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 A B S T R A C T

Animal photo-identification (photo-ID), the process of identifying individual animals from images, has proven 
to be a valuable tool for various studies on sea turtles, increasing the knowledge of their ecology and informing 
conservation efforts. Photo-ID in sea turtles is predominantly based on the geometric patterns of the scales 
of their two head sides, which are unique to every individual and different from side to side. As such, both 
manual and automated photo-ID techniques are traditionally performed under a side-specific setting. There, 
an image showing a single profile of an unknown individual is compared only to images showing the same 
side of previously identified individuals. In this paper, we show for the first time an inherent visual similarity 
between left and right facial profiles of the same individuals in three sea turtle species. We do so by employing 
two state-of-the-art automated neural network-based photo-ID methods, one local feature-based and one deep 
embedding-based, designed to rank profiles based on their similarities. Both methods rank the similarity of 
the left and right profiles of the same individual higher than those of different individuals. These similarities 
are detectable even when images are taken years apart under diverse conditions. We further show that the 
exploitation of this similarity results in improved accuracies when compared to the traditional side-specific 
photo-ID setting. Our results indicate two concrete guidelines for improving automated sea turtle photo-ID 
workflows. When trying to match a photo of a given profile, searches should not be restricted only to photos 
of the same profile. As the first method of choice, a deep embedding model finely-trained using a photo-
database of the focal sea turtle population should be used. In the absence of such training database, a neural 
network-based local feature method is preferable, but in that case searches should be performed with both the 
original query image and its horizontally flipped version.
1. Introduction

Animal photo-identification (photo-ID; commonly referred to as
re-identification in the computer vision literature) denotes identifying 
individual animals from images by exploiting their unique and stable 
across time external morphological patterns. Photo-ID is particularly 
widespread in studies of wildlife populations of various taxa and species 
like cetaceans (Cheeseman et al., 2017), sharks (Araujo et al., 2017), 
sea turtles (Schofield et al., 2020), rays (Marshall and Pierce, 2012), 
bears (Anderson et al., 2010), seals (Koivuniemi et al., 2016) giraffes 
& zebras (Parham et al., 2017) to name a few representative works. 
It overcomes the logistical difficulties of capturing and tagging the 
animals using external tags while being minimally invasive, causing 
minimal or no stress, and it can be performed on large scales when 
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it is combined with active or passive citizen science (Holmberg et al., 
2009; Papafitsoros et al., 2021).

Photo-ID is often performed manually by visually comparing newly 
obtained images of individuals to an existing database which contains 
previously identified individuals. Due to the ever-increasing number 
of obtained images, the major challenge in animal photo-ID is that it 
is often time-consuming. Speeding up the process is possible by em-
ploying divide-and-conquer strategies, e.g. by splitting photo-databases 
into sub-databases of much smaller size, each one corresponding to a 
particular characteristic, e.g. location, sex or a fine categorisation of the 
identifying patterns (Schofield et al., 2008; Lloyd et al., 2012; Papafit-
soros et al., 2025). However, this only partially solves the scalability 
problem and is not always applicable.
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Fig. 1. (a) ‘‘Classical’’ sea turtle photo-ID workflow where a query image (right side of the head) is compared to a database of images of the same side (only right sides). This 
setting utilises the exact similarity of polygonal patterns, which differ from side to side. (b) Workflow where also opposite sides are compared. The image showing the right side 
of the individual ‘‘t499’’ is matched to an image showing its left side since this is the most similar one in the database. While so far, photo-ID methods followed approach (a), we 
show that approach (b) is also feasible and beneficial when using deep methods like MegaDescriptor or ALIKED.
This need to reduce manual labour has driven the development of 
fast and accurate automated photo-ID methods. Following Čermák et al. 
(2024b), these methods belong to one of three categories:

• Local feature-based methods extract local keypoints (coordinates 
in the image) and their corresponding descriptors (local image 
features of salient characteristics, e.g. edges). A classical example 
of such a method is the Scale Invariant Feature Transform (SIFT) 
(Lowe, 2004), which, in the animal photo-ID context, extracts de-
scriptors characterising small morphological regions of the imaged 
animal that do not depend on the overall scale and orientation of 
the animal within the image. On the other hand, more modern 
extractors are based on deep neural networks (Goodfellow et al., 
2016). They are usually trained on large datasets and then used as 
pre-trained models. Examples include ALIKED (Zhao et al., 2023), 
DISK (Tyszkiewicz et al., 2020) or SuperPoint (DeTone et al., 
2018). After extracting the keypoints between two images (circles 
in Fig.  1), the method matches them to determine if the two images 
show the same individual.

• Deep embedding-based methods exploit the power of deep neu-
ral networks to represent an image of an individual via an em-
bedding vector of a much lower dimension than the image. The 
neural network is trained on sufficiently large databases and learns 
how to efficiently encode characteristics of individual animals to 
these embedding vectors (Čermák et al., 2024b,a; Shinoda and Sh-
iohara, 2024). These identifying characteristics can be richer than 
local features and include global geometric patterns, colouration, 
texture, etc. These methods are often faster than the local feature-
based ones because they do not require the expensive matching of 
keypoints.
Fine-tuning of deep embedding-based methods: It is well-known that 
deep embedding-based methods (or any neural network-based 
method for that matter) are able to identify individuals of a given 
species with higher success rate when images of these species 
have been included in their training set (Čermák et al., 2024b; 
Otarashvili et al., 2024). For example, a model only trained on one 
sea turtle species, e.g. loggerheads, is not guaranteed to perform 
well on a different species, e.g. green turtles, since they have 
slightly different identifying scale patterns (Papafitsoros et al., 
2025). In that case, it is advisable to fine-tune the model with 
images of the new species. This typically means starting a new 
training process using the latter set of new images, having as initial 
2 
network parameters the ones of the old model (Goodfellow et al., 
2016) (transfer learning). As such, the model learns to identify the 
new species as well without compromising its performance on the 
species initially trained for. In certain cases, this fine-tuning must 
be done with images of the same species the model was initially 
trained with, but taken in different environments. For instance, if 
a model was initially trained using only underwater images of a 
turtle species, fine-tuning might still be required if the target is to 
perform photo-ID on turtles of the same species taken out of the 
water.

• Species-specific methods exploit particular morphological char-
acteristics of the focal species and cannot be used for other species. 
For example, Anderson et al. (2010), Kelly (2001), and Jean et al. 
(2010) designed methods that can be used exclusively for polar 
bears, cheetahs and sea turtles, respectively.

Commonly used automated methods for sea turtle photo-ID have 
been mainly local feature-based (Buteler et al., 2022) with the most 
prominent of those being Hotspotter (Crall et al., 2013), which is 
based on SIFT descriptors, see also Dunbar et al. (2021). On the other 
hand, the application of deep embedding-based methods to sea turtle 
photo-ID remains relatively unexplored with some recent emerging 
publications (Čermák et al., 2024b; Otarashvili et al., 2024).

Sea turtle photo-ID is predominantly based on the animal’s facial 
scales polygonal pattern, which is unique to every individual. It has 
been shown that these patterns are stable throughout the animals’ lives 
(Carpentier et al., 2016). Except for drone-based sea turtle photo-ID 
(Comis et al., 2022) which uses the top of the head, or the more rarely 
used flipper-based photo-ID (Gatto et al., 2018; Pursley, 2020), the 
identification is predominantly based on the left and right sides of 
the head (Papafitsoros et al., 2025). The left and right polygonal scale 
patterns are different in a given individual. As a result, both manual and 
automated sea turtle photo-ID are ‘‘classically’’ performed under a side-
specific image retrieval setting: Any new image (query image) depicting 
a side of the head of an unknown individual is visually or automatically 
compared to a group of images (the database) showing the same side 
of previously known individuals until a matching occurs, see Fig.  1(a). 
Thus, the individual cannot be identified if only the opposite side 
of one of the query images is available in the database. However, it 
has recently been reported (Papafitsoros et al., 2025) that despite the 
different patterns, there is still some inherent visual similarity between 
left and right profiles at a given individual, not only in colouration 
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and texture but also geometrically. Yet, this similarity has neither been 
quantified nor exploited in sea turtle photo-ID and this is precisely the 
topic of this paper. As a prelude, Fig.  1(b) illustrates our suggested 
photo-ID workflow, which is based on the fact that state-of-the-art 
neural network-based photo-ID methods are capable of matching not 
only the same but also opposite profiles.

In this work, we make the following contributions:

• We quantitatively show the inherent visual similarity between left 
and right facial profiles of the same individual in three sea turtle 
species, Loggerheads (Caretta caretta), Greens (Chelonia mydas) and 
Hawksbills (Eretmochelys imbricata). We do so by leveraging four 
multi-year databases of these species and by employing three state-
of-the-art automated methods, each one being a representative 
from the three above categories: ALIKED (Zhao et al., 2023), 
MegaDescriptor (Čermák et al., 2024b) and TORSOOI (Jean et al., 
2010).

• We show that allowing comparisons of opposite sides leads to 
improved accuracies for the deep embedding method (MegaDe-
scriptor), as it can match opposite profiles. Furthermore, the deep 
embedding method (ALIKED) has the highest accuracy in datasets 
on which it was trained. On the other hand, the local feature-based 
method generally outperforms a non-fine-tuned deep embedding 
method, but only in the case where the same sides are compared. 
When comparing opposite profiles, simply flipping the query im-
age horizontally to artificially create the same orientation makes 
the local feature-based method capable of exploiting the similarity 
of opposite profiles and increases its performance.

• We propose the following photo-ID method selection guidelines: 
A deep embedding model fine-tuned with images of the focal 
database should be the first method of choice. Without fine-tuning, 
a neural network-based local feature method is preferable, but 
searches should be performed with both the original query image 
and its horizontally flipped version.

• Finally, to encourage and standardise further research in this novel 
direction of sea turtle photo-ID we make our datasets and codes 
publicly available (links provided at the end of the paper).

2. Testing datasets

Before describing our methodology and experimental design, we 
present the datasets used to perform our experiments. We used four 
datasets: two of loggerhead sea turtles (one of underwater photographs 
and one of out-of-water ones), one of green and one of hawksbill sea 
turtles, both of underwater photographs. We included the following 
metadata for all images: turtle identity, head orientation (left or right) 
and timestamp (the year each photograph was taken). We briefly 
describe the characteristics of these datasets.

2.1. Dataset Zakynthos-Loggerheads

This dataset consists of photographs taken between 2018 and 2024 
in Laganas Bay, Zakynthos Island, Greece (37◦43′N, 20◦52′E), which is 
a main breeding site for the Mediterranean loggerhead sea turtles (Mar-
garitoulis et al., 2022). All photographs were captured underwater by 
the same photographer (the second author) during snorkelling surveys 
from a distance ranging from 7 m to a few centimetres. A Canon 6D 
full-frame DSLR camera (5472 × 3648 pixels) combined with a Sigma 
15 mm fisheye lens was mainly used. A few photographs were captured 
using a Canon R8 mirrorless camera with either the Sigma 15 mm or 
the Tokina 10–17 mm lenses. The water depth ranged from 1 to 8 m, 
with most photographs taken less than 5 m deep.

This dataset consists of images of the same distribution, i.e. same 
capture conditions and sea turtle population, as the SeaTurtleID2022 
dataset (Adam et al., 2024a), which was part of the training set of the 
MegaDescriptor, see Section 3.2. However, it consists of new individual 
loggerheads which were not included in SeaTurtleID2022 and thus 
were not seen during the MegaDescriptor training.
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Table 1
Overview of the four testing datasets: Number of individuals, total number of images 
(number of individuals ×4), conditions of photo-capturing and average time-span of 
photographs in years.
 Dataset Individuals Images Conditions Average span 
 Zakynthos-Loggerheads 40 160 Underwater 2.5 years  
 Amvrakikos-Loggerheads 50 200 On a boat 4.4 years  
 Reunion-Greens 50 200 Underwater 4.7 years  
 Reunion-Hawksbills 34 136 Underwater 3.4 years  

2.2. Dataset Amvrakikos-Loggerheads

This dataset also consists of photographs of Mediterranean logger-
head sea turtles taken at Amvrakikos Gulf, Greece (39◦02′N, 21◦06′E), 
which is a well-known foraging site for adult and juvenile turtles. Pho-
tographs were collected as part of a long-term capture-mark-recapture 
project conducted by ARCHELON, the Sea Turtle Protection Society 
of Greece (Rees et al., 2013). Turtles were captured from a boat 
using the sea turtle rodeo technique, and among other data collected, 
photographs of the head sides were taken while the animal was on 
the boat. In all photographs, the whole side of the head was fully 
shaded or fully illuminated by the sun. All photographs in this dataset 
were taken during the summer months (June–August) between 2014 
and 2022, using a selection of different digital cameras of varying 
optical resolution. While it is known that many of the turtles foraging in 
Amvrakikos Gulf are genetically similar to the ones of Zakynthos (Rees 
et al., 2017) and thus share common morphological characteristics, the 
different conditions of photograph collection make it a distinct dataset 
to the Zakynthos-Loggerheads one.

2.3. Datasets Reunion-Greens & Reunion-Hawksbills

This dataset consists of photographs taken between 2007 and 2024 
on Reunion Island, a French territory in the Indian Ocean (21◦06′S, 
55◦30′E), whose shallow waters are known to be a development and 
foraging ground for green and hawksbill turtles (Chassagneux et al., 
2013). Recreational divers took photographs as part of a citizen science 
programme with no specific associated protocols (no specific viewing 
angle or distance). Citizens shared their photographs whenever they 
wished for further analysis with scientists. All photographs are stored 
in the TORSOOI database; see Section 3.4 for more details.

2.4. Data selection and preprocessing

We briefly summarise the selected photos for each dataset in
Table  1. For every individual in each dataset, we used four photographs 
for our experiments: two (left and right side) taken during a given year 
and two (left and right side) taken during a different year, see Fig.  2 for 
sample photos from each dataset. We had a desired quota of 50 individ-
uals per dataset which was achieved for Amvrakikos-Loggeheards and 
Reunion-Greens. In the other two datasets, Zakynthos-Loggerheads and 
Reunion-Hawksbills, only 34 and 40 individuals, respectively, met our 
selection criteria. We note again that for Zakynthos-Loggerheads, we 
used individuals not included in SeaTurtleID2022 (Adam et al., 2024a), 
which is a dataset containing images of 400 individuals from Zakynthos 
Island.

The main reason for including images taken during different years 
is to eliminate the undesirable phenomenon when an algorithm decides 
that two images contain the same turtle, not based on the turtle’s mor-
phological patterns but on external factors such as similar background 
or lighting conditions. Images taken during different years do not share 
the latter two and are only matched due to turtles’ morphological 
characteristics (Adam et al., 2024a). To further reduce any background 
effect, we applied a bounding box around each turtle’s head and all 
the experiments were performed on the turtles’ heads only. We note 
that for images taken outside of water (Amvrakikos-Loggerheads; see 
the second row of Fig.  2), there are minimal global lighting differences 
across the years compared to underwater photos.

https://www.kaggle.com/datasets/wildlifedatasets/zakynthosturtles
https://github.com/sadda/sides-matching


L. Adam et al. Ecological Informatics 89 (2025) 103158 
Fig. 2. Sample photos after applying a bounding box around their heads for individuals belonging to each of the four considered datasets (one single individual per row). Four 
photos were chosen for every individual, taken in two different years, with both profiles represented in both years.
3. Methodology

This section describes the algorithms used and the experimental 
design. We first describe the general framework of image retrieval 
based on similarity comparisons between images. We then explain in 
more detail the representatives of the three method categories men-
tioned in the introduction: MegaDescriptor (a state-of-the-art deep 
embedding method), ALIKED (a deep method extracting local features) 
and TORSOOI (a sea turtle-specific method). We proceed by describing 
our experimental design, which includes several settings for examining 
the similarity of sea turtle head profiles and a series of related photo-ID 
experiments and their evaluation.

3.1. Image retrieval and automated photo-ID methods

Automated photo-ID methods typically operate under an image re-
trieval setting: This assumes that there is a set of images of known 
individuals, the database. For each image depicting a not-yet-recognised 
individual (query image), such a method predicts which image from the 
database most likely depicts the same individual as the query image. To 
do so, it first extracts some embedding vectors from all images. These 
vectors, also called local feature or deep embedding vectors depending 
on the method, are low-dimensional representations of the identifying 
areas. The method then compares the extracted embedding vector of 
the query image with the embedding vectors of all images in the 
database and selects the closest one based on some similarity metric. This 
selection can further be manually verified. Since the embedding vectors 
of one individual should form clusters, newly recruited animals (not 
in the database) should be easily recognised because their embedding 
vectors should be far from all other embedding vectors in the database. 
4 
The goal of an automated method is to design the embedding extractor 
and the similarity metric such that the similarity of two images is 
high for images of the same individual and low for images of different 
individuals.

3.2. Deep embedding-based method: MegaDescriptor

is a recently introduced deep embedding vector extractor (Čermák 
et al., 2024b). It was trained so that images of the same (resp. differ-
ent) individuals have similar (resp. distinct) deep embedding vectors. 
MegaDescriptor is freely available from HuggingFace. It is written 
in Python and designed for easy use, e.g. embedding extraction is 
performed by one line of code. We briefly sketch how MegaDescriptor 
is used under an image retrieval setting in Fig.  3. The left side shows 
the query image, and the right side shows the database. An embedding 
vector is extracted from each image, and the similarities between 
embedding vectors are computed using the cosine similarity metric 
which measures the angle between the embedding vectors. Then, the 
individual in the query image is predicted to have the same identity 
as the identity of the database image with the highest similarity score 
(t086 in the case of Fig.  3).

MegaDescriptor was trained on over 30 datasets of various species, 
including primates, carnivores, reptiles, whales, mammals and fish. A 
significant subset of its training dataset is also available separately 
in an easily accessible form (Adam et al., 2024b). Sea turtles were 
included in 2 of the above 30 datasets: SeaTurtleID2022 (Adam et al., 
2024a), of which Zakynthos-Loggerheads is an extension, as well as 
ZindiTurtleRecall (Turtle Recall: Conservation Challenge, 2022) which 
contains green and hawksbills sea turtles ashore. Thus, MegaDescriptor 
only saw these species in selected environments. However, since it was 

https://huggingface.co/BVRA/MegaDescriptor-L-384
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Fig. 3. MegaDescriptor photo-ID workflow: MegaDescriptor extracts deep embedding vectors both from the query image and the database images, which can be of any side — left 
or right. The database embedding vectors are ranked by decreasing similarity to the query embedding vectors, giving a ranking to the database images.
trained on many different species, it is expected to perform well even 
for species unseen during its training.

3.3. Local feature-based method: ALIKED

is a deep learning-based method for extracting keypoints and de-
scriptors from an image (Zhao et al., 2023). It improves classical 
methods such as SIFT (Lowe, 2004) by introducing deformable trans-
formations that improve descriptor flexibility and robustness. Keypoints 
and descriptors extracted from two images are then matched, see Fig. 
1, to determine whether the images contain the same individual. The 
matching is done based on the similarity of descriptors. Since the key-
points are the geometric positions in the image, they are sometimes also 
used for the matching procedure to verify that the two images could 
correspond to one object photographed from two different angles. We 
used LightGlue (Lindenberger et al., 2023) as the matching algorithm.

3.4. Species-specific method: TORSOOI

is a database which is part of a large collaborative sea turtle project, 
which includes a web application for sea turtle photo-ID. Identifying 
individual turtles is based on the TORSOOI codes. To generate these 
codes, the scales on each head profile are divided into columns and rep-
resented by a series of numbers denoting the number of edges in each 
scale in that column (Jean et al., 2010). The similarity between two 
TORSOOI codes is computed as the number of matching numbers across 
all scales. Therefore, it computes how often the scales at similar loca-
tions have the same number of edges. The predictions are then made 
using the image retrieval setting as in the two previous methods. We 
only applied TORSOOI to the Reunion-Greens and Reunion-Hawksbills 
as the codes were only available for these datasets.

3.5. Experiment 1: Evaluating the similarity of left and right profiles

To properly evaluate the similarities of left and right turtle profiles, 
we adopt five settings (A)–(E) summarised in Fig.  4. Given an image, 
each setting defines the set of images to be compared with it. The 
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pairwise comparisons are done among profiles of the same individuals 
in the settings (A), (B) and (C) and among different individuals in the 
settings (D) and (E). In the setting (A), images of opposite sides taken 
in the same year are compared. In the setting (B) (respectively (C)), 
images of the same (respectively opposite) side taken in a different year 
are compared. Since by dataset design, there are only four images for 
each individual, in each of the settings (A), (B), (C), a given image is 
compared with precisely one other image.

In Experiment 1, we compute the similarity scores given by MegaDe-
scriptor, ALIKED and TORSOOI under all settings (A)–(E). For example, 
for setting (A), only similarities of pairs of images of the opposite 
profiles of the same individual, taken in the same year, are considered. 
The higher the similarity scores, the more visually similar the images 
are. Therefore, it is reasonable to expect high similarities for setting (B) 
and low similarities for setting (E).

3.6. Experiment 2: Predicting sea turtle identities under the different settings

Experiment 2 extends Experiment 1 to realistic photo-ID scenarios 
where sea turtles must be identified. We use the image retrieval setting, 
where the query image is always one image from the dataset. We 
control the database, where we always include all images of different 
individuals but we include only specific images of the same individ-
ual according to five different settings, see Table  2. In setting (full), 
all the remaining three images of the individual are included in the 
database, while settings (A)–(C) correspond to the settings from Fig. 
4. For instance, in setting (A), the only database image that depicts 
the same individual as the query image is the one of the opposite 
side taken during the same year; similarly for the settings (B) and 
(C). Furthermore, we introduce here the setting (B+C), where the 
database contains both sides of the individual of the query image taken 
in different years. The setting (B+C) is the most relevant because it 
corresponds to the common situation when the database contains all 
the photos from previous years and the query image comes from the 
current year.

To numerically evaluate every experiment, we use the top-𝑘 accu-
racy (𝑘 = 1, 2,… ). Here, the database images are ranked in order of 

https://torsooi.com/
https://torsooi.com/
https://torsooi.com/
https://torsooi.com/
https://torsooi.com/
https://torsooi.com/
https://torsooi.com/
https://torsooi.com/
https://torsooi.com/
https://torsooi.com/
https://torsooi.com/
https://torsooi.com/
https://torsooi.com/
https://torsooi.com/
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Fig. 4. Settings for comparing similarities of sea turtle head profiles (Experiment 1). ‘‘Individual’’, ‘‘Profile’’ and ‘‘Year’’ refer to whether images in pairwise comparisons under 
each setting show the same individuals, profiles, or capture years. The last row ‘‘Count’’ refers to the number of images each query image is compared to under each setting.
Fig. 5. Motivation for performing experiments after horizontally flipping the query images: While initially ALIKED produces only 24 (mostly wrong) matching keypoints for 
opposite profiles, when the query image is horizontally flipped, the number of matching keypoints increases to 62 with most of them matching the same head positions.
Table 2
Different settings regarding the series of image retrieval experiments (Experiment 2). 
‘‘Same individual’’ refers to which images of the same individual as the query image 
are included in the database each time, with the last column showing the number of 
those images. Note that in every setting, all images of all the other individuals are 
included in the database.
 Setting Same individual Images of same individual 
 (full) All 3  
 (A) Opposite side, same year 1  
 (B) Same side, different year 1  
 (C) Opposite side, different year 1  
 (B+C) Both sides, different year 2  

decreasing similarity. If at least one of the top-𝑘 images shows the 
same individual as the query image, we deem the whole prediction 
correct. The overall top-𝑘 accuracy for each setting is the ratio of 
correct predictions over the number of query images. Top-1 accuracy 
reduces to the standard accuracy. The idea behind multiple ranked 
predictions is that the user may manually compare only a few images 
and decide whether the prediction is correct.

3.7. Flipping query images

Besides performing Experiments 1 and 2 as described above, we also 
performed them with horizontally flipped query images. This is done 
to systematically examine to what degree artificially ‘‘changing’’ the 
head orientation makes it simpler for methods to perform matches. We 
provide a motivation for this in Fig.  5. The left subfigure shows match-
ing keypoints of the two opposite profiles of turtle ‘‘t499’’. There are 
only 24 matching ALIKED keypoints, which mostly match the wrong 
positions in the images, e.g. a position of the mouth is erroneously 
matched to a facial scale. The right subfigure shows matching keypoints 
after the query image (left) was flipped. Not only did the number of 
matching keypoints increase to 62, but now they match the same head 
positions.
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This flipping was not performed for the TORSOI method since 
flipping does not alter the TORSOI codes.

4. Results

4.1. Experiment 1: Evaluating the similarity of left and right profiles

In Fig.  6, we show the similarity scores for profile comparisons 
under all five settings (A)–(E) of Fig.  4, inferred by MegaDescrip-
tor, ALIKED and TORSOOI (three columns) for all four datasets (four 
rows) for the original (red) and flipped (blue) query images. For every 
method, higher scores mean higher similarities. However, we note that 
the similarity values at the horizontal axes among the different methods 
are incomparable.

MegaDescriptor did not differentiate between the original and
flipped images, meaning that it learns inner representations of the 
individuals independent of the capturing profile. On average, we have 
the following order for the similarity scores:
MegaDescriptor: (𝐴) > (𝐵) ≈ (𝐶) > (𝐷) ≈ (𝐸),

TORSOOI: (𝐵) > (𝐴) ≈ (𝐶) > (𝐷) ≈ (𝐸),

ALIKED original query: (𝐵) > (𝐷) > (𝐴) ≈ (𝐶) ≈ (𝐸),

ALIKED flipped query: (𝐴) > (𝐶) > (𝐸) > (𝐵) ≈ (𝐷).
MegaDescriptor and TORSOOI inferred that the average similarity 

under (C) (same individual, opposite profile, different year) is larger 
than those under (D) and (E) (profiles of different individuals). This 
confirms quantitatively that the similarity between the left and right 
profiles of the same individual is, on average, higher than the similar-
ity between profiles of different individuals. The same is inferred by 
ALIKED, which can be seen from (C flipped) > (D original).

Both MegaDescriptor and TORSOOI assigned higher similarities to 
the same individuals ((A), (B) and (C)) than different individuals ((D) 
and (E)), which is the desirable property for a photo-ID method. On the 
other hand, ALIKED (original) assigned higher similarities to images of 
the same side ((B) and (D)), with (B)>(D) but very low similarities to 
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Fig. 6. Similarity scores for profile comparisons under all five settings (A)–(E) of Fig.  4, inferred by MegaDescriptor, ALIKED and TORSOOI (three columns) for all four datasets 
(four rows). Red and blue bars correspond to experiments with the original and flipped query images, respectively.  (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
images of the opposite sides ((A), (C) and (E)). This indicates it is a 
suitable method but only for the classical side-specific photo-ID work-
flow. However, similarities of opposite sides for ALIKED significantly 
improved when one of the images was flipped. This can be explained 
by the fact that, being a local feature-based method, ALIKED produces 
more matching keypoints for images whose geometrical patterns are 
more ‘‘aligned’’. This happens only when these images are flipped to 
artificially make them have the same orientation, see again Fig.  5.

When focusing on similarities between images of the same indi-
viduals (A)–(C), MegaDescriptor infers that in all four datasets, the 
similarity under (A) (same individual, opposite profile, same year) is 
higher than the similarity under (B) (same individual, same profile, 
different year). On the other hand, we observe a reverse situation with 
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TORSOOI with (A) < (B) and also with ALIKED, which infers that (A 
flipped) < (B original) in all datasets. This difference indicates that deep 
embedding-based methods are more likely to be affected by ‘‘global’’ 
changes to the animals over the years (e.g. colouration) than by the 
mere geometrical differences between opposite profiles. On the other 
hand, local feature-based methods rely more on geometrical features, 
which are robust (unaffected by time) for the same individual.

In Fig.  7 (top two rows), we have provided examples of photos 
of setting (A) (same individual, opposite profile, same year) with the 
largest similarity scores according to MegaDescriptor. One can readily 
see the reasons why the similarity was high. For example, the left 
and right profiles from the top Zakynthos-Loggerheads individual have 
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Fig. 7. Top: Photos of opposite profiles of the same individuals taken in the same year (setting (A)) ranked with the two highest similarity scores. Bottom: Photos of opposite 
profiles of the same individuals taken in different years (setting (C)) ranked with the two highest similarity scores. All rankings are according to MegaDescriptor.
Table 3
Top-5 accuracy for the image retrieval experiments under all settings from Table  2. For each 
dataset and setting, we have highlighted the best-performing method.
Method Dataset Setting

(full) (A) (B) (C) (B+C)

MegaDescriptor Zakynthos-Loggerheads 0.987 0.919 0.862 0.694 0.912
Amvrakikos-Loggerheads 0.795 0.730 0.360 0.225 0.420
Reunion-Greens 0.830 0.765 0.260 0.255 0.350
Reunion-Hawksbills 0.882 0.838 0.390 0.324 0.463

ALIKED original Zakynthos-Loggerheads 0.750 0.019 0.737 0.006 0.744
Amvrakikos-Loggerheads 0.805 0.005 0.805 0.000 0.805
Reunion-Greens 0.830 0.000 0.830 0.000 0.830
Reunion-Hawksbills 0.618 0.007 0.610 0.000 0.610

ALIKED flipped Zakynthos-Loggerheads 0.625 0.387 0.006 0.406 0.412
Amvrakikos-Loggerheads 0.655 0.495 0.005 0.280 0.280
Reunion-Greens 0.845 0.720 0.000 0.555 0.555
Reunion-Hawksbills 0.757 0.618 0.000 0.382 0.382

TORSOOI Reunion-Greens 0.780 0.315 0.720 0.265 0.765
Reunion-Hawksbills 0.618 0.184 0.507 0.140 0.559
high similarity due to the common whitish texture and the not well-
defined pigmentation within the scales. The profiles of both pairs of 
the Amvrakikos-Loggerheads dataset look similar regarding coloura-
tion and geometry. For Reunion-Greens and Reunion-Hawksbills, the 
similarity of left–right profiles is also evident (especially the almost 
identical pattern in the top Hawksbill pair). Fig.  7 (bottom two rows) 
shows pairs of images with high similarity for setting (C) (same indi-
vidual, opposite profile, different year). Once again, we notice visual 
similarities between the left and right profiles with respect to both 
colouration and geometry. Since photos were taken in different years, 
the similarities are guaranteed not to be attributed to external factors 
(background) but only to the animals themselves.

4.2. Experiment 2: Predicting sea turtle identities under the different settings

In Table  3, we provide the results of the image retrieval experiments 
in terms of top-5 accuracy. For each dataset and setting, we have 
highlighted the best-performing method. From this table, we have the 
following results:

• MegaDescriptor outperforms the other methods on Zakynthos-
Loggerheads in all settings. Since MegaDescriptor was trained on 
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the dataset SeaTurtleID2022, which is very similar to Zakynthos-
Loggerheads, this shows the benefits of fine-tuning deep networks. 
TORSOOI was never the best method, showing the general advan-
tage of neural network-based methods over hand-crafted ones.

• MegaDescriptor is the best method for settings (full) and (A), 
i.e. when query images are compared among others with images 
from the same year. However, ALIKED performs well for the most 
relevant setting in photo-ID, that is (B+C), where the query images 
come from different years than the ones in the search database. 
Notably, it significantly outperformed MegaDescriptor in the three 
datasets which the latter was not fine-tuned on.

• For (B+C), the difference between ALIKED-original and ALIKED-
flipped measures the similarity of opposite profiles. There are two 
extremes. If the accuracy for ALIKED-flipped is zero, it would 
suggest no similarity between opposite profiles. If the accuracy for 
ALIKED-flipped were the same as for ALIKED-original, it would 
suggest that the opposite profiles are identical. Since the accuracy 
for ALIKED-flipped is usually more than half for ALIKED-original, 
it suggests a significant similarity between opposite profiles.
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Fig. 8. Top-𝑘 accuracies for the series of image retrieval experiments, for various values of 𝑘, under selected settings from Table  2.
• ALIKED is unable to match opposite profiles. This manifests in 
the essentially zero accuracy for settings (A) and (C) for ALIKED-
original and (B) for ALIKED-flipped. This is consistent with the 
very low similarity scores of the same settings from Fig.  6.

We complement Table  3 by Fig.  8, where we provide top-𝑘 accuracy for 
various values of 𝑘. For illustrational simplicity, we plot only setting 
(A), (B) and (B+C). Table  2 can be deduced from Fig.  8 by considering 
𝑘 = 5. Upon careful observation, we can deduce that the results stated 
above hold even for Fig.  8.

5. Discussion

Sea turtle photo-ID has seen remarkable progress over the years 
with respect to expanding its range of ecological applications and the 
ever-increasing improvement of automated techniques. Up to now, both 
the currently used automated photo-ID methods (Dunbar et al., 2014; 
Calmanovici et al., 2018; Jean et al., 2010; Dunbar et al., 2021; Mills 
et al., 2023) and those based on manual divide-and-conquer strategies 
(Schofield et al., 2008; Papafitsoros et al., 2025) are local feature-
based or species-specific methods operating under a side-specific image 
retrieval setting where only comparisons between the same profiles 
are performed, i.e. left vs. left or right vs. right. Our results imply 
that methods based on deep neural networks, be it embedding-based 
(MegaDescriptor) or local feature-based (ALIKED), can assign high 
similarity scores not only to pairs of the same profiles of the same 
individual but also to pairs of opposite profiles.

Direct benefit to the sea turtle photo-ID workflows

The capability of these methods to recognise the left–right profile 
similarities promises to directly benefit sea turtle photo-ID workflows. 
9 
Firstly, it is particularly relevant to cases where query images of 
individuals and their available database entries show only opposite 
profiles due to, i.e. skittish animal behaviour or incomplete citizen 
science submissions (Papafitsoros et al., 2025). We showed that a fine-
tuned deep embedding method and a query-flipped local feature one 
can match such images. Secondly, we showcased that this capability 
also results in increased photo-ID accuracy. We observed in all datasets, 
especially when using MegaDescriptor, that when comparing photos of 
different years, restricting the searches to the same profiles provides 
only a slight advantage over doing so based on the opposite profiles 
only. Most importantly, there is an apparent gain in using both profiles. 
It is known that the more photos of an individual already exist in the 
database, the higher the chances that a query photo of that individual 
will be matched to at least one of those, resulting in a correct identity 
prediction (Dunbar et al., 2014). Therefore, database curators should 
still collect as many images of each individual as possible of both sides, 
but they should do the searches in a non-side-specific manner. Since 
there are two profiles per individual and only one dorsal side, this 
hints at the superiority of using the lateral sides over the dorsal side 
for photo-ID. However, dorsal-based sea turtle photo-ID is still the only 
option when drones are the primary means for capturing photos (Comis 
et al., 2022).

Factors contributing to similarity of opposite profiles

Even though the higher similarity of left and right profiles of a 
given individual compared to the one between different individuals 
was detected by all methods, we could not quantify to what degree 
this was due to the similar geometrical patterns of the scales, the 
inherent colouration and pigmentation of the individual or other char-
acteristics, e.g. the shape of the head (Casale et al., 2017). Colouration, 
pigmentation and texture are common throughout the head of an 
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individual turtle. As such, it is expected that these factors do drive 
the detected high similarity. The reasons that skin colouration and 
pigmentation differ among individuals are not understood well but are 
likely attributed to genetic factors, differences in foraging habits and 
sun exposure (Papafitsoros et al., 2025). Furthermore, the fact that 
ALIKED and TORSOOI take into account spatial information suggests 
that the high similarity scores were also driven by similar geomet-
rical patterns between left and right profiles. Interestingly, there are 
essentially no biological theories that could explain the reasons behind 
this left–right geometric similarity and further research is required, 
particularly concerning the mechanisms behind scale formation at the 
embryonic stages (Moustakas-Verho et al., 2014; Zimm, 2019).

While geometrical scale patterns are stable throughout a turtle’s 
life span (Carpentier et al., 2016), pigmentation and colouration on 
a turtle’s facial skin can change due to various factors like ageing, 
shifts of foraging habits, or seasonal changes in sun exposure (Adam 
et al., 2024a; Papafitsoros et al., 2025). Factors like algae, injuries 
and scratches can also change the appearance of a turtle year after 
year. This could explain the high similarity scores that were assigned 
by MegaDescriptor to opposite pairs of the same individual taken in 
the same year (setting (A)) compared to pairs taken in different years 
(setting (C)). It turned out that for MegaDescriptor, it was easier to 
recognise individuals based on a comparison of photos of opposite pro-
files of an individual taken in the same year, compared to comparisons 
of the same profiles taken in different years (setting (B)). We could not 
entirely exclude the possibility that common backgrounds and global 
colouration, which are often similar in photos taken during the same 
encounter (Adam et al., 2024a,b), could have artificially inflated the 
similarities in (A). It is also possible that other factors, such as the 
same degree of focus or use of strobe lights on photos of the same 
encounter resulting in increased contrast and scale definition, could 
have influenced these results. This could be the case for the Reunion-
Greens and Reunion-Hawksbills datasets, where the relationship (A) 
> (B) was more pronounced. On the other hand, we note that (A) >
(B) holds, albeit to a lesser degree, also for the Zakynthos-Loggerheads 
and Amvrakikos-Loggerheads datasets even though the photo-capturing 
conditions were essentially uniform across the years. Thus, we argue 
that the high similarity scores in (A) compared to (C) is most likely 
attributed to changes in the turtles’ appearance.

Guidelines for automated method selection

The accuracy of MegaDescriptor for the Zakynthos-Loggerheads 
dataset was much higher than the other three datasets. This is almost 
certainly because images of individuals from the
SeaTurtleID2022 dataset were part of the training set of MegaDescrip-
tor. Even though the individuals of Zakynthos-Loggerheads were not 
part of SeaTurtleID2022, turtles from both of these datasets belong to 
the same population, thus sharing similar morphological characteristics 
and their photos were taken under similar conditions, with similar 
cameras and by the same photographer. As already mentioned, deep 
embedding and, in general, neural network-based methods become 
more accurate when trained on images of the same characteristics 
(same distribution) as the ones tested on (Goodfellow et al., 2016). 
Therefore, MegaDescriptor, or generally deep embedding-based meth-
ods, should be used whenever there is a sufficient amount of training 
data in terms of number of images, identities, capture settings and 
orientations which can be used for fine-tuning them. The order of 
magnitude of the number of images needed typically depends on many 
factors, such as the number of network parameters, the size of the 
turtle population, and the diversity of image capture environments. 
On the other hand, the local feature method ALIKED outperformed 
MegaDescriptor for the three other datasets. This implies that such 
a method should be used whenever training data are not available 
for fine-tuning a deep embedding-based method. In that case, our 
results imply that performing the matching for both the original and 
10 
horizontally flipped query image is advantageous. This is particularly 
useful when individuals have only a limited amount of photos in the 
database since by doing two such searches, there is a higher chance that 
one or more of the top-retrieved images will be a successful match.

The importance of public high-quality datasets

Our work further highlighted the need for multiple well-curated, 
publicly available multiple-year-spanned sea turtle datasets that can 
be used both for developing algorithms (training) and their proper 
evaluation (testing). In particular, it is crucial that timestamps, i.e. 
capture dates, and orientation labels of the heads, are included in 
the metadata of each image. For instance, training deep embedding-
based methods with photos of individuals spanning several years could 
force the extracted embedding vectors to encode these identifying 
characteristics that are stable in time. This is particularly crucial for 
developing methods to identify individuals over large time scales, e.g. 
from juveniles to adults. Maturation of sea turtles up to a point where 
they stop growing can take decades (Baldi et al., 2023), making the 
assemblage of such datasets particularly challenging. On the other 
hand, adding timestamps to each photo is simple yet crucial for proper 
method evaluation (Adam et al., 2024a). Comparing the query images 
only with those taken in different years allows us to mimic realistic 
photo-ID matching workflows. It avoids the comparison of photos taken 
in the same conditions/encounters, which could artificially inflate the 
accuracy of algorithms due to the shared background or global coloura-
tion. We also encourage method evaluations using multiple datasets, 
with various species, created with different settings. Most sea turtle 
photo-ID studies typically use a single dataset for a single location 
to perform experiments. However, we showed how the results of a 
method can vary on different datasets and how this can be explained 
based on their characteristics. At the moment, there are only two pub-
licly available sea turtle datasets for algorithmic training and testing: 
SeaTurtleID2022 (Adam et al., 2024a), and ZindiTurtleRecall (Turtle 
Recall: Conservation Challenge, 2022), and we strongly recommend 
researchers to publish also their datasets. Here, we contribute to that 
need by making all our four datasets publicly available.

6. Conclusion

In this work, we showed that state-of-the-art deep re-identification 
methods can detect the similarity of left and right profiles in sea turtles. 
While our current work focuses on sea turtles, it paves the road for 
exploiting morphological symmetries of opposite sides of other animals 
as well, when performing photo-ID with deep neural networks. Such 
detectable symmetry, for instance, has been shown to exist in dolphins 
(Genov et al., 2018), and it is likely to exist in other species whose 
identification has been so far performed under the same side setting. 
We thus anticipate further research towards this direction, which will 
be facilitated by the constant progress of computer vision and deep 
learning on the one hand and the ever-increasing availability of public 
databases of wild animals on the other (Čermák et al., 2024b).
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