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Trophic niche of invasive murid rodents 2
in urban and peri-urban areas in South Africa:
insights from stable isotope analysis
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Abstract

There are three invasive Rattus species (R. norvegicus, R. rattus, R. tanezumi) that are known to occur in South Africa.
The three Rattus species are widespread in urban and peri-urban areas where they have had a significant impact
on human health, infrastructure, and biodiversity. There is, however, limited information on their trophic ecology
and on how factors that affect access to, and utilization of, food resources facilitate successful establishment. This
study applied stable isotope analysis (SIA) to assess the trophic niches of the three Rattus species across selected
urban and peri-urban landscapes in Gauteng Province. The three Rattus species occurred allopatrically: R. norvegicus
in urban areas (Alexandra and Tembisa townships), R. rattus in the peri-urban University of Pretoria Experimental
Farm, and R. tanezumi in peri-urban areas near Hammanskraal. Rattus tanezumi and R. rattus exploited broader food
resources in peri-urban areas that are used for agricultural activities, while R. norvegicus had a more restricted niche
in urban environments. Niche breadth expanded in summer, reflecting seasonal food availability, while sex- and
age-related differences suggested subtle differences in feeding strategies, although the results were inconsistent
across species and sites. Although some limitations, such as the fact that the three Rattus species were sampled in
allopatry and missing baseline resources constrained interpretation, the study provides insights into how invasive
rats adapt to different environments. Future research combining stable isotope analysis with long-term monitoring
data will be essential to clarify niche partitioning and guide effective management of invasive rat populations.
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Introduction

Three invasive murid rodent species of Rattus (R. norveg-
icus, R. rattus, and R. tanezumi) occur in South Africa,
and are particularly prevalent in urban and peri-urban
informal settlements [1]. Informal urban and peri-urban
settlements are often ideal for rat populations to prolifer-
ate because they are characterised by high human popu-
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and parasites, threats to food security, damage to infra-
structure, and threats to biodiversity [6—12].

Rattus species are known to occur in both sympatry
and syntopy in their native range [13]. Sympatric spe-
cies co-occur in the same region, while syntopic species
are found within the same habitat [14]. For example,
in our study, the three Rattus species occurred within
Gauteng province (sympatry), however, they did not co-
occur in their respective habitats (allopatry). The spatial
scale at which they interact determines whether they
can be referred to as being sympatric, syntopic, or allo-
patric species [15]. There are relatively few studies on the
behaviour of Rattus species to allow insights into how
they partition their resources (e.g., food and locality)
when they occur in syntopy, e.g [16—18]. , . This is largely
due to their neophobic behaviour and their use of sub-
terranean tunnel systems [19]. The three Rattus species
have broad distributional ranges in their native and inva-
sive ranges [20]. While the three species may be able to
co-exist through niche partitioning, information on their
patterns of resource use in invaded areas is limited. Niche
partitioning is the process by which, due to differential
resource allocation, competition is reduced in species
that utilize the same resources/niches, resulting in their
coexistence [21, 22]. The co-occurrence of different Rat-
tus species in the same habitat may lead to niche shifts,
displacement through competition [23, 24], or niche
complementarity due to differences in resource use, e.g
[25]., . For example, R. norvegicus has been reported to
out-compete and displace R. rattus because of its rela-
tively larger body size and aggressive nature [26], while
R. tanezumi can displace other Rattus species through
scent-marking, which is strong enough to repulse even
the larger and more aggressive R. norvegicus [27]. Rat-
tus species can also co-exist in syntopy through niche
complementarity for food resources and habitats. For
example, R. rattus prefers elevated locations such as the
upper floors of buildings, roofs, and ceilings that are not
preferred by R. norvegicus [2, 28], while R. tanezumi can
utilise both indoor and outdoor habitats such as agricul-
tural fields and forests [29].

A broad and flexible generalist diet has been suggested
as key to the invasion success of Rattus species [30, 31].
Invasive Rattus species are omnivores that feed on a wide
range of food items, which include invertebrates, verte-
brates, and plants, e.g [17, 32—34]. , . They are also known
to adjust their feeding niche to opportunistically feed on
what is available. For example, the invasive R. rattus has
been shown to have a broad and flexible diet that changes
seasonally and differs among habitats, indicating trophic
plasticity [31, 35]. Similar plasticity in feeding niches has
also been noted for R. norvegicus, where populations in
modified habitats such as urban areas had constricted
and less diverse diets than in natural habitats [36]. Rattus
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norvegicus, R. rattus, and R. tanezumi have been widely
introduced globally and co-occur in many areas across
their invasive ranges [20]. It is likely that these three Rat-
tus species can co-exist through niche complementarity
of resources such as food, e.g [17, 31, 37]., .

This study applied trophic niche analysis to assess
patterns of food resource use among Rattus species in
selected urban and peri-urban areas in South Africa.
Trophic niche analysis has been used to assess the eco-
logical opportunities available to alien species in terms of
food resources and how factors that affect access to, and
utilization of food resources, facilitate successful estab-
lishment and adverse impacts in areas of introduction,
e.g [31, 38]., . We used stable isotope analysis (SIA) to
identify and quantify niche dimensions (niche width and
size) and to elucidate trophic interactions (niche overlap
and complementarity). SIA of nitrogen (§"°N) and car-
bon (8'3C) can be used to assess resource partitioning by
determining the isotopic composition of various tissues
to trace food assimilated over time [39]. §'°N is enriched
by ~ 3.4%o per trophic level and can be used to determine
the trophic position of a consumer, while §'3C is enriched
by ~ 1%o and can be used to identify food sources [40,
41]. The premise that §'°C and 8N values obtained
from a consumer reflect those of its diet has been widely
applied to assess the trophic structure of ecological com-
munities [39, 42—-44].

This study used stable isotope analysis to infer the tro-
phic ecology of invasive Rattus species found in peri-
urban and rural areas in Gauteng Province, South Africa.
We predict that the generalist and flexible feeding strat-
egy of Rattus species allows them to shift the variety and
type of food items utilized by altering their feeding strat-
egy in response to differences in food availability among
habitats and seasons, and food selectivity linked to life
history traits (e.g., sex and age).

Materials and methods

Study species and study area

The three Rattus species occurred allopatrically at each
study site (Table 1). Rattus norvegicus was sampled at
Alexandra township (-26.1038° S; 28.0962° E) and Tem-
bisa (-26°S; 28.214°E) - just outside the City of Johan-
nesburg (Fig. 1). The townships are characterized by
high-density housing units that are interspaced with
informal settlements. Rattus rattus was sampled from the
University of Pretoria (UP) Experimental Farm (-25.749°S
28.238°E), located 5 km to the east of the City of Preto-
ria, and is used for agricultural activities such as animal
husbandry and crop production. Rattus tanezumi was
sampled on a small holding property in the peri-urban
area just outside of Hammanskraal township (-25° 23’
59.99” S, 28° 16’ 60.00” E), 46 km to the north of the City
of Pretoria. Smallholdings are parcels of land measuring
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Table 1 Composition of trap catches of three Rattus species from urban (Alexandra and Tembisa) and peri-urban areas (University of
Pretoria experimental farm and Hammanskraal) of Gauteng Province, South Africa

Species Sampling site Sex Age Season
Female Male Adult Juvenile Subadult Autumn Spring Summer  Winter
Rattus norvegicus ~ Alexandra 132 135 150 27 90 267
Tembisa 42 48 54 15 21 30 60
Rattus rattus UP Experimental Farm 24 57 30 27 24 21 3 54 3
Rattus tanezumi Hammanskraal 15 18 15 9 9 3 6 15
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Fig. 1 A map (with an insert of Africa and South Africa) showing the sampling sites of Rattus norvegicus (Alexandra and Tembisa Townships), R. rattus
(University of Pretoria (UP) Experimental Farm), and R. tanezumi (Hammanskraal) in Gauteng Province, South Africa

less than 20 hectares in size that are used for small-scale
agricultural activities, such as animal husbandry and lim-
ited crop production. The study sites were selected based
on confirmed species occurrence data sourced from pre-
vious studies [1, 10, 45, 46].

Ethics approval

Rattus norvegicus, R. rattus, and R. tanezumi samples
were sourced between December 2010 and June 2012
and then genetically identified (through Cyt » mtDNA
sequencing) in previous studies [1, 10, 45, 46]. These
studies used a variety of methods to obtain samples,
including Sherman traps (H.B. Sherman Traps Inc.,

Florida, U.S.A.) and snap traps, as well as donations
received opportunistically from members of the public,
pest control companies, or through an invasive synan-
thropic rodent extermination program instituted by the
Johannesburg Metropolitan Municipality, Gauteng Prov-
ince, South Africa. Live-trapped samples were collected
under a permit from the Gauteng's Provincial Depart-
ment of Nature Conservation, Johannesburg, South
Africa (Permit number CPF6 0032), and the approval
of animal capture and care procedures of the University
of Pretoria Animal Ethics Committee, Pretoria, South
Africa (Ethics approval number ECO25-10) and were
euthanized using either isoflurane (administered by a
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veterinary professional) or CO, inhalation. Permission
to conduct this study was granted in terms of Sect. 20
of the Animal Diseases Act (Act no. 35 of 1984) by the
South African Department of Forestry, Fisheries, and
the Environment (Permit number 13788). All specimens
are currently housed in the Department of Zoology and
Entomology at the University of Pretoria, Pretoria, South
Africa, and after which they will be deposited in the Dit-
song Museum of Natural History, Pretoria, South Africa.

Sample preparation
Specimens were weighed, liver and gastrocnemius mus-
cle dissected out, and hair samples clipped from the
postero-dorsal part of the animal, near the base of the
tail, in a Level 2 biosecurity laboratory in the Depart-
ment of Zoology and Entomology, University of Pretoria,
Pretoria, South Africa. The categorization of relative age
classes in both species was based on craniometric analy-
sis [47] that grouped tooth wear classes into juveniles
(tooth wear class I), subadults (II-III), and adults (IV-V)
based on maxillary molar eruption and wear. A list of the
Rattus species sampled is grouped by relative tissue type,
locality, sex, age, and season, and indicated in Table S3.
Liver and gastrocnemius muscle tissue samples were
dried for 24 h at 70° C in a drying oven after which
they were pulverised either with a mortar and pestle or
a homoginiser (Quigen Tissuelyser II, Quigen, Venlo,
Netherlands). Hair samples were pre-treated in a solution
with a ratio of 2:1 of chloroform: ethanol to remove resi-
dues before being dried and stored in Eppendorf tubes
[48]. Minute quantities of each sample were transferred
into tin capsules and weighed using a Mettler Toledo
MX5 microbalance (Mettler-Toledo GmbH Laboratory
and Weighing Technologies, Greifensee, Switzerland)
with an accuracy of 3 decimal places. The ideal weight of
each sample contained in each tin capsule was between
0.600 and 0.800 mg (Thermo Fischer, Bremen, Germany).

Stable isotope analysis

SIA was conducted on a Flash Elemental Analyser 1112
Series coupled to a delta V plus stable light isotope ratio
mass spectrometer via a ContFlo IV system (all the
equipment was supplied by Thermo Fischer, Bremen,
Germany) at the Stable Isotope Laboratory, Mammal
Research Institute (MRI), University of Pretoria, Pretoria,
South Africa. A laboratory running standard (Merk Gel:
8'3C = - 20.6%0; 8"°N = 6.8%0; C% = 43.8%; N% = 14.6%)
and a blank sample were run after every 12 unknown
samples. All the results were referenced to Vienna Pee—
Dee Belemnite (VPDB; [49]) for carbon isotope values
and to air [50] for nitrogen isotope values. The results
were expressed in delta notation using a per mille scale

(Eq. 1):
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0X (%0) = [(Rsample —Rstandard) /Rstandard] x 1000 (].)

Where, X=1°N or ¥C and R represents *C/1? or
15 N/MN, and analytical precision was <0.2%o for both
8'°N and 8'3C.

Statistical analysis

The stable isotope data generated for R. norvegicus, R.
rattus, and R. tanezumi were summarised using indepen-
dent box plots of §"°N and 6'C values with reference to
tissue type, locality, sex, age, and season. The §'°N and
8"3C data were tested for normality and homogeneity of
variances by means of Shapiro-Wilk and Bartlett tests,
respectively, and then subjected to independent analysis
of variance (ANOVA) to assess the effect of tissue type,
locality, sex, age, and season. Where statistically signifi-
cant differences were detected (« < 0.05), Tukey’s post
hoc tests were used to identify non-significant differences
between subsets (a >0.05) in factors with more than
two categories that included tissue type and age class.
A Welch F test was used in cases of unequal variances.
Stable isotope values can be influenced by several factors,
such as tissue type [37], life history traits (e.g., age and
sex) [38], and location [39].

A preliminary analysis indicated that stable isotope
values varied among tissue types; therefore, subsequent
analysis to assess the effect of locality, sex, age, and sea-
son on the isotopic niches of the rats was restricted to
hair samples (Appendix S1). Hair integrates the isotopic
composition of the food consumed over long periods
(weeks to months) relative to other body tissues, such as
muscle and liver tissues (hours to days), making it ideal
for assessing dietary changes that may persist over simi-
lar time scales or longer [51-54].

The package, Stable Isotope Bayesian Ellipses R
(SIBER); [55] was used to estimate the isotopic niche
size utilised by the Rattus species in relation to tissue
type, locality, sex, age, and season. The standard ellipse
area (SEA) was calculated from the variance and covari-
ance of the sample data and converted into a sample-size
corrected standard ellipse area (SEAc) that encompassed
40% of the sample data. SEAc is robust and less sensitive
to the effects of sample size. The actual niche width of the
sampled population can potentially be underestimated
due to small sample sizes, resulting in the promulgation
of inaccurate data when comparing between populations
that have different sample sizes. Niche overlap among
ellipses was calculated following (Eq. 2):

Areaof Overlap

0 lap =
% overlap (SEAcl + SEAc2 — Areaof Overlap

[ ¥ 100 (2)

Where SEAc 1 and 2 represented the isotopic niche area
utilised by each population and/or species, and area of
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overlap represented the area overlapped by SEAc 1 and
2. The extent of overlap was classed as either low (< 40%),
moderate (40—60%), or high (>60%). Niche overlap values
>60% were regarded as being statistically significant [56,
57]. All statistical analyses were undertaken using algo-
rithms in Palaeontological Statistics (PAST) version 3.15
[58] and in R version 3.4.3 [59].

Results

The three Rattus species occurred allopatrically, R.
norvegicus was sampled in Alexandra and Tembisa
Townships, R. rattus at UP Experimental Farm, and R.
tanezumi in Hammanskraal. Sex, age and season had dis-
parate effects on isotopic niches utilized by Rattus species
across the four sites. Sex had no statistically significant
effect on the mean 8'°N and §'3C values of R. norvegicus
from Alexandra, but there were significant differences
for R. norvegicus from Tembisa, where males were §'°N-
enriched than females, and females were §'3C-enriched
than males (Fig. 2, Table S2). Sex had a significant effect

R. norvegicus
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(SIBER: p<0.05) on the isotopic niche space utilised by R.
norvegicus at both sites, where males had a larger isotopic
niche space than females (Table 2).

Age had a statistically significant effect on the mean
8'°N and 8'3C values of R. norvegicus from Alexandra
but not for individuals from Tembisa (Fig. 3). In Alex-
andra, juveniles had enriched 8N and §'C values
relative to the other age classes. Age, however, had a sta-
tistically significant effect (SIBER: p<0.05) on the isoto-
pic niche space utilised by R. norvegicus across the two
sites (Table 2). In Alexandra, juvenile R. norvegicus had a
larger isotopic niche than sub-adults and adults. In con-
trast, adults had the largest niche size in Tembisa. Rattus
norvegicus from Alexandra were only sampled in winter;
therefore, no seasonal analysis was done. Rattus norvegi-
cus from Tembisa were sampled in autumn and summer,
but season had no significant effect on the mean §"°N
and 8"3C values (Fig. 4). However, season had a signifi-
cant effect (SIBER: p <0.05) on isotopic niche size. Niche
size was significantly higher in summer than in autumn
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Fig. 2 Box plots of stable isotopes of nitrogen (5'°N) and carbon (§'3C) values with reference to sex for populations of Rattus norvegicus from Alexandra
(grey) and Tembisa Townships (blue), R. rattus from the University of Pretoria Experimental Farm (orange), and R. tanezumi from Hammanskraal Township
(purple) in Gauteng Province, South Africa. Statistically significant differences are indicated by the asterisks above each pair being compared (level of
significance: *** = 0.001, ** = 0.01, or * = 0.05), while non-significant differences are indicated by NS
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Table 2 Estimates of isotopic niche area (sample size-corrected standard ellipse area) of populations of Rattus norvegicus from
Alexandra and Tembisa Townships, R. rattus from the University of Pretoria experimental Farm, and R. tanezumi from Hammanskraal

Township in Gauteng Province, South Africa

Species Locality Sex Age Season
Female Male Juvenile Sub-adult Adult Summer Autumn
R. norvegicus Alexandra 1.5 1.9 3.1 13 14
Tembisa 1.8 1.9 0.9 1.8 26 26 14
R. rattus UP Experimental Farm 1.2 2.8 0.7 49 0.9 36 0.7
R. tanezumi Hammanskraal 236 12.3 235 6.1 4.7
R. norvegicus R. norvegicus
Alexandra Tembisa
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Fig. 3 Box plots of stable isotopes of nitrogen (5'°N) and carbon (5'3C) with reference to age for populations of Rattus norvegicus from Alexandra
(grey) and Tembisa Townships (blue), R. rattus from the University of Pretoria Experimental Farm (orange), and R. tanezumi from Hammanskraal Township
(purple) in Gauteng Province, South Africa. Statistically significant differences are indicated by the asterisks above each pair being compared (level of

significance: *** = 0.001, ** = 0.01, or * = 0.05), while non-significant differences are indicated by NS

(Table 2). There were no significant interactions among
factors (sex, age, and season) for R. norvegicus from Alex-
andra and Tembisa.

Sex had a significant effect on the mean §'°N values
of R. rattus from UP Experimental Farm, where females
were 8'°N-enriched relative to males (Fig. 2). However,
sex had no significant effect on the mean §'3C values.
Sex had a statistically significant effect (SIBER: p<0.05)
on the isotopic niche space of R. rattus, where males

had a larger isotopic niche space than females (Table 2).
Age and season had no effect on §'°N and §'*C values
of R. rattus (Figs. 3 and 4); however, both had a signifi-
cant effect (SIBER: p<0.05) on the isotopic niche size
(Table 2). Sub-adults had larger niche sizes than other age
classes, and niche size was significantly higher in sum-
mer than autumn. There were no significant interactions
among factors (sex, age, and season).
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Sex, age, and season had no significant effect on the
mean §'°N and §'C values of R. tanezumi from Ham-
manskraal (Figs. 2, 3 and 4). However, both variables had
a significant effect (SIBER: p <0.05) on the isotopic niche
size. Females utilised a larger isotopic niche space than
males; niche size was significantly higher in summer than
in spring and winter, and juveniles had a larger niche than
sub-adult and adults (Table 2). There were no significant
interactions among factors (sex, age, and season).

Location had a significant effect on the mean §'°N and
8'3C values of the three species across the four sampling
sites (Fig. 5). Rattus rattus from the UP Experimental
Farm had enriched-8'°N values relative to the other two
species. 8'3C values of R. norvegicus from Tembisa and
Alexandra were similar but significantly different from R.
rattus from the UP Experimental Farm and R. tanezumi
from Hammanskraal. Similarly, location had a statisti-
cally significant effect (SIBER: p<0.05) isotopic niche.
Rattus tanezumi from Hammanskraal had the largest

isotopic niche, followed by R. rattus from the UP Experi-
mental Farm, and then R. norvegicus from Tembisa and
Alexandra (Fig. 6).

Discussion

This study employed stable isotope analysis to infer
the trophic ecology of invasive Rattus species found in
urban and peri-urban areas of Gauteng Province, South
Africa. The three Rattus species are omnivorous gener-
alists that feed on a wide variety of food items, such as
invertebrates, vertebrates, and plants [31, 33, 35, 36].
The three Rattus species occurred allopatrically and
had different isotopic niches, which implies that they
might be utilising different food resources. Rattus tan-
ezumi and R. rattus were sampled in peri-urban areas
and had relatively larger isotopic niches than R. norvegi-
cus, which was sampled in urban areas of Alexandra and
Tembisa. Food resources are likely to be more diverse in
peri-urban landscapes that are utilized for agriculture;
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therefore, R. tanezumi and R. rattus might subsist on a
wider range of food sources [31, 60]. The differences in
niche size between R. tanezumi and R. rattus might be
related to different feeding preferences and habitats
found between the two peri-urban areas. Rattus rattus
was sampled at the University of Pretoria Experimental
Farm, which is dominated by cultivated land with a few
scattered buildings that are used for animal husbandry.
In contrast, R. tanezumi was caught on a smallholding
property in Hammanskraal, which is used for small-scale
farming and lifestyle purposes. Enriched mean §'*C val-
ues (13.4%o + 1.7) of R. rattus from the UP Experimental
Farm suggest a diet based on C, plants, likely from crops
or animal feed [46]. In contrast, the depleted §'3C values
(-17.7%o £ 3.1) of R. tanezumi suggest a diet based on C,
plants, likely from natural vegetation found around the
small holding. This is similar to observations in other
locations, where Rattus species exhibit a broader stable
isotope niche in natural environments compared to agri-
cultural fields [20]. The restricted niche size of R. norvegi-
cus is more typical of high-density urban areas such as

Tembisa and Alexandra, where rats likely feed opportu-
nistically on a limited range of food resources obtained
from refuse material and pilfering from households [4].
Similarly, a recent study found that the trophic niche of
urban rats was more homogenous in urban rats relative
to their rural counterparts likely as a result of rats largely
consuming human-derived food in urban areas; in com-
parison, rural rats, where food was scarcer tend to feed
on a wider range of food items and as such had a more
heterogenous trophic niche [36].

Season did not affect the mean isotopic values, but it
did significantly influence niche size. Rattus species have
a flexible generalist diet and can switch their diet to feed
on what is seasonally available [31]. Sex and age also
influenced mean isotopic values and niche size, although
patterns were inconsistent across species and sites. For
example, males of R. norvegicus and R. rattus had a larger
isotopic niche space than females; in contrast, females of
R. tanezumi had a larger isotopic niche space than males.
Research elsewhere on the influence of sex on the trophic
niche of Rattus species is equally confounding. Some
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studies have found no differences based on sex on the
trophic niche utilised by R. tanezumi and R. rattus, e.g
[32]., , but others have noted differences between sexes
that were attributed to differential growth patterns [38,
48], behavioural differences in dispersal patterns [49],
and foraging strategies [50]. Similarly, age-related dif-
ferences may reflect subtle differences in feeding prefer-
ences among age classes, such as juveniles consuming
more protein-rich food to meet their growth require-
ments [61, 62]. One possibility is that some R. norvegi-
cus juveniles from Alexandra were in the process of being
weaned off milk from their mothers, which could explain
the elevated 8'°N and §'3C values relative to both sub-
adults and adults. Since suckling young acquire nutrients
from their mother’s milk, their isotopic signatures tend to
be higher than those of their mothers [63].

Several limitations constrain the interpretation of the
results from this study. Although the three Rattus species
were sampled in sympatry, they were allopatric in their
habitats, which limited insights into patterns of potential
niche partitioning. This is despite us sampling sites such
as Tembisa and Hammanskraal, where previous studies

have found the species to co-occur [1]. Small sample
sizes, likely due to the stochastic nature of trapping suc-
cess, may also have obscured interactions among sex,
age, and season, as catch data were largely skewed across
the three factors. Future studies could also include addi-
tional sites where the Rattus species have been found to
co-occur syntopically, e.g [1]. , , and implement a regular
monitoring regime through repeated trapping efforts that
could help increase the sample size and counteract catch
variability, which could reveal more robust estimates of
the trophic niche utilised by the three Rattus species.
Basal resources were not collected to help infer the stable
isotope values. This is partly due to the sampling strat-
egy we used, where some of the samples were obtained
opportunistically from pest control companies and from
previous studies that assessed other aspects of the rat's
biology. It was therefore not possible to collect food items
from the environment to help delineate the food web
structure. The dietary preferences of wild rats are diffi-
cult to discern due to the environment that they inhabit,
as well as their behaviour. Gut content analysis could be
used to circumvent this, as the rats are likely to be better
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samplers of the food items available in the environment
than humans collecting putative samples. Gut content
analysis was attempted; however, this proved difficult due
to the high percentage of empty stomachs and macer-
ated food items that were difficult to identify. This, again,
could be improved on by increasing the sample size and
augmenting gut content analysis with molecular tech-
niques to help identify ingested prey items, e.g [52, 53].
, . Furthermore, when combined with other techniques,
such as telemetry, information about the trophic niche
can provide a more comprehensive understanding of the
foraging behaviour of rats in urban and peri-urban areas.
This knowledge could have implications for developing
long-term control strategies, not just within the province,
but also in other regions.

In summary, this study demonstrates that the trophic
niches of the three Rattus species in Gauteng Province
differ across habitats. Rattus tanezumi and R. rattus
exploited broader food resources in peri-urban areas
that are used for agricultural activities, while R. norvegi-
cus had a more restricted niche in urban environments.
Niche breadth expanded in summer, reflecting sea-
sonal food availability, while sex- and age-related differ-
ences suggested subtle differences in feeding strategies,
although these results were inconsistent across species
and sites. Although some limitations, such as the fact
that the three Rattus species were not sampled in syn-
topy, as well as the fact that missing baseline resources
constrained interpretation, the study provides insights
into how invasive rats adapt to different environments.
Future research combining stable isotope analysis with
long-term monitoring data will be essential to clarify
niche partitioning and guide effective management of
invasive rat populations.

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/540850-025-00243-1.

[ Supplementary Material 1 ]

Acknowledgements

We are grateful to Ms. Elmarie Mostert, Dr. Rolanda Julius, and Ms. Asiashu
Lithole for collecting the samples that were utilized in this study. Our gratitude
is also extended to Dr Grant Hall and Professor Stephan Woodborne, whose
expertise and facilities at the Stable Isotope Laboratory of the Mammal
Research Institute (MRI), University of Pretoria, Pretoria, South Africa, made this
study possible.

Author contributions

All authors contributed to the study conception and design, material
preparation, data collection and analysis. The first draft of the manuscript was
written by Gordon Ringani, and all authors commented on previous versions
of the manuscript. All authors read and approved the final manuscript.

Funding
This study was funded by the South African Centre for Invasion Biology (CIB).
T.A.Z. acknowledges funding from the South African Department of Forestry,

Page 10 of 12

Fisheries, and the Environment (DFFE), noting that this publication does not
necessarily represent the views or opinions of DEFF or its employees. TA.Z.
also acknowledges support from the National Research Foundation (Grant
103602) as does CW.W.P.

Data availability

All experiments were performed in accordance with relevant guidelines and
regulations. Live-trapped samples were collected under a permit from the
Gauteng's Provincial Department of Nature Conservation, Johannesburg,
South Africa (Permit number CPF6 0032), and the approval of animal capture
and care procedures of the University of Pretoria Animal Ethics Committee,
Pretoria, South Africa (Ethics approval number ECO25-10) and were
euthanized using either isoflurane (administered by a veterinary professional)
or CO2 inhalation. Permission to conduct this study was granted in terms of
Sect. 20 of the Animal Diseases Act (Act no. 35 of 1984) by the South African
Department of Forestry, Fisheries and the Environment (Permit number
13788). All specimens are currently housed in the Department of Zoology
and Entomology at the University of Pretoria, Pretoria, South Africa, and, after
which, they will be deposited in the Ditsong Museum of Natural History,
Pretoria, South Africa.

Declarations

Ethical approval

All experiments were performed in accordance with relevant guidelines and
regulations.

Live-trapped samples were collected under a permit from the Gauteng's
Provincial Department of Nature Conservation, Johannesburg, South Africa
(Permit number CPF6 0032), and the approval of animal capture and care
procedures of the University of Pretoria Animal Ethics Committee, Pretoria,
South Africa (Ethics approval number ECO25-10) and were euthanized using
either isoflurane (administered by a veterinary professional) or CO2 inhalation.
Permission to conduct this study was granted in terms of Sect. 20 of the
Animal Diseases Act (Act no. 35 of 1984) by the South African Department of
Forestry, Fisheries, and the Environment (Permit number 13788). All specimens
are currently housed in the Department of Zoology and Entomology at the
University of Pretoria, Pretoria, South Africa, and, after which, they will be
deposited in the Ditsong Museum of Natural History, Pretoria, South Africa.

Competing interests
The authors declare no competing interests.

Received: 3 March 2025 / Accepted: 13 October 2025
Published online: 30 October 2025

References

1. Bastos AD, Nair D, Taylor PJ, Brettschneider H, Kirsten F, Mostert E, Von Maltitz
E, Lamb JM, Van Hooft P, Belmain SR, Contrafatto G, Downs S, Chimimba CT.
Genetic monitoring detects an overlooked cryptic species and reveals the
diversity and distribution of three invasive Rattus congeners in South Africa.
BMC Genet. 2011;12:26. https://doi.org/10.1186/1471-2156-12-26.

2. De MasiE, Vilaga PJ, Razzolini MTP. Evaluation on the effectiveness of actions
for controlling infestation by rodents in Campo Limpo region, S&o Paulo
Municipality, Brazil. Int J Environ Health Res. 2009;19:291-304. https://doi.org/
10.1080/09603120802592723.

3. Jassat W, Naicker N, Naidoo S, Mathee A. Rodent control in urban communi-
ties in Johannesburg, South africa: from research to action. Int J Environ
Health Res. 2013,23:474-83. https://doi.org/10.1080/09603123.2012.755156.

4. Feng AYT, Himsworth CG. The secret life of the City rat: a review of the ecol-
ogy of urban Norway and black rats (Rattus norvegicus and Rattus rattus).
Urban Ecosyst. 2014;17:149-62. https://doi.org/10.1007/511252-013-0305-4.

5. Ringani GV, Julius RS, Chimimba CT, Pirk CWW, Zengeya TA. Predicting the
potential distribution of a previously undetected cryptic invasive synan-
thropic Asian house rat (Rattus tanezumi) in South Africa. J Urban Ecol.
2022;8:;juac005. https://doi.org/10.1093/jue/juac005.

6.  Easterbrook JD, Kaplan JB, Vanasco NB, Reeves WK, Purcell RH, Kosoy MY,
Glass GE, Watson J, Klein SL. A survey of zoonotic pathogens carried by
Norway rats in Baltimore, Maryland, USA. Epidemiol Infect. 2007;135:1192-9.
https://doi.org/10.1017/50950268806007746.


https://doi.org/10.1186/s40850-025-00243-1
https://doi.org/10.1186/s40850-025-00243-1
https://doi.org/10.1186/1471-2156-12-26
https://doi.org/10.1080/09603120802592723
https://doi.org/10.1080/09603120802592723
https://doi.org/10.1080/09603123.2012.755156
https://doi.org/10.1007/s11252-013-0305-4
https://doi.org/10.1093/jue/juac005
https://doi.org/10.1017/S0950268806007746
https://doi.org/10.1017/S0950268806007746

Ringani et al. BMC Zoology

20.

21

22.

23.

24.

25,

26.

27.

28.

29.

30.

31.

(2025) 10:22

Gottfried RS. The black death: natural and human disaster in medieval
Europe. New York London: Free press Collier Macmillan; 1983.

Hagen BL, Kumschick S. The relevance of using various scoring schemes
revealed by an impact assessment of feral mammals. NeoBiota. 2018;38:35—
75. https://doi.org/10.3897/neobiota.38.23509.

lannaccone PM, Jacob HJ. Rats! Dis Model Mech. 2009;2:206-10. https://doi.o
rg/10.1242/dmm.002733.

Julius RS, Bastos AD, Chimimba CT, Brettschneider H. Dynamics of rodent-
borne zoonotic diseases and their reservoir hosts: invasive Rattus in South
Africa. Proc Vertebr Pest Conf. 2012;25. https://doi.org/10.5070/V425110574.
Julius RS, Zengeya TA, Schwan EV, Chimimba CT. Geospatial modelling and
univariate analysis Of commensal rodent-borne cestodoses: the case Of
invasive spp. Of Rattus and Indigenous Mastomys coucha from South Africa.
Front Vet Sci. 2021,8:678478. https://doi.org/10.3389/fvets.2021.678478.

Kay EH, Hoekstra HE, Rodents. Curr Biol. 2008;18:R406-10. https://doi.org/10.1
016/j.cub.2008.03.019.

Varudkar A, Ramakrishnan U. Commensalism facilitates gene flow in moun-
tains: a comparison between two Rattus species. Heredity. 2015;115:253-61.
https://doi.org/10.1038/hdy.2015.34.

Hart KM, Iverson AR, Fujisaki |, Lamont MM, Bucklin D, Shaver DJ. Sympatry
or syntopy? Investigating drivers of distribution and co-occurrence for

two imperiled sea turtle species in Gulf of Mexico neritic waters. Ecol Evol.
2018;8:12656-69. https://doi.org/10.1002/ece3.4691.

McGill BJ. Matters of scale. Science. 2010,328:575-6. https://doi.org/10.1126/s
cience.1188528.

Aisner R, Terkel J. Sympatric black rat (Rattus rattus) populations. Different
food handling techniques. Mammalia. 1991;55. https://doi.org/10.1515/mam
m.1991.55.2.307.

Shiels AB, Flores CA, Khamsing A, Krushelnycky PD, Mosher SM, Drake DR.
Dietary niche differentiation among three species of invasive rodents (Rattus
rattus, R. exulans, Mus musculus). Biol Invasions. 2013;15:1037-48. https://doi.o
rg/10.1007/510530-012-0348-0.

Parsons MH, Sarno RJ, Deutsch MA. A detailed protocol to enable safe-
handling, pre-emptive detection, and systematic surveillance of rat-vectored
pathogens in the urban environment. Front Public Health. 2016;4. https://doi.
0rg/10.3389/fpubh.2016.00132.

Desvars-Larrive A, Baldi M, Walter T, Zink R, Walzer C. Brown rats (Rattus nor-
vegicus) in urban ecosystems: are the constraints related to fieldwork a limit
to their study? Urban Ecosyst. 2018;21:951-64. https://doi.org/10.1007/51125
2-018-0772-8.

Aplin KP, Suzuki H, Chinen AA, Chesser RT, Ten Have J, Donnellan SC, Austin J,
Frost A, Gonzalez JP, Herbreteau V. Multiple geographic origins of commen-
salism and complex dispersal history of black rats. PLoS ONE. 2011;6:e26357.
Chesson P. Mechanisms of maintenance of species diversity. Annu Rev Ecol
Syst. 2000;31:343-66. https://doi.org/10.1146/annurev.ecolsys.31.1.343.
Levine JM, HilleRisLambers J. The importance of niches for the maintenance
of species diversity. Nature. 2009;461:254-7. https://doi.org/10.1038/nature08
251.

Hardin G. The competitive exclusion principle: an Idea that took a century

to be born has implications in ecology, economics, and genetics. Science.
1960;131:1292-7.

Kramer AM, Drake JM. Time to competitive exclusion. Ecosphere. 2014;5:1-16.
MacArthur R, Levins R. The limiting similarity, convergence, and divergence of
coexisting species. Am Nat. 1967;101:377-85.

Lack JB, Greene DU, Conroy CJ, Hamilton MJ, Braun JK, Mares MA, Van den
Bussche RA. Invasion facilitates hybridization with introgression in the Rattus
rattus species complex. Mol Ecol. 2012;21:3545-61.

Guo S, Li G, LiuJ,Wang J, Lu L, Liu Q. Dispersal route of the Asian house rat
(Rattus tanezumi) on Mainland china: insights from microsatellite and mito-
chondrial DNA. BMC Genet. 2019;20:1-13.

Foster S, King C, Patty B, Miller S. Tree-climbing capabilities of Norway and
ship rats. N Z J Zool. 2011,38:285-96. https://doi.org/10.1080/03014223.2011.
599400.

Stuart AM, Singleton GR, Prescott CV. Population ecology of the Asian house
rat (Rattus tanezumi) in complex lowland agroecosystems in the Philippines.
Wildl Res. 2015;42:165. https://doi.org/10.1071/WR14195.

Ruffino L, Russell JC, Pisanu B, Caut S, Vidal E. Low individual-level dietary
plasticity in an island-invasive generalist forager. Popul Ecol. 2011;53:535-48.
https://doi.org/10.1007/510144-011-0265-6.

Dammhahn M, Randriamoria TM, Goodman SM. Broad and flexible stable iso-
tope niches In Invasive non-native Rattus spp. In anthropogenic and natural

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5T

52.

Page 11 of 12

habitats of central Eastern Madagascar. BMC Ecol. 2017;17:16. https://doi.org/
10.1186/512898-017-0125-0.

Major HL, Jones IL, Charette MR, Diamond AW. Variations in the diet of intro-
duced Norway rats (Rattus norvegicus) inferred using stable isotope analysis. J
Z00l. 2007;271:463-8. https://doi.org/10.1111/j.1469-7998.2006.00230.x.
Rodriguez MA, Herrera LG. Isotopic niche mirrors trophic niche in a vertebrate
Island invader. Oecologia. 2013;171:537-44. https://doi.org/10.1007/500442-0
12-2423-8.

Taillie PJ, Boone Iv WW, Wilson-Seelig AL, McCleery R. Diet comparison
suggests limited competition between invasive black rats (Rattus rattus) and
sympatric endangered rodents. NeoBiota. 2024;94:145-58. https://doi.org/10.
3897/neobiota.94.121287.

Linhares BDA, Ferreira LCL, Bugoni L. The foraging ecology of invasive black
rats (Rattus rattus) differs in two nearby Islands in a dry tropical Archipelago in
Brazil. Biol Invasions. 2023;25:1211-26. https://doi.org/10.1007/510530-022-0
2975-4.

Guiry E, Buckley M. Urban rats have less variable, higher protein diets. Proc R
Soc B Biol Sci. 2018;285:20181441. https://doi.org/10.1098/rspb.2018.1441.
Harper GA. Habitat use by three rat species (Rattus spp.) on an island without
other mammalian predators. N Z J Ecol. 2006;30: 321-333. Available: http://w
wwjstor.org/stable/24056321.

Zengeya TA, Lombard RJ, Nelwamondo VE, Nunes AL, Measey J, Weyl OL.
Trophic niche of an invasive generalist consumer: Australian Redclaw crayfish,
Cherax quadricarinatus, in the Inkomati river Basin, South Africa. Austral Ecol.
2022;47:1480-94. https://doi.org/10.1111/aec.13230.

Boecklen W/, Yarnes CT, Cook BA, James AC. On the use of stable isotopes in
trophic ecology. Annu Rev Ecol Evol Syst. 2011,42:411-40. https://doi.org/10.
1146/annurev-ecolsys-102209-144726.

DeNiro MJ, Epstein S. Influence of diet on the distribution of carbon isotopes
in animals. Geochim Cosmochim Acta. 1978;42:495-506. https://doi.org/10.1
016/0016-7037(78)90199-0.

Minagawa M, Wada E. Stepwise enrichment of 15 N along food chains:
further evidence and the relation between §15N and animal age. Geochim
Cosmochim Acta. 1984;48:1135-40. https://doi.org/10.1016/0016-7037(84)90
204-7.

Cucherousset J, Villéger S. Quantifying the multiple facets of isotopic diver-
sity: new metrics for stable isotope ecology. Ecol Indic. 2015;56:152-60. https:
//doi.org/10.1016/j.ecolind.2015.03.032.

Layman CA, Araujo MS, Boucek R, Hammerschlag-Peyer CM, Harrison E, Jud
ZR, Matich P, Rosenblatt AE, Vaudo JJ, Yeager LA, Post DM, Bearhop S. Apply-
ing stable isotopes to examine food-web structure: an overview of analytical
tools. Biol Rev. 2012;87:545-62. https://doi.org/10.1111/.1469-185X.2011.002
08.x.

Newsome SD, Del Martinez C, Bearhop S, Phillips DL. A niche for isotopic
ecology. Front Ecol Environ. 2007;5:429-36. https://doi.org/10.1890/060150.1.
Lithole A. Transmission dynamics of Bartonella in invasive Rattus from South
Africa. MSc. Dissertation, University of Pretoria. 2015.

Mostert M. Molecular and morphological assessment of invasive, inland
Rattus (Rodentia: Muridae) congenerics in South Africa and their reservoir
host potential with respect to Helicobacter and Bartonella. MSc. Dissertation,
University of Pretoria. 2010.

Ringani GV, Zengeya TA, Pirk CWW, Chimimba CT. Assessment of craniometric
sexual dimorphism and ontogenetic variation in invasive Rattus norvegicus
and R. rattus from urban and peri-urban areas of Gauteng Province, South
Africa. Mammalia. 2022,86:601-14. https://doi.org/10.1515/mammalia-2021-0
191.

Cequier-Sénchez E, Rodriguez C, Ravelo AG, Zrate R. Dichloromethane as

a solvent for lipid extraction and assessment of lipid classes and fatty acids
from samples of different natures. J Agric Food Chem. 2008;56:4297-303. htt
ps://doi.org/10.1021/jf07347 1e.

Craig H. Isotopic standards for carbon and oxygen and correction factors for
mass-spectrometric analysis of carbon dioxide. Geochim Cosmochim Acta.
1957;12:133-49. https://doi.org/10.1016/0016-7037(57)90024-8.

Ehleringer JR, Rundel PW. Stable isotopes: History, units, and instrumentation.
In: Rundel PW, Ehleringer JR, Nagy KA, editors. Stable isotopes in ecological
research. New York, NY: Springer New York; 1989. pp. 1-15. https://doi.org/10.
1007/978-1-4612-3498-2_1.

Caut S, Angulo E, Courchamp F. Discrimination factors (A ' Nand A 13

Q) in an omnivorous consumer: effect of diet isotopic ratio. Funct Ecol.
2008;22:255-63. https://doi.org/10.1111/j.1365-2435.2007.01360.x.

Fraser EE, Longstaffe FJ, Fenton MB. Moulting matters: the importance of
Understanding moulting cycles in bats when using fur for endogenous


https://doi.org/10.3897/neobiota.38.23509
https://doi.org/10.1242/dmm.002733
https://doi.org/10.1242/dmm.002733
https://doi.org/10.5070/V425110574
https://doi.org/10.3389/fvets.2021.678478
https://doi.org/10.1016/j.cub.2008.03.019
https://doi.org/10.1016/j.cub.2008.03.019
https://doi.org/10.1038/hdy.2015.34
https://doi.org/10.1038/hdy.2015.34
https://doi.org/10.1002/ece3.4691
https://doi.org/10.1126/science.1188528
https://doi.org/10.1126/science.1188528
https://doi.org/10.1515/mamm.1991.55.2.307
https://doi.org/10.1515/mamm.1991.55.2.307
https://doi.org/10.1007/s10530-012-0348-0
https://doi.org/10.1007/s10530-012-0348-0
https://doi.org/10.3389/fpubh.2016.00132
https://doi.org/10.3389/fpubh.2016.00132
https://doi.org/10.1007/s11252-018-0772-8
https://doi.org/10.1007/s11252-018-0772-8
https://doi.org/10.1146/annurev.ecolsys.31.1.343
https://doi.org/10.1038/nature08251
https://doi.org/10.1038/nature08251
https://doi.org/10.1080/03014223.2011.599400
https://doi.org/10.1080/03014223.2011.599400
https://doi.org/10.1071/WR14195
https://doi.org/10.1007/s10144-011-0265-6
https://doi.org/10.1007/s10144-011-0265-6
https://doi.org/10.1186/s12898-017-0125-0
https://doi.org/10.1186/s12898-017-0125-0
https://doi.org/10.1111/j.1469-7998.2006.00230.x
https://doi.org/10.1007/s00442-012-2423-8
https://doi.org/10.1007/s00442-012-2423-8
https://doi.org/10.3897/neobiota.94.121287
https://doi.org/10.3897/neobiota.94.121287
https://doi.org/10.1007/s10530-022-02975-4
https://doi.org/10.1007/s10530-022-02975-4
https://doi.org/10.1098/rspb.2018.1441
http://www.jstor.org/stable/24056321
http://www.jstor.org/stable/24056321
https://doi.org/10.1111/aec.13230
https://doi.org/10.1146/annurev-ecolsys-102209-144726
https://doi.org/10.1146/annurev-ecolsys-102209-144726
https://doi.org/10.1016/0016-7037(78)90199-0
https://doi.org/10.1016/0016-7037(78)90199-0
https://doi.org/10.1016/0016-7037(84)90204-7
https://doi.org/10.1016/0016-7037(84)90204-7
https://doi.org/10.1016/j.ecolind.2015.03.032
https://doi.org/10.1016/j.ecolind.2015.03.032
https://doi.org/10.1111/j.1469-185X.2011.00208.x
https://doi.org/10.1111/j.1469-185X.2011.00208.x
https://doi.org/10.1890/060150.1
https://doi.org/10.1515/mammalia-2021-0191
https://doi.org/10.1515/mammalia-2021-0191
https://doi.org/10.1021/jf073471e
https://doi.org/10.1021/jf073471e
https://doi.org/10.1016/0016-7037(57)90024-8
https://doi.org/10.1007/978-1-4612-3498-2_1
https://doi.org/10.1007/978-1-4612-3498-2_1
https://doi.org/10.1111/j.1365-2435.2007.01360.x

Ringani et al. BMC Zoology

53.

54.

55.

56.

57.

58.

59.

(2025) 10:22

marker analysis. Can J Zool. 2013;91:533-44. https://doi.org/10.1139/cjz-201
3-0072.

Kurle CM. Interpreting Temporal variation in omnivore foraging ecology via
stable isotope modelling. Funct Ecol. 2009;23:733-44. https://doi.org/10.1111
/j.1365-2435.2009.01553.x.

Tieszen LL, Boutton TW, Tesdahl KG, Slade NA. Fractionation and turnover of
stable carbon isotopes in animal tissues: implications for §'>C analysis of diet.
Oecologia. 1983;57:32-7. https://doi.org/10.1007/BF00379558.

Jackson AL, Inger R, Parnell AC, Bearhop S. Comparing isotopic niche widths
among and within communities: SIBER - Stable isotope bayesian ellipses in R:
bayesian isotopic niche metrics. J Anim Ecol. 2011;80:595-602. https://doi.org
/10.1111/j.1365-2656.2011.01806.x.

Langton RW. Diet overlap between Atlantic cod, Gadus morphua, silver hake,
Merluccius bilinearis, and fifteen other Northwest Atlantic finfish. Fish Bull.
1982;80:745-59.

Golikov AV, Ceia FR, Hoving HJT, Queirds JP, Sabirov RM, Blicher ME, Larionova
AM, Walkusz W, Zakharov DV, Xavier JC. Life history of the Arctic squid Gona-
tus fabricii (Cephalopoda: Oegopsida) reconstructed by analysis of individual
ontogenetic stable isotopic trajectories. Animals. 2022;12:3548. https://doi.or
9/10.3390/ani12243548.

Hammer O, Harper D, Ryan P. PAST: paleontological statistics software pack-
age for education and data analysis. Palaeontol Electron. 2001;4:1-9.

R Core Team. R: A language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing. 2021. Available:
https://www.R-project.org/

60.

61.

62.

63.

Page 12 of 12

Magioli M, Moreira MZ, Fonseca RCB, Ribeiro MC, Rodrigues MG, Ferraz
KMPMDB. Human-modified landscapes alter mammal resource and habitat
use and trophic structure. Proc Natl Acad Sci. 2019;116:18466-72. https://doi.
0rg/10.1073/pnas.1904384116.

Clark DA. Foraging behavior of a vertebrate omnivore (Rattus Rattus): meal
Structure, Sampling, and diet breadth. Ecology. 1982;63:763-72. https://doi.or
9/10.2307/1936797.

Bovendorp RS, Libardi GS, de Moraes Sarmento MM, Camargo PB, Percequillo
AR. Age and habitat quality matters: isotopic variation of two sympatric
species of rodents in Neotropical Forest. Hystrix, the Italian Journal of Mam-
malogy. 2017. pp. 214-221. Available: https://doi.org/10.4404/hystrix-28.2-12
521

Jenkins SG, Partridge ST, Stephenson TR, Farley SD, Robbins CT. Nitrogen

and carbon isotope fractionation between mothers, neonates, and nursing
offspring. Oecologia. 2001;129:336-41. https://doi.org/10.1007/50044201007
55.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1139/cjz-2013-0072
https://doi.org/10.1139/cjz-2013-0072
https://doi.org/10.1111/j.1365-2435.2009.01553.x
https://doi.org/10.1111/j.1365-2435.2009.01553.x
https://doi.org/10.1007/BF00379558
https://doi.org/10.1111/j.1365-2656.2011.01806.x
https://doi.org/10.1111/j.1365-2656.2011.01806.x
https://doi.org/10.3390/ani12243548
https://doi.org/10.3390/ani12243548
https://www.R-project.org/
https://doi.org/10.1073/pnas.1904384116
https://doi.org/10.1073/pnas.1904384116
https://doi.org/10.2307/1936797
https://doi.org/10.2307/1936797
https://doi.org/10.4404/hystrix-28.2-12521
https://doi.org/10.4404/hystrix-28.2-12521
https://doi.org/10.1007/s004420100755
https://doi.org/10.1007/s004420100755

	﻿Trophic niche of invasive murid rodents in urban and peri-urban areas in South Africa: insights from stable isotope analysis
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study species and study area
	﻿Ethics approval
	﻿Sample preparation
	﻿Stable isotope analysis
	﻿Statistical analysis

	﻿Results
	﻿Discussion
	﻿References


