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Abstract Biological invasions can represent important threats to endemic species,

including those within the invaders’ food webs. The Asian common toad (Duttaphrynus

melanostictus) was introduced to Madagascar in 2011. This introduction presents a

potentially dangerous prey item to a relatively naı̈ve, highly diverse endemic carnivore

fauna. Using a multivariate niche modeling approach (background test), we assessed the

predicted niche overlap between D. melanostictus and six endemic carnivores in eastern

Madagascar. The overlap between this potential prey and predators was assessed on four

environmental niche axes: temperature, precipitation, vegetation cover and elevation. Our
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results showed a mixture of niche overlap and divergence between D. melanostictus and

the six carnivores for environmental axes tested. There was significant overlap with five of

the carnivores on temperature and NDVI axes. On the precipitation axis, there was sig-

nificant overlap between D. melanostictus with two species. Our results suggested that

wide-ranging, locally rare carnivores may overlap extensively with D. melanostictus. The

six carnivores that inhabit the eastern rainforest of Madagascar will likely share multiple,

niche axes with this novel potential prey item. Species that eat the non-native common toad

and are susceptible to its toxins are at conservation risk because their populations may not

be robust enough to adapt quickly to this threat. We advocate closely monitoring these

emerging interactions and suggest a preemptive conservation strategy for carnivores

potentially at risk.

Keywords Asian common toad � Background test � Carnivores � Ecological niche models �
Invasive alien species � Madagascar

Introduction

Biological invasions are a major driver of global environmental change and species loss

(Crawford et al. 2010; Goodman 2012; Rebollar et al. 2014). They have led to biotic

homogenization (Meyer et al. 2015; Wood et al. 2015), threats to native species (Cassey

and Hogg 2015) and communities (Ehrenfeld 2010), and demand significant economic and

human resources to manage (Inderjit 2005). Effective management of biological invasions

requires explicit identification of the stage of invasion, since each is defined by different

characteristics and therefore requires different control measures (Brown et al. 2008). The

most effective strategy for controlling biological invasions is either prevention or early

detection (Reaser et al. 2008). These management strategies rely on risk assessments of

potential invasive alien species (IAS) that may be prohibitively expensive in certain cir-

cumstances, particularly for developing nations with high biodiversity (Faulkner et al.

2014). Furthermore, prevention requires a priori knowledge of which species are likely to

invade and which regions are most susceptible to invasion. In the absence of preventative

strategies, efforts to control IAS and mitigate impacts on native biota must rely on pre-

invasion detection, prior to these species becoming widespread and dominant.

Two approaches have been used, separately and in combination, to predict species’

invasive potential: (i) examine intrinsic factors, such as life history traits and niche

properties (Thuiller et al. 2012; Ordonez 2014) or (ii) model extrinsic factors, such as

climate and environmental variables (Thuiller et al. 2005; Godsoe and Case 2015). The

latter strategy, which often uses correlative ecological niche models (ENM), is now

common practice in invasion biology and provides a valuable framework for assessing the

potential distribution of IAS (Thuiller et al. 2005). Projected distributions from ENMs give

an approximation of the incipient invader’s geographical range in the novel environment

based on correlations between occurrence locations and abiotic environmental variables

(Broennimann and Guisan 2008). Used in this way, ENMs provide the invader’s predicted

niche by matching environmental variables in the native and novel habitats under the

critical assumption of niche conservatism (Broennimann et al. 2007). However, assessing

niche overlap between two or more species using ENMs–as is necessary when assessing

interactions between natives and non-natives–can be challenging from both conceptual and
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statistical perspectives. This is mostly because environmental variables on which ENMs

are based tend to be correlated with geographical location; ENMs may differ in their

predicted niche solely because of different environmental characteristics of species’ ranges

(Costa et al. 2008), leading to possibly biased results. Consequently, any attempt to assess

climatic niche overlap between natives and non-natives must account for the potential bias

of spatial autocorrelation. Here, we aim to do so using a multivariate niche model

(McCormack et al. 2010) to predict niche overlap on four environmental niche axes for an

emerging predator–prey interaction.

The Asian common toad (Duttaphrynus melanostictus) was introduced to Madagascar

in 2011. The first reported sighting was in the port city of Toamasina (Kolby 2014; Kull

et al. 2014) and since then sightings have been mostly in urban areas and degraded forests

in the humid eastern regions (Andreone 2014; Kolby 2014; Moore et al. 2015). However,

this species may not remain confined to such habitats, as it has a wide geographic dis-

tribution across many environmental types in Asia (Srinivasulu and Das 2008). Dut-

taphrynus melanostictus releases a highly potent cardiotoxic toxin (unique to toads) from

its parotoid gland when stressed (Chen and Kovarikova 1967). The introduction of D.

melanostictus thus presents a potentially dangerous prey item to Malagasy communities

who include frogs as part of their diet, as well as a relatively naı̈ve, highly diverse endemic

carnivore fauna that consume various amphibian species.

There are nine carnivores endemic to Madagascar, including Cryptoprocta ferox (fosa),

Eupleres goudoutii (falanouc), Fossa fossana (spotted fanaloka), Galidia elegans (ring-

tailed vontsira), Galidictis fasciata (broad-striped vontsira), Galidictis grandidieri (Gran-

didier’s vontsira), Mungotictis decemlineata (Northern bokiboky), Salanoia concolor

(brown-tailed vontsira), and Salanoia durrelli (Durrell’s vontsira). They have varying

IUCN statuses, ranging from Least Concern (Galidia elegans) to Endangered (Galidictis

grandidieri) and, as top predators, serve crucial ecosystem functions (Goodman 2012;

Table 1). Certain species, such as E. goudotii, F. fossana, G. fasciata and S. concolor

appear to confine their foraging to intact, primary forests, marshes and other aquatic

habitats, and as specialists–for our purposes, defined solely by their environmental niche–

tend to be restrictive in their habitat selection. They occupy a smaller or narrower range,

depending on whether available habitats are threatened or resources are scarce (Gerber

et al. 2012c; Farris et al. 2015b). In the case of S. concolor and G. fasciata, they are

estimated to have a smaller initial population density compared to carnivores with wider

environmental niches that are not restricted to intact forests (e.g., C. ferox, G. elegans). At

least four of the nine are known to consume native frogs as part of their diet (Table 1),

while no diet analysis has yet been conducted for the remaining two, G. fasciata and S.

concolor.

There is currently a debate surrounding appropriate response to the introduction of D.

melanostictus to Madagascar, where some have suggested immediate eradication (Kolby

2014), while others have cautioned against ‘disproportionate countermeasures’ without

prior assessments (Mecke 2014). Moreover, Pearson’s (2015) recent study suggests that D.

melanostictus might occupy large swaths of Madagascar’s eastern region, with the most

likely invasion path predicted for areas within lowland and sub-humid forests in both

northern and southern directions. This path will increase the probability of environmental

niche overlap between the toad and Madagascar’s endemic carnivores. The present study

seeks to inform this debate by assessing the predicted niche overlap between this novel,

toxic potential prey and native, endemic carnivores, a group that is likely to be directly

affected by this incipient invasion.
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First, we predicted the degree of niche overlap between environmental niches for D.

melanostictus and the carnivores using a multivariate niche modeling approach. We expected

this relationship to be modulated by different factors, such as abundance or microhabitat

differences (e.g., site-specific temperature or forest cover). Therefore, differences in niche

overlap withD.melanostictuswere predicted to arise between species with narrow ranges and

restricted climatic niches and those with wide ranges and less restricted climatic niches. For

instance, we predicted G. fasciata and S. concolor to show little niche overlap with D.

melanostictus; meanwhile C. ferox, E. goudotii, F. fossana, G. elegans should show high

niche overlap with D. melanostictus. Secondly, in an effort to understand whether environ-

mental specialization affects overlap with D. melanostictus, we calculated the spatial niche

breadth of each carnivore species. We then determined the degree of association between

niche breadth and niche overlap with D. melanostictus. For this question, we relied on ENM-

generated predicted distributions to calculate niche breadth and niche overlap. Specialization

has been shown to increase extinction risk in terrestrial wildlife, including carnivores (Car-

dillo et al. 2004), birds (Julliard et al. 2006) and mammals (Fisher et al. 2003). However, we

had no a priori predictions about which carnivores–those with restricted or less restricted

niche breadth–would significantly overlap with D. melanostictus.

Methods

Study system and taxa

Madagascar is well-known for possessing high levels of animal and plant endemism

(Goodman and Benstead 2005). To date, 292 amphibian species have been named in

Madagascar (Perl et al. 2014), with new species still being described (Rosa et al. 2014).

Although rich in amphibians, most of which are endemic and resulting from five different

radiation events (Crottini et al. 2012), Madagascar has no native species of true toads

(Bufonidae) (Glaw and Vences 2007). This distinction is shared with only three other

countries: Australia, New Guinea and New Zealand. The endemic Dyscophus antongili

(tomato frog; Michohylidae) and Mantella aurantiaca (golden mantella; Ranidae) are both

known to produce toxins (Glaw and Vences 2007).

We focused on the six native carnivore species known to occupy the eastern rainforest

region of Madagascar (Fig. 1; Table 1; Goodman 2012). The largest is C. ferox, an

opportunistic, wide-ranging species that has the most diverse diet of Madagascar’s car-

nivores; while E. goudotii is a wide-ranging carnivore that is thought to be restricted to

marsh and wetland environments where it feeds primarily on earthworms and various

aquatic species, including amphibians (Hawkins 2003; Garbutt 2007; Goodman 2012). The

wide-ranging F. fossana appears to prefer contiguous forest near streams where it feeds

primarily on aquatic species, including amphibians (Kerridge et al. 2003; Goodman 2012).

Galidia elegans is common throughout degraded forests and near anthropogenic areas

where its diet resembles that of the generalist C. ferox (Goodman 2003a, 2012). Galidictis

fasciata appears to be particularly sensitive to degradation and human encroachment,

though little is currently known about this carnivore, including its diet (Goodman

2003b, 2012). Finally, S. concolor has the most restrictive range of these eastern carni-

vores, with observations ranging between Betampona Strict Reserve in the south and

Makira Natural Park in the north. There is also a lack of baseline data on this carnivore,

including knowledge of its diet across its range (Farris et al. 2012; Goodman 2012).
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Fig. 1 Site map showing area of focus for the study area in eastern Madagascar, highlighting Masoala,
Betampona and Ranomafana National Park (carnivore occurrences from camera traps) and the point source
of introduction for Duttaphrynus melanostictus (Toamasina). Coordinate system GCS–WGS, 1984
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Species occurrence points for D. melanostictus and carnivores

Species occurrence points for the D. melanostictus were downloaded from Global Biodi-

versity Information Facility (GBIF: http://www.gbif.org/).Duttaphrynus melanostictus has a

very broad distribution, ranging from the Maldives to Indonesia; we restricted records to

those falling within the core of its known native range to ensure that ENMs were constructed

using presence locations from populations at equilibrium with their environments (Van Dijk

et al. 2004). After removing duplicate records (occurrences falling within the same grid cell

at *1 km2), there were 426 presence locations for D. melanostictus (Fig. 2).

From 2008 to 2014, presence locations for the six carnivores were collected from

camera traps. A total of 198 cameras were deployed across degraded and non-degraded

forests and non-forest matrix areas within three eastern rainforest regions in Madagascar:

the Masoala-Makira landscape (Farris et al. 2015a), Betampona Strict Reserve (Rasam-

bainarivo, unpublished data), and the Ranomafana region (Gerber et al. 2012b, c) (Fig. 1).

Across the Masoala National Park (240,000 ha) and Makira Natural Park (372,470 ha)

landscape in NE Madagascar, we surveyed seven sites, ranging from 21–1400 m in ele-

vation, across both degraded and non-degraded forest and located within (n = 4) and

bordering (n = 3) protected areas (Farris et al. 2015b). Within the Betampona Strict

Reserve (29,200 ha), we surveyed one site from 138–535 m in elevation, which included

both degraded and non-degraded forests (Rasambainarivo, unpublished data). We surveyed

two sites (primary and selectively logged) within the Ranomafana National Park

(39,900 ha) from 559–1396 m elevation; one fragmented site (\2.5 km from intact forest)

Fig. 2 Predicted distributions for Duttaphrynus melanostictus in Asia (native range) and Madagascar (non-
native range). a Predicted distribution showing occurrence points (circles) used to parameterize model
(N = 426); mean AUC = 0.925. b Predicted distribution for D. melanostictus in Madagascar. Model
constructed using amphibians, mammals and plants as the background target-groups; mean AUC = 0.984.
Darker areas show higher predicted occurrence, lighter areas show lower predictions. Ecological niche
models constructed using fivefold cross-validation and Maxent regulation value = 2.0. Coordinate system
GCS–WGS, 1984
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within the Mahatsinjo; Tsinjoarivo Protected Area (a highly fragmented site with 19

fragments less than 7 ha, eight fragments of 10–40 ha and one fragment of 192 ha) from

1342–1643 m elevation; and one fragmented site ([15 km from intact forest) within the

Ialatsara Forest Station (*2000 ha) from 1300–1500 m elevation. In addition, we also

used camera trap data collected by the Tropical Ecology Assessment and Monitoring

(TEAM) Network (Jansen et al. 2014) undertaken by the Centre ValBio research team at

Ranomafana National Park. We used data collected in 2010 from three primary rainforest

sites within the protected area; these sites did not overlap with two aforementioned surveys

within Ranomafana National Park.

At each study site we established camera grids, consisting of 10–31 camera stations per

grid which ran for an average (±SD) of 61 ± 9 days per site, thus providing 400–1570

trap nights per survey (Gerber 2011; Rasambanarivo unpublished data; Farris 2014). At

each camera station we placed two digital (Reconyx PC85 & HC500, Wisconsin, USA;

Moultrie D50, D55, MCG12597, & M-880 Alabama, USA; Cuddeback IR, Wisconsin,

USA) and/or film-loaded (DeerCam DC300) remote sensing cameras on opposing sides of

existing human (0.5–2.0 m wide) and wildlife (\0.5 m wide) trails and spaced camera

stations approximately 500–600 m apart. We offset cameras to prevent mutual flash

interference and checked cameras every 5–10 days to change batteries, memory cards and/

or film, and to ensure proper functioning. We placed cameras 20–30 cm off the ground and

allowed them to run for 24 h. At Masoala-Makira and Betampona camera survey grids, no

bait or lure was used; however, bait was used at the Ranomafana camera survey grids, but

it was found to have no influence on density, maximum movement distances, or activity

patterns of carnivores (Gerber et al. 2012a). For all taxa, we restricted the analyses to the

eastern escarpment (Fig. 1).

Environmental variables

We used 21 environmental variables for Asia and Madagascar in our ENMs. These

included 19 climate variables (Online Resource 1), an elevation layer and the Normalized

Difference Vegetation Index (NDVI). Climate variables were obtained from WorldClim

database at ca. 1-km resolution and described temperature and precipitation means, sea-

sonality and biologically limiting extremes (Hijmans et al. 2005). The elevation variable

was also obtained from WorldClim (Hijmans et al. 2005). We used NDVI to provide

information about vegetation cover within our study regions. The NDVI datasets for

Madagascar and Asia were downloaded from Copernicus Global Land Service—SPOT

vegetation (VGT) portal: (http://land.copernicus.vgt.vito.be/PDF/portal/Application.

html#Home). SPOT-VGT products are a compilation of satellite imagery data strips

acquired in a 10-day maximum vegetation composite circle at a spatial resolution of 1-km.

The composites covering Madagascar were acquired on 13 April 2014, and those covering

Asia/Oceania were acquired on 25 May 2014. All images were georeferenced to the

Geographic Coordinate System and WGS84 ellipsoid. SPOT-VGT sensors have higher

revisit periods (more recent), improved radiometric sensitivity (discriminatory ability),

reduced geometric distortions (Gobron et al. 2000) and four spectral bands in the visible to

near infrared region of the electromagnetic spectrum. Elsewhere they have been deter-

mined to have high similarities in inter-annual trends based on phenological parameters

and seasonal amplitude with MODIS (Yin et al. 2012). The 21 environmental variables

were all resampled to the same resolution (exactly 1-km).
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Ecological niche models (ENMs)

Ecological niche models were developed with Maxent software v.3.3. Maxent uses pres-

ence-only records to estimate the probability of occurrence for a species, which can then be

used to discriminate suitable and unsuitable habitats (Phillips et al. 2006). We used

Maxent, as opposed to other ENMs (e.g., BIOCLIM, Boosted Regression Trees,

DOMAIN) because: (i) it has been shown to perform well in comparison to other methods

(Elith et al. 2006; Pittman and Brown 2011); (ii) techniques can be adopted to improve its

overall performance (e.g., target-group background to correct for sampling bias and

adjusting regularization multiplier to produce better model fit); and (iii) occurrence records

for D. melanostictus and carnivores were presence-only.

Occurrence records for D. melanostictus were downloaded from GBIF and 21 envi-

ronmental variables were used to generate ENMs. For D. melanostictus, the model was

trained for its native habitat in Asia and projected to Madagascar. Since many GBIF

occurrence records are taken from herbaria and museums, they may exhibit spatial bias in

sampling effort (Reddy and Dávalos 2003). We used target-group background, rather than

random background to account for this potential sampling bias in occurrence records

(Phillips et al. 2009). The target-group background approach suggests that choosing

background data with the same sample selection bias as the occurrence records is likely to

increase predictive performance of ENMs (Searcy and Shaffer 2014). We used amphibians,

mammals and plants as the target-group, since occurrence records for species within those

taxa would have been sampled with a similar bias as D. melanostictus. These occurrence

records for target-groups were obtained from GBIF. Ecological niche models for carni-

vores’ predicted range were constructed in Madagascar. We developed models for D.

melanostictus and carnivores using fivefold cross-validation and assessed model perfor-

mance on the held-out (i.e., test) folds. Receiver-operating characteristic curves (ROC)

were constructed for each fold and the area under the curve (AUC) was used to compare

model performance (Fielding and Bell 1997). For each fold, we calculated the test omis-

sion rate by generating binary predictions using equal sensitivity and specificity and used a

one-tail binomial test to assess whether the observed omission rate was greater than

expected compared to a random prediction (Anderson et al. 2002). We adjusted regulation

multipliers from the default for each species based on preliminary tests that sought to

maximize AUC values and minimize overfitting (difference between calibration and

evaluation AUC) (Radosavljevic and Anderson 2014). Therefore, we set the Maxent

regularization to 2.0 for D. melanostictus, as well as for E. goudotii, G. fasciata and S.

concolor and the default value of 1.0 for C. ferox, f. fossana and G. elegans. We relied on

the default settings for other model parameters. The ENMs developed (for carnivores and

toad) were a necessary pre-requisite for quantifying niche breadth and niche overlap, as

well as the predicted distribution of D. melanostictus in Madagascar and Asia. We have

provided the details of those results in supplementary materials (Online Resource 2, 3).

Quantifying niche similarity and overlap

We used a multivariate background test described by McCormack et al. (2010) to quantify

the predicted niche overlap between each carnivore and D. melanostictus. Unlike some

other niche overlap methods (e.g., identity test; Warren et al. 2008, 2010), the background

test does not summarize environmental data into a single value, allowing each niche axis to

be examined separately. The background test was used to answer the following: will
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environmental niches in the predicted invaded area be more or less similar to that found in

the native habitat of D. melanostictus, and will that lead to high or low predicted niche

overlap with Madagascar’s carnivores?

Values for the 21 environmental variables were drawn from observed occurrence points

for the carnivores and D. melanostictus. The common toad’s predicted invasion distribu-

tion within Madagascar (see ‘‘ENMs’’ section for details) was used for the ‘observed’

occurrence points and 500 points were randomly chosen within that area. A total of 500

background points were randomly drawn for both carnivores and D. melanostictus using

ArcGIS v10.1 (ESRI 2012). Carnivores’ background points were drawn from their known

geographical ranges within Madagascar (Farris et al. 2012; Goodman 2012) and con-

strained by the vegetation layer (i.e., NDVI), since viable populations for these species

were known to only occur in forested habitats. Background points for D. melanostictus

were drawn from a 1-km buffer surrounding observed occurrences from within its native

range (Fig. 2).

The 19 bioclimatic variables were strongly correlated (i.e., -0.85[R[ 0.85). To

prevent these correlations from biasing results toward detecting only processes associated

with temperature or precipitation, we used a principle components analysis (PCA) to derive

two independent, uncorrelated climate axes: temperature and precipitation (see Online

Resource 1). These climate axes were derived by performing a PCA on the 11 most

commonly used temperature variables and eight most commonly used precipitation vari-

ables in niche modeling, respectively (Online Resource 1). We extracted scores from the

first PCA axis for each species to represent independent temperature and precipitation axes.

These two derived climate axes, along with elevation and NDVI, were used as environ-

mental variables in the background tests. This approach allowed a comparison between

background environmental variables for D. melanostictus and the six carnivores, where all

taxa were analyzed across their complete environmental niche breadth.

On each of the four axes, niche overlap was tested against a null model of background

divergence by comparing observed mean differences to the differences in mean back-

ground values. The null hypothesis is that the mean divergence in background environ-

ments is equal to mean divergence in observed niche (on each niche axis assessed). The

carnivores’ niches were compared to that of D. melanostictus and were considered similar

(overlap) if the observed value falls below the 95 % CI of the null distribution (i.e.,

differences between background points are less than differences between the observed

occurrence points). We used a two-tailed test to determine significance and performed

1000 bootstrapped replications. These analyses were performed using scripts in R 3.0.3 (R

Development Core Team 2012).

Quantifying observed niche breadth and niche overlap

Both estimates of niche breadth and overlap were based on outputs from Maxent-generated

ENMs. The degree of habitat specialization was quantified by measuring the niche breadth

for each carnivore, which was estimated from predicted suitability values from ENMs. We

quantified niche breadth with Levins’ (1968) inverse concentration metric, which was

scaled such that 0 is minimum and 1 is maximum possible niche breadth over the modeled

landscape (Nakazato et al. 2010). We performed a Pearson’s correlation between observed

niche overlap and niche breadth to determine if habitat specialization influenced the

likelihood that environmental niches of carnivores and D. melanostictus might converge.

Niche overlap between carnivores and D. melanostictus was estimated using Schoener’s

D and Hellinger’s I (Warren et al. 2008), both of which range from 0 (no overlap) to 1
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(complete overlap). Niche overlap and niche breadth measurements were implemented in

ENMtools (Warren et al. 2010) and the correlation was performed in R 3.0.3 (R Devel-

opment Core Team 2012).

Results

Niche similarity between D. melanostictus and carnivores

Overall, results showed strong support for niche overlap between the non-native Asian

common toad, D. melanostictus and the six endemic carnivores within Madagascar’s

eastern rainforest. However, the degree of overlap varied depending on the environmental

niche axes considered. The multivariate background test showed a mixture of niche overlap

and divergence between D. melanostictus and the six carnivores. On the precipitation axis,

there was significant overlap between D. melanostictus with C. ferox and with G. fasciata,

but no predicted overlap with E. goudoutii, F. fossana, G. elegans, or S. concolor

(Table 2). There was significant overlap between D. melanostictus and five of the carni-

vores (except G. fasciata) on the temperature axis (Table 2). In addition, all carnivores

except C. ferox showed significant niche overlap with D. melanostictus on the NDVI niche

Table 2 Results for observed niche overlap (for Schoener’s D and Hellingers I, niche breadth and back-
ground test between six native carnivores and D. melanostictus

Cryptoprocta
ferox

Eupleres
goudotii

Fossa
fossana

Galidia
elegans

Galidictis
fasciata

Salanoia
concolor

Niche overlap

D 0.24 0.22 0.26 0.26 0.30 0.28

I 0.54 0.48 0.54 0.54 0.58 0.55

Niche breadth 0.05 0.13 0.04 0.07 0.15 0.11

Background testa

Precipitationb 1.4 (O) 2.3 (D) 0.88 (D) 0.76 (null) 1.2 (O) 3.4 (D)

Axis (2.4, 3.0) (1.4, 2.0) (0.06, 0.64) (0.67, 1.2) (1.4, 2.0) (1.7, 2.3)

Temperatureb 2.5 (O) 1.7 (O) 3.2 (O) 3.4 (O) 2.8 (D) 0.28 (O)

Axis (3.4, 4.1) (2.2, 2.9) (16.4, 17.0) (15.8, 16.5) (1.6, 2.2) (1.0, 1.8)

NDVI 0.18 (null) 0.18 (O) 0.17 (O) 0.16 (O) 0.15 (O) 0.17 (O)

(0.17, 0.22) (0.23, 0.27) (0.22, 0.27) (0.19, 0.24) (0.22, 0.26) (0.24, 0.29)

Elevation 310.0 (null) 193.8 (O) 423.0 (null) 474.3 (null) 401.0 (null) 19.20 (O)

(217.5, 355.2) (380.6, 516.9) (343.6, 473.7) (430.7, 562.4) (383.3, 522.0) (33.50, 161.6)

a Background test shows predicted niche overlap between Duttaphrynus melanostictus and six carnivores in
Madagascar. Values are based on mean differences between D. melanostictus and each species for each
variable (and PCA axes). Bold values indicate significant niche overlap (O) or divergence (D) compared to
the null model of background divergence between D. melanostitcus and each species’ respective ranges. The
95 % confidence intervals (CI) from 1000 bootstrapped replicates are shown in parentheses. NDVI refers to
Normalized Difference Vegetation Index
b The climate variables were obtained from WorldClim (Hijmans et al. 2005); we used a principle com-
ponents analysis (PCA) to derive two independent, uncorrelated climate axes based on 19 climate measures
related to precipitation and temperature (see Online Resource 1)
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axis (Table 2). Results for elevation were equivocal: E. goudoutii and S. concolor were

predicted to overlap with D. melanostictus on that niche axis, while the remaining species

were not significantly different from null expectations (Table 2). The first PCA axes

explained the greatest amount of variation for each species: D. melanostictus = 0.78 and

0.87; C. ferox = 0.97 and 0.95; F. fossana = 0.96 and 0.92; E. goudoutii = 0.98 and 0.85;

G. elegans = 0.96 and 0.91; G. fasciata = 0.95 and 0.93; S. concolor = 0.97 and 0.97 for

temperature and precipitation, respectively.

There was a significant positive correlation between niche overlap and breadth, where

species with broad geographical distributions and less restricted climatic niches also had

high overlap with D. melanostictus. Results were similar for Schoener’s D (R = 0.932,

t0.05, 4 = 4.38, P = 0.007; Table 2) and Hellingers I (R = 0.862, t0.05, 4 = 2.97,

P = 0.027; Table 2). Contrary to expectations, G. fasciata and S. concolor had among the

largest niche breadths (Table 2).

Discussion

Niche similarity and overlap: background test

This study helps to predict the extent of an incipient invasion in a top biodiversity hotspot

and suggests considerable niche overlap between naı̈ve native predators and a non-native

toxic prey. The potential spread of the Asian common toad, D. melanostictus, across

Madagascar’s eastern rainforest presents an additional threat to the six endemic carnivore

species occupying these forests and represents a pressing management issue demanding

targeted control efforts. Our finding that D. melanostictus and five of six carnivores in this

study are predicted to overlap along the temperature axis is consistent with the conclusion

that carnivores and this non-native toad are likely to have similar climatic niche charac-

teristics (Online Resource 2, 3 and Pearson 2015), particularly due to the similar tem-

perature regimes between the eastern region of Madagascar and D. melanostictus’ native

range in Asia (Kolby 2014). Generally, Madagascar’s carnivores show dependence on

intact forest and appear to be highly sensitive to forest degradation and fragmentation

(Gerber et al. 2012c; Goodman 2012; Farris et al. 2015b). Therefore, our finding that D.

melanostictus may converge with five of the carnivores on the vegetation cover niche axis

(a non-climate variable) is also of major concern; this suggests that the toad is capable of

expanding beyond its current distribution in Madagascar, which for the moment remains

within the urban area of Toamasina and nearby disturbed forests (Moore et al. 2015).

Model results indicating that D. melanostictus and S. concolor overlap on three of the four

environmental axes (except precipitation) were unexpected given the restrictive elevation

range of S. concolor within a portion of the eastern Madagascar rainforest (Farris et al.

2012; Goodman 2012). Similarly surprising was the lack of observed niche overlap

between D. melanostictus and C. ferox along NDVI and elevation axes, since the latter is

one of Madagascar’s most wide-ranging carnivores and is known to move through primary,

degraded, and non-forest habitats (Hawkins 2003; Gerber et al. 2012c). It is unclear

whether this result is an artefact of the modeling technique (i.e., background test) or due to

exclusion of relevant climate and environmental variables (see below). The niche breadth

results for G. fasciata and S. concolor run contrary to our expectations, as they were

predicted to have narrow ranges and restricted environmental niches. The best explanation

for this is that although these species are widespread, they are locally rare and ENMs on
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which the niche breadth measurement is based are unable to capture the complexity of their

habitat selection. Given the high niche overlap with D. melanostictus, such species

nonetheless may be more likely to encounter the toad and potentially consume it. These

two rare carnivores consistently have the lowest probabilities of occurrence across eastern

rainforest habitats (Farris et al. 2015b; Gerber et al. 2012c) and the potential for additive

mortality resulting from the consumption of D. melanostictus poses even greater risk for

these little known species.

This study offers valuable information about potential interactions between an incipient

invader and native species across trophic levels; however, we advocate a degree of caution

when using background tests to infer local-scale processes from large-scale spatial analyses

as presented here. Although the background test can assess the differential use of habitats

within larger ranges (McCormack et al. 2010), it may be difficult to ascertain potential

niche overlap at small spatial scales, which may further complicate conservation approa-

ches for species with narrow ranges and restricted environmental niches. For instance,

environmental niche axes showed conflicting patterns of overlap for each species (e.g.,

overlap, divergence, and no difference from null) and none of the carnivores was predicted

to overlap with D. melanostictus on all axes. This suggests that niche overlap is likely to be

driven by multiple environmental determinants. It would therefore be informative to

investigate whether local-scale trophic interactions between D. melanostictus and these

carnivores are likely to be driven by all or a suite of environmental variables used in this

study to elucidate potential patterns of overlap and areas of direct interaction. Of equal

importance to appropriate spatial scales is the selection of relevant climate and environ-

mental variables when developing the background test (Elith and Leathwick 2009; Warren

2012). We note that although it is possible for divergence to occur along niche dimensions

not included in our study, the PCA axes used for this analysis, as well as elevation and

vegetation cover, accounted for variables likely to be biologically relevant to both D.

melanostictus and these carnivores. They are also the most common environmental vari-

ables in niche modeling, suggesting that these results are robust or at least comparable.

Management and conservation implications

One of the conservation priorities vis-à-vis the introduction of D. melanostictus should be

monitoring the carnivore fauna in Madagascar and developing management actions tai-

lored for these animals. Specifically, we recommend tracking toad incursions across rel-

atively large areas and multiple, distinct habitat types within their range using walking

transects, drift fences and pit-fall traps. Additionally, surveys of D. melanostictus and

carnivores should be conducted in forest fragments near the invasion area and repeat

surveys within protected areas near Toamasina (e.g., Corridor Ankeniheny Zahamena

(CAZ), Mangerivola Reserve and Betampona Reserve). Our results suggest that particular

attention should be given to E. goudotii and S. concolor due to a combination of high

predicted niche similarity with D. melanostictus, biodiversity benefit (i.e., localized rarity),

and scarcity of information concerning their natural history, behavior, and ecology. We

should also note that the point source for the introduction of D. melanostictus (Toamasina)

is in close proximity to the range of S. concolor and may warrant the closest monitoring.

The results for G. fasciata were equivocal. Indeed, despite being locally rare, both G.

fasciata and S. concolor exhibited high niche breadth values. Fossa fossana and G. elegans

appear to be widespread, generalist carnivores with a highly variable diet and ability to

occupy a wide range of habitat types (Goodman 2012). The expansive occurrence and

broad diet of these carnivores may increase encounter rates with—and consumption rates
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of—D. melanostictus; however, their adaptability, including an ability to persist despite

numerous anthropogenic pressures may not warrant the same conservation management

response as required for the other native carnivores. As mentioned, we lack much infor-

mation on the natural history and ecology of these carnivores, as well as D. melanostictus,

and increasing our knowledge of these species will allow us to more accurately identify

and mitigate threats posed by their emergent interactions in Madagascar.

Effective control or eradication of D. melanostictus will likely require multi-faceted

approaches. The most cost effective post-introduction strategy is a swift and targeted

eradication program while population sizes remain small (Kolby 2014) and it should be

undertaken within the urban, agricultural, and Eucalyptus forest areas highlighted by

Moore et al. (2015) and McClelland et al. (2015). Both Pearson (2015) and our results

(Online Resource 2, 3) suggest that targeted conservation action should focus within this

region since the invasion path of D. melanostictus will most likely extend from Toamasina

along the eastern escarpment. However, Mecke (2014) warns that eradication may have

unintended consequences to co-occurring native species and the ecosystems they occupy,

while Andreone (2014) argues swift action is likely to be vital for diminishing the initial

widespread invasion of D. melanostictus. Other studies highlight the importance of

understanding the ecology and behavior of IAS, particularly within their novel environ-

ment, prior to developing a management strategy (Ward-Fear et al. 2010). Particular

attention should also be given to documenting whether the range of D. melanostictus

becomes coincident with any of these carnivores, as well as other predators not included in

our analyses (e.g., Acrantophis madagascariensis, Madagascar ground boa). Early and

continued monitoring of D. melanostictus—as is occurring with the Amphibian Specialist

Group in Madagascar—will enable researchers to detect possible niche shifts that may

allow it to spread to the interior and more semi-arid regions of the island (e.g., dry

deciduous forest).

Finally, recent photographic sampling and population modeling for Madagascar’s car-

nivore community occupying eastern rainforest habitat has pointed to the precipitous

increase in exotic carnivore species (small Indian civet Viverricula indica, domestic dog

Canis familiaris, and feral cat Felis species) occupying primarily degraded forest and non-

forest areas (Gerber et al. 2012c; Farris et al. 2015b). The spatial and temporal overlap

among native carnivores and a burgeoning exotic carnivore population suggests increased

interactions across the landscape (Farris et al. 2015c; Farris et al. In press). In addition,

these exotic carnivores are a nuisance and threat to Malagasy people as they consume

domestic poultry and spread disease to native wildlife, domestic pets, livestock, and

potentially humans (Brockman et al. 2008; Gerber et al. 2012b; Goodman 2012; Kotschwar

et al. 2014; Farris et al. 2015a). It is possible that the toxic D. melanostictus may help

control exotic carnivore populations occupying degraded and non-forested areas across the

Toamasina region (S. Goodman, pers. comm.) given that these species have been observed

and/or are believed to consume frogs across their range. Additional research is needed on

the diet and behavior of these exotic carnivores to determine if they will consume the toad

and what impact this interaction may have on the distributions of both predators and prey.

The underlying assumption here is that overlap between a carnivore and D. melanos-

tictus along one or more niche dimensions will lead to consumption or other direct

interaction. We also assume that carnivores that eat D. melanostictus will be susceptible to

its toxins and are therefore at risk since their populations may not be robust enough to

adapt quickly to this emergent threat. The likelihood of these scenarios occurring is dif-

ficult to estimate. We know that mammals are behaviorally adept at switching prey and can

have high tolerance for toad toxins (Beckmann and Shine 2009). Despite that observation,
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populations of snakes, crocodiles, and carnivorous mammals declined dramatically during

Rhinella marina (formerly Bufo marinus; cane toad) invasion of Australia (Shine 2010).

Rather than diminish our results, these caveats suggest that the Asian common toad

invasion should be closely monitored to determine whether Madagascar’s carnivore fauna

does consume this novel prey item and, if so, the extent to which their populations are

negatively affected.

Conclusions

Madagascar’s ecosystems contain some of the highest levels of biodiversity in the world,

but are highly susceptible to—and already suffer from—alien invasive species. Our study

highlights a nascent threat to the poorly-studied endemic carnivore community already

threatened by a wide range of anthropogenic pressures. It provides evidence from niche

models suggesting that eastern rainforest carnivores will likely overlap with this potential

prey species. These results should be used to inform a strategy for tracking the spread of

the Asian common toad through a pre-invasion risk assessment that determines the eco-

logical niche dimensions that predators and prey may share. More targeted conservation

actions can then concentrate on areas with environmental conditions that fall within limits

known to drive niche similarity between the toad and carnivores. For example, conser-

vation authorities might focus on marsh or stream locations within forest habitats where D.

melanostictus and E. goudotii are likely to have the greatest number of interactions. We

advocate closely monitoring carnivores that are likely to overlap with D. melanostictus on

multiple niche dimensions, particularly E. goudotii and S. concolor. Moreover, given the

potential overlap with all endemic carnivores, we advocate preemptive strategies and

action plans of McClelland et al. (2015) to slow toad incursions and to eradicate or reduce

their populations. In particular, we point to the need for the establishment of biosecurity

measures to prevent the spread of toads to new areas, density estimation of toads within

and bordering the invasion area, implementation and testing of a wide-range of detection

and removal techniques, and establishment of a local governance and leadership body to

oversee these efforts. We suggest these management actions, when combined with repeat,

wide-ranging photographic surveys of carnivore populations, will provide robust popula-

tion and range assessments and allow managers to monitor the impact of D. melanostictus

on Madagascar’s threatened carnivore community.
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