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Abstract. Solid population studies depend on reliable capture-mark-recapture (CMR) methodology. The available
methods for such studies on amphibians are often invasive, unsuitable for long-term studies, time-consuming and/
or expensive. We present a new software tool, connected to a MS Access database, ManderMatcher, for CMR study
of fire salamanders (Salamandra salamandra and related species) by means of a robust matching algorithm using 44
pattern characteristics. Metadata related to standardised counts (e.g., weather and lunar variables) as well as a myriad
of individual sighting variables can be entered and saved as well. Application of the presented method to a database
of 9,397 sighting records gathered over a period of eight years, as well as a random sample validation, demonstrate
the accuracy of the applied matching algorithm. Differences with other methods are discussed. The program is made
freely available for download and widespread application is encouraged, especially given the contemporary context of

a fungal disease threatening survival of fire salamander populations.
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INTRODUCTION

Long-term demographic studies depend on reliable
capture-mark-recapture (CMR) methodology to mod-
el population size and abundance, survival and detec-
tion rate, as well as to provide data on a myriad of life
history features such as individual growth, reproductive
cycles, longevity, dispersal and migration (e.g. Ferner,
1979; Schmidt et al., 2002; Schmidt, 2004; Amstrup et al,,
2005). A number of methods are available for practical
execution of such studies in amphibians. Toe clipping as
well as the use of tattoos or passive or active transpond-
ers, however, all require a certain degree of (at best tem-
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porary) damage to the subject’s body, and are thus com-
monly labelled as invasive and, at least potentially, dam-
aging (e.g. Davis and Ovaska, 2001; Le Galliard et al.,
2011). Furthermore, given the regenerative capacity of
certain taxa, namely salamanders, toe clipping becomes
unsuitable for long-term studies (e.g., Ferner, 1979; Davis
and Ovaska, 2001) and may in certain cases even reduce
recapture and survival rates (McCarthy et al., 2009). Use
of transponders sets additional limitations such as being
costly and fairly time-consuming in the field (Ott and
Scott, 1999), as well as in some cases having low reten-
tion rates in smaller individuals and species (Ryan et al.,
2014), while detection and recapture rates may differ
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according to the size of the used tags (Ousterhout and
Semlitsch, 2014).

Species with an individually varying pattern of col-
our spots offer the possibility of recognising animals
without the need to apply invasive techniques. A num-
ber of (more or less) automated image analysis tools has
been developed, such as WildID (Bolger et al., 2012),
Amphldent (Drechsler et al., 2015), I’S (Van Tienhoven
et al., 2007, with newer, improved versions having been
successfully applied to the newt Triturus carnifex by San-
nolo et al,, 2016, as well as to reptiles, as reviewed by Sac-
chi et al,, 2016), APHIS (Moya et al., 2015) etc. While
these claim to offer more robust recognition procedures
and automatic pattern recognition, they usually require
labour-intensive image processing steps in order to select
a certain ‘area of interest. Thus, they do not necessar-
ily guarantee faster processing than alternatives based on
interpretative pattern coding. One (Amphldent) is even
fairly expensive, especially for non-institutional users.
Additionally, while pattern shape becomes of greater
importance, spot shapes may alter drastically given the
position of the animal within the picture. As such, higher
demands are set on the quality of the pictures, resulting
in more time spent properly positioning live and fairly
hard to immobilise animals while collecting data.

The use of non-invasive recognition techniques to
study fire salamander Salamandra salamandra evolved
throughout the last decades, making use of the typical
pattern of yellow spots on a black background in this
species. Earlier authors used time-consuming, direct
comparison of photographs to recognise individuals (e.g.,
Feldmann, 1971; Klewen, 1985; Seifert, 1991). Kopp-
Hamberger (1998) coded different S. salamandra pattern
types into an alphanumerical code, while not ruling out
occurrence of type doubles, thus causing obvious prob-
lems in larger samples. Carafa and Biondi (2004) elabo-
rated on this by combining a colour typology with a soft-
ware application storing data into an MS Access database
for the Italian subspecies S. s. gigliolii, using a sample of
233 individual animals. Given the limited description of
the applied characteristics in their paper and the fact that
the software was not made freely available, use of and
detailed insight into this methodology remained unavail-
able to a wider audience. A different approach was pre-
sented by Sukalo et al. (2013), using the number of glan-
dular pores located within the boundaries of the yellow
spots. In many subspecies of S. salamandra, however, the
number, size and shape of these spots is known to change
throughout an individual’s lifetime (Eiselt, 1958; Klewen,
1991; Mutz, 1992; Bogaerts, 2002). Becoming stable at
adulthood only (Klewen, 1991), pattern changes may be
common, limiting indeed the use of colour patterns for
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individual recognition at earlier life stages. While the
degree of colour pattern alteration during early terres-
trial life may vary considerably between S. salamandra
subspecies (Bogaerts, 2002), a relatively stable pattern is
said to be reached after at least two or three years (Eiselt,
1958). This leads to changes in pore count within the
span of a single year in some individuals, even in animals
larger than 12 cm (Speybroeck, unpublished data). Thus,
the method of Sukalo et al. (2013) seems of limited val-
ue for studies spanning more than a couple of months at
most, and a methodology combining a multitude of char-
acteristics seems preferable.

As such, use of an individual-specific code which
can be applied to easily collected and processed images,
which is sufficiently stable over time and can be queried
by an automated matching algorithm applied to a data-
base, is of merit. We present a new software tool, con-
nected to a MS Access database, ManderMatcher, for
CMR study of Salamandra salamandra and other spotted
species of the genus by means of a robust matching algo-
rithm using 44 pattern characteristics. We demonstrate
how this tool can serve study of large sample sizes involv-
ing a high number of different individuals.

MATERIAL AND METHODS

Salamandra salamandra and related spotted species (S. algi-
ra, S. corsica and S. infraimmaculata) are characterised by a black
background colour covered with a variable amount of most com-
monly yellow (but in certain taxa rather orange or red) spots or
stripes (Thiesmeier, 2004; Beukema et al., 2016b; Speybroeck et
al,, 2016). The top of the head is usually covered with yellow on
the eyes and parotoid glands, while additional spots may be pre-
sent on the snout tip. The tail may be crossed by spots as well.
Toes may be black or yellow. This pattern layout offers potential
for coding each animal’s pattern into a series of numbers. These
numbers can be supplied to an algorithm that matches each pat-
tern with pattern codes from previously collected data.

Pattern code

The spot pattern is coded into 44 characteristics. Each
of those indicates the number, presence or mutual relation
between the yellow spots within well-defined areas of the sala-
mander body: head (11 characteristics), back and tail (19) and
toes (14). In case of doubt, characteristics can be left blank and
will not be taken into account by the matching algorithm. As
patterns may vary over time, reliable use is advised for animals
with a total length of more than 14 cm only. Matching may
work on smaller animals, depending on the stability of that
animal’s pattern as well as the portion of characteristics that
are left blank by the user. Thus, while no reliable assessment
of subadult and juvenile population size can be made with this
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(or any) pattern-based method, it may allow certain other stud-
ies which do not require tracing every single individual (e.g.
growth analysis).

In contrast to criteria used in some of the other cited
methods, each of the 44 characteristics has a clear definition,
allowing a limited array of entered values only and leaving lit-
tle room for variation caused by interpretation. All are dis-
cussed and illustrated in the manual of the freely available pro-
gram, serving as supplementary material to this paper (available
for download, along with the program itself, at http://www.
hylawerkgroep.be/jeroen/index.php?id=85). For demonstration
to new users, a version containing already some data is also
provided. The ManderMatcher website also offers data explora-
tion tools for data stored in the program's database).

Program

A software tool, ManderMatcher, was developed to allow
CMR recognition and storage of other visit and sighting related
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data. The program was written in the VB.NET (Visual Basic)
language, using the freely available basic version of Visual Stu-
dio Express. Practical use is discussed at length in the manual
(see above link). The program basically consists of three main
windows.

The first is the Visits’ window, available after launch as the
left tab (Fig. 1). It lists the visits and allows to enter metadata
related to that visit. Visits are time-restricted count events, cov-
ering e.g. a standardised transect or habitat surface.

The second window is the ‘Sightings’ window (Fig. 2),
available as the second tab, next to the Visits window. The ‘pivot
animal, shown at the upper left, will be matched with the entire
database of available sightings at the right on the basis of the
pattern code that was entered for it. At the lower left, criteria
can be specified to filter and restrict the database entries which
are returned at the lower right. The as such selected entries are
sorted by their resemblance to the pivot animal, with the most
similar entry at the top.

The third window is accessed through the buttons for edit-
ing one of the two sightings shown at either the upper left or
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Fig. 1. ‘Visits’ window for edit and creation of visits, and entry of environmental data in the program ManderMatcher.



58 Jeroen Speybroeck, Koen Steenhoudt

& MandorMatcher
Lngusge  Qatater

Veis  Sorence
TBRZ(3 . D Q  Creason of s sew sigteieo - Pew e
| e e T
Aeeval B sevat =
- e
Tualegh | Fre e 1){oe -n[(‘w;\:,';
1 00800 ¢ HaS
o L 0 00000 80 20a0
e — i o O
Secter { te J

CleiY) Beni
ClriY) Sew
CleiT) Bewl

doraficaton Sgorg Locaten
Aest IO Colour Yohew v Tawbengn | [» Sotwr <
e 4217 - N v, ™M ] (s Moo sor
[ 0O Aoy v -
on Boosm
hd - Twe
Wegrt Habbe > Rt metr ot 2
Putess
Srod
'Vald patter |
g Emt oot
oot
Lo Ot T Pt Choek
C-v.-
futiomdt ek Fetimagt
tiack snguence
wvvmm [T Wiemage
:'g.
Remartcs

Fig. 3. Window for entry of individual sighting records in the program ManderMatcher.
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the upper right. This window is used for entry of new sightings,
as well as for editing of existing sightings. At the left, the CMR
pattern code is entered, while the upper fields allow to store
several other variables. Hitting the ‘OK’ button at the right after
data entry/edit leads back to the ‘Sightings’ window and initi-
ates the matching process.

In the cited available methods (see Introduction), a list of
observations ordered by decreasing match likelihood is the end-
point of the matching process. Unlike any other, however, our
method offers filter criteria to reduce this list (by entering fea-
tures which are considered to be stable) as an additional tool
to detect recaptures. This is particularly useful for matching
younger specimens, which are likely to have undergone certain
pattern changes.

Additional variables

Besides CMR matching, the program offers several tools
which are relevant for ecological study of salamanders. A first set
involves data related to the individual sighting, based on char-
acteristics of the animal. We refer for a full list to the provided
download link and the manual of the program, and only provide
a general outline here. Biometric fields are available — weight and
length measurements (total length and snout-vent length). The
latter can be measured within the program itself if a calibration
object is properly inserted into the picture. Ecological aspects
can be documented in the shape of discrete variables to discern
patterns in e.g. activity and habitat use throughout salamander
life history. Several fields allow further specification of details
concerning the encounter location. All individual-related data is
entered through the individual sighting entry window (Fig. 3).

A second set of variables, which are entered through the
‘Visits’ window (Fig. 1), consists of metadata related to the
count event (visit), including an array of environmental vari-
ables which can be registered both at start and end of the count
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event. All are defined and discussed in the program’s manual.

Database

All data is saved into a MS Access database, which offers
ample opportunity to query the entered data and export for
analysis.

Application

The program was applied to S. s. terrestris data collected in
a forest in the town of Merelbeke, Flanders, Belgium. Sampling
was performed along a standardised transect of 1.3km. From
March 2008 to January 2017, 169 sampling events were execut-
ed by night during activity-provoking weather conditions. All
encountered post-metamorphic fire salamanders were captured,
photographed and released.

Validation

To validate the applied search algorithm, a random sam-
ple of 100 sightings of adult salamanders was drawn from the
database. One-by-one visual photograph comparison was con-
ducted.

RESULTS
Application

A total of 9,397 sighting records were collected dur-
ing standardised transect sampling events. Of these,
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Fig. 4. Recapture rate by cumulative number of sighting records of adult animals, by visit (circles) and for entire accumulating dataset (tri-
angles) with non-parametric, locally weighted regression smoother (loess) and 95% confidence interval. Point size relates to absolute num-
ber of encountered adults within each visit (encounter event) for both point types (circles and triangles), presented as a continuous variable.
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6,899 are sightings of animals larger than 14 cm, here
treated as adults. These adult sightings consist of (re)
captures of 1,477 different individual adult salaman-
ders. The overall percentage of animals captured at
least twice, as obvious from the growing, cumulative
database is shown as a function of the growing total of
adult individual observations by the triangles in Fig-
ure 4, each data point representing a capture event. The
cumulated dataset recapture rate amounts to 62.4% in
the entire database at the final instance of data collec-
tion. The circles in the graph, however, not showing the
percentage of recaptures in the cumulated database but
the percentage within the data of a single visit, reach
far higher values and, for instance, correspond to 91%
of the adult individuals captured during the last visit (at
the extreme right in the graph).

Validation

The random sample comprised 89 adult individu-
als, of which 80 were encountered only once within
the sample, 7 were encountered twice, and 2 individu-
als were encountered three times. The exact same result
was obtained by application of the program, even though
matching of these 100 randomly selected sightings was
done against up to 9,397 records, thus making successful
match finding more complicated than if 100 new records
were to be entered into an empty database. While match-
ing through individual picture comparison took about
4 hours, matching 100 new records one by one with an
unstructured collection of 9,397 photographs would
take an impractical amount of time. While the speed of
using ManderMatcher differs depending on the size of
the database and recapture rate within the data, using the
matching algorithm and finding a match or not (exclud-
ing entry of other data) takes a user which is sufficiently
acquainted with the program an average of 2 minutes or
less per record.

The uniqueness of certain code combinations can
be calculated theoretically and from our data on S. s.
terrestris. As an example, we consider the toe charac-
teristics. Fourteen toe characteristics (with potential
values 0 and 1) corresponds to 2! or 16,384 theoretical
combinations. Using our data to assess the number of
actual combinations, we used a subset of 1,597 observa-
tions for which all toe characteristics were determined.
These observations relate to 737 individual animals.
Within these 737 individuals, 488 different toe colour
combinations occur, of which 52.2% are found in a sin-
gle individual only. The most commonly encountered
combination (i.e., all black toes) is shared by 5.4% of
the individuals.
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DISCUSSION

While the actual recapture numbers shown for the
example population greatly depend on the applied count
methodology and, possibly, the nature of the investigated
population, they serve as illustration that with sufficient
effort high recapture success can be achieved. Manual
validation showed no mismatches in comparison with
application of the algorithm. After the program’s initial
release, as substantiated by this paper, tools for explora-
tory analysis are under development (Speybroeck and
Steenhoudst, in prep.). These include analysis of popula-
tion dynamics through space and time and mapping fea-
tures, but also analysis of pattern variability, allowing the
recognition variables to serve a second purpose, apart
from CMR matching.

Several non-invasive methods exist for CMR recogni-
tion of individuals. Some may require a lot of time in the
field and/or behind the desk. We have demonstrated how
ManderMatcher allows effective matching of flexible-
bodied fire salamanders at a swift rate, requiring limited
handling time per record in the field, no photograph pro-
cessing at the desk and easy and fast record entry. Dur-
ing a high number of recapture events (169), the meth-
od was successfully applied to a dataset of 9,397 records
and 1,477 adult individuals, which is clearly larger than
any to which other methods were applied (e.g., 1,606
records of 1,321 individuals in Drechsler et al., 2015; 852
photos of 324 individuals in Sannolo et al., 2016). More
importantly, the dataset spans a period of eight years.
This is particularly relevant to assess how changes of pat-
tern over time may affect recognising individual animals.
Using data from a single season does not offer assurance
that the quality of the matching process remains suffi-
ciently high over time. For example, Sannolo et al. (2016)
used data collected over a four month period of a single
year. While these authors claim the ventral spot pattern
of Triturus carnifex to be stable over time (citing Arn-
tzen and Wallis, 1999, who however do not provide proof
for this statement), this seems unlikely, as Drechsler et
al. (2015) showed this to be incorrect for the closely
related T. cristatus. Only by using data from a period of
time which is long enough to span a relevant portion of
adult life and growth of the considered taxon (e.g., three
years in Drechsler et al. 2015, eight years in our study),
the impact of pattern changes (whether they exist and/
or are relevant or not) on the use of the recognition algo-
rithm can be assessed. While the dorsal pattern of adult
fire salamanders is traditionally considered to remain sta-
ble over time (e.g., Eiselt, 1958; Klewen, 1991), changes
may occur (Speybroeck, unpublished data). Application
of ManderMatcher to data collected over eight years has
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shown that the algorithm is sufficiently robust to prevent
such changes from causing matching problems, which is
likely to be an advantage of using numeric coding of the
pattern, instead of image analysis tools basing matching
on the extent of pigmentation. ManderMatcher does not
require photographs to be taken in a standard way (e.g.,
with the animal perfectly stretched), which is particu-
larly time-consuming when dealing with salamanders,
such as the species we studied, and newts, including the
subject species of Drechsler et al. (2015) and Sannolo et
al. (2016). Finally, in contrast to all other tools, our pro-
gram is a comprehensive research tool, including tools for
length measurement and a myriad of variables related to
each individual and each record.

While the pattern coding was so far only applied to
S. s. terrestris, the character definitions offer sufficient
precision and resolution for use with most spotted taxa
within the Salamandra genus (S. s. salamandra, S. s.
almanzoris, S. s. terrestris, S. s. longirostris, S. s. bejarae, S.
s. morenica and most S. s. bernardezi) as well as S. algira,
S. corsica and S. infraimmaculata). Two exceptions, how-
ever, may exist. Populations with a high portion of ani-
mals with poorly defined spots (e.g., populations of S.
s. gallaica, S. s. crespoi, and part of S. s. bernardezi (i.e.,
populations formerly assigned to S. s. alfredschmidti but
placed in synonymy by Beukema et al., 2016a)) may offer
coding difficulties, whereas taxa with a high portion of
animals with low numbers of spots (e.g., S. s. fastuosa, S.
s. gigliolii) will have identical values for a number char-
acteristics across many individual animals. However,
considering the frequency distribution of actual toe col-
our combinations in our data, we have demonstrated
how powerful the algorithm may be. Only 5.4% of the
individuals share the most common combination, allow-
ing to drastically reduce the number of individuals to be
compared by using the toe characteristics alone. Further
use will proof applicability to other taxa/populations, and
it seems likely that for some of the taxa with less well-
defined dorsal spots (e.g., S. s. gallaica) toe colour may
provide sufficient discerning power.

The program is made freely available for use by any
researcher, while the authors applaud getting in touch
with them for potential collaboration, applying the same
methodology across fire salamander taxa. While this
method is presented for a single taxon (as was the case
for the initial publication of most other methods, e.g.,
Van Tienhoven et al., 2007; Drechsler et al., 2015), the
presented approach has potential to be used to develop
similar tools for use with other species, applying a modi-
fied code with relevant characteristic definitions. It is
particularly useful for species which have a pattern that
can be coded to a sufficient number of characteristics.
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How high this number has to be in order to allow pre-
cise matching, depends on the sample size and the fre-
quency distribution of possible values of each character-
istic. As such, using a smaller number of characteristics
may be sufficient for smaller datasets. For the species at
hand, population studies may serve as a crucial baseline
at this point in time, given the imminent threat present-
ed by lethal fungal infection caused by Batrachochytrium
salamandrivorans (Martel et al., 2013, 2014). After deci-
mating the Dutch population (Spitzen-van der Sluijs et
al., 2013), severe fungus-caused mortality has occurred
at several sites in Belgium and the fungus has also been
detected in Germany (Spitzen-van der Sluijs et al., 2016).
Thus, the availability of an easy-to-use, inexpensive CMR
methodology for study of both infected and non-infected
populations is of great value.
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