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terms of the time taken for their implementation, their uncertainty
as measured against a common ground referencing dataset and as-
certaining whether statistically significant differences occur be-
tween their accuracies.

1.2. Study location: the Five Islands Nature Reserve

The Five Islands Group comprises Flinders Islet, Bass Islet, Rocky
Islet, Big Island and Martin Islet, which collectively represent an area of
approximately 0.26 km2 that stretches 3.6 km offshore from Port
Kembla, Wollongong in southern New South Wales (Fig. 1). The largest
of the islands, Big Island (0.18 km2) consists of two elevated islands
joined by a low rocky isthmus that have been subdivided for manage-
ment purposes into Big Island 1 and 2. The present study focuses on
vegetation rehabilitation activities on Big Island 1 (herein, referred to
as Big Island).

Wollongong experiences a warm temperate climate (Kottek et al.,
2006), with an average annual rainfall and air temperature of ap-
proximately 1400mm and 17 °C respectively. Precipitation is higher
during the austral summer-autumn months (December to May) than
winter-spring (June – November). Precipitation is the lowest in July

with an average of 60mm and reaches its peak of approximately
190mm in March. February is the hottest (22 °C) and July is the coldest
(11.9 °C) month of the year (Climate-Data, 2019). In 1938, Big Island
was composed largely of exposed rock, soil and sand dunes, with 58
species of vegetation recorded, 40 of which were native and only 18
were deemed to be exotic (Davis, 1983). Since then, the ground cover
has shifted from one dominated by sand and rock to a vegetated com-
munity that was initially comprised predominantly of native plant
species but is now dominated by exotic species, particularly the dense
grass Kikuyu (Cenchrus clandestinus) and creeper Coastal Morning Glory
(Ipomoea cairica) (Figs. 2 and 3). Non-native vegetation in the form of
Buffalo Grass (Stenotaphrum secundatum) was introduced to Big Island
to reduce soil erosion by grazing goats and cattle. This began a history
of significant human-induced changes to ground surface cover on the
islands through the introduction of non-native plant species, land fires
and mining for shell grit (Mills, 2015). The resulting shift in vegetative
cover has resulted in severe habitat degradation for native seabirds that
breed on the island.

In 1967, the Five Islands became a nature reserve under the National
Parks and Wildlife Act (NSW). The islands are a site of significance to the
Illawarra Aboriginal Community (NSW Department of Environment

Fig. 1. (A) Port Kembla and the Five Islands Nature Reserve, (B) Study site location along the Eastern Australian Coastline, (C) Big Island 1 and 2, connected by a
central rocky isthmus.
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and Conservation, 2005), featuring in several dreamtime storie for the
coastal Dharawal people (Organ and Speechley, 1997).

The islands provide important breeding habitat for many species of
native shore and seabirds, including Wedge-tailed Shearwaters
(Ardenna pacifica), Short-tailed Shearwaters (Ardenna tenuirostris),
Sooty Oystercatchers (Haematopus fuliginosus; listed as a vulnerable
species), Crested Terns (Sterna bergii), Silver Gulls (Larus novae-
hollandiae), Australian Pelicans (Pelecanus conspicillatus), White-faced
Storm-Petrels (Pelagodroma marina) and Little Penguins (Eudyptula
minor) (Carlile et al., 2017). The shearwaters, petrels and penguins dig
burrows in the ground to lay their eggs and rear their chicks. Burrows
are easily damaged by soil erosion, trampling or the current major
problem of weed infestations, which trap the birds in their burrows or
entangle their wings and legs. The rehabilitation of island vegetation
was largely initiated due to the damage caused to burrowing seabirds.

1.2.1. Vegetation rehabilitation at Big Island
The original, pre-European vegetation on Big Island has been re-

placed with a dense weed cover following fires, clearing and weed in-
vasion (Mills, 1990). From the late 1960s, a dense sward of Kikuyu
Grass has spread and dominated the whole island. Most recently, the
creeper Coastal Morning Glory has invaded part of Big Island. In 2014,
a vegetation rehabilitation program was initiated by NSW National
Parks and Wildlife Service in collaboration with Berrim Nuru En-
vironmental Service of the Illawarra Local Aboriginal Land Council.
This involved a staged weed removal followed by revegetation of Big
Island for five focussed vegetation rehabilitation areas. Weed removal
was undertaken by four operations involving helicopter aerial appli-
cations of glyphosate 360 g L−1 Manual replanting with a range of
native species has occurred through a large-scale effort that has seen
approximately 23,400 individual seedlings between 2015 and 2018 in

focussed management areas. These were primarily tussocks of Lo-
mandra longifolia due to their suitability as a ground cover that provides
protection for seabirds without damaging the birds or their burrows.
This species grows as a tussock of long leaves, to over 1-m long (see
Fig. 3D). Due to this planting effort, along with natural expansion fol-
lowing the killing of the Kikuyu sward, the cover of native plants has
increased substantially on Big Island (Mills, 2015).

2. Methods

2.1. Fieldwork: Ground referencing and UAV survey methods to support
vegetation mapping

2.1.1. Ground referencing
Several field trips (summarised in Fig. 4) were undertaken on Big

Island to collect in-situ ground referencing records of vegetation cover
to assist with the development of digital vegetation maps, alongside
aerial UAV surveys. These were timed to occur before and after aerial
weed sprays in 2007 and 2018. In both years, the first trip occurred just
days prior to the Glyphosate 360 g L−1 helicopter spray (April 2017 and
May 2018) for the purpose of eradicating invasive weeds on Big Island,
with a second trip three months after the aerial spray (July 2017 and
July 2018).

Ground referencing photographs were collected on four separate
fieldtrips as training and validation data respectively. On each trip,
photographs recorded information on the vegetative land cover across
the whole island. Photograph locations were recorded to 5m XY posi-
tional accuracy. These reference photographs were then used for
training the automated mapping algorithms (in the case of mapping
approaches 1 and 3). In addition to this, half of one common set of
ground reference photographs, shown in red on the May 2018 image

Fig. 2. Aerial photographs showing the gradual increase in vegetative cover of Big Island between 1947 and 2005 (photographs sourced from the School of Earth,
Atmospheric and Life Sciences aerial photograph collection, The University of Wollongong). Rock outcrops border the entire island; Ground cover dominated by
mostly sand (white) between 1947 and 1951, and subsequently by exotic vegetated species (grey in B&W / green in colour photographs). Brown indicates dry
vegetation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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