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Figure 4-2 A resource station at (left) with provisioned water is surrounded by a pig-wire
fence. Another resource station (right) that was maintained by the landowners. Motion
sensor cameras attached to the tanks aim down the length of the water troughs................. 96
Figure 4-3 Remote sensing camera records for S. guttata.............cccccoevveeiee e, 104
Figure 4-4 Mean monthly S. guttata encounters per camera day averaged for three sub-
=10 (o] 01T PSPPSR 105
Figure 4-5 Density estimates from spatial mark-resight modelling of S. guttata at
Rockleigh (left) and Hartley (right) for a two-month subset of resighting data with a greater
likelihood of being closed (Rockleigh=Mar—Apr; Hartley=Feb—Mar) and subsets of
resighting data spanning longer (open periods: Rockleigh 2015=Jun—-Dec; Rockleigh

Page | 8


file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010102
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010102
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010102
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010103
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010103
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010103
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010104
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010104
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010105
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010105
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010105
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010105
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010105
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010106
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010106
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010106
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010106
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010107
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010107
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010107
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010108
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010108
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010108
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010109
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010109
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010109
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010110
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010111
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010111
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010112
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010112
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010112
file://///env.sa.gov.au/sysapps/UtilsRO/Thesis_finished_24-6-20.docx%23_Toc44010112

2016=Mar—Jun; Hartley=Feb—Aug) in the southern MLR. Error bars denote 95%
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Figure 4.6 Density estimates from spatial mark-resight modelling of S. guttata at
Rockleigh (left) and Hartley (right) for a two-month subset of resighting data with a greater
likelihood of being closed (Rockleigh=Mar—Apr; Hartley=Feb—Mar) and subsets of
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Figure 5-1 The Mount Lofty Ranges, South Australia, depicted with grey contour lines,

and an overlay of the 18 study sites (pale blue and pale orange polygons) labelled by sub-
region. Seed (brown symbols) was supplemented at all three sites at Milang, Monarto and
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Figure 5-2 A resource station with provisioned seed and water (left). A weldmesh cage
with a roof encloses a small tank, trough, seed tray and seed bin. A resource station with
provisioned water only is surrounded by a pig-wire fence (right). .......ccccccovveviieevinnenne, 128
Figure 5-3 The view from a motion-sensor camera attached to a water tank, facing a water
trough (left) where New Holland honeyeaters Phylidonyris novaehollandiae are bathing,

and a feeder (right) where several S. guttata are feeding on the seed spilling out onto the

Figure 5-4 The capture and resighting history of S. guttata tagged at three sites at Monarto
(n =76) during October 2013—May 2016. Young at capture are in blue, adults in black.
Circle size represents the number of independent resightings per month. Dark horizontal
lines follow individuals resightings through time. Winter months are grey..................... 137
Figure 5-5 The capture and resighting history of S. guttata tagged at three sites at
Rockleigh (n = 121) during April 2014-July 2016. Young at capture are in blue, adults in
black. Circle size represents the number of independent resightings per month. Dark
horizontal lines follow individuals resightings through time. Winter months are grey. ... 138
Figure 5-6 The capture and resighting history of S. guttata tagged at three sites at Hartley
(n = 44) during April 2015-August 2016. Young at capture are in blue, adults in black.
Circle size represents the number of independent resightings per month. Dark horizontal
lines follow individuals resightings through time. Winter months are grey..................... 139
Figure 5-7 The capture and resighting history of S. guttata tagged at three sites at
Springton (n = 40) during May 2014—July 2016. Young at capture are in blue, adults in
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black. Circle size represents the number of independent resightings per month. Dark
horizontal lines follow individuals resightings through time. Winter months are grey. ... 140
Figure 5-8 The number of tagged young S. guttata at supplemented sites (n = 23) versus
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Figure 5-10 Poisson-log normal mark-resight model estimates of apparent survival of
cohorts of S. guttata at seed supplemented sites (Monarto) and unsupplemented sites
(Rockleigh) across an approximate three-year period (Oct 2013—May 2016). (a) null model
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Abstract

Biotic invasions are among the main drivers of ecosystem change and contribute to species
declines. In the southern hemisphere, perennial native understorey plants have been largely
outcompeted by fast-growing annual crop grasses and herbs. This significant compositional
change has altered patterns of seed production. Granivores such as the diamond firetail
(Stagonopleura guttata) are likely to be affected by such alterations. This species has been
declining nationally since large-scale land-clearance prior to 1980. Focussed, species-
specific research is required to identify the threats and their interactions that contribute to
ongoing declines. This thesis examined an isolated meta-population in the Mount Lofty
Ranges (MLR), South Australia, subsisting in heavily degraded grassy woodland dominated
by exotic annual grasses. The hypothesis that changes in grass seed phenology associated

with invasion by exotic annual species has resulted in seasonal food shortages was tested.

An assessment of the seed resources available to ground-foragers in the southern MLR
confirmed that introduced, annual species dominate the understorey. Total seed biomass was
over seven times greater in spring (4.08 g m?) than in autumn, when biomass was just
0.53 g m?. High spring seed biomass was predominantly produced by annual grasses. The
subsequent drop in biomass coincided with breaking autumn rains, implicating mass-
germination as the cause. Variation in seed biomass was attributed to seasonal changes in
the seed abundance of annual weedy grasses and forbs. Diet analyses found that S. guttata
diets mirrored the abundance and diversity of seasonal resources. However, during winter,
when grass seed biomass was scarce, S. guttata relied heavily on the seeds of the drooping

sheoak (Allocasuarina verticillata).

A mark-resight study determined that S. guttata populations were affected by seasonal
resource fluctuations. Stagonopleura guttata encounters were strongly correlated with seed
abundance and S. guttata densities reflected seed biomasses. To further explore the reason
for low numbers of S. guttata in autumn and winter, an in-field food supplementation
experiment was conducted. The food-supplemented population had significantly higher
survival than the non-supplemented population, indicating that food is limiting for S. guttata.
Juveniles were less efficient foragers than adults, highlighting their vulnerability during
times of seed scarcity. However, food supplementation appeared to increase the proportion

of juveniles that survived their first winter. The transition of independent fledglings from
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spring/summer breeding into young breeding adults is critical for recruitment and is likely
to be hampered by winter food shortages.

Overall densities of S. guttata in the southern MLR were 0.023-0.062 birds/ha, lower than
the minimum viable population estimate of 0.069 birds/ha. As such, this meta-population is
not sustainable at current densities. To improve the persistence of S. guttata, it is essential
that the grassy woodlands of the region are managed to create consistent, year-round food
resources, particularly during winter. This requires the restoration of perennial native grasses
in the understorey that seed more consistently and over longer time periods than annuals. In
addition, rehabilitation of A. verticillata, a key resource, will improve food availability
during times of scarcity.
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Chapter 1. General Introduction

1.1 Biodiversity loss

The current anthropogenic exploitation of the earth’s surface is unprecedented, with over
three-quarters of ice-free land affected by human use (Intergovernmental Platform on
Biodiversity and Ecosystem Services 2019). Continued global human population growth
demands ever more resources, resulting in ongoing degradation of natural systems. Global
grain production has doubled in the last century, greatly contributing to alleviating famine
but at an enormous cost to the environment through loss of natural ecosystems, consumption
of water resources and greenhouse gas emissions (Vitousek et al. 1997). Croplands now
cover 12—14% of the earth’s terrestrial surface (Olssen et al. 2019) and a further 10° ha of
natural habitat is predicted to be cleared for agriculture by 2050 (Tilman et al. 2001). This
large-scale clearance of vegetation for agriculture is considered to be the primary cause of
habitat loss (Foley et al. 2005), resulting in a significant decline in biodiversity worldwide
(Boakes et al. 2010). Species extinction rates now are at their highest since humans colonised
the earth, with approximately 1200 species, 617 of which are vertebrates (Ceballos et al.
2015) known to be lost since 1500 due to modification and destruction of the natural
environment (Stork 2010).

1.1.1 Habitat fragmentation and degradation
Habitat loss threatens biodiversity by decreasing the area that a species can occupy and
fragmenting populations (Tilman et al. 2017). Both of these processes directly reduce total
abundance and/or resource availability (e.g. Ford et al. 2001). Habitat fragmentation has
been found to reduce biodiversity by up to 75% and impair ecosystem function by decreasing
biomass and altering nutrient cycles (Haddad et al. 2015). More recently, Fahrig (2017)
reviewed the evidence for ecological responses to habitat fragmentation, and found that most
responses were non-significant. However, Fletcher et al. (2018) argue that Fahrig’s results
are biased, explaining that habitat loss and fragmentation are intrinsically linked. Fahrig et
al. (2019) clarified that habitat fragmentation measures that are confounded with habitat loss
generally show negative relationships to biodiversity. Indeed, the effects of fragmentation
such as declining patch area and reduced connectivity have been shown to have lasting
effects on biodiversity (Haddad et al. 2015), and elicit numerous degrading processes

(Heinrichs et al. 2016). The effects are most severe in the smallest and most isolated
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fragments, due to higher edge to area ratio increasing exposure to adjacent human land uses
and thus susceptibility to degradation (Fletcher et al. 2018). Degradation—the gradual
deterioration of habitat quality—is linked with processes such as weed invasion (Driscoll
2017), predation (McCormick and Lonnstedt 2016), competition (Calizza et al. 2017),
grazing pressure (van Doorn et al. 2015) and dispersal (Fonturbel et al. 2015). All of these
processes interact, with one or more being significant for a species. Often, complex, non-
additive interaction effects lead to species declines, rather than single factors (Didham et al.
2007). For example, invasive brown-headed cowbirds (Molothrus ater) heavily predated the
nests of native neotropical migrants at the edges of fragmented forest in the USA, but only
in landscapes with moderate to high modification (Donovan et al. 1997). Species that require
large areas of habitat for survival, such as large-bodied or wide-ranging animals, are more
likely to have a strong negative response to reductions in habitat size and fragmentation
(Villard et al. 1999). Consequently, 80% of extant terrestrial bird and mammal species are
threatened by habitat loss and fragmentation (Tilman et al. 2017).

1.1.2 Biotic invasions
Isolated habitat patches are susceptible to interactions with the surrounding modified
environment. A common result of fragmentation is the invasion of exotic or pest species,
becoming more frequent with increased edge to area ratio (Laurance 2002). Invasive species
can directly affect populations through predation (e.g. Burbidge and Manly 2002),
aggressive exclusion (Maron and Kennedy 2007) or competition for resources (e.g. Hobbs
2001). For example, the aggressive noisy miner (Manorina melanocephala) preferentially
occupies edge habitat, resulting in significant reductions in abundance and diversity of small
woodland bird species in heavily fragmented patches (Clarke and Oldland 2007; Maron and
Kennedy 2007). Indirectly, invasive species can alter the composition and structure of key
resources for native species (e.g. D’Amore et al. 2009). For example, invasive plants can
out-compete native plants thereby limiting their abundance, distribution and productivity,
negatively affecting the fitness and growth of dependent fauna (Montserrat et al. 2011). The
effects of habitat loss, fragmentation and invasive species are all significant for native biota.
However, their effects are more pronounced when these factors interact, for example where

invasive species benefit from an increase in edge habitat (Sala et al. 2000).
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1.2 Avifaunal declines

Moreso than for other vertebrate groups, there is good quantitative evidence of avifaunal
declines and their causes (Ford 2011; Garnett et al. 2011). At the largest scale, the major
reasons are undeniably habitat loss and degradation (Garnett et al. 2011; Robinson and Triall
1996). Globally, 141 species and 138 subspecies of birds have become extinct since 1500
(Szabo et al. 2012). A geographic concentration of bird extinctions has occurred in Australia,
with 29 species lost since European settlement (Szabo et al. 2012) and 17% of extant species
now threatened (Garnett et al. 2011). A high proportion of threatened birds occur in
Australia’s southeast (Garnett et al. 2011; Woinarski and Braithwaite 1990). This region has
been extensively cleared to make way for agriculture, with approximately 500,000 km? of
woodland vegetation removed, representing one of the most significant vegetation changes
in Australian history (Yates and Hobbs 1997). Consequently, temperate woodland birds are
the most adversely affected group of avifauna in Australia (Garnett and Crowley 2000). The
situation is not stabilising, with many woodland species continuing to decline (Attwood et
al. 2009; Geyle et al. 2018), such as the brown treecreeper (Climacterus picumnus), hooded
robin (Melanodryas cucullata) and restless flycatcher (Myiagra inquieta) (Ehmke et al.
2014).

1.2.1 Woodland birds
While habitat loss and fragmentation are the broadest causes of woodland bird declines, a
range of interacting flow-on effects threaten different suites of avifauna (e.g. Antos and
Bennett 2006; Ford et al. 2001; Paton et al. 2004; Watson et al. 2002). Species that are
unwilling to move between fragments are subject to edge-effects. For example, small
insectivores such as the red-capped robin (Petroica goodenovii) and scarlet robin (Petroica
boodang) require interior habitat (away from the edge) because of aggressive competition
from noisy miners at the edges (Catterall et al. 1991). Species that move between habitat
patches to use different resources are at risk of different interacting processes (e.g. Lambeck
1995; Merigot and Paton 2018). Nectarivores such as the swift parrot (Lathamus discolour)
and the critically endangered regent honeyeater (Anthochaera phrygia) rely on a series of
habitats to provide sequential flowering resources across a year (Saunders et al. 2007). As
such, the disproportionate loss of certain habitat types can create a resource gap (Ford et al.
2001). Similarly, the interaction between patterns of seed production and habitat degradation
threatens many granivores. A reduction in available grass seeds, particularly from native

perennial grasses, due to cattle grazing reduced the capacity of degraded lands to support
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specialist granivores in central Monte Desert, Argentina (Marone et al. 2017). In Australia,
the replacement of native grasses by exotic species has altered the timing of seed resources,
while overgrazing has reduced the density of mid-layer vegetation providing cover for
foraging granivores (Cole and Lunt 2005; Yates and Hobbs 1997). These compounding
factors were responsible for the disappearance of the peaceful dove (Geopelia placida), red-
browed finch (Neochmia temporalis) and double-barred finch (Stagonopleura bichenovii)
from a New-England area (Ford 1985). Similarly, a reduction in grass seed availability due
to overabundant kangaroos has been linked to declines of small granivorous birds in areas
where dingoes — a kangaroo population control — are functionally extinct (Rees et al. 2017).

More than half of declining woodland bird species forage on the ground (Robinson 1994;
Reid 1999). These species have multiple, specific habitat requirements, including suitable
ground-layer substrates and structural elements such as fallen timber to support foraging
activities (Paton et al. 2004; Recher et al. 2002). For example, hooded robins (Melanodryas
cucullata) forage in a leaf-litter substrate and favour open understoreys, but require
horizontal branches within ~2—4 m of the ground from which to ground-pounce (Reid 1999).
In addition, many ground substrates are particularly vulnerable to degradation (Antos and
Bennett 2005). Inappropriate fire regimes can reduce leaf-litter and fallen timber (Gill et al.
1999) while overgrazing can alter the understorey and ground layer via processes such as
trampling and compaction (Martin and Possingham 2005). Similarly, weed invasion can
impede access to forage substrates and is suspected to affect the temporal continuity of
resources for species such as the red-rumped parrot (Psephotus haematonotus) and diamond
firetail (Stagonopleura guttata) (Paton et al. 2004). Previous studies (e.g. Antos and Bennett
2005; Antos et al. 2008) have highlighted the diversity of responses to different threats
among ground-foraging species. Consequently, effective management of declining ground-
foragers must consider the habitat requirements unique to each species, as well as the

degrading processes impacting them.

1.2.2 The diamond firetail
Among the ground-foraging woodland birds declining throughout their range is the diamond
firetail (S. guttata). Stagonopleura guttata are small (~17 g), granivorous Estrildid finches,
endemic to the woodlands and open forests of temperate, semi-arid and arid southeastern
Australia (Higgins et al. 2006). These finches forage almost exclusively on the ground where

they take the seeds of grasses and herbaceous plants, either directly from the plant or from
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the soil surface. Foraging habitat consists of grasslands with scattered trees, grassy clearings
in woodlands, or paddocks bordered by trees and bushes (Antos et al. 2008). The species is
predominantly sedentary, with an average home range of 12 ha (Ankor 2005). Foraging
flocks can range from five to 40 individuals. The larger flocks appear after the breeding
season, which is typically August to January and again in autumn if conditions are suitable
(Immelman 1982). Courtship displays commence in August, during which time pair-bonds
are established (O’Gormon 1980). Pairs will nest in trees and shrubs with thick foliage or in
clumps of mistletoe (Cooney and Watson 2005), generally within three metres of the ground.
The large (250-300 mm by 130-200 mm), bottle-shaped nests are built from the stems of
grasses and feature a narrow entrance tunnel (Immelman 1982). Clutches comprise four to
six eggs, and both parents incubate eggs and nestlings (Higgins et al. 2006). Fledging takes
place 24-25 days after hatching, and juveniles gain their adult plumage within 10-20 weeks
(Forshaw et al. 2012). Individuals are known to live for at least five years (Higgins et al.
2006).

Stagonopleura guttata has been declining throughout Australia since at least the 1980s
(Blakers et al. 1984; Barrett et al. 2003; Garnett and Crowley 2000). It mainly occurs in
open, grassy woodlands in southern Queensland, eastern New South Wales, south of the
Great Dividing Range in Victoria and in the southeast, the Mount Lofty Ranges (MLR), Eyre
Peninsula and Southern Yorke Peninsula in South Australia (SA) (Figure 1.1). The SA
populations exist in fragmented patches of remnant grassy woodland, and are isolated from
larger populations in the eastern states by a stretch of unsuitable habitat. The species is listed
as ‘“Vulnerable’ in SA under the National Parks and Wildlife Act, 1972 (SA legislation). The
decline of S. guttata is broadly representative of other ground-foraging woodland birds
across temperate Australia, all sharing similarities in their ecological niches and declining
trajectories (Reid 1999). Like other declining birds, S. guttata was once common across a

large range, but is now at risk of local extinctions across the wider landscape (Reid 1999).

Page | 21



Chapter 1. Introduction

Figure 1-1 The broad distribution of Stagonopleura guttata in Australia. The species
exists in fragmented populations within this range. Map produced by BirdLife
International (2019)

Habitat clearance is widely accepted as having played a major role in the decline of S. guttata
(e.g. Ford et al. 2001; Reid 1999). As such, reinstating habitat and addressing further
degradation of remaining habitat are key to reversing this trend. However, good conservation
planning requires knowledge of the specific population limitations and threatening processes
affecting individual species (Ford et al. 2001; Paton et al. 2004; Yates and Hobbs 1997). At
a regional scale, several processes that interact with, or flow from, habitat loss, have been
proposed as contributors to S. guttata declines. Dieback of eucalypt woodlands was
implicated in New South Wales (Ford and Bell 1981). Cats have been proposed as a threat
in the southern MLR (Read 1994). High nest predation, likely by avian predators, was found
in the northern MLR (McGuire and Kleindorfer 2007). The replacement of native grasses
with exotic grasses, altering seed resources, is a commonly reported threat (Crowley and
Garnett 1999; Forshaw et al. 2012; Garnett and Crowley 2000), thought to contribute to
declines near Armidale (Ford 1985), Canberra (Er et al. 1998), Victoria (Higgins et al. 2006)
and the MLR (Paton et al. 2004). Exotic grasses not only alter seeding patterns compared
with natives (Paton et al. 2004), but may lack important micronutrients (e.g. Yeoh and

Watson 1981). Zanollo et al. (2013) found that higher quality female S. guttata (determined
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by spot number; Crowhurst et al. 2012; Zanollo et al. 2012) laid larger eggs containing more
yolk carotenoid, thus suboptimal nutrition could result in reduced maternal investment in
offspring. A study on S. guttata in central New South Wales dismissed seed resources as an
issue because estimates of seed biomass did not correlate with estimates of finch abundance
(Schopfer 1989). However, populations have continued to decline across the range of
S. guttata since 1989, and Ford et al. (2001) suggested that altered food supplies are likely
to be a significant threat to finch species. Shortages of native seed naturally occur seasonally
for tropical and northern temperate annual granivorous birds (Crowley and Garnett 1999;
Tidemann 1993). These species have adapted to cope with such shortages using a variety of
strategies including diet switching (e.g. Dostine and Franklin 2002), mobility (e.g. Tidemann
1996) and habitat shifts (e.g. Dostine et al. 2001). However, in temperate zones, if seed
shortages are a result of exotic grass invasion and thus a relatively recent phenomenon,
granivores may not have had the opportunity to adapt. Thus, food may be a limiting factor
where the effects of altered food resources and habitat loss interact, such as for the

fragmented populations in the MLR.

1.2.3 The Mount Lofty Ranges

The MLR is located to the east of the Adelaide plains, extending northwards towards the
Flinders Ranges and south to include the Fleurieu Peninsula. Eastwards, the ranges stretch
into dry, open pastures towards the Murray River (Department for Environment and Heritage
2010; Wilson and Bignall 2009). The combination of relatively high rainfall (approximately
800-1000 mm annually; Bureau of Meteorology 2019), steep hilly topography and high
peaks makes this region biogeographically unique within SA, with distinct biota
(Department for Environment and Heritage 2010). A range of vegetation types, from
sclerophyll forests, dry heathy woodlands and grassy woodlands to swamps and wetlands,
support diverse flora and fauna. Over 450 bird species have been recorded in the MLR, and
75% of the state’s avifauna is found here (Wilson and Bignall 2009). The eucalypt
woodlands lie on the western periphery of Australia’s south-eastern woodland distribution
and are separated from similar vegetation by semi-arid mallee and drier woodlands (Paton
et al. 1994). Consequently, the region is a ‘biological island’, with isolated populations on
the outermost reaches of their continental range; prone to regional extinctions. The MLR has
experienced extinctions before other areas (such as eastern Australia), having already lost
10 avian species, with another 3040 in decline (Paton et al. 1999; Szabo et al. 2011).
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Prior to European settlement and clearance for agriculture, extensive areas of eucalypt
forests and woodlands existed in the MLR (Laut et al. 1977; Paton et al. 1999; Specht 1972).
Sclerophyllous vegetation communities dominated the nutrient-deficient soils of the higher
rainfall areas, whilst drier open heathy woodlands were common in the northern parts of the
ranges and on the Fleurieu Peninsula (Department for Environment and Heritage 2010).
Open forest blanketed the MLR spine, dominated by Eucalyptus baxteri,
Eucalyptus obliqua, Eucalyptus goniocalyx and Eucalyptus dalrympleana, with a shrubby
understorey (Paton et al. 1999). At lower elevations and on heavy soils, the open forest gave
way to grassy woodlands of Eucalyptus leucoxylon and Eucalyptus viminalis.
Eucalyptus microcarpa and Eucalyptus odorata grassy woodlands occurred at even lower
elevations, with Eucalyptus porosa grassy woodlands on drier soils (Paton et al. 1999;
Specht 1972). Mid-storey and understorey vegetation was often dominated by Acacia
pycnantha, Acacia paradoxa, Bursaria spinosa and Hibbertia riparia. Rytidosperma spp,
Austrostipa spp and Themeda triandra were prominent grasses (Paton et al. 1999). The
woodlands were interspersed with native grasslands and shrublands, although their

distributions were not as extensive as the grassy woodlands.

Like all other agricultural regions in SA, the MLR has been subject to dramatic landscape
changes since European settlement. The region was one of the first places in Australia to
undergo extensive vegetation clearance, beginning in the mid-19" century (Paton et al. 2004;
Yates and Hobbs 1997). The northern Ranges, beyond Gawler, have suffered particularly
severe changes, with only 2% of the native vegetation remaining. Less than 5% of the
original vegetation remains on the Fleurieu Peninsula, while only 7% of the pre-European
woodlands are intact in the MLR as a whole (Department for Environment and Heritage
2010; Paton et al. 2004; Robinson and Triall 1996). The landscape today comprises small,
isolated remnants embedded in a matrix of urban and agricultural land-types (Paton et al.
2004). Much of this remaining vegetation has been modified to some degree by
anthropogenic influences, with very few entirely intact areas (Department for Environment
and Heritage 2010). Of the vegetation types that were dominant in pre-European times, it
was the grassy ecosystems—grassy woodlands and grasslands—that were the most
extensively cleared or modified due to their relatively fertile soils and open vegetation.
Ninety-nine per cent of grasslands have been cleared to date in the region (Benson and
Redpath 1997; Lindenmayer et al. 2010).
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1.2.4 Diamond firetails in the MLR
The heavily cleared and highly modified grassy woodlands and grasslands of the MLR
continue to support the region’s extant S. guttata. This isolated meta-population has
contracted from its pre-European range, remaining in fragmented populations in the northern
and eastern parts (Figure 1.2), though once present across the central spine (Paton et al.
1994). Significant changes in the composition of grass communities have occurred across its
current distribution, with the introduction of weed species and the subsequent reduction in
native understorey species diversity (Ankor 2005; Davies 1999; Ford et al. 2001). Invasive
species are predominantly annuals from the northern hemisphere (Davies 1999), well suited
to the temperate MLR (Crossman et al. 2011; Davies 1997). With no insects or diseases to
impede their growth, these weedy species have overwhelmingly outcompeted native species,
90% of which were perennial grasses (Davies 1999). The significant differences in seeding
and growth patterns between annuals and perennials have altered the understorey habitat.
Native perennial grasses grow during winter and/or summer, and are known to seed
predominantly in spring or in autumn (Gibbs 2001; Jessop et al. 2006). In contrast, annual
grasses produce large amounts of seed within a short timeframe during spring (Bazzaz et al.
1987). As such, the seasonal availability of seed resources has changed substantially due to

exotic invasions (e.g. Ford et al. 2001; Paton et al. 2004).

Changes in seed availability for S. guttata have been identified by two short-term studies
(Ankor 2005; Houdet 2003). Ankor (2005) found that S. guttata in the Monarto region of
the MLR relied heavily on seeds from exotic annuals, but concluded that these were not a
reliable food source year-round as most annuals exhibit one short seed drop after flowering
in spring. Houdet (2003) found that several widespread exotic grass species occurring in the
MLR experience high germination success with high rainfall, which would directly reduce
topsoil seed availability after late autumn rains. Ankor (2005) demonstrated this in situ,
recording high numbers of shoots of the invasive oat grass, Avena sp., appearing in response
to late autumn rains. Their seed availability subsequently decreased to near zero (Ankor
2005). Thus, abundant annual grasses may provide copious seed in spring, but this seed is
likely to diminish rapidly with mass-germination triggered by the first heavy rains of the

year.

These patterns raise important questions about the year-round availability of food for MLR

S. guttata. Both studies spanned less than a year and were geographically small-scale, thus
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their broader applicability is limited. Given the magnitude of change within this system since
European colonisation, the potential effect of this change on a fundamental requirement
(food), and multiple studies from elsewhere that flag food availability as an issue for
S. guttata, it is likely the species is experiencing food shortages. Furthermore, food
shortages would manifest after mass-germination in autumn, when there is additional
pressure on resources due to the new recruits from spring and summer breeding.
Consequently, the survival of juveniles through winter comes into question. To adequately
inform land management to support this species, further investigation is required into their
year-round food availability, the species that provide this food consistently, and the impacts
of altered food resources on S. guttata.
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Figure 1-2 Grid cells within which Stagonopleura guttata were recorded
in 1984-85 c.f. 2012-2014 in the southern MLR, taken from ‘A third bird atlas of
the Adelaide Region’ (DC Paton 2017 unpub.).
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1.3 Aims and outline

This thesis aims to investigate the importance of food availability as a contributing factor to
the ongoing decline of S. guttata in the southern MLR, to inform habitat restoration and
assist in reversing declines. More broadly, it provides a case study for the impact of
compositional changes to grassy woodlands and grasslands on granivores. Specifically, this
thesis tests the hypothesis that the invasion of weedy grasses has changed seeding patterns
in the understorey such that S. guttata experiences seasonal food shortages, by addressing:

e seasonal seed resource composition changes and the effect on total seed abundance

e key plant taxa in the diet of S. guttata and their correlation with seasonal seed
resource shifts

e S. guttata density and seasonal density patterns relative to seed resources

e the survival of S. guttata supplemented with seed versus S. guttata subject to seed
shortages

e the impact of seed supplementation on juvenile survival

In Chapter 2, the seed resources available to ground-foraging granivores in the southern
MLR are examined. Seed abundance, seed biomass, and seeding species composition were
measured seasonally within S. guttata habitat. This determined how changes to the

composition of understorey plant communities affects seed availability.

The diet of S. guttata in the southern MLR examined using crop analysis and observational
studies is described in Chapter 3. Seasonal diet diversity and the selection of different food
types are compared with available resources to determine whether S. guttata diets are

mirroring local resource patterns.

Chapter 4 discusses the density of S. guttata in the southern MLR and seasonal changes in
density. A qualitative comparison of S. guttata density patterns and seed resources was

undertaken to determine how seed availability impacted S. guttata abundance.

Chapter 5 describes an in situ seed supplementation experiment that tested the impact of
additional seed resources on S. guttata survival. Supplemented populations are compared
with non-supplemented populations. In addition, the proportion of daily caloric requirements
that S. guttata obtained from supplemented seed was measured monthly to examine temporal

changes to their level of dependence on this seed.

Page | 28



Chapter 1. Introduction

Finally, Chapter 6 provides a summary and synthesis of the findings of Chapters 2-5,
recommendations for the management of S. guttata, areas of future research to improve the
management of the species, and discusses the broader application of results.

1.3.1 Study sites
This study examined S. guttata populations of the southern MLR (running south from
approximately Keyneton, east of Gawler), as this is where the larger proportion of its
present-day MLR distribution is located (Figure 1.2). Following preliminary assessments of
thirty sites across the region (G Hodder 2014 unpub.), six distinct sub-regions were chosen
from within the finch’s current range (Figure 1.3). The sub-regions were near-equidistant
and aligned roughly north-south along the length of the southern MLR. All sub-regions
consisted of grassy woodlands and grasslands within an agricultural matrix on the eastern
scarp of the ranges. From north to south, the sub-regions were located at: Karinya, Springton,
Rockleigh, Monarto, Hartley and Milang, all of which were between 12 and 24 km apart
(Figure 1.3). Distances between sub-regions were expected to preclude frequent movement
of S. guttata between them, as <10% of banded individuals have been re-captured greater
than 10 km from their capture site (Higgins et al. 2006). Within each sub-region, three
distinct sample sites (each approximately 80—180 ha and separated from each other by 1-
8 km) were selected, totalling 18 sites. All sites consisted of mid to low open woodlands of,
to varying extents, Eucalyptus fasciculosa, E. porosa, E. odorata, Callitris gracilis and
A. verticillata interspersed with open patches of grassland. Sparse mid-storeys of
A. pychantha, A. paradoxa, B.spinosa, Melaleuca lanceolata, Melaleuca acuminata,
Melaleuca uncinata, Dodonea viscosa, Eremophila longifolia or Senna artemisioides ssp,
were occasionally present, though generally limited. The understoreys at all sites were
heavily degraded and dominated by similar species of weedy grasses and forbs, with the
exception being Rockleigh, which had areas dominated by a near-monoculture of Ehrharta
calycina. Native grasses were present to a lesser degree, interspersed with the weedy species.
All sites have been historically grazed by livestock, and the Karinya sites were rotationally
grazed during the study. The steep slopes with flanking gullies at the Springton sites have
been largely cleared of overstorey and mid-storey vegetation, but a strip of woodland
consisting primarily of eucalypts and tall shrubs persisted along the gullies and on open,
rocky outcrops. Patches of remnant and revegetated habitat are present at all three Monarto

sites. The large revegetated patches had open overstoreys of mature mixed non-native
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eucalypts, planted in the 1970s for amelioration purposes (Paton et al. 2004), but a very
limited mid-storey.
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Figure 1-3 The six sub-regions: Karinya, Springton, Rockleigh, Monarto, Hartley and Milang, each

containing three sampling sites (black shapes clustered within sub-regions).
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Chapter 2. Seasonal seed resources

2.1 Introduction

Introduced species increasingly compromise the interactions between native species, as
biotic invasions become more pervasive (Sala et al. 2000). Such interactions play a
fundamental role in the structuring of ecosystems and thus can affect other ecological
processes (Tylianakis et al. 2008). Invasive plants for example, can impact local resources
for animal populations by changing the composition and structure of plant communities
(Montserrat et al. 2011). Such changes have been found to alter food availability for birds in
ecosystems around the world (e.g. Blendinger and Ojeda 2001; Thompson et al. 1991). For
example, the intensification of grazing has changed the composition of grassland species in
African Savannas (O’Connor and Pickett 1992) and in northern Australia (Crowley and
Garnett 2001b), resulting in reduced seed availability for granivores. Structurally diverse
and species-rich grasslands have been replaced by dense, uniform swards in Britain with
similar effects (Vickery et al. 2001). Changes to resource availability can seriously affect
wildlife populations and result in local (Paton et al. 2004), regional (Ford et al. 2001) and
global declines or even extinctions (Ford 2011; Gurevitch and Padilla 2004; Wilcove et al.
1998).

The Mount Lofty Ranges (MLR) in South Australia has undergone extensive changes since
European settlement, with over 90% of the region’s native vegetation cleared for agriculture
(Bickford and Gell 2005; Paton 2010). These changes have resulted in the fragmentation and
degradation of remaining patches of native vegetation, facilitating the introduction and
spread of a suite of exotic species (Szabo et al. 2011). The grassy ecosystems of the region
are today dominated by invasive grasses from the northern hemisphere that have displaced
indigenous grasses (Davies 1999), 90% of which are perennials (Davies 1997). Exotic
annuals can produce copious seed during a short period in spring, but their seeds are known
to mass germinate in response to the first heavy rains after summer (Monks et al. 2009;
Torssell and McKeon 1976). Studies in Northern Australia have shown that very few grass-
seeds remain after mass germination events (Crowley and Garnett 1999; Dostine et al. 2001;
Mott and Andrew 1985). Thus, a switch to an annual-dominated system has the potential to
result in significant seasonal variation in food availability (Ankor 2005; Carpenter 2012;
Houdet 2003; Paton et al. 2004).

As a consequence of extensive landscape modifications, a majority of extant woodland birds
in the MLR are declining in range (Paton et al. 1994; DC Paton 2017 unpub.). At least 40

species are predicted to go extinct based on the area of habitat remaining (Ford and Howe
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1980; Szabo et al. 2011). Population declines are closely associated with foraging guild
(Ford 2011). Ground-foraging birds, being susceptible to disturbances in the ground layer,
are at risk of the effects of invasive understorey plants (Antos et al. 2008). Alterations to
seed resources are particularly threatening for species that rely wholly on seeds for
subsistence, like the declining diamond firetail, Stagonopleura guttata (Antos and Bennett
2006). The MLR S. guttata populations are small and fragmented, persisting in heavily
cleared and degraded habitat dominated by invasive annual grasses (Paton et al. 1994).
Despite the cessation of land clearance in the 1980s, populations continue to decline in range
and abundance (Paton 2010). Short-term studies have concluded that food shortages may be
a major contributor to these declines (Ankor 2005; Houdet 2003; Read 1994). However, the
seed resources of the southern MLR have not yet been quantitatively measured at a
landscape-scale, nor has this been undertaken elsewhere in temperate Australian grassy

woodlands.

This study aims to quantify the availability of seed resources for granivorous birds in the
southern MLR by measuring resources in areas where S. guttata were observed foraging.
Seeding species will be individually identified and measured to track seasonal changes in
plant community composition. Specifically, this study examines: i) the seasonal availability
of seed biomass for granivorous birds in the MLR; ii) if weedy annual species dominate
these seed resources and provide abundant seed year-round; and iii) how seasonal changes
in the composition of understorey seed species influence total seed availability. The findings

will inform conservation management for the recovery and future protection of S. guttata.
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2.2 Methods

2.2.1 Study area and sampling sites
This study was conducted in the MLR; a temperate, biodiversity hotspot in South Australia
supporting a system of heathy and grassy woodlands and forests. Populations of MLR
S. guttata have largely contracted to the open, grassy woodlands in the eastern parts of the
southern MLR. As such, sampling was undertaken across six sub-regions in the southern
MLR over a two-year period (late spring 2014 to late winter 2016). The sub-regions (Milang,
Hartley, Monarto, Rockleigh, Springton and Karinya) lie longitudinally along the eastern
scarp of the southern MLR, approximately 12—-24 km apart. Each sub-region was divided
into three sampling sites (n = 18), comprising small patches of remnant or revegetated open
eucalypt woodland with stands of Allocasuarina verticillata, Callitris gracilis and
predominantly grassy understoreys dominated by weedy annual species. Sampling sites were
set in an agricultural matrix within 8 km of one another, and each supported small

populations of S. guttata (see Figure 1.3 in the General Introduction).

2.2.2 Sampling points
Seed resource availability and composition was measured during the latter half of summer,
autumn, winter and spring at all 18 sites in the first year of study, which ran from late spring
2014 to late winter 2015 (Table 2.1). To determine the relationship between foraging areas
selected by S. guttata and the broader seed resource availability, seed sampling was
undertaken at forage points (sites where S. guttata were observed foraging) and compared
to non-forage points (randomly generated locations in suitable habitat). Ten non-forage and
up to ten forage points were sampled at each site in each season during the first year of study.
Non-forage points were sampled on the same day as forage points, either after the forage
points had been located and marked, or during periods when S. guttata could not be found.
The locations of points varied between seasons and years, depending on where birds were

observed foraging.

In the second year, sampling could not be undertaken in late spring 2015 due to unforeseen
circumstances, but seed resources were sampled from late summer to late winter in 2016.
Up to 20 forage points were sampled in each sub-region. Only forage points were sampled
in the second year, as results from the first year indicated that S. guttata foraged in areas that

were representative of the broader resource availability (see Section 2.3.1.2).
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Table 2.1 The number of forage (F) and non-forage (NF) points sampled for seeds at each sub-
region per season across two years in the southern MLR. Shaded squares denote unsampled
seasons and sub-regions.

Study Year 1 Study Year 2
2014 2015 2016
Sub- - - S :
ion ( Spring | Summer | Autumn | Winter Spring | Summer | Autumn | Winter | Total
region (3

siteseach) F |NF/F 'NF F NF |F 'NF . N F NE F I NFE F NF

Karinya 30 /3030 30 3030 3 30 0 0 17 0 10 0 7 0 | 274
Springton |24 30 20 30 |20 30 20 30 0 O 19 O 19 \0 |20 O 262
Rockleigh 1 10 130 /10 /130 30 30 1030 0 0 14 0 13 .0 20 O | 217
Monarto 10 30 30 /30 20 30 0O 30 O O 15 O 19 0 20 O 234
Hartley 2 (3022 3 1030 10 30 0O 0 0 'O 12 .0 |0 0 176
Milang 6 30 0 30 'O 30 2 30 0 0 5 0 10 0 |12 O 155

Total 82 | 180 112 180 | 110 180 72 |/ 180 O O @ 70 O 83 0 79 O 1318

2.2.2.1. Forage points

Forage points were obtained by following S. guttata groups or individuals for 6-10 hours
per day (an average of 7.78 hrs = 1.28 SD). Observations were initiated at sunrise and
undertaken by the primary author. Individuals were located by identifying calls and making
visual observations with binoculars. Once located, S. guttata were followed at a distance of
>8 m, to avoid disrupting their activity. The time and locations (x 20 cm) at which birds
removed seeds from the ground or plants were recorded. Foraging locations were marked
with a flag once the focal birds left the area, and a location reading was taken using a Global
Position System (Garmin GPS 72) at each foraging point that was considered independent
from the last. Foraging points were deemed independent when either: a) observations of seed
removal were > 15 minutes apart, b) observations of seed removal were > 15 metres apart,
or ¢) there was a break in foraging to fly to a perch (e.g. for vigilance or preening). This is
based on the principle that a foraging S. guttata can move freely to any other area within its
home range of 12 ha (Ankor 2005) within 15 minutes (G Hodder 2015 pers. obs.), or
following a break in foraging after which a new, precise site is chosen (Swihart and Slade

1985). Where a group of foraging points were dependent the most exactly located or most
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used point was flagged. Once foraging points were flagged, S. guttata were located again
where possible and observed until the next independent foraging point was obtained. Within
each site, groups/individuals were followed for one day per season. A total of 608 foraging
points were located and data were collected from each—376 in the first year of study, and
232 in the second year (Table 2.1).

2.2.2.2. Non-forage points

To obtain non-forage points, fifty locations were randomly generated within each site for
each season using ArcGIS 10.3.1. Within each site, ten of the generated points that fell within
suitable foraging habitat (grassy understorey), but where S. guttata had not been observed
foraging, were sampled per season. Where locations had logistical constraints (e.g.
coordinates fell over a tree, dense bush or in inaccessible habitat) the nearest random location
was chosen instead. A total of 710 non-forage points were collected in the first year of study
(Table 2.1).

2.2.3 Seed resource availability

2.2.3.1. Seed species abundances and composition

Seed abundance and composition were determined by collecting seeds at forage (n = 608)
and non-forage (n = 710) points. All seeding species of grasses, forbs, small understorey
shrubs and sheoaks (both in fallen and open cones on the tree) were sampled, as they are
known or likely food sources for S. guttata (Ankor 2005; Read 1987, 1994; Schopfer 1989).
The available seed resources were determined by measuring the standing crop seeds (all
seeds held on plants) within a 50 x 50 cm quadrat centred over the forage/non-forage point,
and soil surface seeds (all seeds found on the soil surface) using a 25 x 25 cm quadrat centred
over each point. A smaller quadrat size was chosen for the soil surface sample to minimise
the amount of material requiring transportation and storage prior to processing in the

laboratory.

The abundance of seeding species in the standing crop was measured by collecting all seeds
(of all development stages) held on focal plants (e.g. in grass seed-heads or open sheoak
cones) within each quadrat. All seeds collected from within quadrats were placed in paper
bags (separated by species) in the field for later processing in the laboratory. In cases where
S. guttata foraged in sheoaks, quadrats were placed in the canopy of the tree and all standing
cones intersecting the plane of the quadrat were removed and bagged. In the laboratory, all

collected seeds were extracted from seed-heads, fruits, pods or cones and identified under
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an Olympus VMZ 1x — 4x Stereo Microscope with the aid of plant and seed guides (Jessop
et al. 2006; State Herbarium of South Australia 2007). The numbers of seeds present for

each species was then counted.

Topsoil seeds were collected after standing crop seeds were removed. This was done by
using a flat spade to remove the top 1 cm of soil and any litter or fallen plant material within
the quadrat and placing it into paper bags. Topsoil samples were sifted through a 2 mm sieve
to remove leaf litter and other large material, and then sifted through a 0.43 mm sieve to
remove any fine material and seeds too small to be eaten by S. guttata (Read 1987; Schopfer
1989). Sieve sizes were based on previous studies of seed sizes in S. guttata diet by Read
(1987) and Schopfer (1989). The remaining material was sifted over a corrugated tray, and
all seeds were extracted using a magnifying glass and tweezers. Collected seeds were then
identified and counted. Where seeds could not be identified from reference guides, they were

planted in soil and watered regularly until they grew large enough for identification.

2.2.3.2. Seed biomass

The total seed biomass of each seeding plant species was calculated for each quadrat by
determining the average seed mass of each species and multiplying it by the number of seeds
within the quadrat. Average seed mass (g) of each species was calculated by weighing a
sample of 100 dried seeds. Seeds were weighed using a Mettler AE 200 Analytical Balance,
which has a readability and reproducibility of 0.1 mg.

2.2.4 Statistical analyses of patterns
Patterns in seed resource availability were analysed using generalised linear models. The
seasonal availability of seeds was examined using the total seed biomass of all seeding
species. Compositional changes to seed species communities were examined using the seed
abundances of individual species. Each of these response variables were treated with two
sets of analyses: one of first-year data only, and one for the entire two-year data set. Analyses
of the first-year data examined differences in seed resources between forage and non-forage
quadrats across all four seasons and sub-regions. Analysis of the two-year data set examined
differences in seed resources between seasons, sub-regions and years. As spring sampling
was only conducted in the first year, spring was removed from the two-year analysis to create
a balanced study design. The standing crop seeds and the soil surface seeds were examined

separately within each analysis. All analyses were done in R 3.5.1 (R Core Team 2016).
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Despite equal search effort per site, there was missing foraging data at some sites within
some seasons. As S. guttata were scarce, it was not possible to locate foraging individuals
on every sampling day. The southern-most sites had fewer S. guttata and therefore the
highest incidences of missing data (Table 2.1). In a factorial design, unequal sample sizes
can lead to confounded row, column and interaction effects. To balance the design, levels of
the sub-region and season factors that contained missing data were removed. As such,
Milang was removed from models assessing patterns of seed biomass across the two years.
Milang, Hartley and Monarto were removed from models assessing differences between
forage and non-forage points, and models assessing seed species composition. However, to
ensure patterns emerging from these analyses were consistent across the removed
sub-regions, additional models were run with subsets of the data to enable their inclusion
(i.e. to include Milang in the models, the summer and autumn sampling periods were
removed). In addition, the three-way interactions in the models of seed biomass could not
be fitted.

2.2.4.1. Seed biomass

To assess temporal patterns of overall seed biomass, the two measures (standing crop and
soil surface) were first scaled out to a metre-squared measure and then summed to obtain
total biomass per metre-square. For this initial exploration, data were pooled across study
sites, sub-regions and years. The average seed biomass per m? was then calculated in each
season for different plant forms (forb, grass, sedge, sheoak or shrub), plant origin (introduced
or native) and growth cycle (perennial or annual). The average seed biomass per season per

year was also calculated.

The standing crop and soil surface seed biomass variables were analysed separately using
Tweedie compound Poisson generalised linear mixed models fit by the Laplace
approximation (Zhang 2013). This model was used because the biomasses are continuous
variables with a point mass of exact zero values, and as such the compound poisson was
appropriate for the variance in biomass. The seed biomass response variables were modelled
against combinations of the following factors: year, sub-region (Hartley, Monarto,
Rockleigh, Springton and Karinya), season and forage versus non-forage quadrats. Site was
included as a random factor to account for the nested design and the non-independence
between sites, as S. guttata were capable of moving between sites within a sub-region

(Manly et al. 2004). Model fits were checked by plotting raw deviances against fitted values
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and did not indicate any deviations from a linear form, showing relatively constant variances

across the fitted range (Appendix A).

The global model contained the two-way interactions of the variables: sub-region, season,
year and forage/non-forage plots. Each two-way interaction was dropped in turn from the
model and compared with the global model. Likelihood ratio tests (LRTs) were used to
assess differences in the response variable among the levels of each two-way interaction
term (a=0.05). There were differences among the levels for all two-way interactions tested,
therefore model-testing did not go further. Models were fit using package ‘cplm’ (Zhang
2013).

To determine how the response differed among the levels of each factor, post-hoc analyses
were undertaken for the global models. Contrast matrices were constructed to compare pairs
of factors in turn and used to generate simultaneous tests for general linear hypotheses. This
produced mean estimates of seed biomass for each level of the factors being compared.
Simultaneous 95% confidence interval estimates of the model parameter estimates were also
generated. Post-hoc analyses were performed using the multcomp package (Hothorn et al.
2008).

2.2.4.2. Seed species composition

Multivariate generalised linear models were used to investigate spatial and temporal
variation in the composition and abundances of seeding species. Standing crop and the soil
surface seed composition were modelled separately against combinations of the following
factors: year, sub-region, season, and forage versus non-forage quadrats with the mvabund
package (Wang et al. 2012). The mvabund package cannot account for random effects, so
variation among sites within sub-regions was not accounted for. As sites had similar
understorey habitats, the analyses should not have missed a significant amount of between-

site variation.

Patterns of seed species abundances were investigated with response matrices comprising
abundance counts of the number of seeds per species (108 species in the standing crops, 95
species on the soil). Patterns in the presence/absence of individual species were investigated
separately. The explanatory variables in the global models comprised all factors (sub-region,
season, forage/non-forage and year) and their interactions. Models were initially fitted with
a Poisson distribution, which identified overdispersion in the data. Therefore, a negative

binomial distribution was subsequently fitted and used for interpretation of the data. Model
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assumptions were checked by graphing the Dunn-Smyth residuals versus the linear predictor
values (Wang et al. 2012; Appendix B).

Likelihood ratio tests were used to test the effects of explanatory variables and their
interactions. The global models for the one-year and two-year analyses were compared with
subsets of these global models. P-values for these comparisons were obtained via the PIT-
trap method that bootstraps Probability Integral Transform (PIT) residuals, by resampling
under the null hypothesis, giving reliable Type | error rates (Warton et al. 2017). As there
were clear differences in the multivariate response among all tested interaction terms, model-
testing did not go further, and no interaction terms were dropped from the models. Sequential
test statistics and p-values for each interaction term in each of the global models were then
obtained with 999 bootstrap iterations. Univariate test statistics for each seed species and
their individual p-values (adjusted for multiple testing), calculated using a step-down
resampling algorithm (Westfall and Young 1989), were obtained with the same method. This
determined which species differed among the levels of the explanatory variables. The
mvabund package was used for all tests (Wang et al. 2012). Due to the intensive
computational power required to generate such complex models, the Phoenix HPC

supercomputer at the University of Adelaide was used to generate the results.

Model estimates of mean abundance (or mean probability of presence) for individual seed
species that differed among the levels of the explanatory variables, and their deviances, were
extracted from an ANOVA output using contrast matrices. Model estimated means were
scaled (multiplied by 16 for soil surface seed measurements, and by 4 for standing crop seed
measurements), to display seed abundance estimates per m?. These analyses were generated
with the multcomp (Hothorn et al. 2008) and Ismeans R packages (Lenth 2016).
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2.3 Results

A total of 1,318 points were sampled (n = 608 forage; n = 710 non-forage) across the entire
study period. In the first year, 924 forage and non-forage points containing 80,129 seeds
were sampled. Across the two-year period, 608 forage points containing 115,360 seeds of
108 species were sampled. Results are presented as means + standard errors unless otherwise
stated.

2.3.1 Seed biomass
2.3.1.1. Combined soil surface and standing crop biomass
Average seed biomass per m?> was lowest in autumn (0.54 + 0.13 g m2). Spring was the most
productive season with an average biomass of 4.08 + 0.67 g m?, followed by summer
(1.30 + 0.45 g m?). Seed biomass in winter varied between years, with 1.44 +0.32 g m? in
the first year and 0.42 + 0.12 g m in the second year.

Grass seeds made up the largest component of seed biomass in all seasons (0.99 + 0.14 g m?;
Figure 2.1 A). Seeds from sedges and sheoaks were scarce across all seasons (<0.01 + <0.01
gm? and 0.03 +0.01 gm? respectively). The seed biomass in the understorey was
dominated by introduced plants in all seasons (spring: 2.97 +0.52 gm?; summer:
0.71 +0.15 g m?, autumn: 0.53 + 0.20 g m2; winter: 0.98 +0.16 g m®) particularly during
spring (Figure 2.1B). Native plants contributed substantially to seed biomass in summer
(0.62 +0.28 g m?), almost equalling the seed biomass of non-native plants. In all other
seasons, native plants had much lower seed biomass (autumn: 0.12 + 0.03 g m; winter:
0.11 +0.03 g m% spring: 0.44 + 0.13 g m?). Annual plants dominated the seed biomass in
spring and winter (2.86 +0.53 g m? and 0.93 + 0.16 g m™ respectively), while in summer
and autumn seeds from perennial plants were more prominent (0.93 +0.30 g m? and
0.49 + 0.20 g m? respectively Figure 2.1 B). A representation of the seasonal proportions of

different resource types is shown in Appendix C.
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Figure 2-1 The average total seed biomass (g m?) of (A) all seeds of grasses, sedges, forbs, small shrubs
and sheoaks and (B) plants with annual or perennial growth cycles and the relative amounts from
introduced or native plants, found in the standing crop and on the soil surface at Stagonopleura guttata

foraging points.
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2.3.1.2. Biomass of seeds in the first year

Seed biomass in the first year differed between seasons depending on the sub-region and on
whether seeds were sampled from forage or non-forage quadrats. This pattern was found for
the soil surface and standing crop seeds (P < 0.001; Table 2.2). These differences were due
to the interaction between season, sub-region and forage versus non-forage quadrats (Table
2.2). However, there was a strong overall pattern of seasonality across combined sub-regions
(Figure 2.2, top).

Post-hoc analysis for the soil surface and standing crop seed models revealed that seed
biomass measured in the first year was generally at its lowest in autumn (Figure 2.2, top).
When averaged over forage and non-forage quadrats soil surface seed biomass was lower in
autumn compared with spring and summer at Karinya (P < 0.001) and Springton (P < 0.001;
Figure 2.2, top left). However, seed biomass at the soil surface was higher in autumn
compared with spring and winter at Rockleigh (P < 0.001). Standing crop seed biomass was
lower in autumn compared with spring at all sub-regions (P < 0.001), lower in autumn
compared with winter at Karinya (P < 0.001), and lower in autumn compared with summer
at Rockleigh (P < 0.001).

There was a stronger seasonal pattern in seed biomass than there was between forage and
non-forage quadrats. In most seasons seed biomass did not differ substantially between these
two quadrat types (Figure 2.2, bottom). However, in winter, both the soil surface and
standing crop seed biomass were higher in forage quadrats than non-forage quadrats
(P =0.03 and P < 0.001 respectively; Figure 2.2, bottom). Standing crop seed biomass was
also higher in forage quadrats in summer (P =0.04; Figure 2.2, bottom right). When
averaged across seasons, there was a higher standing crop seed biomass in forage than non-
forage quadrats at Rockleigh and Springton (all P < 0.001), and a higher soil surface seed
biomass in forage quadrats at Springton (P = 0.01). There was no substantive difference in

seed biomass between forage and non-forage quadrats at Karinya (all P > 0.05; Table 2.2).
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Table 2.2 Model testing using likelihood ratio test statistics for the effects of Season, Year, Forage
vs. Non-forage quadrats and their interactions on the seed biomass found a) in the standing crop
and b) on the soil surface in 353 quadrats at nine sites in the southern MLR during 2014-2015.

logLik K N Pr> y?
Seeds in inflorescences
Subreg*Seas*F/NF -35.45 26
Subreg*Seas*F/NF — Subreg:Seas:F/NF -61.97 20 53.04 <0.0001
Seeds on soil surface
Subreg*Seas*F/NF 293.38 26
Subreg*Seas*F/NF — Subreg:Seas:F/NF 281.90 20 22.95 0.0008

Explanatory variables are: Subreg = Sub-region, each with 3 sites, Seas = ‘Season’ or period when seed

sampling occurred, and F/NF = quadrats at which S. guttata were observed foraging (F) and quadrats placed

elsewhere throughout study sites (NF). ‘Site’ was included in each model as a random variable. The three-way

interaction and its full expansion is denoted by ‘*’ in the global model, which was tested against this model

without the three-way interaction. This is shown using ‘:” which denotes the interaction only between two/three

factors. logLik = the log likelihood of the model, K = the number of estimated parameters, y* = the chi-square

test statistic, Pr> y?= the probability of observing a sample statistic as extreme as y?, assuming the null

hypothesis is true. Best fit models are shown in bold face.
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Figure 2-2 Modelled seed biomass (g) on the soil surface (left) and in the standing crop (right)
measured in quadrats (n = 353) where S. guttata foraged and quadrats in non-forage habitat
throughout three sub regions in the southern MLR during 2014-2015. Error bars denote 95%
confidence intervals, which are plotted as logarithms and have not been back-transformed. Scale of
y-axis=logarithmic.
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2.3.1.3. Biomass of seeds across two years

The total seed biomass sampled from quadrats where S. guttata were observed foraging
varied across seasons, depending on the year and sub-region.This was found for seeds on the
soil surface and for seeds in the standing crop (all P < 0.05; Table 2.3). Similar to the seed
biomass patterns across the first year, there was a strong overall pattern of seasonality across
combined sub-regions and years (Figure 2.3). Post-hoc analysis of the best models (Table
2.3) revealed that soil surface seed biomass was generally lower in autumn and winter than
summer across sub-regions and years (Figure 2.3). The exception was Hartley, where soil
surface seed biomass increased in winter relative to autumn (P = 0.005). Standing crop seed
biomass was lower in autumn compared with summer at Hartley, Rockleigh and Springton
(P <0.01), and lower in autumn compared with winter at Hartley, Monarto, Rockleigh, and
Springton (P < 0.01 for all locations). Overall, seed biomass was lower in autumn compared
with summer in both 2015 and 2016 when averaged across sub-regions (P < 0.001; Figure
2.3; Table 2.3).
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Table 2.3 Model testing using likelihood ratio test statistics for the effects of Season, Year, Sub-
region and their interactions on the total seed biomass found (a) in the standing crop and (b) on the
soil surface in 509 quadrats where S. guttata were observed foraging at 15 sites in the southern MLR

during 2015-2016.

Candidate model logLik K ¥ Pr> y?
Seeds in inflorescences

Subreg*Seas*Yr — Subreg:Seas:Yr 107.38 24

Subreg *Seas*Yr — Subreg:Seas: Yr — Subreg:Seas 97.91 16 18.92 0.015
Subreg *Seas*Yr — Subreg:Seas:Yr — Subreg:Yr 95.80 20 23.13 0.0001
Subreg *Seas*Yr — Subreg:Seas:Yr — Seas: Yr 89.97 22 34.8 <0.0001
Seeds on soil surface

Subreg *Seas*Yr — Subreg:Seas:Yr 226.11 24

Subreg *Seas*Yr — Subreg:Seas: Yr — Subreg:Seas 210.50 16 31.21 0.0001
Subreg *Seas*Yr — Subreg:Seas:Yr — Subreg:Yr 200.61 20 50.99 <0.0001
Subreg *Seas*Yr — Subreg:Seas:Yr — Seas: Yr 218.42 22 15.37 0.0005

Explanatory variables are: Subreg = Sub-region, each with 3 sites, Seas = ‘Season’ or period when seed

sampling occurred, and Yr =2015 or 2016. ‘Site’ was included in each model as a random variable. The three-

way interaction and its full expansion is denoted by ‘*’ in the global model, which was tested against this

model without the three-way interaction. This is shown using ‘:” which denotes the interaction only between

two/three factors. logLik = the log likelihood of the model, K = the number of estimated parameters, y* = the

chi-square test statistic, Pr> = the probability of observing a sample statistic as extreme as y?, assuming the

null hypothesis is true. Best fit models are shown in bold face.
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Figure 2-3 Modelled seed biomass (g) on the soil surface (left) and in the standing crop (right) of all seeding
species of grasses, forbs, small shrubs and sheoaks found in quadrats (n = 465) where S. guttata foraged at
5 subregions in the southern MLR during 2015-2016. Error bars denote 95% confidence intervals, which
are plotted as logarithmics and have not been back-transformed. Scale of y-axis=logarithmic.
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2.3.2 Seed species composition

2.3.2.1. Individual species abundances across the first year

The composition of seed species in the first year differed between seasons depending on the
sub-region and on whether seeds were sampled from forage or non-forage quadrats (Table
2.4). This was true for the composition of seed species on the soil surface (P = 0.001) and in
the standing crop (P =0.006). The predictors sub-region and season explained a greater
amount of variation in the data than the forage versus non-forage predictor, as indicated by
their higher deviances (where higher deviance indicates a stronger prediction of the response
variable) (Burnham and Anderson 2002; Table 2.4).

In addition to the overall patterns of seed composition exhibited across the first year, many
individual species showed significant responses to the predictors of season and sub-region,
alone (Appendix D). The seed abundances of 24 species sampled from the soil surface
changed across seasons and 23 species differed among sub-regions (P < 0.05). The seed
abundances of 36 species in the standing crop changed across seasons, while 26 species
changed with sub-region (P < 0.05). Very few of the species differed in association with the
interaction of the variables of sub-region by season, sub-region by forage/non-forage and
forage/non-forage by season (Appendix D). Therefore, seasonality of seed did not vary

between sub-regions or quadrat types in general.

Variation in soil surface seed resources was predominantly attributed to seasonal changes in
seed abundances of annual weedy grasses (> 34%) and forbs (> 33%), together accounting
for over 67% of the variation in seed resources (Figure 2.4). A majority of annual, weedy
species displayed similar seasonal trends, with peaks in soil surface seed abundances in
spring or summer that decreased into autumn and were lowest in winter (Appendix E).
Species demonstrating this trend included grasses such as Avena sp., Briza maxima and
Brachypodium distachyon, and forbs such as Romulea rosea, Erodiumsp. and
Hypochaeris glabra (P < 0.05). The only four (of > 40 recorded) perennial species whose
seed abundances changed substantially between seasons were native grasses and shrubs:
Aristida behriana, Rytidosperma caespitosum, Vittidinia sp. and Senecio sp. These native
species had high seed abundances in summer that dropped during autumn (P < 0.05;
Appendix E). Twenty out of the 24 species (83.3%) whose soil surface seed abundances
changed between seasons were weedy annual grasses or forbs, while the remaining four were

native perennial grasses or forbs (Appendix D).
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Table 2.4 Model testing using likelihood ratio test statistics for the effect of Season, Sub-region,
Forage vs. Non-forage quadrats and their interactions on individual species seed abundances found
a) in the standing crop and b) on the soil surface in 435 quadrats at nine sites in the southern MLR

during 2014-2015.

Candidate model Residual DF  DF diff. Deviance P-value
Seeds in inflorescences

Null 433

Subreg 431 2 755.5 0.001
Season 428 3 1591.2 0.001
FINF 427 1 173.2 0.001
Subreg:Season 421 6 239.7 0.008
Subreg:F/NF 419 2 95.6 0.014
Season:F/NF 416 3 147.2 0.002
Subreg:Season:F/NF 410 6 85.7 0.006
Seeds on soil surface

Null 433

Subreg 431 2 1219.2 0.001
Season 428 3 2274.8 0.001
F/NF 427 1 191.6 0.001
Subreg:Season 421 6 572.4 0.002
Subreg:F/NF 419 2 176.6 0.001
Season:F/NF 416 3 270.8 0.001
Subreg:Season:F/NF 410 6 201.6 0.001

Explanatory variables are: Subreg = sub-region, each with 3 sites, Season = period when seed sampling

occurred, and F/NF = quadrats at which S. guttata were observed foraging (F) and quadrats placed elsewhere

throughout study sites (NF). :* separates factors and denotes interactions in candidate model set. Residual

DF = Residual Degrees of Freedom; DF diff. = DFm! — DFm?; Deviance = the log-likelihood ratio test statistic;

P-value = the probability of observing a sample statistic as extreme, assuming the null hypothesis is true. Best

fit models are in bold face.
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Variation in standing crop seed resources was predominantly attributed to seasonal changes
in seed abundances of annual weedy grasses (> 43%) and forbs (> 25%), together accounting
for over 68% of the variation in seed resources (Figure 2.4). Annual grass and forb seeds in
the standing crop displayed consistent seasonal patterns which differed from those on the
soil surface (Appendix F). Annual grass and forb seed abundances were generally very high
in spring and dropped to at or near zero in summer and autumn. Some weedy annual grasses
produced small amounts of seed in winter while others remained at zero (Appendix E). Grass
species with these trends included Aira cupaniana, B.maxima and Vulpia myuros
(P =0.001), and forb species R. rosea, Plantago bellardii and H. glabra (P = 0.001). Some
native perennial grasses, including Rytidosperma auriculatum, Rytidosperma caespitosum
and Austrostipa pilata also peaked in seed abundance during spring (P < 0.005). However,
other perennial species had different seasonal trends. Seed abundance of the native grass
Enneapogon nigricans peaked during autumn (P =0.01), the introduced grass Poa annua
seeds peaked in winter (P = 0.003), and the native grass A. behriana seeds peaked during
spring but persisted in the standing crop into summer (P = 0.003). Twenty-seven out of the
36 species (75%) whose standing crop seed abundances changed with season were weedy
annual grasses or forbs, eight were native perennial grasses and one was an introduced

perennial grass (Appendix E).

2.3.2.2. Compositional differences between forage and non-forage quadrats

Only four species had significantly different seed abundances between forage and
non-forage quadrats (Appendix E). There were more standing crop seeds from P. annua
found in forage than non-forage quadrats (P = 0.04). Fewer standing crop seeds of Gahnia
deusta were found in forage than non-forage quadrats (P = 0.04). On the soil surface, more
Ehrharta longiflora seeds were found in forage quadrats than non-forage quadrats
(P =0.008), while more A. behriana seeds were found in non-forage than forage quadrats
(P =0.002). There were five species whose soil surface seed abundances differed between

forage and non-forage quadrats dependent on season (Appendix E).

2.3.2.3. Presence or absence of seeding species

Similar to the seed abundance models, the presence or absence of seeding species varied
with season and was dependent on sub-region and forage or non-forage quadrats (Appendix
G). Most variation in the composition of species presence-absence was attributed to season
and sub-region, rather than to forage versus non-forage quadrats. Almost all species whose

abundances were affected by sub-region or season were also present or absent depending on
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sub-region or season. A more comprehensive explanation of the presence-absence analyses

can be found in Appendix G.

2.3.2.4. Individual species abundances across two-years

The composition of seed species across two years differed between seasons depending on
the sub-region and year (Table 2.5). This was true for the composition of seed species on the
soil surface (P = 0.001) and in the standing crop (P = 0.004). As with the first-year models,
most of the variation in the data was explained by sub-region and season across two years.
The amount of variation explained by year was comparatively low, and the general patterns
of seed species composition and abundances between seasons and sub-regions exhibited
across the first year were also shown across the second year. Within individual species,

seasonal trends of seed abundance were generally consistent between years (Appendix D).

As with the first-year dataset, most of the variation in seed abundances across two years was
attributed to seasonal changes in the seed abundance of weedy, annual grasses and forbs.
Most of these species exhibited higher seed abundances in summer compared with autumn
and winter (P < 0.05). A smaller percentage of the variation in seed abundance across two
years was attributed to seasonal changes in perennial grass seeds, such as A. behriana,
R. caespitosum, and E. nigricans. These grasses were mostly native and had varying
seasonal patterns of seed abundance. Some species (e.g. A. behriana, E. nigricans and
R. caespitosum) had more seeds in summer compared with autumn and winter (P < 0.01),
while others (e.g. P. annua and E. calycina) had more seeds in winter or autumn (P < 0.01;
Appendix D).
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Table 2.5 Model testing using likelihood ratio test statistics for the effects of Season, Year, Sub-
region and their interactions on individual species seed abundances found a) in the standing crop
and b) on the soil surface in 359 quadrats at nine sites in the southern MLR during 2015-2016.

Residual DF DF diff.  Deviance P-value

Candidate model

Seeds in inflorescences

Null 305

Subreg 303 2 428.95 0.001
Season 301 2 389.76 0.001
Year 300 1 234.34 0.001
Subreg:Season 296 4 278.34 0.007
Subreg:Year 294 2 85.52 0.020
Season:Year 292 2 44.78 0.002
Subreg:Season:Year 288 4 14.21 0.004
Seeds on soil surface

Null 304

Subreg 302 2 813.86 0.001
Season 300 2 904.45 0.001
Year 299 1 433.97 0.001
Subreg:Season 295 4 299.07 0.029
Subreg:Year 293 2 185.01 0.001
Season:Year 291 2 155.68 0.001
Subreg:Season:Year 287 4 41.35 0.001

Explanatory variables in candidate models are: Subreg = sub-region, each with 3 sites, Season = period when
seed sampling occurred, and Year = 2015 or 2016. “:” separates factors and denotes interactions in candidate
model set. Residual DF = Residual Degrees of Freedom; DF diff. = DFm! — DFm?; Deviance = the
log-likelihood ratio test statistic; P-value = the probability of observing a sample statistic as extreme, assuming

the null hypothesis is true. Best fit models are in bold face.
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2.4 Discussion

The total seed biomass of grasses, forbs, small shrubs and sheoaks across the southern MLR
was over seven times greater in spring than autumn, when the lowest biomass of all seasons
was found. High seed biomass in spring was predominately attributed to introduced annual
grass seeds. The significant drop in soil seed biomass from late summer to late autumn
coincided with autumn breaking rains. As such, low seed biomass in late autumn is likely a
result of the germination of the majority of seeds that were present on the soil surface in late
summer. This considerable decline in seed resources during autumn may have been
exacerbated by ongoing seed consumption by granivores at a time when seed production was
low. Most of the variation in seed resources was attributed to seasonal changes in seed
abundances of annual weedy grasses and forbs, which dominated the understorey. Perennial
seed biomass was scarce in all seasons, though made up the largest portion of seed biomass
in late autumn. These findings indicate that the seasonal fluctuations in seed abundances are
predominantly caused by annual weedy grasses and forbs. This study supports suggestions
that mass-germination of seeds could lead to food scarcity for ground-foraging granivorous
birds in the MLR (Ankor 2005; Carpenter 2012; Houdet 2003; Paton et al. 2004).

2.4.1 The role of weedy species in seed resource depletion
Seeds from weedy, annual grasses far outnumbered the seeds of any other plant form in the
understorey in all sub-regions. This supports findings that invasive weedy grasses have
largely outcompeted their native counterparts (Crossman et al. 2011; Ford et al. 2001;
Kriticos et al. 2010; Paton et al. 2004). Over 80% of seeds counted were from introduced
species, while less than 20% were from native species. Approximately 75% of invasive
species were annuals, while over 99% of native species were perennials. Similarly, Davies
(1997) found that most invasive weed species of temperate native grassy woodlands were
annuals and 90% of indigenous grasses were perennials. Prior to European settlement and
the invasion of annual weedy species, low woodland vegetation in the southern MLR had an
open grassy and herbaceous understorey of native perennial grasses such as Austrostipa spp

and Rytidosperma spp (Geoscience Australia 2017).

Over 70% of seed biomass in late autumn was produced by perennial plants such as E.
nigricans, A. behriana, Setaria constricta and Panicum effusum, despite their small
representation in the understorey. Drooping sheoaks (A. verticillata) also produced seeds in

open cones during autumn, though their overall contribution to the total seed biomass was
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small; and reflected their restricted abundance. The only exotic perennials producing seeds
during autumn were Ehrharta calycina and Pentaschistis pallida, the latter of which has
seeds smaller than those preferred by S. guttata (Read 1987; Schopfer 1989). In contrast,
annual plants mass-seeded in spring and summer producing abundant seed resources, but
their contribution to the total seed biomass in late autumn was < 4% (< 5% of their spring
contribution). This significant decline in seed biomass in autumn coincided with the first
heavy rains of the year (Bureau of Meteorology 2019), following which annual grasses in
temperate climates are known to mass-germinate (Houdet 2003; Mott 1972; Torsell and
McKeon 1976). Similar patterns have been found in tropical systems in northern Australia
with annual seeds mass-germinating at the start of the wet season leaving very few seeds
available to granivores (Crowley and Garnett 1999; Dostine et al. 2001; Mott and Andrew
1985). Thus, the findings of this study are in contrast to Read’s (1994) suggestion that weedy
species could produce abundant year-round seed resources in areas of the MLR, and rather
supports theories by Ankor (2005), Carpenter (2012) and Paton et al. (2004) that invasive
annuals produce less year-round seed resources for granivores. A system dominated by
native perennial grasses is likely to produce more seed during late autumn than one
dominated by annuals as, unlike annuals, perennials do not mass-seed in one season (Smith
et al. 1999). In addition, a mix of summer-growing and winter-growing perennial grasses,
with different seeding times (Gibbs 2001; Jessop et al. 2006), are likely to yield more

consistent, year-round seed.

2.4.2 The effect of seed resource depletion on granivores
Seed biomass in the MLR peaked in spring (4.07 g m) and reached an overall low in autumn
(0.53 g m?). A similar study on sympatric finch species in North Carolina, with comparable
seasonal patterns to a Mediterranean climate, found finch abundance was strongly correlated
with a decline in seed biomass to 0.25 g m™ at the end of winter, suggesting the decline was
caused by scarce winter food supply (Pulliam and Enders 1971). In contrast, the seed
resources of finches in central NSW which peaked in autumn (1.9 g m?) and were lowest in
winter (0.33 g m?) were not found to correlate with finch abundance (Schopfer 1989).
However, the NSW study estimated seeds in seed heads rather than counting individual
seeds, and seed biomass was low year-round compared with North Carolina and the MLR.
In addition, the S. guttata in NSW fed predominantly on native grasses (Schopfer 1989),
whereas S. guttata and red-browed finches (Neochmia temporalis) in the MLR are known to

have diets comprised predominantly of weedy species (Read 1994). This suggests that native
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seeds were more abundant in central NSW in 1989, and the area is likely to have had more
intact native grassland compared with present-day MLR (Bradshaw 2012). Abundant native
perennials may have provided important seed resources in central NSW during critical times,
such as when young fledge in summer and autumn (Schopfer 1989). Granivores in the MLR
do not have access to abundant native perennial seeds, and may be required to move
elsewhere in search of seeds, or may be experiencing high mortality during critical times as
a result. Chapter 3 investigates whether there is a correlation between finch density and seed
biomass in the MLR.

The reduction in seed biomass experienced by MLR granivores between late spring and late
autumn was approximately seven-fold. Such abrupt depletion of food resources have been
detrimental to other granivorous bird populations (Crowley and Garnett 1999; Garnett and
Crowley 1995a; Garnett and Crowley 1995b). For example, golden-shouldered parrots in
tropical northern Australia were forced to spend most of their days foraging after soaking
rains caused mass-germination of their otherwise abundant annual grass seed resources
(Garnett and Crowley 1995a, 1995b). Similarly, Crowley and Garnett (1999) described
complete depletion of the seed-bank across an entire region in northern Australia following
heavy rains, which severely affected Gouldian finches that are entirely dependent on grass
seeds for food (Tidemann 1993). Given annual grasses have replaced native perennial
grasses and forbs across much of the temperate agricultural zone in Australia (Davies 1997;
Prober et al. 2004; Prober and Thiele 2005), their mass-germination could be a considerable
cause of food scarcity for granivores. There is evidence of this in Victorian S. guttata
populations, which declined in the 1950s when native summer-seeding grasses were
replaced by exotic spring-seeders (Higgins et al. 2006). A similar pattern was found for a
population near Canberra (Er et al. 1998). Many other granivorous birds such as the peaceful
dove (Geopelia placida), double-barred finch (Taeniopygia bichenovii) and red-rumped
parrot (Psephotus haematonotus) that are already affected by habitat fragmentation (Barrett
et al. 1994; Watson et al. 2002) may also be limited by late autumn and winter food
shortages. The mass-germination of dominant annual grasses as a cause of food scarcity for

granivores in other Australian temperate systems, therefore, requires further research.

Although the low seed biomasses recorded for the MLR in late autumn are comparable to
shortages of seeds recorded elsewhere (Pulliam and Enders 1971), even these low numbers
may not adequately reflect the limited amount of seeds on offer. Despite there being up to

19 different species sampled within quadrats, not all of them may be available to S. guttata.
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Some seed species may be difficult to extract from their sheaths or from the plant itself, such
as Plantago spp and Hydroctyle spp which are encased in thick, tough exteriors, while others
such as Trifolium spp may contain toxins that S. guttata would avoid (Dong et al. 2008). In
addition, the soil surface samples may have included seeds that were underneath the surface
and therefore not visible to foraging birds. If this is the case, seed biomasses measured here
would be an overestimate of seed availability for S. guttata, and their food sources may be
even more limited than demonstrated. The seed species that S. guttata are able to exploit are

explored further in the proceeding chapter on diet.

In addition to a decline in seed resources during autumn and winter, the ability of S. guttata
to access seeds may be inhibited by shorter day lengths. This decreases available foraging
hours for birds to meet their energy requirement, while colder night time temperatures may
increase caloric and fat requirements (Chaplin 1974). Willson and Harmeson (1973)
hypothesised that during the onset of winter, once seed fall finishes and there is no renewal
of resources, the effects of seed removal by seed-eaters and colder temperatures may reduce
the number of seeds suitable for consumption. Therefore, energy intake during winter must
pose a critical problem for granivores. Birds may compensate by selecting seeds with higher
calories, as observed in cardinals in Illinois (Willson and Harmeson 1973). Whether
S. guttata uses this strategy is currently unknown and an area for future research.
Furthermore, competition from other granivores such as ants, rodents and other ground
foraging birds (e.g. parrots and pigeons) that are all foraging for seed during times of food
shortage, may have a considerable impact on already scarce resources (Davidson et al.
1980). Thus, the compounding effects of mass-germination of annual seeds, increased
competition, shorter foraging hours and higher caloric requirements during winter may cause

a resource pinch-point.

2.4.3 Differences between foraged and surrounding habitat
The seasonal patterns of seed production measured in the environment were generally
consistent with the patterns observed in the quadrats where S. guttata foraged. However, in
late winter soil and standing crop seed biomass was higher in forage quadrats than non-
forage quadrats. As there were some grass species that began seeding in late winter, this
difference may reflect S. guttata seeking out patches where plants held seeds in the standing
crop. These species may have also provided isolated patches of soil surface seeds that were
sparse in the general environment. There were also differences in late summer when standing

crop seed biomass was higher in forage quadrats than non-forage quadrats. Seeds were very
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abundant on the soil surface in late summer while standing crop seeds were scarce as this is
when most exotic annuals drop their seeds (Garnier 1992; Groves 1986). However, S. guttata
still foraged on the standing crop during summer, suggesting they sought out plants still
holding seeds. This may be because fresh seeds also provide a source of moisture. Selection
for seeds with higher moisture content has been found in other granivores (e.g. Frank 1988;
Murray and Dickman 1994). Overall, the patterns of seed production experienced by
foraging S. guttata reflected the broader seed resources in the environment, except when

seeds were sparse or patchily distributed.

2.4.4 Caveats and limitations
While this study has documented a significant depletion of food resources for granivores in
the southern MLR, there remain some limitations to this research. Seed abundance and
weight (mass) were used as measures of seed availability. To determine mass, the entire
seed, including glumes and “wings”, was weighed, although large protective structures
around forb seeds (such as Medicago spp) were removed. However, the seeds of
Allocasuarina species vary in fertilisation rate and kernel fill (Clout 1989), as do those of
grasses. Stagonopleura guttata de-husk seeds with their mandibles prior to digesting the
kernel (Read 1987). Thus, while extracting the kernels from each of the >80,000 seeds
sampled was not feasible given time constraints, the biomass calculations presented here are
likely to be over-estimates of the amount of food (kernels) actually available to granivores.
In addition, variations in kernel mass to seed mass ratios between species may have skewed
biomass comparisons between seed types. However, given the large differences in seed
biomass between seasons, and the scarcity of sheoak biomass contributing to these totals,
this issue should not affect broad conclusions regarding total biomasses. Nor are the
conclusions regarding seasonal seed species composition affected, as these analyses were

calculated using seed abundance (number) rather than biomass.

As the locations of habitat patches within which S. guttata foraged could not be pre-
determined, seed resources in these quadrats could only be measured after S. guttata had
removed some seed from them. Therefore, forage quadrats may have contained a higher
biomass or different composition than was measured after the birds had fed. However, any
such difference should be minimal as there were few differences in seed biomass and
composition between forage and non-forage quadrats, and S. guttata foraged over an area
much larger than the quadrats during a single foraging bout. In addition, as the late spring

season could not be sampled in the second year of study, comparisons of spring seed

Page | 61



Chapter 2. Seasonal seed resources

resources across the two years was not possible. However, as there was greater variation in
seed biomass between seasons than there was within seasons across years, and similar
seasonal trends occurred in both years, it is likely that spring resources were similarly
abundant in the second year of the study. Lastly, as S. guttata were scarce in the environment
and difficult to locate, it was not possible to obtain foraging data for all six sub-regions in
all four seasons. While the results presented here are from three to five sub-regions only, the
same analyses were also applied to the remaining sub-regions with fewer seasons. The
seasonal trends in seed biomass and species composition were consistent across the broader
spatial scale. These results should, therefore, be broadly applicable to the full extent of the
southern MLR.

Comparisons between forage and non-forage quadrats determined whether the broader
patterns of seed resources available in the environment were also applicable to patches in
which S. guttata foraged. The scale at which these resources were measured was too large
to capture any selection between seed species within a foraging patch. However, in many
instances S. guttata were observed taking seeds from open cones in A. verticillata trees,
clearly selecting these seeds for the duration of a foraging bout. Therefore, the following
chapter investigates the relative importance of certain food species, particularly
A. verticillata, for S. guttata, to better understand how the reduction of seeds in late autumn
affects their diet.

2.4.5 Summary
This study has identified significant seasonal variability in the availability of seeds for
granivores in the southern MLR. A rapid reduction of seeds in autumn appears to be driven
by breaking rains that cause the mass-germination of weedy annual grass species. This
relative food scarcity is likely to be affecting foraging opportunities for S. guttata, a species
experiencing an ongoing decline (Paton et al. 1994; DC Paton 2017 unpub.). Given the
dominance of invasive annual grasses across much of temperate agricultural Australia, this
study also raises concerns that similar seasonal reductions in seed availability are occurring
elsewhere across these productive zones, where many species are already at risk due to heavy
habitat fragmentation (Prober and Thiele 2005). Future research should investigate late
autumn and winter seed availability for other granivores elsewhere across this zone. Overall,
this research has identified a resource pinch-point that is a consequence of the displacement
of perennial native grasses by introduced annual grasses. These findings have implications

for the survival of granivorous MLR birds, particularly as winter approaches.
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3.1 Introduction

Food availability is often cited as the most important factor affecting animal abundances
(White 1978; White 2008), particularly mobile endotherms such as birds (Law 1994).
Seasonal and unpredictable fluctuations in food resources can have significant effects on
wild avian populations (Ford et al. 1993; Franklin et al. 1989; Leck 1972; Recher 1999).
When key resources are periodically unavailable, fundamental population processes such as
breeding success, rate and length of breeding attempts, number of eggs and juveniles, level
of parental care, dispersal and body condition, can be negatively impacted (Kitaysky et al.
1999; Martinez-Abrain et al. 2012; Newton 1980; Strong and Sherry 2000; Yom-Tov 1974;
Zanette et al. 2000). Therefore, declines in food resources can have serious consequences,
particularly where a population is already vulnerable to other pressures such as habitat
fragmentation and isolation (Rockwell et al. 2012). Food shortages have led to declines in
bird species (Ford 2011; Watson 2011) and even species extinctions. For example, the
passenger pigeon is thought to have gone extinct due to annual and geographic variations of
seed production caused by habitat alteration (Bucher 1992).

Food abundance is influenced by the combination of species producing food, and in many
systems, this changes seasonally (Dostine and Franklin 2002; Feinsinger and Swarm 1982;
Vickery et al. 2001). Many avian species have adapted to natural fluctuations in food
availability by migrating to follow seasonal resources (Levey and Stiles 1992; Studds and
Marra 2011), switching to alternate food sources (Garnett and Crowley 1994; Todd et al.
2003) or halting reproduction until food is more abundant (Leck 1972; Martin 1987).
However, when a system is altered by land clearance and habitat degradation, natural cycles
of food production can be disrupted and cause more extreme environmental fluctuations
(DiTomaso 2000; Skorka et al. 2010), against which bird populations can be poorly adapted
(Benton et al. 2002; Wilson et al. 1999). For example, some Australian honeyeaters are food-
limited due to fluctuations in nectar resources caused by seasonal compositional changes
(McFarland 1986) which is compounded by land clearance limiting alternative resources in
surrounding habitat (Collins et al. 1984; Paton 1980).

Fluctuations in resource composition and abundance can also affect dietary diversity
(Feinsinger and Swarm 1982; Levey 1988). The original optimal foraging theory predicts
that when resources are abundant, optimal foragers focus on favoured prey, resulting in a

narrower diet breadth (MacArthur and Pianka 1966). More recently, the opposite has been
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found for birds whose diets track local resources, with wider diet breadths reflecting times
of relative abundance (Renton 2001; Sanchez and Blendinger 2014; Schluter 1982). As such,
granivores are particularly sensitive to resource fluctuations, as their diets often mirror the
proportions of available resources (Camin et al. 2015; Renton 2001; Sanchez and Blendinger
2014). This has been observed in horned larks (Eremophila alpestris), whose diets change
seasonally according to the proportions of available seeds and insects, with low diet diversity
in association with low resource diversity (Rotenberry 1980).

Food resources for diamond firetails, Stagonopleura guttata, have changed significantly
since European settlement in the Mount Lofty Ranges (MLR). Many native food species
have become less abundant or lost from the region altogether (Read 1994), and invasive
annual grasses now dominate much of the understorey (Chapter 2). Due to mass-seeding of
annuals in spring, their seeds are abundant on the soil surface through summer, but they mass
germinate following the first heavy rains of the year (usually in autumn) (Chapter 2). This
leaves few seeds of annual or perennial grasses available for foraging birds in winter. In
times of food scarcity, S. guttata may exhibit a switch to another food type. Ankor (2005)
found the seeds of a native perennial grass, Setaria constricta, and drooping sheoak
Allocasuarina verticillata dominated the diet of S. guttata in August, inferring these were
critical foods during times when annual grass seeds were scarce. In contrast, Read (1994)
found the diet of S. guttata to be dominated by seeds from introduced annual grasses in
summer and autumn and suggested annuals may support higher local populations than native
vegetation due to their prolific seeding. Thus, the impact of such large seasonal changes in

food species composition and abundance on S. guttata remain unclear.

To determine whether S. guttata are experiencing periodic food shortages in the MLR or are
affected by seasonal compositional changes to these resources, a better understanding of
their seasonal diets is required. If S. guttata forage generally from the range of available food
resources, they are likely to be experiencing the same seasonal fluctuations as these
resources. In contrast, S. guttata may select for certain seed types regardless of their
availability. Specifically, this study aims to determine: i) the key plant taxa comprising the
seasonal diets of S. guttata; ii) if the diet of S. guttata tracks the seasonal composition and
abundances of available resources; and iii) if the diversity of plant species that S. guttata are
harvesting reflects the diversity of available resources within seasons. The findings will
determine the susceptibility of S. guttata to seasonal compositional changes and shortages

of food species.
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3.2 Methods
3.2.1 Study area and sampling sites

This study was conducted across the range of S. guttata in the southern MLR over a two-
year period, from late winter 2014 to late winter 2016. Sampling was conducted across six
sub-regions (Milang, Hartley, Monarto, Rockleigh, Springton and Karinya) which supported
small populations of S. guttata. These sub-regions lie along a longitudinal gradient on the
eastern scarp of the southern MLR, approximately 12—24 km apart. Sampling occurred at
three sites within each sub-region (n = 18 sampling sites). Sites comprised small patches of
remnant or revegetated open eucalypt woodland with stands of A. verticillata and Callitris
gracilis and predominantly weedy understoreys. The sites were located < 8 km from one
another and set in an agricultural matrix (see Figure 1.2 in the General Introduction for site
details).

3.2.2 Sampling methodology
The diets of S. guttata were sampled from winter 2014 to winter 2015 in the first year and
spring 2015 to winter 2016 in the second year of the study. To allow a comprehensive
assessment of the composition of S. guttata diets, their foraging behaviour was observed to
identify the plant species that they were feeding on in situ. In addition, seeds were sampled
from the crops of captured S. guttata to determine what species they were feeding on. A crop
is a sac-like extension of the oesophagus allowing birds to eat quickly and store their seeds
before being digested in the stomach (Figure 3.1). Foraging observations were undertaken
in October—November, February—March, May-June and August—-September. In the second
year, unforeseen circumstances prevented fieldwork from occurring during October—

November. Crop sampling was undertaken seasonally in both years.
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Figure 3-1 The crop of a S. guttata individual captured in a mist-
net in the southern MLR
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3.2.2.1. Observations on foraging birds

Stagonopleura guttata individuals were observed for 6-12 hours continuously per day, and
their behaviour recorded. At each site, one day of tracking was undertaken per season.
Individuals were located by listening for their calls and making visual observations with
binoculars. The plant species birds foraged on were conclusively identified when the bird
could be seen taking the seed directly off the standing crop (seeds held on plants), from a
cone or occasionally when the seed could be identified as it was consumed. A total of 680
observations of foraging S. guttata individuals were recorded (summer n = 135; autumn
n = 129; winter n = 248; spring n = 167). Food species were able to be identified during 95
of these observations (summer n = 31; autumn n = 3; winter n = 27; spring n = 24). There
were no seasonal biases in foraging observations, as birds were observed foraging on
standing crops year-round when seeds were prevalent. However, if some species were only
consumed once their seeds had fallen from the plant they may have been missed during

foraging observations.

3.2.2.2. Crop sampling

To account for seeds that may have been missed during foraging observations, crop sampling
was conducted. To sample S. guttata crops, birds were trapped by erecting 6-12 mist-nets at
each site during each season. Unsuitable weather conditions during winter and the risk of
disturbing breeding birds in spring prevented equal seasonal trapping efforts (number of
trapping days: summer n = 15, autumn n = 28, winter n =7, spring n = 4). Mist nets were
placed in areas where S. guttata were known to be active. Nets were erected prior to dawn
and monitored every 20-30 minutes until dusk, or earlier if weather conditions became
unsuitable (e.g. too windy, rainy or hot). The positioning of mist nets around water sources
enabled higher catch rates of S. guttata during summer and autumn when they visited water
points frequently (n=79, n=237), compared to winter and spring (n=38, n=236

respectively).

Once an S. guttata was caught, its crop was examined. The thin, transparent wall of crops
allowed their contents to be viewed from the outside by blowing apart the feather covering
(Figure 3.1). Crops containing seeds were photographed and their dimensions (length, width
and height) were measured to the nearest mm using a ruler. Empty crops were also recorded.

Where a crop was full and bulging (at least 1 cm x 1 cm in dimension), attempts were made
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to extract seeds (as explained below). A total of 115 photographs of crops were taken
(summer n = 21, autumn n = 89, winter n = 5, spring n = 0). In total, crop dimensions of 291

trapped S. guttata were measured.

Seeds were extracted from crops using the Tube Insertion Method (T1M), a non-destructive
method of crop sampling developed for zebra finches (Taeniopygia guttata) (Zann and Straw
(1983) and modified for use on firetail finches, Stagonopleura spp (Read 1987, 1994). The
TIM involves the insertion of a soft, flexible plastic tube into the bird’s throat, to collect
seeds from the crop. Tubing (3.5 mm in diameter) was guided into the crop by pushing on
the membranous crop wall from the outside, and seeds were gently pushed into the tubing
and extracted. The section of tubing containing the seed(s) was then placed in a sealed
envelope. The TIM method provides minimal disturbance to birds and has no direct effects
on mortality (Read 1987; Zann and Straw 1983). Seeds were successfully extracted from
S. guttata crops using the TIM during ~ 40% of attempts in this study. Eighty seeds in total
were obtained from 24 S. guttata individuals during the study period. Between one and eight

seeds were extracted from each successfully sampled crop.

3.2.2.3. Identification of food species

Initially, seeds from crop samples were identified by comparing their dimensions, colour,
shape and other distinctive characteristics with those of seeds collected from field sites.
However, only a small percentage of samples could be identified in this manner as the seeds
were de-husked and sometimes fragmented. Thus, identification of plant fragments using a
standardised DNA sequence (DNA barcoding) was used to identify the seed fragments. This
method has been successfully implemented in many diet studies (e.g. Deagle et al. 2007;
Hofreiter et al. 2017; Valentini et al. 2009;). Samples were prepared for DNA analysis by
separating the seeds in each crop sample based on their size, shape and colour. Larger seeds
were placed in individual test tubes while smaller fragments were grouped in samples of two
or three to maximise the amount of genetic material available in each test tube. This resulted
in a total of 66 samples (summer n =13; autumn n =29; winter n = 3; spring n = 21).
Samples were sent to the Australian Genome Research Facility (AGRF) for DNA extraction

and quantification using Polymerase Chain Reaction (PCR) and Sanger sequencing.

Genomic DNA was extracted from silica dried seed material using the Machery-Nagel
NucleoSpin Plant 11 Extraction Kit, mini tubes and PL2 lysis buffer (Macherey-Nagel 2014).

To increase the concentration of genomic DNA, samples were purified and eluted once in
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30 uL of Buffer PE. DNA was then quantified using a Quantifluor ds DNA System
(Geneworks). Standard AGRF protocols were used to amplify the primary barcoding loci
trnL (chloroplast DNA) and ITS2 (nuclear ribosomal DNA) for each sample (124 PCRs; see
Appendix H for primer sequences). PCR reactions were run on a Veriti Thermal Cycler
(Applied Biosystematics; Appendix H). Unpurified PCR products (PD+) were sent to the
AGRF sequencing team for purification and high throughput Sanger sequencing using
Applied Biosystematics 3730 and 3730 xI capillary sequencers (McGrath 2015). AGRF uses
Big Dye Terminator Chemistry version 3.1 (Applied Biosystems) under standardised cycling
PCR conditions. Sequence data were provided as a Basic Local Alignment Search Tool
(BLAST) file (Altschul et al. 1990). Consensus sequences were produced using De Novo
Assembly in Geneious version 10.0 (https://www.geneious.com). The assembled contigs
were queried using BLAST to match regions of similarity within sequences from the
nucleotide collection (nr/nt; DNA) databases held at the National Centre for Biotechnology
Information. Species matches were sorted by grade, a measure of genetic similarity between
the sample DNA and the database match. The top five matches with the highest grades for
each trnL and I1TS2 sequence alignments were selected. Any species that were known not to
occur in the MLR were removed. The remaining species are presented in Appendix | with
their relative grade values. The validity of identifications made from DNA barcoding was
confirmed by comparing top BLAST matches with samples identified using morphometrics
alone. All initial morphometric identifications were confirmed by DNA barcoding

identification.

3.2.2.4. Crop photograph analysis

Seeds captured in crop photographs were categorised according to shape, size and colour.
The seeds that were successfully identified from crop samples and de-husked seeds from
known species in the field were used to determine the species present in the photos based on
their morphometric characteristics. However, some species had similar morphometric
characteristics and species identifications were not always possible. Thus, to determine the
most likely occurring species, they were grouped according to their morphometric
characteristics (groups were: Aristida spp/Austrostipa spp;
Arctotheca spp/Galenia spp/Stellaria  media; Panicum spp/Briza spp; Ehrharta spp;
Avena spp; Poa spp/Eragrostis spp and Rytidosperma spp).
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3.2.2.5. Resource selection and availability

Resource selection was explored by comparing the seeds consumed by S. guttata (resource
use) with available seed resources (resource availability). Consumed seeds comprised of the
seeds identified during foraging observations and in crop samples. Available seeds
comprised of species sampled on the soil surface and in the standing crop. Samples of
available resources were taken during the foraging observation sampling periods (described
above). Plots were sampled within study sites at locations where S. guttata were observed
foraging. Between 10 and 30 independent foraging points were sampled in each site during
each season, dependent on S. guttata foraging at sites on field days. Seeds were sampled
from the soil surface and from the standing crop within each point and identified and counted
in the laboratory. See Chapter 2 for a detailed account of this methodology.

3.2.3 Statistical analyses

3.2.3.1. Seasonal diet and resource composition

The composition of S. guttata diets across four seasons was assessed by combining species
consumed during foraging observations with species identified in S. guttata crops. Seasons
were assigned based on the month in which observations and samples were collected: spring
(September—November ), summer (December—February), autumn (March—May) and winter
(June—August). Species that were identifiable in crops were assigned weightings according
to their proportion of total crop contents, determined from photographs or crop samples (1
seed or < 25% of crop = 0.25, 2-4 seeds or 26-49% of crop = 0.5, > 5 seeds or > 50% of
total crop = 1). Species that were identified during foraging observations were given a
weighting of 1 for each independent observation during which it was consumed. Food
species were displayed as a proportion of the total number of independent observations and

the total number of combined crop weightings per season (Figure 3.2).

3.2.3.2. Seed intake during times of seed scarcity

To determine whether S. guttata individuals harvested fewer seeds during times of low seed
availability, the proportion of crops with and without seeds was compared between periods
of low (May-September) and relatively abundant (October—April) seed availability (Chapter
2). Fisher’s exact tests were performed to compare crop proportions between periods (due
to small sample sizes) in GraphPad Prism version 7.0 (La Jolla California USA). The
Monarto study area was excluded from analysis as individuals had access to artificially

supplemented seed and were not representative of natural seed consumption (see Chapter 5).
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Therefore, the dimensions from 235 crops were analysed (May—September n =7 crops,
October—April n =228 crops). Due to small sample sizes, data were pooled across years,
sites and sub-regions.

To compare seed consumption with seed availability, the monthly seed biomass of each
species sampled in foraging plots was calculated by multiplying seed abundances by the
average seed mass of that species. Seed masses were obtained by calculating the average
mass of 100 seeds of each species using a Mettler AE 200 Analytical Balance. The total seed
biomass and average seed mass within foraging plots was then calculated and pooled across
sites, sub-regions and years (see Chapter 2).

3.2.3.3. Selection ratios of seed types

As S. guttata eat a wide variety of grass species rather than focusing on one or two (Read
1994; Schopfer 1989) the proportion of seed resources in their diet was compared with
available resources at a broad plant functional grouping level. Seed species were categorised
by origin and plant form (native grass, native forb, weed grass, weed forb, sedge or sheoak).
In addition, seeds were grouped into six size categories: very small (< 0.00015 g), small
(0.00016-0.0003 g), medium (0.00031-0.00069 g), large (0.0007-0.0013 g), very large
(0.0015-0.004 g), and extra-large (> 0.0041 g) according to their average seed mass. The
number of seeds of each species (n = 122) sampled in forage plots (n =553) informed
resource availability, while the number of seeds of each species (n =17) sampled in crops
(n = 24) and foraging observations (n = 95) informed resource use. Forage plots were used
as they were a more immediate representation of the seeds available to foraging S. guttata
than were non-forage plots. Any prior selection of foraging habitat was not reflected at the
plot level as there were only minor differences in species abundance and composition
between the two plot types (see Section 2.3.1.2 in Chapter 2). For resource availability, the
sum of the number of seeds in each category were calculated within each sub-region and
season. Then, the median of the sub-region totals was calculated for each season. Medians
were used rather than sum totals to account for the large amount of variation between sub-
regions and seasons. The median values for resource availability were: sheoak n =184,
native grass n=3,768.5, native forb n=1,209, weed grass n=11,476, weed forb
n =10,410, and very small n = 132, small n = 516, medium n = 389, large n = 81, very large
n =152.75 and extra-large n =50.5. Sample sizes for resource use were: sheoak n = 22,

native grass n =41, native forb n =9, weed grass n = 43, weed forb n =9, and very small
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n =8, small n = 28, medium n = 23, large n = 37, very large n = 13 and extra-large n = 15.
There were no records of S. guttata feeding on seeds from any sedge species.

Diet proportions were calculated as the number of foraging observations during which
S. guttata ate that seed type or size and the number of sampled crops in which that seed type
or size was found, divided by the total number of crops sampled and independent foraging
observations. For the purpose of analyses, available resources were assigned to the season
in which they were sampled to reflect the categories in which resource use samples were
placed (described above). The relationship between seed size and seed type was also
assessed by plotting the total number of seeds from each plant form category within each
seed size category across the 24-month study.

To assess whether S. guttata selected for certain seed types or sizes, selection ratios
(wi = used/available) were calculated using the Manly selectivity measure (Manly et al.
2004). This statistic compared the proportions of used and available resources under the
Design | framework, where individuals are not identified and resources are measured at the
population level. Computation of selection ratios was performed using the wides | function
from the adehabitatHS package in R version 3.3.1 (R Core Team 2016). The wides I function
tests resource selection with the Khi2 of Pearson and log-likelihood Khi2 (Calenge 2006).
To examine the selection ratios of important resources further, the seasonal proportions of
the total number of seeds sampled were plotted against the seasonal proportions of the diet
of S. guttata for the plant type categories of native grass, weedy grass and sheoak. These
three categories were chosen due to their significant selection ratios (see section 3.3—
Results).

3.2.3.4. Diversity of diet and available resources

To assess the diversity of the seasonal diet of S. guttata, two diversity indices were
calculated: the Shannon-Weaver Index (SW) and Gini-Simpson Diversity Index (GS). The
SW index is a measure of the number of individuals and species, where high values represent
many species with few individuals, while the GS index is a measure of the proportion of
species relative to total number of species, giving greater weighting to dominant species.
Seed species sampled from crops (n = 95) and those identified during foraging observations
(n = 95) were combined for these calculations, and sub-regions and years were pooled. In
order to capture the full diversity of seeds sampled, the number of seeds of each species

extracted from crops was used. Data from crop photographs could not be included as the
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number of different species present in photographs was difficult to distinguish. Graphs were
produced using ggplot2 (Wickham 2009). Diversity indices were calculated using the
diversity function from the vegan package (Oksanen et al. 2016) in R version 3.3.1 (R Core
Team 2016).

The diversity of available seeding species was measured under the Maximum Entropy theory
of ecology using species richness and abundances. Entropy is defined as the amount of
uncertainty calculated from the frequency distribution of a community (Jost 2006; Marcon
et al. 2014). Analyses were performed using the entropart package (Marcon and Hérault
2015). Seed species counts in forage plots were pooled across study sites and years for each
sub-region. Sub-regions were weighted according to the number of plots sampled. Standing
crop and soil surface data were analysed separately. Each season was partitioned into its
alpha and beta components, with an estimation-bias correction, using the DivPart function.
Alpha diversity is defined as the diversity within local assemblages, i.e. the diversity of
individuals within a sub-region, while beta diversity is the diversity between local
assemblages, i.e. the diversity of the sub-regions. These measures were plotted as the
Gamma diversity: the diversity of the season itself, encompassing both alpha and beta
diversities (Marcon and Herault 2015). Graphs of sub-region entropies were produced using
ggplot2 (Wickham 2009).
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3.3 Results

3.3.1 Seasonal diet composition

Stagonopleura guttata fed on a wide range of species during this study (Appendix E). Their
diet consisted predominantly of grass seeds, along with some forb and sheoak seeds. Native
and non-native perennial grasses were key foods year-round (together comprising 37% of
their summer diet, up to 67% in autumn, 28% in winter and 56% in spring). Introduced
annual grasses were important during spring (14%) and summer (22%) (Figure 3.2). Seeds
from introduced and weedy forbs made up a small percentage of diets in summer (5.3%),
autumn (9.2%) and winter (1.8%), while some native shrubs and forbs were important during
spring (29%). Seeds from sheoaks formed a large part of diets during winter (46%; Figure
3.2) when seed biomass was lowest (Figure 3.3a). An account of the foraging observations
separated by site and year is presented in Appendix J and the crop sample species separated
by site and year can be found in Appendix K.

During summer 2015 and 2016, S. guttata ate a variety of grass and forb seeds, with small
amounts of sheoak seeds (Figure 3.2). Native wallaby grasses (Rytidosperma spp) and spear-
grasses (Austrostipa spp) were common food species. Non-native grasses such as Avena spp
and Ehrharta spp were almost equally as common. Their summer diet included small weedy
forbs such as Galenia spp and Dysphania pumilio. During autumn 2015, S. guttata
predominantly ate the seeds of a perennial, introduced grass Ehrharta calycina (up to ~50%;
Figure 3.2). A mix of other grass and forb seeds (such as Poa sp. and Arctotheca sp.) also
featured in their autumn diet, being almost as prominent as native perennial grasses (such as
Aristida spp and Enneapogon nigricans). The seeds of sheoak Allocasuarina verticillata
comprised a small part of the autumn diet (6.2%). In winter 2014, 2015 and 2016, the seeds
from A. verticillata were a key resource, comprising almost half of the winter intake (46%;
Figure 3.2). The intake of sheoak seeds was supplemented with seeds from native grasses
(including Austrostipa spp and A. behriana) and native forbs (e.g. Dysphania pumilio).
Seeds from weedy annual grasses such as Avena sp. and Briza maxima made up a small
component of the winter diet (10.5%). These weedy grass seeds were likely to have been
old, un-germinated seeds from the previous summer based on their natural seeding times.
During spring 2014 and 2015, S. guttata predominantly ate seeds from native, perennial
grasses such as Rytidosperma spp, Austrostipa spp and A. behriana (48%; Figure 3.2).
Native forb D. pumilio comprised a moderate percentage of the spring diet (26%). Weedy

grasses, such as Avena spp and Ehrharta calycina, made up a smaller component (22%).
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Summer Diet

Rytidospe sp. D
Galenia sp. Ehrharta erec
Seta constricta S

Total=37.75
Autumn Diet
Aristid a JOlSIRI& n a Poa sp./Eragr
Ehrharta sp.
Ehrharta calyc
Total=48.75

Winter Diet

Allocasuarina verticillata

Ehrtharta calycina

Total=28.5

Spring Diet

Rytidosperma sp.

A Dstipa sp.

Total=38.25

Figure 3-2 Seasonal profiles of the proportion of food species in S. guttata diets collected in
summer (2015 & 2016); autumn (2015); winter (2014, 2015 & 2016) and spring (2014 & 2015).
Species are colour-coded by plant origin (native = greens, non-native = reds/oranges). From left to
right, species are ordered by plant form: native forbs, native grasses, native sheoaks, weedy forbs,
weedy grasses and weedy sheoaks. Sample sizes (weightings) are displayed underneath each profile
and prominent species are labelled.

Page | 77



Chapter 3. Diamond firetail diet

3.3.2 Seed intake during times of scarcity
The average seed biomass in foraging plots was highest during spring and summer, peaking
in October, with an abundance of seeds in standing crops and on the soil surface (total
2.23 g plot™ Figure 3.3a). Seed biomass on the soil surface remained high throughout
summer but began to decrease steadily from March onwards. From May through to
September, total seed biomass was low, the lowest period being August when the average

seed biomass per plot was 0.2 grams.

During May—September, seven S. guttata crops were sampled as birds were scarce and hence
capture rates were low. In contrast, a total of 228 crops were sampled from S. guttata during
October—April, when birds were more abundant at study sites. The majority of birds sampled
during October—April had seeds in their crops (Figure 3.3b), while most birds sampled
during May-September had empty crops. Fisher’s exact test showed no significant
difference in the proportions of empty crops compared to crops containing seeds between
these two time periods (P = 0.1; Figure 3.3b).
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Figure 3-3 (a) Average seed biomass of seeding species on the soil and in standing crops and total per
quadrat where S. guttata foraged. (b) The proportion of S. guttata crops containing seeds versus empty
crops for the months May—-September c.f. October—April.

3.3.3 Selection ratios of seed types
Stagonopleura guttata selected certain seed types in greater proportions relative to their
availability (Figure 3.4a: P <0.001, y~=174.1, df = 4). Native grasses were selected in
higher proportions relative to their availability (P < 0.001). Sheoak seeds from A. verticillata

and Casuarina glauca were also selected for in higher proportions relative to their
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availability (P < 0.001). Weedy forbs, on the other hand, were eaten in lower proportions
relative to their availability (P <0.001). There were no differences between used and
available proportions of native forbs (P > 0.05). The availability of seeds from native forbs,
however, was low. Introduced and weedy grasses were relatively abundant and eaten in
proportion to their availability (P > 0.05). Sedges were generally low in availability and were
not recorded as a food species, so were excluded from analyses.

Seed size influenced S. guttata food selection (P < 0.001, y? = 52.9, df = 5; Figure 3.4b).
Extra large seeds (average seed size > 0.0041 g) were most strongly selected for (wi = 4.7),
followed by very large seeds (average seed size 0.0015-0.004 g, wi = 3.8) and large seeds
(average seed size 0.0007-0.0013 g, wi=1.8), Very small, small and medium seeds
(<0.00069 g) were selected against (Figure 3.4b).

Weedy grasses dominated the understorey and were the most common seed type in almost
all size categories (Appendix L). Weedy grass seeds were predominantly large, very large
or extra large. Native grass seeds were predominantly medium or very large. Sheoak seeds
were either large or very large. Most weedy forbs were large, while native forbs dominated

the very small category.
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Figure 3-4 Selection ratios of seeds consumed by S. guttata (used) compared to available resources
across 24 months in 2014-2016 for (a) plant types and (b) seed sizes.
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Stagonopleura guttata consumed native and weedy grasses as well as sheoak seeds in their
overall diet. Native grasses made up a large proportion of the available resources (0.45)
during summer and S. guttata ate their seeds in similar proportions (0.35; Figure 3.5a).
During autumn, the availability of native grasses dropped (0.07), as did their prevalence in
S. guttata diets (0.05; Figure 3.5a). The availability of native grasses remained relatively low
throughout winter (0.12) and spring (0.08), though S. guttata ate their seeds in larger
proportions relative to their availability during these seasons (0.22, 0.59 respectively; Figure
3.5a). Weed grasses made up the largest proportion of available seeds in all seasons other
than summer (summer = 0.34; autumn = 0.76; winter = 0.67; spring = 0.69) when native
grasses were available in higher proportions (Figure 3.5b). The relative intake of weedy
grasses versus native grasses by S. guttata complemented one another seasonally, with
weedy grasses consumed in larger proportions where native grasses were consumed in
smaller proportions (i.e. in autumn) (Figure 3.5b). However, weedy grass seeds were
consumed in smaller proportions relative to their availability in all seasons except for
summer (summer = 0.78; autumn = 0.65; winter = 0.11; spring =0.31; Figure 3.5b).
Notably, the consumption of weedy grass seeds dropped in winter, while the consumption
of native grass seeds increased (Figure 3.5b). Sheoak seeds were in very low abundances
year-round, relative to grass seeds (summer =0.02; autumn=0.01; winter =0.03;
spring = 0.0006). However, S. guttata relied on sheoak seeds during winter, when native
grass seed availability was low, consuming these seeds in much greater proportions relative

to their low availability (0.52; Figure 3.5c¢).
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3.3.4 Diversity of diet and available resources

The diversity of S. guttata diet was highest in summer (species richness =18, SW
index = 2.57, GS index = 0.90; Figure 3.6). Diets were also diverse during autumn (species
richness = 15, SW = 2.36, GS = 0.87; Figure 3.6), though less so compared to summer. Diet
diversity was lower in spring (richness = 10, GS = 0.86) compared to summer or autumn.
Spring was the season of lowest diversity according to the SW index (2.08), though low
sample sizes could account for this. According to the GS index (0.81), winter was the season
of lowest diet diversity, although a greater range of species were eaten during winter
compared with spring (richness = 13, SW = 2.13; Figure 3.6).

The standing crop and soil seedbanks were very species rich, with many different seeding
species available in most seasons, and few species that were super-abundant above others
(Figure 3.7). Gamma diversity, which accounts for the diversity of seeding species within
and among sub-regions, was highest during late summer for soil surface seeds
(richness = 61.0, SW =25.93, GS=19.23) and standing crop seeds (richness = 23.45,
SW = 16.5, GS = 16.5; Figure 3.7). The standing crop seedbank was also relatively diverse
during late spring (richness = 50.0, SW = 17.77, GS = 9.98), with late autumn being the third
most diverse period (richness = 31.0, SW =11.18, GS =7.37) and late winter being the
period of lowest diversity (richness = 27.0, SW =5.69, GS = 3.98). The diversity of soil
surface seeds was similar for late spring (richness = 44.0, SW = 13.57, GS = 8.60), late
autumn (richness =39.0, SW=1254, GS=7.92) and late winter (richness=41.0,
SW = 14.23, GS = 9.65), but far less diverse than late summer.
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Diet Diversity Indices
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Figure 3-6 Diversity indices (Gini—Simpson and Shannon—Weaver) of S. guttata food species.
Food species was the sum of seeds extracted from crops and species identified during foraging
observations combined. Diversity increases with increasing index values (y-axes).
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Entropy of Available Resources
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Figure 3-7 Entropy of local area assemblages and individuals within local assemblages
comprising soil surface seeds and standing crop seeds for Shannon’s diversity and Simpson’s
diversity indices. Diversity increases with increasing index values (y-axis).
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3.4 Discussion

This study examined the seed species comprising the diet of S. guttata in the southern MLR
to assess how seasonal fluctuations in food resources affect S. guttata. The proportions of
different seed types, abundance and diversity of seasonal diets were compared with local,
seasonal seed assemblages. Stagonopleura guttata ate a wide variety of grass, forb and
sheoak seeds, with grass seeds being the most commonly consumed food in all seasons.
Grass seeds (both native and weedy) were also the most dominant food item consumed by
S. guttata in other studies (Ankor 2005; Read 1994; Schopfer 1989). Plant types with the
largest seeds were selected for; these were mostly grasses and sheoaks. Native grasses were
preferentially selected, particularly in times of abundance, while weedy grasses were less
likely to be selected. However, the relative proportions in which these two plant types were
consumed was seasonally complementary. The diversity of S. guttata diets followed the
diversity of available resources. During winter, when overall seed biomass was low,
S. guttata crops were predominantly empty. Similarly, the diversity of S. guttata diet was
low, and diets shifted to rely on alternative seed sources. These findings determine that

S. guttata are affected by winter seed scarcity in the MLR.

3.4.1 Seed abundance in diets and the environment
Winter is a period of food scarcity for MLR S. guttata, when grass seeds are low in
abundance (Chapter 2) and dead, thatchy introduced grasses smother areas of open ground,
preventing access to the ground-layer (Carpenter 2012). The crops of S. guttata were mostly
empty during times of seed scarcity. In contrast, when seed was abundant, most crops were
full or near-full. Despite this clear pattern, the comparison of crop-fullness between scarce
and abundant times was not statistically significant. Few crops were examined during scarce
periods as S. guttata capture rates were low, likely reflecting reduced numbers in the
environment. As such, the small sample size may have prevented a statistically significant
difference being detected. Ankor (2005) also found that the number of seeds in S. guttata
crops decreased during June—August, coinciding with the reduction of introduced annual
grass seeds to nearly zero after late autumn rains caused mass-germination. Mass-
germination was associated with a severe depletion of seed resources at all six sub-regions
in the southern MLR (Chapter 2). The high winter proportion of weedy grass seed
availability displayed in the present study is due to a perennial introduced grass, rather than
the presence of annual grass seeds which mass germinate in autumn. Total seed biomass

from May onwards, however, is low. Despite a small sample size, the correlation between
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low seed availability and empty crops suggests that S. guttata are going hungry as a result
of food shortages.

3.4.2 Diversity of diets and available resources
The diversity of S. guttata diet broadly mirrored the diversity of local seed assemblages,
being lowest during spring and winter, and highest during summer. The range of seed species
consumed in spring was low but these species were consumed in similar proportions to each
other, thus increasing Simpson diversity. While the range of species consumed in winter was
greater than spring, A. verticillata dominated their diet with other species being eaten less,
thus decreasing Simpson diversity. Similarly, the diversity of local seedbanks was lowest in
late autumn and late winter and highest during summer. Therefore, low diet diversity during
winter reflected the restricted seed availability in the environment, indicating that low food
availability limits the variety of food consumed. In contrast, Read (1994) found spring and
summer to be the periods of greatest diet diversity for MLR S. guttata, though sample sizes
were not sufficient for statistical seasonal analysis. Read suggested that spring and summer
were periods of food stress, consistent with the predictions of optimal foraging theory that
foragers should focus on their most favoured prey when resources are abundant, resulting in
a narrower diet breadth (MacArthur and Pianka 1966). However, the diets of granivores as
a group have been shown to contradict optimal foraging theory and instead fluctuate in
response to the natural availability of seeds (Sanchez and Blendinger 2014). Granivorous
lilac-crowned parrots (Amazona finschi) for example, exhibit diets that are closely related to
temporal variations in food resource availability and are narrower when availability is low
(Renton 2001). When an animal with an otherwise diverse diet is forced to adopt a narrow
diet breadth, their ability to obtain sufficient food becomes dependent on the yield of fewer
species and is, therefore, more precarious. This highlights winter as a period when MLR

S. guttata are at risk of food shortages.

3.4.3 Selection of seed types
The preference by S. guttata for seeds from native grasses and sheoaks, despite their relative
scarcity, can be explained by their large size and thus their ability to provide more energy
per unit of foraging effort (Brown et al. 1975; Hulme and Benkman 2002). However, though
they were large and abundant, S. guttata only consumed a small portion of weedy forb
species such as Galenia spp, Arctotheca spp and Stellaria media on occasion. The majority

of abundant weedy forbs, including Plantago spp, Romulea spp, Trifolium spp, Petrorhagia
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dubia, Emex australis, Erodium spp, Hypochaeris spp, and Medicago spp, were not
consumed, nor were they recorded as food species in other studies (Ankor 2005; Read 1994;
Schopfer 1989). These species may contain toxins or be difficult for S. guttata to extract or
de-husk, requiring specialisation. Plantago bellardii for example, has small seeds that are
deeply encased in a tough exterior and may be difficult for short, stout bills to extract
(G Hodder 2016 pers. obs.). Medicago polymorpha and Trifolium subterraneum are prone
to mycotoxin contamination due to Fusarium infection (Tan et al. 2011a; 2011b). Similarly,
Trifolium repens has been found to hyperaccumulate arsenic (Dong et al. 2008), while high
mercury levels have been recorded in Plantago spp (Crowder 1991), and Romulea rosea is
known to cause intoxication in sheep (Finnie et al. 2011). In order to limit overconsumption
of these indigestible compounds, granivores and herbivores have adopted a strategy of
maximising dietary diversity (Palminteri et al. 2016; Wiggins et al. 2006). Thus, S. guttata
may have to either completely avoid many of the weedy herbaceous species that are common
in the southern MLR, or consume them in small quantities, which places pressure on other
food resources. This may explain the fact that native forb seeds, which were generally very
small, were consumed in proportion to their availability. Overall, S. guttata eat a wide
variety of seed types with selectivity driven by seed size rather than species. Their diet fits
the description of an obligatory generalist — a species that feeds on a range of available food
resources within some constraint, e.g. plants that do not have toxic chemicals (Shipley et al.
2009).

The consumption of A. verticillata seeds increased by over four-fold in winter. This increase
was correlated with the low total seed biomass and drop in grass seed availability observed
during winter (Chapter 2), requiring S. guttata to compensate with an alternative food
source. Ankor (2005) found a similar response in the Monarto population of S. guttata, with
40% of their diet consisting of A. verticillata seeds in August, an increase from May—June
consumption. This switch in diet was thought to reflect the change in grass seed availability
from 600-1400 seeds m? in May to near-zero (<30 seeds m?) in August. Ankor (2005)
suggested A. verticillata was a poorer-quality alternative food source, as their seeds were
smaller than most grass seeds. However, A. verticillata seeds are high in protein (43-44%),
lipid (37-38%) and nitrogen (3.24-3.88%) content (Crowley and Garnett 2001a) in
comparison to even the highest protein grass seeds, which are native perennials such as
Rytidosperma spp (25%) and Aristida spp (22.5%) (Yeoh and Watson 1981). As a

granivorous diet is prone to protein deficiency and often lacking in essential amino acids
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(Allen and Hume 1997), A. verticillata seeds may provide desirable nutritional qualities.
This may also explain the clear selectivity for native grass seeds. However, A. verticillata
have declined in abundance and range since European settlement (Bickford and Gell 2005),
with a reduction of 78% (Area of Occupancy) in A. verticillata-associated woodlands
(Rogers 2011). Remaining populations of A. verticillata have low recruitment due to grazing
from over-abundant herbivores such as kangaroos and rabbits (Cooke 1988), leaving few
stands of old trees that are prone to damage, have high levels of dieback and are less
productive than they once were (DC Paton 2017 pers. obs.). Despite their low numbers,
A. verticillata provides a critical food source during times of food scarcity and their
contracting populations must be addressed and managed as a conservation priority for
S. guttata.

3.4.4 Caveats and limitations
The abundance and diversity of S. guttata diet in the MLR are reflective of seasonal patterns
of seed availability, with S. guttata experiencing a reduction in seed availability and diversity
during winter. However, S. guttata are scarce in the MLR and trapping success was lowest
during winter. Consequently, trapping success and crop sampling were skewed towards
summer and autumn. Though 342 S. guttata were trapped, less than a quarter had crops that
were near-full and able to be sampled, leading to small sample sizes for crop contents. As a
result, heterogeneity between individuals could not be assessed. To minimise bird handling
time, up to three attempts were made to extract seeds from near-full crops, resulting in 1-8
seeds successfully removed from each crop. As S. guttata crops can contain up to 54 seeds
(Read 1987), the proportion of different seed types within crops cannot be accurately
estimated from crop samples alone. While the morphometric identification of species in crop
photographs, cross-referenced with DNA barcoding, was used to sample the proportions of
seed types in crops, identifications could only be made to genus or a group of species. In
addition, identifying the species selected by birds in the field was difficult as it required a
direct line of sight to the seed or standing crop. Due to these difficulties, future studies on
seasonal S. guttata diets should explore other methods of dietary analysis, such as collecting
and analysing faeces from trapped birds or nests using Next Generation Sequencing.
Regardless, the combined data from crop samples, crop photos and foraging observations
collected across 24 months have provided a valuable insight into S. guttata diets in the MLR,
allowing seasonal comparisons and the identification of key food resources where previously

little was known.
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3.4.5 Summary

The invasion of annual grasses into the MLR region has caused large seasonal fluctuations
in understorey composition and therefore total seed abundances (Bickford and Gell 2005;
Paton et al. 2004). These fluctuations are reflected in the diets of local S. guttata. After
annual grass seeds mass-germinate in autumn and total seed biomass drops, S. guttata
demonstrate a narrower diet with the loss of a profitable food source. During winter,
S. guttata diet consists predominantly of native grass seeds and the seeds of A. verticillata,
highlighting these as critical food resources. Despite prevailing in very low proportions in
the environment relative to weedy annuals, the seeds of A. verticillata and many perennial
native grasses provide more consistent year-round seed (Chapter 2). Given this, broad
understorey restoration towards an increase in the proportion of native perennial grasses
would benefit S. guttata, as well as other local granivorous bird species. In addition,
restoring the declining populations of A. verticillata would not only provide additional useful
structure for birds, but increase the availability of an important food source at a time prone
to shortages. Overall, this study has contributed to the list of known food species for MLR
S. guttata, demonstrated that changes in the diet are consistent with food shortages in winter,

and identified critical winter food species.
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4.1 Introduction

In our anthropocentric world, humans are continually encroaching upon the natural
environment and throwing ecosystems off-balance (Foley et al. 2005; Vitousek et al. 1997).
Consequently, the complex interactions between plants and animals which are fundamental
to their survival (Christian 2001; Traveset and Riera 2005) have been greatly impacted (e.g.
Kearns et al. 1998; Magrach et al. 2014; Martinson and Fagan 2014). Plant populations are
impacted when processes such as pollination, seed predation and herbivory are altered.
Similarly, animals are intrinsically linked to plants that provide them with fundamental
resources such as shelter, nesting material and food. For example, the intensification of
grassland management and the subsequent loss of cereal stubbles in western Britain have
reduced the amount of food available in winter, contributing towards granivorous bird
declines (Buckingham et al. 2011). Therefore, when a plant resource is altered by disruptions
such as invasive species or overabundant herbivores, the survival and health of animals
reliant upon the plant can suffer (Maron and Lill 2005; Martin and Possingham 2005;
Wilcove et al. 1998).

Native vegetation has been greatly modified since European settlement in Australia
(Bradshaw 2012). As such, plant resource composition (e.g. Yu et al. 2011), structure (e.g.
Prior et al. 2011) and species (e.g. Whalley et al. 2011) have changed, with flow-on effects
for the animals that rely on them. In southern and eastern Australia, where once-wooded
landscapes have experienced one of the most significant changes to vegetation in Australian
history (Yates and Hobbs 1997), many plant-animal interactions have been drastically
affected. For example, the clearance of large eucalypts has reduced the abundance of hollows
for hollow-nesting species such as the purple-crowned lorikeet
(Glossipsitta porphyrocephala) and western pygmy possum (Cercartetus concinnus)
(Gibbons et al. 2000) contributing to their decline. Scattered eucalypts in open grassland are
good nectar providers as they have less competition from neighbouring trees and flower
more regularly as a result (H Merigot 2019 pers. comm.). These trees complement other
habitats with their nectar production, together providing year-round resources for species
that move between patches such as the brown-headed honeyeater (Melithreptus brevirostris)
(Merigot and Paton 2018). As such, the removal of these trees can create a resource gap,
while similar alterations to plant resources have caused population declines among many
species (Ford et al. 2001).
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While habitat destruction is the broadest reason for the national decline of a southeast
Australian Estrildid finch, the diamond firetail (Stagonopleura guttata) (Ford et al. 2001;
Longmore 1978;), the more specific ecological processes affecting ongoing declines have
not been explicitly tested at a landscape-scale. The significance of different threats to this
species may vary between regions, with several contributors proposed, including: the
dieback of eucalypt woodlands (Ford and Bell 1981), historical trapping for aviculture
(Higgins et al. 2006; Lord 1956) and high nest predation (McGuire and Kleindorfer 2007).
A commonly reported threat is changes in the abundance of food resources due to
compositional changes to plant communities (e.g. Er et al. 1998; Ford et al. 1985; Forshaw
et al. 2012). For S. guttata that reside in the Mount Lofty Ranges (MLR), South Australia,
severe habitat loss and fragmentation have resulted in drastic changes to foraging habitat
(Paton et al. 2004; Paton 2010). Exotic grasses, 75% of which are annuals, have invaded the
understorey and largely replaced perennial native grasses and shrubs (Chapter 2). This
compositional shift to an annual-dominated system has changed the timing and abundance
of seasonal seed production, resulting in relative seed scarcity during late autumn and winter
that affects S. guttata foraging habitat (Chapter 2).

As obligate granivores with diets comprised of 90-100% seeds (Schopfer 1989; Chapter 3),
S. guttata do not have the ability to utilise alternate food resources when seeds are scarce
(Dostine and Franklin 2002; Franklin et al. 2005; Swihart et al. 2003). As such, they are
particularly vulnerable to changes in food availability. In the MLR, the diet of S. guttata
follows seasonal shifts in resource abundance and diversity. Low food availability during
late autumn and winter resulted in low diet diversity and high incidence of empty crops
(Chapter 3), suggesting the population experiences seasonal food scarcity. If S. guttata
populations are affected by seed fluctuations, they either move further afield in search of
food or perish during times of scarcity. As such, S. guttata density would be expected to
decrease during late autumn and winter. This study assesses the densities of S. guttata in the
southern MLR using mark-recapture techniques. Specifically, this study examined: i) the
density of S. guttata populations in the southern MLR, ii) whether these densities changed

seasonally, and iii) whether S. guttata densities follow seasonal seed resource fluctuations.
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4.2 Methods

4.2.1 Study area and sampling sites

This study was conducted across the range of S. guttata in the southern MLR over two years,
between 2014 and 2016. Preliminary assessments in 2014 examined S. guttata across 30
sites in the region. Based on that data, five sub-regions were selected for this study (Milang,
Hartley, Rockleigh, Springton and Karinya). Each sub-region contained three sampling sites
(see Figure 1.2 in Chapter 1) located approximately 1-4 km apart. Sites consisted of patches
of remnant, open eucalypt woodland with disturbed, predominantly weedy understoreys.
Adjacent sub-regions were between 25 and 31 km apart. It was assumed there was no
movement between sub-regions based on recapture distances of <10 km in 99.5% of banded
birds (Higgins et al. 2006).

4.2.2 Sampling methodology

4.2.2.1. Tagging of individuals

To investigate the density and demographics of S. guttata populations, individuals were
captured and tagged with a unique combination of coloured leg bands. Individuals were
captured by erecting 6-12 mist-nets at each site. Mist-nets were erected at dawn throughout
an approximate 20 ha area of suitable habitat and monitored regularly until late-afternoon
unless weather conditions became unsuitable (too hot, too windy or raining). When a
S. guttata was caught, a metal band with a unique code provided by the Australian Bird and
Bat Banding Scheme to identify where and when the bird was banded was placed on its left
leg. In addition, a unique combination of plastic colour-bands were attached to its legs, one
on the left and two on the right leg (Figure 4.1). This allowed for the bird to be identified
without recapture. The age category of each bird (juvenile, immature, sub-adult or adult,
identified by examining plumage and beak colouration; Forshaw et al. 2012), site and

capture date were recorded. Re-captures of tagged S. guttata were also recorded.

Trapping S. guttata was difficult due to their low densities, with some sub-regions proving
more successful than others. Thus, after the first few trapping attempts at each sub-region,
the three sub-regions with the highest numbers of tagged S. guttata (Hartley, Rockleigh and
Springton; see Figure 1.2 in Chapter 1) were chosen as focus areas to maximise trapping
effort. Trapping continued at these three sub-regions annually, with 3—7 trapping days per
year throughout the monitoring period. In total, ten trapping days were conducted at
Rockleigh between February and April in 2014, 2015 and 2016. At Springton, 15 trapping
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Chapter 4. Seed resources