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Abstract

The Asian toad, Duttaphrynus melanostictus, was accidentally introduced to Toamasina (Eastern Madagascar)
around 2010, and since then has spread at a substantial rate across a larger area. This study documents the expansion of
the invasive range of this species, calculates the invasion spread rate, and it further estimates the toad abundance and
habitat preferences. Updates of the distribution range revealed a fivefold increase of the invaded area during three years,
and a doubling of the rate of spread, showing a shift of the invasion towards the North-West, most probably because of
the absence of ecological barriers. We used N-mixture models to estimate toad’s abundance on the basis of repeated
count data of six areas in Toamasina and its surrounding countryside. Toad distribution shows heterogeneous density
across the distribution range, with an average abundance of 184 toads ha™' (95% CI, 132-263). The toad's abundance
was highest in sites with the presence of organic waste, and was negatively related to the density of road networks in the
proximity of study sites. The rapid expansion of the Asian toad in the Toamasina region suggests that this toad is an
increasing threat for Madagascar. We identify immediate management actions that could limit the spread of alien toads

in this megadiverse country.
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Introduction

Madagascar is one of the most celebrated biodiversity hotspots (Myers et al. 2000), where long geographical
isolation and geological stability have favoured the evolution of a unique biodiversity (Goodman and Benstead 2003;
Vences et al. 2003, Crottini et al. 2012; Holt et al. 2013; Ganzhorn et al. 2014). Besides the well-known conservation
issues resulting from significant environmental degradation (Green and Sussman 1990; Vallan 2002; Harper et al.
2007), in 2014, a series of scientific communications drew attention to a new challenge for nature conservation in
Madagascar (Andreone et al. 2014; Crottini et al. 2014; Kolby 2014; Kull et al. 2014; Moore et al. 2015): an invasive
population of the Asian common toad (Duttaphrynus melanostictus, hereafter referred to as “Asian toad”) was reported
in Toamasina, the second city of the country for size and population and the major seaport of the island, located in
eastern Madagascar. The ecological similarities with the dramatic invasion history of the cane toad Rhinella marina,
which determined the decline of multiple endemic vertebrates across Australia (Shine 2010), have raised fears of a
similar predicted ecological catastrophe for Madagascar.

The D. melanostictus complex is native to South and South East Asia, and has already succeeded in invading
multiple regions including Bali, New Guinea, Sulawesi, Timor-Leste and other islands, mostly between Sundaland and
Wallacea (Reilly et al. 2017). Recent phylogeographical analyses revealed the Asian toad to be a complex of species, in
need of taxonomic revision (Wogan et al. 2016), and the toad lineage identified in Madagascar belongs to the clade
distributed in South East Asia. The individuals that first established in Madagascar probably came from an area between
Cambodia and Vietnam (Vences et al. 2017).

The Madagascar invasion probably started as early as 2010 (Moore et al. 2015), most likely with the accidental
introduction of a few toads via commercial containers from South East Asia (McClelland et al. 2015). After a typical
lag phase of a few years, the Asian toad population has grown exponentially, taking advantage of the suitable climate,
especially the annual rainy season that likely matches the conditions occurring in the native area of this species (Vences
et al. 2017), and directly triggers reproduction in this species (Ngo and Ngo 2013).

Although in its native range this species often lives in disturbed anthropogenic habitats, species distribution
models suggested that the Asian toad can potentially spread across the lowlands of the eastern and northern coasts of
Madagascar (Pearson 2015; Vences et al. 2017), thus raising the fear that it could threaten native rainforest
communities.

The ongoing and unpredictable spread of the Asian toad is likely to pose major threats to the Malagasy native
ecosystems. The most feared effect related to this biological invasion is the poisoning of naive predators (Brown et al.
2016, Marshall et al. 2018), as Asian toads can release a cardiotoxic toxin that can be fatal to predators if ingested
(Chen and Kovarikova 1967; Marshall et al. 2018), since the vast majority of native potential predators seems to be
non-resistant to bufotoxins (Marshall et al. 2018). Other potential negative effects include the transmission of pathogens
to native amphibian species, and the competition for breeding sites and feeding resources (Mahapatra et al. 2017), given
its explosive breeding behaviour (Fan et al. 2013) and the sizeable clutches of up to ten thousand eggs (Licata et al. in
preparation).

Currently, published information on the Asian toad distribution in Madagascar has been based on data
collected in 2014, when the Asian toad distribution range covered an area of about 108 km? across Toamasina and its
immediate vicinities (Moore et al. 2015), with maximum densities (of up to 51 toads per 100 m?) reported for the urban

area (McClelland et al. 2015). A more recent report provided wide abundance estimates across different habitats, with
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average densities ranging from 325 to 987 toads per hectare, and the highest value recorded in urban areas (1800
toads/ha; Reardon et al. 2018).

Although extremely useful to have a first impression of this invasion, these estimates were based on
extrapolated simplistic counting approaches which did not take into account the detection probability of the species. It is
therefore necessary to apply a more robust statistical approach to assess overall abundance of the species and update its
distribution.

With this study we provide an update on the distribution, abundance and characterize the invasion spread of the
Asian toad in the Toamasina Province. Updating the invaded range and the collection of accurate presence-absence data
will enable the implementation of robust predictive models of potential distribution of the species. Integrating these data
with estimates of abundance across different invaded environments (which also depends on the carrying capacity of the
colonised habitats) can further enable the identification of the factors determining species densities, and provide
information on the type of habitat preferentially selected (or contraselected) by the species. Finally, the spread capacity
of the invasive species needs to be characterized as it may change across time and space due to the influence of
topographic landscape features or due to the evolution of specific dispersal and life-history traits (Perkins et al. 2013).
All these different types of information could be used to better assess the risk that this invasive species is posing to the
native communities. It is also critical information for any planned implementation of delimitation and containment
measures (Stohlgren and Schnase 2006), which will be fundamental to any effort to prevent the spread of Asian toads

into ecologically sensitive areas or for attempting eradication of smaller satellite populations.

Materials and Methods

Study area

To update the distribution map and assess the invasion spread, broad scale monitoring was performed, trying to
cover the whole Province of Toamasina (Toamasina I, Toamasina II, and Brickaville Districts). The northernmost
locality visited was Mahavelona (60 km from Toamasina), while the southernmost was Brickaville (80 km from
Toamasina) (Fig. 1a).

We opportunistically selected 6 localities where the toad was detected to estimate species abundance and
relationships between abundance and environmental features (Fig. 1b). The chosen sites represented the two main
habitat types where the species is currently reported: @) urban and b) agricultural/seminatural localities (sensu Moore et
al. 2015). The three urban localities are within the border of the city of Toamasina: district of Mangarano (18°8'46"S
49°22'47"E), Amparihilava (18°10'7"S 49°22'7"E), and Barikadimy Campus of the University of Toamasina (18°7'49"S
49°22'42"E). Two localities predominantly associated with an agricultural landscape are located in Farafaty Village
(18°8'33"S 49°21"27"E) and in Ambodibonara Village (18°821"S 49°20'30"E). Here the area is characterized by the
presence of rice paddies, mixed fruit trees, sugar cane plantations, and surrounded by degraded forest and mixed
shrubland (locally called "savoka"). The last locality is a palm oil plantation located at about 10 km South of
Toamasina, next to the village of Mahasoa (18°13'51"S 49°18'18"E).

At the time of the first delimitation survey that took place in 2014 (Moore et al. 2015), both Mahasoa and

Ambodibonara were located at the fore front of the toad invasion area.
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Farafaty was selected among the sites that were used to test the efficiency of different control methods (Reardon et al.
2018). These trials took place between mid-January and April 2016, and were conducted for the purpose of assessing

the efficacy of potential eradication tools to inform on the technical feasibility of Asian toad eradication.

Invaded area and dispersal rate

A total of 104 localities were inspected between November 2016 and September 2017 (Online Resource 1),
reporting the presence or non-detection of toads. Coordinates were recorded by means of a Garmin 60CSx GPS device.
Localities were selected opportunistically, based on received notifications of possible toad occurrences to the toll-free
hotline number instituted by the local NGO “Madagascar Fauna and Flora Group” (MFG), and through selection of
sites that were outside the recorded known distribution of the toad in 2014 (Moore et al. 2015), that were chosen to
identify the invasion front and carry out MFG’s awareness-raising activities concerning the toad. Upon arrival, a field
crew of ca. 10 people conducted interviews with local residents, followed by visual encounter surveys (VES) that took
place after dusk (from 18:00—21:00) (as per Moore et al. 2015).

The invaded area was evaluated by calculating the minimum convex polygon (Worton 1987), using the convex
hull tool of ArcGIS 10.2 (ESRI 2011). To estimate the maximum spreading rate of the invasion, we considered the
maximum linear distance between the presumed introduction point (i.e., the centroid calculated in 2014; Moore et al.
2015) and the most distant location recorded, representing the invasion front, divided by the time difference between the
date of first detection in that locality and the estimated start date of the invasion. We chose arbitrarily the midpoint of
May 2010 as the start date of the invasion, which represents the first reported estimate of when the toad was first seen in
Toamasina (Moore et al. 2015), assuming no multiple introductions occurred as suggested by Vences et al. (2017), who
presented compelling genetic evidence for a single introduction event.

We calculated the mean spread rate by dividing the distances between all invasion front localities and the
presumed introduction point by the time difference between the date of first detection of the toad in the locality and the
presumed start date of the invasion, and averaging the results. This datum was then compared with the data available

from the study of Moore et al. 2015.

Estimation of abundance and environmental features

The study sites were spaced at least 1 km apart from each other. Within each locality we selected five quadrat
plots (20 x 20 m), spaced at least 100 m from each other. Authorization was sought from residents and landowners prior
to establishing plots. Each plot was individually marked with plastic flags and georeferenced. 30 quadrat plots were
established in total, covering an area of 12000 m?.

From 12% of December 2016 to 21° of January 2017, two experienced observers visited each site four times at
regular time intervals (7-8 days), starting the counting soon after dusk (18:00—21:00), when toads are most active. Each
count took approximately 10 minutes to inspect the whole plot area, and any sighted toad was removed during the
survey period. For each quadrat plot, we measured four environmental variables: Road, the distance from the nearest
road (to investigate the effect on toad abundances, which could be both positive (Brown et al. 2006) or negative
(Andrews et al. 2008; Fahrig et al. 1995)); Waste, the presence of organic waste (i.e. household rubbish or agricultural
waste) within the plot or along its borders was noted in light of the fact that these sites, and the arthropods community

inhabiting therein (Frankie and Ehler 1978; Mclntyre 2000), might represent forage hotspots for this species, typically
5
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associated with anthropogenically degraded habitats (vanDijk et al. 2004); Buildings, the number of buildings within a
radius of 100 m; Tree, the percentage of tree cover within a radius of 100 m.

To determine building density and the percentage of tree canopy cover, we analysed Google Earth satellite
imagery of 2017 using the software imagelJ (as per Ricotta et al. 2014). Two weather conditions were obtained from the
local meteorological station located at Toamasina airport: precipitation during the 24 hours before the survey (mm) and

temperature at the time of the survey.

Statistical analysis

We used N-mixture models to estimate toad abundance on the basis of repeated count data, and to identify the
environmental variables determining variation of abundance. This class of models allows for estimating animal
abundance from repeated surveys at fixed sites, without marking individuals to identify them (Royle 2004). Some
studies highlighted that the joint estimation of abundance and detection probability can be problematic, and that these
models are sensitive to violations of their assumptions (Barker et al. 2018; Duarte et al. 2018). Nevertheless, recent
analyses of real-world data suggested that this approach can provide reliable estimates and can be extremely useful to
measure the abundance of wild animals (Kéry 2017; Ficetola et al. 2018).

Our sampling was performed during 40 days, thus we assumed that populations were closed. N-mixture models
were fitted using a Zero-Inflated Poisson error distribution (ZIP), as ZIP models consistently showed lower Akaike's
Information Criterion (i.e., AIC, Burnham and Anderson 2002) than Poisson models. Negative binomial models were
not considered because of their convergence issues (Kéry 2018). In N-mixture models, the upper bound to approximate
an infinite summation in the likelihood was “100 + the maximum observed species abundance”, as preliminary analyses
and simulations suggest that this value provides robust and stable estimates (Ficetola et al. 2018).

We built models including weather conditions as variables influencing toad detection, and environmental
variables of sites as potential predictors of toad abundance. We built models including all potential combinations of
independent variables, ranking them on the basis of their AICc values, using a model selection approach that excludes
from the confidence set the overly complex models (Richards et al. 2011). Models with a AAICc>10 were excluded
from candidate model set (Burnham and Anderson 2002). Spearman’s rank correlation coefficient for site covariates
indicated lack of significant correlation among the ecological parameters considered, allowing us to use all covariates in
the model building procedure.

Data were analysed using the software R (version 3.5.0) with the package Unmarked (Fiske and Chandler
2011) and AICcmodavg, to assess the strength of the different models tested (Mazerolle 2011). We used the package
spdep (Bivand et al. 2005) to assess the spatial autocorrelation of the residuals of the global model. The results of this

analysis suggested the absence of spatial autocorrelation (Moran’s I statistics= -0.03, P = 0.48).
Results
Distribution
The Asian toad was detected in 50 out of 104 visited localities (Online Resource 1), resulting in a minimum

convex polygon of 549 km? (Fig. 2). The current centroid is located 6.75 km and 295° north-west with respect to the last
calculated centroid (Moore et al. 2015).
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The maximum distance between the putative introduction point and the furthest location so far recorded is 21.9
km. Assuming that no other introductions have occurred, the maximum spread rate of toads is 3.3 km year™!, while the

average spread rate based on all invasion front localities was of 2.5 + 0.6 km year ! (Fig. 3).

Abundances

During our surveys, we detected 363 Asian toads (range: 0-23 individuals per survey per plot). Toads were not
detected in 20% of surveyed plots over 4 visits.

The model with zero-inflated Poisson distribution (ZIP) showed the lowest AICc values and was employed as
the global model. The best AICc model (Table 1) suggested that weather conditions did not influence the detection of
toads, and among the environmental covariates, waste presence (Waste) and road proximity (Road) were the most
important variables in describing toad abundance. The covariate coefficient showed that the presence of waste had a
strong positive effect leading to increased toad densities (B = 2.93, P < 0.001), which were higher in urban and
agricultural degraded areas with open-air dumps, while road proximity had a negative relationship (B = 0.44, P <
0.001). The estimated per-individual detection probability was 0.455 + 0.04 (mean =+ SE), which corresponds to a site-
level detection probability ranging between 0.62 and >0.99, depending on species abundance. The estimated mean
abundance per plot was 7.4 individuals (median = 4.2; 95% CI, 5.3-10.5), with estimated numbers of individuals per
plot ranging from 0 to 59. The total abundance across the 30 study plots (total surface: 12,000 m?) was 221 individuals
(95% CI, 158-316), which means a density of 184 toads ha™ (95% CI, 132-263). The abundance showed strong
variation across the surveyed sites, and no strong differences were detected between urban and seminatural localities
(Fig. 4). The highest abundances were recorded at the palm oil plantation (Mahasoa, see Fig. 4), where the estimated
abundance was 559 toads ha™' (95% CI, 445-695).

Discussion

Although Asian toads have successfully invaded several regions of the world, there is a general lack of studies
on the ecology of this species (Reilly et al. 2017). Our work provides a detailed analysis of the invasive potential of the
Asian toad in eastern Madagascar, updating the ongoing invasive process and identifying the habitat features related to

the variation of species abundance.

Rate and patterns of invasion

Our study highlights a rapid advancement of the invasion front, with an expansion of the toad particularly
towards North-West (Fig. 2), probably due to the absence of ecological barriers (Brown et al. 2015). Conversely, it
seems that the northward toad invasion has been slowed down probably by the presence of the River Ivoloina,
suggesting that this river functioned as a partial barrier, as already reported in literature (Leblois et al. 2000; Li et al.
2009; Zao et al. 2009). Contrary to this, the river Ivondro in the South does not seem to play the same role in arresting
the invasion; this might be due to the presence of multiple man-made canals and waterways, primarily used for
transportation and fishing, that could have further facilitated the invasion, increasing the connectivity between

previously isolated biota (Crooks and Suarez 2006; Rahel 2007). Nonetheless, due to the lack of a rigorously defined
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sampling designs for assessing the invasive range, our results may be subject to spatial and detection biases. It should,
therefore, be noted that the current distribution update is not exhaustive and is likely to be very conservative.

Our estimate of spread rate (2.5 — 3.3 km / year) is two-times higher than the previously reported values
(Moore et al. 2015) (Fig. 3). This may be real or it may be the result of an underestimate by Moore et al. (2015). An
acceleration of invasion rate has been extensively reported during the invasion of cane toads in Australia, where it has
been associated with the rapid adaptive changes in morphological and behavioural traits, and promoted by the absence
of ecological pressures (Phillips et al. 2006). Available data suggest that the Asian toad population in Madagascar lives
in environments strongly similar to the ones occupied by the species in its native range (Vences et al. 2017) and, apart
from sporadic killings by local people and some limited population control efforts in very small targeted areas, they are
probably not exposed to strong predation pressure because of their toxicity (Marshall et al. 2018), even though they
could still suffer attacks from naive predators during the initial stages of colonization. There is an urgent need to verify
if the observed increase of the spread rate reported for Madagascar is facilitated by favourable local environmental
conditions (as observed in Australia with cane toads; Urban et al. 2008), or if it is related to man-mediated introductions
to new regions. The monitoring of domestic trade of building materials (e.g. concrete blocks or wood piles) and the
translocation of agricultural products (e.g. palm oil empty fruit bunches) should be prioritized, since these substrates are
often used as shelters by the Asian toads (FL, pers. obs.), and human-mediated movement of these goods could

inadvertently contribute to the species range expansions into new areas.

Abundance and habitat preferences

Abundance is a major factor determining the impact of invasive species (Leung et al. 2012), and identifying the
influencing factors is relevant to understanding the causes of its spread and persistence in the invaded area. The mean
abundance herein reported finds both discrepancies and similarities with data available from other invasive amphibian
species. Studies on Rhinella marina showed that populations can reach very high densities in newly colonized habitats
(>2000 toads / ha, Freeland 1986), probably because of high prey availability and reduced competition with
conspecifics during the first stages of invasion (Brown et al. 2013). Interestingly, in Papua New Guinea, Zug et al.
(1975) reported consistent shifts in abundances across different habitats, where 30 cane toads / ha could be found in
savannahs, whereas in forested areas the number was ten times lower.

Overall, our results showed that the Asian toad in Madagascar shows a strong variation of abundance (Fig. 2),
and abundances are positively correlated to the presence of rubbish dumps. This relationship is probably due to the high
edaphic humidity, the presence of favourable shelters and the high suitability of these sites for Asian toad potential prey
species (Frankie and Ehler 1978; Mclntyre 2000). Conversely, toad abundance is lowest near to roads. Although roads
can be used as dispersal corridors by invasive species (e.g. in cane toad; Brown et al. 2006), in our study sites it seems
that roads act as a source of stress for amphibians, as already reported by Fahrig et al. (1995) and Andrews et al. (2008).
Here too, due to the higher detectability, they might be killed by local people more easily or they might be more
exposed to the risk of roadkill.

The relationships between invasive toads and human disturbance has already been observed in the cane toad,
where the invasive species actively selects breeding sites where anthropogenic disturbances have occurred. For
instance, in the Solomon Islands, cane toads showed densities 3.11 times higher in disturbed (versus non-disturbed)
habitats (Pikacha et al. 2015). In our study, we found no difference in abundance between urban and seminatural sites

but interestingly, we found the highest densities at the palm oil plantation locality of Mahasoa (Fig. 4), where, in a

8
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quadrat plot located in close proximity to an open-air rubbish dump filled with agricultural waste, up to 23 individuals
were counted. Here, the high-carrying capacity could be enhanced by local management practices. Indeed, tons of plant
remains (e.g. empty fruit bunches) are used as mulch for local plantations (Hamdan et al. 1998). Asian toads often
exploit this substrate and it will be important to verify if, during the relocation of the mulch across plantations, toads are
also moved into new palm oil parcels.

The relationship between toad abundance and canopy cover should be further investigated, even though no
significant relationships were found during this study. The canopy cover percentage obtained by satellite imagery does
not provide a quantitative measure of habitat features within the surveyed area, as it overlooks differences among
habitats (e.g., differences between plantation vs. secondary forest). Indeed, in several plots located in highly forested
areas toads were absent, suggesting that those habitats might have lower suitability, as already reported for several
bufonids species that typically prefer poorly vegetated or open areas (Guerry and Hunter 2002; Tucker and Simmons
2009), but a finer study using radiotelemetry should be applied to better assess the suitability of forested habitats.

It should be noted that the ecological range and replication of sites where abundance was investigated in this
study remains small and so further replications and sampling of ecological variables are needed to enhance the

robustness of our estimates.

Conclusions

The rapid range expansion of the Asian toad in the Toamasina region suggests that this toad is an increasing
threat for Madagascar (Fig. 2), with an observed occupied area at least fivefold larger and an observed doubled spread
rate than recorded in the last surveys (Moore et al. 2015). Further, we provide estimates of the abundance of this species
across different selected sites. Estimates obtained from the semi-natural site of Farafaty may be slightly lower due to the
small-scale eradication trials conducted 8 months prior to this study that might have affected the abundance estimation,
even if reinvasion into the control trial areas is likely to have been occurring in the intermediary period. Finally, the
analysis of relationships between toad abundance and environmental variables provides important management
indications. The strong correlation between waste presence and toad abundance suggests that dump sites should be
prioritized for the implementation of control measures, , as proper waste control, management and disposal programs
could help in reducing feeding resources and shelters for this invasive species. For instance, the simple relocation of
urban waste disposal sites outside the invaded area can help, over time, to limit the proliferation of the Asian toad in the
city.

Madagascar is one of the most biodiverse countries in the world, and this invasion represents a major threat for
native biodiversity and for the country’s economy, which largely depends on wildlife ecotourism (Duffy 2006). Such
rich and unique ecosystems are already threatened by multiple anthropogenic pressures, and biological invasions are
rapidly becoming a major new threat to biodiversity and ecological robustness (Crowl et al. 2008; Bellard et al. 2014,
2016), highlighting the need for Madagascar to develop and establish biosecurity protocols.

An eradication plan now seems to be very difficult to implement given the large scale of the invasion
(McClelland et al. 2015; Reardon et al. 2018), worsened by the difficulty to make such activities a priority in a country
as economically impoverished as Madagascar. Notwithstanding, it is important to intesify the research on the
parameters influencing the biology and habitat occupancy of this species, as this will help inform delimitation and
containment protocols for Asian toads in any future mitigation efforts. For example, Parc Ivoloina represents an

important amphibian biodiversity stronghold (Crottini et al. 2013), and lies in close proximity to the city of Toamasina.
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This site represents a perfect pilot study site to develop containment measures to exclude the toad and represents an
opportunity to develop protective methods that can later be applied at the Betampona Strict Nature Reserve (ca. 30 km
north west from Toamasina; Fig. 1), an important microendemism hotspot which hosts an incredibly high number of

microendemic frog species (Rosa et al. 2012) that are directly threatened by the continued spread of the Asian toad.

References

Andreone F, Rabibisoa N, Randrianantoandro C, Crottini A, Edmonds D, Kraus F, Lewis JP, Moore M, Rabemananjara
FCE, Rabemanantsoa JC, Vences M (2014) Madagascar: Risk review is under way for invasive

toad. Nature 512(7514):253

Andrews KM, Gibbons JW, Jochimsen DM, Mitchell J (2008) Ecological effects of roads on amphibians and reptiles: a
literature review. In: Mitchell JC, Jung Brown RE, Bartholomew B (eds) Urban herpetology, Vol 3. Herpetol. Conserv.,
Salt Lake City, Utah, pp 121-143

Barker RJ, Schofield MR, Link WA, Sauer JR (2018) On the reliability of N-mixture models for count data. Biometrics
74:369-377

Bellard C, Cassey P, Blackburn TM (2016) Alien species as a driver of recent extinctions. Biol. Lett. 12(2):20150623-
20150624

Bellard C, Leclerc C, Leroy B, Bakkenes M, Veloz S, Thuiller W, Courchamp F (2014) Vulnerability of biodiversity
hotspots to global change. Glob. Ecol. Biogeogr. 23(12):1376-1386

Bivand R, Anselin L, Bernat A, Carvalho MM, Chun Y, Dormann C, Dray S, Halbersma R, Lewin-Koh N, Ono H,
Tiefelsdorf MD (2005) Spdep: Spatial dependence: weighting schemes, statistics and models. R package version 0.7-7

Brown KA, Farris ZJ, Yesuf G, Gerber BD, Rasambainarivo F, Karpanty S, Kelly MJ, Razafimahaimodison JC, Larney
E, Wright PC, Johnson SE (2016) Modeling co-occurrence between toxic prey and naive predators in an incipient

invasion. Biodivers. Conserv. 25(13):2723-2741

Brown GP, Kelehear C, Shine R (2013) The early toad gets the worm: cane toads at an invasion front benefit from

higher prey availability. J. Animal Ecol. 82(4):854-862

Brown GP, Phillips BL, Shine R (2015) Directional dispersal has not evolved during the cane toad invasion. Funct.
Ecol. 29(6):830-838

Brown GP, Phillips BL, Webb JK, Shine R (2006) Toad on the road: use of roads as dispersal corridors by cane toads

(Bufo marinus) at an invasion front in tropical Australia. Biol. Conserv. 133(1):88-94

10



404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444

Burnham KP, Anderson DR (2002) Model Selection and Multimodel Inference: A Practical Information-theoretic

Approach. Springer Science & Business Media, New York, New York, USA

Chen KK, Kovatikova A (1967) Pharmacology and toxicology of toad venom. J. Pharm. Sci. 56(12):1535-1541

Crooks JA, Suarez, AV (2006) Hyperconnectivity, invasive species, and the breakdown of barriers to dispersal. In
Crooks KR, Sanjayan MA Connectivity Conservation: Maintaining Connections for Nature. Conservation Biology

Series Cambridge University Press, New York, pp 451-478

Crottini A, Andreone F, Edmonds D, Hansen CM, Lewis JP, Rabemanantsoa JC, Moore M, Kraus F, Vences M,
Rabemananjara F, Randrianantoandro C (2014) A new challenge for amphibian conservation in Madagascar: the

invasion of Duttaphrynus melanostictus in Toamasina province. Froglog 111:46-47

Crottini A, Bollen A, Weldon C, Dalton DL, Kotzé A, Noél J, Lambana B, Andreone F (2014) Amphibian survey and
current absence of Batrachochytrium dendrobatidis (Bd) in Ivoloina Park, Toamasina (eastern Madagascar). Afr. J.

Herpetol. 63(1):70-78

Crottini A, Madsen O, Poux C, Straul A, Vieites DR, Vences M (2012) Vertebrate time-tree elucidates the
biogeographic pattern of a major biotic change around the K-T boundary in Madagascar. Proc. Natl. Acad. Sci.

U.S.A. 109(14):5358-5363

Crowl TA, Crist TO, Parmenter RR, Belovsky G, Lugo AE (2008) The spread of invasive species and infectious disease

as drivers of ecosystem change. Front. Ecol. Environ. 6(5):238-246

Duarte A, Adams MJ, Peterson JT(2018) Fitting N-mixture models to count data with unmodeled heterogeneity: Bias,
diagnostics, and alternative approaches. Ecol. Model. 374:51-59

Duffy R (2006) Global environmental governance and the politics of ecotourism in Madagascar. Journal of

Ecotourism 5(1-2):128-144

ESRI (2011) ArcGIS desktop: release 10. Environmental Systems Research Institute, CA

Fan XL, Lin ZH, Ji X (2013) Male size does not correlate with fertilization success in two bufonid toads that show size-

assortative mating. Curr. Biol. 59(6):740-746

Fahrig L, Pedlar JH, Pope SE, Taylor PD, Wegner JF (1995) Effect of road traffic on amphibian density. Biol.
Conserv. 73(3):177-182

Ficetola GF, Barzaghi B, Melotto A, Muraro M, Lunghi E, Canedoli C, Lo Parrino E, Nanni V, Silva-Rocha I, Urso A,
Carretero MA, Salvi D, Scali S, Pennati R, Andreone F, Manenti R (2018) N-mixture models reliably estimate the
abundance of small vertebrates. Sci. Rep. 8:10357

11



445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484

Ficetola GF, Romano A, Salvidio S, Sindaco R (2017) Optimizing monitoring schemes to detect trends in abundance

over broad scales. Anim. Conserv.

Fiske I, Chandler R (2011) Unmarked: an R package for fitting hierarchical models of wildlife occurrence and
abundance. J. Stat. Softw. 43(10):1-23

Frankie GW, Ehler LE (1978) Ecology of insects in urban environments. Annu. Rev. Entomol. 23(1):367-387

Freeland WJ (1986) Populations of cane toad, Bufo marinus, in relation to time since colonization. Wildl.

Res. 13(2):321-329

Ganzhorn JU, Wilmé L, Mercier JL (2014) Explaining Madagascar’s biodiversity. In: Scales IR (ed) Conservation and
Environmental Management in Madagascar. Routledge, New York, pp 17-43

Goodman SM, Benstead JP (2003) Natural history of Madagascar. University of Chicago Press, Chicago

Green GM, Sussman RW (1990) Deforestation history of the eastern rain forests of Madagascar from satellite
images. Science 248(4952):212-215

Guerry AD, Hunter ML (2002) Amphibian distributions in a landscape of forests and agriculture: an examination of

landscape composition and configuration. Conserv. Biol. 16(3):745-754

Hamdan ABT, Tarmizi AM, Tayeb MD (1998) Empty fruit bunch mulching and nitrogen fertilizer amendment the
resultant effect on oil palm performance and soil properties. PORIM Bull. 37:1-14

Harper GJ, Steininger MK, Tucker CJ, Juhn D, Hawkins F (2007) Fifty years of deforestation and forest fragmentation
in Madagascar. Environ. Conserv. 34(4):325-333

Holt BG, Lessard JP, Borregaard MK, Fritz SA, Aratijo MB, Dimitrov D, Fabre PH, Graham CH, Graves GR, Jonsson
KA, Nogués-Bravo D, Wang Z, Whittaker RJ, Fjeldsa J, Rahbek C (2012) An update of Wallace's zoogeographic
regions of the world. Science 339:74-78

Kéry M (2018) Identifiability in N-mixture models: a large-scale screening test with bird data. Ecology 99(2):281-288

Kolby JE, Kraus F, Rabemananjara F, Rabesihanaka S, Rabibisoa N, Rafanomezantsoa J (2014) Stop Madagascar’s
toad invasion now. Nature 509(7502):563-563

Kull CA, Tassin J, Carriére SM (2014) Approaching invasive species in Madagascar. Madag. Conserv. Dev. 9(2):60-70

12



485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524

Leblois R, Rousset F, Tikel D, Moritz C, Estoup A (2000) Absence of evidence for isolation by distance in an
expanding cane toad (Bufo marinus) population: an individual-based analysis of microsatellite genotypes. Mol. Ecol.

9(11):1905-1909
Leung B, Roura-Pascual N, Bacher S, Heikkild J, Brotons L, Burgman MA, Dehnen-Schmutz K, Essl F, Hulme PE,
Richardson DM, Sol D, Vila M (2012) TEASIng apart alien species risk assessments: a framework for best practices.

Ecol. Lett. 15:1475-1493

Li R, Chen W, Tu L, Fu J (2009) Rivers as barriers for high elevation amphibians: a phylogeographic analysis of the
alpine stream frog of the Hengduan Mountains. J. Zool. 277(4):309-316

Mahapatra S, Dutta SK, Sahoo G (2017) Opportunistic predatory behaviour in Duttaphrynus melanostictus (Schneider,
1799) tadpoles. Curr. Sci. 112(8):1755-1760

Marshall BM, Casewell NR, Vences M, Glaw F, Andreone F, Rakotoarison A, Zancolli G, Woog F, Wiister W (2018)
Widespread vulnerability of Malagasy predators to the toxins of an introduced toad. Curr. Biol. 28(11):R654-R655

Mazerolle MJ (2011) AICcmodavg: Model selection and multimodel inference based on (Q) AIC (c). R package

version 2.1-1

McClelland P, Reardon JT, Kraus F, Raxworthy CJ, Randrianantoandro C (2015) Asian toad eradication feasibility

report for Madagascar. Te Anau, New Zealand

Mclntyre NE (2000) Ecology of urban arthropods: a review and a call to action. Ann. Entomol. Soc. Am. 93(4):825-835

Moore M, Francois Solofo Niaina Fidy J, Edmonds D (2015) The new toad in town: distribution of the Asian toad,

Duttaphrynus melanostictus, in the Toamasina area of eastern Madagascar. Trop. Conserv. Sci. 8(2):440-455

Myers N, Mittermeier RA, Mittermeier CG, da Fonseca GAB, Kent J (2000) Biodiversity hotspots for conservation
priorities. Nature 403(6772):853-858

Ngo BV, Ngo CD (2013) Reproductive activity and advertisement calls of the Asian common toad Duttaphrynus
melanostictus (Amphibia, Anura, Bufonidae) from Bach Ma National Park,Vietnam. Zool. Stud. 52(1):12

Pearson RG (2015) Asian common toads in Madagascar: an urgent effort to inform surveys and eradication

efforts. Glob. Change Biol. 21(1):9-9

Perkins TA, Phillips BL, Baskett ML, Hastings A (2013) Evolution of dispersal and life history interact to drive
accelerating spread of an invasive species. Ecol. Lett. 16(8):1079-1087

13



525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565

Phillips BL, Brown GP, Webb JK, Shine R (2006) Invasion and the evolution of speed in toads. Nature 439(7078):803-
803

Pikacha P, Lavery T, Leung LKP (2015) What factors affect the density of cane toads (Rhinella marina) in the Solomon
Islands?. Pacific Conserv. Biol. 21(3):200-207

R Development Core Team (2000) R: a language and environment for statistical computing. R Foundation for

Statistical Computing, Vienna. www.R-project.org. Accessed 1 November 2017

Rahel FJ (2007) Biogeographic barriers, connectivity and homogenization of freshwater faunas: it's a small world after

all. Freshw. Biol. 52(4):696-710

Reardon JT, Kraus F, Moore M, Rabenantenaina L, Rabinivo A, Rakotoarisoa NH, Randrianasolo HH (2018) Testing

tools for eradicating the invasive toad Duttaphrynus melanostictus in Madagascar. Conservation Evidence 15:12-19

Reilly SB, Wogan GO, Stubbs AL, Arida E, Iskandar DT, McGuire JA (2017) Toxic toad invasion of Wallacea: A
biodiversity hotspot characterized by extraordinary endemism. Glob. Change Biol. 23(12):5029-5031

Richards SA, Whittingham MJ, Stephens PA (2011) Model selection and model averaging in behavioural ecology: the
utility of the IT-AIC framework. Behav. Ecol. Sociobiol. 65(1):77-89

Ricotta EE, Frese SA, Choobwe C, Louis TA, Shiff CJ (2014) Evaluating local vegetation cover as a risk factor for

malaria transmission: a new analytical approach using ImageJ. Malar. J. 13(1):94

Rosa GM, Andreone F, Crottini A, Hauswaldt JS, Noél J, Rabibisoa NH, Randriambahiniarime MO, Rebelo R,
Raxworthy CJ(2012) The amphibians of the relict Betampona low-elevation rainforest, eastern Madagascar: an

application of the integrative taxonomy approach to biodiversity assessments. Biodivers. Conserv. 21(6):1531-1559

Royle JA (2004) N-mixture models for estimating population size from spatially replicated counts. Biometrics

60(1):108-115

Shine R (2010) The ecological impact of invasive cane toads (Bufo marinus) in Australia. Q. Rev. Biol. 85(3):253-291

Stohlgren TJ, Schnase, JL (2006) Risk analysis for biological hazards: what we need to know about invasive
species. Risk analysis 26(1):163-173

Tucker NI, Simmons T (2009) Restoring a rainforest habitat linkage in north Queensland: Donaghy’s Corridor. Ecol.
Manage. Restor. 10(2):98-112

Urban MC, Phillips BL, Skelly DK, Shine R (2008) A toad more traveled: the heterogeneous invasion dynamics of cane
toads in Australia. Am. Nat. 171(3):E134-E148

14



566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592

593

Vallan D (2002) Effects of anthropogenic environmental changes on amphibian diversity in the rain forests of eastern

Madagascar. J. Trop. Ecol. 18(5):725-742

vanDijk PP, Iskandar D, Lau MWN, Huiqing G, Baorong G, Kuangyang L, Wenhao C, Zhigang Y, Chan B, Dutta S,
Inger RF, Manamendra-Arachchi K, Khan MS(2004) "Duttaphrynus melanostictus". ITUCN Red List of Threatened
Species Version 2012.2

Vences M, Brown J, Lathrop A, Rosa GM, Cameron A, Crottini A, Dolch R, Edmonds D, Freeman K, Glaw F, Lee
Grismer L, Litvinchuk S, Milne M, Moore M, Solofo JF, Noel J, Nguyen TQ, Ohler A, Randrianantoandro C,
Raselimanana AP, Van Leeuwen P, Wogan GOU, Ziegler T, Andreone F, Murphy RW (2017) Tracing a toad invasion:
lack of mitochondrial DNA variation, haplotype origins, and potential distribution of introduced Duttaphrynus

melanostictus in Madagascar. Amphibia-Reptilia 38(2):197-207

Vences M, Vieites DR, Glaw F, Brinkmann H, Kosuch J, Veith M, Meyer A (2003) Multiple overseas dispersal in
amphibians. Proc. Royal Soc. Lond. 270(1532):2435-2442

Wogan GO, Stuart BL, Iskandar DT, McGuire JA (2016) Deep genetic structure and ecological divergence in a
widespread human commensal toad. Biol. Lett. 12(1):20150807

Worton BJ(1987) A review of models of home range for animal movement. Ecol. Modell. 38:277-298

Zhao S, Dai Q, Fu J. (2009) Do rivers function as genetic barriers for the plateau wood frog at high elevations?. J.
Zool. 279(3):270-276

Zug G, Lindgren E, Pippet J (1975) Distribution and ecology of the marine toad, Bufo marinus, in Papua New Guinea.
Pac. Sci. 29:31-50

15



594

595
596

597
598
599
600
601
602
603
604
605
606
607
608
609

CAPTIONS FOR FIGURES .
o T ‘ -
i . R
i | Betampons & A i
E. Slﬁji/lhhwm Reasarve |§
| 4
1 :
-'-

-
*
e

E -
£l =
. Basikadimy
b Ambadibonara
a1 3 Mangarano
&
- Farafaiy:
. Amparihitava
=
Eli
L
= e
g-- a Mahasaa

=g 540 20km

— ———
AR ITTE AT AT

Fig. 1 a) Location of study area with sites visited (filled circle) and the presumed introduction point calculated for data
collected in 2014 (star; Moore et al. 2015) to update the distribution range of the Asian toad in Toamasina
(Madagascar). The map also shows the position of Betampona Strict Nature Reserve, the protected area nearest to the
Asian toad invasive range; b) Sites selected for the study on toad abundance (greek crosses) (December 2016—January

2017)
Fig. 2 Map of the current distribution range (solid line) of Asian toad showing sites of detection (filled circles) and non-
detection (crosses). The dotted line indicates the 2014 distribution range (Moore et al. 2015). The filled triangle

represents the current distribution centroid, located 6.75 km W of the last calculated centroid (szar; Moore et al. 2015)

Fig. 3 Box-plot showing the invasion spread rates, comparing the estimates of this study with data available from

Moore et al. (2015)

Fig. 4 Histogram of toad abundances across surveyed sites. Lines represent 95% confidence intervals
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