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ABSTRACT

Invasive rats are major pests worldwide, posing economic and public health risks. Since the 1950s, efforts have
been made to control or eradicate these animals by using anticoagulant rodenticides (ARs). Initially effective,
ARs quickly lost efficacy due to the emergence of resistance-associated mutations in the Vkorcl gene. When
consumed in (sub-)lethal doses, these biocides bioaccumulate in the liver, becoming a risk for non-target
predators.

First, this study aims to assess genetic resistance to ARs in two synanthropic rat species, Rattus rattus and Rattus
norvegicus, from port urban areas in Lisbon (mainland Portugal) and Ponta Delgada (Sao Miguel Island, Azores,
Portugal). Secondly, we aim to detect and quantify the hepatic concentration of first- (FGARs) and second-
generation anticoagulants (SGARs). We analysed 203 sequences of exon 3 of the Vkorcl gene and found no
known resistance-conferring mutations in either species or locations. A subsample of 177 liver tissues from
genotyped rats was examined for AR residues via Liquid Chromatography Tandem Mass Spectrometry (LC-MS/
MS). No FGARs were detected, but five SGARs were identified with 80.4% of individuals accumulating at least
one of them. The absence of genetically mediated resistance via exon 3 of VkorcI mutations does not necessarily
mean that the risk of AR exposure to rat predators is low, as 16.0% of the live-trapped rats bioaccumulated high
levels of ARs, above the 100 ng/g toxicosis threshold. This finding underscores significant ecological risks,
particularly for non-target wildlife apex-predators, that are more susceptible to AR exposure and may bio-

accumulate lethal concentrations through repeated consumption of contaminated prey.

1. Introduction

Brown rats (Rattus norvegicus) and black rats (Rattus rattus) have a
global distribution, mostly due to their close association with humans.
Black rats, in particular, were once typically restricted to seaports and
coastal regions when beyond their native Asian range, owing to their
ability to inhabit seafaring ships. With increasing levels of global
movement of people and goods, the transport of rats via ship navigation
is still a contemporary issue (Morand et al., 2015) but its consequences
understudied. In addition to public health costs, there are further bur-
dens, including crop damage, food supply losses, and management ef-
forts, which collectively sum up to millions of dollars spent annually
worldwide. Specifically, costs associated with the genus Rattus spp. are
estimated at 500.4 million USD between 1930 and 2022, accounting for
14% of the total costs attributed to invasive rodents (Diagne et al.,
2023).

Given all these challenges associated with rats, pest management is a
critical tool and a global task for mitigating these impacts. Since the
early 1950s, rodent pest control has relied almost exclusively on anti-
coagulant rodenticides (ARs). However, their initial remarkable success
was quickly hampered by the identification of resistant rats within a few
years of introduction of these biocides (Boyle, 1960). The evidence of
resistant animals prompted the development of second-generation
anticoagulant rodenticides (SGARs, e.g., brodifacoum, bromadiolone,
difenacoum, difethialone and flocoumafen), but resistance to these also
soon emerged (McGee et al., 2020). SGARs exhibit higher toxicity when
compared to first-generation anticoagulant rodenticides (FGARs), with
greater potential for bioaccumulation and persistence due to their
enhanced affinity for the vitamin K1-epoxide reductase (VKOR) enzyme
in the liver (Watt et al., 2005). A prolonged elimination terminal half-
life leads to tissue persistence for durations between 6 and 12 months
(Laakso et al., 2010 and references therein).

In recent years, a significant number of reports of resistance to an-
ticoagulants in rat populations around the world has been associated
with several mutations in the vitamin K epoxide reductase complex
subunit 1 (Vkorcl) coding gene (Pelz et al., 2005; Rost et al., 2009),
predominantly in Europe [e.g. Germany (Jacob et al., 2012), France
(Grandemange et al., 2010), Belgium (Baert et al., 2012), the
Netherlands (Krijger et al., 2023), or the UK (Prescott et al., 2018)], but
also documented in other regions such as, e.g., New Zealand (Cowan
et al., 2017), Japan (Tanaka et al., 2012), and USA (Diaz and Kohn,
2021). Among the mutations known to have significant impacts on
anticoagulant efficacy, the most widespread occur on the third exon of
the Vkorc1 gene, in codons 120, 128 and 139 (Buckle, 2013; Rost et al.,

2009). Rats carrying these mutations not only can survive longer in the
presence of first-generation anticoagulant rodenticides than susceptible
ones (Baxter et al., 2022), but they can also potentially bioaccumulate
these biocides for long periods (Vein et al., 2013).

Moreover, rodents undergo behavioural changes after consuming
anticoagulant rodenticides, including a slower response time, increased
movement in open areas and daylight activity, which increase vulner-
ability to predation by wildlife (Brakes and Smith, 2005). Considering
the possible AR resistance of rats and the behavioural changes that can
occur in consequence of AR consumption, poisoned rats pose an
increased risk of exposure to predatory birds and other carnivores
(Lopez-Perea and Mateo, 2018; Walther et al., 2021a). In recent years,
numerous studies have addressed the topic of secondary poisoning,
revealing a high prevalence of anticoagulant rodenticides in the liver of
predatory species (Nakayama et al., 2019), namely, reptiles (Lettoof
et al., 2020; Martin Cruz et al., 2024a), raptors (Broughton et al., 2022;
Carromeu-Santos et al., 2025; Christensen et al., 2012; Martin Cruz
et al., 2024b), and carnivorous mammals (Keating et al., 2024 and ref-
erences therein). Aiming to minimise the impact of rodent control on
wildlife species, some countries have implemented restrictive or pro-
hibitive measures regarding the use of the most toxic of these rodenti-
cides under specific conditions. In the UK, until very recently, the use of
bromadiolone and difenacoum was permitted “outdoors”, around
buildings, however brodifacoum and flocoumafen could only be used
“indoors” (Buckle, 2013). As of January 2025, the outdoor use (in open
areas) of all SGARs is now illegal in the UK (CRRU 2024). The USA
restricted the acquisition of biocides that contain second generation
anticoagulants to general consumers and stipulated the mandatory use
of bait stations for outdoor applications (Environmental Protection
Agency (EPA), 2008). In the European Commission Regulation (EU
2016/1179) (European Parliament and the Council of the European
Union, 2016) regulatory frameworks do not dictate the specific alloca-
tion of certain active ingredients based on indoor/outdoor use. Never-
theless, it is specified that active ingredients exceeding 30 ppm (parts
per million) are not allowed for general public use, being restricted to
professional usage (European Parliament and the Council of the Euro-
pean Union, 2016).

As described, extensive reports have assessed AR resistance mediated
by mutations in the Vkorcl gene, as well as the impacts of ARs on
wildlife. However, there is still a gap regarding the assessment of bio-
accumulation levels of ARs in free-living rats inhabiting areas under-
going management actions. To our knowledge, studies specifically
addressing hepatic AR bioaccumulation in wild pest rodent populations
are very scarce (but see Buckley et al., 2024; Desvars-Larrive et al., 2017
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and Pitt et al., 2015). Also, experimental studies have focused on
quantifying AR residues under controlled conditions as part of labo-
ratorial no-choice feeding tests (Frankova et al., 2004), free-fed or ani-
mals subject to oral gavage (of twofold LD50 for rats) (Walther et al.,
2021a). In these studies, where the ingestion period and/or the amount
of rodenticide consumed is known, results indicate significant AR bio-
accumulation, with hepatic concentration reaching mean values of
14,910 ng/g [wet weight] (Frankova et al., 2004), 6011 ng/g and 2115
ng/g [wet weight] (free-fed and oral gavage, respectively) (Walther
et al., 2021a). However, applying these findings to wild rodent pop-
ulations is impossible. Even when samples are collected shortly after
control actions, the exact amount of rodenticide each animal has
consumed remains unknown. This limitation makes it difficult to
directly extrapolate these laboratory-obtained results to wild rodent
populations. Therefore, assessing AR bioaccumulation in wild rats
where pest control measures are routinely implemented is essential. Pitt
et al. (2015) reported average concentrations of 18.860 ng/g in dead
rats after an eradication action, and also found a live rat, two weeks after
the bait drop, with a hepatic concentration of 6.800 ng/g of brodifa-
coum. This is particularly significant considering that poisoned target
rodents serve as the primary route of exposure to ARs for secondary-
poisoning of predators and scavengers (Walther et al., 2021b). Under-
standing the AR bioaccumulation status of free-living rodents provides
critical insights into the risks that management actions pose to wildlife.

In this study, we aim to assess the relationship between anticoagu-
lant rodenticide concentration and potential genetically-mediated
resistance in synanthropic rat populations from two port cities in
Portugal: Lisbon (mainland), and Ponta Delgada (Sao Miguel Island,
Azores archipelago). Given the regular maritime transportation to and
from (and between) these two capital city ports, one continental and one
insular, we seek to determine whether resistance-conferring mutations
are arriving and spreading through these gateways. Specifically, we
intend to identify the level of rodenticide resistance through the analysis
of the third exon of the Vkorcl gene while quantifying the levels of
hepatic concentration of first- and second-generation anticoagulant ro-
denticides in the same wild rats. This study attempts to improve the
limited body of research addressing both genetic resistance and AR
concentrations in target rodent populations. Additionally, we aim to
address the influence of the Vkorcl genotype, sampling location, rat
species, age or sex in AR detection. We hypothesise that, if present,
genetic resistance will reveal higher AR concentrations in animals.
Moreover, we anticipate that insular rats will show higher levels of AR
exposure and that older animals will exhibit higher AR hepatic
concentrations.

2. Material and methods
2.1. Ethics statement

This study was conducted within the scope of the research project
PTDC/SAU-PUB/29254/2017, approved by the Animal Welfare Body at
the Faculty of Sciences University of Lisbon — ORBEA (approval number
04/2018, 12 December 2018).

2.2. Sampling

Brown rats (Rattus norvegicus) and black rats (Rattus rattus) were live-
trapped in Ponta Delgada (Sao Miguel Island, Azores archipelago) and
Lisbon (mainland Portugal) in 2019-2020. Sampling sites were located
within a 10 km radius from each city's seaport. Rats were captured in 30
sites in Ponta Delgada and 14 sites in Lisbon (details in Table S1).

Animals were captured in live Tomahawk traps, transported to the
lab and euthanized following national/European regulations using iso-
flurane intoxication/overdose. Animals were then weighed, measured
and sexed. Body weight and body length measurements (body, tail,
posterior paw, ear) were used to confirm the identification of species
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and age. Specifically, age was determined by using the degree of erup-
tion and wear of the upper molar cusps, and five relative age classes
were established, according to Ringani et al. (2022): [ — young, II —
subadult, IIT — adult, IV — adult, and V — old. Liver samples and ear
clips were collected from all animals: the liver was stored frozen at
—80 °C and the ear tissue sample was preserved in absolute ethanol and
kept at —20 °C until further analyses. When rats were found dead but
without obvious signs of decomposition, both tissue samples were ob-
tained in the same way. The details on individuals with liver samples,
such as sex, age and status at trapping (alive/dead) are provided in
Table S1 and summarised in Table 1.

2.3. DNA extraction and PCR conditions

A total of 203 rat tissue samples — ear clips — (122 brown rats, 90 from
Ponta Delgada and 32 from Lisbon, and 81 black rats, 41 from Ponta
Delgada and 40 from Lisbon) were used for screening exon 3 of the
Vkorc1 gene. Genomic DNA was extracted with the E.Z.N.A Tissue DNA
Kit, omega BIO-TEK and diluted to an average concentration of 50 ng/
pL.

Exon 3 of the Vkorcl gene was amplified by PCR (Polymerase Chain
Reaction) following the protocol described by Grandemange et al.
(2010), with minor modifications using the forward primer 5-
TTTCACCAGAAGCACCTGCTGCC-3' and the reverse primer 5-
ACACTTGGGCAAGGCTCATGTG-3. The PCR master mix and cycling
conditions were the same for both rat species, with 12.5 pL of Taq 2x
Master Mix, 0.2 mM MgCl (VWR, Leuven, Belgium), 10 pL of molecular
grade water, 0.5 pL of each forward and reverse primer (at 10 pM), and
1 pL of template DNA. Amplification followed an initial denaturation at
94 °C for 3 min, followed by 35 cycles of denaturation at 94 °C for 30 s,
annealing at 63 °C for 30 s and extension at 72 °C for 60 s, and a final
extension for 10 min at 72 °C. PCR products were purified with ExoSAP-
IT (ThermoFisher Scientific) and commercially sequenced at STABVIDA
on an ABI Prism™ 3730x] DNA sequencer.

2.4. Genetic screening analysis

Sequence chromatograms of 203 animals were manually checked for
mutation presence, in homozygosity and heterozygosity with
Sequencher 4.1 software (Gene Codes Corporation). Reference se-
quences were downloaded from GenBank (BC166413.1 for Rattus nor-
vegicus and HM181981.1 for Rattus rattus) and used as wild type for
comparison. Final sequences were translated into codons by MEGA
10.1.8 (Kumar et al., 2018) for identification of the mutated codons.
Rats were classified as susceptible if they lacked any resistance-
conferring mutations previously identified in the literature (L120Q,
L128Q, Y139C, Y139F, Y139S) (Buckle et al., 2022).

2.5. Quantification of hepatic anticoagulant rodenticides

2.5.1. Sample preparation

Rodenticide concentrations were measured in a subset of 177 rodents
having at least 1 g of liver mass for this chemical analysis. The extraction
of ARs was performed following the protocol described by Rial-Berriel
et al. (2021), a validated method for the simultaneous quantification of
four FGARs (warfarin, chlorophacinone, diphacinone, coumatetralyl)
and five SGARs (bromadiolone, brodifacoum, difenacoum, difethialone
and flocoumafen). Briefly, 1 g of rat liver was homogenised in 7 mL
tubes at 6500 rpm for 1 min in a Precellys Evolution homogenizer
(Bertin Technologies, Rockville, Washington D.C., USA). The homoge-
nised sample was diluted with MiliQ pure water in a proportion of 1 g of
liver per 4 mL of water. One gram of homogenate was then transferred to
a 5 mL tube with 20 pL of internal standard P-IS mix (certified AR
standards — warfarin, diphacinone, chlorophacinone, coumatetralyl,
brodifacoum, bromadiolone, difethialone, difenacoum, and flocouma-
fen, 98.0-99.8% purity) and Warfarin-d5 (obtained from Dr.
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Table 1

Science of the Total Environment 1014 (2026) 181344

Summary table of liver samples used for quantification of anticoagulant rodenticides.

N — number of individuals; Alive/Dead — status at the time of trapping/collection.

Rattus norvegicus Rattus rattus
N Sex Status N Sex Status
Male Female Alive Dead Male Female Alive Dead
Lisbon 34 19 15 32 2 37 23 14 34 3
Ponta Delgada 92 53 37 84 8 14 7 7 13 1

Ehrenstorfer, Germany) and vortexed. After 15 min, 2 mL of acetonitrile
(acidified with 0.5% formic acid) was added and the tubes vortexed
again. The tubes were then subjected to 30 min of an ultrasound bath at
a frequency of 40 Hz. A mixture of 480 mg of anhydrous magnesium
sulphate and 120 mg of sodium acetate was then added to the tube,
vortexed and manually shaken for 1 min. Finally, samples were centri-
fuged at 3300 g for 15 min at O °C and the supernatant removed and
filtered using 0.2 pm Chromafil PET-20/15 (Macherey-Nagel, Diiren,
Germany) syringe filters.

The same procedure, using chicken liver (with no exposure to AR),
was followed to make the QC (quality control samples at 5 ng/g ww) and
the calibration curve, fortified with 10 different known concentrations
[100, 50, 25, 12.5, 6.25, 3.125, 1.563, 0.781, 0.391, 0.195] ng/g. All
rodenticide concentrations in the liver are given in ng/g wet weight.

2.5.2. Instrumental analysis

The identification and quantification of all potential nine anticoag-
ulant rodenticides was performed by liquid chromatography coupled to
triple quadrupole mass spectrometry (LC-MS/MS), as extensively
described in Rial-Berriel et al. (2021). Briefly, analysis was conducted
with a 1290 Infinity I LC System coupled to a Triple Quad 6460 mass
spectrometer (Agilent Technologies, Palo Alto, USA). The column for the
chromatographic separations was a Poroshell 120 EC-C18 column (2.1
mm, 100 mm, 2.7 m), the mobile phase A consisted of ultrapure water
with 0.1% formic acid (FA) and 2 mM of ammonium acetate, and the
mobile phase B consisted of 2 mM of ammonium acetate in methanol
(MeOH), programmed in a binary gradient. A volume of 8 pL of each
sample was injected with a flow rate of 0.4 mL/min. MS/MS analyses
were performed using the Agilent Jet Stream Electrospray Ionization
Source (AJS-ESI), in negative ionization mode. The total run time was
18 min. The limits of detection, quantification, and instrumental con-
ditions of the anticoagulant rodenticides analysed can be found in
Table S2 of the supplementary material.

2.5.3. Anticoagulant rodenticide data analyses

Generalized Linear Models (GLM) with Wald test (z-statistics) were
used to assess the influence of various predictor variables (sampling city,
rat species, sex, age and body weight) on the likelihood of detection of
anticoagulant rodenticide and the level of rodenticides quantified.
Concentrations were log-transformed to meet the assumptions of
normality and re-tested. The model used the sampling city, rat species,
sex, age and body weight as predictors, including the interaction term of
species with sex and body weight. To avoid multicollinearity, we
calculated the Variance Inflation Factor (VIF) for all variables and
confirmed all values were below 4 (Dormann et al., 2013). We used a
two-step approach. For each rodenticide, we first analysed its presence/
absence by using a GLM with binomial distribution and logit function.
We then performed a second analysis, to evaluate rodenticide concen-
tration, excluding individuals where the rodenticide was absent and
used a GLM with Gaussian distribution. All analyses were performed in
the R software, version 4.3.3, with stats package (R Core Team, 2024).

Of the 177 rat livers used to quantify all anticoagulant rodenticides,
14 samples were excluded from the analysis because they were obtained
from animals found dead. Although all animals had died recently, and
their livers remained fresh, this exclusion was applied to prevent any

overestimation of rodenticide bioaccumulation of the analysis and
therefore potentially introducing a bias in the study's conclusions.
Nevertheless, the AR concentrations for these specimens were deter-
mined and can be consulted in Table S1.

3. Results
3.1. Vkorc1 genotyping

Populations of Rattus norvegicus and R. rattus were analysed for ge-
netic resistance to anticoagulant rodenticides in Lisbon and Ponta Del-
gada. A total of 203 sequences of the Vkorcl exon 3 were obtained. No
resistance-conferring mutations, as described in the literature, were
detected in any of the rat species or locations analysed in this study. Only
synonymous mutations were detected in sequences of brown rats,
R. norvegicus, and black rats, R. rattus from Lisbon. For brown rats, a set
of 3 variants, Ile107Ile, Thr137Thr and Alal43Ala, were recorded. In
black rats, only the synonymous polymorphism Alal43Ala was detected,
in six sequences. Considering all variations detected in both species,
none have been, so far, associated with any effects regarding anticoag-
ulant rodenticide resistance. All variations detected are summarised in
Table 2.

3.2. Anticoagulant rodenticide quantification

The same rat populations were analysed for the presence of hepatic
anticoagulant rodenticides. Among the 163 analysed liver samples from
live-trapped animals (66 from Lisbon and 97 from Ponta Delgada), no
FGARs were detected. On the other hand, SGARs were identified in most
samples. Specifically, at least one SGAR was detected in the liver of
80.4% of the analysed rats, two SGARs in 33.7% and three SGARs in
9.8% of the rats (Fig. 1A). Residues of four different rodenticides (bro-
difacoum, bromadiolone, difethialone and flocoumafen) were identified
in the liver of a single rat. Moreover, 26 rats (16.0% of all analysed
animals) exhibited concentrations of } ARs above the 100 ng/g toxi-
cosis threshold. In both cities, the most detected anticoagulant roden-
ticides were bromadiolone and brodifacoum, followed by difenacoum,
with minimal detection of difethialone and flocoumafen (Fig. 1B).
Among all SGARs, bromadiolone was the most recorded in Lisbon
(detected in 77.3% of the livers), whereas brodifacoum was the most
prevalent in Ponta Delgada (detected in 55.7% of the samples) (Fig. 2C,
Table 3).

Considering the total anticoagulant rodenticides detected in each
individual, a higher detection rate was observed in Rattus norvegicus
from Lisbon (93.8%), with a median } AR of 10.3 ng/g (and maximum
>~ of all detected rodenticides, 2607.7 ng/g). For Rattus norvegicus in

Table 2
Genetic variants found in exon three of the Vkorcl gene in both rat populations
analysed.

Species Location N Ile107Ile  Thr137Thr  Alal43Ala
Rattus norvegicus ~ Lisbon 32 5 5 5

Ponta Delgada 90 - - -
Rattus rattus Lisbon 40 - - 6

Ponta Delgada 41 - - _




A. Carromeu-Santos et al.

Science of the Total Environment 1014 (2026) 181344

4 ARSIAR(S) A
0 AR(s) 04% g gop
19.6%
2 AR(s)
33.7%
1 AR(s)
36.2%
N of ARs detected 0 1 2 3 . -

% of individuals with AR detection

50% City
Lisbon
- Ponta Delgada

AR Brodifacoum Bromadiolone

Compound

Difenacoum

Difethialone Flocoumafer

Fig. 1. (A) Distribution of individuals (N = 163) based on the number of different ARs detected in each; (B) proportion of individuals from each city (Lisbon and

Ponta Delgada) with detected ARs.

Ponta Delgada the detection rate was 76.4% and the maximum con-
centration detected was 1363.9 ng/g. In contrast, Rattus rattus from
Lisbon and Ponta Delgada had lower detection rates (85.3% and 53.8%,
respectively). These results were summarised in Table 3.

Results of model analyses of ARs presence/absence and model ana-
lyses of ARs concentration are presented in Tables S3-S4. No significant
differences in ARs presence were found between the two rat species for
>"ARs (p = 0.2093 — Mann-Whitney test, and Fig. 2A). No differences in
AR presence and bioaccumulation levels were observed between sexes
for any compound or their sum. A lower probability of finding Y AR
residues (p = 0.0028) and bromadiolone (p = 0.0001) was significantly
lower in rats from Ponta Delgada when compared with Lisbon. Similarly,
when bromadiolone was present in rats from Ponta Delgada, its con-
centrations were significantly lower (p = 0.0389) than those found in
Lisbon.

Black rats accumulate significantly lower concentrations of  ARs (p
= 0.0063) and bromadiolone (p = 0.0003) compared to brown rats.
However, heavier black rats bioaccumulate higher concentrations of
S"AR (p = 0.0207) and bromadiolone (p = 0.0033) than the lighter ones.
Older rats show higher probability of bioaccumulating bromadiolone (p
= 0.023) and a tendency for difethialone (p = 0.0919). However, there
were no significant differences for total AR accumulation between age
groups (Fig. 2B).

4. Discussion

All animals analysed in the present study were genetically charac-
terised as susceptible to anticoagulant rodenticides based on the analysis
of the third exon of the Vkorcl gene. Nevertheless, these individuals
were captured alive, and some exhibited notably high hepatic concen-
trations of second-generation anticoagulant rodenticides, posing
important risks to non-target wildlife targeting them as prey.

4.1. Vkorcl-mediated rodenticide resistance of analysed rat populations
in the context of Europe

Our results suggest that both maritime ports of Lisbon and Ponta
Delgada do not appear to be significant exchange points for the arrival
and spread of rodenticide resistance. Nonetheless, this is important in-
formation in terms of pest control targeting rat populations, as it allows
flexibility in the choice of active substances, since, in the absence of
resistance, any of them could be used (Damin-Pernik et al., 2022).

All brown and black rats sampled in both port cities were wild-type
or had synonymous mutations in this exon, with unknown associations
with anticoagulant rodenticide resistance. Prior to this study, no data on
Vkorc1 variation in rats from mainland Portugal had been published.
Only a few individuals of R. norvegicus from the Azorean archipelago,
Sao Miguel Island (Iacucci et al., 2018) and Terceira island (Rost et al.,
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Fig. 2. A — Boxplot depicting total anticoagulant rodenticide (AR) accumulation in the two study species, Rattus norvegicus and R. rattus. B— Boxplot depicting total

AR accumulation across age categories (1 = youngest, 5 = oldest). C — Quartiles

of hepatic concentration of second-generation anticoagulant rodenticides in rats

from Lisbon (difethialone and flocoumafen were only detected in a single individual) and Ponta Delgada.

Note: A and B* — The lower and upper hinges correspond to the first and third quartiles (the 25th and 75th percentiles). This differs slightly from the method used by
the boxplot() function, and may be apparent with small samples. The upper whisker extends from the hinge to the largest value no further than 1.5 * IQR from the
hinge (where IQR is the inter-quartile range, or distance between the first and third quartiles). The lower whisker extends from the hinge to the smallest value at most

1.5 * IQR of the hinge. Data beyond the end of the whiskers are called “outlying”
represents the median, the box represents the interquartile range, and the whiskers

points and are plotted individually. C* — The central thick line in the boxplots
extend to the minimum and maximum values. The red dashed line represents the

threshold above which the animals are expected to exhibit toxicosis symptoms (100 ng/g).

2009) had been analysed, with no detection of known resistance-
conferring mutations. In these studies, some synonymous mutations
(Leu94Leu, Ile107Ile, Thr137Thr, Alal43Ala) and non-synonymous
mutations (Ile90Leu, Valll2Leu), with no known role on resistance,
were described (Rost et al., 2009). Three of these synonymous mutations
(Ile107Ile, Thr137Thr, Alal43Ala) were observed in this study in
R. norvegicus from Lisbon. When observed together in the same animal,
these three mutations, described in the Azores (Terceira Island) and also
in the USA, Argentina (Rost et al., 2009), New Zealand (Cowan et al.,
2017) and France, have the denomination of Haplotype C
(Grandemange et al., 2010). Despite the large sampling, the observed
genetic susceptibility in both species in Lisbon and Ponta Delgada was

somewhat unexpected, especially considering the observed pattern
throughout Europe, in the Netherlands (Krijger et al., 2023), Germany
(Jacob et al., 2012), Belgium (Baert et al., 2012), UK (Buckle et al.,
2022), France (Grandemange et al., 2010; Pelz et al., 2005; Rost et al.,
2009) and for the rodent pest Mus musculus in Portugal (Carromeu-
Santos et al., 2023), for which resistance is completely widespread. In
France, mutations have been detected in codons 120, 128 and 139
(L120Q, L128, Y139C, Y139F); in Belgium, resistance-conferring mu-
tations were restricted to codons 120 and 139 (L120Q, Y139F); whereas
in Germany, Denmark, Hungary, Italy and the Netherlands, only varia-
tions in codon 139 (Y139C, Y139F, Y139S) have been recorded. The UK
remains the only country where all known resistance-conferring
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Table 3
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Frequency of detection and descriptive statistics of the presence of all five SGARs (second generation anticoagulant rodenticides) (ng/g) individually quantified as well

as their sum (3)).

City Species Statistics BRODI BROMA DFC DFT FLO S"AR

Lisbon Rattus norvegicus ~ Average + SD 24.98 + 108.09 216.32 + 630.69 0.47 + 1.56 0.24 +1.38 018 +1 242.2 + 636.3
Median 0.73 6.28 0 0 0 10.3
Minimum 0 0 0 0 0 0
Maximum 608.43 2590.33 8.1 7.81 5.64 2607.7
% Detection 65.6% 81.2% 12.5% 3.10% 3.10% 93.8%

Rattus rattus Average + SD 16.6 + 45.98 87.62 + 310.72 0.05 + 0.22 0+0 0+0 104.3 £+ 319.6

Median 0.49 1.62 0 0 0 4.6
Minimum 0 0 0 0 0 0
Maximum 200.18 1712.24 1.03 0 0 1773.6
% Detection 52.9% 73.5% 5.9% 0% 0% 85.3%

Ponta Delgada  Rattus norvegicus ~ Average + SD 39.35 + 150.08 12.35 £+ 51.27 0.71 + 3.47 2.99 +£17.76 0.18 +1.61 55.57 +169.1
Median 0.67 0 0 0 0 3.92
Minimum 0 0 0 0 0 0
Maximum 1285.33 421.51 30.29 130.77 14.76 1363.9
% Detection 57.1% 47.6% 17.9% 6.00% 2.40% 77.4%

Rattus rattus Average + SD 1.36 + 3.13 3.92 +£9.22 0.23 + 0.83 0.1 +£0.35 0+0 5.61 +£9.7

Median 0 0 0 0 0 1.04
Minimum 0 0 0 0 0 0
Maximum 11.28 32.8 2.98 1.28 0 34.4
% Detection 46.2% 38.5% 7.70% 7.70% 0% 53.8%

BRODI — brodifacoum; BROMA — bromadiolone; DFC — difenacoum; DFT — difethialone; FLO — flocoumafen; Y AR — sum all anticoagulant rodenticides.

mutations (L120Q, L128Q, Y139C, Y139F, Y139S) have been reported
(Buckle et al., 2022). Similarly to our study, in Spain, no resistance-
conferring mutations on codons 120, 128 or 139 have been identified
for brown or black rats in the scientific literature (Bermejo-Nogales
et al., 2022; Damin-Pernik et al., 2022; Goulois et al., 2015). Only two
faecal samples of R. norvegicus originating from central Spain have been
registered in the Rodenticide Resistance Action Committee (RRAC)
(2024), carrying the Y139F mutation. Although mutations on exons 1
and 2 (Y25F, A26P, W59R) have been described in black rats (Damin-
Pernik et al., 2022; Goulois et al., 2015), these mutations are associated
with a much lower resistance factor compared to those in codons 120,
128 or 139. The minimal effect of mutations on exons 1 and 2 towards
AR resistance suggests that even if present in both study areas, we would
not expect them to play a major role on rodenticide resistance levels.

4.2. Anticoagulant rodenticide bioaccumulation in Vkorc1-susceptible rat
populations

Hepatic quantification of rodenticides revealed no FGARs in rats
from either Lisbon or Ponta Delgada, which is consistent with the cur-
rent trend of minimal usage of these active ingredients across Europe
(Jacob and Buckle, 2018). Nowadays, FGARs represent less than 3.5% of
anticoagulant rodenticides in the European market (Commission
Implementing Decision (EU) 2024/816, European Parliament and the
Council of the European Union (2024). This is also corroborated by the
limited availability of commercial FGARs' containing biocides in the
Portuguese market. On the other hand, all currently authorised SGARs
were detected in Lisbon and Ponta Delgada, revealing a common intense
use, except for flocoumafen and difethialone which were only detected
in a few samples from both cities, yet more expressively in Ponta Del-
gada. Differences in rodenticide detection between locations reflect
rodenticide availability in the environment, which is also dependent on
regional and governmental pest control strategies. The most frequently
recorded ARs were, by far, bromadiolone and brodifacoum, which is in
line with data collected from numerous raptor species from Portugal
(Carromeu-Santos et al., 2025). It is also concordant with information
gathered from pest controllers nationwide which highlight the same
compounds as the most common for professional use (data not pub-
lished). The detection rate of difethialone was surprisingly low, partic-
ularly for Ponta Delgada, despite being the rodenticide acquired by the
Azorean Regional Government (145 tons of difethialone 0.0025%, be-
tween 2018 and 2020) as part of the archipelago's pest management

strategy over the past few years. Difethialone was either distributed free
of charge to farmers or used in government-led pest management ini-
tiatives (Direcao Regional de Agricultura, S.R. da A. e do D.R, 2021).The
obtained data reveals a higher probability of finding AR residues in rats
caught in Lisbon than in Ponta Delgada. The denser urban matrix of
Lisbon compared with the more rural Ponta Delgada certainly impacts
the type of rodent control applied in each city. In the agricultural and
more open areas of Ponta Delgada, the intake of ARs by rodents may be
reduced due to high availability of alternative food sources (Patergnani
etal., 2010), such as grains (corn and corn silage). On the other hand, in
Lisbon, food availability is highly dependent on anthropic sources, like
waste disposal sites, increasing the likelihood of rats consuming the
rodenticide bait when present (Patergnani et al., 2010), therefore,
reaching higher concentrations of hepatic ARs.

Body weight was also a significant factor associated with levels of AR
concentration, at least in black rats, as heavier rats showed significantly
higher Y AR and bromadiolone concentrations. This is actually the
opposite tendency to that observed by Wang et al. (2019), suggesting
that animals exposed to other pesticides (insecticides, herbicides and
fungicides) showed a decrease in body weight for increased exposure
time.

The GLM analysis also shows that older rats are more likely to
accumulate bromadiolone residues than younger rats. This suggests a
continued consumption of sub-lethal doses throughout their lifespan and
highlights the high persistence of these compounds in the liver. How-
ever, a similar pattern was not observed for brodifacoum, despite it
being the most persistent AR in the liver, with an elimination half-life of
307 days (Vandenbroucke et al., 2008). One possible explanation is that
bromadiolone is less toxic than brodifacoum (Spakauskas et al., 2005),
potentially resulting in greater bioaccumulation if consumed in small
non-lethal doses.

One of the few studies focusing on wild rodent pests (Desvars-Larrive
et al., 2017) monitored AR bioaccumulation in a park in France, where
the use of ARs had been banned. While most rats showed low levels of
AR bioaccumulation, three of the analysed animals had AR concentra-
tions exceeding 500 ng/g. In fact, the specimen carrying the Y139F
resistance-conferring mutation in the Vkorcl gene (in homozygosity)
exhibited the highest AR concentration (1500 ng/g ww), highlighting
the impact of this well-known resistance mechanism.

While the use of summed AR concentrations (} ARs) provides a
practical metric to describe overall exposure, this approach has limita-
tions. Anticoagulant rodenticides differ in both toxicity and persistence
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— brodifacoum, for instance, is more potent and persistent than bro-
madiolone. Therefore, applying a general > AR threshold may under-
estimate or overestimate potential toxicosis (Rattner and Harvey, 2021).
In addition, hepatic residues reflect past exposure rather than active
toxicosis, which depends on dose, frequency of intake and the condition
of the individual (Rattner and Harvey, 2021). Thus, although ) ARs are
useful for comparisons across sites or age classes, their interpretation
must be made with caution and in light of these constraints.

4.3. Potential alternative mechanisms of rodenticide resistance

Variation in the Vkorcl gene has been closely associated with the
resistance to ARs' phenotype, although there is evidence suggesting that
resistance to second-generation rodenticides may be polygenic (Gill
et al., 1993). Tolerance to ARs has also been documented, not neces-
sarily linked to Vkorcl variation. Numerous studies have considered
other putative mechanisms contributing to resistance to first-generation
anticoagulant rodenticides in rats. The overexpression of the Cyp3A
gene subfamily (Ishizuka et al., 2007) or the increased activity of
NADPH cytochrome c reductase (Ishizuka et al., 2008) are examples of
changes in warfarin metabolism responsible for reduced susceptibility to
ARs in rats. Similarly, Sugano et al. (2001) demonstrated enhanced
warfarin metabolism in Rattus rattus during the early stages of exposure.
Enhanced metabolic activity towards FGARs has also been reported on
voles (Horak et al., 2015). Moreover, Garg et al. (2017) found no mu-
tations in the Vkorcl gene in animals suspected to be resistant to bro-
madiolone. These animals exhibited survival periods ranging from 26 to
73 days in a feeding test trial with LD50 for bromadiolone, using 0.005%
and 0.05% baits, suggesting the presence of alternative tolerance
mechanisms. Markussen et al. (2007, 2008) suggested that resistance to
bromadiolone in Rattus norvegicus may not only be attributed to muta-
tions in the Vkorcl gene, but also be explained by an increase in meta-
bolism of this compound due to overexpression of cytochrome P450
enzymes. Among our dataset, a total of fourteen rats exhibited hepatic
concentration of bromadiolone above 100 ng/g, while carrying no
known resistance-conferring mutations to bromadiolone (Y139C, Y139F
and L120Q). If alternative AR resistance mechanisms are present, they
could lead to unsuccessful rodent control in rats that appeared suscep-
tible, based on the Vkorcl exon 3 analysis. Even though alternative
mechanisms of resistance to FGARs or bromadiolone have been associ-
ated with increased metabolic rates, rats would still bioaccumulate ARs
and retain them within their tissues. As predators typically consume
multiple rats, sublethal concentrations could progressively accumulate
throughout the food web. Furthermore, there is currently no evidence
regarding how such mechanisms might operate against the more toxic
and persistent SGARs.

Apart from specific mechanisms of resistance, there are natural levels
of tolerance that could allow high concentrations of anticoagulant ro-
denticides in rats. For instance, it is documented that female rats
exhibited a higher tolerance than males to many ARs (Lefebvre et al.,
2016). This increased tolerance in females is attributed to higher VKOR
activity in the liver (2.4 fold). Additionally, the basal activity combined
with the longer half-life of vitamin K-dependent clotting factors allows
for greater accumulation of ARs in the liver of female rats (Lefebvre
et al., 2016). However, this association was not found within our data-
set, as hepatic concentration of ARs was not significantly higher in fe-
males than in males for any of the quantified rodenticides or their sum.

4.4. Consequences for non-target wildlife

Hepatic concentrations of ARs above 100 ng/g may lead to alter-
ations in blood coagulation in susceptible rats (Desvars-Larrive et al.,
2017). In our study, 26 rats exhibited Y ARs concentrations above 100
ng/g. For brodifacoum alone, the maximum concentration recorded in a
single individual was 1285 ng/g and for bromadiolone, 2590 ng/g. All
these Vkorcl wild-type animals were highly contaminated, posing
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serious risks for non-target wildlife in both study places. This is highly
concerning, especially for birds of prey (Nakayama et al., 2019) that
feed predominantly on rodents and are particularly susceptible to ARs
(Khidkhan et al., 2024). This consumption of contaminated rats leads to
the phenomenon of biomagnification through the flow of anticoagulant
rodenticides from rats (prey) to their common predators. SGAR values
above 200 ng/g could be potentially lethal for raptors (Christensen
et al., 2012), while levels around 100 ng/g for most raptor families (40
ng/g for Tytonidae family) are strongly associated with a high proba-
bility of developing coagulopathy (Elliott et al., 2024). Some reports
revealed adverse effects on local bird populations after rodent man-
agement actions (Ebbert and Burek-Huntington, 2010; Walther et al.,
2021b) and many recent studies have documented hepatic AR residues
in many species that include rats in their diet (Martin Cruz et al., 2024a,
2024b; Moriceau et al., 2022). In our study, this highlights the risk of
exposure of Buteo buteo (present in Lisbon and Sao Miguel) and Falco
tinnunculus (present just in Lisbon).

5. Conclusions

This study addressed a knowledge gap regarding wild rat populations
living under natural conditions in urban environments exposed to ro-
dent control practices. Our findings indicate that despite the absence of
the most common resistance-conferring mutations in the third exon of
the Vkorcl gene observed in Europe, rats still bioaccumulate significant
levels of SGARs. Moreover, older rats have a higher probability of
accumulating bromadiolone residues, reflecting an overtime exposure.
This underscores the need for effective mitigation measures for rodent
pest control. The implications of these findings raise concerns and align
with documented cases of secondary-poisoning in non-target wildlife
worldwide, particularly in predator species that consume rodents as
prey on a daily basis. While this study provides valuable insights into
SGARs concentration in deemed susceptible rat populations, further
research is needed to evaluate whether mutations on other exons of the
Vkorc1 gene could play a role in resistance to ARs or explore alternative
resistance mechanisms beyond Vkorc1 mutations.
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