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Abstract

Conspecifics may vary in their space use and diet leading to niche partitioning within populations. In social species, such
partitioning may correspond to social structure as closely associated individuals likely encounter the same resources. This
study investigated whether space use and diet varied among social clusters of a resident estuarine population of Indo-Pacific
bottlenose dolphins. Dolphin photo-identification and behavioral data, as well as tissue samples for stable isotope analysis,
were collected during boat-based surveys in the Peel-Harvey Estuary, Western Australia. Potential dolphin prey species were
also collected for stable isotope analyses. Six mixing models, one assuming an invariant diet and others allowing for vari-
ation in diet according to sex, age class, and/or social cluster, were fitted to the data. The model with social cluster was the
best fit and estimated detritivorous fish as the main dietary source for social clusters whose core activity space covered the
eastern shores of the estuary and the rivers. These clusters occupied the lowest trophic position in the dolphin population.
Benthic omnivores and carnivores contributed most to the diet of clusters whose core activity space included the two estuary
entrances. These clusters occupied the highest trophic position. Clusters with core activity space located in the estuary basins
reflected the overall mean contributions of fish feeding guilds to dolphin diet in this population. Detritivores, omnivores
and herbivores, and benthic omnivores and carnivores each contributed approximately a third and water column species the
remainder to the annual fish biomass removed from the estuary by the dolphin population. We conclude that dolphins share
resources with fishers and piscivorous birds within the estuary.

Significance statement

This study identified intra-population resource partitioning according to social structure in a resident estuarine dolphin
population. The heterogeneity in space use and diet among social clusters may result in individuals being susceptible to
different pressures and threats. The dolphins’ foraging behavior and trophic interactions identified them as an apex preda-
tor in the Peel-Harvey Estuary, with their collective minimum annual food intake (~200,000 kg) exceeding the annual fish
biomass removed by commercial fishers. As top predators in the system, dolphins may suppress prey populations through
consumption and as agents of intimidation by changing prey distribution and behavior. This study provides scientific basis
for recognizing dolphins as an important component of the Peel-Harvey Estuary ecosystem.
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Introduction

Trophic interactions and spatial distribution are prominent
dimensions of a species’ ecological niche (Grinell 1917;
Elton 1927; Hutchinson 1957). Conspecifics, however,
may vary in their diet and space use patterns, leading to
niche partitioning within populations (Bolnick et al. 2003).
In social species, such partitioning may correspond to pop-
ulation social structure as highly associated individuals
occupy the same habitat and encounter the same resources
(Darimont et al. 2004; Semmens et al. 2009).

Bottlenose dolphins (Tursiops spp.) are often organized
in social communities (hereafter “populations”) compris-
ing males and females of all ages (e.g., Urian et al. 2009;
Wiszniewski et al. 2009; Chabanne et al. 2017; Genov
et al. 2019). Adults preferentially associate with mem-
bers of the same sex (Connor et al. 1992; Smolker et al.
1992; although see Lusseau et al. 2003), while juveniles
live in more dynamic groups (Gero et al. 2005; Galezo
et al. 2020). As a result, social clusters, in which indi-
viduals associate more frequently with one another than
with members of other clusters, may be identified within
populations. Resource partitioning corresponding to social
structure has been recorded for dolphins (Chilvers and
Corkeron 2001) yet has received less attention than parti-
tioning by habitat (Sargeant et al. 2007; Barros et al. 2010;
Gibbs et al. 2011) or foraging tactic (Mann and Sargeant
2003; Sargeant et al. 2005; Allen et al. 2011; Kriitzen et al.
2014).

Bottlenose dolphins exhibit diverse foraging behaviors
(Shane 1990; Mann and Sargeant 2003) with the tactic
employed determined by habitat features (e.g., Sargeant
et al. 2007; Torres and Read 2009) or prey characteristics
(Patterson and Mann 2011; Smith and Sprogis 2016; Spro-
gis et al. 2017). Prey selection is driven by maximizing net
energy gain and depends on prey availability, abundance
and distribution, inter- and intraspecific competition, and
the consumer’s ability to harvest resources (MacArthur
and Pianka 1966; Bolnick 2001; Svanbick and Bolnick
2007). Typically, bottlenose dolphin diet comprises large
proportions of a few fish species and numerous less fre-
quently or occasionally consumed prey (Cockcroft and
Ross 1990; Mead and Potter 1990; Amir et al. 2005).
When dominant dietary items do not correspond to the
most abundant or available prey in the environment, they
are preferentially chosen by consumers (McCabe et al.
2010) potentially leading to intra-population variability
in diet.

As higher-order predators, dolphins may control prey
populations and community structure and therefore con-
tribute to consumer (i.e., top-down) control in the system
(Leopold 1943; Estes and Duggins 1995; Bowen 1997).
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They may also influence ecosystem structure by disturb-
ing the benthos, which may impact invertebrate communi-
ties (Nerini 1984; Oliver and Slattery 1985; Oliver et al.
1985), and via recycling of nitrogen through defecation
(Roman and McCarthy 2010). The presence of predators
may also produce a “landscape of fear” (Laundré et al.
2010) by which predation risk influences prey distribution
and behavior and thereby their foraging ecology and life
history (Lima and Dill 1990; Brown et al. 1999; Heithaus
and Dill 2002; Wirsing et al. 2008; Ale and Whelan 2008;
Heithaus et al. 2009). The complexity of trophic and
behavioral interactions makes it difficult to infer dolphins’
role in dynamic systems where both bottom-up and top-
down control are likely to act in concert (Schmitz 2010).
Nevertheless, characterizing foraging and trophic ecology
of predators and quantifying their diet will elucidate the
effects they may have on prey populations, community
structure, and ecosystem function.

Estuaries are productive ecosystems, where high nutrient
availability and primary production support complex trophic
interactions (Bianchi 2006) . Consequently, estuaries host
high densities of prey for piscivorous top predators such as
birds, sharks, and dolphins (e.g., Matich and Heithaus 2014;
Rossman et al. 2015; Tweedley et al. 2016). Bottlenose dol-
phins (Tursiops spp.) are commonly found in and show vary-
ing levels of site fidelity to different estuaries (e.g., Wilson
et al. 1997; Zolman 2002; Fury and Harrison 2008; Urian
et al. 2014). The Peel-Harvey Estuary in Western Australia
is occupied by a resident population of ~90 Indo-Pacific bot-
tlenose dolphins (Tursiops aduncus) (KN, unpublished data).
This population comprises nine social clusters and two lone
individuals and has been identified as socially, spatially, and
isotopically distinct from dolphin populations found in adja-
cent coastal waters (KN, unpublished data). In this study,
intra-population partitioning in space use and diet of the
Peel-Harvey Estuary dolphin population was investigated.
Dolphin behavioral observations were used to identify tar-
geted and consumed prey species, while stable isotope ratios
of carbon and nitrogen in both the consumer and prey were
used to quantify the proportional contribution of sources
(i.e., fish) to social clusters’ diet. The annual food intake of
the dolphin population was also estimated.

Materials and methods
Study area

The Peel-Harvey Estuary (~ 130 km?) is a microtidal (tidal
range ~0.5 m) temperate estuary consisting of two shallow
(<2 m deep) basins (Fig. 1). Three rivers flow into the estu-
ary from a catchment area of approximately 94,000 km?
(Valesini et al. 2019). The estuary is permanently open,
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connected to the sea by two relatively narrow channels: the
Mandurah Channel, a natural opening, and the Dawesville
Channel, an artificial opening. The fringing vegetation con-
sists of salt marsh and paperbark communities (Hale and
Kobryn 2009), although a proportion of the shoreline has
been significantly altered by development (e.g., canal sys-
tems, housing, and other infrastructure).

The region experiences a Mediterranean climate with
cool, wet winters and hot, dry summers. Approximately
90% of the mean annual rainfall (~ 800 mm) and 95% of the
river flow occur between May and October (Valesini et al.
2019). Mean salinities in the basins remain close to marine
salinity (34-37 ppt), while the rivers are brackish with high
variability between 5 (winter) and up to 71 ppt (Ssummer) in

the Serpentine River (Thomson 2019). Mean water tempera-
ture varies from 10 to 12 °C in the winter to high 20 s in the
summer (annual averages 18.5-20.4 °C) (Thomson 2019).
Phytoplankton is co-dominated by diatoms and cryptophytes
in the basins, by diatoms and dinophytes in the Murray River
and by cyanobacteria in the Serpentine River (Thomson
2019). Macrophyte communities are dominated by seagrass
species Ruppia megacarpa (Krumholz 2019). The high estu-
arine productivity supports a diversity of hyperbenthic and
infaunal communities (Valesini et al. 2009; Wildsmith et al.
2009), > 80 species of fish (Valesini et al. 2009; Potter et al.
2016) and > 100 species of wetland-dependent birds (Hale
and Butcher 2007). The Peel-Harvey Estuary is part of the
Ramsar-listed Peel-Yalgorup wetland system.

@ Springer
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Data collection

Dolphin photo-identification surveys were conducted
throughout the estuary and in adjacent coastal waters on
board a 5.6 m research vessel between January 2016 and
November 2017. Predetermined transects were run every
season (>three in each season) in the estuary (n=37) and
coastal waters (n=28). Data collected in coastal waters were
not included in this study apart from locational records of
identified estuarine resident dolphins encountered outside
the estuary. In the Peel-Harvey Estuary, transects followed
a similar route apart from in the Peel Inlet where a unique
“zigzag” pattern was followed on each sampling occasion
(Fig. 1). The Serpentine and Murray Rivers were not part
of the dedicated study area but were surveyed every season
to~7.5 km upstream (Fig. 1). Additional search effort was
conducted to collect dolphin tissue samples and laser pho-
togrammetry data for aging individuals (van Aswegen et al.
2019).

A group of dolphins was defined using a “10-m chain
rule” where individuals are part of the same group if they
are within 10 m of any other group member (Smolker
et al. 1992). Individual/group location was recorded, and
dorsal fin photographs were taken for individual identifi-
cation (Wiirsig and Wiirsig 1977). Predominant behavior
(i.e.,>50% of group members engaged [Mann 1999]) of
foraging, travelling, socializing, resting, or unknown was
recorded for the first 5 min and thereafter opportunistically.
Previously described foraging tactics of peduncle dive
foraging, bottom grubbing, snacking (Mann and Sargeant
2003; Sargeant et al. 2007), tossing (Sprogis et al. 2017),
tail-whacking (Scott et al. 1990; Shane 1990), foraging
along/against structures (described in this study), and beg-
ging (Finn et al. 2008; Senigaglia et al. 2019) were recorded
(Table 1). Behavioral events (e.g., fish chases, handling, or
capture of prey) were recorded opportunistically. Prey items
were identified from photographs by two independent, expe-
rienced fish ecologists. It was not possible to record data
blind (i.e., methods that may reduce observer bias or prevent
changes in behavior of the observed subject) as this study
involved observation of animals in the field.

Space use by social clusters

Seven social clusters and a lone adult female (LF) in the
resident Peel-Harvey dolphin population, identified using an
average linkage hierarchical cluster analysis, were included
in this study (KN, unpublished data). Two clusters (AM1
and AM2) comprised adult males, two clusters (AF1 and
AF2) adult females, one (JM) juvenile males, and two
clusters (M1 and M2) had a mixture of adult females and
juveniles of both sexes. One lone male and two additional
social clusters, collectively comprising five individuals, were
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not sampled for stable isotope analyses and were therefore
excluded from analyses.

A non-parametric fixed kernel method (Silverman 1986;
Worton 1989) was used to estimate the utilization distribu-
tion (UD) for each dolphin social cluster. Locational records
of individuals within clusters were combined to represent
clusters’ spatial distribution. The UD for each cluster was
estimated using the Epanechnikov kernel function (Epane-
chnikov 1969) over a grid (cell size 100 m X 100 m) created
over the study area. The ad hoc (h,;) smoothing parameter
(Silverman 1986; Worton 1989) was used to determine the
shape of the kernels as visual inspections may be subjective
and least-squares cross-validation method was not consid-
ered appropriate for the data structure in this study (Silver-
man 1986). Both 50% and 95% kernels were estimated to
reflect the core and full UDs, respectively, for each cluster.

Ideally, UDs would be estimated considering boundaries
that animals cannot cross (Barry and Mclntyre 2011; Spro-
gis et al. 2016). The R package adehabitatHR version 0.4.18
(Calenge 2015) used for UD analyses, however, does not
support highly irregular shapes, like the Peel-Harvey Estu-
ary, as boundaries. Therefore, land was removed from UDs
post hoc using a Boolean land mask followed by renormal-
izing the kernel density estimates. The UD overlaps between
social clusters were calculated as the probability of a mem-
ber of one cluster being found in the UD of another cluster
and vice versa (Ostfeld 1986).

Stable isotope analyses

Dolphin skin samples (n=38) were collected for stable iso-
tope analyses using a remote biopsy system (PAXARMS
modified 0.22 caliber biopsy rifle) developed for small ceta-
ceans (Kriitzen et al. 2002). Samples were collected from
adult and juvenile dolphins, placed in an empty vial, and
stored on ice for transport to storage in — 80 °C freezer.

Fish samples were collected from the shallow nearshore
and deeper offshore waters of both estuary basins (i.e.,
northern and southern Harvey Estuary, eastern and west-
ern Peel Inlet) and two of the rivers (Murray and Serpen-
tine Rivers) between February and September 2017. Fish
were collected using seine and gill nets as part of a sepa-
rate study documenting the fish community structure of the
estuary (Hallett et al. 2019). Fish retained for stable isotope
analysis (n=141) ranged in length from 19 to 357 mm and
belonged to 24 potential prey species (including ten species
not observed being consumed by dolphins) and to a variety
of feeding guilds (i.e., benthic detritivore, herbivore, omni-
vore, benthic carnivore, benthic omnivore, or water column
feeder, as assigned via reference to FishBase: Froese and
Pauly 2019; Table 2). Whole fish were transferred on ice and
stored in — 20 °C freezer until processing for stable isotope
analyses.
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Table 1 Indo-Pacific bottlenose dolphin (Tursiops aduncus) foraging
tactics, and associated prey species, observed consistently in the Peel-
Harvey Estuary, Western Australia. Surveys refer to a minimum of

5-min behavioral observation of a group or an individual. Foraging/
feeding was observed in a total of 236 surveys

Foraging strategy

Description

Prey species identified

Number
of surveys
observed in

Bottom grubbing

Peduncle dive foraging (> 1 individual)

Tossing

Foraging along/against structures

Tail-whacking

Snacking

Begging

Dolphin is oriented vertically in the water
column, probing into the substrate, or weed
patch with its rostrum. A turbid sediment
plume is often observed at the water’s sur-
face, and dolphin may surface with mud on
rostrum and head

Dolphins are often widespread (> 10 m) chang-
ing directions with respect to each other at
each surfacing with peduncle dive (peduncle
raised out of the water as dolphin descends)
the main surfacing type. Birds are often asso-
ciated with this feeding strategy

Dolphin tosses prey out of the water. Often pre-
ceded by bottom grub or chase in open water

Dolphin swims along a structure changing
direction or stopping in response to fish
movement. If fish is hiding between rocks or
structures beyond reach, dolphin may engage
in stalking (i.e., stay stationary in front of
where the prey is hiding)

Dolphin stops abruptly turning and swing-
ing its flukes sharply, often producing a big
fanlike splash. Fish are often flown up in the
air. Tail-whacks are frequently preceded by a
rooster-tail (i.e., a fast swim with a sheet of
water trailing off the dorsal fin)

Dolphin swims inverted close to the water
surface chasing and capturing fish

Dolphin approaches a stationary or slow-
moving vessel, most often to the side or stern
and remains close to it. Dolphin may also lift
head out of the water and open its mouth

Cnidoglanis macrocephalus (n=

Pelates octolineatus (n=73)
Sillago schomburgkii (n=2)
Nematalosa viaminghi (n=1)
Pseudorhombus jenynsii (n=1)
Gerres subfasciatus (n=1)

Pelates octolineatus (n=3)

Sillago sp. (n=3)

Gerres subfasciatus (n=1)

Rhabdosargus sarba (n=1)

5 49

47

Cnidoglanis macrocephalus (n=12) 30

Rhabdosargus sarba (n=2)
Arripis truttacea (n=1)
Octopus cf. O. tetricus (n=1)
Platycephalus laevigatus (n=1)
Pseudorhombus jenynsii (n=1)
Sillago schomburgkii (n=1)
Mugil cephalus (n=1)

Mugil cephalus (n=2) 26
Aldrichetta forsteri (n=1)

Aldrichetta forsteri/

Mugil cephalus (n=2)

Arripis truttacea (n=1)

Mugil cephalus (n=4) 25
Aldrichetta forsteri (n=1)

Rhabdosargus sarba (n=1)
Hyporhamphus sp. (n=4) 17
Rhabdosargus sarba (n=2)

Aldrichetta forsteri (n=2)

Pelates octolineatus (n=1)

n/a 0

Dolphin skin samples were divided into two aliquots,
one for 8N measurements from bulk (i.e., untreated)
samples and the other for §'*C measurements from lipid-
extracted samples (de Lecea and Charmoy 2015; Giménez
et al. 2016). The bulk samples were oven-dried at 60 °C
for 24 h and powdered with a mortar and pestle. The other
aliquot underwent lipid extraction with three consecutive
24 h soaks in 2:1 chloroform/methanol solvent solution
(Newsome et al. 2006). Samples were then rinsed in deion-
ized water, oven dried, and powdered as per bulk samples.

Fish dorsal muscle samples were oven-dried to constant
weight at 60 °C for 24 h and powdered using a TissueLyser.
Two aliquots were prepared from the homogenized tissue.
One aliquot underwent lipid extraction following methods
described in Logan et al. (2008). Samples were immersed
in 2:1 chloroform/methanol solvent solution, mixed for 30 s,
and left for at least 30 min. Samples were then centrifuged
for 10 min at 2500 rpm. The supernatant, containing solvent
and lipids, was discarded. The process was repeated until
the supernatant was clear following centrifugation. Samples

@ Springer
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Table 2 Mean carbon (8'°C) and nitrogen (8"°N) values in the muscle
tissue of fish species included as sources in a mixing model to esti-
mate feeding guild contributions to Indo-Pacific bottlenose dolphin

(Tursiops aduncus) diet in the Peel-Harvey Estuary. Notations: SD
standard deviation,—=no sample

Feeding guild Common name

Peel Inlet, Harvey Estuary, Serpentine Murray River

River
Species 813C %0 (SD) 8N %0 (SD) n  8C %0 (SD) 8N %o (SD) n
Benthic detritivore —14.20 (1.41) 6.98 (1.15) 8 —16.21 (1.97) 6.60 (0.61) 7
Mugil cephalus* Sea mullet —12.69 (0.47) 5.49(0.21) 2 —16.19 (2.47) 6.34 (0.38) 4
Nematalosa vlaminghi* Perth herring —14.70 (1.23) 7.47 (0.81) 6 —16.23 (1.60) 6.96 (0.76) 3
Herbivore —15.36 (0.93) 7.90 (0.23) 6 —20.28 (2.63) 9.35(0.69) 3
Pelates octolineatus* Western striped grunter —15.36 (0.93) 7.90 (0.23) 6 —20.28 (2.63)  9.35(0.69) 3
Omnivore —16.38 (1.87) 8.68 (0.71) 4 —19.32 (2.07) 9.00 (0.26) 3
Rhabdosargus sarba* Tarwhine —-16.38 (1.87) 8.68 (0.71) 4 —19.32 (2.07)  9.00 (0.26) 3
Benthic carnivore/water column —15.84 (1.33) 8.89 (0.91) 21 - - -
Atherinosoma elongata Elongate hardyhead —15.50(1.40) 8.60 (0.73) 9 - - -
Favonigobius lateralis Southern longfin goby —15.05(1.09) 8.49(0.55) 3 - - -
Gymnapistes marmoratus Soldier —15.75(1.24) 8.41(1.60) 3 - - -
Leptatherina presbyteroides Silverfish —16.72 (1.78)  9.78 (0.09) 6 - - -
Benthic carnivore —16.38 (1.29) 9.01 (0.85) 25 —21.52(1.13) 9.93(0.72) 3
Cnidoglanis macrocephalus* Estuary catfish —16.96 (0.64) 8.80(0.42) 2 - - -
Ostorhinchus rueppellii Western gobbleguts —16.24 (1.34) 9.18 (0.30) 6 - - -
Pseudorhombus jenynsii* Small toothed flounder —17.69 (0.00) 9.20 (0.00) 1 —20.32 (0.00) 9.10 (0.00) 1
Sillaginodes punctatus* King George whiting —15.76 (1.20)  8.29 (0.88) 8 - - -
Sillago burrus* Trumpeter whiting —18.12 (2.64) 9.56 (1.45) 2 —22.12(0.61) 10.34 (0.01) 2
Sillago schomburgkii* Yellowfin whiting —15.93 (0.68) 9.18(0.43) 3 - -
Sillago vittata* Western school whiting —16.75(0.09) 10.11 (0.30) 3 - - -
Benthic omnivore —16.55 (1.11) 9.27 (0.79) 17 —24.16 (5.02) 10.07 (0.77) 10
Acanthopagrus butcheri Black bream - - - —28.68 (2.45) 10.92 (0.37) 4
Aldrichetta forsteri* Yelloweye mullet —-16.59 (1.17)  9.12 (0.90) 9 —22.96 (3.49) 9.54(0.16) 3
Gerres subfasciatus™ Common siver biddy —16.33 (1.07)  9.64 (0.35) 7 —19.33(3.70) 9.47 (0.16) 3
Haletta semifasciata Blue weed whiting —17.79 (0.00) 8.04 (0.00) 1 - - -
Water column —-17.73 (1.71) 10.95 (1.41) 29 —21.64(2.78) 10.70 (0.81) 5
Arripis georgianus* Australian herring —18.78 (0.98) 11.04 (1.18) 12 - - -
Arripis truttacea™ Western Australian salmon  —16.09 (0.46) 11.11 (0.15) 6 - - -
Atherinomorus vaigiensis Common hardyhead —-17.72 (0.11)  9.88 (0.11) 3 —20.99 (2.86) 10.51 (0.25) 3
Engraulis australis Australian anchovy - - - —20.21 (0.00) 9.95 (0.00) 1
Pomatomus saltatrix Tailor —17.40 (2.40) 11.10 (2.28) 8 —25.00 (0.00) 12.04 (0.00) 1

“Identified as dolphin prey from behavioral observations

were then rinsed in 2:1 chloroform/methanol solvent solu-
tion and dried at 50 °C. All samples were weighed to the
nearest 0.01 mg, packed into tin capsules, and sent to the
West Australian Biogeochemistry Centre at the University
of Western Australia for 8'°N and §'C measurements using
a continuous flow system (Delta V Plus mass spectrometer,
with a Thermo Flush 1112 via ConFlo IV (Thermo Finni-
gan/Germany)). Details of the analytical technique can be
found in Skrzypek and Paul (2006). The §'°C and §'°N val-
ues are given in per mil (%o) difference between the sample
and the international standards of Vienna Pee Dee belemnite
carbonate and atmospheric nitrogen, respectively.
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Isotopic partitioning among social clusters

Six social clusters were included in testing the null hypoth-
esis of no difference in isotopic values among social clus-
ters: LF and cluster AF2 (n=2) were excluded due to low
sample sizes. More than 50% of individuals in each of the
other social clusters were sampled (Table 3). Data explora-
tion was performed by visual inspection of box plots and
QQ-plots. The Shapiro—Wilk test was used to test the null
hypothesis that §!°C and 8'°N values within clusters were
normally distributed. If they were, the Bartlett test was used
to test for homogeneous variance among groups, if not, the
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Table 3 Mean carbon (8'3C)

; 15 Social cluster n Mean sighting Sampled (Su/ Mean 8'3C Mean 85N
and nitrogen (5°N) values Sampled/  frequency (SD)  AUW/Sp)  (SD) %e (SD) %o
in the skin of Indo-Pacific
. . members

bottlenose dolphins (Tursiops

aduncus) of seven social Adult male 1 (AM1) 3/6 48.00 (5.57) 0/3/0/0 —15.41(0.23)  10.61 (0.30)

clusters identified as resident Adult male 2 (AM2)  5/6 33.20 (6.42) 0/4/0/1 —15.63(0.45)  10.00 (0.16)

in the Peel-Harvey Estuary,

Western Australia. Notations: Adult female 1 (AF1) 5/ 41.8 (5.36) 1/3/1/1 ~1528(0.58)  10.30 (0.34)

SD standard deviation, Su Adult female 2 (AF2) 272 9.5 (0.70) 0/1/0/1 —14.62(0.66)  8.65(0.34)

summer, A¢ autumn, W winter, Juvenile male (JM) 4/5 36.25 (5.06) 0/2/1/1 —15.08(0.23)  10.24 (0.14)

Sp spring, n/a not applicable Mixed sex/age 1 (M1) 11721 2227 (4.61) 1/3/0/7 —~1528(0.52)  9.90 (0.35)
Mixed sex/age 2 (M2) 7/10 19.14 (7.13) 0/7/0/0 —15.61 (1.00) 9.10 (0.70)
Lone female (LF) 1/1 41 0/0/1/0 —15.82 (n/a) 10.52 (n/a)
Adults 25/39 29.51 (12.85) 6/16/1/6 —15.24 (0.55) 9.95 (0.57)
Juveniles 13725 25.90 (8.46) 0/7/1/5 —15.54 (0.72) 9.68 (0.78)
Males 16/29 36.17 (8.14) 0/12/1/3 —15.46 (0.48) 10.02 (0.59)
Females 22/35 25.29 (10.48) 2/11/1/8 —15.26 (0.71) 9.73 (0.68)
Overall 38/6 30.04 (10.90) 2/23/2/11 —15.34 (0.62) 9.85 (0.65)

Levene’s test was useq. One-way ANQVA was .use.d totest  Table4 Mixing models fit Model covariate DIC

whether mean stable isotope values differed significantly ~ With MixSIAR on Indo-

among clusters for normally distributed and homogeneous Pacific bottlenose dolphin | Social cluster 594.49

, (Tursiops aduncus) data with

data, whereas Welch’s ANOVA, followed by Games-Howell 38 consumers (i.c.. adult and Sex+age 612.79

post hoc test, was used when data were normally distributed  juvenile dolphins of both Age 613.04

but heterogeneous. The #-test and the Mann-Whitney U test ~ sexes) belonging to eight social  Null 617.86

were used to test whether 8'°C and §'°N values differed sig- clusters within an estuarine Sex 618.07

. . . dolphin population. Covariates .
nificantly between juveniles and adults, males and females, Sex:age 619.28

and seasons (spring and autumn). Based on 8'°C and 8'°N
turnover rates in bottlenose dolphin (Tursiops truncatus)
skin (Giménez et al. 2016), sampling seasons of spring and
autumn likely reflect isotopic composition of individuals in
winter and summer, respectively.

Dietary sources

Seven social clusters and LF were included in the analysis
to investigate the contribution of prey taxa, based on carbon
and nitrogen assimilation, to their diet. A set of six Bayes-
ian mixing models with different covariate structures were
applied using the MixSTAR package (Stock and Semmens
2016; Stock et al. 2018) in R (R Core Team 2019). The null
model considered all individuals in the population to share
the same diet, while other fitted models allowed variation
in diet according to sex, age (i.e., adult/juvenile), and social
cluster membership (Table 4). The covariates of sex and age
were modeled as fixed effects and social cluster member-
ship as a random effect. Models with hierarchical structure,
where variability according to sex, age, and/or individual
within social clusters was allowed, were also considered.
These models, however, had convergence issues and are
therefore not discussed further.

Dolphin prey species caught in the two basins and rivers
within the estuary were pooled by region (i.e., Peel Inlet,

<, 2 <
]

sex,” “age,” and “sex:age” (i.e.,
covariate created by combining
sex and age) were included
as fixed effects and “social
cluster” as a random effect. The
deviance information criterion
(DIC) was used to evaluate
relative model fit

Harvey Estuary, Serpentine, and Murray Rivers) to test
whether 8'°C values varied among regions. Fish muscle 8'°C
values of fish caught in the Murray River were significantly
lower than those from the other regions (Welch’s ANOVA,
F; 55=9.44, P<0.01; Games-Howell post hoc, Murray River
—Harvey Estuary T;,=5.08, P <0.001; Murray River — Peel
Inlet T3,=4.45, P <0.001; Murray River — Serpentine River
T,,=3.80, P<0.05). Therefore, for the mixing model, fish
caught in the Murray River were considered separate to fish
caught in other regions.

To further simplify the mixing space, the blue swimmer
crab (Portunus armatus) and banded toadfish (Torquigener
pleurogramma) were removed from source data as they were
assumed not to be regularly consumed by dolphins (Barros
and Odell 1990; Corkeron et al. 1990; Huisman and Twomey
2008). Sources were aggregated by feeding guild with §!°C
and 8'5N values of each sample included in the mixing
model. Trophic discrimination factor (i.e., difference in the
isotopic ratio between consumer and its diet) was set to 1.01
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(SD=0.37) for §"*C and 1.57 (SD=0.52) for §"°N (Giménez
et al. 2016). All mixing models were fitted with generalist
(i-e., uninformative) priors with a Dirichlet distribution (i.e.,
all combinations of the proportions are equally likely) and
a multiplicative error term (i.e., process*residual). Markov
Chain Monte Carlo simulations were used to estimate the
probability, “posterior,” distribution of dietary contribution
for each source (i.e., the proportional contribution of each
fish feeding guild to a social cluster’s diet). Three chains
were run with their length set to 1,000,000 with a burn-
in of 500,000 and thinning of 500. The Gelman-Rubin and
Geweke diagnostics, together with visual inspection of the
Markov chains, were used to confirm convergence of the
models (Gelman et al. 2013). The deviance information
criterion (Spiegelhalter et al. 2002) was used to evaluate
relative model fit.

Total food intake by the dolphin population

An approximation of annual food intake of the dolphin
population was made based on 64 independent individuals
(inclusive of two calves orphaned in 2016) being present in
the population in 2016 and 2017 (KN, unpublished data).
Adults (n=39) were assigned a weight of 200 kg, based on a
length—weight curve for coastal Tursiops truncatus in North
America (Mead and Potter 1990) and the respective asymp-
totic total lengths of 246 cm and 244 cm estimated for males
and females in the Peel-Harvey population (van Aswegen
et al. 2019). Sexually immature individuals separated from
their mother were considered juveniles (n=25). Based on
the estimated length of 187.1 cm (95% CI=186.5-187.7 cm)
for individuals reaching the end of their third year of life
(van Aswegen et al. 2019), juveniles in this study would
weigh between ~ 90 and 200 kg and were each assigned an
average weight of 145 kg. The annual food intake estimation
for the population is based on dolphins consuming 5.2-6.3%
of their body mass per day (Cheal and Gales 1992).

Results
Behavioral observations

Behavioral surveys were conducted on 483 dolphin groups
encountered in the estuary between January 2016 and
November 2017. Foraging was identified as the predomi-
nant activity in 206 surveys with feeding events observed
in a further 30 surveys. These surveys resulted in seventeen
species being identified as dolphin prey (Table 1, Online
Resource Fig. S1). The most observed species caught by
dolphins was the estuary catfish (Cnidoglanis macrocepha-
lus, 23%), followed by sea mullet (Mugil cephalus, 13%),
tarwhine (Rhabdosargus sarba, 11%), and western striped
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grunter (Pelates octolineatus, 9%). Garfish (Hyporhampus
spp.) was observed as prey on four occasions and rock flat-
head (Platycephalus laevigatus) and octopus (Octopus tetri-
cus) on one occasion each. These three species were not
caught during fish sampling and therefore were not included
as sources in the stable isotope mixing model. Of all the
prey species identified, 14% were benthic detritivores, 20%
herbivores and omnivores, 53% benthic omnivores and car-
nivores, and 13% water column feeders (Table 2).

The most often observed dolphin foraging tactics were
bottom grubbing and peduncle dive foraging, both of which
targeted mainly benthic species (Table 1, Online Resource
Fig. S2). Dolphins tossing prey primarily involved adult
estuary catfish (60%), foraging along or against struc-
tures either sea or yelloweye mullet (Aldrichetta forsteri),
while tail-whacking was mostly associated with sea mullet.
Although dolphins were observed to “snack” (i.e., swimming
inverted close to the water’s surface chasing/capturing fish)
on multiple species, garfish was the only species observed to
be targeted solely by this tactic (Table 1). Leap and porpoise
foraging, where dolphins within a group are moving multi-
directionally and continuously leaping or porpoising within
an area (Mann and Sargeant 2003), was observed during two
surveys. Based on behavioral observations, a combination
of benthic omnivores and carnivores and the herbivorous
western striped grunter were targeted in 61% of surveys, sea
mullet in 16%, (a detritivore) either of the mullet species in
17%, and water column species in 11%. These exceed 100%
as during some surveys multiple tactics were used to target
different prey species. Birds (Hydroprogne caspia, Thalas-
seus bergii, Croicocephalus novaehollandiae, and Pelecanus
conspicillatus) were associated with foraging dolphins in
19% of the surveys.

Space use by social clusters

Overall, the 95% utilization distributions (UDs) of social
clusters extended over the basins, entrance channels to the
estuary, and into the Serpentine and Murray Rivers (Fig. 2).
The 50% UDs, reflecting the core activity space for each
cluster, differed among clusters. The core activity space of
cluster AF1 comprised Mandurah Channel, while for clus-
ters AM1, JM, and LF, the core activity space was bimodal
over both Mandurah and Dawesville channels (Fig. 2). The
core activity space for AM2 was primarily in the Peel Inlet
and Harvey Estuary, while that for M1 covered nearly the
entire Harvey Estuary. The core activity space of AF2 and
M2 extended into the rivers (Fig. 2). The probability of indi-
viduals of one social cluster being in another social cluster’s
activity space varied among clusters and was asymmetric
(Table 5). For the 95% UDs, probability ranged from 0.27
to 0.92 for different cluster combinations. For the 50% UDs,
the probabilities were lower, between 0 and 0.49.
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Fig.2 Core (i.e., 50%) and full (i.e., 95%) utilization distributions
(UD) for Indo-Pacific bottlenose dolphin (Tursiops aduncus) social
clusters, and a lone adult female, resident to the Peel-Harvey Estu-
ary in Western Australia. Points show locations of observed forag-

Table 5 Probability of overlap in utilization distribution (UD) of
social clusters (n=8) of Indo-Pacific bottlenose dolphins (Tursiops
aduncus) within the Peel-Harvey Estuary, Western Australia. The full

ing/feeding behavior. Social Clusters: AMI1, adult males cluster 1;
AM2, adult males cluster 2; AF1, adult females cluster 1; AF2, adult
females cluster 2; JM, juvenile males; M1, mixed sex/age cluster 1;
M2, mixed sex/age cluster 2; LF, lone adult female

UD is a 95% kernel density estimate and the core UD (probability of
overlap inside brackets) a 50% kernel density estimate

Social cluster AMI AM2 AF1 AF2 M Ml M2 LF

Adult male 1 (AM1) - 0.93(0.33)  0.87(021) 0.78(0.02) 0.88(0.35)  0.90(0.04)  0.84(0.09)  0.70 (0.23)
Adult male 2 (AM2)  0.89 (0.33) - 0.86 (0.00)  0.82(0.24)  0.84(029) 0.77(0.03) 0.86(0.34)  0.67 (0.19)
Adult female 1 (AF1)  0.67 (0.02)  0.70 (0.00) - 0.77 (0.00) 070 (0.13)  0.34(0.00)  0.70 (0.00)  0.58 (0.13)
Adult female 2 (AF2)  0.54 (0.01)  0.65(0.14)  0.87 (0.00) - 0.60 (0.01)  0.27(0.00)  0.79(0.33)  0.51 (0.00)
Juvenile male (JM) 0.86(0.27) 0.81(0.23) 0.89(0.49)  0.54(0.02) - 0.79 (0.03)  0.59 (0.00)  0.81 (0.36)
Mixed sex/age 1 (M1)  0.82(0.06)  0.80(0.05)  0.59 (0.00)  0.64 (0.00)  0.68 (0.06) - 0.79 (0.00)  0.45 (0.00)
Mixed sex/age 2 (M2) ~ 0.74(0.06)  0.77(0.22)  0.65(0.00)  0.90 (0.41)  0.64 (0.00)  0.79 (0.00) - 0.42 (0.03)
Lone female (LF) 0.81 (0.21) 0.81(0.18) 0.92(0.48) 0.65(0.00) 0.88(0.38)  0.47(0.02) 0.63(0.00) -

Isotopic partitioning among social clusters

The 8'3C values for dolphin skin tissue ranged from — 16.98
to—14.15%0 and the "N values from 8.09 to 10.88%0
(Fig. 3, Table 3). Mean 8'3C values did not differ sig-
nificantly among social clusters (Fs ;,=0.64, P=0.67),

males and females (7;,=0.95, P> 0.35), juveniles and
adults (T;,= —1.41, P=0.17), or seasons (T;,= —0.04,
P=0.97). The mean 5'°N values were normally distributed
within groups (P> 0.05) but heteroscedastic (Bartlett’s
K-squareds=13.34, P <0.05) with statistically significant
difference detected in 8'°N values among social clusters

@ Springer



160 Page 10 of 17

Behavioral Ecology and Sociobiology (2021) 75:160

mBC
0 BC/WC
ABD

% BO
X0

*H

o WC

® BC (MR)
ABD (MR)

% BO (MR)
X 0 (MR)

¢ H (MR)

Fig.3 Carbon (8"C) and nitrogen (8N) stable isotope ratios
(mean+SD, %) measured in the skin of Indo-Pacific bottlenose
dolphins (Tursiops aduncus) resident to the Peel-Harvey Estuary in
Western Australia and in the muscle of their potential prey species
(fish) aggregated by feeding guild. Feeding guilds: BD, benthic detri-
tivore; H, herbivore; O, omnivore; BO, benthic omnivore; BC, ben-

(F5;;=5.66, P<0.01). Cluster M2 had significantly lower
8N values than clusters AM1, AF1, and JM (post hoc
Games-Howell test P <0.05). Individuals in cluster AF2 had
the lowest 8N values (mean + SD =8.65 + 0.34) for adults.
The mean 8'N values did not significantly differ between
males and females (7;5= —1.37, P=0.18), juveniles and
adults (W=140, P=0.50), or between individuals sampled
in spring and autumn (W=155, P=0.31).

Dietary sources

The model most supported by the stable isotope data for
dolphin and fish prey allowed variation in diet among
social clusters (Table 4). Prey feeding guild contributions
to dolphin diet were heterogeneous among social clusters
(Table 6). The dietary sources of clusters AM1, AF1, JM,
and LF consisted mostly of benthic omnivores and car-
nivores (55.0%, 47.6%, 45.3%, and 45.8%, respectively),
while the diet of M2 and AF2 was largely dominated by
benthic detritivores (60.9% and 65.4%, respectively).
Herbivores and omnivores contributed the second larg-
est proportion to the diet of clusters AM1, AF1, JM, and
LF (23.4%, 30.1%, 32.3%, and 28.1%, respectively) while
contributing equally with benthic omnivores and carni-
vores to the diet of clusters M2 and AF2 (herbivores and
omnivores, 18.2% and 16.9%; benthic omnivores and car-
nivores, 16.3% and 14.5%, respectively). Dietary sources
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thic carnivore; WC, water column feeder; MR, Murray River (i.e.,
fish caught in MR). Social clusters: AMI, adult males cluster 1;
AM2, adult males cluster 2; AF1, adult females cluster 1; AF2, adult
females cluster 2; JM, juvenile males; M1, mixed sex/age cluster 1;
M2, mixed sex/age cluster 2; LF, lone adult female

of AM2 and M1 consisted of approximately equal pro-
portions of herbivores and omnivores (36.4% and 32.6%,
respectively) and benthic omnivores and carnivores (33.9%
and 35.5%, respectively) with slightly lower contribution
by benthic detritivores (22.5% and 26.0%, respectively).
Water column species contributed < 11% to the diet of all
social clusters (Table 6). The largest contributors to the
diet of social clusters AM2, AF2, M1, and M2 were ben-
thic detritivores caught in the Murray River.

Total food intake by the dolphin population

Considering the proportion of adults (n=39) and juveniles
(n=25) in this dolphin population, an average individual
was estimated to weigh 179 kg and consume between 3,395
and 4,125 kg annually, with a daily intake of between 9.3
and 11.3 kg. The dolphin population (n =64) was esti-
mated to consume between 217,248 and 263,968 kg of fish
annually. Taking into account the number of individuals
and their age class, and the proportional contribution of
each feeding guild to the diet of each social cluster, the
total annual food intake for the population was estimated
to comprise 29% benthic detritivores, 29% herbivores and
omnivores, 36% benthic omnivores and carnivores, and 6%
water column feeders, mostly piscivores.
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Table 6 Proportional contribution (largest in bold) of different fish
feeding guilds to the diet of eight social clusters of Indo-Pacific bot-
tlenose dolphins (Tursiops aduncus) resident to the Peel-Harvey Estu-
ary, Western Australia. Notations: Global =the overall dolphin popu-

lation, SD standard deviation, BD benthic detritivore, H herbivore,
O omnivore, BC benthic carnivore, BO benthic omnivore, WC water
column feeder, AM adult males, AF adult females, JM juvenile males,
M mix of adult females and Juveniles, LF lone female

Feeding Global Dolphin social cluster
guild Mean %
(SD) AM1 AM2 AF1 AF2 M Ml M2 LF

Mean % Mean % Mean % Mean % Mean % Mean % Mean % Mean % (SD)

(SD) (SD) (SD) (SD) (SD) (SD) (SD)
BD 7.9 (6.4) 5.1(6.9) 6.8 (7.9) 7.4(9.5) 112(16.7) 7.9(9.2) 8.4(104)  3.6(6.5 6(8.1)
BD(MR) 17.7(8.6) 6.4 (6) 15.7 (10.6) 7.7 (1.3) 54.2(24.6) 7.7(72) 17.6 (11.6) 57.3(2L5) 9.6 (9.5)
H 10.4 (8) 83(10.5  16(17.8)  9.8(126) 7.6(13.1) 15(159)  145(18.8) 58(127) 84(1)
H (MR) 3.8 (4.1) 2.4 (4.6) 3.9 (6) 2.5 (4.7) 2(4.9) 22 (34) 2.8 (4.4) 3.2(7.6) 3.8(7.5)
0 9.4 (7.6) 9.5(14.5)  10.7(143) 144(2L.1) 52(9.8) 12(163)  11.7(16.8) 64(143)  10.9(16.5)
O (MR) 4.6 (4.9) 3.2(5.6) 5.8 (8.6) 3.4(6.9) 2.1 (4.4) 3.1(5.7) 3.6 (6.3) 2.8(6.2) 5(9.5)
BC/WC 11.98.6) 172(202) 9.7(10.7) 21.7(23.2) 5(7.2) 179 (18.8) 12.7(15)  45(5.7) 13.9 (17.5)
BC 103(7.9) 163(212) 10(12) 14.6 20.1) 4.1 (5.7) 12.9(15.6) 11.7(154) 4.4(5.9) 13.8 (18.6)
BC(MR)  2.9(3.3) 1.7 (2.6) 2.6 (3.7) 1.4 (2.2) 1.12.1) 1.5 2.1 1.8 (2.7) 1.9 (3.6) 2.6 (4.5)
BO 9.6 (7.4) 187 (22.6) 9.6(11.6) 88(11.8) 3.4 (4.4) 12(13.2)  8(10.3) 4.2 (5.6) 13.5 (18)
BO(MR)  2.3(2.9) 1.1(1.7) 2(2.9) 1.1 (1.6) 0.9 (1.6) 1(1.4) 132 13 (2.3) 2(3.7)
wC 59 (5) 7.9 (9.8) 4.2 (4.9) 5.1(6.8) 2(2.8) 5.1(62) 3.9(5.2) 2.8(3.8) 7.2(9.8)
WC (MR) 3.2(3.5) 2.2(3.4) 3.04.2) 2.0 (3.5) 1.2 (2.0) 1.8 (2.6) 2.0 (3.0) 1.8 (3.0) 3.4 (5.6)
Discussion stable isotope analyses, with sea mullet being targeted more

This study demonstrated spatial and isotopic niche partition-
ing among social clusters of a population of Indo-Pacific
bottlenose dolphins residing in an estuary. Dolphins foraged
throughout the Peel-Harvey Estuary using different forag-
ing tactics depending on the prey species they targeted.
Both behavioral observations and stable isotope analy-
ses identified demersal fish species as the most important
food source for dolphins. Dolphin social clusters varied in
their space use within the estuary. Similarity in clusters’
core habitat reflected similarity in their diet. Overall, the
annual food intake of the dolphin population was estimated
to be > 200,000 kg, with detritivores, omnivores and herbi-
vores, and benthic omnivores and carnivores each contrib-
uting approximately a third and water column species the
remainder of the biomass.

Intra-population partitioning in space use
and dietary sources

Detritivores were proportionately the largest (~60%) dietary
sources for social clusters AF2 (consisting of adult females)
and M2 (consisting of adult females and juveniles of both
sexes). Detritivores, particularly the cosmopolitan sea mul-
let (Whitfield et al. 2012), are commonly reported as bot-
tlenose dolphin prey (Gunter 1942; Barros and Odell 1990;
Barros and Wells 1998; Simdes-Lopes et al. 1998; Fury
and Harrison 2011). In this study, sea mullet and Perth her-
ring (Nematalosa vlaminghi) represented detritivores in the

often based on behavioral observations. In the Peel-Harvey
Estuary, these species travel up the rivers during the dry
season and return to the lower reaches during the wet season
(Potter et al. 1983; Loneragan et al., 1986, 1987; Valesini
et al. 2009; Gibbs 2011). Both species are found in lower
numbers in the estuary basins (Potter et al. 2016). The core
activity space of social clusters AF2 and M2 extended from
the eastern Peel Inlet into the rivers (Fig. 2, Online Resource
Fig. S3) suggesting that overlap in habitat use, and the rela-
tive abundance of sea mullet in the rivers, resulted in high
proportional contribution of detritivores to the diet of these
two clusters.

Mandurah Channel was part of the core activity space
for social clusters AF1, AM1, JM, and LF (Fig. 2). The core
activity space of clusters AM1, JM, and LF also included
the Dawesville Channel. Results from the stable isotope
mixing model showed that benthic omnivores and carni-
vores contributed the most to the diet of these four clusters,
which had significantly higher 8'°N values than AF2 and
M2. Estuary mouths and entrance channels are commonly
used by dolphins (e.g., Wilson et al. 1997; Harzen 1998;
Stockin et al. 2006; Chabanne et al. 2012) and often host a
high diversity and abundance of fish (Loneragan et al. 1986,
1989; Valesini et al. 2009; Potter et al. 2016). The channel
habitats in the Peel-Harvey Estuary are highly modified by
structures (e.g., jetties, canals, and breakwalls) that func-
tion as barriers against which dolphins herd fish, mainly yel-
loweye and sea mullet (Table 1, Online Resource Fig. S2).
Such barriers likely improve foraging efficiency by aiding in
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prey detection, herding, and manipulation (Heimlich-Boran
1988; Hastie et al. 2003). Given the core activity space of
these four clusters also extended slightly to coastal areas,
it is likely that their diet is supplemented by prey from the
marine food web.

Dietary sources for social clusters AM2 and M1 consisted
of approximately equal proportions of herbivores and omni-
vores, and benthic omnivores and carnivores with slightly
lower contribution by detritivores. The core activity spaces
of these clusters were in the estuary basins with the activ-
ity space of AM?2 extending to Dawesville Channel. Unlike
clusters AM1, JM, and LF, which also occupied Dawesville
Channel, AM2 did not have significantly higher §'°N val-
ues than the river-going social clusters. Both AM2 and M1
had a low probability of occupying the core space of AF1,
which is effectively the Mandurah Channel (Fig. 2). As such,
dietary source partitioning in this population corresponds to
the degree to which individuals use the Mandurah Channel
or the eastern shores of the estuary including the Serpentine
and Murray Rivers. Individuals frequenting the rivers feed
at the lowest trophic position for the dolphins, indicating a
shorter detritus-based food chain in these regions (i.e., detri-
tus, sea mullet, dolphins). In contrast, individuals using the
Mandurah Channel feed at the highest trophic position with
several consumer trophic interactions having taken place
prior to prey being consumed by dolphins. Individuals that
primarily use the estuary basins (i.e., AM2 and M1) fall in
between these two opposing trophic positions and reflect the
estimated “global” mean dietary source proportions in this
population (i.e., an average individual’s dietary proportions).

The observed spatial partitioning may lead to individu-
als being exposed to different pressures and threats which
may affect their fitness and consequently population viabil-
ity. For example, through trophic interactions, dolphins that
frequent the riverine habitat (i.e., 19% of the population
and 27% of the mature females) may be exposed to algal
toxins based on potentially harmful algae recorded in the
Serpentine and Murray Rivers (Thomson 2019). Biotoxins
may cause immunomodulation in dolphins (Twiner et al.
2011) with harmful algal blooms linked to unusual mor-
tality events (Lefebvre et al. 1999; Flewelling et al. 2005;
Fire et al. 2011). In contrast, individuals showing high site
fidelity to areas with greater human use (e.g., boating and
fishing) such as the Mandurah and Dawesville channels (i.e.,
30% of the population and 30% of the mature females) may
be more susceptible to disturbance and fishing line entangle-
ments. These individuals also face higher predation risk as
they visit coastal waters (KN, unpublished data).

This study did not detect differences in mean isotopic
values in dolphin skin tissue between seasons, sexes, or age
classes nor did it find support for these factors driving diet
variability in this population. Fish abundance and species
richness in the Peel-Harvey Estuary change spatially and
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temporally in response to water quality parameters (e.g.,
salinity, temperature, and dissolved oxygen: Loneragan
et al. 1986, 1987; Valesini et al. 2009), shifts in macroalgal
habitat, and external influences from the marine environ-
ment (Potter et al. 2016; Valesini et al. 2019). Consequently,
dolphin space use and diet may also vary spatially and tem-
porally (e.g., Heithaus and Dill 2002; Zanardo et al. 2017).
Given the complexity of trophic interactions and unquanti-
fied variation in each individual’s resource use over time,
the data collected (i.e., individuals were sampled only once)
may not detect seasonal variation, even if it existed. Simi-
larly, although 8!°N values between juveniles and adults did
not differ statistically, ontogenetic shifts in diet and foraging
strategies/tactics occur, at least to a degree: juveniles were
not observed feeding on adult estuary catfish or Western
Australian salmon (Arripis truttacea) and did not engage in
tail-whacking behavior (KN, unpublished data).

Resource sharing with fishers

The estimated minimum annual food intake of the resident
Peel-Harvey Estuary dolphin population (~200,000 kg)
exceeds the mean annual finfish biomass removed by com-
mercial fishers in the estuary (Gaughan et al. 2019; Fisher
et al. 2020). Commercial fishers target sea mullet (~50-70%
of catch), yellowfin whiting (Sillago schomburgkii), yellow-
eye mullet, and to a lesser extent Australian herring (Arripis
georgianus), Perth herring, tailor (Pomatomus saltatrix), and
estuary catfish, while recreational fishers, whose total catch
is less than commercial landings, mainly target Australian
herring, tailor, tarwhine (Rhabdosargus sarba), black bream
(Acanthopagrus butcheri), King George (Sillago punctatus),
and other whiting species (Gaughan et al. 2019; Government
of Western Australia 2015; Fisher et al. 2020). Of these spe-
cies, sea mullet, yelloweye mullet, estuary catfish, and whit-
ing species (Sillago spp.) were identified as common dolphin
prey, with sea mullet (and potentially Perth herring) con-
tributing ~ 30% to the overall dolphin diet. Western striped
grunter was a commonly foraged species by dolphins; how-
ever, it is not targeted by either commercial or recreational
fishers. As such, dolphins target some species that are not
taken by fishers while sharing resources to a greater extent
with commercial rather than recreational fishers given< 11%
of dolphin dietary sources comprised water column species.

Competition between fishers and dolphins may exist
only if they overlap spatially and temporally and take the
same species at the same life cycle stage. Approximately
14% of the estuary, including Mandurah Channel and the
rivers, are closed to commercial fisheries (Government of
Western Australia 2015). This reduces potential competi-
tion between fishers and dolphins occupying mainly these
areas (49% of the population). Although the size of fish
taken by dolphins and fishers vary, the overall take of sea
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mullet, yelloweye mullet, and whiting species, based on
observations and life history of the species (Potter et al.
2016), consists largely of immature fish or maturing fish
migrating to sea. In contrast, given the legal catch size
limits (Fish Resources Management Regulations 1995)
for estuary catfish and as all individuals caught by dol-
phins were > 40 cm (size estimated from photographs
against approximate size of dolphin’s features such as
rostrum or dorsal fin), both fishers and dolphins are pri-
marily removing mature individuals of this species (Nel
et al. 1985). Thus, it can be concluded that dolphins and
fishers target prey species at the same life cycle stage.

Most fish species targeted by dolphins in the Peel-Har-
vey Estuary are part of defined stocks that extend out-
side the estuary and are considered stable and sustainably
harvested (Gaughan et al. 2019). An exception may be
the estuary catfish for which the Peel-Harvey Estuary is
considered a discrete stock from coastal and other estua-
rine stocks (Nel et al. 1985; Potter et al. 1983; Ayvazian
et al. 1994; Gaughan et al. 2019). Given that this species
was most commonly observed being caught by dolphins,
dolphins and fishers targeting similarly sized individu-
als and dolphins being the only known predator of adult
individuals in the estuary, incorporating mortality due to
predation by dolphins in fish population models should
be considered to improve fisheries management for this
species (Tyrrell et al. 2011; Smith and Lenanton 2021).

The estimated amount of food intake by the dolphin
population, and the proportional feeding guild contri-
butions to it, should be treated as an approximate mini-
mum as not all sources of variability or uncertainty were
accounted for. For example, it was not considered that
food intake may vary seasonally and among individuals
(Cheal and Gales 1992). Energetic demands of lactat-
ing females are higher than that of non-lactating females
(Cheal and Gales 1991; Bejarano et al. 2017), and males
may feed on wider variety of species (Hernandez-Milian
et al. 2015) and have consistently higher food intakes
(Cheal and Gales 1992) and bioenergetic requirements
than females (Bejarano et al. 2017). Prey species also
vary in their caloric content (McCluskey et al. 2016) with
prey selection influencing the amount of fish individuals
need to consume to meet their energy demands. Future
work should consider applying a bioenergetic model
(e.g., Bejarano et al. 2017; Reed et al. 2020) that incor-
porates uncertainty and variability in individuals’ energy
demands as well as energy content of prey to refine the
estimated annual fish biomass removed by dolphins from
the estuary. The prey species and heterogeneity in diet
among social clusters identified in the current study can
be used to inform such a model.

Ecological role of dolphins in the estuary

Dolphins occupy the role of an apex predator (as defined by
Sergio et al. 2014) within the Peel-Harvey Estuary as they
feed on fish at all consumer levels while being free from
predation risk effects themselves (large sharks are thought
to be mostly absent from the estuary). As such, they have
the potential to exert top-down pressure on prey popula-
tions through both consumption (Leopold 1943; Estes and
Duggins 1995; Estes et al. 1998; Ripple and Beschta, 2012;
Ripple et al. 2014; Williams et al. 2004) and as agents of
intimidation (Lima 1998; Abrams 2000; Brown and Kotler
2004; Morosinotto et al. 2010). Any decline or increase in
dolphin abundance or changes in their foraging behavior and
diet may influence the trophic structure in the estuary. It is
unlikely that dolphins can, through consumption, deplete
fish species from this permanently open estuary as the pres-
ence and abundance of the main dolphin prey species is
directly linked to recruitment from the marine environment
(Potter et al. 2016). Exceptions are the estuary catfish and
black bream which complete their lifecycle in the estuary
(Potter et al. 2016), although the latter was not considered
an important dietary source for dolphins. Declines in dolphin
abundance may lead to greater food availability for open
and deeper water (> 1 m) avian piscivores, which at least
partially occupy the same foraging niche to dolphins (Trayler
et al. 1989; Stockwell et al. 2021), and consequently their
increased abundance. Bottom grubbing, by which dolphins
mechanically disturb sediments, was the most observed
foraging tactic. Through this behavior, dolphins may influ-
ence the benthic microbial and faunal communities (Findlay
et al. 1990a, b; Cross and Curran 2000, 2004) and release
nutrients into the water column further promoting anoxic
conditions (Almroth et al. 2009). However, in comparison
to re-suspension of sediments caused by abiotic (e.g., river
flow, tidal currents, wind, and waves) and anthropogenic
(e.g., dredging) factors (Tweedley et al. 2016), bioturbation
by dolphins is likely to be negligible.

Conclusions

This study confirmed spatial and isotopic niche partition-
ing according to social structure within a resident estuarine
bottlenose dolphin population. The heterogeneity in social
clusters’ space use and diet indicates that individuals may
be exposed differently to threats and extrinsic pressures.
This has implications for conservation management as
maintaining the collective niche of individuals requires
consideration of impacts on individuals across social
clusters. The annual food intake across consumer trophic
levels and the year-round presence of dolphins throughout
the estuary has the potential to suppress prey populations
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and affect community structure through consumptive and
non-consumptive pressures. As apex predators, dolphins
collectively remove a substantial amount of demersal fish
from the system and should be recognized as an important
component of the estuarine ecosystem.
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