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Abstract:

Population size is a fundamental state variable in ecology, and the analysis
of temporal variation in abundance, i.e. the detection of trends, is a prime
objective in wildlife monitoring. However, population abundance cannot be
directly observed because part of the population remains undetected and
methods that account for imperfect detection should be employed. These
approaches give reliable estimates of abundance, but are time- and effort-
consuming, while in the last decade the application of hierarchical, or N-
mixture, models that use repeated counts of unmarked animals seem to
give great advantages in the estimation of population size. Hierarchical
models require repeated surveys at multiple sites, while sometimes only
data obtained for a single site in successive years are available. In this
note we applied the time-for-space substitution approach of Yamaura et al.
(2011), implemented within the N-mixture modelling framework, to
estimate population size and evaluate the dynamics of an endangered
gecko surveyed over twenty years. These results were compared with
capture-mark-recapture estimates obtained from the same population and
over the same time period. Estimates and trends were comparable and,
therefore, the application of the time-for-space substitution in hierarchical
modelling seems valuable and may be useful in species monitoring and
conservation.
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ABSTRACT Population size is a fundamental state variable in ecology, and the analysis of
temporal variation in abundance (i.e., detection of trends) is a prime objective in wildlife
monitoring. However, population abundance cannot be directly observed because part of the
population remains undetected and methods that account for imperfect detection are often not used.
Capture-Mark-Recapture approaches give reliable estimates of abundance, but are time- and effort-
consuming. In the last decade, the application of hierarchical, or N-mixture, models that use
repeated counts of unmarked animals seem to give great advantages in the estimation of population
size. Hierarchical models require repeated surveys at multiple sites, but sometimes only data
obtained for a single site in successive years are available. We applied the time-for-space
substitution implemented within the N-mixture modeling framework, to estimate population size
and evaluate the dynamics of the endangered European leaf-toed gecko (Euleptes europaea)
surveyed >20 years. We compared these results with capture-mark-recapture estimates obtained
from the same population and over the same time period. Estimates and trends were comparable and
both methods indicated similar population declines, moreover N-mixture modeling indicated
temperature affected detection. Therefore, the application of the time-for-space substitution in

hierarchical modeling seems valuable and may be useful in species monitoring and conservation.
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Population size is one of the fundamental state variables in ecology and the analysis of its temporal
variation in abundance (i.e., detection of trends) is a major objective in wildlife monitoring and
species conservation (Yoccoz et al. 2001, Williams et al. 2002). However, population abundance
usually cannot be directly observed because part of the population of interest may remain
undetected (Schmidt 2002, Williams et al. 2002). Therefore, methods that account for imperfect
detection, such as capture-mark-recapture (CMR) or removal methods, should be employed to
obtain robust population estimates (Williams et al. 2002). These approaches give reliable estimates
of abundance and other demographic parameters but are time- and effort-consuming. In the last
decade, the application of N-mixture models (Royle 2004), which use repeated count data without
the need of individual capture and identification, seem to give great advantages for estimating
population size with reduced field effort. N-mixture models received a great interest in the last few
years and their reliability has been evaluated by simulation studies, casting doubts on the usefulness
of these models because of parameter identifiability problems; in particular in presence of
assumptions violation and unmodeled heterogeneity in the abundance or the detection parameter
(Barker et al. 2017, Link et al. 2018). However, Kéry (2018) showed how binomial N-mixture
model estimates are in agreement with those obtained with a hierarchical variant of a capture-
recapture model. Finally, several studies compared N-mixture models with other techniques for
abundance estimation such as CMR or removal methods, obtaining comparable results (Priol et al.
2014, Ficetola et al. 2018). N-mixture models are typically used for repeated surveys at multiple
sites (Kéry and Royle 2016), but sometimes only monitoring data for single sites or populations
obtained in successive years are available.

Time-for-space substitution in N-mixture models, where multiple counts are conducted each
year at the same site, consists of substituting space replicates (i.e., sites) by time replicates (i.e.,

years), and within-year repeated counts (i.e., surveys) are employed as temporal replications (i.e.,
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the population is considered demographically closed within each year). This framework has been
employed by Yamaura et al. (2011) for a multi-species system with detection—non-detection data of
bird species during 9 consecutive years at a single site in Japan. This application is also described
and evaluated against simulation scenarios by Kéry and Royle (2016), but further applications with
real field data and, in particular, a validation of the method with another one based on CMR
techniques are lacking.

We applied the time-for-space substitution approach proposed by Yamaura et al. (2011)
within the N-mixture modeling framework to estimate the abundance and trend from 20 years of
repeated sampling data of a single population of European leaf-toed geckos (Euleptes europaea,
Gené, 1839) monitored since 1996, in northwest Italy (Salvidio and Oneto 2008). We also
compared the population estimates obtained by N-mixture modelling with time-for-space
substitution with population estimates obtained from the same population and the same 20-year
time frame, estimated by the CMR approach in order to evaluate the performance of N-mixture
models in this particular context.

STUDY AREA

We monitored European leaf-toed geckos annually since 1996 on an abandoned historical building
in the outskirts of the town of Genova, Liguria, northwest Italy, at an elevation of 320 m above sea
level and about 4 km from the sea coast. Results of this monitoring have already published and
described the study area (Salvidio and Delaugerre 2003, Salvidio and Oneto 2008, Salvidio et al.
2011). The study site is relatively isolated and surrounded by pastured grasslands, interspersed with
houses and sparse trees. The climate of this area is submediterranean, with a mean annual rainfall of
1,303 mm and a relatively dry and hot period in July, when <40 mm of mean monthly rainfall are
recorded (Genova — meteorological station of Ponte Carrega, Agenzia Regionale per la Protezione
dell’Ambiente Ligure [ARPAL] 2013).

METHODS
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The European leaf-toed gecko is a diminutive (max. snout-cloaca length = 48 mm; mass <2 g)
nocturnal lizard endemic to the northwest Mediterranean area. It is found on the coastal mainland of
northwest Italy and southern France on large (i.e., Sardinia and Corsica) and small offshore islands
and on some islets off the coasts of northern Tunisia (Delaugerre et al. 2011, Salvidio et al. 2011).
This gecko is a narrow crevices specialist, living on rock cliffs and stony habitats, but it is also able
to colonize artificial habitats, such as abandoned buildings and dry stone walls (Salvidio et al.
2011). The species’ altitudinal distribution ranges from sea level to about 1,500 m in Corsica but
never goes beyond 900 m on the mainland (Salvidio et al. 2011). The European leaf-toed gecko is a
species of conservation concern, has been evaluated as Near Threatened by the International Union
for Conservation of Nature (Corti et al. 2009), and is listed in Annex II and IV of the European
Habitats Directive (92/43/EEC), therefore deserving protection in the entire European Union.
Capture-Mark-Recapture Analysis

We sampled the gecko population each year in July from 1996 to 2016, during 3 or 4 non-
consecutive nights, with the exception of 2001. We spotted geckos with flashlights, captured them
on building walls, sexed and measured them, and temporarily marked them with acrylic paint
(Salvidio and Delaugerre 2004, Salvidio and Oneto 2008). At the end of each nocturnal survey, we
released all the geckos on the building and did not observe mortality related to capture. The number
of operators varied among nights and years, but in all cases captures terminated after 2 completely
unsuccessful searches on the building walls. From 1996 to 2009, we batch-marked geckos by
painting a single dorsal spot with a different color each night, whereas from 2010 to 2016 we
individually marked all animals with a progressive acrylic number painted on their back. In all years
captures were executed with permits of the Italian Ministry of Environment ( capture permits:
SCN/2D/98/8670, SCN/99/2D/12326, SCN/2D/2000/2431, DCN/2D/2002/3026/,
DCN/2D/10985/2003/, DPN/IID/2005/6708, DPN/2D/2006/7547, DPN/2007/001058,

DPN/2009/0010376, DPN/2010/0010807, 0042466/PNM/2013, 0013862/PNM/2016

).
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We estimated population abundance by means of Program CAPTURE, a software suited for
closed populations (White et al. 1982) that performs a population closure test and a model selection
procedure for all available models but only when the complete CMR matrix is available (i.e., full
individual capture histories). In the present study, the closure test was non-significant (P > 0.05) in
all years in which it was applicable, indicating that the population can be considered
demographically closed, and in these cases the model selection procedure could be successfully
employed. In a previous study in which geckos were batch-marked, Salvidio and Oneto (2008) used
the time-dependent estimator, My, which allows for variation in capture probabilities among
occasions (White et al. 1982). Concerning the data obtained from 2010, the model assuming
constant capture probabilities, M), was supported in 6 out of 8 years, whereas models My, and
M), the latter allowing individual variation in capture probabilities (White et al. 1982), were
selected once each.

N-Mixture Model Analysis

We conducted N-mixture model analyses with the number of geckos captures per night. To
minimize stochastic heterogeneity in detection probability (Kéry and Royle 2016) we evaluated
several covariates capable of explaining the detection process: temperature (temp), wind speed,
relative humidity of the survey night, and the number of surveyors. We built 5 different models,
with Poisson error distributions, each including a different covariate for detection probability (plus a
model assuming constant detection probability). In each model we added a year numeric variable on
the abundance side of the formula to model population trend (Kéry and Royle 2016). We
standardized all covariates prior to analysis and assessed collinearity between covariates with
Pearson product-momentum correlation (MacNally 2002).

We evaluated goodness of fit of the global model (i.e., the model with all the covariates and
in which other candidate models are nested) using a Pearson chi-square test (MacKenzie and Bailey
2004), using a parametric bootstrap procedure (5,000 re-sampling). Moreover, we also evaluated

model fit by computing a quasi-coefficient of variation (QCV) following Duarte et al. (2018) and
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inspecting residuals following Knape et al. (2018). We ranked all candidate models with Akaike’s
Information Criterion corrected for small samples (AIC.). We conducted model selection and
considered models with AAIC, > 2 as having less support than the top-ranked model (Burnham and
Anderson 2002). We obtained abundance estimates for each year, with 95% confidence intervals,
from the posterior distribution of the latent abundance (function ranef() in package unmarked). We
conducted N-mixture model analyses in the R environment with package unmarked (Fiske and
Chandler 2011) and package AICcmodavg (Mazerolle 2017).

RESULTS

The MacKenzie and Bailey (2004) goodness-of-fit assessment resulted in a good fit (P = 0.26) and
estimated a low overdispersion (¢ = 1.08). Likewise, residuals and QVC highlighted a good fit of
the model (QCV =0.11). The most parsimonious N-mixture model included night temperature as a
covariate on the detection parameter with the probability of detecting the geckos active on the
building walls increasing with air temperature. This model estimated a mean detection probability
0f 0.22 (95% CI = 0.14-0.34; estimates at mean value of temp). The effect of year numeric variable
(Byear = —0.35; 95% CI = —0.42 to —0.27) highlighted a negative trend in population abundance.
Population abundance estimates, obtained from the selected model, were largely in agreement with
those obtained by CMR (Fig. 1). In addition, the 95% confidence interval of the annual estimates
from CMR and N-mixture methods overlapped in all years except 2005, and the mean relative bias
(B) between CMR estimates (CMRn) and N-mixture estimates (Nmix#n), calculated as B =

(CMR% — Nmixn)/CMR#, was B = 0.27 + 0.05 (SE). Finally, the temporal trends obtained by both
methods were similar, suggesting that the N-mixture model with time-for-space substitution was
able to capture the long-term dynamics of the gecko population.

DISCUSSION

Our results showed how N-mixture population estimates were comparable to the values obtained by
CMR, and both methods were able to detect long-term population dynamics, specifically

highlighting a similar declining trend. Moreover, the values of relative bias observed in our dataset
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were in line with the expected ones for low detection probability (<0.3) simulation scenarios
(Ficetola et al. 2017, Duarte et al. 2018). In general, Duarte et al. (2018) report that N-mixture
models, in cases of low detection probability and unmodeled heterogeneity in detection, tend to
overestimate the real population abundance, whereas Veech et al. (2016) reported that Poisson N-
mixture models typically underestimate abundance in the presence of intrinsic heterogeneity (i.e.,
detection probability varies among individuals). In our application, the N-mixture model appeared
to systematically underestimate population abundance in comparison to CMR; we obtained lower
values in comparison with CMR in about 75% of years. Therefore, these findings seem to be more
in line with the simulations of Veech et al. (2016). The overall agreement between N-mixture and
CMR estimates let us assume that identifiability problems and other major sources of bias, recently
raised against these models (Barker et al. 2017, Link et al. 2018), are not of concern, at least in this
study. In the future it would be important to assess the reliability of our N-mixture approach in
systems with even lower values of detection probability values (i.e., <0.15) that are found when
monitoring animals in tropical areas (Ferraz et al. 2011), or snakes (Durso et al. 2011, Steen et al.
2012).

MANAGEMENT IMPLICATIONS

Many species, of high management and conservation value, have very narrow geographic ranges,
few presence locations are known or few populations can be studied. In these situations, the
application of CMR protocols to monitor species long-term seems impossible or unsustainable over
a prolong period. The conservation and management of these species may benefit from the
application of a more cost-effective monitoring method based on repeated counts of unmarked
individuals, instead of a CMR approach. We suggest that wildlife managers interested in long-term
population surveys could reduce monitoring costs by using time-for-space substitution, after a
period of validation by other independent methods, such as CMR.

ACKNOWLEDGMENTS



179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

Journal of Wildlife Management and Wildlife Monographs Page 8 of 14

Thanks are due to the many volunteers (colleagues, students, and friends), that participated to the
nights sampling surveys over the years. In some years, the staff of the Province of Genova local
police, ARPAL, and of the Association Nuova Acropoli of Genova were present and participated to
the gecko surveys. We are grateful to the Associate Editor, M. J. Mazerolle, and 1 anonymous
reviewer for improving our manuscript. The Town of Genova, Italy partially funded this research in
2006.

LITERATURE CITED

Agenzia Regionale per la Protezione dell’ Ambiente Ligure [ARPAL]. 2013. Atlante climatico della
Liguria. Grafica KC, Genova, Italia.

Barker, R. J., M. R. Schofield, W. A. Link, and J. R. Sauer. 2017. On the reliability of N-mixture
models for count data. Biometrics 74:369-377.

Burnham, K. P., and D. R. Anderson. 2002. Model selection and multimodel inference: a practical
information-theoretic approach. Springer-Verlag, New York, New York, USA.

Corti, C., M. Cheylan, P. Geniez, R. Sindaco, and A. Romano. 2009. Euleptes europaea. The [UCN
Red List of Threatened Species. Version 2018-1. <www.iucnredlist.org>. Accessed 27 Jul
2018.

Delaugerre, M., R. Ouni, and S. Nouira. 2011. Is the European leaf-toed gecko Euleptes europaea
also an African? Its occurrence on the Western Mediterranean landbridge islets and its
extinction rate. Herpetology Notes 4:127—-137

Duarte, A., M. J. Adams, and J. T. Peterson. 2018. Fitting N-mixture models to count data with
unmodeled heterogeneity: bias, diagnostics, and alternative approaches. Ecological
Modelling 374:51-59.

Durso, A. M., J. D. Willson, and C. T. Winne. 2011. Needles in haystacks: estimating detection
probability and occupancy of rare and cryptic snakes. Biological Conservation 144:1508—

1513.



Page 9 of 14 Journal of Wildlife Management and Wildlife Monographs

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

Ferraz, G., J. D. Nichols, J. E. Hines, P. C. Stouffer, R. O. Bierregaard, and T. E. Lovejoy. 2007. A
large-scale deforestation experiment: effects of patch area and isolation on Amazon birds.
Science 315:238-241.

Ficetola, G. F., A. Romano, S. Salvidio, and R. Sindaco. 2017. Optimizing monitoring schemes to
detect trends in abundance over broad scales. Animal Conservation 21:221-231.

Ficetola, G. F., B. Barzaghi, A. Melotto, M. Muraro, E. Lunghi, C. Canedoli, E. Lo Parrino, V.
Nanni, I. Silvia-Rocha, A. Urso, M. A. Carretero, D. Salvi, S. Scali, G. Scari, R. Pennati, F.
Andreone, and R. Manenti. 2018. N-mixture models reliably estimate the abundance of small
vertebrates. Scientific reports 8:10357.

Fiske, ., and R. Chandler. 2011. unmarked: an R package for fitting hierarchical models of wildlife
occurrence and abundance. Journal of Statistical Software 43:1-23.

Kéry, M., and J. A. Royle. 2016. Applied hierarchical modelling in ecology. Academic Press,
London, United Kingdom.

Kéry, M. 2018. Identifiability in N-mixture models: a large-scale screening test with bird data.
Ecology 99:281-288.

Knape, J., D. Arlt, F. Barraquand, A. Berg, M. Chevalier, T. Pirt, A. Ruete, and M. Zmihorski.
2018. Sensitivity of binomial N-mixture models to overdispersion: the importance of
assessing model fit. Methods in Ecology and Evolution 9:2102-2114.

Link, W. A., M. R. Schofield, R. J. Barker, and J. R. Sauer. 2018. On the robustness of N-mixture
models. Ecology 99:1547-1551.

MacNally, R. 2002. Multiple regression and inference in ecology and conservation biology: further
comments on identifying important predictor variables. Biodiversity and Conservation
11:1397-1401.

MacKenzie, D. 1., and L. L. Bailey. 2004. Assessing the fit of site-occupancy models. Journal of

Agricultural, Biological, and Environmental Statistics 9:300—318.



229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

Journal of Wildlife Management and Wildlife Monographs Page 10 of 14

Mazerolle, M. J. 2017. AICcmodavg: model selection and multimodel inference based on
(Q)AIC(c). R package version 2.1-1. https://cran.r-project.org/package=AlCcmodavg.
Accessed 10/09/2018.

Priol, P., M. J. Mazerolle, L. Imbeau, P. Drapeau, C. Trudeau, and J. Ramiere. 2014. Using
dynamic N-mixture models to test cavity limitation on northern flying squirrel demographic
parameters using experimental nest box supplementation. Ecology and Evolution 4:2165—
21717.

Romano, A., A. Costa, M. Basile, R. Raimondi, M. Posillico, D. Scinti Roger, A. Crisci, R.
Piraccini, P. Raia, G. Matteucci, and B. De Cinti. 2017. Conservation of salamanders in
managed forests: methods and costs of monitoring abundance and habitat selection. Forest
Ecology and Management 400:12—18.

Royle, J. A. 2004. N-mixture models for estimating population size from spatially replicated

counts. Biometrics 60:108—115.

Salvidio, S., and F. Oneto. 2008: Density regulation in the Mediterranean leaf toed gecko Euleptes
europaea. Ecological Research 23:1051-1055.

Salvidio, S., and M. Delaugerre 2003: Population dynamics of the European leaf-toed gecko
Euleptes europaea in NW lItaly: implications for conservation. Journal of Herpetology 13:81—
88.

Salvidio, S., B. Lanza, and M. Delaugerre. 2011. Euleptes europaea (Gené, 1839). Pages 257-270
in C. Corti, M. Capula, L. Luiselli, E. Razzetti, and R. Sindaco, editors. Fauna d’Italia,
Reptilia. Edizioni Calderini de Il Sole 24 ORE Editoria Specializzata S.r.l., Bologna, Italia.

Schmidt B. R. 2003. Count data, detection probabilities, and the demography, dynamics,
distribution, and decline of amphibians. C. R. Biologies 326:S119-S124.

Steen, D. A., C. Guyer, and L. L. Smith. 2011. Relative abundance in snakes: a case study. Pages

287-294 in R. W. McDiarmid, M. S. Foster, C. Guyer, J. W. Gibbons, and N. Chernoff,



Page 11 of 14 Journal of Wildlife Management and Wildlife Monographs

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

editors. Reptile biodiversity — Standard methods for inventory and monitoring. University of
California Press, Berkeley, USA.

Veech, J. A., J. R. Ott, and J. R. Troy. 2016. Intrinsic heterogeneity in detection probability and its
effect on N-mixture models. Methods in Ecology and Evolution 7:1019—1028.

White, G. C. 1982. Capture-recapture and removal methods for sampling closed populations. Los
Alamos National Laboratory, Los Alamos, New Mexico, USA.

Williams, B. K., J. D. Nichols, and M. J. Conroy. 2002. Analysis and management of animal
populations. Academic Press, Cambridge, Massachusetts, USA.

Yamaura, Y., J. A. Royle, K. Kuboi, T. Tada, S. Ikeno, and S. 1. Makino. 2011. Modelling
community dynamics based on species-level abundance models from detection/nondetection
data. Journal of Applied Ecology 48:67-75.

Yoccoz, N. G., J. D. Nichols, and T. Boulinier. 2001. Monitoring of biological diversity in space
and time. Trends in Ecology and Evolution 16:446—453.

Associate Editor: David Euler.

Figure captions
Figure 1. Population trends of the European leaf-toed gecko in Genova, Liguria, northwest Italy,
estimated with capture-mark-recapture (black) and N-mixture models with time-for-space

substitution (red). Vertical error bars represent 95% confidence intervals.



Journal of Wildlife Management and Wildlife Monographs Page 12 of 14

280

281



Page 13 of 14 Journal of Wildlife Management and Wildlife Monographs

282  Table 1. Results of model selection of N-mixture models with time-for-space substitution for
283  abundance (A) and detection (p) of European leaf-toed geckos in Genova, Liguria, northwest Italy,

284  1996-2016, based on Akaike’s Information Criterion (AIC,) and model weights (w;).

Model? Parameters AIC, AAIC, w;

Myr)p(temp) 4 589.33 0.00 0.62
Myr)p(surv) 4 592.07 2.73 0.16
Myr)p(.) 3 592.20 2.87 0.15
Myr)p(rh) 4 595.01 5.68 0.04
Myr)p(wind) 4 595.36 6.03 0.03

285 2 Detection covariates include temperature (temp), the number of surveyors (surv), no covariates (.),
286  relative humidity (rh), and wind speed (wind).

287

288

289

290

291  Article Summary

292  N-mixture models usually require repeated surveys at multiple sites, but time-for-space substitution
293  in the N-mixture modeling framework allows estimates of abundance on a single population.

294  Estimates and trends using this method are comparable with those from capture-mark-recapture
295  methods for European leaf-toed geckos; therefore, this approach seems valuable and may be useful
296  in species monitoring and conservation.
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Figure 1. Population trends of the European leaf-toed gecko in Genova, Liguria, northwest Italy, estimated
with capture-mark-recapture (black) and N-mixture models with time-for-space substitution (red). Vertical
error bars represent 95% confidence intervals.
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