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ABSTRACT

Context. Migratory populations of bogong moths in Australia are in decline. Numbers decreased
after European settlement in the 1800s, and were stable before declining again from about
1980. Numerous hypothesised drivers for the decline have been postulated, and Caughley’s
declining population paradigm provides a systematic approach to diagnosing which of these are
important, and hence the knowledge to guide recovery actions. Aims. This paper aims to assess
which of the hypothesised drivers remain as candidate hypotheses for further investigation.
Methods. Within the context of known bogong moth life history and the timing of observed
declines, hypothesised drivers of the two decline phases were assessed with respect to
their potential impact on larval recruitment and adult survival during migration and aestivation.
Key results. Changes in vegetation composition and availability arising from the spread of
pastoralism stand out as a likely driver of the early decline, with the herbivorous moth larva
facing competition with introduced livestock, feral herbivores, and increased densities of native
macropods. Many of the numerous postulated drivers of the most recent decline (e.g. changes in
rainfall, rising temperatures in aestivation sites, increasing fire frequency) appear to have little
support to be retained. Postulated drivers that remain as working hypotheses include increasing
soil temperatures, increased cropping areas, and changed cropping practices and area. The effect of
some drivers, such as artificial light pollution, is unclear and may warrant further investigation.
Conclusions. Inference on the drivers of bogong moth population decline is wanting.
Implications. Designed experiments are needed.

Keywords: Agrotis infusa, bogong moth, conservation, migration, monitoring, predation, recovery,
survival.

Introduction

The bogong moth (Agrotis infusa) is a species of great cultural and ecological significance. 
As well as having totemic significance to First Nations peoples of Australia, the annual 
spring migration of bogong moths has become a feature on the calendar among Australian 
society more broadly, and is detectable on social media (Welvaert et al. 2017). Significant 
cultural events involving bogong moths include their springtime invasion of the newly 
commissioned Australian parliament house during the 1980s (McCormick 2005), and 
their disruption of the closing ceremony of the Sydney 2000 Olympics. 

It appears that migratory populations of the bogong moth have been in decline since 
around 1980, following a period of a fluctuating though stable population from the mid 
20th century (Green et al. 2021). If maintained, this decline will be accompanied by 
cascading negative impacts on species that are heavily dependent on the moths as a 
food source, such as the mountain pygmy possum (Burramys parvus) (Broome 2001), 
and alpine environments more generally that are adapted to the regular nutrient input 
that the annual influx of bogong moths brings (Green 2011). The post 1980s decline 
documented by Green et al. (2021) was followed by a very sharp decline that became 
evident in 2017, when numbers were the lowest recorded over 70 years of records. The 
recent sharp decline was attributed to the severe drought affecting eastern Australia at 
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that time, though the underlying drivers of the medium-term 
decline were considered unclear Green et al. (2021). 
In response to the recent decline, the species has recently 
been added to the International Union for Conservation of 
Nature’s (IUCN) Red List of Threatened Species (Warrant 
et al. 2021). 

The recent decline in the population of migrating bogong 
moths is seen as emblematic of systemic problems in the 
environmental health of the world we live in. Heightening 
concerns around a possible entrenched negative trajectory 
for bogong moth populations are reports of insects being in 
widespread decline across the globe (e.g. Sánchez-Bayo and 
Wyckhuys 2019; Wagner 2020), although the strength of 
this inference has been queried (e.g. Macgregor et al. 2019; 
Thomas et al. 2019). Indeed, a recent large study of trends 
in breeding North American monarch butterflies found no 
evidence for a ubiquitous decline (Crossley et al. 2022). 

Implementing successful actions to save such a declining 
species requires that the causal underlying driver(s) of the 
decline are correctly inferred (cf. assumed) and effectively 
mitigated. Within conservation biology terminology, the current 
bogong moth situation currently sits within the ‘declining-
population paradigm’ as described by Caughley (1994) that 
‘focuses on ways of detecting, diagnosing and halting a 
population decline’. Despite their numbers being much 
reduced, the bogong moth currently remains abundant and 
widespread – far from a small population where the specific 
fortunes of individuals matter, and the ‘small-population 
paradigm’ (sensu Caughley 1994) may have currency. 

The work of Caughley and Gunn (1996) is extremely useful 
in framing an approach to diagnosing the underlying factor(s) 
driving the decline of bogong moths. After observing that for 
the majority of historical extinctions we are either uncertain 
or ignorant as to the cause, they stress that successful 
diagnosis depends on a logical series of steps (adapted from 
Caughley 1994). These are: 

1. Confirm that the species is presently in decline or that 
previously it was more widely distributed or more 
abundant. 

2. Study the species’ natural history for knowledge of and a 
feel for its ecology, context and status. 

3. When confident that this background knowledge is 
adequate to avoid silly mistakes, list all conceivable 
agents of decline. 

4. For each agent, measure its level where the species now is 
and where the species used to be in time and space. For 
example, has a harvest increased? Does the species overlap 
with an introduced predator? Test one set against the 
other. Any contrast in the right direction identifies a 
putative agent of decline and thus a hypothesis to be 
tested. Do not assume that the answer is already provided 
by folk wisdom, whether lay or scientific. [my emphasis] 

5. Test the hypothesis by experiment to confirm that 
the putative agent is causally linked to the decline, not 

simply associated with it. Treatments can often be used 
for this. 

To further our understanding of the underlying drivers 
of bogong moth population dynamics as a precursor to 
developing testable hypotheses for their apparent decline, 
this paper seeks to address the first three steps, and 
partially addresses the fourth. First I review evidence for a 
decline during two post-European settlement phases. I then 
explore how many moths would have been present prior to 
the invasion of Europeans with the associated herbivores 
and land-use changes. The next section explores life history 
strategies of the Australian biota that utilise the inland 
areas considered important as larval recruitment areas for 
the bogong moth. I then explore the possible drivers of 
decline affecting larval recruitment, adult migration and adult 
aestivation. Two phases of putative decline are considered: 
the first following European settlement and the spread of 
pastoralism and cropping to the bogong breeding grounds, 
and the second during the recent 40 years (post-1980). 
Finally, I discuss experimental approaches to making 
better inference on which drivers are most important. Also 
considered is the importance of the putative drivers should 
the bogong moth population become biologically ‘small’. 

History and evidence of decline of
bogong moths

Early and pre-European period – Phase I decline

There are no published quantitative data on the abundance of 
bogong moths at the time of European settlement of Australia 
or for the subsequent ~150 years. We are thus constrained 
to inferring abundance during this early period from ethnog-
raphy and the observations of the early settlers and explorers. 
The bogong moth was a very important source of food for 
First Nations people who incorporated the annual migration 
of bogong moths to Australia’s high country into their 
yearly foraging activity and culture (Flood 1973, 1980, 2010). 
Flood (1973) notes that ‘the ethnographic evidence suggests 
that in the protohistoric period their numbers were both 
large and reliable’. To support this, Flood (2010) notes that 
(albeit sparse) sources of information from the time were 
consistent in indicating that the number of first peoples 
gathering to feed on moths was large (many hundreds), the 
duration of their stay in the mountains feeding on moths 
was long (>2 months), and the number of moths immense 
(e.g. ‘millions’). For example, there was a report of 500 First 
Nations people camped on Mount Gudgenby station during 
the 1850’s who were most likely preparing to ascend the 
nearby peaks to collect moths (Flood 2010). One of the 
sources (Jardine 1901), reports of moths forming ‘a dark 
cloud’ and ravens being observed by the thousand around 
the rocks where millions of moths congregated (Helms 1890). 
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It appears certain that the abundance of bogong moths 
reported in these early records dwarfs anything seen in 
recent times. Why this would be the case is central to this 
paper, but bears touching on briefly now. During the mid-
1800s when these observations of abundant bogong moths 
were made, the effect of modification of the vegetation on 
the inland plains by the invading European culture would 
have been negligible: sheep were yet to arrive in numbers, and 
the typical accounts of early explorers were that kangaroos 
were rare (Caughley et al. 1980) and ground vegetation 
suitable for pastoralism plentiful (except in times of drought). 

Recent (post ~1980) times – Phase II decline

There are little published data on long-term trends of bogong 
moth numbers, either in their breeding grounds or during 
aestivation in the Australian High Country. The earliest 
published data comes from Common (1954), who measured 
the area of aestivating moths in a single boulder-formed 
cave on Mount Gingera during the summers of 1951/52 
and 1952/53, and undertook light trapping over the period 
1951–53 in Canberra. Green et al. (2021) collated and 
synthesised as far as practical, observations of bogong moth 
numbers from disparate sources and locations across the 
Australian Alps over the period 1951–2020. They documented 
an apparent stability in numbers from 1951 up until c.1980, 
followed by variable though declining numbers, with a 
severe crash in numbers in response to the 2017–19 severe 
drought in south-eastern Australia. The inference of stability 
over the period 1951–80 was based on the lack of comment 
of a declining trend by Common (1981) despite annual 
visits to the main aestivation sites on Mount Gingera, rather 
than quantitative data as such. Over the period 1994–2010, 
a standardised light-trapping index of abundance of bogong 
moths during spring at Charlotte Pass and Mount Blue Cow 
was highly variable, but showed no apparent trend over 
this reasonably short period (Gibson et al. 2018). Likewise, 
Gregg et al. (1993) provided detailed information on captures 
of bogong moths in tower-mounted light traps from Mount 
Dowe (within the Nandewar Ranges in northwest New 
South Wales) and Point Lookout (on the crest of the Great 
Dividing Range in the New England Tablelands) during the 
period 1985–90. Again, no trend was apparent in this 
short window of time, given the high year-to-year variation. 
Furthermore, the correlation between the two sites is low 
(r = −0.25), suggesting the population dynamics of the 
locations being sampling are not synchronised. 

Most recently, there were no bogong moths aestivating in 
the northern part of their aestivation range (Mt Gingera, Mt 
Morgan, Bogong Peaks) during the 2021/22 summer, and 
only small populations in a restricted number of locations 
high on the Main Range (Ken Green, pers. comm.). These 
low numbers were lower than the preceding 2020/21 season, 
and occurred despite an expected rebound in numbers 
(admittedly from a very low base) arising from the onset of 

La Nina˜ conditions in the putative breeding grounds during 
early 2020. Either we do not fully understand the migration 
behaviour (e.g. migration to may be triggered by tempera-
ture and/or food conditions not exceeded during the cool 
and wet La Nina˜ conditions) or the recent severe decline 
has become entrenched. 

Life-history strategies for surviving
Australia’s harsh inland environment

General

Australia, and its inland areas in particular, are subject to 
highly variable rainfall (Robertson et al. 1987; Morton et al. 
2011). This variability occurs over both short (within 
season) and longer (yearly to decadal) time scales, driven by 
phenomena such as El Nino˜ and La Nina˜ events in the 
Pacific Ocean, and the Indian Ocean Dipole (Ashok et al. 
2003). Drought conditions may persist over multiple years. 
Summers in inland regions are typically very hot and dry. 
Away from the refuges of tree-lined watercourses, the plains 
are particularly inhospitable, although they may be highly 
productive following rains. The Australian biota, large 
and small, has evolved many strategies to cope with the 
extreme climate variation. Despite these adaptive responses to 
cope with environmental variation, the population dynamics 
of much of the biota is still characterised by ‘booms’ and 
‘busts’ that largely follow the cycles of La Nina˜ and El Ni ̃no-
driven rainfall patterns (Morton 2022). Some examples 
follow for species that utilise areas of inland Australia 
similar to those preferred by the bogong moth for breeding. 

Waterbirds
Australian waterbird species, such as the grey teal (Anas 

gracilis) are highly mobile, noted for their nomadism, and 
able to utilise shallow ephemeral wetlands across the 
inland (Roshier 2009). They can detect far away rainfall 
events, and may travel during good times to learn about the 
spatial layout of their environment, and use this to develop 
internal maps of wetland locations (Roshier 2009). This 
strategy seems to be working, with numbers estimated in 
the millions and little evidence they are undergoing long-
term decline after correcting for seasonal conditions (Caley 
et al. 2022). Compared to bogong moths, waterbird species 
have the advantage of much longer life spans, such that 
older birds may play an important role navigating to faraway 
resources (Reid 2009), with the mobility to utilise favourable 
conditions virtually anywhere in the eastern half of Australia. 
During prolonged times of good conditions, waterbirds can 
also capitalise by having multiple clutches. 

Small mammals
Species of small mammals that share the bogong 

moth breeding range have experienced variable fates. The 
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long-haired rat (Rattus villosissimus) preferentially feeds on 
green food – grass, herbs and the roots of ephemeral plants 
(Morton 2022). It survives inter-boom periods in hard-to-
detect refuges, with eruptive dynamics following some 
(but not all) wet years. Their generation interval is short 
enough to result in multiple generations within a boom 
period. However, they appear to have suffered a major range 
contraction, particularly from the eastern part of their former 
range that overlaps with bogong moth breeding grounds 
(Bonyhardy 2019). Indeed, species of small native rodents 
within the ‘critical weight range’ (35–5500 g) have fared 
particularly poorly, with many now extinct from the region 
(Burbidge and McKenzie 1989). Habitat modification through 
increased grazing pressure was a major driver of decline 
long before the introduced predators arrived (Bonyhardy 
2019), with predation by the introduced red fox Vulpes 
vulpes, supported by a thriving European rabbit Oryctolagous 
cuniculus population, probably the final nail in the coffin for 
many. In contrast, the self-introduced, largely granivorous 
house mouse (Mus musculus) has adapted well to the cereal 
cropping regions of south-eastern Australia where popula-
tions show aperiodic outbreaks [termed ‘irruptions’ by 
Leopold (1943)] over large areas, that are often triggered 
by antecedent rainfall conditions (Singleton et al. 2005). 

Large mammals
Several large herbivorous mammals maintain a high 

abundance in inland areas despite a largely sedentary 
existence, of which the red kangaroo (Osphranter rufus) 
is arguably the most highly adapted and widespread 
species. Euros (Osphranter robustus) exhibit behavioural 
thermoregulation (e.g. retreating to rock crevices in the 
heat of the day). Though originally restricted somewhat 
by the availability of rocky outcrops, with the provision of 
water they can now simply use the shade of vegetation. 
Wild pigs (Sus scrofa), although locally abundant, are 
constrained in their ability to utilise the pastures of inland 
Australia by access to shade and water (Choquenot and 
Ruscoe 2003). 

Amphibians
Amphibians from the semi-arid regions of the bogong 

breeding range are remarkable in their ability to survive 
extended dry periods. For example, painted burrowing frogs 
(Neobatrachus sudellae) survive multi-year dry periods by 
aestivating deep underground within cocoon structures 
(Withers 1995). 

Insects
Insects commonly use diapause to avoid hot, dry summers 

and drought periods. For example, eggs of the Australian 
Plague Locust (Chortoicetes terminifera Walker) are capable of 
surviving several months of drought conditions (Wardhaugh 
1986). 

Bogong moths

Bogong moths have evolved a different strategy to exploit the 
resources of the inland plains. Following Common (1954), 
during autumn adult moths breed and lay their eggs 
focusing on the dicotyledonous annual plants. Despite records 
of breeding elsewhere, inland regions of south-eastern 
Australia that possess grey/black self-mulching cracking 
clays are considered to be the preferred breeding grounds 
(Common 1954). It is thought that the cracks and/or friable 
nature of these soils provide refuge for the larval stage 
(common cutworm), allowing them to shelter in the soil 
during the day, emerge at night and chew off a young plant 
at ground level (hence their name), before consuming the 
material from the safety of the soil (Zborowski and Edwards 
2007). After the completion of several larval stages, pupation 
occurs during early springtime after which the majority of 
the newly hatched adult moths from this generation depart 
from the plains before conditions become too harsh, and 
begin a migration to aestivation sites in the higher parts of 
the Australian Alps. No aestivating populations have been 
reported elsewhere on the mainland. 

It is believed that adult bogong moths cannot withstand the 
summer hot temperatures typically experienced on the inland 
plains, unlike other sympatric species such as Helicoverpa 
armigera (Bawa et al. 2021), suggesting that rising temper-
atures are the trigger that initiates migration from the 
breeding areas, and additionally drives them upwards to 
higher elevations after arrival at lower elevations in the 
mountains. Once in the Australian Alps they congregate in 
rock crevices and aestivate, save for semi-regular flights 
during the evening, of unknown purpose. During aestivation 
they are subject to facultative diapause. From around 
February onwards, moths start the return journey to their 
breeding grounds and the cycle repeats. This migratory 
behaviour is unique to the insect world of the southern 
hemisphere. The migration is highly directed, using visual 
landmarks, the night sky, and the Earth’s magnetic field 
(Dreyer et al. 2018). In the northern hemisphere, the North 
American monarch butterfly (Danaus plexippus) is the only 
other moth or butterfly whose migratory behaviour is at a 
similar scale (Warrant et al. 2016). 

Bogong moths are long-lived by moth standards 
(~8 months), but short-lived compared to many of the biota 
utilising the inland. They must attempt to breed each year 
regardless of conditions – with no option of either waiting 
out the drought in situ (as is the case for red kangaroos), 
or elsewhere (e.g. coastal wetlands in case of waterbirds), 
or in local refugia (e.g. underground in the case of some 
amphibians and reptiles), or in a state of diapause within 
their breeding range (as many insects do). Neither can they 
move any meaningful distance during the larval stage to 
track spatiotemporal changes in resource availability. In 
comparison to mammals and birds, and in their favour, is 
potentially much higher annual fecundity, with females 
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reportedly capable of laying up to 2000 eggs [Common 
(1981) cited within Warrant et al. (2016)]. Their reproduc-
tive strategy is largely r-selected, though with a twist of 
having migratory behaviour that avoids having to survive 
the harsh inland summers. 

Exploring/diagnosing the causative/proximal
factors driving population decline

Influences on larval recruitment in breeding
grounds

Reduction in autumn rainfall
The breeding cycle is thought to rely heavily on autumn 

rainfall producing a pre-winter flush of palatable vegetation 

(particularly dicotyledonous annuals) for the early stages of 
the moth larva to feed on. The larvae also find seedlings of 
many monocotyledonous plants palatable. There is, however, 
little obvious evidence that trends in either autumn (Fig. 1) or  
winter (Fig. 2) rainfall in south-eastern Australia per se has 
changed sufficiently to cause the observed longer-term 
changes in bogong moth abundance (although see interaction 
with temperature below). This is confirmed by applying the 
Mann–Kendall trend test to 10-year block-bootstrapped 
(to remove serial dependence) samples of these time series 
(i.e. no significant trend detected). 

Increasing heat stress
As mentioned previously, bogong moth adults are suscep-

tible to high temperatures, although the effect of high 
temperatures on their larva is largely unknown. Rising 

Fig. 1. Yearly totals (a) and spatial decadal trends (mm decade−1) (b) in autumn (March, April, May) rainfall in south-eastern Australia
from 1900 to 2021. Source: Australian Bureau of Meteorology.

Fig. 2. Yearly totals (a) and spatial decadal trends (mm decade−1) (b) in winter (June, July, August) rainfall in south-eastern Australia from
1900 to 2021. Source: Australian Bureau of Meteorology.
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temperatures arising from increasing atmospheric CO2 

concentration were comparatively small during the 19th 
century, suggesting little or no role to play in the Phase I 
decline. However, both the mean and maximum tempera-
tures having been steadily rising from around the beginning 
of the Phase II decline (Fig. 3). Rising temperatures can 
reduce available soil moisture for a given level of rainfall 
(Cai et al. 2009), thus potentially impacting on vegetation 
growth and larval survival. 

Predation
Wild (feral) pigs. Wild pigs are capable of predating on 
cutworms and pupae, and now occur throughout the breeding 
range. The expected low density of larvae (Green 2008) may 
not preclude pigs targeting them using their highly developed 
sense of smell. Indeed, wild pigs are observed to make 
the effort to dig for native budworm pupae (Helicoverpa 
punctigera) within cropping systems (Tony Lockrey, pers. 
comm.). Wild pigs have been present within the breeding 
range for many years, and although they were still expanding 
their range in the 1970s (Hone and Waithman 1979), they had 
colonised most of the black-soil habitats by then (Pullar 
1950). The colonisation of wild pigs was thus too late to have 
contributed to the Phase I decline, and largely complete 
before the Phase II decline. 

Mice (Mus musculus). Through the provision of refuge and 
reduced disturbance to burrows, the adoption of conservation 
agriculture farming practices appears to increase the density 
of mice within crops (Ruscoe et al. 2022), whereas under 

traditional cultivation methods, mice breeding was restricted 
mainly to the edges of crops (Singleton 1989). This could 
result in increased levels of predation on cutworm larva 
and/or pupae, as mice are known to predate on native 
budworms. The uptake of conservation tillage practices 
started in 1990, with near complete uptake by 2019, 
coinciding with the Phase II decline. 

Changed fire regimes
It is argued (see Mansergh et al. 2022) that the cessation of 

Traditional Owner land management, and in particular their 
deliberate firing of grasslands, was an important component 
of the habitat modification that caused the demise of the 
critical weight range mammal species prior to the arrival of 
exotic predators. A postulated beneficial effect of the firing 
was the promotion of murnong (Yam daisies, Microseris spp.) 
that were more palatable to bogong larva than the grasses that 
largely replaced them under heavy grazing pressure 
(Mansergh et al. 2022). 

Competition with herbivores
Functionally, bogong moth larvae are simply small 

herbivores, and hence compete for palatable vegetation 
with other herbivores both small and large. Since European 
settlement there have been major changes to grazing 
pressure across the entirety of the moth breeding grounds, 
and the impact of large herbivores on the larva can be 
reasoned to occur on multiple fronts. First, the extent and 
intensity of grazing pressure has increased greatly through 
the provision of additional watering points for domestic 

Fig. 3. Trend in daily maximum temperatures for Southern Hemisphere. Source: www.BerkeleyEarth.org.
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Fig. 4. A typical scene from the plains of inland Australia post-European settlement – artificial water sources supporting
increased populations of kangaroos and sheep. Photo credit: Ederic Slater (CSIRO Division of Wildlife and Ecology).

stock (Fig. 4). This has enabled both domestic stock and native 
herbivores to continue grazing in areas where formerly a 
natural shortage of water would have caused either their 
departure or demise. Second, across most of the bogong 
breeding grounds, the cessation of indigenous hunting by 
First Nations peoples and the removal of dingoes (Canis 
familiaris dingo) has released macropod populations from 
predation, and they now occur at much higher (5–10-fold) 
densities (Caughley et al. 1980). Third, the dominant vegeta-
tion remaining under intensive grazing pressure will be 
less palatable to bogong moth larvae (who prefer the more 
palatable dicotyledonous annuals), as the introduction of 
sheep was followed by the near-removal of such highly 
palatable species (Caughley 1987a). Being forced to eat less 
palatable vegetation has potentially impacted on bogong 
moth larvae more than the larger herbivores, due to the latter 
possessing performance enhancing digestive features such as 
grinding teeth and large-scale gut fermentation. Pastoralism 
had started in earnest across most of the breeding grounds 
by the mid-1800s, with peak population irruptions, associated 
with large-scale and severe vegetation damage apparent by 
the time of the Federation Drought around 1900 (Caughley 
1987a). The timing fits with the Phase I decline. 

The extent to which herbivores can reduce available 
vegetation can be illustrated by applying the interactive 
plant–herbivore model of Caughley (1987b) to the vegeta-
tion of the Menindee Lakes region within Kinchega National 
Park over the period 1998–2020. Despite the highly variable 

rainfall over this period (Fig. 5), in the hypothetical absence of 
large herbivores, a rainfall–vegetation only model effectively 
smooths out much of the variation (Fig. 6). The addition of a 
herbivore to the system (in this case red kangaroos) changes 
the available vegetation biomass considerably – the peaks in 
vegetation biomass are attenuated somewhat, but the troughs 
are deepened considerably (Fig. 6). The modelled red 
kangaroo population decreases nearly 10-fold from a 2017 
peak following the Indian Dipole-induced wet winter of 
2016 (Fig. 6). The effect of kangaroos on vegetation during 
drought is striking: in their absence, vegetation biomass 
rarely drops below 200 kg ha−2, whereas in their presence 
the biomass can effectively hit zero during drought (Fig. 6), 
when many plants persist in the landscape as seeds alone. 
The most recent drought (2017–19) was particularly severe, 
with estimated vegetation biomass near zero during 2018 
and 2019, prior to the drought breaking in 2020 with the 
onset of La Nina˜ conditions (Fig. 6). 

There is also evidence that competition from large 
herbivores may be increasing on a number of fronts. There 
has been an ongoing increase in the distribution of farm 
dams (Malerba et al. 2021) that has enabled livestock to 
graze more widely and intensively (Landsberg et al. 2003). 
The impact of domestic livestock on vegetation is visible 
from space (Fig. 7). Increased competition with herbivores 
has thus been occurring during both phases of decline. 
Potentially offsetting this ongoing intensification in grazing 
is the reversion of pastoral lands to conservation use. 
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Fig. 5. Quarterly rainfall for Kinchega National Park (western New South Wales) over the period 1998–2021.
Source: Bureau of Meteorology.

Fig. 6. Modelled rainfall-driven changes in vegetation biomass (with and without red kangaroos) and red kangaroo (Osphranter rufus)
abundance during the period 1998–2021 (arbitrarily set to 1.0 km−2 in 1998). Based on the plant–herbivore interactive model of
Caughley (1987b) with rainfall data taken from Kinchega National Park, western New South Wales.
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Fig. 7. Aerial photo of Willandra National Park (est. 1975) adjacent to Willandra Creek in western New South Wales, showing the
difference between the combined effects of livestock (mainly sheep) and kangaroos, and kangaroos alone (darker more vegetated
square-edged sections south of Willandra Creek). Kangaroo populations within Willandra National Park are uncontrolled. Photo is
from 2013. Source: GoogleMaps.

Recent examples include the Paroo-Darling National Park 
(178 053 ha) and Narriearra Caryapundy Swamp National 
Park (153 415 ha). These parks encompass considerable 
areas of the grey/black soil areas (although a very small 
percentage of the total black-soil area). Being ‘inside’ the 
dingo fence and hence largely dingo-free due to ongoing 
suppression of dingo populations, they represent a ‘laissez-
faire’ plant–herbivore system (Caughley 1987b), as described 
previously. 

Changing dryland cropping systems
Overlay and scale. The major cropping areas of south-
eastern Australia lie within the moth breeding grounds. 
From the mid-1860s and up until the early 2000s, the area 
of dryland cropping has increased at an annual rate of 3.2% 
(Angus and Good 2004). 

Pest status. Although Common (1954) noted the prefer-
ence of bogong moth larvae to feed on dicotyledonous 
annuals, the range of crops recorded as suffering from 
cutworm damage is broad, including monocotyledonous 

species (Hassan 1977). The degree to which broadscale 
crops are suitable for bogong moths can be gleaned from 
their reported pest status (Table 1). Being a summer crop 
makes cotton less suitable as a host than one would first 
expect. Summer pastures are also considered a poor host. 
A common theme is that bogong moth larvae are often 
feeding on the weeds (if present) within the crop. 

It appears that damage can be more severe than indicated 
in Table 1. For example, during 2014 there were widespread 
reports of cutworm damage over a 1000 km long band of the 
cropping region from the Central West Slopes and Plains 
district of New South Wales to southwest Victoria (see 
https://grdc.com.au/resources-and-publications/grdc-update-
papers/tab-content/grdc-update-papers/2015/02/serial-pests-
wrap-up). The damage was recorded from May until July 
and included extensive damage to newly emerged canola 
and cereal crops, with near total crop destruction in some 
instances. It was considered almost certain that these 
cutworms were A. infusa, and it preceded a good season 
for aestivating bogong moth numbers on Mount Gingera 
as reported by Caley and Welvaert (2018). There were 
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Table 1. Pest status of bogong moth larvae for selected broadscale crop plants.

Crop type Pest status Notes Source(s)

Cereals Minor, restricted, irregular Recorded as damaging wheat, oats and barley Hopkins and
McDonald (2007)

Pulses Minor, restricted, irregular Recorded as host Hopkins and
McDonald (2007)

Oilseeds Locally severe. Whole paddocks of cereal or Most damaging in autumn when large caterpillars www.agric.wa.gov.au/pest-insects/
lupin or canola seedlings may be destroyed or (>20 mm) transfer from summer and autumn cutworm-pests-crops-and-pastures
severely thinned early in the season weeds onto newly emerged crop seedlings

Cotton Minor, widespread, irregular Includes other Agrotis spp. Wilson et al. (2007)

Pastures Minor, widespread, irregular Includes other Agrotis spp. Elder (2007)
(summer rainfall)

independent reports corroborating the extensive nature of 
the infestation and damage that cutworms caused to 
seedling canola crops in particular, over a large region 
from southern to central western New South Wales (www. 
abc.net.au/news/rural/2014-05-30/cutworms/5489922). 
Paddocks that had been rotated out of pasture or containing 
weedy areas were considered particularly at risk, and 
included a range of soil types, although areas of heavier 
soils were more heavily impacted. Curiously, reports of 
cutworm damage in the autumn/winter of 2015 were near 
non-existent yet the number of aestivating moths in the 
mountains the following summer was similar (Caley and 
Welvaert 2018), pointing to uncertainty in the contribution 
of cropping areas to overall bogong moth numbers. 

Intensification. Until the 1980s, almost all Australian 
dryland crops were cereals grown in rotation with annual 
pastures and fallows, in conjunction with running sheep. This 
has become much less common, with continual cropping 
(including crop rotation with crops such as canola) much 
more prevalent. 

Insecticidal use. Bogong moth larvae can be effectively 
controlled using insecticides where they are causing damage 
to crops. In addition, where they are present, although not in 
numbers sufficient to cause significant damage, they may 
become collateral damage of insecticide applications target-
ing other pests (e.g. Helicoverpa spp.). The treatment of 
seeds with systemic insecticides (e.g. neonicotinoids), mainly 
targeted at aphids attacking seedlings, would also be effective 
for up to several weeks post germination in killing young 
cutworms feeding on the seedling. Neonicotinoids were 
first used in Australia in 1994 and are now used widely 
(Maino et al. 2021). 

In-crop tillage changes. Conservation agriculture (includ-
ing ‘minimum-’, ‘zero-’ or ‘no-till’) was developed as a 
method of improving soil structure through retained stubble 
(cf. burning), soil productivity, and to minimise soil erosion. 
Uptake started around 1990, and grew rapidly such that by 

2019 it accounted for greater than 90% of dryland cropping 
in south-eastern Australia (Rochecouste et al. 2022). It is 
plausible that fine soil tillage (as practised prior to the 
adoption of conservation agriculture) could have provided 
suitable habitat for bogong moth larvae beyond the self-
mulching clay soil type, by providing a loose soil that the 
larvae could burrow into. 

In-crop weed management. Controlling the ‘green bridge’ 
between successive crops has become central to the manage-
ment of pests (including cutworms) and diseases. The 
conservation agriculture systems rely heavily on the use of 
herbicides to manage in-crop weeds (cf. controlling by 
mechanical cultivation), and modern spraying equipment 
has enabled this to be achieved at broad scales. Under this 
cropping system, the control of in-crop green material over 
the late summer period and into autumn (when bogong 
moths are returning to laying eggs) is near complete. 
Herbicide resistance is an issue, although the species 
involved are mainly grasses (e.g. rye grass), and of limited 
palatability to the bogong larva. 

Paddock amalgamation. There has been considerable 
rationalisation of the cropping industry. The amalgamation 
of properties, often involving the merging of paddocks has 
reduced the extent of intercrop vegetation (including 
broadleaf weed species), enabling the use of larger and 
more efficient farming equipment. The move away from 
running sheep has resulted in less need for fencing, and 
hence less intercrop fence line habitat. 

Increase in irrigated agriculture
The area of preferred breeding habitat used for irrigated 

agriculture has steadily increased during Phase II of 
the decline, particularly cotton on black-soil habitats. The 
timing (summer) and intensive control of weeds within 
irrigated cotton renders them unsuitable for cutworm 
development, however the percentage of these preferred 
habitats used for cotton remains in single digits (Green 
et al. 2021). 
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Summary of potential drivers of changes in larval
recruitment

The initial invasion of introduced herbivores and predator-
release of native herbivores occurred across the entire 
breeding range, with temporal overlap with both the Phase I 
and Phase II declines. The change in methods and intensi-
fication of cropping systems has occurred largely since the 
1980s, coinciding with Phase II of the decline. Although 
this modern-day crop management appears to coincide with 
reducing infestations of bogong moths, this coincidence 
could also result from bogong moth numbers being reduced 
by other unrelated factors. 

Influences on adult survival during migration

Food competition
Bogong moth adults feed on nectar from melliferous plants 

post-emergence and during their migration. The extent to 
which they feed on nectar is apparent from their impact on 
honey production by managed commercial honeybees (Apis 
mellifera) (Birtchnell and Gibson 2008). A corollary of this 
is that introduced European honeybees potentially compete 
with bogong moths for nectar resources. The introduction 
of managed hives, and associated establishment of feral 
colonies will have introduced competition during Phase I of 
the bogong decline, though assessing the effect of this 
competition remains difficult. During Phase II, the number of 
managed hives in Australia, particularly among commercial 
operators with a wide spatial footprint, has increased only 
modestly if at all (see period 1962–2019 in Table 1 in 
Clarke and Le Feuvre 2021). 

Light pollution
The effect of artificial light at night (ALAN) on nocturnal 

insects has been receiving increasing scrutiny (e.g. Owens 
and Lewis 2018), although there are no studies explicitly 
dealing with the impact on bogong moth populations. 
Phase II of the bogong moth decline matches a period of 
increasing human population growth and urbanisation, 
presumably with increasing levels of ALAN. The general 
(unquantified) observation is that although moths are 
attracted to building lights, the aggregations they form 
are only temporary, and nearly all individuals resume 
their migration after a time (possibly in response to rising 
temperatures). It appears that the large invasions of 
Australia’s parliament house have ceased in recent years. 
Although the reasons for this are not entirely clear (cf. the 
reduction in numbers migrating), they are probably caused 
by  one or more of the  several changes  made  to  the lighting  
setup (McCormick 2005). Concern about the decline of the 
bogong moth is creating an interest in reporting sightings 
(e.g. the MothTracker App) and encouraging people to 
implement measures (e.g. turning off unneeded lights) to 
help avoid ‘derailing’ migrating populations. The effective-
ness of such measures is unclear. 

Influences on adult survival during aestivation

Predation
Whilst migrating and aestivating, bogong moths have long 

been subject to harvest by First Nations peoples, and preda-
tion by wildlife. Australian little ravens (Corvus mellori) in  
particular were observed as major predators during the early 
period following European settlement. Not all aestivating 
moths will be exposed to potential predation, and the 
massive Phase I decline seen following European settlement 
occurred at a time when the indigenous harvest had 
effectively ceased. Wild pigs are now regular predators of 
bogong moths in some parts of the Australian Alps (Caley 
and Welvaert 2018). Although wild pigs were introduced to 
the northern part of the Australian Alps as early as 1959 
(Hone 2002), they do not appear to have developed learned 
moth-eating behaviours until more recently. There is no 
evidence of wild pig predation on aestivating bogong moths 
at sites on the Main Range near Mount Kosciuszko (e.g. Ken 
Green, pers. comm.). On Mount Gingera, predation by pigs 
centres on accessible sites, such as the shelter previously 
studied in the 1950s by Common (1954). Their impact 
would be considered small relative to that of the original 
indigenous Moth Hunters, who Flood (1973) notes used 
considerable ingenuity to collect moths from narrow 
crevices that wild pigs would be unable to access. Hence it 
appears predation by wild pigs on aestivating adult moths 
was not a driver of the Phase I and only a small contributor 
to Phase II declines. 

The red fox predates on bogong moths (Green and Osborne 
1981), and Green (2011) estimated that foxes consumed 
about 56 tonnes of bogong moths annually in the Snowy 
Mountains. Foxes colonised the Australian Alps in the late 
1890s and reached peak abundances there shortly thereafter 
(Short 1998). So, foxes may have started to impact on 
aestivating moths roughly 50 years after the harvest by 
First Nations peoples had virtually ceased, and may well 
have contributed to the Phase I decline. Since 1950 there is 
no reason to believe that fox abundance would have been 
increasing: an argument supported empirically by Hone 
(1999). Hence there is no reason to believe that the predation 
from foxes has increased during the period of the Phase II 
decline. Of course, if the moth population remains small, 
predation by all predators will matter, regardless of whether 
they are introduced or native, and will need to be managed 
appropriately. 

Parasitism
Whilst aestivating, bogong moths are potentially 

parasitised by two species of mermithid nematodes 
(Amphimermis bogongae and Hexamermis cavicola) (Welch 
1963), who ultimately kill the parasitised adult moth when 
leaving the body prior to the moth departing for breeding 
grounds (Common 1990). The bogong moth is an obligate 
host for the parasites that complete their life cycle in the 
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aestivation sites (Warrant et al. 2016), suggesting a long 
period of coevolution. This antiquity of the relationship 
effectively rules out any role of these parasites in the Phase 
I decline, and with no apparent increase in dead moths at 
aestivation sites during the period of the Phase II decline, 
there appears to be no role in this decline phase either. 

Fire
Aestivating bogong moths are disturbed by smoke, and 

indeed the First Nations people used smoke to facilitate 
collecting moths from inaccessible crevices (Flood 1980). 
Fire, however, does not fit with either decline phase, as fire 
is rare around aestivation sites and the timing of major fires 
in the Alps has not coincided with either decline phases. 
The most recent severe decline in aestivating moth numbers 
occurred prior to the fires of late 2019 and early 2020. Major 
fires occurred widely in the Australian Alps in the summer of 
1939, prior to the early observations of Common (1954), 
which would now be considered high numbers of moths, 
and the ensuing period of stable though fluctuating moth 
numbers described by Green et al. (2021) prior to the Phase 
II decline. Major fires also occurred in 2003, although again 
good numbers of moths were observed afterwards. 

Food
The moths do not appear to need to feed while at 

aestivation sites. For example, Common (1954) prevented 
an aestivating population from feeding for the entire 
summer without any additional mortality of note. 
Researchers undertaking light trapping of moths often 
remark on the sweet smell of nectar associated with the 
moth catches, although this is probably a result of feeding 
on nectar en route to the aestivation sites. 

Temperature
The reliance of bogong moths on the highest parts of the 

Australian High Country for summer aestivation suggests a 
warming climate may impact on this species if these 
aestivation sites become unsuitable (Green 2010). That is, a 
warming climate may cause a reduction in the availability 
of suitable habitat, which then becomes limiting. The 
temperature of aestivation sites has been increasing and, in 
more northerly sites such as Mount Gingera, temperatures are 
approaching the estimated mean maximum for aestivation of 
16°C (Green et al. 2021). There is little evidence, however, 
that would align with the hypothesis of aestivation habitat 
being limiting, as there has been plenty of ‘spare’ room at 
higher altitudes over the recent decades (Green et al. 2021) 
during Phase II of the decline. Any detrimental effect of 
increased heat on the survival of aestivating moths – if this 
is occurring – must be sub-lethal, as no mass die-offs have 
been observed in response to heatwaves around the 
aestivation sites. 

Hypotheses still standing

A summary of hypothesised drivers, and whether they remain 
as candidates for the different life stages during the two 
phases of decline is provided in Table 2. A note on the 
interpretation, and hence use of the information presented. 
We are looking for hypotheses that plausibly may have 
contributed to a change in the population growth rate, from 
stable (r = 0) to a declining (r < 0) for each phase. The 
focus is on inferring which factor(s) has changed to drive 
the population into decline. Hence a driver behind the 
decline in Phase I may not, for example, have contributed 
to the decline in Phase II. That is not to say, however, that 
mitigating the driver will not reverse some of the decline 

Table 2. Summary of hypotheses that do ( ) or don’t ( ) remain in contention as drivers of decline for the two identified phases of decline of the
bogong moth.

Decline phase Phase I Phase II

Driver Recruitment Migration Aestivation Recruitment Migration Aestivation

Rainfall (autumn/winter)

Warming temperature

Herbivore competition

Vegetation composition

Vegetation clearing

Land use intensification

Conservation tillage

Insecticide usage

Predation (pigs)

Predation (foxes)

Change fire regime

ALAN
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arising from Phase I – indeed that would be the desired 
outcome – a change to generate positive population growth 
(r > 0). Likewise, factors that clearly impact on the popula-
tion, though are excluded as a driving factor of a decline 
phase (e.g. predation by foxes on aestivating populations), 
may well be worth mitigating. 

Discussion and conclusion

This study has attempted to address the first four of five steps 
outlined by Caughley and Gunn (1996) as being needed 
to correctly diagnose and reverse the decline of bogong 
moth populations. The first step in the process, namely 
confirming that the species is in decline or was once more 
widely distributed, revealed a lack of data from the 
early period following the arrival of Europeans (early 19th 
century); hence the reliance on inference from ethnography 
and the observations of early settlers and explorers. More 
recent data on changes in the abundance of aestivating 
adults is becoming more quantitative and the apparent 
trend more alarming. 

Examination of the life-history strategies of other animal 
groups that utilise similar habitats is revealing. Indeed, 
there are similarities between the predicament of the bogong 
moths with that of the small herbivorous marsupials 
that were driven to extinction during the late 19th century. 
Most of these were dependent on the ground-level 
vegetation for food and shelter. The addition of introduced 
predators, particularly the red fox, supported largely by a 
burgeoning European rabbit population, was also no doubt 
an important driver. With respect to the extinctions of 
small mammal species from the inland plains, Caughley 
(1987a, p. 4) noted: 

The wallabies, bandicoots, dasyures and rodents that 
disappeared were all small animals that lived on the 
ground and were dependent on the thin layer of herbs 
and grasses for cover. The main cause of the extinctions 
seems to have been modification of the habitat by the 
sheep and cattle, : : :  

The identified candidate list of hypothesised drivers 
considered here is probably by no means exhaustive, and 
should be updated as new knowledge comes to hand. Such 
knowledge could take different forms, but preferably include 
deductive reasoning as to why an avenue of research should 
be pursued. This is important. Steps 4 and 5 outlined by 
Caughley and Gunn (1996) are essentially the hypothetico– 
deductive (H–D) method of scientific learning championed 
by Popper (1962). Wildlife science, however, often goes 
no further than the method of retroduction, whereby an 
explanation (hypothesis) is generated for a repeatable 
phenomenon: the problem is that there are often multiple 

competing explanations (Romesburg 1981). Ultimately, we 
would like to identify the underlying causal mechanism(s) 
driving the decline, however, there is also no doubt that the 
underlying processes that are generating bogong moth abun-
dance may be complex or not easily observable. Cox and 
Wermuth (2004) stress the importance of appreciating the 
possibility of effect modifiers, be they intermediate variables, 
background variables, or unobserved confounders when 
trying to infer causality. 

There are also hypothesised drivers that are expected to be 
so infrequent as to be considered unimportant within the 
current management horizon (e.g. asteroid collisions), 
although one of particular relevance to the bogong moth is 
the reversal of the Earth’s magnetic poles, given their 
reliance on the magnetic field for navigation (Dreyer et al. 
2018). The last reversal occurred ~41 000 years ago 
(Cooper et al. 2021). 

The current parlous state of the bogong moth population 
was predicted nearly 50 years ago by Flood (1973) who 
wrote (p. 91) ‘It begins to look as if the coming of the 
European is proving as disastrous for the moths as for the 
men in the Monaro’; where the ‘men in the Monaro’ refer to 
the First Nations Peoples of the Southern Tablelands region 
of New South Wales. The dramatic changes wrought on the 
vegetation composition of the western plains and other 
pastoral regions following European settlement remain 
‘standing’ as a hypothesis central to the Phase I decline. The 
logic and evidence for competition from herbivores, and 
changed vegetation composition, is strong. Some of the 
drivers that I have dismissed as playing a role in the Phase I 
decline include predation of adults by introduced species 
such as wild pigs, rising temperatures, and light pollution. 
Healthy bogong moth populations have clearly withstood 
what appears to have been considerable human predation 
for many millennia. That is not to say that these drivers 
would not become important should the bogong moth 
population reduce such that the ‘small-population paradigm’ 
becomes relevant. Once a population becomes small, all 
manner of sources of reduced fecundity and increased 
mortality become potentially important, as well as potential 
management distraction(s). It remains important, however, 
to identify what driver(s) made the population small in the 
first place, as the first order management response is to 
ameliorate the effect of these drivers. 

Regarding Phase II of the decline, and looking to the future, 
the underlying components of the putative drivers of decline 
are not easily obtainable with the available information, 
hence considerable uncertainties remain within Step 4 of 
the approach of Caughley and Gunn (1996). This area 
needs effort. For example, it is not clear whether the 
increase in the area under dryland cropping is of benefit or  
detriment to bogong moth recruitment, as the effect of 
changing cropping practices (e.g. reduced tillage, increased 
herbicide use) are unclear. Similarly, for changes in the 
type and application of insecticides, both the impact and 
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usage statistics are hard to obtain. The complexity of 
estimating the use of neonicotinoids is a case in point 
(see Maino et al. 2021). 

Testing the various remaining hypotheses will require 
methods for monitoring the different life cycle phases. 
In particular, there is a need to develop methods for 
monitoring the bogong moth recruitment from different 
locations with sufficient precision to make useful inferences 
on the effects of the different drivers at play. Ground-level 
light traps can be configured to target moths moving within 
the local vicinity (cf. undertaking migratory flight). In the 
context of investigating recruitment, light trapping has 
inherent challenges including (1) seasonal variation in the 
timing of moth emergence; (2) catch-rate strongly influenced 
by weather conditions (temperature, wind and lunar phase), 
(3) uncertain provenance as to the spatial location from which 
the captured moths have emerged, and (4) trap specificity 
(a risk of traps being overwhelmed with non-target species). 
A specific (e.g. pheromone-based) trap would be useful 
in overcoming the last issue only. Sifting soil for larvae 
(see Green 2008) has a number of advantages from an 
inferential viewpoint. These include a lesser risk of mistiming 
the sampling, no confounding by weather, and known 
provenance of larvae detected. Knowing the exact location 
of detected pupae (give or take limited movement during 
the cutworm life stage) should enable fine-scale preferences 
to be elucidated. The major drawback of this approach is 
the logistics of sieving large volumes of soil, and the 
inability to distinguish A. infusa from the other members 
of the genus based on morphology alone. The logistical 
challenges of soil-sifting can be addressed to some extent 
by mechanisation (e.g. small portable mechanical diggers 
and mechanical sifting machines), and the identification 
challenge solved with appropriate genetic probes (given the 
moderate numbers of individuals involved this should not 
be prohibitively expensive). 

Critically testing the influence of putative land-use drivers 
will require the use of experimental design. For estimating 
the effects of predation by wild pigs on larval recruitment, 
the appropriate treatment would be exclosure plots versus 
control plots (e.g. Mitchell et al. 2007). The expected intrinsic 
plot-to-plot variation will be high owing to the expected 
vagaries of moth oviposition, in addition to high year-to-
year variation arising from variation in the population of 
adults. Sufficient replication will overcome plot-to-plot 
variation, while design (e.g. paired plots) and appropriate 
analysis (e.g. use of random effects and/or state-space 
models) can help deal with year-to-year variation. Should 
the impacts of ALAN be deemed potentially important, 
quantifying its effect should be possible from the sampling 
and survey of households. The approach would be to build 
a sampling frame of houses associated with the migration 
path (using stratification if necessary). From a sample of 
houses from this frame, spring surveys of dead moths 
around the exterior would be undertaken, and a standard 

design-based estimator (e.g. Horvitz–Thompson) used to 
estimate the number of moths waylaid during migration for 
all houses. 

The bogong moth is not yet lost, and there are possibly 
actions we could take to avoid its ongoing demise. This 
study has not completed the fifth step in the diagnosis of 
decline as outlined by Caughley and Gunn (1996), and critical 
experimentation is needed to ensure that the underlying 
reason(s) for the decline are correctly identified. Conserving 
a species in decline would not progress without this 
knowledge – noted by Caughley and Gunn (1996) as a self-
evident fact that is often lost in a crisis. 
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