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The Green Toad example: a comparison of pattern recognition software
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Abstract. Individual identification of animals is important for assessing the size and status of populations. Photo-based approaches,
where animals are recognized by naturally occurring and visually identifiable features, such as color patterns, are cost-effective
methods for this purpose. We compared five available programs (Wild-ID, Hotspotter, Amphldent, APHIS, I3S Pattern+) for their
power to semi-automatically identify dorsal patterns of the European green toad (Bufotes viridis). We created a data set of 200
pictures of known identity, two pictures for each individual, and analyzed the percentage of correctly identified animals for each
software. Furthermore, we employed a generalized linear mixed model to identify important factors contributing to correct
identifications. We used these results to estimate the population size of our hypothetical population. The freely available HotSpotter
application performed best, identifying close to 100 % of the photos correctly. Females had a higher chance of recognition,
presumably because of sex-specific differences in the pattern contrast. Population estimates were close to the expected 100 for
HotSpotter, but for the other applications population size was highly overestimated. Given the clarity of our results we strongly
recommend the HotSpotter software, which is a highly efficient tool for individual pattern recognition.

Key words: Amphibia, color pattern, photo-identification software, population statistics, recapture study.

Introduction

One of the most basic but also most important tasks in con-
servation biology is to assess the size and status of animal
populations. Therefore, mark-recapture techniques in com-
bination with population statistics are used to estimate de-
mographic parameters. In many cases, such data are collect-
ed in long-term studies and allow prediction of population
trajectories. Often, mark recapture techniques rely on the
tagging of animals with more or less invasive methods rang-
ing from toe clipping in amphibians (Kenyon et al. 2009), in-
serting PIT tags (Hare et al. 2007) to adding visual markings
(Donnelly et al. 1994). Alternatively, genetic identification
can be used as a non-invasive method (Woods et al. 1999).

The most cost-effective and non-invasive method, how-
ever, is to make use of naturally occurring body patterns
(Coarsi et al. 2012, Bendik et al. 2013, Drechsler et al. 2015).
Unfortunately, visually matching pictures of such patterns
can be very time consuming and, especially for long-term
studies, decreases efficiency (Arntzen et al. 2004). Therefore,
a number of pattern-matching algorithms have been devel-
oped which can cut time of photo comparisons, but in many
instances, their application can also lead to decreased accu-
racy (Coarsi et al. 2012, Elgue et al. 2014, Morrison et al.
2016). Decreased accuracy, in turn, can cause considerable
errors when estimating demographic parameters (Morrison
et al. 2011, Winiarski & McGarigal 2016). Consequently, de-
ciding on the right algorithm to use for the respective data
set is crucial.

Differences between data sets could include distance to
the animals (c.f. Bolger et al. 2012 and Kim et al. 2017), back-
ground of the photos, and their general quality (camera type,
resolution, angle, blurriness (Patel & Das 2020)). As picture
quality and attributes may vary strongly, scientists often
prepare the photos before comparing the patterns, for exam-
ple by cropping the pictures to only show the region of in-
terest (ROI). This can be a quite elaborate task, although it is
arguably less time consuming than comparing pictures visu-
ally. Matthé et al. (2017) compared the performance of four

pattern recognition programs with various amphibian spe-
cies with high contrast patterns. Bardier et al. (2020) used
two of these programs to compare their performance to that
of visual recognition on Ceratophrys stolzmanni. In our case
study we extended the selection of software packages and
used different picture preparations, where applicable. Fur-
thermore, we chose the green toad as an example of the pro-
grams’ effectiveness on species with patterns of highly vari-
able and changing contrast. We compared five different pat-
tern recognition programs, four of which are freely available
(exception: Amphldent). Our results can help population
ecologists to gain efficiency when comparing a variety of an-
imal patterns for individual identification.

Material and Methods

We used pictures from a long-term capture-recapture study of green
toads (Bufotes viridis) at the Rudolf-Bednar-Park in Vienna (48° 13’
35" N, 16° 23' 47" E). Green toads are suitable for automated pattern
matching as they have striking dorsal patterns, although the contrast
of this pattern can change over time (Goubeaud 1931). Pictures of the
dorsal patterns of green toads were taken in the field with a variety
of cameras. The photo background was mostly uniformly white or
grey (sheet, cup etc.). A few photos were taken on patchy back-
ground (e.g. gravel) or contain parts of a researcher’s hand. We clas-
sified each camera as one of three types: smart phone cameras (4.9-
20.7 MP), compact cameras (8.1-24.3 MP) and reflex cameras (12.8-
36.3 MP). For the purpose of this study, we selected 200 pictures of
known animal IDs (two per ID, 100 ‘reference’ and 100 ‘unknown’)
of varying quality and different sexes (females: 18, males: 58, uniden-
tifiable: 24, this resembles naturally occurring ratios, for photos see:
Burgstaller et al. 2021). Most matching pictures were taken in the
same year, al-though the time interval between the pictures was over
two years in some instances (median: 22.5 days; range: 2-770 days).
We used five different software applications (Wild-ID (Bolger et al.
2012), HotSpotter (Crall et al. 2013), Amphldent (application for fire
bellied toads, pattern most similar to the green toad from all availa-
ble applications) (Matthé 2018), I3S Pattern+ (Speed et al. 2007) and
APHIS (Moya et al. 2015)) to compare the pictures. Furthermore, for
Wild-ID and HotSpotter we used different cropping extents: a
(whole animal), b (head) and ¢ (ROI on head) (Figure 1). In Amphl-
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Figure 1. The three different cropping types used in the study for
HotSpotter and Wild-ID: whole animal (a), head (b), region of in-
terest (c).

Amphldent

Figure 2. The shapes of the ROI for Amphldent (left) and APHIS
(right). The width to height ratio for APHIS is fixed at 1:1. We
chose to locate the upper two corners of the ROI at the lower end of
the visible eyeballs. For Amphldent the ROI ratio can be freely cho-
sen but the selected area will be stretched to a 10:7 ratio, so in order
not to distort the original picture too much we selected an area
with this approximate ratio. The ROI extends from the upper to the
lower, as well as from the left to the right edges of the parotoid
glands.

dent, APHIS and I3SP+ it is required to define a region of interest for
every image after loading. For I35P+ we defined a ROI similar to the
shape of cropping type c. For Amphldent and APHIS we had to ad-
here to the ROI selection of the respective software. These are
squares and rectangles, respectively, which we placed in the same
part of the head as in cropping type c (see Figure 2 for details). Am-
phldent and I3SP+ have functions for manual input to improve the
performance, we used them to the following extent. In I3SP+ pixels
can be chosen to discern the pattern’s fore- and background. Our
time effort to discern fore- from background did never exceed three
minutes. Amphldent has the option to only compare subareas of the
ROL. If comparing the whole ROI did not yield a true detection, this
function was used up to two times.

Pictures were always compared in the same order. The picture
comparisons followed the applications” manuals; however, the gen-
eral procedure was the same throughout. We first added 100 ‘refer-
ence’ pictures for each of the used individuals to the application’s
database, which simulates that we already encountered each of the
individuals (once) before. We did this to ensure that each of the new
pictures could find a match in the previous record. We then com-
pared 100 pictures of ‘unknown’ ID to the application database.
Usually, the user decides whether one of the first few automatically
selected pictures is a match or not, but for the purpose of this analy-
sis we only considered the picture ranked first. We recorded a true
(1) or false (0) detection and bootstrapped a 95 % confidence interval
for the mean detection success for each software using the function
boot.ci in the package boot (Canty & Ripley 2020) in R (R Core Team
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2020) (see supplementary files - available online).

For programs that performed well enough so that further au-
tomatization could be considered we created histograms to visualize
the scores calculated by the program for each picture pair. We com-
pared the matching scores (MS) of all correct picture pairs (n = 100)
to all non-matching scores (NMS) of the other picture pairs (n =
19,900) and added a vertical threshold line at the position of the
highest NMS.

To statistically analyze the performance of the different software
we used a generalized linear mixed model (GLMM) with a binomial
error distribution employing the function glmmTMB from the pack-
age glmmTMB (Brooks et al. 2017). As the response variable we used
the level of detection (0/1) and predictors were the software applica-
tion, sex of the animals, camera type of the first picture and the sec-
ond picture as well as interaction between the camera types. In addi-
tion, we used individual as a random factor in the model. The use of
GLMM allows to statistically test the influence of multiple factors on
the performance of detection algorithms, extending the insights we
gain from such a software comparison study.

We used the Petersen index (Chao et al. 2008) to estimate abun-
dance assuming that we compared two sampling occasions (the first
occasion was the set of the first 100 pictures of 100 individuals, the
second occasion was the second set of 100 pictures). The true ‘popu-
lation size’ therefore was 100. Raw data and R code to reproduce
our analysis are available in the supplementary information.

Results

From the evaluated applications HotSpotter performed the
best with detection rates close to 100 %, with only little vari-
ation accounted for by image cropping for this software
(Figure 3). Amphldent, Wild-ID (c), and APHIS identified
just over 60 % of the images correctly. Wild-ID (b), Wild-ID
(a) and I3SP+ all identified less than 60 % of the images cor-
rectly. Cropping was important for Wild-ID, but not for
HotSpotter. It should be noted that in all cases results would
have been substantially better, if we had included more than
just the first hit for an image.

Only HotSpotter performed well enough for considering a
further automated application, where true matches can be
obtained with using a matching score threshold. For this
program our analysis suggested a matching score >2700,

HotSpotter (c)

HotSpotter (b)

HotSpotter (a)

Amphldent

Wild-ID (c)

APHIS

Wild-1D (b)

Wild-ID (a)

135P+

-
o
=3

40 80
Correctly identified images (%)

Figure 3. Results of comparison showing the percentage of correctly
identified pictures in our data set. Error bars indicate bootstrapped
confidence intervals.
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Figure 4. Histograms comparing the matching scores (blue) and non-
matching scores (orange) calculated by the software HotSpotter for
three cropping styles (a, b, c).

>3600, and >2500 for cropping types a, b, and c, respectively,
as a suitable cut-off for true matches (see Figure 4). Pictures
with lower scores may be manually double checked. Only
10 % (a, b) and 8 % (c) of MS overlapped with the NMS, thus
90 % of the matches could be successfully recognized in a
fully automated process without double-checking.

Females achieved significantly higher individual recog-
nition scores than males (Table 1). The camera type used for
the pictures only showed weakly significant effects or no ef-
fects at all, no interaction effects between the camera used
for the first and the second photo were detected (Table 1).

If we used solely the first hit from the respective soft-
ware application and no additional manual comparison, the
population sizes would be overestimated to different extents
(Table 2). For the HotSpotter software, the estimated num-
bers are still close to the actual N, and only a few animals
would be added. However, for I35P+ the estimated size
would be more than doubled, in comparison to the real
population size.

Discussion

We show that using automatic pattern recognition applica-
tions can be a highly efficient tool to identify individual an-
imals. Our results resemble those obtained previously by
Matthé et al. (2017), with the addition of the freely available
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Table 1. ANOVA table showing the results for the GLMM.

Chisq df P
Sex 27.56 2 <0.01
Software 117.26 8 <0.01
Cam 1 7.39 2 0.025
Cam 2 2.10 1 0.147
Cam1:Cam 2 4.61 2 0.1

Table 2: Population size estimates for the different applications.

Software Peterson index estimate
HotSpotter (c) 103.09
HotSpotter (b) 105.26
HotSpotter (a) 106.38

Amphldent 153.85
Wild-ID (c) 163.93
APHIS 166.67
Wild-ID (b) 185.19
Wild-ID (a) 232.56
135P+ 238.10

HotSpotter (Crall et al. 2013) software to the comparison.
This software easily outcompeted all the others tested. Using
this software, we identified the majority of the individuals
correctly, even with our stringent detection criteria. Apply-
ing them for all other tested applications yielded detection
rates around 60 % and below. The significantly higher detec-
tion success for females is likely due to the higher contrast of
the female dorsal pattern (Goubeaud 1931). Nonetheless, it
highlights potential confounding factors when performing
capture-recapture analyses based on pattern recognition.
Differences in the detection probability between individuals
and sexes could bias population estimations. Varying distri-
butions of different color morphs (Zhelev et al. 2020) might
also result in unequal detection rates and thus varying biases
across populations. Knowing such potential biases (e.g. de-
tection probability for a certain group) and/or error rates
could be used to inform and improve population analyses
(Ellis 2018). In contrast, our analysis indicates that switching
cameras from one to another occasion might not be an im-
portant factor for successful identification.

The HotSpotter software has the advantage that it per-
formed very well using full body ROIs, presumably because
it contains a well-developed background subtraction algo-
rithm. This might be especially important when working
with large databases, as a greater number of reference points
might be needed than a reduced-area ROI can provide. No-
tably, the size of the database does not seem to change the
relative performance of picture detection algorithms (Matthé
et al. 2017), but this was not tested for HotSpotter. The good
performance of HotSpotter potentially enables further au-
tomatization in picture matching processes. Our results
show that, depending on the cropping type, 90 % of matches
or more may be automatically identified without false posi-
tives. HotSpotter has been successfully employed in recap-
ture studies on various species. Nipko et al. (2020) compared
camera trap photos of jaguars (Panthera onca) and ocelots
(Leopardus pardalis) and recorded detection rates of 85-99 %
when using high quality pictures. Patel & Das (2020) report-
ed ~94 % detection rate on dorsal pictures of Amolops formo-
sus, whereas Dunbar et al. (2021) compared head photos of
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hawksbill turtles (Eretmochelys imbricata) with a detection
rate of ~80 %. All these detection rates refer to matches
ranked first. For animals lacking well-defined color patterns,
however, these applications might not be an efficient solu-
tion for individual identification (Morrison et al. 2016). Fo-
cusing on other distinct features (e.g. arrangement of warts
or the pores of the parotoid gland) might be a viable alterna-
tive in these cases, possibly demanding different cropping
techniques.

Recently, it has been shown that HotSpotter can be used
for identification of frogs that were photographed from a
distance of up to 6 m (Patel & Das 2020). Therefore, apart
from the general use in traditional population analyses,
matching individuals from photos could also be used in citi-
zen science projects. In cases where citizens are asked to take
pictures of certain animals in a specific area, scientists might
be able to determine the individual identity from such pho-
tos (Smith et al. 2018). The camera type showing only minor
effects on the recognition performance further suggests a
good applicability on photos collected by citizen scientists
using a wide range of different camera models.

Based on our green toad example, we show that the
freely available HotSpotter software constitutes a major im-
provement to other more widely used pattern recognition
software, such as APHIS and Wild-ID.
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