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Understanding the trophic interactions of introduced predators is key for evidence-based management of biological invasions. This is particularly important in oceanic islands, where predator-prey networks often include numerous endemic and range-restricted species. Geckos are successful island colonizers and in recent years numerous species have established populations in a wide array of oceanic islands. One such species is the Moorish gecko (Tarentola mauritanica), which has colonized multiple islands across the Mediterranean basin, Caribbean and Macaronesia. The species was first reported in Madeira Island in 1993 and over the last 30 years has colonized most of the islands' southern coast and expanded to the nearby island of Porto Santo. Here, we used DNA metabarcoding to provide the first insights into the diet of this successful colonizer in its introduced range. The species' diet was mainly composed of ground-dwelling arthropods belonging to the families Porcellionidae (Isopoda), Julidae (Diplopoda) and Formicidae (Hymenoptera). The diet richness and composition were not affected by neither sex nor size of adult geckos, instead they both change across populations. However, trophic niche-width differed among size classes, with smaller geckos feeding on a wider range of prey. We identified over 160 different Operational Taxonomic Units in the diet of T. mauritanica, with 21.6% of them belonging to introduced invertebrates and 13.6% to native species. Native prey taxa included the endemic Madeira wall lizard (Teira dugesii), the sole native reptile to Madeira. We also detected several agricultural pests and disease vectors in the diet of this exotic predator, and 19 taxa identified as prey had not yet been recorded to Madeira. Of these, several are serious agricultural pests, highlighting how this introduced gecko can be used as a natural sampler, in particular for the early detection of invasive arthropod pests. This study emphasizes the importance of trophic studies for monitoring the impacts of introduced predators in fragile insular systems.
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Introduction

Invasive species are a key threat to biodiversity at both the local, regional and global scales (Clavero and García-Berthou, 2005; McGeoch et al., 2010; Early et al., 2016). Their impact is particularly detrimental in oceanic islands, where they represent the main driver of population decline and extinction to numerous native taxa (Doherty et al., 2016). In fact, ca. 200 non-native reptile taxa were found to be established in at least one of 359 regions considered in a global analysis of reptile invasions, and the human-assisted expansion of reptiles to areas outside their native range was found to be accelerating, especially in islands (Capinha et al., 2017). Moreover, islands and coastal mainland regions are hotspots for the establishment of non-native species (Blackburn et al., 2016; Dawson et al., 2017), often hosting multiple non-native reptiles (Pitt et al., 2005), a group that is among the most successful and abundant vertebrates in small islands (Novosolov et al., 2016). Since insular ecosystems are generally unbalanced (often harboring a disproportionate number of empty niches compared to similar mainland areas), and various insular native species have evolved without predators, competitors or parasites, islands seem to be more susceptible to herpetofaunal invasion (Whittaker and Fernández-Palacios, 2007).

Advances in high-throughput sequencing and DNA metabarcoding allow for the simultaneous analysis of the diet of hundreds of animals from low quality/quantity eDNA in fecal or stomach contents (Taberlet et al., 2012; Alberdi et al., 2019; Ando et al., 2020). Molecular scatology studies offer important insights into the demographic effects of a predator over different types of prey and sometimes allow for the identification of potential suppressors of agricultural pests and disease vectors (e.g., Kemp et al., 2019; Tiede et al., 2020). Compared to morphology-based diet analysis, molecular techniques offer a higher resolution of an animal's diet (Gil et al., 2020) and, in the case of invasive predators, it offers a promising, non-invasive approach to assessing the prey base and consequently, impact of non-native species (Plimpton et al., 2021). These studies are particularly important in insular systems, where predator-prey networks might often include numerous endemic species, many of which with soft bodies that often go undetected in morphology-based studies.

Geckos are one of the most frequently introduced reptiles, with several species known to have successfully established new populations outside their native ranges, often with adverse ecological consequences (Hoskin, 2011; Buckland et al., 2014; Perella and Behm, 2020). Yet, although voracious predators, studies targeting the diet of introduced geckos are rare, especially those under a genomic approach (but see e.g., Cummings et al., 2021; Lamb et al., 2021; Romero-Cordero, 2021). Although some studies have used DNA metabarcoding to investigate the diet of insular geckos (Pinho et al., 2018; Lopes et al., 2019; e.g., Gil et al., 2020), these studies are predominantly from islands without continuous human occupation. Accordingly, while able to highlight the potential of geckos as sentinels of previously unrecorded species (see e.g., Santos et al., 2022), they did not focus on the assessment of their potential consumption of agricultural pests or human disease vectors.

The Moorish gecko, Tarentola mauritanica (Linnaeus, 1758), a complex of species encompassing six putative distinct taxa (Rato et al., 2016), is widespread throughout North Africa, most of the Iberian and Italian peninsulas and multiple other Mediterranean coastal regions (Vogrin et al., 2017). However, due to its frequent association to human settlements and capacity for long-distance dispersal, it has been introduced in multiple mainland and island regions across the Mediterranean basin, Macaronesia, Caribbean as well as North and South America (Carranza et al., 2000; Harris et al., 2004a,b). Although T. mauritanica is perceived as a voracious crepuscular predator (Martínez-Rica, 1974), the only studies devoted to the species' diet are based on morphological scatology of Spanish populations (Gil et al., 1994; Hódar et al., 2006). Hence, the prey base of T. mauritanica is unknown throughout much of the species' range, including the island ecosystems to which it has been introduced. However, some other dietary genomic studies have already assessed the diet of other species of insular Tarentola, such as T. gigas from Cabo Verde (Pinho et al., 2018; Lopes et al., 2019), and T. (boettgeri) bischoffi from Selvagens (Gil et al., 2020). Both species were found to have a generalist diet, feeding on vertebrates, invertebrates, and plants. The same generalist diet is also observed in T. mauritanica (Gil et al., 1994; Hódar et al., 2006).

In Madeira Island, T. mauritanica was first reported by Báez and Biscoito (1993) in a small locality, Garajau, 8 km east of Funchal but it now inhabits most of the island's south coast (Rato et al., 2021; Silva-Rocha et al., 2022). Furthermore, it has colonized the nearby island of Porto Santo (Jesus et al., 2008) and, according to its bioclimatic and environmental affinities, it is likely to further expand its range in Madeira, including some areas of the northern coast of the island, where it has not yet been recorded (Silva-Rocha et al., 2022).

Due to differences in size, sexes and ontogenic stages in ectothermic species, these groups often occupy singular ecological niches, with distinct food sources, and selective pressures (Werner and Gilliam, 1984; Bowler and Terblanche, 2008). This often translates into within-species differences in phenotypic traits and to shifts in the types and characteristics (e.g., size, hardness and locomotion) of food consumed. In T. mauritanica, variation in bite force is mostly determined by size variation and sexual dimorphism (Massetti et al., 2017, 2018). Additionally, differences in speed locomotion are also related to size and sex (Oliveira et al., 2022). Hence, it is expected that different size classes and sexes of T. mauritanica might have distinct diet compositions.

Here, we provide the first assessment of the diet of T. mauritanica under a DNA metabarcoding framework. Based on fecal samples collected in Madeira, we assess how niche width, diet composition, and prey richness are affected by sex, population and size. We also investigate if this introduced lizard is consuming (i) endemic species of particular conservation concern, (ii) economically relevant agricultural pests, or (iii) arthropods that may act as vectors of zoonotic human or domestic animal diseases. We anticipate that T. mauritanica is likely to have a diverse diet, consuming numerous native and non-native species to Madeira. We predict that due to the species' sexual dimorphism, males and females are likely to exhibit different diets. Furthermore, we hypothesize that smaller animals are likely to have a more diverse diet, since their forced exploration of suboptimal niches will most likely lead to a less selective diet. Lastly, considering the limited knowledge about the entomofauna of the island we predict that previously unrecorded species to Madeira might be detected on the species' diet.



Materials and methods


Study area

The Madeira archipelago is an autonomous region of Portugal located in the Atlantic Ocean, circa 650 km of north-western Africa (Figure 1). Madeira's climate is conditioned by its complex relief, configuration, and orientation (Santos, 2018), possessing a diverse spatial distribution of land use and landscape management, with several types of interleaved habitats in a short area. Banana plantations and vineyards occupy most of the island's agricultural area, and both crops are known to be affected by a large array of invertebrate pests (Ribeiro et al., 2009). Madeira was an important center for commerce connecting Europe to the New World and as such many animals and plant species were introduced to the archipelago, among which were new competitors, predators and parasites (Press, 1993; Wetterer et al., 2007; Seixas et al., 2019; Clemens and Allain, 2020; Rocha et al., 2020; Rato et al., 2021).
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FIGURE 1
 Known distribution records of the Moorish gecko Tarentola mauritanica in Madeira Island represented by black hollow circles (retrieved from the Global Biodiversity Information Facility (GBIF) database, www.gbif.org), and sampling sites depicted with red circles. The inset map denotes the geographic location of Madeira Island.




Sampling

Fieldwork took place in September 2020. Six localities throughout the southern coast of Madeira were sampled (Ribeira Brava, Praia Formosa, Câmara de Lobos, Funchal, Caniço and Caniçal; Figure 1), all corresponding to urban or peri-urban humanized habitats. Sampling was performed at night (from 8 p.m. to 1 a.m.) to match the species' typical crepuscular activity pattern (Luiselli and Capizzi, 1999; Hódar et al., 2006; Mori and Plebani, 2012; Fulgione et al., 2019), also observed in Madeira.

Geckos were captured by hand or noose and received a belly massage to release fresh pellets. All fecal samples were preserved in 96% ethanol until DNA extraction was performed. A total of 150 pellets of T. mauritanica (135 adults and 15 juveniles), were collected during fieldwork: 23 in Ribeira Brava, 26 in Praia Formosa, 31 in Câmara de Lobos, 23 in Funchal, 24 in Caniço, and 23 in Caniçal. Additionally, adult individuals were sexed by inspecting for the presence of hemipenes in males, either by eye or with the help of a laser light placed against the skin dorsally to the cloaca (following Atzori et al., 2007), resulting in 55 males and 80 females. The snout-vent length (SVL) of each individual was measured to the closest 0.01 mm using an electronic caliper, and the weight was obtained using a digital scale. All measurements were taken by the same person (C. Rato) to eliminate inter-observer error. Sampling permits and protocols were approved by the Madeiran delegation from the Instituto para a Conservação da Natureza e Florestas (ICNF), described in the acknowledgments section.



DNA extraction and amplification

From the 150 T. mauritanica pellets collected, only 127 (117 adults; 10 juveniles), corresponding to 45 males and 72 females, were used, as the remaining ones had only uric acid material with nearly no diet content. First, a major part of the ethanol was extracted from the tubes using appropriate micropipettes, followed by a dehydration in an incubator at 50°C for 24 h to remove the remaining ethanol (following Pinho et al., 2018). After that, DNA from ~200 mg of each T. mauritanica fecal sample was extracted using the Stool DNA Isolation Kit (Norgen Biotek Corp., Thorold, ON, Canada) following the manufacturer's guidelines. Two 50 μL elutions from each pellet, including eight extraction control samples, were obtained, and stored at −20°C in 96-well plates until amplification. A short fragment (205 bp) of the mitochondrial cytochrome c oxidase subunit I (COI) was amplified by Polymerase Chain Reaction (PCR) using the FwhF2-R2n primers from Vamos et al. (2017). These were modified to include Illumina adaptors and a 0–5 bp shift made of Ns was added between the adaptor and the primer to increase sequencing diversity and quality. The six primer variations were then combined before PCR reactions, resulting in mixed forward and reverse primer single solutions. The PCR reaction was comprised by 5 μL of QIAGEN Multiplex PCR Master Mix (Qiagen, Crawley, UK), 0.3 μL mix of forward primers, 0.3 μL mix of reverse primers, 3.4 μL of ultra-pure water, and 0.1 ng of DNA extract. To obtain as much information as possible from each scat, three PCR replicates were performed per fecal sample. Cycling conditions consisted in an initial denaturation step at 95°C for 15 min, followed by 45 cycles of 95°C denaturing for 30 s, annealing at 52°C for 45 s, extension at 72°C for 20 s, and a final extension at 60°C for 5 min. Success of all amplifications was checked by running the PCR products in 2% agarose gels.



Library preparation

The library preparation started with an initial PCR clean-up using Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA) to remove primer dimer, followed by an indexing PCR to properly identify each amplified product. Indexing PCR was performed using 2.8 μL of ultra-pure water, 7 μL of 2 × Kapa HiFi, 0.7 μL of each Index (P7/P5), and 2.8 μL of cleaned PCR product. This was followed by the subsequent cycling conditions: initial denaturation of 95°C for 3 min, following 9 cycles of 95°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 30 s, and a final extension of 72°C for 5 min. PCR products underwent a second bead clean-up to remove remaining primer dimer, nucleotides, and enzymes that might interfere with the sequencing reaction.

Succeeding the mentioned steps, all cleaned diet samples were quantified using Epoch, and Nanodrop for confirmation, followed by a normalization to 20 nM and pool sampling. The final pool was diluted to 4 nM, tested for quality control in a TapeStation, and its concentration validated using qPCR. The library was run in a MiSeq sequencer (Illumina) using a MiSeq Reagent Kit v2 (Illumina, San Diego, CA, USA) for 2 × 250 bp target length and an expected average of 25.000 paired-end reads per sample.



Bioinformatics

Forward and reverse sequences were aligned using PEAR (Zhang et al., 2014), where base-pairs with q-scores lower than 26 were rejected. Afterwards, primer sequences were removed, and sample information was added to each assembled read using the “ngsfilter” command from OBITools (Boyer et al., 2016). Reads were then de-replicated into unique sequences (command “obiuniq”) and merged into a single fasta file. Finally, VSEARCH (Rognes et al., 2016) was used to denoise the dataset, remove chimeric sequences, cluster sequences into Operating Taxonomic Units (OTUs) of 99% similarity, and map raw reads to the resulting OTUs. The obtained OTU table and sequences were further cleaned using the R package LULU (Frøslev et al., 2017) to remove potential mtDNA nuclear copies and persisting PCR and sequencing errors.

Taxonomic assignment of OTUs was done using BOLDigger (Buchner and Leese, 2020) followed by manual inspection and curation, along with manual BLAST of some sequences on NCBI when species-level assignments were not possible with BOLD. The sequences with <90% of similarity were classified only to the class level, the ones with similarity between 90 and 95% were classified to the family level, and sequences presenting more than 95% of similarity were classified to the species or genus level (if sequences matched with several species of the same genus, the OTU was assigned to the genus level). In case of match with multiple genera or species, OTUs were assigned considering the species record in Madeira (Borges et al., 2008). After this step, all reads from OTUs identified in the eight extraction controls were subtracted from the corresponding sample batch (Evans et al., 2021), singletons (haplotypes with only one read) and replicates with fewer than 100 reads were discarded, and only OTUs present in at least two of the three replicates were maintained. Furthermore, OTUs identified as taxa unlikely to have been actively predated by T. mauritanica such as fungi, bacteria, and parasites, as well as known lab contaminations, such as humans (Homo sapiens) and pig (Sus scrofa), were not considered for further analysis.



Statistical analyses

Adult geckos were allocated to three size classes according to their SVL (small: 50.5–60.9 mm; medium: 60.9–71.3 mm; and large: 71.3–92.1 mm). Juveniles were not included in the analysis due to their small sample size. Statistical analyses were performed in R v.4.1.0 (R Core Team, 2021) and all figures were produced using the package ggplot2 v. 3.3.1 (Villanueva and Chen, 2019), unless stated otherwise.

Generalized Linear Models (GLMs) were used to estimate the effects of sex, population and size on individual prey richness (number of distinct prey taxa, i.e., OTUs, recorded per sample). Given that the data was not normally distributed (Shapiro-Wilk normality test: W = 0.942, P < 0.001), we fit a GLM with Poisson distribution using the function “lmer” from the package lme4 v.1.1-27.1 (Bates et al., 2014). Statistical significance of the GLM model was tested with a likelihood ratio test, using the function “anova” from the package car v.3.0-12 (Fox et al., 2012). Pairwise comparisons were performed with the function glht (Tukey test) from the package multcomp (Hothorn et al., 2008).

Permutational multivariate analysis of variance (PERMANOVA) was used to compare the diet composition between sexes, populations and size classes with the vegan R package (function “adonis”; Oksanen et al., 2013). Presence or absence of each prey OTU in each sample was used to build a Jaccard dissimilarity matrix using the “vegdist” function from the R package vegan (Oksanen et al., 2013). A homogeneity of dispersion test (PERMDISP) was also carried out to assess if the observed differences in PERMANOVA could be due to unequally dispersed values across the different groups (Anderson, 2006).

To calculate the diet niche-width of both sexes, populations and of the different size classes, prey rarefaction and extrapolation curves were built using the R package iNEXT v. 2.0.20 (Hsieh et al., 2016). Analyses were conducted with incidence frequencies for prey taxa.

Finally, a bipartite network was built using the package “bipartite” (Dormann et al., 2009) to represent the interactions between each gecko size class and their prey. Each interaction was further colored depending on whether the prey was known to be “native,” “introduced,” or of “unknown origin” (Borges et al., 2008; Aguiar et al., 2013; De Jong et al., 2014).




Results


Data filtering

The libraries generated ca. 14.7 million raw sequence reads, which were reduced to 10,867,717 reads during bioinformatic processing and 1,095 OTUs. Non-target amplification from different sources was observed both in samples, extractions, and PCR negative controls. Although representing 18.7% of the total reads, fungi, mainly ascomycota, represented most of the non-target OTU diversity (50.8%). An expected amount of T. mauritanica was observed as well, corresponding to 8.2% of read counts. Curiously, in 10 of the samples (4 adult females, and 6 adult males) we found the presence of two distinct haplotypes of T. mauritanica. After negative controls, singletons, replicates, and taxa filtering, the gecko's final diet dataset consisted in 6,851,212 reads from 127 samples and encompassed 162 OTUs (92 assigned to species-level).



Diet

From a total of 162 prey items detected, seven classes of Arthropoda (Arachnida, Chilopoda, Collembola, Diplopoda, Insecta and Malacostraca), one class of Mollusca (Gastropoda), and one class of Chordata (Reptilia), were identified (Supplementary Table S2). These encompassed at least 22 distinct orders, 74 families and 101 genera. In general, Porcellionidae, Julidae and Formicidae were the most frequent families in the diet of T. mauritanica, across almost all sampled populations (Figure 3).

The GLM analysis, indicated that neither sex (LR χ2 = 0.305; DF = 1; P-value = 0.581) nor SVL (LR χ2 = 0.028; DF = 1; P-value = 0.8866) showed an effect on the number of prey items consumed by T. mauritanica geckos, but richness was significantly different among populations (LR χ2 = 31.237; DF = 5; P-value < 0.001), with Caniçal and Caniço presenting the highest values of richness in contrast to Câmara de Lobos and Ribeira Brava with the lowest (Supplementary Figure S1). Nevertheless, none of the pairwise comparisons between population were statistically significant. Likewise, diet composition was not significantly different between males and females, nor among distinct size classes. However, diet composition was found to differ between populations (Table 1). Furthermore, the non-significance of the homogeneity of dispersion test (df = 5; SS = 0.027; Mean SS = 0.005; pseudo-F = 2.074; P-value = 0.074) supports this differentiation among populations.


TABLE 1 PERMANOVA results of the effects of sex, population, and snout-vent length (SVL) on the diet composition of Tarentola mauritanica.

[image: Table 1]

From the analysis of the rarefaction and extrapolation curves (Figure 2), populations, as well as females and males seem to feed on a similar range of prey items (females: 93–109; males: 91–112). Moreover, smaller geckos presented a wider trophic niche than larger ones, with a richness of 101 (90–113) prey items, in contrast with the 83 (77–90) and 60 (54–66) prey items in medium and large animals, respectively. For all rarefaction analysis, the minimum observed sample coverage was above 85%.
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FIGURE 2
 Diet rarefaction/extrapolation curves for (A) Populations, (B) sex (M, male; F, female) and (C) size (S, small; M, medium; L, large), obtained according to the number of sampling units (left) and sample coverage (right) using iNEXT package from R.


Out of the 92 species identified to be consumed by T. mauritanica (Supplementary Table S2), 21 are known to be native to Madeira representing ca. 3.1% of the gecko's diet (Figure 3). Most of these native species do not yet have their conservation status assessed. The exceptions to this, namely Aiolopus thalassinus thalassinus, Amegilla quadrifasciata maderae and the lizard Teira dugesii are listed as Least Concern (LC). The latter, T. dugesii, is the only native reptile species of the Madeira archipelago and was detected in 26.8% of the samples. Moreover, out of the 92 identified species, 19 of these taxa have not yet been recorded in Madeira. Although most of these new taxa occur in relatively low frequency in the samples (between 0.79 and 11.81%), the ant Nylanderia jaegerskioeldi, the pill-bug Armadillidium vulgare, and the woodlouse Porcellionides pruinosus appear in more than 20% of the scats. Species classified as introduced encompassed 31.7% of the diet of the Moorish gecko, with the species Ommatoiulus moreleti (63.8%), Periplaneta americana (30.7%) and Xystrologa grenadella (27.6%) being the most frequently detected across samples (see Figure 3). In fact, the millipede Ommatoiulus moreleti was the most consumed prey by T. mauritanica.
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FIGURE 3
 Frequency of occurrence network showing the Operating Taxonomic Units (OTUs) ingested by the different size classes of Tarentola mauritanica. Size interval (in mm) of each class is represented to the left of the figure. White lines separate the different OTUs, and the colouration is according to their taxonomic Order. The figure also depicts the most consumed introduced species (Ommatoiulus moreleti, Periplaneta Americana, and Xystrologa grenadella), and families (Porcellionidae, Formicidae, and Julidae).


We identified multiple species of agricultural insect pests as prey of T. mauritanica in Madeira—e.g., Paratrechina longicornis, Nezara viridula, Aphis gossypii, Viteus vitifoliae, Opogona sacchari, Sophonia orientalis, and Linepithema humile (Aguiar, 2005; Aguin-Pombo et al., 2007; Ribeiro et al., 2009). Furthermore, although we did not record the dengue vector Aedes aegypti—that in Madeira's south coast is currently sympatric to T. mauritanica—to be a prey of T. mauritanica, we detected Culex theileri, a known vector of several diseases such as the dog heartworm.




Discussion

This study provides the first metabarcoding assessment of the diet of T. mauritanica and is one of the first to use this technique to evaluate the diet of a non-native reptile in an oceanic island. We detected 162 prey items, including seven different classes of invertebrates, and the only native reptile to Madeira, the Madeira wall lizard Teira dugesii. The presence of two distinct haplotypes of T. mauritanica in 10 of the scat samples, may provide evidence that one of the haplotypes is associated with a T. mauritanica that might have felt prey to a conspecific gecko, to which the second haplotype belongs to. This suggests possible cannibalism and aligns with extensive previous observational evidence of cannibalism upon juveniles of T. mauritanica (e.g., Franco, 1980; González de la Vega, 1988; Salvador, 2016). Moreover, T. mauritanica is an extremely territorial species (Lozano-Del Campo and García-Roa, 2014; Martín et al., 2018), and antagonistic interspecific interactions are very common. Although it is hard to assess which kind of behavior led to these findings, this study is indeed the first DNA- based contribution to the topic.

We found that neither sex nor size influenced the diet richness or composition (Table 1). Likewise, Gil et al. (1994) found that the diet overlap between age and sex classes of T. mauritanica was generally high, for both prey size and type. Tarentola mauritanica has marked sexual dimorphism, with males being larger than females and able to bite harder (Massetti et al., 2017, 2018). Yet, although diet was expected to differ between sexes—as males have the capacity to feed on larger and harder prey—we found no sex-related differences in diet composition. This might reflect that the observed phenotypic sexual dimorphism in T. mauritanica might be mostly associated with male-male antagonism and mate acquisition, a known driver of sexual selection (e.g., Herrel et al., 1999a,b; Lappin and Husak, 2005; Husak and Fox, 2006; Husak et al., 2009). On the other hand, GLM results suggest that diet richness differs between populations (Table 1), likely reflecting spatial differences in prey availability (but see Borges et al., 2008).

We found that smaller animals have a wider niche than larger individuals (Figure 2). Tarentola mauritanica is extremely hierarchical, territorial and philopatric, with larger individuals selecting the best refugia and the not-so-far-away surrounding and top resources (wMartín et al., 2014; Martín et al., 2018). Hence, this spatial niche segregation might be inducing differences in trophic niche width among age classes, with smaller animals exploring suboptimal areas with poorer food resources, and where they cannot afford to be more selective.

Our findings are in line with other dietary studies based mainly on morphological examinations (Gil et al., 1994; Hódar et al., 2006), as well as with other recent metabarcoding studies targeting Tarentola geckos from the Cabo Verde and Selvagens archipelagos (Pinho et al., 2018; Gil et al., 2020). All studies highlight the generalist diet of the genus Tarentola, which is also corroborated in this study. Gil et al. (1994) and Hódar et al. (2006) identified coleopterans, arachnids, hymenopterans, lepidopterans and insect larvae as the most important groups in the diet of T. mauritanica. On the other hand, prey items such as oligochaetes, mites, springtails, aphids, termites, reptiles and fruits, were scarce. Morphology-based diet studies tend to underestimate soft-bodied prey incidence since only partially undigested items from soft body prey can be detected (Ingerson-Mahar, 2002), a limitation not affecting metabarcoding studies. Thus, although the results cannot be compared in a straightforward way, the diet composition in all studies was almost exclusively composed by arthropods, with Insecta representing the predominant class in all studies. Additionally, our metabarcoding study allowed for higher taxonomic resolution than morphology-based diet studies, with most prey items identified to the species-level (Supplementary Table S2).

The predominance of Porcellionidae, Julidae and Formicidae in the diet composition (Figure 3), can either indicate that these taxa are particularly abundant, or maybe reflect a genuine preference of T. mauritanica for these families compared to other prey in Madeira. Irrespective of the sampling location, Ommatoiulus moreleti (Family Julidae), a millipede native to the western Iberian Peninsula (Bailey and Mendonça, 1990), was the most consumed prey. In both their native range and in Madeira, T. mauritanica and O. moreleti overlap in distribution (Baker, 1984). Moreover, in Madeira, T. mauritanica is selecting more Mediterranean-like climates, which are more similar to the ones in its native range (Silva-Rocha et al., 2022). Hence, the detection of O. moreleti across most populations is an indication that this millipede is available in all of them, but its preference as prey could mean that apart from selecting Mediterranean environmental areas, the populations of T. mauritanica in Madeira are also choosing prey from their native geographic range.

Most identified prey groups comprised ground-dwelling arthropods (e.g., Julidae, Porcellionidae and Formicidae). These might be indicative that foraging can also take place on the ground, going in line with the previous research from Sánchez-Piñero (1994) and Hódar and Pleguezuelos (1999). Nonetheless, this strategy has only been observed in Mediterranean arid areas, where the availability of prey is lower, forcing the species to forage actively on the ground instead of the “sit-and-wait” behavior typical of this gecko (Perry and Werner, 1981; Ananjeva and Tsellarius, 1986). Another possible explanation, albeit unlikely, could be that flying invertebrates are feeding on ground-dwelling arthropods, and both prey levels are simultaneously amplified and identified as prey items of T. mauritanica. Nevertheless, the strong presence of some Lepidoptera families such as Cosmopterigidae, Tinidae and Blastobasidae also indicates that these geckos are not just ground feeders, foraging on the walls and cliffs, and possibly being attracted to artificial lights at night-time (Martín et al., 2018).

Our results revealed that the diet of T. mauritanica includes multiple species endemic to Madeira, such as the lizard Teira dugesii (26.8% of samples), and several arthropods. Yet, the relatively small proportion (ca. 3.1%) of endemic taxa detected as prey was unexpected, considering that over 979 arthropods species are endemic to Madeira (Borges et al., 2008). The predation on other lizards (dead or alive) was also observed in T. gigas from Cabo Verde (Pinho et al., 2018; Lopes et al., 2019), and in Tarentola (boettgeri) bischoffi from Selvagens (Gil et al., 2020), evidencing how common this might be on island systems where resources are more limited. Nevertheless, the metabarcoding approach allows only to have a qualitative perspective on the taxa T. mauritanica is feeding on, and not the quantity consumed (Pompanon et al., 2012). Therefore, even if only 3.1% of the diet is composed by endemic species, it is not possible to draw conclusions regarding the impact of T. mauritanica on these groups. Moreover, because this study reveals the dietary behavior of T. mauritanica during a single season, it is unclear if both diet richness and composition might change throughout the year (as observed in Gil et al., 1994), including the percentage of endemic prey taxa. Nevertheless, the ecological niche models of habitat suitability predict an expansion of T. mauritanica in Madeira island (Silva-Rocha et al., 2022), which could lead to a temporal shift of its diet composition and, consequently, on the impact on endemic fauna.

As global trade and international traveling increased over the last decades, so does the number of species establishing populations outside their native range (Holmes et al., 2009; Roques, 2010). Since invasive alien insects are often detrimental to agriculture, horticulture and forestry (Pimentel et al., 2005; Vilà et al., 2010), their timely detection is key for effective integrated pest management. Therefore, methods that provide rapid and accurate pest detection can aid deploying effective management strategies. In this context, metabarcoding techniques, combined with generalist, relatively abundant and easy to sample predators such as synanthropic geckos, can be used to maximize sampling resolution of non-native arthropods across both space and time (see Maslo et al., 2017; Montauban et al., 2021). As far as we know, no studies have yet explored the use of reptiles as early warning species for pest/disease vector species, a position for which T. mauritanica seems to be a good candidate. Thus, the discovery of 19 arthropod species not previously recorded in Madeira (Supplementary Table S2), many of them cataloged as agricultural pests, brings additional novelty to our study. Among these newly detected taxa, the ones already classified as serious agricultural pests elsewhere are Armadillidium vulgare (Douglas et al., 2017), and Frankliniella tritici (Funderburk et al., 2009, 2018; Cluever and Smith, 2016). Clearly, the lack of studies focused on the invertebrate fauna of the Madeira archipelago (but see e.g., Borges et al., 2008; Aguiar et al., 2013) might be the reason why these species are unknown to the region. In that sense, the results from this study should be used as reference for new monitoring of the entomofauna of the Madeira archipelago. Additionally, we found that T. mauritanica is feeding on Culex theileri, a mammophilic mosquito, widely distributed across Europe, North Africa, and southwest Asia and vector for several zoonotic diseases (Demirci et al., 2012). This species is a competent vector of human and domestic animal pathogens, caused by Wuchereria bancrofti (main cause of lymphatic filariasis) and Dirofilaria immitis (the dog heartworm), respectively (Demirci et al., 2012, 2014; Silva et al., 2014). In fact, C. theileri is likely the main vector of the dog heartworm disease in Madeira, which is estimated to affect 30% of the island's canines (Clemente, 1996; Santa-Ana et al., 2006).



Conclusion

Without proper estimates of the abundance of T. mauritanica and of its multiple prey species, it is hard to predict the possible impacts of this introduced gecko on the endemic fauna of Madeira. Moreover, the habitat suitability of T. mauritanica is predicted to increase in the future (Silva-Rocha et al., 2022), which will likely affect the species' trophic dynamics. Yet, this study indicates that, similarly to other species of the genus, T. mauritanica has a generalist diet, a characteristic that in combination with molecular diet analysis may allow for the early detection of invasive crop pests and other problematic arthropods. The identification of multiple agricultural pests in the diet of T. mauritanica indicates that it might act as a potential sampler and early warner of invasive pests. DNA metabarcoding offers a promising window into the predator-prey relationships of oceanic islands, which will certainly catalyse new avenues of ecological research in these increasingly threatened ecosystems.
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Df stands for degrees of freedom, and SS for sum of squares. Significant p-values (p < 0.05) are highlighted in bold.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Trophic interactions of an invasive gecko in an endemic-rich oceanic island: Insights using DNA metabarcoding



		Introduction



		Materials and methods



		Study area



		Sampling



		DNA extraction and amplification



		Library preparation



		Bioinformatics



		Statistical analyses







		Results



		Data filtering



		Diet







		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Ecology and Evolution

Trophic interactions of an
invasive gecko in an
endemic-rich oceanic island:
Insights using DNA
metabarcoding





OPS/images/fevo-10-1044230-g001.gif





OPS/images/fevo-10-1044230-g002.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Ecology and Evolution





