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Diet of the black rat (Rattus rattus) in a Canary laurel forest: 
species identification based on morphological markers and 
DNA sequences
Fernando Pomeda-Gutiérrez a, Félix M. Medina b,c, Manuel Nogales c 

and Pablo Vargas a

aDepartamento de Biodiversidad y Conservación, Real Jardín Botánico de Madrid (RJB-CSIC), Madrid, España; 
bServicio de Medio Ambiente, Cabildo Insular de La Palma, Santa Cruz de La Palma, España; cIsland Ecology and 
Evolution Research Group, Instituto de Productos Naturales y Agrobiología (IPNA-CSIC), La Laguna, España

ABSTRACT
The black rat (Rattus rattus) is an alien species that causes severe 
impact on island ecosystems, floras and faunas. The main aim of this 
study was to determine the plant and animal contributions to black 
rat diet in a pristine misty laurel forest area on La Palma (Canary 
Islands). Our working hypothesis was that this rat equally consumes 
plants and animals (fully omnivorous animal) wherever it is intro-
duced, including pristine habitats. A total of 483 droppings collected 
from the terrain were first morphologically examined using 
a stereomicroscope, which showed high plant consumption (pre-
sence in 92.4% of droppings), followed by invertebrates (46.0%) and 
vertebrates (31.2%). DNA-based analyses revealed even higher pro-
portions of plants (97%) and invertebrates (79%), while fine-scale 
sequence searches (DNA barcoding) in the GenBank (BLAST tool) 
provided a preliminary identification of 44 plants and 12 invertebrate 
taxa. To gain more in-depth insight into plant identification, we built 
up a local DNA reference collection (58 species), improving accuracy 
(30 species confirmed) compared to GenBank searches (25 species). 
Contingency analyses (chi-square and G-test) only showed significant 
differences in droppings between plant sequences and toxic plant 
presence. This study confirms that the black rat is here an omnivorous 
animal but with a strong plant diet component, including an intrigu-
ingly high number of toxic plants. Interestingly, despite rodents 
chewing on fruits and usually crushing seeds, 66 intact Rubus seeds 
(Rosaceae) were found in 15 droppings (3.1%). All these results 
suggest that black rats consume any plant types, including fruits 
and seeds that can be locally dispersed such as native brambles.
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Introduction

The original distribution of the black rat or ship rat (Rattus rattus, L., 1758) is in Southeast 
Asia. Historical records indicate widespread introduction in Europe, particularly from the 
8th century onwards due to increasing trade (Gómez and Verdú 2017). Maritime transport 
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enabled this species to spread all over the Mediterranean Basin and from Europe to the 
Atlantic islands (MAGRAMA 2013). It has been described as an invasive rodent causing 
severe ecological impacts on islands (Harper and Bunbury 2015), particularly in the largest 
oceanic archipelagos worldwide: Hawaii (Shiels 2010), New Caledonia (Caut et al. 2008; 
Duron et al. 2019), French Polynesia (Zarzoso-Lacoste 2013), Galápagos (Riofrío-Lazo and 
Páez-Rosas 2015), Mozambique Channel Islands (Russell et al. 2011), Azores (Ceia et al. 
2017) and the Canaries (Nogales et al. 2006).

The Canary Islands are a Macaronesian archipelago located in the Atlantic Ocean 
around 100 km off northwest Africa (Figure 1(a)). Laurel forests (‘laurisilva’) are a unique 
habitat only occurring on the northern cloudy slopes of some of the islands in Azores, 
Madeira and Canaries. One of the best examples is found in ‘Bosque de Los Tilos’ (here-
after Los Tilos), the core area of La Palma Biosphere Reserve (Figure 1(b)). This area is 
considered a well-conserved laurel forest, which is one of the most endangered habitats 
of Europe (UNESCO-MAB Biosphere Reserve Directory 2018).

The black rat probably became established on the Canaries with European settlers in 
the 15th century but its trophic ecology is still poorly known, particularly in the laurel 
forest (Nogales et al. 2006). Some studies have shown a significant ecological impact of 
invasive black rats in the laurel forest, because of young shoot consumption and seed 
predation (Traveset et al. 2009) (Table S1). Rats can also affect animal communities 
through direct predation, raising conservation concerns for endangered Manx shear-
water (Puffinus puffinus), two endemic Canary pigeons (Columba junoniae and C. bollii) 
(Hernández et al. 1999; Martín et al. 2000) and endemic terrestrial gastropods of the 
genera Hemicycla and Plutonia (Godoy 2001). Ceia et al. (2017) quantified black rat diet 
on São Miguel (Azores), analysing items found in stomachs. However, to the best of our 
knowledge, no study has yet included quantification of its diet using DNA-based tools in 
this threatened unique habitat.

Previous studies on rodent diet analysed macro (Russell et al. 2011) and micro- 
remains (Shiels et al. 2013) found in gut or droppings, respectively. To gain more in- 
depth insight into species identification, some research analysed isotopes found in 
guts and droppings (Caut et al. 2008) or stomachs (Riofrío-Lazo and Páez-Rosas 2015) 
or searched for DNA barcode matches (Zarzoso-Lacoste et al. 2013, 2016; Khanam 
et al. 2016). Contributions based on macroscopic studies face serious difficulties in 
accurately identifying each food component (Zarzoso-Lacoste et al. 2013, 2016). 
Therefore, to circumvent these problems derived from using only that approach, 
reliable results for black rat diet have been obtained using DNA sequence analyses of 
droppings and stomach contents from different habitat types (Zarzoso-Lacoste 2013; 
Khanam et al. 2016). Indeed, to date, only Zarzoso-Lacoste (2013) performed both 
morphological (macro- and micro-histological) and DNA sequence analyses of the 
black rat diet on oceanic islands.

The main goal of this study was to investigate the diet of the black rat in a pristine 
laurel forest on La Palma, by combining macroscopic and DNA sequence (barcode) 
methods. Our working hypothesis was that this rat could equally or indifferently consume 
any available food resource. We established three specific objectives: 1) to quantify black 
rat diet in the Canary Islands; 2) to assess whether the spatial component contributes 
differently to its diet, and 3) to describe any ecological role of black rat as seed predator or 
potential seed disperser.
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Figure 1. (a) Map of the Canary Islands showing the location of La Palma Island Biosphere 
Reserve. (b) Current distribution of the laurel forest (grey) on the island and the study area in 
Bosque de Los Tilos. (c) Percentages of invertebrates and plants consumed, as detected after the 
barcode analysis. Each circle represents one location (including one or more separate microsites 
c. 200 m apart), located in the three plant formations (dominant laurel forest, Morella faya – 
Erica arborea woodland and fern patch).
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Material and methods

Study area

Data were collected in ‘Los Tilos’ (28° 79ʹN, 17° 80ʹW) (Figure 1(b,c)), one of the densest and 
most humid laurel forests on La Palma. It has a relatively high annual mean precipitation 
(2000 mm). Dominant tree species in Los Tilos are: Ocotea foetens, Laurus nobilis (inc. 
L. novocanariensis, Rodríguez-Sánchez et al. 2009), Persea indica, Apollonias barbujana 
(Lauraceae), Ilex canariensis (Aquifoliaceae), Picconia excelsa (Oleaceae), Viburnum rigidum, 
Sambucus palmensis (Adoxaceae), Erica arborea (Ericaceae) and Morella faya (Myricaceae) 
(del Arco Aguilar et al. 2006). Sampling was performed along a forestry track that crosses 
the laurel forest from the ravine-bed (490 m a.s.l.) in the lower areas, where humidity is high 
even in summer (90–100%) and leads to a ridge (750 m a.s.l. at ‘Espigón Atravesado’ 
lookout point). There are human modifications that  alter the ecosystem characteristics 
intensively (tunnels for the passage of people and vehicles, water extraction galleries, small 
buildings,) or slightly (plant nursery, water pipes), mostly at the beginning of the track.

Sampling design

A total of 483 recent rat droppings were collected along a 2 km-long sample transect in 
Los Tilos (Espigón Atravesado track), when fruits and seeds were available (June 3 to 
27 July 2017; 44 days of fieldwork). Each microsite (e.g. tree hollows, walls, stones, water 
pipelines and channels) with visible rat droppings was marked and cleaned every day to 
collect new droppings. Accordingly, old droppings were not considered in this study to 
avoid environmental contamination and pseudoreplication. All microsites were described 
and georeferenced with the help of IDE Canarias visor 4.5 (2018). Locations (n = 19) were 
designated along the track to include groups of microsites less than 200 m apart, on 
account of the maximum distance covered by the black rat in 1–2 years (Shiels 2010; 
Global Invasive Species Database 2018). Among these 19 independent locations, 63% 
(n = 12) were rat latrines, rat nests or microsites, where almost every day we found 
droppings with slightly different shapes and sizes. This allowed us to study droppings 
with potentially distinct diet components. Based on vegetation types, three different 
habitats were distinguished: (i) the dominant laurel forest (a closed -canopy featuring 
mainly O. foetens, L. nobilis, P. indica, A. barbujana), which forms a dense cloud forest 
mainly along the ravine; (ii) smaller trees and bushes (M. faya and E. arborea) forming 
a higher altitude, more open, woodland mostly on the ridge; and (iii) fern patches 
(Woodwardia radicans, Adiantum reniforme, Pteris incompleta, Polystichum setiferum, 
Diplazium caudatum) located on the shady, humid slopes. Additionally, we collected 58 
plant species occurring in the laurel forest (82% of the species in Los Tilos) (Table S2) and 
built up our barcode reference collection based on DNA sequences of all these plants (see 
Zarzoso-Lacoste et al. 2013; Khanam et al. 2016).

Diet analysis

Each sample was preserved in silica gel for drying. Droppings with an abnormal shape or 
length (deviation of 25% from mean values (mean length = 11.8 mm)) were discarded. 
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Confusion with droppings of the brown rat (Rattus norvegicus, Berkenhout 1769) is 
unlikely because in the Canaries this other rodent is only found in human settlements 
and crops (Nogales et al. 2006; Traveset et al. 2009; Fernández-Palacios et al. 2017). 
However, the closest urbanised village (Los Sauces) is 4 km from the study area, and we 
only observed the presence of R. rattus in the laurel forest during fieldwork. Moreover, it 
has never been recorded in the study area or any laurel forest of the Canary Islands (see 
Nogales et al. 2006). Anyway, to confirm that all droppings collected belonged to Rattus 
rattus, 15 droppings selected from the subsamples were sequenced. These droppings 
were collected at representative locations of the different laurel forest microhabitats 
(Table S3). We paid no attention to whether each dropping belonged to a particular 
individual because our goal was to determine the rat’s diet in the laurel forest. In any case, 
the territorial behaviour of black rats leads us to interpret that droppings at each location 
belonged to a single individual or familiar group.

Our consumed species identification strategy included: (i) macroscopic analysis of 
dropping content, (ii) DNA sequence analysis of PCR amplicon fragments by checking 
a correct amplification on agarose gels (hereafter ‘amplicon analysis’), and (iii) taxonomic 
identification of species using DNA sequences analysis (Zarzoso-Lacoste et al. 2013) of 
droppings (hereafter ‘DNA sequence barcoding’) and the BLAST tool.

The macroscopic (hereafter macrohistological, i.e. tissue remains and seeds) analysis 
focussed on the content of each sample when spread out on a Petri dish under 
a magnifier (x10). Diet items were identified according to the animal (‘invertebrate’ or 
‘vertebrate’) or ‘plant’ origin and in a few cases to the species level. Invertebrates were 
identified from exoskeleton, wing, and shell fragments; and vertebrates from bones, 
feathers and hairs compared with our reference collections, and plants from seeds, 
leaves and stem fragments, by comparison with our corresponding local collections. We 
calculated the frequency of macrohistological occurrence with respect to the number of 
droppings (FOmacrohistological) for the three types of organism (plant, invertebrate or 
vertebrate), taking each dropping as a single unit without considering whether it 
contained more than one item of the same origin.

The DNA-based analysis (amplicon analysis and DNA sequence barcoding) included 
a subsample of 100 samples from the 483 droppings chosen to represent the three 
vegetation types, track site distances and dates. We expected that this DNA-based 
approach would show the most diverse elements from each sample by improving prey 
detection and identification. We focused the DNA-based analysis on plants, invertebrates 
and birds because they are potentially consumed by black rats on the Canaries (Nogales 
et al. 2006). Other groups of vertebrates were not considered in this analysis because they 
avoid humid forest (especially mice and lizards) or inhabit towns and other human 
environments (e.g. brown rat) (Fernández-Palacios et al. 2017). The DNeasy mericon 
Food Kit (Qiagen Inc., Hilden, Germany) (see Zarzoso-Lacoste et al. 2013; Khanam et al. 
2016) was used to extract DNA from droppings, and DNeasy Plant Mini Kit (Qiagen Inc., 
Hilden, Germany) for seed embryos and our reference collection. As positive controls for 
bird presence, we used DNeasy Blood and Tissue Kit (Qiagen Inc., Hilden, Germany) with 
chicken tissues (meat and marrowbone).

PCR protocols were optimised in a final volume of 25 µl, containing 14.2 µl of water, 
2.5 µl of buffer, 1.4 µl of MgCl2 50 mM, 1.6 µl of dNTPs 2.5 mM, 0.5 µl of each primer 10 µM, 
0.3 µl of Taq polymerase 5 U/µl, 1 µl of BSA 1 mg/ml, 1 µl of DMSO and 2 µl of the DNA 

JOURNAL OF NATURAL HISTORY 633



sample extraction. PCR temperature conditions followed those of Zarzoso-Lacoste et al. 
(2013) and Khanam et al. (2016), except for the annealing temperature for invertebrate 
PCRs (51°C). For our reference plant collection, we used the primer pair rbcL h1aF and rbcL 
h2aR and an annealing temperature of 52°C (Table S4). In addition, we used the primer 
pair M15997 (5ʹ-TCCCCACCATCAGCACCCAAAGC-3ʹ) and H16401 (5ʹ- 
TGGGCGGGTTGTTGGTTTCACGG-3ʹ) and an annealing temperature at 59°C to confirm 
that the collected droppings belong to Rattus rattus (Shirako et al. 2015).

Figure 2. Seed of Rubus bollei/palmensis found intact in rat dropping.
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Contamination by small amounts of air-borne or ground-borne cells or pollen may not 
have been amplified, due to the low quantities of DNA in comparison with the dominant 
plant/animal contents of each dropping. Two different DNA sequence strategies of this 
subsample were performed: PCR amplicon analysis (presence/absence of DNA bands 
observed on verification gels); and DNA sequence barcoding (nucleotide match of over 
95% of plastid DNA regions).

Figure 2. 
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The successfully amplified PCR products allowed us to calculate the frequency of DNA 
amplicon occurrence and DNA sequences (FODNA amplicon and FO DNA sequences) for the 
three types of organisms considered in this study (plants, invertebrates and birds), which 
was needed to test our working hypothesis. Also, this approach facilitated comparing our 
results with those from previous dietary studies (Zarzoso-Lacoste et al. 2013; Khanam et al. 
2016). To examine the reproducibility of the PCR amplicons, instead of cloning these 

Figure 2. 
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amplicons to individualise them, we repeated all PCR reactions once for each sample. 
Results of each PCR were added to the final results of each sample.

In addition, PCR products were used for direct sequencing (Sanger Technology) at the 
Macrogen facility (Madrid, Spain). Nucleotide sequences were edited with Geneious 
v.7.1.5. Sequence searches were addressed to identifying species in droppings more 
accurately, using: (i) the GenBank Basic Local Alignment Search Tool (BLAST), and (ii) 
our plant reference collection (Table S2). Taxa were identified at species level applying 
both methods, following the strategy of Zarzoso-Lacoste et al. (2013).

Contingency analyses for plant sequences

Four independent variables were tested with the statistical software R 3.3.3 (R Core Team 
2018). We removed data with only one observation per level, to deal with the low number 
of observations. We employed contingency tables (chi-square test for expected frequencies 
>5 (Agresti 2018) and G-test for expected frequencies <5 included in MASS package 
(Venables and Ripley 2002)) to evaluate the distribution of plant DNA sequences (thereafter 
‘Plant sequence’). In particular, the barcodes obtained for 70 individuals or groups (identi-
fied species) of ‘Plant sequence’ (dependent variable with 70 levels) positives found in 92 
samples (Table 1) were analysed, contrasting with the following four independent variables. 
(i) ‘Plant sequence’ and ‘Locations’ (19 levels corresponding to groups of microsites less 
than 200 m apart, considering that foraging territories of black rats are around 4.0 ha (Shiels 
2010; Global Invasive Species Database 2018), which represent physiognomic vegetation 
differences along the forestry track (see Figure 1(c)) and thus to identify the distribution of 
plants eaten; (ii) ‘Plant sequence’ and ‘Habitat type’ (three levels corresponding to domi-
nant laurel forest, M. faya – E. arborea woodland or fern patches) to assess vegetation use; 
(iii) ‘Plant sequence’ and ‘Human modification’ (three levels corresponding to low, medium 
or high) to quantify whether anthropogenic disturbance (tunnels, buildings or pipelines) 
has any influence; and (iv) ‘Plant sequence’ and ‘Toxicity’ (two levels corresponding to yes/ 
no) to evaluate the importance of toxic plants (plants that when ingested in sufficient 
quantity can be harmful or fatal to animals) in black rat diet (Delgado 1998).

Results

Macroscopic analysis

The majority of the 483 rat droppings (93.8%) were collected along the Espigón 
Atravesado track. Plants were the main component of the diet (FOmacrohistological 

= 92.4%), followed by invertebrates (46.1%) and vertebrates (31.2%) (Table 2 and Table 
S1). Although gnawed vertebrate bones were found in a third of the samples, we could 
not confirm the identity of any vertebrate species, including birds, due to bone deteriora-
tion. Additionally, 15 (FOmacrohistological = 3.1%) of the rat droppings contained a total of 66 
seeds of Rubus spp. (see Figure 2), and six (FOmacrohistological = 1.2%) of them included small 
intact invertebrates (all Armadillidium vulgare). Some intact seeds were found, although 
difficult to identify by morphological features; that is why we needed to sequence their 
embryos (see below).
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Amplicon detection and identification

The subsample of 100 rat droppings (20.7%), representing most of the situations (habitat 
type, human modification, sampling date), was analysed both macrohistologically and 
DNA-based to complement and narrow down species candidates. The DNA sequence 
analysis of Rattus sequences confirmed that the droppings (n = 15) belong to R. rattus, 
because our sequences only match with R. rattus sequences in GenBank, with an E-value 
of 0 and Per. Ident (The extent to which two sequences have the same nucleotides at the 
same positions in an alignment >98%). Macrohistological analysis of this subsample 
yielded FOmacrohistological = 91% for plants and FOmacrohistological = 62% for invertebrates. 
In comparison, amplicon analysis of PCR fragments disclosed successful amplification of 
plant and invertebrate DNA items (FODNA amplicon = 97% and FODNA amplicon = 79%, 
respectively). In contrast, no bird DNA amplicons were detected. In the same way, three 
droppings (FODNA amplicon = 3%) did not show any plant or invertebrate remains (PCR 
products unsuccessfully amplified), while 76 droppings (FODNA amplicon = 76%) contained 
both plants and invertebrates. Spatial distribution and the overall results for each micro-
site are shown in Figure 1(c).

DNA barcode sequence analysis identified 44 plants and 12 invertebrates from 97 
rat droppings that showed positive results, 92 for plants (Table S5) and 12 for 
invertebrates (Table S6). GenBank searches helped identify 25 plants at the species 
level, while 30 others were matched with our reference collection, and some shared 
by both searches (Table 1). DNA sequences (100% sequence matches) from 33 of the 
66 intact seeds found in rat droppings were thus identified within the genus Rubus, 
pointing to R. bollei and R. palmensis as species candidates. A total of 39 seeds (59%) 
were found in rat droppings collected on 27th July, and 27 seeds (41%) between 8th 

June and 13th July. Some of the plant species, such as Heberdenia excelsa, Pleiomeris 
canariensis, Rhamnus glandulosa, Sambucus palmensis, Sideroxylon canariense, Visnea 
mocanera, Chamaecytisus proliferus, Teline stenopetala and Castanea sativa are very 
scarce in Los Tilos and not found in droppings.

Contingency analyses for plant sequences

The number of observations per level of each variable is shown in Table S5. No 
significant differences were found between species identifications and three of the 
four independent variables: ‘Habitat type’, ‘Human modification’ and ‘Location’. 
However, we recorded significant differences in the case of ‘Toxicity’ (χ2 = 92, 
df = 68, p = 0.024), suggesting that black rats consume toxic plants more than 
expected randomly, such as Hedera canariensis, P. indica, V. rigidum, Polygonum sp., 
Crambe santosii and Orobanche minor. Marginally significant differences were also 
observed between species identifications and the variable ‘Location’, suggesting that 
black rats eat particular plant species along Espigón Atravesado track (χ2 = 162.93, 
df = 136, p = 0.057). However, we did not obtain significant differences with either 
‘Habitat type’ (p > 0.1), since the presence of the fern Diplazium caudatum, found in 
14% of droppings along almost the whole track, probably homogenised diet results 
in the three habitats. Additionally, ‘Human modification’ such as tunnels, buildings or 
pipelines did not affect black rat diet (p > 0.1).
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Discussion

During the last decade, new studies have provided a more detailed picture of black rat 
diet in some of the archipelagos around the world. Initially, stomach and faecal contents 
were macrohistologically analysed, which revealed a generalist diet with a strong plant 
component in Hawaii (Shiels et al. 2013), Galápagos (Riofrío-Lazo and Páez-Rosas 2015), 
New Caledonia (Caut et al. 2008; Duron et al. 2019), French Polynesia (Zarzoso-Lacoste 
2013), Azores (Ceia et al. 2017) and the Mozambique Channel Islands (Russell et al. 2011) 
(Table 2). Barcode analyses are increasingly used because they provide essential data to 
interpret the ecological impact of rats on islands (Zarzoso-Lacoste et al. 2016, 2019). In 
particular, the scarcity of information about the ecological impact of sizeable black rat 
populations on some laurel forest species of the Canary Islands (Hernández et al. 1999; 
Godoy 2001; Nogales et al. 2006; Traveset et al. 2009) can be remedied by employing 
further DNA-based (particularly metabarcoding) analyses, that sequence multiple small 
but highly informative amplicons (Pompanon et al. 2012; de Barba et al. 2014). The use of 
this accurate method can give more insight into the diet of introduced vertebrates to 
understand and more successfully manage their impact on oceanic islands.

Black rat diet on La Palma in the context of other archipelagos

Our study provides further evidence of an omnivorous behaviour pattern of the black rat 
with a strong plant component, in which most rat droppings (76%) contained some 
animal prey among predominantly plant species. From the total of 23 plant species 
already reported as usually consumed by rats (Salvande et al. 2001, 2003; Traveset et al. 
2009; and Francisco Sánchez, José Javier Fernández, Narciso Lorenzo and Rafael 
P. Rodríguez, personal observations and communications), 13 were identified in our 
DNA sequence barcoding analysis. Although we did not retrieve 10 of these species in 
our subsample of 100 droppings, we completed the list with 17 new species (Table S1), 
raising to 44 the number of plant species that can be considered part of black rat diet in 
the Canaries. Some of these species are very scarce in the study area or toxic for animals.

In the case of animals, the consumption of Hemicycla spp., Armadillidium vulgare and 
Canariella giustii were confirmed. However, we failed to find evidence of Tenebrionidae 
and the two endemic pigeon species (Table S1) reported in previous studies (Hernández 
et al. 1999; Martín et al. 2000). Indeed, plants are consistently the most important food 
sources in all the Macaronesian archipelagos except the Azores (Ceia et al. 2017), closely 
followed by invertebrates (Table 2). In the present study, a total of 44 plants and five 
animal species have been recorded at the species level from four different data sources: 
literature, direct observation, macrohistological characterisation of tissue remains and 
barcode analysis of rat droppings (Tables S1). Indeed, predominant plant consumption is 
observed when comparing our results with previous data from published inventories for 
black rats: 62% of plant species (44 of 71 plants cited in Santos 1983), 12% of invertebrates 
(6 of 51 invertebrates gathered in Ortega 2005; Arndt 2006), and 18% of vertebrates (2 of 
11 vertebrates, Fernández-Palacios et al. 2017).

Prey species were more accurately identified from amplicon sequencing, which shows 
a slightly higher proportion of plants (97%) than those detected macrohistologically 
(91%). Differences were higher in samples containing invertebrates (79% and 62%, 
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respectively), and plants and invertebrates (76% and 59%, respectively). These differences 
(between plants and invertebrates FOmacrohistological) could be due to more advanced 
degradation and digestion of invertebrate soft parts in droppings, which are not easy to 
identify using a stereomicroscope (Jordan 2005; Pisanu et al. 2011; Zarzoso-Lacoste 2013). 
The predominance of plant items in droppings could be biased because of gathering 
samples with similar size and shape products of plant digestion processes. To circumvent 
this problem, we collected near rat latrines and nests, including a broad morphology 
range of droppings. Interestingly, the DNA barcode sequence analysis from La Palma 
rendered similar percentages to those found in French Polynesia for plants (100%) and 
invertebrates (83.3%) (Zarzoso-Lacoste et al. 2019). The latter study disclosed birds (1.3%) 
as part of the black rat diet, whereas we did not find any molecular evidence for birds. 
Since vertebrate remains frequently appear in the macrohistological analysis of drop-
pings, lack of bird evidence from our samples could point to either no consumption or 
failure to find DNA amplicons evidence of it. This is particularly so because PCR amplifica-
tion often fails when target DNA is scarce (Zarzoso-Lacoste et al. 2016). Furthermore, DNA 
contained in carrion is scarcer than in fresh meat (Foltan et al. 2005) and finding gnawed 
bones in droppings suggests either scavenging behaviour or direct predation of chicks 
and adults.

In sum, macrohistological and DNA-based analyses showed that the black rat eats 
a great variety of plants, including rare species, but less variety of invertebrates and 
vertebrates. This behaviour contrasts with our working hypothesis about a balanced 
omnivorous diet.

Consumption of toxic plants

A significant relationship was found between plant DNA sequences and toxicity, and 
nearness to certain locations. The high frequency of toxic plants consumed by the black 
rat is intriguing. Digestive tolerance of Persea indica leaves, stem and fruits is unexpected 
for most vertebrates, given their rich content of ryanoid diterpenes (Darias et al. 1986; 
Fraga et al. 2001; Delgado García 2002). The black rat also consumes numerous plants 
with toxic compounds: H. canariensis (hederagenin, toxic acids, arsenic), Polygonum sp. 
(nitrates), C. santosii (toxic glycosides), O. minor (toxic glycosides, tannins) (see Delgado 
1998). This variety of compounds suggests that it does not show strong avoidance for 
these particular toxic chemicals, which is in accordance with a super-generalist diet based 
on plants. Further studies should be conducted to investigate whether black rats show 
preference or avoid each toxic plant when rats can choose between toxic and non-toxic 
plants.

The black rat ate different plant species at diverse locations, which may simply indicate 
differences because forest vegetation physiognomy along the track. Although this diver-
sity may also reflect the varying habits of individual rats, Rattus rattus typically exhibits 
a similar omnivorous behavioural prey pattern. Given that each individual can forage 
territories of around 4 ha (Shiels 2010; Global Invasive Species Database 2018), we 
consider that the black rat benefits from a heterogeneous altitudinally and humidity- 
stratified vegetation, including numerous toxic plants of the Canarian laurel forest.
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The black rat as a seed disperser

Black rats destroy most seeds and fruits because of the way they thoroughly gnaw and chew 
them (Delgado García 2002; Gómez and Fernández 2003; Salvande et al. 2003). However, 
small hard seeds can survive the chewing and digestion process and pass through intact 
(Williams et al. 2000; Shiels 2011; Shiels and Drake 2011; Riofrío-Lazo and Páez-Rosas 2015; 
Duron et al. 2017). The finding of 66 intact seeds (see Figure 2) exclusively of native bramble 
plants (Rubus spp.) in 15 rat droppings (at three locations) indicates that the black rat 
probably actively disperses their seeds. In Hawaii, fruits of the alien species Rubus rosifolius 
consumed by captured black rats showed 100% seed survival after food mastication and gut 
passage (Shiels 2010). In any case, seed dispersal services provided by the black rat on 
oceanic islands depend upon its dispersal effectiveness, which includes the number of 
seeds dispersed, seedling emergence and seedling survival (González-Castro et al. 2015). 
Unfortunately, there are no data on post-dispersal stages in the Canaries. The black rat 
consumes not only endemic (endangered) species of the Hawaiian flora (Diospyros spp., 
Cyanea superba) but also eats and disperses alien species (Clidemia spp., Miconia spp., 
Buddleia spp., Ficus spp.) (Shiels 2011). In New Caledonia, they disperse native seeds of 
Ficus racemigera and Freycinetia sulcata, but less efficiently than native dispersers (Duron 
et al. 2017). On offshore islands of southeast France, rats disperse seeds of the invasive 
Carpobrotus spp. (Bourgeois et al. 2005). We only found seeds of the native Rubus (R. bollei or 
R. palmensis) in rat droppings from the laurel forest, despite some alien species with small 
seeds being available nearby.

Concluding remarks

In conclusion, the diet of the black rat is omnivorous, including a wide variety of species of 
animals and plants, the latter being predominant in frequency of occurrence. Barcode 
analysis of droppings significantly helped to provide a more accurate composition of rat 
diet than macrohistological analyses, which leads us to recommend the use of DNA-based 
analyses as an essential tool on a routine basis. Future research is needed to improve the 
barcode analysis employed, incorporating metabarcoding techniques (Pompanon et al. 
2012; de Barba et al. 2014) that use multiple-sequence primers for greater accuracy in the 
search for additional organisms (Zarzoso-Lacoste et al. 2013). Rattus rattus consumes 
a high number of toxic laurel forest plant species, which is related to location rather 
than habitat distribution (dominant laurel forest, M. faya – E. arborea woodland, fern 
patches). The presence of intact Rubus seeds in rat droppings indicates that at least some 
small seeds pass through their gut, and thus rats have a potential seed dispersal role 
although limited by their gnawing habits.

Nevertheless, the ecological function of dispersal already described for some other 
islands needs to be tested with further dispersal effectiveness experiments (viability and 
germination tests). The fact that the results show a considerable quantity of toxic plants in 
the diet of black rat leads us to enquire into a new issue: Do rats eat any plants irrespective 
of plant toxicity or do they intentionally search for certain toxic plants? This question, 
faced with all the drug experimentation historically performed on laboratory rodents, 
encourages new studies into this fascinating finding. Lastly, although we have mainly 
focussed our rat diet research on the dry season (June 3 to July 27), more detailed yearly 
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studies contrasting spatial and seasonal variations in food availability may shed further 
light on its temporal impact on this important endangered endemic forest reserve, which 
so far at this site survives relatively undisturbed.
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