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EXECUTIVE SUMMARY 
More than 80% of the Australian sea lion (ASL, Neophoca cinerea) population occurs in South 

Australia, where populations are in decline. To assist the Department for Environment and 

Water in developing a five-year monitoring and research strategy to assist in the development 

of conservation strategies for the species, this project aimed to: 1) monitor ASL pup 

abundance at colonies off western and lower Eyre Peninsula and evaluate their status and 

trends in abundance; 2) undertake population viability analysis to evaluate the extent to which 

historic bycatch in demersal gillnet fisheries off South Australia can account for current 

declines in sea lion populations, and if so, the time-frame required to detect recovery; and 3) 

undertake a pilot study to evaluate the utility of photogrammetry imagery obtained from 

drones, to monitor the health and condition of Australian sea lion populations.  

Pup abundance surveys were successfully completed at seven ASL breeding sites (Olive, 

Nicolas Baudin, West Waldegrave, Rocky (South), Four Hummocks and Williams Islands and 

Curta Rocks).  For five of these sites where three or more comparable surveys of pup 

abundance are available, the mean trends in pup abundance was -6.0%/year (range -2.8 to -

9.9%/year), based on a linear regression of the natural logarithm of pup numbers against year. 

Remote 4G network camera traps were deployed at ASL breeding sites to assess their 

suitability as a tool to monitor the timing of breeding seasons so that the timing of future survey 

can be optimised. Although >8,000 images were obtained from five cameras, most cameras 

did not remain operational beyond 129 days. Detachment of the main power supply cable to 

the camera from the solar panel appears to be the main source of camera malfunction. The 

imagery received demonstrated that camera traps can provide valuable information on the 

timing of ASL breeding seasons, and further trials should be undertaken.   

ASL life history data (age and cohort related survival and reproductive success) collected 

through the microchipping and resight program in the Seal Bay population, was used to 

develop a Leslie matrix from which a base population model was developed. Population 

viability analyses (PVA) of this provided support that historic bycatch in the gillnet fishery could 

explain observed declines in ASL populations off SA. Results suggest that observed declines 

up to ~7%/year could be accounted for within the range of bycatch mortality estimated to have 

impacted individual ASL populations, and within plausible intrinsic growth rate ranges. 

PVA simulations of the time it would take to detect an increase in ASL pup abundance suggest 

that irrespective of colony size, at modest recovery rates (~1%/year), the minimum time to 

detect at least a 5% increase in pup abundance was 6 years. This time is consistent with age 

of recruitment in ASL, where the majority of females have their first pup at age six. The extent 
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to which a 5% increase in pup abundance could reliably be detected across ASL breeding 

sites is unknown, but would be influenced by a number of factors, including site survey timing, 

frequency and precision.  

Using a sample of 21 anaesthetised ASL (juveniles, adult females and males) of known size 

and mass as a case study, we tested the suitability of using drone derived photogrammetry to 

estimate morphological measurements and assess body condition of individual animals. 

Drone-derived measurements were precise and without bias. Animal mass was highly 

correlated with the 2D and 3D measurements of simplified area and volume, explaining >77% 

and >84% (all P < 0.01) of the variation in mass, depending on the age-sex class. The juvenile 

class exhibited the strongest associations (both 2D and 3D r2 > 0.99). Using each 

measurement as a proxy for mass, we calculated body condition indices for each class by 

standardising the variables by animal length. Photogrammetric indices ranked individuals 

comparably to those generated from ground collected data (rs = 0.77 – 1, depending on age-

sex class). Our technique provides a workflow for the non-invasive collection of morphometric 

data to quantify ASL condition. 

 

Keywords: Australian sea lion, trends in abundance, population viability analyses, drones, 

body condition. 
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1. INTRODUCTION 

1.1. Background 
The Australian sea lion (ASL, Neophoca cinerea) population in South Australia is in decline. 

Recent surveys suggest an almost 75% decline in the population over the last 40 years, and 

mean annual decline in pup abundance of 3.5%/year (Goldsworthy et al. 2015). Fewer than 

2,500 pups are born per breeding season across 42 known breeding sites, and the median 

breeding site pup production is just 23. The species has been listed as Endangered under 

IUCN Redlist since 2008 (Goldsworthy 2015b), and a proposal to uplist their status from 

Threatened (vulnerable) to Endangered under the EPBC Act is currently in review. With more 

than 80% of species population restricted to the SA, it is critical that we improve our 

understanding of the status and trends in abundance of populations, if we are to identify the 

causes for declines and be in a position to develop appropriate management strategies to 

mitigate key threats.  

Australian sea lions form important iconic ecotourism attractions on Kangaroo Island and the 

Eyre Peninsula, underpinning multimillion dollar regional ecotourism industries. Information on 

the status and trends in abundance of populations are essential to ensure that tourism 

activities are undertaken sustainably and in a way that does not impact natural population 

processes.  

The Seal Bay population forms a critical monitoring site for the species and is the only location 

where the species’ population vital rates (survival and reproductive rates) are being monitored. 

Such data are essential to understanding the species’ unusual life history, for evaluating 

impacts and threats to the species, and evaluating the likely benefits of different management 

and mitigation activities through population viability analyses. 

One of the key identified threats to Australian sea lions is bycatch in demersal gillnet fisheries 

(Australian Fisheries Management Authority 2015, Department of Sustainability Environment 

Water Population and Communities 2013, Goldsworthy et al. 2010). Between 2010 and 2012 

the Australian Fisheries Management Authority introduced a raft of bycatch mitigation 

measures into the Gillnet Hook and Trap Fishery off South Australia (Australian Fisheries 

Management Authority 2015). There is a pressing need to evaluate the effectiveness of current 

management measures introduced into Commonwealth managed demersal gillnet fishery to 

enable the recovery of Australian sea lion populations, especially the extent to which observed 

declines can be explained by historic bycatch impacts, and the time-frame required to detect 

recovery. 
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There is also the need to develop methods that can estimate the health and condition of 

populations of Australian sea lions. This is required so that there is capacity to examine 

whether regional differences in population growth rate are related to regional variability in the 

condition and health of individuals. This will provide critical context to evaluate the importance 

of natural and anthropogenic factors in explaining declines in Australian sea lion populations, 

and will be essential in focusing conservation and management efforts to assist the recovery 

populations. 

 

1.2. Objectives 
The investigations detailed in this project scope are required to support the development of a 

broader five-year monitoring strategy for the Australian sea lion. The project objectives are to: 

• monitor Australian sea lion pup abundance at colonies off western and lower Eyre 

Peninsula in line with the current breeding season, to evaluate their status and trends in 

abundance; 

• undertake population viability analysis to evaluate the extent to which historic bycatch 

in demersal gillnet fisheries off South Australia can account for current declines in sea lion 

populations; and if so, the time-frame required to detect recovery; and 

• undertake a pilot study to evaluate the utility of photogrammetric imagery obtained 

from drones, to monitor the health and condition of Australian sea lion populations 

Each of these objectives forms a separate chapter to this report.  
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2. MONITORING AUSTRALIAN SEA LION COLONIES OFF WESTERN 
AND LOWER EYRE PENINSULA  

 

S.D. Goldsworthy, D. Holman, J. Hodgson 

 

2.1. Introduction 
The Australian sea lion (ASL, Neophoca cinerea) population in South Australia is declining, 

and populations off the west coast of the Eyre Peninsula have shown the greatest declines, 

with some sites halving in pup abundance over a 10 year period (Goldsworthy et al. 2015). 

For most ASL breeding sites, the data on pup abundance is limited, and further survey data is 

essential to improve estimates of their trends in abundance, and confidence in their 

conservation status. 

 

The aim of this study was to survey pup abundance at a number of ASL breeding colonies off 

western and lower Eyre Peninsula, to evaluate their status and trends in abundance. In 

addition, this study aimed to deploy camera traps on a number of offshore islands in order to 

evaluate their potential as a tool to monitor the timing of breeding, and optimise the timing of 

future surveys. 

 

2.2. Methods 
Survey of Australian sea lion populations 

Pup production surveys were untaken at some Australian sea lions colonies off the western 

and lower Eyre Peninsula between 12 and 14 April 2019, accessed by helicopter (Robinson, 

R44 Clipper). Results from two earlier surveys undertaken at Olive Island in December 2018 

and January 2019 when the island was accessed via boat, are also included.   

If the breeding season was underway or had just finished, surveys of pup were undertaken. 

Live pups were recorded in one of five categories: black mate-guarded (pups whose mother 

was mate-guarded by an adult male, indicative of a pup aged 0-10 days), black (pups 

considered to be <4 weeks), brown (pups approximately 4 - 20 weeks), moulted (pups >20 

weeks age) and dead. To avoid double counting, dead pups were covered with rocks when 
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they were counted. Where multiple surveys were conducted during a breeding season, the 

number of dead pups recorded at a particular survey was added to the number(s) recorded at 

previous survey(s). When that number was added to the number of live pups, it provided an 

estimate of pup abundance to that date. The presence or absence of black mate-guard pups 

is important in determining the timing of the survey relative to the timing of the breeding 

season. The breeding season was considered to have ended if no black mate-guard pups and 

few or no black pups were present.  For most sites, the presence of moulted pups also 

indicates the breeding season has ended. The exception to this rule is in the larger colonies 

where >150 pups are produced, where breeding seasons can last between 5-9+ months and 

where it is usual for older moulted pups to be seen alongside newborn (black mate-guard) 

pups.  

For some historic surveys, it is not easy to determine the timing of the survey relative to the 

timing of the breeding season, because the descriptions of the pelage patterns of pups, or 

survey notes were ambiguous. Furthermore, for most surveys undertaken prior to 2004, very 

young pups which we would now describe as black were uniformly recorded as ‘brown’, and 

the ‘moulted’ pup category often included many ‘brown’ (moulting) pups, that would have not 

completed their moult. Therefore, it is not always clear from the pelage description of pups 

whether past and present surveys are comparable.  If there was any doubt in the timing of 

past surveys (e.g. early in the breeding season, or well past the end of the breeding season), 

then they were omitted from any time-series used to assess trends in abundance. 

 

Where three or more comparable surveys were available, the change in pup numbers over 

time was estimated using regression analysis, which applied a linear regression of the natural 

logarithm of pup numbers against year. The exponential rate of increase (𝑟𝑟) (slope of the 

regression line) was expressed as a percentage rate of growth (𝜆𝜆) as follows, 

 

𝜆𝜆 = 100(𝑒𝑒𝑟𝑟 − 1). 

  

Where only two comparable surveys were available, the change in pup numbers over time 

was estimated using a two-survey analysis method (Goldsworthy et al. 2015). This method 

follows IUCN guidelines for assessing taxa against IUCN Criterion A with widely distributed or 

multiple populations (IUCN Standards and Petitions Subcommittee 2014). Essentially this 

methodology uses past and present indices of abundance (assuming an exponential trend) to 

estimate the percentage change over time. Where possible, the earliest survey was compared 

to the most recent where comparable survey methods were used (Goldsworthy et al. 2015). 

As with the regression analysis, the exponential rate of increase was calculated.  
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Deployment of camera traps 

Swift Enduro 4G cameras with solar panel and 3G/4G network antennae were deployed at six 

ASL breeding sites The Pages, Albatross Is, Liguanea, Rocky North, West Waldegrave, and 

Nicolas Baudin Islands. Cameras were motion activated and images transmitted via the 4G 

network to a File Transfer Protocol (FTP) site. Photos indicating the presence of newborn pups 

or mate-guarded adult females indicate the commencement of the breeding season.    
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2.3. Results 
 

Survey of Australian sea lion populations 

The location of ASL breeding sites in South Australia, and a summary of the results for surveys 

conducted as part of this study are presented in Figure 2.1 and Table 2.1. Details on the 

surveys of individual sites and a historical assessment of their trends in abundance are 

provided below.  

 

 

 

Figure 2.1. The location of Australian sea lion (ASL) breeding sites in South Australia, including those 
surveyed as part of this study. 
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Table 2.1. Australian sea lion pup abundance surveys conducted in South Australian between 10 October 2018 and 14 March 2019. 
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Olive Island -32.719 133.970 14/12/2018 Ground 17 5 0 0 22 3 25
Olive Island -32.719 133.970 20/01/2019 Ground 12 7 48 0 67 2 69
Olive Island -32.719 133.970 12/03/2019 Ground 0 2 75 0 77 3 80 Breeding season over. No mate guarding
Nicolas Baudin Island -33.016 134.131 12/03/2019 Ground 1 1 68 0 0 70 Very end of breeding season, only 1 mate-guard female. Good comprehensive survey. 
West Waldegrave Island -33.595 134.764 12/03/2019 Ground 5 1 24 0 2 32 Breeding season about 3/4 way through, ~1-2 month behind Olive and Nicolas Baudin. 
Cap Island -33.944 135.118 12/03/2019 Aerial (helicopter) No survey undertaken - no breeding observed - couple of larger brown pups seen
Rocky North Island -34.259 135.260 12/03/2019 Ground No survey undertaken as breeding season too far over. Most pups moulted or moulting. Youngest brown pup was ~2 months ol  
Rocky South Island -34.811 134.724 13/03/2019 Ground 0 0 4 2 0 6 Very good thorough ground count - interesting in that youngest brown pups were almost black <1 m, but also a couple of 
Four Hummocks (middle) -34.773 135.030 13/03/2019 Ground 0 0 2 0 0 2 Only two brown pups ~2 month old. No sign of other breeding activity.
Little Hummock -34.753 135.082 13/03/2019 Ground 2 0 5 0 1 8 Good complete count at optimal time.
Price Island -34.706 135.291 13/03/2019 Aerial  (helicopter) No sign of breeding activity at all, a few males dotted around the shore line, possibly in preparation of breeding season.
Liguanea Island -34.999 135.620 13/03/2019 Ground No breeding  happening,  very few enaimals present and no females or pups  of any age seen.
Curta Rocks -34.935 135.874 13/03/2019 Ground 1 1 3 0 0 5 Perfect timing - quality ground count. Oldest pup almost moulting and one new born. No sign of other breeding activity.
Williams Island -35.035 135.974 13/03/2019 Ground 0 1 1 0 0 2 Only 2 pups at opposite ends of the age spectrum - so presumably this is a good count. 
Albatross Island -35.068 136.181 13/03/2019 Ground Breeding season  over, mostly moulted pups
South Page Island -35.778 138.291 14/03/2019 Ground No survey done - breeding season at least 6 months past - very few pups seen
North Page Island -35.759 138.302 14/03/2019 Aerial (helicopter) No survey done - breeding season at least 6 months all pups moulted or moulting (brown). 
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Olive Island 

Survey results 

Three ground survey were undertaken at Olive Island during the 2018/19 breeding season (14 

December 2018, 20 January 2019, 12 March 2019) that counted a total 22, 69 and 80 pups 

respectively (Table 2.1, 2.2). During the third survey (12 March 2019), only two black pups 

were seen, none with mate-guarded mothers, suggesting the breeding season had finished. 

However, on a further visit one month later (11 April 2019), a single newborn pup (with a mate-

guarded mother) was observed. Including this pup into the maximum count of live pups (77+1) 

plus cumulative dead pups (5) give a total pup count of 83 (Table 2.2). This is the same value 

as derived from the sum of the cumulative number of marked pups  (66), the maximum number 

of unmarked pups surveyed (15) and dead (unmarked) pups (2), noting that this is estimate 

was for 20 January 2019, and some pups would have been born later (Table 2.2). A single 

Petersen estimate (mark-recapture) based on the marking of 66 pups (clipped fur) and four 

resight surveys undertaken on 20 January 2019, estimated a total of 105 (95% CL 94 - 115) 

live and 107 (95% CL 96 - 117) live and dead pups (Table 2.2). 

 

Trends in abundance 

The longest time series of pup abundance at Olive Island comes from pup count data from 11 

breeding seasons over a 15.4 year period between 2003 and 2019 (Table 2.3). Estimated 

trends in abundance using all 11 data points (regression analysis) or the two surveys approach 

were the same (-2.7%/year, Table 2.4).   

Four pup abundance indices have been used to estimate pup production at Olive Island: an 

estimate of cumulative pup production (CPP) where mark-recapture estimates have been 

conducted over multiple surveys (see Goldsworthy et al. 2015 for details on methodology); the 

maximum Petersen estimate (M-R estimate) for a breeding season; a count based on the sum 

of the maximum count of live pups and cumulative dead pups (Count 1); and a count based 

on the sum of the cumulative number of marked pups, the maximum number of unmarked 

pups surveyed and dead (unmarked) pups (Count 2). All four methods have been used on 

eight seasons over a 10 year period between 2006 and 2016 (Figure 2.2, Table 2.3, Table 

2.4). A comparison of the trends in abundance using these four methods of estimating 

abundance over the same seasons and time period, shows similar trend estimates using the 

regression approach (mean = -4.2%/year, range -3.7 to -4.4%/year), and the two surveys 

approach (mean -3.8%/year, range -3.5 to -4.5%) (Table 2.4).  
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Table 2.2. Summary of abundance estimates of Australian sea lion pups at Olive Island in the 2018/19 
breeding season: counts, tagging, cumulative mortalities and various direct count and mark-recapture 
estimates, for three surveys between December 2019 and March 2019. Black (MG) refers to black pups 
with mate-guarded mothers. 

 
*One newborn pup with mate-guarded mother observed 11 April 2019. 

Table 2.3. Survey data available for Australian sea lion pup abundance for the Olive Island population 
between 2003 and 2019. The number of surveys per season and the survey results using one of four 
survey methods are indicated methods used. CPP = cumulative pup production; M-R = maximum mark-
recapture Petersen estimate (plus cumulative dead pups); Count 1 = sum of the maximum count of live 
pups and cumulative dead pups and Count 2 = sum of the cumulative number of marked pups, the 
maximum number of unmarked pups surveyed and cumulative dead (unmarked) pups. 

 

Survey 1 2 3 4
Date 14-Dec 20-Jan 12-Mar 11-Apr

Black (MG) 17 12 0 1*
Black 5 7 2

Brown 0 48 75
Moulted 0 0 0

Dead 3 2 3
Total 25 69 80

Cumulative marked 66 66 66
Maximum unmarked counted 15 0

Maximum count (live) 22 67 77 77

Cumulative dead (unmarked) 3 5 8 8
Cumulative dead (marked) 0 0 0 0

Total cumulative dead 3 5 8 8

Maximum count (live) + cumulative dead 25 72 85 86
Cumulative marked+max unmarked+ dead (unmarked) 3 86 74 74

Petersen Estimate (live) 105
Petersen Estimate Lower – Upper CL (live) 94-115

CP
P

M
R

Co
un

t 1

Co
un

t 2

08-Sep-03 2 121
01-Jan-05 2 131
19-Jun-06 6 192 197 150 183
09-Nov-07 5 159 161 124 149
26-Feb-09 2 221 221 134 147
16-Aug-10 2 184 173 116 152
23-Feb-12 3 129 127 109 124
01-Aug-13 2 140 139 98 110
11-Dec-14 3 133 131 103 121
21-Jun-16 2 135 135 104 116
20-Jan-19 4 110 86 86

Date

N
o.

 su
rv

ey
s Survey type

Source

Shaughnessy et al. (2005)
Shaughnessy (2005)
Goldsworthy et al. (2007)
Goldsworthy et al. (2008)
Goldsworthy et al. (2010)

This study

Goldsworthy et al. (2012)
Goldsworthy et al. (2013)
Goldsworthy et al. (2014)
Goldsworthy et al. (2015)
Goldsworthy et al. unpublished
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Figure 2.2. Comparison of trend in the abundance of Australian sea lion pups at Olive Island between 
2003 and 2019, based on four pup abundance indices: CPP = cumulative pup production; M-R = 
maximum mark-recapture Petersen estimate (plus cumulative dead pups); Count 1 = sum of the 
maximum count of live pups and cumulative dead pups; Count 2 = sum of the cumulative number of 
marked pups, the maximum number of unmarked pups surveyed and cumulative dead (unmarked) 
pups. An exponential curve is fitted to each time-series for the period between 2006 and 2017, where 
survey data using all four methods are comparable.  
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Table 2.4. Summary of trend in abundance estimates for Australian sea lion populations surveyed in this study.  For all sites, trend are 
available using standard count data (Count 1 = sum of the maximum count of live pups and cumulative dead pups). For Olive Island, 
comparable trend data using four pup abundance methods are available for eight breeding seasons spanning 9.9 years between 2006 and 
2016, where CPP = cumulative pup production; M-R = maximum mark-recapture Petersen estimate (plus cumulative dead pups); and Count 2 
= sum of the cumulative number of marked pups, the maximum number of unmarked pups surveyed and cumulative dead (unmarked) pups. 
Population growth rate (rate of increase (r) and percentage rate of growth (λ/year)) are presented for both regression analyses and two-survey 
approach.   
  

 

Olive Island Count 1 2003.7 2019.0 15.4 11 -0.028 -2.7% -0.027 -2.7%
Olive Island CPP 2006.5 2016.5 10.0 8 -0.043 -4.2% -0.035 -3.5%
Olive Island Max M-R 2006.5 2016.5 10.0 8 -0.045 -4.4% -0.038 -3.7%
Olive Island Count 1 2006.5 2016.5 10.0 8 -0.037 -3.7% -0.037 -3.6%
Olive Island Count 2 2006.5 2016.5 10.0 8 -0.044 -4.3% -0.046 -4.5%

Average -0.042 -4.2% -0.039 -3.8%

Nicolas Baudin Island Count 1 2006.4 2019.2 12.8 4 -0.031 -3.1% -0.026 -2.6%
West Waldegrave Island Count 1 2003.5 2015.3 11.8 3 -0.050 -4.9% -0.048 -4.7%
Rocky (South) Island Count 1 2011.9 2019.2 7.3 3 -0.099 -9.4% -0.095 -9.0%
Four Hummocks Islands Count 1 2011.9 2019.2 7.3 3 -0.095 -9.0% -0.095 -9.0%
Curta Rocks Count 1 2014.7 2019.2 4.4 2 -0.076 -7.3%
Williams Island Count 1 2014.6 2019.2 4.6 2 -0.197 -17.9%

r λ/yrPup abundance 
indice

Year range
Regression analysis 

(all data)
Abundance change 

over two surveys
Breeding site

No. 
surveys

Start End Range 
(yrs)

r λ/yr
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Nicolas Baudin Island 
 

Survey results 

A ground count of pups was undertaken at Nicolas Baudin Island on 12 March 2019 (Tables 

2.1, 2.5). Only two black pups were sighted, and one of these was with a mate-guarded 

mother, suggesting that the timing of the surveys was optimal at the very end of the breeding 

season, with all remaining pups classed as brown. At total of 70 pups were counted (Tables 

2.1, 2.5).  

 

Trends in abundance 

Details of seven breeding season surveys of pup abundance conducted at Nicolas Baudin 

Island between 2002 to 2019 are provided in Table 2.5, Figure 2.3. The significant number of 

moulted pups surveyed in the 2002, 2003 and 2013 surveys, suggests these were undertaken 

after the breeding season had ended, when many of the pups would have been more aquatic 

and less available to be surveyed, while the 2004 survey was conducted too early in the 

season (Table 2.5). However, four surveys conducted in 2006, 2007, 2014 and in this 2019 

(this study) were all conducted at the end of the breeding season with very few, or no moulted 

pups present, suggesting these surveys are comparable (Table 2.5). The mean rate of growth 

based on regression analysis and based on the change in abundance of pups over two 

surveys (2006 and 2019) were -3.1% and -2.6%/year, respectively (Table 2.4).  
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Table 2.5. Time series of breeding season pup abundance surveys undertaken at Nicolas Baudin 
Island. BMG = black pup with mate-guarded mother. An assessment of survey timing and quality is 
indicated.  

 

 

 

Figure 2.3. Trends in the abundance of Australian sea lion pups at Nicolas Baudin Island between 2002 
and 2019. Pup abundance is based on ground survey counts of pups, with Comparable surveys (filled 
circles, and Questionable surveys (grey squares) indicated (see Table 2.5). An exponential curve is 
fitted to the comparable survey time-series data.   
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West Waldegrave Island 

Survey results 

A ground survey of pups was undertaken at West Waldegrave Island on 12 March 2019 (Table 

2.1, 2.6). A total of 32 pups were counted (six black pups, five with mate-guarded mothers; 24 

brown pups and two dead pups). The high proportion of black pups (with mate-guarded 

mothers) relative to brown pups suggests the breeding season was only half to three-quarters 

complete at the time of the survey.  

Trends in abundance 

Details of seven breeding season surveys of pup abundance conducted at West Waldegrave 

Island between 2002 and 2019 are provided in Table 2.6, Figure 2.4. Brown pups were seen 

on West Waldegrave Island from an aerial survey conducted in August 1975, but it was not 

confirmed as a breeding site until February 2002. That survey is likely to have been early, 

given records of several newborn pups (Shaughnessy et al. 2005)(Table 2.6). The following 

survey in 2003 was considered more optimally timed and produced the highest estimate of 

pup abundance for the population (157, Table 2.6). The breeding season at West Waldegrave 

Island occurs 1-3 months earlier than at Olive, Nicolas Baudin and Jones Islands to the north, 

and as many of the surveys at West Waldegrave Island have been undertaken at a similar 

time to these other populations, most of the West Waldegrave Island surveys have been 

undertaken too early in the breeding season, relatively to the peak in pup numbers. As such, 

four of the seven breeding season surveys (2001/02, 2004/05, 2006, 2019) are considered to 

have been undertaken too early (Table 2.6). This leaves three breeding season surveys (2003, 

2013, 2014/15) spanning 11.8 years that are considered to be comparable for this population. 

Based on the inclusion of these surveys, the mean rate of growth based on regression analysis 

and based on the change in abundance of pups over two surveys (2003 and 2014/15) was -

4.9% and -4.7%/year, respectively (Table 2.4). 
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Table 2.6. Time series of breeding season pup abundance surveys undertaken at West Waldegrave 
Island. BMG = black pup with mate-guarded mother. An assessment of survey timing and quality is 
indicated.  

 

 

 

Figure 2.4. Trends in the abundance of Australian sea lion pups at West Waldegrave Island between 
2002 and 2019. Pup abundance is based on ground survey counts of pups, with Comparable surveys 
(filled circles), and Questionable surveys (grey squares) indicated (see Table 2.6). An exponential curve 
is fitted to the comparable survey time-series data.  
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Cap Island and Rocky (North) Island 

Survey results 

An aerial survey of Cap Island on 12 March 2019 indicated no signs of breeding, or the 

presence of young pups. The magnitude of the swell meant it was not safe to land on the 

island to undertake a more thorough assessment. Although it was safe to land on Rocky 

(North) Island, no survey of pups was undertaken as it was clear the breeding season had 

ended some time ago. Most pups were moulted or brown, with the youngest brown pups 

estimated to be around two months of age, suggesting the breeding season had ended in 

January 2019. 

 

Rocky (South) Island 

Survey results 

A ground survey of pups was undertaken at Rocky (South) Island on 13 March 2019 (Table 

2.1, 2.7). A total of six pups were counted (4 brown and 2 moulted), with the youngest brown 

pup judged to be almost black and less than one month old. 

Trends in abundance 

Rocky (South) Island was identified as a possible ASL breeding site by Gales et al. (1994), 

but was not confirmed as one until November 2011 when 12 pups were counted, just after the 

breeding season had ended (Table 2.7, Goldsworthy et al. 2013). Two subsequent surveys 

(2014, 201/19 breeding seasons) conducted around the end of, or just after the breeding 

seasons, are considered comparable, providing three comparable surveys spanning 7.3 years 

for this population (Table 2.7). The mean rate of growth based on regression analysis and 

based on the change in abundance of pups over two surveys was -9.4% and -9.0%/year, 

respectively (Table 2.4). 
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Table 2.7. Time series of breeding season pup abundance surveys undertaken at Rocky (South) Island. 
BMG = black pup with mate-guarded mother. An assessment of survey timing and quality is indicated. 

 

 

 

Figure 2.5. Trends in the abundance of Australian sea lion pups at Rocky (South) Island between 2011 
and 2019. Pup abundance is based on ground survey counts of pups. An exponential curve is fitted to 
the comparable time-series data   
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Four Hummocks Islands 

Survey results 

A ground survey of pups was undertaken at the Four Hummocks Islands on 13 March 2019 

(Table 2.1, 2.8). Two pups were counted (2 brown) on the middle Four Hummocks Island, and 

8 pups (2 black, mate-guarded, 5 brown, 1 dead) were counted on nearby Little Hummock 

Island. An aerial survey of the remaining Four Hummocks Islands (north and south islands), 

did not detect any additional pups or breeding activity. 

Trends in abundance 

Four Hummocks Islands was first confirmed as an ASL breeding site in January 1996 when 

five brown and 6 moulted pups were counted during a ground survey of the northern most 

island in the group (Shaughnessy et al. 2005) (Table 2.8). The next survey in November 2010 

undertook a ground survey of the eastern part of the northern island where nine moulted pups 

were counted, and an aerial survey of the remainder of the northern island, and the middle 

and southern islands revealed a further eight moulted pups (Table 2.8). Given all 17 pups 

were fully moulted indicates this survey was undertaken 5-6 months past the end of the 

breeding season. A survey one year later (November 2011) confirmed that breeding was only 

occurring on the middle island where nine pups were counted, with no pups sighted on the 

northern or southern islands. An aerial survey of the small islet 3km NE of the northern island 

(Little Hummock Island) revealed pups. A ground survey of this site at the same time confirmed 

a further 10 brown pups and this location as a new breeding site. Given the short distance 

between Little Hummock Island and the other Four Hummock Islands, they are treated as a 

single population. Two subsequent surveys in 2014 and 2019 conducted ground counts on 

the middle (Four Hummock) island and Little Hummock Island, and aerial surveys of the 

remainder of the Four Hummock Islands. As the 1996 and 2010 surveys were incomplete (did 

not include Little Hummock Island), the remaining three surveys spanning 7.3 years provide 

the only comparable surveys for this this population (Table 2.8). The mean rate of growth 

based on regression analysis and based on the change in abundance of pups over two 

surveys was -9.0%/year (Table 2.4).  
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Table 2.8 Time series of breeding season pup abundance surveys undertaken at the Four Hummocks 
Islands. BMG = black pup with mate-guarded mother. An assessment of survey timing and quality is 
indicated. Surveys conducted in 1996 and 2010, did not include Little Hummock Island, and as such 
are incomplete (likely to be an underestimate of total pup abundance).  

 

  

Figure 2.6. Trends in the abundance of Australian sea lion pups at the Four Hummocks Islands 
between 1996 and 2019. Pup abundance is based on ground survey counts of pups, with comparable 
survey (filled circles), and questionable surveys (grey squares) indicated (see Table 2.8). An 
exponential curve is fitted to the comparable survey time-series data.  
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Price Island 

Survey results 

An aerial survey of Price Island was undertaken on 13 March 2019, and indicated no signs of 

breeding, or the presence of young pups. A few prime condition males appeared to be 

positioned in favourable pupping localities, suggesting that the commencement of the 

breeding season was imminent.  

 

Liguanea Island 

Survey results 

The core breeding area of this colony is on the south lobe of the island. An aerial survey, and 

part ground survey was undertaken on 13 March 2019. Very few animals were present, and 

no females or pups of any age were sighted.  

 

Curta Rocks 

Survey results 

A ground count survey of Curta Rocks was undertaken on 13 March 2019, with five pups 

sighted (2 black, 3 brown) (Table 2.1, 2.9). Timing for estimating pup abundance was 

considered almost perfect given the oldest brown pup was almost moulting (~4 months old), 

while the youngest back pup was just days old with a mate-guarded mother.  

 

Trends in abundance 

Curta Rock was confirmed as a breeding site on 30 September 2014, when 7 pups were 

counted (Table 2.9). This survey and the most recent one (this study) are considered to have 

been undertaken at a similar, late stage of the breeding season, and as being comparable. 

Given that only two comparable surveys are available for Curta Rocks (spanning just 4.4 

years), the mean rate of growth based on the two survey approach was -7.3%/year (Table 

2.4).  
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Table 2.9. Time series of breeding season pup abundance surveys available for Curta Rocks. BMG = 
black pup with mate-guarded mother. An assessment of survey timing and quality is indicated.  

 

 

Williams Island 

Survey results 

A ground count survey of Williams Island was undertaken on 13 March 2019, with just two 

pups sighted (1 black, 1 brown) (Table 2.1, 2.10). The brown pup was almost moulting (~4 

months old), indicating the two pups were at opposite ends of the age spectrum for a breeding 

season, suggesting the timing of the survey was good. No breeding activity was observed.  

 

Trends in abundance 

Williams Island was confirmed as a breeding site in 2014, when 5 pups were counted (Table 

2.10). This survey and the most recent one (this study) are considered to have been 

undertaken at a similar, late stage of the breeding season, and as being comparable. Given 

that only two comparable surveys are available for Williams Island (spanning just 4.6 years), 

the mean rate of growth based on the two survey approach was -17.9%/year (Table 2.4).  

 

Table 2.10. Time series of breeding season pup abundance surveys available for Williams Island. BMG 
= black pup with mate-guarded mother. An assessment of survey timing and quality is indicated.  

  

BM
G

Bl
ac

k

Br
ow

n

M
ou

lte
d

U
nc

la
ss

ed

De
ad

Ea
rly

 (l
ow

)

Co
m

pa
ra

bl
e

La
te

 (l
ow

)

In
co

m
pl

et
e

30-Sep-14 1 1 6 7 Goldsworthy et al. (2015)
13-Mar-19 1 1 1 3 5 This study

SourceDate
N

o.
 su

rv
ey

s

Pup categories

To
ta

l p
up

s

Survey timing & 
quality

BM
G

Bl
ac

k

Br
ow

n

M
ou

lte
d

U
nc

la
ss

ed

De
ad

Ea
rly

 (l
ow

)

Co
m

pa
ra

bl
e

La
te

 (l
ow

)

In
co

m
pl

et
e

19-Jul-14 2 1 4 5 Goldsworthy et al. (2015)
13-Mar-19 1 1 1 2 This study

Date

N
o.

 su
rv

ey
s

Pup categories

To
ta

l p
up

s

Survey timing & 
quality

Source



Goldsworthy, S.D., Hodgson, J., and Holman, D.  (2020)     Australian sea lions investigations 2018-19 

24 

Albatross Island 

A ground survey of Albatross Island was undertaken on 13 March 2019. The breeding season 

was judged to have ended about 3-4 months earlier, as evidenced by the presence of mostly 

moulted pups. Given that the breeding season had finished at least several months prior to 

the survey, no count of pups was undertaken.  

 

The Pages Islands  

A ground survey of South Page Island and an aerial survey of North Page Island were 

undertaken on 14 March 2019. The breeding season was well and truly over, as evidenced by 

the presence of mostly moulted pups. Given the stage of moult and size of the pups it 

appeared that the breeding season had finished within the last six months. As such, no census 

was undertaken.  

 

Trends in abundance of monitored sites 

For five of the seven ASL breeding site where comparable surveys of pup abundance were 

able to be completed, there are now three or more surveys that enable regression analyses 

to estimate trends in abundance (Table 2.4). The mean trend in pup abundance was  

-6.0%/year (range -2.8 to -9.9%/year), which included the longer (11 season) time-series for 

Olive Island (Table 2.4). For these sites, the comparable trend using the two-survey method 

was similar at -5.8%/year (range -2.7 to -9.5%/year). 

 
Deployment of camera traps 

Summary details on the camera deployment sites, days operational and the number of images 

uploaded are provided in Table 2.11. On all the islands, cameras were located in sites where 

there was the best 4G signal that could be obtained. Where possible they were sited facing 

ASL trackways, or in places that looked to be frequently used by ASL. Photos of the cameras 

in situ, as well as examples of the image uploaded to the FTP site are presented in Figures 

2.7-11. Based on image uploading, individual cameras remained operational for between 0 

and 129 days (mean 43 days). During the deployment of the Nicolas Baudin Island camera, it 

was noted that the 4G signal was minimal, and no test images were uploaded. It was hoped 

the signal strength would improve enough to enable some images to be uploaded, but this 

never occurred. At all remaining sites, adequate 4G signal enabled cameras to be tested 
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following installation. This involved sending cameras a command via a text message from the 

Trail Camera app, and then logging into the FTP sites to determine if images had been 

uploaded successfully. Cameras were also programmed to send a text message at the end of 

each day summarising their operational state, so that even if no images were uploaded, the 

operational status of the camera could still be determined. All cameras were fitted with an 

external rechargeable battery pack integrated with a solar panel, so that in theory, even if the 

charge in the battery became exhausted, the camera would continue to operate normally once 

the solar panel had re-charged the batteries. 

Three camera traps only operated for between 10 to 20 days (Liguanea, Albatross, and Rocky 

(North) Islands), with the remaining two camera traps operating for 87 (West Waldegrave) and 

129 days (South Page Island) (Table 2.11). Follow-up visits were made to West Waldegrave 

and Nicolas Baudin Islands on 29 August 2019 and to Liguanea Island on 19 October 2019. 

There was evidence that both the Nicolas Baudin and West Waldegrave Island cameras had 

been interfered with. The Nicoloas Baudin camera had been entirely removed (stolen), and 

the West Waldegrave Island camera had one of its aerials snapped off and the main power 

cable from the solar panel removed. The external power lead had become unplugged on the 

Liguanea Island camera, it is suspected to have become dislodged when a curious sea lion 

investigated the camera on 24 March 2019 (see Figure 2.9). The power cable of the Liguanea 

camera was re-attached on 19 October 2019, and was operational at the time this report was 

finalised, having uploaded over 330 images over the subsequent three months.  

A total of 8,117 (range at individual island 24 – 6,134) images were uploaded from five camera 

traps to the FTP site via the NextG network (Table 2.11). During the operation period, the 

mean number of images uploaded from the cameras per day was 22 (range 2 – 48). The 

camera traps successfully captured images of all age-classes of ASL, but importantly also 

acquired images of pups ranging in age from ~3 weeks to 6+ months old (Figures 2.7-11). At 

West Waldegrave Island where the breeding season was well underway at the time the 

camera trap was installed (12 March 2019), a number of images of black and brown pups 

were acquired (Figure 2.7). An image of a brown pup was also acquired from Albatross Island, 

brown and moulted pups from Liguanea Island (Figure 2.9), and fully moulted pups were 

observed in images from Rocky (North) and South Page Islands (Figures 2.8, 2.11).  

The location of the Rocky (North) Island camera could have been improved as the motion 

sensor was tripped by waves crashing on distant rocks. Other wildlife images captured 

included silver and Pacific gulls, crested terns, ravens, Cape Barron geese and little penguins. 

Many of the images were taken at night when sea lion activity appeared to be greatest. 

Although night-time images are interesting, it can be challenging to assess the age-class of 
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animals. In future cameras could be programmed only to take images during daylight hours to 

reduce the drain on batteries.  

 

 
Table 2.11 ASL breeding sites where Swift Enduro 4G cameras with solar panel and 3G/4G network 
antennae were deployed. The deployment date, date of last image uploaded, operating duration and 
the number of images uploaded to the FTP site for each camera is provided.  

 
 

   

Sites
Deployment 

date
Last image 

date
Days 

operating

No. 
images 

uploaded
Nicolas Baudin Island 12-Mar-19 0 0
West Waldegrave Island 12-Mar-19 07-Jun-19 87 620
Rocky (North) Island 12-Mar-19 01-Apr-19 20 940
Liguanea Island 13-Mar-19 24-Mar-19 11 24

reactived 19-Oct-19 continuing 59+ 326+
Albatross Island 13-Mar-19 25-Mar-19 12 73
South Page Island 14-Mar-19 21-Jul-19 129 6134
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Figure 2.7. Camera trap installed on West Waldegrave Island (top-left), with a range of images of 
Australian sea lions: black pup with mother (bottom images),and brown pups (middle and top-right).  
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Figure 2.8. Camera trap installed on Rocky (North) Island (top-left), with assorted images of Australian 
sea lions: brown and moulted pups, with some females and juveniles. 
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Figure 2.9. Camera trap installed on Liguanea Island (top-left), with assorted images of Australian sea 
lions: juvenile with Cape Barron goose (top-right), brown pup and moulted pup (middle), and adult male 
(bottom left). The final image uploaded from the camera (bottom-right) may be obscured by a sea lion 
which potentially disconnect the external power cable to the camera. 
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Figure 2.10. Camera trap installed on Nicolas Baudin and Albatross Islands (top-left and right, 
respectively), with assorted images of Australian sea lions: juvenile and Cape Barron goose (middle), 
adult female with brown pups (bottom-left), and raven (bottom-right).  
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Figure 2.11. Camera trap installed on South Page Island (top-left), with assorted images Australian sea 
lions: moulted pup (top-right), sub-adult male (middle-left), mixed group of nine ASL (middle-right), sub-
adult males (bottom-left) and moulted pup/juvenile (bottom-right).   
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2.4. Discussion 
This study surveyed 15 ASL breeding sites, with the timing of surveys judged to be optimal for 

seven of the eight sites where breeding was underway. These data have improved our 

understanding of the status and trends in abundance for these sites, extending the time series 

to eleven seasons for Olive Island, four seasons for Nicolas Baudin Island, three seasons for 

each of West Waldegrave, Rocky (South) and the Four Hummocks Islands, and two seasons 

each for Curta Rocks and Williams Island. All sites with three or more comparable surveys of 

pup abundance were in decline (range -3 to -9%/year). Undertaking further surveys at these 

and other ASL breeding sites across SA is essential to improve the limited time-series 

available for many sites, and to improve confidence in estimates of population status and 

growth rate.  Such monitoring is critical to meet the Australian Sea Lion Recovery Plan 

objectives (Department of Sustainability Environment Water Population and Communities 

2013). 

This study undertook a trial of remote 4G network camera traps, to assess their suitability as 

a tool to monitor the timing of breeding seasons at various ASL sites across the State, so that 

future survey timings can be optimised. Although >8,000 images were obtained from five 

cameras, most cameras did not remained operational beyond 129 days. The main issue with 

keeping cameras operational on our offshore islands is ensuring reliable power supply. 

Although the cameras themselves are quite robust, the cables and leads to the solar panel, 

external power supply and aerial, all represent clear points of weakness, and if any one of 

these fail, then the cameras will not function. Despite these results, the imagery received 

demonstrated that camera traps can provide valuable information on the timing of ASL 

breeding seasons, and further trials should be undertaken.   
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3. POPULATION VIABILITY ANALYSIS OF AUSTRALIAN SEA LION  
 

S.D. Goldsworthy 

3.1. Introduction 
Bycatch mortality has been recognised as one of the key factors limiting the recovery of 

Australian sea lion (ASL) populations (Department of Sustainability Environment Water 

Population and Communities 2013). Bycatch in the demersal gillnet sector of the 

Commonwealth managed Gillnet, Hook and Trap Fishery (GHAT) off South Australia (SA) 

represents the only anthropogenic risk to ASL populations for which the mortality rates and 

population impacts have been estimated (Goldsworthy et al. 2010).  Based on the distribution 

of fishing effort between 2006 and 2009, annual bycatch mortality of ASL in the gillnet sector 

of the GHAT fishery of SA was estimated to be 256 (range187 to 347), and results from 

population viability analyses (PVA) and bycatch models suggested that prior to the introduction 

of management measures, the majority of ASL subpopulations in SA were exposed to 

unsustainable levels of bycatch mortality (Goldsworthy et al. 2010). Between 2010 and 2012, 

the Australian Fisheries Management Authority (AFMA) introduced a range of management 

measures into the gillnet sector of GHAT fishery off SA to mitigate bycatch of ASL, including 

spatial closures excluding fishing around all ASL colonies, electronic monitoring of all (100%) 

fishing effort and bycatch mortality limits that trigger additional spatial closures (Australian Sea 

lion Management Strategy,  Australian Fisheries Management Authority 2015). Logbook data 

in the fishery suggest these measures have reduced ASL bycatch, with just 13 mortalities 

reported since 2012 (AFMA https://www.afma.gov.au/sustainability-environment/protected-

species-management/protected-species-interaction-reports). There is 100% review of 

electronic monitoring footage to verify the accuracy of logbooks from gillnet boats operating 

off SA’s ASL Management Zones (Australian Fisheries Management Authority 2015).  

AFMA’s ASL Management Strategy was implemented to address Wildlife Trade Operations 

(WTO) requirements set on the gillnet sector of the GHAT fishery under Part 13A of the 

Environment Protection and Biodiversity Conservation Act 1999 (EPBC Act), with similar 

requirements now listed under Part 13 (Protected Species) (Department of the Environment 

and Energy 2019). Recent assessment of the Commonwealth Southern and Eastern Scalefish 

and Shark Fishery (SESSF), which the GHAT fishery forms part of, requires under Part 13 

Conditions, ‘AFMA to continue to: 

https://www.afma.gov.au/sustainability-environment/protected-species-management/protected-species-interaction-reports
https://www.afma.gov.au/sustainability-environment/protected-species-management/protected-species-interaction-reports
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a) maintain management measures clearly directed toward limiting the impact of fishing 

activity on Australian Sea Lions to levels which will assist in enabling the recovery of the 

species, including all subpopulations, and 

b) monitor and review the adequacy of its Australian Sea Lion management measures, in 

consultation with marine mammal experts.’ 

Although the monitoring and reporting systems of interactions between ASL and fishing 

vessels in the gillnet sector of the GHAT fishery are comprehensive, the monitoring of ASL 

populations to assess ‘the recovery of the species, including all subpopulations’ following the 

introduction of mitigation measures, is not.  With the exception of the Seal Bay population, no 

other ASL populations in SA are subject to systematic ongoing monitoring. A State-wide 

survey of all ASL breeding sites conducted in 2014 and 2015 represents the last 

comprehensive survey of the species status in SA. This survey identified a 24% decline in pup 

abundances since surveys conducted 6-11 years earlier, and estimated an overall decline of 

about 3% per year (Goldsworthy et al. 2015). 

It is therefore critical, in the context of the bycatch mitigation measures introduced by AFMA 

(Australian Fisheries Management Authority 2015) and the absence of systematic monitoring 

of ASL populations, to assess the extent to which observed declines in ASL populations off 

SA could be explained by historic bycatch in the gillnet fishery, and the time-frame required to 

detect population recovery.  

This study will update PVAs developed to assess the impact of bycatch mortality in demersal 

gillnet fisheries off SA on the sustainability of ASL populations (Goldsworthy et al. 2010), by 

integrating a decade of new survival and fecundity data available for the Seal Bay ASL  

population (Goldsworthy et al. 2019). It will then use these updated PVAs to assess the time 

required to detect the recovery of ASL populations, and evaluate the extent to which historic 

bycatch in demersal gillnet fisheries off SA could account for observed declines in sea lion 

populations.  

 

3.2. Methods 

Leslie matrix development 

A key part to this project was to advance previous Leslie matrix and PVAs developed for ASL 

by McIntosh (2007) and Goldsworthy et al. (2010). These studies used the limited ASL life-

history data that was available at the time, most of which was derived from research on the 

Seal Bay population in conjunction with aging studies on museum specimens (McIntosh 2007). 
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The Leslie matrix is essentially a life-history matrix that presents discrete age-structured data 

on survival and fecundity, usually of females. Data used to estimate survival and fecundity 

come from a radio frequency identification (RFID) microchipping program, using 23 mm 134.2 

kHz Half Duplex (HDX) microchips. This program commenced at Seal Bay in the 2002/03 

breeding season, where there has been a concerted effort to microchip all pups that survive 

the breeding season, usually resulting in between 140 and 200 pups being chipped each 

breeding season (Goldsworthy et al. 2019). This program succeeded an earlier microchipping 

program that used smaller 12mm (Destron) microchips (between 1991 and 2001), with only a 

subsample of pups (50-60) being microchipped each breeding season. This latter program 

was discontinued because the 23 mm microchips were more reliable and have a greater read 

range. However, because the two microchip systems use different frequencies, ASL 

microchipped prior to 2002/03 are not able to be resighted using the HDX microchip readers.  

Resight effort of individual microchipped ASL usually consists of three full days of scanning 

the entire Seal Bay colony conducted every two months, in additional to targeted scanning of 

all females that pup, and any attending mate-guarding males during each breeding season 

(Goldsworthy et al. 2019). Hand-held scanners (Aleis Model 9030 readers; and Allflex RS320 

EID ‘boom’ readers) are held near the animal within a distance of 10 cm from the insertion site 

(rump). All scanning data are entered in real time into a purposely developed data 

management app (Seal Bay ASL Monitoring) developed using the Fulcrum software 

(https://web.fulcrumapp.com) and operated on a handheld device. 

Estimates of survival were based on individual ASL re-sights. Capture-history matrices were 

constructed from the re-sight histories of individual sea lions over eleven cohorts. Re-sights 

were grouped into 32, 6-month intervals (Summer/Autumn: December to May and 

Winter/Spring: June to November) extending from December 2002 to December 2018. 

These capture matrices were used as input files for the capture–mark–recapture (CMR) 

program MARK (White and Burnham 1999) to estimate survival and capture probabilities. 

MARK provides survival (Φ) and recapture (p) estimates under the Cormack–Jolly–Seber 

(CJS) model (Cormack 1964, Jolly 1965, Seber 1965) and under several models that appear 

as special cases of the CJS model (Lebreton et al. 1992). Analyses were undertaken in 

RMark (Goldsworthy et al. 2019).  

 

Season of birth is known to have a major influence on pup survival (0-18 months) in the Seal 

Bay population, and is high for cohorts of pups born in summer/autumn breeding seasons, 

and is lower for cohorts of pups born in winter/spring breeding seasons (Goldsworthy et al. 

2019). To mimic this alternating low and high survival of pup cohorts, the relative survival of 

the pup (0-18m) age-class, was alternated between 0.9 and 1.1 across the simulation 

https://web.fulcrumapp.com/
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duration using the temporal change file feature in the Populations dialog box in the RAMAS® 

Metapop software (Akçakaya 1998) (see below).   

 

Estimates of birth rate were based on the age distribution of 490 known-aged breeding 

females (in the Seal Bay population), across five consecutive breeding seasons (2011/12, 

2013, 2014/15, 2016, 2017/18), and on the minimum number of females known to be alive in 

each age-class for each breeding season, derived from microchip re-sight data. Given an 

expected 50/50 birth ratio of males/females, fecundity was estimated as birth rate/2. 

 

Population Viability Analysis 

RAMAS® Metapop software (Akçakaya 1998) was used to develop and undertake population 

projections. Female only models were developed, given that the fate of populations rest with 

the persistence and reproductive output of females (York et al. 1996). The time-steps used for 

each stage was 1.5 years given this is the approximate interval between breeding seasons 

(Goldsworthy et al. 2019). The primary purpose of the models was to examine scenarios of 

population response, following the expected reduction in bycatch mortality in response to the 

introduction of bycatch mitigation measures in the GHAT Fishery (AFMAs Australian sea lion 

Management Strategy). As such, models did not explicitly try to capture other factors that may 

inhibit the growth of ASL populations, including other anthropogenic factors, environmental 

stochasticity or catastrophes. Following this, density dependence affecting vital rates (survival 

and fecundity) was set to exponential growth (i.e. no density effects), given that ASL 

population are believed to be below their carrying capacity with most populations in decline 

(Goldsworthy et al. 2015). Furthermore, no dispersal (immigration or emigration) was 

considered in ASL models (assumed to be closed populations) given the extreme philopatry 

observed in the species (Campbell 2003, Campbell et al. 2008, Lowther et al. 2012). 

Demographic stochasticity was simulated within RAMAS® Metapop, by sampling the number 

of survivors from a binomial distribution and young from a Poisson distribution (Akçakaya 

1998), and by applying a standard deviation of 0.01 to all survival and fecundity estimates. 

 

Can historic bycatch account for observed declines in ASL populations? 

 PVA was used to investigate the potential impact of different rates of bycatch mortality on the 

status of hypothetical subpopulations with different underlying intrinsic growth rates. This was 

achieved by applying virtual harvests of female seals in each scenario. Conditional harvests 
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within the population management feature of RAMAS® Metapop were used to simulate the 

impacts of different levels of fishery bycatch, defined as the proportion of the total number of 

females >1.5 years of age in a subpopulation removed per breeding season (1.5 years).  

Conditional harvests select only whole (integer) animals and select them from across all 

stages (>1.5years) relative to their abundance within the subpopulation at the beginning of 

each modelled time-step, and the time-steps where harvests are to be applied can be selected 

within the model. Simulations were run for 1000 replications, usually over 31 time-steps (46.5 

years, the approximate period over while demersal gillnet have been used in the GHAT fishery, 

i.e. 1972 – 2019).  

Non-pup stages were excluded from population totals at each time step to provide a time-

series of estimated pup production for each simulation, because pup production is the principal 

metric used to estimate the status and trends in abundance of ASL populations (Goldsworthy 

et al. 2015). The growth of populations under different scenarios was estimated using the 

change in pup numbers over time, expressed as the exponential rate of increase (r), calculated 

from the slope of the exponential regression of pup numbers over time (years). It was 

expressed as a percentage using the formula (er – 1) x 100.  

The underlying intrinsic growth rates of ASL populations in the absence of any anthropogenic 

impact is unknown. To examine how populations respond to historic bycatch, under different 

intrinsic growth rate scenarios, different relative survival multipliers were applied to the base 

model in order to achieve a set level of intrinsic growth, in the absence of bycatch. Five intrinsic 

growth scenarios were developed between 0-4% growth per year, in 1% increments.  

Estimates of the percentage of female ASL caught as bycatch in the GHAT fishery per 

breeding cycle (based on the distribution of fishing effort between 2006 and 2009),  were used 

to develop a box and whisker plot of the likely range of bycatch rates prior to the introduction 

of management measures (estimates obtained from Table 7.16, Goldsworthy et al. 2010). 

Similarly, the estimated population growth rates for 22 SA ASL populations (Goldsworthy 

unpublished data) were used to create a box and whisker plot of the likely range of population 

growth rate values. Both these data sets were used to evaluate the extent to which the 

estimated historic bycatch rates in the GHAT fishery, could explain the observed variation in 

population growth rates, under different intrinsic growth rate scenarios.   
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Time required to detect recovery 

A standardised definition of ‘time required to detect a recovery’ was needed so that recovery 

times under different growth-rate and population size scenarios could be objectively assessed 

and compared. Here, ‘recovery’ refers to the percentage increase in female pup production 

that is likely to be detectable in an ASL population. It does not refer to a population reaching 

its full carrying capacity. The actual percentage increase in pup production (from a hypothetical 

low base, pre-bycatch mitigation level) that could be reliably detected or measured in the field 

is unknown. It would depend on a range of factors, including: the precision of survey methods 

used to estimate pup production; survey frequency; the intrinsic growth rate of the population; 

the size of the population and the degree and impact of any environmental stochasticity on 

inter-seasonal variability in pup production. Notwithstanding the uncertainty in the potential 

influence of these factors, we have assumed for the purpose of this study, and in the context 

of the PVAs that either a 5% or 10% increase from initial pup production could be detectable. 

These percentage increases in pup production that represented ‘recovery’ were entered as 

the threshold value in the Stochasticity dialog box within RAMAS® Metapop, and simulations 

were undertaken assuming different initial populations sizes (pup abundance levels), and 

intrinsic growth rates. The ‘time to quasi–explosion’ outputs provide the median recovery time, 

distribution of recovery times, and probability of increasing above the threshold value, and 

95% confidence interval. Because the likelihood of detecting a certain recovery threshold in 

field situations is unclear, the time-step at which both the 80% and 95% cumulative probability 

distributions exceeded the threshold ‘recovery’ values, were also recorded for comparison 

between simulations. Three different hypothetical ASL population sizes were examined as 

part of the population scenarios, those with a pup production 20, 50 and >100 per breeding 

season. The Seal Bay population was used as the example population >100 pup production. 

Its pup production in the 2017/18 breeding season was estimated to be 232 (Goldsworthy et 

al. 2019). 

 

3.3. Results 
Leslie matrix 

Life-table data required to construct the Leslie matrix were derived from resights and 

monitoring of individual microchipped ASL within the Seal Bay population. A total of 1855 pups 

have been microchipped across 11 consecutive breeding seasons at Seal Bay (Table 3.1). 

Analyses of resight data used to estimate survival through the RMark analyses are provided 

in Tables 3.2 and 3.3. As there are currently limited data available for animals older than 12 
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years, RMark estimates of mean survival by age, up to 12 years, were fitted to a fourth order 

polynomial model Ф = -2.71E-05x4+0.0013x3-0.0248x2+0.2078x+0.3349, r2 = 1.00 (Table 3.2, 

3.3, Figure 3.1), assuming a maximum longevity of 26 years (McIntosh 2007).  

Birth rate data from Seal Bay were used to estimate fecundity (Goldsworthy et al. 2019). 

Estimates up until age 10.5 years include multiple seasons, but are limited in older females. 

Estimates for 12-15 year-old females likely represent under-estimates (Figure 3.2). A small 

number of females have their first pup at age 4.5, but most recruitment occurs at age 6 (Table 

3.4, Figure 3.2, Goldsworthy et al. 2019). As a consequence, fecundity estimates for females 

aged 6 to 10.5, were fitted to a quadratic function, Fecundity (F) = -0.0019x2+0.0453x+0.0788, 

r2 = 0.9982, assuming reproductive senescence by age 25.5 (Table 3.4, Figure 3.2). The 

resulting Leslie matrix for ASL using the above survival and fecundity estimates is presented 

in Table 3.5. 

 

Base model PVA 

The base model PVA developed from the Seal Bay Leslie matrix, with no density dependence, 

or built-in catastrophes or stochasticity produced a range of simulated outputs, with the 

average growth rate of these simulated populations being 1.93%/year (Figure 3.3, 3.4). Note 

that in RAMAS® Metapop, a ±1 standard deviation (SD) is displayed symmetrically around the 

mean, even though the actual distribution may not be symmetrical (Akçakaya 1998). For 

example, where there is exponential growth, simulated population sizes at any given time-

steps will have skewed distribution, where the mean will differ from the median (Akçakaya 

1998). For this reason, the 5th, 50th and 95th percentiles of simulated total abundances were 

used to estimate the median growth rates with 90% confidence intervals. For the Seal Bay 

base model, the estimated median growth rate following this approach was 1.86%/year (0.99 

– 2.78%/yr, 90% confidence interval).  

Clearly, the expected growth rate of the Seal Bay population based on current vital rate 

estimates, is 2.8%/year higher than the observed rate of ~ -1.0%/year, based on declines in 

pup production between 2007 and 2017/18. To achieve an equivalent decline, a bycatch 

mortality rate of 4.8% per time-step (or 3.2%/year) was applied to the base model, producing 

a median decline of -1.01%/year (-1.91 to -0.08%, 90% CI) (Figure 3.5, 3.6). 
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Table 3.1. Numbers of Australian sea lions pups microchipped at Seal Bay (Kangaroo Island) between 
2002/03 and 2017/18 breeding seasons. 

 

 

 

Table 3.2. Estimated survival at age of Australian sea lions across eleven cohorts based on resight 
data of microchipped animals and RMark analysis. Age is broken down into 6-month (0.5 year) 
increments, with 1.5-year stages indicated by the grey/clear cells.  

   

 

Breeding season
Number of pups 

microchipped
2002-03 148

2004 202
2005-06 144

2007 203
2008/09 161

2010 201
2011/12 118

2013 161
2014/15 153

2016 201
2017/18 163

Total 1855

Age 2002/3 2004 2005/6 2007 2008/9 2010 2011/12 2013 2014/15 2016
0.5 0.578 0.655 0.617 0.646 0.517 0.549 0.460 0.494 0.402 0.420
1 0.641 0.712 0.677 0.704 0.582 0.613 0.526 0.560 0.467 0.486

1.5 0.699 0.763 0.732 0.756 0.644 0.673 0.591 0.624 0.533 0.551
2 0.752 0.807 0.781 0.801 0.702 0.729 0.653 0.683 0.598 0.615

2.5 0.798 0.845 0.823 0.840 0.754 0.778 0.710 0.737 0.659
3 0.837 0.876 0.858 0.872 0.800 0.820 0.761 0.785 0.716

3.5 0.870 0.902 0.887 0.899 0.839 0.856 0.806 0.826 0.766
4 0.897 0.923 0.911 0.921 0.871 0.885 0.844 0.861 0.810

4.5 0.919 0.940 0.930 0.938 0.898 0.909 0.875 0.890 0.847
5 0.937 0.953 0.945 0.952 0.920 0.929 0.901 0.913 0.879

5.5 0.951 0.964 0.958 0.962 0.937 0.945 0.923 0.932 0.904
6 0.962 0.972 0.967 0.971 0.951 0.957 0.939 0.925

6.5 0.970 0.978 0.975 0.977 0.962 0.967 0.953
7 0.977 0.983 0.980 0.983 0.971 0.974

7.5 0.982 0.987 0.985 0.987 0.977 0.980
8 0.986 0.990 0.988 0.990 0.982 0.985

8.5 0.989 0.992 0.991 0.992 0.986 0.988
9 0.992 0.994 0.993 0.994 0.990

9.5 0.994 0.995 0.995 0.995 0.992
10 0.995 0.997 0.996 0.996

10.5 0.996 0.997 0.997 0.997
11 0.997 0.998 0.998 0.998

11.5 0.998 0.998 0.998
12 0.998 0.999 0.999

12.5 0.999 0.999 0.999
13 0.999 0.999

13.5 0.999 0.999
14 0.999 1.000

14.5 1.000
15 1.000

15.5 1.000
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Table 3.3. Estimated survival at age and stage in the Australian sea lion based on: re-sight data and 
RMark analyses (0 to 15 years)1 and maximum observed female longevity of 26 years (*McIntosh 2007), 
and estimated from a fourth order polynomial model fitted to these data (Figure 3.1)2. Previous 
estimates of survival rates for age and stage (McIntosh 2007) are also provided. 

 

 

 

 

 

 

 

 

 

 

 

  

Age Stage
Estimated1 Estimated2 McIntosh (2007)

1.5 1 0.595 0.595 0.354
3 2 0.769 0.769 0.837

4.5 3 0.879 0.878 0.944
6 4 0.940 0.942 0.944

7.5 5 0.976 0.975 0.944
9 6 0.990 0.990 0.944

10.5 7 0.996 0.996 0.944
12 8 0.998 0.998 0.944

13.5 9 0.999 0.999 0.944
15 10 1.000 0.997 0.930

16.5 11 0.988 0.920
18 12 0.965 0.910

19.5 13 0.917 0.900
21 14 0.829 0.800

22.5 15 0.684 0.700
24 16 0.461 0.600

25.5 17 0.136 0.500
27 18 0*

Survival (Ф)
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Table 3.4. Observed fecundity in ASL females from the Seal Bay populations for females aged 1.5 to 
15 years, based on estimates of birth rate x 0.5 (assuming 50:50 male:female sex ratio)  (Goldsworthy 
et al. 2019). A polynomial was fitted to the numbers in bold to generate a fecundity curve with 
senescence, used to calculate the estimated fecundity values, with the exception of 4.5 year-old 
females (*which are based on Observed data). Previous estimates of fecundity by age and stage 
(McIntosh 2007) are also provided. 

 

 

 

 

Age Stage
Observed Estimated McIntosh (2007)

1.5 1 0.000 0.000 0.000
3 2 0.000 0.000 0.000

4.5 3 0.028 0.028* 0.200
6 4 0.288 0.282 0.270

7.5 5 0.301 0.312 0.340
9 6 0.335 0.333 0.380

10.5 7 0.348 0.345 0.410
12 8 0.313 0.349 0.420

13.5 9 0.318 0.345 0.420
15 10 0.132 0.331 0.420

16.5 11 0.310 0.410
18 12 0.279 0.400

19.5 13 0.241 0.375
21 14 0.193 0.340

22.5 15 0.137 0.290
24 16 0.073 0.200

25.5 17 0.000 0.000 0.100
27 18

Fecundity
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Figure 3.1. Estimated survival of Australian sea lion females in the Seal Bay population (see Table 3.3 
caption for data source details). Fourth order polynomial model fitted robust data (closed circles points). 
Open represent estimates with limited data.  

 

 

Figure 3.2. Estimated fecundity of Australian sea lion females in the Seal Bay population. (see Table 
3.4 caption for data source details). Polynomial curve fitted to data for ages 6 to 10.5 years, and 
estimated senescence age (25.5 years). Open circles represent age-classes with limited data. 
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Table 3.5. Leslie matrix developed for the Australian sea lion population at Seal Bay. The first row 
indicates the stage (age) of females in years. The second row indicates the stage-specific fecundity 
(proportion of female pups born to each female per stage) and the diagonal cells demote stage-specific 
survival (proportion of previous stage surviving to next stage).  

 

 

 

 

 

  

Stage 1.5 3 4.5 6 7.5 9 10.5 12 13.5 15 16.5 18 19.5 21 22.5 24 25.5 27
1.5 0 0 0.028 0.282 0.312 0.333 0.345 0.349 0.345 0.331 0.31 0.279 0.241 0.193 0.137 0.073 0 0
3 0.595 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

4.5 0 0.769 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
6 0 0 0.878 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

7.5 0 0 0 0.942 0 0 0 0 0 0 0 0 0 0 0 0 0 0
9 0 0 0 0 0.975 0 0 0 0 0 0 0 0 0 0 0 0 0

10.5 0 0 0 0 0 0.99 0 0 0 0 0 0 0 0 0 0 0 0
12 0 0 0 0 0 0 0.996 0 0 0 0 0 0 0 0 0 0 0

13.5 0 0 0 0 0 0 0 0.998 0 0 0 0 0 0 0 0 0 0
15 0 0 0 0 0 0 0 0 0.999 0 0 0 0 0 0 0 0 0

16.5 0 0 0 0 0 0 0 0 0 0.997 0 0 0 0 0 0 0 0
18 0 0 0 0 0 0 0 0 0 0 0.998 0 0 0 0 0 0 0

19.5 0 0 0 0 0 0 0 0 0 0 0 0.965 0 0 0 0 0 0
21 0 0 0 0 0 0 0 0 0 0 0 0 0.917 0 0 0 0 0

22.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0.829 0 0 0 0
24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.684 0 0 0

25.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.461 0 0
27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.136 0
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Figure 3.3. Example PVA output of the Seal Bay base model female pup production of the Seal Bay 
Australian sea lion population (1000 simulations). Female pup abundance was set to 116 at time zero.  

 

 

Figure 3.4. Example PVA output of the Seal Bay base model female pup production of the Seal Bay 
Australian sea lion population, based on 1000 simulations showing the average female pup abundance 
(line), ±1 standard deviation (error bars) and the maximum and minimum simulation (dotted lines). 
Female pup abundance was set to 116 at time zero.   
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Figure 3.5. Seal Bay Australian sea lion base model with 4.8%/time-step bycatch mortality applied 
(3.2%/year) from 1.5-3 year and older cohorts, from 0 to 31 time-steps. This produced a declining 
population consistent with observed declines (1.0%/year) (1000 simulations).  

 

Figure 3.6. Plot of Seal Bay Australian sea lion base model simulation in Figure 3.5, based on 1000 
simulations showing the average female pup abundance (line), ±1 standard deviation (error bars) and 
the maximum and minimum simulation (dotted lines). Female pup abundance in time-step 0 (1974) was 
178 (total 356 pups), average female pup abundance in time step 26 (2011-12) (pre AFMA Australian 
sea lion Management Strategy, Australian Fisheries Management Authority 2015) was 125 (total 250, 
observed 249), and in time step 30 (2017-18) it was 118 (total 232, observed 232).   
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Figure 3.7. Seal Bay Australian sea lion base model with 4.8%/time-step bycatch mortality applied 
(3.2%/year) from 1.5-3 year and older cohorts, from 0 to 26 time-steps (to 2011-12), with no bycatch 
applied from time-steps 27 to 31 to simulate introduction of AFMA management measures in 2012 
(Australian Fisheries Management Authority 2015) (1000 simulations).   

 

Figure 3.8. Plot of Seal Bay Australian sea lion base model simulation in Figure 3.7, based 
on 1000 simulations showing the average female pup abundance (line), ±1 standard deviation 
(error bars) and the maximum and minimum simulation (dotted lines).   
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Time required to detect recovery 

To simulate the potential response to the removal of bycatch mortality following the 

introduction of management measures, harvests were maintained between time-steps 0-26 

(year range 1972.5 - 2011.5), and removed from time steps 27-31 (2013 – 2019) (Figures 3.7, 

3.8). Although the average response to removal of simulated bycatch suggests an immediate 

response in pup production in the following and subsequent breeding seasons, the range in 

individual simulations is large (Figure 3.7, 3.8). For example, with the no management 

scenario, female pup production in the final time-step (2019), ranged from 69 to 169 (90% CL 

range), while for the management intervention scenario it ranged from 86 to 207 (90% CL 

range, Figures 3.7, 3.8). Although this approach provides a means to simulate the recovery 

for ASL populations following the removal or reduction of bycatch, it does not provide a means 

to estimate the time required to detect recovery.  

PVA provided a more probabilistic approach to estimating the time taken to detect recovery. 

In these analyses, it was assumed that either a 5% or 10% increase from initial pup production 

could be detectable. The time-steps at which both the 80% and 95% cumulative probability 

distributions based on 1000 simulations exceeded the threshold 5% or 10% ‘recovery’ values 

were used as a proxy for the time it would take to detect a recovery. An example of the PVA 

output for these analyses for an individual scenario is presented in Figure 3.9. 

Figures 3.10 to 3.12 provide estimates of the time taken to detect recovery for large, medium-

sized and small colonies. The Seal Bay population was used an example of a large colony 

(Figure 3.10). Both the plots for time taken to detect a >5% or >10% recovery demonstrate 

the effect of intrinsic growth rate on recovery time detection. At low intrinsic growth rates and 

as growth rates approaches zero, the time to detect recovery increases markedly. Also, the 

time taken to detect a ≥5% recovery is less than that to detect a 10% recovery, for any intrinsic 

growth rate, and greater time is needed to attain a higher confidence that recovery has 

occurred (95% of simulations vs. 80% of simulations, Figure 3.10). For intrinsic growth rates 

of ≤1%/year, the time taken to detect a >5% and >10% increase in pup abundance was 6.0+ 

and 12.0+ years with 95% confidence, and 4.5+ and 6.0+ years, with 80% confidence, 

respectively (Figure 3.10). At higher intrinsic growth rates, the times to detect recovery were 

less.  

For medium-sized colonies producing around 50 pups (25 female pups) per breeding season, 

the time taken to detect a >5% and >10% increase in pup abundance (an increase in 1 or 2 

female pups, respectively), was 6.0+ and 7.5+ years with 95% confidence, and 3.0+ and 4.5+ 

years, with 80% confidence, respectively (Figure 3.11). For small colonies producing 20 (10 

female) pups per breeding season, the threshold of detection was increased to >10% and 
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>20% (an increase in 1 or 2 female pups, respectively). For intrinsic growth rates of ≤1%/year,

the time taken to detect a >10% and >20% increase in pup abundance was 6.0+ and 10.5+

years with 95% confidence, and 4.5+ and 2.4+ years with 80% confidence, respectively

(Figure 3.12). With higher intrinsic growth rates, the minimum time to detect a >10% recovery

with 95% confidence was 6 years (Figure 3.12)

Figure 3.9. Example of time to detect recovery simulation output, using the Australian sea lion Seal 
Bay base model, showing the median recovery time (vertical line), distribution of recovery times 
(histogram), and probability of increasing above the threshold value, and 95% confidence interval (solid 
curve with red lines).  
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Figure 3.10. Estimated time to detect a >5% (upper plot) and >10% (lower plot) increase in pup 
production at a large (Seal Bay) sized Australian sea lion colony, under different scenarios of median 
growth (0-5%/year). Curves are fitted to points where >80% (open squares) and 95% (closed circles) 
of simulations exceeded the recovery threshold (of 5 or 10% increase in pup abundance).   
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Figure 3.11. Estimated time to detect a >5% (upper plot) and >10% (lower plot) increase in pup 
abundance in a medium-sized (50 pup) Australian sea lion colony, under different scenarios of 
median growth (0-5%/year). Curves fitted to points where >80% (open circles) and 95% (closed 
circles) of simulations exceeded the recovery threshold (5 of 10% increase in pup abundance).   
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Figure 3.12. Estimated time to detect a >10% (upper plot) and >20% (lower plot) increase in pup 
abundance in a small (20 pup) Australian sea lion colony, under different scenarios of median growth 
(0-5%/year). Curves fitted to points where >80% (open circles) and 95% (closed circles) of simulations 
exceeded the recovery threshold (10 of 20% increase in pup abundance).    
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Can historic bycatch account for observed declines in ASL populations? 

To examine this question, PVA analyses were used to estimate the population growth rates 

that would result from different levels of bycatch mortality, under a range of intrinsic growth 

rate scenarios. This provided a means to estimate the level of bycatch mortality required to 

achieve a population decline (in the observed range), for any given intrinsic growth rate; and 

assess whether the level of bycatch mortality is consistent with that estimated to have occurred 

in the Gillnet, Hook and Trap Fishery, prior to the introduction of management measures 

(Goldsworthy et al. 2010).    

Population growth rate data available for 22 SA populations (Goldsworthy unpublished data) 

were used to create a box-whisker plot of the distribution of growth rate values. The inter-

quartile range (25 to 75 percentile) of population growth for SA ASL populations was estimated 

to range from -0.2 to -4.0%/year (see y-axis of the box and whisker plot, Figure 3.13). All of 

this decline range could be accounted for within the inter-quartile range of estimated female 

bycatch mortality (up to 5%/year), for intrinsic growth rates ranging between 0-4% per year 

(Figure 3.13). Furthermore, for those populations observed to be declining at the highest rates 

within the lowest 25 percentile (-4.0 to -9.9%/year), this analyses suggest declines up to 

~7.2%/year, could be accounted for by the estimated range of bycatch mortality (Figure 3.13). 

However, to achieve declines greater than 7.2%/year from bycatch alone, bycatch rates would 

need to exceed the estimated range (i.e. >8.5%/year, Figure 3.13). 

The analyses presented in Figure 3.13 provide an assessment of the circumstances under 

which bycatch could account for observed declines in ASL populations. Results suggest that 

most of the observed declines (e.g. between 0 and -7.2%), could be accounted for within the 

range of bycatch mortality estimated to have occurred in the GHAT fishery prior to the 

introduction of mitigation measures (Australian Fisheries Management Authority 2015, 

Goldsworthy et al. 2010), and within plausible intrinsic growth rate ranges (e.g. between 0 and 

4+%/year, Figure 3.13). However, declines greater than 7.2%/year, which were estimated for 

3 (14% of 22) sites, cannot be accounted for by the range of estimated ASL bycatch rates 

(Goldsworthy et al. 2010). This suggest that either declining population growth rates have 

been over-estimated, and/or that bycatch rates have been underestimated, and/or that other 

morality factors have contributed to population declines.   
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Figure 3.13. PVA outputs estimating the Australian sea lion population growth rates (y-axis) that would 
result from different levels of bycatch mortality (x-axis), under a range of different intrinsic growth rate 
scenarios (r = between 0 and 4 %/year). The range of bycatch mortality rates estimated to have 
occurred in the Gillnet, Hook and Trap (GHAT) fishery prior to the introduction of management 
measures is represented as an orange box and whisker plot (values derived from Table 7.16 in 
Goldsworthy et al. 2010). The range of observed Australian sea lion population growth rates in the area 
of the GHAT fishery (off South Australia) is represented by the blue box and whisker plot (Goldsworthy 
unpublished data). The blue and green shaded polygons represent the range of population declines 
that could be accounted for within the range of bycatch mortality (inter-quartile and upper quartile 
ranges, respectively), and within plausible intrinsic growth rate ranges.  
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3.4. Discussion 
Time to detect recovery analyses suggest that irrespective of colony size, at a modest 

recovery rate of ~1%/year, the minimum time to detect at least a 5% increase in pup 

abundance is 6 years. This time period is consistent with age of recruitment in ASL, where the 

majority of females have their first pup at age six, although many do not have their first pup 

until they are 7.5, 9 and 10.5 years old (Goldsworthy et al. 2019). Any delay in age at 

recruitment will affect the time to detect an increase in pup production. It is not known if age 

at recruitment varies among ASL breeding sites.  

The extent to which a 5% increase in pup abundance could be reliably detected across ASL 

breeding sites is unknown. Survey frequency is a key limitation, with Seal Bay being the only 

site where pup production is monitored in consecutive breeding seasons. For most other sites, 

the interval between surveys over the last decade has usually been at least three years, often 

longer. Where the trends in abundance are not able to be followed over consecutive  breeding 

seasons, it is not possible to determine with any confidence whether a small increase or 

decrease in pup abundance is part of the normal variation (e.g. reflecting good or bad years) 

or is part of a consistent trend over time. Generally, where data are patchy, such 

determinations can only speculated in retrospect. Furthermore, changes in estimated pup 

abundance between surveys for any given site will also be affected by survey timing, inter-

seasonal variability in pup production and mortality (as seen at Seal Bay, Goldsworthy et al. 

2019), and the precision of survey methods used.  

In context of the time it may take to detect a recovery in ASL populations following the 

introduction of bycatch mitigation measures introduced in the gillnet, hook and trap (GHAT) 

fishery (Australian Fisheries Management Authority 2015), age at recruitment for cohorts born 

following the introduction of management measures will be one of the main factors affecting 

time to detect recovery. Survey frequency, the precision of abundance estimates, seasonal 

and stochastic environmental factors that affect pup production and underlying intrinsic growth 

rates will also be important. Taking into account the analyses of this study and other uncertain 

factors, a 6-9 year period is likely to be the minimum period over which a recovery in pup 

abundance could be reliably be detected.   

This study provides clear evidence that historic bycatch in the gillnet fishery could explain 

observed declines in ASL populations off SA. Results suggest that observed declines up to 

~7%/year could be accounted for within the range of bycatch mortality estimated to have 

impacted individual ASL populations (Goldsworthy et al. 2010), and within plausible intrinsic 

growth rate ranges. However, decline rates greater 7%/year would require population bycatch 

rates beyond those estimated in the GHAT fishery prior to the introduction of management 
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measures (Goldsworthy et al. 2010). A number of factors could explain higher rates of decline 

in some populations: 1) over-estimation of population decline: it is possible that the declining 

population growth rates have been over-estimated for some sites where there have been a 

low number of surveys; 2) under-estimation of bycatch rates: bycatch rates estimated by 

Goldsworthy et al. (2010) were minimum estimates, as they were estimated from an observer 

program that could only observe bycaught sea lions that remained in the net until it was hauled 

to the surface. The level of cryptic mortality (sub-surface dropout rate) is unknown, but could 

be masking higher bycatch mortality rates; 3) other mortality factors: other unknown mortality 

factors could have significant cumulative impacts of population growth rates.  Each of these 

factors singularly or collectively could account for higher than expected declines for some 

populations.  
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4. SUITABILITY OF DRONE IMAGERY TO ESTIMATE THE BODY 
SIZE AND CONDITION IN AUSTRALIAN SEA LIONS  

 

J. Hodgson, S.D. Goldsworthy, D. Holman 

 

4.1. Introduction 
Wildlife are threatened by anthropogenic impacts. Human activities have changed the global 

climate and biodiversity at unprecedented rates (Steffen et al. 2006). Analyses of time-series 

species data indicate that the animal extinction rate in the last century is up to 100 times higher 

than the background rate (Ceballos et al. 2015), and possibly even higher (Pimm et al. 2014). 

Estimates indicate that a sixth mass extinction is already underway (Ceballos et al. 2017), 

reinforcing the need for intensified conservation efforts to reduce the rate of biodiversity loss.  

While measuring spatial and temporal change at the community level (e.g. species richness) 

is important, understanding the impact of threats at the population level is critical to mitigating 

extinctions. For example, detecting changes in abundance, and quantifying distribution and 

reproductive success over time are fundamental to effective conservation. However, 

estimating absolute values (e.g. absolute abundance) is often difficult and cost prohibitive 

where conservation funding is limited (Waldron et al. 2013). In many cases, relative 

measurements (e.g. an index of abundance) that are statistically robust and cost effective can 

be employed (e.g. Hopkins and Kennedy 2004). Such metrics provide the opportunity to detect 

spatial and temporal variations at the population scale, which can be used to better understand 

the mechanisms underlying change. In the case of population trajectories, understanding the 

underlying causes is important for informed conservation management (Keith et al. 2015, 

Krebs 1991).  

Body condition can be used to investigate drivers of population change. Although terminology 

and definitions vary, body condition indices (BCIs) have been used by ecologists as a 

surrogate for fitness or fitness-related traits (Stevenson and Woods 2006). Specifically, many 

BCIs seek to non-destructively estimate the nutritional state of an animal (i.e. relative fat 

reserve), based on the assumption that this is a likely indicator of factors such as past foraging 

success and ability to cope with environmental pressures, which may ultimately impact fitness 

(Jakob et al. 1996). Generally, BCIs use a measure of body mass standardised by a linear 

measure of body size to help differentiate individuals of the same length but different masses. 

Two main techniques for calculating a BCI are: a simple ‘ratio index’ (e.g. body mass divided 
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by length) or a ‘residual index’ (i.e. body mass regressed on body size after appropriate 

transformations) where the residual distances of individual points from the regression line 

serve as the estimators of condition (Jakob et al. 1996, Schulte-Hostedde et al. 2005). While 

some limitations of BCIs have been identified (Cox et al. 2015, Green 2001, Peig and Green 

2010, Wilder et al. 2016), when implemented appropriately they provide a useful metric for 

rapidly investigating the health of a population (e.g. Bradshaw et al. 2000). This may be 

especially valuable for monitoring indicator species (Hazen et al. 2019, Siddig et al. 2016), 

such as many marine mammals, as geographical variation in condition may reflect regional 

variation in the health of the ecosystems that support them (Zacharias and Roff 2001). 

Collecting morphometric data that underpin BCIs of marine mammals is challenging, as they 

are often highly mobile, have large ranges and spend limited or no time ashore. Sampling can 

also require complex, risky techniques (e.g. anaesthesia). For these reasons, time and 

cost-efficient data collection techniques that mitigate the risks of invasive sampling are 

desirable. 

Photogrammetry, the science of making measurements through the use of photographs 

(Baker 1960), has been used to estimate a variety of morphological measurements in 

mammals (Postma et al. 2015). Once calibrated, this technique can remove the need for 

animal handling, reduce disturbance and provide field efficiency, resulting in greater sample 

sizes. The technique has been used for marine vertebrates that can be observed at the 

surface, such as cetaceans (Cheney et al. 2018), and taxa that congregate on land to breed 

or rest, including pinnipeds (Sweeney et al. 2015). Techniques that provide scale to 

ground-acquired photographs, such as placing an object of known size near to the animal, 

have been used to estimate the size and mass of a variety of seal species (Bell et al. 1997, 

Haley et al. 1991, Ireland et al. 2006, McFadden et al. 2006). Scaling in single-photograph 

studies has also been achieved by measuring the distance between the sensor and the focal 

individual with a laser distance metre (Meise et al. 2014). Multiple ground-acquired 

photographs captured either synchronously (Steller sea lions (Eumetopias jubatus);Waite et 

al. 2007) or sequentially (southern elephant seals (Mirounga leonina); de Bruyn et al. 2009) 

have been used to create three-dimensional reconstructions of pinnipeds. These techniques 

have overcome some of the constraints of single-photograph approaches, which typically 

require specific animal postures and camera orientations.  

Recent advances in drone (also known as remotely piloted aircraft, RPA, and unoccupied 

aerial systems, UAS) technology have provided researchers with a powerful tool for robust, 

marine mammal photogrammetry. Compared to remote sensing instruments mounted to 

spacecraft and conventional aircraft, drones are well suited to collecting fine spatial resolution 

data needed for morphometric analyses (Johnston 2019). For example, single images have 
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been used to measure whales (Christiansen et al. 2019, Durban et al. 2015, Gray et al. 2019), 

provide estimates of the mother-calf energy transfer in southern right whales (Eubalaena 

australis; Christiansen et al. 2018), and predict the mass of adult female leopard seals 

(Hydrurga leptonyx; Krause et al. 2017). Allan et al. 2019 overcame the need for scaling by 

using mosaicked, geo-referenced imagery (i.e. an orthomosaic) to estimate the length and 

auxiliary girth of Australian fur seals (Arctocephalus pusillus doriferus). These recent studies 

demonstrate the tool’s diverse utility for ecological research applications beyond estimating 

pinniped presence and abundance (e.g. Adame et al. 2017, Hodgson et al. 2013, Johnston et 

al. 2017, Koski et al. 2009, McIntosh et al. 2018). However, as the accuracy of drone-derived 

photogrammetry has only been directly tested for one age-sex class of a single species of 

pinniped (Krause et al. 2017), the technique requires broader validation.  

We investigated the ability of using drone-acquired imagery and photogrammetry to quantify 

the morphology and condition of the Australian sea lion (ASL; Neophoca cinerea), which is 

classified as endangered by the International Union for the Conservation of Nature (IUCN; 

Goldsworthy 2015a). The species is endemic to Australia and breeds primarily on islands off 

the southern and south-western coasts (Gales et al. 1994, Shaughnessy et al. 2011). Sealing 

in the 18th and early 19th centuries by European colonists reduced distribution and population 

size to an unknown extent (Ling 1999). Although now protected, the cumulative impact of 

localised threats such as bycatch from demersal gillnet fisheries and pollution, as well as 

global-scale threats such as entanglement in marine debris and impacts related to 

climate-change, ASL in South Australia have declined by an estimated 78% over the past 

three generations (ca 38 years; Goldsworthy et al. 2015, Goldsworthy and Page 2007, 

Goldsworthy et al. 2010, Page et al. 2004). The species’ low abundance, rapid decline, 

genetically-fragmented range and complex life history (e.g. non-annual and temporally 

asynchronous breeding), mean enhanced understanding is needed to inform conservation 

and management measures. As drone-derived morphometric data can be collected 

non-invasively, a robust and scalable technique can provide time-critical quantification of 

animal size across subpopulations without subjecting animals to the considerable risks of 

anaesthesia traditionally required to collect measurements. If this study generates accurate 

morphometric data, the techniques outlined could be used to investigate spatial and temporal 

variations in body condition across the ASL range to better inform conservation and 

management. 

Using ASL individuals of known size and mass, we compared high resolution aerial 

photogrammetric and ground measurements to: 1) quantify the variability of 2-dimensional 

(2D) measurements in post-processed, drone-acquired imagery, 2) quantify biases in 

measurements of each technique, and 3) build and evaluate models to predict animal mass 
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using straight-line distances and area measured from orthomosaics, as well as the 

3-dimensional (3D) measurement of volume determined from digital elevation models (DEMs). 

Based on our findings, we contrast BCIs developed from each of the datasets (ground, 2D 

and 3D measurements) and discuss its utility for providing a relative index of body condition 

in otariid seals, as well as the applicability for this approach to provide accurate morphometric 

information for pinnipeds in general.  

4.2. Materials and methods 

2.1 Study site 

Fieldwork was completed over six days in April 2019 on the north coast of Olive Island, 

South Australia (32.72°S, 133.97°E) at the end of the ASL breeding season. Research was 

conducted in accordance with wildlife research (Department for Environment and Water: 

A2468-20) and animal ethics (The University of Adelaide and Primary Industries and 

Regions South Australia Animal Ethics Committees: S-2018-062 and 32-12 respectively) 

permits.  

2.2 Ground capture and measurement protocol 

We selected focal individuals that were on or near flat terrain and in a relaxed state. To 

minimise disturbance to surrounding animals, we targeted individuals that were isolated or in 

areas of low ASL density. Juveniles were captured using a custom hoop net. Adults were 

immobilised using Zoletil® (~1.3 mg/kg, range 0.8 to 1.6, Virbac, Sydney, Australia), 

administered intra-muscularly using remote syringe darts (1.5 ml capacity) fired from a dart 

gun (MK24c, Paxarms, Cheviot, New Zealand). Dosages were determined using a visual 

weight estimation of each individual prior to darting. Animals were maintained under gas 

anaesthesia during data collection using Isoflurane® (Veterinary Companies of Australia, 

Artarmon, Australia), administered via a purpose-built gas anaesthetic machine with a 

Cyprane Tec III vaporiser (Advanced Anaesthetic Specialists, Sydney, Australia). 

Various morphometric measurements were collected while the animal was anaesthetised 

(Table 4.1). The dorsal standard length (GSL; linear distance from nose tip to end of tail) was 

measured using a caliper (custom made using ‘T-track’ and Lexan scales; Incra, Dallas, USA), 

while a tape was used to measure the curvilinear distance between the same points (GCL). 

Width (GW1 – GW4) and girth (GG1 – GG4) were measured at 20% intervals along the GSL 

and also on the head at the base of the ears (GWE, GGE) using calipers (60 cm 

anthropometer; Cescorf, Porto Alegre, Brazil) and a tape measure respectively. Auxiliary girth 

(GAG) was also recorded. Mass (GMA) was measured using a 300 kg x 0.1 kg digital hanging 
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scale (WS603, Wedderburn, Australia). The majority of animals were weighed in a stretcher 

suspended from a pole held at shoulder height by two people. Large males were placed in a 

cargo net and lifted using a block and tackle system attached to a safety tripod (TM-9, Zero, 

Christchurch, New Zealand). To aid monitoring recovery, and to ensure animals were not 

recaptured, a temporary identification number was placed on the centre of the back using 

bleach or permanent marker. Tags were also placed on the trailing edge of both fore flippers. 

Finally, the animal was placed in the prone position and orientated toward the sun when 

possible, with fore flippers outstretched. Recovery was monitored from nearby. 

2.3 Drone flight protocol 

A quadcopter drone was used as a platform to collect high resolution, digital imagery (Inspire 

2, DJI, Shenzhen, China). Imagery was captured using an integrated, gimballed sensor 

(Zenmuse X7, DJI – sensor: CMOS (Super 35), sensor size: 23.5 x 15.7 mm) fitted with a 

standard range, prime lens (DL 50 mm F2.8 LS ASPH, DJI) angled at nadir. The aircraft, 

including remote controller with tablet (iPad Mini 2, Apple, California, USA) and hood, was 

prepared for flight prior to each animal capture, with calibration completed as necessary. 

Upon the completion of the ground protocol for each animal, the aircraft was launched away 

from the focal individual (> 75 m) at a site of the same elevation. After launching, the drone 

was manually piloted to 20 m above surface level and then positioned directly above the 

individual using the sensor’s live feed. A small number of photographs (jpeg and RAW format) 

were immediately captured at 20 m as a precaution in case the animal recovered before 

subsequent mapping missions were completed. An automated mission was then planned in 

situ using Ground Station Pro (GS Pro, DJI) to map the animal and its immediate surroundings 

by creating a region of interest (~ 15 m square) centred on the animal. Front and side overlap 

were set to 80% and 60% respectively, with photographs (jpeg format, 6016 x 4008 px) 

captured using the ‘hover and capture at point’ mode. Parameters, including survey height 

and overlap, were selected to optimise drone sampling. Upon mission completion, it was 

repeated at a perpendicular course angle. All missions were in accordance with local 

regulations and flown by the same licensed pilot. As ASL were recovering from anaesthesia 

during drone flights, behavioural response data were not collected (Hodgson and Koh 2016).  

Prior to each flight, custom calibration boards (n = 3-5) were positioned approximately 1-5 m 

from the animal. Boards were placed in level locations as close as possible to the elevation 

on which the animal was lying. Each board contained a unique pair of coded targets (diameter: 

22 cm) to provide scale references for image processing (Appendix 2).  
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2.4 Image processing and measurement protocol 

Digital photographs were grouped by animal. Each group was manually reviewed and 

unsatisfactory images (e.g. overexposed photographs) were removed. Data were then batch 

processed using a Python script in the photogrammetry pipeline software, Agisoft 

Metashape Professional (version 1.5.2, Agisoft LLC, St. Petersburg, Russia). In the initial 

processing, the coded targets on the calibration boards were automatically detected and 

scale bars were created using the known distance between target pairs (0.5515 m) before a 

variety of outputs were produced at medium-high quality (Appendix, Table A1). Adding scale 

bars enhanced the dimensional accuracy of the projects, ensuring later-collected 

measurements were absolute. To standardise the spatial extent of the outputs and minimise 

processing, a marker was manually placed on the spine of each animal at the GW3 position. 

A variation of the batch script was then executed which duplicated the initial processing (i.e. 

the ‘chunk’), resized the horizontal plane of the bounding box from encapsulating the entire 

project to a 7 m square centred on the manually inserted marker and subsequently 

completed all steps as per the initial script but at maximum quality (Appendix,Table A1). The 

mean ground sample distance (GSD or the distance between adjacent pixel centres on the 

ground) for the orthomosaics and DEMs was 1.6 ± 0.11 mm. 

Using the shape tool, the perimeter of each animal was manually delineated (mean vertices = 

99.1 ± 10.1) in the DEM. Shapes were reviewed in the corresponding model and orthomosaic, 

with individual vertices moved as necessary. The orthomosaics were then updated by 

assigning only the highest ranked photograph for each shape to ensure there was minimal 

photograph mosaicking of the animal. A batch script was used to export the final .tif 

orthomosaics including world files for georeferencing.  

To make 2D measurements of animals, the orthomosaics were imported into Autodesk 

AutoCAD 2019 (version P.46.0.0, Autodesk Inc, California, USA) and georeferenced using the 

LISP utility, GeoRefImg (Figure 4.1A). Independent observers (n = 10) then measured 

standard length (PSL) by drawing a straight line from the nose tip to the end of the tail. A 

subset of observers’ lengths (n = 3) were segmented into 5% intervals by automatically 

inserting nodes. In Ortho mode, observers then drew perpendicular width lines (PW01 – 

PW16) at each node excluding those positioned in line with the fore flippers (45, 50 and 55% 

increments). The endpoints of all lines were joined using a polyline; the polyline length 

provided a simplified perimeter (PSP), while the area within the polyline provided a 

standardised simplified area (PSA). All measurements were extracted via a Data Extraction 

Table. Three-dimensional measurements were extracted within Metashape by selecting the 

shape delineating the perimeter of each animal in the DEM (Figure 4.1B) and using the 
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‘measure shape’ tool. The planar perimeter (PPE) and area (PAR) as well as the total volume 

(PVO; using the ‘best fit plane’) were recorded. For simplicity, these three measurements were 

grouped as 3D as they were all extracted from an output containing 3D information. See Table 

4.11 for an overview of all measurements. 

To investigate the need to have known scale when sampling free-ranging animals, the 

processing steps were repeated without detecting the coded targets. The unscaled 

orthomosaics and DEMs were used to generate a second dataset (non-scaled dataset) of the 

key morphometric measurements (i.e. relative measurements of PSL, PSA and PVO).  

2.5 Statistical methods 

We were interested in the accuracy of the drone approach, so we postulated four key 

questions. The aim of the first two was to quantify (1) variability and (2) bias. We then 

developed and assessed models to (3) estimate mass and (4) quantify differences in BCI 

animal ranking using ground, 2D and 3D data, as well as the influence of using unscaled 

imagery.  

1) Photogrammetric variability: how similar are photogrammetric measurements made by 

independent, naïve observers? We compared the precision of our photogrammetric 

observers using measurements of PSL (n = 10 per animal) by fitting a linear 

mixed-effects model with Animal and Observer as random effects using lme4 (Bates et 

al. 2015). Given that the vast majority of the random variation in PSL was due to 

among-animal variability, in order to identify the relative magnitudes of the other random 

effect of interest (i.e. Observer), we fitted a second linear mixed-effects model which we 

conditioned on the sampled set of animals by fitting Animal as a fixed effect. Then we 

assessed observer bias by testing the level of repeatability (i.e. the intra-class correlation 

coefficient, ICC) of Observers to measure PSL (Nakagawa and Schielzeth 2010). We 

estimated confidence intervals (95%) and standard errors by completing parametric 

bootstrapping (n = 1000) using the rptR package (Stoffel et al. 2017).  

2) Bias between techniques: how similar were the 2D photogrammetric observations 

compared to the ground measurement? We used measures of standard length to test 

this as they were common to both techniques. Given the repeatability of individuals to 

measure PSL, we used the multi-observer mean PSL for each animal. However, as we 

only had one ground measurement, which is unlikely to be free of error, we did not 

assume it to be ‘true’ (Sokal 2012). Accordingly, we completed a standardised major axis 

estimation (SMA, or Model II regression) between mean PSL and GSL using the smatr 

package (Warton et al. 2012). This procedure was chosen as it did not assign 

dependence to a given variable and because we were interested in summarising the 
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relationship between the two variables rather than predicting Y from X (Sokal 2012, 

Warton et al. 2006). In this way, as is common in morphometric studies, we estimated 

the line best describing the bivariate scatter of the two variables. We evaluated the slope 

of the SMA against a null hypothesis of isometry (i.e. a slope of 1) by using a slope test 

(Warton et al. 2006). 

3) Mass estimation: how strong is the relationship between GMA and photogrammetric data 

derived from a) 2D and b) 3D measurements, such that a given candidate variable could 

be used as a proxy for (i.e. estimate) GMA? Given our interest in summarising the 

relationship between candidate photogrammetric variables and GMA, and that the same 

conditions applied in terms of measurement error and variable dependence, we again 

completed SMA estimation using the smatr package (Warton et al. 2012). GMA ranged 

229.5 kg across animals but less within age-sex classes, particularly within adult females 

(Table 4.2), so we fitted models for each class separately. Although slope tests found no 

difference between many of the age-sex classes, we consider the grouping to be 

necessary for interpreting results given the biological differences between the age-sex 

classes. The juvenile class included both sexes, while sub-adult males (n = 2) were 

pooled with adult males. Measurements were log-transformed as necessary. Models 

were evaluated based on the strength of the association (R2) between GMA and 

candidate variables.  

4) Body condition indices: to what extent are BCIs derived from 2D and 3D 

photogrammetric measurements comparable to indices calculated from ground-collected 

data? Our aim was not to make a direct assessment of the condition of the sampled 

animals nor were we seeking to validate a specific BCI (Hayes et al. 2001). Rather, we 

wanted to test the suitability of BCIs derived solely from photogrammetric measurements 

compared to those from ground measurements. Due to the small sample sizes of each 

cohort, we present the simplest BCI which is a ratio of sizes, namely mass divided by 

length (i.e. BCI = GMA/GSL). For photogrammetric BCIs, we used the best 2D and 3D 

proxies for GMA (i.e. PSA and PVO), divided by PSL. We assumed ranks of condition 

derived from ground data to be the best estimates of condition and so we compared 

these ranks with those derived from photogrammetric data using Spearman's rank 

correlation coefficient (rs). We used this non-parametric approach as each format’s BCI 

was on a different scale and we were interested in the ranking of animals in each cohort 

per format rather than the absolute BCI values. We used the same method to compare 

the 2D and 3D BCIs with those indices computed from the non-scaled dataset.  

All analyses were completed using data from animals with both ground and photogrammetric 

measurements, unless otherwise indicated. The level of significance used for all tests was 
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p < 0.05. Confidence intervals were set at 95%. All values are listed as mean ± standard 

deviation (s.d.) unless otherwise indicated. Analyses were carried out in R version 3.5.0 (R 

Core Team 2018).  

 

4.3. Results 
Twenty-one free-ranging animals were surveyed over six consecutive days. Weather 

conditions were consistent, with all flights conducted in low winds (< 10 knots) and 

partly-cloudy skies across a spectrum of light conditions. Ground morphometric 

measurements were recorded for all animals (n = 21; Table 4.2), while suitable drone-acquired 

imagery was collected for 20 animals (95.2%).  

3.1 Photogrammetric variability 

The mean range in animal PSL was very low (1.19 ± 0.67 cm), particularly given this 

translated to a mean variation of 7.4 pixels (based on the mean GSD). Due to the 

differences in animal length (range: GSL = 109.3-193.1 cm, PSL = 111.3-195.6 cm; Table 

4.2), animal identity accounted for 99.97% of the observed variation in PSL. After controlling 

for this effect, residual error accounted for the majority of variation in PSL (84.8%, SE = 

± 7.9%, CI = 66.9% - 97.6%) while observer had a negligible effect (15.2%, SE = ± 7.9%, 

CI = 2.4% - 33.1%).  

3.2 Bias between techniques 

There was a highly significant, positive, linear relationship between GSL and mean PSL 

(R2 = 0.99; p < 0.001; Figure 4.2). The estimated regression coefficient (1.02, CI = 0.98-

1.07) was not significantly different from 1, indicating that measures of length are isometric, 

which suggests that neither technique is biased.  

3.3 Mass estimation  

Of the 2D measurements, PSA was most correlated with GMA for each age-sex class 

(R2 = 0.77 – 0.99; Figure 4.3,Table 4.3). Within the 3D measurements, PVO was most 

correlated with GMA for each cohort (R2 = 0.83 – 0.99; Figure 4.3,Table 4.3). The strength of 

the correlation was highest in the juvenile cohort, followed by the adult male and then adult 

female age-sex classes for both 2D and 3D datasets (Figure 4.3, Table 4.3). 

3.4 Body condition indices 

Photogrammetric-derived BCI ranks of individuals for each age-sex class were comparable 

to BCI ranks derived from ground data (Table 4.4). The 3D-derived index ranks were more 

similar to ground-ranks than those from 2D data (Table 4.4). The juvenile cohort was ranked 
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in the same order irrespective of approach, however, the two adult cohorts varied in their 

correlation strength and significance across the approaches. Non-scaled BCI ranks were 

also comparable to those derived from scaled data for both 2D and 3D indices (Table 4.4).  

 

4.4. Discussion 
4.1 Photogrammetric variability and bias between techniques 

Drone-derived morphological measurements were precise and without bias. Independent 

measurements of PSL exhibited low variability and were highly repeatable, as demonstrated 

by the extremely small proportion of total error attributable to observer. Additionally, across 

all animals, there was no significant bias in either technique, however, larger deviations were 

observed among the adult males. These deviations may be explained by 1) the time of day 

when these animals were sampled, 2) the increased height of this age-sex class which 

produced longer shadows and reduced the probability of observers to identify the extremities 

of the animals, and 3) a potential allometric scaling effect whereby small differences in the 

position of larger animals between the two sampling events causes greater differences in 

length compared to smaller-sized animals. To minimise these differences, we suggest 

sampling when shadows are at their minimum (i.e. solar noon), sampling individuals who are 

orientated so that their shadow is adjacent to areas of the body least important for 

measuring (e.g. if measuring PSL is of primary interest, an animal whose sagittal plane is 

perpendicular to the direction of the sun would be optimum), using experienced observers, 

and/or adjusting the orthomosaic (e.g. altering contrast) to increase the likelihood of 

detecting edges of interest. In combination, the high precision and lack of bias in the 

technique demonstrates that the drone sampling and data processing procedures produced 

orthomoasics and DEMs that accurately represented the animals and associated 

environment.  

In general, photogrammetry reduces several sources of observer error. Unlike ground-based 

measurements, the location of drone-derived measurements can be more effectively 

standardised across animals. For example, width measurements can be automatically located 

at desired increments of PSL and made at exactly perpendicular to PSL (i.e. PW01:PW16). 

On the ground, the repeatability of making these measurements between semilandmarks 

(non-discrete anatomical loci; Zelditch et al. 2012) is lower. Also, in the case of repeat, 

independent measurements, observers are utilising identical data, free of animal movement 

and changes in environmental conditions. A related advantage is that drone-derived 

measurements can be error-checked – actual measurements can be reviewed to interrogate 
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the reason for statistical outliers. Although field restrictions prohibited multiple, independent 

ground measurements in this study, the high precision and high repeatability of our 

drone-derived morphometrics support the conceptual advantages of the technique that have 

been observed for other pinniped species (Krause et al. 2017). 

4.2 Mass estimation and condition indices 

Variation in the strength of the relationship between photogrammetric measurements (i.e. 

PSA and PVO) and GMA for age-sex classes could be attributed to several related factors. 

Firstly, there were considerable differences in the size variation among the age-sex classes, 

with a range of 174.1 kg in adult males compared to just 13.3 kg across adult females. While 

these differences were expected given the sexual dimorphism exhibited by ASL, they 

resulted in some data points being highly influential on model fits. Secondly, the relatively 

small sample sizes per age-sex class (n = 6 – 8) compounded the influence of particular 

individuals on the analyses. Despite these inherent constraints, the consistent relationship 

between the size measurements provides good evidence of a strong relationship, which 

would possibly strengthen with larger sample sizes.  

Given PSA and PVO correlated strongly with GMA, they were used as proxies for GMA to 

calculate separate ratio BCIs of ASL. Similar to the mass estimations, the small sample sizes 

and the spread of individuals within each age-sex class likely resulted in conservative BCI 

comparison estimates. For example, these factors meant some individuals of relatively similar 

size were ranked differently in each BCI, despite only minor differences in actual BCI scores. 

From a population monitoring perspective, subtle differences in BCI ranking are of minor 

interest relative to detecting significant spatiotemporal differences in body condition.  

The suitability of BCI monitoring has been debated in recent years. Using residuals from a 

regression of body mass on a linear measure of body size to calculate a BCI is a common 

method employed in vertebrate studies that has attracted some criticism. Green 2001 argued 

that mass/length residual indices have a suite of underlying statistical assumptions which are 

likely to be violated in some or all studies. However, proponents maintain, through analyses 

of small mammal data and simulations, that with appropriate caution, residual based indices 

are legitimate (Schulte-Hostedde et al. 2005). Another criticism has been that many traditional 

BCIs fail to account for the scaling relationship between different size measures (Kotiaho 

1999), although an alternate index has been shown to successfully overcome this issue (i.e. 

scaled mass index; Peig and Green 2009, 2010). More broadly, BCIs have been criticized for 

the lack of consensus in the definition of ‘condition’ and the best index (Wilder et al. 2016), the 

limited quantification of the relationship between observed ‘condition’ and fitness (Cox et al. 

2015) and their susceptibility to inter-observer bias (Krebs and Singleton 1993). However, 
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when implemented and documented appropriately, BCIs can yield useful data without the cost 

or invasive procedures associated with many alternative methods (Wilder et al. 2016). 

A benefit of BCIs is that they can be useful for rapid and non-invasive insight at the population 

level. For example, our workflow could be used to complete a non-destructive, preliminary 

assessment of the variation in condition across the ASL range. Given the marked variation in 

trends in abundance among ASL populations across their range (Goldsworthy et al. 2015), 

determining whether there is any geospatial correlation between population trends in 

abundance and BCIs could provide critical insights into how environmental variability is 

mediating anthropogenic impacts across the species range. Photogrammetric-only condition 

assessments could be completed at key representative colonies with known trends in 

abundance, and with consideration of ecological (e.g. colony size, foraging strategy and 

range), environmental (e.g. likelihood of impacts of threats) and sampling practicality factors. 

Any observed spatial variation in condition, calculated using the most appropriate index 

formula, could be investigated relative to the possible genotypic and environmental drivers 

(e.g. population sub-structure, prey availability, habitat suitability, proximity and risk to 

threatening processes) to inform future conservation and research efforts. Such an 

assessment benefits from its ability to target age-sex classes of interest (e.g. juveniles, who 

had the strongest associations and are not subject to possibly confounding variables of 

pregnancy and the marked breeding season related changes in mass composition present in 

adult males), and the capacity to add additional ground-measurements at any time to increase 

the robustness of mass estimation analyses. In turn, this presents the opportunity to rapidly 

acquire more frequent species level insights, and with considerably lower risk to animals and 

researchers, than by solely collecting on-ground measurements. The insights provided by 

such an assessment would be formative in determining the need and best approach for more 

detailed measures of animal body composition or fitness-related traits (Wilder et al. 2016). 

4.3 Considerations for future drone-derived pinniped morphometrics 

Despite 2D and 3D measurements having similar relationships to GMA for each age-sex 

class, consideration should be given to the relative benefits and limitations of each format. 

As expected, our 3D measurement of animal size (PVO) had the highest correlation with 

mass. This indicates that the drone sampling technique (i.e. the total number of images and 

their GSD, which result from the mission parameters, and the sensor and lens specifications 

and their sampling height, respectively) and image processing parameters yielded robust 3D 

models. The quality and resolution of the 3D information is evident from visual examination 

of animals of similar length but with variation in mass (Figure 4.4). However, generating 3D 

data requires subjects to remain stationary, which may not be a practical requirement for 

free-ranging animals. A solution to this issue would be to use a swarm of drones that 
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captures photographs simultaneously, thereby rendering animal movement inconsequential. 

On the other hand, while orthomosaic-derived, 2D measurements contain less dimensional 

information than 3D measurements of size, they provide several benefits over 

single-photograph approaches. Such approaches assume that images are sampled at nadir, 

even in windy conditions, and that images are free of distortion. While these assumption may 

be satisfied in some circumstances, the orthorectification process overcomes these strict 

requirements. Additionally, animal movement artefacts can be overcome by selecting just 

one photograph to be used in the orthomosaic for the entire area of the animal. In this way, 

the surrounding area (i.e. stationary surfaces) provides sufficient detail to generate an 

accurate point cloud which will be used to correct any distortions in the photograph selected 

to express the subject.  

In transitioning to exclusively capturing photogrammetric data of pinnipeds, there are a variety 

of relevant considerations and research opportunities for future studies: 

1. All data in this study were sampled from anaesthetised individuals at a similar time in 

their breeding cycle, with the assumption that an anaesthetised animal is analogous 

to a resting individual exhibiting the same posture. Imagery was sampled at a low 

height (20 m), resulting in a very high GSD. While lower resolution imagery may 

achieve comparable results (Krause et al. 2017), the sampling height could be 

increased while maintaining the GSD by utilising a larger sensor and/or a greater 

focal length. Flying at an increased height is desirable for free-ranging animals as a 

precaution to avoid disturbance, particularly for species where behavioural and 

physiological response data are lacking (Hodgson and Koh 2016). 

2. Although the prone position is a common posture in free-ranging ASL that are 

resting, care should be exercised in extrapolating the results to other postures. The 

PSA measurement process attempts to provide redundancy for posture variation, 

particularly fore flipper orientation, by being unconstrained by animal width in that 

region (i.e. width >40% and <60% of PSL). For concave postures, the technique 

could be modified so that PSL curved with the shape of the spine. In the 3D context, 

the very high correlation between PVO and GMA suggests that animal density is 

relatively constant, indicating that estimates may not be significantly influenced by 

small to moderate variations in body posture (e.g. prone position with fore flippers 

parallel and adjacent to the body rather than outstretched).  

3. Drone sampling was optimised by placing anaesthetised individuals on relatively 

level, rock planes, orientating them in the direction of the sun to minimise shadows 

and avoiding areas with nearby vertical interferences (e.g. another animal, protruding 

rocks). It is assumed that these practices reduced the likelihood of orthomosaic and 
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DEM artefacts, thereby increasing the accuracy of photogrammetric data derived 

from these sources. Individuals satisfying these criteria could be selected when 

sampling in free-ranging colonies.  

4. Our results suggest using non-scaled imagery is adequate for BCI monitoring, 

however, if absolute measurements are needed, the use of a scaling technique is 

recommended.  

5. When possible, we recommend collecting ground measurements for species-specific 

calibration. This is likely important for studies that need to summarise the relationship 

between mass and photogrammetric measurements.  

6. Morphometric data sampling can be completed concurrently with colony-level 

abundance monitoring of pinnipeds (McIntosh et al. 2018, Sorrell 2019), as well as 

accurate and precise estimates of other, co-located indicator species such as 

seabirds (Hodgson et al. 2016, Hodgson et al. 2018). Such broadened surveys will 

provide time and cost efficient data with the potential to provide multi-species 

ecosystem insights.  

4.4 Conclusion 

We have developed a non-invasive, practical technique to make accurate body 

measurements of an otariid seal species. Drone-derived measurements were highly 

repeatable and not dissimilar to traditional, ground-collected data. This means that 

morphometric data can be collected without the risks involved with anaesthetising and 

handling animals. It also presents considerable time and cost efficiencies when imagery can 

be processed easily and quickly. Importantly, both 2D and 3D measurements (PSA and 

PVO, respectively) were highly correlated with ASL mass, particularly for juveniles. We have 

shown these measurements can be used to develop condition indices comparable to those 

from ground-collected data. While these indices should be interpreted carefully, they could 

be used to make rapid, preliminary assessments of the spatial and temporal variation in the 

condition of this endangered, marine indicator species relative to environmental fluctuations. 

With species-specific calibration, we anticipate that our technique will be transferrable to 

other pinniped species. 
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Table 4.1. Abbreviations of the ground and photogrammetric measurements made for each individual. 
Ground measurements (abbreviations starting with a ‘G’) were made in the field, while photogrammetric 
measurements (abbreviations starting with a ‘P’) were derived from orthomosaics (2-dimensional; 2D) 
and digital elevation models (3-dimensional; 3D). The numbers in square parentheses indicate the 
number of independent measurements per animal. 

 

Measurement (scale) Ground Photogrammetric 

  2D 3D 

Mass (kg) GMA [1] - - 

Standard length (cm) GSL [1] PSL [10] - 

Curvilinear length (cm) GCL [1] - - 

Width at ears (cm) GWE [1] - - 

Girth at ears (cm) GGE [1] - - 

Width at 20% intervals (cm)a GW1 – GW4 [1] - - 

Girth at 20% intervals (cm) GG1 – GG4 [1] - - 

Auxiliary girth (cm) GAG [1] - - 

Width at 5% intervals, excluding 
45%, 50% and 55% (cm)a 

- PW01 – PW16 [3] - 

Simplified area (cm2) - PSA [3] - 

Simplified perimeter (cm) - PSP [3] - 

Perimeter (cm) - - PPE [1] 

Area (cm2) - - PAR [1] 

Volume (cm3) - - PVO [1] 
 

aGround width interval positions were calculated relative to ground standard length (GSL) and 
photogrammetric intervals were positioned automatically from photogrammetric standard 
length (PSL). Therefore, 20% interval measurements for each individual are not necessarily 
at identical locations (e.g. GW1 versus PW04).  
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Figure 4.1. An example of photogrammetric measurements of an adult female Australian sea lion. Two-dimensional measurements were made in geo-
referenced orthomosaics (A) and digital elevation models (DEMs; shown with ‘hillshading’ on) were used to calculate measurements such as volume (i.e. ‘PVO’; 
B). Open orange circles (A) depict 5% intervals of photogrammetric standard length (PSL). The colour gradient (B) represents height above mean sea level. 
See Table 4.1 for descriptions of abbreviated labelled measurements.   
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Table 4.2. Mean ground and photogrammetric measurements (± s.d.) for juvenile and adult Australian sea lions at Olive Island, South Australia. Measurement 
ranges (minimum – maximum) are displayed in square parentheses.     

 

Age-sex 
class 

Ground Photogrammetric 
n Mass 

(GMA; kg) 
Standard length 
(GSL; cm) 

Curvilinear 
length 
(GCL; cm) 

Auxiliary girth 
(GAG; cm) 

n Simplified area 
(PSA; cm2)a 

Volume (PVO; cm3) 

Juvenile 
(male and 
female) 

6 48.4 ± 13.3 
[32.3 – 66.3] 

124.1 ± 12.7 
[109.3 – 139.6] 

132.9 ± 12.8 
[118.2 – 149.8] 

87.2 ± 8.6  
[73.0 – 96.8] 

6 3,377.8 ± 635.5 
[2,596.7 – 4,279.7] 

51,040 ± 11,972 
[36,214 – 66,963] 

Adult 
female 

8 89.7 ± 4.8 
[84.9 – 98.2] 

158.1 ± 3.2 
[154.3 – 162.4] 

169.2 ± 3.8 
[163.3 – 173.8] 

106.0 ± 3.2 
[102.7 – 110.5] 

8 5,281.0 ± 226.8 
[4,975.3 – 5,621.3] 

95,341 ± 6,098 
[87,577 – 105,072] 

Adult male 7b 164.2 ± 55.4 
[87.7 – 261.8] 

179.1 ± 11.9 
[155.0 – 193.1] 

192.3 ± 13.4 
[165.8 – 207.8] 

128.4 ± 13.7 
[105.2 – 142.9] 

6b 7,036.3 ± 1,163.9 
[5,062.0 – 8,590.3] 

153,065 ± 34,397 
[93,311 – 195,102] 

aCalculated using the mean PSA (n = 3) of each individual.   
bTwo sub-adult males are included in this group.  
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Figure 4.2. Measurement technique bias. Standardised major axis estimation (SMA, or Model II 
regression) of mean photogrammetric standard length (PSL, n=10 measurements; 2-dimensional) to 
ground measured standard length (GSL, n=1 measurement)(R2 0.99 and P < 0.001). The estimated 
regression coefficient (1.02, CI = 0.98-1.07) indicated that measures of length are isometric. Australian 
sea lion age-sex classes are indicated by the colours of the data points (see legend).   
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Table 4.3. Standardised major axis estimation (SMA, or Model II regression) parameters and results for the models which best summarise the relationship 
between 2-dimensional (simplified area, PSA) and 3-dimensional (volume, PVO) photogrammetric measurements and mass (GMA). Models were fitted for each 
age-sex class.   

 

Equation Age-sex class n Slope (95% CI) Intercept (95% CI) R2 p 

log(GMA) ~ log(PSA) Juvenile 6 1.49 (1.32 – 1.68) -3.58 (-4.22 – -2.95) 0.992 <0.001 

 Adult female 8 1.23 (0.77 – 1.95) -2.61 (-4.82 – -0.41) 0.766 0.004 

 Adult male 6 1.99 (1.19 – 3.34) -5.48 (-9.60 – -1.37) 0.850 0.009 

log(GMA) ~ log(PVO) Juvenile 6 1.18 (1.13 – 1.23) -3.88 (-4.12 – -3.62) 0.999 <0.001 

 Adult female 8 0.83 (0.56 – 1.23) -2.17 (-3.85 – -0.49) 0.834 0.002 

 Adult male 6 1.38 (0.86 – 2.23) -4.99 (-8.52 – -1.46) 0.874 0.006 
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Figure 4.3. Mass estimation. Standardised major axis estimation (SMA, or Model II regression) for mean photogrammetric simplified area (PSA; A) and volume 
(PVO; B) by animal age-sex class. Parameter estimates and presented in Table 3. Axes are log transformed and displayed using true values. Australian sea 
lion age-sex classes are indicated by the colours of the data points (see legend).   
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Table 4.4. Comparisons of the ranking of individuals by body condition indices (BCI) calculated using ground and photogrammetric measurements. Ranks 
derived from ground-data were compared to 2-dimensional and 3-dimensional ranks using Spearman's rank correlation coefficient (rs). Within each 
photogrammetric type, scaled and non-scaled derived ranks were also compared.   

 

Age-sex class n Types of BCI data used in rank comparisona 

Ground to  
2D (scaled) 

Ground to  
3D (scaled) 

2D (scaled) to  
2D (non-scaled) 

3D (scaled) to  
3D (non-scaled) 

Juvenile (male 
and female) 

6 rs = 1,  
p = 0.003 

rs = 1,  
p = 0.003 

rs = 1, 
p = 0.003 

rs = 0.943, 
p = 0.017 

Adult female  8 rs = 0.86,  
p = 0.01 

rs = 0.88,  
p = 0.007 

rs = 0.90,  
p = 0.004 

rs = 0.905, 
p = 0.005 

Adult malea 6 rs = 0.77,  
p = 0.1 

rs = 0.94,  
p = 0.02 

rs = 0.829, 
p = 0.058 

rs = 0.943, 
p = 0.017 

aScaled = datasets with scale bars added during processing to give absolute measurements, non-scaled = datasets with no scale bars added 

during processing which resulted in measurements considered to be relative.  

bTwo sub-adult males are included in this class.   
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Figure 4.4. Polygonal meshes (models, in ‘solid’ view mode) of two adult male Australian sea lions constructed using Agisoft Metashape. The animals are of 
similar length (5.7 % difference; A = 193.1 cm, B = 182.4 cm) but vary in their mass (66.3 % difference; A = 261.8 kg, B = 131.4 kg). The difference in mass is 
visually noticeable, particularly in the neck, shoulder and pelvic regions. The larger individual has a higher body condition index score across all input 
measurement datasets (i.e. ground and photogrammetric). The white hashed lines represent the standard length extremities of the larger individual (A).   
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Appendix Table A1. Agisoft Metashape processing parameters. Chosen parameters and 

summary statistics for initial and final batch processing of imagery.  

Parameters Processing parameters 

Initial stage Final stage 

General   

  RMS 0.26 ± 0.07 0.37 ± 0.49 

  Mean coverage (m2) 441.65 ± 60.49 48.37 ± 10.96 

Point cloud – alignment   

   Accuracy Highest Highest 

   Generic preselection Yes Yes 

   Reference preselection No No 

   Key point limit 40,000 40,000 

   Tie point limit 4,000 4,000 

   Adaptive camera model fitting Yes Yes 

Dense point cloud   

   Mean points (x 1,000,000) 49.3 ± 8.6 20.5 ± 3.7 

   Depth map quality High Ultra high 

   Depth map filtering mode Mild Mild 

Model – reconstruction   

   Surface type Height field Height field 

   Source data Dense cloud Dense cloud 

   Interpolation Enabled Enabled 

   Strict volumetric masks No No 

Texturing   

   Blending mode Mosaic Mosaic 

   Enable hole filling Yes Yes 

   Enable ghosting filter Yes Yes 

DEM   

   Source data Dense cloud Dense cloud 

   Interpolation Enabled Enabled 

   Mean resolution (mm/pix) 3.23 ± 0.22 1.6 ± 0.11 
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Orthomosaic   

   Blending mode Mosaic Mosaic 

   Surface DEM DEM 

   Enable hole filling Yes Yes 

   Mean resolution (mm/pix) 1.62 ± 0.11 1.6 ± 0.11 
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Appendix 2. Digital file (.pdf) containing unique pairs of coded targets to provide scaling. 
Coded targets can be automatically detected during Agisoft Metashape processing. High 

resolution, vector file will be provide on publication, see sample below.  
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