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Abstract

When we assume that contemporary management actions will be effective against the global rise of
emerging alien species, we can develop management complacency, which leads to potentially disastrous
outcomes for native biodiversity. Here, we propose the use of the probability of detection as a metric
to assess the feasibility of management actions for alien species. We explore how detectability can
influence the management of alien reptiles, a group of emergent alien vertebrates globally. We use a
Rapid Biological Assessment method (time-limited transects) to estimate the probability of detection
for alien reptiles present on Christmas Island (Australia). Across the five species studied, we found low
probabilities of detection and poor explanatory capacity of the individual covariates included in our
models. These findings indicate that management options to deal with alien reptiles are limited due to
the potential high cost and low efficacy associated with low probabilities of detection. Strict preventive
strategies, firmly espousing the principles of adaptiveness and precautionary policies, combined with
early detection and biosecurity response activities are needed to address the emergence of alien reptiles.
Our research was focussed on alien reptiles on islands, but the rise of new pools of alien species from
all taxonomic realms across the world suggests that our conclusions may be applicable more generally.
Further research is called for to explore the applicability of our conclusions and recommendations to

other taxonomic groups and regions of the world.
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Introduction

The global emergence of a new pool of alien species may render existing management
actions, ranging from rapid incursion response to the eradication of self-sustaining
populations, ineffective (Hulme 2015; Seebens et al. 2018). For example, while the
increasingly successful program of invasive alien rodent eradications is well documented
(Howald et al. 2007), large-scale attempts to eradicate invasive alien reptiles, a group
of emergent alien vertebrates, have failed (Kraus 2009; Garcia-Diaz et al. 2017a).
Additionally, the allocation of resources along the management continuum (from
prevention to eradication) is complicated by the uncertainties surrounding the costs
and benefits of emerging alien species, and the realised efficacy of practical activities
(Mclntosh et al. 2009; Rout et al. 2014). Assuming that management actions,
which have been demonstrated and validated on historical alien species, will work as
effectively with novel pools of alien species is risky and can lead to poor management
outcomes (or complete failure) in the face of increasing introductions of new alien
species (Gregory et al. 2014; Early et al. 2010).

Successful management of alien species depends on the capacity to anticipate the
specific transport pathways, which move alien species, and on adapting management
actions to address the associated novel risk. While substantial research effort has
been invested in understanding the dynamics of changing pathways (Hulme 2015;
Seebens et al. 2018), less has focussed on assessing the efficacy and effectiveness of
existing management actions. The probability of detection (or capture) of an indi-
vidual, provides a simple quantitative measure of the likely effort needed to manage
new alien species. In turn, the capacity to assess management efforts needed to contend
with new alien species provides an indicator of the estimated efficacy of candidate
management actions. Critical alien species management actions such as: (i) quarantine;
(ii) early detection and either rapid containment, control, or suppression of recent
introductions; and (iii) eradication, cannot proceed unless the individuals of an alien
species can be reliably detected (Christy et al. 2010; Holden et al. 2016; Garcia-Diaz
et al. 2017b). To complicate matters further, during quarantine and early detection
activities the presence of a new alien species and the identity of such are not necessarily
known a priori. This undermines the possibility of designing and planning species-
specific surveillance approaches and implies a need for a multi-purpose surveying
methodology, which is reliable across a broad range of taxa.

Rapid Biological Assessments (RBAs) are a widely used tool for conducting
biodiversity inventories and monitoring, balancing reliability in sampling biological
communities with time and resource constraints to conduct the surveys (Sutherland
2006; Larsen 2016). These features make RBAs a prime candidate for conducting
standardised surveys in a timely and cost-effective manner, fitting well the need for
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rapid detection of new alien species to trigger management actions. However, the
reliability of standardised RBAs to suit the needs of alien species management activities
needs to be evaluated before they are adopted. In particular, it is essential to establish
the capacity to detect the presence of alien species during RBAs (Catenazzi et al. 2016;
Garcia-Diaz et al. 2017a).

Reptiles are a notable group of emergent alien species responsible for serious
environmental impacts in recipient regions worldwide, especially on islands (Rodda
et al. 1999; Christy et al. 2010; Powell 2011; Smith et al. 2012a; Kraus 2015). Alien
reptiles are frequently transported both unintentionally (i.e., as stowaways) and in-
tentionally (e.g., through the pet trade), and the accelerating volume of global traffic
has increased their opportunities for introduction into new regions (Kraus 2009;
Powell 2011; Helmus et al. 2014; Capinha et al. 2017; Moser et al. 2018). In this
work, we use a candidate survey methodology (RBAs) to detect alien reptiles. Given
the key importance of detecting alien individuals, we explore how detectability can
lead to challenges to the effective management of alien reptiles. Taking our findings
into account, we suggest policy directions for the effective management of new and
emergent alien species.

We investigated a standardised RBA using the case study of the detection of alien
reptiles on Christmas Island (Fig. 1). The introduction of five species of invasive alien
reptiles on Christmas Island provides the opportunity to investigate how the prob-
abilities of detection could influence the feasibility of management actions for four of
the most commonly transported and introduced families of alien reptiles worldwide,
including on islands (Kraus 2009; Helmus et al. 2014; Capinha et al. 2017). To date,
Christmas Island has been invaded by two species of geckos (family Gekkonidae; com-
mon house gecko, Hemidactylus frenatus, and stump-toed gecko, Gehyra mutilata), a
skink (Scincidae: grass skink, Lygosoma bowringii), and two snakes (family Typhlopi-
dae: flowerpot snake, Indotyphlops braminus: and family Colubridae: wolf snake, Lyco-
don capucinus).

Methods

Study area and survey sites

Christmas Island is an Australian oceanic territory located in the Indian Ocean, 10°
30" S 105° 40" E (Fig. 2). The island has an area of 135 km?, of which approximately
63% is a National Park. The island has a tropical climate, with rainforest covering most
of it, although phosphorus mining has transformed some areas (Fig. 1). The island’s
landscape and habitat features are described in greater detail elsewhere (Claussen 2005;
Smith et al. 2012b). The island’s native biota has suffered a catastrophic extinction
crisis since its human colonisation in the 1890s, with most of its terrestrial vertebrate
species, except birds, extinct as a consequence of the impacts caused by humans and
alien species (Wyatt et al. 2008; Smith et al. 2012b).
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Figure 1. Major land uses on Christmas Island and the geographical distribution of the 34 survey sites
(red dots), left panel, and geographical location of Christmas Island (box in right panel map) illustrating
its remoteness and position with respect to Australia and Indonesia.

We identified 34 survey sites (Fig. 1) through expert consultation with representa-
tives of the Christmas Island National Park and Natural Resource Management Board
(S. Flakus, B. Tiernan, D. Maple, M. Misso) and the Australian Government Depart-
ment of Agriculture and Water Resources (J. Matthews). These sites are representa-
tive of the current distribution of all five alien reptiles, and include potential entry
points for new alien reptiles, such as the port and the airport. We concentrated our
survey efforts on the western part of Christmas Island because all five species of alien
reptiles occur mostly around the more disturbed and human-altered locations (see
distribution maps in Smith et al. 2012b). These 34 survey sites encompass the variety
of environmental conditions and different alien reptile abundances (Table 1 and see

data available at https://figshare.com/s/e85ac13693bc6272437f).

Standardised Rapid Biological Assessment: a time-limited approach

We surveyed for alien reptiles during the dry season, 8" July to 7* August 2015, to
minimise disturbances caused by the inclement weather conditions of the wet season.
Each of the survey sites was surveyed using the time-limited transect approach; a
standardised RBA for reptiles and amphibians (Catenazzi et al. 2016). In each of the
survey sites, we intensively searched for alien reptiles during 10 minutes along a linear
transect (mean + standard error: 182.71 + 72.59 m; range: 60-384 m). Our models
indicated that the wide range of distances surveyed did not influence the results of the
surveys (Table 1). We intensively searched for alien reptiles under rocks or other fallen
structures (e.g., logs), and in the vegetation, during both day and night surveys (using
a Led Lenser H14R .2 head torch during night surveys). Each site was surveyed on six
occasions, three after sunset (during night time 18:20-20:40), and three after sunrise
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Table 1. Goodness of fit (Bayesian p-values), summary statistics of the covariates (before standardisation;
mean + standard deviation, and range), and posterior coefficient estimates (mean + standard error, and 95%
Credible Intervals) of the abundance-detection models for five species of alien reptiles on Christmas Island.

Covariate summary Common Stump-toed | Grass skink |Flowerpot snake| Wolf snake
statistics (original house gecko | gecko (Gehyra| (Lygosoma (Indotyphlop (Lycod
units) (Hemidactylus |  mutilata) bowringii) b inus) ipucinus)
frenatus)
Bayesian p-value 0.51 0.49 0.44 0.29 0.31
Estimated mean abundance 67.27 +27.15 | 24.19+78.86 | 1.83+2.25 0.62 +0.24 5.43 +10.93
(across survey sites) (34.68, 152.85) | (1.50, 265.14) | (0.77, 6.94) (0.35, 1.24) (0.53,32.18)
Probability of individual detection (across survey sites)
Day 0.007 + 0.008 | 0.001 +0.007 | 0.22 +0.15 0.15+0.13 0.02 + 0.04
(0.002, 0.03) | (0.00,0.001) | (0.03,0.60) (0.05, 0.53) (0.00, 0.15)
Night 0.08 + 0.05 0.11+0.11 0.009 + 0.02 0.02 + 0.04 0.03 + 0.04
(0.02,0.21) (0.005, 0.42) | (0.001, 0.06) (0.00, 0.53) (0.003, 0.12)
Probability of individual detection: logit model
Intercept (day) -531+£0.50 | -8.61+6.12 | -1.30+0.88 | -1.67 £0.65 -4.01 +1.51
(-6.46, -4.50) | (-25.47,-4.83)| (-3.30,0.16) | (-2.69,-0.40) | (-7.94,1.92)
Intercept (night) -2.06 £ 0.5 221+1.26 | 470 +1.22 -1.42 + 0.59 -4.32+1.51
(-3.25,-1.18) | (-5.35,-0.43) | (-7.69, -2.89) (-2.69, 0.40) (-8.19,-2.19)
Ground temperature Degree Celsius 26.75+| 0.10+0.10 | -0.11 +0.56 | -0.15+0.19 | -0.08 + 0.34 0.12 +0.34
(standardised) 3.61 (20.0-48.0) (-0.11, 0.29) (-1.64,0.70) | (-0.55,0.19) (-0.92, 0.47) (-0.56, 0.79)
Temperature 10cm above | Degree Celsius 26.40 +|  0.10+0.14 | -0.09 +0.16 | -0.29 + 0.37 0.05 + 0.40 0.02 + 0.44
ground (standardised) 2.47 (21.0-33.5) (-0.19, 0.37) (-1.29,0.61) | (-1.18,0.22) (-0.75,0.91) (-0.88, 0.96)
Temperature 10cm Degree Celsius 26.40 +| -0.11 £ 0.09 0.12+0.28 | 0.07 +0.33 0.35 +0.42 0.43 + 0.41
underground (standardised) 2.41 (21.6-33.8) (-0.29,0.06) | (-0.34,0.81) | (-0.64,0.71) (-0.26, 1.37) (-0.18, 1.39)
Temperature 120cm above | Degree Celsius 26.25 +|  0.52+0.16 0.13+0.47 | 0.50+0.52 0.02 + 0.44 -0.26 + 0.54
ground (standardised) 2.29 (21.40-33.80) (0.22, 0.84) (-0.54,1.39) | (-0.25,1.73) | (-0.96.0.89) (-1.62, 0.49)
Abundance: Negative Bi ial regression
Distance to port Metres 1937.0 + 0.01 £0.21 0.26 £ 0.32 0.15+0.32 0.01 £0.15 -0.04 + 0.27
(standardised) 2876.45 (138.0, (-0.39, 0.43) (-0.36,0.98) | (-0.48,0.79) (-0.29, 0.35) (-0.61, 0.44)
8575.0)
Cover of trees Scale 2.00 + 1.82 0.12+0.15 0.07 +0.27 | -0.25+0.26 0.01+0.12 -0.27 £ 0.26
(0-5.00) (-0.17, 0.43) (-0.40, 0.70) | (-0.78,0.23) (-0.21, 0.27) (-0.91, 0.10)
Cover of bush Scale 2.00 £ 1.63 -0.11+£0.18 | -0.13+0.30 | -0.32+0.27 | -0.05+0.14 -0.01 £0.21
(0.00-5.00) (-0.47,0.47) | (-0.79,0.62) | (-0.88,0.19) | (-0.40,0.18) | (-0.43, 0.44)
Cover of grass Scale 4.00 + 1.52 0.48 + 0.12 0.17 £0.25 0.06 + 0.19 -0.05+0.11 0.22 +0.26
(0.00-5.00) (0.24,073) | (:0.28,0.74) | (:0.33,0.43) | (:0.28,0.18) | (-0.12,0.89)
Cover of rocks and stones Scale 2.00 + 0.97 -0.01 +0.24 | -0.05+0.35 | 0.27 +0.34 -0.01 £ 0.15 0.03 +0.27
(0.00-4.00) (-0.48, 0.47) (-0.80,0.62) | (-0.32, 1.03) (-0.33, 0.32) (-0.48, 0.65)
Cover of human structures Scale 3.50 + 1.74 0.69 +0.13 0.31+0.24 | 0.05+0.21 -0.07 £0.12 0.10 £ 0.19
(0.00-5.00) (0.46, 0.97) (-0.07,0.88) | (-0.31,0.51) (-0.35,0.12) (-0.26, 0.54)
Transect length Metres 175.00 £+ 72.59 | -0.01 £0.20 | -0.01+0.31 | 0.33+0.37 0.01+0.16 0.14 +0.26
(standardised) (60.00-384.00) (-0.40, 0.41) (-0.64,0.62) | (-0.24, 1.18) (-0.31, 0.35) (-0.28, 0.74)
Elevation (standardised) Metres above sea level | -0.05 +0.21 -0.01 £0.32 | -0.69 £ 0.38 -0.05+£0.17 0.01+0.27
194.5 + 94.25 (10.00, | (-0.47,0.36) | (-0.65,0.64) | (-1.47.-0.01) | (-0.48,0.21) | (-0.57.0.55)
303.00)
Overdispersion 0.97 +0.30 0.31+0.25 | 3.78+15.17 | 23.69+14.70 |24.97 + 14.32
parameter ® (0.54, 1.70) (0.12,0.98) | (0.19,47.20) (1.11, 48.68) (1.66, 48.75)

(during the daytime 8:00-11:30) (see Table 2 for a summary of the counts of each
species during our surveys). The combination of transect and visual encounter surveys
is known to be effective in detecting reptiles in tropical environments (Doan 2003;
McDiarmid et al. 2011; Smith et al. 2012a).
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Table 2. Summary of the counts (number of observations per each 10-minute survey) of five species of
alien reptiles on Christmas Island across the 34 survey sites (mean + standard deviation, and range). Three
repeated surveys were conducted during each day and night time conditions in each survey site. The raw

data are available at https://figshare.com/s/e85ac13693bc6272437f

Species Day surveys Night surveys
Common house gecko (Hemidactylus frenatus) 0.74 + 1.44 (0.00-7.00) 6.51 +7.84 (0.00-35.00)
Stump-toed gecko (Gehyra mutilata) 0.00 + 0.00 (0.00-0.00) 0.58 + 1.45 (0.00-7.00)
Grass skink (Lygosoma bowringii) 0.31 + 0.84 (0.00-5.00) 0.01 +0.10 (0.00-1.00)
Flowerpot snake (Indotyphlops braminus) 0.08 + 0.44 (0.00-2.00) 0.11 + 0.31 (0.00-1.00)
Wolf snake (Lycodon capucinus) 0.06 + 0.28 (0.00-2.00) 0.05 + 0.26 (0.00-2.00)

Time-limited transects do not neccesarily require repeated survey occasions
(Catenazzi et al. 2016), but our repeated surveys allowed us to estimate both the
abundance and the probability of individual detection of alien reptiles via hierarchical
models (Royle 2004; Kéry and Royle 2016; Ficetola et al. 2018). Our time-limited
approach was a minor modification of the methodology employed by Christmas
Island National Park Staff to survey for both native and alien reptiles on the island
(Smith et al. 2012a, 2012b). Therefore, our time-limited methodology aligns well
with pre-existing protocols, which can be easily adapted to inform the management
of alien reptiles. Only wolf snakes, found on the last survey occasion, were captured
and relinquished to National Parks Australia as required in the conditions of our
permits (see Acknowledgements). All other individuals were either not captured
or left in the same place where they were found when handling was necessary for
identification purposes.

During each survey occasion, we recorded the number of individuals of each alien
reptile species detected, and the temperature (°C) at four different heights in the habitat
(Table 1). These four temperatures were used to model the probabilities of detection.
For each survey site, we collected information on eight covariates believed to influence
the site abundance of alien reptiles; including vegetation cover and geographical
features (Table 1). We defined the cover of different microhabitat characteristics in
each site following the semiquantitative Braun-Blanquet scale (Sutherland 2006). We
gathered information on the altitude (metres above sea level; sourced from the Na-
tional Park digital elevation map), and the Euclidean distance from the survey site to
the port (metres). The port has been the point of entrance for all the alien reptiles to
the island and closer sites might be more likely to have higher abundances (Fritts 1993;
Smith et al. 2012b). The four temperature measures, the elevation, the transect length,
and the distance to the port were standardised (centred by their mean and scaled by
their standard deviation). All the detection data, temperatures and the covariates used
in the models are available from https://figshare.com/s/e85ac13693bc6272437f. We
assumed that the number of animals counted (/VA,) at survey site 7 during surveying
occasion z follows a Binomial distribution with parameters Nandp, ;:

Nd, , ~ Binominal(V,p, ) (1)


https://figshare.com/s/e85ac13693bc6272437f
https://figshare.com/s/e85ac13693bc6272437f

Low detectability of alien reptiles can lead to biosecurity management failure: a case study ... 81

where N, is the abundance of the species, and p, is the probability of individual
detection (Kéry and Royle 2016).We modelled the abundance of a species at a
survey site, IV, as a function of the micro-habitat features, the distance to the port,
and the elevation via a Negative Binomial regression. The abundance model was

defined as follows:

0
N; ~NB| 0,———
’ [ (0+%, )J @
8
IOg(}"i)ZZﬁin,j 3)
=
where . (j=1, ..., 8) are the slopes of the model of the mean abundance, %, in survey

site 7 and X is a vector of the eight covariates used for modelling the mean abundance
(Table 1), and © is the overdispersion parameter of the Negative Binomial regression.

Note that we did not include an intercept in our log-regression (eq. 3) as it is not
possible for all micro-habitat variables to equal zero. We modelled the probability of
individual detection using a logit model:

logit(pi,z) ad+ZBdr iz,r (4)

r=1

where o are the time-of-day specific intercepts (day and night), 84 (r =1, ..., 4) are
the slopes of the model of the probability of individual detection, p, , during survey
occasion z at survey site 4, and 7, is a vector of the four temperature covariates used
for modelling the probability of individual detection (see Table 1). It is important to
note that in our model the probability of individual detection is independent of the
abundance of the species in the surveyed site (Royle 2004; Kéry and Royle 2016). That
is, the probability of individual detection does not vary with abundance (McCarthy et
al. 2013; Kéry and Royle 2016). Our modelling approach permits the extrapolation
of our probability of individual detection estimates to scenarios with unknown but
estimable abundances, typical of novel alien reptile management situations.

We employed Bayesian regularisation to construct robust model structures for the
abundance and the probability of individual detection as a function of the covariates
(Hooten and Hobbs 2015). Models were constructed and fitted independently for each
of the five alien reptile species on Christmas Island. The models were fitted using the
NIMBLE package in the R software environment (R Development Core Team 2015;
de Valpine et al. 2017). We used relatively uninformative priors for the intercepts in the
model, ~-N(0, 6* = 10), and uninformative priors for all the slopes to construct regular-
ised models, ~N(0, o), o~ Exp(0.5). All the models were run using three chains with
1,000,000 iterations each, and no thinning. After checking for convergence and mixing
of the chains, using trace plots and the Gelman-Rubin diagnostic test, we discarded the
first 200,000 iterations via a burn-in time, resulting in 2,400,000 draws of the posterior
distribution for all the parameters in the models. We used Bayesian p-values, based
on the Freeman-Tukey goodness-of-fit statistic, residual QQ-plots, and simulations
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to evaluate the fit and identifiability of our abundance-detection models (Dunn and
Smyth 1996; Kéry and Royle 2016; Conn et al. 2018; Kéry 2018) (see Supplementary
Methods for details). Bayesian p-values within the range between 0.05 and 0.95 indicate
a model that fits the data adequately (Hobbs and Hooten 2015; Kéry and Royle 2016).
The model script is available from https://figshare.com/s/e85ac13693bc6272437f.

Results

Probabilities of individual detection of alien reptiles on Christmas Island

Our Bayesian regularised models were an adequate fit to the count data (Bayesian
p-values close to 0.5 and non-skewed Q-Q plots in all cases; see Supplementary
Methods), and revealed that the survey time (day vs night) was the main driver of
the probability of individual detection across the five alien reptiles (Table 1; Fig.
2). For three of the five alien reptiles the detection probabilities were higher during
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Figure 2. Estimated probabilities of individual detection of five invasive alien reptiles on Christmas Island
(Australia) during day time (top panel) and night time surveys (bottom panel). Estimates correspond to
the probability of individual detection during a 10-minute survey across the 34 surveying sites. Each dot
represents a realisation from 1000 simulations.
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Figure 3. Estimated surveying effort required to detect all 10 individuals of each species of five alien
reptiles in two situations and under a best-case detection scenario (i.e., sites surveyed during the time of
the day when detection probabilities are higher). Top: surveying effort (minutes) to detect 10 individuals
known to be present in one surveying site when only those 10 individuals are present; bottom: surveying
effort (hours) to detect 10 individuals distributed at random across 34 surveying sites, where each
occupied site harbours one individual, and only ten individuals are present across the 34 surveying
sites. We used 10 individuals as an example to showcase and compare detection efforts across different
situations. Best-case detection scenarios are night time surveys (common house gecko, stump-toed
gecko, and flowerpot snake) and daytime surveys (grass skink and wolf snake). Each dot represents a
realisation from 1000 simulations.

night time surveys, whereas only for the grass skink was the detection probability
higher during daytime surveys (Table 1; Figs 2, 3). There were virtually no
differences between day and night time surveys for the wolf snake. Only in the case
of the common house gecko was the probability of individual detection influenced
by any of the four covariates included in the models; positively associated with
the temperature 120 cm above ground (mean + standard error: 0.52 + 0.16; 95%
Credible Intervals: [0.22, 0.84]).

All the posterior estimates of the probabilities of individual detection were
relatively low, with the upper 95% Credible Interval estimates of daytime surveys
of the grass skink and night time surveys of flowerpot snakes being the only values
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exceeding 0.5 (Table 1). Accordingly, the highest probability of individual detection
was for the grass skink during daytime surveys (0.22 + 0.15; 95% Cls: [0.03, 0.60]).
The smallest median probability of individual detection was estimated for stump-toed
geckos during daytime surveys (0.001 + 0.001; 95% Cls: [0.001, 0.01]).

Abundance of alien reptiles on Christmas Island

Common house geckos were the most frequently encountered species, followed by
stump-toed geckos during night time surveys and grass skinks during daytime surveys
(Table 2). Likewise, our posterior estimates of the abundance of the five species showed
that the two species of alien geckos were the most abundant species on Christmas Is-
land (Table 1). Wolf snakes were the third most abundant species and flowerpot snakes
were the rarest (Table 2).

Our Negative Binomial regressions revealed that common house geckos were
more common in sites with higher grass and human structure cover (positive
relationships), and that grass skinks tended to become rarer in higher elevation sites
(negative relationship with elevation). Across the five alien reptiles, all the covariates
had uncertain effects on the estimated alien reptile abundances and probabilities of
detection, with wide posterior estimates overlapping zero (Table 1).

Discussion

The probabilities of detecting individuals using a standardised RBA were consistently
low across all the alien reptiles found on Christmas Island. Both the detectability and
the abundance of those alien reptiles were difficult to explain given the rather uncer-
tain effects of the covariates tested in our models, even when our surveys explored
a representative and variable sample of environmental conditions (Table 1). Only
common house geckos were more detectable with increasing temperature 120 cm
above ground, which is concurrent with the species habit of occupying buildings and
being found active on the walls of those buildings during our surveys. Low detection
probabilities, and the difficulty in predicting both abundance and detection, indicate
that managing novel pools of alien reptiles, of yet unknown taxonomic identity, will
prove a challenge on both Christmas Island and, by extension, in other places subject
to increasing pressure of novel alien reptiles.

It is particularly important to protect island ecosystems, where alien reptiles have
produced substantial negative impacts and whose native biodiversity is highly exposed
to the threat of alien species (Rodda et al. 1999; Powell 2011; Smith et al. 2012b; Sil-
va-Rocha et al. 2015; Bellard et al. 2017; Moser et al. 2018; van Wilgen et al. 2018).
Management activities on islands, excluding targeted eradication post-introduction,
will need to be able to detect any potential alien reptiles that arrive on the island, to
provide effective protection against these novel alien species (Garcia-Diaz et al. 2017b;
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Scott et al. 2017). However, even well-resourced management programs cannot detect
and intercept every single alien individual arriving at a new location (Jarrad et al. 2011;
Scott et al. 2017). We found important differences in the probability of individual
detection of different species of alien reptiles, which implies that one survey method
and surveillance effort cannot fit all. It is of particular concern that the posterior
estimates of the probability of individual detection of wolf snakes were very low (mean
< 0.02; Table 1). This is unfortunate, because alien snakes represent, amongst all the
alien reptiles, some of the worst threats to native species in the recipient communi-
ties, including islands (Dorcas et al. 2012; Kraus 2015; Silva-Rocha et al. 2015). Our
posterior estimate of the detection probability of wolf snakes was very similar to that
reported for other snakes in places around the world and surveyed using different
techniques (Kéry 2002; Christy et al. 2010; Durso et al. 2011; Sewell et al. 2012;
Durso and Seigel 2015), suggesting that regardless of the location, species and survey-
ing method, snakes are very difficult to detect in the field. In order to properly address
the differences between species, and in anticipation of future changes in pathways and
species transported, we recommend that management activities base their surveying
efforts on species with the smallest detection probability. This approach will maximise
the number of new alien reptiles detected and intercepted, even when accepting that
not all individuals can possibly be detected.

The compounded effects of low detection probabilities and uncertain effects of
covariates will hinder effective measures to manage the emergence of alien reptiles, a
conclusion reinforced by previous species-specific research into the management of
invasive brown snakes (Boiga irregularis) in Guam (Christy et al. 2010), invasive Bur-
mese pythons (Python bivittatus) in Florida (Reed et al. 2011), and invasive red-eared
slider turtles (Z7rachemys scripta elegans) in the Iberian peninsula (Garcia-Diaz et al.
2017a). Unfortunately, the detectability of alien reptiles remains a challenge to both
management and research activities even when sufficient resources are available, as
shown by long-term detectability research conducted in Guam (Rodda et al. 2015). In
conclusion, managing alien reptiles already established on islands, and future pools of
new invasive alien species, will be costly and with no guarantee of success due to both
the low detectability of individuals and the difficulty to predict the likely abundance
and detectability of alien reptiles.

Framed in this context of overarching uncertainties and high costs, strong
preventive policies should be a priority to address the emergent threat of alien reptiles
on islands and elsewhere (Jarrad et al. 2011; Rout et al. 2014; Lodge et al. 2016;
Scott et al. 2017). As a first step, public agencies tasked with preventive policies for
managing alien species (e.g., environmental protection and primary industries agencies)
should implement strict quarantine measures and biosecurity regulations (Meyerson
and Reaser 2002; Brenton-Rule et al. 2016; Early et al. 2016). These measures and
regulations should be aimed at detecting incoming alien reptiles at quarantine border
controls before those individuals can escape containment into the wild (Meyerson and
Reaser 2002; Jarrad et al. 2015; Brenton-Rule et al. 2016; Chapple et al. 2016; Scott
etal. 2017). Australia and New Zealand have biosecurity arrangements in place, even
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if imperfect, to achieve these two management goals and islands elsewhere could draw
lessons from these two countries to implement their own preventive strategies (Jarrad
et al. 2011; Brenton-Rule et al. 2016; Chapple et al. 2016; Garcfa-Diaz et al. 2017b;
Scott et al. 2017).

Preventive management activities should be complemented with early detection
surveys aimed at detecting new populations of alien reptiles promptly (Vander-Zanden
et al. 2010; Jarrad et al. 2015; Scott et al. 2017). Again, the costs incurred by early
detection surveys will be high due to the need for large survey efforts to overcome low
probabilities of detection of alien reptiles. A combination of citizen-science surveys,
public education programs, and strategic surveys by biosecurity agencies is an avenue
worth continuing to invest in to implement effective early detection surveys within
environmental budgets, which are heavily constrained by limited funding (Gallo and
Waitt 2011; Lawson et al. 2015; Scott et al. 2017). Our results and methodology
can be extended by incorporating additional quantitative tools, such as Baye’s rule, to
estimate the surveying effort needed to confidently declare the absence of new alien
reptiles given no individuals are detected (Ramsey et al. 2009; Anderson et al. 2013;
Garcia-Diaz et al. 2017a). Additionally, the adequacy—particularly, the rates of false
positives and negatives—of novel detection methods, such as environmental trace
DNA, should be thoroughly explored; although indirect surveillance techniques do
not replace the need for capturing alien individuals implicit to many management
actions (Hunter et al. 2015; Guillera-Arroita et al. 2017).

More broadly, biosecurity regulations, strict quarantine, and early detection ac-
tivities should be considered within the framework of robust anticipatory policy-
making (Boston 2016, 2017). Anticipatory policy-making for emerging alien species
is to be guided by the philosophies of adaptiveness and the precautionary principle
(Conroy and Peterson 2013; Boston 2016, 2017). Adaptiveness will require frequently
evaluating the performance of preventive tools and policies, such as risk assessments
and quarantine, against indicators of risk reduction, and updating the management
actions as necessary (Rout et al. 2014; Lodge et al. 2016). The precautionary principle
should be central to policy and decision-making to prevent the establishment and
spread of emergent alien vertebrates. This is particularly important given the scant
knowledge about the impacts of most new alien reptiles and the low likelihood of
succeeding in eradicating established, self-sustaining, alien reptile populations (Kraus
2015; Garcia-Diaz et al. 2017a; van Wilgen et al. 2018).

The implementation of stringent preventive policies and early detection activities
might be more straightforward on oceanic islands, where their remoteness commonly
requires all goods and commodities to be imported via shipping and air traffic routes
arriving in a small number (usually one) of ports and airports, limiting the number
of potential pathways of transport and points of entry into the island (Kraus 2009;
Helmus et al. 2014; Moser et al. 2018). The situation is different on continents and
mainland contexts, where there are multiple pathways of transport and many points
of entry (Hulme et al. 2008; Leung et al. 2014; Hulme 2015; Yemshanov et al. 2015;
Garcfa-Diaz et al. 2017b). Further research could explore how well our findings and



Low detectability of alien reptiles can lead to biosecurity management failure: a case study ... 87

conclusions transfer to mainland scenarios. Research into the detectability of invasive
snakes in Florida suggests that they are similarly difficult to detect in mainland settings
(Reed et al. 2011).

We have focussed on alien reptiles on islands in this research, but our conclusions are
likely applicable to other groups of emergent alien species globally; such as vertebrates
in the pet trade (Hulme 2015; Seebens et al. 2018). Building on the realisation of the
cornerstone importance of detectability to manage alien species, future work should
investigate the extent to which our findings and recommendations hold for different
groups of emergent alien species and under other conditions such as mainland
environments. In any case, the lack of research and the abundant uncertainties do not
preclude the implementation of good preventive policies to manage alien species, an
urgent task considering the lack of preventive and early detection capacities in most
countries of the world (Early et al. 2016).
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