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ABSTRACT 

As the ventral-tail fluke catalogues used to study humpback whales (Megaptera novaeangliae) increase in size, the time and cost involved with 
curation and manual photo-identification matching increases accordingly, and this is becoming a significant challenge for field researchers. In 
addition, misidentification errors in catalogue matching can seriously affect population dynamics parameter estimates and capture-mark recapture 
estimates of population size. In this study we used long-term photo-identification data, derived from an innovative matching system, which yielded 
a reconciled catalogue of 2,821 individual ventral-tail flukes and 578 resighting histories in Hervey Bay between 1992 and 2009. To investigate 
and examine the long-term stability and/or changes in natural marks on ventral-tail flukes, dorsal-fin shapes and lateral body marks, we used a sub-
sample of 79 individual humpback whales, resighted in 2 to 11 years over timespans ranging from 2 to 21 years. A binary logistic mixed effects 
model was applied to a pair-matched sample of changes of marks in the 79 individual whales. The model found no significant difference between 
the proportion of changes in primary and secondary ventral tail fluke marks and the proportion of changes in primary dorsal-fin shape characteristics 
plus secondary lateral body marks (F = 0.939, df = 1/156, p = 0.334). The results of this study substantiate the value and reliability of using ventral-
tail flukes together with dorsal-fin shapes and lateral body marks, as multiple complementary tags in the photo-identification process. The data 
were used to discuss minimisation and management of misidentification errors in the photo-identification matching process, and the use of multiple 
complementary tags in the development of automated algorithm matching technology for white-dominant Southern Hemisphere humpback whale 
ventral-tail flukes. 
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and the photo-identification matching process can also give 

rise to misidentification errors (Friday et al., 2000; Stevick 

et al., 2001). 

Capture-mark-recapture techniques, including the use of 

increasingly sophisticated modelling, are regularly used to 

estimate the size and population dynamics of humpback 

whale populations (Pollock, 1982; Kendall et al., 1995, 

1997; Kendall and Nichols, 1995; Schwarz and Stobo,  

1997; Kendall and Bjorkland, 2001; Franklin, 2014). In an 

early review of the use of capture-mark-recapture (CMR) 

techniques, Hammond (1986) suggested that the process of 

photo-identification with large numbers of photographs 

could be facilitated through the use of computers to digitise, 

store, categorise and catalogue individual whales by types 

of markings and by the utilisation of all available natural 

marks, for example ventral-tail flukes, dorsal-fin shapes and 

lateral body marks. Some statistical work has been done for 

other species to examine how multiple marks could be 

reconciled in a single CMR study (Madon et al., 2011; 

Bonner and Holmberg, 2013). 

Misidentification errors in capture-mark-recapture studies 

related to quality of photographs (non-evolving natural tags), 

and changes in natural marks (evolving natural tags), have 

been investigated and modelled (Yoshizaki, 2007). A 

simulation study, using a misidentification mechanism and 
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INTRODUCTION 

The use of photographs of natural markings on individual 

humpback whales (Megaptera novaeangliae [Borowski, 

1781]) is a well established technique to study the biology, 

behaviour and ecology of both individuals and populations 

of humpback whales (Schevill and Backus, 1960; Emmel, 

1976; Jurasz and Jurasz, 1979; Katona et al., 1979; Katona 

and Whitehead, 1981; Baker et al., 1986; 1992; Clapham and 

Mayo, 1990; Clapham, 1993, 2000; Whitehead, 1995; 2008; 

McGregor and Peake, 1998; Calambokidis et al., 2008; 

Burns, 2010; Kniest et al., 2010; Franklin et al., 2011; 2012; 

2018; Franklin, 2012; 2014; Burns et al., 2013; 2014).  

The proportion of individuals that can be identified from 

natural marks varies between different cetacean species 

(Shane and McSweeney, 1990). In the case of humpback 

whales, double-tagging experiments using both genetic and 

photo-identification data have shown that almost 100% of 

individual humpback whales can be identified using natural 

marks, provided sufficient high-quality photographs of the 

natural marks can be obtained (Katona et al., 1979; Stevick 

et al., 2001; Calambokidis et al., 2008; Garrigue et al., 2011). 

However, natural marks can change over time, especially in 

immature whales (Carlson et al., 1990; Blackmer et al., 
2000) leading to misidentification errors. Poorer quality 

photographs used in the process of individual identification 
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a framework for modelling the effect of misidentification, 

showed that conventional estimators could upwardly  

bias population size estimates when errors due to 

misidentification are ignored (Yoshizaki et al., 2009). 

Developments in recent decades related to digital 

photography and online data sharing have increased the 

availability of visual data and decreased its cost, allowing 

for the emergence of large, photo-based mark-recapture 

catalogues for multiple species (Burns, 2010; Holmberg  

et al., 2018; Marshall and Holmberg, 2018). With increasing 

catalogue size and the limited scalability of data curation 

efforts, misidentification error concerns are growing. 

Emerging algorithms, such as the SIFT-based HotSpotter 

(Crall et al., 2013) and the neural network-based CurvRank 

(Weideman, 2017), have been successfully tested to  

match humpback ventral-tail flukes using differing and 

complementary visual parameters (Flynn et al., 2017). If 

provided with an accurate and representative baseline, these 

automated techniques can help quantify inherent error in 

matching. However, no automated system has yet been 

developed to accommodate the information provided by 

multiple marks (e.g. ventral-tail flukes, dorsal-fins and lateral 

body marks). 

In this study we adopted an existing innovative, photo-

identification matching system (Franklin, 2012) to obtain 

long-term photo-identification data of humpback whales in 

Hervey Bay. The long-term stability and/or changes in 

natural marks on individual humpback whales, including 

ventral-tail flukes, dorsal-fin shapes and lateral body marks 

were investigated using a sub-sample of the data. We discuss 

the stability of all natural marks on humpback whales, their 

use in the minimisation and management of misidentification 

in the photo-identification process, and the implications  

for the development of automated algorithm matching 

technology for white-dominant Southern Hemisphere 

ventral-tail flukes. 

METHODS 

Photo-identification survey in Hervey Bay 

Hervey Bay, Queensland, Australia (25°S, 153°E) is neither 

a breeding ground nor feeding area but a stopover early in 

the southern migration for humpback whales after they leave 

the breeding and overwintering area north of Hervey Bay 

(Franklin et al., 2011). Mature females travelling and socially 

interacting with immature males and females use the Bay 

during August, while mothers-calf pods involved in maternal 

activities predominate during September and October. A 

female-biased sex ratio of 2.9:1 indicates that Hervey Bay  

is a preferential stopover for females (Franklin et al.,  

2018). We undertook vessel-based photo-identification of 

humpback whales in Hervey Bay during an annual ten-week 

period from 1992 to 2009. A summary of fieldwork effort, 

pods and whales observed is provided in Table 1. All pod 

and observation data were recorded daily in field notes and 

entered into a FileMaker Pro database each evening. 

Photo-identification procedure 

As well as high-resolution digital photography of ventral-tail 

flukes, systematic photography of dorsal-fin shapes and 

lateral body marks were also obtained for each of the 

individual humpback whales in each pod (Katona et al., 
1979; Katona and Whitehead, 1981; Hammond, 1986; 

Clapham and Mayo, 1990). To facilitate photographic 

analysis a marker-shot of Fraser Island was taken prior to 

commencement and after completion of photography on 

each pod. If sequential photographs of a dorsal-fin and lateral 

body were followed immediately by a ventral-tail fluke 

photograph of the same individual whale, a marker shot (of 

the ship’s railings) was taken to verify that the preceding 

series of photographs were of the same individual whale. 

This protocol enabled the matching of dorsal-fin shapes, 

lateral body marks and ventral-tail flukes of the same 

individual whale.  
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Between 1992 and 2002, 35mm colour film photographs 

were taken with a Canon camera using a 100–300mm lens 

and from 2003 to 2009 with a Canon EOS digital camera 

using a 100–300mm lens. The 35mm slide photography 

selected for use in analysis was scanned and digitised prior 

to analysis. All photography used in analysis was digitally 

archived as high-resolution JPEG files at a standard ratio  

of 1,536 pixels by 1,024 pixels at 300 dpi, to enable  

the consistent display on Apple computers for photo-

identification analysis and matching throughout the study. 

After the completion of a season’s fieldwork, field notes 

were imported into an integrated whale analysis FileMaker 

Pro database. All field photography was organised and 

archived by date, time and pod. The file name of each data 

image included frame number, pod identification, date and 

whether the image was of a ventral-tail fluke (USF), left or 

right-side lateral body (LSD, RSD) or gender information 

(GEN). Photography of each pod was reviewed in 

conjunction with field notes and archive numbers of 

photographs supporting identification of individual whales 

were recorded in the database. Ventral-tail fluke photographs 

were assessed for image quality (SPLASH; Calambokidis  

et al., 2008) prior to inclusion in each yearly catalogue. 

Databases and photography files used in the photo-

identification process are digitally stored, both on-site and 

off-site. 

Photo-identification matching system  

Annual ventral-tail fluke catalogues for the years 1992  

to 2009 were compiled and analysed for intra- and inter-

season resightings of individual humpback whales. To 

facilitate ventral-tail fluke matching we used a propriety 

photo-identification matching system based on discrete 

categorisation of ventral-tail flukes by applying an Array  

of Coded Discrete Characteristics (ACDC) to the file name 

of each image used in the photo-identification process 

(Franklin, 2012). 

The ACDC categories were based on individually unique 

and stable patterns of black and white pigmentation on the 

ventral-tail flukes, as well as on dorsal-fin shapes and lateral 

body marks. The ACDC characteristics selected for the 

system were derived from an empirical visual analysis of 

photographs of ventral-tail flukes, dorsal-fin shapes and 

lateral body marks of humpback whales taken in Hervey Bay 

during the early years of the study. The selected ACDC 

characteristics and their filename codes are described and 

summarised in Table 2. 

A consistent viewing protocol (see Table 3) was used to 

allocate ACDC codes to the filename of each ventral-tail 

fluke image. Dorsal-fin shape images and lateral body mark 

images were used as complementary tag information. A 

similar viewing protocol, from dorsal to ventral, was used to 

allocate ACDC codes to dorsal-fin shape and lateral body 

mark photographs.  

The ACDC system allowed each ventral-tail fluke to  

be allocated to contiguous stratified categories, using the 

ACDC codes in the image filename, for visual display and 

organisation. This facilitated and expedited photographic 

analyses and ventral-tail fluke matching (see ventral-tail 

fluke photograph examples in Supplementary Material  

Fig. 1). The use of ventral-tail fluke natural marks in 

conjunction with dorsal-fin shapes and lateral body natural 

marks provided valuable information for use in the photo-

identification analysis and matching process (see dorsal-fin, 

lateral body photograph examples in Supplementary 
Material Fig. 2). 

Photo-identification analysis 

When matching a ventral-tail fluke against a fluke catalogue 

it was pairwise matched with other photographs within its 

defined ACDC colour and pattern category and then if not 

matched within that category, it was then subsequently 

compared and pairwise matched to photographs in adjacent 

similar categories, until a clearly dissimilar category was 

reached. Photographs of available dorsal-fin shapes and 

lateral body marks were used to verify matches. As the 

majority of flukes were predominantly all white (87.6%, 

Table 4) the unique shape and colouration of the trailing edge 

and notch were very important characteristics in the 

matching process (Carlson et al., 1990; Mizroch et al.,  

1990; Blackmer et al., 2000; Friday et al., 2000). Because 

pigmentation patterns and marks of individual ventral-tail 

flukes may change over years (Carlson et al., 1990), using a 
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consistent viewing protocol (Table 3) in the assignment of 

ACDC characteristic codes minimised mismatch errors. If 

for example a resighting of a particular individual showed a 

change in marks, the ACDC filename reflects the change in 

that year. 

Photographic analysis outcomes together with original 

field data were incorporated into a single FileMaker Pro 

relational database. Yearly ventral-tail fluke catalogues and 

resighting histories were compiled from the analyses of intra- 

and inter-season resightings of individual humpback whales. 

To examine the stability and/or changes in natural marks 

on ventral-tail flukes as well as dorsal-fin shapes and lateral 

body marks, a sub-sample of 79 long-term resighting 

histories of individual humpback whales were selected, from 

the 1992 to 2009 resighting histories. The selection of 

individuals was primarily based on longevity of sightings 

over years, and that the samples be representative of the 

classes of whales using Hervey Bay (see Franklin et al., 
2018). The selected sample consisted of: 44 females (for 

method of sex identification see Franklin et al., 2018) 

resighted in 5 to 12 different years, with resightings spanning 

7 to 21 years; 20 males resighted in 4 to 10 different years, 

with resightings spanning 7 to 16 years; and 15 immature 

whales (3 females, 3 males and 9 of unknown gender) 

resighted in 2 to 4 different years, with resightings spanning 

2 to 9 years. The ‘immature’ whales were identified based 

on resightings occurring predominantly during August or in 

early September when the immature cohort is present in 

Hervey Bay (Franklin et al., 2018). The selected immature 

whales were first observed as either calves or yearlings.  

An experienced observer identified yearlings to be 

unambiguously small relative to adults, but too large to be 

calves of the year (Clapham et al., 1999; Craig et al., 2003). 

The resighting histories of some immature whales extended 

beyond their immature years. When available, some of the 

above resighting histories were extended with additional 

photography, obtained during the 2010, 2011 and 2012 

seasons (see Tables 6a, 6b, 7 and 8). 

The selected photographs of an individual whale’s ventral-

tail fluke, as well as left and/or right dorsal-fin shape and 

lateral body marks, for each sighting, from the first sighting 

to the last resighting, were placed in sequential order in 

Preview (an Apple Macintosh photo display program)  

(See Supplementary Material Fig.1). The ACDC filename 

for each sequential photograph was examined and any 

changes in the ACDC codes were noted and recorded. The 

photographs were then visually displayed in the program 

Preview in time-sequential order and systematically 

examined. Any observed changes in the ventral-tail fluke 

ACDC primary, secondary and tertiary characteristics were 

noted and recorded and any changes in the dorsal-fin shape 

and secondary and tertiary lateral body marks were also 

noted and recorded. 

Data and modelling 

The data on observed changes in the natural marks on 79 

individual whales were reported for both (a) the marks on 

ventral tail flukes and (b) in primary dorsal-fin shapes plus 

marks on the lateral body. A binary logistic mixed effects 

model was fitted to assess the relative rate of change over 

time in primary and secondary marks on the ventral-tail fluke 

and in primary dorsal-fin shapes plus secondary lateral body 

marks. The model was binary because it compared changed 

to not changed, and mixed effects because there were two 

random effects, one for the residual variance from the sample 

of whales and one for the residual variance from the paired 
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(a and b within whale) observed changes in natural marks of 

ventral tail flukes and dorsal-fin shape plus lateral body 

marks. Primary and secondary characteristics were combined 

to yield one measure of change (changed, not changed) in 

the natural marks in each of the ventral tail flukes and the 

dorsal-fin shape characteristics plus lateral body marks. 

RESULTS 

Long-term photo-identification 

A total of 6,248 pods involving 14,329 whales were observed 

and photographed in Hervey Bay between 1992 and 2009. 

Yearly ventral-tail fluke catalogues and resighting histories 

obtained from the photo-identification analyses of intra- and 

inter-season resightings of individual humpback whales from 

1992 to 2009 are summarised in Table 1. 

The fully reconciled Hervey Bay ventral-tail fluke 

catalogue, using the ACDC matching system described 

above, for the period 1992 to 2009 consisted of 2,821 

individual humpback whales. The number and percentage of 

ventral-tail flukes in each of the primary ACDC categories 

in the reconciled catalogue is reported in Table 4. 

After photo-identification matching within and between 

each yearly ACDC ventral-tail fluke catalogue, using the 

matching system described above, a total of 578 resighting 

histories of individual humpback whales were obtained and 

are summarised in Table 1. The resighting histories ranged 

from 2 to 21 years. From those resighting histories a sub-

sample of 79 long-term resighting histories of individual 

humpback whales were selected for the analysis of changes 

in natural marks. 

Natural marks: overall summary and modelling of 

changes 

The results of the analysis of natural marks of the 79 individual  

humpback whales are summarised in Table 5. The data for the  

analysis are summarised in Tables 6a and 6b (44 females), 

Table 7 (20 males) and Table 8 (15 immature whales). 

Changes in primary characteristics of the ventral-tail 

flukes were observed in six of the 79 (7.6%) individual 

whales (Tables 6a and 6b, 7 and 8). Changes in secondary 

characteristics of the ventral-tail flukes were observed in four 

of the 79 (5.1%) individual whales (Tables 6a and 6b, 7 and 

8). There were four of 79 (5.1%) cases where changes 

occurred to both the primary and secondary characteristics 

of the ventral-tail flukes of an individual whale (Table 5 

below, also see Tables 6a and 6b, 7 and 8). Changes were 

observed in the tertiary marks of the ventral-tail flukes on 26 

of 79 (32.9%) individual whales (Tables 6a and 6b, 7 and 8). 

Changes in the primary dorsal-fin shape and/or secondary 

lateral body marks were observed in only two of the 79 

(2.5%) individual whales (Table 5 below, also see Tables 6a 

and 6b, 7 and 8) while changes in the tertiary marks on the 

lateral body were observed in 36 of 79 (45.6%) individual 

humpback whales (Table 5 below, also see Tables 6a and 6b, 

7 and 8). Changes in the natural marks of the 79 individual 

whales are summarised in Table 5. 
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Differences between the proportions of natural marks of 

ventral tail flukes and dorsal-fin shape plus lateral body 

marks that displayed changes over time were analysed using 

a binary logistic mixed effects model. The model found no 

significant difference between the proportion of changes  

in primary and secondary ventral tail fluke marks and  

the proportion of changes in primary dorsal-fin shape 

characteristics plus secondary lateral body marks (F = 0.939, 

df = 1/156, p  = 0.334). 

DISCUSSION 

The results presented in this study from systematic long-term 

photo-identification of Southern Hemisphere humpback 

whales in Hervey Bay, using an innovative matching system, 

show how ventral-tail flukes, dorsal-fin shapes and lateral 

body marks can be used as ‘complementary’ tags in the 

photo-identification process. This outcome, and the matching 

system described, are designed to minimise the occurrence 

of misidentification errors in the photo-identification process 

and could be used to aid the development of automated 

algorithm matching technology for white-dominant Southern 

Hemisphere humpback whales. 

White-dominant Southern Hemisphere ventral-tail 

flukes  

Variation in white and black pigmentation on the ventral-tail 

fluke of humpback whales was reported during commercial 

whaling in the early 1900s (True, 1904; Lillie, 1915; 

Matthews, 1937; Omura, 1953). More recent studies have 

shown variation in pigmentations between humpback whale 

populations ranging from mostly black, predominantly in the 

Northern Hemisphere, to mostly white (Pike, 1953; Allen  

et al., 1994; Rosenbaum et al., 1995). Burns (2010) reported 

that both western and eastern Australian humpback whales 

showed the least amount of variation with over 80% of these 

whales being predominantly white, and suggested that 

categorisation into generic pattern types is more limited  

in its application for the Australian humpback whale 

populations. Furthermore, Burns (2010) argued that the use 

of a system that relies more on other characteristics, such as 

the shape of the ventral-tail fluke, the location of smaller 

marks and scars, and the shape of the notch would be more 

likely to increase efficiency in stratifying flukes for the 

Australian populations. The ACDC coding system presented 

in this study extensively utilises these ‘other characteristics’ 

to create an efficient and effective stratification and ventral-

tail fluke matching system. 

Data from this study demonstrate that 87% of the Hervey 

Bay ventral-tail flukes are predominantly white, suggesting 

that published match success rates for algorithms developed 

on data from mostly black-dominant, pigmented Northern 

Hemisphere ventral-tail flukes (e.g. 69% for HotSpotter, 

Flynn et al., 2017; Moskvyak et al., 2019) would be further 

suppressed. However, other algorithms use the trailing edge 

of the fluke (Jablons, 2016; Weideman et al., 2017) and 

present no bias toward pigmentation. 

The stratification of the Hervey Bay reconciled ventral-

tail fluke catalogue reported here (Table 4) also provides 

holders of Southern Hemisphere humpback whale catalogues 

a baseline to evaluate if there is over- or under-representation 

of particular categories of ventral-tail flukes in their dataset, 

particularly of distinct categories. 

Rake marks on ventral-tail flukes 

Attempted predation of humpback whales by killer whales 

(Orcinus orca) results in teeth marks or rake marks on either 

the ventral-tail fluke, dorsal-fin or lateral body areas, which 

provides evidence of attacks (Clapham, 2000). Rake marked 

individual humpback whales are observed worldwide with 

occurrence ranging up to 40% in some populations (Mehta et 
al., 2007). A recent study of the nature and scale of predatory 

interactions between killer whales and humpback whales off 

western Australia reported that the majority of kills were of 

calves (Pitman et al., 2015). This study found that 8.2% of 

ventral-tail flukes exhibit rake marks, which is much less than 

the 17% reported earlier for eastern Australian humpback 

whales (Naessig and Lanyon, 2004). The lower levels of rake 

marks evident in Hervey Bay may be related to the high rate 

of population increase and recovery of the eastern Australian 

humpback whales over the last 15 years (Harrison and 

Woinarski, 2018; Noad et al., 2016, 2019). 

Changes in natural marks of various classes of 

humpback whales 

Male humpback whales tend to have more marks than 

females on dorsal-fins and lateral bodies, most likely from 

intrasexual competition among males in competitive groups 

(Chu and Nieukirk, 1988). In Hervey Bay only 6.3% of pods 

are involved in competitive group behaviour (Franklin, 

2012), and there is a female-biased sex ratio of 2.9:1  

in Hervey Bay (Franklin et al., 2018). Consistent with Chu 

and Nieukirk (1988) this study found significant changes  

in lateral body tertiary marks of male humpback whales 

(Table 5) observed over timespans of 7 to 16 years (see 

Supplementary Material Figs 5, 6, 7, 8 and 9); whereas 

relatively few changes in lateral body tertiary marks were 

seen on female humpback whales (see Table 5 and 

Supplementary Material Figs 3 and 4).  

Acorn barnacles (Coronula diadema and Coronula 
reginae) can cause dots and ring marks on humpback whales 

(Felix et al., 2006), leaving black marks on white 

pigmentation and white marks on black pigmentation. Such 

dots and ring marks on ventral-tail flukes can seriously alter 

natural pigmentation patterns (e.g. see Supplementary 
Material Fig. 12 Whale UID 0665 [Moon E.T.] ventral-tail 

fluke patterns in 2001 and 2004). Cookie cutter sharks 

(Isistius spp.) (Wenzel and Lopez-Suarez, 2012; Best and 

Photopoulou, 2016) can cause holes and/or black dots in the 

ventral-tail flukes and crater marks on the lateral body (e.g. 

Supplementary Material Fig. 1 ACDC Category TEHL). 

Substantial change in the tertiary marks (scratches, dots  

and rings), have been reported to occur with immature 

humpback whales (Carlson et al., 1990; Blackmer et al., 
2000). Consistent with these reports, this study found 

substantial changes over time in the tertiary marks on 

ventral-tail flukes and lateral bodies of immature humpback 

whales (see Table 5).  

Blackmer (2000) suggested that photographs of dorsal-fin 

shapes and the caudal peduncle knobs ‘provide the most 

consistent way to re-identify humpback whales, particularly 

calves following weaning’. In this study, no changes were 
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observed in dorsal-fin shapes of the immature whales (see 

Table 5 and Table 8), over time-spans ranging from 2 to 6 

years. Three of the 79 humpback whales were observed from 

calf or yearling onwards – Whale UID 1116, [Hodda], Table 

6a; Whale UID 0161, [Floppy], Table 7 and Supplementary 
Material Fig. 9, and Whale UID 1046, [Ninety Nine], Table 

8 and Supplementary Material Fig. 11). The dorsal-fin 

shapes and secondary lateral body marks were crucial in re-

identifying these whales in conjunction with ventral-tail 

flukes. Carlson et al. (1990) reported that where changes in 

natural marks occurred in immature whales, such changes 

stabilised within the first five years. The results reported in 

this study are consistent with the conclusions from Carson 

et al. (1990) (e.g. see Whale UID 0665 [Moon E.T.]; Whale 

UID 1046 [‘Ninety-Nine’], Table 8 and Supplementary 
Material Figs 10 and 11; also see Whale UID 0161 

[‘Floppy’], Table 7 and Supplementary Material Fig. 9).  

Management and minimisation of misidentification 

Misidentification of individual whales in a humpback whale 

dataset can potentially arise from tag loss due to changes in 

natural marks (Carlson et al., 1990; Blackmer et al., 2000), 

evolving natural marks (Yoshizaki, 2007), or from the use of 

poor-quality photographs (Friday et al., 2000) and/or non-

evolving natural marks (Yoshizaki, 2007). 

Two primary sources of misidentification can occur during 

the visual matching process. Firstly, if two matching ventral-

tail fluke photographs are declared different individuals 

when in fact they are of the same individual, this creates a 

‘false negative’, as the effective match count will be reduced. 

Secondly, if two photographs of different individuals are 

declared to be of the same individual this creates a ‘false 

positive’ as the effective match count will be increased 

(Yoshizaki, 2007; Burns, 2010). If such misidentification 

errors cannot be identified and/or resolved, the capture 

history of an individual can be split into multiple histories 

leading to ‘ghost’ histories in tandem with the individual’s 

real history (Yoshizaki 2007; Yoshizaki et al., 2009). 

Moreover, failure to eliminate such misidentification errors 

can lead to serious errors in estimation of population size and 

biases in other parameters using conventional estimators 

(Yoshizaki et al., 2009; Link et al., 2010; Morrison et al., 
2011, Winship et al., 2012).  

A total of 63.5% of the ventral-tail flukes in the Hervey 

Bay catalogue are categorised as either TENT-1, TENT-2 or 

TENT-3 (TENT – Trailing Edge and Notch, see Table 2 and 

Supplementary Material Fig. 1). In a large ACDC category 

such as TENT, the use of dorsal-fin shape and lateral body 

marks provide valuable additional identification information 

to minimise and manage potential misidentification. 

Application of the strict ACDC viewing protocol for ventral-

tail flukes, dorsal-fin shapes and lateral body marks aids 

individual identification, while tertiary marks do not interfere 

with individual identification (Table 5). The results presented 

in this study show that use of ventral-tail flukes, dorsal-fins 

and lateral body marks as complementary ‘tags’ in the  

photo-identification process will significantly contribute to 

minimisation and management of misidentification errors. 

The SPLASH study of humpback whales in the North 

Pacific tested the incidence of missed matches using several 

approaches and found that just over 90% of matches were 

found by a single matcher with success rate being largely a 

function of photographic quality ranging from 82 to 96% 

depending on quality (Calambokidis et al., 2008). That study 

involved over 18,000 identification photographs representing 

just under 8,000 unique individuals so the current study with 

a more experienced single matcher and a smaller catalogue 

would be expected to have a higher success rate. 

Implications for development of algorithm matching 

technology for white-dominant flukes 

The importance and use of multiple marks as presented here 

and the successful application of multiple algorithms in 

tandem presented by Flynn et al. (2017) and now deployed 

in the Flukebook.org platform (Levenson, 2015) suggest an 

important new avenue forward for automated matching 

research: the employment of multiple algorithms for multiple 

marks and multiple types of marks (e.g. white-dominant 

versus black-dominant ventral tail flukes) and the use of 

ensembles of machine learning techniques (Zhou, 2012)  

to reconcile the application of multiple algorithms. 

Quantification of error of combined techniques will remain 

important, and exploration of independently quantified error 

for automated matching systems can also help the evaluation 

of CMR models with misidentifications error parameter 

estimates, either by reducing the number of parameters 

through specification of error values directly, or through 

comparison of estimated parameters against known system 

performance. Application of extant statistical tests for 

heterogeneity in capture probability and apparent survival 

(Choquet et al., 2009) can also help check for confounding 

bias in matching system performance. 

Importantly, if new, automated matching techniques are 

developed and trained using a trusted baseline of data from 

thorough and systematic manual matching efforts, such as 

that presented here, these advanced techniques could replace 

hundreds or thousands of hours of visual curation with just 

a few automated hours of computation (Flynn et al., 2017). 

This is especially true if the fully automated pipelines can 

avoid the need for any pre-processing of imagery (Parham 
et al., 2018) before ensembled matching techniques use all 

available data to accurately match individual humpback 

whales across multiple, collaborating research sites along 

their range. Our work here can not only provide the high 

quality data and justification needed to train the next 

generation of multi-mark, automated matching systems (e.g. 

using deep learning) for humpback whales, but it also 

provides a template for other species monitoring efforts to 

systematically move from fully manual ‘by eye’ curation of 

photos for population monitoring and to prepare for a new 

generation of machine algorithms that can quickly and with 

high accuracy answer the question ‘Which individual animal 

is this?’ 
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