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N-mixture models reliably estimate 
the abundance of small vertebrates
Gentile Francesco Ficetola  1,2, Benedetta Barzaghi1, Andrea Melotto1, Martina Muraro1, 
Enrico Lunghi3,4,5, Claudia Canedoli6, Elia Lo Parrino1, Veronica Nanni7, Iolanda Silva-Rocha8, 
Arianna Urso1, Miguel Angel Carretero8, Daniele Salvi  8,9, Stefano Scali10, Giorgio Scarì11, 
Roberta Pennati1, Franco Andreone12 & Raoul Manenti1

Accurate measures of species abundance are essential to identify conservation strategies. N-mixture 
models are increasingly used to estimate abundance on the basis of species counts. In this study we 
tested whether abundance estimates obtained using N-mixture models provide consistent results 
with more traditional approaches requiring capture (capture-mark recapture and removal sampling). 
We focused on endemic, threatened species of amphibians and reptiles in Italy, for which accurate 
abundance data are needed for conservation assessments: the Lanza’s Alpine salamander Salamandra 
lanzai, the Ambrosi’s cave salamander Hydromantes ambrosii and the Aeolian wall lizard Podarcis 
raffonei. In visual counts, detection probability was variable among species, ranging between 0.14 
(Alpine salamanders) and 0.60 (cave salamanders). For all the species, abundance estimates obtained 
using N-mixture models showed limited differences with the ones obtained through capture-mark-
recapture or removal sampling. The match was particularly accurate for cave salamanders in sites 
with limited abundance and for lizards, nevertheless non-incorporating heterogeneity of detection 
probability increased bias. N-mixture models provide reliable abundance estimates that are comparable 
with the ones of more traditional approaches, and offer additional advantages such as a smaller 
sampling effort and no need of manipulating individuals, which in turn reduces the risk of harming 
animals and spreading diseases.

Estimating species abundance is a pivotal task of species monitoring. Unfortunately, in most of cases detecting 
individuals of the target species can be challenging. Very often we are not able to detect all individuals present in 
a given place and time, and this may happen for several reasons, such as their elusive behaviour, cryptic habits or 
simply because of the limited ability of surveyors1. Therefore, the number of observed individuals rarely repre-
sents a reliable estimation of the number of individuals occurring in a given area.

Multiple approaches have been developed to estimate the true number of present individuals. Among 
them, approaches requiring multiple sessions of capture have a considerable success. For instance, in capture- 
mark-recapture (CMR) approaches animals of a population are captured, individually marked or photographed to 
allow identification, and released at the capture site. The frequency of marked individuals observed in subsequent 
capture sessions is then used to estimate abundance1,2. Removal sampling (sometimes named catch-effort model) 
is an alternative approach, which requires the systematic capture and removal of individuals. Population size is 
then estimated on the basis of the decline in catch size during sequential capture sessions2–4. These approaches 

1Department of Environmental Science and Policy, University of Milan, Milano, Italy. 2Laboratoire d’Ecologie 
Alpine (LECA), CNRS, Université Grenoble Alpes, Grenoble, France. 3Universität Trier Fachbereich VI Raum-und 
Umweltwissenschaften Biogeographie, Universitätsring 15, 54286, Trier, Germany. 4Museo di Storia Naturale 
dell’Università di Firenze, Sezione di Zoologia “La Specola”, Via Romana 17, 50125, Firenze, Italy. 5Natural Oasis, Via 
di Galceti 141, 59100, Prato, Italy. 6DISAT, Università degli Studi di Milano-Bicocca. Piazza della Scienza 1, 20126, 
Milano, Italy. 7Department of Earth, Environmental and Life Science (DISTAV), University of Genoa, Genova, Italy. 
8CIBIO Research Centre in Biodiversity and Genetic Resources, InBIO, Campus de Vairão. 4485-661, Universidade 
do Porto, Vairão, Vila do Conde, Portugal. 9Department of Health, Life and Environmental Sciences, University of 
L’Aquila, 67100, Coppito, L’Aquila, Italy. 10Museo di Storia Naturale di Milano, Corso Venezia 55, I-20121, Milano, 
Italy. 11Department of Biosciences, University of Milan, Milano, Italy. 12Museo Regionale di Scienze Naturali, Via G. 
Giolitti, 36, I-10123, Torino, Italy. Correspondence and requests for materials should be addressed to G.F.F. (email: 
francesco.ficetola@gmail.com)

Received: 6 January 2018

Accepted: 22 June 2018

Published: xx xx xxxx

OPEN

http://orcid.org/0000-0003-3414-5155
http://orcid.org/0000-0002-3804-2690
mailto:francesco.ficetola@gmail.com


www.nature.com/scientificreports/

2SCIENTIFIC REPORtS |  (2018) 8:10357  | DOI:10.1038/s41598-018-28432-8

have been particularly useful to obtain reliable estimates of population size, and have revealed long-term temporal 
trends, allowing to identify the factors determining the survival of individuals and the decline of populations5–9.

However, approaches requiring the capture and identification are generally labour intensive, as many individ-
uals need to be captured and identified to obtain reliable population estimates. Therefore, the broad scale mon-
itoring of the abundance of wildlife has been a challenge for decades10. In the last years formal approaches have 
been proposed to estimate animal abundance from repeated counts at fixed sites, without marking individuals 
to identify them11,12. The number of individuals detected in a given site is counted using standard monitoring 
techniques (e.g., point counts, observation in small plots, fixed area transects), and each site is generally surveyed 
in multiple occasions. The repeated counts in a given site are then used to jointly estimate the detectability of indi-
viduals and population size based on N-mixture models11–14. As they do not require capture or manipulation of 
individuals, such models might allow collecting abundance information over larger areas compared to traditional 
approaches, can be appropriate for protected species, and have been proposed for broad-scale assessment of pop-
ulations13,15,16. The usefulness of N-mixture models to estimate abundance of amphibians and reptiles is advocated 
since several years1,13,17 and, given their high cost-effectiveness, these approaches have also been suggested to 
obtain broad scale estimates of the population trends of amphibians and reptiles16. For instance, repeated counts 
analysed with N-mixture models have been proposed for the periodic monitoring of several species of amphibi-
ans and reptiles listed in the EU Habitat Directive at the national scale18.

Nevertheless, approaches based on N-mixture models are not yet widely used to estimate population abun-
dance, perhaps because practitioners remain unsure about their efficiency compared to more traditional tech-
niques requiring capture. Recent analyses casted doubts about the usefulness of N-mixture models, because the 
loss of information resulting from not marking animals can make problematic the joint estimation of abun-
dance and detection probability19. Moreover, these models are sensitive to violations of their assumptions, and 
unmodeled heterogeneity in abundance or detection probability can cause substantial biases20,21. Thus, real-world 
studies are required to verify the estimates from N-mixture models under a range of conditions. Recently, Kéry22 
found excellent agreement between estimates under N-mixture and those from different approaches (i.e., multi-
nomial N-mixture models), which are a generalization of CMR that do not suffer from borderline estimability of 
parameters19. Furthermore, some studies comparing the performance of mixture models with more traditional 
approaches (e.g., CMR) found similar abundance and density estimates [e.g.23,24] but, until now, such comparative 
analyses have focused on a limited range of species.

In this study, we compared population estimates obtained using N-mixture models with estimates obtained 
applying more traditional approaches, i.e., removal sampling and capture-mark-recapture. We focused on three 
threatened species of amphibians and reptiles endemic of Italy and adjacent areas: the Lanza’s Alpine salamander 
Salamandra lanzai, the Ambrosi’s cave salamander Hydromantes ambrosii and the Aeolian wall lizard Podarcis 
raffonei. All these species are threatened, and both salamanders are fully terrestrial and do not require water for 
reproduction25, thus other traditional approaches to estimate the abundance of amphibians (e.g., egg counts, 
monitoring of breeding sites) cannot be used. Therefore, the reliability of monitoring approaches based on the 
observation of unmarked active individuals is a key aspect to provide effective information for management 
plans.

Results
Lanza’s Alpine salamander. During 63 repeated surveys, we obtained 63 salamander detections (range: 
0–9 individuals per plot in each survey). In N-mixture models, we used a zero-inflated Poisson model as it showed 
AIC values lower than the Poisson model (model without covariates: AIC: 180.9 vs. 207.2). N-mixture models 
estimated an average detection probability of 0.14 (95% CI: 0.02–0.62). The model including hour of survey as 
covariate showed a higher AIC value than the model without hour (AIC = 182.5), and hour did not have a signif-
icant effect on salamander detection (z = −0.20, P = 0.608), therefore we kept the model without covariates. The 
estimated number of individuals ranged between 0.4 and 14.7 individuals per plot (Fig. 1).

Studies using capture-mark-recapture26,27 estimated a density of ~300 individuals/ha. If we only consider 
the six plots within the CMR study area, the average density of salamanders estimated using N-mixture models 
was 141 individuals/ha (95% CI: 38–450 individuals/ha). However, if we also include the plots nearby the CMR 
study area, the average density of salamanders was higher, and closer to the estimates obtained using CMR. For 
instance, if we also consider plots within 250 m, the average density was 254.3 individuals/ha (95% CI: 130–544).

Ambrosi’s cave salamander. During 20 repeated counts, we obtained 599 salamander detections (range: 
0–123 detections per cave in each survey). In N-mixture models, we used a Poisson error distribution as it showed 
AIC values lower than zero-inflated Poisson models (AIC: 510.3 vs. 512.4). N-mixture models estimated an aver-
age detection probability of 0.62 (95% CI: 0.59–0.76); empirical Bayes estimates indicated population abundances 
between 13 and 135 individuals/site (Table 1).

During the removal experiment (N = 29 capture sessions), we captured 507 individuals (range: 0–99 individ-
uals per cave in each session). In removal models, estimates of population size ranged between 13 and 244 indi-
viduals per cave (Table 1). The depletion method was unable to estimate population size for the two cavities with 
less captured individuals (False Snake and Ambrosi’s sinkhole), in which zero individuals were captured during 
the second and third capture sessions.

Overall, N-mixture models and removal sampling provided highly correlated and consistent estimates of pop-
ulation densities (Fig. 1), with similar values in most of populations (Table 1, Fig. 2). In the populations with more 
individuals, N-mixture models tended to estimate smaller population sizes (Table 1). Nevertheless, a linear regres-
sion model, relating log-transformed abundances estimated with the two approaches revealed a strongly signifi-
cant relationship (R2 = 0.91; F1,6 = 57.2, P < 0.001), with a slope not significantly different from one (B = 1.32, 95% 
CI = 0.89/1.74) and an intercept not significantly different from zero (k = −1.00, 95% CI = −2.63/0.61).
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Aeolian lizard. During 11 repeated counts, we obtained 85 detections of adult lizards in four replicated tran-
sects. On average, we observed 11.8 lizards/man-hour of survey. In N-mixture models, we selected the model with 
Poisson error, as it showed AIC values lower than the respective ZIP model (69.4 vs. 71.4). The model including 
hour of survey as covariate showed the lowest AIC value, and suggested that detection probability was highest in 
early morning (Table 2). At 9.30 a.m., the average detection probability was 0.18 (SE = 0.78). N-mixture models 
yielded a population size estimate of 274 individuals within the transects (95% CI: 221–334), indicating an aver-
age lizard density of 0.35 individuals/m2 (95% CI: 0.28–0.43). Assuming homogeneous density in the survey area, 
this yielded a total estimate of 1050 individuals (95% CI: 847–1280).

Figure 1. Plots used to assess the abundance of Salamandra lanzai, and spatial variation of abundance 
estimates. The violet line is the approximate limit of the area sampled with capture-mark-recapture42. The 
map was generated by GFF using the open-source software QGis 2.18 (QGIS Development Team, 2016. QGIS 
Geographic Information System. Open Source Geospatial Foundation Project. www.qgis.org); background 
colors represent land use (grey: built-up; green: pasture; pale green: sparse vegetation; dark green: high-altitude 
pasture and moorland; blue: water).

Cave

N max N-mixture models Removal sampling

Abundance 95% CI Capture rate Abundance 95% CI

Pignone left entrance 27 33.8 29/39 0.5 24 *

Pignone right entrance 38 50.1 45/56 0.702 53 51/63

Pignone main cave 38 53.3 48/59 0.636 59 57/70

Pignone – False snake’s hole 5 11.0 7/16 † †

Pignone – Ambrosi’s sinkhole 3 8.7 5/13 † †

Fornace 30 43.3 38/49 0.38 76 *

Fornace left entrance 15 23.8 19/29 0.6 20 19/33

Pignone abandoned mine 52 57.8 54/63 0.386 114 92/240

Spelerpes 6 13.1 9/18 0.426 13 *

Alta di Castè 123 144.5 138/152 0.382 244 219/300

Table 1. Abundance estimates in ten populations of Hydromantes ambrosii, obtained with different approaches. 
N max: max number of individuals detected in one single survey session. †The method was unable to estimate 
population size. *Estimation of 95% CI was not available.

http://www.qgis.org
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During the removal sessions (N = 5 capture sessions), we captured 131 adult lizards (63 males and 68 females; 
range: 7–18 males per capture session). Average capture rate was 2.9 individuals/man-hour. Males were tempo-
rarily maintained in terraria for the removal experiment, while most of females were immediately released in 
nature. The removal method estimated a total population size of 538 males (lambda: 0.003). If we assume a 1:1 sex 
ratio, the overall abundance of P. raffonei estimated using removal sampling was ~1080 individuals. The number 
of captured males per hour only slightly decreased from the first to the last capture session, therefore confidence 
intervals for this estimate were not available. Genetic analyses are currently ongoing to ascertain whether these 
lizards are pure P. raffonei, or are hybridized with non-native species.

Discussion
Accurate estimates of population size provide baseline data for many studies on population ecology, are essen-
tial to assess the conservation status of populations, and allow to identify management priorities. For instance, 
in the European Union the Habitat Directive protects several hundreds of animal species, and requires regular 
reports on the conservation status of all species protected by the directive. Such reports should include measures 
of population size and trends for all these species across the continent. Obtaining quantitative measures of pop-
ulation size of hundreds species over broad areas requires considerable monitoring efforts, and volunteers are 
a key resource for such a broad scale monitoring13,15,28–31. Approaches based on the capture of individuals such 
as capture-mark-recapture or removal sampling can provide reliable estimates of population size, but also have 
drawbacks. First, the capture of many individuals often requires more time than just observing their presence, 
therefore it can be less effective if we need monitoring many populations. For instance, for lizards the detection 
rate was four times higher than the capture rate. Similarly, for cave salamanders the removal sampling required 
approx. 80 man-days of work, while only 28 man-days were required for the visual surveys of N-mixture models. 
Second, some techniques used to mark amphibians and reptiles are expensive, or can harm individuals and pose 
ethical issues (e.g., toe clipping)32. Finally, the manipulation of specimens can pose threats to the study popula-
tions, such as the risk of transmission of infectious diseases33. Actually, European salamanders currently face the 
risk of infection by the chytrid fungus, Batrachochytrium salamandrivorans, which is lethal to most salamanders 
and is causing dramatic declines in several populations34–36. Under these circumstances, protocols requiring the 
capture of individuals by a large number of volunteers cannot be advocated. N-mixture models just require the 
observation of individuals, and thus are a promising alternative that does not require the manipulation of indi-
viduals. Our study shows that this approach can provide reliable estimates of population size, which are highly 
comparable with the ones obtained by more traditional approaches.

Simulations suggest that population sizes estimated through N-mixture models generally have a limited bias 
if model assumptions are met16,20, but the accuracy of these analyses still requires assessment. If detection prob-
ability is ~0.15 (as we recorded for the Lanza’s salamander) and sites are surveyed only a few times, simulations 

Figure 2. Abundance of H. ambrosii: comparison between removal sampling and N-mixture models. Error bars 
are 95% confidence intervals of each estimate, the black dashed line has intercept = zero and slope = 1.

Variables in the model K AIC

hour of survey (−) 3.00 53.5

hour of survey (−); sampling effort (+) 4.00 55.1

None 2.00 69.4

sampling effort (+) 3.00 71.1

Table 2. Candidate N-mixture models on factors determining the detection probability of Aeolian lizards. Signs 
after variable names indicate the sign of regression coefficients. Models are ranked on the basis of their AIC 
values. K: number of parameters in the model.
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suggested that the relative bias of mixture models may be 45–50%16, i.e., they can over- or underestimate popula-
tion size by approx. 50%. The accuracy of mixture models increases in easily detectable species and, if detection 
probability is 0.5, the expected bias is ~12–20%, and the correlation between true and estimated population size 
is expected to be ~0.9 [Fig. S2 in16]. Testing the validity of these predictions is difficult, as in real populations we 
hardly know the true population size. Nevertheless, if we compare mixture models with CMR and removal sam-
pling, we obtain measures of bias that are in agreement with these predictions. For Lanza’s Alpine salamanders, 
the differences between CMR and mixture models was 17–52% (depending if we consider all transects nearby 
the CMR study area, or only transects within the CMR study area; see below). For cave salamanders, the average 
relative bias was 26%, and the correlation between the two population size estimates was 0.95. The match between 
empirical data and simulations confirms the robustness of conclusions obtained through the virtual ecologist 
approach37, and supports mixture models as a reliable tool for the analysis of monitoring data.

Nevertheless, the reliability of N-mixture models heavily depends on meeting model assumptions, and recent 
simulations suggested that emigration, double counts or variation of detection probability among sampling 
occasions can produce biased results, yielding substantial overestimates of species abundances20,21. In our study, 
detection probability of lizards was not constant, and declined in surveys performed during late morning, as com-
monly observed for reptiles38; actually, the hour of survey was included in the best-AIC model (Table 2). It should 
be remarked that abundance estimates would be heavily biased, if such variation of detection probability was not 
incorporated into models. In fact, a model without detection covariates (e.g., model 3 in Table 2) would provide 
density estimates of 1.3 individuals/m2, which are three-times larger than the ones obtained through the removal 
experiment. The correct incorporation of heterogeneity of detection probability is thus essential to obtain useful 
estimates20, and appropriate knowledge of species biology can be extremely important to identify and accurately 
measure the variables that can allow describing this variability.

In the Lanza’s Alpine salamander example, the two population estimates (N-mixture vs. CMR) were not per-
formed in the same year. It is well known that salamander populations can undergo strong temporal variation, 
for instance in response to habitat modifications, climatic variation and variation of biotic factors (e.g.7,39,40), and 
population fluctuations can occur even in absence of evident habitat changes41. Despite we do not have quantita-
tive data on population dynamics, the available information suggests that the study populations did not undergo 
strong variations of abundance through time. For instance, for Alpine salamanders, CMR estimates of abundance 
obtained in 1992 and in 2003 were very similar27,42. Furthermore, the study area is a protected site, for which no 
major habitat modifications occurred in the last 20 years. Differences between CMR and N-mixture models were 
stronger if we only consider the eight plots falling within the CMR area. However, only eight plots were inside 
the target area, and sampled just 1,600 m2, which represent 3.9% of the surface sampled by CMR. Therefore, the 
imperfect match between the estimates possibly occurred because the sampling effort inside the target area was 
too low. Conversely, if all the plots nearby the Andreone et al.25,27 study area are considered, N-mixture models 
sampled a much larger surface (5,400 m2). Salamander distribution is not homogeneously distributed across the 
landscape (Fig. 1), and the more intense effort probably allows a better representation of the overall landscape. 
The quality of population estimates generally increases at high sampling efforts43 which, in this case, is related 
to both the number of surveys per plot, and the total area covered by plots. When planning surveys, both these 
parameters must be defined a priori. Increasing the surface of each plot, and increasing the number of plots, are 
alternative approaches to increase sampling efforts. Deciding the best strategy (a few large or several small plots) 
strongly depends on parameters such as population density, detection probability, spatial heterogeneity and logis-
tic constraints, and should be decided a priori, on the basis of study aims and resources availability. For instance, 
the number of individuals that are detected at each survey is generally higher in larger plots. Therefore, large plots 
and/or a large number of surveys per plot are a more effective strategy for species with limited detectability, while 
surveying several small transects can be preferable if populations have high detection probability16,44–46.

With cave salamanders, detection probability estimates were very high (≥0.4) using both approaches. High 
detection probability has already been demonstrated in other species of cave salamanders, particularly during 
their underground activity phase5,47–49, and this favors studies on the ecology and dynamics of cave salamander 
populations (e.g.39,48,49). The match between mixture models and removal sampling was excellent for the caves 
with fewer salamanders. Mixture models tended to underestimate population size in the two caves where removal 
estimated more individuals (Table 1, Fig. 2). It should be remarked that capture rate, estimated by removal sam-
pling, is unrelated to both cave depth and salamander abundance (|r| ≤ 0.4 and P > 0.25 for both correlation), 
suggesting that this does not occur because sampling quality was weaker in larger caves and/or in caves with more 
salamanders. Overall, the slope of the regression between population sizes estimated with the two approaches 
was not significantly different from one, and in the majority of cases abundance estimates were extremely similar 
confirming that, in most of sites, N-mixture models are an excellent approach to estimate the abundance of these 
animals. Nevertheless, additional analyses are needed to understand the performance of N-mixture models when 
variation of abundance among sites is strong.

We showed that N-mixture models can provide effective measures of the abundance of populations for small 
vertebrates with very different habits and living in a wide range of habitats, from nocturnal salamanders living in 
alpine meadows, to lizards living in Mediterranean islands. However, just measuring abundance provides limited 
information for conservation. An additional advantage of N-mixture models is the possibility of including covar-
iates as potential predictors of species abundance also at very fine spatial scale17. Assessing the factors that can 
determine differences in abundances among sites, or differences in abundance in a site surveyed during different 
years would provide more complete information and, for instance, can allow the identification of threatening 
factors that should be targeted by conservation strategies50,51. During surveys, experienced observers can also 
record parameters representing habitat quality or threats51 that can be successfully integrated within N-mixture 
models to provide quantitative management indications (e.g.17). The elaboration of comprehensive monitoring 
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schemes, that allow the integration of species abundance data with information on habitat features and on drivers 
of abundance is not easy52, but will provide essential information for more effective management.

Methods
Species, study areas and sampling. Lanza’s Alpine Salamander Salamandra lanzai. Salamandra lanzai is 
endemic of a small area of the Alps, between NW Italy and E France, and lives at altitudes of 1200–2650 m. This sal-
amander is viviparous, and individuals are active at the surface from late spring until early autumn, mostly at night 
and during humid periods26. The study was performed at the Pian del Re area (approx. 44.70°N, 7.10°E; altitude: 
2000–2150 m; Fig. 1), which is an alpine meadow with multiple small streams, and is the type locality of S. lanzai.

Capture-mark-recapture data were obtained from previously published studies performed in 1992–2003, which 
sampled a surface of approx. 41,000 m2 (Fig. 1 27,42). Repeated counts. We defined 28 rectangular (20 × 10 m) plots, 
across the whole Pian del Re. Each plot was surveyed by a 6–8 people team, actively searching and counting all the 
salamanders at the surface for 10–15 min. Plots were surveyed 2–3 times (average: 2.3 surveys per plot) in the period 
16–19 August 2015 after dusk, between 9.00 pm and 1.00 am. We positioned the 28 plots performed in 2015 as fol-
lows: eight were inside the study area where Andreone et al. (refs27,42) performed their CMR study, 17 were nearby 
the Andreone et al. (refs27,42) study area (<250 m from the area), and three were 500–750 apart (Fig. 1).

Cave salamander Hydromantes ambrosii. The Ambrosi’s cave salamander H. ambrosii (see53 for discussion on 
nomenclature) is endemic of a small area of peninsular Italy. This terrestrial salamander does not live exclusively 
in caves, as from autumn to spring it is often active at the surface. However, during the dry and hot Mediterranean 
summer it often moves to underground refugia, where its detectability is highest48,54. In June 2017, we monitored 
ten cavities (caves and abandoned mines) in Central Italy using both repeated counts and removal sampling. We 
considered the Spelerpes cave (44.13°N, 9.78°E), six cavities within the Pignone karst Area (44.18°N, 9.72°E) and 
the Alta di Castè cave (44.12°N, 9.77°E). Explored depth of caves ranged between 9 and 48 m. For repeated counts, 
each cave was monitored by 6–7 observers during daytime in sunny, dry days, by actively searching and count-
ing all the salamanders visible on both cave walls and floor, as described by Lunghi, et al.48. Each cave was sur-
veyed two times within 3–10 days, to ensure meeting assumption of population closure. Survey effort was approx. 
0.5 man/hour for each m of explored cave. Subsequently, we performed a three-sample removal experiment4. 
Immediately after the end of the last count survey, 6–7 people collected and stored salamanders in specific fauna 
boxes (40 × 25 × 15 cm) which were left inside caves. Removal session ended after 10 minutes without captures. 
At the end of the third session of capture, animals were released in the same cave areas in which they were found. 
Individuals were manipulated with disposable nitrile gloves, and all the equipment was disinfected following 
guidelines for preventing the spread of infectious diseases55.

Aeolian wall lizard Podarcis raffonei. The Aeolian wall lizard Podarcis raffonei is endemic of the Aeolian 
Archipelago (Southern Italy). The species is critically endangered and is undergoing a quick decline; the most 
likely factors determining lizard decline are the competition/hybridisation with non-native lizards, and habitat 
modifications. Currently, only four populations of this species are known to persist56,57. During spring 2017 (end 
of April-beginning of May) we carried out field surveys in the Capo Grosso Peninsula (approx. 38°25′N, 14°56′E; 
surface area available for surveys: 2990 m2) in order to estimate the size and the status of the last population of 
P. raffonei on the Vulcano Island using repeated counts (visual strip transects) and removal sampling. First, we 
established four linear transects (length: 60–75 m; width: 1.5 m) covering the whole peninsula, and used visual 
encounter surveys to count the number of active lizards. Transects were >5 m apart, to avoid double counts of 
the same individual, and were performed between 9.00 and 12.00 a.m. by one-two observers. Only adult lizards 
were considered; each transect was repeated 2–3 times (average: 2.75). Second, individuals were noose-captured 
through the whole peninsula. Females were mostly released immediately after capture, while all the captured 
males were temporarily transported in terraria. Overall, we performed five capture sessions; the sampling efforts 
of capture sessions ranged between six and 12.5 man/hours.

Data analysis. For all the species, repeated counts were analysed using N-mixture models for closed popu-
lations11. We used Akaike’s Information Criterion58 to select the most appropriate error distribution (Poisson or 
zero-inflated Poisson); we did not consider negative binomial errors as can produce infinite abundance estimates, 
particularly when detection probability is limited59. In models, we used 100+ the maximum observed species abun-
dance as upper bound to approximate an infinite summation of the likelihood, since preliminary analyses suggested 
that this value provides robust estimates16. For Lanza’s Alpine salamanders, activity is often higher early after dusk42, 
thus we considered hour of survey as a covariate potentially affecting detection probability; all surveys were con-
ducted within four days, with constant meteorological conditions (similar temperature; no rain). For Aeolian lizards, 
all surveys were performed within one week, during sunny days without wind. However, activity of lizards is gen-
erally higher in early morning, and survey effort was variable (range: 0.33–0.66 man/hours per transect), therefore 
we tested models including hour of survey and survey effort as detection covariates. For all the species we then used 
empirical Bayes methods to estimate the posterior distribution of the abundance (mean and 95% Bayesian credible 
intervals)60. N-mixture models were run using the unmarked package in R 3.3.361.

To estimate population size from removal sampling of H. ambrosii and P. raffonei, we used the sampling cov-
erage estimator for heterogeneous models of Chao and Chang4, which is able to estimate population size with low 
bias, assuming that capture rate can be different among individuals. For P. raffonei, the length of sampling session 
(men-hours) was included as a measure of sampling effort. In preliminary analyses, we also tried using methods 
assuming homogeneous detection probabilities4, and obtained very similar estimates.



www.nature.com/scientificreports/

7SCIENTIFIC REPORtS |  (2018) 8:10357  | DOI:10.1038/s41598-018-28432-8

Availability of data and materials. The dataset supporting the conclusions of this article is included 
within the additional files.

Ethics statement. All research involving animals was performed in accordance with the national regula-
tions, and was conducted under the authorization of National Authorities (Ministero dell’Ambiente della Natura 
e del Mare; H. ambrosii: 9384/PNM/2015, 20624/PNM/2016; S. lanzai: 14382/PNM/2015, 12273/PNM/2015;  
P. raffonei: 4602/PNM/2017).

References
 1. Mazerolle, M. J. et al. Making great leaps forward: Accounting for detectability in herpetological field studies. J. Herpetol. 41, 

672–689 (2007).
 2. Chao, A. An overview of closed capture-recapture models. J. Agric. Biol. Environ. Stat. 6, 158–175, https://doi.org/10.1198/ 

108571101750524670 (2001).
 3. Petranka, J. W. & Murray, S. S. Effectiveness of removal sampling for determining salamander density and biomass: A case study in 

an Appalachian streamside community. J. Herpetol. 35, 36–44, https://doi.org/10.2307/1566020 (2001).
 4. Chao, A. & Chang, S. S. An estimating function approach to the inference of catch-effort models. Environmental and Ecological 

Statistics 6, 313–334 (1999).
 5. Lindstrom, J., Reeve, R. & Salvidio, S. Bayesian salamanders: analysing the demography of an underground population of the 

European plethodontid Speleomantes strinatii with state-space modelling. BMC ecology 10, 4 (2010).
 6. Schmidt, B. R. Declining amphibian populations: The pitfalls of count data in the study of diversity, distributions, dynamics, and 

demography. Herpetol. J. 14, 167–174 (2004).
 7. Schmidt, B. R., Feldmann, R. & Schaub, M. Demographic processes underlying population growth and decline in Salamandra 

salamandra. Conserv. Biol. 19, 1149–1156 (2005).
 8. O’Donnell, K. M. & Semlitsch, R. D. Advancing Terrestrial Salamander Population Ecology: The Central Role of Imperfect 

Detection. J. Herpetol. 49, 533–540, https://doi.org/10.1670/14-100 (2015).
 9. Romano, A., Novaga, R. & Costa, A. Olim palus, where once upon a time the marsh: distribution, demography, ecology and threats 

of amphibians in the Circeo National Park (Central Italy). Acta Herpetol. 11, 197–212 (2016).
 10. Pollock, K. H. et al. Large scale wildlife monitoring studies: statistical methods for design and analysis. Environmetrics 13, 105–119, 

https://doi.org/10.1002/env.514 (2002).
 11. Royle, J. A. N-mixture models for estimating population size from spatially replicated counts. Biometrics 60, 108–115 (2004).
 12. Royle, J. A. & Nichols, J. D. Estimating abundance from repeated presence-absence data or point counts. Ecology 84, 777–790, 

https://doi.org/10.1890/0012-9658(2003)084[0777:EAFRPA]2.0.CO;2 (2003).
 13. Kéry, M. et al. Trend estimation in populations with imperfect detection. J. Appl. Ecol. 46, 1163–1172, https://doi.org/10.1111/

j.1365-2664.2009.01724.x (2009).
 14. Dail, D. & Madsen, L. Models for estimating abundance from repeated counts of an open metapopulation. Biometrics 67, 577–587, 

https://doi.org/10.1111/j.1541-0420.2010.01465.x (2011).
 15. Griffiths, R. A., Foster, J., Wilkinson, J. W. & Sewell, D. Science, statistics and surveys: a herpetological perspective. J. Appl. Ecol. 52, 

1413–1417, https://doi.org/10.1111/1365-2664.12463 (2015).
 16. Ficetola, G. F., Romano, A., Salvidio, S. & Sindaco, R. Optimizing monitoring schemes to detect trends in abundance over broad 

scales. Anim. Conserv. in press, https://doi.org/10.1111/acv.12356 (2017).
 17. Romano, A. et al. Conservation of salamanders in managed forests: Methods and costs of monitoring abundance and habitat 

selection. For. Ecol. Manage. 400, 12–18, https://doi.org/10.1016/j.foreco.2017.05.048 (2017).
 18. Stoch, F. & Genovesi, P. Manuali per il monitoraggio di specie e habitat di interesse comunitario (Direttiva 92/43/CEE) in Italia: specie 

animali. (ISPRA, 2016).
 19. Barker, R. J., Schofield, M. R., Link, W. A. & Sauer, J. R. On the reliability of N-mixture models for count data. Biometrics 74, 

369–377, https://doi.org/10.1111/biom.12734 (2018).
 20. Duarte, A., Adams, M. J. & Peterson, J. T. Fitting N-mixture models to count data with unmodeled heterogeneity: Bias, diagnostics, 

and alternative approaches. Ecol. Model. 374, 51–59, https://doi.org/10.1016/j.ecolmodel.2018.02.007 (2018).
 21. Link, W. A., Schofield, M. R., Barker, R. J. & Sauer, J. R. On the Robustness of N-mixture models. Ecology, https://doi.org/10.1002/

ecy.2362 (2018).
 22. Kéry, M. Identifiability in N-mixture models: a large-scale screening test with bird data. Ecology in press, https://doi.org/10.1002/

ecy.2093 (2018).
 23. Courtois, E. et al. Taking the lead on climate change: Modeling and monitoring the fate of an Amazonian frog. Oryx 50, 450–459, 

https://doi.org/10.1017/S0030605315000083 (2016).
 24. Priol, P. et al. Using dynamic N-mixture models to test cavity limitation on northern flying squirrel demographic parameters using 

experimental nest box supplementation. Ecol. Evol. 4, 2165–2177, https://doi.org/10.1002/ece3.1086 (2014).
 25. Lanza, B., Andreone, F., Bologna, M. A., Corti, C. & Razzetti, E. Fauna d’Italia, vol. XLII, Amphibia (Calderini, Bologna, 2007).
 26. Andreone, F. In Fauna d’Italia, Vol. XLII: Amphibia (eds B. Lanza et al.) 215–221 (Calderini, 2007).
 27. Andreone, F., Clima, V. & De Michelis, S. On the ecology of Salamandra lanzai Nascetti, Andreone, Capula & Bullini, 1988. Number 

and movement of individuals, and influence of climate on activity in a population of the upper Po Valley. Herpetozoa 12, 3–10 (1999).
 28. Bonardi, A. et al. Usefulness of volunteer data to measure the large scale decline of “common” toad populations. Biol. Conserv. 144, 

2328–2334 (2011).
 29. Sewell, D., Guillera-Arroita, G., Griffiths, R. A. & Beebee, T. J. C. When Is a Species Declining? Optimizing Survey Effort to Detect 

Population Changes in Reptiles. Plos One 7, e43387, https://doi.org/10.1371/journal.pone.0043387 (2012).
 30. Maes, D. et al. The use of opportunistic data for IUCN Red List assessments. Biol. J. Linn. Soc. 115, 690–706, https://doi.org/10.1111/

bij.12530 (2015).
 31. Sewell, D., Beebee, T. J. C. & Griffiths, R. A. Optimising biodiversity assessments by volunteers: The application of occupancy 

modelling to large-scale amphibian surveys. Biol. Conserv. 143, 2102–2110, https://doi.org/10.1016/j.blocon.2010.05.019 (2010).
 32. McCarthy, M. A. & Parris, K. M. Clarifying the effect of toe clipping on frogs with Bayesian statistics. J. Appl. Ecol. 41, 780–786 (2004).
 33. Lunghi, E. & Veith, M. Are Visual Implant Alpha tags adequate for individually marking European cave salamanders (genus 

Hydromantes)? Salamandra 53, 541–544 (2017).
 34. Martel, A. et al. Recent introduction of a chytrid fungus endangers Western Palearctic salamanders. Science 346, 630–631 (2014).
 35. Spitzen-van der Sluijs, A. et al. Rapid enigmatic decline drives the fire salamander (Salamandra salamandra) to the edge of 

extinction in the Netherlands. Amphibia-Reptilia 34, 233–239, https://doi.org/10.1163/15685381-00002891 (2013).
 36. Stokstad, E. Saving Europe’s salamanders. Science 357, 242–245 (2017).
 37. Zurell, D. et al. The virtual ecologist approach: simulating data and observers. Oikos 119, 622–635, https://doi.org/10.1111/j.1600-

0706.2009.18284.x (2010).
 38. McDiarmid, R. W., Foster, M. S., Guyer, C., Gibbons, J. W. & Chernoff, N. Reptile biodiversity. Standard methods for inventory and 

monitoring. (University of California Press, 2012).

http://dx.doi.org/10.1198/108571101750524670
http://dx.doi.org/10.1198/108571101750524670
http://dx.doi.org/10.2307/1566020
http://dx.doi.org/10.1670/14-100
http://dx.doi.org/10.1002/env.514
http://dx.doi.org/10.1890/0012-9658(2003)084[0777:EAFRPA]2.0.CO;2
http://dx.doi.org/10.1111/j.1365-2664.2009.01724.x
http://dx.doi.org/10.1111/j.1365-2664.2009.01724.x
http://dx.doi.org/10.1111/j.1541-0420.2010.01465.x
http://dx.doi.org/10.1111/1365-2664.12463
http://dx.doi.org/10.1111/acv.12356
http://dx.doi.org/10.1016/j.foreco.2017.05.048
http://dx.doi.org/10.1111/biom.12734
http://dx.doi.org/10.1016/j.ecolmodel.2018.02.007
http://dx.doi.org/10.1002/ecy.2362
http://dx.doi.org/10.1002/ecy.2362
http://dx.doi.org/10.1002/ecy.2093
http://dx.doi.org/10.1002/ecy.2093
http://dx.doi.org/10.1017/S0030605315000083
http://dx.doi.org/10.1002/ece3.1086
http://dx.doi.org/10.1371/journal.pone.0043387
http://dx.doi.org/10.1111/bij.12530
http://dx.doi.org/10.1111/bij.12530
http://dx.doi.org/10.1016/j.blocon.2010.05.019
http://dx.doi.org/10.1163/15685381-00002891
http://dx.doi.org/10.1111/j.1600-0706.2009.18284.x
http://dx.doi.org/10.1111/j.1600-0706.2009.18284.x


www.nature.com/scientificreports/

8SCIENTIFIC REPORtS |  (2018) 8:10357  | DOI:10.1038/s41598-018-28432-8

 39. Salvidio, S., Oneto, F., Ottonello, D. & Pastorino, M. V. Lagged influence of North Atlantic Oscillation on population dynamics of a 
Mediterranean terrestrial salamander. International Journal of Biometeorology 60, 475–480, https://doi.org/10.1007/s00484-015-
1028-4 (2016).

 40. Whiteman, H. H. & Wissinger, S. A. In Amphibian Declines: Conservation Status of United States Species (ed Lannoo, M. L.) 
177–184 (California University Press, 2005).

 41. Pechmann, J. H. K. et al. Declining amphibian populations: the problem of separating human impacts from natural fluctuations. 
Science 253, 892–895 (1991).

 42. Andreone, F., Bergò, P. E. & Mercurio, V. La salamandra di Lanza Salamandra lanzai. (Fusta Editore, 2007).
 43. Boitani, L. & Fuller, T. K. Research techniques in animal ecology (Columbia University Press, New York, 1999).
 44. Guillera-Arroita, G. Designing studies to detect differences in species occupancy: power analysis under imperfect detection. 

Methods Ecol. Evol. 3, 860–869 (2012).
 45. Guillera-Arroita, G. Modelling of species distributions, range dynamics and communities under imperfect detection: advances, 

challenges and opportunities. Ecography 40, 281–295, https://doi.org/10.1111/ecog.02445 (2017).
 46. MacKenzie, D. I. et al. Occupancy estimation and modeling: inferring patterns and dynamics of species occurrence. 2nd edn, (Academic 

Press, 2017).
 47. Ficetola, G. F., Pennati, R. & Manenti, R. Do cave salamanders occur randomly in cavities? An analysis with Hydromantes strinatii. 

Amphibia-Reptilia 33, 251–259 (2012).
 48. Lunghi, E., Manenti, R. & Ficetola, G. F. Seasonal variation in microhabitat of salamanders: environmental variation or shift of 

habitat selection? PeerJ 3, e1122, https://doi.org/10.7717/peerj.1122 (2015).
 49. Lunghi, E. et al. Environmental suitability models predict population density, performance and body condition for microendemic 

salamanders. Scientific Reports 8, 7527, https://doi.org/10.1038/s41598-018-25704-1 (2018).
 50. Nichols, J. D. & Williams, B. K. Monitoring for conservation. Trends Ecol. Evol. 21, 668–673, https://doi.org/10.1016/j.

tree.2006.08.007 (2006).
 51. Purse, B. V. & Golding, N. Tracking the distribution and impacts of diseases with biological records and distribution modelling. Biol. 

J. Linn. Soc. 115, 664–677, https://doi.org/10.1111/bij.12567 (2015).
 52. Sutherland, W. J., Roy, D. B. & Amano, T. An agenda for the future of biological recording for ecological monitoring and citizen 

science. Biol. J. Linn. Soc. 115, 779–784, https://doi.org/10.1111/bij.12576 (2015).
 53. Wake, D. B. The enigmatic history of the European, Asian and American plethodontid salamanders. Amphibia-Reptilia 34, 323–336, 

https://doi.org/10.1163/15685381-00002893 (2013).
 54. Lanza, B., Pastorelli, C., Laghi, P. & Cimmaruta, R. A review of systematics, taxonomy, genetics, biogeography and natural history of 

the genus Speleomantes Dubois, 1984 (Amphibia Caudata Plethodontidae). Atti Mus. Civ. St. Nat. Trieste 52(Suppl), 5–135 (2006).
 55. Speare, R. et al. Hygiene protocol for handling amphibians in field studies. (James Cook University, Amphibian Diseases Group. 

http://www.jcu.edu.au/school/phtm/PHTM/frogs/field-hygiene.doc (2004).
 56. Capula, M. & Lo Cascio, P. In Fauna d’Italia, Reptilia (eds Corti, C. et al.) 401–407 (Edizioni Calderini de Il Sole 24 ORE, 2011).
 57. Gippoliti, S., Capula, M., Ficetola, G. F., Salvi, D. & Andreone, F. Threatened by Legislative Conservationism? The Case of the 

Critically Endangered Aeolian Lizard. Frontiers in Ecology and Evolution 5, 130, https://doi.org/10.3389/fevo.2017.00130 (2017).
 58. Burnham, K. P. & Anderson, D. R. Model selection and multimodel inference: a practical information-theoretic approach. (Springer 

Verlag, 2002).
 59. Dennis, E. B., Morgan, B. J. T. & Ridout, M. S. Computational Aspects of N-Mixture Models. Biometrics 71, 237–246 (2015).
 60. Royle, J. A. & Dorazio, R. M. Hierarchical Modeling and Inference in Ecology: The analysis of data from populations, metapopulations 

and communities. (Academic Press, 2008).
 61. Fiske, I. & Chandler, R. unmarked: An R package for fitting hierarchical models of wildlife occurrence and abundance. J. Stat. Softw. 

43, 1–23 (2011).

Acknowledgements
The comments of M. Kéry and one anonymous reviewer improved an early version of the manuscript. We thank 
M. Bertolotto and the Pignone municipality for logistic support. R. Sacchi and several Scienze Naturali students 
greatly helped during fieldwork. The work was partially funded by the Mohamed bin Zayed Species Conservation 
Fund (Project 162514415 “Eolizard”). GFF is funded by the European Research Council under the European 
Community’s Horizon 2020 Programme, Grant Agreement no. 772284 (IceCommunities). DS is supported by the 
program ‘Rita Levi Montalcini’ for the recruitment of young researchers at the University of L’Aquila.

Author Contributions
G.F.F., E.L., F.A. and R.M. conceived the study; G.F.F., B.B., A.M., M.M., E.L., C.C., E.L.P., V.N., I.S.R., A.U., 
M.A.C., D.S., S.S., G.S., R.P., F.A. and R.M. performed the research; G.F.F. prepared the images and wrote the first 
draft of the manuscript, with subsequent contribution by all the co-authors.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-28432-8.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1007/s00484-015-1028-4
http://dx.doi.org/10.1007/s00484-015-1028-4
http://dx.doi.org/10.1111/ecog.02445
http://dx.doi.org/10.7717/peerj.1122
http://dx.doi.org/10.1038/s41598-018-25704-1
http://dx.doi.org/10.1016/j.tree.2006.08.007
http://dx.doi.org/10.1016/j.tree.2006.08.007
http://dx.doi.org/10.1111/bij.12567
http://dx.doi.org/10.1111/bij.12576
http://dx.doi.org/10.1163/15685381-00002893
http://www.jcu.edu.au/school/phtm/PHTM/frogs/field-hygiene.doc
http://dx.doi.org/10.3389/fevo.2017.00130
http://dx.doi.org/10.1038/s41598-018-28432-8
http://creativecommons.org/licenses/by/4.0/

	N-mixture models reliably estimate the abundance of small vertebrates

	Results

	Lanza’s Alpine salamander. 
	Ambrosi’s cave salamander. 
	Aeolian lizard. 

	Discussion

	Methods

	Species, study areas and sampling. 
	Lanza’s Alpine Salamander Salamandra lanzai. 
	Cave salamander Hydromantes ambrosii. 
	Aeolian wall lizard Podarcis raffonei. 

	Data analysis. 
	Availability of data and materials. 
	Ethics statement. 

	Acknowledgements

	Figure 1 Plots used to assess the abundance of Salamandra lanzai, and spatial variation of abundance estimates.
	Figure 2 Abundance of H.
	Table 1 Abundance estimates in ten populations of Hydromantes ambrosii, obtained with different approaches.
	Table 2 Candidate N-mixture models on factors determining the detection probability of Aeolian lizards.




