being permanently open to being seasonally open to being normally
closed to the sea and, according to some workers, the latter two types of estuary are only
estuaries sensu stricto when they are connected with the ocean (e.g. Perillo, 1995). Yet it
must be recognised that, irrespective of their type, all of the estuaries along the south coast
were permanently open and tidal dominated in the recent geological past (Hodgkin and Hesp,
1998).
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From the above, it thus follows that it is crucial for ecologists, environmental and
fisheries managers and lawyers to have a clear understanding of what constitutes an estuary
and thus of the characteristics that distinguish them from the other types of water bodies that
are found along coasts (Elliott and McLusky, 2002). As the latter authors provided a detailed
historical description of the development of concepts regarding the features that define an
estuary, and particularly those in temperate regions of Europe, the following discussion
focuses predominantly on the characteristics of systems in southern Australia and southern
Africa, including those recorded during the current study.
Prior to 1964, there had been little agreement on a suitable definition for an estuary.
A special committee of the American Society for the Advancement of Science was thus
convened to address this problem, which resulted in the production of the following
definition (Pritchard, 1967). “An estuary is a semi-enclosed coastal body of water which has
a free connection with the open sea and within which sea water is measurably diluted with
freshwater derived from land drainage”. This definition was based, however, on estuaries in

the temperate northern hemisphere and failed to take into account certain characteristics of
some systems in southern Australia (Hodgkin and Lenanton, 1981), southern Africa (Day,
1980, 1981), New Zealand (Hume et al., 2007) and the west coast of North America
(e.g. Kraus et al., 2008). Some of the estuaries of these regions, for example, become
separated from the sea for periods by the formation of sand bars across their mouths.
Furthermore, whereas salinities in typical macrotidal estuaries in temperate regions of the
northern hemisphere are usually less than that of full-strength natural sea water, i.e. they are
hyposaline, and decline in an upstream direction (see e.g. Warwick and Gee, 1984), the
above estuaries can become hypersaline when closed to the sea and when rates of
evaporation are high during dry periods. Day (1980, 1981) thus modified Pritchard’s (1967)
definition, as follows, to accommodate those particular characteristics. “An estuary is a
partially enclosed coastal body of water which is either permanently or periodically open to
the sea and within which there is a measurable variation of salinity due to the mixture of sea
water with freshwater derived from land drainage”. Unfortunately however, this definition
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neither explicitly recognises that salinity in estuaries can exceed that of full-strength sea
water nor does it make clear whether freshwater input comes mainly from fluvial discharge
or can be derived solely from direct rainfall and seepage.
Despite the generation by Day (1980) of a revised definition for an estuary, which
would have been more broadly applicable, Pritchard’s (1967) definition continued to be used
in subsequent decades by workers in the northern hemisphere. However, Elliott and
McLusky (2002), together with Fairbridge (1980), Day et al. (1989) and Perillo (1995),
consider estuaries to include all waters up to the tidal limit rather than just to the limit of salt
water intrusion (cf Pritchard, 1967).
The vast majority of biologists in the southern hemisphere have continued to consider
to as estuaries those systems which fulfil Day’s (1980) criteria (e.g. Potter and Hyndes, 1999;
Whitfield, 1999; Teske and Wooldridge, 2003). In contrast, Cooper (2001) considered that,
as these systems may regularly become hypersaline, i.e. of a salinity greater than that of local
natural sea water, or even dry out for prolonged periods and thus become inhospitable for
most forms of life normally associated with estuaries (except birds), they would best be
regarded as distinct from estuaries.
I agree with Day (1980, 1981) that those systems that become hypersaline, and
sometimes markedly so as recorded during the present study, should not be precluded from
being regarded as an estuary and consider that such systems merely form part of a
continuum. Whether or not some regions in the permanently-open estuaries of south-western
Australia become hypersaline through evaporation during the long dry summer and autumn
months is dictated by a combination of factors, such as the size and depth of their mouths and
thus of the amount of intrusion by oceanic waters, the area and depth of the various estuarine
regions and the volume of riverine discharge. On the lower west coast of Australia, the
salinities in the Swan River, Leschenault and Blackwood River estuaries remain below 40
(Loneragan et al., 1989; Potter et al., 1997b; Valesini et al., 1997; Hoeksema and Potter,
2006), whereas in the Peel-Harvey Estuary, which is located on the same coast and is
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likewise permanently open, they reach about 50 in one large and shallow area (e.g.
Loneragan et al., 1987). Despite becoming hypersaline at times, those localised areas still
support a diverse and abundant fauna, which includes fishes and crustaceans (Loneragan et
al., 1987).

The eastern seaboard of temperate Australia contains numerous intermittently closing
and opening lakes and lagoons (ICOLLs), which, by definition, do not have a fluvial input
(Gale et al., 2007). When these ICOLLs are closed to the ocean, rainfall and runoff are solely
responsible for governing water levels and, as they increase, lead to a marked decline in
salinity (Gale et al., 2007). When water levels become further elevated, the barrier to the
ocean is either naturally or artificially breached and the ICOLL becomes tidally influenced
(Gale et al., 2007). These systems thus fall within the definitions of an estuary given by Day
(1980), Pritchard (1967) and Conley (2000) in all respects except that they are not
permanently open to the sea.
Intermittently closing and opening lakes and lagoons do not, however, fulfil the
criteria of many workers who regard riverine input as an essential component of an estuary
(e.g. Fairbridge, 1980; Day et al., 1989; Perillo, 1995; Hodgkin and Hesp, 1998; Whitfield,
2005; Hume et al., 2007; Elliott and McLusky, 2002). Indeed, an estuary has been defined as
“a wide tidal mouth of a river” in the Oxford English Reference Dictionary (Pearsall and
Trumble, 2002) and as “the mouth of a river where tidal effects are evident and where
freshwater and sea water mix” in the Dictionary of Geography (Moore, 1988). The term

“transitional waters” has been introduced in the Water Framework Directive of European
Communities (European Communities, 2000) to cover not only classical tidal estuaries, but
also a range of other systems, such as fjords, deltas, rheas and non-tidal lagoons. It should be
recognised, however, that transitional waters is essentially a bureaucratic term designed to
ensure that all water bodies in Europe are subject to water quality control (McLusky and
Elliott, 2007).
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From a biological point of view, whether or not a river is present will have a very
profound influence on the composition of the aquatic fauna. Thus, in southern Australia, the
absence of a riverine component would mean that the main habitat of several of the abundant
species of fishes found in those estuaries would not be present (e.g. Loneragan et al., 1987;
Potter et al., 1997b; Chapter 4). For example, the saline fluvial component of an estuary,
sometimes referred to as the upper estuary, is occupied by Mugil cephalus, during
particularly its juvenile life (Thomson, 1957a; Chubb et al., 1981), and contains the areas in
which Nematalosa vlaminghi and Acanthopagrus butcheri spawn (Chubb and Potter, 1984;
Sarre and Potter, 1999). In addition, the life-cycle of anadromous species, such as the
pouched lamprey Geotria australis, includes a movement from the sea through the estuary to
specific freshwater spawning habitats in rivers (Potter et al., 1983). Conversely, catadromous
species, such as those of Anguillidae, feed in rivers and then, at the approach of maturity,
migrate out to sea. While such species are not found in south-western Australia, they are
present in south-eastern Australia (Potter and Hyndes, 1999). Although Haines et al. (2006)
and Gale et al. (2007) consider ICOLLs to be estuaries, I prefer to exclude them from such
categorisation on the grounds that they do not receive discharge from a well defined river.
This view agrees with many workers who regard the presence of a river as crucial for a
system to be termed an estuary.
I consider that the basis of Day’s (1980, 1981) definition of an estuary can be applied
to microtidal and macrotidal systems of both the northern and southern hemispheres, but that
it requires modification to make it clear that at least some of the input of water to an estuary
must be derived from a river(s) and that at times when evaporation is high and freshwater and
tidal inputs are negligible, salinities can exceed that of sea water. I thus propose the following
definition: An estuary is a partially enclosed coastal body of water that is either permanently
or periodically open to the sea and receives discharge from a river(s), and thus, while its
salinity is typically less than that of natural sea water and varies temporally and along its
length, it can become hypersaline in regions when evaporative water loss is very high and
freshwater and tidal inputs are negligible.
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Appendix I: Massive mortalities of the Black Bream
Acanthopagrus butcheri (Sparidae) in two normally-closed
estuaries, following extreme increases in salinity
___________________________________________________________________________
This appendix has been published as: Hoeksema, S.D., Chuwen, B.M., Potter, I.C. (2006).
Massive mortalities of the Black Bream Acanthopagrus butcheri (Sparidae) in two normallyclosed estuaries, following extreme increases in salinity. Journal of the Marine Biological
Association of the United Kingdom 86, 893-897.

Abstract

Salinities in some normally-closed estuaries in the central south coast of Western
Australia are now frequently becoming highly elevated. This is due to 1) high evaporation
rates in water volumes that, by summer, are already low as a result of atypically dry winters
and 2) increased salt runoff following vegetation clearing in the catchments. A few Black
Bream (Acanthopagrus butcheri) died in the basin and lower reaches of the main tributary of
Culham Inlet when salinities reached ca 77 and 67, respectively, and an estimated 1.3 million
Black Bream died in the tributary during the next two months when salinities continued to
increase. All Black Bream in the basin and tributary of another estuary were apparently killed
when salinities reached ca 83-85. It is proposed that A. butcheri becomes stressed at salinities
of 60 and typically die before they reach ca 85. In both estuaries, a rock bar in the tributary
prevented Black Bream from moving to refugia in upstream areas where salinities were
lower.

Introduction

Estuaries in south-western Australia typically comprise a narrow and shallow
entrance channel, a wide central basin and the saline lower reaches of the tributary rivers.
Although some of these estuaries remain permanently open, others are closed, either
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seasonally, intermittently or normally, by a sand bar at their mouths (Potter and Hyndes,
1999). Many estuaries on the central south coast of Western Australia, such as the Culham
and Hamersley inlets, are normally-closed and open to the ocean only when, under
exceptional circumstances, discharge increases so markedly that the bar at the estuary mouth
becomes breached (Hodgkin and Hesp, 1998).
The fish faunas of these normally-closed estuaries are depauperate and represented
predominantly by individuals of the Atherinidae and Gobiidae (e.g. Hodgkin, 1997; Young
and Potter, 2002), which are generally small and short lived (e.g. Prince and Potter, 1983;
Gill et al., 1996). However, south-western Australian estuaries also contain substantial
numbers of the Black Bream Acanthopagrus butcheri, which can attain total lengths, weights
and ages of > 450 mm, 2000 g and 20 years, respectively, in these systems (Sarre and Potter,
2000). This sparid is confined to estuaries in south-western Australia (Chaplin et al., 1998),
among which it grows at different rates (Sarre and Potter, 2000), apparently reflecting
differences in environmental conditions rather than genetic variation (Partridge et al., 2004).
The Black Bream is one of the most important recreational and commercial fish species in
south-western Australian estuaries and was once the single most important commercial fish
species in Culham Inlet, in which its annual catch exceeded 70 tonnes in 1992 (Hodgkin,
1997).
During recent years, the winter and early spring months, when most rainfall typically
occurs in south-western Australia, have been unusually dry along its central south coast
(Commonwealth Bureau of Meteorology). Consequently, evaporation has led, during the
ensuing warm and dry months, to marked reductions in the water levels of normally-closed
estuaries. The resultant increases in salt content have often been augmented by an increase in
salt runoff from surrounding catchments as a consequence of extensive clearing of vegetation
(Pen, 1999).
This short paper describes the very high mortalities to which A. butcheri was
subjected in Culham and Hamersley inlets on the central south coast of Western Australia
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following extreme increases in salinity and provides estimates of the range of salinities over
which this species is likely to die.

Materials and methods

The basin of Culham Inlet, which is 11 km2 in area, has one major tributary, the
Phillips River (Fig. 1). The sand bar at the mouth of its short “entrance channel” is located
only ca 0.3 km from its point of connection with the basin. The only years in which this bar
was recorded as breaching naturally are 1849 and 2000 (Hodgkin, 1997. The latter occurred
after seasonally atypical rainfall in the early summer of 1999/2000. The basin of Hamersley
Inlet has an area of 2.3 km2 and is fed solely by the Hamersley River (Fig. 1). There are only
nine records of the bar at the mouth of its short entrance channel being breached between
1915 and 1990 (Hodgkin and Clark, 1990).The capture of marine species Arripis georgianus,
Arripis truttaceus and Mugil cephalus in Hamersley Inlet demonstrates that the bar at the

mouth of this estuary must have been breached during recent years. However, the mouth was
never open during the many visits made to this estuary between October 2001 and October
2004. When water levels are low, rock bars in the Phillips and Hamersley rivers, at distances
of ca 7 and 4 km upstream of their basins, respectively, disrupt flow between these rivers and
their basins.
The mortalities in Culham Inlet were observed during visits made at two or three
month intervals in 2001 to establish sampling sites for studying the ichthyofauna of this
estuary and Hamersley Inlet in 2002-2004. A 41.5 m seine net (9 mm mesh) was employed
for limited sampling in 2001, while a seine net and composite gill nets (20 m long panels
with meshes ranging from 38 to 102 mm) were employed seasonally in 2002-2004. Salinity,
temperature and dissolved oxygen were recorded using a Yellow Springs International Model
85 conductivity meter.
Computer enhanced photographs, taken in April 2001, were used to count the dead fish in
one metre long transects along the bank of the Phillips River. These counts were used,
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together with the lengths of the stretches of dead fish along that bank, to estimate the total
number of dead fish.

Results

The very large discharge that followed exceptionally heavy rainfall in the early
summer (December) of 1999 led, in the following month, to the breaching of the sand bar at
the mouth of Culham Inlet and thus to a marked reduction in water level in its basin. Rainfall
during the ensuing months of 2000 was very low and the water level thus declined even
further during the following summer.

Fig. 1. Maps of Culham and Hamersley inlets, including the Phillips and Hamersley rivers,
respectively. Location of these estuaries on the central south coast of Western Australia is
denoted by rectangle in box in top right-hand corner.
165

In February 2001, a few dead Black Bream were found along the banks and in the
waters of the basin of Culham Inlet and lower part of the Phillips River. At this time,
maximum water levels in the basin and river had declined to less than 1 m and salinities were
77 and 67, respectively. The total length (TL) of dead fish ranged from 63-152 mm, with a
mean ± SE of 112 ± 9.9 mm. Seine netting of ca 270 m2 of nearshore waters of the middle
part of the Phillips River yielded 57 Acanthopagrus butcheri, ranging from 49-95 mm TL,
with a mean ± SE of 76 ± 1.3 mm.
In April 2001, when salinities in the basin and river had increased to ca 82 and 95,
respectively, very large numbers of dead Black Bream were found lining ca 5.8 km of the
shore of the estuarine reaches of the Phillips River (Figs 2, 3). The TL of a subsample ranged
from 38-174 mm, with a mean ± SE of 77 ± 6.2 mm. It is assumed that, following their death,
these fish had floated to the surface and then been transported by wind-driven currents to the
waters lining the river bank. Subsequent rapid lowering of the water level, through high
evaporation, resulted in the dead fish forming an approximately 0.3 m wide band along the
bank (Fig. 2). From photographic analyses, 1.3 million ± 400,000 Black Bream were
estimated to have died in the estuarine reaches of the Phillips River during the high salinities
that developed in late summer to mid-autumn of 2001 (see Figs 2, 3). Seine netting at regular
intervals along the Phillips River in April 2001 yielded only three Black Bream, all of which
were caught directly downstream of the natural rock bar on that river and which, because of
low water levels, would have prevented Black Bream moving upstream at this time. These
fish were lethargic and the largest (332 mm) possessed numerous, large salt sores on its body
and tail. Thus, few A. butcheri survived the very high salinities that developed in the lower
Phillips River in late summer to mid-autumn of 2001 and the few that did survive were in
poor condition.
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Fig. 2. Photograph of band of dead Acanthopagrus butcheri lining the banks of the Phillips
River.
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Fig. 3. Photograph of accumulation of dead Black Bream just downstream of the rock bar on
the Phillips River and close-up (top right-hand corner) of area denoted by the rectangle.

Examination of sectioned sagittal otoliths of the dead Black Bream collected in
February and April, 2001 showed that these fish belonged to the 0+ or 1+ age classes,
respectively. They were thus spawned in the springs of 2000 and 1999, respectively (see
Sarre and Potter (1999, 2000) for details of ageing and reproductive biology of Black
Bream). The single large individual caught in the Phillips River in April 2001 was nine years
old.
Salinities in the basin of Hamersley Inlet rose sharply from 54 in October 2002 to 83
in January 2003. A massive mortality of Black Bream occurred in this estuary shortly
thereafter in February 2003 (G. Bastyan, Department of Environment, Western Australia),
when, due to some rainfall, salinities had remained similar to those in January 2003.
Although fish were still present on the banks during the next visit in April 2003, they had
decomposed to such an extent that they could not be counted. As this species has not been
recorded in Hamersley Inlet during seasonal sampling in the two years since February 2003,
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all of the Black Bream in that system are assumed to have died as a result of those extreme
salinities. The fact that gill netting throughout Hamersley Inlet between the summer of 2002
and just prior to the fish kill yielded on average 129 Black Bream per season emphasises the
extent of that mortality.

Discussion

Although cultured juveniles of A. butcheri could be maintained in the laboratory in
salinities of 60, they were osmotically stressed and grew far slower than in salinities < 35
(Partridge and Jenkins, 2002). Furthermore, we have observed salt sores on Black Bream in
Stokes Inlet, ca 120 km east of Culham Inlet, when salinities reached ca 60. From the above
observations, and the salinities when Black Bream died in Culham and Hamersley inlets,
A. butcheri apparently become stressed as salinities reach 60 and typically do not survive

salinities beyond 85. Laboratory studies have shown that the critical salinity maximum of the
congeric Acanthopagrus latus ranged from 54-69 and decreased with increasing temperature
(Jian et al., 2003) and that another sparid Rhabdosargus holubi can not tolerate salinities
greater than 70 (Blaber, 1973).
In the basin of Wellstead Estuary, ca 80 km to the west of Culham Inlet,
Atherinosoma elongata was apparently the only fish species to survive when salinities rose to

122 (Young and Potter, 2002). A remarkable example of salinity tolerance is provided by
Cyprinodon variegatus, which can live in salinities ranging from 0 to 142 (Haney, 1999).

However, laboratory studies showed that the routine metabolism of this species decreased in
salinities > 50, possibly due to a reduction in the osmotic permeability of particularly the gills
and thus of the potential for oxygen uptake (Nordlie et al., 1991).
The mortalities of Black Bream in Culham and Hamersley inlets occurred in midsummer to early autumn, when water temperatures attain their maxima of ca 25◦C and
dissolved oxygen concentrations were < 4 mg L-1 and would have thus increased the stress to
which this species was subjected to at this time. Moreover, the rock bars in the Phillips and
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Hamersley rivers prevented A. butcheri from moving further upstream and thus away from
regions of very high salinity. Such a movement in responses to high salinities was exhibited
by Black Bream and other mobile fish species in the Beaufort Inlet and Wellstead Estuary
(Lenanton and Hodgkin, 1985; Young and Potter, 2002) and by a suite of fish species in the
St Lucia Estuary in South Africa (Wallace, 1975). However, more than 6000 fish,
representing at least 11 species, died as salinities rose above 90 in the Seekoei Estuary in
South Africa when it was temporarily-closed (Whitfield, 1999).
In Culham Inlet, the dead Black Bream collected from the banks in February 2001
were significantly longer than those caught live in that month and those collected dead in
April 2001 (both p < 0.05). This suggests that large fish are more susceptible than smaller
fish to high salinities, which is consistent with juvenile fish typically being able to tolerate a
greater range of salinities and more pronounced salinity fluctuations than older fish (Kinne,
1964).
The massive mortalities of Black Bream A. butcheri we recorded in two normallyclosed estuaries on the central south coast of Western Australia demonstrate that increases in
salinity to levels between ca 65 and 85 have a highly detrimental impact on the populations
of this sparid and can even result in the “extinction” of a population of this species in an
estuary. Although high salinities developed largely due to high rates of evaporation in
relatively shallow waters, it was enhanced by an increase in the salt load in runoff as a result
of extensive land clearing. Thus, for conserving Black Bream, sufficient vegetation must be
maintained or replanted in the catchments of estuaries on the central south coast of Western
Australia to restrict the amount of surface salt available for runoff. It should also be
recognised that Black Bream will be particularly susceptible to highly elevated salinities
when barriers restrict its upstream migration to riverine areas of lower salinity which can act
as refugia.
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Appendix II: Comparisons between the characteristics of
ichthyofaunas in nearshore waters of five estuaries with varying
degrees of connectivity with the ocean
___________________________________________________________________________
This appendix has been published as: Hoeksema, S.D., Chuwen, B.M., Potter, I.C. (2009).
Comparisons between the characteristics of ichthyofaunas in nearshore waters of five
estuaries with varying degrees of connectivity with the ocean. Estuarine Coastal and Shelf
Science 85, 22-35.

Abstract

The characteristics of the fish faunas in nearshore, shallow (< 1.2 m) waters of the
basins of estuaries along the same coastline, but which were open to the ocean for varying
periods, have been determined and compared. The fish faunas of the permanently-open
Oyster Harbour, the seasonally-open Broke, Irwin and Wilson inlets and the normally-closed
Wellstead Estuary on the south coast of Western Australia were sampled by seine net
seasonally for two years. Irrespective of the frequency and duration that the estuary mouth
was open, the ichthyofauna of each estuary was numerically dominated by three atherinid
species and three gobiid species (92.9-99.7%), each of which completes its life cycle within
these estuaries. The ichthyofaunal compositions of each estuary differed significantly,
however, from that of each other estuary. These differences were largely attributable to the
relative abundances of the above six species varying between estuaries, which, in turn,
reflected differences in such factors as estuary mouth status, macrophyte cover and salinity.
For example, Favonigobius lateralis and Leptatherina presbyteroides, which are also
represented by marine populations, were most abundant in the permanently-open estuary
(Oyster Harbour), which, in terms of substrate and salinity, most closely resembled the
nearshore marine environment. In contrast, Leptatherina wallacei made its greatest
contribution in the only estuary to exhibit a protracted period of greatly reduced salinities,
which is consistent with its distribution in permanently-open estuaries on the lower west
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coast of Australia, while Atherinosoma elongata and Pseudogobius olorum were particularly
numerous in estuaries containing dense stands of the seagrass Ruppia megacarpa. Marine
species made the greatest contribution to species richness in the permanently-open estuary
and least in the normally-closed estuary. Species richness was greatest in summer and least in
winter in each estuary, but differed markedly between years only in Wilson Inlet. Density of
fishes was greatest in the most eutrophic estuary (Wellstead Estuary) and least in the most
oligotrophic estuary (Broke Inlet) and only underwent marked seasonal variations in Wilson
Inlet and Wellstead Estuary, in which densities fell to their minima in winter. Ichthyofaunal
composition varied between years in the Broke and Wilson inlets and Wellstead Estuary, in
which there was little or no connection with the ocean in one of those years. Species
composition underwent progressive seasonal changes throughout the year in Wellstead
Estuary, due to the abundance of certain species peaking at different times of the year.

Keywords: microtidal estuaries; estuary mouth; ichthyofaunal composition, species
richness and density; temporal variability; life-cycle guilds; Western Australia, south coast,
116.36-119.42 °E, 34.41-35.04 °S

Introduction

Sand has a marked tendency to accumulate at the narrow mouths that characterise the
estuaries along the coasts of southern Australia (e.g. Hodgkin and Hesp, 1998; Roy et al.,
2001; Ranasinghe and Pattiaratchi, 2003) and southern Africa (Day, 1981; Cooper, 2001),
and some of those in New Zealand (Hume et al., 2007) and on the west coast of North
America (e.g. Kraus et al., 2008). This accumulation occurs predominantly through littoral
drift and tidal action and, when it becomes sufficiently large, forms a barrier between the
estuary and the ocean (e.g. Day, 1981; Whitfield, 1999; Ranasinghe and Pattiaratchi, 2003).
Although some estuaries in south-western Australia are always connected to the ocean, either
through an insufficient amount of sand accumulating at their mouths or by artificial dredging,
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the majority are closed from the ocean by a sand bar for variable periods (Lenanton and
Hodgkin, 1985; Hodgkin and Hesp, 1998; Brearley, 2005). The bar at the mouth of some of
these latter estuaries is typically breached each year, either naturally or artificially, when the
highly seasonal (winter/early spring) discharge from their tributaries results in the volume of
water in the basin rising substantially and thus greatly increasing the pressure on the bar. The
mouths of other estuaries, however, remain closed for years at a time and their substantial
bars are breached only following exceptional rainfall and thus discharge (e.g. Hodgkin,
1997). There is thus a gradient in the duration and extent to which estuaries in south-western
Australia are connected to coastal marine waters, i.e. in their connectivity with the ocean.
The estuaries in south-western Australia contain a large central basin region, the
saline lower reaches of their tributaries and, when the estuary mouth is open to the ocean, a
short and narrow entrance channel. The larger estuaries on the lower west coast are
permanently open to the ocean, whereas those eastwards along the first 400 km of the south
coast are mostly seasonally open and those along the next 800 km are normally closed
(Lenanton and Hodgkin, 1985). During recent decades, some of these estuaries have become
increasingly eutrophic and/or hypersaline as a result of anthropogenic activities, such as those
associated with agriculture and urbanisation and the clearing of native vegetation (McComb
and Lukatelich, 1995; Hodgkin and Hesp, 1998; Pen, 1999; Brearley, 2005; Young and
Potter, 2002; Hoeksema et al., 2006).
Macrotidal estuaries in temperate regions of the northern hemisphere are dominated
by marine species, the most abundant of which typically use estuaries as a nursery area, with
diadromous species also being numerous at certain times during the year when they migrate
through these systems (e.g. Kennish, 1990; Elliott and Dewailly, 1995; Potter et al., 1997a;
Pihl et al., 2002; Able, 2005). Although estuaries along the microtidal coast of south-western
Australia, and particularly those that remain permanently open, also constitute important
nursery areas for many marine fish species, they also contain several fish species that are
abundant and complete their whole life cycle within these systems (Lenanton and Potter,
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1987; Potter et al., 1990; Potter and Hyndes, 1999). The latter species mainly spawn in the
late spring to early autumn, when riverine discharge is negligible and environmental
conditions are relatively stable and thus conducive to the survival of their eggs and larvae and
the recruitment of their juveniles. The differences in the ways estuaries are used by fishes
form the basis for their allocation to different functional use groups termed life-cycle guilds
or categories (Potter and Hyndes, 1999; Elliott et al., 2007).
Previous studies on the characteristics of the fish faunas in nearshore, shallow waters
of south-western Australian estuaries have focused largely on permanently open estuaries on
the lower west coast, e.g. the Peel-Harvey Estuary (Potter et al., 1983; Loneragan et al.,
1986; Young and Potter, 2003a, b), the Swan River Estuary (Loneragan et al., 1989;
Loneragan and Potter, 1990; Hoeksema and Potter, 2006), Leschenault Estuary (Potter et al.,
1997b) and the Blackwood River Estuary (Valesini et al., 1997). These studies demonstrated
that the ichthyofaunal compositions of these estuaries change seasonally due to timestaggered differences in the recruitment and immigration and emigration of the various fish
species, and that they can differ markedly between years when environmental conditions in
those years are conspicuously different. The ichthyofaunas of these estuaries mainly
comprise the juveniles of species that spawn at sea and all life-cycle stages of the small and
short-lived species that spend their entire life within the estuary. Quantitative data on the fish
faunas of comparable waters on the south coast of Western Australia are restricted to those
recorded for different years in the permanently-open Nornalup-Walpole Estuary (Potter and
Hyndes, 1994), the seasonally-open Wilson Inlet (Potter et al., 1993) and the normally-closed
Wellstead Estuary (Young and Potter, 2002). Those data showed that a number of small
species that complete their life cycles within estuaries are particularly abundant in these
systems.
The characteristics of fish faunas in nearshore, shallow waters of permanently-open,
seasonally-open and normally-closed estuaries along the south-western coast of Africa were
examined by Bennett (1989) over the course of a year. The results demonstrated that the
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species richness and number of individuals of marine species were greatest in the
permanently-open estuary and least in the normally-closed estuary, and that the reverse was
true of estuarine species. Such a trend in species richness has also recently been recorded for
offshore, deeper waters in five estuaries on the south coast of Western Australia (Chuwen et
al., 2009a).

This study is the first to have compared the characteristics of the fish faunas in
nearshore, shallow waters of permanently-open, seasonally-open and normally-closed
estuaries using data collected from seasonal sampling over the same two consecutive years.
The five estuaries that were the focus of this study were the permanently-open Oyster
Harbour, seasonally-open Broke, Irwin and Wilson inlets and the normally-closed Wellstead
Estuary which are located on the southern coast of Western Australia. The data obtained from
those estuaries were used to test the following hypotheses. 1) The contributions of estuarine
species are greatest in estuaries that are normally closed or closed for protracted periods and
least in those that are permanently open or open for protracted periods, while the reverse is
true for marine species. 2) Species richness is greatest in estuaries that have permanent or
protracted openings to the ocean and the densities of fishes are greatest in estuaries with the
highest primary productivity. 3) The species compositions of the fish faunas differ among the
various estuaries in relation to factors such as salinity, duration of mouth opening and extent
of macrophyte cover. 4) The ichthyofaunal composition in each estuary exhibits cyclical
seasonal changes and, when environmental conditions differ conspicuously between years,
also undergoes interannual changes.

Materials and methods

Sampling regime

Fishes at several sites in nearshore, shallow (< 1.2 m) waters of the basins of the
seasonally-open Broke, Irwin and Wilson inlets, permanently-open Oyster Harbour and
normally-closed Wellstead Estuary, which are located along a ca 400 km stretch of the south
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coast of Western Australia (Fig. 1), were sampled by seine net in each season between
summer 2006 and spring 2007. The sample collected from each site in an estuary in each
season of each year was considered a replicate for that estuary in that season and year.
The estuary basins ranged in area from 2.5 km2 for Wellstead Estuary to 48 km2 for
the Broke and Wilson inlets. The characteristics of each of the above five estuaries and their
catchments, e.g. estuary basin and catchment areas, percentage of cleared land within a
catchment, volume of riverine discharge and duration of estuary mouth opening, are
summarised in Chuwen et al. (2009b).
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Fig. 1. Maps showing the location of Broke, Irwin and Wilson inlets, Oyster Harbour and
Wellstead Estuary on the south coast of Western Australia and the sampling sites (circles)
within those estuaries. The bar in the map of each estuary represents 2 km. The location of
the sampling region in Western Australia is shown as a rectangle in the top left corner.
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The seine net, which consisted of two 10 m long wings (6 m of 9 mm mesh and 4 m
of 3 mm mesh) and a 1.5 m wide bunt made of 3 mm mesh, was laid parallel to the shore and
then hauled on to the bank of the estuary. It fished to a maximum depth of 1.5 m and swept
an area of 116 m2. Salinity, water temperature and dissolved oxygen concentration were
measured in the middle of the water column at each sampling site on each sampling occasion
using a Yellow Springs International Model 85 oxygen, conductivity, salinity and
temperature meter. The number of days that the estuary mouth had been open or closed prior
to each sampling occasion and visual estimates of the percentage cover of macrophytes at
each site on each sampling occasion were recorded.
Fishes were euthanised in an ice slurry immediately after capture and transported to
the laboratory, where each individual was identified to species and measured to the nearest 1
mm. The total number and weight (to the nearest 0.01g) of each species in each sample was
recorded, except when that number was particularly large, in which case the number of
individuals was estimated from the relationship between the weight (to the nearest 0.01g) of a
random sub-sample of 50 individuals and the total weight of all individuals.

Classification of south-western Australian estuaries

The estuaries of south-western Australia are classified on the basis of historical
records of the extent to which an estuary is connected to the ocean (Hodgkin and Lenanton,
1981; Hodgkin and Hesp, 1998). Thus, estuaries that are always connected to the ocean are
termed permanently open, while those with sand bars across their mouths that are typically
breached for a period each year are termed seasonally open. Those estuaries in which the
substantial sand bars at their mouths are breached only following exceptional rainfall and
may thus remain closed for years at a time are termed normally closed.
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Life-cycle guilds

Each species of fish caught during the present study was allocated to a life-cycle guild
(see Elliott et al., 2007), with the designation of the various species following those assigned
by Potter and Hyndes (1999) on the basis of numerous studies in south-western Australia.
Estuarine species, i.e. those that complete their entire life cycle within estuaries, consist of
species that are typically restricted to estuaries (Estuarine Residents- ER) and those that are
also represented by marine populations (Estuarine and Marine- E&M). Marine species
comprise the Marine Estuarine-opportunists (MMO), which regularly enter estuaries in
substantial numbers from the ocean and particularly as juveniles, and Marine Stragglers
(MS), which enter estuaries infrequently and usually in low numbers. Freshwater Stragglers
(FS) are those species which live in freshwater, but are occasionally found in estuaries and
usually in their low salinity, upper reaches.

Univariate analyses

The species richness (number of species) and density of fishes (number of individuals
100 m-2) recorded for each replicate sample from each estuary in each season of 2006 and
2007 were subjected to three-way analysis of variance (ANOVA), to determine whether these
two biotic variables differed significantly between estuaries, years and seasons. Each of these
independent variables was considered a fixed factor. Prior to subjecting species richness and
density of fishes to ANOVA, these data were square root and log10(x + 1) transformed,
respectively. These transformations were shown to be appropriate from the relationship
between the log10 of the standard deviation and log10 of the mean of the values for each biotic
variable in the replicate samples collected seasonally from each estuary in both years (see
Clarke and Warwick, 2001). Following ANOVA, the resultant means and 95% confidence
intervals for the significant main effects and interactions were back-transformed, i.e. the
inverse of the above transformations, before being plotted. When there were significant
interactions (p < 0.05), Scheffé’s multiple comparison tests were used to determine whether
the differences in the means for each component of the interaction were significant.
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Multivariate analyses

The mean abundances of each species in samples from each of the Broke, Irwin and
Wilson inlets and Oyster Harbour and Wellstead Estuary in each season of the two years
were dispersion weighted, square-root transformed and used to construct a Bray-Curtis
resemblance matrix employing PRIMER v6.1.2 (Clarke and Gorley, 2006). The resultant
matrix was subjected to non-metric Multidimensional Scaling (nMDS) ordination. When the
data were broken down by factors, i.e. estuary, year and/or season, the resemblance matrices
employed to produce the ordination plots were constructed using the abundances of each fish
species in replicate samples.
Analyses of Similarity (ANOSIM) tests (Clarke, 1993) were used to determine
whether the species compositions of the five estuaries were significantly different and
whether the faunal composition of each estuary was significantly related to year and season.
These tests, which employed Bray-Curtis similarity matrices, used the abundances of each
species in replicate samples to ensure that the number of permutations at each level of each
factor was adequate for each test. Two-way crossed ANOSIMs were used to elucidate the
relative extents to which ichthyofaunal composition was influenced by each factor, i.e.
estuary, year or season, after removing the confounding influence of the other two factors.
This involved using, in turn, each factor vs a combination of the other two factors, by
‘flattening’ the two removed factors in each case to a single factor representing all
combinations of the levels of those factors. Traditional two-way crossed and one-way
ANOSIMs were employed when the influence of a pair of factors or a single factor were
explored, respectively.
When pairwise comparisons in an ANOSIM test detected a significant difference
between the ichthyofaunal compositions of the a priori levels of a factor, Similarity
Percentages (SIMPER) were used to determine the species that best typified the
ichthyofaunas of those a priori groups and those that best distinguished between the
compositions of those groups (Clarke, 1993).
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Biota and Environment matching (BIOENV) (Clarke and Warwick, 2001) was
employed to elucidate which environmental variables, or combination of variables, provided
the best correlation with the ichthyofaunal compositions in the various replicate samples
from the basin of each estuary and their associated rank orders of similarity. The
environmental variables employed were salinity, water temperature, dissolved oxygen
concentration, the number of days the mouth had been open or closed prior to each sampling
occasion and the estimated percent cover of macrophytes. For this procedure, square root
transformed and normalised data for the environmental variables in each replicate sample
were used to construct a Euclidean resemblance matrix that was matched against the BrayCurtis similarity matrix constructed using the dispersion weighted and square-root
transformed abundance of each fish species in each of the corresponding samples.

Results

Environmental variables in nearshore, shallow waters

The salinity regimes in nearshore waters of the five estuaries varied markedly,
reflecting, in part, variations in the size and duration of the connection of those estuaries with
the ocean. Thus, mean seasonal salinities remained close to that of full-strength seawater in
Oyster Harbour, whose mouth is deep and permanently open (Fig. 2). Although salinities in
Wellstead Estuary were also often close to that of full-strength seawater, they increased
conspicuously in two seasons (Fig. 2) as a result of the combined effects of the estuary mouth
being closed for a protracted period, high evaporation and low discharge from its river. The
bars at the mouths of the seasonally-open Broke, Irwin and Wilson inlets were breached for
variable periods. The large and protracted openings of the mouths of Broke Inlet in 2007 and
of Irwin Inlet in both 2006 and 2007, account for the salinities in nearshore waters of these
systems undergoing very substantial seasonal changes in those years. Thus, their salinities
ranged from minima of less than 10 to slightly above full-strength sea water (Fig. 2). The
mouth of Wilson Inlet was small when open during 2006 and did not open in 2007 and,
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Fig. 2. Mean seasonal salinities ± 1SE in nearshore waters of the Broke, Irwin and Wilson
inlets, Oyster Harbour and Wellstead Estuary. White and grey bars at the base of the plot for
each estuary denote when the mouth of that estuary was open and closed, respectively.
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consequently, mean seasonal salinities remained below that of full strength seawater and
ranged only from 19 to 26.
Mean water temperature in each of the five estuaries followed essentially the same
seasonal trend, reaching a maximum of 23-27ºC in summer or spring and declining to a
minimum of 13-17ºC in winter. The mean seasonal dissolved oxygen concentrations in the
nearshore waters of the Broke, Irwin and Wilson inlets, Oyster Harbour and Wellstead
Estuary showed no consistent and obvious trends throughout either year. Mean seasonal
dissolved oxygen concentrations in the five estuaries ranged between 4.0 and 9.6 mg l-1,
except in the basin of Oyster Harbour in summer 2006 when they were particularly low, i.e.
2.6 mg l-1.

Contributions of species and life-cycle guilds in the five estuaries

The number of fishes caught in the five estuaries ranged from ca 9,700 in Broke Inlet
to ca 78,000 in Wellstead Estuary, with the differences in total catch among estuaries not
being directly related to the numbers of samples collected in each estuary (Table 1). Species
richness ranged from 11 in Broke Inlet to between 17 and 20 in Irwin Inlet, Wilson Inlet and
Wellstead Estuary, to 34 in Oyster Harbour, the only permanently-open estuary.
Atherinosoma elongata was the most abundant fish species in nearshore, shallow

waters of the Broke, Irwin and Wilson inlets and Wellstead Estuary, contributing between 50
and 82% to the total numbers of fishes in those basins (Table 1). Although this atherinid was
the second most abundant species in the basin of Oyster Harbour, it still contributed 30% to
the total number of fishes caught in that estuary. Another atherinid, Leptatherina wallacei,
was the second most abundant species in three of the estuaries and the third most abundant in
the other two. The contributions of the above two atherinid species in the Broke, Irwin and
Wilson inlets and Wellstead Estuary (78 to 90%) were far greater than in Oyster Harbour
(45.4%). The ichthyofauna of the basin of Oyster Harbour differed from that of each of the
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Table 1. Life-cycle guilds (LCG), rank and percentage contributions of each fish species to the total
catch from nearshore waters of the Broke, Irwin and Wilson inlets, Oyster Harbour and Wellstead
Estuary and the numbers of species and individuals (N) and the percentage contributions (%) of the
different life-cycle guilds to the total catch of those estuaries. MS = marine straggler, MMO = marine
estuarine-opportunist, E&M = estuarine & marine, ER = estuarine resident, FS = freshwater straggler.
Broke

Irwin

Species

LCG

R

%

R

%

Atherinosoma elongata
Leptatherina wallacei
Favonigobius lateralis
Pseudogobius olorum
Leptatherina presbyteroides
Afurcagobius suppositus
Aldrichetta forsteri
Engraulis australis
Sillaginodes punctata
Acanthopagrus butcheri
Haletta semifasciata
Urocampus carinirostris
Arripis truttaceus
Stigmatopora argus
Mugil cephalus
Neoodax balteatus
Pelates sexlineatus
Acanthaluteres spilomelanurus
Galaxias maculatus
Ammotretis rostratus
Cnidoglanis macrocephalus
Pugnaso curtirostris
Apogon rueppellii
Pseudorhombus jenynsii
Gymnapistes marmoratus
Cristiceps australis
Acanthaluteres brownii
Parablennius postoculomaculatus
Siphamia cephalotes
Rhabdosargus sarba
Spratelloides robustus
Arripis georgianus
Ammotretis elongates
Hyporhamphus melanochir
Nesogobius pulchellus
Arenigobius bifrenatus
Meuschenia freycineti
Posidonichthys hutchinsi
Platycephalus laevigatus
Platycephalus speculator
Cristiceps aurantiacus
Heteroclinus roseus
Brachaluteres jacksonianus
Enoplosus armatus
Notolabrus parilus
Halichoeres brownfieldi
Paraplagiusa bilineata

ER
ER
EM
ER
EM
ER
MMO
EM
MMO
ER
MS
EM
MMO
MS
MMO
MS
MMO
MS
FS
MMO
EM
MS
EM
MMO
MMO
MS
MS
MMO
EM
MMO
MS
MMO
MS
EM
EM
EM
MMO
MS
MMO
EM
MS
MS
MS
MS
MS
MS
MS

1
2
4
5
3
6
9

50.2
39.7
2.3
1.7
4.2
1.6
<0.1

1
2
4
5
3
8
6
7
10
14

57.6
20.3
5.9
4.4
6.3
0.7
2.1
1.8
0.3
<0.1

9
12

0.5
<0.1

Species
Marine stragglers
Marine estuarine-opportunists
Estuarine & marine
Estuarine residents
Freshwater
Individuals
Marine stragglers
Marine estuarine-opportunists
Estuarine & marine
Estuarine residents
Freshwater
Number of samples
Number of species
Total number

9

7

8

9

<0.1

<0.1

12

<0.1

11

<0.1

13
13
14

<0.1
<0.1
<0.1

<0.1

<0.1

15

<0.1

14

<0.1

15

Wilson
R
%

Oyster
R

%

1
2
4
3
6
5

65.2
20.5
2.5
10.0
0.7
0.9

2
3
1
10
4
5
6

29.7
15.7
34.8
0.4
8.4
3.9
2.3

7
15

<0.1
<0.1

14
13
7

9

<0.1

0.1
0.2
1.5
<0.1
0.6
0.4
0.3
0.4
0.1
0.2

11
13

8
<0.1
9
<0.1 11
9
15
12

14
8
10

<0.1
<0.1
<0.1

15

<0.1

12

<0.1

14

<0.1

<0.1
15
15

19

<0.1

18
15
16
17
17

<0.1
0.1
<0.1
<0.1
<0.1
<0.1

18

<0.1

20
19
20

<0.1
<0.1
<0.1

21

<0.1

22
22

<0.1
<0.1

22
22
22

<0.1
<0.1
<0.1

Wellstead
R
%
1
3
4
2

82.3
5.8
5.3
6.1

5
11
11
7
6

0.2
<0.1
<0.1
0.1
0.2
<0.1

10

<0.1

8
11
11

<0.1
<0.1
<0.1

9

<0.1

10

<0.1

9

<0.1

<0.1
<0.1

MS
MMO
EM
ER
F

N
4
3
4
-

%
36.4
27.3
36.4
-

N
1
7
6
5
1

%
5.0
35.0
30.0
25.0
5.0

N
2
7
5
5
-

%
10.5
36.8
26.3
28.3
-

N
13
10
6
5
-

%
38.2
29.4
17.6
14.7
-

N
1
6
4
5
1

%
5.9
35.3
23.5
29.4
5.9

MS
MMO
EM
ER
F

13
637
9068
-

0.1
6.6
93.3
-

1
473
2773
15806
4

<0.1
2.5
14.6
82.9
<0.1

18
55
1409
42424
-

<0.1
0.1
3.2
96.6
-

329
429
4954
5670
-

2.9
3.8
43.5
49.8
-

1
96
4159
73514
20

<0.1
0.1
5.4
94.5
<0.1

48
11
9718

40
20
19057

71
19
43906

48
34
11382

46
17
77790
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other estuaries in that over a third of its numbers were attributable to the gobiid Favonigobius
lateralis (Table 1).

The numbers of A. elongata and L. wallacei and of another atherinid Leptatherina
presbyteroides, together with those of the gobiids Pseudogobius olorum, F. lateralis and
Afurcagobius suppositus, collectively constituted ≥ 99.7% of the total number of fishes

caught in the Broke and Wilson inlets and Wellstead Estuary and 95.2% in Irwin Inlet and
92.9% in Oyster Harbour (Table 1). Each of the above species is represented by populations
that complete their life cycles within estuaries. The only other species to contribute ≥ 1.5% to
the fish faunas of any estuary were the marine species Aldrichetta forsteri in Irwin Inlet and
Oyster Harbour, the estuarine species Engraulis australis in the former estuary and the
marine species Haletta semifasciata in the latter.
The number of species that complete their life cycles within estuaries was greater than
that of marine species in the Broke, Irwin and Wilson inlets and Wellstead Estuary, but not in
Oyster Harbour. Indeed, the number of marine species (23) in the latter permanently-open
estuary was more than twice that of estuarine species (11) and far greater than those in the
other four estuaries (Table 1). In terms of number of individuals, the ichthyofauna of each
estuary was overwhelmingly dominated by estuarine species (Table 1). The contributions
made by Estuarine Residents in the Broke, Irwin and Wilson inlets and Wellstead Estuary (83
to 97%) were far greater, however, than the 50% recorded for this guild in Oyster Harbour, in
which Estuarine and Marine species made a far higher contribution (Table 1). Collectively,
marine species made a substantially greater contribution to the total number of fishes in the
permanently-open Oyster Harbour than in the other four estuaries.

Species richness and density of fishes

Three-way ANOVA demonstrated that the species richness and density of fishes in
the nearshore waters of the five estuaries differed significantly between estuaries and seasons
but not between years, and that there was an interaction between estuary and year for species
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richness and density and also between estuary and season for density (Table 2). For species
richness, the F-statistic for the two significant main effects and the interaction were similar,
while for density the F-statistic was far greater for estuary than for season, which in turn was
greater than that for each of the significant interactions (Table 2).
The mean species richness in each estuary declined significantly between summer and
winter (p < 0.01) and then rose in spring (Fig. 3a). In 2006, mean species richness in Broke
Inlet was less than that of each of the other estuaries and significantly so in the case of Irwin
and Wilson inlets (both p < 0.01). While mean species richness in Broke Inlet and Oyster
Harbour increased slightly in 2007, it decreased in Wellstead Estuary and particularly in
Wilson Inlet (p < 0.001), which largely accounts for the estuary x year interaction (Fig. 3b).
In 2007, mean species richness in Broke and Wilson inlets and Wellstead Estuary were each
substantially lower than those in Irwin Inlet and Oyster Harbour and these differences were
frequently significant (p < 0.01-0.05).
Table 2. F-statistics, mean squares (given in parentheses) and significance levels for three-way
ANOVAs of the number of species and density of fishes recorded in nearshore waters of the Broke,
Irwin and Wilson inlets, Oyster Harbour and Wellstead Estuary in each season of 2006 and 2007. * p
< 0.05, ** p < 0.01, *** p < 0.001.

df
Number of species
Density

df
Number of species
Density

Main effects
Estuary (E) Year (Y)
4
1
7.471***
2.967
(0.996)
(0.395)
33.063***
0.708
(9.032)
(0.193)

Season (Se)
3
5.949**
(0.793)
4.772**
(1.304)

Residual
213

Interactions
ExY
ExS
4
12
5.583***
1.195
(0.744)
(0.159)
2.502*
2.747**
(0.683)
(0.750)

YxS
3
2.083
(0.278)
1.260
(0.344)

ExYxS
12
1.400
(0.187)
0.945
(0.258)

(0.133)
(0.273)
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The mean densities of fishes in Broke Inlet and Oyster Harbour in 2006 and 2007
were significantly less (all p < 0.001) than those in Wellstead Estuary in both years (Fig. 3c).
The mean densities in Irwin and Wilson inlets were intermediate, but increased significantly
between 2006 and 2007 in the former estuary and declined significantly in the latter (both p <
0.05), which largely accounts for the estuary x year interaction. In contrast to the situation in
the Broke and Irwin inlets and Oyster Harbour, in which density did not differ significantly
between seasons (all p > 0.05), the density in Wilson Inlet and particularly Wellstead Estuary
declined from their maxima in summer to their minima in winter and then increased in spring
(Fig. 3d). Thus, densities in winter were significantly less than those in summer in Wilson
Inlet (p < 0.05) and than those in each of the other seasons in Wellstead Estuary (p < 0.050.001). Furthermore, in winter, the densities of fishes in the basins of the various estuaries
were not significantly different (all p > 0.05).

Comparisons between ichthyofaunal compositions in the five estuaries

The samples from Broke Inlet, Oyster Harbour and Wellstead Estuary exhibited no
overlap on the ordination plot constructed using the mean abundances of the various fish
species in each estuary in each season (Fig. 4a). The majority of points for Wilson Inlet lay
between those for Broke Inlet and Wellstead Estuary and to the left or above those from
Irwin Inlet, which in turn lay very largely to the left of those from Oyster Harbour (Fig. 4a).
The composition of the fish faunas differed significantly among estuaries and
between years and seasons (all p = 0.001). The Global R-statistic was greater for estuary
(0.442) than for year (0.238), which in turn was greater than for season (0.151). The
composition of the fish fauna in each estuary was significantly different from that of each of
the other estuaries (all p = 0.001). R-statistic values showed that the differences were greatest
between Wellstead Estuary and both Broke Inlet (0.750) and Oyster Harbour (0.576) and
between Oyster Harbour and Wilson Inlet (0.679), and were least between Wilson Inlet and
both Wellstead Estuary (0.210) and Irwin Inlet (0.292).
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Atherinosoma elongata was the main typifying species of the ichthyofaunas in the

basins of Broke, Irwin and Wilson inlets and Wellstead Estuary and that L. wallacei and
typically P. olorum were also important typifying species in these estuaries. Oyster Harbour
was unique in that F. lateralis was the sole important typifying species for this estuary.
Variations in the abundances of the above species often distinguished the fish faunas of the
different estuaries (Table 3). Thus, for example, the fish fauna of Oyster Harbour was
distinguished from that of each other estuary by consistently large numbers of F. lateralis,
while that of Wellstead Estuary was distinguished from those of all other estuaries by
consistently greater abundances of A. elongata, P. olorum and typically also L. wallacei.
Furthermore, the species that distinguished the fish fauna of Broke Inlet from that of each
other estuary were almost invariably less abundant in that estuary (Table 3).
The ichthyofaunal compositions of the five estuaries, were shown by BIOENV, to be
best correlated with a combination of the number of days the estuary mouth had been open or
closed prior to each sampling occasion and percent macrophyte cover (p = 0.010, ρ = 0.402),
followed by a combination of those two variables and salinity (p = 0.010, ρ = 0.350).

Compositions of the ichthyofaunas of the five estuaries
Broke Inlet

The composition of the fish fauna of Broke Inlet was significantly related to both year
(p = 0.005; R = 0.181) and season (p = 0.007; R = 0.125). On the ordination plot, constructed
using the composition data for replicate samples from Broke Inlet, the samples for 2006
tended to lie to the left of those for 2007 (Fig. 4b). The composition of the fish fauna of
Broke Inlet in 2006 was distinguished from that in 2007 by consistently greater abundances
of A. elongata and lower abundances of A. suppositus and particularly F. lateralis.
When the data for 2006 and 2007 were considered separately, the composition of the
fish fauna was significantly related to season in 2006 (p = 0.007; R = 0.231), but not in 2007
(p = 0.338). In Broke Inlet in 2006, the ichthyofaunal composition in summer differed
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significantly from that in each other season, with the samples for summer on the ordination
plot showing virtually no overlap with those for autumn, winter and spring of that year (Fig.
4c). The ichthyofaunal composition of Broke Inlet in summer 2006 was consistently
distinguished from that in each other season of that year by consistently greater abundances
of L. presbyteroides. While greater abundances of A. suppositus and lower abundances of A.
elongata and L. wallacei further distinguished the composition of the fish fauna in summer

from that in both autumn and winter, greater abundances of the latter two species
distinguished that of spring from summer.

Mean species richness
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Fig. 3. Mean species richness ± 95% CI of a) all estuaries collectively in each season and of
b) each estuary in 2006 (black symbols) and 2007 (white symbols) and the mean densities of
fishes ± 95% CI of c) each estuary in 2006 and 2007 and of d) Broke ( ), Irwin ( ) and
Wilson ( ) inlets, Oyster Harbour ( ) and Wellstead Estuary ( ) in each season (overall
mean ± 95% CI for each estuary presented).
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constructed using the mean seasonal abundance of each species in the nearshore waters of a)
Broke, Irwin and Wilson inlets, Oyster Harbour and Wellstead Estuary. nMDS ordination
plots, derived from the matrix constructed employing the abundance of each species in
replicate samples of Broke Inlet in a) 2006 and 2007 and c) in each season of 2006.
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Table 3. R-statistic values and significance levels (light shaded boxes) for pairwise
ANOSIMs of the ichthyofaunal compositions of the Broke, Irwin and Wilson inlets, Oyster
Harbour and Wellstead Estuary derived from the matrix constructed using the abundance of
the various fish species in each replicate sample. The species determined by SIMPER as
most responsible for typifying the ichthyofaunal composition of the basin of individual
estuaries (dark shaded boxes) and for distinguishing between the ichthyofaunal compositions
in each pairing of those five estuaries (unshaded boxes). * p < 0.05, ** p < 0.01, *** p <
0.001; B = Broke Inlet, I = Irwin Inlet, W = Wilson Inlet, O = Oyster Harbour and We =
Wellstead Estuary denote the estuary in which the species made the greater contribution to
ichthyofaunal composition.
Broke
Irwin

Wilson

Broke
A. elongata
L. wallacei
P. olorumI
A. elongataI
L. wallacei I
F. lateralis I
P. olorumW
A. elongataW
L. wallaceiW
A. suppositusW

Oyster

F. lateralisO
A. elongataB

Wellstead

A. elongataWe
P. olorumWe
L. wallaceiWe

Irwin
0.467***

Wilson
0.445***

Oyster
0.434***

Wellstead
0.750***

A. elongata
L. wallacei
P. olorum

0.292***

0.369***

0.425***

P. olorumW
A. elongataW
L. wallaceiI
F. lateralisI
A. suppositusW
F. lateralisO
A. elongata I
P. olorumI
L. wallaceiI

A. elongata
P. olorum
L. wallacei

0.679***

0.210***

P. olorumW
F. lateralisO
A. elongataW
L. wallaceiW

F. lateralis

0.576***

A. elongataWe
P. olorumWe
L. wallaceiWe

A. elongataWe
A. elongataWe
We
P. olorum
P. olorumWe
W/We
L. wallacei
F. lateralisO
L. wallaceiWe

A. elongata
P. olorum
L. wallacei

Irwin Inlet

The composition of the fish fauna of Irwin Inlet was significantly related neither to
year (p = 0.094; R = 0.085) nor season (p = 0.165; R = 0.052).

Wilson Inlet

The composition of the fish fauna in Wilson Inlet was significantly related to both
year and season (both p = 0.001), with the R-statistic being greater for the former (0.259)
than latter (0.127). On the ordination plot, the points for 2006 lay largely to the left of those
for 2007 (Fig. 5a). This interannual difference was attributable to consistently greater
193

Stress: 0.14

a)

2006

2007

Stress: 0.19

b)

Summer

Autumn

Winter

Spring

Stress: 0.10

c)

2006

2007

Fig. 5. Non-metric multidimensional scaling ordination plots derived from the matrices
constructed using the abundance of each species in replicate samples of the nearshore waters
of Wilson Inlet in a) 2006 and 2007 and b) in each season of 2006, and from Oyster Harbour
in c) the summers of 2006 and 2007.
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abundances of P. olorum, L. wallacei, F. lateralis and A. suppositus and lower
abundances of A. elongata in 2006.
Ichthyofaunal composition in Wilson Inlet was significantly related to season in 2006
(p = 0.001; R = 0.260) but not 2007 (p = 0.425), with the seasonal effect in 2006 due
predominantly to the composition in winter differing from that in each other season (p =
0.001-0.015) and, in particular, from that in summer (R = 0.693). The latter seasonal
difference is reflected in the lack of overlap between the summer and winter samples on the
ordination plot (Fig. 5b) and is largely attributable to consistently greater abundances of P.
olorum, L. wallacei, F. lateralis, A. elongata, A. suppositus and also of Urocampus
carinirostris in summer.

Oyster Harbour

Ichthyofaunal composition in Oyster Harbour was significantly related to season (p =
0.006; R = 0.129), but not year (p = 0.067). This was due primarily to differences between
the compositions in summer and winter (p = 0.006; R = 0.244) (data not shown), which were
largely attributable to consistently greater abundances of F. lateralis in summer and of L.
wallacei and A. elongata in winter. When each season was considered separately, one-way

ANOSIM demonstrated that the composition of the ichthyofauna was related to year in
summer (p = 0.037; R = 0.253), but not in any other season (p = 0.123-0.567). On the
ordination plot of the data for summer, the samples for 2006 showed virtually no overlap
with those of 2007 (Fig. 5c). This interannual difference in composition was largely
attributable to consistently greater abundances of F. lateralis in 2006 and of Pseudorhombus
jenynsii in 2007.

Wellstead Estuary

The composition of the fish fauna of Wellstead Estuary was significantly related to
year and season (both p = 0.001), with the effect of year (R = 0.500) being greater than that
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of season (R = 0.307). The significant interannual difference in ichthyofaunal composition
was due largely to a decrease in the abundances of the gobiids P. olorum and F. lateralis and
an increase in those of the atherinids A. elongata and L. wallacei in 2007 and was reflected
on the ordination plot by the samples for 2006 laying largely to the left of those for 2007
(Fig. 6a).
When the data for 2006 (Fig. 6b) and 2007 (Fig. 6c) were each subjected to
ordination, the samples for summer, autumn and winter showed a marked tendency to
progress sequentially from left to right on the plot, with those for spring largely lying
between those for autumn and winter. The composition of the fish fauna was significantly
related to season in 2006 (p = 0.001; R = 0.355) and 2007 (p = 0.001; R = 0.265), with
seasonal differences being greatest between summer and winter in both years (2006: p =
0.010, R = 0.714; 2007: p = 0.002, R = 0.633). These latter differences were due to
consistently higher summer abundances of P. olorum, A. elongata and F. lateralis in both
years and of A. butcheri in 2006 and L. wallacei in 2007.

Discussion

Dominance of estuarine species and contributions of marine species

Analyses of catches obtained by seasonal sampling over two consecutive years
demonstrated that the ichthyofaunas of nearshore, shallow waters in the basins of Broke,
Irwin and Wilson inlets, Oyster Harbour and Wellstead Estuary were dominated to a
remarkable extent by the atherinids Atherinosoma elongata, Leptatherina wallacei and
Leptatherina presbyteroides, and the gobiids Favonigobius lateralis, Pseudogobius olorum

and Afurcagobius suppositus. These species thus collectively contributed as much as 99.7 or
99.8% to the total catches in the Broke and Wilson inlets and Wellstead Estuary, 95.2% in
Irwin Inlet and even as high as 92.9% in Oyster Harbour, the sole permanently-open estuary.
The above atherinid and gobiid species, which are small and have a life cycle of only
one or two years, are represented in estuaries by populations whose individuals complete
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Fig. 6. Non-metric multidimensional scaling ordination plots derived from the matrices
constructed using the abundance of each species in replicate samples of the nearshore waters
of Wellstead Estuary in a) 2006 and 2007 and in each season of b) 2006 and c) 2007.
Hoeksema et al.- Fig. 6
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their life cycles within those systems (e.g. Prince and Potter, 1983; Gill et al., 1996). Thus,
unlike marine species, the individuals in these estuarine populations do not need to migrate
from the estuary to the marine environment in order to reproduce. The high abundances of
each of the three atherinid and three gobiid species in a range of estuary types, i.e.
permanently open, seasonally open and normally closed, and thus also of salinity regimes,
demonstrate that these species must be highly euryhaline and therefore well adapted for life
in a wide variety of estuarine environments. Atherinid and gobiid species, including L.
presbyteroides, F. lateralis and P. olorum, are also abundant in eastern Australian estuaries

(e.g. Potter et al., 1986; Pollard, 1994; Potter and Hyndes, 1999; Griffiths, 2001) and can
presumably likewise complete their life cycles within those systems. Indeed, Pollard (1994)
has drawn attention to the marked similarity of the ichthyofaunal compositions of estuaries in
south-western and south-eastern Australia.
The extreme dominance of the ichthyofaunas of nearshore waters of south coast
estuaries by species that complete their life cycles within those systems, which include not
only the above three atherinid and three gobiid species but also, in some estuaries, species
such as Acanthopagrus butcheri, Urocampus carinirostris and Engraulis australis, contrasts
markedly with the situation in the vast majority of macrotidal estuaries of temperate regions
in the northern hemisphere (e.g. Haedrich, 1983; Claridge et al., 1986; Elliott and Dewailly,
1995). As most estuaries on the south coast are closed to the ocean for various and sometimes
substantial periods, selection pressures would have favoured those species that are able to
spawn successfully within these systems and whose larvae and juveniles could survive in that
environment. It is therefore particularly relevant that, in comparison with macrotidal
estuaries, the estuaries on the south coast of Western Australia provide a far more benign
environment in late spring to early autumn, when the fish species in these systems typically
spawn and their larvae are hatched (Potter and Hyndes, 1999). Thus, during this period,
discharge into the basin is usually negligible, salinities are not depressed and food is
abundant and, as at all times, tidal water movement is limited, thereby providing an
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environment ideal for the survival and development of fish during the larval and early
juvenile phases of their life.
Although the contributions made by marine species to the total numbers of fishes
caught in nearshore waters of the permanently and seasonally-open estuaries were far lower
than those of the abundant atherinid and gobiid species, 398 Aldrichetta forsteri, 138
Sillaginoides punctata and 127 Mugil cephalus were collected from these waters in those

estuaries. As these species were represented predominantly by individuals < 100 mm in
length, the nearshore waters of south coast estuaries act as a nursery area for at least some
individuals of these species. However, the densities of particularly the mugilids in nearshore
waters are low compared with those recorded in comparable waters in permanently-open
estuaries along the lower west coast (Chubb et al., 1981; Loneragan et al., 1986).
Furthermore, S. punctata were caught and A. forsteri and M. cephalus were very abundant in
offshore waters of two or more of the south coast estuaries when sampled concurrently with
the present study (Chuwen et al., 2009a).
The above comparisons suggest that the numbers of A. forsteri, M. cephalus and
S. punctata in nearshore waters of south coast estuaries are lower than might have been

expected. It is thus relevant that the mouths of the seasonally-open estuaries were typically
closed for much of the protracted period when these species, in particular the mugilids,
spawn at sea (Chubb et al., 1981; Hyndes et al., 1998) and thus many of the juveniles are
already of a substantial size, i.e. > 100 mm, when they enter the estuary and as a consequence
tend to occupy more offshore, deeper waters (Chuwen et al., 2009a). Such a view is
consistent with the fact that the catches of small A. forsteri were greatest in the permanentlyopen Oyster Harbour and in the seasonally-open Irwin Inlet whose mouth opened earlier each
year, i.e. in winter, and remained open in total for a far longer period than that of each of the
other seasonally-open estuaries, i.e. Broke and Wilson inlets, which opened to the ocean in
spring in those years when the estuary mouth was breached.
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The catches of Arripis georgianus, another marine-estuarine opportunist, were
negligible in nearshore waters but substantial in offshore waters (Chuwen et al., 2009a)
where they were represented predominantly by individuals > 150 mm and > two years of age
(I.C. Potter, unpublished data). This reflects the fact that the individuals of this species take a
substantial period to migrate from their nursery areas in South Australia to the south coast of
Western Australia where they occupy coastal marine waters and estuaries (Fairclough et al.,
2000).

Comparisons of the ichthyofaunas of the five estuaries

Although the ichthyofaunas of the nearshore waters of the Broke, Irwin and Wilson
inlets, Oyster Harbour and Wellstead Estuary were all overwhelmingly dominated by the
collective contribution of three atherinid and three gobiid species, the species compositions
of the fish faunas of the basins of these five estuaries were significantly different. This
largely reflected differences in the relative abundances of those species in each estuary. For
example, F. lateralis and L. presbyteroides were relatively far more abundant in the basin of
the permanently-open Oyster Harbour, in which salinities were always close to that of fullstrength sea water, than in each of the other estuaries, in which salinities were far more
variable. Furthermore, F. lateralis made only a small contribution to the fish fauna of the
Wellstead Estuary and L. presbyteroides was not caught in that normally-closed system. It is
further relevant that L. presbyteroides and F. lateralis were the most abundant fish species
during a study in 1989-90 of nearshore waters of the Nornalup-Walpole Estuary, the only
other large and permanently open estuary on the south coast of Western Australia (Potter and
Hyndes, 1994). Detailed ecological studies of F. lateralis and L. presbyteroides in the large
and permanently-open Swan River Estuary on the lower west coast of Australia showed that
these two species were most abundant in the lower estuary (Prince et al., 1982; Gill and
Potter, 1993), where salinities are close to that of full-strength seawater for most of the year
and the substrate is sandy and thus resembles the nearshore marine environment. The above
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patterns of distribution of estuarine populations of F. lateralis and L. presbyteroides strongly
suggest that the individuals of these populations have a strong affinity for a marine-like
environment. This conclusion is consistent with the fact that, unlike the other abundant
atherinid and gobiid species, F. lateralis and L. presbyteroides are also represented by
populations in similar habitats in nearshore marine waters (Potter and Hyndes, 1999; Valesini
et al., 2004). As south-western Australian estuaries are of relatively recent origin, having

been formed during the Holocene marine transgression (Hodgkin and Hesp, 1998), the
estuarine populations of F. lateralis and L. presbyteroides may have been derived from
marine populations of these species. In this context, it is relevant that genetic studies on a
number of fish species, including L. presbyteroides, indicate that estuaries in south-western
Australia have offered special opportunities for increasing the genetic subdivision of inshore
species (Watts and Johnson, 2004).
In contrast to the above example, L. wallacei made its greatest contribution to the
ichthyofauna of Broke Inlet, the only estuary to exhibit a protracted period of greatly reduced
salinities. This is consistent with L. wallacei typically being most abundant in the upper
reaches of permanently-open estuaries on the lower west coast of Australia where salinities
become greatly reduced during periods of heavy discharge (Prince et al., 1982; Loneragan et
al., 1986; Loneragan and Potter, 1990).

The difference between the ichthyofaunal compositions of the highly eutrophic
Wellstead Estuary and near pristine Broke Inlet, which represented the greatest such
difference between any two south coast estuaries, largely reflected the far greater abundances
of A. elongata, P. olorum and L. wallacei in the former system. The high densities of the
above three species in Wellstead Estuary are presumably related to the presence of very
substantial growths of Ruppia megacarpa (Brearley, 2005), which have been shown to
provide an important habitat and source of prey for the above three species (Humphries et al.,
1992; Humphries and Potter, 1993; Pollard, 1994). It would thus follow that the particularly
low densities of those species and of all fishes collectively in Broke Inlet, represent, in
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particular, the paucity of macrophytes and thus limited densities of the associated
invertebrates on which these fish species prey (Humphries and Potter, 1993). In the context
of the putative role of macrophytes, it is relevant that, although the compositions of the fish
faunas of Wilson and Irwin inlets and Wellstead Estuary were significantly different, each
estuary contained substantial growths of R. megacarpa (Brearley, 2005) and their major
typifying fish species were A. elongata, P. olorum and L. wallacei. The paucity of species
and low density of fishes in the nearshore, shallow waters of Broke Inlet parallels the
situation in offshore, deeper waters (Chuwen et al., 2009a) of this oligotrophic system
(Brearley, 2005).
While variations in the relative abundances of estuarine species in the various
estuaries made the greatest contribution to the differences in species composition among
those systems, those differences were still influenced, to some degree, by variations in the
relative abundances of marine species, i.e. marine stragglers and marine estuarineopportunists. As hypothesised, the number and densities of marine species were the greatest
by far in Oyster Harbour, which, through possessing a substantial and permanently-open
mouth, provides access to these species at all times. The ichthyofaunas of South African
estuaries with a permanent connection to the ocean likewise contain a greater number of
marine species than seasonally-open and normally-closed estuaries and thus overall a
relatively greater species richness (Bennett, 1989; Whitfield and Kok, 1992; Harrison and
Whitfield, 2006). The influence on ichthyofaunal composition of connectivity to the ocean is
further illustrated by the greater contribution made by marine species to the fish fauna of
Irwin Inlet than to those in the Broke and Wilson inlets, the other two seasonally-open
estuaries, which were not open to the ocean for the same overall length of time.
The poor representation of marine species in Wilson Inlet and particularly in 2007 can
be attributed to its mouth being atypically closed for the majority of the study (Chuwen et al.,
2009b), and to the fact that, when briefly open, the channel scoured through the sand bar at
the mouth was narrow and shallow. This paralleled the situation in an eastern Australian
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estuary in which the very brief and restricted opening of its mouth provided limited
opportunities for marine fishes to enter (Griffiths, 2001). The sand bar at the mouth of
Wilson Inlet remained open overall for a longer period between 1987 and 1989 than in the
current study, which accounts for a greater prevalence of marine species in that earlier
period, but even then their contribution was very small compared with that of estuarine
species (Potter et al., 1993).
The capture of marine species such as A. forsteri, M. cephalus and S. punctata in
nearshore and offshore waters of Wellstead Estuary during the present and past studies
(Young and Potter, 2002; Chuwen et al., 2009a) emphasise that mugilids, in particular, are
able to capitalise on any breaching of the bar of a normally-closed estuary to enter such
systems.
Although the results of BIOENV, derived from the data collected from all five
estuaries, showed that, overall, the ichthyofaunal composition in these different types of
estuaries was related to a combination of the duration of mouth opening and macrophyte
cover and, to a lesser extent, a combination of the above two variables and salinity, the ρ
values were not particularly high, i.e. 0.402 and 0.350, respectively.
BIOENV showed that, overall, the strength of the relationship between the
ichthyofaunal composition of selected South African estuaries and the status of the estuary
mouth was greater than in the south coast estuaries (Vorwerk et al., 2003), a difference that is
attributable to the immigrations of larger numbers of the juveniles of certain marine species
into the former estuaries. Moreover, differences among the ichthyofaunal composition in
nearshore waters of a permanently-open, seasonally-open and normally-closed estuary in the
south western cape region of South Africa were shown to be strongly related to the duration
of the connection between the estuary and the ocean (Bennett, 1989).
The fact that overall ichthyofaunal composition in the estuaries on the south coast of
Western Australia is not as strongly related to whether or not the estuary mouth is open, as is
the case in southern Africa, is not surprising in view of the overwhelming numerical
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domination of the estuarine fish faunas of this region by species which complete their life
cycle without having to leave the estuary. Thus, while an estuary mouth that is either
permanently open (Oyster Harbour) or open annually for protracted periods (Irwin Inlet)
provides an avenue for the immigration and emigration of marine species, they are also
responsible for producing the marine-like conditions, and in particular of salinity and a sandy
substrate, that are apparently favoured by estuarine species with strong marine affinities, such
as F. lateralis and L. presbyteroides (see above). The identification that overall the
ichthyofaunal composition of south coast estuaries is related to the extent of macrophyte
cover is consistent with the strong tendency for certain species to occupy stands of such
macrophyte species as R. megacarpa (see above; Humphries et al., 1992, Humphries and
Potter, 1993).
A collation of records of estuarine and marine fish species emphasised that the
distribution of some fish species that are abundant in estuaries on the lower west coast of
Australia do not extend to estuaries on the south coast (Potter et al., 1990). However, the
same suite of fish species was recorded in estuaries along the southern coast between Broke
Inlet and Wellstead Estuary and thus differences in the number of species recorded in the five
estuaries is unlikely to be related to geographical location.

Temporal characteristics of the fish faunas

As the ichthyofaunas of the basins of Wilson Inlet and Wellstead Estuary were the
only estuaries to undergo both a significant decrease in species richness and shift in
ichthyofaunal composition between 2006 and 2007, it is relevant that they were also the only
estuaries to remain closed throughout the second of those years. The decrease in species
richness in both estuaries was due, in part, to a decline in the number of marine species. This
reflected a lack of access to these estuaries for the new recruits of marine estuarineopportunist species and for marine stragglers in the second year, and to the individuals of
some of those marine species, which had previously recruited to the estuary, having increased
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in size and moved to more offshore and deeper waters (Chuwen et al., 2009a). The
contribution of these marine species, however, was low and thus the shift in composition
between 2006 and 2007 was largely attributable to changes in the abundances of certain
estuarine species and in particular, to a decrease in F. lateralis and P. olorum.
While the compositions of the ichthyofaunas in nearshore waters of the Broke and
Wilson inlets, Oyster Harbour and Wellstead Estuary underwent seasonal changes, these
were not as pronounced as those exhibited in permanently-open estuaries on the lower west
coast of Australia (e.g. Young and Potter, 2003a; Hoeksema and Potter, 2006) and in
macrotidal systems in temperate regions of the northern hemisphere (e.g. Potter et al., 1997a;
Thiel and Potter, 2001; Maes et al., 2005). The weak cyclicity in south coast estuaries can be
attributed to the overwhelming dominance of species that complete their life cycles within
the estuary and which are thus typically present at a given location throughout the year. In
contrast, the ichthyofaunas of estuaries on the lower west coast contained a greater number of
marine species whose peak abundances varied throughout the year (Young and Potter, 2003a)
and, in their upper reaches, also to a small number of euryhaline freshwater species
(Hoeksema and Potter, 2006).
In summary, the ichthyofaunas of nearshore, shallow waters of estuaries along the
southern coast of Western Australia differ markedly from those of the vast majority of
macrotidal estuaries in the northern hemisphere in that they are dominated, to a remarkable
extent, by species that complete their life cycles within estuaries, rather than by the juveniles
of marine species. The dominance of such species occurs in all types of estuaries and thus
irrespective of whether the estuary is permanently open, seasonally open or normally closed
to the ocean. Indeed, three species of atherinid and three species of gobiid, all of which
complete their life cycles without leaving the estuary, contributed between 95.2 and 99.8% to
the total numbers of fish caught in the three seasonally-open and one normally-closed
estuary, and even as much as 92.9% in the permanently-open estuary. The ichthyofaunal
composition of each of these estuaries was significantly different, however, from that of each
of the other estuaries, due in particular to variations in the relative abundances of those
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atherinid and gobiid species among the five estuaries. Our data suggest that such variations
reflect differences in the affinities of those species for certain habitat characteristics and the
fact that the extent to which these characteristics are present vary among estuaries. Thus, for
example, L. presbyteroides and especially F. lateralis, which are also represented by marine
populations, made their greatest contributions in the permanently-open estuary where
salinities remained close to that of full strength sea water and the substrate was similar to that
of nearshore coastal waters. In addition, the compositions and densities of fishes were related
to whether or not macrophytes were abundant. Species composition did not undergo the
pronounced cyclical seasonal changes that are exhibited by nearshore fish faunas in the
macrotidal estuaries of the northern hemisphere, reflecting the far lower numbers of marine
species and thus a lack of time-staggered immigrations and emigrations by such species.
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