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Abstract

Monitoring large elasmobranchs can employ standardized photo-identification protocols
to manage diverse and progressively expanding photographic datasets. This study exam-
ines the interpretation of performance metrics generated by a dorsal fin-based photo-
identification protocol implemented using the semi-automated IDENTIFIN software. The
protocol was applied to dorsal fin photographs of bronze whaler shark collected along the
South African coast between 2024 and 2025, facilitating the creation of a structured, indi-
vidual-specific database. Archival photographic data of white shark (2012-2019) served
as a methodological reference, providing context for software outputs under different da-
taset conditions. Analyses focused on the behavior of similarity scores associated with
validated matches and on their relationship with image ranking position, a common met-
ric for assessing software performance. Results indicate that similarity scores exhibit com-
parable distributions across species-specific datasets, supporting their potential use as an
operationally complementary metric for interpreting IDENTIFIN outputs. While opera-
tor-based visual validation remains essential, this study provides preliminary methodo-
logical insights into the interpretation of similarity scores as supportive information
within the individual identification process.

Keywords: photo-identification; IDENTIFIN; performance metrics; similarity scores;
Carcharhinus brachyurus; Carcharodon carcharias; dorsal fin

1. Introduction

The need for reliable individual-level ecological data to improve elasmobranch con-
servation requires the development and standardization of non-invasive and accessible
methodologies. Among these, photo-identification has emerged as a valuable tool for sup-
porting effective management and conservation strategies applicable over the long term
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[1-3]. In recent years, the use of photographic data has expanded considerably as a
method for studying marine population dynamics, facilitating data collection in challeng-
ing environments and providing key information for the management and conservation
of wild species [4-10].

In this context, photo-identification (Photo-ID) has emerged as an effective approach
[2,10-15], thanks to its non-invasive nature, low costs, and capacity to generate long-term
datasets [7,16,17], while also reducing the methodological, logistical, and ethical issues as-
sociated with traditional tagging techniques [18,19]. Nonetheless, the growing complexity
of Photo-ID protocols and associated software has initially resulted in highly species-spe-
cific development, focused on analyzing distinctive morphological features for each species
[10,13-15], and therefore not generalizable to other taxa. For elasmobranchs, and sharks in
particular, obtaining individual-specific data remains a considerable challenge [20], despite
the crucial role of these apex predators in maintaining the structure and stability of marine
ecosystems [21]. Predator—prey interactions exerted by sharks contribute to mitigating
trophic cascades and enhance the resilience of marine ecosystems [21-24], underscoring the
importance of reliable data for their effective management and conservation.

Applying Photo-ID to large epipelagic fishes entails specific operational and meth-
odological challenges. These are related both to high interspecific diversity and to the
presence of variable body patterns, which in some cases are less evident than in other taxa
[25-28]. These challenges are further amplified by the considerable workload associated
with the manual processing of large photographic archives, a task that becomes increas-
ingly time-consuming and error-prone as databases grow [8,11,29]. In this context, IDEN-
TIFIN has been developed as a semi-automated comparison system for the white shark
(Carcharodon carcharias; Linnaeus 1758), based on the analysis of the posterior profile of the
dorsal fin [25,26,30]. The selection of the dorsal fin as a discriminating feature is supported
by evidence of its long-term morphological stability [16,27]. Based on the effectiveness
observed for the white shark [25,26], we hypothesize that the IDENTIFIN-based photo-
identification protocol can be successfully applied to the bronze whaler shark (Carcharhi-
nus brachyurus; Guinther 1870), producing comparable methodological performance de-
spite interspecific differences in dorsal fin morphology. In this context, the white shark is
used exclusively as a methodological reference. This hypothesis is explored by evaluating
the behavior of internal performance metrics generated by the software, rather than by
direct biological or demographic comparisons. The introduction of semi-automated com-
parison systems has represented a significant methodological advancement for monitor-
ing elasmobranchs, enabling a reduction in the time required to process photographic data
and facilitating individual recognition in increasingly large databases [25,26,31-34]. Re-
cent studies have thoroughly evaluated the performance of the IDENTIFIN software
through comparisons with other dorsal fin-based photo-identification protocols [25].

In particular, Maroen et al. [25] demonstrated that the semi-automated system signifi-
cantly reduces identification time while maintaining high matching accuracy. In that study,
the software performance was primarily assessed using the ranking position metric, defined
as the position of the correct match within the list of images ordered by similarity, and here
interpreted as an indicator of the manual inspection effort required by the operator [25].
Despite these findings, the interpretation of the metrics generated by the software remains
only partially explored, particularly with respect to the behavior of similarity scores associ-
ated with validated matches. These values represent the internal metric used to rank the
images analyzed by the algorithm, but they have not yet been explicitly examined as an
informative variable in evaluating the performance of the protocol independently from their
effect on the ranking position of candidate matches. We therefore hypothesize that analyz-
ing similarity scores can provide operationally complementary and non-overlapping in-
sights compared to ranking-based metrics, thereby contributing to a more comprehensive
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understanding of the comparison system, particularly in relation to varying dorsal fin mor-
phologies and datasets collected under different operational conditions. Accordingly, we
further propose that the joint interpretation of similarity scores and ranking position may
increase operator confidence during match validation and potentially reduce manual in-
spection effort; however, this operational implication is not directly quantified in the present
study and is discussed as a prospect for future investigation.

Finally, we hypothesize that similarity score distributions associated with validated
matches do not differ significantly between the bronze whaler shark and the white shark
datasets, supporting the use of this metric as a methodological performance indicator
across species, without implying biological equivalence or interspecific comparability.

Both epipelagic sharks exhibit large and well-defined dorsal fins, characterized by
distinctive morphological features (notches) that are informative for individual identifi-
cation [16,28]. The bronze whaler shark was selected due to its large body size, conserva-
tion relevance, and ecological role, which is comparable to that of the white shark as an
apex predator in marine trophic webs. Additionally, both species are currently classified
as Vulnerable (VU) according to IUCN criteria [35-39]. In particular, the analysis focused
on the behavior of similarity scores associated with validated matches, with the aim of
assessing the informational value of this metric as functionally distinct from ranking po-
sition, which reflects the position of matches within the candidate list. The study adopts a
strictly methodological framework and is not intended to address biological or demo-
graphic comparisons between species, but rather to evaluate the reliability of the protocol
and its internal similarity metric in real-world application contexts.

2. Materials and Methods
2.1. Sampling Area

Observations and photographic data collection of the posterior profile of the dorsal
fin were conducted by the Centro Studi Squali (CSS) (Sharks Studies Centre —Scientific
Institute of Massa Marittima, GR, Italy) with operational support from Marine Dynamics
(Gansbaai, South Africa). Marine Dynamics is one of eight cage diving operators licensed
to carry out this activity, which also includes chumming to observe sharks up close. Image
acquisition for the Photo-ID protocol was specifically performed in the vicinity of
Gansbaai (34°41'S; 19°24' E), approximately 175 km southeast of Cape Town, at the coastal
sites of Joubertsdam and Dyer Island (Figure 1).
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Figure 1. Maps of sampling sites along the southern coast of South Africa (Joubertsdam and Dyer Island).
Arrows indicate the sequence of progressive zooming from the national scale (South Africa) to the study

area.
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The selection of this study area was based on the availability of multi-year, standard-
ized photographic series. This region is characterized by distinctive oceanographic features
that sustain large marine vertebrates [40] and represents an area of high ecological rele-
vance, as well as a key transit hotspot for the target species along the South African coastline
[41]. These conditions are driven by the convergence of water masses originating from the
Atlantic Ocean (west coast) and the Indian Ocean (east coast). The system is further influ-
enced by upwelling processes associated with the Benguela Current, a cold, nutrient-rich
water mass flowing northward along the western coast of southern Africa [42—44].

2.2. Photo Collection

The data collection campaign was conducted directly by the CSS in September 2024
and September 2025 and was further supplemented with photographic material provided
by Marine Dynamics in August and September 2025. During each survey, individual-spe-
cific data sheets were compiled for every observed individual shark. In addition to the
dorsal fin profile, secondary morphological features were recorded when present, such as
pigmentation, scars, wounds, and deformities. The estimated total length (TL) was rec-
orded using the shark-diving cage (length 4.5 m) as a reference, and sex was assessed
during cage-diving sessions, even though sometimes this was not possible due to the poor
visibility of the water [41,45], thereby improving the precision of individual identification.
Sharks were attracted to the vessel using chumming and baiting techniques in strict ac-
cordance with ethical guidelines for elasmobranch research, ensuring minimal risk of be-
havioral conditioning. For these reasons, baits consisted specifically of salmon, a species
that does not typically form part of the natural diet of these predators [46—48].

Images of the dorsal fin of the bronze whaler shark were captured when individuals
approached the surface, under conditions that ensured clear visibility of the posterior fin
profile. Photographs were archived in JPG format using three digital cameras: Panasonic
Lumix FZ1000 (Panasonic Corporation, Osaka, Japan), equipped with a 25-400 mm zoom
lens, and Canon 2000D (Canon Inc., Tokyo, Japan) and Canon 800D (Canon Inc., Tokyo,
Japan), offering comparable technical specifications. Efforts were made to photograph the
trailing edge of the dorsal fin oriented perpendicular to the waterline, a configuration rec-
ommended in previous studies [11,16]. This approach enabled initial standardization of
the images and facilitated subsequent image processing using software, reducing the risk
of errors due to perspective distortion. The historical reference dataset of white shark in-
cluded sightings from 2012 to 2019, derived from archival identification sheets maintained
by the CSS, as no individuals were sighted during the 2025 sampling—likely associated
with the documented presence of orcas (Orcinus orca; Linnaeus, 1758) in the area [49]. All
images were subsequently subjected to a preliminary selection and processing phase, de-
tailed in Section 2.3, to ensure their comparability and suitability for Photo-ID analysis.

2.3. Image Processing and Photo-ID Protocol (IDENTIFIN)

To ensure image comparability and the reliability of the Photo-ID process, all col-
lected photographs were subjected to a standardized workflow (selection, processing, and
analysis) organized into three main phases: (i) qualitative assessment and selection of suit-
able images, (ii) standardization and pre-processing using image editing software, and
(iii) extraction of the posterior dorsal fin profile and semi-automatic matching using the
IDENTIFIN software. The initial qualitative screening (eye-based screening) was con-
ducted to identify images suitable for Photo-ID analysis.

Photographs were taken with 20 Megapixels or more cameras and were considered suit-
able when they exhibited high resolution of the dorsal fin, were acquired at close range, and
captured the subject with an orientation approximately perpendicular to the sagittal plane.
Images were excluded if the dorsal fin appeared bent or distorted due to animal movement,
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or if the viewing angle compromised accurate interpretation of the morphological features of
interest. Similarly, photographs in which the lower portion of the fin was partially submerged,
preventing clear visualization of the notches, were also excluded (Figure 2).

Figure 2. Examples of dorsal fin photographs used for Photo-ID of bronze whaler shark (Carcharhi-
nus brachyurus): (A,B) images meeting the quality criteria, (C) image with partially submerged dor-

sal fin, (D) image with reduced fin visibility due to movement.

Photographs of dorsal fins that did not meet these criteria were not included in the
reference database.

Adobe Photoshop (version 27.0.0) was used exclusively as a support tool in the
Photo-ID process, with the aim of standardizing image format and enhancing visual clar-
ity, without altering the informational content. The selected images of bronze whaler
shark were cropped to isolate the dorsal fin and resized to a square format (8.0 cm x 8.0
cm) with resolution increased to 300 DPL Basic image adjustment functions were applied
to enhance subject contrast and reduce background prominence, thereby improving the
visibility of fin notches, which are typically less pronounced in this species (Figure 3).

For each image of the bronze whaler shark, a standardized processing pipeline was
applied, including cropping to a 1:1 aspect ratio, setting the resolution to 300 DPI, opti-
mizing contrast using the Camera Raw tool, and saving at the highest available quality.

Figure 3. Example of dorsal fin image processing workflow for Photo-ID of bronze whaler shark
(Carcharhinus brachyurus): (A) original photograph, (B) cropped image, (C) processed image.

https://doi.org/10.3390/conservation6030077



Conservation 2026, 6, 77

6 of 19

For the white shark, dorsal fin images were extracted from previously processed ar-
chival identification sheets. The identification sheets include a photograph of the fin of the
sharks sighted, indicating whether it is the right or left side of the fin; in a few cases, both
sides of the fin were present. They also include the date of the sighting, the sighting loca-
tion, the sex (if observed), and an estimate of the shark’s TL. All the identification sheets
used pertain to white sharks sighted in the study area. A conservative selection criterion
was adopted, retaining sheets with non-blurred images and clearly identifiable notches,
thereby maximizing the preservation of informative features. The standardization process
followed a procedure similar to that applied to the bronze whaler shark, including crop-
ping to a 1:1 ratio (8.0 cm x 8.0 cm), setting resolution to 300 DPI, automatic contrast en-
hancement, and saving at the highest available quality. These operations were carried out
to align our study with the standardization already used in previous studies for the white
shark’s fin and the use of IDENTIFIN software [16,25,26,50].

The standardized images were imported into the semi-automatic software IDENTI-
FIN, which facilitates the extraction of the posterior dorsal fin profile and comparison be-
tween individuals. After importing the apex and base points of the fin, the software auto-
matically traces the profile using a vector line and saves the extracted information in the
JSON file format associated with each image. When automatic extraction was believed to
be inaccurate, manual corrections were applied via the Paint exclusion mask function,
which allows irrelevant portions of the fin edge to be excluded, thereby improving align-
ment between the traced profile and the actual fin edge. IDENTIFIN independently as-
signs each individual a numerical code based on the date of first sighting, derived from
the photograph’s metadata (format YYYYMMDD), with a progressive suffix to distin-
guish multiple individuals observed on the same day. For resightings, the software indi-
cates the event with the suffix “RS” positioned between the two relevant dates. To enhance
traceability and enable cross-validation, a parallel database in Excel format was main-
tained, where each individual was assigned a unique identifier independent of the soft-
ware’s internal coding system (C_braXXX for the bronze whaler shark and C_carXXX for
the white shark). In cases where comparisons were ambiguous, the sighting was conser-
vatively classified as a new individual pending additional photographic data.

2.4. Exploratory Analyses

Given the exploratory nature of the study, the heterogeneity of sampling effort be-
tween years and between species —2024 and 2025 for the bronze whaler shark and a longer
period for the white shark (2012-2019) —and the limited size of the available datasets, all
analyses were conducted only for descriptive purposes. The comparative analysis is
strictly methodological without ecological or biological assessment. All exploratory anal-
yses in this study were conducted using the validated match as the analytical unit. A val-
idated match is defined as a confirmed correspondence between two images of the same
individual. Such matches may result from temporal matches or, in the case of the white
shark dataset, also from within-event bilateral (right-left fin sides) comparisons.

Similarity scores should be interpreted as relative indicators of morphological simi-
larity and not as probabilistic measures of identification confidence. Accordingly, analyses
in this study were restricted to visually validated correct matches, since IDENTIFIN does
not offer an objective framework for identifying or classifying false-positive matches. This
metric can range from 0 to 1, where 1 represents the maximum possible similarity. For
each species, descriptive statistics such as the mean and median of similarity scores asso-
ciated with validated matches were calculated; the median was preferred as a summary
measure due to its reduced sensitivity to outliers. The position of the correct match within
the software’s list of proposals (ranking position) was evaluated as an indicator of the
manual workload required by the operator [25]. Similarity scores and ranking positions
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were therefore analyzed jointly to explore their roles in the interpretation of IDENTIFIN
outputs. The normality of similarity score validated matches distributions for each species
was assessed using the Shapiro-Wilk test, which is well suited for small sample sizes and
has high sensitivity in detecting departures from normality [51]. Confidence intervals (CI)
for mean and median similarity scores were estimated using a non-parametric bootstrap
approach (10,000 resamples).

Considering the deviation from normality and the small, unbalanced sample sizes, a
non-parametric statistical approach was adopted because these tests are robust to small
and unequal sample sizes, which characterize real-world Photo-ID datasets. Exploratory
comparisons of the similarity score distributions between the two species were performed
using the Mann-Whitney U test. This test was selected to evaluate the behavior of two
independent groups of observations, in this case, the two species under examination,
when the dependent variable is not normally distributed and without relying on distribu-
tional assumptions, making it suitable for exploratory methodological comparisons [52].
To facilitate interpretation, the effect size (r) r = (|Z]) /VN was also calculated to quantify
the magnitude of the observed difference independently of sample size [53]. In addition
to the non-parametric analysis, a permutation test based on the difference between the
medians of the similarity scores for the two species was conducted. The permutation test,
performed using 10,000 random permutations, was included as a complementary distri-
bution-free approach to assess the robustness of the observed differences, and as it is less
sensitive to outliers and non-normal data distributions, making it advantageous when an-
alyzing data derived from operational field conditions. These analyses were carried out
using R software, version 4.5.2.

Bivariate distributions of similarity scores and ranking positions were analyzed us-
ing R Studio (version 2026.01.0). To visualize data density and mitigate point overplotting
at discrete ranks, a jittering technique (width = 0.12) was applied. Performance core areas
for each species were identified by calculating 80% confidence ellipses based on the co-
variance of the score and rank variables, the 80% confidence level was intentionally se-
lected to emphasize the central tendencies of score-rank combinations of validated
matches while limiting the influence of outliers. This choice reflects the exploratory objec-
tive of the analysis, which aims to visualize performance patterns rather than establish
decision thresholds or infer population-level parameters. This choice was not intended to
define a statistical confidence interval, but rather to facilitate visual comparison of core
performance patterns between species.

3. Results
3.1. IDENTIFIN Performance on the Bronze Whaler Shark

The image selection and pre-processing workflow for the bronze whaler shark pro-
cessed 1528 photographs collected in 2024 and 498 in 2025. Following qualitative screen-
ing based on image resolution, shooting angle, and visibility of the notches, only 54 im-
ages from 2024 and 27 from 2025 were selected for analysis. In cases where multiple valid
photographs of the same individual were available from a single observation event, only
the highest quality images were taken. Excluded images primarily exhibited poor sharp-
ness, fin distortion, or partial submersion in water, as illustrated in Figure 2.

The analysis of the bronze whaler shark images using IDENTIFIN enabled each iden-
tified individual to be assigned to a dedicated folder within the software, resulting in the
registration of 34 unique specimens. Eight temporal matches of events were documented,
with some of these separated by approximately one year (e.g., C_bra007 and C_bra009),
and others representing presence across several consecutive days (Table A1).

For the eight validated bronze whaler shark matches, similarity scores associated with
the software’s internal matching algorithm ranged from 0.550 to 0.911, values of 0.800 or
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higher were interpreted as indicative of relatively high similarity within the context of the
software output, without implying a formal threshold for match acceptance (Figure 4).
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Figure 4. Distribution of IDENTIFIN similarity scores of bronze whaler shark (Carcharhinus brachy-
urus) validated matches.

Regarding the ranking of images generated by the software for the eight validated
matches, 50% of them (1 =4) were ranked first, 37.5% (1 = 3) were positioned between second
and fourth, and the remaining 12.5% (1 = 1) fell between fifth and tenth (Figure 5A).
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Figure 5. Histogram showing the ranking position of validated matches proposed by IDENTIFIN
of (A) bronze whaler shark (Carcharhinus brachyurus; temporal matches) and (B) white shark (Car-

charodon carcharias; temporal matches and bilateral comparisons).

The metadata analysis of the 34 identified bronze whaler specimens (17 from 2024
and 17 from 2025; Figure Al) indicated the presence of eight females, while the sex of the
remaining 26 individuals could not be determined with certainty. The TL for all the indi-
viduals was estimated to be between 100 cm and 280 cm (mean = 233 cm, 1 = 34).

3.2. IDENTIFIN Performance on the White Shark

The dataset for the white shark included 110 archival identification sheets collected
between 2012 and 2019. Following qualitative screening, 98 sheets were considered suita-
ble for analysis using IDENTIFIN, resulting in the identification of 89 unique individuals
and 9 temporal matches (Figure Al). In addition to the nine temporal matches, we also
considered ten bilateral comparisons between the right and left sides of the dorsal fin of
the same individual photographed during a single event and present in the same archival
identification sheet. Both temporal matches and bilateral comparisons were treated equiv-
alently as validated matches for performance evaluation, for a total of 19 validated
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matches performed for this species. Similarity scores as produced by the internal scoring
function of the software for the white shark ranged from 0.528 to 0.891; values of 0.800 or
higher were interpreted as indicative of relatively high similarity within the context of the
software output, without implying a formal threshold for match acceptance, as it was
done for the bronze whaler shark (Figure 6).

Regarding the ranking of images generated by the software for the 19 validated
matches, 84.2% of matches (n = 16) were assigned first position, while the remaining 15.8%
(n = 3) were ranked between second and fourth; no validated match was ranked beyond
fourth position (Figure 5B).
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Figure 6. Distribution of IDENTIFIN similarity scores of white shark (Carcharodon carcharias) vali-

dated matches.

Metadata analysis of the total 89 identified individuals indicated 47 females, 15
males, and 27 individuals whose sex could not be determined with certainty. The TL for
all individuals was estimated to be between 150 cm and 500 cm (mean = 316 cm, 1 = 89).

3.3. Comparative Performance

The quantitative comparison of IDENTIFIN’s performance between the two species
is summarized in Table 1.

Table 1. Comparison of IDENTIFIN performance metrics for bronze whaler shark (Carcharhinus

brachyurus) and white shark (Carcharodon carcharias).

Metric Bronze Whaler Shark White Shark

Study period 2024-2025 2012-2019

Identified individuals 34 89

Validated matches 8 (temporal matches) 19 (9 temporal matches + 10 bilateral comparisons)
Validated match in 1st position (%) 50 84.2

Cumulative accuracy < 4th position (%) 87.5 100

Mean similarity 0.798 0.817

Median similarity score 0.826 0.842

Mean ranking position 2.88 1.16

For the bronze whaler shark, 50% of validated matches (n = 4) were ranked in the first
position, compared with 84% (n = 16) for the white shark. Cumulative accuracy within the
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fourth position was 87.5% (n = 7) for the bronze whaler shark and 100% (1 = 19) for the
white shark. The mean similarity score for the bronze whaler shark was 0.798, with a non-
parametric bootstrap 95% CI of 0.716-0.860, and a median similarity score of 0.826 (95%
CI: 0.748-0.870). For the white shark, the mean similarity score was 0.817 (95% CI: 0.773-
0.851), with a median of 0.842 (95% CI: 0.827-0.865). Despite slightly higher similarity
scores in the white shark dataset, these values did not show a strict correspondence with
ranking positions. The mean ranking position was 2.88 for the bronze whaler shark and
1.16 for the white shark, reflecting differences in the distribution of validated match posi-
tions within the software’s candidate list and therefore in the extent of manual inspection
required. Assessment of the similarity score distributions conducted using the Shapiro-
Wilk test indicated deviation from normality for the white shark (W = 0.712, p < 0.001)
while the bronze whaler shark showed a borderline normality (W = 0.827, p = 0.055), ren-
dering them unsuitable for parametric statistical testing.

For the comparison of similarity score distributions in both species (Figure 7), using
n = 8 validated matches for the bronze whaler shark and n = 19 for the white shark, the
Mann-Whitney U test was applied, which did not reveal statistically significant differ-
ences (W =69.5; p=0.75).

0.9
1

Similarity score

0.6

C_bra C_car

Species

Figure 7. Boxplot of IDENTIFIN similarity score distributions for validated matches of the bronze
whaler shark (Carcharhinus brachyurus; temporal matches) and white shark (Carcharodon carcharias;

temporal matches and bilateral comparisons).

The effect size associated with the test, expressed as the r index, was 0.066. To further
support the non-parametric analysis, a permutation test based on the difference between
the medians of similarity scores for the two species yielded an observed difference of
-0.016, with a p-value of 0.552 (Figure 8).
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Figure 8. Histogram of permuted differences between the median similarity scores validated
matches for bronze whaler shark (Carcharhinus brachyurus; temporal matches) and white shark (Car-
charodon carcharias; temporal matches and bilateral comparisons). The solid line indicates the ob-

served difference (-0.016), and the dashed line indicates the opposite value (+0.016).

The bivariate analysis (Figure 9) shows the distribution of validated matches for both
species. The scatter plot illustrates the relationship between similarity scores and ranking
positions for validated matches, with jitter applied to visualize point density, and confi-
dence ellipses highlight the central tendency of score-rank combinations without imply-
ing threshold-based performance. The 80% confidence ellipses for the white shark and the
bronze whaler shark exhibit a high degree of spatial overlap on the plot, particularly cen-
tered on the first ranking coordinate. No correct matches for white shark were recorded
beyond the fourth position of the ranking, whereas bronze whaler shark showed a wider
dispersion, reaching tenth position in the ranking position.
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Figure 9. Bivariate distribution of IDENTIFIN output metrics for bronze whaler shark (Carcharhinus
brachyurus; grey, temporal matches) and white shark (Carcharodon carcharias; blue, temporal matches

and bilateral comparisons), with confidence ellipses.
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4. Discussion

This exploratory study investigated the internal metrics of the Photo-ID protocol facil-
itated by IDENTIFIN in two large elasmobranch species, the bronze whaler shark and the
white shark. The analysis emphasized the interpretation of metrics generated by the soft-
ware during the image comparison process, with particular focus on similarity scores, rather
than solely assessing overall software performance. This approach was explicitly designed
to explore and evaluate the methodological hypotheses outlined in the Introduction, focus-
ing on the potential transferability and interpretability of internal performance metrics
across species. Comparison with previous studies corroborated observations reported by
Maroen et al. [25], demonstrating that validated matches tend to appear among the top-
ranked candidates proposed by the software, within a framework primarily based on rank-
ing position. Unlike prior work [25], the present study focused not only on the position of
the validated match within the candidate list but also on the quantitative interpretation of
similarity values associated with validated matches. The identification software generates a
similarity score for each candidate match, encompassing both temporal matches and bilat-
eral comparisons, although these values are seldom explicitly treated as a metric. Similarity
scores represent a quantitative output of the matching algorithm, indicating how similar
two dorsal fin profiles are, functionally distinct from ranking position, which reflects the
position of the correct match within the candidate list. Importantly, the present analysis does
not aim to revalidate the IDENTIFIN software nor to assess its biological accuracy, but ra-
ther to explore the interpretative value of similarity scores as an internal metric supporting
operator-based validation processes, in accordance with the hypothesis that similarity
scores provide information under different conditions to ranking position rather than re-
dundant or substitutive output. Analysis of the distribution of similarity scores associated
with validated matches revealed that mean and median values were highly similar between
the two species examined. IDENTIFIN yielded similarity scores with slightly lower mean
and median values in the bronze whaler shark (respectively, 0.798 and 0.826) than in the
white shark (respectively, 0.817 and 0.842). In both species, similarity scores for validated
matches did not fall below 0.528, indicating a consistent lower bound of similarity associated
with correct identifications within the analyzed datasets. These results suggest that similar-
ity scores provide a potentially stable and interpretable quantitative reference within the
IDENTIFIN workflow, independent of the ranking position and of the extent of manual in-
tervention required by the operator. These findings did not reveal significant differences in
the distributions of similarity scores between the datasets of the two species, although they
are limited by sample size and data structure. Specifically, neither the Mann—-Whitney U test
(p=0.75) nor the permutation test on the medians (p = 0.552) indicated statistically significant
differences. Consistently, the estimated effect size (r = 0.066) was minimal, indicating that
any differences between the similarity score distributions of the two species are quantita-
tively negligible. These results are in line with the hypothesis that similarity score distribu-
tions associated with validated matches do not differ significantly between bronze whaler
shark and white shark datasets, supporting the potential methodological comparability of
this metric. This suggests that, while limited sample size and reduced statistical power can-
not be entirely excluded as contributing factors, the minimal estimated effect size may indi-
cate that any difference between datasets is likely small and methodologically negligible.
These parameters indicate that the observed difference lies well within the variability ex-
pected under the null hypothesis of no differences between groups. This meaning that the
detected differences can be entirely explained by random variation supporting the conclu-
sion that the level of similarity associated with validated matches is comparable within the
methodological context examined. This comparability should be interpreted exclusively in
methodological terms and does not imply biological equivalence or demographic similarity
between taxa. Moving beyond univariate comparisons, the spatial overlap of the confidence
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ellipses observed in Figure 9 suggests a potential consistency in IDENTIFIN’s scoring logic
when applied to different dorsal fin morphologies. This observation is purely descriptive
and does not constitute a formal inferential test of equivalence or similarity between species,
but rather an exploratory visualization of the joint behavior of the two metrics. Although
the white shark dataset showed a higher frequency of the first rank position assignments
compared to the bronze whaler shark dataset, the fact that the bivariate cores of both distri-
butions occupy a similar metric space appears to indicate that the software’s prioritization
mechanism operates consistently within the validated matches considered. However, the
observed overlap does not imply equivalence between ranking position and similarity
score, and the two metrics should be interpreted as functionally distinct dimensions of the
identification process. These patterns confirm that ranking position alone does not fully cap-
ture match similarity, supporting the interpretation of similarity scores as a jointly informa-
tive, operator-guided metric that may assist validation decisions.

However, these observations must be interpreted with caution due to the relatively
small and unbalanced sample sizes, which preclude a broader generalization of the soft-
ware’s absolute robustness. The differences in ranking position accuracy between the two
species (84.2% vs. 50.0% in the first rank position) might be influenced by factors such as
image quality, database size, or specific morphological complexities of the bronze whaler
shark fins, which require further investigation.

This preliminary analysis offers additional insights that complement the findings of
Maroen et al. [25]. While their work established the general effectiveness of the software,
our bivariate approach can provide an initial indication of how similarity scores may relate
to ranking positions. Although higher similarity scores were generally associated with top-
ranking positions, this relationship was not explicitly quantified in terms of time savings or
operator effort in the present study. Therefore, any potential reduction in operator workload
should be considered a plausible operational implication rather than a tested outcome. Nev-
ertheless, integrating result rankings with similarity score analysis as two functionally dis-
tinct sources of information can offer a more systematic and reproducible framework for
validating matches generated by the software, particularly in long-term monitoring studies
with increasingly large datasets. This approach may aid researchers in structuring the man-
ual validation process, though larger and more balanced datasets are needed to confirm
these trends. Overall, the results of this study suggest that the similarity scores generated
by IDENTIFIN can be interpreted not only as an intrinsic algorithmic parameter but also as
an operationally complementary metric that supports the evaluation of semi-automated
Photo-ID results.

Several methodological limitations of this study should be acknowledged. The dataset
for the bronze whaler shark was relatively small, and sightings were unevenly distributed,
which may have affected the results. In addition, manual verification of matches required
by the software may introduce operator-dependent variability; future studies could address
this limitation by incorporating inter-operator validation. The absence of an integrated sys-
tem for managing metadata and distinguishing between species required the use of parallel
databases, which could reduce efficiency in larger-scale applications. Nevertheless, the find-
ings suggest that similarity scores may serve as a reliable and complementary operator-
guided metric for semi-automated Photo-ID workflows, suggesting a possible applicability
of IDENTIFIN to heterogeneous and unbalanced datasets and offering additional method-
ological insights relative to previous studies, provided they are interpreted in conjunction
with, but not as a substitute for, ranking-based metrics.
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5. Conclusions

In conclusion, this study revealed that the two evaluated metrics—similarity score and
ranking position—can provide distinct and non-redundant information and can assist the op-
erator in selecting the correct match for C. brachyurus and C. carcharias. Similarity scores reflect
the quantitative output of the matching algorithm based on dorsal fin profiles, whereas rank-
ing position represents the position of the correct match within the candidate list and, indi-
rectly, the extent of manual inspection required. Taken together, these metrics could support
the methodological hypotheses underlying this study, indicating that the IDENTIFIN protocol
may be considered for exploratory methodological applications, from white shark to bronze
whaler shark, despite interspecific differences in dorsal fin morphology. However, any infer-
ence of across-species transferability requires further confirmation using larger and more bal-
anced datasets. IDENTIFIN can therefore be considered a useful tool within the evaluated
methodological framework for managing large photographic archives, potentially reducing
the number of manual comparisons required, and streamlining individual identification pro-
cedures. However, the software exhibits notable operational limitations that should be care-
fully considered when interpreting its outputs. Emphasizing that the final identification still
relies on the manual verification by the operator, a step that cannot be fully substituted by
either of the evaluated metrics and intrinsically introduces a subjective element into the pro-
cess. In future studies, it will be necessary to formally evaluate the existence of an effective
similarity score threshold indicative of high-quality correspondence. In the present study,
such a threshold is only suggested, given the limited dataset size, the small number of vali-
dated matches, and the explicitly exploratory nature of the analyses. A robust definition of
similarity score thresholds, supported by larger and more balanced datasets, would represent
a critical step toward contributing to future assessments of the generalizability of IDENTIFIN
across additional shark species and operational contexts. From an applied perspective, thresh-
old-informed interpretation of similarity scores could further reduce operator workload by
guiding visual validation more efficiently. Moreover, similarity scores are internal algorithm-
dependent and should not be generalized across different Photo-ID software or interpreted as
absolute measures of identification confidence. Metadata management also represents a key
area for improvement. In this study, parallel databases were required as an external data man-
agement solution to organize resighting events and individual-specific attributes clearly, as
IDENTIFIN currently lacks an internal system for distinguishing between species, necessitat-
ing the maintenance of separate databases. Future work could strengthen the robustness of
analyses within a more standardized analytical framework by expanding photographic da-
tasets, incorporating inter-operator validation, and implementing software enhancements
[54], thereby allowing further evaluation of interspecific applicability and providing a more
comprehensive evaluation of IDENTIFIN’s performance. From a conservation perspective,
and in light of the ongoing decline of all elasmobranch species [55], the methodological in-
sights provided in this study, in combination with previous research [6,10,25], should be re-
garded as a prospective contribution toward expanding the range of applicable and effective
non-invasive, semi-automated photo-ID techniques for elasmobranchs. These approaches
may also indirectly support non-invasive, long-term monitoring strategies for data-deficient
species. A practical strategy for increasing the availability of individual-specific data for pop-
ulation studies may involve the use of photographs collected through shark cage-diving eco-
tourism along the South African coast, which can yield substantial quantities of usable mate-
rial [46,47]. The acquisition of such data may be facilitated through the integration of struc-
tured scientific surveys with opportunistic photographic sources, which may represent a val-
uable source of longitudinal data when integrated within appropriate ethical and scientific
frameworks [56,57]. Future research should aim to validate these methodological perspectives
using large and more balanced datasets, further exploring how opportunistic photographs
can be systematically incorporated into structured conservation monitoring programs.
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Collectively, these developments would allow IDENTIFIN'’s similarity scores to be more rig-
orously embedded within individual-based monitoring frameworks and, in the longer term,
could support population-level inference in conservation-oriented applications.
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Appendix A

Table A1. Dorsal fin photographs of bronze whaler shark (Carcharhinus brachyurus) individuals rec-
ognized by IDENTIFIN and validated across multiple sampling times.

ID —Shark File IDENTIFIN Date of First Sighting Date of Second Sighting
C_bra005 2024092405 24 September 2024 27 September 2024
C_bra007 2024092702 27 September 2024 16 June 2025

C_bra009 2024092704 27 September 2024 19 September 2025
C_bra020 2025081401 14 August 2025 14 August 2025
C_bra022 2025082502 25 August 2025 26 August 2025
C_bra023 2025082602 26 August 2025 24 September 2025
C_bra025 2025090901 9 September 2025 9 September 2025
C_bra028 2025092202 22 September 2025 26 September 2025
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Figure Al. (A) Cumulative number of identified bronze whaler shark (Carcharhinus brachyurus) in-
dividuals over the study period; solid line indicates newly identified individuals, and dashed line
indicates resighting events (temporal matches) detected by IDENTIFIN. (B) Cumulative number of
identified white shark (Carcharodon carcharias) individuals over the study period; solid line indicates
newly identified individuals, and dashed line indicates resighting events (temporal matches) de-
tected by IDENTIFIN.
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