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Abstract

Globally, populations of many raptor species are declining for reasons including exposure to
chemical contaminants. Second Generation Anticoagulant Rodenticide (SGAR) residues are
commonly found in the livers of raptors, indicating dietary exposure and potentially secondary
poisoning. There is a gap in our understanding of SGAR exposure for raptors at different life

stages and under different usage regimes.

We develop a new modelling framework for non-target species to refine the commonly applied
risk assessment using the common kestrel (Falco tinnunculus) as a case study. Our scenarios
simulate high and low rodent consumption by raptors with high and low SGAR usage, of four
different rodenticides at different raptor life stages. The risk to raptors was evaluated in

reference to sublethal and lethal effect thresholds used by regulators.

Our model suggests exposure to Brodifacoum exceeds the threshold for lethal and sublethal
effects. Breeding adults and nestlings are at risk of sublethal effects from Difethialone and the
mixture of Bromadiolone and Difenacoum exposure. This is concerning because Brodifacoum
and Difethialone usage seems to be rising globally due to increased resistance of rodents to
other SGARs. Difethialone represents cumulative risk in scenarios previously not a risk,

reaching the threshold in a week Avoiding SGAR usage during the raptor breeding season
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would reduce the likelihood and impact of secondary SGAR poisoning. Our framework can be
used to assess different exposure scenarios for SGARs and raptors in ecological meaningful

contexts to guide SGAR usage and regulation.

1. Introduction

Many raptor populations globally are in decline, for a variety of reasons. Climate change
(Martinez-Ruiz et al., 2023), habitat change and degradation (Nemcek, 2013; Butet et al.,
2010; Butet, Rantier and Bergerot, 2022) and increases in exposure to chemical contaminants
of top predators, such as raptors, can negatively affect individual fithess and so influence
population abundance (Green et al. 2004; Berny et al. 2015; Méndez et al. 2021; Martinez-
Padilla et al. 2017; Salim et al. 2014; Spadetto et al. 2024; Lemus et al. 2011). Second
Generation Anticoagulant Rodenticides (SGARs), a class of biocide compounds used to
control pests and protect public health (European Chemicals Agency, 2018), are commonly
detected in raptor liver samples suggesting SGAR exposure via diet (Walker et al., 2016;

Christensen, Lassen and Elmeros, 2012; Pay et al., 2021; Elliott et al., 2024).

Worldwide, SGAR exposure of raptors (Nakayama et al., 2019) has detrimental effects at
individual and likely at population levels. SGAR poisoning at the individual level can cause
impaired coagulation, internal haemorrhaging, disorientation, behavioural changes such as a
decrease in feeding and alert behaviour, and in some cases death (Murray, 2018). In the
United Kingdom (UK), SGAR poisoning has been confirmed as a cause of death in several
raptor species (Walker et al. 2021a; Walker et al. 2017; Walker et al. 2021b; RSPB 2022;
Smart et al. 2010; George et al. 2024; Molenaar et al. 2017; Broughton et al. 2022). SGAR
exposure has also been theorised to have population effects via sublethal effects on fitness-
related traits, including decreased parental care, bleeding during moulting, decreased body
weight, and reduced growth rate (Martinez-Padilla et al., 2017; (Salim et al., 2014; Naim et

al., 2011; Rattner et al., 2014). For the endangered Tasmanian wedge-tailed eagle (Aquila
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audax fleayi), SGAR exposure is a negative factor implicated in the survival and conservation

of the species (Pay et al., 2021).

SGARs are used in different ways globally to control rodents, but their usage is generally
differentiated between “indoors and around buildings” and “outdoors”. Germany, The
Netherlands, Belgium and the United States of America (USA) only allow the use of SGARs
outdoors by trained professionals and limit the access of all SGARSs to the general public (Van
Den Brink et al., 2018, chap.11). In contrast, in the UK SGARs are used by amateurs (e.g.
householders, smallholders) and professionals (e.g. pest controllers, farmers and
gamekeepers) inside and around the immediate vicinity of buildings (Van Den Brink et al.,
2018, chap.12; CRRU, 2021; European Chemicals Agency, 2018). The usage outdoors and
around buildings can provide an ongoing source of SGARs into the environment, exposing
wildlife through food chains (Van Den Brink et al., 2018, chap.2). The risk of exposure to
SGARs is evaluated by an Environmental Risk Assessment (ERA) performed by regulators
(eg. in the USA, Australia, the European Union) where all SGARs on the market fail the ERA
worst-case scenario (100% of prey is contaminated) assumptions (Van Den Brink et al., 2018,
chap.2; Pay et al., 2021). However, in light of observed declines in some raptor populations
and known interspecies variation in foraging behaviour, it would be valuable to implement
refinements on the model parameters (diet, prey residue concentration, body weight) to
develop a more fine-scale understanding of risks that top predators face under different SGAR
exposure scenarios (Aagaard et al., 2023). Raptors forage across different habitats with
different degrees of human usage (Rattner et al., 2014), so could potentially be exposed to
multiple sources of SGARSs, highlighting a need to predict the risks from exposure to mixtures
of SGARs given that they have similar modes of action and likely additive risk (Rattner and

Mastrota, 2018).

In this study, we develop a predictive framework for estimating the exposure of raptors at three

life stages to different SGARs under different ecologically relevant scenarios. We illustrate the
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use of the modelling framework for populations of common kestrels (hereafter kestrel)
exposed to Brodifacoum, Bromadiolone, Difenacoum and Difethialone which are currently
approved for use in Europe (Van Den Brink et al., 2018, chap.2). Kestrels were chosen
because the European population is in decline, and high SGAR liver residues have been
reported in kestrel carcasses, implicating SGARs as a plausible cause of the population
decline (Roos et al., 2021). Our scenarios mimic different stages of rodent population cycles
(high and low population sizes and thus inclusion in raptor diet) and associated SGAR usage
(high and low usage). For each scenario, we first investigated the exposure to each of the four
SGAR compounds, and secondly a mixture of SGARs. Specifically, for breeding male and
female adults, non-breeding adults, and nestlings, we:

1) Predict the exposure of kestrels to four individual SGARs under four scenarios:

a) High SGAR usage and high percentage of rodents in diet (HS-HD).
b) High SGAR usage and low percentage of rodents in diet (HS-LD).

c) Low SGAR usage and high percentage of rodents in diet (LS-HD).

d) Low SGAR usage and low proportion of rodents in diet (LS-LD).

2) Calculate whether exposure at any life stage (breeding male and female adults, non-
breeding adults, and nestlings) exceeds the expected lethal or sublethal threshold to
each SGAR under the four scenarios.

3) Predict whether the risk of harmful effects increases with exposure to mixtures of the

two most commonly used SGARs (Difenacoum and Bromadiolone).

4) Estimate the number of days before lethal and sublethal thresholds of exposure of

each SGAR are reached.

2. Methods

Our predictive framework integrates data on different levels of SGAR contamination of rodents
in kestrel diet which likely reflects local SGAR usage, with proportional estimates of rodents
in raptor diet, quantity of food consumed in each life stage, and body weight. The framework

predicts the lethal and sublethal risk of SGAR exposure by comparing the predicted daily oral
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intake of each SGAR to a toxicity threshold obtained from toxicity studies on mortality and

reproductive effects from surrogate species.

Our modelling framework integrates, but extends, the tiered approaches detailed in the
European Chemical Agency (ECHA) emission scenario guidelines for product type 14
(Rodenticides), which includes SGARs (European Chemicals Agency, 2018), and the
European Food and Safety Agency (EFSA) 2023 (Aagaard et al., 2023) guidelines on
pesticide risk assessment for birds and mammals. From ECHA, the tier-two secondary
exposure was chosen, and from EFSA, the tier-one and tier-two were combined. ECHA tier 2
assesses the amount of SGARs consumed by a generic predator species based on fixed
values, with diet parameters that can be refined based on specific species studies. Similarly,
tier 1 from EFSA uses a generic species under worst-case scenarios, but EFSA tier 2 allows
refinements for specific species. Therefore, we calculated the risk for lethality and sublethal
effects based on the inputs defined in Table 1.

Table 1. Parameter values used in calculating the risk of lethal and sublethal effects and their

sources. The parameter “Rodent whole body concentration of each SGAR (ng/g)” is the
geometric mean of all the values reported.

Values used in the model
Model Non-
. . References
Variable term  |breeding|Breeding| Breeding Nestling
Male | Female
Adult
Body mass (g) BW 244 11925 | 271 100 1
Daily food intake (gwet | - pp | 573 | 114.6 | 85.95 | 57.54 1,2, 21
weight)
Low proportion of rodents in diet
Proportion of rodents in PT (LD) = 30% 3
diet High proportion of rodents in diet
(HD) =78%
Low proportion of contaminated
Percentage of rodents in diet (LS) = 8% 3
contaminated rodents in PD
diet High proportion of contaminated
rodents in diet (HS) = 23% 6
C Brodifacoum = 68.82 4,5 6,7, 819
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Mean rodent whole body Bromadiolone = 6.28 7,8, 9,20
concentration (ng/g) Difethialone = 1.09 5
(Geometric mean) Difenacoum = 0.72 7.8
Brodifacoum = 0.55 10
Lethal deterministic Bromadiolone = 60.67 11
threshold (ng/g) Difethialone = 0.87 12
Difenacoum = 0.58 10
Brodifacoum = 14.28 18
Oral dose - lethal probabilistic Bromadiolone = 22.85 18
threshold (ng/g) Difethialone = 11.424 18
Difenacoum = 22.85 18
Brodifacoum = 0.01 13
Bromadiolone = 0.38 11
Oral dose - sublethal threshold (ng/g)
Difethialone = 0.038 12
Difenacoum = 0.33 14
Brodifacoum = 17.8 15
Excretion rate Bromadiolone = 53 15
(given in percentage) Difethialone = 25 16
Difenacoum = 30 17

References; 1 (Masman et al., 1986); 2 (Village, 1990b); 3 Our study, see Table SM5; 4 Our study, values used to
calculated “Mean rodent whole body concentration (ng/g)” are in Table SM 1 and pilot monitoring rodenticide
burden is in table SM 2; ,; 5 (Geduhn et al., 2016); 6 (Geduhn et al., 2014); 7 (Tosh et al., 2012); 8 (Berny, Fourel
and Lattard, 2014); 9 (Hernandez et al., 2013); 10 (Newton, Wyllie and Freestone, 1990), 11 (Biocidal Products
Committee, 2010a); 12 (Biocidal Products Committee, 2007); 13 (Biocidal Products Committee, 2010b), 14
(Biocidal Products Committee, 2016), 15 (Horak, Fisher and Hopkins, 2018), 16 (Prat-Mairet et al., 2017), 17
(Larsen, 2003), 18 this study, calculation of oral dose for lethal probabilistic threshold in Table SM5; 19 (Walther et
al, 2021); 20 (Elmeros et al, 2019); 21 (Weathers, 1992)

The model parameterisation for each step and the details of each equation are detailed below.

2.1 Basic risk characterisation approach

The model considers secondary SGAR exposure risk for adult and nestling raptors from
consuming contaminated rodents and compares this daily oral dose with toxicity thresholds

for lethal and sublethal effects to derive a risk characterisation ratio (RCR).

Exposure considers the consumption by an individual kestrel of each SGAR in one day. The

overall daily exposure to each SGAR is calculated using equation (1).
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E = (FIR;;‘/XPD) « PR (1)

Where: E is the overall daily oral intake in ng/g of a kestrel of body weight/day, FIR is the daily
kestrel food intake rate in g fresh weight; BW is body weight in g; C is the SGAR concentration
per fresh diet fraction expressed in ng/g; PD is the proportion of contaminated food in the
kestrel diet and PR is the percentage of rodents contained in the diet (Aagaard et al., 2023;

European Chemicals Agency, 2018).

The daily oral dose is compared with a toxicity threshold for lethal and sublethal effects to
derive a risk characterisation ratio (RCR) (Equation 2); this ratio determines the potential risk

of adverse lethal or sublethal effects following SGAR exposure. .

E;

RCR lethal = Tethal threshold @)

E;

RCR sublethal = sublethal threshold

®3)

Where:

RCR lethal is the risk characterisation ratio for lethal exposure; E is kestrel exposure to the
SGAR in ng/g bw/d (equation 1). The lethal threshold (ng/g body weight/d) is derived from
endpoints obtained from short-term studies (see Table SM3). A RCR lethal value above 1

indicates that SGAR exposure represents a lethal risk under the model assumptions.

RCR sublethal is the risk characterisation ratio for sublethal effects; E is the kestrel SGAR
exposure expressed in ng/g body weight/d. The sublethal threshold (ng/g body weight/d) is

derived from endpoints, for example, growth or reproductive studies (see Table SM4 ).

2.1.1. Predicting whether the risk of harmful effects increases with exposure to mixtures of

SGARs.

Bromadiolone and Difenacoum are rodenticides with similar toxicity (Biocidal Products
Committee, 2016), globally account for 56% of SGAR exposure in wild animals (Nakayama et

al., 2019) and have a similar mode of action.(McGee, McGilloway and Buckle, 2020) Thus,
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exposure to both rodenticides combined is predicted to increase the risk of lethal and sublethal
effects. The risk for this mixture was evaluated using the concentration addition approach,
which is used as an efficient approximation tool for compounds with a similar mechanism of
actions like SGARs (Backhaus and Faust, 2012; Backhaus et al., 2004; Rattner et al., 2014;
Rattner and Mastrota, 2018). The RCR,,,;,ture 1S the risk for the mixture of SGARs is calculated

as follows:

RCRpixture lethal = Z?:l RCRiethar (4)

RCRmixture sublethal = Z?:l RCRsublethal (5)

Where Y71 Ruixture techar 1S the sum of Bromadiolone and Difenacoum Rieinq;. Similarly,

Y1 Rixture subtethar 1S the sum of Bromadiolone and Difenacoum Ry, piethai-
2.2 Model parameterisation and scenarios for the common kestrel

The exposure and risk models were parameterised for the common kestrel for three life stages
exposed to the four SGARs. Some parameters shown in Table 1 were obtained from a single
study, and for others we used the geometric mean from the range of values from different
sources because geometric mean is not driven by extreme values (Aagaard et al., 2023;

European Chemicals Agency, 2018, 2017).

The quantity of SGARs in rodent prey items was estimated based on the concentration
detected in the liver of rodent species (Table SM1) with values used from field studies
prioritised over lab studies because they represented real-case scenarios. Only wild studies
undertaken in Europe were considered, under the assumption that all the countries complied

with the European regulation (European Union, 2012).

The toxicological dose descriptors used to build the threshold for lethal and sublethal effects
(European Chemicals Agency, 2017), e.g. LD50 and NOEL, were extracted from assessment
regulator reports (https://echa.europa.eu/information-on-chemicals), the ECOTOXicology

Knowledgebase: A Curated Database of Ecologically Relevant Toxicity Tests to Support
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Environmental Research and Risk Assessment (Olker et al., 2022; U.S. Environmental
Protection Agency, 2024), and from the literature (Tables SM3 and SM4). Avian toxicity test
studies for SGARs are limited in the literature with only three studies fulfilling the criteria of
control and treatment groups stated by the guidelines for avian toxicity tests (OECD, 2010,

1984a, 1984b).
2.2.1 Kestrel diet, food intake and body weight
Adult food intake and body weight

The kestrel is an opportunistic forager, with diet varying spatially and temporally according to
prey abundance, however small rodents consistently represent a large proportion of kestrel
diet (Village, 1990a). Females whether breeding or not weigh more than males, but both
consume more rodents than during the non-breeding stage, because of increases in energy
expenditure needed during breeding (Masman et al., 1986). Therefore, in our model female
and male food consumption and body weight were estimated separately. Kestrel body weight

and the wet weight of food consumed per day were obtained from the literature (see Table 1).
Nestling food intake and body weight

Here, we model the dietary uptake of 8 day old nestlings (Sylvie et al., 2002), where the
maximum weight gain occurred (Massemin et al. 2002). At this stage, raptors cannot
thermoregulate and direct all food to growth and development (Village, 1990b). There are few
studies evaluating kestrel food intake but there are studies evaluating growth rate and energy
demands of altricial birds that can be translated to food intake (Sylvie et al. 2002; Sylvie et al.
2003; Masman et al. 1986; Weathers 1992). We estimate the food intake by estimating the
daily energy demands of kestrel nestlings using the equation (6) of peak daily metabolised

energy (DME) for altricial birds (Weathers 1992; Daan et al. 1989).

peakDME = 5.01W 0782 (6)
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Where: peakDME is given in KJ/ds, is the daily metabolised energy of a growing kestrel

nestling W is body weight in grams.

The peakDME of 183.57 KJ/day was later used to obtain nestling food intake (Fi), which

depends on the energy provided by prey (Ep), which was calculated using equation (7).

Ep = Cprey * Dary * Aq * K (7)
Where: Ep is the energy provided by a prey item given in KJ/g; Cp., is the percentage of the
prey consumed by the kestrel discarding intestines set at 0.73; pg,, is the dry weight
proportion of the prey; Agq is the assimilation quotient. The study performed by Masman (1986)
provided the Aq (0.70) and p4r, (0.29) by obtaining the geometric mean of the values of the
common vole (Microtus arvalis) in March, May, and July reported in the study. (KJ/g) is the

energy provided by the dry weight of the prey, which was set at 21.4 KJ/g (Masman et al.,

1986).

Ep of 3.19 KJ/g and peakDME (KJ/day) were replaced in equation (8) to obtain the amount of
food consumed by a kestrel nestling per day and food intake (Fi) in g wet weight/day (Masman

et al., 1986).

BMR
Ep

Fi= 8

The obtained values were replaced in equation (1) as FIR. Table 1 describes the values used

and the amount of calculated food intake for an 8 day-old kestrel nestling.

Proportion of rodents in kestrel diet

The model was refined by running it with either a low or high proportion of rodents in the kestrel
diet. We estimated the proportion of rodents in diet by plotting diet data from our field study
(see Table SM5) and from published field studies (Table SM5). Based on the first and third
quartile of the data distribution, we modelled scenarios with low (30%) and high proportion of

rodents in diet (78%). The models assumed no variation between the diet of breeding and
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non-breeding adults and nestling diet, but the predictive framework could be refined to model

sex or age-specific diets if required.

2.2.2 SGAR concentrations in prey

SGAR uptake from prey depends both on the concentration of each SGAR in the prey and the
percentage of available prey that contains the SGAR. Here, we assume a fixed concentration
of each SGAR in prey, but the model could include a range of values and scenarios. The
SGAR liver residue concentrations in prey were obtained from studies performed during and
immediately after baiting campaigns to control rodent populations in Germany, France,
England and Spain (Geduhn et al. 2014; Geduhn et al. 2016; Tosh et al. 2012; Hernandez et
al. 2013; Berny et al. 2014; Walther et al. 2021; Elmeros et al. 2019) (See Table SM1). The
concentrations of each SGAR detected in the livers (and, where available, whole bodies) of
wild rodent species were collated. For liver concentrations, a whole body factor was calculated
by dividing liver residue concentrations by whole-body concentrations, yielding five individual
factors from the three studies in the literature (Sage et al. 2008; Giraudoux et al. 2006; Newton
et al. 1990). The geometric mean of these factors, 4.97, was used to convert liver residues to
estimated whole-body concentrations, then the geometric mean of the reported whole body

value ranges was calculated for each evaluated SGAR.

2.2.3 SGAR usage

Another variable included in our predictive framework was SGAR usage which we inferred
from published field studies on the percentage of rodents in foraging ranges detected
containing SGARs (Table SM 1, see pilot study in Supplementary Material 2). Not all captured
rodents reported in the studies were positive for SGARS; of those that tested positive the range
was 8-23% (Geduhn et al., 2016, 2014; Tosh et al., 2012). Here, we compare two scenarios,
low frequency (8%) and high frequency (23%) of contaminated prey (PD) (i.e. low and high

usage of SGARs in the kestrel foraging range), which were replaced in equation (1) (Table 1).

2.3 Risk assessment parameterisation
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To determine the potential risk of an SGAR to exposed raptors, daily oral intake is then

compared with a toxicity threshold value to derive a risk characterisation ratio.
2.3.1 Lethal threshold

First, we derived a lethal threshold based on the lethal effects (mortality) from avian acute oral
toxicity studies performed on standard model species (See Table SM3). From the studies, the

toxicological dose descriptor LDso was taken.

The calculation of the lethal threshold was performed under two approaches, deterministic
and probabilistic. The deterministic approach of evaluating risk consists of selecting, across
all species tested, the endpoint with the lowest value and then applying an assessment factor
(AF) of 300 to cover the inter- and intraspecies differences in sensitivity to SGARs (ECHA,

2018), as represented in equation 1.

Lethal deterministic threshold = %

(9)

The lethal deterministic threshold shown in Table 1 was calculated using the LDs, from a non-
raptor model species and raptor species. The most sensitive species for Bromadiolone
reported in the literature is an unnamed species from the family Partridge (Phasinidae). For
Brodifacoum and Difenacoum the oral dose was obtained from a single dose exposure study
in which rodents spiked with Brodifacoum and Difenacoum were fed to Barn owl (Tyto alba)
(Newton et al. 1990), and Northern Bobwhite Quail (Colinus virginianus) for Difethialone

(Table SM3).

The probabilistic approach consists of building a Species Sensitivity Distribution (SSD) using
LDso data from all the avian species tested and obtaining the hazardous concentration for 5%
of the species (HCs) (see Table SM6, Figure SM3). The HCs is the concentration that protects
95% of the species in a distribution. As the SSD approach is not suitable for datasets with
fewer than 8 samples (Posthuma, Suter and Traas, 2001), this approach could only be used

to derive the lethal threshold of Brodifacoum. There was not enough avian data for the other
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SGARs. The Brodifacoum SSD was built using the package ssdtools in R using the following
distributions: Log-normal, Weibull and Gamma. The goodness-of-fit statistic was obtained
from the Kolmogorov-Smirnov test, and the most parsimonious model was selected by the
Akaike Information Criterion corrected for small samples (AICc) and AIC weight (AICw) (Todd
W, 2010; Thorley and Schwarz, 2018; Sorgog and Kamo, 2019). The lethal probabilistic

threshold was calculated according to equation 10.
Lethal probabilistic threshold = % (20)

Where the HCs is divided by an assessment factor (AF) which varies according to the standard
deviation of the distribution. Because the best fit distribution was log-normal and the standard
deviation is 0.54 and to fulfil the assumptions of the SSD of protecting 95% of the species, the
AF was set at 5 (Sorgog and Kamo, 2019). The Lethal probabilistic threshold for the
remaining SGARs were obtained by using the toxicity equivalency factors (TER) for
Difethialone > Brodifacoum > Bromadiolone = Difenacoum, 1, 0.8, and 0.5, respectively (Elliott
etal., 2024). We assumed Difenacoum and Bromadiolone have similar toxicity based on read-
across studies for Bromadiolone from Difenacoum studies by regulators (Biocidal Products

Committee, 2010a, 2009).
2.3.2. Sublethal threshold

Chemical contaminants such as SGARSs can elicit subtle but harmful and ecologically relevant
effects on individuals. We compared the daily intake of each SGAR to a threshold for sublethal
effects by using No Observable Effect Level (NOEL) values from reproductive studies because
of their ecological relevance (European Chemicals Agency, 2017; European Chemicals
Bureau, 2003; OECD, 2011) (See Table SM4). NOEL is the highest dose ingested where no
effects (e.g. mortality, lower egg hatch rate) were observed during the experimental
toxicological study. The lack of avian sublethal toxicity test studies for SGARs meant that the
sublethal threshold was first calculated with NOEL values obtained from reproductive tests

on Japanese quail (Coturnix japonica) evaluating Difenacoum toxicity. The competent
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authorities approved the extrapolation of NOEL values for other rodenticides from the
Difenacoum reproductive study as it was deemed unnecessary to perform more studies
because of their similar mode of action (Biocidal Products Committee, 2007). The AF of 30
was used to address the interspecies variability in sensitivity (European Chemicals Agency,
2017, 2018; Aagaard et al., 2023). The sublethal threshold values of each SGAR are detailed

in Table 1.

NOEL
AF

Sublethal threshold =

(11)

2.3.3. Cumulative exposure

Chemical contamination of the environment, including from SGAR usage, can be prolonged
and not limited to single exposures assumed by some regulatory approaches (Shore et al.,
2018; Murray, 2020). Effects of longer-term, relatively low-level chronic exposure can be
detrimental, though often less obvious (Murray, 2018). SGARs are known to bioaccumulate in
the liver and can reach the thresholds for lethal and sublethal effects as exposure continues
over time (Rattner et al., 2020). The rates of excretion and accumulation of SGARs in raptors
is unknown and the few published pharmacokinetic studies were performed only in mammals
(Horak, Fisher and Hopkins, 2018). Using the UK scenario, where SGAR baiting is advised to
last up to 35 days to control a rodent infestation (CRRU, 2018), we estimated the cumulative
exposure to the four rodenticides in the common kestrel using mammal excretion data
(equation 12) (Aagaard et al., 2023; European Chemicals Agency, 2018). The cumulative
exposure was then contrasted with our estimates of the lethal and sublethal thresholds to

determine if prolonged exposure represents a risk.
Cumulative, = Y35 E+ (1 —EL)"+E (12)

Where: Cumulative, is the overall cumulative oral intake in ng/g of a kestrel over 35 days, E
is the overall daily oral intake in ng/g of a kestrel of body weight/d, EL daily elimination/
excretion rate from black rats (Rattus rattus) for Bromadiolone (0.178) and Brodifacoum

(0.530) (Horak, Fisher and Hopkins, 2018), from red fox (Vulpes vulpes) (Prat-Mairet et al.,
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2017) for Difenacoum (0.250) and a standard value of 0.300 as the proportion of daily

excretion rate in rodents for Difethialone (Larsen, 2003) because no avian data were available.

3 Results

3.1 Daily exposure of kestrels to individual SGARs

The exposure of kestrels to Brodifacoum, Bromadiolone, Difenacoum and Difethialone via
diet was modelled for three life stages, with high and low SGAR usage and high and low
proportions of rodents in diet (HS-HD, HS-LD, LS-HD, LS-LD). The models suggest that the
concentration and type of SGAR in rodents determines the risk of exposure to kestrels. Figures
2a to 2d show that Brodifacoum has the highest dietary exposure. Kestrel exposure to
Brodifacoum is 11 times more likely than to Bromadiolone, 63 times more than to Difethialone

and 96 times more than to Difenacoum at all life stages and for all scenarios ( Table SM7).

Different raptor life stages are predicted to be exposed to different amounts of SGARS, with
the breeding male stage and nestling having higher exposure than the non-breeding stages
and the breeding female stage, as shown in Figure 2. In this kestrel case study, this difference
is due to the mass of food consumed relative to body size. Breeding male kestrels do the
majority of hunting while females are incubating and brooding, have the highest food intake
and thus SGAR exposure in all the evaluated scenarios. Nestlings (in our example an 8.3 day
old 100g nestling) are more exposed to SGARs through diet than non-breeding adults,
because of their high food intake compared to body size. Life stage specific diets could be

incorporated into our model which could alter age-specific exposure and thus risk.

3.2. Risk assessment

Next, we assessed exposure compared to the lethal and sublethal thresholds. The lethal risk
of SGAR exposure varied according to the approach used to calculate the threshold with the
deterministic approach giving more conservative results than the probabilistic approach
(Figure 3). The probabilistic lethal risk from exposure to SGARs via diet does exceed the risk

characterisation ratio for any of the life stages in any of the scenarios. In contrast, under the
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deterministic approach, Brodifacoum exposure represents a risk in all three life stages in three
scenarios the high contamination and high rodent diet scenario (HS-HD), the high
contamination and low rodent diet (HS-LD) and low contamination and high rodent diet (LS-

HD) (RCR>1).

Breeding males and nestlings are estimated to be at risk of lethal effects under the probabilistic
approach in all scenarios. Bromadiolone, Difenacoum, and Difethialone are not predicted to
pose a lethal risk after a single exposure via diet.Breeding males and nestlings are predicted
to be at risk of sublethal effects from exposure to Brodifacoum a in all scenarios and for
difethialone in three scenarios (HS-HD, HS-LD, LS-HD) (Figure 3C). Non-breeding adults and
breeding females are at risk of sublethal effects under all the scenarios for Brodifacoum
exposure but not for Difethialone as LS-LD, HS-LD and LS-HD do not represent a risk.
Bromadiolone exposure represents a sublethal risk to breeding males under the HS-HD
scenario; the other three scenarios represent no risk. Non-breeding adults, breeding females
and nestlings are not at risk of sublethal effects under any of the Bromadiolone exposure
scenarios. Difenacoum exposure represents no risk of sublethal effects for any life stage or

dietary scenario.

As raptors are likely to be exposed to mixtures of SGARs in diet, it is valuable to investigate
risks posed by the two SGARs commonly reported in raptor carcasses. Difenacoum and
Bromadiolone. Regardless of whether the lethal threshold is calculated using the probabilistic
or deterministic approach, exposure to these SGARs together does not represent a risk for
the kestrel in any life stages and dietary scenarios. For sublethal effects, this mixture
represents a risk for breeding males, breeding females and nestlings under the HS-HD

scenario (Figure 4).

3.3. Cumulative exposure

The cumulative exposure of kestrels to SGARs indicates that for all life stages and dietary

scenarios it takes longer to reach the probabilistic threshold for lethal effects than the
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deterministic threshold. Brodifacoum reaches the probabilistic threshold after 12days, with
only the HS-HD scenario reaching the threshold for non-breeding male, and 3 days for
breeding male and 8 days for nestlings(Figure 5A), for the other life stages and scenarios the
cumulative exposure does not reach the probabilistic threshold after 35 days. Similarly,
Bromadiolone, Difenacoum and Difethialone do not reach the probabilistic and deterministic
lethal effects after 35 days of exposure (Figure 5B, 5C, 5D). Brodifacoum reaches the
deterministic threshold in 2 days for the LS-LD scenario for the breeding female, non-breeding
male and non-breeding female (Figure 5A). In the case of the sublethal exposure, Brodifacoum
exceeded the threshold in all life stage and dietary scenarios (Figure 5A). Bromadiolone intake
did not reach the threshold of 0.38 ng/g after 35 days for all the scenarios and life stages with
the exception of breeding male and nestling in the HS-HD scenario exceeding the threshold
of 0.38ng/g after 2 days of continuous exposure (Figure 5B). In contrast, Difenacoum does
not exceed the threshold in the 35 days of treatment for any of the life stages e (Figure 5C).
Difethialone sublethal exposure surpassed the threshold for non-breeding males, non-
breeding females and breeding female after 4 to 7 days exposure in the scenarios of HS-LD
and LS-HD. For Nestlings and breeding male under the HS-HD scenario, cumulative exposure
reaches the threshold of 0.038ng/g within 1 day. For all life stages, the LS-LD it does not

reach the threshold within 35 days (Figure 5D).

4 Discussion

We evaluated the lethal and sublethal risk of SGAR exposure to raptors by implementing a
predictive framework that integrated both field data and standard species toxicology test data.
The risk was modelled by comparing the estimated daily oral intake of each SGAR by a raptor
to a toxicity threshold obtained from lethal and sublethal toxicity studies on avian species. The
common kestrel was the case study chosen to implement the framework because of the
concern generated by population decrease and high residues of SGARs in liver samples from
kestrels found dead in the wild. The modelling framework indicates that from the four evaluated

SGARs, Brodifacoum exposure presents the greatest overall risk to kestrels. When the lethal

17



424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

effects threshold is calculated using the deterministic approach, the risk is across ecological
and SGAR usage scenarios for all life stages. In contrast, when the lethal threshold is
determined using the probabilistic approach, SGARs do not represent a lethal risk .). In terms
of risk of sublethal effects, Brodifacoum represents a risk under all scenarios to all life stages
and Difethialone in all scenarios except for non-breeding adults and breeding females under
the LS-LD scenario. Bromadiolone represents a risk of sublethal effects to breeding males
under single exposure and in a mixture. Difenacoum represents minimal risk of lethal and
sublethal effects under our modelling assumptions after a single exposure but can pose a risk
as part of a mixture with Bromadiolone. Overall, the level of risk is associated with the type of
SGAR, the concentration of SGAR residues in rodents, the proportion of rodents in diet, the
proportion of contaminated rodent prey and the life stage of the raptor. If SGAR usage were
to increase in duration or spatial scale, for example, or there was a shift to using more toxic
SGARs or combinations of multiple products, then the estimated risk to raptors would
increase.

4.1 Overall exposure

Our results can inform changes to SGAR management and raptor conservation by helping to
predict when, how and which type of SGAR could be used to control rodents whilst minimising
the likelihood of secondary poisoning. The SGAR with the highest dietary exposure level is
Brodifacoum in all life stages and prey scenarios. Furthermore, the concentration of
Brodifacoum in rodents is higher and accumulates faster than for Bromadiolone, Difenacoum,
and Difethialone (Figure 5, Table SM1), probably because rodents accumulate Brodifacoum
in the liver and most likely retain it until they die (liver half-life of up to 307.4 days and excretion
rates in faeces of 14-21.7%) (Vandenbroucke et al., 2008; Horak, Fisher and Hopkins, 2018;
Eason et al., 2002; Prat-Mairet et al., 2017). In contrast, the SGARs with predicted lower daily
intake by raptors (Table SM7), Bromadiolone, Difenacoum and Difethialone, have a liver half-
life in rodents of 28.1 days, 61.8 days and 28.5 days respectively (Vandenbroucke et al.,
2008), with excretion rates of 25-53% (Horak, Fisher and Hopkins, 2018; Prat-Mairet et al.,

2017; Larsen, 2003). Therefore, using SGARs with a high bioaccumulation factor, like
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Brodifacoum, pose a particular risk of secondary poisoning because of their persistence in
rodents. In addition, rodents do not immediately die after SGAR exposure; the latent period
after consuming a lethal dose is 6 -10 days (Mathur and Prakash, 1981; Laakso, Suomalainen
and Koivisto, 2010; Erickson and Urban, 2004; Bailey, Fisher and Eason, 2005). Rodents
resistant to SGARs or exposed to non-lethal doses can become nomadic, expanding their
homerange (McGee, McGilloway and Buckle, 2020). This has been reported in England,
where 14% of rodents in farms with no active SGAR baiting were found to contain rodenticide
residues in the liver (Tosh et al., 2012). Thus, our model suggests that to minimise sublethal
and lethal effects on raptors, alternatives to Brodifacoum and Difethialone should be
considered.

4.2 Risk and its drivers

Studies performed on the trophic transfer of SGARSs to top predators and scavengers show
that rodenticide residues in rodents modulate secondary exposure and its consequent effects
(Geduhn et al., 2016; Coeurdassier et al., 2012; Tosh et al., 2011; Baudrot et al., 2020). During
a SGAR baiting campaign, the barn owl's risk of exposure to rodenticides increased according
to the proportion of pest species (e.g. Mus musculus, Rattus rattus) found in the owl pellets,
i.e. in the diet. During winter, the risk increased as barn owls’ prey more on rats, a target
species for rodenticide usage, than non-target voles (Geduhn et al., 2016). Similarly, in
France, the risk of exposure of red kites to Bromadiolone during a baiting campaign to control
water voles (Arvicola amphibius) increased due to the higher availability of prey carcasses
containing SGAR residues and the lack of removal of the rodent carcasses (Coeurdassier et
al., 2012). In terms of SGAR management, we suggest that the quick removal of carcasses
during baiting campaigns is crucial to minimise secondary exposure and its associated risk to
raptors and other scavengers. Moreover, it would be interesting to consider how farm
managers could encourage raptors to locate away from farm buildings especially during the
breeding season and reduce reliance on synanthropic species and switch to non-pest prey by
managing the wider landscape for wildlife including small mammals and birds (Broughton et

al., 2014).
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4.3 Model limitations and enhancements

Here, we assumed the proportion of rodents in the diets of raptors is the same for nestlings
and for adults during the breeding and non-breeding seasons. However, the model could be
refined to examine the effect of varying diets on different life stages and seasons of the year
(Hernout et al., 2018). This could be informed by field data on raptor diets and/or ecological
studies of seasonal population cycles in rodents (Village, 1982; Burthe et al., 2010; Carslake
et al., 2011, Delattre et al., 1999). For example, (Geduhn et al., 2016) evaluated adult barn
owl diet throughout the seasons and reported that in winter they rely more on rats and during
spring and summer (breeding period of barn owls) the diet is mostly Microtus voles. Changes
in raptor diet according to prey availability and energy demands modulate the risk of exposure
and thus the effect of SGARs. The reliance of predators on SGAR target species during winter
and the reported increase during autumn and winter in SGAR usage to protect grains in barns
can increase the risk of exposure to raptors (Geduhn et al., 2016; Campbell et al., 2022).
Therefore, in terms of management, our model outputs suggest that to control the
accessibility of SGARs to the general public and pest control professionals during winter and
refrain from using all SGARs during the breeding season of raptors.

The lack of studies on raptor toxicity has some effect on the RCR calculation because of
differences in species sensitivity. The toxicological endpoints used were generally obtained
from standard study species (eg. Japanese Quail (Coturnix japonica)), which are suspected
to be more resilient to SGAR exposure than raptors (Rattner and Mastrota, 2018). The affinity
of Vitamin K epoxide reductase (VKOR), the enzyme involved in making the coagulation
factors, is 20 to 30 times less sensitive in granivorous species (eg. Japanese quail) than
raptors whose VKOR is easily inhibited by SGARs (Khidkhan et al., 2024; Nakayama et al.,
2020). These differences in species sensitivity to SGARSs significantly influence both lethal and
sublethal threshold calculations (Xu et al. 2015). This is evident in two key ways: first, through
the large probabilistic thresholds where high LD50 values skew the HC5 (Wheeler et al. 2002)
and subsequently affect the RCR (Figure 3); second, through toxicity variations between

species that don't accurately reflect SGAR potency, as seen in the Brodifacoum-Difethialone
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comparison where lethal effect thresholds are similar but Brodifacoum shows 3-fold greater
toxicity for sublethal effects. This sublethal effect variability in birds (Rattner and Harvey 2021)
was particularly apparent in our study, which incorporated two distinct endpoints - weight
change and a read accros reproductive test results from two different species the Japanese
guail (Coturnix japonica) and the American kestrel Falco sparverius.

Our framework can be implemented to predict differences in exposure to SGARS, focusing on
sublethal endpoints (NOEL) including age- and sex-specific, and other relevant toxicological
endpoints, where available. Martinez-Padilla et al., (2017) found that kestrel nestlings exposed
to Bromadiolone had lower body mass and body condition associated with lower recruitment
rate. In red kites, adults carry higher SGAR body burders because SGARs bioaccumulate
overtime (Walker et al., 2016), barn owls exposed to SGARs increased their coagulation time
(Hindmarch, Rattner and Elliott, 2019) and barn owls exposed to rodenticides have lower
fledging success and brood size (Salim et al., 2014). Although previous studies indicated that
SGARs can affect wild species in non-lethal ways that are hypothesized to link to population
level effects (Rattner et al., 2014), there is a lack of studies with non-standard benchmarks
that can be used to refine our framework. A key to addressing this is developing less-invasive
(Biocidal Products Committee, 2007; Espin et al., 2016), inexpensive and quick biomarkers,
such as the coagulation time of blood samples (Rached et al. 2020; Spadetto et al. 2025), that
are correlated with fitness-related traits such as growth, survival and/or reproduction. This will
allow enhancement of risk assessments and protection of wildlife (Rattner et al., 2020;
Baudrot et al., 2020).

Across Europe, rat and mice populations are becoming resistant to Bromadiolone and
Difenacoum (McGee, McGilloway and Buckle, 2020). Resistant rodents are potentially going
to be carrying higher residue burdens and remain active in the environment for longer periods,
SO pose a greater risk to predators than non-resistant individuals. Also, unless tighter
regulation is introduced, there is likely to be an increase in the use of more potent rodenticides
in parts of the world where SGAR resistance is rising. SGAR sales and usage data are not

freely available, but indirect metrics can be used to infer changes in spatial and temporal
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patterns of usage. For example, in the UK (Ozaki et al., 2024, 2023; George et al., 2024)
there are records of higher rates of detection of more potent SGARs, such as Brodifacoum,
residues in buzzards (Ozaki et al., 2024), barn owls (Ozaki et al., 2023) and red foxes (Vulpes
vulpes) (Campbell et al., 2024). In addition, Difethialone, a rodenticide not previously reported
in non-target species in the UK, has started to be detected (Walker et al., 2021b; Shore et al.,
2019; Walker et al., 2021a). Difethialone and Brodifacoum presence in livers of top predators
is of concern because of their known toxicity to raptors (Elliott et al., 2024) and emphasises
the need to implement or strengthen mitigation strategies.

5. Conclusions

Our modelling framework can be used to predict the risk to non-target wildlife associated with
rodenticide usage and aims to be useful for regulators to explore the effects of changes to
SGAR usage on specific raptor species. For example, our framework can model the potential
impacts of baiting campaigns using different SGARs allowing the identification of the duration
of active baiting that minimises effects on raptors within the focal area, optimal management
strategy for removing rodent carcasses refined by the ecology of raptors, e.g. scavenging
versus hunting, and availability of alternative prey species relative to target rodents. Raptor
conservation managers can implement the model as it integrates the interaction between diet
and life stages and the risk of lethal and sublethal effects on raptors which are often exposed
to contaminants as well as multi-stressor variables such as competition and predation. Finally,
future iterations of the framework could be used to model scenarios in countries where data
on SGAR usage or raptor ecology are lacking and for species that are of conservation concern.
Our model does emphasise the wide intra-species variation in sensitivity to SGARSs, the
paucity of toxicological endpoint data in non-model species and how this can affect the
effectiveness of current methods to calculate lethal thresholds and thus protect wildlife.
Overall, our framework provides the regulators, land managers and conservation
organisations with a tool to identify areas and seasons where SGAR usage should be

minimised in order to prevent lethal and sublethal impacts on non-target wildlife.
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