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Abstract

In amphibian capture-recapture studies, commonly used individual-identification
methods include toe clipping as well as less invasive alternatives of varying cost. Yet,
choosing the best method for a study is challenging, because both the reliability for
identification and the severity of adverse effects of a given mark type can greatly vary
between species as well as life stages. We compared the reliability of three identi-
fication methods in young agile frogs (Rana dalmatina): clipping a single phalanx,
injecting visible-implant-elastomer (VIE) tags (one of six colours) under the skin, and
photo-based identification using natural colouration. Individuals were regularly photo-
graphed from the start of metamorphosis onwards, and were marked by the other two
methods soon after all of them finished metamorphosis. Subsequently, we checked
mark retention by each method multiple times for more than a year. Photo-based
identification was far more reliable than the other two methods: 100% identification
success post-metamorphosis in all checking events within small housing groups,

and 98% with computer-assisted identification across all housing groups. Post-
metamorphic body colouration remained largely stable, and the major patterns were
already present at metamorphosis. Based on VIE colour alone, we could correctly
identify the animals in 77% of the checks. Green tags were the easiest to recognize.
VIE often broke into smaller parts, and those were sometimes found only outside the
originally tagged body part (15%) or not found at all (10%). VIE was better retained in
the legs than in the arms. Dissection revealed that migrating VIE pieces can accumu-
late in the internal organs, especially the kidneys. The clipped toe tip was success-
fully recognized only in 41% of checks. We conclude that photo-based identification
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is superior to both VIE-tagging and toe tipping in young agile frogs, and this method
should be preferred in future studies seeking a cost-efficient yet reliable identification
method in this species.

1. Introduction

Tracking individuals across time and space is key in research and conservation
programs. There are various methods of individual identification, and choosing the
right method for a particular goal is crucial for the success of the study. For example,
the anatomical, physiological and behavioural features of a species may influence the
suitability of a given identification method [1]. Different methods can significantly differ
in costs in terms of money and time (e.g., expensive but easy-to-read microchips vs.
inexpensive but time-consuming photography-based identification), hence limiting the
options of projects on tight budget. Ethical considerations require to take into account
the 3Rs principle (refinement, reduction and replacement) [2], and the ideal method
should minimise adverse effects while maximising identification accuracy. Therefore,
assessing the reliability of identification methods is important before starting long-
term application in large numbers.

For many decades, toe clipping was the most conventional method of individual
identification in amphibians. This is an inexpensive and fast method, but negative
effects have been reported on various welfare-related endpoints such as stress
hormone levels and behavioral changes as well as on long-term growth and survival
[3]. Moreover, clipped toes can reportedly regrow over time which limits identifi-
cation success [4—6]. Clipping only the most distal phalanx (or just the toe pad in
hylid frogs; both known as ‘toe tipping’) was proposed as an alternative to reduce
the adverse effects, and this method has been used in different species [7,8]. Yet,
studies on both the actual reduction of adverse effects and the reliability of toe tipping
for individual identification are missing. Methods that are considered less invasive
require the injection of extraneous material under the skin [1]. One such material
is visible implant elastomer (VIE), a colourful silicone-based material that is usually
considered harmless, with no effect on stress, movement or growth [9—16]. However,
reports from several amphibian studies suggest that VIE may migrate under the skin,
its colour may fade with time, and the material may even be rejected by the body,
leading to identification failures [4,9,17—19]. Retainment of VIE tags may depend on
the body part in which it was applied [4,18,20]. Studies that compared the reliability
of toe clipping and VIE tagging in anurans came to contradicting conclusions [4—6,9],
suggesting that the suitability of each method for individual identification depends on
the species and circumstances of the study.

In contrast to the above methods, photo-based identification relies on the distri-
bution of natural macroscopic colour patterns of the amphibian skin. Such patterns
remain largely stable at least during adult life [21,22], thus providing reliable alter-
native to artificial tagging methods in various species [23-26]. By far, this method
is the least invasive, and it requires only a suitable photographing device. However,
when the number of individuals is more than a handful, photo-based identification is
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time-consuming and difficult to use on-the-spot, because the individual needs to be compared to all the previously taken
photographs. Finding the matching images can be aided by various software, some of which are pricey though, and their
suitability may greatly differ for a given set of images [24, 25].

Reliability of different individual identification methods may greatly vary between adult and young life stages. Because
juveniles have faster growth rates and potentially better regeneration capabilities, and skin coloration may change with
ontogeny, methods that are reliable in adults may not necessarily work as well in young animals [27,28]. In this study, we
assessed the reliability of three low-cost identification methods in young agile frogs (Rana dalmatina): toe tipping (clipping
only the most distal phalanx), VIE tagging, and photo-based identification. We applied all three methods on recently meta-
morphosed froglets and followed the retention of individual markings for 488 days, including one winter hibernation period.
We kept the frogs in small housing groups, where the application of only one VIE tag and one toe mark per individual was
required for following the animals’ true identities. This enabled us to record mark retention by each method with high accu-
racy. Our study demonstrated that natural marks were far more stable than the applied artificial marks, and photo-based
individual identification was always successful in young agile frogs, both when comparing small and large numbers of
individuals.

2. Methods
2.1. Data collection

We used 113 agile frogs for this study, which we raised from the egg for the purposes of a long-term experiment. The eggs
were collected on 15 March 2023 from 10 egg masses spawned naturally in our study pond (47.551195°N, 18.926682°E).
The embryos and tadpoles were raised as described in [29]; after the third week of larval development until metamorpho-
sis they were kept in mesocosms as described in [30], in groups of six siblings. When an animal reached the start of meta-
morphosis (appearance of forelimbs), we assigned an individual identifier (‘animal ID’) to it, photographed it in shallow
water (either by digital camera or smart phone), and housed it in an individually-labelled plastic box until marking. After
marking (see below), we housed the froglets in groups of five or six siblings outdoors, except for the winter during which
they hibernated in a climate chamber [31]. Group sizes decreased with mortality during the experiment, and animals that
died before marking or were excluded due to other reasons (S1 Appendix) were not counted in the N=113 for the present
study. Details on housing conditions as well as animal exclusions from the study are described in S1 Appendix.

After all individuals had completed metamorphosis, we photographed them and marked them with both toe tipping
and VIE tagging (Table 1). At tagging, the froglets had 0.6—1.3 g body mass and 19.6—26.4 mm snout-vent length (SVL;
measured by Fiji version 1.54g [32] based on photographs). Each froglet was anesthetized by immersing in a 1 g/L water
bath of tricaine-methanesulfonate (MS-222; a safe and humane anaesthetic widely used for amphibians [33-35]) buff-
ered to neutral pH with the same amount of disodium hydrogen phosphate. When reflexes were lost (after ca. 2 minutes
in the room-temperature solution), we placed the animal on wet paper towel for marking. We used flame-sterilized sharp
scissors to remove one toe tip (the most distal phalanx) following a toe-clip coding system (Fig 1), such that every frog in
a housing box would have a different toe tip removed. Additionally, we injected a VIE tag (Northwest Marine Technology,
Inc., Shaw Island, WA, USA) of one out of six colours under the skin on one out of three body parts either on the left or
the right side (Fig 1) following the manufacturer’s guidelines (but see S1 Fig for signs of differential viscosity between the
applied tags). Building on previous reports on varying tag retention [4,18,20], we chose body parts that are relatively far
away from the lymph sinuses: the upper arm, the shin, and the foot at the edge of the sole. Another reason for choosing
these three body parts was that they are relatively easy to see without picking up the animal, which might facilitate indi-
vidual identification in the field, although in our study the tags were always examined with the animal being held in hand.
We did not tag the toes or foot webs because these were too small. Length of the applied VIE tags varied between ca. 3
and 9 mm, and they were in general ca. twice as long in the shin than in the upper arm, because tag size was limited by
the short length of the latter. Because VIE tags have been reported to move under the skin of frogs, we applied VIE in the
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Table 1. Timing of procedures and number of individuals (N) throughout the study.

Procedure Date N Photo taken VIE tag check Toe-clip check
Metamorphosis 29 May-25 Jun 2023 112* + - -
Marking 5-6 Jul 2023 113 + - -
Checking 29-30 Aug 2023 113 + + +
6-7 Nov 2023 110 + + +
13 February 2024** 110 + - -
13 Mar 2024 109 + + -
15 May 2024 109 + + -
15 July 2024 107 + + -
16 Sep 2024 100 + + +
4 Nov 2024 100 + + -

* Note that due to an error, photo taken at metamorphosis was missing for one individual, therefore such photos were available for only 112 out of those
113 animals that we marked and monitored in this study.

** \We only recorded the natural markings on this date. Therefore, we excluded these images from the analyses comparing the reliability of the three
identification methods within housing groups, and only included them in the HotSpotter database.

https://doi.org/10.1371/journal.pone.0342340.t001

same body part for all individuals within a housing box; therefore, the original body part remained unambiguously known
for each individual, regardless of later tag relocations. However, the combination of tag colour and side (left/right) was
different for all individuals housed in the same box. After marking, the animal was placed on its belly with legs unfolded to
a loosely stretched posture for better visibility, and the full dorsal body surface was photographed along with its ‘animal 1D’
using a Canon EOS R50 camera. The froglets were kept wet until they recovered from anaesthesia; all animals survived
the procedures and woke up after ca. half an hour.

We evaluated the reliability of each identification method for over at least 14 months after marking, up until the start of
the froglets’ second winter hibernation (Table 1). Checking events took place every two months, except for the duration of
winter hibernation. During each checking event, we removed all frogs from each housing box in a haphazard order, and to
each animal we assigned a number between 1 and the total number of frogs still alive (‘sampling ID’). Two researchers tried
to identify the clipped toe and the colour and location of the VIE tag for each frog. They searched for VIE tags both with and
without a UV-A torch light, because most of the VIE colours we used were fluorescent (Fig 1). At the first checking event
(August 2023), researchers were allowed to discuss their decisions regarding VIE tags, while across the rest of the check-
ing events, the two researchers independently assessed both VIE tags and toe-tip clips. They also recorded if their identi-
fications of VIE colours and clipped toes were confident or uncertain. Lastly, they guessed the ‘animal ID’ for each froglet
(‘on-site ID’) based on a combination of the available data, including the VIE tags, clipped toes, and exclusion (i.e., when
markings were not detected on a single frog in the box, that frog could be identified as the only missing ‘animal ID’ in that
box). Note that the sole purpose of the ‘on-site ID’ was to ensure that we could determine the true identity of each animal,
that is essential for comparing mark retentions (see also the next paragraph). Because toe-tip clips were highly ambiguous
during the first two checking events (see Results), after that we stopped evaluating mark retention by toe- tipping, except
for the penultimate checking event when the froglets weighed 2.7—7.5 g with 30.6—44.5 mm SVL (Table 1).

At each checking event, the froglets were photographed together with their ‘sampling ID’ while positioning themselves
freely in clean water [26] either by a Sony Cyber-shot DSC-HX200V under varying light conditions indoors, or by a Canon
EOS R50 digital camera equipped with circular polar filter in a custom-developed photo box (light: 5000K Matcheasy
LED strip, 5V, 3m). Later, we brightened the images by applying exposure curves in RawTherapee (version 5.9; https://
rawtherapee.com) to enhance the visibility of skin patterns. Then, an experienced researcher who was blind to the ‘on-site
ID’ compared the images of frogs in a housing box to the photographs captured at marking of all froglets housed in the
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Fig 1. Individual identification by toe tipping and VIE tagging. Each individual was marked by the removal of one phalanx and the injection of one
VIE colour into one of the highlighted body parts (A). VIE codes are highlighted with blue frame. Each marking code indicates the side of the body (L:
left, R: right). Additionally, toe-clip codes indicate the limb (F: forelimb, H: hind limb) and digit (according to proximity to the body), while VIE codes indi-
cate the body part (A: upper arm, S: shin, F: foot). The applied VIE colours and whether or not they are fluorescent under ultraviolet lighting are indicated
on the right. Example photos show LF-4 combined with RS-red (B) and RF-4 combined with LF-green (C) just after tagging. Exposure curves were
applied for each image to facilitate pattern visibility.

https://doi.org/10.1371/journal.pone.0342340.9001

same box, and assigned a ‘photo-based ID’ to each individual at each checking event. Each photo was compared with all
individuals photographed at marking from the same housing box (regardless of being identified already, and being dead
or alive), so exclusion was never used during photo-identification. VIE tags were rarely visible on the images taken during
the checking events; for such cases, the researcher was instructed to ignore VIE tags during photo-identification and only
consider the skin patterns of the frogs.
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To assess the agreement of photo-identification within the small housing groups between different observers, a subset
of the images was evaluated by a second, less experienced researcher. For this purpose, the 20 housing boxes were
randomly distributed across the seven checking events, such that a similar number of frogs would be chosen from each
event, and each of the 113 frogs would be chosen only once. Additionally, to investigate whether the photographs allow
individual identification already at the start of metamorphosis, these photographs were compared to the images cap-
tured in August 2023; this was done by the experienced researcher for all frogs (N=113), and by the less experienced
researcher for a subset of two frogs picked randomly from each housing box (N=40). For all photo-identifications, the
observers also recorded if they were confident or uncertain. For the photos taken at metamorphosis, the experienced
researcher scored picture quality as good, medium, or poor (S2 Fig), based on the visibility of skin markings due to both
image properties (e.g., sometimes the animal was not in focus or partially hidden by reflections on the water) and the pos-
ture of the animal (e.g., the tail sometimes partially covered the legs). These quality issues occurred because, for logisti-
cal feasibility, the metamorphs were photographed by several researchers, none of whom had experience with capturing
high-quality pictures for individual identification. All photos taken after marking had good quality, with all skin markings
being fully visible, as all these pictures were taken by a single, experienced researcher.

To evaluate if the natural markings enabled individual identification in a large group of juvenile frogs as well (and not
just among five or six animals as above), we performed computer-assisted identification in HotSpotter [36] using images
from two different dates per individual. To avoid disturbing effects of the background [26], we used images from those two
occasions when the animals were photographed in water against a uniform white background: November 2023 and Feb-
ruary 2024. First, we added one photo of each individual from November and assigned the ‘animal ID’ to each image in
the ‘name’ column in HotSpotter. Then, we added a photo of each animal from February without assigning any ID to it. To
maximise the size of this dataset, we used images from all frogs still alive (N=112 in November 2023 and N=111 in Feb-
ruary 2024, including two animals that were excluded from all other analyses due to having two VIE tags). First, we car-
ried out a ‘software-performance test’ by running ‘queries’ in HotSpotter for the 111 individuals photographed in February,
and we recorded the rank of the true match from November for each queried image. Meanwhile, the author who created
the database checked if VIE tags were visible on the included images, and listed those individuals whose images from
neither November nor February featured visible VIE (N=91). Finally, we performed an ‘observer test’ focusing on the latter
91 animals to assess if human observers could identify the matching images solely based on the natural colour markings
of the animals. In the ‘observer test’, images from February were haphazardly assigned to one of two authors who had no
previous experience in photo-based identification of these frogs (45 images queried by one and 46 queried by the other
author). Their task was to assign the ‘animal ID’ to each queried image by evaluating the first 20 potential matches listed
by HotSpotter (i.e., rank < 20; a threshold also used in previous studies [26,27,37]).

Mortality post-marking was low (N=11) and happened during the warmest times (Table 1; note that two further individ-
uals were taken out of the study after 5 and 6 checking events, respectively, for reasons not related to this study). The
froglets that died after marking were dissected and examined for VIE material in their internal organs using an APOMIC
SHD200 digital microscope.

2.2. Data analysis

First, we investigated which method yielded the most unambiguous decisions regardless of the correctness of identifi-
cation. To this end, we categorized each identification attempt as ‘unambiguous’ in cases where only a single, confident
guess was made, and ‘ambiguous’ where the observers were uncertain or in conflict with each other, or they could not
find the marking at all. We used a generalized linear mixed-effects model with binomial error and logit link, where the
dependent variable was the binary ambiguity category. The fixed factor was the type of method (toe-clip, VIE tag, photo),
and the random factor was ‘animal ID’ (inferred from ‘photo-based ID’ as explained below). Because this analysis showed
that both VIE and toe-tip markings were often ambiguous (see Results), we could not use the ‘on-site ID’ as the “true”
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individual identifier. Therefore, we used the ‘photo-based ID’ as the “true” identification of ‘animal ID’ in the second set

of analyses, considering the following reasons. During photo-identification (using the images taken at marking as refer-
ence), the observers were never in conflict and always found a putative match, which always matched the ID assigned
based on the only tag colour that was always unambiguously recognizable when found (green; see Results). In each case
where the ‘on-site ID’ did not match the ‘photo-based ID’, we double-checked if there was any error made during photo-
identification; in all these cases the photo belonging to the non-matching ‘on-site 1D’ clearly showed a different skin pattern
compared to the image taken at marking, meaning that the ‘photo-based ID’ was correct and the ‘on-site ID’ (based on VIE
and toe-tip clips) was mistaken.

To analyse the success rate of identification by toe-tip clips and VIE tags, we used the same model structure as above,
but the binary categories of the dependent variable were ‘successful’ (i.e., the assigned ID was the same as the ‘photo-
based ID’) versus ‘failed’ (i.e., the assigned ID was conflicted, or not found, or did not match the ‘photo-based ID’). For
toe-tip clips, the fixed effects were the digit clipped (regardless of side) and the checking event (we used the latter as cate-
gorical variable to allow for identification success to change non-linearly over time). For VIE tags, the fixed effects were
tag colour, the tagged body part (regardless of side), and checking event. We calculated the identification success by VIE
tags in three alternative ways. First, we considered all identifications successful when the colour of the tag was correctly
recognized, regardless of tag location. Second, we considered all identifications successful when the location of the tag
was correct regardless of tag colour; tag location was recorded as correct when it was found in the body part where it had
been injected into, and incorrect if it was not found at all or found in other part(s) of the body (i.e., further than the nearest
joints from the initial location). Third, we considered all identifications successful when both the colour and location of the
tag was correct (i.e., the right colour was found in the body part where it had been injected).

For all statistical analyses, we used the R 4.3.2 software, with function ‘glmer’ of package ‘ime4’ for binomial models.
We used the ‘DHARMa’ package for residual diagnostics to check that the statistical requirements of our models were
met. From each model, we calculated post-hoc pairwise comparisons using the ‘emmeans’ package, correcting the
P-values for multiple testing with the false-discovery rate method [38].

2.3. Ethics statement

All procedures in this study were approved by the Ethics Committee of the Plant Protection Institute and licensed by the
Environment Protection and Nature Conservation Department of the Pest County Bureau of the Hungarian Government
(PE-06/KTF/00754-8/2022, PE-06/KTF/00754—-9/2022, PE-06/KTF/00754—10/2022, PE/EA/295-7/2018, PE/EA/00270—
6/2023). No additional permit was necessary for accessing the field site because it is located in the campus of the Plant
Protection Institute.

3. Results

Ambiguity rate differed significantly between each of the three methods: it was highest for toe tipping and lowest for
photo-identification (Table 2; P<0.0001 for all pairwise differences). The nature of ambiguity also varied by method (Table
2). For toe-tip clips, the two observers often made conflicting identifications or recorded their guesses as uncertain (Table
2). For VIE tags, these kinds of ambiguity were less frequent, but sometimes the tags were not found at all (Table 2). For
photo-identification based on the images taken at marking, ambiguity was rare and always occurred in the form of the
observers being somewhat uncertain about their choice (Table 2). When the images taken at metamorphosis were used
as the basis for photo-identification, the observers were often uncertain and sometimes made conflicting decisions or
found no matches at all (Table 2). The dataset containing decisions for each individual at each checking event is available
on Figshare [39].

When the VIE tag was found, green was the only colour that was always recognized without ambiguity (Table 2). For
the green-tagged individuals, every ‘photo-based ID’ matched the guess based on the VIE tag (N=119). For other tag

PLOS One | https://doi.org/10.1371/journal.pone.0342340 February 10, 2026 7117




PLO\S\%- One

Table 2. Percentage of ambiguous and unambiguous identifications for each marking method, regardless of correctness of the identification.

Method N* Unambiguous Ambiguous

Uncertaint Conflicted* Not found$
Toe-tip clips 323 37.2% 22.3% 40.2% 0.3%
Front 2 62 46.8% 40.3% 12.9% 0
Front 3 53 20.8% 49.1% 28.3% 1.9%
Front 4 56 35.7% 44.6% 19.6% 0
Hind 3 45 31.1% 42.2% 26.7% 0
Hind 4 54 31.5% 42.6% 25.9% 0
Hind 5 53 54.7% 35.8% 9.4% 0
VIE tags 748 80.3% 4.3% 5.1% 10.3%
Green 122 97.5% 0 0 2.5%
Yellow 131 90.8% 0.8% 3.1% 5.3%
Orange 140 91.4% 2.1% 2.9% 3.6%
Red 128 60.9% 10.2% 7.8% 21.1%
Pink 117 74.4% 8.5% 13.7% 3.4%
Purple 110 63.6% 4.5% 3.6% 28.2%
Photos compared to
Froglet marking 748 92.2% 7.8% 0 0
Metamorphosis 112 49.1% 44.6% 4.5% 1.8%

* Sample size (N) of identifications is the number of individuals x number of checking events. Note that for photos, the percentage of conflict was
assessed on a subsample of N=113 based on the images taken at marking and N=40 based on the images taken at metamorphosis.

TOnly one ID was assigned but with uncertainty.
*More than one ID was deemed possible.
SNo clipped toe or VIE tag or matching photo was found.

https://doi.org/10.1371/journal.pone.0342340.t002

colours, whenever there was a mismatch between the ‘photo-based ID’ and the guess based on the VIE tag (N=92
out of 552 individual checks where the tag was found), the photograph taken at marking always matched the individual
assigned by ‘photo-based ID’ and not the individual assigned by VIE tag. Because of these reasons, we treated all identifi-
cations based on the images taken at marking as correct, and we defined the success of the other methods based on the
‘photo-based ID’.

The overall success of identification by toe tipping was only 40.9%, varying from 15.1% to 67.9% across digits (Fig
2) and from 35% during the first two checking events to 54% in September before the second hibernation (Fig 2). For
VIE tags, identification based on colour was correct in 77.4% of cases, with significantly higher success for green, yel-
low, and orange than for red, pink and purple tags (Fig 3). However, out of the 671 individual checks where the tag was
found, in 102 cases it was not located in the body part where it had been injected (15.2%). In 77 cases (10.3%) involv-
ing 36 individuals the tag was not found at all, but in 16 of those individuals it was found again 1-4 checking events
later (including 8 individuals in which the tag disappeared and was found again more than once). Dissection of the
froglets that died or were taken out of the study revealed that, in 5 out of 13 animals, some of the VIE material moved
into the internal organs (S3 Fig); this happened from all three body parts where the tag had been injected. We recorded
tag dislocation including complete disappearance in 179 out of 748 individual checks (23.9%), and it was significantly
more frequent in the arms than in the legs (Fig 3), for the purple and red tags than for other colours (Fig 3; but see also
S1 Fig), and at later checking events (Fig 4). Altogether, when both the colour and the location of the VIE tags were
considered, identification success was 65.4% overall (Fig 3), decreasing from 78.8% to 51% from the first to the last
checking event (Fig 4).
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When comparing each of 111 queried photos from February 2024 with all the other images in the ‘software-
performance test’, the image taken of the same animal three months earlier was identified as the most likely match
(rank=1) by HotSpotter for 75.7% of the queried images, 92.8% received a rank <10, and 98.2% received a rank < 20.
Considering only the results of those 91 individuals whose photos did not feature any signs of VIE, 73.6% received
rank=1, 92.3% received rank <10, and 98.9% received rank < 20; the only individual with rank>20 received rank=48. In
the ‘observer test’, the ‘animal ID’ was correctly assigned to each of the 90 individuals with rank <20, and the observer
dealing with the one individual whose matching pair was not present among the rank <20 images correctly recognized that
there was no ‘animal ID’ to assign. With other words, the overall false rejection rate was less than 2% (due to software
performance), with a false acceptance rate of 0% by the observers. The dataset containing all software-performance and
observer results, and screenshots from HotSpotter are available on Figshare [39].

Based on the photographs captured at metamorphosis, individual identification was highly successful (93.8%) within
the small groups of co-housed animals despite the relatively high uncertainty reported by the observers. However, 47.3%
of the photos taken at metamorphosis had some problems with image quality or the body posture of the animal or both,
and 42.0% had poor quality (i.e., the problems resulted in low visibility of the leg patterns). Ambiguity rate decreased as
photo quality improved from poor (70.2%) through medium (37.7%) to good (33.3%; x? test: x*=12.17, df=2, P=0.002).
Identification success was 91.5% for poor-quality photos, 94.3% for medium-quality photos, and 100% for good-quality
photos. The dataset containing image qualities and identification results of metamorphs is available on Figshare [39].

4. Discussion

In our study, photographs of the natural pigment markings on the skin were clearly superior to both toe tipping and VIE
tagging for individual identification of agile frogs during the first one and a half years of their post-metamorphic life.
When image quality was good, the observers had low ambiguity when assessing potential matches, and the matches
they assigned were always correct when we were able to assess this with a reliable alternative marking (i.e., green
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tags that were unambiguously detected in our study). Although the skin patterns sometimes changed slightly as the
animals aged (S4 Fig), the observers were always able to find the correct match from up to six candidate individuals
in our study system. Reliability of computer-assisted identification in the large dataset (92% with rank <10 and 99%
with rank < 20) was comparable to previous reports on successful photo-based identification in amphibians [24-27,39].
This result, together with the fact that all four observers (two focusing on the small groups and two on the HotSpotter
database) always identified the matching photos if those were present among the list of potential matches that they
evaluated, demonstrates that natural colour markings of agile frogs are unique already in their first year of life. Sub-
stantially different body postures on matching images likely constrained the performance of HotSpotter in our study.
By adding multiple images per individual [25,40], and applying optimized techniques for image capturing while paying
more attention to animal positioning and lighting conditions [26], performance of computer-assisted photo-identification
is expected to improve even further. Indeed, using the latter approach, we found in a parallel study on adult agile frogs
that 100% accuracy can be achieved with computer-assisted photo-identification in datasets consisting of several
hundred individuals [26]. Furthermore, in the present study, the photographs taken at metamorphosis (i.e., emergence
of front limbs) also proved suitable for individual identification of the young frogs 2—3 months later, when photos of <
6 co-housed siblings were compared. When picture quality was good, photo-based identification was 100% success-
ful regardless of the timing of taking the reference photographs (i.e., at metamorphosis or at froglet marking), and it
was fairly high even with the poorest-quality pictures taken at metamorphosis (91.5%). This suggests that the unique
individual patterns of agile frogs are already recognizable at very early life stages and remain largely stable throughout
and after metamorphosis (S5 Fig), similarly to what has been found in a few other anuran species [41,42]. The draw-
back of the photo-identification method is that comparison of the individual to the reference photographs requires the
availability of those photographs (e.g., on a computer at hand) and non-negligible amount of time that increases with
the number of potential matches that need to be checked. For example, in our study, on-site assessment of VIE tags
and toe-tip clips took qualitatively similar time to photographing, but the latter had to be followed by off-site image pro-
cessing and subsequent photo comparison. Nevertheless, the time needed for finding the right match can be sped up
by computer-assisted photo-identification [43], using suitable software [24,25,40] and optimized photography methods
[23,26]. Earlier studies that used computer-assisted photo-identification in amphibians had widely variable success
rates (Table S1 in [26]), which might be due to variability in the photography settings and software applied or the stabil-
ity of skin markings.

Overall, the second-best method in our study was VIE tagging. In our system, tag colour alone should have been
enough for successful individual identification because the same colour was rarely injected into more than one animal
in the same box, and the tags rarely ever moved from one side of the body to the other. However, we had difficulty with
telling apart three of the six colours (red, pink, and purple), probably because the skin of the tagged body parts is reddish-
brown (S4 and S5 Figs) and sometimes can be quite dark. In this respect, body parts with lightly coloured skin would be
preferable for VIE tagging; however, the only such area on agile frogs is the belly and the ventral side of the thigh, where
tag retention has been typically low in other species [18,20]. Furthermore, sometimes we did not even find the tag, despite
that we were often able to locate the same tags during some of the subsequent checking events. The reason for the latter
is that the tags often broke into several pieces, and the pieces migrated away from the injection point both towards and
away from the centre of the body, often leaving only small, easy-to-miss dots close to the skin surface. These findings are
similar to those reported from studies on other amphibian species [18,19,44]. Tag dislocation may further reduce success
in situations where tag location is part of the individual identification code; for example, we found that tags injected into the
shin can move into the foot and vice versa. In our study, dislocation was more frequent for tags injected into the upper arm
compared to the shin and foot; however, this contrasts findings in other anuran species [20,28,45] and might be explained
by tag size rather than by location, because we injected smaller tags into the upper arms due to their smaller size relative
to the two target sites on the legs. However, larger tags were more likely to migrate in other amphibians [46]. Altogether,
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in our study, tag migration resulted in the 77% identification success based solely on tag colour dropping to 65% based on
the combination of tag colour and location. This overall low success rate would be unacceptable for many studies; how-
ever, VIE tags could be still reliable for applications that do not require a large number of individual codes. For example,
our data suggest that young agile frogs could be successfully batch-marked with green, yellow, or orange VIE for tracking
cohorts.

Our data on tag migration raise concerns about the health risks associated with VIE tagging. Regardless of initial tag
location and colour, some of the VIE material moved into the internal organs, mostly the kidneys, which agrees with find-
ings on adult cane toads (Rhinella marina; [47]). In the latter study, VIE in the kidney was associated with inflammation
and damage to the vasculature that progressed in severity over time. This is especially worrisome in light of growing con-
cerns about the ecotoxicological effects of microplastics [48]. Notably, although growth and survival were reported to be
unaffected by VIE tagging in various amphibians, this has been studied over relatively short periods, rarely longer than a
year [9-15]. Therefore, caution is recommended with using VIE especially in free-living wild animals, and further research
is needed to validate its long-term safety.

To our knowledge, this is the first report on mark retention by toe tipping under controlled experimental conditions,
despite its reported usage in the field [7,8]. Removal of only the most distal phalanx yielded unacceptably low identification
success in our study, ranging between 15.1% (front 3) and 67.9% (hind 5) depending on the marked toe. This may be due
to particularly high regeneration capacities in young juveniles, although 100% toe-clip retention was observed in boreal
chorus frogs (Psuedacris maculata) over one year after metamorphosis [9]. However, the length of the clipped part was
not clarified in the latter study; studies that reported high reliability of toe-clipping typically removed more than one phalanx
per toe (e.g., [4,44]) whereas we removed only the most distal phalanx. Nevertheless, even if identification success would
be increased by more extensive clipping, negative consequences of toe-clipping on survival can increase with the severity
of mutilation (e.g., by the number of toes clipped per animal, which inevitably increases when a large number of individu-
als have to be marked uniquely; [9,49,50]). Our results suggest that the practice of clipping just one phalanx per toe may
lead to the data turning out useless, and the mutilation having been done in vain. As pointed out by a recent systematic
review on the welfare impacts of toe-clipping in amphibians [3], data to help decisions in this ethically loaded topic are still
too scarce and heterogeneous. While the debate is still going on and more data are being collected, we recommend using
less invasive methods for marking individuals whenever feasible.

In conclusion, our study shows that photo-based individual identification, besides serving refinement according the 3Rs
[2], is superior to both VIE-tagging and toe tipping for individual identification in young agile frogs. When the images were
taken with care to ensure good quality, photo-identification had 100% success over one and a half years in the housing
groups, and major individually unique patterns were recognizable already at metamorphosis. Although our animals were
kept in small groups, the high stability of skin patterns and the success of the computer-assisted identification for 91
froglets suggest that similarly exquisite performance may be achieved with larger numbers of individuals. In contrast, both
VIE-tagging and toe tipping showed lower identification success, and the emergence of VIE in internal organs suggests
health risks. We encourage the usage of the most reliable and least invasive, even though arguably most time-consuming
photo-based method in future studies on agile frogs whenever possible.

Supporting information

S1 Appendix. Details of rearing conditions and exclusions from the experiment.
(PDF)

S1 Fig. Self-made VIE reference cards prepared via lamination of the injected elastomers. Because the applied
amount of VIE material of each colour on each card was similar, long smear systematically produced by the lamina-
tion process for red and purple indicates lower viscosity of these chemical mixtures. This was assumably caused by
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unintentional application of uneven volumes of VIE components (coloured elastomer base and curing agent) in the mixture
that we prepared before injection.
(JPG)

S2 Fig. Quality categories used for photos captured at metamorphosis. According to the visibility of patterns
across the back and legs, images were categorized as good (A), medium (B) or poor (C). Note that pattern visibility
was influenced by posture, photo angle, focus and glare. Exposure curves were applied for each image to facilitate pat-
tern visibility.

(JPG)

S3 Fig. Examples of dissected juvenile agile frogs where VIE migrated into internal organs. Green (A), pink (B),
orange (C), and red (D) VIE material is shown in the kidneys and the serous membranes (the liver and gastrointestinal
tract were removed before taking the pictures) 62, 12, 380, and 415 days after tag injection. Taking into account froglets
that died in this study as well as froglets that died in two families that we excluded from the study due to high mortal-

ity before marking (but they were marked for other purposes), we noticed VIE material in the internal organs for all six
colours.

(JPG)

S4 Fig. Examples of individuals where changes were detected in melanin-based patterns on the back or legs.
Images within each row (A-C) feature the same individual at tagging in 2023 July, at the first checking event in August
2023 and at termination of the experiment in 2024 November, from the left to the right, respectively. Arrows indicate the
body parts where changes were detected: melanisation increased over time (A, B) or a pattern disappeared (C). Note that
apparent differences on the left shin on panel C were caused by gradual disappearance of the purple VIE tag. Exposure
curves were applied for each image to facilitate pattern visibility.

(JPG)

S5 Fig. Examples of stable melanin-based individual patterns across the experiment. Images within each row
feature the same individual (A-C) at metamorphosis in 2023 May-June, at tagging in 2023 July and at termination of the
experiment in 2024 November, from the left to the right, respectively. Note that most leg stripes were already present at
metamorphosis, and overall melanin-pattern distribution across the body remained stable after reaching the froglet stage.
Individuals on panels B and C of this figure are siblings and B was mistakenly identified as C on-site in November 2024.
Photographs clarified the true identity of the individual. Exposure curves were applied for each image to facilitate pattern
visibility.

(JPG)
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