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Abstract. The European urodelan diversity is threatened by the recent range expansion of the chytrid fungus Batracho
chytrium salamandrivorans. The fire salamander can be classified as especially sensitive as infection of individuals with this 
parasitic fungus usually leads to chytridiomycosis and rapid mortality. Hence, to observe effects at the population level, it 
is crucial to monitor population sizes and trends. The abundance of adult fire salamanders is far more difficult to estimate 
compared to larval stages. Therefore, population monitoring of fire salamanders focusses on the aquatic larvae. We exam-
ined abundances of larval fire salamanders in two different first-order creeks. Four different methods were compared: two 
simple count methods, and two abundance estimates using removal sampling and capture-mark-recapture (CMR), re-
spectively. The results of the count methods strongly correlated with the abundance estimates. Furthermore, the results of 
the removal sampling correlated with the estimates using CMR data. The estimates of the CMR study should get closer to 
real larval abundances in the creeks compared to the estimates of the removal sampling approach. Count methods but also 
removal sampling analysis underestimate real larval abundances. Due to (i) the strong correlations of the results, (ii) less 
time and cost effort of removal sampling compared to CMR, we suggest the removal sampling method, keeping in mind 
that real larval population is larger.

Key words. Amphibia, Caudata, Capture-mark-recapture (CMR), program MARK, program POPAN, removal sampling, 
Batrachochytrium salamandrivorans.

Introduction

Europe’s urodelan diversity is severely threatened by the 
invasive and recently expanding chytrid fungus Batracho
chytrium salamandrivorans (Bsal) (Martel et al. 2013, 
2014, Spitzen-van der Sluijs et al. 2016, Stegen et al. 
2017). Especially, the European fire salamander (Salaman
dra salamandra (Linnaeus, 1758)) can be classified as ex-
tremely sensitive towards this pathogene because usually 
infection leads to chytridiomycosis and individuals die 
within about two weeks (Martel et al. 2014, Stegen et 
al. 2017). In European fire salamander populations in The 
Netherlands, Belgium and Germany (Spitzen-van der 
Sluijs et al. 2013, 2016, Dalbeck et al. 2018, Stegen et al., 
2017, Lötters et al. 2020 in this issue) mass mortalities 
followed infection. In such cases, the rapid population col-
lapse of adults should be followed by a strong downturn 
in numbers of larvae in the following years. The same was 
observed by Bosch & Martínez-Solano (2006), who 
found significantly decreasing larvae counts after a mass 
mortality event in a Spanish fire salamander population 
caused by the chytrid fungus Batrachochytrium dendroba

tidis (Bd). Until today – after 18 years – this Spanish sala-
mander population did not recover from this population 
decline (while other more resistant species in this amphib-
ian community profited by the decline of the populations 
of susceptible species) (Bosch et al. 2018). Similar strong 
effects of Bsal on salamander populations are described 
in Belgium by Stegen et al. (2017) after mass mortality 
events.

However, in the recent exotic range of Bsal (Belgium, 
Germany, the Netherlands and Spain), the observed prev-
alence of infected salamanders in a population is usually 
very low (mostly far < 10%: Spitzen-van der Sluijs et al. 
2016, Dalbeck et al. 2018). Furthermore, decreases of sev-
eral Bsal-infected salamander populations are described 
without observed mass mortalities (Dalbeck et al. 2018, 
Lötters et al. 2020 in this issue). Hence, mortality events 
may be overseen in many cases, and individuals may die 
‘silent’, for instance inside their hiding places. Therefore, 
long-term population monitoring is needed to get further 
information on population sizes and trends. 

The abundances of adult European fire salamanders 
are difficult to estimate (Schmidt et al. 2015), which, for 
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instance, has also been described for adult plethodontid 
salamanders in the United States (Bailey et al. 2004). 
Although, individual recognition of adult fire salaman-
ders using photographs of the dorsal patterns is a well-
known non-invasive and reliable method (Feldmann 
1971, Kopp-Hamberger 1998), the main arguments 
against using adults for population monitoring include 
their weather-dependent activity (Thiesmeier 2004) 
and larger home ranges (Schulte et al. 2007) compared 
to larvae. Hence, higher detection probabilities and re-
capture rates can be reached with the same effort using 
larval stages. Schmidt et al. (2015) proposed a remov-
al sampling method to monitor abundances of fire sala-
mander larvae. The analysis of such removal sampling 
data estimates abundances in relation to modelled detec-
tion probabilities and relevant environmental co-factors. 
Individual recognition of larvae is not necessary because 
the statistical analysis is based on hierarchical removal 
sampling models (Schmidt et al. 2015, Wagner et al. 
2020 in this issue).

In the German parts of the Eifel where Bsal is recently 
expanding (Spitzen-van der Sluijs et al. 2016, Dalbeck 
et al. 2018, Wagner et al. 2019, Lötters et al. 2020 in this 
issue), a monitoring network in reproduction creeks of the 
fire salamander was established in 2015 to estimate larval 
abundances and long-term population trends. Based on re-
moval sampling of larvae in > 40 reproduction creeks this 
monitoring should act as early-warning-system (Dalbeck 
et al. 2018, Wagner et al. 2017, 2020 in this issue) by iden-
tifying population breakdowns in potentially Bsal-infected 
populations. 

To estimate abundance in a single locality, the hierarchi-
cal removal sampling models (Royle 2004, Dorazio et al. 
2005, Royle & Dorazio 2006) as suggested by Schmidt 
et al. (2015) require data from spatially distinct popula-
tions. Furthermore, the performance of removal sampling 
estimators regarding one closed population is usually poor 
(Borchers et al. 2002, and see Schmidt et al. 2015), and 
the ‘population’ of fire salamander larvae within a defined 
section of a reproduction creek can only be regarded as 
‘closed’ during a short sampling period. If a single larval 
population is sampled and monitored over a longer time 
period, it has to be regarded as ‘open population’ because 
emigration and immigration (here, mainly due to larval 
drift: Thiesmeier & Schuhmacher 1990, Reinhardt et 
al. 2018, Veith et al. 2019) as well as death and birth (i.e. 
newly deposited larvae) may occur. 

We here compare the results of (I) modelling larval 
abundances for ‘closed’ populations using removal sam-
pling (Schmidt et al. 2015) with (II) capture-mark-re-
capture (CMR) results for ‘open’ populations (modified 
Jolly-Seber approach using ‘POPAN’: Wagner et al. 2011, 
Schwarz & Arnason 2017) gained from the same creek 
sections. With the latter we especially accounted for drift 
events (Thiesmeier & Schuhmacher 1990, Reinhardt 
et al. 2018, Veith et al. 2019). We finally compared these 
different population estimates with two simple time-count 
methods.

Materials and methods
Study region

We studied the larval populations in two first-order creeks 
in Rhineland-Palatinate (Germany), with two independ-
ent sections each (ca. 500 m apart), to obtain representa-
tive results from four spatially distinct populations/sub-
populations. Both creeks are situated in the ‘Huns rück’ 
mountain area: the ‘Beresbach’ (hereafter named BB, with 
sections BB-A and BB-B) to the East of the city of Tri-
er (N 49°45’52”, E  6°50’06”), and the ‘Weilerbach’ (lower 
section)/’Ebersbach’ (upper section) (hereafter named WB, 
with sections EB-A and EB-B) to the South of Koblenz 
(N 50°11’00”, E 7°37’45”). Each section of 75 m was subdi-
vided into three 25 m subsections (see Schmidt et al. 2015 
and Fig. 1). The study sections have similar but also differing 
habitat parameters (Table 1). All sections are surrounded by 
mixed deciduous forest with varying tree species compo-
sition and with many hiding places (dead wood, stones), 
making the terrestrial habitat of the adult populations com-
parable. They differ slightly in inclination and consequent-
ly water velocity (which might result in more larval drift), 
with upper section BB-B being steepest (7–8°) and lower 
section EB-A being the flattest (ca. 2°). Creek sections dif-
fer in, i.e. the number of available pools which are known 
to positively affect presence of larvae (e.g., Werner et al. 
2014). Estimated quantity of gammarids (Ruff & Maier 
2000) and other consumable benthos and creek width 
(Schmidt et al. 2015) (Table 1) are similar among sections. 
Consequently, the four sections cover a broad spectrum of 
habitats of fire salamander larvae. The recorded parameters 
(Table 1) were furthermore used for modelling larval abun-
dances using removal data (see below).

Field work

In the BB, the subspecies Salamandra salamandra terres
tris Lacépède, 1788 occurs, while the EB population lies 
at the western edge of a subspecies intergradation zone of 
S. s. salamandra × terrestris (Veith 1992). Mating of adults 
on land mainly occurs around July (ranges from March 
to September) and deposition of larvae in April and May 
(Thiesmeier 2004). Consequently, field work took place 
in June and July 2017 when most larvae were present in the 
creeks. 

At the beginning and the end of each 75 m study transect, 
slightly modified drift and upstream migration traps of 
Goedmakers (1980) were installed (Fig. 1; see also Veith 
et al. 2019). Each pair of traps completely blocked the creek 
(with the aid of additional lateral barriers) and all water 
had to pass the traps. The single opening (30 cm wide) of a 
drift trap faced up to capture larvae moving downstream, 
while the two openings of an upstream migration trap (to-
gether 20 cm wide) faced down to capture animals moving 
upstream. 

We used fluorescent Visible Implant Alpha (VI Al-
pha) Tags of Northwest Marine Technology Inc. (size 1.2 × 
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2.7 mm) to conduct a CMR study between 10/06/2017 and 
19/07/2017 in the BB and between 15/06/2017 and 10/07/2017 
in the EB. First, drift and upstream migration traps were 
checked for captured larvae every 2–3 days. Furthermore, 
larvae were captured in each 25 m subsection for 15 min 

by opportunistic search and with the aid of a dip net. This 
corresponds to the first cycle of the hierarchical removal 
sampling models of Schmidt et al. (2015). Each larva was 
weighted to the nearest 0.001 g using a Kern EMB 200-3 
field balance. Alpha-Tags were laterally injected using the 

Figure 1. Schematic drawing of a study transect (A) and of a drift and upstream migration trap (B).

Table 1. Habitat characteristics of the studied transects (75 m) within the two creeks. No predatory fish was present in these four 
sections.

Locality Terrestrial habitat Aquatic habitat

Forest (100 m radius)
Hiding places 
(100 m radius)

Average  
inclination (°)

Estimated quantity 
of larval food

Creek 
width (m)

Number 
of pools

BB-B Upper part dominated by Fagus sylvatica and 
Acer pseudoplatanus

Many about 7–8°  
(365–355 m a.s.l.)

Many 0.7–0.8 Ca. 50

BB-A Lower part dominated by Fagus sylvatica and 
Acer pseudoplatanus

Many about 5° down-
stream  
(318–312 m a.s.l.)

Many 0.7–0.8 Ca. 50

EB-B Upper part dominated by Quercus spec. and 
Carpinus betulus

Intermediate about 2°  
(250–248 m a.s.l.)

Many 0.6–0.7 Ca. 15

EB-A Lower part dominated by Alnus glutinosa and 
Fagus sylvatica

Intermediate about 5°  
(230–224 m a.s.l.)

Many 0.6–0.7 Ca. 20
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specific injector of Northwest Marine Technology Inc. The 
identification code consisted of a letter followed by a two-
digit number. Each larva was photographed from above on 
graph paper using a digital cam and with black light from 
the side in a glass tub fixed in a special construction. By 
doing so, the Alpha-Tag number of each individual could 
be easily read. In cases where the tag was hardly readable 
due to bad tag position or increasing pigmentation we used 
the tail pattern for individual photographic identification 
later on in the lab, a method considered suitable for only 
small numbers of larvae (up to 20 individuals according 
to Eitam & Blaustein 2002). At the end of the study day, 
all larvae were released next to the capture place or, if cap-
tured in a trap, one meter upstream or downstream of the 
respective trap. Hence, natural immigration and emigra-
tion by drift was allowed (‘open population’).

In addition, we conducted removal sampling (for tech-
nical details see Schmidt et al. 2015) in all sections; at 
28/06/2017 and 04/07/2017 in the BB and at 30/06/2017 and 
04/07/2017 in the EB. Three field workers each conducted 
simultaneous capture of larvae in each section (Schmidt 
et al. 2015). Afterwards, drift and upstream migration traps 
were checked to ensure that during each search period the 
population was closed. When moving between different 
sections, all equipment including gumboots was disinfect-
ed using Virkon S® according to Van Rooij et al. (2017). 

As two different time-count methods we used the sum 
of all larvae captured by one field worker in all three sub-
sections of a transect within 45 min (i.e. captures/day dur-
ing CMR) and the sum of all larvae captured by three field 
workers in all three subsections of a transect within 45 min 
(i.e. captures/day during removal sampling).

Data analysis

Photographs of larvae on graph paper were used for meas-
uring snout-to-vent-length (SVL) and head width using 
the software MB-Ruler (Version 5.3) (©MB-Software solu-
tions). The individual body index according to Hemmer & 
Kadel (1972) was calculated using the formula
log(b) = log(mass) – 3 × log(SVL).

To assess a potential invasiveness of Alpha-Tags, indi-
vidual body indices were merged into two groups (newly 
captured and recaptured larvae), and the means were com-
pared after testing for normal distribution (Shapiro-Wilks 
tests) and variance homogeneity (Levene tests) (Rudolf & 
Kuhlisch 2008).

CMR data were analyses using the program MARK 
(White & Burnham 1999, Cooch & White 2017). Death 
of individuals during the study time was possible and emi-
gration by larval drift allowed (see above), also metamor-
phosing individuals at the end of the study period. Birth by 
newly deposited larvae is possible by single females dur-
ing the whole study period (Thiesmeier 2004), further-
more immigration to the study sections by drift was also 
allowed. Hence, we choose the POPAN-approach for ‘open 
populations’ integrated in the program MARK (White & 

Burnham 1999, Wagner et al. 2011, Cooch & White 2017, 
Schwarz & Arnason 2017). The POPAN-approach (‘su-
per-population approach’) is a modified Jolly Seber mod-
el that not only estimates the population sizes at each oc-
casion but also for the ‘super-population’ over the entire 
study period (Wagner et al. 2011). We built 4–6 different 
models for each data set (i.e. section) by manipulating the 
parameters ‘survival probability’ (φ), ‘detection probability’ 
(p), and the probability of an individual to enter the ‘super-
population (bi) from ‘time-varying’ to ‘constant’. Further-
more, we used the sinus or logit function for φ and p. For 
bi, we always used the Mlogit link function and for N the 
log-link function (as recommended by Schwarz & Arna-
son 2017). Best fitting models were chosen by their small 
sample Akaike Information Criterion values (AICc: Burn-
ham & Anderson 2002) and used for parameter estima-
tion. Because both studied creeks were affected by dryness 
and subsequent flood between 21/06/2017 and 25/06/2017, 
we furthermore split the data sets at 25/06/2017 to estimate 
abundances also for a time period with relatively constant 
conditions.

The removal sampling data from our four sections were 
merged with removal sampling data from 75 m sections 
of 50 further creeks of the same area (‘Hunsrück’ moun-
tains). This was necessary because the hierarchical removal 
sampling models used by us (Royle 200, Dorazio et al. 
2005, Royle & Dorazio 2006) require data from spatial-
ly distinct populations in order to estimate abundance in 
a single locality. Between end of May and middle of June 
2017, these data including eight habitat parameters were 
obtained using the same standard methods as in the four 
sections of the present study (unpublished data). Co-var-
iables of the larval habitat were the number of pools per 
section (preferred larval micro habitats: Thiesmeier 2004, 
Schmidt et al. 2015), presence/absence of predatory fish 
(Thiesmeier 2004), estimated quantity of gammarids and 
other consumable benthos (Ruff & Maier 2000), sam-
pling date, creek width (m) and average inclination (°) as 
a proxy for larval drift during the study period (Thiesmei-
er & Schuhmacher 1990, Reinhardt et al. 2018, Veith 
et al. 2019); within 100 m surrounding each sections we 
characterised the terrestrial habitat through the quantity 
of hiding places (dead wood, stones) and forest types (de-
ciduous, mixed or coniferous forest) (Thiesmeier 2004) 
(Table 1). Predictor variables were normalized prior to sta-
tistical analysis. We built different generalized multinomial 
mixture models using pairwise combinations of the eight 
environmental variables or a ‘constant’-intercept-model 
for both abundance and detection probability. The soft-
ware R (R Development Core Team 2012) and the R-pack-
age ‘unmarked’ (Fiske & Chandler 2011) were used for 
calculations. All models were fitted to the data with either 
a Poisson or a negative binomial abundance model (see 
Schmidt et al. [2015] for further details). Hence, 126 candi-
date models were fitted to the data and ranked by their AIC 
values (Burnham & Anderson 2002) using the R-package 
‘AICcmodavg’ (Mazerolle 2015). To obtain site-specific 
estimates, we used the Bayesian approach implemented in 
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the package ‘unmarked’ (function ‘ranef ’: Fiske & Chan-
dler 2011).

To compare the different methods, the estimates derived 
from CMR data were correlated with the results from the 
first time-count method and the estimates from using re-
moval sampling data, and the latter estimates were further-
more correlated with the results of both time-count meth-
ods using IBM SPSS Statistics (Version 24.0). After test-
ing for normal distribution (using Shapiro-Wilks tests) 
and variance homogeneity (using Levene tests), either a 
Pearson or a Spearman correlation coefficient was calcu-
lated. P-values were Bonferroni-corrected for alpha ad-
justment (Rudolf & Kuhlisch 2008).

Results
CMR study

In BB-A, the sum of captured larvae increased from begin-
ning of June to beginning of July followed by a steady de-
crease of captures until the end of July. At the first four occa-
sions in BB-A, only one larva could be recaptured, but from 
end of June the recapture rates increased from 18%–57%. 

In BB-B, a steady decrease of captured larvae from be-
ginning to the end of the study could be observed. Similar 
to the upper section, recapture rates were low at the begin-
ning of the study and increased from end of June to end of 
July from 20%–67%. 

In EB-A and EB-B, the captures increased at the first 
three occasions (with relatively low recapture rates), but 
drastically fell after a dry period followed by heavy rain 
falls at the end of June. However, the recapture rate of the 
few larvae, which were captured after these events, in-
creased to 100% by the end of July. 

Model selection tables and estimates for survival (φ), 
capture (p) and entry to the super-population (pent) prob-
abilities can be found in the Supplementary Table 1. In BB-
A, the estimates increased to nearly 2,000 larvae at the 
third occasion (but with large 95% CI) and stabilized by 
end of June (ca. 500–1,000 larvae, with narrow 95% CI) 
(Fig. 2). The super-population of BB-A is estimated to be 
4,829 larval salamanders (3,844–6,262; 95% CI) regard-
ing the whole sampling period. Due to the dry period and 
following heavy rainfalls in the locality of the EB, also a 
shortened time period (beginning at 26/06/2017) was an-
alysed for all four transects (see Supplementary Fig. 1). 
When only these eight capture occasions were considered, 
the super-population estimate of BB-A is 2,003 (1,847; 
2,193 95% CI). 

Similar to BB-A, the estimates at the first occasions are 
high (ca. 1,400–2,100 larvae with larvae 95% CI), but with 
a low estimate (ca. 150 larvae) at the third occasion (Fig. 2). 
Also here, the estimates stabilized by end of June (300–600 
larvae, narrow 95% CI) and decrease to about 100 individu-
als by the end of the study. The super-population estimate 
of BB-B is 3,912 larvae (3,121–4,973; 95% CI) for the whole 
sampling period and 693 (584; 857; 95% CI) for the short-
ened period. 

In EB-A, high estimates (up to 600 larvae, large 95% 
CI) are reached until end of June, followed by always less 
than 100 individuals estimated until the end of the study 
(Fig.  2). The super-population estimate of EB-A is 1,083 
larvae (886–1,389; 95% CI) for the whole sampling period 
and 299 larvae (268; 355 95% CI) for the shortened period. 

In EB-B, the estimates increase until end of June to 
more than 700 larvae (large 95% CI) followed by a steady 
decrease to about 150–200 individuals (Fig. 2). The super-
population estimate of EB-B is 833 larvae (687–1,069; 95% 
CI) for the whole sampling period and 212 larvae (191–246; 
95% CI) for the shortened period. 

Removal sampling

In BB-A and BB-B, the sum of all captured larvae increased 
between the first and second sampling occasion, converse-
ly, the captures decreased in EB-A and EB-B (Table 2). 
There was only one best fitting (negative binomial abun-
dance) model with ΔAIC value ≤ 2. Detection probability 
was negatively affected by creek width (m) and abundance 
was positively affected by the number of pools (Fig.  3). 
Comparable to the count data, the estimates for the two 
WB sections increased and for the two EB sections de-
creased between sampling occasions (Table 2).

Comparison of the different methods

The POPAN-estimates (CMR) positively correlated 
(Spearman correlation coefficient: 0.73; Bonferroni-
corrected p-value < 0.001) with the results of the first time-
count method (the sum of captures/day during CMR). 
Likewise, the estimates gained from the removal sampling 
data strongly correlate (Spearman correlation coefficient: 
1.0; Bonferroni-corrected p-value < 0.001) with the results 
of the second time-count method (the sum of captures/day 
during removal sampling). All other correlations did not 
reach the level of significance (see Supplementary Fig. 2).

Table 2. Count data of the removal sampling (i.e. sum of larvae 
captured in the 75 m transect by three persons in 45 min) and 
estimates obtained from hierarchical modelling in the studied 
creeks.

Date Creek Count data 
(number of larvae)

Estimated larvae  
± 95% CI

28/06/2017 BB-A 33 67 (52; 85)
28/06/2017 BB-B 8 17 (10; 26)
30/06/2017 EB-A 11 19 (13; 27)
30/06/2017 EB-B 5 9 (5; 16)
04/07/2017 BB-A 49 100 (81; 121)
04/07/2017 BB-B 19 39 (28; 53)
04/07/2017 EB-A 1 2 (1; 6)
04/07/2017 EB-B 6 11 (7; 18)
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Discussion

The main goal of the present study was to compare the re-
sults of two different modelling approaches used for popu-
lation size estimation. Their estimates differed by a factor 
of about 20. The large super-population estimates are in ac-
cordance to Thiesmeier & Sommerhäuser (1995), which 
in an extreme case found up to 383 larvae/m², with aver-
age densities of 18.1 and 19.0 larvae/m² in flowing parts and 
pools, respectively. The best fitting hierarchical model us-
ing removal sampling data suggests decreasing detection 
probability with increasing creek width (Fig. 3). Detection 
probability decreased from about 40% in creeks with < 1 m 
width to < 10% in creeks with 3 m width (Fig. 3). Hence, 

also this ‘closed population approach’ suggests that many 
larvae are not found during capture occasions and thus in-
dicates large larvae populations. This is in accordance with 
many studies on imperfect detection probabilities in wild 
animal populations (e.g., Kéry 2002, Schmidt et al. 2002, 
Kéry & Schmidt 2008, Kéry et al. 2009, Wagner et al. 
2011), and the super-population estimates of partly > 2,000 
larvae per study section seem plausible. Thiesmeier & 
Schuhmacher (1990) found that 83% of drifted larvae 
were newly deposited or in early developmental stages. Be-
cause our study took place in June and July, a large part of 
the drifted larvae remained unconsidered. Consequently, 
between March and May the larval populations could have 
been even larger.

Figure 2. Population size estimates for each capture occasions and for each transect A and B in the BB and EB using CMR data of 
marked fire salamander larvae.
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With regard to the assumption of a ‘closed’ larvae popu-
lation using removal sampling data, it has to be taken into 
account that sampling took place within only 45 minutes 
and that lack of larvae captured in the respective drift and 
upstream migration traps proved a closed population sta-
tus. Hence, the survival probability was always considered 
constant in the hierarchical models whereas the calcula-
tion using CMR data considered the larval population as 
‘open’ because both birth and drift was possible during this 
study time over four weeks. 

Regardless imperfect detection probabilities (they dif-
fer by a factor of about 40 to the POPAN-estimates), our 
strong correlation between CMR estimates and simple 
time-count methods suggest that the minimal time-con-
suming time-count method, as already applied by e.g., 

Sound & Veith (1994), can provide first insights into 
population size variation over time. They may even suf-
fice the necessities of a long-term population monitoring 
programs that are conducted to detect drastic break-downs 
of larval populations, e.g., due to the currently range-ex-
panding Bsal fungus (Spitzen-van der Sluijs et al. 2016, 
Wagner et al. 2017, 2019, Lötters et al. 2020 in this issue). 
Nevertheless, we suggest to continue to apply the removal 
sampling with hierarchical modelling in cases where mon-
itoring of fire salamander larvae has already started based 
on this approach. However, one should keep in mind that 
the modelled abundances using removal data apparently 
drastically underestimate true larval population sizes (as 
estimated based on the open population approach based 
on CMR data). This effect was shown by us to be even 

Figure 3. Decreasing detection probability with increasing creek width (m) and increasing larval abundance with increasing number 
of pools according to the best fitting hierarchical model using removal sampling data.

Figure 4. Comparison of means of the body index of newly captured and recaptured larvae suggest a significant impact of the Alpha-tags. -3



272

Norman Wagner et al.

stronger when applying the simple sum of captures per 
time interval method (applied during the CMR). Howev-
er, these time-count values correlated even better with the 
CMR estimates for open populations. Therefore, when fi-
nancial and personal resources are small compared to the 
size of a given study area, one could argue that newly start-
ing larvae monitoring programs may even apply the more 
simple time count methods. However, neither time count 
methods nor the removal sampling will suffice to gain real-
istic population size estimates. Up to now, we only studied 
four transects, and robust transformation factors for sim-
ply multiplying count data to gain realistic population size 
data are not yet available. Furthermore, detection probabil-
ities may vary site-specifically (e.g., Kéry 2002, Schmidt 
et al. 2002, Kéry & Schmidt 2008, Kéry et al. 2009, Wag-
ner et al., 2011). Therefore, only the CMR method will pro-
vide the option to estimate more realistic population sizes 
of fire salamander larvae. Our recaptured marked larvae 
had significantly lower body indices compared to newly 
captured ones (Fig. 4), and we cannot even exclude that 
marked larvae suffer from an increased mortality; this 
would inevitably lead to an overestimation of population 
size. In consequence, the CMR method based on individ-
ual marking with Alpha-Tags may be too invasive for be-
ing applied (see also Lunghi & Veith [2017] for problems 
with cave salamanders, genus Hydromantes), and hence 
may bias CMR population sizes estimates based on this in-
dividual marking technique. Marking techniques based on 
digit amputation (e.g., Reinhardt et al. 2018) are invasive 
per se (see also the comment by May [2004]) and should 
not be used as long as a negative impact on larval survival 
cannot be excluded. Non-invasive individual photographic 
identification of larvae may be an alternative to be applied 
in CMR studies. However, as long as this approach cannot 
deal with capture quantities larger than 20 (see Eitam & 
Blaustein 2002) and the applicability of computer-based 
identification programs as Wild-ID is not tested, photo-
identification also seems to be no option. 
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