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Prey density has long been associated with prey profitability for a predator, but prey

quality has seldom been quantified. We assessed the potential prey availability and

calorific value for Indo-Pacific bottlenose dolphins (Tursiops aduncus) in an estuarine

and coastal environment of temperate south-western Australia. Fish were sampled using

three methods (21.5m beach seine, multi-mesh gillnet, and fish traps), across three

regions (Estuary, Bay, and Ocean) in the study area. The total biomass and numbers

of all species and those of potential dolphin prey were determined in austral summers

and winters between 2007 and 2010. The calorific value of 19 species was determined

by bomb calorimetry. The aim of the research was to evaluate the significance of prey

availability in explaining the higher abundance of dolphins in the region in summer vs.

winter across years. A higher abundance of prey was captured in the summer (mean of

two summer seasons 12,080 ± 160) than in the winter (mean of two winter seasons =

7358 ± 343) using the same number of gear sets in each season and year. In contrast,

higher biomass and higher energy rich prey were captured during winters than during

summers, when fewer dolphins are present in the area. Variability was significant between

season and region for the gillnet (p < 0.01), and seine (p < 0.01). The interaction of

season and region was also significant for the calorific content captured by the traps

(p < 0.03), and between the seasons for biomass of the trap catch (p < 0.02). The

dolphin mother and calf pairs that remain in the Estuary and Bay year round may be

sustained by the higher quality, and generally larger, if lesser abundant, prey in the winter

months. Furthermore, factors such as predator avoidance and mating opportunities are

likely to influence patterns of local dolphin abundance. This study provides insights into

the complex dynamics of predator—prey interactions, and highlights the importance for

a better understanding of prey abundance, distribution and calorific content in explaining

the spatial ecology of large apex predators.

Keywords: prey quality, predation, seasonal distribution, Tursiops aduncus, calorific value, south-western

Australia
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INTRODUCTION

Predators influence and are influenced by the environments in
which they live, having far reaching effects on ecosystem function
and resilience, particularly in the marine environment (Wirsing
et al., 2007; Heithaus et al., 2008; Baum and Worm, 2009).
Predation pressure affects the age structure, genetic selection,
and habitat selection of prey species (Bax, 1998; van Baalen
et al., 2001; Heithaus and Dill, 2006; Wirsing et al., 2008).
In turn, predators are expected to behave according to the
optimal foraging theory, which states that a predator maximizes
energy intake by balancing the energy expended in searching
and capturing prey with the energy gained from metabolizing
that food (van Baalen et al., 2001; Spitz et al., 2010a). The
distribution patterns (Barros and Wells, 1998; Lambert et al.,
2014), group size, and social structure of social predators are
thus influenced by the distribution and composition of prey
(O’Donoghue et al., 1998;Meynier et al., 2008; Foster et al., 2012).
However, studying the dynamics of apex predators is challenging
due to their wide distribution, low densities, and ability to
evade detection, particularly in themarine environment. This has
led to a relatively poor understanding of marine predator-prey
relationships compared to their terrestrial counterparts (Wirsing
et al., 2007).

Understanding the diets of marine predators has conservation
as well as ecological significance. Predators are affected by
prey depletion, redistribution, and changes in the nutritional
value of prey. Furthermore it is important to understand the
prey requirements of marine predators in order to evaluate
and mitigate potential overlap with fisheries (Hernandez-Milian
et al., 2015). Fishing intensity has been increasing across the
globe, as human populations increase, technology becomes more
efficient, and areas of arable land decrease (McCluskey and
Lewison, 2008; Worm et al., 2009; Worm and Branch, 2012).
Increased fishing activity leads to increased direct and indirect
interactions between fisheries and marine predators, such as
marine mammals. Despite the importance of understanding
a predator’s diet for managing populations, few studies have
examined the prey availability for cetaceans, an important
component of assessing prey selection, and the role of predators
in the ecosystem (Torres et al., 2008; McCabe et al., 2010).

While prey density has long been associated with prey
profitability for a predator, prey quality has been quantified in
foraging models only in recent years (Spitz et al., 2010b) and
has been seen to be a significant factor in determining cetacean
foraging patterns (Malinowski and Herzing, 2015). The quality of
prey can be measured by nutrient composition and digestibility,
which is often measured by energy density or kilo joules per gram
(KJ/g) (Spitz et al., 2010a, 2012). It is possible for the overall
abundance or biomass of forage fish to remain stable, while
the quality of the forage fish species decreases, thus negatively
impacting the nutritional and energetic value of the prey stock
(Spitz et al., 2010b).

Bottlenose dolphins (Tursiops spp.) are generalist or
opportunistic feeders because of the wide variety of prey
they consume. Despite the documented wide variety of prey
consumed globally, local populations and individual dolphins

have been observed to use specialized foraging tactics that
exploit targeted prey in specific habitats (Barros and Odell, 1990;
Sargeant et al., 2005; McCabe et al., 2010; Allen et al., 2011).
Other dolphin species, such as the Atlantic spotted dolphin
(Stenella frontalis), have been found to consume different prey
species of differing nutritional value based on age class and
reproductive state, highlighting the selectivity of their diet
(Malinowski and Herzing, 2015).

Indo-Pacific bottlenose dolphins (Tursiops aduncus) are a top
predator in the near shore waters of Bunbury, temperate south-
western Australia, which include the coastal waters (Ocean),
Koombana Bay (Bay), and the Leschenault Estuary (Estuary)
(Figure 1). The abundance of dolphins fluctuates seasonally, with
approximately double the population size in the summer vs.
the winter months (Smith et al., 2013; Sprogis et al., 2016a).
The seasonal high in abundance coincides with the peak in
the breeding and calving season, in late summer/early autumn
(Smith et al., 2016).

In the marine and estuarine waters near Bunbury, knowledge
of potential prey composition and abundance across seasons and
habitat regions is critical for understanding the importance of
prey as a driving factor in dolphin abundance and distribution
patterns. Population trajectories of the local Bunbury fish
populations may be negatively influenced by recreational fishing
pressure, eutrophication from nutrient enrichment (Potter
and Hyndes, 1999), coastal development, vessel activities, and
pollution (Hugues-Dit-Ciles et al., 2012). Changes in the fish
communities in the shallows of the Leschenault Inlet have been

FIGURE 1 | Map of prey sampling sites within the Bunbury study area.

Trap sites are denoted with a circle, gillnet sites are denoted with a triangle,

and seine net sites are denoted with a rectangle. Sites span the lower reaches

of the Leschenault Estuary, the breadth of Koombana Bay (between the

Estuary and the coastal water), and the coastal waters (Ocean) outside of the

Bay (traps only).
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documented since the 1970s using small seine nets (Potter
et al., 2000; Veale et al., 2014). The major changes in the Inlet
include increases in species associated with warmer water and
macroalgae, which correspond to increasing sea temperatures
and macroalgal cover. Another recorded change has been a
reduction in the density of the longfinned goby Favonigobius
lateralis, a species negatively affected by increased siltation (Veale
et al., 2014). However, changes in the food quality of dolphin
prey, i.e., energy value, have not been investigated. Furthermore,
the local fish community has not been sampled with methods
other than seine nets since the 1970s and little information is
available on the fish communities in the adjacent coastal waters
(Potter et al., 2000; Veale et al., 2014).

We hypothesized that dolphin prey availability in different
regions of the Bunbury coastal waters would be greater in
the summer months when dolphin abundance is highest,
and would be greater in the Bay during the summer, as
adult female dolphin sightings are more concentrated in the
Bay during summer months (Smith et al., 2016). We also
hypothesized that energetically rich prey would be present year-
round to support the high energetic requirements of pregnant
and lactating females that appear to have high affinity to the
area.

This study sampled fish and invertebrate prey in three habitat
regions (Ocean, Bay, and Estuary) using three types of fishing
gear (gillnets, traps, and seine nets) across three summer seasons
and two winter seasons between the austral summer of 2008 and
austral winter of 2010. Potential dolphin prey were analyzed for
energy content to compare the relative quality and quantity of
prey between seasons and habitat regions.

MATERIALS AND METHODS

Study Area
The population of bottlenose dolphins in the Bunbury region,
approximately 180 km south of Perth, Western Australia, utilizes
the Leschenault Estuary (Estuary), Koombana Bay (Bay), and the
near shore coastal waters (Ocean) (Figure 1; Smith et al., 2013;
Sprogis et al., 2016a).

The Leschenault Estuary (Estuary) is approximately 13.8 km
long, 2.4 km at its widest point and has an average depth of
1.5m at the trap sites in its lower and middle reaches (Figure 1).
The upper estuary has an average depth of less than 1.5 m. The
Leschenault Estuary is an example of a reverse salinity gradient
system, particularly in the summer months when evaporation
leads to hypersaline conditions in the central and northern
zones of the estuary (Veale et al., 2014). Many of the fish
species that spawn and live in the greater Georgraphe Bay
region use the estuary as a nursery area (Potter et al., 2000;
Veale et al., 2014). Human impacts on the estuary and near
shore areas have been significant over the past century (Hillman
et al., 2000; Hugues-Dit-Ciles et al., 2012), including alteration
of hydrology, and enrichment from seasonal run-off (Potter
et al., 2000; Semeniuk et al., 2000) which has led to excessive
algae growth and lowered oxygen levels (Hugues-Dit-Ciles et al.,
2012). Increases in urban, agricultural, and industrial land use
have led to increases in contaminants into the estuary, which

have been further concentrated due to decreases in water input
(Hugues-Dit-Ciles et al., 2012).

Koombana Bay (Bay) is approximately 2.3 km long and 2.7 km
wide and is located between the Estuary and the coastal waters
of Geographe Bay (Figure 1). The hydrology, geomorphology,
and flora and fauna of the bay system have been impacted
through jetty construction, dredging, breaching of a peninsula
to allow boat access between the Bay and the Estuary, sea wall
construction, diversion of the Preston River, the construction and
deconstruction of a waste water pipeline, and land reclamation
and development (Hillman et al., 2000; Semeniuk et al., 2000).

The coastal waters (Ocean) stretch from the southern entrance
of Koombana Bay southward (Figure 1). The average depth of the
sampling sites along the coast was 10.3m and the substrate was a
mix of sand, rock, and macroalgae. The three sampling sites were
approximately 1 km from the low tide mark and spread across
a 5 km distance. South-western Australia is a region where tidal
fluctuations are generally less than 1m (i.e., microtidal estuaries
Potter and Hyndes, 1999; Tweedley et al., in press) and the lowest
annual tide is 0.08 m, while the highest annual tide is 1.16 m. The
near shore environment is relatively shallow (<15m deep).

South-western Australia has a Mediterranean climate with
distinct winter wet and summer dry seasons. The long-term,
average annual precipitation of Bunbury is 729.1mm, with the
majority of rain falling between June and August (Figure 2)
(Bureau of Australian-Bureau-of-Meterology, 2012). The average
summer air temperatures range from 13.4 to 29.7◦C and from 7
to 18.4◦C in winter.

Fish Sampling
Three sampling methods (beach seines, gillnets, and Antillean
Z-traps, e.g., Sheaves, 1992; Heithaus and Dill, 2002) were
used to catch fish and epibenthic invertebrates to provide data
on potential dolphin prey availability. These methods sample
different habitats and differ in their ability to sample different
species effectively, with the seine net used to sample shallow
waters, while the gillnet and Z-traps can be used to sample a
range of depths. Sampling was carried out in the Austral summer
(January to March) and winter months (June to September),
between the summer of 2008 and the winter of 2010 (Table 1).
No samples were collected in the winter of 2009.

The beach seine sampled fish in the shallow waters (<1.5m
deep) close to the shores of the Estuary and Bay, while the gillnets
and Z-traps were used to sample in deeper (1–13 m) and more
offshore waters. The gillnets were deployed in the Estuary and
Bay, whilst the Z-traps were used in all three sampling regions
(Figure 1).Within each sampling region, three sites were selected
for sampling prey (Figure 1). The sampling sites were spread
relatively evenly across the sampling region. In the Estuary, the
sampling sites were spread across the navigable waters of the base
and lower Estuary, which are described in Veale et al. (2014). No
sampling was carried out in the upper Estuary as it is too shallow
for vessels to transit. Sites in the Estuary and the southern site
in the Bay were in the same location as the long-term sampling
sites of the Department of FisheriesWestern Australia (see Potter
et al., 2000; Gaughan et al., 2006). The sites in the Ocean were
spread evenly along the coast at approximately 10–15m depth.
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FIGURE 2 | Total rainfall (mm) in Bunbury from 2008–2010. For this study summer constitutes the months of January-March. Winter constitutes the months of

June-September to coincide with sampling seasons. Mean monthly data 1995–2012. Numbers in brackets represent the total rainfall of the associated year, or annual

mean rainfall 1995–2012. Data courtesy of the Australian Bureau of Meteorology.

TABLE 1 | The total number of samples taken from each region by trap,

gillnet, and seine net during each sampling season (“summer” and

“winter”) between January 2008 and September 2010.

Region Trap Gillnet Seine Total

Ocean 45 (9) - (-) - (-) (9)

Bay 45 (9) 24 (6) 45 (9) (24)

Estuary 45 (9) 24 (6) 45 (9) (24)

Total 135 48 90 273

(27) (12) (18) (57)

The number of samples taken in each season is shown in parentheses. -, not sampled.

Three replicates were taken on separate days by both seining
and trapping at each site during each season and two replicates
were taken by gillnetting at each site (Table 1). Sampling days
were spread across the sampling season. The summer season
extended from January to mid-March corresponding to the
period when dolphins are most abundant in the area, while
the winter season extended from June through September when
fewer dolphins are present (Smith et al., 2013; Sprogis et al.,
2016a).

Beach Seine
The beach seine was 21.5m long, 1.5m high, and had 9mmmesh
size in the panels, and 3mm mesh in the 1.5m wide codend.
The seine was deployed in the Bay and Estuary following the
sampling protocol by Ayvazian et al. (2006). One end of the

seine was held by a person on the shore as the net was deployed
in an arc (semi-circle) by a second person wading through the
water before returning to the beach, encircling an area of 73.6
m2. The net was then hauled onto the beach, and the catch was
immediately placed in buckets of seawater, which were emptied
into large plastic bins. Each prey item was identified, counted,
measured, and weighed. All surviving fish were subsequently
released at the sampling site. Fish that did not survive were
bagged, frozen, and taken back to the laboratory for further
analysis. The beach seines catch fish in the path of the net and
are less effective for fish that are able to avoid the net by going
under the lead-line, over the float-line or swimming out of the
path of the net (Guest et al., 2003). Seine nets are, however,
effective at catching a variety of species and size classes (Dalzell,
1996).

Any dead fish that were not weighed and measured in the field
were counted, weighed, and measured in the lab after thawing.
When large numbers of a species were caught, a sub-sample of
at least 100 individuals was weighed and measured. The total
number of individuals was estimated by dividing the total weight
of the remaining fish by the mean weight of the sub-sampled fish.

Z-Trap
The Antillean Z-traps were constructed of stainless steel wire
mesh and measured approximately 1.1m long, 0.6m tall, and
0.6m wide. The traps were used to sample fish in all three
sampling regions and were baited with pilchard (Sardinops saga)
in two bait buckets suspended by cable ties within each trap. As
catch rates have been shown to decrease with long soak times
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(e.g., Whitelaw et al., 1991; Sheaves, 1995), the traps were left
to soak for 3 h during daylight. After soaking, the traps were
retrieved and the catch was transferred to buckets of seawater
until they were identified, measured, and counted. All surviving
animals were released at the site of capture. It was not possible
to accurately weigh fish on the research vessel, and fish were
released alive at the sampling site. Therefore, it was not possible
to obtain an accurate total biomass of fish captured with the traps.
Any fish that did not survive capture were taken back to the
laboratory and weighed. Weights were estimated when possible
using average length-weight ratios of the same species caught
in other regions of this study or by using length-weight curves
calculated for the species in other near-shore environments
in south-western Australia (Western-Australian-Department-of-
Fisheries, unpublished data). The Z-traps sample fish attracted
to bait, and under-represents planktivorous fish (Sheaves, 1992).
However, fish traps sample a wide range of species and size
classes and can be used to sample multiple habitats and locations
simultaneously. Fish traps can also be used at depths and in
structurally complex habitats inaccessible to net fishing (Sheaves,
1992, 1995). In other studies, Z-traps have captured species not
previously captured by net fishing in the same locations, and
therefore are useful as a complimentary method to sample a
wider range of species (Sheaves, 1992).

Gillnet
A multi-mesh monofilament gillnet was used to capture fish at
night in the mid-water column of the Bay and Estuary. Sampling
was carried out after sunset to capture diurnal or nocturnally-
active species and to limit the visibility of the gillnet to potential
dolphin prey. The ocean region was not sampled because of the
difficulty in navigating reef areas at night. The net was 120m long,
1.5m high and consisted of six 20m long panels of different mesh
size (38, 51, 63, 76, 89, and 102mm) to maximize the variety and
size range of fish captured. Floats were attached along the length
of the float line and weights were attached at each end of the
lead line to anchor the net in place while it soaked. Reflective
tape on the floats and dive flag buoys with flashing lights were
used at either end of the net to make it visible after sunset. The
gillnet was set perpendicular to the beach just prior to sunset and
left for 2–3 h before retrieval. Fish were taken out of the net as
it was retrieved and either placed in buckets of seawater or in a
seawater ice slurry. Fish that remained alive in the seawater were
identified, measured and released at the sampling site. Fish that
were placed in the ice slurry were transferred to bags according
to mesh size and taken back to the laboratory and frozen for later
identification, weighing, measuring, and counting. The research
vessel was anchored within 100m of the net for the duration
of the soak period, and the net scanned at 15min intervals to
assess the presence of large schools of fish and to ensure that
dolphins did not become entangled in the net. Gillnets can catch
a wide variety of species and sizes of fish, depending on the
mesh of the net (Dalzell, 1996), and have a comparable catch
rate to other passive nets such as trammel nets (Gray et al.,
2005).

Captured fish were identified, counted, measured (total
length), and wet weighed (g) using a Scout Pro SP 4001 scale.

Environmental and Biotic Measurements
The following physical and environmental variables were
recorded at the time of sampling: latitude and longitude, water
depth and water temperature, conductivity, pH, and other
measurements not used in the analyses presented here. The
location was recorded using a geographic positioning system
(Garmin GPS72). The water depth was measured using a depth
sounder (Raytheon Fish Finder L470) on the research vessel
or a graduated measuring stick. The conductivity, temperature,
and pH of the water were measured using a TPS Aqua-CP
conductivity-TDS-pH-Temperature meter.

Bomb Calorimetry
Prey Samples
The calorific value of 18 different fish species and one crustacean
was determined by bomb calorimetry, following the protocol
of the bomb calorimeter (Parr, 1969). Fish were selected for
bomb calorimetry that either were: (a) very abundant during
sampling or (b) were the largest species caught during the first
summer and winter sampling seasons. Species that were large
in size and most abundant were assumed to be the most likely
prey of dolphins (termed potential dolphin prey [PDP]), as they
would offer the most efficient exchange between energy exerted
while hunting and capturing the prey vs. energy gained through
ingestion. Other studies have found that species in the Families
Clupeidae, Scombridae, and Sciaenidae are commonly observed
items in the stomachs of bottlenose dolphins in other parts of
the world (Barros and Odell, 1990; Gannon and Waples, 2004;
Spitz et al., 2006; Santos et al., 2007). The energetic values for an
additional nine PDP species were estimated using related species
from published literature (seven species) and from this study
(two species).

Fish were wet weighed and then dried at 60◦C until their
weights remained constant (typically taking between 24 and 48
h). The dried fish for each species were then ground together in
three stages to obtain a fine powder of homogenized fish tissue.
The homogenized fish powder was pressed into 1 g pellets and
burned in the bomb calorimeter (Parr Instruments 1241 Oxygen
bomb calorimeter) with the aid of Parr 45C10 nickel-chromium
fuse wire. Water jacket temperatures were recorded prior to
firing the oxygen bomb and at one min intervals, until three
consecutive readings were stable (typically between 7 and 9min
following the ignition). The heat of combustion was calculated
by subtracting the initial temperature reading from the final
temperature reading and correcting for the length of fuse wire
that burned with the sample pellet. The bomb calorimeter was
standardized using benzoic acid powder of a known caloric
content (26,433.0± 0.0039 KJ/g). A minimum of three replicates
of each species were burned.

The calorific content of the tissues was calculated using the
following two formulas:

Benzoic acid standardization (Parr, 1969):

W = (H∗M+ e1 + e3)/T,where:

W = energy equivalent of the calorimeter (calories/degree
Celsius)
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H = heat of combustion of the standard benzoic acid sample
(calories/gram)
M=mass of the standard benzoic acid sample (grams)
T= net corrected temperature rise (degrees Celsius)
e1 = correction for heat of formation of nitric acid (calories)
e3 = correction for heat of combustion of the firing wire
(calories)
Gross heat of combustion:

Hg = (T∗W− e1 − e2 − e3)/m,where:

Hg = gross heat of combustion (calories/gram)
T= tf- ta
ta = temperature at time of firing (Celsius)
tf = final temperature (Celsius)
e2 = centimeters of fuse wire consumed in firing
W= energy equivalent of calorimeter (calories/degree Celsius)
m=mass of sample (grams).
The calories per gram of each species was multiplied by the
average dry weight for the fish and used to calculate an
average calorific value per fish for each species. The average
energy value per fish was then multiplied by the total number
of fish caught of that species to estimate the total number
of calories captured in each region and season by each
fishing method.

To estimate the calorific content of other species in this study,
energetic values were obtained from the literature and used
as a proxy for species caught in the study area. Calories were
converted to kilo joules (KJ) for value comparisons with other
studies. The average KJ/g wet weight (KJ∗g−1) from the proxy
species was multiplied by the average weight of the equivalent
species from the study to obtain an estimate of the mean KJ per
fish.

Analyses of Data
Seasonal and annual means and standard errors were calculated
for environmental parameters and the data on total fish biomass
and numbers, PDP biomass and numbers, and the number of
species.

A nested ANOVA was used to test for differences between
seasons and regions, with sites nested within regions (denoted
site(region)) for each prey capture method. The main factors
in these analyses were region, season, year, site(region), and
with the following interaction terms: year∗season, season∗region,
season∗site(region), site(region)∗year, and year∗season∗region.
The dependent variables tested were the total biomass (log10
transformed), total number of fish (log10 transformed for
seine only), and the number of species for each sampling
method. Dependent variables were transformed if the Levene’s
test for normality was significant (Levene, 1960). This type of
nested ANOVA design was also used to test for significant
differences in the PDP for biomass (log10 transformed), and
total number of known KJ of PDP species caught by each
method. Analyses were carried out using Statistica 10 (Statsoft,
2014).

RESULTS

Environment
Themonthly rainfall during the austral summermonths averaged
less than 5.3mm; while in the winter months, it was greater than
107mm per month (Figure 2). The wettest year of the study was
2008, with a total annual rainfall of 753.6mm; while the driest
year was 2010 (484.4mm), much drier than in either 2008 or 2009
(700.2mm), as well as the long-term annual average of 729.1mm
(Figure 2).

Themean salinity did not vary greatly among the three regions
in the summers from 2008 to 2010, ranging from about 34 to
35 across these regions (Figure 3A). The mean salinities in the
winter of 2008 in the Estuary (32) were lower than in the winter of
2010 (34), which coincided with much higher precipitation in the
winter of 2008 than 2010 (418.6mm compared with 290.2mm in
2010). Mean salinity varied by only 2.6 across all three regions
(Bay= 33–34.5; Estuary= 32.2–34.3; and Ocean= 31.9–34.2).

Fish Fauna
Overall Abundance and Biomass
A total of 45,729 fish and crustaceans from 35 families,
represented by 62 species of teleosts, two species of cephalopod,

FIGURE 3 | Mean salinity and water temperature. (A) The mean salinity

(±1 SE each season) at sampling sites in the Ocean, Bay, and Estuary (N = 9

for Ocean means, N = 24 for Bay and Estuary means). N.S. = Not Sampled.

(B) The mean daytime water surface temperature (±1 SE each season) at

sampling sites in the Ocean, Bay, and Estuary. (N = 9 for Ocean means,

N = 18 for Bay and Estuary means).
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two species of crustacean, and three species of elasmobranch
were captured from all sampling methods during this study
(Table 2). More than twice as many fish were captured in
summer (mean 12,079.5± 159.5) than in winter (7357.5± 342.2)
(comparing two summer and two winter seasons when all three
sampling methods were employed). Greater fish abundance was
recorded in the Estuary than the other regions (31,964 in the
Estuary, 13,601 in the Bay, and 164 in the Ocean). The most
abundant species caught was sandy sprat (Hyperlophus vittatus),
contributing 33.6% to the total numbers yet only 1% to the
total biomass. Weeping toadfish (Torquigener pleurogramma)
made the highest contribution to the total biomass (20%),
but constituted only 3.4% of the total numbers. Of the PDP
species, blue swimmer crab (Portunas armatus, 17%), trevally
(Pseudocaranx sp., 12%), tailor (Pomatomus saltatrix, 10%), and
Western Australian salmon (Arripis georgianus, 10%), were the
highest contributors to total biomass. A total of 54 species were
identified as PDP (Table 2).

The total biomass of fish caught during this study was
434.14 kg, with 90.39 kg from traps (Table 3), 230.87 kg from
gillnets (Table 4), and 85.56 kg from seine (Table 5). Both the
overall biomass (291.94 kg) and the PDP biomass (212.94 kg) in
the Estuary were twice as heavy as that in the Bay (Total =
131.15 kg; PDP = 119.94 kg). The biomass of PDP species made
up 78% of the total biomass caught. The biomass of fish caught
in traps from the Ocean was 11.05 kg. Weights were directly
obtained or estimated for 59% (n = 17) of the species captured in
the traps, which represented 97% (n = 1428) of the fish captured
by this method (Table 3).

The toadfish (Tetraodontidae) and crabs (Portunidae)
constituted a large portion of the total biomass captured in all
seasons and regions of this study (Table 2). Of the PDP, the
Portunidae, Pomatomidae (Pomatomus saltatrix), and Arripidae
(Arripis georgianus, A. truttaceus) made up the majority of the
biomass in the Estuary during the summer. The PDP species
caught in the Estuary in winter were dominated by the Arripidae,
followed by the Portunidae and Pomatomidae. The biomass
of PDP species caught in the Bay during the summer season
was more evenly divided among the Pomatomidae, Portunidae,
Sillaginidae (Sillago spp.), and others than the distribution of
biomasses in the Esturary. The biomass of PDP species caught in
the Bay during the winter season was dominated by Carangidae
(Pseudocaranx spp), followed by the Portunidae.

Variation in Mean Catches
Z-Traps
The mean total biomass of fish captured in traps was heaviest in
the Estuary in all seasons (Figure 4A). The mean biomass caught
in the Ocean and Bay were similar, with the exception of winter
2010, when the biomass was heavier in the Bay than the Ocean.
The mean biomass of fish in traps differed significantly between
seasons (p = 0.02) and among regions (p = 0.04; Table 6A).

In contrast to the total biomass, the mean biomass of PDP
species in the traps was lighter in the Estuary than in either the
Bay or the Ocean (Figure 4B). The mean biomass of PDP species
did not differ significantly between the Bay and Ocean, except
in winter 2010, when it was markedly heavier in the Bay. The

interaction of season and region was the only significant term in
the nested ANOVA of PDP biomass (p = 0.04; Table 6A).

The estimatedmean total KJ in traps followed a similar pattern
among regions and seasons (Figure 4C) to that for the biomass
of PDP species (Figure 4B). The season, season∗region, and the
year∗site(region) for the total KJ were all significant (p < 0.0001
for all three terms; Table 6A). When using a nested ANOVA
to compare the KJ of the trap catches among years in the
summer, the sites within the Estuary showed the most variation.
When testing annual differences across summer seasons, the
year*site(region) was significant (p < 0.0001; Table 7A).

Gillnet
In general, the mean biomass caught in gillnets was greater in
the Estuary than the Bay (Figure 5A), even for species caught
in both regions (mean ± 1SE per set for biomass in Estuary
= 7082 g ± 1599, Bay = 2538 g ± 1060). However, this
difference was not statistically significant, and none of the terms
in the nested ANOVA were significant for the total biomass in
gillnets (Table 6B). The mean biomass of PDP species showed a
virtually identical pattern to that for total biomass (Figure 5B,
Table 6B). In contrast to the total biomass and PDP biomass,
the KJ caught were not consistently greater in the Estuary than
the Bay (Figure 5C) and the KJ caught differed significantly
among regions and the season∗site(region) was also significant
(Table 6B): it was higher in the Bay than the Estuary in the winter
of 2008 but was lower in the Bay in the summers of 2009 and 2010
(Figure 5C).

In the seasonal analysis of the gillnet data, significant factors
were found only for the number of KJ caught (Table 6B) which
differed significantly between seasons (p < 0.0001) and the
season∗site(region) (p < 0.0001) was significant (Table 6B).
The number of KJ caught in the winter seasons were in general
higher than those in the summer (Figure 5C). The significant
interaction between season and site(region) were attributed to the
high variability of gillnet catch from 0 to 253 KJ per set between
sites, with the highest variability occurring within the Bay sites
during winter.

When comparing the KJ caught in summer seasons among
years, the site(region) and season*site(region) was significant
(p = 0.04 and p > 0.000, respectively; Table 7B). The number
of fish captured by gillnet between summers differed significantly
(p = 0.01) between regions (Table 7B). The site(region) termwas
significant for biomass of PDP (p = 0.05). For the analysis of
variation in KJs in winter seasons among years, the year*region
(p = 0.04) and year*site(region) (p > 0.000) were significant
(Table 8).

Beach Seine
The mean biomass per seine set was higher in the Estuary
than the Bay during the summer seasons, but in winter was
either similar or higher in the Bay than Estuary (Figure 6A).
The season*site(region) was significant for the biomass in seines
(p = 0.04; Table 6C). This is likely due to the high variability
of catch between sites and the much higher biomass caught in
the Estuary in the summer of 2008 than in any other season or
region (Figure 6A). In the annual analyses, for the three summer
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TABLE 2 | The proportional contribution to the total catch by biomass of each species caught by all sampling methods (z-traps, gillnet, and seine) in the

Bunbury region between January 2008 and September 2010.

Family Species Common name Proportion of biomass of catch

Finfish *Apogonidae #Ostorhinchus rueppellii Western gobbleguts 0.01

*Arripidae #Arripis georgianus Australian herring 0.06

#Arripis truttacea Western Australian salmon 0.10

*Atherinidae Atherinomorus vaigiensis Common hardyhead 0.01

#Leptatherina presbyteroides Silverfish 0.01

Atherinosoma elongata Elongate hardyhead < 0.01

*Carangidae #Pseudocaranx spp Trevally 0.12

#Trachurus novaezelandiae Yellowtail scad < 0.01

Cheilodactylidae Dactylophora nigricans Dusky morwong < 0.01

*Clupeidae Etrumeus teres Maray < 0.01

#Hyperlophus vittatus Sandy sprat 0.01

#Nematolosa vlaminghi Perth herring < 0.01

#Sardinella lemuru Scaly mackerel < 0.01

#Sardinops neopilchardus Australina sardine < 0.01

#Spratelloides robustus Blue sprat < 0.01

*Engraulidae #Engraulis australis Australian anchovy < 0.01

*Gerreidae Gerres subfasciatus Common silverbiddy < 0.01

Parequula melbournensis Silverbelly < 0.01

*Gobiidae Nesogobius spp Opalescent goby < 0.01

Arenigobius bifrenatus Bridled goby < 0.01

Callogobius depressus Flathead goby < 0.01

Callogobius mucosus Sculptured goby < 0.01

Favonigobius lateralis Southern longfin goby < 0.01

*Gonorynchidae #Gonorynchus greyi Beaked salmon < 0.01

*Hemiramphidae Hyporhamphus melanochir Southern garfish < 0.01

*Monacanthidae Acanthaluteres

spilomelanurus

Bridled leatherjacket < 0.01

Scobinichthys granulatus Rough leatherjacket < 0.01

Meuschenia freycineti Six-spine leatherjacket < 0.01

*Mugilidae #Mugil cephalus Sea mullet 0.01

#Aldrichetta forsteri Yelloweye mullet 0.03

Mullidae Upeneichthys vlamingii Blue spotted goatfish < 0.01

Muraenidae Gymnothorax woodwardi Woodwards moray N.M.

Neosebastidae Neosebastes pandus Gurnard perch N.M.

*Odacidae Haletta semifasciata Blue weed whiting < 0.01

Siphonognathus radiatus Long ray weed whiting < 0.01

*Paralichthyidae Pseudorhombus jenynsii Small toothed flounder < 0.01

*Platycephalidae Platycephalus chauliodous Large toothed flathead < 0.01

Platycephalus laevigatus Rock flathead < 0.01

Platycephalus marmoratus Marbled flathead < 0.01

#Platycephalus speculator Southern blue spotted

flathead

< 0.01

*Plotosidae #Cnidoglanis macrocephalus Estuary cobbler 0.01

*Pomatomidae #Pomatomus saltatrix Tailor 0.10

Scorpididae Scorpis georgiana Banded sweep < 0.01

*Serranidae Acanthistius pardalotus Leopard wirrah < 0.01

*Sillaginidae #Sillaginodes punctatus King george whiting 0.01

#Sillago bassensis Southern school whiting 0.01

#Sillago burrus Trumpeter whiting < 0.01

#Sillago vittata Western school whiting < 0.01

(Continued)
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TABLE 2 | Continued

Family Species Common name Proportion of biomass of catch

#Sillago schomburgkii Yellowfin whiting 0.01

*Sparidae Acanthopagrus butcheri Blackbream 0.01

#Rhabdosargus sarba Tarwhine < 0.01

Pagrus auratus Pink snapper < 0.01

Sphyraenidae Sphyraena novaehollandiae Snook < 0.01

Syngnathidae Stigmatopora argus Spotted pipefish < 0.01

Filicampus tigris Tiger pipefish < 0.01

*Terapontidae #Pelsartia humeralis Sea trumpeter < 0.01

#Pelates octolineatus Western striped grunter 0.02

Amniataba caudavittata Yellowtail grunter < 0.01

Tetraodontidae Contusus brevicaudus Prickly toadfish < 0.01

#Torquigener pleurogramma Weeping toadfish 0.20

Tetrarogidae Gymnapistes marmoratus Soldier < 0.01

Centropogon latifrons Western fortescue < 0.01

Cephalopods *Octopodidae Grimpella thaumastocheir Velvet octopus N.M.

Octopus spp. octopus N.M.

Crustaceans *Portunidae #Portunus pelagicus Blue swimmer crab 0.17

Ovalipes australiensis Common sand crab 0.08

Elasmobranchs Myliobatidae Myliobatis australis Southern eagle ray N.M.

Squatinidae Squatina australis Australian angel shark N.M.

Urolophidae Trygonoptera mucosa Western shovelnose stingray N.M.

*By family name denotes families that are considered to contain species of potential dolphin prey (PDP). Families considered PDP have been observed as bottlenose dolphin prey through

either direct observation, or have been present in the stomachs of dolphins. #Denotes species with known energy values. The percentage biomass of catch reflects the proportion each

species contributed to the total catch using all fishing methods during the entire sampling period.

TABLE 3 | Proportion contribution of each species to the total catch in traps by biomass (g) and numbers, and the rank by biomass in the Ocean, Bay,

and Estuary.

Species Proportion of total Rank by biomass Mean Mass (g) Mean Total Length (mm) Size Range (mm)

Biomass Numbers Ocean Bay Estuary Min Size Max Size

Torquigener pleurogramma 74% 78% 2 1 59.8 156.7 115 204

Portunas pelagicus 16% 7% 1 3 2 134.1 118.8 51 185

Ovalipes australiensis 7% 2% 4 1 5 238.3 101.8 75 191

Sillago bassensis 3% 7% 2 4 23.8 142.8 81 195

Pelates octolineatus 1% 1% 3 5 62.8 170.5 128 224

Upeneichthys vlamingii <1% <1% 5 81.2 178.0 178 178

Pagrus auratus <1% <1% 7 15.2 104.0 104 104

Parequula melbournensis <1% 2% 6 10.9 95.9 70 127

Pseudocaranx spp <1% <1% 4 9.8 95.0 95 95

Ostorhinchus reuppellii <1% 1% 3 4.3 65.0 56 82

Callogobius depressus N.M. <1% N.M. 120.0 120 120

Octopus sp. N.M. <1% N.M. N.M. N.M. N.M.

Scobinichthys granulatus N.M. 1% N.M. 97.3 49 171

Meuschenia freycineti N.M. <1% N.M. 220.0 220 220

Grimpella thaumastocheir N.M. <1% N.M. 280.0 280 280

Gymnothorax woodwardi N.M. <1% N.M. 300.0 300 300

Total biomass (g) 90,388 11,046 14,919 64,424

Total catch 1428 164 191 1073

Total number of species 11 6 5

The total biomass, numbers and number of species caught is shown for each region. N.M. = not measured. Species are presented in order of highest to lowest total biomass captured.

Not all fish caught by trap were weighed or had their weights estimated due to lack of length-weight ratios for all species. Portunas species length refers to carapace length.
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TABLE 4 | Proportion contribution of each species to the total catch in gillnets by biomass (g) and numbers, and the rank by biomass in the Bay, and

Estuary.

Species Proportion of total Rank by biomass Mean Mass (g) Mean Total Length (mm) Size Range (mm)

Biomass Numbers Bay Estuary Min Size Max Size

Pseudocaranx spp 21% 32% 1 5 77.6 178.1 113 280

Pomatomus saltatrix 18% 14% 3 2 153.5 238.7 132 386

Arripis truttaceus 18% 7% 1 287.7 297.2 231 338

Portunus pelagicus 17% 19% 2 3 104.6 107.2 17 258

Arripis georgianus 11% 9% 4 142.0 223.5 139 295

Cnidoglanis macrocephalus 3% 1% 6 343.8 381.8 290 573

Torquigener pleurogramma 2% 4% 7 7 63.1 157.3 123 195

Pelates octolineatus 2% 5% 4 10 45.8 153.4 102 195

Acanthopagrus butcheri 2% <1% 8 529.9 304.4 280 350

Sillago schomburgkii 1% 2% 9 96.9 231.0 181 334

Aldrichetta forsteri 1% 1% 11 128.2 239.9 152 311

Sillaginodes punctatus 1% 1% 12 89.1 245.7 227 268

Nematolosa vlaminghi 1% <1% 13 175.0 248.7 213 273

Mugil cephalus <1% 1% 14 70.1 203.6 152 248

Sillago bassensis <1% <1% 6 23 53.8 183.3 81 297

Neosebastes scarpaenoides <1% <1% 5 481.3 287.0 287 287

Platycephalus speculator <1% <1% 15 227.4 345.7 307 385

Hyporhamphus melanochir <1% <1% 16 143.9 369.3 347 408

Gonorynchus greyi <1% <1% 17 104.9 287.0 280 300

Ovalipes australiensis <1% <1% 9 19 169.1 92.5 80 105

Platycephalus laevigatus <1% <1% 18 258.6 348.0 348 348

Platycephalus orbitalis <1% <1% 20 61.1 232.3 213 249

Meuschenia freycineti <1% <1% 21 165.9 211.0 211 211

Sphyraena novaehollandiae <1% <1% 22 160.4 313.0 313 313

Sillago burrus <1% <1% 10 24 52.0 179.7 177 183

Sardinops neopilchardus <1% <1% 8 56.7 191.5 190 193

Pseudorhombus jenynsii <1% <1% 13 25 41.1 157.0 136 178

Sardinella lemuru <1% <1% 11 54.7 196.0 196 196

Trachurus novaezelandiae <1% <1% 12 45.3 166.0 166 166

Gymnapistes marmoratus <1% <1% 26 33.7 113.0 113 113

Pagrus auratus <1% <1% 14 24.5 112.0 112 112

Rhabdosargus Sarba <1% <1% 27 2.7 146.8 142 155

Etrumeus teres NM <1% NM 188.5 174 203

Gerres subfasciatus NM <1% NM NM NM NM

Myliobatis australis NM <1% NM NM 227 268

Squatina australis NM <1% NM NM 287 287

Total biomass (g) 230,872.5 60,900.8 169,971.7

Total catch 1973 807 1166

Total number of species 18 29

The total biomass, numbers and number of species caught is shown for each region. N.M. = not measured. Species are presented in order of highest to lowest total biomass captured.

Not all fish caught by gillnet were weighed or had their weights estimated due to lack of length-weight ratios for all species. Portunas species length refers to carapace length.

seasons, the interaction of year*site(region) was significant (p <

0.0001; Table 7C). The highest summer variability occurred
across the Estuary sites (see SE bars on Figure 6A).

Like total biomass, mean biomass of PDP species in seines
was highest in the Estuary during the summer seasons, but
lower than in the Bay in the winter seasons (Figure 6B). The
year∗site(region) was significant for seasonal analyses (p = 0.03;
Table 6C) and annual analyses (p < 0.0001; Table 7C). Again
this is likely due to the high variability of catch among sites,
particularly in the summer months, as well as the higher overall

biomass caught in 2008 than in 2010. The PDP biomass was less
variable in the Estuary than the overall biomass, yet more variable
in themiddle Bay site due to the significantly higher catch in 2008
than the other summers.

In contrast to PDP biomass, the mean KJ caught per seine was
higher in the Estuary in all seasons and years (Figure 6C). The
KJ caught was higher in winter than in summer 2010, despite
the fact that the biomass of PDP was higher in the summer
of that year (Figures 6B,C). The year∗season (p < 0.0001),
season∗site(region) (p < 0.0001), year∗site(region) (p < 0.0001),
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TABLE 5 | Proportion contribution of each species to the total catch in seine nets by biomass (g) and numbers, and the rank by biomass in the Bay, and

Estuary.

Species Proportion of total Rank by biomass Mean Mass (g) Mean Total Length (mm) Size Range (mm)

Biomass Numbers Bay Estuary Min Size Max Size

Portunas pelagicus 22% 1% 9 1 75.8 97.7 27 195

Torquigener pleurogramma 18% 1% 3 2 1.5 141.2 20 244

Aldrichetta forsteri 11% 5% 2 3 4.9 72.3 21 311

Atherinomorus vaigiensis 7% 5% 1 14 3.2 45.9 4 166

Hyperlophus vittatus 5% 36% 4 9 0.3 34.5 14 72

Leptatherina presbyteroides 5% 19% 13 4 0.6 43.0 5 98

Pelates octolineatus 4% 2% 34 5 5.2 49.4 3 235

Sillaginodes punctatus 3% 1% 16 6 8.0 103.5 26 232

Sillago schomburgkii 3% <1% 6 13 50.3 182.7 72 290

Ostorhinchus reuppellii 3% 10% 7 1.4 33.6 10 74

Sillago bassensis 2% 1% 5 30 6.0 68.8 23 378

Mugil cephalus 2% <1% 23 8 13.6 103.4 52 204

Rhabdosargus sarba 2% <1% 11 10 23.3 108.9 74 221

Contusus brevicaudus 2% 2% 7 28 1.9 34.7 23 81

Favonigobius lateralis 1% 9% 27 11 0.3 35.5 3 82

Sillago burrus 1% <1% 20 12 7.2 63.1 3 171

Hyporhamphus melanochir 1% 1% 8 3.7 127.1 88 200

Gerres subfasciatus 1% <1% 12 17 17.8 103.9 21 142

Ovalipes australiensis 1% <1% 10 41.7 72.2 28 150

Pseudohombus jenynsii 1% <1% 17 16 7.8 72.1 16 244

Atherinosoma elongata <1% 2% 15 0.6 41.9 22 66

Pelsartia humeralis <1% <1% 14 35 7.2 59.8 15 156

Arripis georgianus <1% <1% 15 13.4 82.2 21 137

Nesogobius spp. <1% 2% 18 0.3 35.2 17 99

Arripis truttacea <1% <1% 22 24 45.5 53.3 40 107

Gobiidae spp <1% 2% 19 0.2 29.7 7 115

Amniataba caudavittata <1% <1% 20 11.3 65.1 25 131

Gymnapistes marmoratus <1% <1% 30 21 1.3 40.1 8 90

Arenigobius bifrenatus <1% <1% 22 4.3 85.1 46 140

Pseudocaranx spp <1% <1% 23 19.2 112.3 87 135

Platycephalus marmoratus <1% <1% 18 1.3 56.1 29 126

Trygonoptera mucosa <1% <1% 19 132.0 25.0 23 29

Sillago vittata <1% <1% 25 0.6 150.0 140 161

Pomatomus saltrix <1% <1% 21 31 2.2 56.1 38 140

Acanthistius pardalotus <1% <1% 26 0.5 29.4 17 70

Cnidoglanis macrocephalus <1% <1% 24 29 3.6 77.5 36 129

Dactylophora nigricans <1% <1% 27 38.0 142.0 142 142

Haletta semifasciata <1% <1% 26 33 5.5 92.7 86 106

Platycephalus speculator <1% <1% 25 15.7 146.0 146 146

Siphonognathus radiatus <1% <1% 28 7.8 105.0 105 105

Sillago spp. <1% <1% 32 32 0.1 26.2 10 40

Spratelloides robustus <1% <1% 29 0.6 47.9 36 67

Platycephalus chauliodous <1% <1% 31 0.5 43.7 32 68

Stigmatopora argus <1% <1% 36 34 0.2 87.9 44 124

Callogobius mucosus <1% <1% 36 1.5 55.0 55 55

Centropogon latifrons <1% <1% 37 2.0 46.0 46 46

Engraulis australis <1% <1% 33 0.3 41.0 37 43

Scorpis georgiana <1% <1% 35 1.0 40.0 40 40

Acanthaluteres spilomelanurus <1% <1% 37 0.1 19.0 19 19

Filicampus tigris <1% <1% 38 0.1 47.0 47 47

Total biomass (g) 85,558 28,590 56,968

Total catch 42,328 12,603 29,725

Total number of species 37 38

The total biomass, numbers and number of species caught is shown for each region. Species are presented in order of highest to lowest total biomass captured. Portunas species

length refers to carapace length.
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FIGURE 4 | Mean biomass (±1 SE) of prey caught per trap for (A) total biomass; (B) biomass of PDP; and (C) KJ per trap in the Ocean, Bay, and

Estuary. N.S. = Not Sampled.
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TABLE 6 | Summary of the results of nested ANOVAs to test for seasonal differences in the biomass, PDP biomass, KJ, number of fish, and number of

species caught in (A) traps, (B) gillnets, and (C) seine nets between seasons, years and among regions and sites within region.

Factor df Error df Biomass (log10) Biomass PDP (log10) KJ (log10) Number of Fish Number of Spp

MS F P MS F P MS F P MS F P MS F P

(A) TRAPS

Season 1 6 15.16 9.24 0.02 0.62 0.16 0.70 2.03 63.40 0.00 1213.37 9.71 0.02 3.70 8.89 0.02

Region 2 6 45.90 5.68 0.04 21.65 3.14 0.12 0.02 0.07 0.93 2837.01 23.89 0.00 0.18 0.40 0.68

Year 1 6 0.17 0.04 0.85 0.25 0.04 0.85 0.00 0.00 0.97 286.81 8.44 0.03 0.00 0.00 1.00

Site(region) 6 2 8.08 2.64 0.27 6.89 1.15 0.47 0.49 0.31 0.91 118.76 2.15 0.47 0.44 0.89 0.62

Year*Season 1 78 2.46 0.78 0.38 10.33 2.59 0.11 0.00 0.00 0.96 156.48 1.51 0.22 0.15 0.21 0.65

Season*Region 2 6 4.60 2.81 0.14 27.79 7.20 0.03 1.38 47.52 0.00 481.95 3.86 0.08 3.40 8.16 0.02

Region*Year 2 6 0.23 0.05 0.95 1.08 0.18 0.84 0.00 0.00 1.00 344.90 10.15 0.01 0.03 0.04 0.96

Season*Site(region) 6 78 1.64 0.52 0.79 3.86 0.97 0.45 0.00 0.01 1.00 124.98 1.20 0.31 0.42 0.60 0.73

Site(region)*Year 6 78 4.57 1.45 0.21 6.14 1.54 0.18 1.61 23.93 0.00 33.98 0.33 0.92 0.77 1.10 0.37

Year*Season*Region 2 78 2.77 0.88 0.42 0.78 0.20 0.82 0.00 0.01 0.90 328.18 3.16 0.05 1.62 2.33 0.10

Error 78 3.15 3.98 0.07 103.74 0.70

(B) GILLNET

Season 1 4 1.33 0.70 0.45 1.33 0.70 0.45 19.50 32.82 0.00 8348 5.89 0.07 27.00 4.98 0.09

Region 1 4 24.08 4.08 0.11 24.08 4.08 0.11 5.33 2.20 0.21 2685 1.46 0.29 120.33 6.75 0.06

Site(region) 4 4 5.90 3.11 0.15 5.90 3.11 0.15 3.24 4.19 0.10 1835 1.29 0.40 17.83 3.29 0.14

Season*Region 1 4 0.08 0.04 0.84 0.08 0.04 0.84 0.37 0.62 0.47 4200 2.96 0.16 4.08 0.75 0.43

Season*Site(region) 4 36 1.90 0.72 0.58 1.90 0.72 0.58 0.77 9.97 0.00 1417 0.83 0.52 5.42 1.10 0.37

Error 36 2.64 2.64 0.08 1710 4.93

(C) SEINE

Season 1 4 7.35 2.54 0.19 7.35 6.01 0.07 100.16 4.48 0.10 0.01 0.02 0.89 147.35 5.53 0.08

Region 1 4 7.35 4.72 0.10 8.68 3.63 0.13 56.80 0.94 0.38 25.68 6.53 0.06 224.01 4.03 0.12

Year 1 4 0.13 0.06 0.81 0.68 0.17 0.70 0.03 0.01 0.91 1.68 0.91 0.39 23.35 1.72 0.26

Site(region) 4 5 1.56 0.41 0.80 2.39 0.63 0.67 415.49 3.96 0.07 3.93 2.32 0.26 55.64 1.54 0.31

Year*Season 1 52 0.35 0.33 0.57 1.12 0.80 0.38 41.95 106.74 0.00 0.13 0.17 0.68 0.01 0.00 0.95

Season*Region 1 4 0.01 0.00 0.95 1.68 1.38 0.31 7.86 0.35 0.58 0.68 1.14 0.35 25.68 0.96 0.38

Region*Year 1 4 4.01 2.06 0.22 1.68 0.42 0.55 7.34 3.98 0.09 7.35 3.98 0.12 55.12 4.05 0.11

Season*Site(region) 4 52 2.89 2.76 0.04 1.22 0.87 0.49 141.86 360.93 0.00 0.60 0.80 0.53 26.64 6.45 0.00

Site(region)*Year 4 52 1.94 1.86 0.13 3.97 2.81 0.03 35.67 90.76 0.00 1.85 2.47 0.06 13.61 3.29 0.02

Year*Season*Region 1 52 1.12 1.07 0.30 1.68 1.19 0.28 37.49 95.38 0.00 0.35 0.46 0.50 0.01 0.00 0.95

Error 52 1.05 1.41 0.39 0.75 4.13

df, degrees of freedom; MS, mean square. Bolded probabilities indicate probabilities of <0.05. For traps and seine nets summer and winter data included 2008 and 2010. For gillnets

summer data included 2009 and 2010; winter data included 2008 and 2010.

and the year∗season∗region (p < 0.0001) interactions were all
significant for KJ per seine net (Table 6C). Season accounted for
the greatest proportion of variation in this analysis due to the
large difference in seasonal energy catch in 2008, which was also
the year of high variability in the catch between regions. For the
annual analyses of KJ per net, year (p = 0.04) and the year∗site
within region (p < 0.0001) interaction were both significant
(Table 7C).

Energy Content
The 19 species selected for bomb calorimetry represented 39%
of the seine catches (n = 42.328), 88% of the trap catches
(n = 1428), and 97% of the gillnet catches (n = 1973). The
energy density of crabs and fish ranged from 2.63 KJ g−1 for Blue
swimmer crab (Portunus armatus) to 12.83 KJ g−1 for Western
striped grunter (Pelates octolineatus). The average size of each

species was used to convert the energy density to a calorific value
for whole fish which ranged from 1.81 KJ for Australian anchovy
(Engraulis australis) to 2073 KJ for Western Australian salmon
(Arripis truttacea) (Table 9). The two species that were captured
and analyzed for calorific content in both winter and summer
did not show a consistent pattern of variation in calorific content
between seasons. The energy value of King George whiting
(Sillaginodes punctatus) differed by only 4% between summer and
winter, while P. armatus had nearly double the energy content
per gram in winter (3.68 KJ g−1) than summer (1.58 KJ g−1). The
molt stage of individual P. armatus was not determined and this
could have had a significant impact on the energy density of those
individuals.

A higher proportion of the fish with the highest energy density
(i.e., >12 KJ g−1) were caught in gillnets in the Bay than in the
Estuary in both the summer and winter seasons. While a higher
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TABLE 7 | Summary of the results of nested ANOVAs to test for annual differences across summer seasons in the biomass, PDP biomass, KJ, number of

fish, and number of species caught in (A) traps, (B) gillnets, and (C) seine nets between years and among regions and sites within region.

Factor df Error df Biomass (log10) Biomass PDP (log10) KJ (log10) Number of Fish Number of Spp

MS F P MS F P MS F P MS F P MS F P

(A) TRAPS

Year 2 12 3.05 0.72 0.51 4.09 0.65 0.54 0.1177 602.95 0.90 894.93 1.65 0.23 0.48 1.07 0.37

Region 2 6 27.31 3.42 0.10 4.53 0.56 0.60 1.1503 0.11 0.19 3174.78 6.88 0.03 1.59 2.08 0.21

Site(region) 4 12 1.44 0.34 0.85 8.04 1.28 0.34 0.5885 2.43 0.83 847.04 1.56 0.25 0.69 1.52 0.26

Year*Region 6 12 7.98 1.88 0.17 1.23 0.20 0.94 0.1000 0.45 0.98 461.37 0.85 0.56 0.77 1.70 0.20

Year*Site(region) 12 54 4.23 1.23 0.29 6.28 1.56 0.13 1.3824 0.08 0.00 543.24 0.99 0.47 0.45 0.79 0.65

Error 54 3.43 4.01 0.1168 11.83 550.73 0.57

(B) GILLNET

Year 1 4 1.50 0.27 0.63 1.50 0.27 0.63 0.301 2.31 0.17 8.17 0.04 0.86 2.04 0.28 0.62

Region 1 4 10.67 4.13 0.11 10.67 4.13 0.11 0.566 0.69 0.45 6800.67 16.77 0.01 40.04 5.59 0.08

Site(region) 4 4 2.58 0.46 0.76 2.83 0.46 0.76 1.915 7.75 0.04 405.42 1.77 0.30 7.17 1.00 0.50

Year*Region 1 4 0.67 0.12 0.75 0.67 0.12 0.75 0.114 0.88 0.38 42.67 0.19 0.69 0.04 0.01 0.94

Year*Site(region) 4 12 5.58 1.72 0.21 5.58 1.72 0.21 0.247 5.12 0.00 228.42 0.47 0.76 7.17 1.50 0.26

Error 12 3.25 3.25 0.048 483.58 4.79

(C) SEINE

Year 2 8 0.06 0.04 0.97 0.35 0.10 0.91 73.76 4.64 0.04 2.08 1.55 0.27 9.50 0.68 0.53

Region 1 4 4.03 2.94 0.16 8.66 4.73 0.10 13.10 1.53 0.28 9.87 6.14 0.07 298.69 3.00 0.16

Site(region) 4 8 1.37 0.83 0.54 1.83 0.53 0.72 171.36 1.55 0.28 1.61 1.20 0.38 99.48 7.16 0.01

Year*Region 2 8 0.69 0.42 0.67 0.28 0.08 0.92 5.99 0.38 0.70 3.10 2.31 0.16 13.35 0.96 0.42

Year*Site(region) 8 36 1.64 3.78 0.00 3.44 4.98 0.00 140.48 411.90 0.00 1.34 3.14 0.01 13.90 3.29 0.01

Error 36 0.43 0.69 0.34 0.43 4.22

df, degrees of freedom; MS, mean square. Bolded probabilities indicate probabilities of <0.05. For traps and seine nets summer data included 2008, 2009 and 2010. For gillnets

summer data included 2009 and 2010.

biomass of PDP species were caught in the Estuary than the Bay,
higher energy value fish appear to occur in the Bay habitat. A
higher proportion of the highest energy density fish were caught
in the winter than the summer, which corresponds to the higher
biomass in the winter months in the Bay (Figure 5C). The Bay
had the highest proportion of the highest energy density fish (84%
of the catch), which can be largely attributed to the prevalence of
Carangidae species (trevally), which had the 3rd highest KJ/fish
of all the fish tested.

The seine catch was dominated by species of low calorific
value (<4 KJ g−1), with the exception of the species captured
in the Bay during the winter, which had species of both low
and medium calorific value (4–6 KJ g−1). The medium value
fish were primarily yellow eye mullet (Aldrichetta forsteri).
Like the fish captured using the gillnet, higher energy value
species were caught in the Bay than the Estuary and winter
months had a higher proportion of higher energy fish than the
summer months.

DISCUSSION

Understanding predator-prey dynamics is crucial for managing
both predator and prey populations. Inferring prey availability
from abundance estimates has been the most commonly used
method in the marine environment (e.g., Fauchald and Erikstad,
2002; Reilly et al., 2004). However, the nutritional value of prey

may be a more critical component of prey value and therefore
an important component of any investigation into foraging
ecology. In this study, a concomitant increase in abundance of
prey was predicted to coincide with the increase in abundance
of bottlenose dolphins during summer months off Bunbury,
Western Australia (Smith et al., 2013; Sprogis et al., 2016a). The
results of prey sampling indicated a higher abundance of prey in
the summer seasons, however, the overall biomass and energy
density of prey documented were higher in the winters, when
fewer dolphins were present, but a time when dolphin mothers
and calves remain in the area.

Seasonal and Regional Prey Distribution
The results from sampling potential dolphin prey (PDP) by trap,
gillnet, and seine net showed that the patterns of variation in fish
abundance, biomass, and energy varied by capture method. As
hypothesized, the seine net caught a greater total PDP biomass
in the summer than winter seasons. While the numbers of fish
caught in seines were higher in the summer, the mean sizes of the
most commonly occurring fish were relatively small (<50mm
total length), indicating that dolphins would need to consume
high numbers of fish to meet their energetic requirements.
Conversely, the trap and gillnet caught more total and PDP
biomass in the winter than summer months, which was not
expected.
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FIGURE 5 | Mean biomass (±1 SE) caught per gillnet set for (A) total biomass; (B) biomass of PDP; and (C) KJ per gillnet in the Bay, and Estuary.

N.S. = Not Sampled.
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TABLE 8 | Summary of the results of nested ANOVAs to test for annual differences across winter seasons in the biomass, PDP biomass, KJ, number of

fish, and number of species caught in gillnets between years and among regions and sites within region.

Factor df Error df Biomass (log10) Biomass PDP (log10) KJ (log10) Number of Fish Number of Spp

MS F P MS F P MS F P MS F P MS F P

Year 1 4 0.17 0.21 0.67 0.17 0.21 0.67 0.06 0.19 0.68 84.37 0.02 0.91 0.38 0.06 0.82

Region 1 4 13.50 2.59 0.18 13.50 2.59 0.18 0.08 0.15 0.72 84.38 0.03 0.87 84.38 5.25 0.08

Site(Region) 4 4 5.21 6.58 0.05 5.21 6.58 0.05 2.75 2.03 0.26 2846.33 0.53 0.72 16.08 2.54 0.19

Year*Region 1 4 0.17 0.21 0.67 0.17 0.21 0.67 1.98 6.39 0.04 3432.04 0.64 0.47 7.04 1.11 0.35

Year*Site(Region) 4 12 0.79 0.34 0.85 0.79 0.34 0.85 1.35 16.47 0.00 5386.33 2.17 0.13 6.33 1.35 0.31

Error 12 2.33 2.33 0.08 2476.62 4.71

df, degrees of freedom; MS, mean square. Bolded probabilities indicate probabilities of <0.05. Data from winter seasons 2008 and 2010.

Summer
In the summer months, the number of prey, as well as the total
and PDP biomass caught by the seine and gillnet was highest in
the Estuary, which does not match the density of adult female
dolphin sightings fromMarch 2007 to February 2010, which were
highest in the Estuary in the winter (Smith et al., 2016). Themean
number of PDP species caught per trap was highest in the Ocean
region in the summer months, which was not sampled using the
seine or the gillnet.

Winter
In winter months, the gillnet, which sampled larger fish than
the seine, caught the highest PDP biomass in the Estuary, which
corresponds to the time of higher density of female and calf
dolphin sightings in the Estuary (Smith et al., 2016). The seine
net had higher catch rates in the Bay in the winter. Likewise, the
abundance of PDP species caught by the traps and the gillnet in
the Bay was highest in the winter. The density of adult female
dolphin sightings were relatively high in both the Bay and Estuary
in the winter compared to the summer season, when sightings
were concentrated in the Bay (Smith et al., 2016).

Sub-Regions
A comparison between the microhabitats where dolphins forage
might be more informative than looking at broad regions
alone. A better understanding of microhabitats used for dolphin
foraging is important in making informed decisions that impact
the microhabitats, such as vessel anchorage, fishing activities,
and dredging (Pirotta et al., 2013; Todd et al., 2014). Eierman
and Connor (2014) found that bottlenose dolphins in Shark
Bay, Australia, foraged preferentially on boundary microhabitats,
which were transition areas between seagrass and sand habitats.
Barros and Wells (1998) found that bottlenose dolphins along
the Gulf coast of Florida foraged predominately over seagrass
beds and the majority of their stomach contents consisted of
prey species associated with seagrass habitats. In Sarasota Bay,
Florida, males foraged predominately on species associated with
seagrass beds, while females displayed more individual variation
in foraging habits (Rossman et al., 2015a,b). In another study in
Sarasota Bay, dolphins selected species associated withmangrove,
sandflat, and open bay habitats indicating that there is variability
in foraging tactics within a population (McCabe et al., 2010).
In the Bunbury region, it has been shown that dolphins rest

over sandy substrate and use reef areas for all other behaviors,
including foraging (Smith, 2012). Sprogis (2015) found that the
benthic association patterns of T. aduncus in this region were
sex specific, as seen in Florida. It would be informative to look
at the relative availability of seagrass and reef associated prey
and compare this to the information on dolphin diets for this
population (McCluskey et al., Murdoch University, unpublished
data).

Distribution of Predator and Prey
The distribution of dolphins does not match the distribution of
prey in the summer months because a higher biomass of PDP
and higher proportion of energy-rich prey were caught in the
Estuary, rather than the Bay where sightings of adult female
dolphins are concentrated in that season (Smith et al., 2016). In
summer, dolphins may utilize the Estuary for foraging at night
when the water temperature lowers and the risk of predation
by sharks decreases. Sharks have been documented to cause
injury to dolphins in the study area (Sprogis et al., 2016b).
Heithaus and Dill (2002) found that T. aduncus group size and
distribution was influenced by the predation risk to tiger sharks
(Galeocerdo cuvier) as well as prey availability. Specifically, they
found that dolphins in Shark Bay made a trade-off between
prey availability and predation risk. Dolphins avoided shallow
habitats where prey was more abundant during the warmer
months when shark densities were highest, and predation risk
was high due to the decreased echolocation efficiency and poor
visual detection of sharks due to turbidity and camouflage
in the sea grass. Dolphins in the current study utilized the
Estuary habitat more in the winter months than in the summer,
despite the higher biomass of prey in the summer. This is
possibly due to the potential increased predation by sharks in
the warmer months, when newborn calves would be at greatest
risk. Factors other than prey availability, e.g., reproductive
opportunities and predator avoidance, may also be the most
influential factors in determining local dolphin abundance in
the near-shore waters of our study area. Further studies aimed
specifically at understanding the seasonality of shark distribution
and abundance are needed to further investigate these
factors.

Based on the abundance of prey alone, dolphins would be
expected to be sighted more frequently in the Estuary than
the Bay, which is not the case for the Bunbury dolphins
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FIGURE 6 | Mean biomass (±1 SE) caught per seine set for (A) total biomass; (B) biomass of PDP; and (C) KJ per seine in the Bay, and Estuary. N.S. =

Not Sampled.
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TABLE 9 | Summary of energy values of fish in each family caught in the Estuary, Bay, and Ocean of the Bunbury region.

Species Mean wet mass (g) and SE Mean KJ g−1 wet mass Mean KJ/fish Rank Count

APOGONIDAE

Ostorhinchus reuppellii 0.57± 0.07 4.14 2.32 21,25 134

ARRIPIDAE

Arripis georgianus 58.03± 1.57 6.62 384.55 5,8 3

Arripis truttacea 290.63± 6.68 7.12 2072.91 3,1 3

ATHERINIDAE

Leptatherina presbyteroides 0.57± 0.04 4.23 2.45 20,24 147

CARANGIDAE

Trachurusnovaezelandiaea 45.30 5.65 255.95 13,19 1

Pseudocaranx spp 135.90± 3.43 12.68 1724.81 2,3 3

CLUPEIDAE

Hyperlophusvittatusb 0.30± 0.03 6.59 1.97 6,26 15368

Nematolosavlaminghib 175.01± 10.73 6.59 1153.32 6,5 9

Sardinellalemurub 54.70 6.59 360.47 6,10 1

Sardinopsneopilchardusb 56.65± 1.77 6.59 373.32 6,19 2

Spratelloidesrobustusb 0.58± 0.15 6.59 3.81 6,23 9

ENGRAULIDAE

Engraulisaustralis
c 0.30± 0.05 6.03 1.81 10,27 4

GONORYNCHIDAE

Gonorynchus greyi 108.30± 14.57 5.98 646.56 11,7 2

MUGILIDAE

Aldrichetta forsteri 62.60± 8.49 4.58 288.33 19,18 2

Mugil cephalus 15.04± 3.96 5.30 81.34 16,12 4

PLATYCEPHALIDAE

Platycephalus speculator 224.10± 66.89 6.51 1478.72 8,4 2

PLOTOSIDAE

Cnidoglanis macrocephalus 368.00 5.31 1952.34 15,2 1

POMATOMIDAE

Pomatomus saltrix 129.73± 0.96 6.57 852.38 7,6 3

PORTUNIDAE

Portunus armatus 115.35± 10.32 2.63 289.71 22,17 4

SILLAGINIDAE

Sillagobassensisd 48.82± 5.76 5.88 315.84 12,14 9

Sillagovittatad 30.97± 3.89 5.88 182.14 12,20 3

Sillaginodes punctatus 65.09± 4.07 4.90 316.77 18,13 7

Sillago burrus 47.70 6.15 293.59 9,16 1

Sillago schomburgkii 57.62± 11.24 5.60 311.27 14,15 5

SPARIDAE

Rhabdosargus sarba 18.44± 1.21 4.97 91.79 17,21 5

TERAPONTIDAE

Pelates octolineatus 31.51± 9.63 12.83 326.97 1,12 8

Pelsartia humeralis 51.10 6.71 343.03 4,11 1

Rank shows the ranking by KJ g−1 wet mass followed by the rank of highest KJ per fish value. Values for some species are those for closely related species in this or another system.
aProxy was Trachurus trachurus capensis, from Batchelor and Ross (1984), Prosch (1986), and Balmelli and Wickens (1994).bProxy was Sardinops sagax, from Prosch (1986), Jackson

(1990), and Balmelli and Wickens (1994). cProxy used was Engraulis capensis, from Batchelor and Ross (1984), Prosch (1986), Jackson (1990), and Balmelli and Wickens (1994).
dProxy was Sillago burrus and Sillago schomburgkii, this study.

(Smith et al., 2016). While predators are expected to make
choices in their distribution patterns based on the availability
(density and location) and quality (energy content) of prey,
observations of predator movement and consumption do not
always support this theory (Reilly, 1990; Lyons, 1991; van Baalen
et al., 2001; Thomas et al., 2011). Reilly (1990) suggested that

seasonal dolphin abundance in the Eastern Tropical Pacific was
more likely influenced by the ease of capture of prey than
prey abundance. Likewise, other studies support the theory that
prey patch dynamics, or the catchability of prey, are more
important in determining predator distribution than biomass
of the prey, particularly for relatively shallow diving cetaceans
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such as delphinids (Lambert et al., 2014). A more holistic
approach to assessing a potential prey field needs to include
relative abundance, biomass, energy content, as well as the costs
associated with hunting, capturing, and handling each prey
species. For example, Thomas et al. (2011) expected harbor seals
to take advantage of seasonal pulses of spawning herring, but
found that seals consumed more herring in the non-spawning
than the spawning season, despite the increased abundance of
herring during the spawning months. They concluded that the
decreased energy content of the spawning herring, coupled with
the fact that juvenile herring required less handling time than
adults, influenced the foraging behavior of the harbor seals, rather
than the density of the prey alone (Thomas et al., 2011). In
the current study, the potential prey was higher quality in the
winter than the summer, yet dolphin abundance was lowest in the
winter. Smith et al. (2016) found that adult female dolphins in the
Bunbury region form stronger associations between individuals
in the summer than the winter, which corresponds to when prey
is more abundant but of lesser quality. Studies of other social
mammals have found that association patterns can be stronger
when food is more scarce, as in the case of chaema baboons
(Papio hamadryas ursinus) (Henzi et al., 2009); or when food is
more abundant, such is the case for killer whales (Orcinus orca)
(Foster et al., 2012). Further investigation is therefore necessary
to elucidate any relationship between social association and food
availability for the Bunbury dolphins.

Seasonal Energy Content and Prey Quality
Since the abundance of dolphins is lower during winters (Smith
et al., 2013; Sprogis et al., 2016a), it was hypothesized that prey
quantity would be also be lower, but that prey quality would be
relatively higher to support the mothers and calves that remain
in local waters throughout the winter (Smith et al., 2016), as the
energetic cost of lactation and growth is high (Malinowski and
Herzing, 2015). As hypothesized, the highest energy contents of
fishwere generally found in the winter: the highest KJ in traps and
gillnets were found in the winter season; while the energy content
in the seine net was similar in summer and winter. The overall
biomass of PDP and concentration of available energy appears to
be higher in the winter seasons, which does not coincide with the
higher abundance of dolphins sighted in the summer months.

The suitability of prey includes abundance or biomass, as well
as the distribution and ease of capture, all of which influence
predator distribution (Benoit-Bird et al., 2013) and population
size (Benoit-Bird, 2004). However, assessing the quality (i.e.,
nutritional value) of available prey may be a better indicator for
assessing the value of prey for managing cetacean populations.
In a study of the quality of food of Steller sea lions (Eumetopias
jubatus), Trites and Donnelly (2003) found that the relative
abundance of prey had not changed over time, but the quality of
prey had declined, as indicated by a decrease in the abundance of
energetically rich species. This led to chronic nutritional stress,
a decline in body condition of female Steller sea lions, and
subsequent declines in pup production (Pitcher et al., 1998).
Other marine mammal populations are likely influenced by
the quality of prey available. Endangered resident killer whales
(Orcinus orca) in the north-eastern Pacific preferentially forage

on Chinook salmon (Oncorhynchus tshawytscha; Ford et al., 1998;
Ford and Ellis, 2006), which have the highest energy values of the
five species of Pacific salmon, yet occur in the lowest abundance
(O’Neill et al., 2014). Common dolphins (Delphinus delphis) also
select prey with the highest energy density (>5 KJ g−1) and
seem to ignore the most abundant species, which were of lower
energy density (<5 KJ g−1) (Spitz et al., 2010a). As the energy
value of the prey increased, so did the likelihood of encountering
that prey species in the stomachs of the common dolphins,
despite the fact that the highest energy fish were encountered
in relatively low abundance during trawl surveys (Spitz et al.,
2010a). Compared with ten other cetacean species, bottlenose
dolphins have medium metabolic requirements and consume
medium quality prey (4–6 KJ g−1) (Spitz et al., 2012).

In the current study, the majority of PDP species analyzed for
calorific content fell into the category of ‘medium quality prey’
as determined by Spitz et al. (2010b) and the energy content
for most species measured were within the range of values
recorded from other published values, except for Pseudocaranx
spp and Pelates octolineatus, which had very high energy densities
(>12 KJ g−1) (Table 9). These values are higher than previously
published values of forage fish except for Sardina pilchardus in
the Bay of Biscay (4.5–12.1 KJ g−1; Spitz and Jouma’a, 2013).
Importantly, Spitz and Jouma’a (2013) found that the species
with the highest energy density values were also the species
with the highest seasonal and inter-annual variability in energy
density. O’Neill et al. (2014) also found that the same species
of salmon varied in energy density based on the population
sampled. Analyzing the variation of energy density at different
temporal and geographic scales for the highest energy fish found
in this study would be valuable to ascertain a more accurate
picture of energy availability to the dolphins.

Since other studies of prey availability have not recorded the
KJ per fish values, it is not possible to compare the proportion
of high, medium, and low quality prey captured in the Bunbury
region with other systems. The majority of the 19 species
analyzed for energy value from this region fell into the medium
or high range in terms of energy per fish. The caveat to this is
that only fish thought to be PDP were analyzed.While this means
that bottlenose dolphins are not as susceptible to decreasing
populations of high quality prey as those predator species with
the highest energy requirements, bottlenose dolphins would still
face nutritional and energetic challenges if only low quality prey
were available.

Both the size of the fish and total energy value per fish
needs to be considered when evaluating the energy expended by
dolphins in foraging and returns on this expenditure. Two of the
highest energy fish, Cnidoglanis macrocephalus and Nematolosa
vlaminghi had medium KJ g−1 values but high energy content
per fish because of their relatively large size. In contrast, P.
octolineatus had the highest energy value per gram, yet had
a medium to low energy value per fish, indicating that a
dolphin would have to expend higher energy capturing more P.
octolineatus to take advantage of the energy density of the fish. In
total, 35% of the biomass caught was made up of fish representing
the highest energy values per fish (i.e., from 647 KJ/fish to 2073
KJ/fish). It is therefore valuable to look at both energy density and
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absolute energy value per fish when assessing the overall energetic
equation of energy gained vs. energy lost from the capture and
handling of each prey species.

Furthermore, seasonal variation in energy content may also be
important for some species. While only two species (Sillaginodes
punctatus and Portunus armatus) were analyzed in this study for
seasonal differences, other studies have found marked changes
in energy content associated with various environmental and
biological factors. Specifically, changes in water temperature and
chemical composition, as well as reproductive state and food
availability, may influence the lipid and protein composition of
prey, thereby shifting the energetic cost-benefit of that particular
prey item (Di Beneditto et al., 2009; Spitz and Jouma’a, 2013).
In the Baltic Sea, herring (Clupea harengus) have been shown
to increase their energy density by up to 250% between seasons
(Sveegaard et al., 2012). The energy density of prey can change at
the ecosystem level as well as high quality species being removed
by human or climatic pressures and replaced by lower quality
species (Spitz and Jouma’a, 2013). Increasing the knowledge of
calorific value for estuarine and coastal fish species in south-
western Australia is therefore important, as well as to understand
seasonal changes in energy content of the most important prey
species to elucidate the potential value of the prey field.

Prey Sampling using Multiple Catch
Methods
Few studies in cetacean foraging ecology have sampled prey
availability, and of these, most have used one fishing method
only to sample prey (e.g., Heithaus and Dill, 2002; Torres and
Read, 2009; McCabe et al., 2010; Kimura et al., 2012; Eierman
and Connor, 2014). While each fishing method has its biases
and limitations, the aim of using multiple fishing methods in
this study was to alleviate some of those limitations. Three types
of fishing gear were used in order to sample fish at different
depths in different ways (passive, baited, actively sweeping), as
well as during daylight and nighttime hours. Each gear had
varying levels of catch rate in the different habitat regions. The
trends for the mean biomass of all fish and that for PDP caught
using the gillnet were similar (97% of the biomass caught by the
gillnet was considered to be PDP), unlike the seine net or the
traps. The gillnet therefore appears to be a more effective means
at targeting species most likely consumed by dolphins in the
region. While the traps caught a relatively diverse range of prey
in the Ocean region, including cephalopods, the catch in the Bay,
and the Estuary, was dominated by the toxic weeping toadfish
(Torquigener pleurogramma) and thus was not an efficient means
of sampling PDP in this system. Despite the high proportion
of small prey caught by the seine net, the catch was still likely
to represent the breadth of dolphin prey in the region. Diet
studies of dolphins and other marine predators are revealing
that smaller prey are often consumed more than expected, likely
due to less handling and capture costs of smaller fish, as well
as the dense schooling behavior of some small species (Scharf
et al., 2000; Thomas et al., 2011). Using three fishing gears proved
effective at catching a wider variety of prey than previous studies
of the ichthyofauna of the region as this study captured 62 teleost

species, compared to the 42 species recorded by Potter et al.
(1997; 2000) in the Bay, Estuary, and Collie River using a seine
and gillnet. Since four species of fish were captured only in
the Ocean, the addition of sampling in the Ocean region does
not account for the substantially higher diversity of fish species
captured in this study compared to previous studies. Stomach
content analyses of the dolphins in the Koombana Bay region
will further illuminate the prey preferences of this population
(McCluskey et al., Murdoch University, unpublished data).

CONCLUSION

Ecosystems across the globe have experienced declining biomass
and biodiversity in fish stocks (Hilborn et al., 2003; Worm
and Myers, 2004; Worm et al., 2006). In many marine systems
fisheries have removed or greatly reduced prey species of high
energy value, leaving lower quality species to fill the niches left
behind by the higher quality species (Ward and Myers, 2005;
Myers et al., 2007; Baum and Worm, 2009). This has been
documented to cause declines in marine mammal populations,
as in the case of steller sea lions (Pitcher et al., 1998; Trites
and Donnelly, 2003). Management of predator populations must
therefore consider relative prey abundance and availability as well
as prey quality, prioritizing the conservation of energetically rich
species.

Coastal regions along the coast of south-western Australia,
such as those of Bunbury, are experiencing human population
growth, port and industrial expansion (Landcorp, 2011), rising
recreational fishing pressure, as well as changes to nutrient and
chemical input into near-shore marine systems (Hillman et al.,
2000; Ayvazian and Nowara, 2001; Hugues-Dit-Ciles et al., 2012).
To most effectively manage the apex-predator populations of
dolphins in these changing environments, it is important to
increase understanding of prey abundance and quality, as well
as how human impacts affect those prey communities. This
study represents a pioneering investigation into the seasonal and
regional prey availability for bottlenose dolphins in an estuarine
and coastal environment. It was hypothesized that prey would be
more abundant in the summer months, when a higher number of
dolphins are present in the local waters. In general, the biomass
of prey was greater in the summer than winter months, but the
calorific value of prey was higher in the winter. Further, studies
are needed to elucidate a more accurate picture of dolphin diet in
the study area, such as stomach content analyses, stable isotope,
and fatty acid analyses. A better understanding of available prey is
critical to managing activities that have direct and indirect effects
on those prey species. Specifically, species of medium and high
energy density should be prioritized in management decisions
related to protecting the bottlenose dolphins in the region.
Mating opportunities and predator avoidance are also likely
to influence dolphin distribution patterns both seasonally and
regionally in the study area and warrant further investigation.
This study provides insights into the complex dynamics of
predator–prey interactions, and highlights the importance for
a better understanding of prey abundance, distribution and
calorific content in explaining the spatial ecology of large apex
predators.
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