
 

Yes I was invited to give evidence and I presented in person on Monday the 18th of December 20236. 

 

I have not seen the final report and there fire cannot comment on that. However, there was 

considerable evidence presented questioning the number of wild horses in KNP and it would be in 

the interest of everyone, including the committee, to question those involved in the collection of the 

data and subsequent analysis and reporting to provide evidence that has been requested.  

 

I can only speak for myself as I did not hear all of the evidence presented due to work commitments 

so close to Christmas. The attempt to discredit me as a witness was unexpected and disrespectful. I 

can only hope that this was not done to other members who were presenting evidence.  

 

I am a biostatistician and not an ecologist in terms of the impact of the wild horses on other species 

or other issues my concern has always been surrounding the methodology used to obtain the 

population estimates.  

However, I do have access to peer- reviewed literature and have attached to this email the following 

manuscript which demonstrated that 83% of walked line transect in the Eastern Victorian Alps was 

undisturbed by wild horses and 99% of the Bogong High Plains had no impact of feral horses. 
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The available science often demonstrates the need for feral horse population con-
trol but not the degree of control required to achieve environmental conservation 
objectives. To better manage the influence of feral horses, we must first understand 
the relationship between feral horse density and environmental impact. We recorded 
vegetation and soil disturbance, and the sign of potential causes of this impact in 
two parts of the Australian Alps, the Bogong high plains (BHP) and the Eastern 
Victorian Alps (EVA). We calculated density-impact functions to assist managers 
with determining feral horse density targets for control programmes. Minimal sign of 
feral horse impact was detected on the BHP, with no impact of feral horses observed 
along 99% of the length of transects. In contrast, impacts assigned to feral horses 
were significantly higher in the EVA, where a larger, higher-density population of 
feral horses existed. However, greater than 83% of the walked transect length was still 
undisturbed by feral horses in the EVA. We detected a threshold of horse impact at ~ 
250 horse faecal piles per ha. Above this threshold, a slight increase in horse density 
resulted in a disproportionately large increase in impact. In this context, a relatively 
small population control effort may substantially reduce direct horse impact. But 
where horse densities exist below this threshold, considerably more expense and con-
trol effort (resulting from the difficulties related to control at low density) is likely 
to make very little difference to an already low level of direct impact. The combined 
impacts associated with the sign of deer, feral pigs, fire and humans were large com-
pared to that of feral horses. Management of feral horses to reduce their direct impact 
is unlikely to be beneficial without complementary management to reduce the effects 
of these other agents of impact.
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Introduction

Effective management of feral horses Equus caballus and their 
environmental impact is challenging due to complex ecologi-
cal and socio-political issues (Beever et al. 2019, Scasta et al. 
2020, Boyce et al. 2021). Terminology complicates the situa-
tion further. For instance, the term ‘feral’ is shunned by some 
sections of the community because it is considered deroga-
tory, or an undesirable synonym of ‘pest’ (ITRG 2016, SAP 
2020). Others are content with ‘pest horse’ or ‘invasive spe-
cies’ and are sensitive to potential barriers to population con-
trol, such as suggestions that feral horses may be beneficial 
to some economic, environmental or social value. Some use 
‘free-ranging’ or ‘wild’, but we prefer the term ‘feral’ because 
it is accurate given that feral horses are derived from domes-
tic horses. Feral horses have evolved through three phases of 
selective pressure: the first before domestication, the second 
requiring adaptation to a domestic state, and the third phase 
requiring adaptation to living wild, independent of humans 
once more (Berman 1991). The meaning of the term impact 
has also become distorted due to the emotion involved and 
is now commonly believed to imply damaging influences 
(Driscoll et al. 2019b) when this is often not the case. Here 
we defined the impact of feral horses to be any change that 
occurs because of feral horses, whether detrimental, neutral 
or beneficial.

Eldridge et al. (2020) analysed data from 78 studies across 
five continents and reported that the impacts of feral horses 
reduced ‘the status of ecosystem characteristics that are impor-
tant for sustaining all living organisms’ (Eldridge et al. 2020) 
by 13% overall. The magnitude of this decline increased with 
increases in the density or frequency of use of an area by horses. 
The direct impact from grazing and trampling of vegetation 
and soil further increased soil erosion and reduced plant bio-
mass and litter cover (Eldridge et al. 2020). The evidence pre-
sented by these studies supports an increased effort to control 
or remove feral horses, where necessary, to achieve some lower 
level of environmental impact (TWS 2011, Worboys  et  al. 
2018, Driscoll et al. 2019b, Schoenecker et al. 2021). In con-
trast, feral horses have been positive and instrumental in the 
management of vegetation in European conservation reserves 
(Duncan 1992, Menard et al. 2002, Nuñez et al. 2016) by 
maintaining short lawns within a matrix of tall grass areas, 
which promotes plant and animal diversity, thereby increas-
ing the abundance of food for endangered rabbits, water-
fowl and seed-eating bird species (Fleurance  et  al. 2011, 
Fleurance et al. 2012). Grazing by feral horses or other intro-
duced ungulates can facilitate some native ungulate species 
in North America (Berger 1986) and macropods in Australia 
(Newsome 1971). Coprophagous insects or predatory bee-
tles benefit from horses in Europe (Fleurance  et  al. 2012). 
Increased insect abundance near dung also provides food for 
lizards or amphibians (Duncan 1992). These ecological ben-
efits of horses may be associated with returning ecosystem 
structure or function to the period prior to the disappearance 
of mega-fauna (Freeland 1990). This could include reduced 
fuel for wildfire (Rule et al. 2012) or increased plant species 

and structural diversity (Duncan 1992, Wild and Poll 2012). 
Evidence that horses can have both damaging and beneficial 
impacts means there is no one simple message to bring com-
munity groups together to support feral horse management. 
Detailed, careful, scientific monitoring conducted in a way 
that attracts community support is required to guide sensible 
and effectual feral horse management, such as was demon-
strated in central Australia over 30 years ago (Berman 1991, 
Dobbie et al. 1993, Nuñez et al. 2016, Braysher 2017).

In New Zealand and the United States of America (USA), 
feral horses were protected by laws enacted due to fear that 
these culturally valuable horses would be lost (Rogers 1991, 
National Research Council 2013). Horse numbers have 
increased since their protection, putting ecosystems at risk 
and requiring ongoing management to restrict population 
growth. The intention in the USA is to keep feral horse 
populations at ‘appropriate management levels’ to achieve 
a ‘thriving natural ecological balance and prevent rangeland 
deterioration with minimal management’ (National Research 
Council 2013). Native wildlife benefits in places where feral 
horse populations have been maintained at or below appro-
priate management levels, but feral horse numbers have 
commonly increased above the intended levels (Coates et al. 
2021).

In Australia and Argentina, feral horses have gener-
ally been considered invasive species managed to minimise 
adverse environmental impacts (Nuñez et al. 2016, Scorolli 
2018), though this policy position is not unanimous. In the 
New South Wales section of the Australian Alps (Kosciuszko 
National Park) the cultural heritage value of feral horses 
has been explicitly acknowledged since the passing of the 
Kosciuszko Feral Horse Heritage Bill (2018), where feral 
horses are to be protected without compromising other values 
of the national park. While there are highly variable impacts 
of feral horses on ecosystems worldwide (Monsarrat  et  al. 
2020) and management goals vary considerably, one com-
mon theme that could unite the various viewpoints is to 
maintain horse densities at levels where their ecological dam-
age is minimised and their ecological and cultural benefits 
are maximised. To achieve this balance it is essential to know 
how vegetation and ecosystem functioning varies with feral 
horse density (Dobbie et al. 1993, Walters and Hallam 1993, 
Dawson 2009, National Research Council 2013), but this 
area of research has received very little attention (Berman and 
Jarman 1988, Berman 1991, Beever and Herrick 2006).

Successful management requires selecting a threshold 
level of population control or density of feral horses, below 
which their impact is acceptable to the agency responsible 
and the community, based on scientific measurement of 
beneficial and detrimental impact. This threshold level 
could be zero horses in some cases, but removing all horses 
(local eradication) is rarely achieved and it may or may not 
be the most desirable goal (Bomford and O’Brien 1995). 
Feral horses often inhabit remote and rugged areas where it 
is extremely difficult to locate and remove every individual. 
Community groups often oppose eradication, and agen-
cies responsible rarely have the resources to overcome the 
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logistical and technical difficulties of achieving eradication. 
Control methods may also be inadequate, and the required 
perseverance can be lacking for a very long and challenging 
process (Matthews et al. 2001, Berman 2013). The high cost 
of eradication, including continued work to maintain the 
area free of horses, must be weighed against the cost of ongo-
ing management of a sustainable population that retains its 
heritage, aesthetic and ecological value. A plan to ‘do noth-
ing’ with feral horse populations is likely to be unsatisfactory 
since, without management, feral horses tend to increase to 
high abundances where food becomes limiting (Dobbie et al. 
1993, Dawson and Hone 2012, Zabek et al. 2016b, Scorolli 
2021). Where this occurs, horse density will almost certainly 
be higher than the threshold for acceptable environmental 
impact. There will also be unacceptable horse welfare impacts 
as horses suffer prolonged deterioration and death due to lack 
of food or water (Berman and Jarman 1987, Berman 1991). 
If eradication is not a viable option and doing nothing is 
unacceptable, then a target density somewhere in between 
must be determined (Braysher 1993, Dobbie et al. 1993).

Density-impact functions, such as the relationship 
between the density of feral horses and the reduced viabil-
ity of populations of threatened species, can help determine 
the minimum intensity of control required to reach a tar-
get level of impact (Braysher 1993, Hone 1994, Choquenot 
and Parkes 2001, Hone 2007, Norbury et al. 2015, Braysher 
2017). When feral horse density coincides with a maximum 
acceptable conservation impact, a threshold can be set for 
imposing control. When feral horse density exceeds this 
threshold, conservation impacts will be unacceptable, and 
horse control will be required. Where feral horse density is 
below the threshold, further control will incur some oppor-
tunity cost (for example, the loss of the chance to control deer 
or feral pigs due to resources wasted by continuing to manage 
horses with no benefit achieved) and is not recommended 
(Choquenot et al. 1997, Choquenot and Parkes 2001).

Feral horse management is particularly controversial in 
the Australian Alps, which is considered home for not only 
horse people and feral horses but also a range of vulner-
able or endangered native animals endemic to this uniquely 
moist and higher-altitude part of Australia (Carr and Turner 
1959a, Calaby and Wimbush 1964, Costin  et  al. 2000, 
Green and Osborne 2003). Consequently, there is consider-
able conflict between stakeholder groups, with the extremes 
holding very inflexible ideologies, and reciprocal mistrust 
of Government agencies, community groups, and scientists 
(ITRG 2016, SAP 2020), as is the case in many other parts of 
the world (Boyce et al. 2021). Science is essential for inform-
ing Government policy and the public to help ensure sen-
sible, successful, and acceptable management of feral horses 
(Berman 2012). Community engagement and involvement 
of community groups in research and management have been 
recommended and shown to improve the acceptance of sci-
entific findings and management approaches (Dobbie et al. 
1993, Berman 2013, Scasta et al. 2020, Berman 2021).

Feral horses were established in the Australian Alps by the 
1830s, but reports of potential environmental issues did not 

appear until the 1950’s (Costin 1954). It was then almost 
another 40 years before feral horse impacts were first exam-
ined scientifically (Dyring 1990). There has been a recent 
rapid increase in scientific activity in the Australian Alps 
(Driscoll et al. 2019a). The hard hooves, grazing, and tram-
pling of feral horses are assumed to cause damage because 
these large, introduced ungulates did not evolve with the 
Australian vegetation, soil and water (Wimbush and Costin 
1979, Dyring 1990, Lawrence 1995, McDougall 2007, 
Department of the Environment 2015, Cherubin et al. 2019, 
Foster and Scheele 2019, Robertson et al. 2019, Schulz et al. 
2019). Exclusion plots and sampling at sites with or without 
feral horses demonstrate their direct impacts, such as selective 
removal of vegetation by grazing or trampling, exposure and 
compaction of soil, and deposition of dung (Dyring 1990, 
Wild and Poll 2012, Williams et al. 2014, Robertson et al. 
2019). These studies recorded the direct impact of horses, 
but how this impact varies with horse density has not been 
reliably quantified. Consequently, existing studies provide 
very little guidance for managers seeking to define targets for 
feral horse density or monitor changes resulting from man-
agement actions.

In this study, we aimed to 1) measure the direct environ-
mental impact of feral horses in two separate parts of the 
area occupied by feral horses in the Victorian part of the 
Australian Alps, one with low and the other with higher feral 
horse density, 2) compare impact associated with the sign of 
feral horses, with impact associated with the sign of other 
potential agents of impact such as deer Rusa unicolor, Dama 
dama, feral pigs Sus scrofa, fire, and humans 3) and derive 
density-impact functions using faecal pile density as an index 
of feral horse density. Our overall goal was to identify any 
threshold of feral horse density that stakeholders could use to 
inform more collaborative management of feral horse envi-
ronmental effects. We further suggest ways to improve the 
measurement of the environmental effects of feral horses and 
other potential agents of impact.

Material and methods

Study area – general

The mountainous area known as the Australian Alps includes 
the southeastern part of New South Wales (predominantly 
Kosciuszko National Park) and the northeastern part of 
Victoria (predominantly the Australian Alpine National 
Park). In March 2020 and again in February–March 2021, 
we visited sites in the Victorian part of the Australian Alps 
(sites were within 11 km of latitude −36.91302°, longitude 
147.30136° and within 40 km of latitude −36.92271°, 
longitude 148.09149°; Fig. 1). In the Victorian part of the 
Australian Alps, two separate areas occupied by feral horses, 
about 50 km apart, are known locally as the Bogong high 
plains (BHP) and the Eastern Victorian Alps (EVA). These 
areas, respectively, have different feral horse densities of 0.8 
and 1.72 feral horses km−2, different population sizes of ~ 
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100 and ~ 3200 and different rates of increase of < 1.2 and 
12.2% per year (Curran 2018, Cairns 2019, Dawson and 
Miller 2008, Parks Victoria 2017). The management objec-
tive on the BHP is eradication, whereas the intention is for 
feral horses to remain in the EVA, requiring ongoing popula-
tion control (Parks Victoria 2017, Cairns 2019).

Both areas have a long history of pastoralism involving 
seasonal grazing by cattle, sheep, and horses (Cabena 1980, 
Crabb 2003). The EVA was the first area in the Australian 
Alps where horses were abandoned and allowed to become 
feral in 1843 (Dyring 1990). Cattle and horses were the 
main introduced grazing animals in the BHP and the EVA, 
with horses being the most numerous (Carr and Turner 
1959a). For example, Osbourne Young mustered (rounded 
up) 1500 horses off the BHP in one season in the 1880s for 

sale as Waler horses (Butler G and Associates 1996), indica-
tive of the relatively large numbers of horses that were there 
at that time. Breeding and sale of horses for the remount 
trade was an important economic enterprise during this 
period, particularly on the BHP. Stocking rates for sheep, 
cattle and horses were very high, particularly during the 
droughts of 1884/1885, 1902/1903 and 1914/1915, with 
sheep numbers reaching at least 40 000 and cattle peaking 
at over 25 000 in the whole of the Victorian part of the 
Australian Alps (Cabena 1980). In 1935 there were 6500 
cattle on the BHP. However, in the 1950s, sheep and cattle 
were progressively reduced until all grazing licences were 
withdrawn from the Australian Alpine National Park in 
2005 (Williams et al. 2006). The present population of ~ 
3400 feral horses and ~ 3200 cattle (Victorian Department 

Figure  1. The location of sites visited by us in March 2020 and February–March 2021 in the Victorian part of the Australian Alps 
(Australian Alpine National Park and State Forests) to measure the environmental impact associated with feral horses. Sites with streams 
present in alpine treeless drainage line vegetation type, were visited in the two separate parts of the area occupied by feral horses in the 
Victorian Alps, the Bogong High Plains (BHP) and the Eastern Victorian Alps (EVA). The area occupied by feral horses (hashed) within 
three kilometres of the entire set of sites established in 2012 (Robinson et al. 2019). Horse occupation confirmation was based on aerial 
survey (Cairns 2019) in the EVA and ground surveys (Tolsma and Shannon, 2018, Robertson et al. 2019) on the BHP. An example site 
map shows the 500 m rectangular Site-transect (thin black line), 50 m Streambank-transect (dashed line), animal paths (thick grey lines), 
horse faecal piles (open triangles) and deer pellet groups (black triangles). Work conducted in 2020 allowed development of methods suit-
able for the full study in 2021.
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of Energy Environment and Climate Action) represent 
the few (compared to historical numbers) feral or domes-
tic ungulates remaining in the area. The Australian Alpine 
National Park is now primarily managed for conservation 
and recreation. In contrast, the State Forests surrounding it 
are used for native timber production, with some cattle graz-
ing continuing (Forests Licences and Permits Regulations 
2019 Victoria).

Other introduced grazing or browsing species present on 
the BHP and in the EVA during the study period included 
sambar R. unicolor and fallow D. dama deer. There were poten-
tially over 7000 deer in the EVA during our study (Cairns 
2019), assuming the reported rate of increase continued. No 
survey data were available to estimate the number of deer on 
the BHP. Still, ground survey results suggest the deer density 
was similar on the BHP to the EVA. Unknown numbers of 
European rabbits Oryctolagus cuniculus, European hares Lepus 
europaeus and feral pigs S. scrofa were also present. Native 
grazing and browsing animals on both BHP and in the EVA 
include the common wombat Vombatus ursinus, red-necked 
wallaby Macropus rufogriseus, swamp wallaby Wallabia bicolor, 
and eastern grey kangaroo Macropus giganteus.

The elevations of the study areas ranged from 900 to 1800 
m a.s.l. A significant snow cover can last for a few weeks at 
elevations from 1200 to 1400 m and persist for up to four 
months of the year (usually June–September) on the high-
est peaks (Whetton et al. 1996). A mix of open native tus-
sock grassland dominated by Poa spp. and heathland Epacris 
serpyllifolia occurred above 1700 m on the BHP. At lower 
elevations between 1100 and 1700 m, there were patches of 
open native grassland, heathland and snow gum Eucalyptus 
pauciflora woodland. The snow gum woodland understory 
was dominated by native grass (Poa spp.) or low shrubs 
Grevillea australis, Hovea montana, Leucopogon hookeri, Orites 
lancifolia, Bossiaea foliosa and Ozothamnus hookeri. The lower 
altitude sites of the EVA, between 900 and 1400 m, were 
predominantly in tall Alpine ash Eucalyptus delegatensis open 
forest with tiny (1–5% of the area) patches of open riparian 
habitat dominated by Sphagnum spp., shrubs Epacris palu-
dosa, grass (Poa spp.) or Carex spp.

The Bogong high plains

The area occupied by feral horses on the BHP was around 
132 km2 (Fig. 1). In this area, there were 90 horses in 2001 
(Dawson 2005) and 80–100 horses in 2008 (Dawson and 
Miller 2008, Parks Victoria 2017). This population appears 
to have been relatively stable, suppressed by ongoing trapping 
and removal, with the most recent estimate of 109 horses 
determined by an aerial survey in 2018 (Curran 2018), 
shortly before our study commenced. The area occupied by 
horses is from 1400 to 1800 m a.s.l., with minimum tem-
peratures as low as −9°C in the winter and as high as 30°C in 
the summer (Falls Creek, Commonwealth of Australia 2021, 
Bureau of Meteorology). The mean annual rainfall for the 
year prior to our study for our sites on the BHP was 1499 
mm (Interpolated data from the Queensland Government 

Department of Environment and Science (DES) and the 
Commonwealth of Australia 2021, Bureau of Meteorology).

The Eastern Victorian alps

The area occupied by feral horses in the EVA is around 1906 
km2. In the EVA, aerial survey indicated that there were 
approximately 655 horses in 2005 (Dawson  et  al. 2006) 
and 3282 horses in 2019 (Cairns 2019), shortly before the 
commencement of our study. This population had increased 
within the surveyed area by 15% per year from 2014 to 
2019 despite trapping and removal operations (Cairns 2019, 
Parks Victoria 2017). Our surveys focused on a sub-section 
of the area occupied by feral horses of around 720 km2 
(Fig. 1) within 3 km of the monitoring sites established by 
Robertson et al. (2019). This area is between 900 m and 1700 
m a.s.l., with minimum temperatures as low as −6°C in the 
winter and as high as 38°C in the summer (Black Mountain, 
Commonwealth of Australia 2021, Bureau of Meteorology). 
At higher altitudes, the temperature was probably more simi-
lar to the BHP, but no meteorological stations were closer to 
these areas. The mean annual rainfall for the year prior to our 
study for our sites in the EVA was 1018 mm (Interpolated 
data from the Queensland Government Department of 
Environment and Science (DES) and the Commonwealth of 
Australia 2021, Bureau of Meteorology).

Monitoring sites

We established a total of 47 monitoring sites to measure the 
density and effects of feral horses in the two areas (BHP and 
EVA) occupied by feral horses in the Victorian portion of 
the Australian Alps (Fig. 1). All sites were selected within the 
same vegetation classification (Alpine treeless drainage lines) 
described by Robertson et al. (2019). No site was all grassland 
(meadow) or all forest. All sites had a mix of open grassland, 
heathland or open woodland. A total of 16 sites were on the 
BHP, and 31 sites were in the EVA. Thirty-three of our 47 sites 
were a systematically selected (process described below) sub-
sample of a set of study sites established in 2012. These sites 
were originally randomly selected for the Australian Alps-wide 
study of the impact of feral horses on treeless alpine drainage 
lines (Robertson et al. 2019); we refer to these here as Rob-sites 
(Table 1). There were 8 Rob-sites on the BHP and 25 in the 
EVA. To increase the number of sites on the BHP, we selected 
six more existing sites. These sites were originally established 
in 2017 to study the environmental impact of feral horses 
(Tolsma and Shannon 2018), and we refer to these here as 
TS-sites (Table 1). The Rob-sites and TS-sites were selected, 
independent of the density of feral horses. We monitored the 
previously studied Rob-sites and TS-sites for comparative pur-
poses. We do not report the outcomes of those comparisons 
here because they are outside the scope of our objectives, but 
in summary, we observed little change or difference in horse 
impact at these sites between 2012/2017 and the time we 
undertook our surveys in 2020 and 2021. The Rob-sites and 
TS-sites were used here to compare the two regions (BHP and 
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EVA) because these sites were selected within the area occupied 
by feral horses independent of observed feral horse activity lev-
els. We selected our remaining six sites by targeting areas with 
evidence suggesting high horse activity (reports of or observa-
tion of horses and abundance of faecal piles and hoof prints 
etc.) to ensure a wide range of horse densities were available for 
plotting the relationships between impact and density (as per 
our objectives, described above). In exploratory analyses not 
reported here, when we plotted the faecal pile density against 
impact, there was a clump of 16 sites with very low faecal pile 
density and only one with substantially higher faecal pile den-
sity. A straight line was the best fit for these data and identifica-
tion of a meaningful density-impact relationship was difficult. 
With only randomly selected sites like these, we would have 
required many more such sites to determine the shape of the 
density-impact function at the upper level of the curve where 
faecal pile densities are high, but this was not possible in the 
time available nor necessary for our purpose. Sites with rela-
tively high horse activity or horse density or faecal pile density 
are easy to identify as you drive or walk through the Australian 
Alps; horses are seen, and the high densities of hoof prints, 
faecal piles, and paths are obvious. However, our non-random 
selection meant that these six sites were not included in analy-
ses comparing the BHP and the EVA because they would have 
exaggerated the difference between these regions. Four of these 
remaining six sites are therefore referred to here as Extra-sites 
(Table 1). The other two sites were at the location of exclosures 
built in 1999 (Theile and Prober 1999) and are referred to here 
as Exclusion-sites. Four small (30 × 10 m) horse-proof exclo-
sures were present at each Exclusion site (Table 1). Our surveys 
were conducted outside the exclosures in areas fully accessible 
to feral horses. These Exclusion-sites were an excellent refer-
ence for the present study showing the extremes of the density-
impact relationship. We expected a considerable difference 
between the randomly selected sites (Rob-sites, TS-sites) and 
the subjectively selected sites (Extra-sites and Exclusion-sites) 
for horse faecal density and impact of horses.

No other exclosures established to measure the impact of 
horses were present in the area. There is one other area near 
an Extra-site where grazing was excluded in the State Forest. 
This fence was established to protect rare plants from cattle. 
Another set of exclosures was established outside of our study 

area in Kosciuszko National Park. These are mentioned in our 
discussion. Other long-term exclosures were established on 
the BHP to measure the impact of cattle (Carr and Turner 
1959b), but these are outside the area occupied by feral horses.

To define the geographical extent of our study area, a 
three-kilometre buffer area from the complete set of Rob-
sites was overlayed on the area occupied by feral horses deter-
mined by aerial survey (Parks Victoria 2017, Cairns 2019) in 
the EVA. Aerial and ground surveys on the BHP were used to 
define the area occupied by feral horses there (Dawson 2005, 
Tolsma and Shannon 2018, Robertson  et  al. 2019). We 
selected the sub-sample from the full set of Rob-sites so that 
the sites we monitored were 0.5–3.0 km apart and spread 
as evenly as possible across the full extent of our study area. 
We had limited access to wilderness areas in the northeast-
ern and eastern parts of the EVA, so a lower density of sites 
was selected there. Still, our observations indicate that the 
sites visited adequately represented the feral horse density for 
alpine treeless drainage lines in these wilderness areas.

Field visits

Pilot study
A subset of 10 sites were visited on the BHP and six in the 
EVA between 13 March 2020 and 23 March 2020. Bush fires 
delayed the commencement of fieldwork, and COVID-19 
border closures and travel restrictions caused an early end to 
fieldwork in 2020. Consequently, this field visit was relegated 
to a pilot study (Fig. 1), and the 2020 data were not included 
in the results presented here.

Complete survey
All 16 sites were visited (see below for methods) on the BHP 
and all 31 were visited in the EVA from 19 February 2021 to 
24 March 2021.

Monitoring method selection

We based our methods on those developed for feral horse 
impact assessment in the Australian Alps (Robertson  et  al. 
2019) adapted from the Ephemeral Drainage Line Assessment 
method (Tongway and Ludwig 2011). Exploratory analyses 

Table 1. Description four types of sites visited in February–March 2021 in the Victorian part of the Australian Alps (Australian Alpine National 
Park and surrounding State Forests) to measure the environmental impact associated with feral horses on the Bogong High Plains (BHP) and 
in the Eastern Victorian Alps (EVA). 

Selection
Site types (number of 
sites) Description

Selected independent of feral horse density and 
used for comparison between BHP and EVA

Rob-sites (33) Randomly selected in 2012 for the Australian Alps-wide study of 
the impact of feral horses on alpine treeless drainage lines 
(Robertson et al. 2019)

TS-sites (8) Originally established in 2017 to study the environmental impact 
of feral horses on the BHP (Tolsma and Shannon 2018).

Selected because of suspected or known high 
horse activity to populate the upper part of 
the density-impact curve

Extra-sites (4) Selected by us in areas with evidence suggesting high horse 
activity (reports of or observation of horses, an abundance of 
horse faecal piles and hoof prints)

Exclusion-sites (2) At the location of exclosures built in 1999 to demonstrate the 
impact of feral horses (Theile and Prober 1999)
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of data collected during our pilot study indicated that the cat-
egorical scoring system used by Robertson could only identify 
large differences between areas in impact, so we developed a 
more sensitive method using continuous measures described 
in the present paper. We used both the Robertson categorical 
scoring system as well as our continuous scoring system at 
all sites, but only data from the continuous scoring system 
are reported here. The Robertson method involves scoring a 
site by viewing a 20 × 50 m plot and giving scores from 1–5 
for various impact variables while for our method we walked 
along 50 m of stream bank and 500 m through the site 
recording the number of metres with observed impact and 
the number of metres with no observed impact. The observer 
needed to identify vegetation changes caused by horses, such 
as grass that had been grazed, and the presence of horse faeces 
or hoof prints. While doing this, the observer recorded signs 
of other introduced and native wildlife and humans. In other 
words, we recorded the presence or absence of impact for 
every metre walked through the site, which is akin to quan-
tifying what an observant bushwalker, park ranger, or horse-
back rider would see as they move through the site.

Impact of feral horses, deer, feral pigs, rabbits, hare, 
cattle, fire and humans

Trampling and grazing
Evidence of trampling, and grazing was recorded where there 
was vegetation broken, bent or trodden into the ground, soil 
disturbed by hooves or feet or animals rolling/wallowing or 
vehicles, bitten grass leaves indicated by being square at the 
top and shorter than pointed leaves of the same grass species, 
and grass pulled out of the ground.

Potential causes of impact
For each record of grazing or trampling, the potential agent(s) 
of impact was/were allocated by identifying sign (e.g. foot/
hoof prints, faeces, wheel tracks etc.) of the presence of feral 
or domestic horses, deer, feral pigs, rabbits, hare, cattle or 
humans observed along the same section of transect. Single 
or multiple potential causes were assigned to records with no 
attempt to quantify the relative contribution. Human sign 
consisted of vehicle paths, wheel tracks or footprints.

Fire impact
Blackened, dead vegetation and bare ground with charcoal 
and ashes indicated fire occurrence. Nine out of 47 sites 
surveyed for our study were burnt during the 2019/2020 
bushfires.

Streambank-transect
At each site, we surveyed a 50 m section of stream (Fig. 1). 
The start of each 50 m section was located at the closest point 
on the nearest stream (drainage line) to the published random 
point (Robertson et al. 2019), site point (Tolsma et al. 2018) 
or the additional site waypoints selected by us. The stream-
bank-transect was along both banks parallel to and 1 m from 
the water or 1 m from the centre of a dry drainage line. The 

length in metres of transect passing over evidence of trampling 
or grazing was recorded along with evidence of species (horse, 
deer, feral pig, rabbit, hare, cattle or human) presence or fire 
associated with the impact. Since both banks were included, 
100 m of stream-bank-transect was surveyed for evidence of 
grazing or trampling and animal signs at each site.

Site-transects, faecal density and impact
We established and walked along each Site-transect quanti-
fying faeces and evidence of grazing or trampling (Fig. 1). 
Observations started at each site point, located by GPS, and 
the observer (Berman) walked along a rectangular transect 
200 m east, 50 m north, 200 m west, then 50 m south, end-
ing back at the site point (total 500 m). The number and 
location of horse, deer, rabbit, hare, cattle or feral pig faecal 
piles were recorded. For each location where faecal piles were 
observed, the perpendicular distance from the transect to the 
pile's centre was recorded to determine density using Distance 
Sampling (Buckland et al. 1993). The location of both stallion 
piles (stud piles or dung piles) and individual faecal deposits 
was recorded as the location of feral horse faecal piles. Stallion 
piles are multiple faecal deposits on top of each other created 
by stallions marking their presence. Any faecal pile with more 
than one faecal deposit was recorded as a stallion pile. The age 
and size of the pellets distinguished the different faecal depos-
its on a stallion pile. The number of faecal pellets was counted 
in stallion piles and in individual faecal deposits to allow esti-
mation of the number of individual faecal deposit equivalents 
in stallion piles. The mean number of faecal pellets in indi-
vidual faecal deposits was also counted. We counted the pel-
lets that were not decayed and could still be identified as horse 
faecal pellets in stallion piles and in individual deposits. If fae-
cal material was too decayed to be identifiable as horse faeces 
it was not recorded. So we counted the same thing for stallion 
piles as we did for individual faecal deposits. Stallions eat in 
the same place with the mares and young they accompany, 
so their diet should not vary much from other horses. Horse 
faecal pile density was calculated as the density of faecal pile 
locations (individual faecal deposits and stallion piles) with no 
correction for the number of individual defections in stallion 
piles. Presenting faecal pile density without determining the 
number of individual faecal deposits in a stallion pile allows 
others to more easily compare their faecal pile density esti-
mates with ours without the requirement to count individual 
pellets or weigh faeces. Only if someone wishes to convert 
faecal pile density to actual horse density is it advisable to fol-
low the methods described to count pellets. Conversions from 
horse faecal pile density to horse density were based on the 
number of individual horse faecal deposits, including those in 
stallion piles. We converted horse faecal pile density to horse 
density using a 426 day decay rate and eight defecations per 
day (Linklater et al. 2001, Zabek 2015a, Zabek et al. 2016a).

We also obtained horse faecal pile densities for 20 sites 
in the EVA surveyed in 2018 by Cherubin et al. (2019) and 
converted these to horse densities for comparison with our 
results. Cherubin’s sites were in the same area we surveyed in 
the EVA. They were a sub-sample of the Robertson sites, just 
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like ours were. Some sites were possibly the same as ours, but 
we could not obtain the actual location of Cherubin’s sites. 
We converted deer faecal pellet group density to deer density 
using a 71 day decay rate (Davis and Coulson 2016) and 
12 defecations per day (Ratcliffe 1987, Nugent et al. 1997, 
Mayle et al. 1999, Forsyth 2005).

The number of metres of the Site-transect passing over evi-
dence of grazing or trampling and the sign of potential agents of 
impact was recorded. If a path (large animal trail) was observed 
crossing the Site-transect, it was mapped using a GPS by walk-
ing along its entire length within the area bounded by the 500 
m rectangular Site-transect. All paths within the rectangular 
Site-transect were mapped at each site and were photographed 
at the points where they crossed the Site-transect, their average 
width was estimated, and the animal tracks or faeces present 
on the path were recorded. We recorded that a path had been 
used by a species based on the presence of their faeces or foot/
hoof prints, or wheel tracks. For example, a 50 m section of 
GPS-mapped path where both horse and deer hoof prints were 
detected would be assigned to both horses and deer. Assigning 
a section of path to a species meant that there was evidence 
that that section of path had been used by that species within 
the period that animal tracks or faeces remained visible.

Density-impact functions

Feral horse faecal pile density (as a surrogate of horse density) 
and impact (evidence of grazing or trampling where there was 
sign of feral horses) data collected at all 47 sites were used 
to determine density-impact functions for feral horses. Three 
impact measures: 1) metres of impact along Site-transects, 2) 
metres of impact along Streambank-transects and 3) the area 
of path impact at sites – were plotted against horse faecal pile 
density to determine the strength and characteristics of their 
relationships. We selected candidate functions after viewing the 
plots of impact versus faecal pile density. Candidates included 
the Gompertz (Tjørve and Tjørve 2017), Logistic and Linear 
functions. Unlike the Logistic function, the Gompertz func-
tion is not symmetric around the inflection point.

Statistical analyses

Data were analysed using the R (www.r-project.org) statistical 
computing environment (ver. 4.1.0). The density of horse and 
deer faecal piles and the probabilities of detection were deter-
mined using the Distance Sampling analysis in the Rdistance 
package ver. 2.1.3 (www.r-project.org). We conducted t-tests 
to see if there was a difference between the EVA and BHP in 
mean feral horse faecal pile density and the mean number 
of metres with evidence of grazing or trampling associated 
with the sign of feral horses (Rob-sites and TS-sites data). To 
see if the mean faecal pile density were different between the 
four site types, we conducted one-way ANOVAs. Subsequent 
Tukey multiple comparison post hoc tests were conducted for 
the significant ANOVA. Density-impact curves were fitted, 
and the best model was selected based on Akaike’s informa-
tion criterion (AICc) for small samples (Akaike 1998).

Results

Horse faeces and impact

Horse faeces (dung) was detected at 12 out of 16 sites (75%) 
on the BHP and 24 out of 26 sites (92%) in the EVA. 
Evidence of feral horse grazing or trampling was detected at 
all sites where horse faeces was detected (Fig. 2). Horse faecal 
pile density was lower on the BHP than in the EVA (t = 3.85, 
df = 41, p < 0.01; Fig. 2, Table 2), and there were substantial 
differences between Exclusion-sites/Extra-sites and Rob-sites/
TS-sites (F(3, 43) = 56.75, p < 0.01; Fig. 3). The probability 
of detection of a horse faecal pile was 0.30, and the effec-
tive strip width was 3.03 m, as determined by Distance 
Line Transect analysis. The mean length of sections of Site-
transects (t = 3.15, df = 41, p < 0.01) and Streambank tran-
sects (t = 3.05, df = 41, p < 0.01) with evidence of grazing or 
trampling was lower on the BHP than in the EVA (Table 3).

Horse density

Site horse densities in the BHP and the EVA are shown in 
Table 3 for Rob-sites and TS-sites. The mean we calculated 
for 20 sites surveyed in 2018 by Cherubin et al. (2019) in the 
EVA was 43.20 horses per km2. This horse density was signifi-
cantly higher than the mean for our Rob-sites (7.18 horses 
per km2) in 2021 (t = −5.42, df = 44, p < 0.01) but not sta-
tistically different to our Extra-sites (16.52 horses per km2) 
or our Exclusion-sites (58.53 horses per km2). Approximately 
72% of locations recorded with horse faeces had individual 
faecal deposits, and 28% had stallion piles (equivalent to 3.7 
individual faecal deposits per stallion pile).

Horse density-impact function

The evidence of grazing and trampling along the Site-transects 
was very low (< 2% of transects) until density reached 
around 200–250 feral horse faecal piles per ha. Evidence of 
grazing and trampling then increased rapidly as feral horse 
faecal pile density increased (Fig. 4). No BHP site had more 
than 1% of the Site-transects with evidence of horse graz-
ing/trampling. Only 24% of all sites and 17% of randomly 
selected sites across the BHP and the EVA had more than 
2% of the Site-transects with evidence of feral horse grazing/
trampling. Once feral horse faecal pile density was above 250 
faecal piles per ha, the grazing and trampling sign became 
much more obvious. The sites with the highest impact were 
the Exclusion-sites first established by Theile and Prober in 
1999, where we found faecal pile density to be exceptionally 
high (> 1000 faecal piles per ha).

The relationship between stream bank evidence of feral 
horse impact and faecal pile density had a greater spread of 
points, but below 250 faecal piles per ha the sign was still 
relatively low (Fig. 4b).

The relationships for both impacts, Site-impact and 
Streambank-impact with horse faecal pile density, fitted best 
to the Gompertz function (Table 4). Gompertz function is:
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y c d c b x e� � � � � � �( ) exp( exp[ ( )])

where b = −0.003, c = −12.172, d = 100.944, e = 266.311 
for Site impact and b = −0.003, c = −2.494, d = 527.079, 
e = 576.257 for Streambank impact.

Deer faecal piles

BHP and the EVA did not differ significantly in deer faecal 
pile density (Table 2). Deer faecal piles were detected at 11 
out of 16 (42%) sites on the BHP and 13 out of 26 (50%) 
sites in the EVA. We found the probability of detecting deer 

Figure 2. Maps of (a) feral horse and (b) deer faecal pile density, (c) feral horse and (d) deer grazing and trampling evidence along Site-
transects, (e) feral horse and (f ) deer grazing and trampling evidence along Streambank transects at sites visited by us in February–March 
2021 in the Victorian part of the Australian Alps (Australian Alpine National Park – dark grey and surrounding State Forests – light grey). 
Shown is the area occupied by feral horses (hashed) within three kilometres of the entire set of sites established in 2012 (Robinson et al. 
2019) on the Bogong High Plains (BHP) and in the Eastern Victorian Alps (EVA).
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faecal piles was 0.13, and the effective strip width was 1.30 m 
according to Distance Line Transect analysis.

Deer density

Site deer densities are shown in Table 2 for Rob-sites and 
TS-sites on the BHP and in the EVA. Deer density esti-
mates ranged from 0 to 13.96 deer per km2 on the BHP and 
0–60.01 deer per km2 in the EVA.

Evidence of deer grazing/trampling

The mean lengths of transect sections with evidence of deer 
grazing or trampling for the BHP and the EVA were not 

statistically different (Table 3). On the BHP, evidence of 
deer grazing/trampling was detected at 7 out of 16 ran-
domly selected sites (44%). Evidence of deer grazing/tram-
pling in the EVA was detected at 14 out of 26 randomly 
selected sites (54%).

Animal paths

There was no significant relationship between the area of 
paths with horse tracks and the density of horse faecal piles 
at a site (Fig. 4c). Table 3 shows the mean area of the site 
that was path with horse sign and or deer sign. Excluding 
sites where no paths were detected, 0.19 and 0.21% of the 
area were impacted by paths on the BHP and in the EVA, 
respectively. Paths with horse hoof prints or horse faeces were 
detected at 6 out of 16 (38%) sites on the BHP and 15 out 
of 26 (58%) sites in the EVA. On the BHP, a total length of 
570.98 m of path was recorded at the six sites with paths. 
The mean width of paths was 19.46 cm, covering a total area 
of 111.10 m2 (0.07%) within the total of 160 000 m2 for 16 
sites bounded by the Site-transects (each site 200 × 50 m) on 
the BHP. In the EVA, a total length of 1992.52 m of path was 
recorded at the 15 sites with paths. The mean width of paths 
was 16.46 cm covering a total area of 338.62.10 m2 (0.13%) 
within the total of 260 000 m2 for 26 sites bounded by the 
Site-transects (each site 200 × 50 m) in the EVA.

Paths with deer hoof prints or faecal piles were detected 
at 10 out of 47 (21%) sites. There were 0.21 and 0.18% of 
the area impacted by paths with deer prints or faeces present 
on the BHP and in the EVA, respectively, at sites with paths 
detected.

For the total area of all paths where evidence of recent use 
was recorded, 78% of the area of path had sign of human use, 
13% feral horse use, 4% deer use, 3% cattle use and 1% feral 
pig use. Paths leading to wombat burrows were observed at 
two sites in the EVA but no sign of wombats was detected on 
these paths.

Other impact agents

Figure 5 shows the proportion of impact associated with the 
sign of horses to be small compared to the combined impact 
of deer, feral pigs, rabbits, hare, cattle, fire and humans along 
both the Site-transects and Streambank-transects at sites on 
both the BHP and in the EVA. No feral pig diggings or faeces 
were seen on the BHP. Out of 31 sites in the EVA, feral pig 
diggings were detected at seven (23%) sites (3.01/500 m ± 
1.54 SE) and pig faeces was recorded at five sites. No rabbit 

Table 2. Horse and deer faecal piles counted along Site-transects, converted to density by Distance sampling. Animal density of horses and 
deer were calculated using faecal decay rates and defecation rates. Data from Extra-sites and Exclusion-sites were not included because they 
were selected based on the presence of very high feral horse activity. Includes data from 42 sites visited in February–March 2021 in the 
Victorian part of the Australian Alps (Australian Alpine National Park and surrounding State Forests) to measure the environmental impact 
associated with feral horses on the Bogong High Plains (BHP) and in the Eastern Victorian Alps (EVA). 

Region Faecal piles in 500 m ± SE Faecal pile density (groups/ha) ± SE Animal density (animals/km2) ± SE Sites (n)

Horse BHP 4.06 ± 1.19 17.11 ± 5.64 0.64 ± 0.31 16
EVA 36.54 ± 9.58 191.22 ± 51.44 7.18 ± 1.93 26

Deer BHP 1.69 ± 0.60 21.24 ± 7.60 3.02 ± 1.08 16
EVA 3.58 ± 1.71 45.02 ± 21.54 6.39 ± 3.06 26

Figure 3. Comparison of feral horse faecal pile density at site types 
visited by us in February–March 2021 in the Victorian part of the 
Australian Alps (Australian Alpine National Park and surrounding 
State Forests) to measure the environmental impact associated with 
feral horses. Mean ± SE horse faecal pile density for the different site 
types on the Bogong High Plains (BHP) and in the Eastern Victorian 
Alps (EVA) are shown with significant differences determine by 
ANOVA and the Tukey post hoc test indicated by different letters a, 
b, c and d. TS-Sites were established and surveyed in 2017 by Tolsma 
and Shannon (2018). Rob-sites were established and surveyed in 
2012 by Robertson et al. (2019) on the BHP and in the EVA. Extra 
sites were established by us in 2021in the EVA to increase the sample 
size of sites with high levels of horse activity to better determine the 
shape of the density-impact function at high feral horse density. 
Exclusion-sites were first established in 1999 to demonstrate the dif-
ference between small, fenced areas and areas heavily grazed by 
horses (Theile and Prober 1999). Our surveys were conducted out-
side the fenced plots in areas fully accessible to feral horses.
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faecal pellets were detected on the BHP. Rabbit faecal pellets 
were recorded at seven sites (17.94 pellets/500 m ± 12.72 SE) 
in the EVA. Evidence of rabbit grazing or soil disturbance 
was detected along a mean of 0.42/500 m ± 0.24 SE at Rob/
TS-sites and 9.20/500 m ± 9.20 SE at Exclusion/Extra-sites 
in the EVA. No evidence of rabbit grazing or soil disturbance 
was detected in the BHP or along Streambank transects in the 
EVA. Off-transect, we observed rabbit warrens and the bare 
ground around warrens presumably created by rabbits. Hare 
pellets were recorded at six sites on the BHP but at no sites 
in the EVA. Evidence of hare grazing or soil disturbance was 
detected along a mean of 2.19/500 m ± 2.19 SE at random 
sites on the BHP. No evidence of hare grazing or soil distur-
bance was detected on the EVA or along Streambank transects 
on the BHP. Cattle sign was detected at four sites out of 31 
(13%) sites. All sites with cattle sign were in the State Forest 
in the southern section of the EVA. Evidence of cattle grazing 
or trampling was detected along a mean of 6.96/500 m ± 4.67 
SE at Rob-sites and 58.33/500 m ± 58.33 SE at Exclusion/
Extra-sites in the EVA. No cattle sign was detected on the 
BHP or in the National Park in the EVA.

Fire impact was present at one of the sixteen (6%) sites 
surveyed on the BHP and at six of the 31 (19%) sites in the 
EVA. Two sites out of 16 (13%) had the impact of humans, 
including vehicle and bush walking tracks on the BHP. 
Four sites out of 26 (15%) had human impact in the EVA. 
Evidence of human disturbance was detected along a mean 
of 0.44/500 m ± 0.33 SE of Site-transect on the BHP and 
8.13/500 m ± 6.39 SE in the EVA and a mean of 6.37/100 m 
± 6.34 SE of Streambank-transect on the BHP and 0.24/100 
m ± 0.24 SE in the EVA Rob-sites and TS-sites. Native mac-
ropods probably contributed to grazing and browsing, but 
we detected no sign along transects associated with these spe-
cies. We observed wombat burrows off-transect at one site 
out of 16 on the BHP and six sites out of 31 in the EVA. 
Evidence of wombat grazing or trampling, or soil disturbance 
was detected along a mean of 0.29/500 m ± 0.19 SE of Site-
transect but not along Streambank-transects in the EVA. 
There was no evidence of wombat disturbance along transects 
or off-transects in the BHP.

Discussion

Understanding the role and extent of feral horse impacts is 
important for ensuring that the best and most agreeable man-
agement outcomes are reached. Understanding density impact 
functions can assist this, but had not been previously attempted 

for horses in the Australian Alps. We detected and measured the 
magnitude of difference in direct feral horse impact between 
two separate parts (the BHP and EVA) of the area occupied 
by feral horses in the Victorian part of the Australian Alps. As 
expected, the lowest impact associated with feral horses was on 
the BHP, where the lowest feral horse density had been deter-
mined by aerial survey (Worboys  et  al. 2018, Cairns 2019) 
and by our feral horse density derived from faecal pile den-
sity (Fig. 2, Table 2). But contrary to assertions made in earlier 
studies (Tolsma et al. 2018), almost all (>99%) of the area we 
surveyed by walked transect on the BHP had no detectable evi-
dence of grazing or trampling associated with the presence of 
horses (Fig. 5, Table 3). Even in the EVA, where feral horse fae-
cal pile density and impact were significantly higher than the 
BHP, the vast majority of the area surveyed (> 82%) had no 
evidence of grazing or trampling associated with the presence 
of feral horses (Fig. 5, Table 3). Previous studies concluded that 
there was high feral horse impact on the BHP based on the 
proportion of sites they surveyed with impact detected (i.e. 
presence of any sign of horse faeces, hoof prints, stream bank, 
soil or vegetation disturbance), although estimates of the pro-
portion of the area at each site with horse impact were not 
reported (Tolsma  et  al. 2018). Instead, they emphasised the 
high proportion of sites (57%) surveyed with at least some 
sign of horses having been detected there, meaning that a site 
with one horse faecal pile or one deer pellet was considered to 
have an equal impact to sites with many horse faecal piles or 
deer pellets. Results like those of Tolsma et al. (2018) therefore 
confirmed horses had been present, but they provided little 
information about the degree of impact at sites or the extent of 
impact throughout the BHP, particularly considering that sites 
were selected because they were ‘known, or suspected, to be 
utilised by feral horses’ (Tolsma et al. 2018). Like the previous 
researchers whose sites we resurveyed, we conducted our work 
within the known distribution of feral horses. Consequently, 
we also found the proportion of sites with at least some horse 
impact to be high (75% on the BHP and 92% in the EVA). 
But a ‘high proportion of sites with horses present’ says noth-
ing about the level of horse impact at those sites, and is also not 
particularly noteworthy given that sites were initially selected 
because of horse presence. Thus, although the proportion of 
sites with sign of horses was understandably high given sam-
pling efforts focused on areas with known horse presence, the 
proportion of those sampled areas with actual horse impact 
was extremely low (< 1%) on the BHP and low (< 18%) in 
the EVA (Table 3, Fig. 5).

Interestingly, the proportion of the area travelled by 
horses on paths did not differ between the BHP and the EVA 

Table 3. Horse and deer impact along Site-transects, Streambank transects and paths excluding Extra-sites and Exclusion-sites because they 
were selected based on the presence of very high feral horse activity. Includes data from 42 sites visited in February–March 2021 in the 
Victorian part of the Australian Alps (Australian Alpine National Park and surrounding State Forests) to measure the environmental impact 
associated with feral horses on the Bogong High Plains (BHP) and in the Eastern Victorian Alps (EVA).

Region
Site impact m in 500m ± SE 

(% of transect)
Stream bank impact m in 100m ± 

SE (% of transect)
Path impact m2 in 10 000 m2 

(% of area) Sites (n)

Horse BHP 0.75 ± 0.35 (0.15%) 0.69 ± 0.44 (0.69%) 9.10 ± 5.32 (0.09%) 16
EVA 49.46 ± 20.93 (9.89%) 17.11 ± 6.05 (17.12%) 15.03 ± 3.53 (0.15%) 26

Deer BHP 5.94 ± 3.30 (1.19%) 6.75 ± 3.52 (6.75%) 2.68± 2.02 (0.03%) 16
EVA 16.08 ± 11.78 (3.22%) 13.08 ± 5.26 (13.08%) 4.51 ± 2.24 (0.05%) 26
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Figure 4. Density/impact relationships for all sites visited by us in February–March 2021 in the Victorian part of the Australian Alps 
(Australian Alpine National Park and surrounding State Forests) to measure the environmental impact associated with feral horses. (a) 
Relationship between grazing and trampling impact along Site-transects on the Bogong High Plains (BHP, black dots) and in the Eastern 
Victorian Alps (EVA, grey dots). (b) Relationship between grazing and trampling impact along Stream bank-transects on the BHP (black 
dots) and in the EVA (grey dots). (c) Area of path impact within the Site-transect area on the BHP (black dots) and in the EVA (grey dots).
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despite different horse densities (Table 1, 2). These paths are 
the most visually obvious impact of horses and were a major 
focus of previous work (Dyring 1990). Paths are created and/
or maintained by horses and other animals repeatedly travel-
ling over the same routes, compacting the soil and damaging 
or removing the vegetation under their feet. Paths running 
along drainage lines can disturb stream banks and stream 
flow (Kauffman and Krueger 1984, Hope et al. 2012). While 
we observed examples of what appears to be severe impact 
where paths crossed streams (gully erosion and churned-up 
mud), these were very isolated in the broader landscape given 
that the actual area of impact on soil and vegetation found 
in our study was only around 0.2% of the area surveyed at 
sites where paths were even detected at all. Dyring (1990) 
also recorded 0.2% of the area of one of her sites subjected 
to path impact. This small area of impact does not appear 
to vary with horse density (Fig. 4c), so removing or manag-
ing horse populations is unlikely to change the proportion 
of the area affected by this type of impact. Multiple animal 
species, including native animals like wombats, or introduced 
animals like deer, will use and maintain the paths even with 
reduced feral horse use, so some, if not all, these paths are 
likely to remain even if horses are removed.

Density-impact functions for Site and Streambank grazing 
and trampling demonstrate the rarity of sites with very high 
feral horse density and impact (Fig. 4). The lower part of the 
curve for feral horse faecal pile density and site impact is rela-
tively flat; then, as faecal pile density increases, the curve rises 
steeply at around 250 horse faecal piles per hectare before 
flattening again and approaching an asymptote above 1000–
1500 faecal piles per hectare as the impact is detected along 
100% of the transect. We found that below the threshold of ~ 
250 horse faecal piles per ha, or 9 horses per km2, increases in 
faecal pile density resulted in very small increases in evidence 
of feral horse grazing/trampling (Fig. 4). This is particularly 
so for Site impact (Fig. 4a), with a relatively rapid increase 
at low densities for Streambank impact (Fig. 4b). Below this 
threshold, greater than 97% of the length of site transect 
and 90% of the stream bank transect had no evidence of 
feral horse grazing or trampling detected. However, a small 
increase in faecal pile density above this threshold resulted in 
a disproportionately large increase in evidence of feral horse 
grazing/trampling detected. At the sites above the threshold 
(17% of randomly selected sites), a small population control 

effort targeting 17% of the area (instead of the entire area 
occupied by horses) and costing relatively little, may sig-
nificantly reduce evidence of feral horse grazing/trampling. 
Below the threshold where horse density is low, and the cost 
of removal of horses is most likely high (Choquenot  et  al. 
1999), a considerable expense will be incurred in attempts 
to reduce an already low level of direct impact (Hone 1994, 
Choquenot and Parkes 2001, Hone 2007, Norbury  et  al. 
2015). Hence, the most efficient way to reach an acceptable 
level of direct feral horse impact is to target areas with the 
highest feral horse density for population control, identi-
fied here as areas with densities along alpine treeless drainage 
lines above 250 faecal piles per ha or 9 feral horses per km2. 
However, we caution that the threshold determined here may 
only apply to the current study area and also may not even 
apply during drier or wetter periods or if the abundance of 
other species changes. Monitoring needs to be designed to 
determine site-specific thresholds and to allow re-evaluation 
of any threshold as conditions change.

We also found the combined impact associated with the 
sign of deer, feral pigs, humans, and fire to be large com-
pared to the impact associated with the sign of feral horses 
alone, particularly on the BHP (Fig. 5). Horse sign was 
associated with no more than 4% of the impact on the 
BHP and less than 34% of the impact in the EVA (Fig. 5). 
Comparing impact potential as we did, where the impact is 
recorded on a transect line, should minimise differences in 
impact detectability between the various potential agents of 
impact. Searching rectangular strip transects or sample areas 
so that impact or sign is recorded at various distances from 
the observer may also increase the chance of differences in 
impact detectability between the various potential agents 
of impact. Detection probability can be determined using 
Distance Sampling (Buckland  et  al. 1993), and we found 
horse faecal piles to be more easily detected than deer fae-
cal pellets. Horse hoof prints are also larger and, therefore, 
most likely more easily observable at a distance than deer or 
pig prints. Without searching carefully along a line, if any 
bias exists, then the proportion of horse impact recorded will 
be exaggerated compared to those of deer and pigs. Previous 
authors either excluded the impact of agents other than 
horses statistically (Robertson  et  al. 2019) or assumed that 
the contribution of other agents was insignificant because the 
sign of horses was much more obvious (Tolsma et al. 2018, 
Robertson  et  al. 2019), without considering differences in 
detectability. Yet these and other similar published studies 
(Cherubin  et  al. 2019, Eldridge  et  al. 2019, Schulz  et  al. 
2019) have lead others to conclude that there is ‘unequivocal 
evidence that feral horses are the single largest cause of wide-
spread environmental degradation throughout their range in 
the alpine parks’ (Driscoll et al. 2019b). This view is clearly 
inconsistent with data that does account for sampling bias 
and detectability (Table 2–4, Fig. 2–5) and with the findings 
of a recent study in Kosciuszko National Park, adjacent to 
our study site (Hartley et al. 2022). These results show clearly 
that in spite of deer and feral pig control and management of 
fire and human activity (Parks Victoria 2016, GSBMPWG 

Table 4. Ranking according to AICc (Akaike’s information criterion 
for small samples) of density-impact functions for horse faecal pile 
density and impact recorded along Site-transects and Streambank 
transects. Includes data from all 47 sites visited in February–March 
2021 in the Victorian part of the Australian Alps (Australian Alpine 
National Park and surrounding State Forests) to measure the envi-
ronmental impact associated with feral horses on the Bogong High 
Plains (BHP) and in the Eastern Victorian Alps (EVA).

Functions
AICc

Site impact Stream bank impact

Gompertz 438.9 416.7
Logistic 442.8 418.4
Linear 468.6 424.2
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2020, Comte et al. 2022), these combined impacts far exceed 
those impacts associated with the sign of feral horses. This 
does not mean the management of feral horses is unnecessary, 
but it does mean that 1) feral horses may not be the most 
important environmental threat and 2) the management of 
feral horses alone may result in very little reduction in overall 
environmental impact if these other important factors are not 
also managed (Braysher 2017).

A study of the impacts of feral horses on threatened native 
species found horse impacts and faecal piles at 19 out of 20 
sites (95%), whereas only seven sites (35%) had evidence 
of deer (Cherubin  et  al. 2019). Unlike previous research-
ers in the Australian Alps, Cherubin  et  al. (2019) quanti-
fied deer faecal piles in the same way as horse faecal piles. 
Cherubin et al. (2019) also determined decay/disappearance 
rate for horse faecal piles. But unfortunately, they did not 

Figure 5. Percentage of impact associated with sign of horses, deer, pig, rabbit, hare, cattle, fire and humans at sites visited by us in February–
March 2021 in the Victorian part of the Australian Alps (Australian Alpine National Park and surrounding State Forests) to measure the 
environmental impact associated with feral horses. Impact and sign of potential causes were recorded along the 500 m Site-transects and 
100 m Stream bank-transects on the Bogong High Plains (BHP) and in the Eastern Victorian Alps (EVA). Data from Extra-sites and 
Exclusion-sites were excluded because these sites were selected because of their known/observed high horse activity. (A) Site impact on the 
BHP, (B) Site impact in the EVA, (C) Stream bank impact on the BHP and (D) Streambank impact in the EVA .
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do this for deer faecal pellets and neither was the difference 
between the detection probability of horse faecal piles and 
deer faecal piles considered. Hence, they could not compare 
the level of activity or impact of horses and deer, cautioning 
that ‘we cannot entirely separate the impacts of horses from 
other species’ (Cherubin  et  al. 2019, Supplementary infor-
mation). This statement is also true for our study. Another 
study in Kosciuszko National Park compared deer faecal pile 
and horse faecal pile densities to determine relative impacts, 
finding more horse faecal piles than deer faecal piles, whereas 
camera traps suggested the activity of deer was far greater 
than that of horses (Ward-Jones et al. 2019). These authors 
preferred the results of the faecal pile comparison over the 
camera trap findings because the camera traps were in place 
for a relatively short period. Short survey periods are a prob-
lem for reliably interpreting camera trap data (Meek  et  al. 
2012) but faecal pile indices are also notoriously unreliable 
when they have not been calibrated to densities with proper 
measurement of defection rates and decay rates (Allen 2012, 
Le Pla et al. 2022). Inadequate quantification of the impact 
or activity of other species, coupled with failure to consider 
differences in faecal decay/disappearance rate or detection 
probability, mean that previous assertions about the negative 
environmental impacts of horses in the Australian Alps are 
highly likely to be overestimated compared to the impact of 
other animals, such as deer.

We also found it difficult to disentangle the impact of wild 
or feral horses from the impacts of domestic horses frequently 
brought into the study area for recreational purposes, which 
was likely to have also influenced earlier studies but was not 
mentioned (Robertson  et  al. 2019). Likewise, we further 
found it extremely difficult to disentangle the stream bank 
impact attributable to deer, horses, or feral pigs given that 
they all drink, wallow, or cross streams in the same places. In 
addition to differences in detectability, deer faecal piles can 
decay more rapidly than horse faecal piles (Linklater  et  al. 
2001, Zabek 2015a, Davis and Coulson 2016). Horse den-
sity also varied considerably depending on how and where 
sites were selected (Fig. 3). Results from the exclusion plot 
studies that commenced in 1999 (Wild and Poll 2012) are 
extremely valuable in demonstrating the difference between 
very high and zero feral horse density. However, such results 
cannot be extrapolated to all areas of the Australian Alps 
because those sites only represented extreme horse densities, 
and not the otherwise normal densities found across almost 
all other areas of the Victorian Alps (Fig. 2, 3).

The preceding information leads to the observation that 
1) unbiased site selection, 2) consideration of detection 
probability and 3) decay or disappearance rate for horse and 
deer faecal piles and impact, are each important for reliably 
comparing density and impacts between species, places, and 
times. Clearly defining the variable extent and level of impact 
of feral horses separate to other factors is essential for resolv-
ing stakeholder disputes, prioritising management actions, 
and measuring the success of management. This is not easy 
and is rarely attempted for horses or deer (Davis et al. 2016), 
but it is possible.

In our study, to improve comparisons of the relative activ-
ity of feral horses and deer, we converted faecal density to 
animal density using faecal decay/disappearance rate and def-
ecation rate. By doing this, we found that the mean density 
of horses and deer (number of animals present in a defined 
area in a 24 h period) along treeless drainage lines in the EVA 
were very similar (Table 2). This is consistent with aerial sur-
vey results indicating feral horse and deer density were similar 
in 2019 in the EVA (Cairns 2019). The mean horse density 
for 20 sites surveyed in 2018 by Cherubin et al. (2019) was 
not significantly different to our Extra-sites or the Exclusion-
sites, which were significantly higher than the mean for the 
randomly selected Rob-sites in our study (Fig. 3). Our Extra-
sites and Exclusion-sites were deliberately chosen because 
they were expected to have high horse activity. Findings from 
studies where sites are selected in this way (Dyring 1990, 
Theile and Prober 1999) and subsequent conclusions derived 
from them (Driscoll  et al. 2019b) are not representative of 
the entire Australian Alps but are relevant only to specific 
sites with exceptionally high horse activity. In our study, 
the highest horse density estimate was 60 horses per km2 
at Cowombat Flat (Exclusion-site), and the second highest 
was 41 horses per km2 at Native Cat Flat (Exclusion-site). 
These densities were comparable with densities (46 horses per 
km2) determined in the late 1980s at a site studied by Dyring 
(1990) in Kosciusko National Park, and are exceptionally 
high compared to the mean determined by us for randomly 
selected sites in the EVA (Table 2; 8 horses per km2). In 
our study at Native Cat Flat where the highest deer faecal 
pile density was recorded, there were 60 deer per km2 com-
pared to 41 horses per km2 based on our faecal pile counts. 
This is one of the sites where exclusion-fenced plots built in 
1999 are commonly used to demonstrate the impact of feral 
horses (Wild and Poll 2012, Williams et al. 2014) with no 
consideration of the high relative impact of deer activity at 
the same site. Our actual horse and deer density estimates 
from faecal pile density relied on defecation and decay/disap-
pearance rates determined elsewhere. Decay rates can change 
with the amount of rainfall (Zabek 2015b), so ideally, decay/
disappearance rates need to be derived for this location in the 
period prior to surveys.

With the ultimate goal of threatened fauna conserva-
tion in mind, further research is also required to confirm 
the nature of the relationship between feral horse density 
or direct impact and threatened fauna behaviour, abun-
dance, or trends. More studies similar to Cherubin  et  al. 
(2019) and Schulz  et  al. (2019) are required over a larger 
range of feral horse densities, for longer periods and with 
active manipulation of horse density. The work done on 
sage-grouse Centrocercus urophasianus in the USA which sup-
ports the objective of maintaining feral horse density below 
an ‘appropriate management level’ (Coates  et  al. 2021), is 
a good example of the type of work that is required in the 
Australian Alps. Nevertheless, this and other previous stud-
ies are basically correlative. Finding that the abundance of 
native species is negatively associated with feral horse activ-
ity or density (Schulz et al. 2019, Coates et al. 2021) might 
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well mean that feral horse impact has influenced the native 
species. Still, such a correlation could also be a result of dif-
ferences in habitat suitability or preference, independent of 
feral horse activity or density. Incorporating detailed studies 
of threatened fauna in planned adaptive management experi-
ments with randomly selected areas for treatment (chang-
ing the density of feral horses) would provide the inferential 
strength of evidence required. More detailed studies of native 
species at our sites, coupled with an increased number of 
sites representing other habitats and random manipulation of 
feral horse density, may allow improved measurement of both 
direct and indirect horse impact. Identification of ecologi-
cally significant, positive, neutral, or negative impacts would 
then be possible, and with this, the ideal targets for managing 
feral horse density may be determined.

For the first time in the Australian Alps, our work 
shows how evidence of the direct impact of feral horses on 
soil and vegetation varies with feral horse density over the 
range from very low to very high horse density. If the level 
of direct impact relates to the level of threat to vulnerable 
native species, soil, vegetation or water, then our work will 
guide managers attempting to minimise this threat. Previous 
studies have reported correlations between horse abundance 
or impact and vegetation structure (Cherubin et al. 2019), 
abundance or occurrence of endangered species (Schulz et al. 
2019), and abundance of ant nests and soil penetrability 
(Beever and Herrick 2006), but compared to our study, these 
earlier reports were based on a limited range of feral horse 
activity levels and/or were categorised into a small number of 
classes of horse impact. In our study, grazing and trampling 
impact correlated with the density of horses, which means 
feral horse impact should be manageable by changing horse 
density. However, an exception to this is the impact along 
paths. This impact appears to reach a maximum at very low 
horse density and did not increase thereafter with increas-
ing horse density. We also measured the relative extent of 
evidence of grazing, trampling and vegetation disturbance 
associated with the sign of deer, feral pigs, fire and humans 
showing that removal of horse impacts alone could prevent 
only a small proportion of potentially damaging impact. We 
are hopeful that we have provided valuable suggestions that 
will improve the measurement of the environmental impact 
of feral horses in a way that guides effective and acceptable 
management.

Management implications

Reduction in direct horse impact can be most efficiently 
achieved by targeting those few sites where horse impact is 
highest. Where horse density is low, and the cost of removal 
of horses is high, a considerable expense will be incurred to 
reduce an already low level of direct impact. Incorporating 
experimental monitoring into management will ensure 
that any unexpected, undesirable consequences of remov-
ing horses are detected and the expected benefits of man-
agement are measured. Instead of attempting to remove as 

many horses as possible, a better approach to reducing horse 
impacts would be to establish an evidence-based target den-
sity and then reduce and maintain horse populations at or 
below that level.
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Peer Review – Report on the 2014 Survey of
Feral Horses (Equus ferus caballus) in the
Australian Alps
Eric Rexstad and Steve Buckland

Centre for Ecological and Environmental Modelling

University of St Andrews

PPreface
This document contains a review of the amended report 2014 Survey of Feral Horses (Equus ferus
caballus) in the Australian Alps as recommended by the Independent Technical Reference Group
appointed by the New South Wales National Parks and Wildlife Service. The authors of this review,
Drs. Eric Rexstad and Steve Buckland from the Centre for Ecological and Environmental Modelling at
the University of St Andrews were invited to undertake the review by Dr. Kate Wilson of the New
South Wales Office of Environment and Heritage (email dated 26 February 2016).

As defined by the Terms and Conditions, this review has two primary purposes

Assess scientific rigour and confidence underlying
o Current (at the time of 2014 survey) horse numbers in the Australian Alps,
o Whether conclusions regarding population trends can be drawn and
o Distribution of wild horses in subregions of the Park. This last point was clarified in

email dated 16 March 2016 by Terry Koen, in which ‘subregions’ was defined as the
‘block’ estimates presented in Tables 5 and 6 of the report.

Comment on specific issues raised by the ITRG
o Appropriateness of reanalysis of 2009 survey, using observed group size,
o Whether ground-based estimates of group size led to overestimate of numbers in

2009 survey,
o Potential value of analysing alternative transects (in 2014 survey) to reduce risk of

double counting for comparative purposes,
o Potential value of analysing data from each stratum individually (i.e. fitting stratum-

specific detection functions) to 2014 survey data for comparative purposes and
o Inclusion of a strip transect analysis for comparative purposes.

We will discuss each of these points in turn.

1 Assess scientific rigour and confidence
By and large, the report and its conclusions were sound, we comment upon specific matters in the
following set of list elements (1.1, 1.2 and 1.3).
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1.1 Current (at the time of 2014 survey) horse numbers
Rigour and confidence in survey estimates are dependent upon the rigour and confidence of the
elements that went into the study. We will divide our comments about the rigour and confidence of
the 2014 estimates on the design, data collection and analysis phases of the 2014 survey.

1.1.1 St Andrews comments on current horse numbers
1.1.1.1 Study design
The use of the 2009 survey results as a basis upon which to base sample size calculations for the
purposes of defining survey effort was sound. These calculations, of course, cannot take account of
variability in group size, which plays a considerable role in these data. Awkwardly shaped portions
of the study area, i.e. the Snowy River Valley, creates a challenge for imposing survey effort. The use
of zig-zag transects in that area is acceptable. The only design matter that was not clear was the use
of differing sampling intensity by habitat types within blocks. That does not necessarily lead to
difficulties, but such an element incorporated into the survey design would expect to be used in the
analysis (e.g. habitat-specific estimates of abundance within blocks).

Note also that the achieved overall precision (CV 11 ) exceeded the target precision of CV 1 .5 .
That might be a consequence of the 2009 survey using one-sided transects and the 2014 survey
using two-sided transects.

1.1.1.2 Field methods
No issues regarding field methods. It is not commonly reported, but given the interest in group size,
it would be interesting to know how many of the groups detected straddled sighting bands and were
therefore broken into “observation” groups rather than “social” groups.

1.1.1.3 Data analysis
The preliminary Poisson regression analysis is not a standard approach in distance sampling analysis.
Instead such modelling is done within the Distance software. Consequently we would have
advocated including candidate covariates in analysis within Distance; nevertheless, it is unlikely that
inclusion or exclusion of covariates in the detection function would have substantial consequences
for the density/abundance estimates.

The investigation of the “spike” in detections in the 0-20m band conducted by combining the first
two distance bands seems fine. The half-normal detection function is relatively insensitive to spikes
close to the transect line.

Not adjusting two of the blocks for the effects of size bias, while adjusting the other two blocks is
acceptable. Non-significant size-bias regression (at 0.15) implies that the average observed group
size and the adjusted group size will be almost equivalent. Consequently, there is little difference in
the overall estimate of using or not using the size-biased group size estimate.

1.2 Conclusions regarding population trends can be drawn
1.2.1 St Andrews comments on population trends
This is a most challenging topic. That is because the assessment of trend ought to be based upon
more than two time points. Furthermore the 2014 survey was designed with objectives that
intentionally differed from the 2009 survey (Cairns 2014:1). Hence, there was considerable effort
expended in adjusting 2014 estimates to take into account area surveyed in 2009 (Cairns 2014:46).
The use of two portions of the surveyed region North Kosciuszko and Byadbo-Victoria (combination
of South Kosciuszko, Davies Buenba and Cobberas Buchan from Dawson (2009, Table 1) (Cairns
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2014:46) is a proxy for measuring change between 2009 and 2014 because the surveys sampled
different overall study areas.

Secondly, assessing change between two surveys requires assessment of the “rigour and
confidence” of both surveys. There were several issues associated with the 2009 survey that were
causes for concern:

The use of ground-based group size estimates (from 2001) to transform group density
to individual density (Dawson 2009:6) is an unusual approach. This assumes that
group definition is consistent for both ground-based and aerial observers, that group
sizes detected from the ground are representative of sizes of groups seen from the
air, and that group sizes did not change over the span of eight years. This topic will be
revisited in Section 2.1 of this report.
The exclusion of detections from the fourth distance band (150-200m) “because of an
unexpectedly large number of groups sighted in this category” raises concerns
described by Dawson (2009:6) that the aircraft was at the wrong altitude or the
survey bar was miscalibrated. It is also possible for observers to include marginal
groups near the boundary of the fourth distance band as having a centre within the
band rather than outside, and including those groups in the fourth band.

Consequently, the estimation of population trends is difficult. If further investigation of change
between 2009 and 2014 incorporating uncertainty in the two estimates is desired, we have some
thoughts on that in this report Section 2.1.1.

1.3 Distribution of wild horses between park subregions
Are the block-specific estimates of horses reliable given a pooled (common across all blocks)
detection function was used? Presumably the reason pooling was performed was to keep the
number of detections used in fitting detection functions >60 (as suggested by Buckland et al.
(2001:240). More recently, Buckland et al. (2015:23) note that with more advanced methods (using
block as a covariate in the detection function and with ‘well behaved’ data) this sample size limit can
be relaxed. It cannot be relaxed, however, to the point of fitting a detection function to the four
sightings in the Snowy Plain block. Note that the Snowy Plain block was estimated to contain <2% of
the horses in the total study area. Excluding that block from the study would not have caused a
great change in estimated overall abundance.

1.3.1 St Andrews comments on subregion estimates
An alternative to the analysis presented by Cairns (2014) using a pooled detection function, would
have been to fit block-specific detection functions (to all but the Snowy Plain block) and used model
selection to provide an objective assessment of the relative performance of detection function
models that were block-specific or pooled across blocks.

A related topic is whether the uneven coverage by habitats within blocks designed in the 2014
survey would cause the pooling robustness property of distance sampling to fail. Pooling robustness
(Burnham et al. 2004:389-392) suggests that distance sampling will produce nearly unbiased
estimates of density or abundance even when data collected under variable conditions are
combined. Examining coverage in each survey block, using information from Cairns (2014:Table 10),
along with a truncation distance of 150m:
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Table 1. Helicopter effort, area covered, block size and coverage proportion for 4 survey blocks from Cairns (2014) survey.

Block Effort (km) Covered area (km2) Block area (km2) Coverage
NK 671.4 201.4 1366 0.147
SP 32.3 18.7 123 0.152
BM 409.1 122.7 847 0.145
BV 1674.5 502.2 3497 0.144

These calculations of coverage, proportion of block area surveyed, showed coverage to be
approximately equal across blocks.

2 Specific issues raised by the ITRG
We turn our attention to the specific outstanding issues from the ITRG report of February 2016.

2.1 Reanalysis of 2009 survey, using observed group size
This was the area where we invested much of our time in this review. To make an assessment of the
reanalysis, we needed to understand both the original 2009 survey and analysis, as well as the steps
taken in the reanalysis.

As noted in item 4 of the ITRG 2016 comments, there was a puzzle caused by the Dawson (2009:7)
estimate of 2.69 individuals km-2 and the reanalysis estimates of 1.25 and 0.57 individuals km-2 in
Cairns (2014:Table A2).

2.1.1 St Andrews comments on reanalysis of 2009 survey
Fortuitously, Dawson (2009:18-20) provide the raw sighting and effort data for the 2009 survey. This
allowed us to perform our own reanalysis of these data. We provide the Distance 7.0 project
containing this reanalysis as an electronic appendix to this report.

From the 2009 survey data, we were able to duplicate the results presented by Dawson (2009:7) for
the fit of the negative exponential detection function, truncating sightings from the fourth distance
bin. Our estimates from Distance for group density match Dawson (2009), the AIC value for the
fitted model as well as Pr( 2 GOF) value.

Following from that success, we attempted to duplicate the estimates of Cairns (2014:Table A2)
wherein he used the same data, fitted a half-normal detection function and used the observed group
sizes from the 2009 survey (adjusted for size bias) to estimate individual density. We were not able
to duplicate the values in Cairns (2014:Table A2), but instead produced individual estimates for the
two areas of interest of 2.33 km-2 (North Kosciuszko) and 1.13 km-2 for South Kosciuszko, Davies
Buenba and Cobberas Buchan. Components of analysis leading to these results are presented in
Table 2.

Table 2. Components of density estimates derived from reanalysis of Dawson (2009) survey data. Fourth distance band was
omitted, half-normal detection function fitted to pooled data, size-bias adjustment was used for both strata. Column labels
from left to right: number of detections, kilometres of survey effort, encounter rate, CV(encounter rate), detection
probability of group within 150m of transect, CV(probability of detection), observed average group size, size-bias adjusted
group size, CV(group size), estimated group density (km-2), CV(group density), estimated individual density (km-2),
CV(individual density).

n L n/L CV ෢ࢇࡼ CV ത࢙ E(s) CV ෢࢙ࡰ CV ෡ࡰ CV
NK 16 387 0.041 28% 0.67 13% 5.9 5.7 26% 0.412 31% 2.33 40%
SK/NV 41 914 0.045 19% 0.67 13% 3.0 2.5 11% 0.446 23% 1.13 25%
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We traced this discrepancy to the fact that the Distance software assumes that observers are
collecting data from both sides of the transect, such that the estimator of density is

෡ܦ = ݊�݂(0)෣2ܮ� .
However, for the 2009 survey, both observers were seated on the same side of the helicopter.
Hence a sampling fraction of ½ needed to be applied as a multiplier. Consequently, the 2009
estimates presented by Cairns (2014:Table A2) were too small by a factor of two. In the case of
North Kosciuszko, our estimate is 1.86X that of Cairns; we have been unable to trace the remaining
small difference.

Figure 1. Individual density estimated three ways from 2009 survey and the single estimate of Cairns (2014:Table 17) of
the 2014 survey.

Three estimates of individual density in 2009 for two regions (North Kosciuszko and South
Kosciuszko/North Victoria) are presented in Figure 1 along with their 95% confidence intervals. The
size of the confidence interval for our reanalysis of the 2009 survey from North Kosciuszko is
because just 14 sightings contribute to that estimate.
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The study-area wide density estimate reported by Dawson (2009:7) of 2.69 individuals km-2 was
derived from an estimated density of 0.475 groups km-2 combined with a ground-based group size of
5.65 individuals per group. The difference in individual density between Dawson’s (2009) estimate
and the estimate produced in our reanalysis is small for North Kosciuszko because the 2001 group
size of 5.65 individuals per group is close to the size bias adjusted group size of 5.66 individuals per
group. However, the difference in individual density between the value of 2.69 individuals km-2

reported by Dawson (2009) and our estimate is largely a result of the group size estimate applied
(5.65 individuals per group for Dawson’s estimate and the size bias adjusted group size for South
Kosciuszko/North Victoria of 2.52 individuals per group).

Fundamentally it is the adjustment that needed to be done in the reanalysis of the 2009 data for the
one-sided transects that likely led to much of the concern regarding the findings of Cairns (2014).

If a measure of the annual rate of change between 2009 and 2014 were desired for these two areas,
draws from two log-normal distributions could be made repeatedly. The log-normal distributions
would have means equal to the 2009 and 2014 point estimates and standard deviations equal to the
standard errors of the 2009 and 2014 estimates of density. These density estimates could be
converted to abundance estimates multiplying by appropriate areas, and finite rates of population
growth ( ) could be calculated for each draw. This would result in a distribution of መߣ incorporating
uncertainty in both annual estimates.

2.2 Ground-based estimates of group size led to overestimate of numbers in 2009
Without detailed information regarding data collection methods for the 2001 estimates of group size
we are limited in our ability to speak to the appropriateness of that estimate used to convert group
density to individual density in the 2009 aerial survey.

2.2.1 St Andrews comments on ground-based group size estimates in 2009 survey analysis
As noted in Section 2.2.1, for the North Kosciuszko region, the 2001 ground-based estimate is almost
spot-on with the size bias adjusted estimate of group size from the aerial data. However for the
South Kosciuszko/North Victoria region, the ground-based estimate is twice the size of the observed
average group size of 3.0 or the bias adjusted estimate of 2.5. We did not consult Walter (2002) to
learn the sample size or sampling methodology associated with the ground-based estimate of group
size from 2001, therefore we cannot assess whether the 2001 estimate is representative of the
entire 2009 study area. The reanalysis suggests not.

2.3 Potential value of analysing alternate transects (in 2014 survey)
The final three points of the ITRG each suggest an alternative analysis of the 2014 data against which
to compare the original 2014 analysis. It is certain that each of the alternative analyses proposed
will produce estimates different from those presented in Cairns (2014). We suspect that rather than
increase confidence in the estimates presented in Cairns (2014), alternative analyses will decrease
the confidence in the original findings.

All data analysis undertakings consist of a very large number of decisions; what detection functions
to fit, at what perpendicular distance to truncate sightings, how to estimate group size, which
transects to include, etc. etc. Each of those decisions influence the outcome. Multiple results
stemming from multiple analyses will simply lead to the decision of which result to choose.

2.3.1 St Andrews comments on analysis of alternate transects
Given the line separation, it is possible that animals initially close to one transect are driven towards
the next transect. By excluding alternate lines, it may seem that this potential source of bias is
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removed. However, this is not the case. Because the aircraft traversed all the lines, all lines except
the first are potentially affected by this bias. By excluding line 2 say from the analysis, you do not
remove the effect on line 3 of animals being driven from line 2. If this was thought to be a serious
concern, future surveys could use greater separation between lines. (Overall effort could be
retained by traversing lines 1, 3, 5, … in one pass, then lines 2, 4, 6, … in another pass, perhaps on a
different day.)

2.4 Potential value of analysing data from each stratum individually (i.e. fitting
stratum-specific detection functions) to 2014 survey data for comparative
purposes

Brief comments about this alternative analysis follows.

2.4.1 St Andrews comments on stratum-specific detection functions
As noted in Section 1.3.1 of this report, a reanalysis using stratum-specific detection functions could
be contrasted with the approach used by Cairns (2014) and arbitrated via AIC. However such
refinements to the fitting of detection functions are not likely to produce considerable changes in
the overall estimates of density and abundance. As noted in Section 1.3.1 of this report, distance
sampling results are robust to detection function heterogeneity when coverage probability is
uniform across the study area.

Examining Table 15 of Cairns (2014), note that uncertainty in the density estimates are largely driven
by variability in encounter rate (number of groups per km of transect). Small adjustments to the
detection function are unlikely to change density and abundance estimates greatly.

2.5 Inclusion of a strip transect analysis for comparative purposes
It is almost certain this analysis will produce a larger estimate of density and abundance than the
analysis of Cairns (2014). It will also produce an estimate with greater precision, because one form
of uncertainty arising from estimating the parameters of the detection function will be assumed
away.

2.5.1 St Andrews comments on strip transect analysis
Performing a strip transect analysis requires the determination of the cutpoint within which
detectability is assumed to be 1. Use of different cutpoints will produce different estimates.
Detection is assumed to be certain in the first distance bin, however Cairns (2014:36) suggests there
might be some heaping of detections in that first interval. That would produce a density and
abundance estimate larger than the estimate provided by Cairns (2014). The veracity of a strip
transect estimate based upon the first bin will be dependent upon an untestable assessment of the
existence of heaping in that interval.

SSummary
We consider that the analyses of the 2014 data have been carried out to a high standard. We see
little merit in carrying out a range of further analyses. Any analysis involves a range of decisions and
different analysts will obtain different results. However, we see nothing in these analyses to suggest
that estimates would change appreciably provided the decisions are made to ensure as far as
possible that assumptions are met to a good approximation.

The analyses of the 2009 data are more problematic. The two surveys were not designed to be
directly comparable, thus compromising the comparisons now being made. The original analyses of
the 2009 data adopted a poor model for the detection function (the negative exponential), and
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estimated group size from ground-based surveys from 2001. Both of these decisions have the
potential to generate large bias.

The reanalysis of the 2009 data has been done to a higher standard, apart from the apparent failure
to adjust for the fact that the survey was conducted with observers on one side of the aircraft only.
This has resulted in abundance estimates for 2009 that are low by a factor of roughly two. If this is
corrected, there appears to be little change in the total population size between the two surveys as
shown in Figure 1; there is an estimated small decrease in the southern stratum, and a small
increase in the northern stratum.

LLiterature Cited
Buckland, S., D. Anderson, K. Burnham, J. Laake, D. Borchers and L. Thomas. 2001. Introduction to

Distance Sampling. Oxford Univ. Press.

Buckland, S., E. Rexstad, T. Marques and C. Oedekoven. 2015. Distance Sampling: Methods and
Applications. Springer.

Burnham, K., S. Buckland, J. Laake, D. Borchers, T. Marques, J. Bishop and L. Thomas. 2004. Further
topics in distance sampling. Pages 307-392 in Buckland, S., D. Anderson, K. Burnham, J.
Laake, D. Borchers and L. Thomas. (eds.) Advanced Distance Sampling. Oxford Univ. Press.

Cairns, S. 2014. Feral horses in the Australian Alps: the design and analysis of surveys conducted in
April-May 2014. A report to the Australian Alps Liaison Committee.

Dawson, M. 2009. 2009 aerial survey of feral horses in the Australian Alps. A report prepared for the
Australian Alps Liaison Committee.

Walter, M. 2002. The population ecology of wild horses in the Australian Alps. Doctoral thesis.
University of Canberra, Canberra

Record #B19B

D
ep

ar
tm

en
t o

f P
la

nn
in

g,
 In

du
st

ry
 a

nd
 E

nv
iro

nm
en

t -
 R

ec
or

d 
re

le
as

ed
 u

nd
er

 G
IP

AA
 - 

D
PI

E 
- 2

1 
- 1

34
5



St Andrews 2019 wild horse review 02 December 2019 Page 1 of 4 

Review – Report on the 2019 Survey of Feral 
Horses (Equus ferus caballus) in the 
Australian Alps 
 

Eric Rexstad and Steve Buckland 

Centre for Ecological and Environmental Modelling  

University of St Andrews 

 

PPreface 
As requested by  (email correspondence, 04Nov2019), we have been asked to review this 
report.  We treat this review in the same fashion as a peer review of a scientific manuscript. 

1 Study design and field protocol 
As the emphasis of this report seems to be contrasting abundance estimates from 2014 and 2019, 
survey design and field protocols are described as equivalent.  We have no concerns about design or 
field methods.  The subdivision of groups on the ground into groups defined by distance band 
boundaries is unusual but appears to be conducted in the same way as was done in 2014 (largely by 
the same observers).  It would have been useful to know the proportion of observed groups that 
were broken by distance band boundaries. 

2 Data analysis 
Fitting of detection functions with covariates seems consistent with standard practice.  A minor 
quibble is the use of highly parameterised detection functions in the face of only five detection 
function bands.  With five points of support in the data, the richest model that could be fit while still 
providing a degree of freedom for a χ2 goodness-of-fit test would be a three-parameter model.  With 
the suite of covariates in this data set, the only covariate model that fits this criterion is a half normal 
with the habitat covariate.  All other models are too parameter rich to allow assessment of model fit 
beyond visual inspection.  The number of candidate models fitted is more than adequate to explore 
possible models. 

3 The report itself 
There are several quibbles about wording noted in the Miscellaneous comments section below.  It is 
not necessary to dwell on differences in detectability between years (line 702) or differences in 
precision between blocks (line 844); those differences are small.   

4 Computation of finite rate of growth 
 

The block-specific finite rates of growth are likely at the centre of the 2019 report.  The high rate of 
growth reported for the North Kosciuszko block are of particular interest as it appears to exceed 
published maximum growth rates for the species.  It is surprising that during the period 2003-2009 

Clause 3(f)
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there was a 21% increase, while the period 2009-2014 there was very little change and for 2014-
2019 again a 22% increase. 

The rates of growth and inferences derived therefrom appear to be properly computed.  We 
undertake a brief investigation of the distance sampling estimation components to assess the 
potential for subjective decisions during data collection or analysis to contribute to the reported 
change in population size for the North Kosciuszko block. 

Using the parameter estimates provided, we decomposed the 5.4X increase in North Kosciuszko 
open and 3.2X increase in North Kosciuszko medium horse abundance between 2014 and 2019 
shown in Table 11 into the respective distance sampling elements. 

  
2014 

 
2019   

NK Open NK Medium NK Open NK Medium 
Encounter rate 0.208 0.075 

 
0.560 0.168 

Percent difference 
    

269% 224% 
Group size 

 
2.64 3.2 

 
4.98 4.02 

Percent difference 
    

189% 126% 
Pr(detection) 0.53 0.53 

 
0.47 0.47 

Percent difference 
    

113% 113% 
Compound multiple 

   
5.73 3.18        

Reported multiple (from Table 11 Ns) 
   

5.44 3.16 
 

Starting with the least influential cause of the increase: there was only a 13% change in probability 
of detection, from 0.53 to 0.47.  There was a more considerable increase in group size used in the 
conversion from group density to individual density: an 89% increase in group size for Open and 26% 
increase in Medium.  The most influential cause in the change in computed abundance is encounter 
rate that more than doubled for both habitats between 2014 and 2019.  Multiplying the three 
factors approximates the multiplier in abundance calculated from Table 11. 

Model selection and fitting the detection function plays little part in explaining the between-year 
change in abundance.  Also (lines 340-341 and 349-350) two of the three observers used in 2019 
were the same as the 2014 observers, suggesting similarity in detection processes between years. 
Assuming the field protocol of splitting herds that straddled distance bands was done identically in 
2014 and 2019 (see p39-40 of the 2016 report), there is little investigator influence upon group size; 
that is more likely a biological phenomenon.  The component most responsible for reported increase 
in population size in both North Kosciuszko habitats is encounter rate; more that doubling in each 
habitat between years. 

At face value, from statistics presented in the report, the reason for the large differences in 
abundance in North Kosciuszko between years is that the 2019 survey encountered, on average, 
larger herds, and many more of them per unit distance of search, than in 2014.  It is unlikely these 
events were under investigator control.  Consequently there is no reason to doubt the reported 
abundance estimates and the derived finite rates of population growth.   
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5 Miscellaneous comments 
Line numbers as in the report 

 Line 23, because of insufficient detections, not replication transects, I presume  
 line 25, was the increase statistically significant?  
 line 27, is this level of increase possible?  
 line 49, deer rate of growth is roughly as fast as horse rate of growth  
 Line 180, apparently an important area to survey but quite small, how much effort could be 

employed in this stratum? 
 Line 286, were the small differences between the survey designs the result of new 

realizations of the 2014 designs generated  
 line 293, were the blocks flown in the same sequence in 2019 as in 2014  
 Line 329, regarding the calibrated citing boom what allowance existed for observer head 

placement, that influences how the sighting boom gradations map onto the Earth's surface  
 Line 344, is there any reason for a difference in helicopters in the northern blocks between 

2014 and 2019 contributing to the large jump in abundance estimates in NK  
 Line 376, one group of animals on the ground could be broken into 2 or more if they 

straddled distance bands; what proportion of detections were treated this way  
 Line 473, hazard rate with three adjustments would be a 5 parameter model; given 5 

distance bins degrees of freedom for goodness of fit tests would run out even with a smaller 
model than this  

 Line 513, 3 factor covariates, 2 with 3 levels and one with 2 levels combined in any more 
than 2 at a time would result in non-identifiable models  

 Line 533 actually confidence intervals produced by distance on log based; assuming an 
underlying lognormal sampling distribution  

 Line 557, this is awkward wording, the 73% refers to the portion of the bloc not excluded 
from consideration in the survey, the proportion of the study area covered by survey efforts 
is closer to 15%  

 Line 589 I think this means a pooled detection function for the two strata was used for NK 
with stratum specific detection functions. What might have transpired if stratum was used 
as a covariate? I suppose the model was already over-saturated with the existing covariates. 

 Line 609, 16 models seems like too many candidate models for a 5 bin data set 
 Line 612, not being able to assess model fit is problematic; might it have been better to 

restrict the candidate model set to simpler models where fit could be assessed  
 Line 702, stating the detection probability was higher in 2014 than 2019 doesn't seem 

substantiated by the values reported; any differences in probability of detection between 
years is fairly small and probably not worthy of mention 

 line 707, unclear why it needed to be stated that the surveys were not conducted as strip 
transect surveys, that seems obvious from the outset 

 Table 5, If pooled detection functions (NK open and medium) are reported in this table, it is 
unclear why CV for those pooled estimates would be identical for 2014 but not identical for 
2019  

 Line 744, for groups spanning multiple bins, were two group sizes recorded by the observers 
question how prevalent was this? 

 line 751, given the splitting of groups that straddle bins, the explanation for large clusters 
being far from the transect could simply be down to the bins far from the transect being the 
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widest bins.  An alternative approach would have been to ignore clusters and count number 
of horses in each distance interval and treat each animal as an individual detection   

 line 791, not sure I agree that arbitrariness is removed, seems there is another set of 
decisions observers need to make:  where to break the cluster and then to evaluate two 
cluster sizes rather than one 

 Line 818, why are densities of clusters across 3 survey blocks not similar in 2019 as they 
were in 2014; this seems central to the findings of the report 

 Table 7 and 8, given the emphasis of the report is on temporal differences rather than 
spatial, seems tables could be reorganised to present estimates such that the temporal 
comparisons are easier to make  

 Table 7, Snowy River Valley CV of Ds should be 45.5 rather than 39.7 
 Table 8, Caption should indicate results for 2019 not 2014 
 I would say differences in precision between years is small; only exception being NK open 

where precision is much higher in 2019 likely because the point estimate is 3 times larger in 
2019  

 line 844, this difference in precision is hardly perceptible  
 line 851, hard to argue this point about trying to increase precision, given that the target 

precision was 20% and in most instances the CVs reported here are in the vicinity of 15% 
 Line 885-897, it is arguable whether any inference should be made to the areas not surveyed 

in each block.  The assumption in the report is horse density is zero in unsurveyed areas.  As 
noted, the assumption cannot be refuted.  However, because the centre of the report seems 
to be inference about changes in abundance and abundance is based upon size of area over 
which inference is to be made, the distinction between surveyed area and block area takes 
on added importance.  Was the same extrapolation performed to produce the abundance 
estimates for 2014 provided in Table 11, i.e. Table 17 from the 2014 report?  

 Table 10, Caption should indicate results are for 2019 
 Table 11, Australian Alps sum for 2014 should be 9187 to be consistent with Table 9 as well 

as preceding values in the table 
 Table 11, SE values for total could be computed by squaring SEs by area to make variances, 

then summing the variances and rooting the result to obtain SEs for summed abundance 
over blocks 

 Line 954, the suggestion is that there has been substantial movement into NK since 2014, is 
there any evidence to support this claim  

 Line 1016-1026, this pattern of changes in λ between 5 year periods seems unusual. For 
the period 2003-2009 there was a 21% increase, while the period 2009-2014 there was very 
little change and for 2014-2019 again a 22% increase. Any explanation? 
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esponding to questions on notice transcript 

1. Thermal imagery for wild horses 

 

Below are peer-reviewed publications demonstrating the evidence of imagery and wild horses. The 

publications have been attached to the email.  

 

 

 



 

 

2. Cost of Cairns surveys 

 

I was informed of the cost of the annual head count surveys undertaken by NPWS to be $116,000 by 

Snowy Mountains Brumby Sustainability Management Group who obtained this information from 

the Hon Emma Hurst. MLC. 

I am not aware of the cost for Cairns to undertake the wild horses analyses however with respect to 

the kangaroo analyses which applies the same methodology and is also undertaken by Cairns, this 

information was obtained through questions on notice in 2021. Please see screen shots below from 

the documentation. 

 



 

3. Mark resight for wild horses 

 

Below are peer-reviewed publications demonstrating the evidence mark-resight for wild horses. The 

publications have been attached to the email.  
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Abstract: The rapidly developing technology of unmanned aerial vehicles (drones) extends to the
availability of aerial surveys for wildlife research and management. However, regulations limiting
drone operations to visual line of sight (VLOS) seriously affect the design of surveys, as flight paths
must be concentrated within small sampling blocks. Such a design is inferior to spatially unrestricted
randomized designs available if operations beyond visual line of sight (BVLOS) are allowed. We used
computer simulations to assess whether the VLOS rule affects the accuracy and precision of wildlife
density estimates derived from drone collected data. We tested two alternative flight plans (VLOS
vs. BVLOS) in simulated surveys of low-, medium- and high-density populations of a hypothetical
ungulate species with three levels of effort (one to three repetitions). The population density was
estimated using the ratio estimate and distance sampling method. The observed differences in the
accuracy and precision of estimates from the VLOS and BVLOS surveys were relatively small and
negligible. Only in the case of the low-density population (2 ind./100 ha) surveyed once was the
VLOS design inferior to BVLOS, delivering biased and less precise estimates. These results show that
while the VLOS regulations complicate survey logistics and interfere with random survey design,
the quality of derived estimates does not have to be compromised. We advise testing alternative
survey variants with the aid of computer simulations to achieve reliable estimates while minimizing
survey costs.

Keywords: bias; BVLOS; population density; survey design; thermal infrared; UAV; ungulates;
variability; VLOS; wildlife monitoring

1. Introduction

Estimating population size is one of the fundamental tasks in wildlife management
and conservation. Accurate and precise estimates of densities are especially important
in the case of wild ungulates, which are not only popular game species, but also cause
damage to forestry and agriculture, and are involved in vehicle collisions and transmission
of diseases to livestock [1]. Since ungulate populations often occupy large, mostly forested
areas, surveying them is logistically difficult and costly. The currently used ground-based
survey methods, such as drive counts or snow tracking are acknowledged to be unreliable
and inefficient [2]. Alternative methods such as aerial surveys are more effective; however,
over the forests, their use remains limited, as camouflage coloration of ungulate coats
impedes their detection on the cluttered background of the forest floor. Additionally, in
areas where ungulates are active mostly during dusk and dawn [3–5], the applicability of
aerial surveys is further reduced; in times of poor visibility, especially at lower altitudes,
manned aircraft flights are challenging and dangerous.

The recent development of unmanned aerial vehicles (UAVs, commonly known
as “drones”) industry, together with the improvement, miniaturization, and increased
availability of thermal infrared cameras has brought new possibilities to aerial wildlife
surveys. The use of drones and thermography overcomes limitations of manned aircraft,
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since drones can safely fly even in the dark and animal detection based on thermal contrast
is not affected by camouflage coats of animals. Successful tests of such surveys have
been reported and interest in the implementation of drones for wildlife research and
management is still growing [6–8].

While drones have many advantages over manned aircraft, they also have limitations.
The flight range of small or medium drones used by wildlife researchers is constrained
by the battery capacity or fuel tank size. More importantly, regulations applied in most
countries limit the flight range by restricting drone operation to visual line of sight (VLOS),
meaning that during the whole flight the drone must be visible to the operator or assisting
visual observer. Some countries (e.g., in the European Union [9]) tend to have more relaxed
UAV policies and allow flights beyond the visual line of sight (BVLOS); nevertheless, in
most cases, researchers planning to use drones for wildlife monitoring will have to cope
with limited drone range under VLOS restrictions. The regulation not only reduces the
efficiency but also affects the design of surveys by the need to concentrate flight paths
into small sampling blocks. The number and location of these blocks may be additionally
limited by the availability of convenient take-off and landing spots. These factors can
lead to poor designs and, as a consequence, to biased estimates of population densities.
Therefore, it is important to understand whether being constrained by the VLOS rule
survey design affects the accuracy and precision of the obtained results. Here, we aimed to
answer this question with the aid of computer simulations.

To assess the effect of the survey design on the accuracy (bias) and precision (vari-
ability) of density estimates derived from drone collected data, we conducted simulated
surveys of three virtual populations of a hypothetical ungulate species (differing in animal
density) using two alternative flight plan designs: (1) under VLOS restriction, and (2)
assuming no restriction of the flight range (BVLOS). For each design, we additionally
tested three levels of survey effort (from one to three survey repetitions).

2. Materials and Methods

The methods of conducting surveys and estimating population density applied in
the simulations were the same as those used in the actual field tests of thermal drone
surveys conducted in 2017 in several hunting districts in Poland (Table S1). As a virtual
study area (Figure 1), we chose one of the surveyed districts (8400 ha). For simulated data
collection, we assumed the same conditions as during field tests—flight altitude of 150 m
and a 640-pixel camera resolution—resulting in a survey strip width of 65 m.
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The simulations were run in three steps: (1) generation of the virtual population, (2)
simulation of aerial survey of this population, and (3) estimation of population density
based on the data collected during the simulated survey.

2.1. Virtual Populations

Since the population size influences the precision and accuracy of density estimates [10],
we conducted simulations for three levels of population densities of a hypothetical un-
gulate species. Chosen density levels represented the range of local red deer densities in
Poland: low (two individuals per 100 ha), medium (seven individuals per 100 ha), and high
(12 individuals per 100 ha) [11]. In the study area of 8400 ha, these densities translate to
population sizes of 168, 588, and 1008 individuals. In the first step of each simulation, we
generated a virtual population of a given size and distributed its individuals throughout
the study area. In natural populations, animals often occur in groups of varying sizes;
however, in simulations, we assumed that animals occur individually, to reduce the vari-
ability in density estimates due to the effect of group size [10]. To emulate uneven spatial
distribution of animals across the study area, we used the density surface with randomly
placed spots of low and high animal density (Figure 1).

2.2. Surveys

We tested two alternative variants of the flight plan: VLOS design vs. BVLOS design.
In the VLOS variant (flights within visual line of sight), the transects were allocated within
three sample blocks placed throughout the study area. Based on the results of pilot field
tests, we determined the optimal form of sample blocks as the 2 km by 2.5 km rectangle. To
place blocks within the study area, we used a quasi-random procedure. The coordinates of
the blocks’ centroids were randomly selected with two restrictions: the distance between
centroids had to be greater than 1.5 km (to avoid blocks overlapping), and the distance
of centroids to the boundaries of the study area had to be greater than 1 km (to avoid
placing a significant part of the block outside the study area). Then, the blocks were rotated
around their centroids for the best fit inside the study area. In case of one block, it was
necessary to move its centroid ~200 m from its initially drawn location. Inside each block,
we placed 13 parallel transects spaced 200 m apart (Figure 2a). We assumed that such
spacing between transects should minimize the chance of double counting moving animals
during the surveys [8]. The total length of 39 transects within all three blocks was 104.5 km.
Previous field tests revealed that the thermal survey according to such a flight plan using a
fixed-wing drone is logistically challenging but can be completed in about three hours.
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Figure 2. Sample transects (gray lines) under (a) VLOS and (b) BVLOS flight variants with example realizations of a
simulated survey of low-density population (two individuals per 100 ha, N = 168); open circles represent locations of
undetected animals and filled circles represent locations of animals detected with probability p = 0.6.
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The second variant assumed flights beyond the visual line of sight (BVLOS). In this
case, the flight plan had a form of parallel systematic transects running across the entire
study area (Figure 2b). Transects were delineated perpendicular to the long axis of the area
(to maximize the number of transects). To achieve the same effort as in the VLOS variant
(i.e., the same total transect length ~104 km), we set up 16 transects spaced 800 m apart.

Given the thermal swath width of 65 m, the total area surveyed along all transects
constituted approximately 8% of the entire area of the hunting district in case of both
designs (VLOS and BVLOS).

Over the forest, the probability of detection during aerial surveys with a thermal
camera depends mainly on the sensor efficiency as well as the availability of animals for
detection (animals under canopy are unavailable for detection). For simplicity, during
simulated surveys, we arbitrarily set the overall value of the detection probability to p = 0.6,
assuming it is equal to availability and independent of the distance to the transect line.
This means that every animal in the virtual population, which, during the survey, was
located inside the 65 m wide transect strip, had a 60% chance of detection. This rather
conservative figure is based on the mean value of the tree cover density (~40%) in the
studied area calculated from remotely sensed data [12].

2.3. Population Density Estimation

For the population density estimation based on data from simulated surveys, we used
two methods: the ratio estimate [13,14] and distance sampling [15].

In the ratio method, the estimated density per unit area was calculated as

D̂ =
∑ xi

∑ ai
, (1)

where xi is the number of animals detected on transect i and ai is the area of transect i. The
total population abundance in the study area A was calculated as

N̂ = D̂A, (2)

with the approximated variance calculated as

Var(N̂) =
nt(nt − ns)

ns(ns − 1)

(
∑ x2

i + D̂2 ∑ a2
i − 2D̂ ∑ xiai

)
, (3)

where ns is the number of surveyed transects, and nt is the total number of all possible
transects. To assess the precision of the estimates, we calculated the coefficient of variation
as

CV =

√
Var(N̂)

N̂
100. (4)

Relative bias was calculated as

B =
D̂ − D

D
100, (5)

where D is the true density.
The distance sampling method accounts for the decrease of detectability with the

increasing distance from the transect that is often observed in wildlife surveys. The
perpendicular distances of detected individuals from the transect centerline recorded
during the survey are used to fit the detection function model, which is then used to
estimate density. The main assumptions of the method are: detection at distance zero (at
the transect line) is certain, distances are measured without error, and animals do not move
in response to the observer. Distance sampling is a commonly used method for density
estimation in aerial surveys. Here, we used the simplest form of distance sampling—
conventional distance sampling (CDS). In each CDS analysis, three alternative models were
fit to the distance data generated during survey simulations (half-normal, hazard rate,
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and uniform with cosine adjustment terms) and the best model was selected based on the
minimum Akaike Information Criterion (AIC) value. Distance sampling estimates, along
with the corresponding coefficient of variation (CV) were calculated using the Distance
package in R [16]. Relative bias was calculated as for the ratio estimate (Equation 5).

For both methods, the ratio estimate and the distance sampling do not account for
animals unavailable for detection—present on the transect strip but hidden under the
canopy. To correct for bias caused by unavailability, the density values obtained with either
of the methods need to be multiplied by the correction factors. In practice, such factors are
estimated, but incorporating the correction factor uncertainty in the simulations would
introduce additional variability to population density estimates and could obscure possible
differences driven by alternative flight plans. Thus, for simplicity, we assumed constant
correction factor, equal to the reciprocal of the preconceived availability for detection, i.e.,
1/0.6.

2.4. Simulations

For all combinations of the survey design (VLOS, BVLOS), the level of population
density (low, medium, high) and level of survey effort (one to three survey repetitions), we
ran 100 iterations of simulated surveys; thus, a total of 1800 survey results were generated.
For each iteration, the population density was estimated using the ratio estimate and
the distance sampling method. For repeated surveys, the density estimates and their
variance were calculated from summed detections across repeats. To assess the differences
in the accuracy and precision of the results from alternative survey designs, we plotted the
distribution of performance metrics (relative bias and coefficient of variation) as a series of
boxplots. All procedures were run in R 4.0.0. program [17] using packages DSsim 1.1.5. [18]
and Distance 1.0.0 [16].

3. Results

The population density estimates derived from surveys under the VLOS design were
in general of a similar quality to those from BVOS surveys (Figure 3). Only in one scenario—
the surveys of the low-density population with low effort—did the VLOS design appear
to be significantly inferior to BVLOS, showing moderate bias (median underestimation of
−14%, Figure 3a) and slightly less precise results (median CVs for VLOS up to 3% higher
than for BVLOS, Figure 3b).

Regardless of the survey design, the precision of estimates increased with increasing
population density as well as with increasing survey effort (Figure 3). However, the
most apparent improvement in precision was observed for two survey repetitions (~30%
decrease in median CV values). The third survey repetition resulted in a further increase in
precision but to a lesser degree (~16% decrease in median CV values).

In terms of accuracy, both estimation methods—the ratio estimate and distance
sampling—provided unbiased estimates of population density in the surveys of medium
and high-density populations (median bias from −5 to 2% for the ratio estimate and from
0 to 7% for distance sampling). However, in the case of a low-density population, distance
sampling tended to overestimate density (median bias up to 18%). In terms of precision,
the methods differed substantially in the quality of the obtained results. For all analyzed
survey scenarios distance sampling estimates were less precise, showing CV values from 4
to 15% higher than those for the ratio estimates.
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4. Discussion

The main goal of this study was to assess whether VLOS restriction would affect
the accuracy and precision of the results of a wildlife aerial survey. We used simulations
to compare two alternative flight plans (within VLOS vs. BVLOS) together with several
combinations of survey conditions (three density levels of the surveyed population and
three levels of survey effort).
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The observed differences in the accuracy and precision of the population density
estimates derived from the VLOS and BVLOS surveys were relatively small and negligible.
Only in the case of a low-density population and low survey effort did the differences
between designs become more distinct—the estimates obtained under VLOS design were
biased and less precise than those derived under BVLOS (Figure 3). This was a result
of the uneven coverage of VLOS design, coupled with the sparseness of the population
(2 ind./100 ha) and minimum effort of one survey. However, increasing effort by one
additional survey was sufficient to reduce the differences in accuracy and precision between
the two designs. These results are encouraging, as the applicability of drones, which are
hoped to revolutionize data collection in wildlife research [19], remains to be constrained
by the VLOS rule. While the design and logistics of surveys are seriously impacted by the
need to maintain visual contact with the aircraft, the results obtained in this study provide
evidence that the quality of the derived estimates does not have to be compromised.

Researchers planning surveys under VLOS restriction face several issues and chal-
lenges. First, the transects must be grouped in blocks. To make survey logistics efficient,
the number of blocks needs to be small, and the size of the blocks as large as possible
under the constraints of VLOS in given conditions. At the same time, the set of surveyed
transects in the blocks has to be representative of the entire study area. To achieve this,
the blocks must be placed randomly. In a situation where the majority of the study area
is forested, it may be necessary to adjust block locations by shifting them towards open
areas or other suitable places for drone deployment. Such interference with the random
placement of blocks may lead to the overrepresentation of open areas on transects and
biased population density estimations. Thus, after the adjustment of block locations, it is
advisable to compare the proportions of different land cover classes or habitats in the study
area with those along transects. It is worth noticing that if locations of blocks significantly
depart from random—potentially leading to biased estimates—it is possible to apply more
advanced, model-based methods of density estimation [20]. These methods can overcome
the issue of non-random transect placement by using spatial covariates (e.g., habitat) to
model animal abundance [21].

Another challenge with thermal drone surveys, especially under VLOS restriction, is
the relatively small width of the surveyed transect strip. Assuming 10 cm as the minimum
ground resolution needed to recognize an animal the size of a deer [8], the surveyed strip
using the most common 640-pixel resolution camera is only about 64 m wide. This results
in a small area coverage per kilometer of transect. Given the limited size of the sample
blocks due to the VLOS rule and the necessity of maintaining sufficient distance between
transects within the blocks to avoid double counting, it is difficult to design a survey
plan with transects covering more than 10% of the study area. As shown by our results,
in the case of low-density populations, this may not be enough to achieve an adequate
sample size and thus the desired precision of the estimate. Increasing transect coverage
by delineating additional sample blocks will often be impossible because of a lack of
space within the study area, and it would also complicate the survey logistics. Therefore,
the best solution to increase the sample size in the aerial survey under VLOS conditions
is to increase the sampling effort by repeating surveys along the same transects. The
results of our simulations show that for the low-density population, three survey repeats
are required to obtain a CV of about 20%, a commonly acceptable level of precision for
wildlife management purposes [13,22] (Figure 3b). Under BVLOS design, besides survey
repeats, higher coverage can be achieved by simply decreasing transect spacing and adding
additional transects. The distance between transects in the simulated BVLOS variant was
800 m; changing it to 267 m would triple the area coverage.

Both survey data analysis methods applied in the study—the ratio estimate and
distance sampling—in general gave unbiased estimates of population density. Only in the
case of the low-density population did we observe a tendency for distance sampling to
overestimate density (Figure 3a). This might be caused by a small number of detections
(mean 16, range 2 to 42) in simulated surveys of such a sparse population, insufficient to
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correctly model the detection probability function (uniform in this case). It is assumed
that at least 60 observations are required to accurately model the detection function in
distance sampling, and with smaller samples, the results should be treated with caution [15].
Comparing the precision of the two methods, we observed that distance sampling gave
far less precise results than the ratio estimate (Figure 3b). Density estimates with a CV
of about 20% from distance sampling were obtained only for the medium- and high-
density populations, but it always required two or three survey repeats (Figure 3b). For
the low-density population, acceptable CV values could not be obtained even with three
repetitions. The lower precision of distance sampling estimates is caused by uncertainty in
modeling the detection probability functions. In the case of the ratio estimates, values of
CV equal to or below 20% were achieved for the medium- and high-density populations
with minimal effort of one survey, and for the low-density population with three survey
repeats (Figure 3b).

It should be pointed out that for the presented survey simulations, the distance
analysis was in fact not quite adequate, as the generated detection data were independent
of the distance to the transect line. Nevertheless, the purpose of using it was to demonstrate
how a non-optimal choice of data analysis method affects the quality of the resulting
estimates. The distance sampling method has a long history of use in traditional aerial
surveys, where detections are made by a human observer and the detection probability
drops with increasing distance from the transect line. The method is robust and has
many sophisticated variants suitable for different scenarios (inclusion of covariates in the
detection probability function, double observers, etc.) [23,24], and well-developed, free
software for survey planning and analysis is available [16,25]. Thus, distance sampling is
often a method of first choice for researchers analyzing data from aerial wildlife surveys,
including surveys using thermal infrared sensing [26–28]. However, during such surveys,
presence of the distance effect in detections underlying the method may depend on factors
such as the camera mounting angle (vertical, forward, oblique), type and quality of the
camera lenses, or method of image reviewing (i.e., visual or automatic). For example, in
research using a vertically looking camera for deer surveys by Kissell and Nimmo [26],
uniform detection models gave the best fit to the data, which suggests no or a very limited
impact of distance on detection probability. Therefore, before choosing an analysis method,
it is important to find convincing support for the distance-dependence of the detection
probability in the approach used for data acquisition and treatment. If there is strong
support for the presence of the distance effect, then the use of distance sampling is justified;
otherwise, an alternative estimation method should be adopted.

In the simulations, we used several simplifications—we ignored the fact that ungulates
usually occur in groups of various sizes, and we assumed that the true availability for
detection is known. Such simplifications may lead to the over-optimistic evaluation of
survey performance; however, they were used here to reduce the variability of density
estimates due to factors other than survey design. Since the simplifications affected both of
the compared designs in the same way, the differences in accuracy and precision caused
solely by the design variant were made more distinct. In practice, the availability of animals
for detection is usually unknown, unless surveys are conducted over open areas and at
the times of their activity peaks. Not adjusting for imperfect availability for detection is an
important source of bias; thus, the reliable assessment of the availability value is crucial to
obtain accurate estimates of population density.

Simplifications used here must be avoided when simulations are used to assess the
minimum effort—the total length of transects or number of survey repeats—needed to
achieve a given level of precision in a survey of a specific population. In such cases, an
attempt should be made to simulate the population in focus and survey conditions as
closely as possible and account for all sources of possible errors [29]. Data available from
previous surveys can be used to set a possible range of population densities and mean
group sizes, while the remotely sensed data on land cover and tree-crown density may
serve to estimate reasonable values of availability for detection. Simulations using realistic
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system parameters will ensure the selection of the best survey variants to achieve reliable
estimates while minimizing survey costs [30].

5. Conclusions

Wildlife surveys with the use of drones are usually constrained by regulations limiting
drone operations to visual line of sight. While the regulations complicate the logistics
of surveys and may interfere with random survey design, the accuracy and precision of
the derived population density estimates do not have to be compromised. Our results
show that, in general, VLOS surveys can provide estimates of similar quality to those
from spatially unrestricted randomized designs under BVLOS operations. However, in
low-density populations, surveys under VLOS design are prone to bias if the applied
survey effort is too small to provide adequate sample sizes. In such cases, increasing effort
by repeating surveys along the same flight paths allows the reduction of the sampling
variance and achieves unbiased estimates of population density. Comparing the precision
of the two estimation methods used in the study, we observed that distance sampling gave
far less precise results than the ratio estimate. Thus, unless there is strong evidence that the
detection probability in drone surveys depends on distance, other estimation methods than
distance sampling should be adopted. To ensure accurate and precise density estimates
while minimizing survey costs, we recommend testing alternative survey designs with the
aid of computer simulations.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-4
292/13/6/1102/s1, Table S1: The details of ungulate thermal drone surveys conducted in hunting
district nr 473 in Krotoszyn Forest District, Poland.
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Fusion of visible and thermal 
images improves automated 
detection and classification 
of animals for drone surveys
B. Santhana Krishnan 1, Landon R. Jones 2, Jared A. Elmore 2,3, Sathishkumar Samiappan 1, 
Kristine O. Evans 2, Morgan B. Pfeiffer 4, Bradley F. Blackwell 4 & Raymond B. Iglay 2*

Visible and thermal images acquired from drones (unoccupied aircraft systems) have substantially 
improved animal monitoring. Combining complementary information from both image types 
provides a powerful approach for automating detection and classification of multiple animal species 
to augment drone surveys. We compared eight image fusion methods using thermal and visible 
drone images combined with two supervised deep learning models, to evaluate the detection and 
classification of white-tailed deer (Odocoileus virginianus), domestic cow (Bos taurus), and domestic 
horse (Equus caballus). We classified visible and thermal images separately and compared them 
with the results of image fusion. Fused images provided minimal improvement for cows and horses 
compared to visible images alone, likely because the size, shape, and color of these species made 
them conspicuous against the background. For white-tailed deer, which were typically cryptic against 
their backgrounds and often in shadows in visible images, the added information from thermal 
images improved detection and classification in fusion methods from 15 to 85%. Our results suggest 
that image fusion is ideal for surveying animals inconspicuous from their backgrounds, and our 
approach uses few image pairs to train compared to typical machine-learning methods. We discuss 
computational and field considerations to improve drone surveys using our fusion approach.

Drones (small unoccupied aircraft systems or UAS) are increasingly used for monitoring animals, offering 
multiple advantages, including time or cost savings, increased safety over occupied aircraft, and more accurate 
counts than traditional ground-based methods1–4. Drones can also quickly collect large amounts of data at fine 
spatial, spectral, and temporal resolutions. Visible (e.g., red, 650 nm; green, 550 nm; blue, 450 nm) or thermal 
(7.5–14 µm) cameras, yield image or video data that can be used to detect and classify animals either manually 
or autonomously by computers5–8. Human detection (i.e., finding an animal) or classification (i.e., identifying an 
animal) can be tedious, costly, and error-prone leading to lower detection rates and misclassification errors5,9,10. 
Some biologists have used crowd sourcing or citizen science efforts to manually detect and classify animals in 
images11,12, while others are turning to automated detection and classification through machine learning, specifi-
cally deep learning methods like convolutional neural networks (CNN) and computer vision6,13–15.

Automated detection and classification have been found to be more accurate and time efficient than human 
detection and classification in aerial images5,7,9, including citizen science approaches10,14,16. Recent work has 
focused on deep learning methods such as CNN to detect and classify animals in images13–16. However, detection 
and classification can often be difficult, not only because of the absence of prominent distinguishing features13, 
but also uncontrollable factors such as obstruction from overhead vegetation or neighboring animals6,17, confu-
sion between animals and associated ghost images created from the mosaicking process14, or a lack of contrast 
between animals of interest and their background (e.g., cryptic in visible imagery or homogenous temperature 
in thermal imagery; reviewed in6).

High success or accuracy of machine learning in computer vision stems from the availability of substantial 
of labelledimages18. Image labelling or annotation is the process of marking areas in an image (usually with 

OPEN

1Geosystems Research Institute, Mississippi State University, Mississippi State, Mississippi State, MS  39762, 
USA. 2Department of Wildlife, Fisheries, and Aquaculture, Mississippi State University, Box  9690, Mississippi 
State, MS 39762, USA. 3Department of Forestry and Environmental Conservation, Clemson University, Clemson, 
SC  29634, USA. 4U.S. Department of Agriculture, Animal and Plant Health Inspection Service, Wildlife Services, 
National Wildlife Research Center, Ohio Field Station, Sandusky, OH 44870, USA. *email:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-37295-7&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2023) 13:10385  | https://doi.org/10.1038/s41598-023-37295-7

www.nature.com/scientificreports/

a rectangular box, referred to as a ‘bounding box’) with class labels such as animal species. However, large, 
open access databases of annotated animal images from aerial perspectives are lacking to train computer vision 
algorithms to detect and classify animals in drone images. To our knowledge, primary available databases are 
those associated with single studies, which often limit the diversity of species, environments, animal poses, and 
background and color variability surrounding animals captured14. In this low-sample learning scenario, typi-
cal image augmentation techniques (e.g., rotation, scaling, etc.) often do not account for texture variability in 
the object and background19. Meanwhile, computer vision algorithms are tasked with evaluating entire drone 
images, not only the cropped regions, which only contain one animal each. Further, unlike camera trap images20, 
the background is constantly changing among drone images, which makes learning the animal features among 
various backgrounds critical for efficient performance of animal detection and classification in drone images, 
whether manually or with computer vision.

Combining information from multiple sensors (e.g., visible and thermal images) offers another approach to 
improve the distinguishability of an animal from the background21. Image fusion is the process of combining cor-
responding image information on the scale of each pixel or group or pixels from multiple image modalities (e.g., 
visible and thermal images) to generate a single image containing more information than either source image 
alone22. Processing the ‘fused’ image instead of the individual visible or thermal images has shown improved per-
formance among multiple computer vision problems including automated detection and classification in terres-
trial imagery21,23. Unlike deep learning engines, which use only visible imagery to achieve similar results24, large 
quantities of correctly annotated data and ample training resources are often not required for fusion methods.

Fusion of thermal and visible images has been used for a variety of applications, including autonomous driv-
ing (especially in low light situations), surveillance, defect identification, electronic testing, medical imaging, 
and remote sensing25. Fortuitously, many newer drone models and associated imaging sensors are equipped 
with dual thermal/visible cameras capable of collecting both image types simultaneously (e.g., DJI Zenmuse 
XT2). To date, however, image fusion has only been tested in four studies involving animals, including one study 
identifying animals posing hazards to autonomously driven vehicles26, and another to identify livestock from 
unoccupied ground vehicle27. Two additional studies pioneered fusion approaches to identify animal species 
from drone images based on combining visible and thermal data to detect captive white-tailed deer (Odocoileus 
virginianus17) and a few individuals of four species in zoo enclosures28. However, large advances in both com-
mercially available drone sensors and computer vision approaches since these studies provide opportunities to 
improve on their methodology and results.

Fusion of visible and thermal information in drone imagery to automatically detect and classify animals is 
a promising yet relatively untested avenue for improving the efficiency of drone surveys, particularly when few 
images are available for training machine learning algorithms6. We evaluated the performance of image fusion 
of thermal and visible information in drone imagery for three animal species: white-tailed deer, domestic cow 
(Bos taurus), and domestic horse (Equus caballus). We compared performance metrics of eight image fusion 
methods in two deep learning classification networks to automatic classification of test species using visible and 
thermal images alone. Finally, we discuss computational and field considerations in using our fusion approach 
to maximize the information gained from drone surveys that could be scaled up across a range of animal spe-
cies and conditions.

Methods
Study area.  We collected study images among research facilities located at Mississippi State University, USA 
in 2021 and 2022 (Supplementary Fig. S1 online). We used deer enclosures on the Forest and Wildlife Research 
Center (33.439 N, −88.791 W) and paddocks on the H. H. Leveck Animal Research Center (33.436 N, −88.797 
W), which is part of the Mississippi Agricultural and Forestry Experiment Station.

Drone data collection.  We captured images of white-tailed deer, domestic cattle, and domestic horse 
(hereafter deer, cow, and horse, respectively), during diurnal hours using a DJI Zenmuse XT2 (8-mm visible and 
25-mm thermal lenses) mounted on a DJI Matrice 200 V2 quadcopter (SZ DJI Technology Co., Ltd., Shenzen, 
China). Flights were conducted by a Part 107 certified remote pilot (FAA 2016) through the DJI Pilot app on a 
Samsung T500 tablet (Samsung Electronics America, Inc., Ridgefield Park, New Jersey, USA) with the sensor 
in nadir position (i.e., 90° or straight down). We used either autonomous flights with a lawnmower pattern 
with > 50% overlap, or conducted manual flights, at 30–121 m altitude above ground level (6.9–28.4 mm Ground 
Sampling Distance) to simultaneously collect visible and thermal images during missions associated with other 
UAS efforts. Collected images were stored in the open-source Aerial Wildlife Image Repository-AWIR (https://​
proje​ctpor​tal.​gri.​mssta​te.​edu/​awir/). Methods were approved by NWRC IACUC Number QA-3267 and MSU 
IACUC (i.e., methods reviewed but no protocol necessary), and we followed all relevant guidelines and regula-
tions for data collection.

Image processing.  Input data totaled 164 images, including 68 images with 265 cows, 53 images with 77 
deer, and 43 images with 136 horses (Table 1). From collected images, we first identified image pairs in which one 
or more animals were present. To maximize variation of animals in our dataset for training fusion methods, we 
omitted sequential images of the same animal without pose variation in the same series of images on the same 
day. Second, we annotated images by manually drawing bounding boxes around each animal object and label-
ling them to species. Finally, because thermal (640 × 512 pixels) and visible (4000 × 3000 pixels) images were of 
different sizes, we aligned the smaller thermal images by upscaling and translating them with the corresponding 
region of the larger visible image using image registration procedures29–31 (see Supplementary Information Sect.  
1.1 online) to obtain a final pixel size of 1792 × 1434 pixels for all images.

https://projectportal.gri.msstate.edu/awir/
https://projectportal.gri.msstate.edu/awir/


3

Vol.:(0123456789)

Scientific Reports |        (2023) 13:10385  | https://doi.org/10.1038/s41598-023-37295-7

www.nature.com/scientificreports/

Image fusion.  After respective pairs of visible and thermal images were acquired and registered, their infor-
mation was combined through fusion before splitting the dataset for training and classification (Fig. 1a, see Sup-
plementary Information Sect. 1.2 online). The image fusion portion of our process followed three general steps 
for visible and thermal images in each pair: (1) transform both images to a different feature space, (2) merge the 
information from both images to create the fused image in the transformed feature space, and (3) reconstruct the 
fused image by an inverse transform of merged information. For some fusion approaches (optimization-based), 
transforms during the first step were not applied and only the second step occurred.

To compare the performance of fusion methods to visible or thermal images to detect and classify animals, 
we tested eight different image fusion methods: four multi-resolution-based approaches, two optimization-
based approaches, and two hybrid approaches. We evaluated the following multi-resolution-based approaches: 
(1) guided filter, (2) Laplacian/Gaussian pyramid (LP), (3) singular-value decomposition (SVD), and (4) sparse 
representation (sparse; Fig. 2). Multi-resolution approaches transform the original image in multiple scales, 
where the amount (resolution or number of pixels) and type (approximation, detail) of information differs in 
each scale (Fig. 1b). Image fusion was then performed in each corresponding scale in the transform space. We 
also used two optimization-based fusion methods, Gradient and total variation distance (TVM). Optimization-
based approaches conduct fusion of visible and thermal images at the pixel level to optimize a chosen criterion 
without image transformation. Finally, we used two hybrid fusion methods, a wavelet (WL) plus TVM hybrid 
approach (WL + TVM) and a WL plus swarm hybrid approach (WL + Swarm). Hybrid approaches first transform 
the image to a multi-resolution representation and then fuse in the transform space based on an optimization 
criterion, combining some aspects of both multi-resolution and optimization-based approaches.

Object detection and classification.  You Only Look Once (YOLO) is a popular deep learning-based 
object detection architecture. YOLO’s key idea is to frame object detection as a regression problem, thus pre-
dicting bounding boxes and confidence probabilities in a single pass of the image through the neural network. 
This one-shot algorithm excels both in accuracy and speed. By considering multiple scales and aspect ratios, 
YOLO can handle objects of various sizes and shapes efficiently. YOLO has undergone several iterations with 
latest being YOLOv8. The newer YOLOv7 also provides focal loss, ideal for identifying small objects but also 
computationally intense compared to YOLOv5. After image fusion, we used YOLOv532,33 and YOLOv734 to 
automatically detect and classify objects. Objects evaluated in this study were annotated areas in images. Objects 
included animals (i.e., animal objects) or non-animals such as annotations by us or incorrect annotations by 
YOLO architectures (i.e., false positives; see Evaluation criteria for more information). We annotated all animal 
objects in our image dataset with ground-truth bounding boxes.

We used an approximate 70–10–20% split of images for training–validating-testing classification architec-
tures among species. The same training–validating-testing data were used between classification networks to 
allow for cross-comparison with our annotated animal objects. However, in the testing procedure, we provided 
full images without annotations, which often contained multiple animal objects. The trained architectures then 
created bounding boxes around objects detected as animals and provided the classification of each object in the 
output. Both architectures were trained and tested on Google Colab Pro using GPU acceleration, using at least 
100 Intel Xeon CPUs with a frequency of 2.30 GHz, allocating an average 38 GB of GPU RAM. Because most 
drone images are larger (our final images were 1792 × 1434 pixels) to cover a large field of view for survey and 
other applications than typical segmented images processed by these architectures (256 × 256 pixels), our larger 
image sizes and different network architectures on the same computing resources permitted a maximum batch 
size of 12 for YOLOv7 and 16 for YOLOv5, using 135 and 100 epochs, respectively. Additional details are avail-
able in Supplementary Information Sect. 1.3 online.

Evaluation criteria.  We evaluated the performance of fusion methods based on metrics of (1) animal object 
quality and (2) classification accuracy (additional details available in Supplementary Information Sect.   1.4 
online). We used our annotated animal objects in our test image dataset to evaluate animal object quality met-
rics of entropy, mutual information, and a gradient-based Petrovic metric. Entropy is the average number of bits 
per pixel needed to represent an image region35, or the animal object within a bounding box for our purposes. 
A higher value of entropy implies a larger amount of information in the image region, which typically improves 
differentiation of animal objects from their respective backgrounds. Mutual information (bits per pixel) repre-

Table 1.   Numbers of images (Images) and individual animal objects (Objects) within images used for 
training, validation, and testing fusion methods for automated classification of domestic cattle (Bos taurus), 
white-tailed deer (Odocoileus virginianus), and domestic horses (Equus caballus) from images taken by a drone 
(unoccupied aircraft system or UAS).

Category Cow Deer Horse

Training images 51 38 28

Training objects 218 61 88

Validation images 4 5 5

Validation objects 16 5 18

Test images 13 10 10

Test objects 31 11 30
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sents the amount of information transferred from an individual image (visual or thermal) to the fused image. 
The two values of mutual information from the visual and thermal images were summed; higher values were 
preferred and indicated that a larger amount of useful information was transferred to the fused image compared 
to lower values35. The gradient-based Petrovic metric is a unitless measure of edge preservation ranging from 
0 to 136,37. Values closer to 1 indicated higher preservation of edge information compared to values closer to 0 
because the visual perception of an object is first based on identifying its edges. Thus, details in the pixels at the 
edges of an object contain most of the information comprising its shape compared to middle regions22, as is the 
case for animals in our drone images. To visualize patterns and compare the performance of fusion metrics, we 
created plots of all three metrics of image quality for each animal object (entropy) or object pair (mutual infor-

Figure 1.   Workflow for fusion of thermal and visible images for learning-based animal object detection and 
classification from drone (unoccupied aircraft system or UAS) imagery (a) and a depiction of the Lalacian 
fusion algorithm used showing the layer coefficients and block wise coefficients combining in the approximation 
layer as well as the reconstructed image (b).
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mation, Petrovic metric) in our dataset. Because these metrics are specific to their respective backgrounds within 
bounding boxes, we represented them as values for individual animal objects and did not average them across 
fusion methods for comparison.

Metrics of classification accuracy were computed based on comparing classification of animal objects in 
images without bounding boxes by architectures after training to original images containing bounding boxes that 
were manually drawn (ground truth) during image processing. We computed precision, recall, and mean average 
precision (mAP50; an additional measure of accuracy) as performance metrics of classification. Mean average 
precision (mAP) measured the correctness of animal detection (i.e., bounding box around animal object) and 
animal classification (i.e., species identification) for objects annotated by architectures in the test image dataset. 
Greater mAP values indicate greater model accuracy in animal detection and classification. For mAP50, a 50% 
threshold was considered for intersection over union (i.e., the overlap or intersection of predicted boundaries and 
actual animal boundaries; more information available in Supplementary Information Sect. 1.4). These metrics 
rely on three scenarios of correct or incorrect detection and classification to define38. Correct detections (draws 
a bounding box around the animal object) and classifications of target species (deer, cow, horse) by respective 

Figure 2.   Comparison of aerial imagery captured by drone (unoccupied aircraft system or UAS) containing 
white-tailed deer (Odocoileus virginianus; series 1), cow (Bos taurus; series 2), and horse (Equus caballus; series 
3) among visible (a) and thermal (b) images and eight fusion methods: guided filter (c), Laplacian (d), SVD (e), 
sparse (f), gradient (g), TVM (h), WL + Swarm (i), and WL + TVM (j).
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models (combinations of fusion methods and classification architectures) are defined as true positives. False posi-
tives occur when the respective model correctly detects (draws a bounding box around an object) but incorrectly 
classifies that object in an image as the target species, such as a different species (Fig. 3a) or inanimate object 
(Fig. 3b). False negatives occur when the respective model does not detect an individual of the target species 
when it occurs in an image (Fig. 3b). Accordingly, precision measures the proportion of true compared to false 
positives that the model correctly predicted, calculated as:

Recall measures the proportion of true positives compared to false negatives that the model correctly pre-
dicted, calculated as:

Typically, overall accuracy considers false positives and negatives and is often defined as true positives divided 
by the sum of true positives, false positives, and false negatives (e.g.14). Similarly, we evaluated accuracy by com-
paring (1) human-drawn bounding boxes containing correctly classified animals (ground truth) to (2) objects 
in a bounding box automatically drawn and classified from respective model output (predicted). However, 
models did not necessarily draw the bounding box to entirely encompass the animal. Thus, models required a 
threshold of the number of overlapping pixels to evaluate if the bounding box adequately captured the animal 
object compared to the manually drawn, correct classifications (e.g., 60%, 80%, overlap with true positives; see 
Supplementary Information Sect. 1.4 online for additional information regarding intersection over union). 
Accordingly, we used mAP50 (mean average precision with a threshold overlap of 50%) as an alternative but 
accepted metric of accuracy, because it accounted for precision and recall while computing an average value for 
the overlap of predicted and ground truth bounding boxes for a range of values38. To further evaluate fusion 
methods and compare them to visible and thermal results alone, we ranked results for each fusion method with 
visible and thermal results using mAP50 for each animal species and classification architecture. We then summed 
the rank scores (1–10) among species and architectures, using the lowest score to determine the best performing 
fusion methods in context of visible and thermal results.

Results
Between architectures, YOLOv5 (Table 2) outperformed YOLOv7 (Table 3) overall among metrics and animals 
in visible and thermal images, as well as among fusion methods. Although mAP50 for YOLOv7 was poor overall, 
we report results for both architectures to demonstrate that some fusion methods provided improvement for 
animal classification beyond visible and thermal results alone.

Object quality.  Metrics of image quality for entropy indicated that Sparse and WL + TVM consistently pro-
vided more information than visual (Fig. 4a) and thermal (Fig. 4b) alone, indicating these fusion methods better 
characterized the animal object compared to the background than unfused images or other fusion methods. For 
cows and horses, Sparse had the highest entropy values in 54.5–75.0% of animal objects, respectively, compared 
to 18.8–22.7% of animal objects for WL + TVM. For deer, in contrast, WL + TVM had the highest entropy values 
(70.0% of deer objects) compared to Sparse (20.0%). Sparse, WL + TVM, and Guided filter had consistently high 
values for mutual information (Fig. 4c), indicating they transferred more information from visible and thermal 

(1)Precision =
true positives

true positives + false positives

(2)Recall =
true positives

true positives + false negatives

Figure 3.   Examples of false positives regarding misclassification (a,b), and false negatives as non-detection or 
target animal (b). Two of three white-tailed deer (Odocoileus virginianus) were misclassified as cows (Bos taurus, 
a), and two hay bales were classified as cows (b, red boxes). The false negative occurred when the target animal 
(white-tailed deer, yellow box) was not detected (b).
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images to fused images. Like entropy results, Sparse had the greatest values of mutual information for cows and 
horses (54.5–75.0% of animal objects, respectively) versus deer (20.0%) compared to WL + TVM (cows,18.8%; 
horses, 22.7%; deer, 80.0%). The Guided filter method performed best for mutual information in 6.8% of cow 
objects, 9.4% of horses, and no deer. Results for the Petrovic metric were approximately the same for all three 
animal species, and all but the SVD method performed similarly well (Fig. 4d), indicating consistent preserva-
tion of edge information of animal objects among fusion methods. The following four fusion methods had the 
greatest values for the Petrovic metric for all three animal species: TVM (34.4–40.0% of animal objects), Guided 
filter (25.0–27.3%), WL + TVM (15.0–15.9%) and Sparse (9.1–15.6%).

Object detection and classification.  Classification accuracy (mAP50) of cows for YOLOv5 was 16% 
higher in visible compared to thermal images (Table 2). Only Sparse improved overall accuracy beyond the 
performance for visible images alone (Table 2). In contrast, for YOLOv7, classification was about 85% better in 
thermal compared to visible images (Table 3). Classification improved over thermal images with three fusion 
methods (WL + TVM, 25%; Sparse, 23%; Gradient, 15%), and minimally with Guided filter (2%, Table 3).

For deer, classification accuracy was similar for visible and thermal images with YOLOv5 (i.e., < 2% increase 
from visible to thermal; Table 2). Four fusion methods provided considerable improvement (TVM, 21%; Sparse, 
13%; WL + Swarm, 10%; Gradient, 9%), and one method (LP, 4%) provided minimal improvement compared to 
visible and thermal results (Table 2). For YOLOv7, visible was never accurate but increased fivefold for thermal 
(Table 3). Fusion improved classification of deer substantially over thermal results with the LP (67%) and Gradi-
ent (13%) methods (Table 3).

Classification accuracy of horses was near 100% for both visible and thermal images for YOLOv5 (Table 2). 
Among fusion methods, only Guided filter improved results beyond visible results (Table 2), although the gain 
was minimal (1% for visible, 3% for visible). For YOLOv7, visible improved accuracy 13% compared to thermal 
(Table 3). Among fusion methods, Sparse provided substantial gains in overall accuracy (21% improvement to 
visible), whereas Gradient and WL + TVM provided minimal (< 2%) gains compared to visible results (Table 3).

Table 2.   Classification accuracy metrics of domestic cattle (Bos taurus), white-tailed deer (Odocoileus 
virginianus), and domestic horses (Equus caballus) for visible, thermal, and eight fusion methods for YOLOv5 
learning module from images taken by a drone (unoccupied aircraft system or UAS). GF guided filter method, 
LP Laplacian method.

Class

Classification accuracy

Metric Visible Thermal GF LP SVD Sparse Gradient TVM WL + Swarm WL + TVM

Cow

Precision 0.88 0.73 0.79 0.85 0.58 0.87 0.77 0.81 0.84 0.72

Recall 0.75 0.75 0.75 0.80 0.14 0.80 0.66 0.85 0.84 0.65

mAP50 0.89 0.77 0.83 0.88 0.16 0.93 0.69 0.84 0.86 0.74

Deer

Precision 0.72 0.81 1.00 0.74 1.00 0.72 0.77 0.61 0.73 0.52

Recall 0.44 0.56 0.44 0.63 0.00 0.67 0.56 0.86 0.72 0.78

mAP50 0.63 0.64 0.56 0.66 0.01 0.72 0.69 0.77 0.70 0.62

Horse

Precision 0.95 0.93 0.89 0.93 0.67 1.00 0.92 0.87 0.90 0.93

Recall 0.93 0.92 1.00 0.93 0.87 0.93 0.77 0.87 0.87 0.88

mAP50 0.99 0.97 1.00 0.95 0.89 0.99 0.95 0.95 0.95 0.96

Table 3.   Classification accuracy metrics of domestic cattle (Bos taurus), white-tailed deer (Odocoileus 
virginianus), and domestic horses (Equus caballus) for visible, thermal, and eight fusion methods for YOLOv7 
learning module from images taken by a drone (unoccupied aircraft system or UAS). GF guided filter method, 
LP Laplacian method.

Class

Classification accuracy

Metric Visible Thermal GF LP SVD Sparse Gradient TVM WL + Swarm WL + TVM

Cow

Precision 0.26 0.35 0.53 0.38 0.16 0.54 0.41 0.00 0.32 0.37

Recall 0.45 0.65 0.62 0.45 0.25 0.75 0.70 0.00 0.54 0.80

mAP50 0.26 0.48 0.49 0.37 0.10 0.59 0.55 0.00 0.47 0.60

Deer

Precision 1.00 0.55 0.99 0.78 0.00 0.68 0.52 1.00 0.67 0.33

Recall 0.00 0.55 0.44 0.77 0.00 0.33 0.67 0.00 0.57 0.50

mAP50 0.00 0.51 0.50 0.85 0.00 0.37 0.62 0.00 0.44 0.46

Horse

Precision 0.26 1.00 0.46 0.50 0.00 0.41 0.54 0.80 1.00 0.70

Recall 0.87 0.27 0.47 0.40 0.67 0.80 0.47 0.53 0.27 0.47

mAP50 0.53 0.47 0.44 0.44 0.24 0.64 0.54 0.52 0.50 0.54
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Figure 4.   Plots of four metrics of image quality for 96 animal objects of domestic cattle (Bos taurus, cow), 
white-tailed deer (Odocoileus virginianus), and domestic horses (Equus caballus) in drone (unoccupied aircraft 
system or UAS) images automatically detected and classified using visible, thermal, and fused images produced 
by eight fusion methods. Animal objects on the x-axis do not correspond to the same individuals in each plot 
and are ordered in each plot to aid in interpreting the relative performance of fusion methods. Entropy values 
(bits/pixel), a measure of object information compared to the background, are ordered from descending to 
ascending values based on visible values (a) and thermal values (b). Values for mutual information (bits/pixel), 
a measure of the amount of information transferred from an individual image (visual or thermal) to the fused 
image (c), and the Petrovic metric (d), a measure of edge-preservation from 0 to 1 (unitless, shown on log scale), 
are ordered from descending to ascending values based on the values of a middle-ranked fusion method for this 
metric (Laplacian) and do not contain values for visible or thermal images.

Table 4.   Ranking of animal classification results based on overall accuracy (mAP50) for domestic cattle (Bos 
taurus, cow), white-tailed deer (Odocoileus virginianus, deer), and domestic horses (Equus caballus, horses) for 
visible, thermal, and eight fusion methods for YOLOv5 and YOLOv7 learning modules from images taken by 
a drone (unoccupied aircraft system or UAS). Numbers in parentheses indicate ties in rank for corresponding 
numbers and methods.

Rank

YOLOv5 YOLOv7

Cow Deer Horse Cow Deer Horse

1 Sparse TVM Guided filter WL + TVM Laplacian Sparse

2 Visible Sparse Visible (2) Sparse Gradient Gradient (2)

3 Laplacian WL + Swarm Sparse (2) Gradient Thermal WL + TVM (2)

4 WL + Swarm Gradient Thermal Guided filter Guided filter Visible

5 TVM Laplacian WL + TVM Thermal WL + TVM TVM

6 Guided filter Thermal Laplacian (5) WL + Swarm WL + Swarm WL + Swarm

7 Thermal Visible Gradient (5) Laplacian Sparse Thermal

8 WL + TVM WL + TVM TVM (5) Visible Visible (8) Guided filter (7)

9 Gradient Guided filter WL + Swarm (5) SVD SVD (8) Laplacian (7)

10 SVD SVD SVD TVM TVM (8) SVD
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Rankings based on overall accuracy (mAP50) for animal classification among animals and architectures 
for fusion methods indicated that Sparse was the highest-ranking fusion method (Table 4), with the lowest 
rank score (15), followed by Gradient (25). The LP and WL + TVM methods ranked equally (28), followed by 
WL + Swarm (29), just above the rank score for visible and thermal results (30). Guided filter (31) and TVM 
(33) ranked below visible and thermal results (Table 4). SVD (51) was consistently poor and typically ranked 
last in most tests (Table 4).

Discussion
Our results further promote fused thermal and visible imagery for improved detection and classification of ani-
mals in drone imagery as initially explored in two previous studies17,28. Broadening past approaches, we found 
that some fusion methods increased both image quality and classification metrics consistently over thermal and 
sometimes visual results alone, but these results differed by animal species. For deer, the most accurate fusion 
methods substantially increased classification accuracy over visible and thermal images alone. However, the 
most accurate fusion methods provided little improvement over classification of cows and horses from visible 
images alone. These differences are likely explained by the contrasting search images of the animals we surveyed, 
suggested in two previous studies17,28. Cows and horses were typically conspicuous in visible images compared 
to deer, which were more cryptic against their respective backgrounds and required additional thermal infor-
mation for classification. Our results suggest that for cryptic species such as deer, the fusion of information in 
thermal and visible images improves classification over either image type alone. Understanding the tradeoffs in 
using fusion compared to visible images alone for automated animal classification can improve the results and 
efficiency of drone surveys among animal species that differ across a gradient of conspicuous to cryptic against 
their respective backgrounds.

Intrinsic (e.g., animal size, color, and shape) and extrinsic (e.g., image background and shadows) factors can 
influence accurate automated classification of animals7,8,17,28,39. If size, shape, color, or a combination of these 
or other features are distinctive, visible images often contain most of the identifying characteristics needed to 
accurately identify animal species, at least during diurnal periods with adequate lighting8,17,28,39. Cows and horses 
in our study represented large-bodied mammals with distinctive body shapes and colors against open pastures 
or contrasting color backgrounds. Larger animals in images comprise more pixels than smaller animals at the 
same ground sampling distance (GSD), providing more information and often better classification performance 
for automated approaches28,39. Similarly, distinct differences in body shape or appendages (e.g. beaks, hooves, 
antlers, etc.) can also provide information used to automatically classify animals to species28,39. Color contrast 
with background environments, like our black and brown cows and horses against a green pasture has also been 
shown to improve automatic detection and classification of animals7,8,17,28,39. A combination of the above factors 
likely explains our findings for cows and horses, where fusion methods provided minimal, if any, gains in clas-
sification performance compared to visible results alone.

In many natural situations encountered during surveys using visible imagery, animals have little to no contrast 
with surrounding environments , are partially obstructed, or occur in low light conditions6,17,28. In such cases, 
thermal images provide critically important complementary information needed for detection or classification 
of species, such as animal heat signatures against typically cooler ambient backgrounds6,7,17,28. None of the deer 
in our images were obstructed, but many (~ 60%) occupied shadowed areas. Thermal images alone provide little 
classification information for animals of similar sizes absent distinct shape features, such as large mammal species 
in our study. This lack of information is particularly evident in drone images recorded at higher flight altitudes 
because animals typically appear as indistinct color clusters against the ambient background and provide few 
distinguishing features28. Hence, our observed poor classification results for thermal images alone compared 
to visible results alone or fused results. Similarly, automated detection and classification of 5 Gy wolves (Canis 
lupus) and 6 fallow deer (Dama dama) in zoo enclosures was more difficult, due to their cryptic pelage against 
respective backgrounds and similar sizes, compared to 4 American bison (Bison bison) and 3 elk (Cervus canaden-
sis), which were larger and more conspicuous28. Meanwhile, fusion of the two image types helped to improve 
classification for cryptic or shadowed species over visible or thermal alone in our study, resulting in an increase 
in performance for fused images from15–85% for deer, far exceeding fusion results for self-driving cars during 
daytime (5% better than visible alone and 29% better than thermal alone26).

Our study highlights some important methodological and computational constraints, strengths, and potential 
future improvements. Computing resources limited the maximum batch size for YOLOv7, which likely explained 
poorer results for this classification architecture compared to YOLOv5. Using larger batch sizes can increase 
performance for YOLOv740 and is a likely next step for future research. Similarly, future studies could test fusion 
methods in other classification architectures such as CNNs6,13–15 and deep residual networks13.

Sparse and WL + TVM fusion methods performed consistently best for metrics of image quality, but these 
results translated to improved classification of animals only for Sparse, the top-ranking method by far. In con-
trast, WL + TVM ranked slightly better than either visible or thermal results for all three species. In our study, 
we trained our models to consider all three species simultaneously in non-annotated images to correctly detect 
target species, classify them, and exclude detecting or confusing them with other non-target objects. For studies 
of animals automatically classified from drone images, our fusion results represent an improvement compared 
to classifying a single species6,7,14,15, or multiple species limited to annotated boxes where the animal is already 
detected but not classified13. Our methodology and results also extend the utility of fusion approaches for drone 
imagery beyond detection of single species17 and classification among species with a few individuals present in 
the image28. Among fusion methods in our study, Sparse performed consistently well across two classification 
architectures, as well as three image quality and three classification metrics for three mammal species (one 
cryptic, two conspicuous). Future research could test Sparse performance with other image fusion methods26.
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Our results demonstrate that image fusion is a viable option when images are limited (43–68 images of 77–265 
animal objects in our study) for automated and accurate animal classification taken from visible and thermal 
drone sensors. Studies for other computer vision methods of animal classification from drone images used much 
larger numbers of images including > 900 images for koalas (Phascolarctus cinereus)6, and > 2000 tiles from image 
mosaics for caribou (Rangifer tarandus)14. However, increasing the number of training and testing images could 
also improve fusion results compared to the relatively few images collected for our study, as increasing the num-
ber of pre-classified images available to train models typically leads to better performance38. One solution is to 
use open-source repositories of pre-annotated objects, which provide large numbers of images and benchmark 
datasets for training and standardized comparisons across studies for other fields (e.g. ImageNet18). Such open-
source, collaborative repositories for drone images of wild animals could advance automated classification for a 
variety of animal species; however, to our knowledge, only two such repositories are currently available (OUR14, 
AWIR—this study), Benchmark datasets for animals in drone images would benefit from high variation in image 
backgrounds, animal positions, group sizes, species, color, and other features, each of which typically improves 
performance of classification models, as demonstrated for camera trap studies41,42.

Our fusion results also are indicative of the benefits of employing drones capable of collecting visible and ther-
mal images simultaneously when conducting animal surveys. Classification with fusion methods will yield the 
best results when the survey maximizes information provided by both visible and thermal sensors. Accordingly, 
characteristics of target animal species, environment, and time of day are critical considerations. Surveys that 
target animals that are distinct in size, shape, color, and background contrast relative to each other, will provide 
the most information for accurate detection and classification in visible images13,28,39. Endothermic compared 
to ectothermic animals will typically provide the most heat contrast of body compared to ambient temperatures 
in thermal images, unless ambient temperature is high6,7,15,17.

For visible images, conducting surveys at midday can minimized potential effects of shadows, which can 
hide or confuse detection in these images43,44. In contrast, in some instances shadows can enhance detection10. 
However, activity for endothermic animals is often greater in crepuscular periods, which could improve detection, 
but might also cause errors in double-counting animals14,45. For thermal surveys, early mornings provide the 
coolest temperatures compared to other times of day, even in warm environments where the image background 
approaches or exceeds the surface temperatures of endothermic animals6,7,15,17. Thus, conducting surveys in the 
morning in warm environments will likely maximize the benefit of heat contrast with target endothermic animals 
for thermal images and detection of these animals in visible images. If shadows do not enhance detection10, our 
results indicate that the fusion of both image types will offset potential drawbacks in decreased animal detec-
tion in shadows of visible images due to gains in information from fusing visible with thermal images leading 
to improved classification accuracy. Other image processing possibilities, particularly targeting ectotherms, 
include incorporation of algorithms utilizing color correlation measurements found in some camera trap sys-
tems (e.g.46). In other environments or seasons where the contrast between ambient temperatures and animal 
body temperatures are high, time of day may not be important for surveys or may be dictated by the constraints 
of animal behavior or other logistics. Additionally, using higher-resolution sensors or flying drones at lower 
altitudes can improve classification results or permit accurate classification of smaller animals11,39. Our results 
indicate that fusion methods are promising to advance automated detection and classification of animals from 
drone surveys, particularly for cryptic animals.

Data availability
Imagery collected and analyzed are available as unprocessed image pairs (with EXIF) in the Aerial Wildlife Image 
Repository (https://​proje​ctpor​tal.​gri.​mssta​te.​edu/​awir/). Code developed to generate Fusion modules will be 
made available in Github. Classification architectures were cloned from https://​github.​com/​ultra​lytics/​yolov5/​
relea​ses/​tag/​v6.1 for YOLOv5 and https://​github.​com/​WongK​inYiu/​yolov7 for YOLOv7.
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The value of infrared thermography for research on mammals:
previous applications and future directions

DOMINIC J. MCCAFFERTY
Department of Adult and Continuing Education, Faculty of Education, University of
Glasgow, 11 Eldon Street, Glasgow G3 6NH, UK

ABSTRACT
1. Infrared thermography (IRT) involves the precise measurement of infrared radiation
which allows surface temperature to be determined according to simple physical laws. This
review describes previous applications of IRT in studies of thermal physiology, veterinary
diagnosis of disease or injury and population surveys on domestic and wild mammals.
2. IRT is a useful technique because it is non-invasive and measurements can be made at
distances of <1 m to examine specific sites of heat loss to >1000 m to count large mammals.
Detailed measurements of surface temperature variation can be made where large numbers of
temperature sensors would otherwise be required and where conventional solid sensors can
give false readings on mammal coats. Studies need to take into account sources of error due
to variation in emissivity, evaporative cooling and radiative heating of the coat.
3. Recent advances in thermal imaging technology have produced lightweight, portable
systems that store digital images with high temperature and spatial resolution. For these
reasons, there are many further opportunities for IRT in studies of captive and wild mammals.

Keywords: disease, infrared thermography, injury, population surveys, temperature
measurement, thermal physiology

Mammal Review (2007), 37, 207–223
doi: 10.1111/j.1365-2907.2007.00111.x

INTRODUCTION
Infrared thermography (IRT) involves the precise measurement of infrared radiation emitted
by an object, which allows the surface temperature to be determined according to relatively
simple physical laws and known properties of the surface (see Speakman & Ward, 1998).
Specialized thermographic cameras produce images that show the variation in temperature of
a surface by representing different temperatures with a grey or coloured shaded scale (Fig. 1).
Although thermal imaging was developed principally for industrial, medical and military
applications (Burnay, Williams & Jones, 1988), it has been used to study many animal groups
including insects, reptiles, birds and mammals (see McCafferty et al., 1998).

Infrared thermography can examine many different aspects of thermal physiology, diag-
nose injury and disease and is a useful technique for counting animal populations. The great
advantage of IRT in animal research is that measurements can be made without touching or
disturbing the animal and depending on the instrument type and application, measurements
can be made either at close range (<1 m) or at large distances (>1000 m). Detailed measure-
ments of the temperature variation of mammals can be made where large numbers of
temperature sensors would otherwise be required. Conventional solid probes can also give

Correspondence: D. J. McCafferty. E-mail:
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false readings due to the difference in heat capacity between sensor and coat or through
disruption of the hair fibres by sensors (Cena, 1974; Mohler & Heath, 1988). Previously, Cena
& Clark (1973) outlined important theoretical aspects of this technique for research on
domestic and zoo animals, Yang & Yang (1992) reviewed biomedical and veterinary appli-
cations and Speakman & Ward (1998) gave an account of the principles of IRT and dem-
onstrated its usefulness for studying thermoregulation. More recently, Kastberger & Stachl
(2003) highlighted several interesting veterinary and physiological applications.

L1
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60.0 °C
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50

FLIR Systems
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L1 20.0 57.9 40.3

(a)
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Fig. 1. Photograph (a) of Grant’s
zebra Equus burchelli boehmi with
corresponding infrared image (b) in
full sun. The temperature profile L1
displayed in the graph below (c)
shows the variation in temperature
across the body, with black stripes
more than 10 °C warmer than white
striped areas of the coat. Mean air
temperature = 28.3 °C, relative
humidity = 44%, solar
radiation = 860 Wm-2 and wind
speed = 0.3 ms-1.
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The aim of this review was to examine the value of thermal imaging for research on
non-human mammals. In particular, this paper brings together findings from physiological,
ecological and veterinary investigations to generate new ideas on how to use IRT to inves-
tigate wild mammal populations. This review is timely given recent advances in thermal
imaging technology and a reduction in the cost of these devices, both of which will provide
future research opportunities.

APPLICATIONS
For this review, a literature search was undertaken using ISI Web of KnowledgeSM (http://
wok.mimas.ac.uk/). This was followed by compiling a reference list from each of these papers
to include older studies that may not have been listed in current electronic databases and
supplementing these with other known studies. This is therefore not an exhaustive list as this
is a widely used technique, but it is likely to cover a large proportion of the main empirical
studies to date. For the purposes of this review, studies on humans and closely related clinical
applications were not considered.

Seventy-one empirical studies using IRT on mammals since 1968 (Tables 1–3) were exam-
ined. These studies involved domestic and wild mammals from 11 mammalian orders. Two-
thirds of the studies involved terrestrial species and a third were on aquatic mammals, mostly
marine species. These included 34 studies on thermal physiology (48%), 19 involving veteri-
nary diagnosis of disease and injury (27%) and 18 population surveys (25%). Seventy per cent
of studies were on captive mammals.

Thermal physiology
Infrared thermography has been used to examine many different aspects of thermoregulation
(Table 1) and much of this work has focused on identifying parts of the body with relatively
high temperature which can be related to an animal’s anatomy and physiology. This has
signaled that the head is a major source of heat loss for most species of mammals and also
identified the importance of appendages in controlling heat loss. These studies demonstrate
the clear link between surface temperature and underlying blood circulation and brown
adipose tissue, as well as the role of fur in reducing heat loss from the skin surface. Many
studies have examined the relationship between body surface temperature and air tempera-
ture. However, a novel approach with IRT has been to examine the relationship between
environmental temperature and the sensitivity of vibrissal follicles in seals and dolphins
(Dehnhardt, Mauck & Hyvärinen, 1998; Mauck, Eysel & Dehnhardt, 2000). These studies
demonstrated that even in the cold, blood is circulated to these areas to maintain the function
of these essential sensory organs.

A major strength of IRT is its ability to relate changes in surface temperature to particular
physiological states or associated with certain behaviours such as huddling or vocalization.
Recent studies have also shown that IRT is capable of detecting surface temperature changes
in response not only to physical activity but also to fear. Particularly significant were the
findings of Nakayama et al. (2005) which showed that changes in facial surface temperature
patterns of Rhesus monkeys Macaca mulatta occurred in response to the threat of capture.
IRT is particularly suited to examining changes in surface temperature during activities such
as running, flying and even swimming. The latter application on marine mammals was an
interesting applied study to examine the significance of changes in circulation associated with
exercise in dolphins when chased and captured in the Pacific tuna fishery (Pabst et al., 2002).
This study found that dolphins increased their rate of heat dissipation from dorsal fins to the
environment from the start of the chase. During prolonged chases, animals had higher skin
surface temperatures, presumably as a result of greater blood flow to these areas.

The value of infrared thermography for research on mammals 209
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Thermal imaging is also a useful tool for refining research methods, for example as a guide
for the placement of heat flux sensors to study metabolic heat production of Steller sea lions
Eumetopias jubatus (Willis et al., 2005) and to determine the effects of attaching bio-logging
devices to the pelage of grey seals Halichoerus grypus (McCafferty, Currie & Sparling, 2007).

Veterinary diagnosis of disease and injury
Infrared thermography has largely been a diagnostic tool in veterinary science in combination
with other indicators of disease. A major application of this technique has been to diagnose
injury and disease in horses and there have been several useful studies detailing factors
influencing normal temperature distributions and outlining appropriate measurement proto-
cols (see review by Eddy et al., 2001). Abnormal or asymmetrical temperature distributions
have been used as indicators of underlying problems with blood circulation or inflammatory
responses (Table 2).

The non-invasive nature of IRT makes it particularly suited for studying farm animal
welfare (see review by Stewart et al., 2005). Studies have examined the extent and duration of
inflammation observed on branding sites, effects of antler removal, changes in the thermal
status of cattle during transportation, detecting hoof disorders and rises in body temperatures
due to infection. An interesting veterinary application has been to detect estrus in cows by
examining temperature distribution of the gluteal region. In this case, IRT was more effective
than experienced dairy staff in detecting estrus in early stages but was less accurate in later
postpartum due to a greater number of false positives (Hurnik, Webster & DeBoer, 1985).

Thermal imaging on captive species other than horses and cattle is less common, although
Kouba & Willard (2005) reported anecdotally how IRT was being used to monitor a range of
illnesses in zoo species. One of the first attempts to use IRT to detect disease in a wild
mammal population was undertaken to diagnose sarcoptic mange in wild Spanish ibex Capra
pyrenaica. Unfortunately, this was found to be not as affective as visual observation due to
the limitations of the thermal imaging system used for distances greater than 100 m (Arenas
et al., 2002).

Population surveys
A variety of thermal imaging devices have been used from aircraft or road vehicles to detect
and/or count large mammals (Table 3). This application does not require precise temperature
measurements but simply detects individuals or dens by a warm signal against a cool back-
ground. IRT has been used in this way for counts of deer and pinnipeds. Thermal imaging has
also been able to detect the blows of large whales. For example, a remotely operated thermal
imaging system from a shore based station was used to count Pacific grey whales Eschrichtius
robustus over a period of a month and across three years. Numbers of whales were detected
from their blows and showed that migration rates were greater during the night than through-
out the day (Perryman et al., 1999). Although IRT was also found to be effective in detecting
relatively small mammals, transect surveys on foot with handheld infrared cameras have been
less commonly used in the past, most probably limited by the relatively large size of imaging
systems. More recently, counts of grey bats Myotis grisescens using IRT have produced
colony estimates similar to those counted visually and have opened up possibilities of using
automated systems for monitoring purposes (Sabol & Hudson, 1995).

These studies demonstrate the usefulness of using thermal imaging to survey remote
geographical areas. Similar to conventional aerial photography, thermal imaging from aircraft
can be hindered by cloud cover since infrared radiation is absorbed by water vapour. The
success of the technique relies on a relatively large temperature difference between the study
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animal and the ground surface. This is dependent on the temperature of the ground surface and
the insulation properties of the animal. Surveys using IRT are therefore often undertaken at
night when the thermal contrast between animal and background is greatest. Animals living in
open habitats such as coastal areas or areas with sparse vegetation are suited to aerial survey
methods compared to forest dwelling species. The usefulness for population monitoring relies
on being able to ground-truth thermal imaging counts with visual counts and to choose periods
of the day or season of the year when animals can be most easily detected.

INTERPRETATION OF THERMAL IMAGES
For some applications, such as population counts, accurate temperature measurements of
detected animals are not required. However, for the study of thermal physiology and ener-
getics, the infrared radiation detected by the equipment must be converted to an accurate
estimate of surface temperature. Infrared radiation emitted by bare-skinned animals is gov-
erned by the skin surface temperature but the radiation emitted from most mammals may
originate either from the skin, if this is incompletely obscured by hairs, or from the hairs
themselves. The radiating surfaces of the hairs are at a range of temperatures determined by
the temperature gradient between the skin and the coat surface. The exchange of radiation
may be further complicated by external fluxes that contribute to the heat balance of the hairs.
For an animal with thick fur, the surface temperature measured by IRT is typically several
millimeters beneath the physical surface of the coat. The equilibrium temperature of this
surface is determined by the loss of heat from radiation and convection to the surroundings,
the conduction of heat through the coat and the exchange of thermal and short wave
radiation (Cena, 1974). The radiative environment in which measurements are carried out is
therefore important because of its influence on coat temperature. It has been clearly shown
that different coloured coats influence solar heating at the surface, with black areas of a coat
having greater surface temperatures than white areas in strong sunshine (Cena & Clark, 1973;
Benesch & Hilsberg, 2003). This is clearly seen in infrared images of zebras that show black
stripes to be more than 10 °C warmer than white strips in full sun (Fig. 1). The temperature
pattern does not reflect underlying circulation or large differences in emissivity as the tem-
perature pattern almost disappears after a few minutes in the shade (Fig. 2). Even where solar
radiation is excluded care should be taken to use enclosures that have wall temperatures close
to air temperature to avoid additional radiative heating and avoid small enclosures that
reflect significant amounts of thermal radiation from the animal.

Surprisingly, there have been relatively few comparisons between IRT and solid tempera-
ture probes. In a study of a rabbit pinna, Mohler & Heath (1988) showed that although
thermocouple measurements gave the same trends in surface temperature, thermocouples
consistently recorded higher temperatures when the pinna was vasodilated and recorded
lower temperatures when vasoconstricted. The added value of IRT is its ability to measure
easily the spatial variation in surface temperature and therefore produce more accurate
temperature records of whole body regions.

The surface temperature of a mammal will not only be influenced by its skin temperature
but by the thickness, density and quality of hair covering different parts of the body and this
may differ between individuals and vary due to seasonal moult. Some veterinary studies on
horses have controlled for this by shaving small sections of hair from limbs in order to
determine the temperature of the underlying skin surface (Holah, 1995). This is not feasible
or indeed desirable for most investigations. Studies should therefore take into account these
sources of variation most easily by following the same individual throughout experiments or
by sampling a large group of individuals to account for this variation.
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In order to obtain accurate surface temperature measurements a surface emissivity value is
a required parameter for infrared imaging systems. Bare skin has an emissivity of 0.98 and the
emissivity of dry fur is relatively uniform in mammals, in the range 0.98–1.0 (Monteith &
Unsworth, 1990). The emissivity of the coat can also be changed by dirt or other materials
(e.g. soil = 0.93–0.96 or water = 0.96, Campbell & Norman, 1998). This can be easily
addressed with captive animals by brushing or cleaning coats prior to measurement. Since
radiative heat transfer scales linearly with emissivity and as surface temperature scales to the

L1

20.0

60.0 °C

30

40

50

FLIR Systems

°C

20
22
24
26
28
30
32
34
36
38
40
42
44
46
48
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52
54
56
58
60

Label Min Max Avg

L1 28.4 33.2 31.1

(a)

(b)

(c)

Fig. 2. Photograph (a) of Grant’s
zebra with corresponding infrared
image (b) after 5–10 min in the shade
of a tree. The temperature profile L1
displayed in the graph below (c)
shows the variation in temperature
across the body, with black stripes on
average less than 2 °C warmer than
white striped areas of the coat. Mean
air temperature = 27.4 °C, relative
humidity = 45%, wind
speed = 0.6 ms-1 and solar radiation
was not recorded.
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power of four, these small differences in emissivity can be shown by calculation to account for
less than 0.5 °C difference at typical mammalian coat temperatures. In this case, computer
software for image analysis can be useful in providing error analysis by simply changing the
emissivity of different regions. Alternatively, the temperature of fur with and without dirt/
water can be measured to exclude this source of variation.

Temperature errors associated with alterations in the emissivity of a wet coat are small in
comparison to changes in coat temperature due to evaporative cooling. This is pertinent for
studies on aquatic mammals or animals wet by precipitation in natural conditions. Wetting
leads to an apparent uniformity in surface temperature due to the retention of water in the
coat. In addition, the greater thermal conductivity of water means that heat may be rapidly
conducted from warm parts of the body, particularly as aquatic mammals are seen to leave
the water. Both these factors may obscure the variation in underlying skin temperature. This
can be seen in an image of an adult grey seal recently hauled out from a seawater pool in
captivity, where the temperature of the body corresponds to the temperature of seawater
trapped in the fur (Fig. 3). Care should be taken therefore to ensure that animals are kept dry
or in the case of aquatic mammals, the period of time out of water is standardized. The
influence of wetting may therefore be problematic for studies in the field when accurate
temperature measurements are required. One way to correct for this would be to first
determine rates of drying from animals in captivity (Mauck et al., 2003) or to use heat
transfer models in the laboratory to determine the relationship between surface temperature
and wetting (e.g. McArthur & Ousey, 1994).

Wet environments are not usually a problem for most IR imaging systems because of the
environmental protection/waterproofing of these devices to high industrial standards.
However, water on the lens due to rain or spray is a potential difficulty for accurate temperature
measurements in the field. Pabst et al. (2002) took images from a boat and therefore covered
the lens with polyethylene film and recalibrated the temperature measurements. Similarly,
Tattersall & Milsom (2003) took images through a polyethylene ‘window’ to take images of

5.0

20.0 °C

10

15

FLIR Systems

Fig. 3. Infrared image of female adult grey seal recently hauled out from a seawater pool (background) in
captivity. Note that most of body is at uniform surface temperature corresponding to the temperature of
seawater. The head is warmer than the body trunk as the seal held its head above water prior to leaving the
pool. A small temperature logger for recording stomach temperature is also visible on the centre of the
back. Air temperature = 16.2 °C.
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animals in a metabolic chamber. This is possible over a limited range of temperatures, typical
in animal studies but it should be remembered that this additional coating will alter the spectral
sensitivity of the device.

The detection of radiation by infrared cameras means that curved surfaces are subject to
detection errors compared to flat surfaces. This gives rise to a cool edge effect seen on many
images of animals. For a surface with emissivity of 0.98, the associated temperature error has
been shown to be independent of viewing angle up to about 30° but increased from 0.5 to 3 °C
at 30–70° and was greater than 4 °C at angles above 70° (Watmough, Fowler & Oliver, 1970;
Clark, 1976). If necessary, this can be overcome using a composite image produced from
several images taken from different positions.

FUTURE DIRECTIONS
Developments in technology have meant that infrared imaging devices are now the size of
conventional video cameras or smaller and it is relatively easy to capture and store high-
resolution thermal images in single image or video format. In the past, IR imaging systems
relied on liquid nitrogen cooled detectors that made field studies difficult. Imaging systems
nowadays have electronically cooled detectors allowing them to be easily used in remote
areas. Custom written software is also available that allows rapid image analysis and
summary statistics. Lower cost devices <£10k compared with more advanced systems costing
£30–40k with similar temperature resolution (�0.1 °C) are now becoming available and
therefore there are future opportunities for using IRT in mammal research.

The non-invasive nature of this technique will continue to provide the basis of future
applications and previous studies show that IRT can be used to answer many interesting
research questions. Unique opportunities now exist to examine thermoregulation of wild
mammals in natural conditions. By combining measurements of surface body temperature
with measurements of internal body temperature using implanted temperature loggers or
other physiological parameters such as heart rate (e.g. Butler et al., 1995), we will more fully
understand thermal responses of animals to a range of environmental conditions. Bakken
et al. (2005) have shown in birds that by removing a very small section of plumage to reveal
the skin temperature, cloacal temperature could be estimated to within 1 °C. Although this is
subject to some error, it does provide a method of estimating internal body temperature
without the need for internal temperature loggers that has not often been considered in IRT
applications with mammals. Preliminary reports also suggest that eye temperature recorded
by IRT can be used to determine rectal and vaginal measurements in domestic animals (Sykes
et al., 2006; Willard, Vinson & Godfrey, 2006). If this method can be substantiated further,
then it may provide opportunities of monitoring internal temperature non-invasively in
captive experiments and field studies.

Previous studies have used surface temperature measurements to determine rates of heat
loss and thereby estimate metabolic heat production (e.g. Williams, 1990). As yet, there has
been no evaluation of how accurate these estimates are likely to be for domestic or free
ranging mammals. IRT together with indirect calorimetry could validate heat transfer models
that estimate metabolic costs of mammals. This has indeed been successfully carried out on
captive birds where the metabolic power of flight determined by heat transfer modelling
agreed with measurements using doubly labelled water and mask respirometry (Ward et al.,
1999, 2004). Surprisingly, there have been relatively few IRT studies examining changes in
surface temperature during exercise in mammals. Surface temperatures could parameterise
biophysical models of heat loss that investigate how exercise metabolism compensates for
thermoregulatory costs and determine energy costs associated with locomotion or foraging
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behaviour. However, it should be remembered that although IRT can be used to derive
reasonable estimates of heat loss by convection and radiation from the surface of animals,
heat losses through respired gases (particularly by latent heat loss) must also be considered in
order to estimate total heat loss from the organism.

The absolute accuracy of metabolic rate derived from IRT measurements may be relatively
uncertain unless cross-calibration is made with existing metabolic methods as described
above for birds. However, IRT is of great value in determining relative estimates of metabolic
rate, particularly where natural behaviour does not occur in small metabolic chambers. Ward
& Slater (2005) used this approach to estimate the increased metabolic cost of bird song by
comparing heat loss between singing and non-singing birds in captivity. This approach could
also be used to derive relative energy costs of a wide range of behaviours in the wild.

It is likely that IRT will continue to be a useful tool for the diagnosis of disease and injury
in domestic and zoo animals, used in conjunction with existing veterinary procedures (Head
& Dyson, 2001; Webbon, 2002). The development of small handheld instruments might soon
allow these to be standard pieces of equipment for vets. Given concerns about infectious
diseases among farm animals or within wild animal populations, IRT will be useful for early
detection of disease, if further clinical trials can be undertaken. This may be achieved by
remote monitoring systems such as those outlined by Stewart et al. (2005) that are recording
the eye temperature of cattle with an automated system. The requirement of studies such as
these will be to demonstrate convincingly that surface temperatures strongly correlate with
the occurrence of infection. One of the most exciting opportunities in this area will be to
extend veterinary applications of thermal imaging to study the health of wild mammal
populations. Although an earlier attempt to diagnose disease in wild mammals with IRT was
unsuccessful because of the distances involved (Arenas et al., 2002), this may not apply in all
cases and more appropriate choice of camera lenses may make distance work feasible.

The use of IRT for population monitoring is likely to be limited as much by the cost of
aircraft or ship time as it is by the cost of imaging systems. However, surveys on foot or by
vehicle will be easier with the highly portable imaging systems. IR imaging systems are likely
to be particularly useful for monitoring nocturnal species. There is already considerable
interest in using IRT to monitor large colonies of bats (Sabol & Hudson, 1995; Hristov, Betke
& Kunz, 2005; Reichard, Frank & Kunz, 2005). For this purpose, automated image recog-
nition systems provide the opportunity to monitor large colonies, not easily undertaken using
traditional methods.

CONCLUSION
Infrared thermography has been successfully used in studies of thermal physiology, disease
and population monitoring of captive and wild mammals since the 1960s. Its main advantage
is that it is a non-invasive technique for measuring radiative surface temperature and there-
fore it can be either used to infer underlying circulation that is related to physiology,
behaviour and disease or simply to detect a warm body against a cool background. The major
limitation of this technique is that radiative surface temperature is also influenced by solar
radiation, wetting and evaporation. For accurate temperature measurements in the field, it is
therefore best suited for studies at night or in situations where animals experience low solar
irradiances. Where environmental conditions prevent accurate temperature measurement
comparative studies can still be undertaken provided conditions are equivalent between
groups. For studies in captivity, experimental design should also consider the radiative
environment of housing where measurements are made and also how underlying physiologi-
cal responses and disease may influence surface temperature patterns. Nevertheless, if these
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factors are taken into account, the increased portability and reduced cost of IR imaging
systems provide further opportunities for a range of studies that wish to measure surface
temperature or detect animals non-invasively.
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Conservation Methods

Feasibility of using high-resolution satellite imagery
to assess vertebrate wildlife populations
Michelle A. LaRue,∗ ¶ Seth Stapleton,† and Morgan Anderson‡
∗Department of Earth Sciences, University of Minnesota, 310 Pillsbury Drive SE, Minneapolis, MN 55455, U.S.A.
†Department of Fisheries, Wildlife and Conservation Biology, University of Minnesota, St. Paul, MN 55108, U.S.A.
‡Department of Environment, Government of Nunavut, Igloolik, Nunavut X0A 0L0, Canada

Abstract: Although remote sensing has been used for >40 years to learn about Earth, use of very high-
resolution satellite imagery (VHR) (<1-m resolution) has become more widespread over the past decade
for studying wildlife. As image resolution increases, there is a need to understand the capabilities and
limitations of this exciting new path in wildlife research. We reviewed studies that used VHR to examine
remote populations of wildlife. We then determined characteristics of the landscape and the life history of
species that made the studies amenable to use of satellite imagery and developed a list of criteria necessary
for appropriate use of VHR in wildlife research. From 14 representative articles, we determined 3 primary
criteria that must be met for a system and species to be appropriately studied with VHR: open landscape, target
organism’s color contrasts with the landscape, and target organism is of detectable size. Habitat association,
temporal exclusivity, coloniality, landscape differentiation, and ground truthing increase the utility of VHR
for wildlife research. There is an immediate need for VHR imagery in conservation research, particularly in
remote areas of developing countries, where research can be difficult. For wildlife researchers interested in
but unfamiliar with remote sensing resources and tools, understanding capabilities and current limitations
of VHR imagery is critical to its use as a conservation and wildlife research tool.

Keywords: conservation research, GIS, population monitoring, remote-sensing methods

Viabilidad de la Utilización de Imágenes Satelitales de Alta Resolución para Evaluar Poblaciones Silvestres de
Vertebrados

Resumen: Aunque la telemetŕıa se ha utilizado por más de 40 años para aprender sobre la Tierra, el uso
de imágenes satelitales de muy alta resolución (MAR) (<1-m de resolución) se ha vuelto más extendido en
la última década como herramienta de estudio de la vida silvestre. Conforme incrementa la resolución de
las imágenes, existe una necesidad de entender las capacidades y limitaciones de este nuevo y emocionante
camino en la investigación de la vida silvestre. Revisamos estudios que utilizaron MAR para examinar
poblaciones remotas de vida silvestre. Después determinamos las caracteŕısticas del paisaje y de la historia
de vida de las especies que hicieron a los estudios más dispuestos para el uso de imágenes satelitales y
desarrollamos una lista de criterios necesarios para el uso correcto de MAR en la investigación de la vida
silvestre. De 14 art́ıculos representativos determinamos tres criterios primarios que deben cumplirse para que
un sistema y las especies sean estudiadas correctamente con MAR: paisaje abierto, los contrastes de color del
organismo estudiado con el paisaje y si el organismo estudiado es de un tamaño detectable. La asociación
de hábitat, la exclusividad temporal, la colonización, la diferenciación del paisaje y el incremento en la
verificación en el terreno incrementan la utilidad de MAR para la investigación de la vida silvestre. Existe
una necesidad inmediata por las imágenes MAR en la investigación de la conservación, particularmente en
áreas remotas de los paı́ses en desarrollo. Para los investigadores de la vida silvestre que están interesados pero
que no están familiarizados con los recursos ni con las herramientas de telemetŕıa, entender las capacidades
y las limitaciones actuales de las imágenes MAR es cŕıtico para su uso como una herramienta de conservación
e investigación de la vida silvestre.
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Introduction

The use of very high-resolution satellite imagery (VHR)
(i.e., submeter resolution images) to assess wildlife pop-
ulations has increased substantially over a relatively short
time. Although Schwaller et al. (1984) first determined
that 15-m resolution Landsat could be used to index
Adélie Penguin (Pygoscelis adeliae) populations on Ross
Island, Antarctica, Barber-Meyer et al. (2007) pioneered
the use of VHR as a resource for research in polar ecol-
ogy by using a supervised classification technique (i.e.,
training a computer to differentiate between image pix-
els) on panchromatic QuickBird-2 images to determine
abundance of 7 populations of Emperor Penguins (Apten-
odytes forsteri) in the Ross Sea. Since Barber-Meyer et al.
(2007), >20 studies have been published in which VHR
was used to assess populations of wildlife. Such work has
also included estimates of animal abundance in the Arctic,
African grasslands, and open ocean (Fretwell et al. 2014a;
Stapleton et al. 2014a; Yang et al. 2014). The ability to
remotely assess and monitor wildlife populations has the
potential to revolutionize such monitoring in remote re-
gions, particularly as technology advances and spatial and
spectral resolution of satellite platforms improve.

The use of VHR will likely become more widespread
in wildlife ecology and conservation, particularly as costs
of the images decrease. To efficiently and effectively im-
plement this resource, however, researchers must under-
stand its capabilities and limitations. Our objective was
to develop a feasibility guide for the use of VHR imagery
in wildlife research. We conducted a comprehensive lit-
erature review of published articles in which VHR was
used to assess wildlife populations. We qualitatively de-
scribed the characteristics of the systems, including the
landscape and the life history traits of the target species,
and then identified those features that made VHR a suit-
able method for measuring occupancy and abundance
of wildlife. Across 14 articles, we identified 3 primary
criteria that must be met but do not guarantee success
and 5 additional criteria that enhance the effectiveness of
use of VHR in wildlife research.

Primary Criteria for Use of VHR

We identified an open landscape, organism color con-
trasts with the landscape, and sufficient organism size
as the 3 main criteria that must be met for VHR to have
utility for assessing wildlife (Table 1). The landscape over
which the images would be taken must be open, such
that the species of interest cannot be hidden. Polar verte-
brates such as emperor penguins, Adélie penguins, Wed-

dell seals (Leptonychotes weddellii), southern elephant
seals (Mirounga leonine), polar bears (Ursus maritmus),
and walruses (Odobenus rosmarus); large-bodied verte-
brates on the African plains such as elephants (Loxodonta
africana); and right whales (Eubalaena australis) at the
surface of the water in calm conditions are examples of
species living in areas where the landscape is accessible
for detection via VHR (LaRue et al. 2011; Boltunov et al.
2012; Fretwell et al. 2012; Fretwell et al. 2014a; Lynch &
LaRue 2014; Stapleton et al. 2014a; Yang et al. 2014).
The open landscape is the primary reason that many
of these studies have been conducted in polar regions,
where vegetation cover that could preclude detection
does not exist. Even in open landscapes, cloud cover and
steep topography render detection difficult and some-
times impossible (Fretwell et al. 2012; Lynch & LaRue
2014).

An individual organism must be large enough for detec-
tion on images with resolutions of approximately 0.60 m
(panchromatic images). Polar bears, for example, which
are approximately 2 m long and 1 m wide, clearly appear
on VHR as large white spots on a snow-free landscape
(Stapleton et al. 2014a; LaRue et al. 2015). If organisms
are too small to be individually identified on imagery,
proxies may be used to infer presence. Such proxies are
called positive indicators and are considered indirect re-
mote sensing (LaRue & Knight 2014). Masked Boobies
(Sula dactylatra) have a “nest signature”; the ground is
cleared away leaving a conspicuous circle of dirt where
nesting is occurring (Hughes et al. 2011). Adélie Penguins
leave a unique guano stain, the size of which is positively
correlated with the number of concurrent breeding pairs,
which allows researchers to measure abundance (LaRue
et al. 2014b).

The color of the target species (or of its positive indi-
cator) must contrast with the surrounding landscape. For
example, Weddell seals appear as black spots on white
ice (Fig. 1) (LaRue et al. 2011; Ainley et al. 2015), and
Masked Booby nests appear as bare ground among the
surrounding green grass (Hughes et al. 2011). All 3 crite-
ria are currently required for a vertebrate species to be
detected via 0.5-m resolution VHR imagery. However, we
suggest that these criteria are an absolute minimum and
alone may not be sufficient to guarantee the effective use
of imagery for wildlife research.

Secondary Criteria

Additional criteria increase the likelihood of detection
and enhance the utility of using remote sensing as a mon-
itoring and assessment tool. The ability to differentiate
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Figure 1. Snow-covered WorldView-1 image (0.6-m resolution, courtesy DigitalGlobe Foundation) of Bathurst
Island, Canada, acquired 29 April 2013. Muskoxen were available for detection on Bathurst Island in April 2013
but because of the bare ground, shadows, and rock outcrops on images, we were unable to positively identify
muskoxen on the imagery.
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the target species from other objects on the landscape
improves detection (Table 1). We contend that this is the
most important secondary criterion. An individual may
be a sufficient size for detection and may contrast with
the landscape, but if it is not possible to differentiate the
target species from other objects (e.g., rocks or pools
of water), then one has less confidence in the accuracy
of the estimate derived from the imagery. Polar bears
on Rowley Island, Canada, provide a unique example in
which combining knowledge of a species’ life history
with remote-sensing techniques can solve the problem
of definitive differentiation (LaRue et al. 2015). In this
case, image differencing—where one image is subtracted
from another such that only the different pixels remain—
allows researchers to differentiate rocks from bears.

Habitat associations of the target species (Table 1),
referring to the organism’s reliable presence at a specific
location, improve detection of vertebrates via VHR. For
example, the emperor penguin has a circumpolar distri-
bution in the Antarctic and is typically associated only
with land-fast sea ice (also called fast ice) (Kooyman et al.
2000; Fretwell et al. 2012). Detecting the guano signature
on the ice is a sure indication of an emperor penguin
colony and importantly nothing else because these birds
are the only sea birds that breed on Antarctic fast ice
(Le Maho 1977). Using VHR, Fretwell et al. (2014b) iden-
tified that some emperor penguin colonies use glacial or
ice shelf in years of poor sea-ice conditions. This guano
stain has facilitated the detection of >20 previously un-
known colonies via remote sensing (Fretwell & Trathan
2009; Fretwell et al. 2012; LaRue et al. 2014a).

Temporal exclusivity—meaning only the target popu-
lation occupies an area at specific time—is another cri-
terion that improves the utility of VHR. Weddell seals
have a circumpolar distribution and are associated with
fast ice. Every austral spring, Weddell seals return to the
same locations to give birth and raise pups (Stirling 1969;
Siniff et al. 1977; Siniff 1981), but there is a specific win-
dow of time from which one can determine the size of
a breeding population (Banner 2012). Although repro-
ductive female seals are present on the fast ice from
early spring through the molt (the following January),
their activity is least variable during the first 2 weeks
in November. By early November, females have given
birth and are spending more time hauled out on the ice
raising their pups (Stirling 1969; Cameron & Siniff 2004);
nonreproductive females tend to be excluded from these
core breeding locations (Stirling 1971). Thus, the likeli-
hood of including nonbreeders in abundance estimates
is minimal. Perhaps most importantly, because the pups
are very young in early November, they are too small to
be detected via satellite imagery (LaRue et al. 2011) and
are not included in estimates of the breeding population
size.

Detection improves if the target species is colonial
or congregates in herds (Table 1). For example, Yang

et al. (2014) used VHR and object-based image analysis
to detect large-bodied animals on the African savannah.
Begall et al. (2008) used Google Earth to demonstrate
the magnetic orientation of domestic cattle in pastures
across 6 continents. When animals congregate, detection
is far easier than if individuals were solitary because detec-
tion probability generally increases with greater herd or
colony size (Rivest et al. 1998). Conversely, polar bears
live in open spaces in the Arctic, are large-bodied, and
contrast with ice-free landscapes in some regions. De-
spite this, reliable detection can still be challenging be-
cause of their typically solitary behavior (Stapleton et al.
2014b; LaRue et al. 2015).

Finally, ground-truthing is an important secondary cri-
terion that allows for increased confidence in both detec-
tion rates and abundance estimates. The first global esti-
mates of both Antarctic penguin species were completed
with ground validation built into models (Fretwell et al.
2012; Lynch & LaRue 2014), and confidence in detecting
variability in the Weddell seal population in Erebus Bay
was only possible because of comparison with concur-
rent ground counts (LaRue et al. 2011). In fact, it was
only through ground validation that LaRue et al. (2011)
determined differences in detection probability based
on sea-ice conditions and that the increase in counts
from images reflected a true increase in the population
from 2004 to 2009. Conversely, Fretwell et al. (2014a)
determined the presence of southern right whales (E.
australis) off the coast of Argentina without direct
ground-truthing because general knowledge of the
species’ life history was sufficient. Thus, ground vali-
dation benefits any pilot project, but detection of large
vertebrates via VHR imagery is still possible without it.

Muskoxen

We evaluated our criteria while using VHR to search
for muskoxen (Ovibus moschatus) on Bathurst Is-
land, Canada. We searched approximately one-third of
the 16,000-km2 island. From an ecological perspective,
muskoxen fulfill all primary criteria: their landscape is
open and flat, adult muskoxen primarily live in herds and
are large bodied, and they contrast with the surrounding
landscape (Heard 1992). We hypothesized that they are
readily apparent on snow-covered images and anticipated
that generating an abundance estimate for comparison
with aerial surveys (as in Stapleton et al. 2014b) would
be straightforward.

Briefly, we obtained WV-01 and WV-02 VHR images of
Bathurst Island, Canada (DigitalGlobe Foundation, West-
minster, Colorado) acquired during April and May 2013.
In an effort to identify muskoxen on VHR, we selected
locations that overlapped in space and time with aerial
surveys conducted by the Government of Nunavut. Al-
though we knew that >1500 muskoxen were available
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for detection (Anderson 2014), we were unable to defini-
tively identify them via manual detection on VHR im-
ages in ArcGIS 10.2 (for similar methods, see LaRue
et al. [2011], Stapleton et al. [2014b], and LaRue et al.
[2015]). We suspect the reason that we could not detect
muskoxen was because of lack of habitat association and,
in particular, insufficient differentiation from the land-
scape (Fig. 1). In other words, despite that muskoxen
contrast spectrally with the landscape (black animals on
white background), they were not different enough from
other items on the landscape, such as rocks and outcrops,
to be positively identified. Bathurst Island in April and
May is mostly covered in snow, so large, dark muskoxen
should appear easily on the images. The preference of
muskoxen for well-vegetated lowlands is well known by
Inuit and biologists (Thing et al. 1987; Ferguson 1991;
Larter & Nagy 1997; Taylor 2005), but although they
generally prefer productive lowlands, they are not re-
stricted to these areas and use upland tundra and dwarf
shrub habitats. Their habitat associations are not restric-
tive enough to allow us to rule out large areas of Bathurst
Island. Furthermore, there are enough rock outcrops and
boulders on the island and windswept ridges and deltas
to make differentiating muskoxen from rocks impossible
on 60-cm resolution images, even when toggling back
and forth between 2 images taken at different times to
visually inspect the images, as in Stapleton et al. (2014a).

Image differencing presents a possible solution to this
problem. However, image differencing with VHR (espe-
cially in polar regions with topographic relief) may not
have sufficient orthorectification necessary to line up
both images exactly. Thus, even when one subtracts one
image from another, there can still be a mismatch, such
that rocks and outcrops appear to be different objects
when they are not. In the case of polar bears on Rowley
Island, LaRue et al. (2015) avoided this because the island
is flat and relatively uniform across the landscape (little
rubble and most rocks are large). Thus, our attempt to de-
tect muskoxen on VHR provided an important lesson in
the limitations of VHR for wildlife ecology. Our 3 primary
criteria represent the bare minimum necessary for detec-
tion. These criteria alone, however, are not necessarily
sufficient for accurate detection, and some combination
of the secondary criteria may also need to be met.

Discussion

Satellite imagery is an important tool in ecological and
conservation research (Turner et al. 2003; Leimgruber
et al. 2005). Ecologists historically have been less inclined
to use remotely sensed data and geographic information
systems (GIS) programs due to lack of technical capacity
(Leimgruber et al. 2005), but it appears that this capacity
has increased recently along with an urgency in conserva-
tion research. Indeed, our review demonstrates the utility

of VHR for vertebrates and is an encouraging step forward
in better understanding populations of remote wildlife.
However, what is most crucial at this point is gaining per-
spective on the current limitations and appropriate uses
of this imagery. As scientists turn to VHR as a valuable
monitoring tool, it is important to establish appropriate
uses because misjudging the capacity of the method can
cost valuable time, effort, and money without achieving
desired outcomes. Traditionally, VHR imagery has been
cost-prohibitive, and although licensing images can still
be expensive, there are now multiple ways of piloting
imagery, such as through the DigitalGlobe Foundation
(where we obtained imagery used here) or through dis-
counts for educational or nonprofit purposes.

There is an important and time-sensitive need for VHR
imagery in ecological research, specifically for conser-
vation efforts in remote areas of developing countries,
where research efforts are depressed (Ripple et al. 2015).
For example, developing countries contain 88% of popu-
lations of large herbivores that are amenable to research
via VHR imagery, yet the number of peer-reviewed arti-
cles that include these threatened species in developing
countries is substantially lower than those that include
nonthreatened species in developed countries (Ripple
et al. 2015). Presumably much of this disparity is due to
funding, feasibility, and accessibility of remote regions
in developing countries particularly in Africa and south-
east Asia—some of which can be addressed through VHR
imagery.

Given our criteria, it is obvious that research on these
large herbivore species (e.g., African elephants [Lox-
odonta africana], white rhinoceros [Ceratotherium si-
mum], and black rhinoceros [Diceros bicornis]) in Africa
would benefit from the inclusion of VHR imagery in
gathering some relatively basic data on population sta-
tus, distribution, and trends. Not only do large African
herbivores fit the criteria for successful VHR imagery
use (open landscape, large-bodied herd animals distinct
from the landscape, and specific habitat associations), but
their populations are particularly threatened and declin-
ing (Ripple et al. 2015; Wasser et al. 2015; Kideghesho
2016). Poaching is one of the primary threats to ele-
phants (Maisels et al. 2013); >100,000 elephants were
poached in Africa from 2010 to 2012 (Wittemyer et al.
2014). Poaching of rhinoceros in South Africa increased
from 13 in 2007 to >1000 in 2013 (Biggs et al. 2013;
South African National Parks 2014). Most studies cited
here (Table 1) were conducted in polar regions—which
benefit from several of the criteria listed herein, such
as open landscapes and contrast with the landscape—
and on species that have been the subject of long-term
research. Differentiating species (e.g., rhinos from ele-
phants) will certainly take careful ground-truthing to de-
termine differences in size, habitat associations, study
areas, and times of year when animals are in identifiable
locations. Only then can researchers be more confident

Conservation Biology
Volume 31, No. 1, 2017

 15231739, 2017, 1, D
ow

nloaded from
 https://conbio.onlinelibrary.w

iley.com
/doi/10.1111/cobi.12809 by M

acquarie U
niversity, W

iley O
nline L

ibrary on [31/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



LaRue et al. 219

in species identification and differentiation. The VHR
imagery is increasing in spatial resolution (WV-03 has a
spatial resolution of approximately 30 cm), and this will
almost certainly help in species identification.

In addition to direct human persecution, conflict
with livestock is another threat to African herbivores
(Ripple et al. 2015), of which both populations should be
detectable via VHR imagery. Pilot projects with VHR im-
agery used to determine distribution of elephant pop-
ulations have occurred already (e.g., Satellite Sentinel
Project), but we suggest that with our criteria, re-
searchers will be able to more effectively plan for re-
search on these and other species in similar habitats and
subject to similarly large conservation threats. Lack of un-
derstanding of how to effectively use these resources may
detract from important conservation efforts, so knowing
the feasibility of use of VHR imagery is critical in the
planning phases of research.
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Naturally Marked Feral Horses
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ABSTRACT Accurately estimating large mammal populations is a difficult challenge because species of interest often occupy vast areas and

exhibit low and heterogeneous visibility. Population estimation techniques using aerial surveys and statistical design and analysis methods

provide a means for meeting this challenge, yet they have only rarely been validated because wild populations of known size suitable for field

tests are rare. Our study presents field validations of a photographic aerial mark–recapture technique that takes advantage of the recognizable

natural markings on free-roaming feral horses (Equus caballus) to accurately identify individual animals and groups of animals sighted on

multiple occasions. The 3 small populations of feral horses (,400 animals each) in the western United States used in the study were all closely

monitored on a weekly basis by local researchers, thus providing test populations of known size. We were able to accurately estimate these

population sizes with aerial surveys, despite rugged terrain and dense vegetation that created substantial heterogeneity of sighting probability

among horse groups. Our best estimates at the 3 sites were within 26.7%, 2.6%, and 28.6% of known truth (24.2% mean error, 6.0% mean

absolute error). In contrast, we found undercount bias as large as 32% before any statistical corrections. The necessary corrections varied both

temporally and spatially, in response to previous sighting history (behavioral response), and by the number of horses in a group. Despite

modeling some of the differences in horse-group visibility with sighting covariates, we found substantial residual unmodeled heterogeneity that

contributed to underestimation of the true population by as much as 22.7% when we used models that did not fully account for these

unmeasured sources. We also found that the cost of the accurate and validated methods presented here is comparable to that of raw count (so

called, census) methods commonly employed across feral horse ranges in 10 western states. We believe this technique can assist managers in

accurately estimating many feral horse populations and could be applied to other species with sufficiently diverse and distinguishable visible

markings. (JOURNAL OF WILDLIFE MANAGEMENT 73(8):1420–1429; 2009)

DOI: 10.2193/2008-538

KEY WORDS aerial survey, Equus caballus, feral horse, heterogeneity, mark–recapture, population estimation, sighting
probability, validation.

Accurately estimating population sizes of large free-roaming
animals is a challenging and critical task for successful
wildlife management (Williams et al. 2002), yet up to one
third of ungulates in the western United States are missed
by standard visual aerial surveys (Samuel et al. 1987,
Ackerman 1988, Singer and Garton 1994, Bodie et al.
1995, Bowden and Kufeld 1995). Visibility of ungulates can
vary tremendously among survey sites and occasions,
depending upon transect spacing and sighting factors such
as snow cover, group size, activity of the animals, tree cover,
and experience of the observers (Pollock and Kendall 1987,
Samuel et al. 1987, Unsworth et al. 1994, Bodie et al. 1995,
Lubow and Ransom 2007). Despite these well-known biases
that result in variable and unknown degrees of undercount-
ing, the use of so-called census methods that make the
unjustified assumption of 100% sighting probability remains
commonplace (Rabe et al. 2002), while published evalua-
tions of population estimation methods for feral horses
(Equus caballus) are rare. Modern survey methods based on
statistical models have been applied in Australia (Bayliss and
Yeomans 1989, Graham and Bell 1989, Walter and Hone
2003, Laake et al. 2008), and recently Lubow and Ransom
(2007) applied a technique to a North American feral horse
population. All of these studies employed the simultaneous
double-count method of mark–recapture and were limited
by incorporating only 2 occasions (mark and recapture
sightings), making testing for and correcting of biases due to

unmodeled heterogeneity impossible. Furthermore, none of
these prior studies was able to validate the methods in a
population of accurately known size.

Our study focuses on a form of mark–recapture sampling
technique that adjusts for sightability bias similar to a
sightability bias correction model. Mark–recapture methods
do not necessarily require physically capturing animals, only
that individual animals or coherent groups can be reliably
identified by natural or artificial marks or other unique
characteristics on

L

2 occasions; individual capture histories
can thus be recorded and used to estimate the number of
unobserved animals (Seber 1973; Huggins 1989, 1991; Neal
et al. 1993; Pledger 2000). Repeated observations can be
made simultaneously by multiple observers or at different
times. Sighting heterogeneity among individual animals or
groups is common; some groups, due to their size, distance,
coloration, location within cover, or other factors, are easier
or more difficult for observers to see (Pollock and Kendall
1987). Unless heterogeneity is measured and modeled to
correct for these differences, the unmodeled heterogeneity
will result in underestimating population size (Borchers et
al. 2006, Laake et al. 2008). There are 2 fundamental
approaches to modeling heterogeneity, which we refer to as
explicit and implicit. The more intuitive explicit method is
to record a set of covariates that can be used to explicitly
model the differing sighting probabilities of different
animals or groups (Samuel et al. 1987). The alternative
method requires more sighting occasions (typically .4) and
estimates heterogeneity implicitly from the distribution of1 E-mail:
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sighting frequencies rather than attempting to explicitly
explain most of the sighting variation through covariates.
This method is based on fitting mixture models in which
multiple subpopulations are assumed to exist, each with its
own sighting probability (Pledger 2000).

Feral horses present an opportunity to employ a photo-
graphic mark–recapture methodology because, unlike most
North American terrestrial mammals, they often have
sufficient distinctive natural markings to be uniquely
identifiable; therefore, artificial marking is unnecessary for
use with a mark–recapture estimation technique (Fig. 1).
Natural markings for feral horses include unique pelage
colors, and face and leg patterns (Gower 2000, Green 2001).
A similar identification strategy has been used for whale
(Megaptera novaeangliae) body pigmentation patterns
(Hammond 1986, da Silva et al. 2000, Schweder 2003),
manatee (Trichechus manatus) scar patterns (Langtimm et al.
2004), and zebra (Equus grevyi) stripe patterns (Rubenstein
1986, Williams 1998). Additionally, the composition of
identifiable individuals in family groups can be used to help
identify the group. Another advantage of using natural
markings is that the cost of marking (sighting once) is no
higher than for recapture (sighting again). Animals become
marked the first time they are observed during a survey,
which can be on any survey occasion. Therefore, precision
continues to improve as larger portions of the population
become marked when they are first observed during the
course of the survey.

Our objective was to field-test a mark–recapture method for
feral horses using natural markings for identification. We also
sought to explore the importance of sighting heterogeneity
and the ability to correct for it with appropriate statistical
models. We were able to fully evaluate the bias, precision, and
cost of this method under some of the most difficult sighting
conditions (dense vegetation and complex terrain) often
encountered in North American feral horse habitats.

STUDY AREA

We conducted 4 tests of the photographic mark–recapture
technique with sightability bias correction covariates on 3
known populations of feral horses: Little Book Cliffs Wild
Horse Range (WHR), McCullough Peaks Herd Manage-
ment Area (HMA), and Pryor Mountain WHR. Survey 1
was conducted at the McCullough Peaks HMA, located in
Park County, Wyoming, USA, 32 km east of the town of
Cody. The area consisted of 44,440 ha of predominantly
flat, open sagebrush park, with rugged badlands along the
western edge of the range. Vegetation was characterized by
small shrubs, grasses, and forbs with sparse stands of
cottonwood (Populus sp.) and willow (Salix spp.) along the
ephemeral streambeds. Elevations ranged from 1,200 m in
the lowlands to 1,964 m at the summit of McCullough
Peaks. Horses were distributed across the entire area,
although the more rugged western portion of the area was
known to have lower densities of horses than the eastern
portion.

Surveys 2 and 3 were conducted at the Little Book Cliffs
WHR, located in Mesa County, Colorado, USA, 13 km
northeast of Grand Junction. This area consisted of 14,614
ha of rugged terrain, with sloping plateaus, sagebrush parks,
and 4 major canyon systems. Dense stands of Colorado
piñon (Pinus edulis) and Utah juniper (Juniperus osteosperma)
occurred across the area and were intermixed with small
sagebrush parks. Elevations ranged from 1,500 m to
2,250 m, with some impassable steep-walled shale and
sandstone cliffs. Horses were distributed across the entire
area.

Survey 4 was conducted at the Pryor Mountain WHR,
located 21 km north of Lovell, Wyoming, within northern
Bighorn County, Wyoming, and southeastern Carbon
County, Montana (USA). The study area ranged in
elevation from 1,190 m to 2,625 m and consisted of
16,046 ha of lowland desert, foothill slopes, forested

Figure 1. Initial mark photo (A) of a feral horse (Equus caballus) group at Little Book Cliffs Wild Horse Range (Mesa County, CO, USA, 2006) and a
resight photo (B) of the same group on a subsequent flight, showing the unique individual markings that enable identification of groups without artificial
marking. Individuals with uniform pelage coloration, such as the lead horse in photo A, were identified by unique combinations of pelage color and leg and
face markings, whereas individuals exhibiting pinto coloration have unique pelage patterns. In this group, the uniformly brown horse exhibits a wide white
blaze on its face and 2 white socks on its rear legs, and the pinto horses all have distinct patterns on their left side.
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montane slopes, steep canyons, and isolated grassy plateaus.
Vegetation at lower elevations included small desert shrubs
and grasses, with mid-elevations dominated by curl-leaf
mountain mahogany (Cercocarpus ledifolius), Utah juniper,
and various grasses, and high elevations dominated by
limber pine (Pinus flexilus), subalpine fir (Abies lasiocarpa),
and alpine bluegrass (Poa alpinum). Horses were located
mostly between mid- and high elevations in moderate to
sparse tree cover.

METHODS

Aerial Surveys
We conducted the first 2 surveys with 2 flights each and the
final 2 surveys with 6 flights each; we conducted each survey
over a 2-day period. We changed the number of flights and
amount of time allocated to the latter 2 surveys to better
address heterogeneity in group sighting variables and
provide greater accuracy and precision to the estimate,
which proved necessary for the populations living in
relatively dense tree cover and complex topography. We
spaced transects closer together and flew more slowly in 2-
flight surveys to obtain greater sighting probability per
occasion. We designed the time allocated for each survey to
be comparable to the cost of one intensive raw-count census
flight based on the flight times used by local managers prior
to this study. In other words, we held the survey cost
constant and examined the difference in precision and
accuracy among various methods.

We conducted all surveys with helicopters to allow for
mobility in navigating terrain and stability for photograph-
ing groups. For all analyses, we defined a group as

L

1
horses in association with each other. We conducted both
Little Book Cliffs WHR surveys in a B4763B1 (Soloy
Aviation Solutions, Olympia, WA) helicopter, and the
McCullough Peaks HMA and Pryor Mountain WHR
surveys in a 206B-III Jet Ranger (Bell Helicopter, Hurst,
TX) helicopter. Survey altitudes ranged from 60 m to
150 m above ground level. We photographed every group
using high-resolution digital cameras (Minolta Dimage
GTTM [Ramsey, NJ] with 50–200-mm lens or Canon EOS
350DTM [Lake Success, NY] with 70–300-mm image-
stabilized lens), and recorded additional covariate data for
each group at the time of sighting. Covariates collected on
all surveys included locomotion of group (stationary or
moving), time of day, sun direction, topography type
(rugged or level), vegetation type (trees, shrubs, or grasses),
percent vegetation cover (to the nearest 10%), and group
size, as well as Global Positioning System (GPS) coordi-
nates. The pilot served as a secondary observer and was
accompanied by one primary observer on all surveys. An
additional crewmember for data recording was present on 2
flights, but we later deemed this unnecessary. During survey
1, an additional observer took part in the survey to compare
film with digital photographs. We found film photography
to be unnecessary for adequate resolution and more costly
and cumbersome than digital photography.

Immediately following each entire survey, we matched
photographs of groups to determine mark–recapture data

with a collective effort between multiple members of our
team and, in some cases, with participation of the herd
manager. Horses at Little Book Cliffs WHR and McCul-
lough Peaks HMA exhibited predominately black, bay, and
pinto pelage, whereas Pryor Mountain WHR did not
contain any pinto horses and was dominated by dun- and
grullo-colored animals. Nevertheless, the diversity of
phenotypic expression among individual horses (face and
leg markings, in addition to pelage color) made this a
straightforward comparison exercise and consensus was
reached relatively quickly among participants analyzing each
photo.

These 3 herds are part of a larger research project for
which each individual horse in each population had
previously been identified, catalogued, and monitored
weekly on the ground (Ransom 2009); thus, the true
population size, as well as individual band composition, was
known prior to each aerial survey (however, this information
was not shared with the aerial observers or the statistical
analyst prior to producing estimates of the aerial survey).
We tested our ability to identify groups in the photographs
by comparing our decisions with these independently
generated population composition data. We confirmed
pelage color and markings for each horse, and in all cases
our aerial photo decisions matched the individuals and
groups of known animals on the lists, making it highly
unlikely that we misidentified a photo. A small number of
horses were not observed on the ground within a short time
prior to each aerial survey and were, thus, considered to be
of unknown status (possibly deceased or emigrated).
Therefore, the known population sizes for each herd used
for validation in this study are presented as a range from the
minimum number known present to the maximum number
representing all animals that could have been present.

Transects for all surveys were linear, predetermined, and
followed by GPS route navigation while in the air. We
chose spacing of transects by relying on the prior judgment
of field personnel for the distance that would provide at least
a moderate (30–50%) probability of sighting each horse
group anywhere within the study area during the course of
the entire survey. The density and extent of tree cover,
together with the terrain type, which determined the ease or
difficulty of detecting groups, were the primary factors
influencing these judgments.

For survey 1, we stratified transect spacing such that a
portion of the range known to have a greater density of
horses was more intensely surveyed than areas with a lower
density. We spaced the high-density transects 1.6 km apart
and spaced the low-density transects 3.2 km apart. Sighting
conditions across both areas were homogeneous. We
performed the second flight 2 days later, with transects
oriented the same direction but offset by 0.8 km in the
high-density area and by 1.6 km in the low-density area.
Mean transect spacing per flight based on actual GPS tracks
was 2.6 km and mean flight speed on transects was 43 km/
hour.

We spaced survey 2 transects 1.6 km apart uniformly
across the range, and then repeated them the following day

1422 The Journal of Wildlife Management N 73(8)
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with the same spacing, but perpendicular to the transects of
the previous day. On both days, we flew additional transects
to follow elevation contours within canyons and other areas
where visibility was poor from the original parallel transects.
Based on GPS tracks, the average transect spacing we
achieved was 0.5 km. Average survey speed was 42 km/
hour.

We conducted surveys 3 and 4 over 2 days each, with 6
total flights for each survey (3/day). We restructured these
final 2 surveys to better address problems of the sighting
probability heterogeneity encountered in survey 2. We
collected data in these latter surveys on 6 independent
sighting occasions, which provided the required data to
apply the implicit method of heterogeneity correction. We
spaced transects farther apart and flew at somewhat higher
speeds to complete the 6 separate passes in roughly the same
time (and therefore at the same cost) as a 2-flight survey
required. Flight 1 of each survey was a parallel set of
transects, with flight 2 transects rotated by 90u, and flight 3
transects rotated by 45u. The following day, we conducted
the 3 flights again, with transects offset between those from
the first day (Fig. 2). We spaced survey 3 transects 1.6 km
apart and spaced survey 4 transects 3.2 km apart. Average
transect spacing was 1.1 km in survey 3 and 1.3 km in
survey 4. Average flight speed was 49 km/hour in survey 3
and 75 km/hour in survey 4.

Data Analysis
We used Program MARK (version 5.1, http://welcome.
warnercnr.colostate.edu/̃ gwhite/mark/mark.htm, accessed 20
Mar 2008) to perform analyses with likelihood-based closed-
capture population models, as described by Pledger (2000)
and Huggins (1989, 1991). We fit a set of models for each
analysis that included effects of time (t), behavioral response
(b), heterogeneity (h), and a covariate for group size (N). We

fit interactive and additive versions of models where they were
supported by the data for that analysis. The models we
considered (in the notation of Pollock et al. [1990] and
Pledger [2000]) were M(0), M(t), M(b), M(h), M(th),
M(t+h), M(t+b), M(bh), and M(b+h), each of which also
considered the group-size covariate, N, as an additive effect.
We excluded additional models with covariates for animal
movement, sun position, tree cover, and terrain type after
preliminary analyses proved them to have minimal predic-
tive value as assessed using corrected Akaike’s Information
Criterion (AICc) weights (Burnham and Anderson 2002).
We created 2-sighting occasion data from surveys with 6
actual sighting occasions by combining data from the first 3
occasions to create a single synthetic first occasion and from
the last 3 occasions to create a single synthetic second
occasion.

The independent observable unit was a horse group, not
an individual horse. Therefore, mark–recapture analysis
estimated the number of groups. We also estimated a mean
group size from the data and the population estimate was
the product of these 2 estimates. We computed the
estimated number of groups for each analysis by averaging
the individual estimates from each model across all of the
models considered, weighting each by its AICc model
weight (Burnham and Anderson 2002). We computed
average group size by weighting the observed group size by
the inverse of the probability that groups of that size would
be observed on

L

1 flight during the survey. This procedure
adjusted for the bias that would otherwise result from the
average of observed groups being larger than the true
average of group sizes in the population due to lower
sighting probability for smaller groups.

We based standard errors for the number of groups on
AICc model-weighted estimates, which account for model-
selection uncertainty (Burnham and Anderson 2002). We
corrected average group size for sighting bias. We computed
the error for population using the Delta method (Seber
1973) and computed confidence intervals based on a log-
normal distribution for the estimated number of horses not
observed as follows:

c~ exp 1:96|

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln 1z

ŝs

N̂N{Nobs

� �2
" #vuut

8<
:

9=
;

95%CI~ Nobsz
N̂N{Nobs

c
, Nobszc N̂N{Nobs

� �" #

Where N̂ was the population estimate, N̂obs was the number
observed, ŝ was the standard error of the population
estimate, and the constant 1.96 was the value at which the
cumulative standard normal distribution had 97.5% [1 2

(0.05/2)] probability. This method was simply assuming a
95% confidence interval on the log-transformed estimate of
missed horses and back-transforming that to the linear scale.
This was a logical and plausible distribution of errors on a
quantity with a range of [0, ‘] and excluded lower

Figure 2. Schematic layout of 6 independent sets of transects used for
aerial surveys 3 and 4 at Little Book Cliffs Wild Horse Range, 2006 (Mesa
County, CO, USA) and Pryor Mountain WHR, 2007 (SE Carbon County,
MT, USA), depicting the flight direction and spacing relative to other sets
of transects for each of the 6 flights per survey.
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confidence intervals that were less than the minimum
known alive (i.e., actual no. observed).

We computed true error rates using the known population
sizes for each population at the time of the survey. Because
of some ambiguity about the possible death or emigration of
a few horses, we knew the true numbers only within a
narrow range. Our comparisons of estimates to truth were
based on the mean of the minimum and maximum number
of horses that could have been present during the survey.

RESULTS

The strength of evidence (AICc model wt) supporting the
various effects of covariates on sighting probability differed
considerably among surveys (Table 1). Support for variation
over occasion (time) ranged from as low as 21% in survey 1
to a high of 99% for survey 2. Group-size effect on sighting
probability had moderate support on all occasions, ranging
from AICc weight of 25.5% to 63.9%. Evidence for
behavioral response of horses to a prior close approach by
the helicopter prior to sighting was moderate in survey 3
(33.5% of groups were running), but nearly absent (only
5.4% of groups running) in survey 4 (the 2 surveys with a 6-
flight design for which this effect could be examined).
Finally, heterogeneity of sighting probability among differ-
ent groups had moderate support in both surveys in which it
was estimated by the implicit method (surveys 3 and 4).

The effect of group size on sighting probability differed
substantially among surveys (Fig. 3). Small groups were
most easily seen at McCullough Peaks HMA (survey 1),
where trees were absent and visibility was excellent. In stark
contrast, sites with tree cover (surveys 2–4) had sighting
probabilities for the smallest groups (i.e., 1 horse) well under
50% (Fig. 3). Sighting probability increased with group size
at different rates for different flights, but was .90% for
groups

L

27 horses in all flights.
Behavioral response to prior observation differed between

the 2 surveys for which this effect could be measured (the 6-
flight surveys), not only in magnitude, but also in direction.
In survey 3, groups had a 20.8% (67.9% SE) probability of
being sighted the first time and 59.2% (64.5% SE)
probability of being sighted again if they had already been
sighted. The effect was smaller and in the opposite direction
in the Pryor Mountain WHR survey. Initial sighting
probability was 40.4% (67.2% SE) and recapture probability

was 29.2% (63.9% SE). All of these probabilities were
based on the model that holds all other factors constant and
includes only a behavioral effect. Notice that the trap-shy
response (reduced sighting probability following first
sighting) is not strongly supported for the Pryor Mountains
(Table 1) and that the confidence intervals overlap, but the
trap-happy (increased sighting probability following first
sighting) effect is moderately supported for Little Book
Cliffs WHR with nonoverlapping confidence intervals.

Model-weighted averaging across all models produced
estimates of the total number of groups (Table 2). We
calculated mean group sizes with bias-corrected weights
(Table 2) and multiplied these by the estimated number of
groups to obtain the estimated size of the herd (Fig. 4). We
compared these estimates to the minimum and maximum
possible true number of horses that we knew to be present at
the time of the survey (Fig. 4).

Raw (uncorrected) counts of horses actually seen during
aerial surveys were consistently less than the known
population by between 27.5% to 232.0% (x̄ 5 218.2%,
65.1% SE), whereas estimated population size without
implicitly accounting for heterogeneity was closer to the true

Table 1. Strength of evidence for effects on sighting probability of time, group size, behavioral response to prior sighting, and unmeasured heterogeneity
among groups based on the sum of corrected Akaike’s Information Criterion model weights across all models that include indicated effect (models may have
multiple effects included, so evidence for the several effects will not sum to 100%, but evidence for any single effect will always be 0–100%) for aerial surveys
of feral horses at McCullough Peaks Herd Management Area (HMA; Park County, WY, USA), Little Book Cliffs Wild Horse Range (WHR; Mesa
County, CO, USA), and Pryor Mountain WHR (SE Carbon County, MT, USA), 2003–2007.

Effects

Survey 1
(McCullough Peaks HMA)

Survey 2
(Little Book Cliffs WHR)

Survey 3
(Little Book Cliffs WHR)

Survey 4
(Pryor Mountain WHR)

2 Occa (%) 2 Occa (%) 2 Occa (%) 6 Occa (%) 2 Occa (%) 6 Occa (%)

Time 21.0 36.4 99.0 43.3 23.7 91.8
Group size 44.8 49.7 34.7 51.0 25.5 63.9
Behavior 53.8 14.2
Heterogeneity 46.2 69.4

a Occasions (Occ) are separate flights within each survey.

Figure 3. Estimated effect of group size on sighting probability of feral
horses from aerial surveys at McCullough Peaks Herd Management Area
(HMA; Park County, WY, USA), Little Book Cliffs Wild Horse Range
(WHR; Mesa County, CO, USA) and Pryor Mountain WHR (SE Carbon
County, MT, USA), 2003–2007. Sighting probabilities are for a single
helicopter flight. Surveys are not comparable because transect spacing
differed among surveys. Group-size effect is based on a model with all other
sighting factors held constant [model M(0 + N)].
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size, but remained negatively biased (x̄ 5 213.8%, 63.3%
SE; Table 3). Error was smallest at McCullough Peaks
HMA (survey 1), where sightability was excellent due to
very open terrain and low vegetation. The standard
deviation of errors in our surveys provided a means of
estimating the range of potential errors in future surveys.
For raw counts, the 90% prediction interval was (234.9%,
21.4%), indicating that about 5% of raw count (so called
census) surveys would result in undercounts of .35% and

most (.90%) would result in undercounts of some
magnitude.

Estimates dramatically improved when sets of models
included some that modeled heterogeneity implicitly. Errors
on the 2 surveys with implicit heterogeneity information
were positive once and negative once and averaged only
5.6% (63.0% SE) in absolute magnitude (Table 3). The
90% prediction interval for the 6-occasion surveys using the
implicit heterogeneity correction was (216.0%, 10.0%).
Fitting a simple exponential model to the errors as a
function of the number of sampling occasions per survey
provided a projection of the effort (no. of sampling
occasions/flights) required for any desired level of precision
(Fig. 5).

Statistically estimated precision was uniformly high
(,10.5%); however, some of these estimated rates were
overly optimistic due to negative bias in methods without
implicit heterogeneity correction, which failed to produce
confidence intervals that covered the true population size at
Little Book Cliffs WHR during either survey 2 or 3. In
contrast, the 95% confidence intervals for the estimates
easily covered the true population sizes in both cases when
implicit heterogeneity was modeled (i.e., in both 6-occasion
surveys) and also in surveys 1 and 4, even without implicit
heterogeneity correction (Fig. 4).

Survey cost was dominated by the cost of helicopter time.
For comparison, we computed the cost per hectare based on
actual survey flight time (excluding ferrying to and from the
survey site), average helicopter cost of US$650/hour, and
actual area covered by the transects. Cost was lowest
(US$0.07/ha) at McCullough Peaks HMA (survey 1),
where visibility was excellent and enabled wide transect
spacing. At the 2 sites dominated by tree cover, cost was
US$0.36/ha, which is 5 times the cost at McCullough Peaks
HMA. The mean cost (US$0.36/ha) of the 2 surveys with 6
sampling occasions (survey 3 and 4) was nearly identical to
the cost (US$0.37/ha) of the comparable 2-occasion survey
in rugged, treed terrain (survey 2). This was the result of our

Figure 4. Population estimates (bars), 95% lognormal confidence intervals
(black error bars), and minimum and maximum possible known true
population size at time of survey (pairs of dashed lines) for aerial surveys of
feral horse populations at McCullough Peaks Herd Management Area
(HMA; Park County, WY, USA), Little Book Cliffs Wild Horse Range
(WHR; Mesa County, CO, USA), and Pryor Mountain WHR (SE Carbon
County, MT, USA), 2003–2007. Estimates are based on corrected Akaike’s
Information Criterion–weighted model average of maximum-likelihood
closed-capture models in Program MARK. Models with time and group-
size effects were included for all surveys, and models of behavioral response
and heterogeneity in capture probabilities were either included (white bars)
or not (light gray bars) when the number of occasions supported estimation
of these models. Uncorrected raw counts (dark gray bars) from each survey
are shown for comparison.

Table 2. Data and estimates from aerial surveys of feral horse populations at McCullough Peaks Herd Management Area (HMA; Park County, WY, USA),
Little Book Cliffs Wild Horse Range (WHR; Mesa County, CO, USA), and Pryor Mountain WHR (SE Carbon County, MT, USA), 2003–2007.
Estimates are based on corrected Akaike’s Information Criterion–weighted model average of maximum-likelihood closed-capture models in Program
MARK. Models with time, group size, and behavioral response effects were included for all surveys, and models of heterogeneity in capture probabilities were
included for surveys done with 6 sighting occasions (as indicated).

Survey 1 (McCullough
Peaks HMA)

Survey 2 (Little Book
Cliffs WHR)

Survey 3 (Little Book Cliffs
WHR)

Survey 4 (Pryor Mountain
WHR)

Population parameter 2 Occa 2 Occa 2 Occa,b 6 Occa 2 Occa,b 6 Occ

Groups (no.)

Seen 48 42 38 38 36 36
Estimate 49.3 52.0 39.5 46.6 39.4 41.4
SEc 0.95 2.53 0.34 3.64 0.84 1.41

Group size (horses/group)

Bias corrected x̄d 7.1 3.0 3.6 3.6 3.4 3.4
SEc,d 0.16 0.26 0.27 0.27 0.34 0.34

a Occasions (Occ) are separate flights within each survey.
b Calculated using data collected on 6 occasions by combining the first 3 occasions and the last 3.
c Finite population correction factor applied.
d Group size corrected for sized-biased sighting probability.
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attempt to design surveys of equal approximate cost, leaving
differences only in performance to be measured and
compared.

During surveys 3 and 4, the patterns of detecting horse
groups on each of the 6 successive flights during each of
these 2 separate surveys were similar (Fig. 6). Fewer than
50% of horse groups were seen on all but one flight at Little
Book Cliffs (Fig 6A). We sighted new, unique groups on
every flight except the last one at Pryor Mountain WHR
(Fig. 6B). The cumulative total number of unique groups
seen over the course of the 6 flights did not exceed 85% and
was not approaching a clear asymptote.

DISCUSSION

The photographic mark–recapture with implicit heteroge-
neity correction worked well in the feral horse populations
we tested, despite the difficult sighting conditions created by
topography and vegetation cover. Estimated errors were
,10.5% coefficient of variation, confidence intervals
covered true population size well, and actual errors were
substantially lower (5.6% mean absolute error). However, we
observed numerous factors that affect sighting probability,
which must be accounted for to obtain accurate estimates
with realistic confidence intervals. Specifically, raw counts
missed as many as one-third of the horses present, despite
our observer’s high level of aerial survey expertise. Using
prediction interval estimates to project error rates on similar
surveys led us to predict that undercounts of .35% of the
true population would occur in 5% of surveys. This was
consistent with the previously observed undercounts of as

Table 3. Errors in estimates compared to known population size (using mean of min. and max. known animals present during each survey) from aerial
surveys of feral horses at McCullough Peaks Herd Management Area (HMA; Park County, WY, USA), Little Book Cliffs Wild Horse Range (WHR; Mesa
County, CO, USA), and Pryor Mountain WHR (SE Carbon County, MT, USA), 2003–2007. Errors are the differences between the known population size
and the 3 types of estimates: raw counts, statistical estimates without heterogeneity correct, statistical estimates with heterogeneity correct (negative value
indicates estimate was lower than actual). Error as a percent of the actual population size is shown. Mean errors and the mean of the absolute values
(magnitude) of the errors are presented in the last columns on the right. Statistically estimated (not actual) errors (SE and CV) are also shown for comparison.

Error

Survey 1
(McCullough
Peaks HMA)

Survey 2 (Little
Book Cliffs

WHR)
Survey 3 (Little Book Cliffs

WHR)
Survey 4 (Pryor Mountain

WHR)

x̄
x̄ absolute

error2 Occa 2 Occa 2 Occa,b 6 Occa 2 Occa,b 6 Occa

Raw-count errors
No. horses 228 263 226 227
Error (%) 27.5 232.0 215.6 217.6 218.2 18.2

Error without heterogeneity correction

Actual errors
No. horses 223 245 221 220
Error (%) 26.7 222.7 213.0 213.0 213.8 13.8

Statistically estimated errors
SE 7.9 9.4 2.4 13.6
CV 2.2 6.1 1.7 10.2 5.1

Error with heterogeneity correction

Actual errors
No. horses 4.2 213.2
Error (%) 2.6 28.6 23.0 5.6

Statistically estimated errors
SE 14.2 14.7
CV (%) 8.4 10.5 9.5

a Occasions are separate flights within each survey.
b Calculated using data collected on 6 occasions by combining the first 3 occasions and the last 3.

Figure 5. Errors in estimates compared to known true population size
(using mean of min. and max. known animals present during survey) from
aerial surveys of feral horse populations at McCullough Peaks Herd
Management Area (HMA; Park County, WY, USA), Little Book Cliffs
Wild Horse Range (WHR; Mesa County, CO, USA), and Pryor Mountain
WHR (SE Carbon County, MT, USA), 2003–2007. Mean absolute error is
the mean of the absolute values of the errors for each survey. Values for one
occasion are the raw counts without correction. Values for 2 occasions are
estimates corrected for time, group size, and behavioral response effects on
sighting probability, but without modeling unmeasured heterogeneity.
Values for 6 occasions are based on a set of models that include some for
unmeasured heterogeneity. Error bars for mean absolute error are 95% log-
normal confidence interval for estimation of the mean absolute error. Error
bars for the mean error (bias) represent the 90% range of predicted
outcomes based on a normal distribution (not CI on the mean error).
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much as 39% for feral horses on parts of Assateague Island
(east coast of United States) by aerial observation compared
to more accurate ground counts (Bashore et al. 1990).
Without statistical models and corrections, we do not
believe an observer could reliably count all or even most
horses within a population unless sighting conditions were
extremely good and homogeneous. More importantly,
without statistical models and proper sampling methods,
there would be no confidence intervals or other evidence to
support claims of accuracy.

The corrections required to obtain accurate estimates
varied considerably among herds in differing terrain and
vegetation types, among flights for the same herd and

location, in relation to horse-group size, and due to
behavioral response of the horses themselves. No constant
correction factor or single sightability-model calibration
could account for this extensive spatial and temporal
variation in sighting probability. Similar variation in
sighting probability with local conditions has previously
been observed in aerial surveys (Bayliss and Yeomans 1989,
Graham and Bell 1989, Bashore et al. 1990, Walter and
Hone 2003, Lubow and Ransom 2007).

Linklater and Cameron (2002) also reported that avoid-
ance behavior of horses to helicopters during aerial surveys
led to considerable double-counting of groups, or missing of
groups entirely. Using natural markings to identify individ-
uals allowed us to avoid the problems of double-counting
and groups merging due to helicopter avoidance response,
and we were able to validate this with our extensive record of
known individuals in each population. We cannot assess
whether helicopter avoidance response was responsible for
our not observing specific individuals that were known to be
present, but our overall results suggest that whatever
heterogeneity in sighting probability this may have caused,
our methods and models were able to adequately correct
for it.

We found that heterogeneity among groups of horses
(some groups are easier to see than others) was among the
most important factors affecting sighting probability,
particularly under difficult sighting conditions (areas with
low sighting probabilities). Despite attempting to correct for
differences in sighting probability through the use of
covariates for tree cover, terrain, and occasion (time),
unmeasured heterogeneity remained a dominant effect in
some surveys. This finding casts doubt on the feasibility of
applying simple sightability bias correction models (Samuel
et al. 1987) that remain constant over time, location, and
observers, and that require the measured covariates to
explain most or all of the variation in sighting probability, to
produce unbiased estimates. The greater the residual,
unmodeled, component of heterogeneity, the more severe
the negative bias becomes (Laake 1999). Surveys in very
open habitat, such as the McCullough Peaks in survey 1,
might be sufficiently accurate with only explicit corrections
based on a few measured covariates affecting heterogeneity;
but in difficult sighting conditions, methods that can
implicitly account for heterogeneity are essential. We believe
that 6 sighting occasions were needed for sufficient accuracy
(precision and bias correction; Fig. 5). Future applications of
this method might benefit from experimenting with .6
occasions, although we doubt that .8 would be of any
additional value.

The photographic mark–recapture method does not
necessarily increase survey time, cost, risk to observers, or
disturbance of horses. It is important to note that the poor
results we reported here for raw-count (census) surveys were
based on the same data from the flights used to produce
much more reliable results by applying appropriate statistical
models; in other words, the time, cost, effort, risk, and
disturbance were identical, and only the methods of data
collection and analysis were different.

Figure 6. Percent of known feral horse-groups observed in each of 6
independent sighting occasions and cumulative across all sighting occasions,
during aerial surveys of Little Book Cliffs Wild Horse Range (WHR),
Mesa County, Colorado, USA, 2006 (A), and Pryor Mountain WHR,
southeastern Carbon County, Montana, USA, 2007 (B).
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Obtaining reliable results with the photographic mark–
recapture method requires that surveys be properly designed
with 6–8 independent sighting occasions, minimal error in
identifying groups in photographs, and adequate sighting
probabilities for all groups. It is not important that most horse
groups are sighted on each occasion, only that each group has
a moderate probability (.30%) of being sighted at least once
during the survey. Consequently, transects can be designed to
merely sample a fraction of the population on each flight.
They need not attempt to see all, or nearly all, of the horses on
each pass or even once during the course of the survey.

It is common among experienced field biologists to assume
that nearly all animals are observed during the course of an
aerial survey. Often this belief is held even about the results
of a single-pass survey. As our data clearly demonstrate,
horses were missed even after 6 independent sighting
occasions over the study area, resulting in 16–20% of the
known groups never being observed on any occasion. We
observed new groups on all sighting occasions except for
one. Even by extrapolating beyond the data, there was no
clear asymptote to the cumulative raw count that could
reliably predict the total population size.

Despite the excellent results we obtained in these trials, it
is unlikely that extending this method to all feral horse
populations would prove successful. Application to larger
herds is constrained by the ability to accurately match
(recognize) groups from photographs of the same groups on
multiple occasions. Greater uniformity of phenotype among
individuals would also complicate the identification of
groups. Very dense herds or herds with an atypical social
structure that resulted in frequent merging or splitting of
bands would also interfere with identification of unique
groups. Managers designing surveys using this method must
carefully evaluate whether the ability to consistently identify
groups correctly can be assured.

We caution users of this method that the survey can only
measure horses present in the study area at the time of the
survey. In our experience, this often does not correspond to
the political boundaries established for managing the herd.
Horses often cross fences and travel great distances in search
of water, forage, or mates. Whenever possible, it would be
important to design surveys so that they cover the entire
range of all herds that might intermingle or exchange
individuals during a single survey, even if this requires
multiple aircraft or multiple days of flights and extended
survey boundaries to encompass potential habitat areas
adjacent to the public land intended for feral horse use. One
distinct advantage of this method is that horse movements
do not complicate the survey and there is no requirement
that every horse group be observed or that multiple sightings
of the same group be avoided (as long as they can be
identified accurately in the photographs).

Estimated precision of our estimates was always better
(smaller estimated error) when heterogeneity was not
modeled implicitly than when it was; this is probably a
systematic negative bias in the error estimate that com-
pounds the already negatively biased population estimate in
the presence of heterogeneity. The actual error in survey 3

was almost 9 times larger than the statistically estimated
standard error due to the combined effect of a negatively
biased population estimate and a low error estimate. Thus,
heterogeneity leads to estimates that appear to have high
precision but are, in fact, neither as precise as they seem nor
unbiased. Such estimates can be particularly problematic for
managers because they could be misled to believe that they
have precise and accurate information when, in fact, they
may have neither. Larger confidence intervals at least would
alert managers to the weakness of the estimate; seemingly
precise but wrong estimates may be worse than none at all,
leading to unwarranted overconfidence. Consequently,
managers seeking accurate estimates would need to measure
and model implicitly the heterogeneity in every population
where this method is applied, unless and until multiple
repeated surveys demonstrate that a particular population,
due to uniform and excellent sighting conditions, such as the
one at McCullough Peaks in our study, is not sufficiently
heterogeneous to require such corrections. However, given
the nearly equal cost of 6-occasion surveys to 2-occasion
surveys with similar estimated precision, there should be
little incentive to abandon the higher occasion alternative.

Estimation using mark–recapture over multiple sighting
occasions provides several important advantages over rival
survey methods, including 1) correction for multiple and
(temporally or spatially) varying sighting bias; 2) correction
for sighting heterogeneity among horse groups using the
implicit method; 3) increase in effective sample size in small
populations by simply adding additional sighting occasions
to the survey; and 4) elimination of potential violation of the
assumption that animals not be counted multiple times as
they move during the survey. Thus, mark–recapture surveys
conducted and analyzed properly can overcome many of the
shortcomings that threaten accuracy in other methods such
as simple uncorrected censuses and sightability bias
correction models. Furthermore, the ability to uniquely
and reliably identify individuals or groups over multiple
sighting occasions using natural markings in feral horses
avoids the prohibitive cost and risk (to both field workers
and animals) of capturing and handling large free-ranging
animals that is traditionally required to implement mark–
recapture with unique artificial markings such as radiocollars
or numbered neck-bands. Thus, we believe that the method
evaluated here offers one of the best options available for
estimating feral horse population size, both for accuracy and
cost-effectiveness.

MANAGEMENT IMPLICATIONS

Surveys not employing appropriate sampling designs and
statistical models to correct for the pervasive sources of bias
and variation present during many aerial surveys may lead to
inaccurate population estimates and are, thus, vulnerable to
criticism from public stakeholders and unsuitable as a basis
for sound management decisions. We have demonstrated
that, with the proper field and analysis methods, accurate
and precise estimates of feral horse populations are possible
and no more costly than many traditional methods
employing simple raw counts. The photographic mark–
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recapture method is particularly useful for smaller herds and
has the distinct advantage of working well under difficult
sighting conditions or when horses are moving rapidly and
double-counting cannot be reliably avoided; however, it is
not applicable to all herds. Our ability to verify this method
in multiple populations of known size gives us confidence
that results produced by this method will withstand the
scrutiny of various public stakeholders, politicians, and
advocacy groups that frequently take an interest in the
scientific basis for feral horse management decisions.
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Introduction

Knowledge of the size or density of a wildlife population is
usually a prerequisite for effective management (Caughley and
Sinclair 1994). While there are a range of survey methods avail-
able for estimating population size (see Krebs 1999), the most
suitable method will be influenced by the species, the environ-
ment, and the level of precision and accuracy required. Wild
horses (Equus caballus) are large, non-native, hard-hoofed
animals considered by managers to pose a risk to the delicate
ecosystem values of the Bogong High Plains in the Alpine
National Park, Victoria, Australia. This wild horse population
has the potential to spread in future and may increase in density
following recent (2006) termination of cattle grazing leases in
the area, and/or if winter snowfalls are less frequent or severe as
a result of climate change. As such, Parks Victoria, the govern-
ment agency that manages the Alpine National Park, required a
method for estimating the size and trend in wild horse abun-
dance over time, with reasonable accuracy and precision (coef-
ficient of variation below 35%), utilising parks staff once
techniques were established.

Previous studies have investigated suitable methods for sur-
veying wild horses in the Australian Alps. Broad-scale aerial
surveys were used to estimate the abundance of wild horses
across the wider Australian Alps national parks (Walter and
Hone 2003; Laake et al. 2008). In that study, a combination of
line transect and mark–recapture (i.e. double-count) tech-
niques provided the least-biased population estimates (Laake
et al. 2008). Unfortunately these techniques are unsuitable for

small survey areas such as the Bogong High Plains because the
horse population is too small to acquire an adequate sample
size. In 2002, a ‘best guess’ estimate of the wild horse popu-
lation in the Bogong High Plains was 200 horses, based on
anecdotal information from Parks Victoria staff and other
sources (Walter 2002). The mean group size of wild horses in
the Australian Alps has previously been estimated at 5.65
horses (Walter 2002), which would equate to ~34 groups of
horses in the Bogong High Plains study area. In addition,
horses have an average linear flush distance of 1 km in
response to a helicopter (Linklater and Cameron 2002). Line
transect surveys were therefore unsuitable because they usually
require a sample size of at least 60 groups to be effective
(Buckland et al. 1993). The double-count mark–recapture
model (Caughley and Grice 1982) often used in aerial surveys
(e.g. Walter and Hone 2003) was also unsuitable because tran-
sects would need to be closely spaced (less than 2 km apart) to
obtain an adequate sample size, which would lead to horses
being counted more than once.

Ground-based mark–recapture surveys have also been used
to estimate size of wild horse populations in the Australian Alps
(Walter 2002). Surveys were undertaken between 1999 and
2002 over three areas ranging from 13 to 41 km2,and yielded
population estimations between 53 and 109 horses. Natural
markings were used to identify individual horses in this study,
circumventing the need to trap and mark them with conven-
tional methods (e.g. tagging or branding). Identification from
natural markings has been used to study a range of mammals
including bottlenose dolphins (Tursiops truncatus) (Wilson

Wildlife Research, 2008, 35, 365–370

10.1071/WR07075 1035-3712/08/040365© CSIRO 2008

Michelle J. DawsonA,C† and Cameron MillerB

AInstitute for Applied Ecology, University of Canberra, Canberra, ACT 2601 Australia. 
BParks Victoria, Level 9, 535 Bourke St, Melbourne, Vic. 3000, Australia. 
Present address: SMEC Australia, Level 5, 71 Queens Parade, Melbourne, Vic. 3004, Australia.

CCorresponding author. Email: 

Abstract. Aerial mark–recapture population estimates utilising the natural markings of wild horses to identify indi-
viduals was applied in the Bogong High Plains, Alpine National Park, Victoria. A discrete population of wild horses
occupying an area of 180 km2 was sampled over two days in 2005. This study explored the feasibility of a technique that
aimed to enable managers to estimate the size of the horse population and monitor it over time. Four observers (including
the pilot) searched for horses from a helicopter. Once horses were sighted, photographic and written observations were
used to ‘mark’ each animal. The survey was repeated the following day with observations ‘recapturing’ individuals. Data
were analysed using several mark–recapture estimators, and the derived population estimates ranged from 89 (±5.3, s.e.)
horses to 94.7 (±7.9, s.e.) horses. We found that the method gave a level of precision relevant to management, but needs
refinement. The technique and its assumptions should be tested further by increasing the number of samples and video
should be used to improve identification of individuals. We believe that this is a novel application for aerial surveys, which
are typically unsuitable for estimating the size of small populations. This technique was developed for horses but may be
used on other conspicuous species with unique natural markings.

Aerial mark–recapture estimates of wild horses
using natural markings

www.publish.csiro.au/journals/wr

CSIRO PUBLISHING

†MJD previously published as M. J. Walter.



M. J. Dawson and C. Miller366 Wildlife Research

et al. 1999), horses (Berger 1986; Turner et al. 1992) and ele-
phants (Loxodonta africana) (Morley and van Aarde 2007).
Some of these studies used mark–recapture methods to estimate
population size from the ground or boat. Ground-based popu-
lation estimation was ruled out for the Bogong High Plains
horse population following a survey in 2004 because observa-
tion rates were very low per unit of sampling effort (Miller,
unpubl. data).

The work presented here was an exploratory study that
examined the feasibility of estimating the size of a wild horse
population utilising the natural markings of individuals for their
identification in an aerial mark–recapture survey. It differs from
typical aerial mark–recapture surveys that use double-count
methodology (Caughley and Grice 1982). Double-count
involves two observers in the same aircraft simultaneously
counting animals in the same strip independently and without
collusion. The front observer’s observations are the marking
event and the rear observer’s observations are the recapture
event. In our exploratory study, the population was surveyed
from the air over two days (sampling periods). On the first day,
all observed horses were identified from their natural markings.
The population was then resampled the next day as the recapture
event. The population estimate was calculated using
mark–recapture models.

Methods
Survey Area
The Bogong High Plains are in north-east Victoria in the Alpine
National Park near the towns of Omeo and Mount Beauty, and
between Mount Hotham and Falls Creek ski resorts (Fig. 1). The
survey area was selected to include all areas where horses had
been observed in the Bogong High Plains by Parks Victoria staff
and also included additional surrounding areas that may not have
had horses. The additional areas were included with the aim of
detecting any increase in the distribution of the horses over time.
The survey area covers an altitudinal range of 1000 to 1800 m
above sea level and comprises two main landscape types.
Approximately half of the survey area is a gently undulating high
plateau (above 1400 m), with vegetation characterised by a
mosaic of alpine and subalpine grassland, heathland and wood-
land. The remainder of the survey area is made up of deeply dis-
sected river valleys that contain montane forest and woodland
communities. Areas that were included in the survey to detect an
expansion of horse distribution (but not known to have resident
horses) were predominantly in the dissected river valleys.

Survey
The survey involved two sampling events from a helicopter,
with the same area sampled on two consecutive days. We

N

Survey area

Localities

Rivers and aquaducts

Dams

100 m contours

Vegetation

Forest

Grass/heath

Woodland

5                             0                              5                             10 km

Mount
Hotham

Falls Creek

Fig. 1. Bogong High Plains wild horse survey area illustrating vegetation and topography.
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limited the survey to two samples because it was a trial survey,
for financial reasons and to minimise disturbance to the
horses. The first day’s survey was a ‘marking’ event with all
individual horses sighted being identified by their natural
markings. Individual horse marking details (such as colour,
facial markings, socks and age class) were recorded using
written descriptions and a digital high-resolution camera
(Nikon Coolpix 8700). Fig. 2 shows a photograph taken during
the survey showing a group of seven horses, including two
juveniles. Note the different white facial markings (stars,
snips, stripes and blazes) and variation in the white socks and
stockings on their legs. Information on group size, location
and vegetation type was also recorded. The second sampling
event was conducted the next day and constituted the ‘recap-
ture’ event.

The survey area was stratified into two zones, plateau and
dissected river valleys, with higher sampling effort (h km–2) on
the plateau. This strategy aimed to optimise the detection of
horses based on their preference for habitats that include grass-
land (predominantly on the plateau), and minimise the cost of
sampling. The plateau survey used a stratified random sampling
regime with east–west transects spaced 1 km apart following the
map grid at a survey height of 100 m above the ground.
The transects on the second day were offset by 500 m to reduce
potential bias in capture probabilities. Surveys in the dissected
valleys were included primarily to monitor possible range
expansion of horse distribution, and to give an indication of the
efficacy of surveying horses from the air in this environment.

We followed concentric flight patterns (after Choquenot et al.
2000) because straight line transects were not practical in such
dissected terrain as the helicopter cannot climb and drop fast
enough to keep a set survey height. That is, the survey followed
the contour of the valleys at mid-slope and also flew along the
bottom of the valleys.

On 6 April a trial flight was run and MJD trained two Parks
Victoria staff and the pilot on survey protocols. The
mark–recapture survey was carried out on 7 and 8 April 2005 in
a Bell Jet Ranger helicopter with doors removed except on the
right rear. The weather was fine and mild with smoke haze. All
aircrew (3) and the pilot searched for horses and when a group
was sighted the pilot manoeuvred the helicopter to keep the
horses on the left side of the aircraft to enable the left rear
observer to describe the group. The observer in the front left
(MJD) took photographs (Fig. 2) and also assisted in verbal
descriptions during sightings. The right rear observer recorded
all data on data sheets. Once a sighting was complete we
resumed surveying along the transect. All sighting records were
reviewed immediately after the flights and each group was
assigned a label (A, B, C etc.).

Confidence in the accuracy of each sighting of individual
horses (confident or uncertain) was noted. We were confident of
stable groups that had animals with clear distinguishing mark-
ings captured with clear photographs. For uncertain identifica-
tions, first we assessed the composition of the group, including
group size, age of individuals and individuals with distinguish-
ing marks, then looked at their location relative to similar

Aerial mark–recapture estimates using natural markings

A

B

C

Fig. 2. Photograph of a group of wild horses taken during the aerial survey for identification purposes. Examples of information for
identifying horses include the following. Horse A is an adult, black in colour, with a small star and a left hind sock to below the fetlock.
Horse B is an adult red bay with a large star that extends down on the left-hand side and two hind socks to above the fetlocks. Horse C
is an adult brown bay with a broad blaze extending over the muzzle and with a left hind sock to above the fetlock.
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sightings. If a group with the same attributes had been sighted
in the area then they were assumed to be the same group. On two
occasions we assigned horses ‘resighted’on the second day even
though the group composition had changed; however, our
confidence was uncertain. These individuals appeared to be
bachelors, which often form unstable groups.

The total flight time for the first sample was 3.8 h (including
refuelling and transit) and survey distance was ~220 km, while
the second sample took 3.9 h and was ~260 km. The actual flight
paths were not a direct match with the proposed flight paths
because the helicopter had insufficient mapping capabilities.
However, straight line transects were flown 1 km apart and MJD
assisted the pilot with navigation on the basis of landscape fea-
tures to ensure the entire survey area was covered on both days.

Analysis
Population size was estimated using four mark–recapture
models for closed populations: Chao’s moment estimator (Chao
1988), the jacknife estimator (Otis et al. 1978), the modified
Petersen–Lincoln estimator (Chao and Huggins 2005) and the
Huggins estimator (Huggins 1991). The Chao and jacknife esti-
mators were run in Program CAPTURE, a subprogram in
Program MARK (White and Burnham 1999), the Huggins esti-
mator was run in Program MARK (with group size as a covari-
ate), and the Petersen–Lincoln estimator was calculated
manually. For the Petersen–Lincoln estimator, number of groups
was estimated first and the population was estimated as the
product of estimated groups and mean group size. These esti-
mators were used because they were able to account for hetero-
geneity in detection probabilities to varying degrees. This was
important because not all horses are equally detectable as horses
are more difficult to see if they are in small groups or hidden by
vegetation (Walter and Hone 2003).

Results and discussion
Population estimation
We made a total of 128 observations of horses and identified
72 individual horses in 19 groups (Table 1). Mean observed
group size was 3.79 (±0.52, s.e.). The four models used returned
similar results: population estimates ranged from 89.0 to 94.7
horses and precision ranging from 5.3 to 8.5 (s.e.) (Table 2) with
no significant difference in the estimates (as evident by the
overlap of the 95% confidence intervals). It is not possible to
determine which of the estimates is the most accurate because
we do not know actual population size.

This survey method overcame issues of bias that occur in other
aerial survey techniques. Our concern over using the double-
count mark–recapture technique (Caughley and Grice 1982)
often used in aerial surveys was justified because individual
horses were sighted more than once in one sampling period
(Table 1). A double-count survey would have given an inflated
estimate as each sighting would have been assumed to be of a new
group/horse. Our method also circumvented the limitation of the
double-count technique where both observers (which represent a
sampling event) have the same vantage point and that animals that
are difficult for one observer to detect are difficult for the other,
leading to unequal detection probabilities. Furthermore, some
aerial surveys of horses have assumed that one sampling period is

a total count (e.g. Garrott et al. 1991; see Linklater and Cameron
2002). If either of the two samples from this survey had been
assumed to be a total count they would have given estimates 55%
and 63% respectively below the Chao estimate.

Key assumptions of the mark–recapture estimators were not
met in our study, which could lead to bias in the population esti-
mate. Assumptions that were violated were: (1) that animals are
correctly identified and recorded during marking and recapture,
and (2) animals act independently. Violation of the first assump-
tion may be largely overcome by modifying the survey tech-
nique in the future (see below). It is important to test the effect
of violating the second assumption, but this is not possible with
only two sampling occasions. Animals clearly do not act inde-
pendently as they are in groups, and their capture probabilities
depend on that of the group. We attempted to overcome this
issue by selecting estimators that allowed for heterogeneity in
capture probabilities. However, we strongly recommend that
five sampling periods be used in the future to enable the testing
of this assumption. Alternatively, accuracy could be assessed if
change-in-ratio methods were employed through removal of a
significant and known number of horses from the population as
part of a control program (Krebs 1999). An additional assump-
tion that was not met for the Chao (1988) and jacknife (Otis
et al. 1978) estimators was that the number of trapping samples
should be at least four or five.

High precision was achieved through high sampling inten-
sity and resighting rates on the plateau. Sampling intensity in
treeless areas of the plateau was equivalent to 100% because
groups of horses are clearly visible over 500 m, and any horses
that were in the flight path of the helicopter were seen by the
pilot or the front observer. This is contrary to line transect and
double-count mark–recapture surveys where animals are
missed directly under the aircraft (particularly fixed-wing) as

Table 1. Horses observed during the Bogong High Plains aerial 
survey, 2005

Note that groups B and C changed composition between days so were split 
into two groups.

Group Group size Times sighted
Day 1 Day 2

A 2 1 0
B1 2 1 1
B2 2 1 0
C1 3 1 1
C2 2 0 1
D 4 1 1
E 3 1 1
F 3 1 0
G 1 1 0
H 6 1 0
I 9 1 2
J 8 1 2
K 6 1 1
L 1 1 0
M 6 0 1
N 2 0 1
P 4 0 2
Q 4 0 1
R 4 0 1
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observers are looking out to the side and the pilot does not par-
ticipate. Sampling intensity was lower in areas with tree cover
because tree cover reduces the sightability of horses with
increasing distance from the helicopter (Walter and Hone
2003). This logically varies depending on the height and
density of the trees. Vegetation was also found to be an impor-
tant covariate in mark–recapture analysis for broadscale aerial
survey of wild horses in the Australian Alps (Laake et al.
2008).

Survey technique
Not all of the horses were correctly identified and recorded
during marking and recapture. We were confident of the identi-
fication (or marking) of only 103 of the 128 sightings of horses
(80%). This needs to be improved if the technique is to be suc-
cessfully employed because any misidentification of horses
affects population estimates. For example, if five of the horses
recorded as being sighted twice in the study were actually being
sighted for the first time, the population estimate would have
been 105 instead of 92 (using the Chao estimator).

Identification of horses could be improved through better
recording and observation techniques. The reasons horses were
difficult to correctly identify were limitations in the identifica-
tion and recording techniques (particularly through vegetation)
and/or lack of distinguishing features on horses. Observer inex-
perience and data recording methods limited the quality of data
collected. These effects could be mitigated in the future. The
survey required inexperienced parks staff to be observers, and
it is well established that observer experience can affect the
accuracy of aerial survey estimates (Caughley et al. 1976).This
was evident in the current survey; however, when the same
parks staff conduct the survey in the future their skills will
improve. Furthermore, the use of a digital video camera will
improve horse identification. The digital stills camera was
more useful than verbal descriptions for identifying horses in
all cases except where there was a tree canopy. A digital video
would improve sightings though tree canopies as it is possible
to search frame by frame to obtain a clear image of a horse.
Digital video and stills cameras should also resolve issues over
identification of horses with few distinguishing features as
attributes such as height and body condition of horses can
be compared.

All horses were sighted on the undulating plateau areas and
none were sighted in the dissected valleys. The lack of sightings
in the dissected river valleys was most likely attributable to very
low densities (or absence) of horses in this habitat, as well as
low sampling effort and low detection through the tree canopy.
It would be more efficient to exclude the dissected river valleys

from the aerial survey and focus on the plateau for population
estimates in the future. This would reduce flight-time and costs
by one-third.

Implications for management

The population estimates of wild horses in the Bogong High
Plains derived from this study are lower than the previous ‘best
guess’ estimate for the area of 200 horses (Walter 2002). Using
the Chao model estimate of 92 (±8.5, s.e.) horses, this equates
to a density of 0.51 horses km–2 over the entire survey area, or
1.02 horses km–2 on the plateau section of the survey area where
all of the horses were sighted. This is lower than the average
density estimated in a broadscale survey of the Australian Alps
in 2001 (2.43 horses km–2) (Laake et al. 2008). The level of pre-
cision (Table 2) was higher than that required by Parks Victoria
for management purposes (coefficient of variation less than
35%). These estimates should be used with caution until the
survey technique is refined and model assumptions are tested.

This exploratory study would suggest that aerial survey is
most suitable for estimating population size of the core horse
population on the Bogong High Plain plateau. Expansion in
distribution of horses into the dissected river valleys may be
better detected by monitored for the presence of horses through
on-ground observations by parks staff and visitors. If horses are
frequently detected in a new area then they may be included in
future aerial surveys.

Conclusion
This novel population survey method has proven to be viable in
this context, but requires refinement. Once practical issues of
identifying horses are resolved, the survey should be run with
five sampling periods to ensure that model assumptions are not
violated. The technique has proven useful for identifying large,
conspicuous animals with unique natural markings. Two other
studies conducted independently and at the same time as ours
used similar techniques and also found the method useful
(Freeman 2005; Ransom et al. 2005). Neither sampled more
than twice, so did not address the underlying assumptions of
the models used, but the survey of Ransom et al. (2005) was of
a population of known size and the estimate was not signifi-
cantly different.
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Aerial mark–recapture estimates using natural markings

Table 2. Summary of estimates of the size of the Bogong High Plains horse population
Refer to text for information on estimators.

Estimator N̂groups (s.e.) N̂horses (s.e.) Notes

Chao – 92 (8.5) Using Chao’s notation, f1 = 37, f2 = 35, S = 72, t = 2
Jacknife – 89 (5.3)
Petersen–Lincoln 23.5 (3.5) 89.1 (7.9)
Huggins 25.0 (3.5) 94.7 (7.9) p(groupsize)c(groupsize), p(.)c(groupsize), p(groupsize)c(.) 

and p(.)c(.) models gave estimates within 0.1 groups



M. J. Dawson and C. Miller370 Wildlife Research

References
Berger, J. (1986). ‘Wild Horses of the Great Basin. Social Competition and

Population Size.’ (University of Chicago Press: Chicago, IL.)
Buckland, S. T., Anderson, D. R., Burnham, K. P., and Laake, J. L. (1993).

‘Distance Sampling: Estimating Abundance of Biological Populations.’
(Chapman and Hall: London.)

Caughley, G., and Grice, D. (1982). A correction factor for counting emus
from the air, and its application to counts in Western Australia.
Australian Wildlife Research 9, 253–259. doi:10.1071/WR9820253

Caughley, G., and Sinclair, A. R. E. (1994). ‘Wildlife Ecology and
Management.’ (Blackwell: Cambridge.)

Caughley, G., Sinclair, R., and Scott-Kemmis, D. (1976). Experiments in
aerial survey. Journal of Wildlife Management 40, 290–300.
doi:10.2307/3800428

Chao, A. (1988). Estimating animal abundance with capture frequency data.
Journal of Wildlife Management 52, 295–300. doi:10.2307/3801237

Chao, A., and Huggins, R. M. (2005). Classical closed population models.
In ‘The Handbook of Capture Recapture Methods’. (Eds B. Manly,
T. McDonald and S. Amstrup.) pp. 22–35. (Princeton University Press:
Princeton, NJ.)

Choquenot, D., Bolton, N., and Woods, D. (2000). Evaluating the applica-
tion of aerial survey to estimate Himalayan thar densities. Landcare
Research Contract Report: LC0001/29. Landcare Research, Wellington.

Freeman, M. (2005). Density estimation of feral horses in Guy Fawkes River
National Park New South Wales, using an aerial mark–recapture
method. B.Nat.Res. Thesis, University of New England, Armidale.

Garrott, R. A., Siniff, D. B., and Eberhardt, L. L. (1991). Growth rate of feral
horse populations. Journal of Wildlife Management 55, 641–648.
doi:10.2307/3809513

Huggins, R. M. (1991). Some practical aspects of a conditional likelihood
approach to capture experiments. Biometrics 47, 725–732. doi:10.2307/
2532158

Krebs, C. (1999). ‘Ecological Methodology.’ (Benjamin/Cummings: San
Francisco, CA.)

Laake, J., Dawson, M. J., and Hone, J. (2008). Visibility bias: mark–recap-
ture, line-transect or both? Wildlife Research 35, 299–309.
doi:10.1071/WR07034 

Linklater, W. L., and Cameron, E. Z. (2002). Escape behaviour of feral
horses during a helicopter count. Wildlife Research 29, 221–224.
doi:10.1071/WR01063

Morley, R. C., and van Aarde, R. J. (2007). Estimating abundance for a
savanna elephant population using mark–resight methods: a case study
for the Tembe Elephant Park South African Journal of Zoology 271,
418–427. 

Otis, D. L., Burnham, K. P., White, G. C., and Anderson, D. R. (1978).
Statistical inference from capture data on closed animal populations.
Wildlife Monographs 62, 1–135. 

Ransom, J., Singer, F. J., and Zeigenfuss, L. (2005). Annual report for 2004
wild horse research and field activities. Open-File Report 2005–1316.
US Geological Survey, Fort Collins, CO.

Turner, J. W. J., Wolfe, M. L., and Kirkpatrick, J. F. (1992). Seasonal moun-
tain lion predation on a feral horse population. Canadian Journal of
Zoology 70, 929–934. 

Walter, M. J. (2002). Population ecology of wild horses in the Australian
Alps. Ph.D. Thesis, University of Canberra.

Walter, M., and Hone, J. (2003). A comparison of 3 aerial survey techniques
to estimate wild horse abundance in the Australian Alps. Wildlife Society
Bulletin 31, 1138–1149. 

White, G. C., and Burnham, K. P. (1999). Program MARK: survival esti-
mation from populations of marked animals. Bird Study 46, 120–139. 

Wilson, B., Hammond, P. S., and Thompson, P. M. (1999). Estimating size
and assessing trends in a coastal bottlenose dolphin population.
Ecological Applications 9, 288–300. doi:10.1890/1051-0761(1999)009
[0288:ESAATI]2.0.CO;2

Manuscript received 27 June 2007, accepted 23 January 2008

http://www.publish.csiro.au/journals/wr























































1 
 

Claire Galea – responses to Submission 297 (Supplementary submission) Don Fletcher 4 
October 2023. 

 
Please note that I did not have access to the 2023 report at the time of writing the initial 
report therefore any comments pertaining to the 2023 Cairns report are invalid.  
 
Below are “screen shots” from the document written by Dr Flecther and then in blue are my 
responses. 
 

1.  
 

 
 
No, my report was not subject to academic peer-review as it was a summary of concerns 
surrounding secondary data collected and analysed from NPWS and Cairns, not myself, 
however this data collection and subsequent reports by Cairns were not subject to the peer 
review process as outlined by Submission 297. This was a concern I have raised in 2 
parliamentary inquiries. Submission 297 states that “opinions of two or three anonymous 
peer-reviewers” would be needed – and again raises the questions why was this not 
undertaken for any of the Cairns’ documents for either kangaroos or wild horses?  
 
Below are three screen clippings: 

1. The title page from the transcript of the NSW Parliamentary Inquiry into the Health 
and Wellbeing of Macropods 

2. The quote from Dr Cairns stating that the documents had been peer-reviewed.  
3. Concerns and criticism from the University of St Andrews who developed the 

software and reviewed the methodology Cairns uses for the wild horses.  
a. Note – this was not an independent peer review according to the 

requirements of Submission 297, but rather a review by the company who 
had a conflict of interest as they owned and developed the software Cairns 
used.  
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2.  

 
 
Submission 297 states that “nothing in the following comments about the content of the 
report should be read as personal criticism of Mrs Claire Galea”. 
 
Thank you for the opportunity to respond to this document. I found this document to 
contain a tone that was condescending especially when it was written by someone who was 
not a statistician. My concerns with the methodology of counting kangaroos and wild horses 
have always been with just that, the methodology, and not the person undertaking it. 
Comments made throughout this submission show a level of disrespect to not only myself 
but my profession as a statistician.  
 
 

3.  

 
No comment. 
 
 

4.  
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As this comment is a summary my response is addressed throughout the document below.  
 
 

5.  

 
 
I am an independent biostatistician, no one has paid me to do any of the kangaroo and wild 
horse reporting I have undertaken. At the time of writing the report in May 2023 I had no 
connections to any wild horse or kangaroo groups.  
 
As Submission 297 draws attention to the report released in October 2023 by Cairns I have 
made comments within the document below pertaining to it. 
 

6.  

 

 
 
My report written in May 2023 was undertaken to draw similarities on the concerns with 
the methodology used to count kangaroos and wild horses. I am a biostatistician not an 
ecologist, lawyer or ethicist and therefore my statement calling for a moratorium on the 
killing of wild horses, which I also made for the kangaroos, was based on the statistical 
concerns surrounding the methodology used to estimate populations. Given the criticisms 
also provided by the University of St Andrews who state that “Estimation of population 
trends over time is difficult based on this methodology” we cannot be sure of how many 
wild horses are in the park and therefore until an independent recount can be undertaken 
an immediate moratorium should be put into place. There is currently no imagery evidence 
to support any of the population estimates for the wild horses in KNP and therefore 
validation of any of these values cannot be undertaken.  
 

7.  
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As previously stated, my report written in May 2023 was undertaken to draw similarities on 
the concerns with the methodology used to count kangaroos and wild horses not to project 
a way forward for a better survey method.  
 
However, in the last few months I have been contacted by numerous groups, individuals 
and companies to be involved in undertaking an independent count of the wild horse 
population in KNP using state of the art imagery.  
 
A company has been contracted to undertake this work completely independent of myself. I 
will not be doing any of the data collection, analysis or reporting and it will be peer-
reviewed with all findings made available for publications.  
 
Note: Documentation surrounding this count has been included in this email to be tabled 
titled “Summary of Independent Count January 2024” 
 
 

8.  
 

 
 
Over the last 25 years of analysing data and as a statistical consultant I have provided 
statistical advice, analyses and reported on data which has included a wide range from 
military to biological, educational and medical. I have not claimed to be an ecologist at any 
stage, but I specialised in population trends over time and have used this statistical 
modelling extensively. This modelling has been used for both human and animal studies in 
many peer-review publications and therefore my expertise in this space can cross both 
fields. I currently have an ecology paper under peer-review and have reviewed ecology 
papers from a statistical perspective for a world-renowned wildlife journal.   
 

9.  
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As previously stated, my report written in May 2023 was undertaken to draw similarities on 
the concerns with the methodology used to count kangaroos and wild horses. When Cairns 
was asked in 2021 in the NSW Parliamentary Inquiry into the Health and Wellbeing of 
Macropods if his work on counting kangaroos had been peer-reviewed he stated that his 
work on counting feral horses had been. This started a journey for me to eventually find the 
reports written by the University of St Andrews critiquing the 2014 and 2019 report and 
therefore I focussed my report on the counts done on these two occasions. As stated 
previously the 2014 and 2019 were not independently peer reviewed as per the 
requirements stated by Submission 297.  
 
With respect to my comment regarding foals and joeys on page 17 – the 2014 and 2019 
counts by Cairns do not count foals and therefore my statement is correct. I acknowledge 
that this was not made clear in my report.  
 

10.  
 

 
 

 
 
Distance sampling has the ability to provide accurate population estimates when all 
modelling assumptions are met.  
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Submission 297 states that “a body of scientists”, the question remains are these 
academically independent and have they followed the protocol for the peer-review process 
according to Submission 297’s statement on page 1 section 1 of this document?  
 
 

11.  

 
 
As a biostatistician this section is very concerning. Accuracy and precision are always 
important especially when working with trends over time. There has been no validation of 
any of the population estimates from 2014 onwards using imagery or provision of the raw 
data (where each horse was seen using GPS location and time setting) therefore there can 
be no certainty on the actual number of wild horses in KNP until an independent, 
transparent count is undertaken with precision and accuracy. 
 
Any contractual work for the NSW government that does not aim for precision and accuracy 
every time should be questioned.  
 
I draw the reader to the attention of the annual head count data below conducted by 
NPWS. These figures were obtained from Equine Scientist Joanne Canning and through GIPA 
applications. With the estimated population in June 2023 to be 759 horses. 
 

Year NPWS annual head 
count 

2014 1637 

2015 Not done 

2016 2199 

2017 2144 
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2019 2791 

2019 3110 

2020 2468 

2021 3699 

 1649 trapped 
890 slaughtered 

June 
2023 

759 remaining 

 
 

12.  

 
 
As stated earlier, my report focussed on the 2014 and 2019 as they had been critiqued by 
the University of St Andrews and the reflections of the University were very important in the 
kangaroo counting given the same methodology was used. 
 
The populations trends which have been established on the wild horses in KNP using the 
methodology applied by Cairns started in 2014 and 2019 and have progressed from there. 
My concerns of the application of clusters and the size come from this original work and is 
supported by the University of St Andrews who stated that ”ignore clusters and count 
number of horses in each distance interval and treat each animal as an individual 
detection”. 
 
Submission 297 has misunderstood the use of a global detection function which was applied 
in the 2014 and 2019 report. When this type of function is used it is necessary that all the 
individual components which contribute to the global detection also meet the minimum 
requirement for sample size i.e. a minimum of 60-80 clusters of wild horses. This was not 
the case in either 2014 and 2019 data. Therefore, referring to the overall total number of 
clusters does not meet the statistical assumptions and should not be undertaken. My 
concerns of the application of the global detection is supported by the University of St 
Andrews who stated that “Individual block-specific detection functions would be more 
appropriate”. I addressed this concern in the inquiry on the 18th of December.  
 
With respect to not providing a way forward please see my response to 4 above.  
 
Error noted on page 7 of my report.  
 
As Submission has drawn attention to the Cairns document of 2023 it is noted that when 
counting clusters Cairns makes no distinction between open and treed terrain. These should 
have been counted separately and had a different probability detection and therefore more 
areas may not have met the minimum size requirement for the modelling. Cairns states that 
86% of cluster sightings were in open terrain in the Northern Block hence 38 clusters 
(rounded up) were in treed terrain – again less than 60.  
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13.  

 
 

 
 
The table being referred to by Submission 297 is above (taken from page 6 of my original 
report May 2023). My discussion in my report was focussed on the Common Wallaroos not 
the Eastern grey kangaroos, so these criticisms are misguided. However, I will respond 
outlining how there were an insufficient number of wallaroos seen. Cairns cites Buckland et 
al. 2011 and states that “the recommended number of observations, of clusters of horses in 
this instance, should be 60-80 for reliable modelling of the detection function”.  From the 
above table it can clearly be seen that only 54 individual common wallaroos (not clusters) 
were seen in the Armidale High zone and again only 58 individual animals in the Upper 
Hunter High Zone. These values were then used to get an overall population estimate of 
nearly 300,000 common wallaroos in the Northern Tablelands.  
 
Therefore, the comment from Submission 297 “it is absurd to complain that the uncommon 
species did not record 60 clusters” is related to Eastern Grey kangaroos which was not what 
my report was on. Therefore, what Submission 297 has stated is confusing as it is clear that 
54 individual wallaroos cannot equate to 60 clusters nor can 58 individual wallaroos 
therefore an insufficient number of animals were seen to undertake any reliable modelling 
based on Cairns’ statement.  
 

14.  

 
 
Submission 297 raised concern around the statement that “a cluster is considered to be 
more than one animal’ and refers to Buckland et al. (2001). If we refer to the paper titled 
Distance Sampling (screen shot below) which also includes Buckland ST as an author at no 
point does any analysis take into consideration if only one animal is seen, it is assumed that 
if one animal is seen then a cluster is seen and an estimated cluster size is applied – this 
would produce an overestimation in the population estimate. Hence a cluster, although 
stated as 1 or more is ONLY ever analysed as “MORE THAN 1” thus my statement.  
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My concern around this especially with kangaroos was evident when raw data was obtained 
demonstrating the counts from the observers (please see the map below), there were many 
instances where 0-1 single kangaroos were seen and modelled as a cluster. This would 
grossly overestimate the population estimates.   
 
Submission 297 states that “if Galea’s definition of clusters were adopted, all the animals 
seen as singletons would be omitted from the count”. From the evidence below it can be 
seen that this is not the case as they indeed are counted.  
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15.  

 
 

 
 
With respect to cluster size please see my response to numbers 10 and 11 above where I 
have outlined the serious concerns around using clusters. Please also note the previous 
comment from the University of Andrews recommending not to use clusters but rather 
individual horses. 
 
The statement by Submission 297 around the mean cluster size raises the concern which is 
heavily support in literature that using the mean is affected by outliers. Please see the peer-
reviewed manuscript by Nowak-Brsesinska and Gaibei (2022) outlining how outliers, large 
numbers, influence clustering.  
 
With respect to the method of regression of size over distance this is heavily influenced by 
the probability of detection which ranged from 0.23 to 0.53 over 2014 and 2019 with no 
consistency.  
 
 

16.  
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With respect to my reference to the size and survey effort comes under the heading – 
Grouping of the zones together - refers to the fact that when using a global detection 
function each zone should meet the criteria for the model assumptions which was not the 
case, seeing a minimum of 60-80 clusters. Please note the earlier statement from the 
University of St Andrews “Individual block-specific detection functions would be more 
appropriate”. Survey size and effort can differ within an overall block survey approach 
however each must meet the criteria set by the assumptions of the model. If they don’t 
then independent analysis should be undertaken, which is in line with the Universities 
recommendations.  
 

17.  

 
 
In section E of my report, I refer to the statement made by Owusu “that the use of line 
transects is not appropriate if the object is moving at half the speed of the observer or 
faster”. This is a peer-reviewed reference and the statement I used for the speed of a 
running horse did not refer to a racehorse but rather to a galloping horse (screen clipped 
below). Therefore, both these statements are valid with respect to moving horses. 
 
Also, one of the key assumptions behind distance sampling is that: “objects are detected at 
their initial location”, that is that they don’t move. Therefore, this choice of modelling 
violates that assumption.  
  

 
 
https://www.amnh.org/exhibitions/horse/how-we-shaped-horses-how-horses-shaped-
us/sport/bred-for-speed 
 
Please also note the reference here is unpublished therefore not subject to peer-review. 

18.  

 
 
Submission 297 states that it is perfectly legitimate to estimate a population growth rate 
using two specific time points on a basic calculation. However, my argument was that it was 
not appropriate when applying statistical modelling techniques. Which leads to another 
concern, which is the lack of model fit provided by Cairns. This was also noted by the 
University of St Andrews who stated that “Not being able to assess model fit is problematic” 
without this information we have no way of knowing how well the data fit the model and if 
any time trends established from the model were reliable.   
 

https://www.amnh.org/exhibitions/horse/how-we-shaped-horses-how-horses-shaped-us/sport/bred-for-speed
https://www.amnh.org/exhibitions/horse/how-we-shaped-horses-how-horses-shaped-us/sport/bred-for-speed


13 
 

Submission 297 refers again to the overall total number of clusters which the University of 
St Andrews have recommended against using and that each block should be analysed and 
reported separately. Along with this Submission 297 also refers to the bootstrapping which I 
made no comment about and have myself used on regular occasions for time trend data 
when the data have met the assumptions of the model.  
 
However, of major concern, which is not noted in Submission 297, Cairns actually only used 
ONE time point by combing the values from 2014 and 2019 together – ultimately leading to 
a mean value at approximately the year of 2016.  
 

19.  

 
 
Data that is not normally distributed is perfectly “normal” for want of a better word. Normal 
data is a luxury in statistics and my report did not criticise this, therefore I think there has 
been a misunderstanding within this section. 
 
Cairns does not provide the evidence of how positively skewed the wild horse data was and 
therefore it is not possible to determine if the use of the choice of method was appropriate. 
However, with respect to the kangaroo data it is made very clear that the transformation 
was used and therefore my concern remains.  
 

20.  

 
 
I note that the criticism in this section and the tone used is unprofessional. Submission 297 
should refer to the kangaroo reports as well as the wild horse reports for 2014 and 2019 
and the University of St Andrews criticisms when referring to the confusion surrounding the 
use of covariates.  
 
For the wild horses’ different covariates were used for each block, but then for the overall 
global detection function only one used. So which covariate contributed to which 
population estimate within each block and by how much cannot be determined (note page 
24 of Cairns 2014 and 2019 states “goodness of fit could not be considered in relation to 
models produced using the MCDS analysis engine because of a lack of degrees of freedom”. 
Without the model output and fit it is not possible to determine the covariates and their 
contribution.  
 
With respect to the kangaroo report of 2016 as referred to by Submission 297, there was no 
consistency in the modelling when each of the zones were grouped together to produce an 
overall population estimate. One zone used one covariate, another didn’t use a covariate 
but as for the overall model, without the output and model fit it is not possible to determine 
the covariates and their contribution. 
 

21.  
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One of the fundamental assumptions on this modelling is that, as stated by the University of 
St Andrews “It is arguable whether an inference should be made to the areas not surveyed 
in each block. The assumption in the report is horse density is zero in NON-surveyed 
areas”. The report by Cairns also opens the concern of steep non-surveyed areas to be open 
to challenge therefore, given this along with the statement from the University I am 
uncertain how this concern is not warranted. There should be no inference made on un-
surveyed areas as the assumption is 0 population as stated by the developers of the 
software.  
 
However, the argument remains that without any imagery and provision of the raw data 
nothing can be verified.  
 

22.  

 
 
As previously stated, the University of St Andrews stated that “Individual block-specific 
detection functions would be more appropriate”. Please see my responses to 9, 13 and 17. 
 
The statement from Submission 297 that Cairns 2022 didn’t use a global detection function 
is incorrect. Please see the screen clip below which was taken from page 17 of Cairns 2022 
and note that a global detection function was also used in 2020 and 2023.  

 

 
 
Note: With respect to the statement referring to Cairns 2023, as my report was published in 
May I did not have access to this information and therefore cannot respond to that 
comment.  
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23.  

 
 
Submission 297 makes the statement that “The reason is that because all estimates of 
population size have a confidence interval, estimates that are close enough in time cannot 
differ significantly’. As the same methodology is used for counting wild horses and 
kangaroos how then does the population of grey kangaroos increase by 76.4% in one year 
or 154.2% in one year? These are just two examples where this has happened - is one year 
considered close enough in time for population increases for Submission 297? However, if 
we then look at the increase in the population of wallaroos which was surveyed with a 3 
year gap this increased by 269%? (Please see screen shots below). 
 
Submission 297 also states “testing whether consecutive counts are significantly different is 
a poor way to determine whether a population is increasing, stable or decreasing”. 
However, Cairns does this statistical comparison not me, so Submission 297 has criticised 
Cairns in this statement.  
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24.  

 

 
 
Please see my response number 18 where I have outlined in more detail what is below. 
 
One of the fundamental assumptions on this modelling is that, as stated by the University of 
St Andrews “It is arguable whether an inference should be made to the areas not surveyed in 
each block. The assumption in the report is horse density is zero in NON-surveyed areas”. 
 
Please see the attached document from Equine Scientist Joanne Canning outlining the 
implausible population estimates. 
 
 

25.  

 
Submission 297 has stated that the reference supplied in this section is a website that is 
incorrect. The reference states Bonham (1989) as can be seen on page 18.  

 
Below is a screen clip of the cover of the book.  
 

 
 

26.  

 
 
The University of St Andrews stated that “the high rate of growth reported for the North 
Kosciuszko block are of particular interest as it appears to exceed published maximum 
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growth rates for the species”. Please see the report from the University of St Andrews for 
scientific evidence to support the implausible population rate of growth.  
 
Also, along with my previous response to number 20, the implausible population growths 
far exceed the biological growth rate.  
 
Please see the attached document from Equine Scientist Joanne Canning outlining the 
implausible population increases. 
 
Submission 297 states that “there is no way to determine how much of the large increases 
in estimated population size are due to breeding, how much to immigration, and how much 
to counting error. In the absence of that research Galea’s criticism is unfounded”. This 
statement itself validates the criticism, Cairns does not have the evidence to support any of 
the population estimate claims – no imagery in any form. This evidence is vital! 
 

27.  
 

 
 
The comments made by Submission 297 cannot be verified as there is no imagery to 
support any of the population estimates obtained. Double counting can occur during one 
session of an observer counting a cluster of horses, it does not have to be on two sperate 
occasions. But without images there is no evidence to demonstrate that double counting did 
not take place. 
 
With respect to the important concept that a true count cannot be obtained – the same 
argument as in the previous paragraph stands. Without imagery covering the whole survey 
area we are left with the observers views of what was seen. 
 
Note: As stated earlier an independent count that provides imagery of the entire survey area 
is needed to determine the population of wild horses in KNP. Please see documentation 
submitted with this email of an independent count being undertaken to do just that. 
 

28.  

 
Foals and Joeys 
 
Please see my response to number 6 which outlines from the 2014 and 2019 report there is 
no mention of foals.  
 

29.  
 

 
No comment. 
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INDEPENDENT COUNT OF THE WILD HORSES IN KOSCIUSZKO NATIONAL PARK 

 

An independent count has been organised by Rocky Harvey and Claire Galea with a contract being 

issued with AirborneLogic and funded on GoFundMe. This count will be undertaken by the company 

and the report obtained will be peer-reviewed. Both Rocky and Claire will not be involved in any 

counting, analysis or reporting of the data.  

Below is a summary of the project.  

 

QUOTATION AND CONTRACT 

We have negotiated a fixed price contract with Airborne Logic for $76,000 including GST for 

combined imagery capture, data processing, reporting and peer review.  We have raised sufficient 

funds (less funding platform fees) for this sum.  The survey area is per previous updates and the 

contract has provision to increase the size of the survey area, including data processing, should more 

funds be made available prior to flight day. 

Should additional funds become available prior to the imagery flight, the contract allows for 

additional area to be added to the survey. 

 

TECHNOLOGY 

Airborne Logic will be using the latest technology for the survey and data analysis including: 

• Fixed wing plane flying at about 3500 feet (1050m) above ground with twin 5cm per pixel 

cameras.  The elevation of the flight means the horses will not be disturbed or animated by 

the presence of the plane, but also that no approval from NPWS is required. 

• Imagery will be sewn into a complete mosaic of the survey area – like a photographic map of 

the entire survey area 

• A.I. software will be trained in horse recognition and count horses in the images 

• We are advised that horse detection will be incredibly high with 5cm RGB imagery 

• We were keen on surveying both RGB (red, green blue – normal colour) imagery combined 

with thermal but were advised that this presented a number of issues: 

o Cost was a big one with imagery capture cost about double for the same area 

o Inclusion of thermal resulted in the narrowest swarth width (distance between flight 

paths) of all options 

o Thermal results are best in the morning when temp variation between animal and 

ground is highest, but this is the worst time for RGB imagery when light levels are 

low and shadows long 

o The machine learning programs will be different for thermal and RGB data and 

significantly increase the cost and timeframe of data processing 

o Stand-alone thermal imagery will not distinguish between a horse and any other 

large animal such as sambar deer 

• Use of dual cameras increase width of image with each pass meaning the survey area is 

covered more quickly 
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• Flight paths have been designed with relatively short flight runs before turning and flying a 

parallel path.  This limits the opportunity for horse movement as the time between passes is 

minimised. 

• Covering the survey area quickly, from a high elevation in short parallel runs will all minimise 

potential for double counting or mis counting horses. 

• The scope of machine training for this project excludes detection of double counting (we are 

advised this would be extremely complex and costly), however to mitigate this risk, the pilot 

will make a log (including aircraft GPS position) of any significant horse sightings and 

movement particularly on the extremities of the imagery. 

• This automation of the data collection and analyses results in almost complete removal of 

human error and potential bias – the polar opposite of techniques currently used by NPWS 

 

STEPS INVOLVED  

Airborne Logic’s progressive steps for the project are as follows: 

1. Procure imagery 

2. Train photogrammetry software which will create a mosaic of the survey area to tag all 

relevant pixels that are known to be horses 

3. Use machine learning software to develop an image recognition model - basically building a 

model horse in the computers brain if that makes sense.  This image recognition model will 

be for the open plains. 

4. Run the model over the entire survey area which will identify all horses and generate a total 

estimated number of horses in the survey area. 

5. Test the model rigorously, tabulate and report all findings. 

6. Load raw imagery data onto public portal along with layer showing detected horses 

7. Peer review 

 

AIM 

The aim in all of this is to develop a peer-reviewed unique and verifiable model that uses aerial 

image capture and machine learning to identify hoses in an automate, extremely accurate and 

repeatable process in similar landscape. 

 

PUBLIC PORTAL 

As part of their contract services, Airborne Logic will load the raw imagery onto a public portal where 

anyone can log in and view the data.  They will also load a layer showing where horses were machine 

counted. This means that anyone can zoom in to anywhere in the survey area and identify where a 

horse was counted and view the actual image. 

 

SELECTED SURVEY AREA 

• Based on the annual NPWS spotting counts the distribution of horses in the open terrain is 

somewhat regular with the exception of The Tantangara/Currango Plain, Nungar Plain and 
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Boggy plain.  Nungar Plain and Boggy plain have generally had a relatively low population 

density.  Tantangara/Currango Plain has routinely had a very high density. 

• Tantangara/Currango plain has been subject to a relatively recent cull of a high number of 

horses.  Our team are concerned about the machine counting of dead horses as live ones - 

that is the machine will not be able to distinguish between an alive horse laying down to a 

dead horse.  While the software could be trained for this purpose, it would add another 

complexity and cost. 

• We think our selected survey area is a good balance of density but ultimately there is plenty 

of currently available information produced by Parks that illustrates population density 

distribution.  This is both in the parts of the Carins reports and in results of annual spotting 

counts undertaken by NPWS. 

• We have requested the raw data from the flights used to compare our results to the 

information used in the Cairns report.  Providing NPWS release records of cluster locations 

and size that we can map against our survey area, Cairns own equations can be used to 

calculate the number of horses he estimates are in our survey area  This will enable a direct 

comparison to our results 

 

SELECTION OF AIRBORNE LOGIC/ALTERNATE FIRMS AND METHODS 

• We considered the use of helicopter, drones, fixed wing and satellite for imagery platforms 

• We contacted a number of different companies about a range of different potential survey 

methods 

• Challenges: 

o High enough resolution from satellite is not readily available and cost prohibitive to 

commission. 

o Drone technology is advancing at an incredible rate but for this project, flight times, 

landing and take-off were an issue.  In the future drones will no doubt become more 

readily available that can fly for longer and at suitable elevations however this is not 

available yet. 

• Fixed wing was the most cost-effective solution we came up with and also provided flight 

elevations and speeds that would provide the best overall results. 

• Airborne Logic were the firm who showed the most interest in the project and had the best 

suited technology and experience.  They were aware of the political nature of the project 

and are still willing to be involved provided it remained 100% impartial and the work was 

independently peer-reviewed. 

TIMING 

• Subject to suitable weather, the imagery flight can be done between now and 28th January 

and that is what we are aiming for.  If suitable weather does not occur in that time frame, 

the flight crew and plane will be available again from mid-February onwards. 

• The team need suitable weather that is primarily safe for flying but also with conditions that 

will result in the best imagery quality – best results are on clear sunny days or days with high 

uniform cloud cover.  Partly cloudy days that result in strong cloud shadows are not ideal. 

• It is critical that our survey is taken in climatic conditions as close as practical to the days 

that NPWS ran their latest survey.  This occurred on 7 of the days between 10th and 19th 

October 2023.  We have requested more detailed data from the Government but are unsure 

when or if we will get this.  Ideally, we would want to know the exact day the NPWS flight 
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over our survey area occurred.  In the absence of that we do have some insights.  The Cairns 

report noted that flights were not run on 3 of these days in October due to poor weather 

conditions.   

• We have reviewed the climatic data from the BOM Cabramurra weather station (only 15km 

from the survey area) from the dates given by Cairns and the poor weather days can be 

easily identified.  On the remaining days, the maximum daily temperature on all but one day 

was in the mid-teens. 

• Given delaying our survey until October to match NPWS more closely is not viable, we are 

aiming to match the conditions as closely as practical in as many other aspects as we can.  

Thankfully the BOM long range forecast of a hot dry summer has not eventuated, and it 

should be completely viable to pick a day/s with temperature in the mid-teens and this will 

be our target condition.   

• We are aware that a big difference between October and summer affecting horse location is 

insect activity – particularly those lovely not so little March Flies.  When present, March Flies 

are most active in hot and sunny conditions and many horses will shelter from these biting 

critters in the shade of the trees. 

• To mitigate potential claims that horses are not present in our images due to them 

sheltering in the trees from March Flies, we are aiming to do imagery with maximum temps 

in the mid tees along with uniform high cloud cover.  This combination will maximise the 

number of horse on the plains without compromising the quality of the imagery. 

• The current survey area will require at least a full day of flying.  Running the survey on early 

mornings on successive days is not only cost prohibitive but early morning light is not ideal 

for quality of imagery.  Statistically data will be more robust if procured in a single day.  

 

CURRENT PROJECT TIMELINE 

• Imagery – mid to late January 2024 

• Data analysis draft report due 30 March 2024 

• Final report including peer review 15th April 2024 

 

EXPANDING THE SURVEY AREA, BOTH NOW AND AT A LATER DATE 

• Ideally, we would have loved to survey the entire open terrain area of the northern block 

• This would result in a cost increase to our budget of at least 50% 

• Imagery capture is more relative to distance travelled however there are economies of scale 

with the data processing as a large portion of the cost is in machine training.  Once the 

machines are trained to count horses, running additional data is not a lineal cost increase. 

That is, once the machine learning model has been built it is then a case of running the new 

data through the model and letting it work.  

• If further funds were raised, or indeed if NPWS adopted the methods, additional areas could 

be surveyed and the data processed, not only in KNP but in any other similar terrain 

including the Victorian Alps. 

 

AUTONOMY AND INDEPENDENCE 
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We have had extensive correspondence with many individuals and groups interested in the project 

and have taken very seriously all the input we have received.  While we completely understand that 

many would like more direct involvement in project planning we believe that continuing in our roles 

as independent intermediaries is the only workable approach.   

 

Claire and Rocky are jointly making all key decisions based on the advice of our professional team 

after taking into consideration community input.  We remain open to queries and input and will 

continue updates over the GoFundMe platform as the project progresses. 

 

Airborne Logic have made it crystal clear that they will be undertaking a completely unbiased 

scientific analysis and will not be pressured in any way in this respect. 

 

*************************************** 

 

Note: “Ideally, we would survey the same entire area using the NPWS Wild Horse Surveys (2,745km2) 

however being privately funded and tasked with the cost of training software, this is beyond reach. 

The NPWS Cairns 2023 survey asserts that there are 17,432 horses in the whole of the KNP with 

13,163 of these existing in a 1299km2 survey area referred to as the Northern Block. Given the raw 

information of both the size and location of the clusters is not available (although please note it has 

been formally requested but not yet provided) we can only extrapolate that they estimate 11,238 

horses are in the 618km2 open plains area of this Block. That is 64.5% of the entire horse population 

living in quite a small area equating to 18.17 horses for every square kilometre.” 
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Abstract: In this article, we evaluate the efficiency and performance of two clustering algorithms:
AHC (Agglomerative Hierarchical Clustering) and K−Means. We are aware that there are various
linkage options and distance measures that influence the clustering results. We assess the quality of
clustering using the Davies–Bouldin and Dunn cluster validity indexes. The main contribution of
this research is to verify whether the quality of clusters without outliers is higher than those with
outliers in the data. To do this, we compare and analyze outlier detection algorithms depending
on the applied clustering algorithm. In our research, we use and compare the LOF (Local Outlier
Factor) and COF (Connectivity-based Outlier Factor) algorithms for detecting outliers before and
after removing 1%, 5%, and 10% of outliers. Next, we analyze how the quality of clustering has
improved. In the experiments, three real data sets were used with a different number of instances.

Keywords: clustering; outlier detection; clustering quality indexes; AHC; k-Means

1. Introduction

Data clustering is one of the most effective tools for dealing with large amounts of
data [1]. When there is a lot of data, we cannot manage it or extract valuable knowledge.
By creating clusters of similar data in large data sets, we naturally divide them into
homogeneous groups, which allows us to quickly search for groups of objects best suited
to what we are currently looking for. When we have an extensive database of fingerprint
images and try to classify a currently examined fingerprint, we have to browse through
large amounts of data (a complete review of the entire repository) to find the most suitable
image. The idea of clustering assumes that we first analyze the similarity of objects and
then combine the most similar objects into groups. These groups contain representatives
reflecting the group’s content. Then, in the search process, it is enough to browse the
representatives of the groups to find a group most similar to the information sought.
Furthermore, only a selected group is analyzed. Whenever the real data is analyzed,
creating a good quality group is not always possible. Consequently, it can threaten the
effectiveness of searching for information in the group structure. Data outliers are factors
that hinder the creation of coherent and separable clusters. That is why the problem of
outliers in the data is so significant. In our research, we check how the outliers in data
affect the difficulties in creating cohesive and well-separated groups. We use the methods
known in the literature to assess the quality of clusters. Therefore, we can compare the
quality of clusters containing outliers with the quality of clusters after a prior removal or
omission outliers. We expect that the measured quality of the cluster should improve after
the outliers have been removed. So, after removing or omitting outliers, the cluster should
be more consistent internally and well-separated externally. In other words, the similarity
of objects within groups should be even more significant (than before removing outliers).
In contrast, the similarity of the groups relative to each other should be small. We should
remember that when we collect large amounts of data, one of the most valuable techniques
is dividing data into consistent groups and analyzing the created groups. We use two
popular clustering algorithms: AHC (a hierarchical type) and K − Means (a partitional
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type). Both of them are easy to understand and implement. A result is a set of data clusters.
These clusters are searched to find accurate information, for example, a given data that
matches a query in the best way. As we search only within the representatives of these
clusters, we may omit the most relevant data even if they exist in this data set. That is why
it is essential to verify the quality of the clusters [2,3]. There are many possible quality
indexes for measuring the quality of created clusters. We decided to use the two most
popular: Dunn and Davies–Bouldin indexes.

Similar studies are, of course, carried out by scientists around the world. We decided to
test two clustering algorithms with different parameters because, as we know, they always
have a significant impact on clustering quality. Our goal is to check which parameters
impact a better quality of the created clusters. We also want to check which method
allows outliers to be detected. We want to know whether a type of input data affects
the effectiveness of detecting outliers and improves the quality of clusters after removing
outliers. Does the character of the input data influence the effectiveness of clustering
or outlier detection processes? Do the clustering parameters impact the quality of the
clusters? Finally, we will confirm that the more outliers we detect, the more the quality of
the clusters improves.

The structure of the paper is as follows. Section 2 contains an analysis of the existing
knowledge related to the problems of clustering algorithms, methods of detecting outliers,
and their impact on the quality of the created clusters. This section contains both the
references to the research analyzed by the authors devoted to those particular issues by
other scientists and the references to the authors’ works on this topic. Section 3 describes
the most important aspects (the definition of clustering, distance measures, and the quality
indexes) of the analyzed clustering methods. Outlier detection algorithms (LOF (Local
Outlier Factor) and COF (Connectivity-based Outlier Factor)) are introduced in Section 4.
The essential research value of the paper is presented in Section 5 containing the research
methodology, the description of the used data set, and the results of experiments. It also
describes the programming environment used to implement the selected algorithms and the
planned experiments. The paper winds up with a summary containing the interpretation
of the retrieved results.

2. State of the Art

In the literature, one can find a lot of papers on either the comparison of the k−Means
and the AHC algorithm, the use of different distance measures or methods of combining
clusters, methods of detecting outliers, or, finally, methods of analyzing the quality of
clustering. In [4], the authors discuss and compare clustering algorithms and methods
of cluster quality assessment (F-measure, Entropy) for different values of the number of
clusters. However, they do not investigate the influence of outliers on the clustering results.
In [5], the authors compared the clustering times for AHC and k−Means. However, their
research does not cover the existence of outliers in the data or the study of the quality of
clusters. The authors of [6] present the comparison of the k−Means and AHC algorithms in
terms of the number of clusters, the number of objects in clusters, the number of iterations,
and clustering times for small and large data. However, the impact of outliers on clustering
results or cluster quality research is not included there. A very interesting study was
carried out in the paper [7], which compared various clustering algorithms with respect
to the size of the data, noise resistance in the data, data types, or the number of input
parameters. However, the research in the searched range, i.e., the impact of outliers on
the quality of clustering, was not included. The paper [8] presents, in turn, a comparison
of dozens of different approaches based on clustering and outlier detection but without
any research details. Although, it is impossible to find papers that combine these issues
into one study. In [9], we compared the clustering algorithms, outlier detection algorithms,
and the methods for assessing the quality of created clusters, but wenever before merged
all the issues in one study. We wanted to investigate whether the clustering algorithm we
chose (AHC or k−Means algorithm) influences the efficiency of data clusters containing
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outliers. Moreover, we wanted to find out whether the clustering parameters impact the
obtained results.

3. Clustering Data Containing Outliers

It is known that clustering algorithms are designed to find objects similar to each other
and put them into groups [1]. The more similar objects are, the easier it is to create a group
from them. However, it is crucial that in the data we cluster, there is a part of the objects
very similar to each other but simultaneously not similar to objects from other groups.
If such a condition is met, we receive clusters consistent internally and well-separable
externally. Such structures have high quality, most commonly assessed by measures of
an internal cohesion assessment (the smallest possible distances within clusters) and an
external separation (the highest possible distance between clusters). If outliers appear in
the data, they significantly deteriorate the quality of clusters. It is worth emphasizing at
this point that the outlier can be both a given error or information noise and real outlier
data. Of course, we would like to eliminate these possible data errors just at the stage of
data preprocessing because they do not contribute any information to the system and even
disturb the created consistency of groups. In turn, the rare data, in reality, can bring a
piece of significant, new knowledge to the system, and hence they should not be deleted or
combined with all data because we may not see them. Such data should be distinguishable
and further analyzed. That is why we propose to discover the outliers before the clustering
process. For further analysis, such outliers should be introduced to domain experts, and
the clustering process should proceed without outliers. Only then the searching within
clusters is efficient.

3.1. Clustering Definition and Distance Measures

The main idea of the clustering process is to assign the objects to the created clusters
considering their distance or similarity. The greater the distance, the less similar to each
other the objects are, and thus they should not belong to the same group. Good-quality
clustering requires the created groups to be as internally homogenous and externally
distinct as possible. Using a proper distance or similarity measure by a given data type
(quantitative, qualitative, or binary) is essential. There are many available measures of the
distance or the similarity of data. We can distinguish between measures typically dedicated
to numerical data (e.g., Euclidean) and typically linked to categorical data (e.g., Simple
Matching Coefficient). In this paper, we use, analyze and compare the Euclidean and
Chebyshev distance measures because we analyze numerical data in the experiments. Having
two objects x and y in a p-th multidimensional space (i = 1, 2, . . . , p), the distance between
these objects can be determined as Euclidean (Equation (1)) or Chebyshev (Equation (2)).

d(x, y) =

√√√√ p

∑
i=1

(xi − yi)
2 (1)

d(x, y) = max
i

(
∣∣xi − yi

∣∣) (2)

The choice of these measures has an impact on the results obtained. In the conducted
experiments, the distance measure we have chosen in regard to clustering or detecting
outliers will further influence whether we will achieve a better quality of the groups.

3.2. Clustering Algorithms: Hierarchical vs. Partitional

One of the most general classifications of clustering algorithms defines hierarchical
and non-hierarchical clustering algorithms. Hierarchical clustering creates a tree of clusters
by identifying and merging similar objects. The primary purpose of hierarchical clustering
is to cluster such similar objects.

We used the agglomerative hierarchical clustering (AHC) algorithm. Given a D data
set of N instances, this algorithm (AHC), recursively merges two clusters at each step
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until all instances are merged into one cluster. The conventional procedure of the AHC,
also called the stored dissimilarities approach, takes a pairwise dissimilarity D matrix of
an N size as input, initializes a binary tree with N leaves (singletons) with null height
values, and iteratively adds new nodes (merged clusters) by fusing a pair of clusters (Ci, Cj)
determined as follows:

(Ci, Cj) = arg min
x

D(Ck, Cl) (3)

AHC can be computationally costly. For the usual AHC procedure described above,
the time complexity is O(N3). In AHC we use the Lance–Williams (LW) formula to calculate
the dissimilarity between the initial cluster and a cluster formed by joining two other
clusters [10].

We compute the distance between pairs of clusters using the following popular meth-
ods: Single Linkage (SL), Complete Linkage (CL), and Average Linkage (AL) [11]. In SL,
the distance between two clusters is computed as the shortest possible distance between
two points in the clusters, in CL as the distance between two data points furthest apart
belonging to different clusters, respectively. At the same time, the AL uses an average
distance between each point in the first and the second cluster. The AHC algorithm works
as follows:

1. In the first step, each object constitutes a separate cluster. So there are k = N clusters,
and we must calculate the distance between each pair of points.

2. Find and join the two most similar clusters reducing the number of clusters by one.
3. Repeat the second step until obtaining the declared final number of clusters (k) or

combining all objects into one big cluster.

The clustering process should be interrupted when the halted an optimal number of
clusters is reached so that their quality is highest.

In each iteration of the K−Means algorithm, we try to divide N objects into k groups
so well that each object belongs to the group to which it is most similar. That division,
however, means that if an object in the data set is essentially dissimilar to any cluster, the
algorithm will try to include it in one and as a result breaking its internal consistency. Each
cluster contains a representative. The representative plays a significant role because the
object we want to include in the group is compared with it. Let us suppose it turns out that
the distance of a given object from this particular representative is the smallest compared
to the distances to the representatives of other groups. In that case, we include this object in
this particular group. Then, this object also participates in forming a group representative.

The main idea of the algorithm is as follows:

1. Select the number of clusters (k) and assign k hypothetical centers at random;
2. For each observation of the original set, a nearest cluster center is determined;
3. The centroids are calculated-these are vectors, the components representing the aver-

age values of the particular features, calculated overall records of the cluster;
4. The center of the cluster is shifted to its centroid. Then, the centroid becomes the

center of the new cluster;
5. Steps 2–4 are repeated iteratively;
6. The algorithm ends when no cluster changes occur at some iteration.

When analyzing both algorithms, we notice that the AHC algorithm seems more resis-
tant to outliers. Unfortunately, this algorithm, in turn, requires more memory occupation.
However, everyone can deal with outliers by seeing that they are those objects in the data
set that do not match the created clusters, making them challenging to form.

3.3. Clustering Quality Indexes

Cluster validity is a way of assessing the quality of clustering results [2]. We obtain
a different partition of the data into groups for the two different clustering algorithms or
the same clustering algorithm but with different parameters. We use the cluster quality
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indexes without knowing which partition is the best. In this work, the Dunn and Davies–
Bouldin indexes were used to validate the clustering quality. The Dunn index defines
compact groups of clusters, the objects of which are well-grouped together, and the clusters
themselves are located as far away from each other as possible. Higher values of the Dunn
index indicate good quality of clustering-the higher the index, the better [3]. The Dunn
index for k clusters is defined as Equation (4).

D(u) = min
1≤i≤k

{ min
1≤j≤k,j 6=i

{
(δ(Xi, Xj)

max1≤c≤k{∆(Xc)}
}} (4)

where δ(Xi, Xj) is an inter-cluster distance between cluster centroids Ci and Cj, and ∆(Xc) is
an intra-cluster distance of cluster Xc. The indexes itself is sensitive to noise and outliers in
the data. The index’s modifications reduce this error with different methods of measuring
inter-cluster distance. The quality of clustering performed using the quantitative and
qualitative characteristics of the data set is shown by the Davies–Bouldin index. Since
clusters must be compact and well-separated, the lowest possible index value indicates
high-quality clustering. The Davies–Bouldin index for k clusters is defined as Equation (5).

DB(u) =
1
k

k

∑
i=1

max
i 6=j
{

∆(Xi) + ∆(Xj)

(δ(Xi, Xj))
} (5)

for ∆(Xi) being an average distance between the points within a Xi cluster (∆(Xj), re-
spectively, for cluster Xj). As can be seen from the definition, the Davies–Bouldin index
determines the average similarity between each cluster and the cluster closest to it. The
clustering process becomes more complicated when the data contain outliers. It is then
much more difficult to form internally coherent and externally separable clusters. However,
when we want to detect outliers in data, clustering algorithms are probably best. If the
clustered data contain outliers, the quality of the created clusters decreases significantly.
Outliers do not fit into the groups.

4. Outlier Detection

This section presents a definition of outliers in data in the context of literature in
contrast with our definition.

4.1. Outlier’S Definition

Outlier detection is finding data points that behave very differently from what is
expected [12,13]. An outlier is an object in a data set that deviates significantly from the
remaining data, has values far from the estimated or average values, or is not similar to
any other object in its characteristics. The definition says, “An outlier is an observation that
is far removed from the rest of the observations” [14]. An observation in a data set is called
an outlier if at least one of the following conditions is met:

• It deviates from standard or known data behavior;
• It has values that are far from estimated or average values;
• It is not related or similar to any other element in the group in terms of its characteristics.

Outliers can contain valuable data about abnormal parameters of systems. Recognizing
such non-standard parameters provides valuable information with specific applications.
Some examples are as follows: earth science, medical diagnosis, intrusion detection systems,
prevention of credit-card fraud [12]. One of the main problems is that no single scoring
method would assess the similarity of two data points and how much they differ from each
other in the data set.

If the data set contains outliers, we may have data preprocessing or statistical analysis
errors. Any outlier in the data set can skew the test results and lead to an erroneous
interpretation of the data. Thus, the removal of outliers is an essential task in the analysis
and processing of data. Analyzing algorithms and models for removing outliers is of
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particular interest to scientists. Because not every outlier object must be an error in the
data, we assume in our research that we do not remove the discovered outliers but only
skip them in the further analysis-e.g., clustering. We introduce the outliers to the domain
experts to look at these outliers closer.

4.2. Outlier Detection Algorithms

The issues of outliers detection in data are broadly analyzed in the literature. The
methods proposed so far can be allocated to one of four groups: statistical-based, cluster-
based, distance-based, and density-based methods.

The statistical-based outlier detection method assumes that the data have a specific
regular distribution and we use the probability distribution to find out the data which
deviate from the statistical distribution curve. Such data is an outlier when an occurrence
probability is lower than a threshold value. It is necessary to know the characteristics of the
data in advance to select a suitable distribution model. However, in practical applications,
the data is unknown and complex. The data is mainly multi-dimensional. The time
complexity of this method is very high, so it is not suitable for high-dimensional data.

The cluster-based detection method detects objects that do not belong to any cluster or
a small cluster. This method focuses on the overall distribution of the data and performs
outlier detection after clustering a data set. A certain number of clusters is formed and the
clusters whose data points are significantly smaller than other clusters constitute an output
in the form of outliers.

The concept of distance-based outlier definition is based on the following assumption:
by calculating the distance from an object to its neighbors and sorting, the object with the
largest value in the order is marked as an outlier.

Density-based outlier detection is proposed to overcome the shortcomings of distance-
based detection of global outliers. The most known density-based method in the literature
is the Local Outlier Factor (LOF) algorithm.

Local Outlier Factor (LOF) algorithm uses a density-based approach [15]. We detect
anomalies by measuring a local density deviation at a given data point concerning the
data points near it. We calculate a local density for all objects in the data set. We can
identify data points with the same density as their neighbors and ones with a lower density
by comparing the calculated density. Those with lower density are considered outliers.
Density-based approaches distinguish the following two parameters that define the concept
of density:

• The MinPts parameter (minimum points) indicating a minimum number of points;
• A parameter Eps defining a considered volume.

These parameters allow determining a density threshold for the algorithm, which
decides whether or not a particular point is an outlier.

The idea of the LOF algorithm follows the 5 steps:

1. In the first step an Euclidean distance between each pair of objects is calculated.
2. In the next step, we calculate a distance dist_k(o) between a given data point o and its

k-th nearest neighbor, using a so called reachability-distance.
3. In step 3, for each data point o the k-distance neighborhood of o is calculated.
4. In step 4 it is necessary to calculate reachability distances to all k-nearest neighbors of a

point in order to determine a local reachability density of that point, which is computed
by back-calculating the sum of all reachable distances of all k-nearest neighbors.

5. Finally, in step 5, it is necessary to calculate an LOF for every data point.

LOF values are sorted and the highest LOFk(o) value is selected as possible outlier.
The Connectivity-based Outlier Factor (COF) algorithm is a variation of the LOF

algorithm. The distinction lies in a different approach to assessing the density of cluster
objects. The algorithm assigns a degree of outlier value to each data point. Unlike the LOF,
the COF algorithm calculates k-nearest neighbors (k− NN) using a chain distance. This
approach is based on the location of the data points. The objects in the cluster have a linear
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distribution. Chain distances represent the minimum total distance (between the first and
last data points). Objects with high COF values are considered outliers.

In order to determine the COF value for each data point, we execute the following process:

1. At first we find k nearest neighbors of the data point o. For each data point o we find
the Nk(o) set of its k nearest neighbors.

2. Then we need to find a closest set-based path (SBN), which is an ordered sequence of
k nearest data points starting with the point under consideration.

3. Next it is necessary to find the cost of an SBN trail. We represent the trail as a set of
weights of the respective edges.

4. We consider the weight of an edge to be a distance between the two data points.
5. After that we need to find an average chaining distance of the data point and finally a

COF value of the data point.
6. In the last step the COF values are sorted and the highest COF(o) value is selected.

4.3. The Concept of Outlier Detection Based on the Lof and Cof Algorithms-Our Approach

In our research, we want to check how the occurrence of outliers affects the quality
of clusters. We assume that the quality of clusters with outliers is worse than without
these outliers. Thus, it should be evident that we first examine the quality of the clusters
with outliers, then ignore the identified outliers and redetermine the quality of the formed
clusters. We will use the most known algorithms in the literature to discover the outliers:
the LOF and the COF algorithms. Usually, the LOF and COF algorithms result in the same
outliers detected.

The scheme of our approach is shown in Figure 1.

Figure 1. The concept of outlier detection based on LOF and COF algorithms—our approach.
Clusters * mean clusters after removing discovered outliers.
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Input data undergoes necessary data preprocessing operations and then clustering
(we choose the AHC or k−Means) algorithm. Then we evaluate the quality of clusters
obtained in this way. We detect outliers (select the LOF or COF algorithm) and return
them as one of the two elements constituting the data’s output. Bypassing the previously
detected outliers, we cluster the input dataset again (and return the created clusters as the
second of two elements of the output data) and assess the quality of the resulting clusters.
We can compare the quality of data clusters containing outliers (A) with the quality of
the clusters of the same input data without outliers (B). We expect that by excluding the
outliers from the input dataset the quality of created clusters will increase.

5. Experiments

The experiments aimed at checking the impact of the clustering algorithms, clustering
methods, and the selected distance measures on the effectiveness of outlier detection,
measured by the response of cluster quality assessment indexes to remove outliers from
the set. We wanted to see if the clustering algorithms and the outlier detection algorithms
contributed similarly to improving the quality of clusters after detecting and removing
outliers. We performed experiments on three different real datasets. We modified the
number of detected outliers three times, using 1%, 5%, and 10% of the entire dataset as
the number of outliers. We wanted to recognize the differences in the results. Our goal
was to answer the question ”is it true that the more outliers we discover the better the
quality of clusters without selected outliers will be”. In other words, we assume that if
we discover outliers first and then cluster the data excluding the outliers, the quality of
such clusters will be better than if we cluster the data including outliers. We analyzed two
indexes for cluster quality assessment: the Dunn and the Davies–Bouldin. We measured the
quality of clusters for the original data set in which potential deviations may occur. Then
we look for outliers and omit them in the clustering process. In this way, we can compare
the quality of clusters before and after removing outliers. Improving the quality of a cluster
occurs if, after removing outliers, the quality measured by the Dunn index will increase as
compared to the quality of clusters in which the outliers were not omitted in the clustering
process. It is the completely opposite when the Davies–Bouldin index is concerned. Quality
improvements occur when the quality of clusters measured by the Davies–Bouldin index
decreases after removing outliers. Based on the experiments’ results, we can count in how
many cases, after removing the outliers, the quality of the clusters has improved (i.e., the
Dunn index increased, and the Davies–Bouldin index decreased).

5.1. Data Description

The source of the databases is the UCI Machine Learning Repository [16], a collection
of databases and data generators used by the machine learning community to analyze
machine learning algorithms empirically. A brief description of each data set is shown in
Table 1.

Table 1. Description of the data sets.

Dataset Type Number of Instances Number of Features

A numeric 740 21
B mixed 6321 13
C numeric 78,095 (First 12,000 used in experiments) 38

The created databases differ in the number of instances and attributes and the types
of attributes. A (Absenteeism at work Dataset) is the database created with absenteeism
records from July 2007 to July 2010 at a courier company in Brazil. The set contains
740 instances, each consisting of 21 numeric (Integer, Real) attributes [17]. B (Shill Bidding
Dataset) contains information about bidders, auctions, bids, prices, and auction duration.
This dataset contains 6321 instances, each consisting of 13 mixed numeric attributes [18]. C
(MoCap Hand Postures Dataset) a dataset containing 78,095 instances, with each instance
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consisting of 38 numeric (Integer, Real) attributes [19]. To record 12 users performing five
hand gestures with markers attached to a left-handed glove, a Vicon motion capture camera
system was used. It is worth mentioning that the dataset B originally was of mixed type.
Only one feature was qualitative, but this feature has only one value, and we decided to
exclude it in this analysis. Therefore, finally, all datasets were numeric. Qualitative data
research will be the basis of our research in the future.

5.2. Methodology

The purpose of the experiments was to compare various clustering methods, clustering
algorithms, and distance measures, which makes it possible to determine how changes
in these parameters affect the final clustering results and how much the quality of outlier
detection is improved. The steps involved in the experiments are described below. For each
of the three datasets, the following experiments were carried out:

1. Loading the dataset and preparing it correctly before applying clustering algorithms:
preprocessing data using standarization, normalization, etc.;

2. Data clustering using two different algorithms: k−Means with various number of
clusters and AHC with different clustering methods (single, complete, average) and
two different ways of measuring distance (Euclidean and Chebyshev). The tests were
carried out with a different number of clusters in the range of k. Iteratively, starting
with i = 1 and increasing an i-th parameter by one at each step, the number of clusters
k is calculated as k ≈

√
N ± i%N until the condition that k ≥ 2 and k < N is satisfied;

3. Assessing the clustering quality using the Dunn and the Davies–Bouldin indexes;
4. Finding 1%, 5%, and 10% of all outliers in the dataset using the LOF and COF. Re-

moving the selected outliers and reclustering and recalculating the quality of clusters.

In total, we performed 686 experiments which are presented in this paper. The number
of 686 experiments comes from the following calculation:

• There are two clustering algorithms: k−Means and AHC;
• In case of AHC algorithm we may set the following values of the distance measures

and clustering methods. For distance measure we have two options: Euclidean and
Chebyshev distance measures. From the clustering methods we may choose one of
three methods: single linkage (SL), complete linkage (CL), and average linkage (AL).
Thus, using the AHC clustering algorithm we have 6 different combinations of given
input parameters (see Figure 2).

• We adjust the number of created clusters to the size of the dataset. It means that for
three used datasets we have various number of clusters. We do not want to check every
possible value of k parameter because this would not be an efficient solution. The
classical k−Means clustering algorithm requires multiple repetitions pf the clustering
process for an iteratively changed (most often by 1) the number of clusters, starting
from the value k = 2. For a large data set, this process would be very ineffective. In
the literature we can also come across an idea to divide the dataset into

√
N of clusters.

In our case, for the A dataset containing 740 of objects it would be 27 of clusters. Our
idea is to adjust the number of different test values of the k parameter proportionally
to the size of the analyzed data sets. Instead of that we propose to change the value of
k iteratively according to the following formula. Starting with i = 1 and increasing it
by one at each step, the number of clusters k is calculated as

k ≈
√

N ± i%N (6)

until the condition that k ≥ 2 and k < N is met. The calculated values of k parameter
are included in Table 2.
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Figure 2. Clustering parameters used in the research.

Table 2. Description of the databases.

Dataset N k Values

A 740 5, 12, 19, 27, 34, 42, 49, 56

B 6321 16, 79, 142, 205

C 12,000 109, 229

For example, in case of the A dataset the calculation of k will be following:

– For i = 1 k =
√

740± 1% · 740 = 34 and 19;
– For i = 2 k =

√
740± 2% · 740 = 42 and 12;

– For i = 3 k =
√

740± 3% · 740 = 49 and 5;
– For i = 4 k =

√
740± 4% · 740 = 56 (here we can not continue the process of

calculationg k values because we met the stop criteria which is in this case k ≥ 2
and k < N).

This solution will allow us to check different k parameter values adapted to the size of
the input dataset.

• The number of experiments is 686 as there are 8 versions of k parameter for the A
dataset, 4 versions for the B dataset and 2 versions of k for the C dataset. We have
14 versions, and we repeat them for each of 6 different concepts of the AHC algorithm
and 1 version of the k−Means algorithm. Adding all these combinations together, we
reach 98 experiments.

• Choosing two outlier detection algorithms LOF and COF accordingly and for each of
the three different variants of the number of outliers 1%, 5% and 10% we obtain the
final number of experiments equal to 686.

• Every experiment contains the value of clustering quality indexes Dunn and Davies–
Bouldin which are essential for comparing before and after excluding potential outliers
from a given dataset.

5.3. Experimental Environment

To analyze clustering algorithms before and after removing the outliers, the Spyder
programming environment (Python 3.8) was used, as well as the following libraries: Pandas
for data processing and analysis [20], NumPy to perform basic operations on n-arrays and
matrices: addition, subtraction, division, multiplication, transposition, calculating determi-
nant, etc. [21], PyCaret to prepare the data for modeling, create an unsupervised anomaly
detector, and prepare the model for predictions on unseen data [22] and Scikit-learn, one of
the most widely used Python packages for data science and machine learning, which allows
many operations and provides a great variety of algorithms for data processing, reduction
in dimensions, model selection, regression, classification and cluster analysis [23].

The algorithms described in Sections 3 and 4 have been implemented using Python
and tested on the datasets described herein. We use Python 3.8 and the Anaconda package
in this work, which includes many of the libraries required to run machine learning models,
data mining, and output data in various formats. Existing Scikit-learn library models
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were used to implement the AHC and K − Means clustering algorithms, the Dunn and
Davies–Bouldin indexes and the Pycaret library to implement the outlier detection algorithm.
The program operates in the following way:

1. Import Python analytical libraries Scikit-learn, NumPy, Pandas, PyCaret, and libraries
to perform operations related to time.

2. Implementation of algorithms:

(a) AHC (algorithm_o f _clustering) with parameters: k denoting the selected num-
ber of clusters, linkage denoting the type of linkage used in clustering, affinity
denoting distance measures;

(b) K−Means (kmeans) with a k parameter denoting the selected number of clusters;
(c) Dunn and Davies–Bouldin algorithms (dunn_validator, davies_validator);
(d) LOF and COF algorithms with parameter percent denoting the percentage of

removed outliers.

Data preparation functions:

(a) d f .replace—a function to replace the missing values with other values dynamically;
(b) d f . f illna—a function to replace Null values in Pandas data frame;
(c) _normalize_databases—a function to normalize and standardize values in the

data frame.

3. Uploading and reading all three datasets.
4. Execution of AHC, K − Means, LOF, COF, Dunn, and Davies–Bouldin algorithms

on datasets.
5. Transfering results to the Excel file.

5.4. Results

First, the impact of the percentage of detected outliers for both the LOF and COF
algorithms was examined with regard to a frequency of improvement in the quality of
clusters after removing the detected outliers. The results are presented in Table 3. We
can see that using the Davies–Bouldin index was much likelier to improve the quality of
clusters than the Dunn index, regardless of how many outliers were detected. It is essential
to explain that all results presented in this Section are the average values of the analyzed
parameters for each of the 686 experiments performed in this research.

All experiments present the number of cases in which there has been improvement,
deterioration, or no changes in the values of the quality of clusters. The percentage values
we see in the tables do not mean to represent an average value but the exact number of cases
reflecting the event. It is expressed in percentage compared to all experiments from a given
group. For example, in Table 4, we can see that when 1% of outliers are discovered and
removed (there are 196 such cases), in 129 of these 196 cases, which is 65.82%, the quality of
clusters measured by the Davies–Buldin index has improved. In 102 cases in this group, the
quality of clusters measured by the Dunn index has improved. The Tables are extended by
a piece of additional information (the number of cases confirming a given event).
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Table 3. The impact of the number of outliers of the frequency of increase in cluster quality.

Increase in Quality Decrease in Quality No
Change

% Of Outliers/ Dunn Davies–Bouldin Dunn Davies–Bouldin Dunn
# Cases

1% 52.04% 65.82% 32.14% 34.18% 15.82%
102 129 63 67 31

5% 63.78% 78.57% 31.12% 21.43% 5.10%
125 154 61 42 10

10% 67.86% 82.14% 32.14% 17.86% 0.00%
133 161 63 35 0

Chi 2 Pearson Dunn index: p = 0.00000 Davies–Bouldin index: p = 0.00136

Then we decided to check whether any of the clustering algorithms used contributed
more to improving the quality of clusters than the other after removing outliers. The results
are presented in Table 4.

Table 4. The impact of the number of outliers of the frequency of increase in/decrease in the
cluster quality.

Increase in Quality Decrease in Quality No
Change

Clustering Dunn Davies–Bouldin Dunn Davies–Bouldin Dunn
Algorithm

AHC 60.91% 73.81% 31.15% 26.19% 7.94%
307 372 157 132 40

K−Means 63.10% 85.71% 35.71% 14.29% 1.19%
53 71 30 12 1

Chi 2 Pearson Dunn index: p = 0.07329 Davies–Bouldin index: p = 0.01882

It turns out that taking into account all the experiments performed, the quality of the
clusters was higher after removing the outliers, more often for the k−Means algorithm
than for AHC. Furthermore, this is regardless of whether the Dunn or Davies–Bouldin index
was used. We see that not all the differences studied are statistically significant. At the level
of statistical significance, p < 0.05, we will say that in the case of the Davies–Bouldin index,
the use of the K−Means algorithm for clustering data has much more often led to a record
improvement in the quality of clusters after removing deviations. In other words, the
K−Means algorithm is not resistant to the presence of outliers. Therefore, no statistically
significant differences in the quality of clusters were noticed when we eliminated outliers
using the Dunn index.

An important task was to examine the impact of using the outlier detection method
on the frequency of improvement of the quality of clusters after removing outliers. Table 5
contains the results. There is an interesting tendency there.

Using the COF outlier detection algorithm the increase in quality of created clusters
is achieved much more often than using the LOF algorithm. It means that COF algo-
rithm depends more significantly on the occurence of outliers. We notice that using the
COF algorithm statistically significantly (p < 0, 05, Chi2 Pearson Test) more often leads
to improving the quality of clusters after eliminating the outliers. Therefore, the COF
algorithm tends to discover more significant outliers. After removing them, the quality of
the clusters improves.
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Table 5. LOF and COF algorithms for cluster quality indexes.

Outlier Dunn Davies–Bouldin
Detection
Algorithm No Change Increase Decrease Increase Decrease

LOF 13.95% 53.40% 32.65% 68.03% 31.97%
41 157 96 200 94

COF 0% 69.05% 30.95% 82.99% 17.01%
0 203 91 244 50

Chi 2 Pearson Dunn index: p = 0.00000 Davies–Bouldin index: p = 0.00014

We also wanted to check if and how the distance measures contribute to improving
the quality of the clusters. It turns out that when using the Euclidean distance measure,
the improvement of cluster quality is more often achieved for the Davies–Bouldin index,
while for the Chebyshev measure, the quality of the clusters is more often improved by
using the Dunn index. As Table 6 indicates, there are no statistically significant differences
(p > 0.05) in the effectiveness of improving the quality of clustering after removing outliers
depending on what distance measure (Euclidean or Chebyshev) we use.

Table 6. Distance mesures for cluster quality indexes.

Distance Dunn Davies–Bouldin
Measure No Change Increase Decrease Increase Decrease

Euclidean 7.94% 58.33% 33.73% 76.19% 23.81%
20 147 85 192 60

Chebyshev 7.94% 63.49% 28.57% 71.43% 28.57%
20 160 72 180 72

Chi 2 Pearson Dunn index: p = 0.44332 Davies–Bouldin index: p = 0.22409

Knowing that the analyzed datasets are real datasets that differ with respect to the
size and type of the analyzed data, we also decided to investigate the differences in the
frequency of increase or decrease in clustering quality depending on the input data source.
The results are presented in Table 7.

Table 7. The frequency of improving the quality of clusters according to the type of data.

Dataset Dunn Davies–Bouldin
No Change Increase Decrease Increase Decrease

A 10.12% 60.71% 29.17% 78.57% 21.43%
34 204 98 264 72

B 2.38% 60.12% 37.50% 74.40% 25.60%
4 101 63 125 43

C 3.57% 65.48% 30.95% 65.48% 34.52%
3 55 26 55 29

Chi2 Pearson Dunn index: p = 0.00727 Davies–Bouldin index: p = 0.04103

Types of data sets we analyze significantly impact how effective the process of out-
lier detection is and consequently impact the quality of the created clusters. There are
statistically significant differences for each of the analyzed datasets in the frequency of
improvement in the quality of clusters after removing previously found outliers.

Table 8 also presents interesting results. We can see that depending on which set was
analyzed, the quality of clusters did not constantly improve as the number of detected
deviations increased. It is also impossible to unequivocally determine whether any of the
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measured indexes of the quality of clusters always allows obtaining an improvement in the
quality of clusters. This confirms that the size and type of analyzed data have a significant
impact on the effectiveness of deviation detection and the quality of clustering.

Table 8. The frequency of improving the quality of clusters according to the type of data and the
number of discovered outliers.

Increase in Clustering Quality Indexes
Dunn Davies–Bouldin

Dataset 1% 5% 10% 1% 5% 10%

A 43.75% 64.29% 74.11% 68.75% 83.04% 83.93%
49 72 83 77 93 94

B 60.71% 62.50% 57.14% 64.29% 76.79% 82.14%
34 35 32 36 43 46

C 67.86% 64.29% 64.29% 57.14% 64.29% 75.00%
19 18 18 16 18 21

Chi 2 Pearson Dunn index: p = 0.00000 Davies–Bouldin index: p = 0.00136

We see a trend in which the more deviations we detect and turn off from clustering,
the more often the quality of the clusters improves. We should point out that in the end,
the analyzed dataset with a specific type of data determines the effectiveness of outlier
detection and improves the quality of clusters.

The last analyzed clustering parameter, which can affect the improvement of the
quality of clusters after removing the outliers, is the cluster combinination method. Table 9
indicates that there are statistically significant differences between the clustering meth-
ods (single, complete, average) in the frequency of improvement of cluster quality after
removing outliers. We can see that outliers removal improves the quality of clusters by less
than 30 percent of cases (using the Dunn index to assess the quality) while using the single
method. In the case of the complete or average method, this effect is obtained much more
often (about 80%).

Table 9. The frequency of improving the quality of clusters according to the clustering method.

Dataset Dunn Davies–Bouldin
No Change Increase Decrease Increase Decrease

Single 13.69% 29.76% 56.55% 58.33% 41.67%
23 50 95 98 70

Complete 2.98% 79.76% 17.26% 88.10% 11.90%
5 134 29 148 20

Average 7.14% 73.21% 19.64% 75.00% 25.00%
12 123 33 126 42

Chi2 Pearson p = 0.00000 p = 0.00000

5.5. Discussion

The research concludes that the COF algorithm more often improves the quality of
clusters than LOF by removing the outliers. In the context of clustering algorithms, the
K −Means algorithm reacts much more actively to the outlier’s presence and skipping.
Probably the reason is that this algorithm is much less resistant to the appearance of
outliers in the set than the hierarchical algorithm. The research also confirmed the original
assumption that the more outliers we remove from the set, the better the quality of the
clusters would be. However, an essential conclusion seems to be that the input data
type significantly affects the results achieved: the quality of the clusters created for data
containing potential outliers.
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6. Summary

In this research, we assessed the influence of the clustering parameters, the clustering
algorithms, and the outliers detection methods on the quality of created clusters. Several
hundred experiments were performed, where individual clustering parameters (distance
measures, number of clusters, clustering algorithms) and outliers detection parameters
(number of outliers and outlier detection algorithm) changed for three different data sets.
We checked which factors responded positively to outliers. It turned out that a vast majority
of experiments confirmed the thesis that if a data set contains outliers, it will negatively
affect the quality of created clusters. Therefore, this should prompt us to search for outliers
before clustering large and real data sets. By removing the outliers first, we will be able
to form good-quality clusters from the data and, therefore, achieve a greater efficiency
in exploring such datasets. An additional benefit of outlier detection will be a reduced
clustering time (as there is no longer any difficulty in a cluster formation). Consequently,
a better quality of the created clusters will translate into improved quality of explored
knowledge. Of course, the detected outliers are, by definition, passed on to field experts
who have a chance to explore knowledge in a previously underexplored area.
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Distance sampling

Distance sampling is a widely-used group of closely
related methods for estimating the density and/or
abundanceof biological populations. The main meth-
ods areline transects andpoint transects (also called
variable circular plots). These have been used suc-
cessfully in a very diverse array of taxa, including
trees, shrubs and herbs, insects, amphibians, reptiles,
birds, fish, marine and land mammals. In both cases,
the basic idea is the same. The observer(s) perform a
standardized survey along a series of lines or points,
searching for objects of interest (usually animals or
clusters of animals). For each object detected, they
record the distance from the line or point to the object.
Not all the objects that the observers pass will be
detected, but a fundamental assumption of the basic
methods is that all objects that are actually on the line
or point are detected. Intuitively, one would expect
that objects become harder to detect with increasing
distance from the line or point, resulting in fewer
detections with increasing distance. The key to dis-
tance sampling analyses is to fit adetection function
to the observed distances, and use this fitted func-
tion to estimate the proportion of objects missed by
the survey. From here we can readily obtain point
and interval estimates for the density and abundance
of objects in the survey area. The basic methods
(sometimes calledconventional or standard distance
sampling) are described in detail in [5], which is an
updated version of [4]. Free software, Distance [19],
provides for the design and analysis of distance sam-
pling surveys, and is being updated to include much
of the work mentioned in the section on Current
Research below.

Distance sampling is an extension of quadrat-
based sampling methods. Two forms of quadrat sam-
pling arestrip transects, in which the observer travels
along a line, counting all objects within a predeter-
mined distance of the line, andpoint counts, in which
numbers of objects (usually birds or plants) in a circle
about a point are counted. Population density is then
estimated by dividing the total count by the total area
surveyed. A fundamental assumption of these meth-
ods is that all objects within the strip or circle are
counted. This assumption is difficult to meet for many
populations, and cannot be tested using the survey
data. Furthermore, for scarce species, the methods
are wasteful, because detections of objects beyond

the strip or circle boundary are ignored. If the width
of the strip or the radius of the circle is made suffi-
ciently small that detection of any object within the
surveyed area is almost certain, then perhaps 50% or
more of detections are outside the surveyed area and
so are ignored. Distance sampling extends quadrat-
based methods by relaxing the assumption that all
objects within the circle or strip are counted. By mea-
suring distances to the objects that are observed, the
probability of observing an object within the circle
or strip can be estimated.

Another approach to estimating wildlife abun-
dance involvescapture–recapture methods. These
are often more labour-intensive and more sensitive
to failures of assumptions than distance sampling.
However, they are applicable to some species that
are not amenable to distance sampling methods,
and can yield estimates of survival and recruit-
ment rates, which distance sampling cannot do. Cap-
ture–recapture methods can be useful for populations
that aggregate at some location each year, whereas
distance sampling methods are more effective on
dispersed populations. They should therefore be seen
as different tools for different purposes (see also trap-
ping webs under Related Methods below).

In fisheries applications,catch per unit effort,
catch-at-age and catch-at-length are all commonly
used to estimate abundance [10], as they require
that the commercial catch is sampled, which is more
cost-effective than sampling the living fish. Acoustic
surveys of fish schools can provide data amenable to
distance sampling methods.

Alternative methods for estimating animal abun-
dance are reviewed and compared in [15]–[18]
and [21].

Line-transect Sampling

In line-transect sampling, a series of straight lines
(tracklines) is traversed by an observer. This may be
achieved in various ways, depending on the study
species. In terrestrial studies, these include walking,
horseback, all-terrain vehicle, aeroplane and heli-
copter. Transect surveys in aquatic environments can
be conducted by divers with snorkels or SCUBA gear,
from submarines, surface vessels, aircraft, or from
sleds with mounted video units pulled underwater by
a surface vessel. In the case of large observation plat-
forms, there is typically a team of observers.
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Estimation

Perpendicular distancesx are measured from the
line to each detected object of interest. In practice,
detection distancesr and detection angles� are
often recorded, from which perpendicular distances
are calculated asx D r sin�. Supposek lines of
lengths l1, . . . , lk (with

∑
lj D L) are positioned

according to some randomized scheme, andn animals
are detected at perpendicular distancesx1, . . . , xn.
Suppose in addition that animals further than some
distancew from the line (the truncation distance) are
not recorded. Then the surveyed area isa D 2wL,
within which n animals are detected. LetPa be the
probability that a randomly chosen animal within the
surveyed area is detected, and suppose an estimateP̂a
is available. Then animal densityD is estimated by

D̂ D n

2wLP̂a
�1�

To provide a framework for estimatingPa, we define
the detection functiong�x� to be the probability that
an object at distancex from the line is detected,
0 � x � w, and assume thatg�0� D 1. That is, we are
certain to detect an animal on the trackline. If we plot
the recorded perpendicular distances in a histogram,
then conceptually the problem is to specify a suitable
model for g�x� and to fit it to the perpendicular
distance data. As shown in Figure 1, if we define
� D ∫ w

0 g�x� dx, thenPa D �/w. The parameter� is
called the effective strip (half-) width; it is the distance
from the line for which as many objects are detected
beyond� as are missed within� (Figure 1). Thus

D̂ D n

aP̂a
D n

2wL O�/w
D n

2 O�L
�2�

We now need an estimateO� of �. We can turn this
into a more familiar estimation problem by noting
that the probability density function (pdf) of perpen-
dicular distances to detected objects, denotedf�x�,
is simply the detection functiong�x�, rescaled so that
it integrates to unity (see Frequency curves). That
is, f�x� D g�x�/�. In particular, because we assume
g�0� D 1, it follows that f�0� D 1/� (Figure 2).
Hence

D̂ D n

2 O�L
D n Of�0�

2L
�3�

The problem is reduced to modeling the pdf of per-
pendicular distances, and evaluating the fitted func-
tion at x D 0. The large literature for fitting density

1.0

g(x)

m

m w

1.0 × w

x

Figure 1 The area� under the detection functiong�x�,
when expressed as a proportion of the areaw of the
rectangle, is the probability that an object within the
surveyed area is detected;� is also the effective strip
width, and takes a value between 0 andw. Reproduced
from Buckland, S.T., Anderson, D.R., Burnham, K.P. &
Laake, J.L. (1998). Distance sampling, inEncyclopedia
of Biostatistics, P. Armitage & T. Colton, eds, Wiley,
Chichester, Figure 2, p. 1192 by permission of John Wiley
& Sons, Ltd

functions is now available to us. The Distance pro-
gram uses the methods of [3], in which a parametric
‘key’ function is selected and, if it fails to provide an
adequate fit, polynomial or cosine series adjustments
are added until the fit is judged to be satisfactory by
one or more criteria.

Often, the perpendicular distances are recorded
by distance category, so that each exact distance
need not be measured, or data are grouped into dis-
tance categories before analysis. Standard likelihood
methods for multinomial data are used to fit such
‘grouped’ data.

Variance and Interval Estimation

The variance ofD̂ is well approximated using the
formula [5]:

v̂ar�D̂� D D̂2

[
v̂ar�n�

n2 C v̂ar[ Of�0�]

[ Of�0�]2

]
�4�

The variance ofn generally is estimated from the
sample variance in encounter rates,nj/lj, weighted
by the line lengthslj. When f�0� is estimated by
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f(x)

freq

m w x

Figure 2 The pdf of perpendicular distances,f�x�, plot-
ted on a histogram of perpendicular distance frequencies
(scaled so that the total area of histogram bars is unity).
The area below the curve is unity by definition. Because the
two shaded areas are equal in size, the area of the rectan-
gle, �f�0�, is also unity. Hence� D 1/f�0�. Reproduced
from Buckland, S.T., Anderson, D.R., Burnham, K.P. &
Laake, J.L. (1998). Distance sampling, inEncyclopedia of
Biostatistics, P. Armitage & T. Colton, eds, Wiley, Chich-
ester, Figure 3, p. 1192 by permission of John Wiley &
Sons, Ltd

maximum likelihood, its variance is estimated from
the information matrix .

If we assume that̂D is lognormally distributed,
approximate 95% confidence limits are given by
(D̂/C, D̂C) where

C D expf1.96[v̂ar�ln D̂�]0.5g �5�

with

v̂ar�ln D̂� D ln

[
1 C v̂ar�D̂�

D̂2

]
�6�

Often,bootstrap resampling for variance and inter-
val estimation is preferred. Resamples are usually
generated by sampling with replacement from the
lines, so that independence between the lines is
assumed, but independence between detections on the
same line is not. If the model selection procedure
for the detection function is applied independently
to each resample, the bootstrap variance includes a
component due to model selection uncertainty.

Cluster Size Estimation

Animals often occur in groups, which we term
clusters. These may be flocks of birds, pods of

whales, etc. If one animal in a cluster is detected,
then it is assumed that the whole cluster is detected,
and the distance to the center of the cluster is
recorded. Equation (3) then gives an estimate of the
density of clusters. To obtain the estimated density
of individuals, we must multiply by an estimate of
mean cluster size in the population, E(s):

D̂ D n Of�0�Ê�s�

2L
�7�

Probability of detection is often a function of clus-
ter size, so that the sample of detected cluster
sizes exhibits size bias (larger clusters are easier to
detect and so are over-represented in the sample).
In the absence of size bias, we can takeÊ�s� D s,
the mean size of detected clusters. Several meth-
ods exist for estimating E(s) in the presence of
size bias [5] (see Size-biased sampling). One that
works well in practice is to regress logs on Og�x�,
the estimated probability of detection at distancex
ignoring the effect of cluster size, and then pre-
dict logs when detection is certain,Og�x� D 1, as
there can be no size bias in that circumstance.
The prediction is back-transformed using a bias
adjustment.

Assumptions

The physical setting for line-transect sampling is
idealized as follows:

1. N objects are distributed through an area of
sizeA according to some stochastic process with
average rate parameterD D N/A.

2. Lines, placed according to some randomized
design, are surveyed and a sample ofn objects
is detected.

It is not necessary that the objects be randomly
(i.e. Poisson) distributed. Rather, it is critical that the
line or point be placed randomly with respect to the
local distribution of objects. This ensures that objects
in the surveyed strip are uniformly distributed with
respect to distance from the line. Thus, if the strip
has half-widthw, object-to-line distances available
for detection are uniformly distributed between zero
andw.

Three assumptions are essential for reliable esti-
mation of density using standard line-transect
methods:
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1. Objects directly on the line are always detected,
g�0� D 1.

2. Objects are detected at their initial location, prior
to any movement in response to the observer.

3. Distances are measured accurately (for un-
grouped distance data), or objects are correctly
allocated to distance interval (for grouped data).

A fourth assumption is made in many derivations
of estimators and variances: whether an object is
detected is independent of whether any other object
is detected. Point estimates ofD are robust to the
assumption of independence, and robust variance
estimates are obtained by taking the line to be the
sampling unit, either by bootstrapping on lines, or by
calculating a weighted sample variance of encounter
rates by line.

It is also important that the detection function
has a ‘shoulder’; that is, the probability of detection
remains at or close to one initially as distance
from the line increases from zero. This is not an
assumption, but a property that allows more reliable
estimation of object density.

Given the above, the point and interval estimates
of D are extremely robust to variation ing�x� due
to other factors such as observer, habitat, etc. Large
variations in density over the study area are also not a
problem, although if areas of differing density can be
defined in advance then stratification of survey effort
could be used to increase precision.

Point-transect Sampling

In point-transect sampling, an observer visits a num-
ber of points, the locations of which are determined
by some randomized design. The method is usually
(but not exclusively) used for songbird populations, in
which typically many species are recorded and most
detections are aural. By recording from points, the
observer can concentrate on detecting the objects of
interest, without having to navigate along a line, and
without having to negotiate a randomly positioned
line through possibly difficult terrain. The principal
disadvantages are that detections made while trav-
elling from one point to the next are not utilized, a
problem especially for scarce species, and the method
is unsuited to species that are generally detected by
flushing them, or to species that typically change their
location appreciably over the time period of the count
(see below).

Estimation

Detection distancesr are measured from the point to
each detected object. Suppose the design comprises
k points, and distances less than or equal tow are
recorded. Then the surveyed area isa D k�w2, within
which n objects are detected. As for line-transect
sampling, denote the probability that an object within
the surveyed area is detected byPa with estimatêPa.
Then we estimate object densityD by

D̂ D n

k�w2P̂a
�8�

We now define the detection functiong�r� to be the
probability that an object at distancer from the point
is detected, and we again assume thatg�0� D 1. For
line transects, the area of an incremental strip at
distancex from the lines isL dx, independently of
x, which leads to the result that the pdf of distances
differs from the detection function only in scale. By
contrast, an incremental annulus at distancer from
a point has area 2�r dr, proportional tor, so that
the pdf of detection distances isf�r� D 2�rg�r�/�,
where� D 2�

∫ w
0 rg�r� dr. The respective shapes of

the two functionsg�r� and f�r� are illustrated in
Figure 3. If we define an effective radius�, analogous
to the effective strip width of line-transect sampling,
then� D ��2 is the effective area surveyed per point
(Figure 4). Hence

D̂ D n

aP̂a
D n

k�w2� O�2/�w2 D n

k O� �9�

The area of the triangle in Figure 4 is�2f0�0�/2
wheref0�0� is the slope off�r� at r D 0. Since this
is equal to the area underf�r�, which is unity, it
follows that� D ��2 D 2�/f0�0�, and

D̂ D n Of0�0�

2�k
�10�

We therefore need to model the pdf of detection
distances, and evaluate the slope of the fitted function
at r D 0. The program Distance does this using the
same set of models for the detection function as for
line-transect sampling.

Variance and Interval Estimation

The methods for variance and interval estimation for
line-transect sampling also apply to point transects
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Figure 3 Histograms of detection distances from a
point-transect survey. In (a) each histogram frequency has
been scaled by dividing by the midpoint of the corre-
sponding group interval. Also shown are the corresponding
fits of the detection function [g�r� in (a)] and the pdf of
detection distances [f�r� in (b)]. Reproduced from Buck-
land, S.T., Anderson, D.R., Burnham, K.P. & Laake, J.L.
(1998). Distance sampling, inEncyclopedia of Biostatistics,
P. Armitage & T. Colton, eds, Wiley, Chichester, Figure 4,
p. 1194 by permission of John Wiley & Sons, Ltd

with minor modifications. The variance ofn is usu-
ally estimated from the sample variance in encounter
rates between points. However, point-transect surveys
are often designed by defining a series of lines, as
if a line-transect survey is to be carried out, then
locating a series of points along each line. If the
distance between neighboring points on the same
line is smaller than the distance between neighbor-
ing points on different lines, then the data for all
points on the same line should be pooled and the
variance ofn estimated from the sample variance in
encounter rates between lines, weighted by the num-
ber of points on each line. Similarly, in this situation,
bootstrap variance estimates should be calculated by

r w
r

f(r)

Figure 4 The pdf of detection distances,f�r�. The area
under the curve is unity by definition. Because the two
shaded areas are equal in size, the area of the trian-
gle, �2f0�0�/2, is also unity. Hence� D ��2 D 2�/f0�0�.
Reproduced from Buckland, S.T., Anderson, D.R., Burn-
ham, K.P. & Laake, J.L. (1998). Distance sampling, in
Encyclopedia of Biostatistics, P. Armitage & T. Colton, eds,
Wiley, Chichester, Figure 5, p. 1195 by permission of John
Wiley & Sons, Ltd

resampling lines with replacement, rather than indi-
vidual points.

Assumptions

Assumptions are virtually unchanged from those
given for line-transect sampling. As there, the
standard analyses are very robust to failure of the
assumption of independent detections. Point-transect
sampling is, however, more subject to bias than line-
transect sampling when objects move through the
area around a point. In principle, we try to obtain a
snapshot, locating each object at the position it occu-
pied at one instant in time. However, the count is
not instantaneous, because the observer needs time
to detect all objects close to that point. If, during that
time, movement brings new objects into the neigh-
borhood of the point, then object density will be
overestimated. To minimize bias, we recommend that
the amount of time spent at the point before and after
the snapshot instant be fixed in advance, and be as
small as possible, given the requirement to detect all
objects close to the point.

Related Methods

Trapping webs [5, 22] provide an alternative to
traditional capture–recapture sampling for estimating
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animal density. They represent the only application
of distance sampling in which trapping is an integral
part, and where data are taken passively. Traps are
placed along lines radiating from randomly chosen
points; the traditionally used rectangular trapping grid
cannot be used as a trapping web. Here detection by
an observer is replaced by animals being caught in a
trap at a known distance from the center of a trapping
web. The trap could be a camera or other similar
device. Trapping continues for several occasions and
data from either the initial capture of each animal or
all captures and recaptures are analyzed. To estimate
density over a wider area, several randomly located
webs are required.

Cue counting [9] was developed as an alternative
to line-transect sampling for estimating whale abun-
dance from sighting surveys. Observers on a ship or
aircraft record all sighting cues within a sector ahead
of the platform and their distance from the platform.
The cue used depends on species, but might be the
blow of a whale at the surface. The sighting distances
are converted into the estimated number of cues per
unit time per unit area using a point-transect model-
ing framework. The cue rate (usually corresponding
to blow rate) is estimated from separate studies, in
which individual animals or pods are monitored over
a period of time.

Indirect methods are often used when the animals
are rare, cryptic or tend to move away before being
detected. Instead of counting the animals, the objects
counted are something produced by the animals,
for example animal dung (e.g. deer dung [11])
or nests (e.g. great apes [12]). To convert object
density to animal density one must then estimate two
further parameters: object production rate and object
disappearance rate, from separate studies.

Related techniques sometimes used by botanists
to estimate densities (and sometimes also termed
distance sampling) arenearest neighbor meth-
ods and point-to-nearest object methods [6]. These
approaches do not involve modeling the detection
function, and so are outside the definition of distance
sampling used here.

Current Research

The basic theory of distance sampling is now
well established, as are the standard estimation and
field methods [5]. Most research is now focused
on methods for increasing precision and relaxing

the assumptions of the standard methods, and on
advanced design issues. There is still much to be done
in these areas, so the subject is still a lively one for
statistics and ecology.

Generally, probability of detection is a function
of many factors other than distance of the object
from the line or point. We have considered briefly
one other factor, cluster size, because if we do not
allow for size bias in detection when objects occur
in clusters then our object density estimator may
be biased. Other sources of heterogeneity contribute
little to bias, providedg�0� D 1. Nevertheless, higher
precision might be anticipated if additional covariates
are recorded and their effects ong�x� modeled. One
approach, first used by [14], is to allow covariates
to affect the scale of the detection function but not
its shape. Marques and Buckland (unpublished) have
extended the detection function estimation methods
outlined in the section on line-transect sampling
above to allow the scale parameter of the key function
to be a function of covariates. This approach is
implemented in the software Distance.

In some surveys, detection on the trackline is not
certain�g�0� < 1�, perhaps because some animals are
underground or under water, or simply hidden by
vegetation, when the observer passes. In this case,
capture–recapture methods may be combined with
distance sampling, through the use of two observa-
tion platforms [2]. The platforms might be treated as
mutually independent so that, provided that animals
detected by both platforms (duplicate detections) can
be identified, two-sample capture–recapture methods
that incorporate covariates can be used. Bias in such
methods is typically large enough to be of concern
unless heterogeneity in detectability is well-modeled.
However, it is seldom possible to record covariates
that reflect this heterogeneity adequately. For exam-
ple if a whale produces a blow that is particularly
visible from one platform, due to light conditions or
some other factor in the environment that is difficult
to measure, then it will tend to be more visible
from the other platform too, and abundance will be
underestimated. These problems may be reduced by
separating the areas of search for the two platforms,
and using one to set up trials for the other. The result-
ing binary data may then be modeled usinglogistic
regression [1]. In some studies, the platform that
sets up the trials could be provided, for example,
by a radio-tagging study, where locations of ani-
mals are known, or by an underwater acoustic array
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(so long as species could be identified accurately).
In double-platform methods, Horvitz–Thompson-like
estimators are used to estimate density, given the esti-
mated probability of detection for each observation
(see Sampling, environmental).

Spatial modeling of distance sampling data is
potentially useful for several reasons: animal density
may be related to habitat and environmental variables,
potentially increasing precision and improving under-
standing of factors affecting abundance; abundance
may be estimated for any subregion of interest, by
integrating under the fitted spatial density surface;
and a model-based approach allows data collected
from nonrandom surveys (platforms of opportunity)
to be used. One approach [7] is to conceptualize the
distribution of animals as an inhomogeneousPoisson
process, in which the detection function represents
a thinning process. If, in the case of line-transect
sampling, the data are taken to be distances along
the transect line between successive detections, this
allows us to fit a spatial surface to these data. We
can refine this further by conceptualizing the observa-
tions as waiting areas, i.e. the effective area surveyed
between one detection and the next, where the effec-
tive width of the surveyed strip varies according to
environmental conditions and observer effort [7, 8].

Geographic information systems(GISs) are now
widely available. This makes it possible to implement
automated design algorithms that generate survey
designs with known properties rapidly and simply.
The software Distance has a built-in GIS and imple-
ments methods developed by Strindberg (unpub-
lished). It can generate surveys based on a range
of point- and line-transect designs, as well as per-
forming simulations to compare the efficiency of
different designs and to investigate design properties
such as probability of coverage. For complex sur-
veys in which coverage probability is not uniform,
but has been calculated analytically or by simulation,
Horvitz–Thompson-like estimators can be used to
estimate abundance. This avoids the biased estimates
that result from standard estimation methods, which
assume that coverage probability is even. For exam-
ple, ship-board surveys typically use continuous zig-
zag survey lines, so that costly ship time is not wasted
in traveling from one line to the next. For convex
survey regions or strata, a design with approximately
even coverage probability can be obtained by defin-
ing a principal axis for the design and adjusting the
angle of the survey line with respect to this axis as the

ship progresses through the area. By contrast, fixed-
angle or fixed-waypoint zig-zag designs do not give
even coverage probability unless the survey region is
rectangular (Figures 5 and 6). If the survey region or
stratum is not convex, a combination of splitting the
region into a number of almost convex sub-regions
and placing a convex hull around the sub-regions can
be used.

Adaptive sampling [20] (see Adaptive designs)
offers a means of increasing sample size, and hence
increasing precision, by concentrating survey effort
where most observations occur. Standard adaptive
sampling methods can readily be extended to dis-
tance sampling surveys [20]. For example, for point
transect sampling we can define a grid of points,
randomly superimposed on the study region, and
randomly or systematically sample from the grid
to form the primary sample. When a detection is
made at a primary sample point, points from the

Figure 5 A trapezoidal survey region illustrating three
zig-zag designs: equal-angle (dotted line); fixed-waypoint
(dashed line); and even-coverage (solid line). The prin-
cipal axis of the design is parallel to the base of the
trapezium in this example, and for the fixed-waypoint
design, waypoints are equally spaced with respect to dis-
tance along the principal axis, alternating between the top
boundary and the base. Reproduced from Buckland, S.T.,
Thomas, L., Marques, F.F.C., Strindberg, S., Hedley, S.L.,
Pollard, J.H., Borchers, D.L. & Burt, M.L. (2001). Dis-
tance sampling: recent advances and future directions, in
Quantitative Methods for Current Environmental Issues,
V. Barnett, A. El-Shaarawi, C. Anderson & P. Chatwin,
eds, Springer-Verlag, New York, Figure 8, by permission
of Springer-Verlag
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Figure 6 Coverage probability against distance along the
principal axis for the three designs of Figure 5. Also shown
is the height of the trapezium as a function of distance
along the principal axis, which indicates that the fixed-angle
design has too low coverage where the study region is wide,
and too high where it is narrow. For the fixed-waypoint
design, coverage probability changes at each waypoint, and
between waypoints varies smoothly in the same manner as
the fixed-angle design. Reproduced from Buckland, S.T.,
Thomas, L., Marques, F.F.C., Strindberg, S., Hedley, S.L.,
Pollard, J.H., Borchers, D.L. & Burt, M.L. (2001). Dis-
tance sampling: recent advances and future directions, in
Quantitative Methods for Current Environmental Issues,
V. Barnett, A. El-Shaarawi, C. Anderson & P. Chatwin,
eds, Springer-Verlag, New York, Figure 9, by permission
of Springer-Verlag

grid that surround the primary sample point are sam-
pled. If detections are made at these extra points,
then further sampling is triggered. A major practi-
cal problem of adaptive sampling is that the required
survey effort is not known in advance. This is par-
ticularly problematic for shipboard surveys, in which
the ship is available for a predetermined number of
days. A method has been developed [13] that avoids
this problem. When additional effort is triggered,
the ship changes to a zig-zag (and hence continu-
ous) course, centered on the nominal trackline. The

angle of the zig-zag is a function of how far the ship
is ahead or behind schedule. Unlike standard adap-
tive sampling, the method is not design-unbiased, but
simulations indicate that the bias is small. An exper-
imental trial on a survey of harbor porpoise in the
Gulf of Maine yielded substantially more detections
and better precision than did conventional line tran-
sect sampling [13].
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Introduction  

The wild horse management issue has been going on for many years now. 

To resolve the issue there has to of course be compromise on BOTH SIDES.  

Wild horse advocates have tried to offer many compromises - in fact anything that 

AVOIDS LETHAL MANAGEMENT. This includes - removals for rehoming, relocating 

to less sensitive areas, contraceptive population control and Reserve Design. But as 

these are not the cheapest or easiest options they are pushed to one side in favour 

of only one option of lethal control.  

Of EXTREME IMPORTANCE is to first of all TRULY establish the effects of the wild 

horses in this environment. Also of EXTREME IMPORTANCE is not to lay the blame 

on the wild horses for damage done by other species! And also of EXTREME 

IMPORTANCE is to be transparent, honest and manage the issue with integrity and 

empathy because of the sensitivity of the issue and also the fact that horses are of 

course sentient beings. This is now scientifically very well established.  

So here are considerations that need to be taken into account :-  

Lack of independent research studies done on wild horses in the 



Australian Alps  

“While studies on herbivory are widespread, there is less information specifically on 

the effects of horses. This is because controlled experimental studies are rare, and 

most rely on a correlational approach and are often complicated by the presence of 

other herbivores (Beever & Brussard 2000). Exclosure plots that exclude all grazing  

herbivores are likely to exaggerate the impacts of horses (Linklater et al. 2002). 

Some studies fail to find an effect, or may even find a positive impact (e.g. 

Fahnestock & Detling 1999).”  

“Some methodological problems make interpretation difficult. Exclosure plots are 

often positioned to record impacts in very specific habitat types, which are not 

representative of damage across the range, and exclosure plots typically exclude 

other large grazers like deer (e.g. Linklater et al. 2002).”  

“The ITRG concludes that there are significant knowledge gaps in our understanding 

of horses in KNP.”  

“Surprisingly little is known about the ecology of horses in KNP. “  

Reference  

https://www.environment.nsw.gov.au/-/media/OEH/Corporate-Site/Documents/Anima 

ls-and-plants/Pests-and-weeds/Kosciuszko-wild-horses/final-report-independent-tech 

nical-reference-group-supplementary-wild-horse-management-plan-160221.pdf?la=e 

n&hash=26B121837E28A2C68514B34D99A21C18F7557E16  

“Research on feral horses is surprisingly lacking in Australia and would benefit from 

national leadership and direction. It should: accurately map the distribution and 

abundance of feral horses; quantify feral horse impact in relation to density and 

control; evaluate the humaneness and suitability of control techniques; document 

community and stakeholder perceptions on feral horse impact and management; and 

assess whether feral horse impacts threaten native species or communities.” “There 

is a scarcity of published peer reviewed research on feral horses in Australia. The 

relationship between feral horse density and damage remains to be quantified in any 

area, which impedes effective management. Much of the evidence on environmental 

impacts and population ecology is anecdotal” (36) “The assumption that an 

introduced animal is causing damage may not be correct. Feral horses in some 

places may in fact be beneficial. They may be reducing bushfire fuel loads by 

removing grass. They may be exerting no negative impact at all and simply providing 

pleasure for those that love seeing wild horses living free in the bush. Control in this 

case would be a waste of time and money.” (36) 

“In general, although a significant amount of studies have been done on the effects 

of herbivores on the environment, there are still relatively few studies specifically 

about the effect of wild horses. (Beever, EA and Brussard, PF 2000, ‘Examining 

ecological consequences of feral horse grazing using exclosures’, Western North 

American Naturalist 60: 236–254.)” (36)  

Establishing a truly accurate, biologically and scientifically possible 

population estimate :-  

Population increase rates in the AANP from previous research  

Population dynamics of wild horses in the Australian Alps National Parks, was 



studied in detail at several sites each spring and autumn, between 1999-2002. The 

sites were Big Boggy, Cowombat and Currango. The sites were chosen because 

wild horses could readily be found in these areas. They were independent (too far 

apart for the horses to move in-between) and there was no management done in 

these areas for the period of the surveys. The annual population increases for these 

3 areas were found to be - Big Boggy – 7%, Cowombat – 3% and Currango – 9%. 

(1)  

Surveys have been done almost annually in the Big Boggy area of the Kosciuszko 

National Park using the mark-recapture method from 2006-2019. In 2012 the 

estimate of horses in this area was 195. In 2019 the estimate was 220. The annual 

population increase for this period therefore is approx 5% per year. (2)  

Page 11 of the Kosciuszko National Park Draft Wild Horse Management Plan 2016 

states –  

“In Kosciuszko National Park, populations are likely to increase by between 6% and 

17% per year“. (3)  

Page 12 of the Kosciuszko National Park Horse Management Plan 2008 states – 

“The horse population can increase by up to 20% per year when conditions are 

good, but the population growth rate in Kosciuszko is expected to be closer to 8% 

(Dobbie and Berman 1992; NPWS 2003).” (4)  

This follows many other scientific papers on this matter and previous and other 

reports by the NPWS.  

Current population situation Kosciuszko National Park  

In the new plan of management for the Kosciuszko National Park Wild Horse 

Population, maintenance of the wild horse heritage values has been based on 

leaving 3,000 horses in the areas of the Park that are designated as wild horse 

retention areas. (5) 

The major problem with this is, that this has been based on a starting figure taken 

from the estimation done in the 2020 survey of 14,380 (6). This is therefore 

assuming reduction of 11,380 horses over the period of the plan. If attempt is made 

to remove this amount of horses there will actually be none left at all in the whole 

Park. This would of course not be in keeping with the legislation of 2018.  

I would like to clarify this statement. I have concentrated on the North Kosciuszko 

region as this is where the majority of horses are - approx 85% according to the 

official 2020 survey by Cairns (6) and these are the horses that have been subjected 

to massive removals in 2020-2022.  

Previous surveys, using the Distance Software (applied by Cairns) have produced 

estimates that are scientifically and biologically not possible for the species. 

For instance the reported annual increase of 37% (7), (which in actual fact 

calculates at 41% after accounting for removals and this was a major error when 

calculations were done) in the North Kosciuszko area between 2014 and 2019, 

which is approximately DOUBLE the accepted scientific maximum (refer to above 

normal rates of increase). This was pointed out in the peer review by St Andrews 



University – “The block specific finite rates of growth are likely at the centre of 

the 2019 report. The high rate of growth reported for the North Kosciuszko 

block are of particular interest as it appears to exceed published maximum 

growth rates for the species.” (8)  

No feasible explanation was ever given, because there isn’t one. This anomaly was 

also pointed out by the Scientific Advisory Panel in their final report to the Minister. – 

“The rate of increase in north KNP between 2014 and 2019 is above the 

biologically possible rate of reproduction (Garrott et al. 1991).” (9)  

The only reason given as a possibility was movement of horses, but in the document 

- 2019 Australian Alps Feral Horse Aerial Survey: Summary Report (10), it states – 

“Feral horses (Equus caballus) also known as ‘wild horses’ or ‘brumbies’ occur in 

three large and currently separate distribution areas of the Australian Alps National 

Parks (AANP) and adjoining State Forest areas.”  

In spite of this ludicrous estimate that is not biologically possible, the surveys have 

continued to be done in the same way. And, in fact, the purported annual increase in 

the Southern Kosciuszko region between 2020-2022 calculates at approx 95% - 

even more ludicrous than before and of course totally impossible! Whereas in 

the Northern Region, the increase calculates at approx 6%, which is a realistic 

increase and a far cry from the once again ridiculous purported 41% annual increase 

from the previous surveys! 

There is a similar situation with the kangaroo surveys, which have shown supposed 

increases of over 400% - also absolutely not biologically possible for the species. 

This was brought up in the recent Kangaroo Enquiry AND YET, when doing both the 

new trials of survey methods in the localised areas of planned removals in 2020 and 

the new official published surveys again done by Cairns in 2020 and 2022, the 

choice was made to use this software yet again, in the full knowledge that it is 

producing scientifically and biologically impossible purported annual increases and 

therefore numbers. I have personally written to NPWS, the Minister, all NSW 

Members of Parliament and St Andrews University in Scotland pointing out this very 

serious problem. So they have all been made aware of this.  

The scientific advisory panel recommended doing more localised counts and trialling 

different methods of counting. They recommended doing this prior to removals 

starting and then regularly monitoring the population during removals. The localised 

counts done prior to removals were done only in the 3 areas planned for removals 

and the opportunity was therefore available to conduct a real head count, rather than 

using this software again, which had already proven to show biologically impossible 

estimates. However, once again, the “Distance Software “ was applied to elevate the 

numbers!  

Comparison of numbers estimated by the previous Cairns survey and the trial 

surveys done in 2020, only go to show how ludicrous the results being produced are. 

I have made comparison here of some of the supposed population estimates in the 3 

areas that were designated for removals under the post fire wild horse control.  

So, in the 3 blocks where removals have taken place- (figures obtained in GIPA 

release)(11)(12)  



Zone 1 - Nungar  

Cairns estimate was 2191 horses  

The SAP estimated a significantly lower amount of 700 in the area. 

However results from the new helicopter survey estimated only 163 horses 

And the helicopter survey with thermal imaging estimated 135 horses  

Zone 2 - Cooleman Plain  

Cairns estimate 2464  

SAP estimated 3600  

Helicopter normal estimated 2400  

Helicopter with thermal imaging- 1630  

Zone 3 - Kiandra  

Cairns estimate 2707  

SAP estimate 320  

Helicopter normal - 824 
Helicopter with thermal imaging- 1051  

Comparison of estimates from the localised counts done in the 3 areas of 

removals  

 No of  
clusters  
seen 

Average  
No of  

Estimated Increase by  
cluster size  

horses  
computer  

seen  
software 

Cairns   7362 

Helicopter  122  3.8 463 3387 630% 

Helicopter  
with  
Thermal  
Imaging 

72  2.88 207 2816 1250% 

 

 

On the “normal helicopter” survey, they saw 122 clusters of horses. Average 

cluster size- 2.9-4.3. So actually saw approx. 463 horses. In all 3 areas. The rest 

were computer generated. Elevated to 3,387  

On the helicopter with thermal imaging, only 72 clusters were seen. Approx. 207 

horses. Elevated to 2,715  

UAV survey on Kiandra, spotted 32 clusters - approx. 106 horses. Cairns total for 

these areas 7,362! More than double the other surveys that still used the 

Distance Software. Absolutely ludicrous and more proof that using the software to 

estimate these numbers is not working by any stretch of the imagination. A measure 



of the scientific soundness of these surveys has to of course be based on whether 

the results are even biologically possible for the species. The results are not 

biologically possible and therefore this should have been taken to realise that these 

surveys are not working as they are not scientifically sound.  

All surveys conducted with helicopter would involve double counting because, for the 

most part, horses will most certainly run from one transect to another. This was also 

brought up in a previous peer review by St Andrews. One assumption of the software 

is of course No Movement.  

See below for horses actually seen in the 2014, 2019, 2020 and 2022 surveys with 

percentage increases by use of the software and comparison to the headcounts 

done annually by Parks. (6, 7, 13) 

Comparison of numbers of horses actually seen to survey estimates and 

headcounts - Northern Kosciuszko Region  

 No of  
cluste
rs 
seen 

Avera
ge 
cluste
r  
size 

No. of  
Estimate Increase by  

NPWS  
horses  

computer  
actual  

seen  
software  

headcoun  
t 

2014  
Cairns 

104  3.55  369 3255 970% 1637 

2019  
Cairns 

269  4.82  1298 15687 1110% 3120 

2020  
Cairns 

164  4.41  723 12511 1630% 2468 

2022  288  4.36  1255 12714 913% ? 

 

 

Please take note of the figure from the NPWS actual headcount (spotting count) 

done in 2020. (see below). This showed a figure of 2468, before drastic removals! 

Not 12,511!  

As it is stated in the Cairns survey document done in 2020, that 85% of the horses in 

the Park are in the Northern Region, it is absolutely clear that there are already less 

than the 3,000 horses proposed to remain in the Park.  

A helicopter spotting count was undertaken in 2021, in the Northern Region of the 

Park by the Snowy Mountain Brumby Sustainability and Management Group at their 

own expense. They counted 838 horses in this area of the Park. Although clearly 



some may not have been spotted, it would be impossible for them to have missed 

11,673 horses!  

I have calculated in the below table a realistic wild horse population estimate for the 

Northern Region, starting with the population figure taken from the well-respected 

survey done in 2005 by Montague Drake, that is quoted in many official documents. I 

have then calculated annual population increases of 17% per annum which is at the 

upper end of the scale of recognized scientific increases for wild horses and much 

higher than the previous estimations of increase shown above for the Kosciuszko 

National Park. I have then compared this to some of the more recent results from the 

annual spotting counts done by NPWS. It’s absolutely clear that the helicopter 

spotting counts already undertaken annually, are giving far more realistic estimates 

of numbers than the Distance Software surveys.  

Calculations made starting with the results of the 2005 survey done by 

Montague Drake and then using a realistic scientific wild horse population 

increase per year of 17%  

 
For a more visual effect of how ludicrous the survey numbers are, I have done a 

graph with the computed increases at 17%, plus the results from the annual spotting 

counts and compared to the “official” survey results done by Cairns.(see below).



It’s clear from the above, that before ANY further management is undertaken, it is 

absolutely imperative to know more accurately, how many horses are currently 

remaining in all of the Parks. It is certain that there is already less than 3,000 horses 



remaining in the Kosciuszko National Park.  

A new ACTUAL headcount therefore needs to be undertaken as soon as possible, 

on both the Kosciuszko National Park and the Alpine National Park, Victoria and the 

Barmah National Park (where similar ludicrous estimates have been made using this 

software.This could be done using the same helicopter spotting count that is done 

every year by NPWS, BUT THIS MUST INVOLVE WILD HORSE ADVOCATES, as 

recommended by the Scientific Advisory Panel. To get a fair and impartial count, 

there definitely has to be people from both sides involved. As we know that 85% of 

the horses are in the Northern Region of the KNPark and these spotting counts have 

been successfully undertaken every year, we know it is possible to do this 

successfully and then it is easy to estimate the other 15% in the rest of the Park.  

All surveys done using the Distance Software and other similar equations or 

computer modelling software should be halted, because, as shown by all of the 

above, they have given ludicrous estimates that are not scientifically or biologically 

possible and with estimates that are varying so enormously that it is absolutely 

ludicrous to continue with them. Not to mention the waste of funding involved!  

Both the ITRG and the CAP and SAP always recommended involvement of the 

community in all and any population surveys. This has never been done and needs 

to be remedied immediately. Deliberate continued use of methodology that is 

producing estimates that are not biologically or scientifically sound is irresponsible of 

course. Especially when the lives of possibly thousands of wild horses are involved. 



Results of 
annual headcount in Northern Region of Kosciuszko National Park 2020  

Victoria National Parks  

There is a similar situation with the assessment of population numbers in the Victoria 

National Parks. As follows:-  

Barmah National Park 
In the Barmah National Park, for many years, numbers were reported as being fairly 

constant. For instance - from 2006 to 2017 the following figures were given:- 2006  

“100 – 150 horses occupy the Barmah State Park” (cited by Dawson et al. 2006)(36)  

2010 - “Mr McCormack said that in the aerial survey four mobs of horses were 

observed, the largest being a mob of 15. He said the number of horses in the park 

was greater than the 38 counted so far. ''It's really hard to quantify it without some 

proper verification, but we think it's probably in the order of around 150,'' he said.” 

(46)  

2012 - 144 horses counted. (47)  

2017 - Barmah National Park east of Echuca on the Murray River has a currently 



estimated population of over 200 animals.(48)  

June 2017 - counted 134 horses  

June 2018 - counted 147 horses - covered 80% of the Park (other 20% very low 

population). Using Distance Software this number altered to 620-730 horses. This is 

“horses assumed unseen”.(49)  

June 2019 - again 80% of Park surveyed as above. Estimated 540 horses using 

Distance Software. Actual number of horses seen was not reported! September 

2019 - again 80% of the Park surveyed but this time with transects only 300m 

apart! Horses counted were 282 horses.(50)  

There was a further survey done in 2021!!! Results STILL NOT PUBLISHED TO 

DATE!!! It’s now 2023 of course!  

Observations  

The Distance Software is the software used for the surveys of the AANP. Results 

from these surveys have produced figures that are biologically and scientifically 

impossible. As mentioned previously, estimates show computed annual population 

increases of 41% and even 95%!!! The scientific accepted maximum being 20%.  

In the September 2019 survey, the transects flown were only 300m apart! So ALL 

horses should have been able to be counted in this survey. But as the transects were 

then so close, there is an extremely high chance that horses would be double 

counted because of movement from one transect to another! So it’s extremely likely 

that the 282 would actually be an OVERESTIMATE!  

Using a figure of 200 for 2017 - increasing by 17% per year (expected population 

increases would be between 6-17%) but allowing for the deaths of horses in the 

2018/2019 disaster, the total population would be a MAXIMUM OF approx 220 

horses in 2022, BEFORE the shooting of many by Parks Victoria contractors (in spite 

of there being a purpose built sanctuary awaiting them and offers to actually trap and 

remove the horses to go to live in this approved sanctuary!) and the flooding of the 

Park that caused the death of many wild horses. During this flooding the wild horses 

ended up congregating on a small “island” area that remained dry. This was 

of course the ideal opportunity to see that were under 200 wild horses present in the 

Park.  

It is extremely unlikely that the population increases would be more than 17%! 

Especially in the Barmah Park where conditions can be hard with flooding and 

droughts. Parks own papers give the figures of 6-17%. This would be scientifically 

accepted increases.  

It is not a difficult task to use drones to locate and video approx 200 horses. As 

Parks are of course well aware of most likely locations of them. This would provide 

visible proof to all parties involved.  

Visible video proof of the FLIR counts done in 2017-2019 has never been provided 

and determining the differences in animal species with Infra Red in tree covered 

areas would be EXTREMELY DIFFICULT - especially from a higher altitude of a 

helicopter rather than drones. Viewing the footage taken would at least allow us to 

see if species differentiation is perfect. Or deer could easily be mistaken for a horse.  

There are local companies able to do this using drone and video technology, which 



would give much better chance of species differentiation.  

To get from approx 200 horses in 2017 to 540 in 2019 after accounting for losses in 

early 2019, would be an annual population increase of OVER 60% per annum!!!!!! 

Beyond ludicrous! 

 
ALPINE NATIONAL PARK - VICTORIA  

In 2003 the estimated population in the ANP was 1067.  

In 2009 the estimated population in the ANP was 3442 (51)  

This involves an increase in population per year of approx 24.5% when accounting 

for removals. (once again above the scientific accepted maximum.)  

The 2014 survey estimated population however was 2350. Therefore a significant 

reduction in population.  

In 2019 the estimated population was approximately 5,000. This involves an 

increase of approx 22%. The most recent survey, done in December 2021( but only 

published in 2023!!) - The estimate is 2456, which is of course a dramatic reduction! 

The reason given for this NOW is the 2020 wildfires. Although it had been reported 

previously that not many horses were lost in the wildfires! There were 78 clusters at 

3.36 estimated cluster size = 262 Brumbies ACTUALLY SEEN (52)  

So according to these surveys, the population increased for 6 years at 24.5% per 

annum (higher than scientific accepted maximum and the mean is 12%). Then 

decreased significantly over the next 5 years (no wildfires). Then suddenly increased 

over the next 5 years again at approx 22%. This is absolutely not feasible! Although 

there may have been significant losses from the wildfires in 2020, considering the 

official reports of there being not so many, it is more likely that the estimates from 



2019 were way exceeding the actual numbers in the first place! 

 
Bogong Region of the ANP  

In 2021 - Having flown in a helicopter at 150m high, flying transects only 1km apart, 

they carefully HEADCOUNTED AND PHOTOGRAPHED - 121 Brumbies in the 

Bogong High Plains. Seeing and exactly head counting 121 horses with photo ID is 

of course unbelievably easy and would ensure no double counting -some were seen 

twice as it was over 2 days but these were then discounted. So, a perfect headcount 

with photographic proof! 121 Brumbies! (53)  

But, in spite of doing this very accurate assessment, they decided to apply yet 

another “estimator “ !! And then the estimated population number became 252 

Brumbies!!!! More than double the ACTUAL RECORDED NUMBER of 121!!!  

Flying transects only 1,000m apart (500m either side) from a helicopter would 

enable ALL WILD HORSES TO BE SEEN AND COUNTED ! And the helicopter 

hovered over the groups of horses to enable them to take photographic evidence 

and then they more than doubled the number!  

This has ZERO TO DO WITH SCIENCE!  

They even state that this would be an annual increase of 29% after accounting for 

removals. Once again - the scientific accepted maximum is 20%. So once again 

publishing papers with ludicrous estimates that are way over the scientific accepted 

maximum!  

These discrepancies giving ludicrous estimates of populations going from biologically 

impossible increases to significant decreases (without a wild fire incident) only go to 

prove that there is a MASSIVE PROBLEM with using this software or any similar 

software! Headcounts are absolutely possible- as has been shown in the northern 

region of Kosciuszko National Park and the Bogong region of the ANP. So 

headcounts ONLY should be used for further assessment of population numbers!!  



Threatened Fauna and Flora - the true story  

I absolutely dispute the inference that the wild horses are threatening to the native 

Fauna and Flora in the Park. The threats are from other major contributors! As 

below: –  

Threats to Corroboree Frog  

Corroborate Frog threats -  

● chytrid fungus  

● climate change 
● droughts  

● wildfires  

● predation by carnivores  

“The spread and persistence of chytrid fungus in the population is facilitated by a 

species living alongside the Corroboree Frog, the Common Eastern Froglet (Crinia 

signfera). This species appears to sustain high infection levels, but doesn’t develop 

the disease. As a result, it acts as a reservoir host, sustaining the disease in the 

ecosystem and allowing transmission to other species.”  

“An additional threat to the Southern Corroboree Frog is climate change. Reduced 

precipitation and warmer temperatures are likely to eventually affect breeding pools 

and vegetation around them. Droughts already result in egg and tadpole deaths, and 

as the frequency of droughts increases with climate change, the capacity for the 

Southern Corroboree Frog to recovery greatly reduces.” (38)  

“There are few peer-reviewed studies of the impacts of feral horses on ecosystems 

in this region.” (39)  

“We surveyed the scene, calling out: “Hey, frog!”. At ponds not severely burnt, 

reasonable numbers of northern corroboree frogs responded. At badly burnt sites 

where frogs had been found for 20 years, we were met with silence. The adults there 

had likely died.” “After the fires, heavy rain in denuded burnt catchments produced 

water runoff laden with sediment. Some frog breeding habitat was eroded and filled 

with silt and ash. Once-mossy ponds were now gravel and ash.” (40) “They 

contained a fascinating series of photos. Some revealed how a number of ponds 

largely escaped the fires, only to be destroyed afterwards by flooding.” (40)  

The Smoky mouse threats  

“Major threats to the species include predation by introduced carnivores, habitat 

changes due to altered fire regimes and dieback caused by the Cinnamon Fungus 

(Phytophthora cinnamomi), and loss, modification and fragmentation of habitat due 

to road construction and intensive timber harvesting.” (41)  

The Broad toothed rat threats  

Main threats -  



● Predation by wild cats and foxes  

● competition and grazing by rabbits  

● Competition, disease transmission and habitat degradation by wild Pigs 

● Catastrophic fire events 

● Global warming causes loss of snow cover resulting in increased exposure to 

foxes and cats.  

● Climate change resulting in loss of sub-alpine and alpine habitat, and; spread 

of the plant root fungus Phytophthora cinnamom  

● Habitat loss, fragmentation and degradation from roads, ski runs, buildings 

and recreational activities. (42)  

The Alpine Skink  

Main Threats –  

“Wildfire has the potential to eliminate the species”  

“Historically, large tracts of habitat have been lost as alpine resort villages have been 

constructed and expanded. Construction of dams has destroyed habitat that was 

almost certainly occupied by the species. Concurrent development of infrastructure 

such as roads, tracks and ski runs have also destroyed and fragmented habitat. 

Development of ski runs may have a greater than expected effect on habitat for 

Alpine She-oak Skinks, as it is more favourable to build ski runs in large, continuous 

grassy areas that provide a uniform surface. These large grassy areas are the 

optimal habitat of the Alpine She-oak Skink. “  

“Predation by Rats (Rattus rattus), Foxes (Vulpes vulpes), Cats (Felis catus) and 

Wild Dogs (Canis lupus familiaris) is a current threat.”  

Also mentioned are weed invasion, climate change and trampling of habitat by ALL 

animals. (43)  

Threatened Flora  

Results from surveys did not reveal a significant effect of wild horse grazing on 

plant community composition, species richness, diversity, evenness, or dominance. 

And the effects of horses did not vary by site, indicating that different precipitation 

levels do not drive differences in grazing effects (27) (29)  

In fact plant species richness was higher in horse grazed compared to ungrazed 

areas. Butterfly and bumblebee habitat use, as well as feeding and resting activities 

were also higher in grazed areas. (28)  

A study showed that horse grazing resulted in overall increases in heather and 

herbaceous cover and decreases in gorse cover and height, with scarce differences 

among vegetation types. Floristic diversity increased more over time in grazed than 

in ungrazed paddocks. . Some herbaceous species characteristic of heathlands were 

favoured by horse grazing. Horse grazing reduced gorse dominance, controlling 

excessive accumulation of combustible material and REDUCING FIRE RISK, and 

promoted the presence of species of conservation interest, so is a promising 

management tool for restoration of heathlands and their biodiversity.” (26) 

“The peatlands have been badly affected by cattle grazing and fire since European 

settlement of the region commenced in 1823. Some recovery is evident within 



protected areas but serious fires in 2003 reversed this process in many areas.” (30)  

“These bog communities are also critical habitats for species such as the 

endangered Northern Corroboree Frog and rare Broad-toothed Rat.” “CLIMATE 

CHANGE is going to have a significant impact on the Sphagnum bogs and fens, 

through drought, increased temperatures and increased incidence of wildfire.” 

(32)  

“As far as the possible role of endozoochory for conservation of plant diversity in 

grassland is concerned, the results emphasise the importance of large herbivores as 

potentially strong seed dispersal vectors.” (30)  

Review of some papers purporting horse damage  

Reference to:  

An Assessment of Feral Horse Impacts on Treeless Drainage Lines in the Australian Alps 
- December 2015 (wordpress.com)  

“The proportion of horse-present sites that showed evidence of recent fire was lower than 
that for horse-free sites (46% versus 76%)”  

Therefore showing that sites where horses are present are less likely to be prone to fire.  

“Two vegetation-related variables were assessed; projected foliage cover and the proportion 
of foliage cover that is native. No significant differences were detected among horse-present 
and horse-free sites for either of these variables”  

NO DIFFERENCE in vegetation cover and proportion of native foliage.  

“To remove the potential influence of wombats, macropods and exotic grazing and browsing 
mammals on soil, stream stability and vegetation cover, the data were re-analysed excluding 
sites where evidence of the presence of any of these species was detected.”  

The influence of wild pigs and deer were therefore not removed.  

“Stream channel width (m )Mean – signs of horses not present 1.0 Signs of horse presence 
0.9”  

As above – the influence of deer and wild pigs not taken into account. Horse presence does 
not mean horse damage. 
Reference to:  

Assessment of Impacts of Feral Horses (Equus caballus) in the Australian 
Alps (wordpress.com)  

“The Experimental Monitoring Programs”  

“Two studies were established at each of two sites, as described below. The aims of these 
experiments are to compare the effects of removal of grazing with continued grazing by 
feral horses on floristic composition and structure of favoured grazing areas (grasslands), 
and on bank condition and disturbance of two small streams at the study sites” “Methods”  



“Replicated exclosure experiments were established at two sites (Cowombat Flat and 
Native Cat Flat). These sites were selected by the AALC and Friends of the Cobberas as areas 
that support permanent populations of feral horses but are not currently grazed by cattle 
(although both have been grazed by cattle in the past).” “fenced to exclude horses but not 
other grazers (rabbits, wombats, macropods), and unfenced so that grazing is unrestricted.”  

To show differences in areas excluding horses, the exclosure plots would HAVE TO 
EXCLUDE ONLY HORSES! Very small animals like rabbits and wombats were not excluded 
but other large grazing animals like DEER AND WILD PIGS were excluded! - mentioned in 
the ITRG report  

Reference to:  

2013 Observations of Pest Horse Impacts in the Australian Alps (sqspcdn.com)  

“This “Observations” Report is produced for general information and is a record of personal 
observations made by the authors for the Mt Pilot area of Kosciuszko National Park in 2013. 
“  

Observations only. And again using exclosure plots and therefore excluding all 
larger animals including deer and pigs therefore damage that cannot be attributed 
only to horses.  

Reference to:  

feral-horse-impact-thesis.pdf (wordpress.com)  

“Exotic species colonised tracks, but not at the expense of the native species.”  

Very old paper from 1990. Much of the paper is concerning dung piles relative to 
population but then also concentrates on study of tracks. Native species of flora even on 
tracks not affected !  

“However, when crossing streams they avoided the Sphagnum in favour of the more 
solid ground under grassy and herbaceous vegetation, if this was available.”  

Confirming what we all know that horses will avoid these soft areas if at all possible! 

“Soil is often in a highly compacted state on tracks used by horses or other animals.” 

No differentiation between horses and other animals, therefore cannot be associated only 
with horses! Refers to studies done with shod domestic horses to show trampling effects 
on tracks! Tracks frequented not only by many different animals but would be used by 
humans also!  

“However, in the current study, many of the pre-European Sphagnum Bogs would have 
already disappeared because of cattle grazing which was phased out in the early 
1970’s, leaving the open herbaceous and grassy areas.”  

Speaks for itself!  

Reference to:  

feral-horse-exclusion-plot-monitoring-and-analysis_final_1.pdf 



(wordpress.com) “However, these impacts cannot be separated from those of 

deer”  

Again the use of exclusion plots that excluded all of the larger animals including deer and 
pigs! The paper is supposed to be concerning horse exclusion but does not only exclude 
horses in these plots!  

Reference to:  

feral-horse-exclusion-plot-monitoring-and-analysis_final_1.pdf (wordpress.com)  

“Our study is, to the extent of our knowledge, the first that has used BFAST to generate 
fPAR derivatives to explore the link between feral herbivore impacts on the phenology of 
vegetation.”  

Again a study done on the impact of all herbivores, where horses were present but not 
necessarily the cause of the damage. Deer and in fact pigs again would also be present in 
these areas!  

Reference to:  

Assessing the Impacts of Feral Horses on the Bogong High Plains, Victoria (amazonaws.com)  

Again only observation study assuming that anywhere that horses were present, that 
horses were doing any damage seen! Any one of all the wildlife population in this area 
could be the cause of any damage seen!  

Positive impacts of Wild Horses  

There has been increasing scientific study worldwide showing the ecological benefits 

of wild horses and they are being used for regeneration of degraded ecosystems 

including forested and alpine areas. Wild horses reduce bushfire fuel loads. 

Research has shown that when herbivore populations deplete, catastrophic wildfires 

take over because excessive amounts of ground fuels act as kindling. There was 

scant evidence of fire until the megafauna disappeared. (14)(15)(16) Native animals 

and their habitat have been decimated by fire more than anything else. And 

waterways adversely affected. Not to mention the damage to human’s health and 

property.  

Wild horses reseed native grasses by intact seed dispersal in their droppings (17), 

are soil builders/fertilisers of soil via their droppings, which build the humus content 

of soil, allowing soil to gain more texture and retain more water. Hence ground water 

tables are replenished, feeding more seeps and springs more continuously. They 

create more abundant and dependable water sources in dry areas and break up ice 

and snow, helping other wildlife to survive.(14)  

Large wild herbivores are crucial to ecosystems and their removal has a cascading 

effect on other species. Evidence from Australia suggests that rainforest was 

converted to sclerophyll vegetation in the aftermath of the loss of megafauna. (29) 

Herbivores greatly accelerate the nutrient cycle in ecosystems by returning nutrients 



to soil at high rates. (7)  

The damage is being done by other species and blamed on the wild horses  

Some research and live video supporting the positive impacts of Wild Horses 

and disputing the negative effects  

My Big Backyard Productions - YouTube  

Experimental rewilding enhances grassland functional composition ...  

https://www.horsetalk.co.nz/2020/09/08/justice-equine-scapegoats-australia-brumby 

debate/?fbclid=IwAR1cWANnOymexy-8uDP_LwamBM_jw3heJBX-7r8p-_5BJMKwtu 

fhrsAQl4Y  

Horses keystone species regeneration earth  

Spotlight on the overlooked role of horses as carbon sequesters 

Brumbies can fill a useful role in Australian ecosystems, says ecologist  

https://www.eurekalert.org/pub_releases/2020-03/uots-cal031820.php?fbclid=IwAR0 

Dm8iIt6omw_KHIMsJs_d2mz4ej3zN14HPI4bD8kzwWQW5ljoRTfbElkU#  

https://earthledger.one/feral-horses-gallop-to-the-rescue-of-butterflies-in-

distress/ In defence of australias brumbies 

Interest payments in wild horses | Rewilding Europe  

https://rewildingeurope.com/search/wild+horses/page/1/  

Rewilding horses in Europe. Background and guidelines - a living ... 

Wild Horse Fire Brigade  

https://mobile.twitter.com/BBCSpringwatch/status/1285549837308645377?s=07 

A Geographic Assessment of the Global Scope for Rewilding ... - PLOS  

https://m.facebook.com/groups/1165599150138501?view=permalink&id=244268015 

2430388  

https://m.facebook.com/groups/1165599150138501?view=permalink&id=245907382 

7457687  

https://snowybrumby.wordpress.com/2014/08/26/brumbies-facts-you-should-know/  

https://www.bellingencourier.com.au/story/5425985/letter-brumbies-in-national-parks 



a-new-perspective/  

The real causes of damage - OTHER ANIMAL AND HUMAN DAMAGE  

In spite of the millions of other "introduced" animals like deer, pigs, wild dogs, goats 

and rabbits who are well known to do massive damage, the wild horses are singled 

out for elimination.  

Impacts to the environment by humans include building of dams, tourism, 

recreational vehicles, ski runs and facilities and climate change. And yet the wild 

horses are the scapegoats. Most ecologists and scientists confirm global warming to 

be the main cause of species decline and extinction.  

Wild pigs damage  

Wild pigs cause serious habitat degradation by rooting in the soil in search of food, 

dispersing seeds of weeds, regular wallowing and digging of dust-beds can impact 

on terrestrial and aquatic systems through erosion, siltation and increased turbidity.  

“While searching for populations of threatened plant species in the Kiandra area 

between 1999 and 2001, we noticed considerable damage to sub-alpine treeless 

vegetation by pigs. Most damage was recorded in dry grassland communities and 

was evidenced by denuded circles up to 20 m in diameter. Some of these bare 

circles appeared to have been scoured more than once, judging by the varying 

amount of regeneration within them.”  

“A group of 15 pigs and piglets was observed in Nungar Plain during the 

survey. Damage to vegetation by pigs is obvious and extensive. Herb-rich 

grassland communities are the worst-affected. Rooting is localised but very 

thorough.” Reference  

https://www.researchgate.net/profile/Neville_Walsh/publication/237372947_The_flora 

_of_Nungar_Plain_a_treeless_sub-alpine_frost_hollow_in_Kosciuszko_National_Par 

k/links/53e166810cf2d79877a952b1/The-flora-of-Nungar-Plain-a-treeless-sub-alpine 

-frost-hollow-in-Kosciuszko-National-Park.pdf?origin=publication_detail  

“Riparian and wetland habitats are attractive to feral pigs where they can cause 

serious habitat degradation by rooting in the soil in search of food, and can also prey 

on the eggs and chicks of nesting water birds in wetlands.”  

Reference  

https://www.parks.vic.gov.au/-/media/project/pv/main/parks/documents/management 

plans/barmah-national-park-and-barmah-forest-ramsar-site-strategic-action-plan-202 

0-2023.pdf?la=en&hash=E130D0B2C8E9C9E22B349EC9148F9AA99ED09BAA  

“Feral pigs disperse seeds of weed species, and in the process of rooting up the 

ground they trample vegetation and extensively disturb the soil. In addition, regular 

wallowing and digging of dust-beds can impact on terrestrial and aquatic systems 

through erosion, siltation and increased turbidity.”  

Reference:-  

https://pestsmart.org.au/wp-content/uploads/sites/3/2020/06/Managing-vertebrate-pe 

sts-feral-pigs.pdf  



https://www.environment.nsw.gov.au/Topics/Animals-and-plants/Threatened-

species/ NSW-Threatened-Species-Scientific-Committee/Determinations/Final-

determinations /2004-2007/Predation-habitat-degradation-disease-transmission-by-

feral-pigs-key-thr eatening-process-listing  

Deer damage  

Deer are in plague proportions and much of the damage purported to be wild horse 

damage is in fact from deer. Research methodology has meant that no distinction 

has been made.  

“Deer degrade ecosystem quality through grazing, browsing and trampling of 

vegetation, ringbarking trees, as well as dispersing weed seeds and enriching 

nutrient levels. They also cause soil disturbance in creeks, wetlands and swamps, 

where they wallow in mud.”  

Reference:- 
https://www.parks.vic.gov.au/-/media/project/pv/main/parks/documents/management 

plans/barmah-national-park-and-barmah-forest-ramsar-site-strategic-action-plan-202 

0-2023.pdf?la=en&hash=E130D0B2C8E9C9E22B349EC9148F9AA99ED09BAA  

“Over a million deer are wreaking havoc in Victoria’s state forests and national parks, 

and instead of being managed as a serious pest, deer are oddly protected under the 

Wildlife Act 1975 in order to support hunting interests.”  

Other papers/articles relevant to damage by Deer  

https://www.abc.net.au/news/2017-07-21/harrietville-project-looks-at-how-to-deal-

wit h-deer/8732414  

https://www.abc.net.au/news/2017-03-31/deer-hunters-cull-sambar-deer-in-alpine-na 

tional-park/8396774  

https://www.theage.com.au/national/victoria/feral-deer-damaging-alpine-national-

par k-to-be-culled-in-parks-victoria-trial-20150722-gii2th.html  

https://www.theland.com.au/story/3872462/deer-plague-hits-hip-pocket/  

https://www.environment.nsw.gov.au/topics/animals-and-plants/threatened-species/n 

sw-threatened-species-scientific-committee/determinations/final-determinations/2004 

-2007/herbivory-and-environmental-degradation-caused-by-feral-deer-key-threatenin 

g-process-listing  

Foxes and Cats damage  

“Foxes and cats have already contributed to the extinction of a number of small 

native marsupials and are threat to many remaining threatened species”  

Reference  



https://onlinelibrary.wiley.com/doi/abs/10.1111/mam.12080  

Rabbits damage  

https://www.environment.nsw.gov.au/topics/animals-and-plants/threatened-species/n 

sw-threatened-species-scientific-committee/determinations/final-determinations/2000 

-2003/competition-and-grazing-by-the-feral-european-rabbit-key-threatening-process 

-listing  

Goats damage 
https://www.environment.nsw.gov.au/topics/animals-and-plants/threatened-species/n 

sw-threatened-species-scientific-committee/determinations/final-determinations/2004 

-2007/competition-and-habitat-degradation-by-feral-goats-capra-hircus-key-threateni 

ng-process-listing  

The Hard Hooved Story  

The hard hooves story, that the Australian Alps are not adapted to the pressures of 

hard hooves is incorrect. The Procoptodon was a relative of the kangaroo that was 3 

times the size of the current kangaroos and on each foot they had a single large claw 

similar in appearance to a horse's hoof. There were many other megafauna and their 

extinction was caused by human hunting. A new study by an international team of 

ecologists revealed that introduced herbivores have restored many important 

ecological traits. Losses of megafauna had a profound effect on ecosystems (24)(25)  

Damage by Humans  

Impacts to the environment by humans include building of dams, tourism, 

recreational vehicles, ski runs and facilities and climate change. And yet the wild 

horses are the scapegoats. Most ecologists and scientists confirm global warming to 

be the main cause of species decline and extinction.  

This landscape is susceptible to a dry, warm climate and it will struggle to survive the 

effects of global warming. Especially the wetlands and snow patch vegetation, which 

are dependent on the current temperatures. These Alpine and subalpine wetlands 

are likely to be impacted through longer drought periods, increased temperatures 

and an increase in incidence and severity of wildfire. Climate change is already 

affecting the Australian Alps, as evidenced by a 30% reduction in snow cover. The 

flora and fauna is partly determined by snow presence, depth, and persistence, so 

climate change is expected to have substantial impacts on alpine biodiversity. The 

low-temperature conditions that have created the alpine and subalpine ecosystems 

make them highly sensitive to climate change. Even a small increase in mean 

ambient temperature is likely to result in the loss of wetlands. (18) Reduced snow 

cover is expected to have a detrimental effect on alpine fauna. The mountain pygmy-

possum is likely to suffer a contraction in suitable habitat and local populations of 

broad-toothed rat are likely to be impacted by seasonal reduction in available habitat 

and increased predation by foxes. Climate change may also affect the breeding 

success of alpine frog species because the pools have the potential to dry before the 

tadpoles reach metamorphosis. Climate change, and the associated reduction in 



snow, is also likely to affect water production. (18)  

Tourism and recreation in protected areas results in a range of indirect impacts on 

the environment, including facilitating the spread of weeds. Research found that out 

of 156 exotic taxa recorded in 18 vegetation surveys between 1986 and 2004, 152 

were associated with tourism infrastructure. Many exotics become invasive 

environmental weeds so there is a need to limit both introduction of exotic 

propagules and disturbance to natural vegetation during the construction, 

maintenance and use of tourism infrastructure in protected areas. (19) Infrastructure 

such as walking tracks have negative effects on vegetation including in mountain 

regions. In the alpine area there is a range of paved, gravel and raised steel mesh 

walking tracks in addition to an extensive network of  

informal/non-hardened tracks. A study showed that gravel and paved tracks had 

distinct verges of bare ground and exotic species. Regular bike and motor vehicle 

activity disturbance is also a serious issue. A study showed that weeds readily 

colonise gravel track verges and road disturbance sites. They found problems with 

the spread of new tracks and erosion areas caused through overuse. Sensitive plants 

are being trampled, such as the wetland and short alpine herbfield. (20)(21) Tourism 

to the alpine area is having a range of negative environmental impacts. Direct 

impacts include; compaction of soil, erosion, trampling of vegetation, urine and faecal 

contamination of waterways, particularly glacial lakes, disturbance to wildlife, noise 

pollution. (21)  

“Human waste contributes to increased nutrification and contamination of pristine 

waterways, and has negative impacts on the tourism experience. Temporary toilets 

at Rawson Pass have helped to deal with some of the problems of human waste, but 

not adequately. The withdrawal of camping from within the catchment areas of the 

glacial lakes has also helped, but increasing usage of other areas by campers may 

result in new areas being impacted.”(21)  

“It is estimated that the human footprint has affected 83% of the global terrestrial 

land surface and has degraded about 60% of the ecosystems services in the past 50 

years alone. Land use and land cover (LUCC) change has been the most visible 

indicator of the human footprint and the most important driver of loss of biodiversity 

and other forms of land degradation. “(22)  

It would appear that any amount of development is allowed in the Park if it is to bring 

in large amounts of money – like the tourism, that is being massively expanded in 

spite of the well-researched and recorded damage that it causes to the park (as 

mentioned above)! There is also of course the massive destruction of the Park by the 

construction of Snowy 2. But again, payment of massive amounts of money to 

purchase environmental credits means this gets ignored. Very contradictory. There is 

a trap that has been there for several years at Carol’s Creek. This trap has been set 

up right next to a waterway, attracting horses into the area, in spite of accusations of 

them damaging the waterways! Why on earth would they do that? Especially 

considering that salt blocks are used to attract the horses into the traps! 

Management of the wild horses  

Before deciding whether any management is even necessary, it is imperative to 

know the population size. Then also have independent (not government funded in 

any way) unbiased research done on the effects of ONLY horses in the environment. 



After that, if management is found to be necessary, the most humane methods 

available to manage the horse population are of course those that are NONE 

LETHAL.  

In my opinion that is either relocation to areas that are not “sensitive “, Reserve 

Design used to keep sensitive areas inaccessible, or passive trapping and rehoming. 

With also possibly fertility control in preference to any lethal methods. Fertility control 

was not considered to be suitable where there are large numbers. But at this point 

you have no idea of the actual numbers. And fertility control is used in the USA on 

large herds of horses successfully.  

Management by shooting  

Animals are recognised as sentient beings. Ground shooting of the horses is of 

course NOT a humane method to manage a population of wild horses. From the 

recent footage from an Australian Abattoir, it is blatantly obvious that even when 

contained in stocks and with “professionals”, that the horses are not able to be 

euthanised without often several attempts!!! The suffering of these horses is 

unimaginable! And therefore ground shooting of loose horses humanely would be an 

even more impossible task! They could end up having half their face blasted off! And 

aerial shooting even worse! Strict standards of animal welfare cannot be upheld with 

either ground shooting or aerial shooting. Horses will suffer extremely.  

The Standard Operating Procedures that have been “put together “ for ground shooting of 

horses would NOT BE POSSIBLE TO ADHERE TO. As I am sure you are aware from 

photographs taken by local photographers, these SOPs have NOT been adhered to. Just as 

I knew they wouldn’t. It’s impossible.  

It is stated that -  

“Any government-managed program will require that all appropriate Codes of 

Practice and Standard Operating Procedures are followed for all management 

activities.”  

Also, the ITRG assessment of humaneness of management techniques was based on 

adherence to the SOPs. As they were not adhered to, this assessment is not viable. As it 

was, the “assessment of mode of death” for chest shots was already MODERATE in the 

LEVEL OF SUFFERING assessment. The fact then that SOPs were not adhered to would 

increase this up to SEVERE or EXTREME LEVEL OF

SUFFERING. Particularly as the horses were not even shot in the required area for a 

correctly placed chest shot.  

INDEPENDENT TECHNICAL REFERENCE GROUP ASSESSMENT OF HUMANENESS 

OF CONTROL METHODS  

“Each assessment was based on a number of specific assumptions including that the 

method is carried out by skilled, competent and experienced operators in accordance with 

best practice through compliance with a SOP. Where no SOP existed, the panel used the 



best available information to guide the assessment. It is important to note these 

assumptions when considering the relative humaneness for any given method, as any 

deviation from them will alter the outcome of the method”  

“Some methods, such as those that include the risk of free-running animals becoming 

injured without being able to be followed up, have the potential to result in significant 

adverse impacts if best practice is not followed. It is likely that those methods that do not 

meet the requirements of best practice will result in poorer animal welfare outcomes than 

indicated here.” (54)  

ASSESSING HUMANENESS DOCUMENT  

“Chest shots do not render the animals instantaneously insensible and are likely to result 

in a higher incidence of wounding. Shooting at other parts of the body is unacceptable.” 

(55)  

“Chest Shot - Side view • The horse is shot from the side so that the bullet enters the chest 

at a point behind the foreleg, slightly above and immediately behind the elbow joint.” 

(55) 

FROM SHOOTERS THEMSELVES  

Reference –  

https://steamcommunity.com/app/518790/discussions/0/1692669912394162665/  

“I think every single one of us has taken shots (including double lung shots) and seen: 

Animals that have dropped immediately. Animals that have jumped, walked away and 

died slowly/quickly. Animals that have jumped and run varying distances and died 

slowly/quickly. Animals that are wounded and lie down, get back up, take a few steps, 

lie back down and slowly die. That covers the range of what we'd see in normal life.”  



ANIMAL WELFARE FOR WILD HERBIVORE MANAGEMENT  

Reference –  

Hampton2017.pdf (murdoch.edu.au)  

“Shooting, in particular, has been subjected to little transparent, published research 

(Caudell et al. 2009). Shooting is commonly used worldwide to professionally and 

recreationally manage wild herbivores. However, there is ongoing concern about the 

animal welfare outcomes of many wildlife shooting programs (Bradshaw and Bateson 

2000; Brook et al. 2015). Despite this societal concern, there have been few research 

methods published to allow quantifiable assessment of animal welfare outcomes. Poorly 

quantified Type 1 animal welfare measures from shooting programs include the frequency 

of non-fatal wounding (Aebischer et al. 2014), the frequency of animals requiring repeat 

shooting (Lewis et al. 1997), the accuracy achieved by different methods (Daoust and 

Caraguel 2012), and the role of manipulable variables in influencing welfare outcomes 

(Hampton et al. 2014). Many procedural documents (standard operating procedures 

(SOPs) etc.) have recently been developed for wild herbivore control (Sharp and Saunders 

2004) but few cite quantified welfare data. Regulatory approaches often rely on 

procedural documents, rather than aspiring to welfare standards, combined with the use 

of qualitative assessment models (e.g. the ‘Five Domains’ model). However, under this 

approach, there is rarely any requirement for regular monitoring or quantification of 

welfare outcomes in operational herbivore management (Hampton et al. 2016). For 

example, under the current approach to wild herbivore welfare regulation in Australia, a 

hypothetical herbivore shooting program may generate a frequency of non-fatal 

wounding exceeding 50% or another hypothetical program may generate a frequency of 

accidental mortalities during capture exceeding 50%. As long as these programs complied 

with the conditions specified in their relevant procedural documents, and in the absence 

of AEC oversight, there would be no impediment to their continued operation. I suggest 

that animal welfare regulation of wild herbivore management in Australia could undergo 

considerable refinement. Alternative methods are commonly used to manage 

overabundant feral horses (e.g. mustering and translocation, trapping and euthanasia, and 

ground-based shooting; Nimmo and Miller 2007), however few studies have quantified 

animal welfare impacts for 

these methods. In particular, we are unaware of any empirical evidence that has been 

published for ground shooting despite the existence of a national model standard 

operating procedure in Australia (Sharp 2011b). “  

THE RSPCA STATE  

Reference –  

https://kb.rspca.org.au/knowledge-base/rspca-policy-g1-humane-killing/  

1.2 RSPCA Australia defines humane killing as when an animal is either killed 
instantly or rendered insensible until death ensues, without pain, suffering or 
distress.  



They also state - “If the correct firearm and ammunition are used, a well-placed head shot 

(with the brain as the point of aim) will result in immediate unconsciousness. When there 

is adequate damage to the brain and the animal does not regain consciousness there will 

be no suffering. In contrast, with chest shots (which cause damage to the heart and lungs), 

the time to unconsciousness can range from seconds up to a few minutes. When an animal 

is shot in the chest, the time to loss of consciousness and the time to death will depend on 

which tissues are damaged and, in particular, on the rate of blood loss and hence how long 

it takes for the brain to have insufficient oxygen. Loss of consciousness and death is likely 

to be quicker when animals have been shot in the heart. A phenomenon called 

‘hydrostatic shock’, where a pressure wave from the bullet causes damage to internal 

organs, can contribute to ‘bringing down an animal’ quicker and causing a more rapid loss 

of consciousness in some instances when animals are shot in the chest. However, 

compared with head-shot animals, those that are chest shot have a higher risk of 

remaining conscious and suffering for a short period prior to death – though the extent of 

suffering will vary depending on which tissues are damaged and the rate of blood loss. 

During severe bleeding they are likely to feel a sense of breathlessness and potentially 

some anxiety and confusion before they lose consciousness. Unfortunately, it is not 

uncommon for shooters to aim for the chest as it presents a larger target area compared to 

the head, thereby increasing the likelihood of shooting the animal, especially for less 

skilled shooters. To avoid suffering, shooters should be required to demonstrate 

competency in killing an animal instantly using a head shot.”  

Reference –  

What is the difference between head shooting and chest shooting? – RSPCA Knowledgebase 

The management plans state that SOPs will be followed :- 

STANDARD OPERATING PROCEDURES  

“Ground shooting is best suited to accessible and relatively flat areas where there 

are low numbers of horses.” (23)  

(The plan in Victoria Alpine National Park is to remove 500 in the first year in the 

Eastern Alps and remove 100 from Bogong. Even larger numbers than this are being 

removed from the Kosciuszko National Park! These are NOT low numbers! 

Relatively flat and accessible????)  

“Ground shooting is time consuming and labour intensive, and is therefore not 

considered an effective method for large scale control.” (23)  

(So not an effective method in this case then, as it is large scale)  

“Ground shooting as a means of population control is not suitable in inaccessible, 

wooded or rough terrain where sighting of target animals and accurate shooting is 

difficult, or when wounded animals cannot easily be followed up and killed.” (23) 

(So again not suitable)  

“Only head (brain) or chest (heart/lung) shots must be used. Shots to the head are 

preferred over chest shots as they are more likely to cause instantaneous loss of 

consciousness. Chest shots do not render the animals instantaneously insensible 

and are likely to result in a higher incidence of wounding. Shooting at other parts of 



the body is unacceptable.” (23)  

(For a group of say 10 horses, there would therefore need to be 10 shooters all 

perfectly positioned to deliver a perfect head shot at exactly the same time! 

Absolutely ludicrous! Or be able to position 2 shooters to possibly deliver 2 perfect 

shots at exactly the same time before the rest all gallop off. And that’s if they can 

even get close enough to deliver even one single perfect shot!)  

“Group flight response is a limiting factor for humane and instantaneous killing of 

horses.” (23)  

(EXACTLY MY POINT)  

“If possible, all horses in a group should be killed before any further groups are 

targeted.”(23)  

(No chance)  

“Wounded horses must be located and killed as quickly and humanely as possible 

with a second shot, preferably directed to the head. If left, wounded animals can 

escape and suffer from pain and the disabling effects of the injury.” (23) 

(Unless very badly injured and not able to run away there would be no chance of 

finding the wounded animals with maybe horrendous serious life threatening 

injuries!)  

“Horses must NOT be shot from a moving vehicle or other moving platform, as this 

can significantly detract from the shooter’s accuracy.” (23)  

(But aerial shooting is approved in Victoria)  

“The objective is to fire at the closest range practicable in order to reduce the risk of 

non-lethal wounding. Accuracy with a single shot is important to achieve an 

immediate and therefore humane death. A horse should only be shot at when: * it is 

stationary and can be clearly seen and recognised  

* it is within the effective range of the firearm and ammunition being used 

* a humane kill is probable. If in doubt, do NOT shoot.  

* Ensure there are no other horses behind the target animal that could be wounded 

by the shot passing through the target.  

* Although horses are large animals, the vital areas targeted for clean killing are 

small.” (23)  

(If all the above directives are followed, NO SHOTS would be delivered. So they 

would have to shoot and injure and hope they can follow up and reshoot - which is 

not following the SOPs)  

“Shooting of individuals should stop when the flight response of the herd limits 

further accurate shooting.” (23)  

(So that’s either immediately or after one shot only)  



“If the stallion is shot first the mares might panic and escape with their foals.” (23) 

(Shouldn’t be shooting anyway when mares have foals at foot)  

AERIAL SHOOTING  

In a study done in Australia after aerial shooting wild horses it was found 

The Instant Death Rate was 63% - Absolutely not acceptable! (37)  

Up to 6 bullets per horse peppered all over their bodies!(37)  

In total, 35% of horses displayed bullet-wound tracts affecting the cranium, 50% the 

cervical spine, and 57% the thorax, whereas 3% of horses displayed bullet-wound 

tracts affecting the forelimbs and 8% the abdomen.(37) 

Horses not rendered immediately insensible (37%)!!!! Absolutely NOT acceptable. 

(37)  

Aerial shooting - Lets be realistic. Trained people in the slaughter houses with 

trained domestic horses held in stocks, are still not able to euthanise horses in a 

humane way successfully! So how anyone can possibly believe that it is possible to 

shoot a galloping horse from a moving helicopter and manage to get a shot direct in 

the very narrow spots to achieve instant humane euthanasia is beyond me. Hence 

the scenes we had from the Guy Fawkes incident and other similar incidents. And 

the results from the above report.  

And in any case lethal control is not necessary and is cruel. These are sentient 

beings and they deserve life. Non-lethal control may be more expensive and more 

difficult, but surely no one actually wants the horses to be slaughtered when there 

are perfectly feasible alternatives? Let’s be honest, human overpopulation is the 

cause of most of the world’s problems, but lethal control would never be considered.  

Obligations by NPWS - Kosciuszko National Park  

Let’s remind ourselves of the intent of the legislation-  

“The new wild horse heritage plan will prioritise supporting populations in less 

sensitive areas and resources will be allocated to relocating brumbies to those 

areas. Lethal culling of brumbies will not occur.”  

“This bill will end the uncertainty as to whether or not brumbies will be shot: They will 

not be shot.”  

“the focus will now be on identifying areas where a population can be protected 

without significant environmental harm. The priority will be to move brumbies to 

those areas. However, trapping and rehoming will be considered if the number of 

brumbies increases too much, and that poses an environmental threat or safety risk.” 

“The new framework of managing brumbies in the Kosciuszko National Park also will 

involve a number of new approaches, including brumbies found in "highly-sensitive" 

alpine areas of the national park being relocated by authorities”  



“The previous draft plan set an aggressive target for reducing the population. That 

would have resulted in a horrific mass slaughter of the iconic brumby—600 

horses—in the Kosciusko National Park. Culling is cruel and barbaric.” “The 2016 

Kosciuszko National Park Draft Wild Horse Management Plan set an aggressive 

target of reducing the population to 600 horses. In that draft plan, lethal methods 

were considered, including ground shooting. That is not an acceptable situation 

and this legislation will ensure that doesn’t happen.” 

“The heritage management plan will specifically prohibit lethal culling of the brumby, 

aerial or otherwise, and will identify those areas in the park where brumbies can 

roam without causing significant environmental harm, . . . If brumbies are found in 

highly-sensitive alpine areas of Kosciuszko National Park, resources will be allocated 

towards relocation first, followed by re-homing, should population numbers grow too 

high.” (33)(34)(35)  

SO THE INTENT OF THE LEGISLATION WAS CLEAR! NO LETHAL 

MANAGEMENT! This was what was voted through in Parliament.  

“The National Parks and Wildlife Service (NPWS) is required by law to reduce the 

number of horses in Kosciuszko National Park from over 14,000 to 3,000 horses.”  

NPWS are required by law to retain 3,000 horses in the Park! They need to therefore 

show irrefutable proof that there are more than 3,000 horses currently in the Park! By 

doing an actual headcount, just as they have every year! Not by using computer 

software that has given BIOLOGICALLY IMPOSSIBLE ESTIMATES. The headcount 

should be done with video footage and a Wild horse Advocate present - as has been 

suggested many times!  

“To meet this legal requirement, NPWS must undertake a range of control 

measures, including trapping and rehoming and ground shooting.”  

There is NO “MUST” about using a range of control measures! They can JUST use 

trapping and rehoming, if even necessary AFTER THEY HAVE PROVIDED THE 

ABOVE PROOF that there are still over 3,000!  

“The RSPCA has investigated the 11 dead horses reported in the media this week 

and confirmed there is no evidence of any breach of animal welfare legislation. 

These horses were culled (ground shooting) by NPWS in meeting its legal 

obligations under the plan.”  

“All control measures, including ground shooting, are undertaken in accordance with 

the highest animal welfare standards with strict requirements developed in 

consultation with a range of experts.”  

Any government-managed program will require that all appropriate Codes of Practice 

and Standard Operating Procedures are followed for all management activities. This 

is not just about the Animal Welfare Legislation. The SOPs were NOT FOLLOWED 

and they are there for a reason! The assessment of humaneness was done 

accounting for ADHERENCE to the SOPs.  

The horses were not shot in the required areas.  

FUNDING 
Funding for the “official surveys” should be totally removed. The annual headcounts should 



then continue in the North Kosciuszko region. Barmah surveys - could be done as 

headcounts but NO APPLICATION of the Distance software to inflate numbers!  

The Bogong region of the ANP - an accurate headcount was done. No doubling by 

application of software was necessary!  

In Kosciuszko NP, there are already MUCH LOWER NUMBERS than required to be 

retained by the new management plan! So save on funding by doing no further management 

until they are back to the required retention number of 3,000. If the numbers increase in the 

future to above this amount and after INDEPENDENT and unbiased STUDIES ARE DONE 

on the effects of wild horses, including their good effects, if it should be deemed necessary 

to remove some, funding should be allocated to rehomers to help rehome and reduce 

numbers.  

No more money should be wasted on doing surveys that are producing results that are 

totally ludicrous and biologically impossible!  

There are now extremely low numbers of Brumbies remaining in Barmah National park after 

the substantial losses due to floods and the large number shot, so no further reduction is 

necessary, saving funding there as well!  

In the ANP (including Bogong) after the MASSIVE WILDFIRE LOSSES of over 50% in the 

Eastern Alps and the very large number already shot! - no further reduction should be 

necessary again saving massive funding! As with Kosciuszko NP, remaining wild horses 

should stay in the Park. Independent and unbiased research should then be undertaken to 

assess if any actual damage is being done EXCLUSIVELY BY wild horses. I strongly dispute 

that any real damage is being done by them - a few hoof prints made by the wild horses 

when going to drink is, I am sure, the extent of their imprint on the environment and 

compared to the human imprint and that of other animals, it’s totally ludicrous to even assess 

this as damage! If it’s deemed necessary to remove any more, then only non lethal 

techniques should be used to remove them.  

STRATEGIES TO HELP RESTORE THE ENVIRONMENT  

Tackle global warming/climate change effects, which is one of the main problems as 

shown above. Horses are carbon sequesters!  

Reduce chance of wildfires by every means possible including retaining all the 

currently remaining wild horses - who reduce the risk of fire as mentioned 

previously.  

Prevent human activity damage – of which there is way more than any other animal.  

Concentrate on management of the species that are really doing the damage as 

specified above. 
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