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Abstract

Reliably marking larvae and reidentifying them after metamorphosis is a challenge that has
hampered studies on recruitment, dispersal, migration and survivorship of amphibians for a long
time, as conventional tags are not reliably retained through metamorphosis. Molecular methods
allow unique genetic fingerprints to be established for individuals. Although microsatellite
markers have successfully been applied in mark—recapture studies on several animal species, they
have never been previously used in amphibians to follow individuals across different life cycle
stages. Here, we evaluate microsatellites for genetic across-stages mark—recapture studies in
amphibians and test the suitability of available software packages for genotype matching. We
sampled tadpoles of the dendrobatid frog Allobates femoralis, which we introduced on a river
island in the Nature Reserve ‘Les Nouragues’ in French Guiana. In two subsequent recapture
sessions, we searched for surviving juveniles and adults, respectively. All individuals were
genotyped at 14 highly variable microsatellite loci, which yielded unique genetic fingerprints for
all individuals. We found large differences in the identification success of the programs tested.
The pairwise-relatedness-based approach, conducted with the programs «inerour Or ML-Relate,
performed best with our data set. Matching ventral patterns of juveniles and adult individuals
acted as a control for the reliability of the genetic identification. Our results demonstrate that
microsatellite markers are a highly powerful tool for studying amphibian populations on an
individual basis. The ability to individually track amphibian tadpoles throughout metamorphosis
until adulthood will be of substantial value for future studies on amphibian population ecology and
evolution.
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Introduction

Precise identification and recognition of individuals is important in several research fields.
Repeated captures of single individuals allow researchers to estimate species abundance
(Nichols 1992), gain information on life history parameters such as growth rate, age at
sexual maturity, reproduction and survivorship (Lebreton et al. 1992; Pradel 1996; Schmidt
et al. 2002) and to investigate aspects of behavioural ecology, such as dispersal and
migration (Schaub et al. 2001).

Many animals do not feature individually distinct colour patterns that allow for
unambiguous identification when individuals are recaptured, at least not throughout their
entire life. To enable individual identification, several techniques have been developed:
attached tags, injectable microchips and elastomers, external colour marks, tattoos and
brandings, as well as the removal of parts of tissue from the ears, tail or digits to create
individual ‘clipping codes’ (Clark 1971; Donnelly et al. 1994; Frederick 1997; Olsen &
Vgllestad 2001; Gibbons & Andrews 2004). Ideally, marks should be long-lasting, remain
attached reliably, be easy to apply and read and inexpensive (Nietfeld et al. 1994). Besides
these logistic requirements, marks should have only minimal impact on the animals in terms
of affecting their survival, physiology, growth, predation risk and behaviour (Wood & Slade
1990; Dussault & Rodriguez 1997; Wilson et al. 2011; Carlson et al. 2013). This is of major
importance, as any adverse effect of marking could compromise the actual studies and lead
to incorrect conclusions and management decisions. Not all markers are suitable for all
animal species. Particularly for small animals, it is often challenging to find the optimal
marking technique; for example, the weight of available markers could add too much load,
and/or the required handling procedure might cause severe difficulties or injuries. Hardly
any marking technique meets all requirements ideally, and thus, researchers often have to
trade-off costs and benefits when deciding on a technique.

Besides conventional marking, individuals can also be identified from genetic data, for
example by their compound genotype at multiple polymorphic loci (Jeffreys et al. 1985;
Beckmann & Soller 1990; Palsbgll 1999). Such ‘genetic markers’ are conceptually similar to
conventional marking: individuals are identified by their unique genetic fingerprint (Palsbgll
1999). Hypervariable DNA sequences are ubiquitously present in eukaryote genomes (Tautz
& Renz 1984), and thus, it is generally possible to (re-)identify individuals from any
eukaryote species. The required DNA sample can be obtained from tissue such as blood and
skin or via cells obtained from hair or faeces. Genetic markers have been implemented in
capture—recapture studies of various animal populations, for example humpback whales
(Palsboll et al. 1997), bears (Taberlet et al. 1997; Woods et al. 1999; Boulanger et al. 2004),
wombats (Sloane et al. 2000), holothurians (Uthicke & Benzie 2002), giant salamanders
(Unger et al. 2012) and fish (Andreou et al. 2012).
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Several marking techniques are used for amphibians, including toe clipping, tattooing,
branding, passive transponders and other types of body implants (Ferner 1979; Donnelly et
al. 1994; Jehle & Hodl 1998; Courtois et al. 2013). For species with highly variable colour
patterns, photographs may be sufficient for mark—recapture studies of adult individuals (e.g.
Caorsi et al. 2012). While coded toe clipping was commonly applied to individually mark
adult amphibians for many decades, the method is currently being questioned on ethical
grounds because several studies found adverse effects on recapture rates and survival for
some species (Davis & Ovaska 2001; May 2004; McCarthy & Parris 2004; Funk et al.
2005).

Moreover, amphibians are characterized by a complex life cycle. The drastic morphological
changes from tadpole to the adult stage, including the development of limbs, resorption of
the tail, rapid growth and the development of adult skin, as well as the generally high
regenerative abilities of amphibians (Brockes 1997; Brockes & Kumar 2002) make it almost
impossible to permanently mark individuals across life cycle stages. This circumstance has
hampered studies on recruitment, dispersal, migration and survivorship in amphibian
populations and limited mark—recapture studies to either the larval (Jung et al. 2002; Martin
2011; Ribeiro & Rebelo 2011) or the postmetamorphic stage (Smith 1987; but see Sinsch
1997; Altwegg & Reyer 2003). So far, none of the conventional markers are reliably
maintained through metamorphosis (Grant 2008; Martin 2011; Courtois et al. 2013).

Survival rates of aquatic larvae play a crucial role in amphibian population dynamics, as the
highest loss of individuals occurs at the larval stage (Vonesh & De la Cruz 2002).
Particularly when considering the current amphibian extinction crisis, comprehensive data
on demography and ecological characteristics of amphibian larvae are urgently needed. In
amphibians, polymorphic genetic markers are frequently used for the estimation of
genealogical relationships or to calculate the relatedness between individuals of unknown
ancestry (Jehle & Arntzen 2002; Blouin 2003). Although genetic tracking has been
suggested as a suitable method to study animals that are difficult to observe or identify
(Hoffman et al. 2006), to date, the method has not been previously applied successfully in
amphibians to track larvae until adulthood.

For this study, we used samples of Allobates femoralis, a small diurnal poison frog
(Dendrobatidae) that occurs over entire Amazonia, which were collected in the course of a
long-term study on juvenile dispersal patterns and general population ecology in this
species. Allobates femoralis is characterized by male territoriality, female site fidelity, a
prolonged breeding period, a polygynandrous mating system and male tadpole transport to
water bodies (Roithmair 1992; Ringler et al. 2009, 2011, 2012, 2013a; Montanarin et al.
2011). Adult individuals can be distinguished via unique ventral patterns that are already
present in juvenile individuals from approximately 6 months of age on (see Fig. 1). A large
number of highly polymorphic microsatellite markers are already available for this species
(Jehle et al. 2008; Ursprung et al. 2011a; Ringler et al. 2013b).

The aim of this study was to assess the suitability of microsatellite markers for genetic
mark-recapture studies in amphibians across life cycle stages and to evaluate available
software packages for matching the microsatellite genotypes.
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Materials and methods

In March 2012, we released 1800 tadpoles of the dendrobatid frog Allobates femoralison a
5-ha river island that is located in the immediate vicinity of the CNRS research station ‘Saut
Parar e’ in the Nature Reserve ‘Les Nouragues’ in French Guiana (3°59’N, 52°35'W;
Ringler et al., 2014) and was previously uninhabited by this species. The tadpoles were
sampled at random from artificial pools which had been used previously in an experiment on
resource supplementation in a nearby autochthonous population on the mainland (Ringler
M, Hodl W, Ringler E, in preparation). We photographed the tadpoles digitally on scale
paper for later size measurements, clipped a piece of the tail for genotyping and finally
distributed them in semi-random order in 20 artificial pools (volume ~25 L, interpool
distance ~10 m, 90 tadpoles per pool) on the island.

During September 2012, we surveyed the island for juvenile A. femoralisand found 42
individuals. From January to March 2013, we searched for individuals that had reached
sexual maturity. To this end, we conducted extensive surveys on the island during periods of
calling activity (08.00-12.00 h, 14.00-19.00 h), where we encountered 36 males and 31
females. All spatial locations of frogs were recorded on pocketPCs (MobileMapper 10;
Ashtech/Spectra Precision) in ArcPAD 10 (ESRI) using a highly detailed background map
(Ringler et al., 2014).

Standardized digital photographs were taken of all juvenile and adult A. femoralis for
identification by their ventral coloration patterns. We used the pattern-matching software
wio-io (Bolger et al. 2012) to speed up subsequent visual matching of juvenile and adult
frogs. Adult individuals were sexed by the presence (male) or absence (female) of vocal
sacs.

Tissue samples were obtained by removing the third toe of both hind limbs of all newly
encountered adults and juveniles (Ursprung et al. 2011b) and were immediately preserved in
96% ethanol. All samples were genotyped at 14 highly variable microsatellite loci.
Ambiguous loci were genotyped up to three times. For detailed protocols and characteristics
of the microsatellite loci, see the studies by Jehle et al. (2008), Ursprung et al. (2011a) and
Ringler et al. (2013b). We used cervus 3.0.3 (Kalinowski et al. 2007) to determine the number
of alleles, observed and expected heterozygosities, and PIC (mean polymorphic information
content). The probabilities of identity for random samples (P\p) and for full-siblings (Ps;g)
were calculated with cenecar (Wilberg & Dreher 2004).

We tested the suitability of available Freeware software packages for matching the
microsatellite genotypes. On the one hand, we used programs that are specifically aimed for
genotype matching, such as wentirv (Wagner & Sefc 1999), cenecar (Wilberg & Dreher 2004),
eenacex 6.5 (Peakall & Smouse 2006) and acecemarcw (Galpern et al. 2012). On the other hand,
we also tried an indirect approach using pairwise relatedness values to assess genotype
identity, as provided by the programs winerour (Konovalov et al. 2004) and wrecate
(Kalinowski et al. 2006). All programs were tested twice, first with a reduced data set
containing only the genotype data from all juvenile and adult frogs and then with the full
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data set of all tadpoles, juveniles and adults. We evaluated the performance of the programs
based on the following points:

1. Number of correct matches between corresponding juveniles and adults
2. Number of false matches between noncorresponding juveniles and adults (a-error)

3. Number of undetected matches between corresponding juveniles and adults (#
error)

4. Consistency of trios (i.e. whether matching juveniles and adult individuals were
assigned to the same tadpole genotype)

5. Number of unambiguous, singular adult-tadpole matches
6. Effect of missing loci and genotyping errors on matching success
7. Ability to handle large data sets (>1000 genotypes)

Genetic assignments were evaluated based on the known corresponding juvenile-adult pairs
that were inferred from the unique ventral patterns (Fig. 1). The relatedness-based programs
provide pairwise relatedness values across all given genotypes. We tested whether pairwise
relatedness values of known juvenile—adult matches were significantly different from
pairwise relatedness values to the next most closely related genotype. We then defined a
minimum threshold to accept genotype matches for all unknown assignments (juveniles—
tadpoles, adults—tadpoles).

Results and discussion

The samples yielded on average 24 alleles per locus (Table 1) across the 14 microsatellite
loci in the genetic analysis. For details on the characteristics of the used microsatellite loci,
see the studies by Jehle et al. (2008), Ursprung et al. (2011a) and Ringler et al. (2013b). The
data set contained unique genetic fingerprints for all 1800 tadpole samples, with an average
probability of identity of 1.15 x 10722 for random pairs and of 1.73 x 1077 for full-siblings
(Table 1).

Based on their unique ventral pattern, we identified 20 adults in spring 2013 that
corresponded to one of the 42 juvenile individuals from fall 2012 (Figs 1 and S1, Supporting
information). The survival rate of the introduced tadpoles on the island thus was 3.72% (67
adult individuals from 1800 tadpoles). Our sample of juveniles was smaller than the number
of identified adults because sexually immature juveniles are much harder to detect as they
do not yet call and engage in courtship. The unique ventral patterns of Allobates femoralis
postmetamorphs served as independent controls to test the reliability of the assignments in
the different software packages. Patterns were already present at this early life stage and
could unambiguously be reidentified in adult individuals a few months later (see Figs 1 and
S1, Supporting information).

When comparing the genotypes of the 20 known matches locus by locus, we detected the
presence of missing loci in at least one of the two matching samples in 19 cases (one
missing locus: 12 cases, two loci: four cases, three loci: three cases). Genotyping errors
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occurred less often but nevertheless happened with five individuals (one allele differing:
three cases, two alleles: one case, three alleles: one case). For an overview of the missing
loci and genotyping errors, see Table S1 (Supporting information). Based on the observed
cases of mismatching alleles, we estimated a genotyping error rate of 0.007 (i.e. 8 errors of
1120 total alleles in 40 samples with 14 loci) for our entire study.

The tested programs showed a wide variation in their performance with our data set. While
none of the programs produced false assignments (a-error), the rate of f-errors when
matching adults or juveniles and tadpoles was quite high in most programs.

oentiry 1S @ command line program for the analysis of microsatellite data. We used the
program to screen the data set for identical genotypes. The program detected the fewest
matches as even a single missing locus prevented the program from identifying
corresponding genotypes. As a consequence, the program identified least of the known
juvenile—adult matches. Only the four pairs with exact identical genotypes (same
nonamplifying loci in both samples) were found. The program failed to run the analysis on
the full data set (1909 genotypes), as this data set contained more genotypes than the
program was able to handle (the computation crashed when processing more than 1002
individuals). Consequently, no information on the effect of ‘genotypic noise’ and the
completeness of trios could be obtained. Therefore, we cannot recommend the program for
genetic mark—recapture studies.

eenecar 1S @ Microsoft EXCEL macro for analysing multilocus genotype data. The program
can account for missing loci and genotyping errors; however, the output only lists those
pairs with no more than ‘two alleles different’. The program correctly identified 15 of the 20
known pairs as matches (i.e. all pairs without genotype errors) and correctly ‘suggested’ four
more (three pairs differing only in one allele, one pair differing in two alleles). The correct
juvenile—adult pair that differed in more than two alleles remained undetected. The results
remained the same for the reduced and the full data set. For the 20 juvenile-adult pairs, 12
unambiguous trios (tadpole—juvenile—adult) were found. Corresponding juveniles and adults
were never assigned to different tadpole genotypes. However, for seven adults and six
juveniles, no matching tadpole genotype was found. Of the 67 adults in total, only 46 could
be assigned to a tadpole. The main disadvantage of the program is that it does not provide
information on lower rank matches beyond the category ‘two alleles different’, unlike cenarex
(for example see next section). Based only on the cenecar analysis, it is therefore not possible
to improve the matching success by repeated genotyping of ambiguous samples.

This program is also a Microsoft EXCEL macro and is designed for analysing a wide range
of population genetic data. In contrast to cencar, cenaex provides the user with a comprehensive
output that lists pairs of individuals in categories based on the degree of genotype
concordance (i.e. in ascending order of locus mismatches). Thereby, we obtained an output
where all dyads that match in at least four loci are given. However, the program does not
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indicate which of the listed pairs should actually be considered as identical genotypes. Thus,
the researcher has to define a threshold (i.e. the number of locus mismatches) up to which all
given dyads should be considered as identical genotypes. In our case, when analysing the
reduced data set, all correct pairs were listed in the first 5 categories. The four pairs with
exactly identical genotypes were listed in the category ‘Matching at All Loci’, and the
remaining 16 correct juvenile—adult pairs were listed in the following lower-congruence
categories: seven pairs were matching ‘All But 1 Locus’, six pairs ‘All But 2 Loci’, two
pairs “‘All But 3 Loci” and one pair “All But 4 Loci’. Locus mismatches identified by the
program likewise resulted from genotyping errors and missing alleles. Only correct
juvenile—adult matches appeared until the level ‘All But 4 Loci’. In the following categories
‘All But 5 Loci’” and “All But 6 Loci’, only genotype dyads were listed that belonged to the
same sampling cohort (i.e. two adult individuals). The next juvenile—adult assignment did
not occur until the category ‘All But 8 Loci’. Hence, we could have used this *‘gap’ for
separating ‘matches’ from all other dyads. However, in cases where sampling cohorts are
not discrete (e.g. not of different life stages), researchers will have to set an arbitrary
threshold limit for defining genotype matches.

The program failed to run the analysis on the full data set, as the computation crashed when
processing more than 1440 individuals. Therefore, no information on the effect of
‘genotypic noise’ and the completeness of trios could be obtained. Another difference
between cenecar and cenacex i that the former considers genotype differences at the level of
alleles, while cenaex cOmpares genotypes at the level of locus mismatches (i.e. the difference
in even one of the two alleles within a given locus leads to a whole locus mismatch). Thus,
the resolution of analysis should be slightly higher in cenecar. AS cenacex could not finish the
computation of the full data set, we cannot directly compare the performance of both
programs.

ALLELEMATCH

auecematcn IS @ package of functions for the statistical software environment = (http://www.r-
project.org). It conducts matching and clustering of multilocus genotype data to find unique
individuals and identify potential genotyping errors. In a first step, the program estimates the
number of likely genotyping errors in the sample, which can then be incorporated in the
subsequent analysis. For both data sets, a.ecemarcn €Stimated a mismatch rate of 3 alleles per
sample pair that should be allowed. The program subsequently identified all but one
juvenile—adult match in both data sets. Surprisingly, the undetected juvenile—adult pair was
not the same for the reduced and full data set, respectively. Although the matching of
juveniles and adults was good, the success rate when matching juveniles and adults to
tadpoles was quite low: consistent trios were only found for 11 juvenile—adult pairs, while
for nine juveniles and eight adults, no matching tadpole was found. In total, the program
assigned tadpoles to only 36 of the 67 adults. Unfortunately, the format of the output was
rather inconvenient for our purpose: results are given as an html document, which contains a
list of all individual genotypes in the order of the input file, without any markup or grouping
of identified matches. With a data set containing many individuals, the resulting output file
is highly cluttered, and identifying all genotype matches found by the program is time-
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consuming. Nonetheless, aueemarcn proved to be quite powerful for the matching of juveniles
and adults.

KINGROUP

kingroup IS @N OPEN SOUrCe sava program using a maximum-likelihood approach for pedigree
reconstruction and kin group assignment. It calculates relatedness coefficients that can be
interpreted as a continuous measure of the overall genetic similarity between two individuals
within a population. Values range from -1 to +1, with negative and positive values
indicating that two individuals have a lower and higher probability, respectively, of recent
coalescence than random dyads within the population (Queller & Goodnight 1989;
Konovalov & Heg 2008). Matching genotypes were unambiguously identified: there was a
significant difference between the relatedness of correct (known) juvenile—adult pairs and
the relatedness measures of the next best matches (Wilcoxon signed-rank test, reduced data
set: W=-3.920, P < 0.0001, Fig. 2a; full data set: W= -3.920, P < 0.0001, Fig. 2b).
Consequently, no false matches were found (i.e. no f-error). Because the lowest juvenile—
adult pair had a relatedness value of r = 0.89, we thus set the cut-off value for accepting
genotype matches at r = 0.8. The program also managed to unambiguously identify all trios
(i.e. juveniles and adults were assigned to the same tad-pole). Only one juvenile was
assigned to two tadpoles, according to our cut-off criterion of r = 0.8. However, here, the
best matching tadpole had a much higher r score than the other one (r = 0.9571 vs. 0.8176)
and was also exclusively assigned to the known corresponding adult. Furthermore, the
remaining adult individuals that did not have corresponding juvenile genotypes were almost
all assigned unambiguously to one single tadpole; only for three adults multiple (two or
three) tadpole genotypes had r-values above 0.8. However, one of the tadpoles always had a
much higher r-score than the other one, and we considered the one with the higher score to
be the correct tadpole match.

ML-RELATE

Like kinsrour, mreLate also calculates maximum-likelihood estimates of relatedness (Wagner et
al. 2006), but here, the coefficient of relatedness ranges from 0 (unrelated) to 1 (identical
genotype). Matching genotypes were unambiguously identified regardless of the data set
used: there was a significant difference between the relatedness of known matches and that
of the next best match (Wilcoxon signed-rank test, reduced data set: W=-3.921, P <
0.0001, Fig. 2c; full data set: W= —-3.923, P < 0.0001, Fig. 2d). The lowest r-value for
known juvenile—adult pairs was r = 0.87; thus, the threshold for accepting genotype matches
was again set at r = 0.8. Under this criterion, the program managed to unambiguously
identify all trios (i.e. juveniles and adults were assigned to the same tadpole). Also, all
remaining adult individuals that did not have corresponding juvenile genotypes were almost
all assigned unambiguously to one single tadpole; for three adults, more than one tadpole
genotype had an r-value above 0.8 (same adults and tadpoles as in the kierour analysis). For
three adults, the best matching tadpoles were slightly below the threshold of r = 0.8.

Generally, the relatedness-based programs performed best for our data set and at the same
time provided the highest flexibility to identify matching genotypes. Both kierour and wmireiate
were able to unambiguously identify all juvenile—adult matches. Furthermore, it was
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possible to assess the resolving power of the microsatellite markers because the full set of
relatedness values for all pairs of individuals are computed and listed in the output. We
therefore compared the relatedness values of best matches (i.e. corresponding juvenile—adult
pairs) against their next best matches to test if matches were significantly different to the
next best match, which was the case in our study (see Fig. 2). Even if some adult individuals
could not be unambiguously assigned to a single tadpole immediately, in general, this
approach at least reduced the number of candidate matches for a given individual. Repeated
PCR runs of ambiguous loci might then potentially help to reduce the number of missing
loci or to detect previous genotyping errors, to enhance the resolution of the relatedness
estimation. In contrast to all other tested programs that only provide a list of ‘good” matches
in the output, the information gained from the inerour and mureLate cOMputations actually
provides sufficient information for such a post hoc refinement.

Problems and constraints

The main drawback of genetic tracking is the need for a tissue sample from each capture.
While the removal of multiple toes is required when toe clipping is applied as marking
method, for DNA sampling the removal of one or two toes or even only toe pads is
sufficient. Negative effects on individual recapture rates and survival significantly increase
with the number of toes clipped (McCarthy & Parris 2004). A previous study on toe
regeneration in A. femoralis found no difference in survival rates between clipped (two toes)
and unclipped A. femoralis populations (Ursprung et al. 2011b). Thus, we assume only
marginal effects of clipping only one or two toes or toe pads for DNA sampling. However, if
DNA can only be obtained in an invasive way (e.g. blood sampling, toe clipping), this might
become problematic in studies where multiple identifications are required within a short
time frame. But noninvasive techniques can also cause problems: noninvasively obtained
samples often yield only small quantities of DNA that will result in low amplification
success (Taberlet & Luikart 1999; Lukacs & Burnham 2005), and the resulting genotype
mismatches can then lead to high rates of misidentification (Goossens et al. 1998; Creel et
al. 2003).

Another problem associated with genetic tracking is the required polymorphism of the
markers used to unambiguously identify also closely related genotypes. The probability that
two unrelated individuals have identical genotypes correlates inversely with the number of
loci analysed and the number of alleles per locus (Waits et al. 2001). In our study, the
discriminatory power of the markers was well beyond the variability needed for individual
identification (cf. Waits et al. 2001). However, for amphibian populations where variability
is considerably reduced due to recent bottlenecks or high rates of inbreeding, more
microsatellite markers might be needed to reach a satisfying level of resolution (Selkoe &
Toonen 2006). For such populations, we recommend the stepwise selective increase of
markers as proposed by Rew et al. (2011) to minimize laboratory work and expenses. To
maximize the resolution of the genetic analysis, we decided to use a relatively large number
of microsatellite markers in this study. Several authors have strongly advocated the use of
small numbers of microsatellite loci, as genotyping errors increase together with the
numbers of loci (Creel et al. 2003; Paetkau 2004; Kolodziej et al. 2012, 2013). Nonetheless,
we decided to use all available markers available for our study population because we
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expected a high number of full-siblings in our tadpole sample (cf. Waits et al. 2001).
Therefore, we aimed for a maximum of genotypic resolution in our data set. The fact that
none of the programs produced wrong assignments (a-error) and that adult individuals were
assigned almost exclusively to only one single tadpole genotype actually indicates that our
resolution was good enough to overcome this problem. However, g-errors did occur in some
of the tested programs (see Table 2), which potentially could have resulted from a high
genotyping error rate. But when comparing genotypes of known corresponding juvenile—
adult pairs, we found that most of the ‘mismatches’ were actually due to amplification
failure (i.e. missing loci) rather than genotyping errors (genotyping error rate of 0.007; Table
S1, Supporting information). Thus, we conclude that the ferror rate actually reflects the
large impact of missing loci on the assignment success of the various programs. While the
programs that use a full genotype approach evaluate the similarity between two sample
genotypes locus by locus (or allele by allele), the relatedness-based programs also
incorporate the entire allelic frequencies in their computation and are thus apparently less
susceptible to missing data. Most programs succeeded in correctly identifying corresponding
juvenile and adult genotypes, while the matching between adults and tadpoles was less
satisfying. We hypothesize that the lower DNA concentrations in the fin clips of tadpole
compared to toes of juveniles and adults may have resulted in lower amplification success in
tadpoles, which ultimately might have led to the lower matching success rates for adults/
juveniles and tadpoles.

Conclusions

In this study, we evaluated the use of microsatellite markers for genetic mark—recapture
studies in amphibians across life cycle stages and tested the suitability of software packages
available for this task. Repeated sampling and genotyping allowed us to match the
microsatellite genotypes of tadpoles, juveniles and adult frogs in an introduced experimental
island population of the Neotropical poison frog Allobates femoralis. We thereby overcame
the long-standing problem of long-term monitoring of individual amphibians throughout
their entire life cycle.

Our study demonstrates that microsatellite markers can be used to reliably track tadpoles
through metamorphosis until maturity. The combination of genetic tagging and visual
pattern matching proved to be extremely powerful in our study species, as the comparison of
unique belly patterns was sufficient for individual identification of juvenile and adult
individuals. The pairwise-relatedness-based approach, conducted with the programs «inerour
and wmureLate, performed best with our data set, as they accounted best for genotyping errors
and missing values. To the best of our knowledge, this is the first study that successfully and
completely tracked individual tadpoles until maturity. This data set of individually unique
microsatellite genotypes will be used in further analyses to assess factors that determine
fitness, in terms of survival and reproductive success in this semi-natural closed study
population of A. femoralis. Furthermore, this approach will enable us to reconstruct dispersal
trajectories from the natal pool of tadpole development over juvenile encounter locations to
the final territory and perching sites of males and females.
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Fig. 1.
Example of corresponding juvenile (left) and adult (right) ventral patterns in one Allobates
femoralis individual.
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Fig. 2.
Box plots showing the distribution of pairwise relatedness values of correctly identified

corresponding juvenile—adult pairs (left bars) and values of the respective next best matches
(right bars); (a) «erour reduced data set, (b) «inerour full data set, (¢) ML-Relate reduced data
set, (d) ML-Relate full data set. Outlier values are indicated by * and °.
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Variability of the 14 microsatellite markers used to determine individual identity

Table 1

Locus A Ho He PIC Pp Pse
Afem05 24 0.557 0.639 0.620 0.149 0.468
Afem12 14 0.825 0.876 0.864 0.027 0.319
Afem09 24 0.515 0.861 0.846 0.034 0.328
Afem03 12 0.839 0.834 0.816 0.046 0.345
Afem15 22 0.585 0.857 0.842 0.035 0.330
Afem13 17 0.616 0.851 0.837 0.036 0.334
Afem16 20 0.841 0.871 0.858 0.029 0.322
Afem20 10 0.731 0.715 0.667 0.129 0.425
Afem27 37 0.891 0.939 0.935 0.007 0.282
Afem24 30 0.856 0.937 0.934 0.008 0.283
Afem04 27 0.739 0.895 0.887 0.019 0.308
Afem17 24 0.570 0.866 0.854 0.030 0.325
Afem25 46 0.796 0923 0.918 0.011 0.291
Afem22 27 0.903 0921 00916 0.011 0.292
Mean 23.857 0.733 0.856 0.842

Overall probability of identity

1.15%x 1072  1.15x 10722

Page 17

A, number of alleles; HO, observed heterozygosity; HE, expected heterozygosity; PIC, polymorphic information content; P|D, probability of

identity; PS|B, probability of sibling identity; values are based on the 1800 tadpole genotypes.
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Table 2

Page 18

Results of the genetic matching of juveniles and adult Allobates femoralis when using the reduced and the full

data set, respectively

Reduced dataset Full dataset

Program Correct a-error  ferror  Correct a-error  ferror  Trios Adult-Tp
IDENTITY 4120 0 16 nla nla nla n/a n/a
GENECAP 19/20 0 1 19/20 0 1 12/20  46/67
GENALEX 20/20 0 0 nla nla nla n/a n/a
ALLELEMATCH 19/20 0 1 19/20 0 1 11/20  36/67
KINGROUP 20/20 0 0 20/20 0 0 19/20  64/67
ML-RELATE 20/20 0 0 20/20 0 0 20/20 61/67

Correct, number of correctly identified juvenile—adult matches; a-error, false matches; ferror, undetected matches; Trios, number of correctly
identified corresponding adult, juvenile and tadpole genotypes; Adult-Tp, Number of unambiguous singular adult-tadpole matches; n/a, not

available.
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