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• Brodifacoum (BR)-treated Norway rats
moved rapidly & constantly less than
controls.

• Some control, but no BR-treated rats
were removed by predators.

• Liver BR concentration was higher dur-
ing baiting versus oral delivery of
2xLD50.

• 92% of dead rats were inaccessible for
large predators & scavengers.

• Rats killed by BR don't seem amajor risk
of large vertebrate secondary exposure.
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Commensal rodent species cause damage to crops and stored products, they transmit pathogens to people, live-
stock and pets and threaten nativeflora and fauna. Tominimize such adverse effects, commensal rodents are pre-
dominantly managed with anticoagulant rodenticides (AR) that can be transferred along the food chain. We
tested the effect of the uptake of the AR brodifacoum (BR) by Norway rats (Rattus norvegicus) on spatial behavior
because this helps to assess the availability of dead rats and residual BR to predators and scavengers. BR was de-
livered by oral gavage or free-fed bait presented in bait stations. Rats were radio-collared to monitor spatial be-
havior. BR residues in rat liver tissue were analyzed using liquid chromatography coupled with tandem mass
spectrometry. Norway rats that had consumed BR decreased distances moved and had reduced home range
size. Treatment effects on spatial behavior seemed to set in rapidly. However, there was no effect on habitat pref-
erence. Ninety-two percent of rats that succumbed to BR died in well-hidden locations, where removal by scav-
enging birds and large mammalian scavengers is unlikely. Rats that ingested bait from bait stations had 65%
higher residue concentrations than rats that died from dosing with two-fold LD50. This suggests an overdosing
in rats that are managed with 0.0025% BR. None of the 70 BR-loaded rats was caught/removed by wild preda-
tors/scavengers before collection of carcasses within 5–29 h. Therefore, and because almost all dead rats died
inwell-hidden locations, they do not seem to pose a significant risk of AR exposure to large predators/scavengers
alther).
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at livestock farms. Exposure of large predators may originate from AR-poisoned non-target small mammals. The
few rats that died in the open are accessible and should be removed in routine searches during and after the ap-
plication of AR bait to minimize transfer of AR into the wider environment.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Norway rat (Rattus norvegicus) is a commensal rodent species dis-
tributed throughout the world in a wide range of environments including
rural habitats, suchas agricultural land and farmstructures, andurbanhab-
itats, such as sewer systems, parks, apartment blocks and home gardens
(Wilson and Reeder, 2005). They pose a health risk because of the spread
of several pathogens that can cause severe diseases in humans, livestock
and pet animals (Meerburg et al., 2009). Furthermore, they cause losses
to crops and stored products due to consumption and contamination and
damage to infrastructure (Tobin and Fall, 2004) and invasive Norway
rats can endanger native plant and animal species (Howald et al., 2015).

Similar to black rats (Rattus rattus) and house mice (Mus musculus,
M. domesticus), Norway rats are usually managed with rodenticides,
most often anticoagulant rodenticides (ARs) (Jacob and Buckle, 2018)
because they effectively kill commensal rodents, are easy to use
(Endepols et al., 2003; Endepols and Klemann, 2004) and there is an an-
tidote available (Buckle and Eason, 2015). Anticoagulant compounds in-
hibit vitamin K epoxide reductase, an enzyme involved in the vitamin K
cycle, which hampers blood clotting and eventually causes death sev-
eral days after consumption of an effective dose (Buckle and Eason,
2015). For some rodent species including Norway rats, genetic resis-
tance to some ARs has been reported (Rost et al., 2004; Pelz and
Prescott, 2015) that renders affected compounds of all first (FGARs)
and some second generation ARs (SGARs) ineffective for management
(Endepols et al., 2012a; Endepols et al., 2012b; Buckle and Eason,
2015). The occurrence and spread of AR resistance has initiated the de-
velopment of more potent second generation ARs (Rowe et al., 1985),
such as brodifacoum (BR), that are suitable for rodent management
even when resistant rodents are present (Buckle and Eason, 2015).

ARs inhibit blood clottingnot only in target rodent species but also in
non-target wildlife. Non-target animals may consume bait directly (pri-
mary exposure), which occurs when AR bait is applied in the open or
non-targets might enter bait stations present in their habitat when
their body size is similar to the target rodents. Furthermore, ARs can
be transferred to non-target species indirectly when predators or scav-
engers consume target or non-target animals that have been exposed
(secondary exposure) because second generation ARs are persistent
(Fisher et al., 2003) and are bio-accumulative (Vein et al., 2013). Trans-
fer of ARs occurs in taxa including mammals (McDonald et al., 1998;
Fournier-Chambrillon et al., 2004; Geduhn et al., 2015), passerine
birds (Walther et al., 2021) as well as predatory birds and owls
(Christensen et al., 2012) (reviewed in Nakayama et al., 2019).

Due to the risk to the environment, there is no regular registration for
the use of ARs in the biocide sector in the EU. However, because of the im-
portance of rodent control for public health and lack of suitable alterna-
tives, biocidal use of ARs can be approved for a shortened period of five
years in the EU (2012). To minimize AR exposure of non-target animals
during rodent management, registration authorities in the EU and in
other regions of theworld (Buckle andPrescott, 2018) impose riskmitiga-
tionmeasures (RMM). Thesemeasures include theuse of bait stations (no
surface broadcast of bait), the mandatory intervals of bait station inspec-
tion, the safe disposal of left-over bait as well as the search for and the re-
moval of rats that have succumbed to the poison. The latter is intended to
limit the number of prey items with AR residues available to terrestrial
and avian predators and scavengers (Buckle and Prescott, 2018).

So far, it has been largely unclear whether wild rodents that have
consumed AR bait change their spatial behavior. Changes in spatial
2

activity and habitat use could make them more or less likely to be
preyed on before they succumb to the effect of the rodenticide. To our
knowledge, there is only one published field study of black rats living
in a forest in New Zealand during brodifacoum (BR) baiting (Hooker
and Innes, 1995). It indicates that there is no difference betweenmove-
ment patterns before and after administration of a lethal dose of BR, but
sample size (2males/2 females), and consequently, the statistical power
was low. No field data are available for Norway rats or other wild
rodents.

Little is known about key parameters of spatial behavior of wild
Norway rats, such as home range size, distances moved and habitat se-
lection. Telemetry work suggests that Norway rats select well covered
habitat on farms (Taylor, 1978; Lambert et al., 2008) with minimum
convex polygon (MCP) home ranges of 288 m2 of males and 157 m2

of females (Lambert et al., 2008). Similar home range sizes were re-
ported from livestock farms in Argentina (Gómez Villafañe et al.,
2008; Montes de Oca et al., 2017). However, anecdotal evidence sug-
gests that large distances of >3 km can be covered within one night at
decreased food availability (Hardy and Taylor, 1980).

There is almost no information available inwhich places poisoned rats
succumb to ARs and if the habitat structuresmake it easy for predators or
scavengers to find carcasses, but such data are highly relevant to assess
the usefulness of RMMs or the risk for consumers of poisoned rats. The
only published field data we are aware of show that the vast majority of
California ground squirrels (Spermophilus beecheyi) exposed to a field ap-
plication of diphacinone dies below ground (Baldwin et al., 2021). Rats
may behave similarly. However, work in enclosures resulted in 12/18
Norway rats poisoned with BR (0.005%) dying away from cover and sug-
gests a reduction in thigmotactic behavior anddistortedday/night activity
(Cox, 1991). Data of Gemmeke (1990) for Norway rats poisoned with AR
compounds also collected in enclosures indicate lethargy, increased
above ground activity and about similar numbers of dead rats being pres-
ent above andbelowground.However, rats in a natural environmentmay
act differently to the behavior in an enclosure setting. Therefore, it is dif-
ficult to derive general patterns for risk assessment.

There is a plethora of studies considering AR residues in non-target
species including rodents (Elliott et al., 2014; Geduhn et al., 2014;
Elmeros et al., 2019), but little is known about AR residue levels in
rats when ARs are used for rodent management. This is surprising as
poisoned target species are considered a major avenue for the transfer
of AR compounds to predators and scavengers via secondary exposure.

In a large-scale replicated field study, we aimed to assess key fea-
tures of spatial behavior (home range size, distances moved, habitat se-
lection) of Norway rats on livestock farms in relation to BR uptake. It
was assumed that the consumption of BR leads to a reduction in spatial
activity and preference for habitats that provide shelter. We also deter-
mined the habitat structure where rats died assuming that rats tend to
use well covered structures when moribund and we measured residue
levels of BR at the time of death. The findings can be used to assess
the risk of secondary exposure posed by rats carrying AR residue to
predators and scavengers due to behavioral patterns of rats.

2. Material and methods

2.1. Study area

The study area where farms were located is a mosaic of about 60%
agricultural land and 15% forest patches. Farms produced mostly corn,
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rapeseed and grain crops, and therewas grassland used for silage to feed
dairy cattle held on the farms, which is typical for the area. Farm size is
mostly 10–50 ha (Destatis, 2019). Annual mean temperature is 8.8 °C,
mean precipitation 782 mm/year and mean sunshine duration 1558
h/year (DWD, 2020). There were structures for housing farmer families,
animals and to store machinery, animal feed and other equipment. Sev-
eral farms were surveyed visually and using wildlife cameras (M-100,
Moultrie Products LLC, USA) for signs of rats for two weeks prior to
the study to identify suitable farms and locations on farms for trapping
rats.

Based on the survey, farms were selected that were at least 2.3 km
apart. Farmers did not use AR on their properties for at least eight
months prior to the study.

2.2. Data sampling and editing

Norway rats were trapped fromMarch toMay and November to De-
cember 2016 on six livestock farms (farms 1–6) around Münster,
Germany (52°N, 8°E). 12–44 live traps of various types (Schwengber,
Jagdfallen Steingraf, Kortenbrede GmbH, Tomahawk live trap) were
set at locations inside and outside buildings where rat activity was ex-
pected. Traps were pre-baited with a mix of rolled oats, peanut curls,
chocolate spread and apple pieces for 2–6 weeks, checked every 3–4
days, and bait was replaced as necessary. All traps were covered with
black plastic sheets to protect rats from environmental conditions. On
each farm, rat trapping was conducted for 4–7 days, and traps were
checked every 12 h. Traps were equipped with fresh bait and pieces of
non-woven dust sheet for nesting. All rats were transferred from the
trap to a veterinary anesthesia workstation (Trajan 808 Air, Vapor
19.3, Dräger AG, Germany) to anesthetize the animals by inhalation of
an isoflurane-oxygen mix (2.5–5%) following the procedures stated in
Imholt et al. (2018). Unconscious rats were weighed to the nearest
gram with a laboratory scale (Kern 440-53, Kern & Sohn GmbH,
Germany) to determine the appropriate volume for a twofold LD50 of
BR (0.6 mg BR/kg body weight). Adult rats >200 g body weight were
used for the trial. BR was dissolved in diethylene glycol and adminis-
tered to 53 unconscious treatment animals via oral gavage at a volume
of 330 μl/100 g. Sixteen experimental control rats were similarly anes-
thetized but did not receive BR solution (Table 1).

In September to November 2019, further rats were trapped and
radio-collared using a similar protocol for collaring at two additional
farms (farms 7–8, at least 2.2 km apart) in the study area at least
three days before the farms were baited with BR-bait (Table 1). Bait
used contained 0.0025% BR in bait based on cereals and vegetable fat
(Bayer AG, Germany). Baiting followed best practice procedures for
Norway rat management (UBA, 2014).

Rats were equipped with a radio collar (TXE-116CZ, 10 g, 150 MHz,
40 bpm, Telenax,Mexico,) that emitted a signal at an individual frequency
changing in pulse ratewhen the internalmovement sensor did not detect
movement for 4–5 h. This enabled us to determine the approximate time
of death and to search for dead animals without delay. After dosing and
Table 1
Number of Norway rats (Rattus norvegicus) radio-tracked on eight farms in the Münsterland r

Farm no. BR application Number of Norway rats used for data analyses

Total Distances moved Home range

T C T

1–4 Oral gavage 41 36 16 34
5–6 Oral gavage 2 Not studied Not studied
7–8 Free-fed 27 Not studied Not studied
Total 70 36 16 34

Rats were exposed to the anticoagulant rodenticide brodifacoum (BR) and spatial behavior, ha
tissue were assessed. On farms 1–6, rats received a twofold LD50 BR solution via oral gavage (t
farms 7–8, radio-collared rats were free-fed BR bait (0.0025%) in bait stations (treatment, T). Ba
applicable.
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fitting the radio-collar, rats were kept under an infrared heat lamp
(Philips, 150 W) and released after full recovery at the point of capture.

Radio tracking on farms 1–4 started the day following the tagging pro-
cedure at least 18 h after tagging to prevent tracking potentially biased
behavior shortly after release. The position of each rat was determined
with a three-element-Yagi antenna (Linflex, Biotrack Ltd., UK) and an
VHF-receiver (Australis 26k, Titley Scientific, Australia) with the “hom-
ing-in” method (White and Garrott, 1990) to assess spatial behavior
and habitat use. Rats on farms 1–4were located twice per hour for 2 h be-
fore and 2h after sunrise/sunset and for 1 h during the day, resulting in 18
radio fixes per 24 h-period (day). This was repeated for each rat until the
signal indicated death of an animal, whichwas then recovered if possible.
Rats on farms 5–8 were located once every day until the signal indicated
death of an animal, which was then recovered if possible.

For each radio fix and for the location where an animal was recov-
ered dead (see below), habitat characteristics were recorded and
mapped (Google, 2013).Mapped locations of dead ratswere transferred
to digital geo-referenced maps (BKG, 2017) using ArcGIS (ESRI, 2012).
UTM-coordinates of locations were used to calculate the minimum dis-
tance moved between consecutive locations on farms 1–4. Values were
summed for the first and the last day of radio-tracking. Home ranges
were calculated as 100% minimum convex polygons (100% MCP)
(Mohr, 1947) with program R (RCoreTeam, 2018) package
adehabitatHR (Calenge, 2006) on farms 1–4.

Three habitat categories weremapped: closed (e.g., inside buildings,
walls, silos, stacks of wood or stone, burrows), covered (e.g., tall vegeta-
tion, hedges, tall crops etc.), open (e.g., lawns, driveways and other
sealed surfaces). The Jacobs' index (Jacobs, 1974) was calculated for
each animal on farms 1–4 to assess habitat preference. The available
habitat was based on the habitat present in each animal's 100% MCP
(third order selection, Johnson, 1980).

2.3. Chemical analyses for BR residues

Radio-collared rats recovered deadwere stored at−80 °C for at least
two weeks to inactivate zoonotic parasites. Rats were defrosted for
removal of liver tissue that was stored at −20 °C until analyzing for all
ARs registered for use in products in Germany at the time of the
trials: chlorophacinone, coumatetralyl, brodifacoum, bromadiolone,
difenacoum, difethialone, flocoumafen and warfarin, even though only
BR was used in trials (Walther et al., 2020). For the verification of the
analytical process, each thawed sample was first fortified with the
surrogate substances acenocoumarol, coumachlor and diphacinone-
d4. The analytes were extracted with a solution of methanol and
water (2:1, v/v) by vigorously blendingwith an Ultra-Turrax. Following
centrifugation, an aliquot of the supernatant was cleaned through a sol-
vent exchange with dichloromethane over a diatomaceous earth solid
phase column. An aliquot of the purified solution was evaporated to
dryness. The residue was redissolved in methanol/water (1:1, v/v)
with the internal standards warfarin-d5 and chlorophacinone-d4. The
amounts of ARs in the liver samples were estimated using liquid
egion in western Germany.

Habitat preference Location of dead rat AR residues

C T C T C T C

15 36 16 41 NA 17 NA
Not studied 2 NA 2 NA
Not studied 27 NA 17 NA

15 36 16 70 NA 36 NA

bitat preference, location of dead rats and anticoagulant rodenticide (AR) residues in liver
reatment, T) before the radio-tracking period and control rats (C) remained untreated. On
iting followed best practice procedures for Norway rat management (UBA, 2014). NA – not
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chromatography coupled with tandem mass spectrometry in negative
electrospray ionization mode (for details see supplementary material).

2.4. Statistics

Minimum distances moved (dependent variable) were compared
between the first and the last day of observation, treatment and sex
(explanatory variables) using a linear mixed model. Differences be-
tween 100% MCPs (dependent variable) of the first and last day of the
observation period, treatment and sex (explanatory variables) were
compared with a general linear mixed model for negative binomial dis-
tribution. In both models, individuals were nested in site (farm) as ran-
dom factor (repeated measures).

The percentage of rats found dead in the three habitat categories
(closed, covered, open) was calculated separately for farms 1–8 and
compared with a Kruskal-Wallis test. Comparison of BR residues in
liver tissue samples from rats dosed with twofold LD50 BR (farms 1–6)
and rats that consumed free-fed bait (farms 7–8) was conducted with
a Wilcoxon-Mann-Whitney test. The correlation between BR residue
concentration and day of death was analyzed with the Pearson
correlation coefficient (oral delivery) or Spearman's rho (free-feeding).
For statistical analyses, Program R (RCoreTeam, 2018) in RStudio
Fig. 1. a)Minimumdistance and b) home range size (100%minimum convex polygons) moved
the last day of the radio-tracking period. Control rats remained untreated (control). Treatmen
Boxes - 25/75% quartile; X - mean; horizontal line - median; whiskers - ≤1.5-fold interquartile

4

(RStudioTeam, 2016) and for modeling the R-package “lme4” (Bates
et al., 2015) were used.

3. Results

3.1. Spatial behavior

During radio telemetry at farms 1–4, 4500 radio fixes were collected
to calculate individual minimum distances moved and home range size
(Table1). Of 50 rats dosed with brodifacoum and 16 untreated experi-
mental control rats, minimum distances moved were calculated for 36
treated (23 males, 13 females) and 16 control rats (7 males, 9 females).
For eight radio-collared rats, radio-tracking data were insufficient for
calculations. Four treated rats survived until the end of the study, and
two rats lost transmitters (data not used in analysis). These transmitters
were found shortly after radio-collaring rats and close to the places
where the rats were released. The transmitters were undamaged indi-
cating that collars were not fitted properly.

At the end of the observation period, in treated rats, the minimum
distances moved were about 50% shorter than at day 1 (p= 0.002; de-
crease in males from 111 ± 11 m to 49 ± 17 m and in females from
69 ± 13 m to 35 ± 8 m; Fig. 1a). Minimum distances moved of
of Norway rat (Rattus norvegicus) males and females in livestock farms 1–4 at the first and
t rats received a twofold LD50 brodifacoum (treatment) before the radio-tracking period.
range; dots - ≥1.5-fold interquartile range.
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treatment rats were 38% longer in males than females at the first day of
the observation period and 29% longer at the last day of the observation
period (p=0.035). They were about two thirds shorter than in control
rats (p = 0.001; Fig. 1a). There was no difference in control rats be-
tween theminimumdistancemoved on the first and last day of tracking
(p = 0.502; Fig. 1a). Overall, male control rats (160 ± 19 m) moved
more than female control rats (109 ± 19 m; p = 0.035).

Home range sizes (100%MCPs) could be calculated for 34 treatment
rats (23 males, 11 females) and 15 control rats (7 males, 8 females;
Table 1). Home ranges of males (control: 553 ± 92 m2; treatment:
216± 56 m2) were generally larger than home ranges of females (con-
trol: 300 ± 103 m2; treatment: 70 ± 16 m2) (p = 0.003). Treatment
rats had smaller home ranges than control rats at first and last day of
the observation period (p<0.001; Fig. 1b). Depending on sex and treat-
ment, there was a trend in treatment rats (p = 0.093) and control rats
(p=0.093) for 18–53% smaller home range size at the end of the obser-
vation period compared to day one. This reductionwas about 50% larger
in treatment than in control rats (Fig. 1b).

3.2. Habitat preference

3153 (76%) telemetry locations of 16 control and 36 treatment rats
were in closed habitat structures, 344 locations (8%) in covered habitat
and 686 locations (16%) in open habitat (Table 1). There was no differ-
ence in the relative number of observations in the three habitat catego-
ries between control and treatment rats (p = 0.174). Jacobs' index
values < 0.5 suggest that there was no particularly strong preference
for any of the three habitat categories (Fig. 2). However, control (p <
0.001) and treatment rats (p = 0.036) used closed structures more in-
tensely than open habitat.

3.3. Location of dead rats

Three treated rats were killed by farm dogs on farm 3 soon after re-
lease (data not used in analyses; dogs leashed during subsequentwork),
and three control rats were caught by naturally occurring predators
(buzzard (Buteo buteo) and eagle owl (Bubo bubo)) at farms 3 and 4.

All dead rats at farms 1–6 (oral gavage) were located at the property
where they had been captured. They had died 3–6 days after dosing and
free-feeding rats at farms 7–8 showed a peakmortality at days 5–7 after
the start of baiting. A total of 70 (37 males, 33 females; Table 1) radio-
collared BR-dosed rats were located within 5–29 h after death at
farms 1–8 (farms 1–6, oral gavage, n = 43; farms 7–8, baiting, n =
27). There was no difference in the number of observations of rats in
the three habitat categories between rats at farms 1–6 and farms 7–8
-1.00

-0.50

0.00

0.50

1.00

control tnemtaert)61=n( (n=36)

Ja
co
bs
'I
nd

ex

closed
covered
open

Fig. 2. Jacobs' index (Jacobs, 1974) for habitat preference of Norway rats (Rattus
norvegicus) for closed, covered and open structures in livestock farms 1–4. Rats remained
untreated (control) or received a twofold LD50 brodifacoum (treatment). Values are
means of individuals ± standard error.
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(χ2 = 0.08, p= 0.96), and hence, data were pooled for the assessment
in what habitat structures poisoned rats died.

There was a difference among the percentage of rats found dead in
the three habitat categories (H = 11, p < 0.0036; Fig. 3). 60 dead rats
(91.5 ± 3.4% per farm) were found in closed habitats, 33 (51.7 ±
12.3% per farm) of themwere locatedwithin buildings inwalls, ceilings,
under floors as well as other closed structures and 27 (47.6± 12.2% per
farm) outside buildings in burrows, piles of stone, timber or othermate-
rial. Seven carcasses (6.5±2.6% per farm)were recovered from covered
habitat in dense vegetation (Fig. 3) that consisted mostly of stinging
nettle (Urtica dioica). Three dead rats (2.0 ± 1.3% per farm) were
found in the open on gravel roads.

3.4. Anticoagulant rodenticide residues

Nineteen treated rats (12 males, 7 females) were recovered within
hours after death from farms 1–6 (BR application via oral gavage) and
were screened for AR residues (Table 1). BR was present in liver tissue
of all rats. The mean BR residue concentration in liver tissue was
2115 ± 224 ng/g. There were traces of difenacoum (range 16–84 ng/g)
detected in 42% of rats, and bromadiolone (178 ng/g) and coumatetralyl
(95 ng/g) in one rat each. No other ARswere present. In 17 rats recovered
shortly after death from farms 7–8 (7 males, 10 females; BR application
via free-feed at bait stations), BR was present in all liver tissue samples
at a mean concentration of 6011 ± 1181 ng/g. There were traces of
difenacoum (range 4–120 ng/g) detected in 53% of rats fed on bait, but
no other ARs were present. BR concentration was about 65% lower
when BR was delivered via oral gavage versus baiting (p = 0.015, r =
0.41). The duration fromdosing to deathwas not correlated to the BR res-
idue concentration detected when rats received a two-fold LD50 BR via
oral gavage (n= 19; R2 = 0.002; p= 0.85). However, there was a con-
siderable negative correlation in rats free-feeding on bait between the
duration from BR bait application until death of rats and BR liver concen-
tration (n= 17; R2 = 0.45; p= 0.003; Fig. 4).

4. Discussion

The spatial behavior of Norway rats that have consumed a twofold
LD50 of BR was different between day 1 after BR dosing and at the day
of death and compared to untreated control rats. BR causes physiologi-
cal effects within days of consumption leading to internal bleeding
(Watt et al., 2005) that is likely to affect movements. As expected,
there was a considerable decrease in minimum distances moved in
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treatment rats. This may reduce the risk of being caught and eaten by a
predator and hence the risk of BR transfer along the food chain. Con-
versely, the speed of movement and escape behavior might have been
impaired, which could potentially increase predation risk but this
seems unlikely given none of the RB treated rats was caught by a
predator.

Apart from changes in spatial behavior, other sublethal effects of ARs
were observed in other studies, such as reduction of thigmotactic be-
havior in enclosures, disturbed temporal activity in cage trials and en-
closures (Cox and Smith, 1992), lethargy in cage trials (Wilk, 1957)
and enclosures (Gemmeke, 1990), and unnatural posture in cage trials
(Littin et al., 2000). These effects may have occurred and might affect
predation risk and associated secondary exposure but could not be de-
tected by the indirect observation using radio-telemetry in this study.
Such additional behavioral changes as well as reduced spatial activity
may affect predation risk not only for Norway rats but also for non-
target rodents that have accidentally consumed BR.

Minimum distances moved by control rats were about the distances
moved by Norway rats in sewers (Heiberg et al., 2012) but smaller than
the nightly maximum linear movements of farm rats (875 m) (Herden,
1992; MacDonald and Fenn, 1995). At the start of the telemetry period
at farms 1–4, home range size in treatment rats was smaller compared
to control rats. This could indicate a rapid onset of behavioral effects
in rats dosed with BR. Both treated and control rats were anesthetized,
but the latter were not gavaged. It seems unlikely that the gavage
alone has caused altered spatial behavior of treatment rats because
the volume delivered was small (330 μl/100 g), and animals were un-
conscious. In any case, the reduction in home range size from start to
end of the telemetry period was more pronounced in treatment rats
confirming our assumption that the consumption of BR leads to a reduc-
tion in home range size. Why there was also a decrease in home range
size in control rats is unclear butmight have been due to short-term en-
vironmental changes given the values were based on 1-day periods.
Generally, home range sizes of rats were similar to the few published
values, such as 288 m2 in males and 157 m2 in females (Lambert et al.,
2008) and as reported elsewhere (Taylor and Quy, 1978; Cowan et al.,
2003; Gómez Villafañe et al., 2008). The radio-collared rats generally
preferred well sheltered habitats, such as buildings, silos, piles of stone
and timber etc., where theywere protected frompredation. This is in ac-
cordancewith the few earlierfindings of telemetry studieswithNorway
rats on farms (Taylor, 1978; Lambert et al., 2008).

In the course of the study, there was no obvious shift of territory in
the 43 treated rats at farms 1–6. They and all 27 rats found dead at
farms 7–8 were discovered on the property where they were radio-
collared. This suggests that poisoned rats do not leave the area.
Norway rats seem reluctant to leave territories once established
6

(Davis et al., 1948; Taylor and Quy, 1978; Lambert et al., 2008), as it is
the case in other small rodent species (Jacob and Hempel, 2003; Jacob
et al., 2004). This suggests that the transfer of ARs byNorway rats is sim-
ilarly spatially restricted as in non-target small mammals where AR
prevalence and concentration are the higher the closer to bait stations
animals are trapped (Geduhn et al., 2014; Elmeros et al., 2019).

Interestingly, there was >20-fold inter-individual variation of resid-
ual BR concentrations in liver tissue in treatment rats despite the deliv-
ery of identical doses via oral gavage. Rats were recovered within hours
after death making degradation of BR unlikely. Furthermore, the resid-
ual BR concentration did not correlate with the duration from dosing
until death. Treated rats died mostly within 3–6 days after the BR dose
was delivered, which is typical for BR poisoning in Norway rats (Littin
et al., 2000). During this time, rats continue to consume rodenticidal
bait (Gemmeke, 1990), and this was probably also the case for rats at
farms 7–8 that had continuous access to bait. This was clearly reflected
in BR residues that were almost threefold higher when rats free-fed on
bait versus consumption of a twofold LD50 of BR via oral gavage. Contin-
uous bait uptake of 0.0025% BR bait seemed to lead to considerable
overdosing and may increase BR body loadings of rats. However, there
seems to be an equilibrium reached after about four days of bait uptake
at least for the AR chlorophacinone (Vein et al., 2013). Traces of
difenacoum that were regularly present in rats at liver concentrations
mostly near the detection limitmay have originated from earlier baiting
campaigns given the long half-life of the compound (Fisher et al., 2003).

Rats that received BR via oral gavage died within a short period
(3–6 days), whichmay have been too short to result in a detectable cor-
relation between this period and BR residue concentration. In rats that
free-fed on BR bait on farms 7–8, the period from bait placement to
death was the shorter the higher the BR liver concentration was. This
could indicate that large BR doses lead to rapid death of rats during
field application of bait, resulting in rapid management success. How-
ever, it is unclear whether this is biased by the timing of consumption.
Some rats may have been behaviourally suited to feed on bait early
and in larger amounts than more cautious individuals that started to
feed late and consumed less, which would result in a similar pattern.
This should be tested in future field trials where timing and the amount
of individual bait uptake are traced.

The likelihood of secondary exposure of large predators and scaven-
gers depends on several factors including how easily they can find poi-
soned rodents. As assumed, almost all Norway rats died of BR poisoning
atwell-hidden locations inaccessible to avian or largemammalianpred-
ators and scavengers or in dense vegetation with limited access for
them. Only 2.0 ± 1.3% of rats died in accessible areas. For the first
time, these findings quantitatively support anecdotal evidence that
after rodent control most rat carcasses are located in protective struc-
tures such as haystacks (Fenn et al., 1987).

Stoats (Mustela erminea) and least weasels (Mustela nivalis) could
access rat burrows (King et al., 2007), and they as well as other terres-
trial predators can enter dense vegetation. This is certainly more likely
when dead rats are present in closed/covered outdoor locations (48%
of rats in our study) than in closed indoor locations (48% of rats in our
study). A high proportion of stoats and least weasels can have AR resi-
dues in liver tissue (Murphy et al., 1998; Elmeros et al., 2011) suggesting
particularly high exposure frequency in this taxon. However, these
predators only very exceptionally consume rats (McDonald et al.,
2000; Elmeros, 2006; Piontek et al., 2015). This and our results seem
to indicate that such predators are not so much exposed via dead rats
but via alive rats active on the surface or via other sources such as
non-target small mammals that have consumed BR. The latter seems
likely (Elliott et al., 2014; Geduhn et al., 2014; Elmeros et al., 2019).

In this study, according to best practice (UBA, 2014; CRRU, 2015),
searches were regularly conducted to locate and remove dead rats. All
radio-collared rats that succumbed to BR could be retrieved within
5–29 h. None of these rats was captured alive or removed dead by pred-
ators before collection. This indicates a lower removal rate than for dead
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water voles (Arvicola terrestris) from grassland where the scavenging
rate is 87.5%within 0.5–1.5 days (Montaz et al., 2014). In contrast, pred-
atory birds killed three of 16 control rats at farms 1–4. This may have
been due to larger minimum distances moved by control rats, but this
conclusion must remain vague because of the small sample size.

A small fraction of poisoned rats died in the open, and these individ-
uals can and should be removed and disposed of to prevent secondary
exposure of scavengers. Removal of carcasses is also sensible for hygiene
reasons. The three dead rats (2.0% of all dead rats) encountered in the
open were plainly visible so that searching and removing required little
effort and time. Locating the seven rats in dense vegetationwas possible
only because they were radio-tagged and would have remained unde-
tected in a routine search. At farms 1–6, a small fraction of the on-
farm rat populationswas dosedwith BR but all rats at farms 7–8 had ac-
cess to BR bait. In either scenario, the percentage of carcasses present in
the open was small.

5. Conclusions

In afield situation,Norway rats reduced spatial activity after the con-
sumption of BR and did not leave the area. Almost all rats that
succumbed to BR died in well-hidden locations where removal is un-
likely for scavenging birds and most terrestrial scavengers and conse-
quently, none of 70 radio-collared BR-loaded rats was caught or
removed by wild predators or scavengers. This indicates a minimal
risk of secondary BR exposure for large predators and scavengers in
the farm environment. However, smaller predators and scavengers
may still have access to poisoned rats. Rats killed with BR on farms do
not seem to pose a significant risk of BR exposure to large predators
and scavengers. However, secondary exposure of such species is evident
and may be also due to the uptake of non-target small mammals that
have consumed BR (Brakes and Smith, 2005; Geduhn et al., 2014). BR
residue concentrations were present in all rats and considerably higher
when rats free-fed on BR bait than when BR was delivered via oral ga-
vage indicating overdosing in a field situation. Attempts should be
made to minimize the risk of transfer of ARs via overdosed target ro-
dents, possibly by using pulse baiting techniques (Greaves et al., 1988;
Buckle et al., 2012) or by inducing a stop-feeding effect (Endepols
et al., 2017). All AR hydroxycoumarins belong to one mode of action
and it is likely that results obtained with BR in this study similarly
apply to all ARs.

CRediT authorship contribution statement

Bernd Walther: Conceptualization, Methodology, Investigation,
Formal Analysis, Writing – Original draft preparation.

Hendrik Ennen: Investigation, Formal Analysis.
Anke Geduhn: Conceptualization, Methodology, Investigation,

Writing – Review & Editing.
Annika Schlötelburg: Formal Analysis, Writing – Review & Editing.
Nicole Klemann: Conceptualization, Methodology, Investigation,

Writing – Review & Editing.
Stefan Endepols: Conceptualization, Methodology, Writing –

Review & Editing.
Detlef Schenke: Methodology, Investigation, Writing – Review &

Editing, Writing – Supplementary Information.
Jens Jacob: Conceptualization, Methodology, Writing – Original

draft preparation, Supervision, Project administration, Funding
acquisition.

Declaration of competing interest

The authors declare the following financial interests/personal rela-
tionships which may be considered as potential competing interests:

Stefan Endepols is affiliatedwith Bayer AG thatmanufactures antico-
agulant rodenticidal products and funded the baiting trials. He did not
7

contribute to the discussion and interpretation of results from these
trials.

Acknowledgements

We thank all farmers for allowing us to work on their properties, G.
Jakob and V. Lorenzen (Detia Freyberg GmbH) for providing
brodifacoum solution, Bayer AG for providing BR bait, M. Reilly and K.
Jacoblinnert for preparation of tissue samples, M. Hoffmann and I.
Stachewicz-Voigt for residue analysis and E. Kampling, F. Göge, C.
Blomenkamp and L. Gerdemann for help in the field. The work was
funded within the Environment Research Plan of the German Federal
Ministry for the Environment, Nature Conservation and Nuclear Safety
(BMU) (grant number 3714 67 407 0). Baiting field trials were funded
by Bayer AG. All animal experimentation was according to national leg-
islation and approved by the State animal ethics authority (file # 84-
02.04.2015.A279).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.147520.

References

Baldwin, R.A., Becchetti, T.A., Meinerz, R., Quinn, N., et al., 2021. Potential impact of
diphacinone application strategies on secondary exposure risk in a common rodent
pest: implications for management of California ground squirrels. Environ. Sci. Pollut.
Res. https://doi.org/10.1007/s11356-021-13977-5.

Bates, D., Mächler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models
using lme4. J. Stat. Softw. 67, 1–48. https://doi.org/10.18637/jss.v067.i01.

BKG, 2017. Digitale Orthofotos NRW, Auflösung 0,2 m. Bundesamt für Kartographie und
Geodäsie (BKG), Frankfurt am Main.

Brakes, C.R., Smith, R.H., 2005. Exposure of non-target small mammals to rodenticides:
short-term effects, recovery and implications for secondary poisoning. J. Appl. Ecol.
42, 118–128. https://doi.org/10.1111/j.1365-2664.2005.00997.x.

Buckle, A.P., Eason, C.T., 2015. Control method: Chemical. In: Buckle, A.P., Smith, R.H.
(Eds.), Rodent Pests and Their Control, second ed. CAB International, Wallingford,
pp. 123–154.

Buckle, A., Prescott, C., 2018. In: van den Brink, N.W., Elliott, J.E. (Eds.), Anticoagulants and
Risk Mitigation.

Buckle, A.P., Klemann, N., Endepols, S., 2012. Brodifacoum is effective against Norway rats
(Rattus norvegicus) in a tyrosine139cysteine focus of anticoagulant resistance in
Westphalia, Germany. Pest Manag. Sci. 68 (12), 1579–1585. https://doi.org/
10.1002/ps.3352.

Calenge, C., 2006. The package “adehabitat” for the R software: a tool for the analysis of
space and habitat use by animals. Ecol. Model. 197, 516–519. https://doi.org/
10.1016/j.ecolmodel.2006.03.017.

Christensen, T.K., Lassen, P., Elmeros, M., 2012. High exposure rates of anticoagulant ro-
denticides in predatory bird species in intensively managed landscapes in
Denmark. Arch. Environ. Contam. Toxicol. 63, 437–444. https://doi.org/10.1007/
s00244-012-9771-6.

Cowan, D.P., Quy, R.J., Lambert, M.S., 2003. Ecological perspectives on the management of
commensal rodents. ACIAR Monogr. Ser. 96, 433–439.

Cox, P.R., 1991. Environmental Effects of Rodenticide Use. (PhD Thesis). University of
Reading.

Cox, P., Smith, R.H., 1992. Rodenticide ecotoxicology: pre-lethal effects of anticoagulants
on rat behaviour. In: Borrecco, J.E., Marsh, R.E. (Eds.), Proceedings of the Fifteenth
Vertebrate Pest Conference. University of California, Davis, pp. 165–170.

CRRU, 2015. CRRU UK Code of Best Practice - Best Practice and Guidance for Rodent Con-
trol and the Safe Use of Rodenticides. Campain for Responsible Rodenticide Use UK
(CRRU), Leeds.

Davis, D.E., Emlen, J.T., Stokes, A.W., 1948. Studies on home range in the brown rat.
J. Mammal. 29, 207–225.

Destatis, 2019. GENESIS-Regionaldatenbank Deutschland, Version 4.2.5. - Code 33111
Flächenerhebung nach Art der tatsächlichen Nutzung. Statistisches Bundesamt
(Destatis) https://www.regionalstatistik.de/genesis/online. (Accessed 1 December
2019).

DWD, 2020. Weather Münster/Osnabrück (Flugh.), current climate. https://www.dwd.
de/EN/weather/weather_climate_local/north_rhine-westphalia/muenster/_node.
html. (Accessed 11 April 2019).

Elliott, J., Hindmarch, S., Albert, C., Emery, J., Mineau, P., Maisonneuve, F., 2014. Exposure
pathways of anticoagulant rodenticides to nontarget wildlife. Environ. Monit. Assess.
186, 895–906. https://doi.org/10.1007/s10661-013-3422-x.

Elmeros, M., 2006. Food habits of stoats Mustela erminea and weasels Mustela nivalis in
Denmark. Acta Theriol. 51, 179–186. https://doi.org/10.1007/BF03192669.

Elmeros, M., Christensen, T.K., Lassen, P., 2011. Concentrations of anticoagulant rodenti-
cides in stoats Mustela erminea and weasels Mustela nivalis from Denmark. Sci.
Total Environ. 409 (12), 2373–2378. https://doi.org/10.1016/j.scitotenv.2011.03.006.

https://doi.org/10.1016/j.scitotenv.2021.147520
https://doi.org/10.1016/j.scitotenv.2021.147520
https://doi.org/10.1007/s11356-021-13977-5
https://doi.org/10.18637/jss.v067.i01
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0015
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0015
https://doi.org/10.1111/j.1365-2664.2005.00997.x
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0025
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0025
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0025
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0030
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0030
https://doi.org/10.1002/ps.3352
https://doi.org/10.1002/ps.3352
https://doi.org/10.1016/j.ecolmodel.2006.03.017
https://doi.org/10.1016/j.ecolmodel.2006.03.017
https://doi.org/10.1007/s00244-012-9771-6
https://doi.org/10.1007/s00244-012-9771-6
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0050
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0050
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0055
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0055
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0060
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0060
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0060
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0065
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0065
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0065
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0070
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0070
https://www.regionalstatistik.de/genesis/online
https://www.dwd.de/EN/weather/weather_climate_local/north_rhine-westphalia/muenster/_node.html
https://www.dwd.de/EN/weather/weather_climate_local/north_rhine-westphalia/muenster/_node.html
https://www.dwd.de/EN/weather/weather_climate_local/north_rhine-westphalia/muenster/_node.html
https://doi.org/10.1007/s10661-013-3422-x
https://doi.org/10.1007/BF03192669
https://doi.org/10.1016/j.scitotenv.2011.03.006


B. Walther, H. Ennen, A. Geduhn et al. Science of the Total Environment 787 (2021) 147520
Elmeros, M., Bossi, R., Christensen, T.K., Kjaer, L.J., Lassen, P., Topping, C.J., 2019. Exposure
of non-target small mammals to anticoagulant rodenticide during chemical rodent
control operations. Environ. Sci. Pollut. Res. Int. 26 (6), 6133–6140. https://doi.org/
10.1007/s11356-018-04064-3.

Endepols, S., Klemann, N., 2004. Rats and the placement of rodenticide baits for their
eradication on indoor livestock farms. NJAS 52 (2), 185–193. https://doi.org/
10.1016/S1573-5214(04)80013-7.

Endepols, S., Klemann, N., Pelz, H.J., Ziebell, K.L., 2003. A scheme for the placement of ro-
denticide baits for rat eradication on confinement livestock farms. Prev. Vet. Med. 58
(3–4), 115–123. https://doi.org/10.1016/s0167-5877(03)00024-2.

Endepols, S., Klemann, N., Jacob, J., Buckle, A.P., 2012a. Resistance tests and field trials with
bromadiolone for the control of Norway rats (Rattus norvegicus) on farms in West-
phalia, Germany. Pest Manag. Sci. 68 (3), 348–354. https://doi.org/10.1002/ps.2268.

Endepols, S., Klemann, N., Song, Y., Kohn, M.H., 2012b. Vkorc1 variation in house mice
during warfarin and difenacoum field trials. Pest Manag. Sci. 69 (3), 409–413.
https://doi.org/10.1002/ps.3306.

Endepols, S., Klemann, N., Richter, D., Matuschka, F.R., 2017. The potential of
coumatetralyl enhanced by cholecalciferol in the control of anticoagulant-resistant
Norway rats (Rattus norvegicus). Pest Manag. Sci. 73 (2), 280–286. https://doi.org/
10.1002/ps.4235.

ESRI, 2012. ArcGis desktop Version 10.1. Environmental Systems Research Institute,
Redlands.

EU, 2012. Regulation (EU) no 528/2012 of the European Parliament and of the council of
22 May 2012 concerning the making available on the market and use of biocidal
products. OJEU. L 167, 1–123.

Fenn, M.G.P., Tew, T.E., Macdonald, D.W., 1987. Rat-movements and control on an
Oxfordshire farm. J. Zool. 213, 745–749. https://doi.org/10.1111/j.1469-7998.1987.
tb03741.x.

Fisher, P., O'Connor, C., Wright, G., Eason, C.T., 2003. Persistence of four anticoagulant ro-
denticides in the livers of laboratory rats. DOC Science Internal Series. 139, pp. 1–18.

Fournier-Chambrillon, C., Berny, P.J., Coiffier, O., Barbedienne, P., Dasse, B., Delas, G.,
Galineau, H., Mazet, A., Pouzenc, P., Rosoux, R., Fournier, P., 2004. Evidence of second-
ary poisoning of free-ranging riparian mustelids by anticoagulant rodenticides in
France: implications for conservation of European mink (Mustela lutreola). J. Wildl.
Dis. 40, 688–695. https://doi.org/10.7589/0090-3558-40.4.688.

Geduhn, A., Esther, A., Schenke, D., Mattes, H., Jacob, J., 2014. Spatial and temporal expo-
sure patterns in non-target small mammals during brodifacoum rat control. Sci. Total
Environ. 496, 328–338. https://doi.org/10.1016/j.scitotenv.2014.07.049.

Geduhn, A., Jacob, J., Schenke, D., Keller, B., Kleinschmidt, S., Esther, A., 2015. Relation be-
tween intensity of biocide practice and residues of anticoagulant rodenticides in red
foxes (Vulpes vulpes). PLoS One 10, e0139191. https://doi.org/10.1371/journal.
pone.0139191.

Gemmeke, H., 1990. Untersuchungen zur Abschätzung des Sekundärvergiftungsrisikos
bei Beutegreifern durch Rodentizide [evaluation of the risk of poisoning predators
by application of anticoagulant rodenticides]. Nachr. Dtsch. Pflanzenschutzd. 42 (2),
22–25.

Gómez Villafañe, I.E., Muschetto, E., Busch, M., 2008. Movements of Norway rats (Rattus
norvegicus) in two poultry farms, Exaltación de la Cruz, Buenos Aires, Argentina.
J. Mastozool. Neotrop. 15 (2), 203–208.

Google, L., 2013. Google Earth Pro Desktop Google LCC, Montain View, USA.
Greaves, J.H., Richards, C.G.J., Buckle, A.P., 1988. An investigation of the parameters of an-

ticoagulant treatment efficiency. EPPO Bull. 18 (2), 211–221. https://doi.org/10.1111/
j.1365-2338.1988.tb00368.x.

Hardy, A., Taylor, K., 1980. Radio tracking of Rattus norvegicus on farms. A Handbook on
Biotelemetry and Radio Tracking. Elsevier, pp. 657–665.

Heiberg, A.C., Sluydts, V., Leirs, H., 2012. Uncovering the secret lives of sewer rats (Rattus
norvegicus): movements, distribution and population dynamics revealed by a
capture-mark-recapture study. Wildl. Res. 39 (3), 202–219. https://doi.org/10.1071/
WR11149.

Herden, C., 1992. Zur Bedeutung von Gewässerufern für das Habitatnutzungsmuster
freilebender Wanderratten (Rattus norvegicus). In: Schröpfer, R. (Ed.),
Semiaquatische Säugetiere. Martin-Luther-University, Halle, pp. 61–69.

Hooker, S., Innes, J., 1995. Ranging behaviour of forest-dwelling ship rats, Rattus rattus,
and effects of poisoning with brodifacoum. N. Z. J. Zool. 22 (3), 291–304. https://
doi.org/10.1080/03014223.1995.9518044.

Howald, G., Ross, J., Buckle, A.P., 2015. Rodent control and island conservation. In: Buckle,
A.P., Smith, R.H. (Eds.), Rodent Pests and their Control, second ed. CAB International,
Wallingford, pp. 366–396 https://doi.org/10.1079/9781845938178.0366.

Imholt, C., Abdulla, T., Stevens, A., Edwards, P., Jacob, J., Woods, D., Rogers, E., Aarons, L.,
Segelcke, D., 2018. Establishment and validation of microsampling techniques in
wild rodents for ecotoxicological research. J. Appl. Toxicol. 38 (9), 1244–1250.
https://doi.org/10.1002/jat.3635.

Jacob, J., Buckle, A., 2018. Use of anticoagulant rodenticides in different applications
around the world. In: van den Brink, N.W., Elliott, J.E., Shore, R.F., Rattner, B.A.
(Eds.), Anticoagulant Rodenticides and Wildlife. Springer, Cham, pp. 11–43 https://
doi.org/10.1007/978-3-319-64377-9_2.

Jacob, J., Hempel, N., 2003. Effects of farming practices on spatial behaviour of common
voles. J. Ethol. 21, 45–50. https://doi.org/10.1007/s10164-002-0073-8.

Jacob, J., Matulessy, J., Sudarmaji, 2004. The effects of imposed sterility of spatial activity of
female ricefield rats. J. Wildl. Manag. 68 (4), 1138–1144.

Jacobs, J., 1974. Quantitative measurement of food selection. A modification of the forage
ratio and Ivlev's electivity index. Oecologia 14, 413–417. https://doi.org/10.1007/
BF00384581.
8

Johnson, D.H., 1980. The comparison of usage and availability measurements for evaluat-
ing resource preference. Ecology 61, 65–71. https://doi.org/10.2307/1937156.

King, C., Powell, R., Powell, C., 2007. The Natural History of Weasels and Stoats: Ecology,
Behavior, and Management. second ed. Oxford University Press, New York.

Lambert, M., Quy, R., Smith, R.H., Cowan, D., 2008. The effect of habitat management on
home-range size and survival of rural Norway rat populations. J. Appl. Ecol. 45 (6),
1753–1761. https://doi.org/10.1111/j.1365-2664.2008.01543.x.

Littin, K.E., O'Connor, C.E., Eason, C.T., 2000. Comparative effects of brodifacoum on rats
and possums. N. Z. Plant Prot. 53, 310–315. https://doi.org/10.30843/
nzpp.2000.53.3701.

MacDonald, D., Fenn, M., 1995. Rat ranges in arable areas. J. Zool. 236, 349–353. https://
doi.org/10.1111/j.1469-7998.1995.tb04502.x.

McDonald, R.A., Harris, S., Turnbull, G., Brown, P., Fletcher, M., 1998. Anticoagulant roden-
ticides in stoats (Mustela erminea) and weasels (Mustela nivalis) in England. Environ.
Pollut. 103, 17–23. https://doi.org/10.1016/S0269-7491(98)00141-9.

McDonald, R.A., Webbon, C., Harris, S., 2000. The diet of stoats (Mustela erminea) and
weasels (Mustela nivalis) in Great Britain. J. Zoo. 252 (3), 363–371. https://doi.org/
10.1111/j.1469-7998.2000.tb00631.x.

Meerburg, B.G., Singleton, G.R., Kijlstra, A., 2009. Rodent-borne diseases and their risks for
public health. Crit. Rev. Microbiol. 35 (3), 221–270. https://doi.org/10.1080/
10408410902989837.

Mohr, C.O., 1947. Table of equivalent populations of North American small mammals. Am.
Midl. Nat. 37, 223–249. https://doi.org/10.2307/2421652.

Montaz, J., Jacquot, M., Coeurdassier, M., 2014. Scavenging of rodent carcasses following
simulatedmortality due to field applications of anticoagulant rodenticide. Ecotoxicol-
ogy 23 (9), 1671–1680. https://doi.org/10.1007/s10646-014-1306-7.

Montes de Oca, D.P., Lovera, R., Cavia, R., 2017. Where do Norway rats live? Movement
patterns and habitat selection in livestock farms in Argentina. Wildl. Res. 44 (4),
324–333. https://doi.org/10.1071/WR16219.

Murphy, E.C., Clapperton, B.K., Bradfield, P.M.F., Speed, H.J., 1998. Effects of rat-poisoning
operations on abundance and diet of mustelids in New Zealand podocarp forests. N.
Z. J. Zool. 25 (4), 315–328. https://doi.org/10.1080/03014223.1998.9518161.

Nakayama, S.M.M., Morita, A., Ikenaka, Y., Mizukawa, H., Ishizuka,M., 2019. A review: poi-
soning by anticoagulant rodenticides in non-target animals globally. J. Vet. Med. Sci.
81 (2) 298-131. (doi:10.1292%2Fjvms.17-0717).

Pelz, H.J., Prescott, C., 2015. Resistance to anticoagulant rodenticides. In: Buckle, A.P.,
Smith, R.H. (Eds.), Rodent Pests and their Control, second ed. CAB International, Wal-
lingford, pp. 187–208.

Piontek, A.M., Wierzbowska, I.A., Bevanger, K., Tokarz, W.M., 2015. Comparison of the diet
of stoat (Mustela erminea) in relation to sex and season in Norway. Mamm. Res. 60,
301–307. https://doi.org/10.1007/s13364-015-0237-x.

RCoreTeam, 2018. R: A Language and Environment for Statistical Computing. R Founda-
tion for Statistical Computing, Vienna https://www.r-project.org. (Accessed 11 April
2019).

Rost, S., Fregin, A., Ivaskevicius, V., Conzelmann, E., Hortnagel, K., Pelz, H.J., Lappegard, K.,
Seifried, E., Scharrer, I., Tuddenham, E.G.D., Muller, C.R., Strom, T.M., Oldenburg, J.,
2004.Mutations in VKORC1 cause warfarin resistance andmultiple coagulation factor
deficiency type 2. Nature 427 (6974), 537–541. https://doi.org/10.1038/nature02214.

Rowe, F.P., Bradfield, A., Swinney, T., 1985. Pen and field trials of a new anticoagulant ro-
denticide flocoumafen against the house mouse (Mus musculus L.). J. Hyg. 95 (3),
623–627. https://doi.org/10.1017/s0022172400060721.

RStudioTeam, 2016. RStudio: Integrated Development for R. RStudio, PBC, Boston.
Taylor, K.D., 1978. Range of movement and activity of common rats (Rattus norrvegicus)

on agricultural land. J. Appl. Ecol. 15 (3), 663–677. https://doi.org/10.2307/2402767.
Taylor, K., Quy, R., 1978. Long distance movements of a common rat (Rattus norvegicus)

revealed by radio-tracking. Mammalia 42, 63–72. https://doi.org/10.1515/
mamm.1978.42.1.63.

Tobin, M.E., Fall, M.W., 2004. Pest Control: Rodents. 67. USDA National Wildlife Research
Center - Staff Publications, pp. 1–21.

UBA, 2014. Authorisation of anticoagulant rodenticides in Germany risk mitigation. Mea-
sures, Best Practice and FAQs. Umweltbundesamt (German Federal Environment
Agency), Dessau-Roßlau.

Vein, J., Vey, D., Fourel, I., Berny, P., 2013. Bioaccumulation of chlorophacinone in strains of
rats resistant to anticoagulants. Pest Manag. Sci. 69 (3), 397–402. https://doi.org/
10.1002/ps.3367.

Walther, B., Geduhn, A., Schenke, D., Schlötelburg, A., Jacob, J., 2020. Baiting location af-
fects anticoagulant rodenticide exposure of non-target small mammals on farms.
Pest Manag. Sci. 77 (2), 611–619. https://doi.org/10.1002/ps.5987.

Walther, B., Geduhn, A., Schenke, D., Jacob, J., 2021. Exposure of passerine birds to
brodifacoum during management of Norway rats on farms. Sci. Total Environ. 762,
144160. https://doi.org/10.1016/j.scitotenv.2020.144160.

Watt, B.E., Proudfoot, A.T., Bradberry, S.M., Vale, J.A., 2005. Anticoagulant rodenticides.
Toxicol. Rev. 24 (4), 259–269. https://doi.org/10.2165/00139709-200524040-00005.

White, G.C., Garrott, R.A., 1990. Analysis of Wildlife Radio-Tracking Data. Academic Press
https://doi.org/10.1016/C2009-0-02726-3.

Wilk, W., 1957. Vergleichende pharmakologische und toxikologische Prüfung von
Scillirosid-, Alpha-Naphthylthioharnstoff- und Cumarin-Präparaten. Z. Angew. Zool.
44, 419–446.

Wilson, D.E., Reeder, D.M., 2005. Mammal Species of the World: A Taxonomic and Geo-
graphic Reference. third ed. Johns Hopkins University Press, Baltimore.

https://doi.org/10.1007/s11356-018-04064-3
https://doi.org/10.1007/s11356-018-04064-3
https://doi.org/10.1016/S1573-5214(04)80013-7
https://doi.org/10.1016/S1573-5214(04)80013-7
https://doi.org/10.1016/s0167-5877(03)00024-2
https://doi.org/10.1002/ps.2268
https://doi.org/10.1002/ps.3306
https://doi.org/10.1002/ps.4235
https://doi.org/10.1002/ps.4235
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0130
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0130
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0135
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0135
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0135
https://doi.org/10.1111/j.1469-7998.1987.tb03741.x
https://doi.org/10.1111/j.1469-7998.1987.tb03741.x
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0145
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0145
https://doi.org/10.7589/0090-3558-40.4.688
https://doi.org/10.1016/j.scitotenv.2014.07.049
https://doi.org/10.1371/journal.pone.0139191
https://doi.org/10.1371/journal.pone.0139191
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0165
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0165
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0165
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0165
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0170
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0170
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0170
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0175
https://doi.org/10.1111/j.1365-2338.1988.tb00368.x
https://doi.org/10.1111/j.1365-2338.1988.tb00368.x
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0185
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0185
https://doi.org/10.1071/WR11149
https://doi.org/10.1071/WR11149
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0195
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0195
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0195
https://doi.org/10.1080/03014223.1995.9518044
https://doi.org/10.1080/03014223.1995.9518044
https://doi.org/10.1079/9781845938178.0366
https://doi.org/10.1002/jat.3635
https://doi.org/10.1007/978-3-319-64377-9_2
https://doi.org/10.1007/978-3-319-64377-9_2
https://doi.org/10.1007/s10164-002-0073-8
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0225
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0225
https://doi.org/10.1007/BF00384581
https://doi.org/10.1007/BF00384581
https://doi.org/10.2307/1937156
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0240
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0240
https://doi.org/10.1111/j.1365-2664.2008.01543.x
https://doi.org/10.30843/nzpp.2000.53.3701
https://doi.org/10.30843/nzpp.2000.53.3701
https://doi.org/10.1111/j.1469-7998.1995.tb04502.x
https://doi.org/10.1111/j.1469-7998.1995.tb04502.x
https://doi.org/10.1016/S0269-7491(98)00141-9
https://doi.org/10.1111/j.1469-7998.2000.tb00631.x
https://doi.org/10.1111/j.1469-7998.2000.tb00631.x
https://doi.org/10.1080/10408410902989837
https://doi.org/10.1080/10408410902989837
https://doi.org/10.2307/2421652
https://doi.org/10.1007/s10646-014-1306-7
https://doi.org/10.1071/WR16219
https://doi.org/10.1080/03014223.1998.9518161
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0295
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0295
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0295
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0300
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0300
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0300
https://doi.org/10.1007/s13364-015-0237-x
https://www.r-project.org
https://doi.org/10.1038/nature02214
https://doi.org/10.1017/s0022172400060721
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0325
https://doi.org/10.2307/2402767
https://doi.org/10.1515/mamm.1978.42.1.63
https://doi.org/10.1515/mamm.1978.42.1.63
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0340
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0340
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0345
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0345
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0345
https://doi.org/10.1002/ps.3367
https://doi.org/10.1002/ps.3367
https://doi.org/10.1002/ps.5987
https://doi.org/10.1016/j.scitotenv.2020.144160
https://doi.org/10.2165/00139709-200524040-00005
https://doi.org/10.1016/C2009-0-02726-3
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0375
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0375
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0375
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0380
http://refhub.elsevier.com/S0048-9697(21)02591-2/rf0380

	Effects of anticoagulant rodenticide poisoning on spatial behavior of farm dwelling Norway rats
	1. Introduction
	2. Material and methods
	2.1. Study area
	2.2. Data sampling and editing
	2.3. Chemical analyses for BR residues
	2.4. Statistics

	3. Results
	3.1. Spatial behavior
	3.2. Habitat preference
	3.3. Location of dead rats
	3.4. Anticoagulant rodenticide residues

	4. Discussion
	5. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




