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Abstract  Invasive predators on islands impact 
organisms they consume and lead to cascading effects 
that disrupt ecosystem functioning. Black rats (Rat-
tus rattus) are a prevalent threat on tropical islands. 
Here, we used stable isotopes to reveal patterns in the 
foraging ecology of black rats (n = 43) on two tropi-
cal islands in the Abrolhos archipelago, southwestern 
Atlantic Ocean. Contrary to our predictions, rats from 
the smaller island (3 ha), with greater seabird density, 
relied more on terrestrial resources than rats from the 
larger (31  ha) island, which were highly dependent 
(~ 50% of diet) on seabird resources. We attribute this 
finding to varying levels of spatial segregation among 

habitats between the islands. On the smaller island, 
only rats sampled inside the colony had a high con-
tribution from seabirds, while those sampled outside 
the colony had their foraging apparently constrained 
within the small patch of grassland habitat. On the 
larger island, however, individuals consumed seabird 
resources regardless of the sampling area, although 
the sampling locations were farer apart, suggesting 
lower spatial segregation. A greater foraging segrega-
tion in the smaller island could be related to a higher 
population density of rats, increasing competition and 
territoriality. Rats inside seabird colonies were larger 
and heavier than in grassland areas, likely by having 
access to marine-derived resources, suggesting these 
individuals could defend their prime foraging terri-
tory against others. Our results highlight the capac-
ity of black rats to rely either on marine or terrestrial 
resources on tropical islands, providing population 
resilience for this island invader.

Keywords  Diet · Invasive predator · Marine 
resources · Seabirds · Stable isotope analysis

Introduction

Invasive predators on islands may lead to several 
impacts on insular and adjacent aquatic ecosys-
tems, as they consume native organisms and alter 
trophic interactions (Fukami et al. 2006; Jones et al. 
2016). Animal and plant communities on islands are 
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susceptible to biological invasions once they are spa-
tially isolated and, in some cases, have evolved with-
out the presence of conspicuous terrestrial predators 
(Banks and Dickman 2007). Although island eco-
systems are valuable for wildlife conservation due to 
high levels of endemism, most of the world’s extinct 
or critically threatened species inhabit islands (Mey-
ers et  al. 2000; Ricketts et  al. 2005; Tershy et  al. 
2015; Doherty et al. 2016). One of the most prevalent 
threats to these environments worldwide has been the 
introduction of invasive mammals (Towns et al. 2006; 
Whittaker et  al. 2007;  Jones et  al. 2008), especially 
commensal rats (Rattus sp.). The need for under-
standing the ecology of invasive rats on islands and 
implementation of effective conservation actions is 
thus evident.

Rats are estimated to occur in more than 90% of 
island archipelagos worldwide (Towns et  al. 2006). 
They thrive in tropical, temperate or even subpolar 
islands due to their generalist feeding habits, toler-
ance to diverse environmental settings and lack of 
predators or ecological competitors (Atinkson 1985; 
Pisanu et  al. 2011; Rodríguez and Herrera 2013). 
Rats are omnivorous and feed opportunistically on 
almost any feeding resource available, thus implicat-
ing population-level dietary flexibility and adapta-
tion to temporal or spatial fluctuations in resources 
(Caut et al. 2008a). On islands, rats are known to rely 
mainly on terrestrial organisms such as plants (roots, 
leaves, seeds and fruits), insects, reptiles and land 
birds (Stapp 2002; Cassaing et  al. 2007; Clapperton 
et al. 2019; Gaiotto et al. 2020). Nonetheless, they are 
also able to supply their populations with allochtho-
nous resources from marine origins, such as breeding 
seabirds, sea turtles or intertidal invertebrates (Hob-
son et al. 1999; Harper 2006; Caut et al. 2008a; Rod-
ríguez and Herrera 2013). Indeed, marine resources 
are suspected to alleviate rats from environmental 
stress during, for example, seasonal drought periods 
experienced on some tropical or temperate islands 
(Caut et al. 2008a; Ruffino et al. 2013).

Conservation concerns refer primarily to the det-
rimental effects caused by rats on plants and animals 
they consume but also to the cascading top-down 
indirect effects over the entire insular ecosystem, e.g., 
through interruption of pollination, nutrient path-
ways, or seed predation (Towns et  al. 2006; Towns 
2009; Auld et al. 2010; Grant-Hoffmann and Barboza 
2010; Graham et  al. 2018). The negative effects on 

seabird populations, for instance, which are medi-
ated by predation on eggs, chicks or adults of sev-
eral species globally (Jones et  al. 2008), reduce the 
marine–terrestrial subsidy brought by seabirds to 
islands (Benkwitt et al. 2021). As these subsidies are 
known to support primary and secondary productivity 
on islands, even on nearshore coral reefs, rat invasion 
may disrupt some ecosystem functions (Jones 2010a; 
Graham et al. 2018). The single most effective meas-
ure to begin the restoration of invaded islands is to 
completely eradicate or control rat populations (Jones 
2010a, b; Jones et  al. 2016; Benkwitt et  al. 2021), 
which requires some prior ecological information for 
adequate planning, such as on rat population dynam-
ics, seasonality, movements and diet on different 
islands and habitats (Caut et al. 2009a; Harper et al. 
2015).

However, both research on insular rat populations 
and eradication efforts concentrate on high-latitude 
temperate environments, even though tropical islands 
are biodiversity hotspots that host proportionally 
more threatened species and where rat invasion is one 
of the major threats (Ricketts et  al. 2005; Varnham 
2010; Harper and Bunbury 2015). Furthermore, the 
success of eradication attempts on islands is approxi-
mately 2–2.5 times lower in tropical areas, causing 
the focus of invasive rat research and management 
to progressively shift to these regions (Harper and 
Bunbury 2015; Russel and Holmes 2015). The most 
successful invasive rat species in the tropics is the 
black rat (Rattus rattus), reaching higher densities on 
tropical islands than those recorded for rats elsewhere 
(Shiels et al. 2013; Harper and Bunbury 2015). Black 
rats colonize a wide range of island habitats, from 
evergreen forests to arid sites with minimal vegeta-
tion cover (Rodriguez and Herrera 2013; Harper et al. 
2015). The high population densities and lower eradi-
cation success may be due to one or several causes, 
such as year-round food availability, higher primary 
productivity, lack of seasonal cessation in breeding 
or more diverse food sources (Harper and Bunbury 
2015; Russel and Holmes 2015). This broad range of 
potential causes suggests that rat ecology, manage-
ment and even their impacts on tropical islands are 
poorly understood and thus evocates thorough stud-
ies on rat populations to advance planning on urgent 
management actions.

One way to characterize invasive rat ecologi-
cal requirements and their intraspecific variations in 
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relation to intrinsic (sex, ontogeny, and individual pref-
erences) or extrinsic (habitat and seasonal variation in 
rainfall) parameters is through dietary studies (Hobson 
et al. 1999; Stapp 2002; Caut et al. 2008a; Ruffino et al. 
2011; Shiels et al. 2013). However, rat foraging activ-
ity is cryptic and mostly nocturnal, which makes diet 
determination difficult and feasible only through the 
analysis of gut or faecal contents or by using intrinsic 
markers such as stable isotopes. While analysis of gas-
trointestinal contents may allow the correct taxonomic 
identification of food items, it is impaired by unequal 
digestibility of different foods, rodent intensive mac-
eration during ingestion, and by representing only the 
last ingested meal (Stapp 2002; Caut et al. 2008a). On 
the other hand, stable isotope analysis (SIA) provides 
information on food sources effectively assimilated to 
synthetize protein in tissues rather than ingested and 
informs diet over longer periods (e.g., the last week or 
month) depending on the tissue analysed, despite not 
providing accurate taxonomic resolution on food items 
(Hobson et al. 1999; Quillfeldt et al. 2008; Bodey et al. 
2011). The most commonly used analysis, stable car-
bon isotope 13C:12C ratio (expressed as δ13C) analysis, 
reflects values of the food-web primary consumers 
closely, while nitrogen isotope 15N:14N ratios (δ15N) 
increase values in consumer tissues in relation to their 
food sources in a somewhat systematic manner, gener-
ally by 2–5‰, thus reflecting trophic level (DeNiro and 
Epstein 1981). Combining carbon and nitrogen SIAs 
of consumer tissues and their potential food sources 
thereby allows researchers to estimate the relative die-
tary proportions using sophisticated statistical methods 
such as isotopic mixing models implemented through 
a Bayesian approach (Parnell et al. 2013; Phillips et al. 
2014). Moreover, cryptic patterns of niche partition-
ing and resource use among consumer groups are often 
assessed by quantifying the isotopic niche, a proxy for 
the trophic niche reflecting habitat and/or resource use 
(Newsome et al. 2007; Jackson et al. 2011; Rodríguez 
and Herrera 2013), which was recently improved by 
applying kernel densities to isotopic data (Eckrich et al. 
2020). Indeed, historically, several studies have taken 
advantage of stable isotopes to study the feeding ecol-
ogy of invasive rats on islands, revealing spatial vari-
ations (Stapp 2002), time-related shifts in diet (Caut 
et  al. 2008a), dependency on allochthonous versus 
autochthonous resources and individual preferences 
(Quillfeldt et  al. 2008; Ruffino et  al. 2011; Rodríguez 
and Herrera 2013). Recent and on-going analytical 

developments and improvements make this technique 
promising for revealing the feeding ecology, and thus 
the impact, of cryptic invasive animals such as rats on 
tropical islands.

In this study, we aimed to quantify intraspecific 
patterns in the diet of black rats on two tropical 
islands with varying sizes and settings, as well as 
rat and seabird densities in the Abrolhos archipel-
ago, southeastern Brazil. In this dry tropical archi-
pelago, black rats were recorded in high numbers by 
Darwin during the expedition aboard the Beagle in 
1832 (Keynes 2003) and are thought to have caused 
reductions in seabird numbers since then, threaten-
ing with extinction the nationally “endangered” red 
billed tropicbird Phaethon aethereus (Sarmento et al. 
2014) but also masked (Sula dactylatra) and brown 
(S. leucogaster) boobies and magnificent frigatebirds 
(Fregata magnificens). Currently, actions to eradicate 
rats in Abrolhos are in progress and, if successful, 
will represent one of the few cases of rat eradication 
in a Brazilian archipelago, thus highlighting novel 
research on this site where rat ecology was never 
assessed. We expected that during the dry season, 
when terrestrial resources are depleted, the contri-
bution of seabirds to the diet of black rats would be 
higher than autochthonous resources on both islands. 
However, we expected a larger dependency on sea-
birds in the smaller island due to larger seabird den-
sity and habitat constraints, while rats on the larger 
island would rely more on terrestrial resources due 
the lower seabird density and more complex ter-
restrial habitats. Furthermore, we expected that rats 
sampled inside seabird colonies would be larger and 
heavier than those sampled in non-bird habitats due 
to better quality resources. Finally, based on previ-
ous studies on invasive rats elsewhere (Hobson et al. 
1999; Quillfeldt et al. 2008; Ruffino et al. 2011), we 
expected limited dietary variation in response to sex, 
sampling year and tissue and a large variation in diet 
resulting from individual preferences in different 
areas.

Materials and methods

Study area and sampling

This study was carried out in the Abrolhos archi-
pelago, ~ 70  km off the northeastern Brazilian coast, 
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Bahia state  (Fig.  1). The climate is tropically warm 
and semiarid, with approximately 700 mm of annual 
rainfall mainly distributed in the colder winter months 
(May–August; Kemenes 2003). Vegetation is com-
posed mainly of grasses, succulents and small shrubs 
(Kemenes 2003), with some bare ground rocky areas 
mainly inside colonies of the masked booby, the most 
widespread breeding seabird.

Sampling was conducted on two of the five 
islands of the archipelago, Santa Bárbara and Siriba. 
Santa Bárbara is the largest, with ~ 1.5 km in length 
and ~ 31 ha in area, and contains the greater number 
of seabird breeding pairs (~ 960). Siriba is 300 m in 
length, ~ 3  ha in area, holds ~ 410 seabird pairs, but 
has an approximately 4.5 times greater seabird bio-
mass per hectare than Santa Bárbara (see Linhares 
and Bugoni 2023). The main breeding seabird on 
both islands is the masked booby, but red-billed trop-
icbirds and brown boobies also nest in lower numbers 

(ICMBio 2020; Linhares and Bugoni 2023). Santa 
Bárbara has a small built-up area with a lighthouse 
and seven houses permanently inhabited by the Bra-
zilian Navy and by the staff of the Abrolhos Marine 
National Park, which has jurisdictions on the other 
islands. In addition to black rats, Santa Bárbara has a 
population of 50–80 free-roaming, non-native goats.

Rats were trapped in Tomahawk traps at two dis-
tinct times: in September–October 2019 and in Feb-
ruary 2021. Rats from 2019 were found dead and 
collected during a mark-recapture study conducted 
by the Abrolhos Marine National Park to estimate 
rat density and home range in support of rat eradica-
tion. In 2021, 10 Tomahawk traps baited with pine-
apple chunks were installed on four consecutive 
days either inside or outside masked booby colonies 
on Santa Bárbara and Siriba (Fig.  1) and checked 
every morning. The areas outside the seabird colo-
nies on both islands were dominated by dense grassy 

Fig. 1   Satellite image of the Abrolhos archipelago, southwestern Atlantic Ocean, highlighting the areas where black rats (Rattus rat-
tus) were sampled on Santa Bárbara and Siriba islands between 2019 and 2021
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vegetation mainly composed of Cyperus sp. (hereaf-
ter “grassland” habitat), while the seabird colonies 
were scarcely vegetated with herbs, where bare soil 
and stones predominated. The distance between the 
sampled seabird colony and the grassland ranged 
from 25 to 50 m on Siriba and 250–350 m on Santa 
Bárbara. Rats from 2019 were only obtained in the 
grassland and near the houses on Santa Bárbara, and 
on Siriba, they were collected in an intermediate zone 
between the grassland and seabird colony (Fig.  1). 
Rats in 2021 were immediately euthanized under per-
mits and following Brazilian guidelines for animal 
care. All rats were stored frozen until necropsy in the 
laboratory. Furthermore, in February 2020 and 2021, 
samples of potential food items used by rats were also 
collected for SIA as part of another ecological study 
(C3 and C4 plants, insects, arachnids and lizards; 
Linhares and Bugoni 2023), in accordance with food 
availability in Abrolhos and rat omnivorous feeding 
habits, following the same sampling areas of rats in 
2021. Leaves of C3 (Sida cordifolia for Santa Bárbara 
and Ipomea pes-caprae for Siriba) and C4 (Cyperus 
sp.) plants were collected manually and stored frozen. 
One leg sample of spiders (family Theraphosidae) 
was removed nonlethally, and insects (order Orthop-
tera) were collected manually and stored in ethanol 
70%. Lizards (Tropidurus torquatus) were captured 
with a noose and tail-tip samples (~ 10 mm) were col-
lected with sterile scissors and stored in ethanol 70% 
before releasing the individual. Samples were stored 
from 3 to 7 months prior to laboratory analysis, and 
we assume that differences in storage protocol had 
a negligible effect on isotopic ratios (Hobson et  al. 
1997).

Laboratory procedures

In the laboratory, rats were sexed by examination of 
external genitalia, measured in body length (nose tip 
to the base of the tail), weighed and then necropsied 
to obtain liver and muscle samples for SIA. The liver 
has a high turnover rate and represents the diet inte-
grated over the previous week, while muscle has a 
slower turnover of approximately one month (Kurle 
2009). Stomachs were also collected, but preliminary 
laboratory work showed that the pineapple bait was 
intensively consumed by rats; thus, a visual analysis 
of stomach contents was not possible. Liver and mus-
cle samples from rats as well as insects, spiders and 

lizard samples were washed in a Soxhlet apparatus 
with a 2:1 chloroform:methanol solution as solvent 
in three 6  h cycles to remove lipids that could alter 
results targeting the protein fraction of tissues. Rat 
and animal food source samples were freeze-dried, 
and C3 and C4 plants were oven-dried. Then, all sam-
ples were ground, homogenized, weighed in tin cap-
sules and sent for analysis in an isotope ratio mass 
spectrometer at the Centro Integrado de Análises 
(CIA-FURG, Brazil). Differences between ratios of 
sample values and the international reference stand-
ards (Vienna Pee Dee Belemnite limestone for carbon 
and atmospheric air for nitrogen) were expressed in δ 
notation as parts per thousand (‰; Bond and Hobson 
2012), where δ13C or δ15N (‰) = (Rsample/Rstandard) 
– 1, where R is 13C/12C or 15N/14N for δ13C and δ15N, 
respectively. Based on repeated measurements of lab-
oratory standards (glutamic acid, caffeine and aceta-
zolamide), the measurement precision was 0.07‰ for 
δ13C and 0.8‰ for δ15N.

Body size and mass

Independent Kruskal–Wallis tests were used to test 
for differences in body mass (g) and length (cm) of 
rats between islands (Santa Bárbara and Siriba) and 
the sampling area (colony vs. grassland). Rats sam-
pled in other habitats (i.e., the built-up area on Santa 
Bárbara and the intermediate zone on Siriba) were 
excluded from this analysis due to low sample sizes. 
Only sexually mature individuals were used for anal-
ysis to avoid ontogenetic bias, using the body mass 
threshold of 120  g to assign and exclude immature 
individuals (see Ruffino et al. 2013). A nonparametric 
test was used for both the body length and mass since 
body lengths did not show a Gaussian distribution.

Univariate differences in stable isotope values

Generalized linear models (GLMs) were constructed 
to examine the effect of sex (male and female), sam-
pling year (2019 and 2021), island (Santa Bárbara and 
Siriba), sampling habitat (colony and grassland), the 
interaction of island and habitat, and body length and 
mass (continuous variables) on δ13C and δ15N values 
in the liver and muscle samples of black rats. For this 
analysis, the few samples collected around the houses 
in Santa Bárbara (n = 3) and in the intermediate area 
in Siriba (n = 5) were assigned to the ‘grassland’ 
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habitat due to low sample sizes from only 2019 and 
to the scant seabird nests in these areas. Models for 
each stable isotope were built separately for muscle 
and liver given that the metabolic routes of tissue syn-
thetization vary between tissues (Hobson et al. 1999; 
Caut et al. 2008b, 2009b; Phillips et al. 2014); thus, 
their stable isotope ratios are not directly comparable.

Full model assumptions for a Gaussian distribution 
were validated in diagnostic plots. Then, model selec-
tion was performed by ranking potential models based 
on their second-order Akaike’s information criterion 
corrected for small sample size (AICc) (Hurvich and 
Tsai 1989) using the dredge function in the MuMIn R 
package (Barton 2017; R Core Team 2021). Models 
with lowest AICc were used for analysis and variable 
performances were accessed through the deviance 
percentage explained, obtained with ANOVA tables.

Stable isotope mixing models

The relative contribution of different food items to 
the diet of black rats of Santa Bárbara and Siriba 
islands was estimated for each island with Bayesian 
mixing models implemented in the ‘simmr’ R pack-
age (Parnell 2021), also separately for muscle and 
liver. Potential dietary sources were selected based 
on previous studies on rat diet and sample availabil-
ity from Abrolhos. Thus, we used island-specific data 
of C3 and C4 plant leaves, insects and lizards col-
lected concomitantly with rat sampling in February 
2021; spiders collected in February 2020 on Santa 
Bárbara; and data on the blood of seabirds (masked 
and brown boobies and red-billed tropicbirds), col-
lected in Santa Bárbara during fieldwork in Febru-
ary–March 2019–2022, obtained from the database 
of the Waterbirds and Sea Turtles Laboratory (FURG, 
Brazil) (see Table S1 for sample sizes and source val-
ues used). We assume that these seabird data repre-
sent seabird-derived sources broadly, although we 
lack values from eggs or chicks which may be more 
susceptible to predation by rats. These sources were 
set to represent isotopic ratios of plants, terrestrial 
animals and marine-derived sources (seabirds) that 
may be consumed by rats in Abrolhos. In addition to 
island population models, given the large variation in 
stable isotope ratios of individual rats (see Results), 
individual-level mixing models were built for both 
liver and muscle.

Three sets of trophic discrimination factors (TDFs) 
for δ13C and δ15N, specific for liver or muscle, were 
selected and tested with the dietary data (see Table S2 
for TDF values tested). Before running mixing mod-
els, the adequacy of sources and candidate TDFs was 
verified using simulated mixing polygons (see Smith 
et  al. 2013), using the ‘sp’ and ‘splancs’ R pack-
ages, with 1500 iterations. First, we tested the regres-
sion approach for TDF estimation based on the diet 
isotopic ratio provided by Caut et  al. (2008b) in an 
experimental study with black rats; however, once 
this approach was further criticized due to a lack of 
a functional explanation on derived TDFs and from 
potential experimental and statistical biases (see 
Auerswald et  al. 2010 and Perga and Grey 2010), 
we also tested the TDFs directly measured in rat tis-
sues for the diet Types A (fish meal) and C (alfalfa 
meal; see Caut et  al. 2008b) in our animal and veg-
etal sources, respectively. In addition, we tested TDFs 
measured experimentally for house mice (Mus mus-
culus) fed cane sucrose, fish meal, and soybean oil 
(Arneson and MacAvoy 2005). Whenever TDF stand-
ard deviations were not provided by references, we 
arbitrarily set them to 1‰.

Isotopic niche size and overlap

We used the ‘rKIN’ package (Eckrich et  al. 2020) 
to estimate the kernel utilization density (hereafter 
KUD) isotopic niches for each sex (male and female), 
year (2019 and 2021) and island (Santa Bárbara and 
Siriba), separately for tissues. The KUD approach 
aims are similar to those of traditionally used Bayes-
ian standard ellipses (Jackson et al. 2011), but KUDs 
were found to better represent multimodal data non-
normally distributed in the bivariate space, such as 
when cryptic trophic preferences occur within the 
population (related to social behavior, ontogeny; 
see Eckrich et  al. 2020). Niche size and overlap are 
reported for 50% and 75% KUD contours.

Results

A total of 43 rats were analyzed for stable isotopes. 
Among the samples from 2019, nine rats were 
obtained on Santa Bárbara, of which six were from 
the grassland and three from the area around Navy 
buildings, while five rats were collected on Siriba in 
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the intermediate zone between the colony and grass-
land. In 2021, seven samples were obtained inside 
the seabird colony on Santa Bárbara, and eight were 
obtained in the grassland area; for Siriba, six individ-
uals were obtained from the grassland, and eight were 
obtained from the seabird colony (Table S3).

Body size and mass

Statistical differences (p < 0.05) were found in the 
body mass and length of black rats between areas 
but not between islands (Table  S4). Rats (n = 32) 
sampled inside the seabird colonies were larger 
(18.04 ± 0.97  cm) and heavier (171.43 ± 25.90  g) 
than those sampled in the grassland habitat 
(length = 16.84 ± 1.16 cm; mass = 161.22 ± 26.17 g).

Univariate differences in stable isotope values

For the δ15N in both liver and muscle of black rats, 
selected GLM models only included island, habi-
tat, the interaction (island:habitat) and body mass 
as explanatory variables (Table  1). These models 
explained more than 50% of deviance in data, with 
habitat and island explaining the largest proportion 
and body mass the lowest (Table S5). The only signif-
icant effect (p < 0.05) observed in these models was 

from the interaction (Table 1), indicating that the dif-
ferences between colony and grassland habitats var-
ied between the islands. There seem to be a greater 
variation in δ15N among habitats in Siriba (Table 1), 
with rats presenting much higher values in the grass-
land and intermediate sites than in the seabird colony 
(Fig. S1). In Santa Bárbara, δ15N values were gener-
ally lower than Siriba, with the difference between 
habitats also occurring but with a greater overlap 
(Fig. S1). Island-specific patterns were highlighted 
by the GLM summaries despite the assignment of rats 
from the intermediate and building areas to grassland 
habitats, which may have added noise to the models 
(Table 1, Fig. S1).

For δ13C, selected models included only the island 
and habitat variables, with both showing significant 
effects (Table 1, Table S5). It seems that Siriba pre-
sented overall higher δ13C values than Santa Bárbara, 
while lower values occurred in the grassland than in 
the seabird colony habitats (Table 1).

Isotope mixing models

The highest number of individuals inside the 95% 
probability contours of mixing polygons of mus-
cle and liver of rats from Santa Bárbara and Siriba 
islands was obtained with a TDF reported in Caut 

Table 1   Parameter 
estimates for δ15N and δ13C 
in the liver and muscle of 
black rats (Rattus rattus) 
collected in the Abrolhos 
archipelago, Brazil, 
obtained from selected 
Generalized Linear Models

Variables with p-value less 
than 0.05 are presented in 
bold

Parameter Estimate Std. error t-value p-value

Liver
δ15N Intercept 19.68 2.28 8.65  < 0.0001

Island (Siriba) 1.05 1.38 0.76 0.4511
Habitat (Grassland) 2.02 1.20 1.68 0.1014
Mass  − 0.02 0.01  − 1.93 0.0605
Island (Siriba):Habitat (Grassland) 3.53 1.72 2.05 0.0476

δ13C Intercept  − 16.67 0.62  − 26.93  < 0.0001
Island (Siriba) 1.81 0.63 2.90 0.0061
Habitat (Grassland)  − 2.18 0.65  − 3.35 0.0018

Muscle
δ15N Intercept 19.63 2.00 9.83  < 0.0001

Island (Siriba) 0.41 1.21 0.34 0.7368
Habitat (Grassland) 0.84 1.06 0.80 0.4292
Mass  − 0.02 0.01  − 1.74 0.0901
Island (Siriba):Habitat (Grassland) 3.99 1.51 2.64 0.0119

δ13C Intercept  − 17.40 0.63  − 27.69  < 0.0001
Island (Siriba) 2.72 0.63 4.28 0.0001
Habitat (Grassland)  − 1.92 0.66  − 2.91 0.0059
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et al. (2008b) for rats fed with fish and alfalfa meals 
(Fig. S2), which was therefore used in the mixing 
models. The most marked difference between islands 
detected by mixing models was that seabirds consti-
tuted a much higher proportion in the diet of rats on 
Santa Bárbara (0.47 ± 0.7, mean ± SD in liver) than 
on Siriba (0.15 ± 0.1) (Fig. 2; Fig. S3). On Santa Bár-
bara, dietary contributions among tissues were main-
tained, with seabirds contributing the most (47–51%) 
and other sources held between 6 and 15% each. On 
Siriba, results were similar between tissues, but slight 
differences occurred, with lizards contributing the 
most (24%) in liver, followed by C4 plants (22%) and 
C4 plants in muscle (30%).

Mixing models ran separately for each rat dem-
onstrated a large variation in consumption of food 
sources between individuals within Santa Bárbara 
and Siriba islands (Fig. 3). Despite whole-population 
patterns, for instance, some individuals from Santa 
Bárbara showed a reduced (< 20%) contribution from 
seabirds, and a few individuals (five or six depend-
ing on tissue) from Siriba exhibited a high dietary 
contribution from seabirds (> 25%). Interestingly, on 
Siriba, only some individuals from the seabird colony 
and intermediate zone showed a higher contribution 

from seabirds, while the majority of individuals from 
Santa Bárbara showed a high seabird contribution 
regardless of the sampling location (Fig. 3, Table S3). 
Nonetheless, limited within-individual temporal vari-
ation in diet was detected based on results from liver 
and muscle (Fig. 3).

Isotopic niche width and overlap

Isotopic niche widths were larger in females than 
males and in 2021 larger than in 2020 in both liver 
and muscle samples, while they were variable for 
islands, with Santa Bárbara having a wider niche in 
liver and Siriba in muscle (Table  2). The niche of 
female rats was higher among all, followed by that of 
rats captured in 2021.

Isotopic niche overlap was the highest between 
sexes in both liver and muscle, spanning from ~ 54.7 
to 76.2% depending on the KUD of inference, 
but some females showed higher δ15N than males 
(Fig.  4a, Table  2). The overlap between sam-
pling years was from ~ 22 to 67% and was espe-
cially low considering the 50% contour in the liver 
(22.3–24.6%). The KUD delineated a multimodal 
distribution of core areas (50% contour) of rats from 

Fig. 2   Output of Bayesian 
stable isotope mixing mod-
els representing the esti-
mated contributions (mean, 
25% and 75% percentiles) 
of different food sources for 
the carbon (δ13C) and nitro-
gen (δ15N) isotopic values 
in the liver and muscle of 
invasive black rats (Rattus 
rattus) collected on Santa 
Bárbara and Siriba islands 
in the Abrolhos archipelago, 
Brazil
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2021 in the isospace for both liver and muscle, with 
a distinct smaller group with high δ15N and a larger 
group with lower δ15N (Fig. 4b). The multimodal pat-
tern from 2021 did not occur in samples from 2019. 
Furthermore, niche overlap between rats from Santa 
Bárbara and Siriba spanned from 32.0 to 57.7%, gen-
erally lower than detected in all other comparisons for 
the 75% contour. The core area for rats from Santa 
Bárbara had lower δ13C and δ15N values, while rats 
from Siriba had more variable δ15N values, with some 
individuals having low and intermediate δ15N values 
overlapping with those of Santa Bárbara and others 
having substantially higher δ15N (Fig. 4c). The group 
in 2021 and the females with distinguished high δ15N 
were individuals from Siriba, with the exception of 
one outlier from Santa Bárbara (Fig. 4). Overall, the 
patterns of KUD niche width, overlap, and geometry 
were similar between tissue types.

Discussion

Overall, our results revealed that the diet of black 
rats in the Abrolhos archipelago is composed of a 

Fig. 3   Bayesian mixing model estimated mean contributions 
of food sources to the carbon (δ13C) and nitrogen (δ15N) iso-
topic values of each individual black rat (Rattus rattus) col-
lected in the Abrolhos archipelago, Brazil. Contributions are 
shown in paired sets for each individual, indicating results 
from liver (L) and muscle (M) samples (tissue highlighted in 

the right side of each panel). Letters in individual ID refer to 
the area where each rat was captured: CO Seabird colony; GR 
Grassland; HO Houses (Santa Bárbara only); IN Intermediate 
habitat (Siriba only). For further details on sampling year, or 
sex, see Table S3 in the supplementary material

Table 2   Estimates of isotopic niche size (‰2) and overlap 
between black rats (Rattus rattus) from different islands, sexes 
and years in the Abrolhos archipelago, Brazil, based on kernel 
utilization densities at 50 and 75% contour

Levels the niche overlap provided in each line is the percentage 
of each group area over the other group in comparison

Groups Niche size 
(‰2)

Niche overlap

50% 75% 50% 75%

Liver
Islands Santa Bárbara 41.2 79.6 44.5 57.7

Siriba 37.3 69.2 40.3 50.1
Sex Male 42.8 80.2 67.7 68.6

Female 48.2 89.2 76.2 76.2
Years 2019 35.9 75.2 22.3 56.6

2021 39.6 81.4 24.6 61.3
Muscle
Islands Santa Bárbara 32.8 61.2 32.0 44.5

Siriba 40.9 71.0 39.9 51.7
Sex Male 37.1 67.8 54.7 59.3

Female 44.4 84.2 65.5 73.6
Years 2019 37.8 68.6 40.1 55.3

2021 41.8 83.3 44.4 67.2
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mixture of terrestrial resources and marine-derived 
foods from seabird colonies. Strikingly, seabirds seem 
to contribute up to ~ 50% to the protein in tissues of 
black rats, a pattern that was maintained in the short 
term of a week (liver samples) to approximately a 
month during the dry season (muscle samples); the 
annual period when terrestrial resources are assumed 
to be depleted in a tropical-arid archipelago (Harper 
and Bunbury 2015). This is comparable with previ-
ous studies that demonstrated that during food short-
ages on islands, rats may heavily depend on marine 
resources such as seabird colonies or intertidal inver-
tebrates (Stapp 2002; Ruffino et al. 2011, 2013). This 
may partly be evidence of rat predation or scavenging 
on seabirds, their eggs and chicks, but also of the con-
sumption of other seabird-derived resources, such as 
fish remains, ectoparasites or scavenging arthropods 

relying on seabird carrion. Nevertheless, stable iso-
tope ratios and diet varied substantially between 
Santa Bárbara and Siriba islands, suggesting island-
specific foraging strategies.

Generalized linear models highlighted spatial 
variables (island and habitat) as the most impor-
tant in explaining the variation in the δ13C and δ15N 
values of black rats. Moreover, Bayesian mixing 
models indicated different diet of rats between the 
islands, where seabirds contribute to approximately 
50% of protein in rat tissues on Santa Bárbara, while 
in Siriba, the contribution of seabirds was less than 
20% and terrestrial resources were more important. 
This finding contradicted our predictions, given that 
Siriba is a much smaller island with an almost 5 
times greater biomass concentration of seabirds than 
Santa Bárbara (Linhares and Bugoni 2023); thus, 

Fig. 4   Stable carbon (δ13C) and nitrogen (δ15N) isotopic 
niches based on the liver (above) and muscle (below) of inva-
sive black rats (Rattus rattus) collected in the Abrolhos archi-
pelago, Brazil. Comparisons are shown between sex (A), sam-

pling year (B) and island (C). Kernel utilization density was 
generated for the 50% (darker colors) and 75% (lighter colors) 
contour levels
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we expected a much larger importance of seabirds 
for rats there. Nonetheless, we propose some poten-
tial explanations for this finding. First, the grassland 
on Siriba is in the center of the island and is almost 
immediately surrounded by breeding seabirds. Given 
that seabirds enhance the nutritional content in plants 
and provide several resources (e.g., fish remains and 
carcasses) that may result in boosted primary and 
secondary productivity on islands (Polis and Hurd 
1996; Barret et al. 2005; Young et al. 2010; Hentati-
Sundberg et al. 2020), it is possible that rats encoun-
ter higher food availability of plants and arthropods in 
grassland habitats on Siriba, allowing individuals to 
rely more on terrestrial resources even during the dry 
season (e.g., Major et al. 2006; Quillfeldt et al. 2008). 
On Santa Bárbara, however, the main colony and 
grassland habitats are separated by 200–300  m, and 
grasses may be impacted by herbivory and trampling 
by a herd of introduced goats (Campbell and Donlan 
2005; Gangoso et  al. 2006), potentially leading to a 
lower quality foraging habitat for rats. Notwithstand-
ing, grassland areas on both islands may be important 
habitats not only for foraging but also for providing 
shelter during daytime and likely supporting an ade-
quate environment for breeding (authors’ pers. obs.; 
Quillfeldt et al. 2008).

Second, the dietary difference between the islands 
also appears to be a result of different levels of spatial 
segregation in foraging territories within the islands, 
among different habitats. Rats from Siriba showed 
clear intra-island differences in δ15N, with much 
higher δ15N in the grassland habitat, which was attrib-
uted to a high consumption of 15N-enriched terrestrial 
resources from the grassland (Linhares and Bugoni 
2023), while most individuals in the colony rely heav-
ily on seabirds (Fig.  3). Furthermore, on Santa Bár-
bara, despite the larger distance between habitats, val-
ues of nitrogen isotope ratios in rat tissues was lower 
and less variable between habitats, and we found that 
the use of seabirds was substantial (> 25%) even for 
some individuals from the grassland (Fig.  3). Thus, 
although distances between habitats are minimal, it 
seems that the spatial differences in the diet of rats 
are much greater in Siriba. This pattern was appar-
ently maintained in the short and long terms, as dem-
onstrated by similar results obtained from liver and 
muscle samples, respectively.

We suggest that the higher spatial segregation in 
the diet of black rats from Siriba could be a result of 

more intense population processes, such as competi-
tion and territoriality, derived from differing rat popu-
lation densities between islands (e.g., Ruffino et  al. 
2011). A mark-recapture study conducted during five 
days by the Abrolhos Marine National Park team esti-
mated a density of 69 (CI 95%: 52–93) rats/ha on 
Siriba, with a home range of 7.76 m2 (6.64–9.07), 
in contrast to 14 (10–23) rats/ha and 19 m2 (16–24) 
home range in the Santa Bárbara grassland (L.C.L. 
Ferreira, unpublished results), although home ranges 
in grassland areas could be higher than detected (e.g. 
Ringler et  al. 2014). A much higher rat density in 
Siriba could induce an increase in behavior interac-
tions, such as territoriality and social dominance of 
rats holding prime territories towards subordinate 
individuals in lower quality habitats (e.g. Spencer 
and Cameron 1983; Jensen et  al. 2005). We showed 
that rats found in colonies were larger and heavier 
than in grassland areas, likely from having access to 
energy-rich marine resources associated with seabird 
colonies (Ruffino et  al. 2011; Caut et  al. 2012; Lin-
hares and Bugoni 2023). Thus, one possible expla-
nation is that, in Siriba, larger individuals dominate 
the seabird colony, while smaller individuals are con-
strained within the patch of grassland habitat, which 
is a similar spatial segregation found elsewhere (e.g., 
Hobson et al. 1999; Major et al. 2006; Ruffino et al. 
2011; Russel and Ruffino 2012). In contrast, the fairly 
low density of rats on Santa Bárbara appears to allow 
individuals to roam more among island habitats in 
search of more profitable resources, such as those 
occurring within seabird colonies, suggesting that the 
social pressure is less important on this larger island 
(Quillfeldt et al. 2008). To our knowledge, this is the 
first study using stable isotopes to reveal such con-
trasting resource use of invasive rats on islands with 
differing rat and seabird densities. However, our sam-
pling based on only two islands in two years prevents 
the extrapolation of our results to other contexts, and 
additional information is needed to better understand 
the effect of population density and social relation-
ships in driving differences in foraging segregation 
between islands.

Despite the difference between islands and habi-
tats, there was limited variation in isotope ratios 
in relation to ‘sex’, ‘sampling year’, ‘body mass’ 
and ‘length’, evidenced both by GLMs and iso-
topic niches using KUDs. This finding highlights 
the importance of the spatial context in explaining 
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isotopic variation for rats rather than other intrinsic 
factors. Indeed, at KUDs, the few distinct individ-
uals with high δ15N among females and rats from 
2021 were those few rats collected in the grassland 
of Siriba Island. Nonetheless, the performance of 
KUDs in delineating the irregular geometry of iso-
topic niches of rats highlighted advantages over 
the widely used standard ellipses of the Bayesian 
approach (see Jackson et  al. 2011; Eckrich et  al. 
2020), allowing the identification of cryptic intra-
group foraging strategies, such as the multimodal 
pattern in rats collected in 2021 and intra-island 
variations from Siriba habitats. Interestingly, some 
patterns in niche geometry were maintained over 
the timelines represented by the two different tis-
sues analysed. Nonetheless, the resolution in the 
niche analysis would likely benefit from a larger 
sample size and if sampling habitats were main-
tained between sampling years. The inherent char-
acteristics of the KUD approach may be useful to 
access the resource use of other generalist consum-
ers with high inter-individual foraging variation, 
such as the invasive rats in Abrolhos.

Indeed, individual mixing models showed that 
the relative use of resources varied widely between 
individual rats, even among those from the same 
island and habitat (Fig. 3), but with limited within-
individual temporal variation. This is similar to 
previous studies that evidenced individual consist-
ency in the food habits of individual rats by ana-
lyzing the stable isotopes of tissues with different 
turnover rates (Hobson et al. 1999; Quillfeldt et al. 
2008). Similarity in results obtained from the liver 
and muscle of most rats highlights a stable diet 
over a period of a week to over a month (Kurle 
2009). A consistent individual’s diet but with high 
inter individual variation may minimize intraspe-
cific competition by reducing overlap in resource 
use for a generalist invader during the dry season 
(Bolnick et al. 2007), thereby potentially enhancing 
the colonization capacity of black rats in different 
island habitats worldwide, allowing the high densi-
ties often observed. A nondestructive sampling of 
the same individuals year-round, such as using rat 
hair instead of liver or muscle (Caut et  al. 2008b), 
could help us to understand dietary variation within 
and between individuals over different and greater 
periods (e.g., dry vs. wet) and their role in the popu-
lation-level resilience of rats on islands.

Conservation implications

Overall, our results showed that rats in Abrolhos rely 
heavily on seabird-derived nutrients, although there 
were high inter-individual differences. Under high 
rat population densities in Siriba, resource use was 
apparently spatially constrained, with only the few 
individuals captured within seabird colonies access-
ing seabird-derived resources. In Santa Bárbara, 
under lower population density, spatial constraints 
were apparently lower, potentially due to reduced 
competition, and more individuals seem to have 
access to seabird resources (Quillfeldt et  al. 2008). 
While the high estimated contribution from seabirds 
may also represent the consumption of other seabird-
derived resources, a potentially high level of seabird 
predation by rats in Abrolhos is nonetheless alarm-
ing. Importantly, this finding was derived from some 
rats sampled in September–October, at the peak of 
the nesting season of the most widespread seabird in 
Abrolhos, the masked booby, but also in February, 
when there were only post-fledged boobies on the 
island (ICMBio 2020; Linhares and Bugoni 2023). 
In the absence of boobies, predation on seabirds may 
shift to the more vulnerable, burrow-nesting and 
nationally threatened red-billed tropicbird, which 
breeds year-round in Abrolhos (ICMBio 2020), and 
the scant nests of white-tailed tropicbirds (P. lep-
turus) (Mancini et  al. 2016). Abrolhos is the only 
Brazilian archipelago where red-billed tropicbirds 
breed in substantial numbers, and it is one of the 
most southerly breeding sites and thus an important 
peripheral population (Eckert et  al. 2008; Sarmento 
et  al. 2014; Mancini et  al. 2016), with low genetic 
diversity and high vulnerability to extinction (Nunes 
et al. 2017). Furthermore, it was suggested that sea-
birds exposed to black rats, especially those who nest 
in burrows, are the most likely to suffer population 
declines (Jones et al. 2008). It has already been esti-
mated that predation from invasive rats threatens the 
population viability of tropicbirds in Abrolhos, likely 
promoting population decline in the near future (Sar-
mento et al. 2014).

Therefore, our results highlight the urgency of 
controlling or eradicating black rats in Abrolhos to 
protect the local breeding seabirds. Effective manage-
ment would benefit the whole insular ecosystem, as 
it was recently demonstrated that seabirds provide 
nutrients that subsidize productivity in the terrestrial 
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environment but also in nearshore coral reefs in Abrol-
hos (Linhares and Bugoni 2023). Moreover, we demon-
strated that rats also used plants, arthropods and even 
lizards as main food sources, especially on Siriba, thus 
evidencing the direct impact on the terrestrial native 
biota. Several studies have shown the highly detrimen-
tal effect that rats have on vegetation (Auld et al. 2010), 
lizards (Gollin et  al. 2021) and invertebrates (Towns 
et  al. 2009), affecting pollination, plant growth (Auld 
et  al. 2010), and seedbanks (Shiels 2011), potentially 
leading to ecosystem function breakdown. Rat manage-
ment is, thus, a key action for ecosystem recovery in 
this tropical dry archipelago.
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