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Abstract
Black swans are large herbivorous waterbirds with a dietary preference for submerged
aquatic plants. They are endemic to Australia and are known to be opportunistic in
their use of habitat. The largest regular breeding colony of black swans in the south
west of Western Australia occurs in the Ramsar listed Vasse-Wonnerup wetlands.
Although home to large numbers of waterbirds, it is a highly eutrophic and modified
system and little is known about the effect of water management decisions on
waterbird ecology. Therefore, the aim of this study was to determine the main drivers
of temporal and spatial black swan abundance over an annual cycle, and the seasonal
composition of black swan diet. Seasonal swan counts were conducted (5 counts per
season; in all seasons) across ten sites, where abundance, activity and use of habitat
were recorded. To determine seasonal composition of swan diet, faecal samples were
collected in all seasons and analysed using microscopy and molecular genetics (DNA).
Results showed there was a significant difference between both regional (F4,80 = 11.02,
p< 0.001) and seasonal swan abundance (F3,80 = 80.11, p< 0.001), with mean swan
abundance highest in winter (n=2073) and spring (n=1960) (summer n=245; autumn
n=360). The proportion of plant material in swan faecal matter varied seasonally, with
macrophytes found in greater proportions to other plants in spring (𝜒𝜒42 = 67.75, p <

0.001). In contrast, Lamprothamnium macropogon and samphire plants were found in
higher proportions than all other plants in autumn (𝜒𝜒42 = 101.32, p < 0.001) and winter
(𝜒𝜒42 = 28.06, p < 0.001). Lamprothamnium macropogon and salt marsh plants such as

samphires are important components of black swan diet, particularly in the absence of
submerged aquatic plants. These results have important implications for wetland
management, because they show the importance of fringing salt marsh vegetation for
iii

swan populations. As salt marsh habitat is a threatened ecological community, these
results emphasize the importance of protecting this vegetation, not just at this site but
the Swan Coastal Plain and Australia more broadly.
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1. Introduction
The black swan (Cygnus atratus) has been described as an ecological engineer,
influencing wetland vegetation structure and composition through their ability to
consume extant plant communities over vast areas (Green and Elmberg 2013). An
ecosystem engineer is a species that causes changes in abiotic or biotic components of
an ecosystem, hence directly or indirectly affecting the availability of resources to
other species (Jones et al. 1994; Sekercioglu 2006). Swans play an important role as
aquatic plant regulators through their feeding and nesting behaviours (Corti and
Schlatter 2002), and their movements in an aquatic ecosystem can be strongly
influenced by feeding preferences for particular plant types (Choney et al. 2014). It is
well known that swans have a preference for submerged aquatic plants such as Ruppia
species (Braithwaite 1982; Congdon and McComb 1981; Eklöf et al. 2009; Mitchell and
Wass 1996), however, there are knowledge gaps regarding their food preferences
when submerged aquatic plants are absent.

The interconnections between the many components of a wetland are both complex
and dynamic. Independent of swans, plant composition within a wetland ecosystem
can be directly related to water characteristics such as depth and salinity (Chambers et
al. 2017b). Changes to either of these environmental variables can potentially affect
the abundance of waterbirds, particularly herbivorous birds, who are largely
dependent on the spatial and temporal availability of plants for both food and habitat
(Roshier et al. 2002). This study aims to gain a better understanding of what drives
black swan distribution and abundance on the Vasse-Wonnerup wetlands by
1

investigating the complex interactions taking place between swans, plants and water
characteristics.

1.1 The black swan (Cygnus atratus)
Swans are iconic waterbirds found across several continents, occupying many different
habitats (Johnstone and Storr 1998). They form part of the Anatidae family with seven
different species of Cygnus identified (Wilmore 1979). Northern hemisphere species
include C. buccinator (trumpeter swan), C. cygnus (whooper swan), C. columbianus
(whistling swan) and C. columbianus bewickii (Bewick’s swan). Southern hemisphere
species include C. olor (mute swan), C. melanocoryphus (black-necked swan) and C.
atratus (black swan). Although quite visibly different, it is thought that the three
southern hemisphere species are more closely related to each other than to the
northern species (Wilmore 1979). Important to note is that all species of swans share
similar characteristics including their grazing habits, preference for submerged aquatic
vegetation and requirements for habitat (Johnsgard 1978; Wilmore 1979).

1.1.1 Distribution and habitat
The black swan is endemic to Australia and can be found across most of the continent
except the arid interior (Marchant et al. 2006). They are described as vagrant on
Barrow, Rottnest and the Abrohlos islands off the coast of WA; and can occasionally be
found in the northeast Kimberley and arid interior (Johnstone and Storr 1998). Black
swans were introduced to New Zealand in 1864 and can be found on both the North
and South Islands (Williams 1977) (Fig. 1.1). Black swans are reported to have a
widespread use of many different wetland habitats such as estuaries, swamps, lakes
2

(both natural and ornamental), coastal lagoons, sheltered bays, slow flowing rivers,
inundated pastures and floodplains (Johnstone and Storr 1998; Marchant et al. 2006).
They have a preference for large open water bodies, which is partly attributed to their
need for approximately 20-30 metres of open water to take flight, and partly due to
protection needed from terrestrial predators, such as foxes, during their annual
moulting period (Johnstone and Storr 1998; Marchant et al. 2006). They require fresh
water for drinking and their salinity threshold is similar to that of aquatic plants such
as Ruppia spp., which is a common food source for black swans (Marchant et al. 2006).
Terrestrial habitats are generally only used when flooded and dry ground is generally
avoided due to their slow and clumsy gait (Marchant et al. 2006).

Figure 1.1 Map showing black swan distribution in in Australia and New Zealand (BirdLife International
2018).
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1.1.2 Breeding and food requirements
Black swan breeding can occur at any time of the year if conditions are favourable,
however, it typically occurs between September to February (Marchant et al. 2006;
Wilmore 1979). Swans build large nests, up to 2 m wide and 0.50 m high, from
surrounding wetland vegetation such as Typha, Juncus, Melaleuca (Johnstone and
Storr 1998) and samphire species (Jim Lane, DBCA, pers com.) (Fig. 1.2). An abundance
of available food is required for breeding attempts to be successful, as they rely on the
ability to feed for short periods of time whilst incubating eggs, a job shared by both the
male and female (Wilmore 1979). They are not able to gain nutrition from
accumulated fat stores like some other birds, so if food is in low supply they have been
known to abandon eggs in search of locations with greater food resources (Braithwaite
1982). Moulting generally takes place after breeding, leaving the swans flightless for
approximately one month (Smith et al. 2012). During this time water and food is
critical, so they tend to breed in sites that have ample supplies of both (Braithwaite
1982).

a)

b)

Figure 1.2 Swan nests on the Vasse-Wonnerup wetlands at Wonnerup estuary (a) and Swan Lake (b)
(Photo: Zoe Kissane).
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1.1.3 Diet and food preferences
Swans are considered to be mainly herbivorous, having a preference for submerged
aquatic vegetation (Johnstone and Storr 1998; Sagar et al. 1995). There is a known
association between swans and the common seagrasses Ruppia spp. and Stuckenia
spp., but previous studies have reported them to be opportunistic feeders with a
broad and varied diet, consisting of plants from numerous families, genera and species
(Braithwaite 1982; Choney et al. 2014; Congdon and McComb 1981; Corti and
Schlatter 2002; Ketan et al. 2007) (Table 1.1). However, there have been very few
studies on black swan diet in Western Australia; those that exist within the literature
generally report swans eating the dominant seagrasses of the water bodies that were
studied. For example, a study by Congdon and McComb (1981) in Augusta found swans
to be grazing on Ruppia maritima, particularly in summer, whilst a study by Choney et
al. (2014) on the Swan River reported swans mainly grazed on Ruppia megacarpa,
Halophila ovalis and Zostera muelleri, all dominant within that particular estuarine
system. Whilst extensive forage species lists exist in the literature, it is unclear how
and why diet may change throughout the year, and what the causes of this variation
may be.

5

Table 1.1 List of dietary items consumed by black swans as reported from previous studies (Choney et
al. 2014; Frith et al. 1969; Sagar et al. 1995; Smith et al. 2012). Note: spp. has been written where
species were not named.

Family
Ruppiaceae

Genus species
Ruppia megacarpa
Ruppia polycarpa
Ruppia maritima
Ruppia spp.

Reference
(Choney et al. 2014; Sagar et al. 1995)
(Chambers et al. 2017a; Sagar et al. 1995)
(Congdon and McComb 1981)
(Mitchell and Wass 1996)

Potamogetonaceae

Stuckenia pectinata
Potamogeton crispus
Potamogeton ochreatus

(Frith et al. 1969; Sagar et al. 1995)
(Frith et al. 1969)
(Frith et al. 1969)

Hydocharitaceae

Halophila ovalis

(Choney et al. 2014)

Zosteraceae

Zostera muelleri

(Choney et al. 2014)

Juncaceae

Juncus spp.

(Johnstone and Storr 1998; Sagar et al. 1995)

Typhaceae

Typha spp.

(Frith et al. 1969)

Cyperaceae

Eleocharis equisetina

(Smith et al. 2012)

Polygonaceae

Rumex spp.

(Frith et al. 1969)

Amaranthaceae

Atriplex semibaccata
Dysphania pumilio

(Frith et al. 1969)
(Frith et al. 1969)

Poaceae

Paspalum distichum

(Frith et al. 1969)

Characeae

Chara spp.

(Mitchell and Wass 1996; Sagar et al. 1995)

Ulvaceae

Ulva spp.

(Sagar et al. 1995)

Cladophoraceae

Rhizoclonium spp.

(Sagar et al. 1995)

Zygnemataceae

Spirogyra spp.

(Frith et al. 1969; Sagar et al. 1995)

Salviniaceae

Azolla spp.

(Frith et al. 1969; Sagar et al. 1995)
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1.1.4 Influence of water level changes on distribution
Due to Australia’s erratic climate and long periods of drought, the movement of
Australian waterbirds is complex and unpredictable (Pittock 2003; Wright 2004).
Chambers and Loyn (2006) describe many endemic Australian waterbirds, including
black swans, as nomadic and opportunistic users of Australia’s temporary wetlands
due to the unpredictable nature of our climate. Early studies on swan movements in
parts of eastern Australia have shown this to be true, and that they are capable of long
sustained flights, being found on desert water holes that are over 1000 kilometres
from the nearest wetland (Wilmore 1979). Other studies have indicated that swan
distribution and movement patterns may have several different driving factors behind
them. Of most significance are thought to be changes to water level (resulting from a
changing climate) and availability of food resources (Kingsford and Norman 2002;
Marchant et al. 2006). However, most studies on black swan movements and dispersal
are now over 20 years old and not much is known about their current patterns,
particularly how they may be responding to a continually drying climate and human
impacts on habitat.

Water level variability plays a major role in the migration of both the northern and
southern hemisphere swan species. In the northern hemisphere, water bodies freeze
annually causing food resources to fluctuate seasonally, forcing swans to seek out
warmer areas with available food resources (Petrie and Wilcox 2003). However, swan
movement in the southern hemisphere, particularly in Australia, is more influenced by
drying regimes that impact on the flood pulses of many wetlands (Kingsford et al.
2004). The boom (inundation and flooding) and bust (drying) cycles that are
characteristics of Australia’s climate mean that waterbird distribution and movement
7

patterns are less predictable than those in the northern hemisphere (Chambers and
Loyn 2006). With many ephemeral wetlands drying out in summer, permanent
wetlands are able to provide water and habitat for swans. These permanent water
bodies can act as a summer refuge, but may not always supply the submerged aquatic
macrophytes that they prefer (Choney et al. 2014).

1.2 Impacts of swans on wetland plants
Aquatic plants provide habitat and food for waterbirds but they are also a critical
component to the healthy functioning of wetland ecosystems. There are many
different types of aquatic plants found in wetlands, each playing an important
ecological role. Submerged aquatic plants provide food for herbivorous waterbirds,
and habitat for a wide array of aquatic animals, algae and biofilms (Boulton et al. 2014;
Eklöf et al. 2009). Emergent plants such as grasses, rushes and sedges are rooted in the
sediment and play a key role in nutrient cycling and bank stabilisation, as well as
providing habitat, food and nesting materials for many birds, insects and frogs
(Greenberg et al. 2014; Saintilan and Rogers 2013). Aquatic plant responses to swan
grazing will depend on the intensity and mode of grazing, be it either surface grazing or
underwater rhizome removal (Brearley 2005; Eklöf et al. 2009). For most seagrasses,
rhizomes are the main storage of carbohydrates in the plant, therefore extensive
grazing and uprooting of rhizomes by swans can affect plant recovery and regrowth
(Eklöf et al. 2009; Sandsten and Klaassen 2008).

Being predominantly herbivorous, there is a complex interaction between swans and
wetland vegetation. Not only does vegetation provide valuable food sources for swans,
8

it also provides habitat for nesting. Availability of food resources is potentially one of
the main drivers of swan movements across a wetland, so gaining a greater
understanding of how swans use food resources will provide a framework to examine
the impact of human-induced wetland changes on critical waterbird resources. Also,
understanding how swans interact with their environment and use surrounding
wetland habitats at different times of the year will highlight the important services
wetland vegetation provides to waterbirds seasonally.

1.2.1 Grazing patterns of swans
Depending on what they are eating, swans have several different modes of grazing. It
is thought that they prefer to graze whilst swimming, as this consumes less energy
than feeding whilst walking (Marchant et al. 2006; Smith et al. 2012). If feeding in
water, they are able to either feed by grazing vegetation on the water’s surface or by
upending to a depth of one metre to reach underground tubers, rhizomes and stems
(Eklöf et al. 2009; Frith et al. 1969; Sagar et al. 1995). Swans have two distinct methods
of grazing: ‘lawn-mowing’ where only the leaves of the plant are removed, and
‘rhizome grazing’, which is achieved by up-ending and digging up underwater rhizomes
(Brearley 2005) (Fig. 1.3). Black swan cygnets start feeding within 24 hours of hatching;
mostly on soft green surface vegetation or on vegetation provided by their parents
(Braithwaite 1981a). Adult swans can also indirectly provide food for cygnets (and
other waterbirds) by treading water and creating a current that flushes the sediment,
releasing tubers and rhizomes that float to the surface (Marchant et al. 2006; Sandsten
and Klaassen 2008).

9

a)

b)

Figure 1.3 The two main methods of swan grazing, rhizome grazing (a) and surface grazing via lawn
mowing (b) (Photos: Zoe Kissane).

1.2.2 Impacts of swan grazing on wetland vegetation
Swans are capable of having both positive and negative impacts on wetland
ecosystems through their grazing habits. They can exhaust complete stands of
vegetation in a matter of weeks, which has been reported to have detrimental effects
on vegetation recovery (Nolet and Drent 1998). However, some studies have reported
that by clearing large stands of vegetation, swans could be playing an important role as
aquatic plant regulators, helping to slow down the rate of succession in wetlands (Corti
and Schlatter 2002; Smith et al. 2012). Of note is a study in New South Wales by Smith
et al. (2012) who found that black swans play an important role in creating open
10

spaces for other waterbirds through their grazing efforts. Smith et al. (2012) found that
if swans came to an area that was quite overgrown, they could clear out an open space
via grazing in a relatively short amount of time. The study site was heavily overgrown
with sedges (Eleocharis equisetina), and when water levels occurred that were suited
to swan grazing, the swans occupied the site and grazed on the abundant sedges. In
doing so, they not only created some open water for themselves, but also for many
other waterbird species. Prior to the swan grazing efforts, observers noted a minimal
number of waterbird species. Following the swan grazing, many other species came to
the site and were observed foraging, such as royal spoonbill (Platalea regia), pacific
black duck (Anas superciliosa), grey teal (Anas gracilis) and intermediate egret (Ardea
intermedia). This study showed that black swans have the capacity to change the
vegetative structure and plant species dominance of wetland ecosystems through their
grazing habits, in this case to the benefit of other waterbirds.

Noted earlier was the ability for swans to act as ecosystem engineers (Green and
Elmberg 2013). One way they can do this is by causing bioturbation (sediment
disturbance) through their grazing habits, which can dramatically change sediment
distribution in wetlands (Bakker et al. 2016; Sandsten and Klaassen 2008). Whilst this
activity has been reported to have certain negative impacts on aquatic plants (Ketan et
al. 2007; Sandsten and Klaassen 2008; Smith et al. 2012), it may also potentially create
a beneficial environment for invertebrates in the benthic zone of wetlands (Reise
2002). The pits and mounds (Fig. 1.4) resulting from herbivorous grazing activities
create a diversity of micro-habitat zones which can promote complex food webs
occurring between benthic animals (Reise 2002). Nevertheless, the sediment
disturbance caused by swans, often due to them grazing complete stands of
11

submerged macrophytes (Dos Santos et al. 2012; Eklöf et al. 2009; Ketan et al. 2007),
can disrupt the critical ecosystem services that aquatic plants provide, such as the
reduction of water flow, increased deposition of organic matter and sediment
stabilisation (Reise 2002).

Figure 1.4 Pits in the sediment made by swans at Lower Vasse in autumn (Photo: Zoe Kissane).

1.3 Current study
1.3.1 The Vasse-Wonnerup wetlands
The Vasse-Wonnerup wetlands have been recognised as wetlands of international
significance under the Ramsar Convention since 1990 (Chambers et al. 2017b). Located
to the east of Busselton (33° 37’S; 115° 23’E), in the south west of Western Australia,
the wetlands regularly support over 30,000 waterbirds annually, representing over 90
species (Government of Western Australia 2010; Lane et al. 2007). The area is also
home to the largest known regular breeding colony of black swans in Western
Australia, with up to 150 breeding pairs previously recorded (Wetland Research
12

Management 2007). The Vasse-Wonnerup wetlands face many challenges in regards
to water quality, which has been reported to affect plant species composition across
the wetland (Chambers et al. 2017b), although it is not currently known how these
challenges may be affecting the waterbirds that use the system.

1.3.2 Threats to waterbirds on the Vasse-Wonnerup wetlands
Water regulation or diversion activities and habitat loss are some of the major threats
that waterbirds face (Kingsford and Norman 2002), as well as nutrient enrichment
causing a change in plant community dynamics (Braithwaite 1982; Choney et al. 2014).
Bordered by agricultural and dairy farms to the east, the Vasse-Wonnerup wetlands
are known to be the most nutrient-enriched wetland in south-west, Western Australia
(Wetland Research Management 2007). Additionally, since the installation of
floodgates in the early 1900s, the water flow and levels of this system have become
highly modified and managed (Government of Western Australia 2010). Water
management decisions for the area are largely based around improving water quality
and reducing nutrient loads, as this system has experienced many toxic algae blooms
and fish death events resulting from water quality issues (Brearley 2005; Government
of Western Australia 2010; Tweedley et al. 2014). How these decisions are impacting
the ecology of the system is currently the topic of an integrated study. Of interest to
this study is how these water level changes may be affecting the feeding habits of the
birds that use the wetlands. Water level management has the capacity to significantly
affect the depth and duration of inundation in a wetland. Additionally it can also affect
the water quality of a wetland, directly controlling the seasonality, species

13

composition and biomass of submerged macrophytes and macroalgal communities
(Chambers et al. 2017b).

The installation of storm surge barriers are a common management tool used in
estuarine systems to control water levels and reduce flooding of infrastructure (Du et
al. 2017), as is the case for the Vasse-Wonnerup wetlands (Government of Western
Australia 2010). Understanding the links between water level, plant community
composition and the feeding ecology of black swans will enable informed conservation
of black swans and other herbivorous birds at this important Ramsar site, and may
help to inform management decisions at other wetlands. Information provided by this
study will enable managers to directly consider impacts on birds that may result from
changes to water level and quality. Previous and ongoing research on the VasseWonnerup wetlands has shown that changes to water level management can result in
changes to the plant community composition (Chambers et al. 2017b), thus potentially
impacting on food resources for herbivorous birds. Given this known relationship, the
current study aims to determine how these changes may be affecting swans.

There are current knowledge gaps regarding the regional and seasonal use of food
resources by black swans on the Vasse-Wonnerup wetlands. Whilst it is generally well
known that Ruppia species are a favoured food source for black swans (Sagar et al.
1995), it is unclear whether other species of submerged macrophytes, charophytes
and macroalgae also support their diet, and what black swans are eating during
seasonally dry periods when Ruppia (and other macrophytes) are absent. Previous
studies on other species of swan (C.atratus and C.melancoryphus), in other parts of the
world, have shown their abundance is directly related to the availability of aquatic
14

plant food resources (González and Fariña 2013; McKinnon and Mitchell 1994). Thus
indicating that there is a strong relationship between swans and wetland vegetation.
Therefore, understanding more about black swan-plant interactions at this site will
provide managers with information about this key relationship, which is currently
unknown for this location.

Additionally, the Vasse-Wonnerup wetlands support a threatened ecological plant
community of salt marsh plants containing samphires (Prahalad et al. 2015; Wetland
Research Management 2007). It has previously been reported that swans use
samphire plants as a nesting material (Jim Lane, DBCA, pers com.), however there is no
information in the literature to suggest that they may use samphire plants as a food
source. This study aims to fill that knowledge gap and investigate whether the
samphire salt marshes are a potential source of food for black swans in drier months,
resulting in the retention of swans on the Vasse-Wonnerup wetlands in summer, when
they may otherwise migrate to other wetlands. It is possible that black swans, and
potentially other bird species, forage on samphire plants when Ruppia species are not
available, which may have significant consequences for this threatened community
and also black swan survival over drier months.

1.3.3 Study aims and hypotheses
This study aims to determine what resources (food and habitat) black swans use on
the Vasse-Wonnerup wetlands, and what drives their spatial and temporal abundance
and distribution. It is hypothesized that macrophytes (submerged aquatic plants such
as Ruppia spp.) will be the favoured food of swans, and that both macrophyte
15

availability and water depth will influence swan abundance and distribution. It is also
predicted that use of habitat by swans will change seasonally. To investigate these
hypotheses, the study has three aims:

Aim 1: To identify whether different seasons and water availability (depth) are
associated with changes in black swan presence, abundance and distribution on the
Vasse-Wonnerup wetlands.

Aim 2: To determine the seasonal composition of black swan diet in the VasseWonnerup wetlands, and to identify whether seasonal changes in plant species
availability relate to black swan abundance and distribution across the VasseWonnerup wetlands.

Aim 3: To determine if there are regional and seasonal associations between black
swan activity and use of habitat.
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2. Methods
2.1 Study site
The Vasse-Wonnerup wetlands are situated in the Geographe Bay catchment area on
the Swan Coastal Plain, in the south west of Western Australia (Government of
Western Australia 2010) (Fig. 2.1). The wetlands consist of two large estuaries, Vasse
and Wonnerup, both with exit channels and floodgates that are intermittently opened
to the Wonnerup Inlet that feeds into the Indian Ocean (Tweedley et al. 2017). The
Vasse estuary receives flow from the Sabina, Abba and Lower Vasse rivers, whilst the
Wonnerup estuary receives flow from the Ludlow River (Brearley 2005). Since the
installation of the floodgates in the early 1900’s both estuaries have transformed into
shallow lagoons that consist of fresh water in winter and increasing saline water in
summer (Wetland Research Management 2007). Just north of the Wonnerup estuary,
but not connected, is Swan Lake, which is considered to be the most significant regular
breeding ground for black swans in Western Australia (Wetland Research Management
2007).
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Figure 2.1 Map to show the five main regions (Swan Lake, Upper Wonnerup, Lower Wonnerup, Lower
Vasse and Upper Vasse), and the 10 different swan count sites, which are marked with a white dot and
count site code. Count site codes are: UVN Upper Vasse north; UVS Upper Vasse south; UVNG Upper
Vasse Newport Geographe; LVW Lower Vasse Webster St; LVR Lower Vasse Rusleigh Rd; LWC Lower
Wonnerup channel; LW Lower Wonnerup; UWS Upper Wonnerup south; UWN Upper Wonnerup north;
SL Swan Lake. Note that UVN, UNS and UVNG all had the same count site, but had different defined
viewing boundaries. Yellow crosses and codes refer to plant sampling locations. Map was adapted from
Paice and Chambers (2019).

2.2 Black swan abundance, distribution and use of habitat
Seasonal visual swan counts were made at ten sites across the Vasse and Wonnerup
estuaries and Swan Lake (Fig. 2.1). Each of the main regions (Upper Vasse, Lower
Vasse, Lower Wonnerup and Upper Wonnerup) were split into two different count
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sites to allow for better visibility, except for Swan Lake which could be easily surveyed
from one spot. A total of five counts were made in each season (spring, summer,
autumn, winter). Counts were conducted at each site using a 20-minute timed area
search (Sutherland et al. 2004), with defined viewing boundaries. Counts were
conducted by panning left to right with a spotting scope or binoculars, recording the
number of swans and cygnets present, as well as their behaviour (feeding, swimming
or roosting; Fig. 2.2) and habitat they were in (open water, samphire fringe, rush
fringe, island, nest; Fig. 2.3). To reduce counting error, up to five 4-minute counts were
made at each site within a 20-minute observation period. However, the number of
swans present determined the number of counts conducted. At sites that had a large
number of swans only two 10-minute counts were made, whereas sites with less
swans had up to 5 counts made in the 20-minute period. The total swan abundance
was the average of counts made.
a)

b)

c)

d)

Figure 2.2 Different swan behaviours recorded in this study; feeding (a-b), swimming (c), and roosting
(d) (Photos: Zoe Kissane).
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a)

b)

c)

d)

Figure 2.3 The different types of habitat found on Vasse-Wonnerup wetlands recorded in this study;
open water (a), rush fringe (b), samphire fringe (c) and nests (d). Note that island habitat not shown
here but was categorised as land surrounded by water (Photos: Zoe Kissane).

To account for possible differences in swan activity and use of habitat at different
times of the day, both morning and afternoon counts were conducted on each
sampling day at each site. Morning counts took place between the hours of 7:30am
and 9:30am, while afternoon counts took place during the hours of 3:00pm and
5:00pm. The seasonal counts were conducted systematically to account for any effect
that time of day may have had on sampling, and to minimize interaction between time
of day and different sites (Table 2.1). Summer counts started earlier and finished later
due to difference in sunrise and sunset (morning times were between 7:00am –
9:00am, afternoon times between 3:30 – 5:30pm).
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Table 2.1 The systematic sampling routine that was followed for each count. Five counts were
conducted in each season, with both morning and afternoon counts being conducted at each site. Each
season count was spread out over two days with all Vasse sites being surveyed in one day and all
Wonnerup sites the following day. Site codes are: UVN Upper Vasse north; UVS Upper Vasse south;
UVNG Upper Vasse Newport Geographe; LVW Lower Vasse Webster St; LVR Lower Vasse Rusleigh Rd;
LWC Lower Wonnerup channel; LW Lower Wonnerup; UWS Upper Wonnerup south; UWN Upper
Wonnerup north; SL Swan Lake.

Time of
day
AM

PM

7.30
8.00
8.30
9.00
9.30

3.00
3.30
4.00
4.30
5.00

Season count number
1

2

3

4

5

VAS WON VAS WON VAS WON VAS WON VAS WON
UVN LWC
LVR
SL
LVW UWN UVNG UWS UVS
LW
UVS
LW
UVN LWC
LVR
SL
LVW UWN UVNG UWS
UVNG UWS UVS
LW
UVN LWC
LVR
SL
LVW UWN
LVW UWN UVNG UWS UVS
LW
UVN LWC
LVR
SL
LVR
SL
LVW UWN UVNG UWS UVS
LW
UVN LWC

2.3 Water and plant sampling
As part of a long term integrated monitoring program conducted by the Department of
Water and Environmental Regulation (DWER), the Department of Biodiversity
Conservations and attractions (DBCA) and Murdoch University, regular water, plant,
fish and bird sampling has taken place on the Vasse-Wonnerup wetlands for a number
of years (Chambers et al. 2017a; Government of Western Australia 2010; Tweedley et
al. 2014) (Fig. 2.4). Historical black swan abundance counts, conducted monthly by
DBCA from 2015-2017, were provided for comparison with this study. Contemporary
water and plant data from the integrated monitoring program were made available for
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use in this study. Water sampling was conducted monthly across both the Vasse and
Wonnerup estuaries, but not Swan Lake. Salinity and water depth data from this
sampling was used for analysis in this study.

Figure 2.4 Map to show the locations of integrated sampling on birds, water and aquatic plants on the
Vasse-Wonnerup estuary (Paice and Chambers 2019).

Aquatic plant sampling occurred seasonally, on four occasions throughout the year,
across 20 different sites. Plant density was measured as ‘percent volume infested’
(PVI) for each plant species present, which is the percentage of volume of water that is
taken up by each plant. The PVI value is essentially a measure of plant percentage
cover in 3D (Paice and Chambers 2019) (Fig. 2.5).
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Figure 2.5 Diagram to show the method for the measurement of percent volume infested (PVI) for
plant species on the Vasse-Wonnerup wetlands (Paice and Chambers 2019).

PVI was calculated at five points equidistant along a transect across each estuary (but
not at Swan Lake) at each site (Fig. 2.4). For each site, PVI was calculated as the
average PVI of all transect points. The following measurements were recorded to
calculate PVI for the aquatic plants present (Paice and Chambers 2019):
− D = water depth (m)
− Ctotal = total cover (%)
− PCspecies = proportion of total cover for each species (%)
− Hspecies = height of each species (m)
For each species, cover Cspecies was determined by PCspecies/100 x Ctotal. PVI was then
calculated as:
PVI =

Cspecies x H
D
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2.4 Black swan diet analysis
Both microscopy and DNA methods were chosen for dietary analysis as studies have
shown both to be successful methods of dietary analysis in animals (De Barba et al.
2013; Fox et al. 2007; James and Burney 1997; Robeson et al. 2017). Microscopy has
long been used as a method to determine the diet of many different herbivore species
(Alipayo et al. 1992; Johnson et al. 1983). However these methods rely on plant
species being easily identifiable and items found in faecal samples may not always be
proportional to those that were consumed (Holechek et al. 1982). Dietary analysis
using DNA methods are thought to provide better species identification, however
these methods can be costly, require careful selection of the most suitable genes and
primers for optimal results, and even then are not always successful due to the effects
of PCR inhibiters (Cheng et al. 2016; Hollingsworth et al. 2011; Taberlet et al. 2007).

2.4.1 DNA analysis and primer design
To select the most suitable genes for use in this study a combination of three marker
genes were trialed based on results from previous studies (Cheng et al. 2016;
Heckenhauer et al. 2016; Taberlet et al. 2007). Two chloroplast genes, maturase K
(matK) and trnL, were selected, along with one nuclear ribosomal gene, the internal
transcribed spacer (ITS) (Cheng et al. 2016; De Barba et al. 2013; Heckenhauer et al.
2016; Taberlet et al. 2007) (Table 2.2). Samples of the commonly occurring aquatic
plants found on the Vasse-Wonnerup wetlands were collected then sent on dry ice to
the Australian Genome Research Facility to create a plant DNA reference database,
using the aforementioned marker genes, that could then be used for plant species
identification in swan faecal samples.
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Primers for the DNA work were selected based on results from previous publications
(Cheng et al. 2016; Taberlet et al. 2007). All primers were synthesised at Integrated
DNA Technologies (Singapore) with “Nextera” tags on the 5’ end. Nextera tags were
included to allow down stream indexing and addition of Illumina sequencing adaptors
of amplicons by a second round of amplification.

Table 2.2 Genes and primers used for construction of the plant reference database. Forward (F) and
reverse (R) primers are indicated in the primer column with a letter (F or R) after the primer code.
Sequences are listed from 5’ to 3’ order with Nextera tags underlined.

Gene
matK

trnL

ITS

Primer
CCM-Fa

Sequence (5'-3')

CCM-Ra

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTATTGCTGTTATGATGCTC

49425-Fb

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGGCAATCCTGAGCCAA

49466-Rb

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCCATTGAGTCTCTGCACCTATC

ITS5A-Fc

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTTATCATTTAGAGGAAGGAG

ITS2-Rc

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCTGCGTTCTTCATCGATGC

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCATTCTCGACGCGATTAG

Note primer references:
a
Heckenhauer et al. (2016)
b
Taberlet et al. (2007)
c
Cheng et al. (2016)

2.4.1.1 DNA extraction and PCR amplification
DNA was extracted from leaf samples and swan faecal samples using the NucleoSpin®
Plant II kit from Machery and Nagel and the Qiagen Powerlyzer Powersoil kit
respectively. DNA concentrations were measured by Fluorometry, with a Qubit
fluorometer and the Hisense DNA kit. Approximately 10ng of extracted template was
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amplified for each pair of primers by the following protocol. All amplifications were
assessed by 2% agarose gel electrophoresis (Table 2.3).

Table 2.3 Amplification and thermocycling conditions used.
Amplification reaction mix
Volume
Reagent
(uL)
Amplitaq Gold
10
360 Mastermix
Forward primer
2
(5uM)
Reverse Primer
2
(5uM)
Template
2
(5ng/uL)
Water

4

Thermocycling conditions
Thermocycling

Time

Cycles

95

2 min

1

94

20 sec

60

20 sec

72

30 sec

72

7 min

4

hold
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1

2.4.1.2 SANGER sequencing
Amplified samples were cleaned by SPRI (magnetic bead) methods and the eluted
template assessed by gel QC. Approximately 3-4ng of each template was sequenced by
standard SANGER sequencing methods using BigDye Terminator v 3.1 Cycle
sequencing reagents. Labelled fragments were cleaned using SPRI methods and the
eluted fragments separated on an Applied Biosystems 3730XL DNA analyser.

2.4.2 Microscopy
Analysis of swan faecal samples was used to determine seasonal changes in swan diet
and food preferences. Swan faecal samples were collected in each season, from sites
where swans had been observed during the visual abundance counts. Samples were
put on ice in the field and then stored in a freezer until analysis. Where possible,
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samples were collected from each region in each season, with the same number of
samples collected from each region. However, as swans were not present at all sites in
all seasons, faecal samples were not collected from all sites in autumn and summer
(Table 2.4).

Table 2.4 Table outlining the regions and seasons in which swan faecal samples were collected. A “”
indicates that 5 samples were collected for that region in that particular season, whereas a “” indicates
that no samples were collected for the region that particular season.

Region

Season
UV

LV

LW

UW

SL

Spring











Summer











Autumn











Winter











The microscopy techniques used in this study were similar to that of previous studies
on animal diets (Corti and Schlatter 2002; Johnson et al. 1983). Samples of the
commonly occurring aquatic plants found on the Vasse-Wonnerup wetlands (Table
2.5) were collected from the wetlands and were used to create plant reference slides
that were used for the comparison of vegetal cell structures in the swan faecal samples
(Fig. 2.6-2.8). Swan faecal samples were analysed by preparing microscope slides of
each sample, and recording all identifiable items. Slides were prepared by placing a
small amount (approximately 0.3cm3) of swan faeces on the slide with a few drops of
water and a coverslip. A total of three slide replicates of each sample were prepared.
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Slides were scanned from left to right, up and down, using a combination of
magnification until all material had been sighted and identified. The proportion of each
relevant functional group was recorded, as well as the identifiable genus and species
within each functional group. Photos of slides were taken using a microscope camera
(Moticam 1080) and Motic Images 3.0 software.

Table 2.5 The dominant aquatic plants found in the Vasse-Wonnerup wetlands, and the samphire
plant species considered in this study.

Classification

Family

Genus species

Macrophyte

Ruppiaceae

Ruppia megacarpa

(functional group)

Ruppia polycarpa
Potamogetonaceae
Charophyte

Characeae

Macroalgae

Ulvaceae
Cladophoraceae

Samphire

Amaranthaceae

Stuckenia pectinata
Althenia cylindrocarpa
Lamprothamnium macropogon
Ulva intestinalis
Ulva flexuosa
Cladophora vagabunda
Rhizoclonium tomentosum
Sarcocornia blackiana
Sarcocornia quinqueflora
Suaeda australis
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Figure 2.6 Plant reference slides of R.polycarpa (a-b), R.megacarpa (c-d), S.pectinata (e-f) and
A.cylindrocarpa (g-h). Slides on the left hand side were at x40 magnification, slides on the right hand
side at x100 magnification.
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Figure 2.7 Plant reference slides of L.macropogon (a-b), U.intestinalis (c-d), R.tomentosum (e-f). Slides
a and c were at x40 magnification, slides b, d, e were at x100 magnification, slide f was at x400
magnification.
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Figure 2.8 Plant reference slides of Sarcocornia blackiana (a-b), Sarcocornia quinqueflora (c-d), Suaeda
australis (e-f). Slides on the left hand side were at x40 magnification, slides on the right hand side at
x100 magnification.
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2.5 Data analysis
Swan abundance and distribution
Total swan abundance for each count occasion was calculated as an average of the
morning and afternoon count totals. Swan abundance data was then normalised via
square root transformation. A two-way (season x region; both treated as fixed factors)
analysis of variance (ANOVA) was used to determine if there were significant
differences in mean black swan abundance across seasons (spring, summer, autumn
and winter) and regions (Upper Vasse, Lower Vasse, Lower Wonnerup, Upper
Wonnerup and Swan Lake), with post-hoc pairwise comparisons (Tukey HSD). Analysis
was conducted in R v3.5.1 (R Core Team 2019).

Swan abundance trends from historical swan counts
Historical black swan data was provided by the Department of Biodiversity
Conservation and Attractions (DBCA) for 2015-2017. The data were pooled into the
main five regions of Vasse-Wonnerup considered in this study (Upper Vasse, Lower
Vasse, Lower Wonnerup, Upper Wonnerup and Swan Lake) and seasonal abundance
graphs were created. As the count methodology for DBCA was different to that of this
study the data were only used to place the current study in historical context using
visual comparison of seasonal swan abundance trends.

Factors influencing the abundance and distribution of Swans: season and water depth
To determine whether the abundance and distribution of swans varied spatially or
temporally within the Vasse-Wonnerup, and the influence of habitat depth and salinity
on abundances, Generalised Additive Mixed Modeling (GAMM) was selected to
analyse the swan count data. GAMM was chosen as it approximates the relationship
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between the predictor and response variables without the assumption of linearity and
is commonly used for time series data. GAMM can also incorporate both categorical
(e.g. region in the Vasse-Wonnerup) and continuous variables (e.g. salinity and depth).
Additionally, the GAMM can use error distributions other than Gaussian for responses
(e.g. Poisson for count data as collected in the current study). It can also incorporate
hierarchical model structures that include random effects (such as different sites
where count data were collected) or autocorrelation estimates to account for nonindependent data collected on a spatial or temporal scale (e.g. time series data).

GAMM for swan counts assumed a negative binomial probability distribution that is
appropriate for modeling over-dispersed count data (i.e. variance is greater than the
mean). As GAMM assumes that errors are mutually independent and time series of
swan counts could be correlated in adjacent time points, it was also possible that the
time series count data would be temporarily correlated. Therefore, correlograms were
produced to examine the level of temporal autocorrelations in the time series data.
Slight negative autocorrelation with a one-day lag was detected in the dataset and
therefore an autocorrelation term (corAR1) was added (day of experiment was added
as the time covariate) to account for the lack of temporal independence of the count
data (Pinheiro and Bates 2000).

GAMM was produced using the package mgcv in R v3.5.1 (R Core Team 2019). The
response variable was the total number of swans, which was calculated as an average
number of the 2-5 counts conducted at each site on each survey occasion. The
possible correlation between salinity and depth was tested and it revealed that they
were negatively correlated (R = -0.56, P<0.001) and thus salinity was excluded from the
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model, as depth has more direct implications for the management of the system.
Depth at each site on each survey occasion was included as a covariate in the GAMM.
To determine whether the temporal variation in the number of swans differed among
the four regions of the Vasse-Wonnerup, separate smooth functions were fitted for
each level of region. Survey site was included as a random effect in the model (Table
2.6).

Table 2.6 Description of the predictor variables used in the GAMM analysis of the influence of time of
year and water depth on the abundance of black swans in different regions on the Vasse-Wonnerup
wetlands.

Variable name

Variable type

Variable code

Bottom depth

Continuous (smoothed)

Depth

Day of study

Continuous (smoothed)

sDay

Region Upper Vasse

Categorical

Region UV

Region Lower Vasse

Categorical

Region LV

Region Lower Wonnerup

Categorical

Region LW

Region Upper Wonnerup

Categorical

RegionUW

Seasonal composition and dietary preferences of black swans using microscopy
An average composition of dietary items was calculated for each region and season. A
chi-square test of proportions was then conducted using R v3.5.1 (R Core Team 2019),
to determine if the composition of swan faecal matter was significantly different
across seasons, and to determine if swans favoured particular plants in different
seasons.
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Seasonal comparison of swan diet and availability of aquatic plants
The total percentage volume infested (PVI) of all plants for each season, was
determined by combining the total PVI of all plant groups (macrophytes, charophyte
and macroalgae – excluding samphire, Table 2.5). The total macrophyte PVI for each
season was determined by combining the total PVI of A.cylindrocarpa, R.megacarpa,
R.polycarpa and S.pectinata. Data was then square root transformed to meet test
assumptions and one-way ANOVAs were conducted to determine if there were
significant differences in total plant PVI and total macrophyte PVI across seasons.
Analysis was conducted using R v3.5.1 (R Core Team 2019).

Black swan faecal data were pooled regionally and seasonally to compare their
composition with the regional and seasonal plant community compositions. Data was
Log transformed to improve normality and then a resemblance matrix (Bray Curtis)
was calculated. Analysis of similarity (ANOSIM) and SIMPER analyses were then
conducted to determine if there were significant differences between the seasonal
plant and swan scat compositions. Non-metric multidimensional scaling (nMDS) plots
were also created using PRIMER v7 (Clarke and Gorley 2015) to determine if the
seasonal swan diet composition was similar to the seasonal availability of plants.

Regional and seasonal associations between black swan activity and use of habitat
Chi-square tests of association were performed on swan count data to determine if
there were seasonal and regional associations between black swan activity and use of
habitat. Tests were conducted for all seasons between activity and habitat type,
activity and region, region and habitat type. Analyses conducted using R v3.5.1 (R Core
Team 2019).
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3. Results
3.1 The effect of season and water availability (depth) on black swan
presence, abundance and distribution on the Vasse-Wonnerup wetlands.
3.1.1 Swan abundance and distribution across seasons and regions
There was a significant interaction in swan abundance between season and region
(F12,80 = 4.33, p< 0.001), and also significant differences between both regional (F4,80 =
11.02, p< 0.001) and seasonal swan abundance (F3,80 = 80.11, p< 0.001). Swan
abundance varied between seasons (Fig. 3.1) with highest numbers recorded in winter
(n=2073) and spring (n=1960) (summer n=245; autumn n=360). Post hoc Tukey HSD
tests revealed that mean swan abundance was similar between spring and winter (p=
0.60), and between summer and autumn (p= 0.10), however there were significant
differences between spring and summer (p= <0.01), and spring and autumn (p= <0.01),
as well as significant differences between winter and summer (p=<0.01) and winter
and autumn (p=<0.01).
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Figure 3.1 Seasonal and regional black swan abundance (mean +/- 2SE) on the Vasse-Wonnerup
wetlands. Spring was 2018; summer, autumn and winter were 2019. Regions codes are UV:Upper Vasse,
LV:Lower Vasse, LW:Lower Wonnerup, UW:Upper Wonnerup, SL:Swan Lake.
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While swan abundance and distribution varied over the seasons, patterns of
movement across regions within seasons were evident when each of the five seasonal
counts was considered as a time sequence (Fig. 3.2). High numbers of swans were
recorded for the first three counts at Upper Wonnerup in spring (n=990, 1020, 987),
but then dropped by about half at this region for the last two counts of the season
(n=569, 523). The opposite occurred at Upper Vasse where moderate numbers were
recorded for the first three counts of spring (n=243, 414, 368) but then nearly doubled
for the last two counts (n=801, 922). Swans were only present for the first count in
summer, and then appeared to have mostly left the wetland for the rest of summer.
Swan abundance was low for the first few counts in autumn, with swans mostly
recoded at Lower Vasse in low numbers (n=9, 52, 40). However, swans returned to the
wetlands in late autumn, mostly to Lower and Upper Wonnerup, with high numbers
recoded for the last autumn count in both regions (Lower Wonnerup n=427, Upper
Wonnerup n=616). Swans had returned to all regions by the first winter count with
greatest numbers found at Upper Wonnerup for the first two counts in winter (n=719,
854). Favoured regions in winter appeared to be Upper Vasse, Upper Wonnerup and
Swan Lake with all three sites recording an average abundance of approximately 500
swans for the season.
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(N)

Figure 3.2 Seasonal swan distribution on Vasse-Wonnerup wetlands showing the five counts
conducted in each season. Regions codes are UV: Upper Vasse, LV: Lower Vasse, LW: Lower Wonnerup,
UW: Upper Wonnerup, SL: Swan Lake.
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3.1.2 Comparison with historical swan counts
Similar to this study, historical swan counts from 2015-2017 showed consistently low
numbers over the three years in autumn. In contrast, considerably higher swan
numbers were reported in the summer 2017 compared with summer counts from this
study. There was an atypical amount of rainfall during that time (BoM, 2017) so the
higher than usual abundance would most likely be attributed to that. Historical counts
also showed a steady decline in swan abundance at Swan Lake in winter, from
approximately 350 swans in 2015 down to 115 in 2017. In contrast, counts from this
study at Swan Lake in winter have reported an average swan abundance of
approximately 500 for the season, indicating much higher numbers than previous
years. The same can be said for Upper Wonnerup in spring, when historical counts
showed a steady decline at that site from 2015-2017 (dropping from approximately
500 in 2015 to approximately 150 in 2017). However, counts from this study show high
numbers of swans at Upper Wonnerup in spring with an average of approximately 820
swans reported (Fig. 3.3).
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Figure 3.3 Black swan abundance at Vasse-Wonnerup wetlands from 2015-2017; a) spring, b) summer,
c) autumn, d) winter. Regions include: UV: Upper Vasse, LV: Lower Vasse, LW: Lower Wonnerup, UW:
Upper Wonnerup, SL: Swan Lake. Data provided by Department of Biodiversity Conservation and
attractions.
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3.1.3 Factors influencing abundance and distribution: season and water depth
The GAMM investigating the influence of time of year and water depth on the
abundance of swans in the different regions of the Vasse-Wonnerup, revealed a strong
effect of time of year on the abundance of swans (Fig. 3.5). In the Upper Wonnerup
(Fig. 3.5d), the probability of highest abundances was greatest early in the study
(spring) then declined sharply with the lowest abundances occurring days 130-180
(late summer and early autumn) before increasing again in days 220-250 (late autumn
and early winter). Similar significant trends were revealed for Upper Vasse (Fig. 3.5a)
and Lower Wonnerup (Fig. 3.5c); however, the effect of time of year on swan
abundance was the least pronounced within the Lower Vasse region (Fig. 3.5b). Water
depth was not shown to be significant in the GAMM (Table 3.3).

Table 3.1 Output of the GAMM analysis to explain the influence of time of year and water depth on
the abundance of black swans in different regions on the Vasse-Wonnerup wetlands. Note: See Table
2.6 for variable codes; bold values indicate significance at p < 0.01.

Estimate

Std.Error

t value

Pr(>|t|)

(Intercept)

2.57

0.43

6.02

<0.001

Depth

0.87

1.12

0.79

0.435

Edf

Ref.df

F

p-value

sDay + Region UV

4.92

4.92

16.93

<0.001

sDay + Region LV

4.56

4.56

9.45

<0.001

sDay + Region LW

6.04

6.04

6.51

<0.001

sDay + Region UW

6.46

6.46

11.93

<0.001
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a)

b)

c)

d)

Figure 3.4 The smoothed effects of time interaction (day of study) with region on black swan
abundance: a) Upper Vasse, b) Lower Vasse, c) Lower Wonnerup, d) Upper Wonnerup. Days of study
reflect seasons: spring (days 0-90), summer (days 90-150), autumn (days 150-210) and winter (days 210300).
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Observation during swan counts: algal blooms and black swan deaths
In summer, during the swan counts for this study, approximately 80 dead swans were
noticed at several sites across the wetlands including the banks of the Wonnerup
channel (near the floodgates), the Vasse floodgates, the banks of the water bodies at
Newport Geographe and the banks of the Upper Wonnerup estuary. At all these sites,
water was shallow and stagnant, with what appeared to be small algal blooms present.

3.2 Seasonal composition of black swan diet and the relationship between
seasonal changes in plant species availability to black swan abundance
and distribution across the Vasse-Wonnerup wetlands.

3.2.1 Seasonal availability of aquatic plants
There was a significant difference in total aquatic plant PVI (macrophytes and
macroalgae combined) across all seasons (F3,59 = 125.6, p< 0.001), with highest total
plant PVI recorded in spring. Total aquatic plant PVI was low in both autumn and
winter, with moderate total plant PVI available in summer (Fig. 3.5a). There was a
significant difference in total macrophyte PVI across seasons (F3,59 = 78.44, p< 0.001),
with Tukey HSD post-hoc tests showing significant differences in total macrophyte PVI
between spring and all other seasons (p=<0.001). Post hoc Tukey HSD tests indicated
no significant differences in total macrophyte PVI between summer and autumn
(p=0.44), winter and autumn (p=0.08), and winter and summer (p=0.82) (Fig. 3.5b).
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a)

b)

Figure 3.5 Boxplots of total macrophyte abundance (PVI) (a) and total macrophyte and macroalgae
abundance (PVI) (b). The total macrophyte amount includes R.megacarpa, R.polycarpa, A.cylindrocarpa
and S.pectinata. The total macrophyte and macroalgae amount includes all macrophytes, L.macropogon
and all algae species considered in this study (Table 2.3).

When macrophyte abundance was highest (spring), with Ruppia sp. was the dominant
macrophyte. Algae (mainly Ulva sp.) were mostly found in the Vasse estuary in spring,
whilst the charophyte, L.macropogon, was mostly present in the Wonnerup Estuary.
Aquatic plant availability (PVI) significantly dropped in summer for most species
however there were still moderate amounts of algae (filamentous green) found in the
Vasse Estuary. In summer, the Wonnerup estuary contained a moderate amount of
L.macropogon and a small amount of macrophytes (mainly S.pectinata). Aquatic plants
were mostly absent from both estuaries in autumn, with only very small amounts of
filamentous green algae found in Upper Vasse. Small amounts of macrophyte (mainly
Ruppia sp.) and L.macropogon were present in winter, along with filamentous green
algae (Fig. 3.6).
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In general, Ruppia spp. was the dominant macrophyte, whilst algae species varied
seasonally (Ulva sp. present in spring and winter, filamentous green algae in summer).
L.macropogon was found mostly in the Wonnerup estuary, with highest PVI occurring
in spring and summer; however small amounts were present at Upper Vasse in spring.

Figure 3.6 Volume (percent volume infested) of the major plant groups found in Vasse-Wonnerup for
Spring 2018, Summer 2019, Autumn 2019 and Winter 2019. Major plant functional groups are colour
coded with macrophytes in green, charophytes (L. macropogon) in blue, and algae in red and orange.
Regions codes are UV:Upper Vasse, LV:Lower Vasse, LW:Lower Wonnerup, UW:Upper Wonnerup,
SL:Swan Lake.
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3.2.2 Seasonal composition of black swan diet
3.2.2.1 DNA sequencing
The initial stages of the DNA work were positive given that the construction of the
aquatic plant reference library was successful and all plants were successfully
sequenced, and individually identified using the selected primers (Table 2.2). However,
the initial trials run on swan faecal samples, to determine their plant species
composition, did not distinguish between A.cylindrocarpa (macrophyte) and
U.intestinalis (algae). R.polycarpa, R.megacarpa (both macrophytes) and
L.macropogon (charophyte) could also not be differentiated. While the methodology
showed promise, further optimisation was required to improve PCR outcomes (e.g.
eliminating PCR inhibiters; controlling for ultraviolet degradation in field samples) and
to potentially build a more specific primer library. This was not possible due to budget
and time restrictions integral to an Honours project. As the purpose of the analysis was
to distinguish between plant functional groups (macrophyte, charophyte, algae and
samphire) in swan faecal matter to determine seasonal variation in swan diet, further
exploratory DNA work was not undertaken and results of the microscopy were used to
determine the seasonal composition of swan diet.

3.2.2.2 Microscopy
The average composition of black swan faecal samples varied seasonally (Fig. 3.7). In
spring, macrophytes and charophytes were found in higher proportions than other
plant groups (𝜒𝜒42 =67.75, p < 0.001). In summer, charophytes were found in higher
proportions than other plants, (𝜒𝜒42 = 23.46, p < 0.001). Proportionality in autumn

differed with samphire plants found in much higher proportions to all other plant
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species (𝜒𝜒42 = 101.32, p < 0.001). In winter, algae (mainly Ulva sp.), samphire and

L.macropogon were the dominant plants with a significant proportion of swan faecal
samples in winter also consisting of unidentified plant items (𝜒𝜒42 = 28.06, p < 0.001).

Figure 3.7 Facet grid to show the average seasonal composition of swan faecal samples on the VasseWonnerup wetlands.
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L.macropogon was present in swan faecal samples in all regions, across all seasons,
with greatest proportions found at Swan Lake in spring and Upper Vasse in summer.
Samphire plants also appeared in swan faecal samples in all regions, across all seasons,
with highest proportions found in autumn at Lower and Upper Wonnerup. There were
also large proportions of unidentified plants found in swan faecal samples in autumn
and winter. Macrophytes were found in swan faecal samples in all regions in spring,
but only at Lower Vasse and Lower Wonnerup in summer (Fig. 3.8).

Of the macrophytes found in swan faecal samples in spring, Ruppia spp. and
A.cylindrocarpa were both present in higher proportions than S.pectinata (𝜒𝜒22 =22.17, p
< 0.001). In summer, similar to spring, Ruppia spp. was the dominant macrophyte

present, however A. cylindrocarpa and S.pectinata were also present but in lower
proportions to Ruppia spp. (𝜒𝜒22 =21.88, p < 0.001). Filamentous green algae were in

swan faecal matter mostly in summer, whilst Ulva spp. was in greatest proportions in
spring and winter (Fig. 3.9).

All aquatic plant species that were considered in this study were identified in swan
faecal samples (Fig. 3.10), and there were also several different species of
macroinvertebrates found in winter samples, with over 50% of winter samples
containing invertebrate parts (Fig. 3.11).
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Figure 3.8 Average regional percentage composition of dietary items found in swan faecal samples by
microscopic analysis, across all seasons on the Vasse-Wonnerup wetlands for 2018-2019. Spring samples
were collected in 2018; summer, autumn and winter in 2019. The ‘Unidentified’ category refers to
material found in the swan faeces that was not part of the reference library created for DNA analysis.
The macrophyte group includes R.polycarpa, R. megacarpa, A. cylindrocarpa and S.pectinata.
Charophyte consists only of L. macropogon; Algae include U.intestinalis, U.flexuosa and other
filamentous green algae. Regions codes are UV:Upper Vasse, LV:Lower Vasse, LW:Lower Wonnerup,
UW:Upper Wonnerup, SL:Swan Lake. Swan faecal samples were not collected for UW & SL in summer
and for SL in autumn due to an absence of swans in these regions and seasons.
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Figure 3.9 Shadeplot showing seasonal dietary composition (%) of swan faecal samples across different regions of the Vasse-Wonnerup wetland
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Figure 3.10 Slides showing plants identified in swan faecal samples a) R.polycarpa and
R.megacarpa (x40 magnification), b) Ruppia sp. and A.cylindrocarpa (x40 magnification), c)
L.macropogon (x40 magnification), d) Samphire sp. (x40 magnification), e) Ulva sp. (x100
magnification), f) Filamentous green algae (x100 magnification).
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Figure 3.11 Invertebrate parts found in swan faecal samples, all pictures were at x100
magnification; a) Leg from crustacean, b) Copepod nauplius, c) Mayfly leg, d) Leg from
crustacean, e) Leg from beetle f) Leg from crustacean.
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3.2.3 Seasonal comparison of swan diet and plant community composition
An ANOSIM indicated a significant difference between the seasonal plant
community composition compared with the seasonal composition of swan
faeces (R=0.30, p<0.001). The SIMPER analysis also showed a high average
dissimilarity between the faeces composition and plant composition (70.90%),
with L. macropogon being the main contributing factor to the dissimilarity
between the two groups (Table 3.2).

Table 3.2 Results of ANOSIM and SIMPER analysis showing the similarities in plant type
proportionality between seasonal swan faecal composition and plant community composition.
Ruppia sp. includes R.polycarpa and R. megacarpa; Ulva sp. includes both U.intestinalis and
U.flexuosa.
ANOSIM

SIMPER

Content

Seasons

Swan faeces

Seasonal pariwise
comparison

0.33, <0.001

Spring-Summer

0.30, <0.001

Spring-Autumn

0.53, <0.001

Spring-Winter

0.35, <0.001

Summer-Autumn

0.23, <0.001

Summer-Winter

0.25, <0.001

Autumn-Winter

0.35, <0.001

Seasonal pariwise
comparison

0.30, < 0.001

Swan faeces
vs. plant

R, p

Average
dissimilarity
(%)

70.90

Plant
(Genus species)

Contribution to
dissimilarity
(%)

L.macropogon

33.74

Ulva sp.

22.85

Ruppia sp.

14.79
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Two non-multidimensional scaling (nMDS) plots were created from this analysis,
one showing plant composition only and the other showing swan faecal
composition only (Fig. 3.12). The plot showing plants only indicates that there
are two distinct clusters in summer, representing algae found predominantly in
Upper Vasse and charophytes at Wonnerup (Fig. 3.6). Winter points are mostly
clustered (Fig. 3.12a), representing a similar plant composition at that time
consisting mainly of Ulva sp. and some macrophytes, with small amounts of L.
macropogon at Upper Wonnerup. There is a dense cluster for spring indicating
that composition was similar for that season, consisting of macrophytes in
highest proportion followed by charophytes then algae.

Seasonal pairwise comparisons from the ANOSIM indicated that there were
significant differences in the seasonal composition of black swan diet. While
significant differences were indicated between all seasons, the difference
between spring and autumn was greatest (R=0.53, p<0.001, Table 3.2). The
nMDS plot for swan faecal matter only (Fig.3.12b) confirmed these results
showing clustering within seasons, but only minimal overlap between seasons
(e.g. autumn and winter; spring and summer). There was no overlap between
composition in spring and winter, and also spring and autumn with only minimal
overlap between winter and summer indicating that swan diet composition
changes seasonally.
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a)

b)

Figure 3.12 Two 2D nMDS ordination plots derived from a Bray-Curtis resemblance matrix,
constructed from log-transformed data, showing the seasonal percent composition of aquatic
plants (a) and swan faecal samples (b). Points are colour coded via season.

Two nMDS plots were also created for spring and winter (as these were the two
seasons in which swans were most abundant), comparing the swan faecal and
plant compositions for each season on the one plot (Fig. 3.13). These two plots
also indicated that there was little overlap between the composition of swan
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faeces and the seasonal plant community composition. This suggests that the
availability of aquatic plants is not the sole determinant of swan diet, and that
swans are consuming other plants as part of their seasonal diet.

a)

b)

Figure 3.13 Two 2D nMDS ordination plots derived from a Bray-Curtis resemblance matrix,
constructed from log-transformed data comparing swan faecal sample composition with aquatic
plant sample composition for spring (a) and winter (b). Points are coloured via swan faecal
composition (brown) or aquatic plant composition (green), and labelled via region.
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3.3 Associations between black swan activity and use of habitat.
There was a significant association between black swan activity and habitat type
across all seasons (spring: 𝜒𝜒82 = 769.94, p < 0.001; summer: 𝜒𝜒42 = 155.85, p <

0.001; autumn: 𝜒𝜒42 = 312.02, p < 0.001; winter: 𝜒𝜒82 = 819.47, p < 0.001). Swans

preferred to feed in open water in spring and summer, however fed more in the
samphire fringe in autumn and winter. Habitat used for roosting varied
between the seasons, with swans recorded roosting in most habitat types in
spring, preferring rush fringe in summer and samphire fringe or nests in winter
(Fig. 3.14).

Figure 3.14 Counts of black swan activity in different types of habitat (OW: open water, SF:
samphire fringe, RF: rush fringe, I: island, N: nest) on the Vasse-Wonnerup wetlands in spring
2018, summer 2019, autumn 2019 and winter 2019. Note the y-axis scales for summer and
autumn are a quarter of the spring and winter scales.
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There was also a significant association between black swan activity and region
in all seasons (spring: 𝜒𝜒82 = 98.50, p < 0.001; summer: 𝜒𝜒62 = 13.33, p < 0.05;
autumn: 𝜒𝜒62 = 42.20, p < 0.001; winter: 𝜒𝜒82 = 27.24, p < 0.001), as well as

2
significant associations between use of habitat in different regions (spring: 𝜒𝜒16
=

524.26, p < 0.001; summer: 𝜒𝜒62 = 13.28, p < 0.05; autumn: 𝜒𝜒62 = 106.97, p <

2
0.001; winter: 𝜒𝜒16
= 710.51, p < 0.001). In spring, swans used all regions for

roosting, but showed a preference for feeding in both the Upper Wonnerup and
Upper Vasse regions. During summer swans were mostly feeding at Upper
Vasse, whilst in autumn, swans showed a preference for feeding in the
Wonnerup estuary. In winter swans preferred feeding at Upper Vasse, Upper
Wonnerup and Swan Lake (Fig. 3.15).

Habitat preferences for feeding changed seasonally with open water preferred
in spring and summer. In autumn, swans preferred feeding in the samphire
fringe, whilst in winter they fed in both the open water and samphire fringe. In
winter, there was a strong preference for feeding in the samphire fringe at
Swan Lake, whilst even numbers of swans feeding in the samphire fringe and
open water was noted at Upper Wonnerup. Swans preferred feeding in the
open water at Upper Vasse in both spring and winter (Fig. 3.16).
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Figure 3.15 Counts of black swan activity (feeding, swimming, roosting) in all seasons across
the five main regions (UV: Upper Vasse, LV: Lower Vasse, LW: Lower Wonnerup, UW: Upper
Wonnerup, SL: Swan Lake) on the Vasse-Wonnerup wetlands in spring 2018, summer 2019,
autumn 2019 and winter 2019. Note the y-axis scales for summer and autumn are half that of
spring and winter.
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Figure 3.16 Counts of black swans feeding in different habitats (open water, samphire fringe,
rush fringe, island, nest) across the five main regions (UV: Upper Vasse, LV: Lower Vasse, LW:
Lower Wonnerup, UW: Upper Wonnerup, SL: Swan Lake) of the Vasse-Wonnerup wetlands in
spring 2018 (a), summer 2019 (b), autumn 2019 (c) and winter 2019 (d).
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4. Discussion
Results showed that when macrophytes were available swans preferred to feed
on these over other aquatic plants. However, the abundance of macrophytes
was not the only factor influencing swan abundance on the wetlands, as it was
high during periods of low macrophyte abundance. L.macropogon and samphire
plant species are important components of black swan diet in the VasseWonnerup wetlands, a factor which has not been previously considered.

4.1 Main factors influencing black swan abundance on VasseWonnerup wetlands
4.1.1 Seasonality
Season was shown to have a strong influence on swan abundance, with swan
numbers significantly higher in winter and spring, compared to summer and
autumn when abundance was low. By the end of autumn however, over 1000
swans had returned to the wetland (mainly at the Wonnerup estuary), at a time
when aquatic plant abundance was low. Most of the swans that returned in late
autumn and early winter were observed feeding on samphire plant species, so
macrophytes had not initiated their return. A previous long-term study on
Australian waterbirds showed that black swans had a strong seasonal cycle that
was related to movements during the breeding season (Chambers and Loyn
2006). This probably explains the seasonal differences in swan abundance on
the Vasse-Wonnerup wetlands, considering that it is home to the largest regular
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breeding colony of black swans in Western Australia. Breeding is known to
occur on Vasse-Wonnerup from late winter onwards, predominantly at Swan
Lake (Lane et al. 2007), which is just north of the Wonnerup estuary where
most swans had returned to in late autumn.

The seasonal patterns of swan abundance and distribution shown in this study
would suggest that breeding cycles, linked to seasonality, are one of the driving
factors of swan abundance and distribution at this location. There have been
few detailed studies on black swan breeding habits in Australia (Braithwaite
1982), however a study on black swans in New Zealand reported that swans
tended to remain near their natal lakes in their first few years of life, and would
then return to these sites for breeding themselves (Marchant et al. 2006), so it
is possible this is occurring on Vasse-Wonnerup. During breeding and nesting
periods, swans need protection from predators and the building of large nests
in open water is one method they have of predator avoidance (Johnstone and
Storr 1998). However, for this to be effective water levels need to be high
enough that they will deter terrestrial predators such as foxes from attempting
to prey on swan nests. So, although seasonality may be force driving swans to
return for breeding, it is reasonable to suggest that water level would play a
role in nest site selection and could influence abundance and breeding success
at these times.
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4.1.2 Water depth
Although the GAMM from this study did not show that swan abundance was
significantly influenced by water depth, swan abundance was lowest in seasons
when water level was also lowest (in summer and autumn). Interestingly, the
historical swan counts provided by DBCA showed high numbers of swans in the
summer of 2017 when rainfall was higher than usual (BoM, 2017), creating
higher than usual water depth in summer in both estuaries. In contrast, during
mid-summer of this study, when both estuaries were mostly dry, there was a
rapid decline in swan numbers, indicating they had left the wetlands by that
time. Previous studies have indicated that swans have a preference for a water
depth of at least 0.2m (Mitchell and Wass 1996; Smith et al. 2012), so sustained
periods of dryness are likely to cause the swans to leave in search of inundated
wetlands. The increase in swan numbers following a period of heavy rain, and
decrease during period of low to no water suggests that fluctuating water levels
do have an influence on swan abundance at Vasse-Wonnerup.

According to the GAMM, the weakest effect of seasonality was shown at Lower
Vasse, which generally has the most constant water level all year round and is
one of the deepest sections of the Vasse estuary (Chambers et al. 2017a).
Swans that remained on Vasse-Wonnerup in autumn were found at Lower
Vasse for all five of the seasonal counts conducted in autumn, indicating that it
was a preferred site at that time, most likely due to the presence of water, as
other parts of the estuary were dry. Whilst this study did not show water depth
to have a significant statistical effect on swan presence and abundance, other
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studies have reported this to be the case. Choney et al. (2014) found that black
swan abundance on the Swan River, a permanent water body in Perth
approximately 350km north of Vasse-Wonnerup, doubled in summer and
tripled in autumn, at times when ephemeral wetlands (such as VasseWonnerup) are generally at their driest. In contrast to results from this study,
Choney et al. (2014) noted that swan numbers rapidly declined in winter and
spring which is a time when aquatic food sources at ephemeral wetlands, such
as Vasse-Wonnerup, are often at their peak growing stages (Chambers et al.
2017a). The temporal variation in swan abundance reported by Choney et al.
(2014) on a permanent wetland suggests that it is not solely water level that
drives swan abundance on wetlands, but that seasonality and availability of
aquatic plants may also be driving factors.

Black swans have been known to exploit ephemeral wetlands that are
seasonally inundated and then use permanent water bodies as refuges
(Marchant et al. 2006), so it could be expected that black swan abundance
would fluctuate on the Vasse-Wonnerup wetlands given its ephemeral nature.
Of note in this study was the discovery of hundreds of swans using neighbouring
permanent water bodies as a refuge in summer when the majority of the Vasse
and Wonnerup estuaries had dried up. The site, which is a proposed housing
development known as Newport Geographe, is directly opposite the Upper
Vasse estuary, separated from the Vasse-Wonnerup wetlands by a major road
(Layman Road). It consisted of a number of large permanent water bodies and
was frequented by several hundred waterbirds, including swans, for most of
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summer. However, in-fill of this site commenced in late summer 2019, in
preparation for development, and once this had begun most birds, including the
swans, left the site and did not return. Water sampling did not occur in this
area, so depth could not be officially reported, however swans were observed
swimming on open water, and up-end feeding at this site during the early part
of summer indicating that the water was deep enough to enable this.

In summer, water levels on ephemeral wetlands such as Vasse-Wonnerup
generally decrease resulting in an increase in salinity (Chambers et al. 2017a;
Government of Western Australia 2010). Additionally, the shallow water tends
to stagnate often causing algal blooms, which have been an ongoing issue for
the Vasse-Wonnerup wetlands (Government of Western Australia 2010;
Tweedley et al. 2014). Fish deaths from algal blooms at these wetlands are well
known (Tweedley et al. 2014; Tweedley et al. 2017), however there has been
little known regarding whether these blooms may be affecting the bird life.

Of note in this study was the observation of approximately 80 dead swans at
Vasse-Wonnerup in summer. One possible causes of these swan deaths could
have been starvation, however at all of these sites there was ample terrestrial
vegetation, including species that swans have been known to eat such as
grasses and samphires (reported in this study). Swan deaths caused by algal
blooms (Anacystis cyanea) or botulism, contracted by swans feeding in infected
areas, has previously been reported on the Swan River in Perth (Johnstone and
Storr 1998), so it is possible that the toxic water was a factor contributing to the
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swan deaths at Vasse-Wonnerup. Cyanobacteria were observed in the water at
the time of the deaths and Vasse-Wonnerup has a history of toxic algal
occurrence (Chambers et al. 2017).

4.1.3 Aquatic plant availability
I hypothesized that aquatic plant availability, in particular the abundance of
macrophytes, would be one of the main factors influencing swan abundance on
the Vasse-Wonnerup wetlands, as previous studies on other wetlands have
noted this (Chambers and Loyn 2006; Choney et al. 2014; Mitchell and Wass
1996). However, although swan abundance was highest in spring, when aquatic
plant and macrophyte abundance was also highest, swan numbers were also
high in winter, when aquatic plant and macrophyte abundance was very low.
This suggests that provided there are alternate food sources (i.e. saltmarsh
vegetation), seasonality, linked to breeding cycles has more influence on swan
abundance on Vasse-Wonnerup than aquatic plant availability.

Important to note though is that the winter plant data, was collected before
macrophytes and charophytes had emerged from the sediment. So, while it was
unlikely that the presence of aquatic plants had initiated the return of the
swans to Vasse-Wonnerup, it is probable that the abundance of these plants
keeps them there over late winter and spring. This is particularly likely
considering that ongoing monitoring of the wetlands has shown aquatic plants
are generally most abundant in late winter and spring (Chambers et al. 2017a;
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Government of Western Australia 2010), and historical swan counts show swan
abundance is also generally higher in these two seasons compared with
summer and autumn. Therefore, it is reasonable to conclude that aquatic plant
availability does contribute to abundance, particularly in spring and winter. So,
as well as providing good habitat for breeding, the wetlands are also providing
an abundance of preferred macrophytes during the black swan breeding season
(late winter early spring). This agrees with findings by Braithwaite (1982), who
suggested that an abundance of food was the primary driver that stimulated
breeding in black swans. As Vasse-Wonnerup is the largest and most regular
breeding site for black swans in the south west of Western Australia, it is
reasonable to suggest that this is due to the availability of aquatic plants during
critical times in the breeding season, particularly when cygnets are present in
spring.

4.2 Seasonal black swan diet
It was decided to use both microscopy and DNA analysis for this study
considering that there are limitations to both methods (Deagle et al. 2007;
Holechek et al. 1982), and using a combination of the two could have provided
more detailed information about the seasonal composition of swan diet. The
initial stages of the DNA analysis showed great promise, and the plant library
was successful. However, detection of plant species in faecal samples was not
successful. Important to note here is that DNA analysis on degraded samples
can prove difficult and yield poor results. Exposure to ultraviolet radiation, soil
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and weathering are all reported to degrade DNA samples (McInnes et al. 2016;
Oehm et al. 2011). The faecal samples collected in this study were
opportunistically sourced from the banks of the wetland and swan nests (at
sites where swans had been observed roosting), which had likely been exposed
to these known degrading factors. Whilst efforts were made to only collect
fresh samples, it could not be determined how old the samples collected
actually were, and how much contamination or exposure to elements had taken
place. Given that all samples collected had been in contact with soil, and or
other materials on nests or banks, and had also been exposed to ultraviolet
light, it is likely that these were all contributing factors to the unsuccessful DNA
analysis in this study.

However, Oehm et al. (2011) found that 5-day old droppings from carrion crows
(Corvus corone corone) that were protected from direct sunlight and rain were
able to be used to successfully to gain dietary information using DNA methods.
Future faecal collection protocols should take this into account and endeavor to
collect samples that have had minimal exposure to the elements. Also,
surveying known swan roosting sites for faecal samples at regular intervals
could help to ensure that samples collected are as fresh as possible.
Additionally, further development through the optimisation of PCR protocols,
such as temperature profiling and use of additives, was probably also required
to achieve a more successful result in this study (Deagle et al. 2007; Oehm et al.
2011).
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A substantial amount of time and money was spent on developing the DNA
plant reference library, preventing further work in PCR optimisation. However,
considering that a DNA plant reference library has now been constructed for
the main aquatic plants found on the Vasse-Wonnerup wetlands, future
research could aim to refine the DNA methods used in this study, with the
intention to investigate seasonal swan diet further, as well as the diet of other
herbivorous water bird species both at Vasse-Wonnerup and other wetlands
with similar aquatic plant compositions.

Seasonal dietary analysis from this study using microscopy showed a preference
for Ruppia sp. in spring, which is consistent with the literature (Choney et al.
2014; Eklöf et al. 2009; Mitchell and Wass 1996; Sagar et al. 1995). However,
results also show that other species of macrophytes, A.cylindrocarpa and
S.pectinata, were also preferred over other plants in spring during peak
macrophyte availability. Additionally, this study found that a charophyte,
L.macropogon, was present in swan faecal samples all year round, indicating
that it is an important source of food for swans at this site. It was previously
thought that A.cylindrocarpa and L.macropogon were not favoured by black
swans on the Vasse-Wonnerup wetlands (Chambers et al. 2017a). Interestingly,
L.macropogon was found in high amounts in some faecal samples in autumn,
yet aquatic plant sampling did not report any L.macropogon on the wetlands at
that time, indicating that the swans either found another source of it close by or
it occurred outside the aquatic plant sampling sites.
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Also interesting to note was that numerous invertebrate fragments were found
in a number of swan faecal samples during this study. The majority of these
were found in the winter samples, however given the low overall percent of
invertebrate parts found in each sample (less than 5%) it is most likely that
these were ingested unintentionally during the grazing of aquatic plants.
Nevertheless, the ingestion of invertebrates may be providing the swans with
an important source of protein.

This study has also provided new information regarding the importance of
samphire plant species to the swan diet when macrophytes are unavailable.
There was no evidence in the literature to suggest that swans graze on
samphires in the absence of macrophytes, however this study has shown that
these plants are an important component of swan diet in the Vasse-Wonnerup
wetlands, particularly in autumn and winter. As wetlands dry, the abundance of
submerged aquatic plants declines, forcing swans to seek out alternative food
sources. Although swans have a preference for aquatic vegetation, other
studies have shown that they will shift to terrestrial vegetation if there is a
shortage of aquatic plants (Johnstone and Storr 1998; Sagar et al. 1995).
Samphire plants were found in swan faecal samples in all seasons, indicating
that they grazed on these plants when macrophytes were abundant. There was
also a substantial proportion of unidentified items in faeces in autumn and
winter, most likely terrestrial plants that were not considered as part of this
study. Further research should investigate the swan-samphire relationship in
detail given that samphire salt marshes have been identified as a threatened
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ecological community (Prahalad et al. 2015), and results of this study have
indicated that samphire plants are playing a key role in black swan persistence
when submerged macrophytes are absent.

4.3 Regional and seasonal black swan activity and use of habitat
4.3.1 Swan activity: feeding
Of the three swan activities recorded in this study, swans spent the majority of
their time feeding. This is not surprising given that swans have a limited
capacity to digest fibre and cellulose, so they need to spend a large part of their
day feeding to meet their energetic and nutritional needs (Corti and Schlatter
2002; Marchant et al. 2006). Of note in this study was that regional swan
abundance in winter was highest at Upper Vasse, Upper Wonnerup and Swan
Lake, with the majority of swans noted to be feeding in these areas. One
possible reason that swans preferred these three regions for feeding in winter
could be linked to their breeding habits and needs. Whilst Swan Lake is known
to be the main breeding ground at the Vasse-Wonnerup wetlands, multiple
groups of nests were also observed (during swan counts) at both Upper Vasse
and Upper Wonnerup. Swans at Upper Vasse were mainly feeding in the open
water, which is also where macrophyte availability was highest in winter.
However, the majority of swans at Upper Wonnerup and Swan Lake, where
macrophytes were absent, were mainly feeding in the samphire fringes. Swans
are known to be fiercely protective of their nests and eggs, and have also been
known to steal the nesting materials and eggs from each other (Marchant et al.
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2006; Wilmore 1979). As such, findings from this study indicate that the swans
are staying close to their chosen nesting sites and feeding on the habitat that is
available within close proximity to their nests. Further research into swan
breeding habits at the Vasse-Wonnerup wetlands could help to determine
whether swans are building their nests near particular food sources or whether
they are building nests where they (seasonally) always do and then are
opportunistically eating what is closest.

4.3.2 Use of habitat
Use of habitat by swans in this study varied, consistent with the literature
(Braithwaite 1981b; Johnstone and Storr 1998; Kingsford and Norman 2002).
Swans prefer open water but are also reported to be opportunistic and
adaptable in their use of habitat (Marchant et al. 2006; Wilmore 1979).
Interestingly, this study shows that there is an important relationship between
swans and saltmarshes, particularly during drier months when hundreds of
swans fed on samphire plants in the fringing saltmarshes in autumn and winter.
Swans also roosted in the samphire fringes in all seasons, and used samphire
plants to build their nests in winter. Studies relating to faunal use of saltmarsh
wetlands in Australia have largely been concerned with invertebrates and fish,
with few studies on bird use of these habitats (Spencer et al. 2009). As findings
from this study indicate that saltmarsh habitat is providing important resources
for black swans, it is suggested that further research be undertaken in this area.
Considering that the Vasse-Wonnerup wetlands have over 30,000 waterbirds
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frequenting the site every year (Lane 2007), it is highly possible that the fringing
saltmarsh vegetation is supporting the needs of other water bird species as
well.

4.4 Study limitations and future research
The current study only considered swan abundance, activity and diet at the
Vasse-Wonnerup wetlands. Had more wetlands been included in the study it
may have provided additional information in relation to what is influencing their
seasonal diet and movements across wetlands. Nearby wetlands, such as the
Ramsar listed Peel-Yalgorup system, are also known to support substantial
water bird populations (Hale and Butcher 2007), so future research into swan
abundance and diet at neighbouring wetlands along the Swan Coastal Plain and
inland could help to identify more conclusively what the main factors
influencing swan abundance in the south-west of Western Australia are.

While the microscopy analysis in this study was able to identify the main plant
species considered in this study in swan faecal matter, there was still a
proportion of swan diet that remained unidentified in all seasons. It would have
been beneficial to include more terrestrial plants in the initial plant reference
library that was created for the microscopy analysis, especially considering that
swans have been known to graze on terrestrial vegetation when aquatic plant
abundance is low (Johnstone and Storr 1998; Sagar et al. 1995). Additionally,
another limitation of the microscopy analysis is that the diet composition
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reported here might not be proportional to actual consumption amounts
(Holechek et al. 1982). Whilst this study was able to identify the main plants
consumed by black swans, it was not able to provide any information about the
proportional biomass of different plant species consumed by black swans.
Furthermore, to determine grazing pressures by black swans on aquatic plants
at the Vasse-Wonnerup wetlands, future research could investigate biomass
consumption using methods similar to studies conducted by Choney et al.
(2014) and Eklöf et al. (2009).

Previous and ongoing integrated monitoring of these wetlands has not included
Swan Lake, and given time and resource limitations for this study, it was
decided that it was not feasible to collect plant and water data for this
particular region. However, had plant data for Swan Lake been collected, it
could have provided valuable information about the seasonal plant composition
and community structure at this important black swan breeding ground.
Additionally, it would have been beneficial to collect water data for Swan Lake
to determine how influential water depth was to changes in seasonal swan
abundance. Considering it is the main breeding ground of black swans in the
south west of Western Australia, future research including the collection of
plant and water data for this lake could provide valuable information about
swan breeding cycles and nest site selection in relation to plant composition
and water depth.
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The samphire salt marsh areas of the Vasse-Wonnerup proved to be important
habitat for black swans in this study. However, there is limited knowledge of the
species composition of this important ecological community. Considering that
many of the wetlands on the Swan Coastal Plain (Keighery 2013) and Australia
(Prahalad et al. 2015) are bordered by salt marsh vegetation, further research
into the swan-samphire relationship would be beneficial for both swan
conservation and conservation of this threatened ecological plant community.

4.5 Management implications
This study highlights the need to consider seasonal swan movement cycles in
water level management decisions. To date, these decisions (that is, floodgate
operation) have mostly been concerned with maintaining water quality to
prevent algal blooms and fish deaths (Chambers et al. 2017a; Government of
Western Australia 2010; Tweedley et al. 2014). However, the findings of this
study suggest that maintaining optimal water conditions for macrophytes would
benefit swans at Vasse-Wonnerup, particularly during winter and spring when
swans are breeding and have young to support. Macrophyte abundance
contributes to the overall health of the wetland (Chambers et al. 2017a), and
their presence is not only beneficial to herbivorous waterbirds, but the wetland
system as a whole. Water availability and levels during the black swan breeding
season should also be considered by managers as this may have implications for
nest site selection and breeding success (Braithwaite 1982).
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Whilst this site is known for its toxic algal blooms and subsequent fish kill
events, there have been no previous published reports of bird deaths at this site
due to algal blooms. However, algal blooms may also be contributing to swan
deaths at Vasse-Wonnerup, and this is worthy of further investigation. The high
numbers of swan deaths in summer suggests that swans may also be useful
indicators of poor water quality and algal blooms. Therefore, managing water
levels to reduce algal blooms will not only benefit fish but also waterbird
mortality.

Results of this study have indicated that samphire plants are an important
component of swan diet at Vasse-Wonnerup, particularly in the absence of
macrophytes. This finding has highlighted the important role that fringing
wetland vegetation plays for black swans. I suggest that future research and
monitoring considers how other waterbird species may also be using this
habitat. Additionally, given the multiple threats that coastal salt marshes face
(Prahalad et al. 2015), it is important that the saltmarsh bordering the VasseWonnerup wetlands and their surrounds become a management priority. At
present, extensive areas of salt marsh habitat are being cleared near these
wetlands for urban developments, including areas surrounding the Newport
Geographe housing estate which is opposite the Vasse Estuary, and the fringing
salt marsh habitat bordering the Lower Vasse River (Prahalad et al. 2015) which
was cleared to make way for a new road.
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4.6 Conclusions
This study has increased our understanding of black swan ecology on the VasseWonnerup wetlands. It was hypothesized that macrophytes would be the
favoured food of swans, and that both macrophyte availability and water depth
would be driving factors of swan abundance and distribution on this particular
wetland. This study has shown that black swan abundance at Vasse-Wonnerup
is mainly driven by seasonality, most likely linked to breeding cycles, however is
also aligned with peak macrophyte availability. Additionally, it can be reported
that black swan diet on the Vasse-Wonnerup wetlands varies seasonally, with
L.macropogon and samphire plants shown to be important food sources for
black swans year round.

Current waterbird monitoring at Vasse-Wonnerup mainly consists of presence
and abundance counts, however this study highlights the benefits of conducting
more detailed waterbird research, particularly of dietary studies in herbivorous
waterbirds related to plant abundance and water availability. Given that VasseWonnerup wetlands is a Ramsar-listed site of international significance for
waterbirds, and considering that it is a highly modified system with multiple
anthropogenic stressors, further detailed waterbird research should be a
priority in the future.
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