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Abstract

The toxicity of anticoagulant rodenticides to non-target species is one of the root concerns
over wide-scale use of these compounds. Compared with the numerous studies documenting
secondary exposure in predators, there have been relatively few studies on primary exposure
in non-targets. We consider why primary exposure of non-targets occurs, which species are
most likely to be exposed, how and why exposure magnitude varies, and whether exposure
results in ecologically significant effects. Species groups or trophic guilds most at risk of
primary exposure include invertebrates, reptiles, birds and mammals. Relatively little is
known about exposure and particularly effects in invertebrates and reptiles although recent
studies suggest that anticoagulants may impact invertebrates, presumably through different
toxic pathways to those that result in vertebrate toxicity. Amongst higher vertebrates, primary
exposure occurs in some bird species but there is little information on extent and importance.
There are more studies on non-target mammals and it is granivorous species that are most
likely to feed on bait and accumulate residues, as might be predicted given their ecological
and trophic similarities to target species. However, studies suggest a surprisingly high degree
of exposure in shrews, although it is unclear the extent to which this is primary and/or
secondary. Overall, arguably the most striking aspect of primary exposure in mammals is the
large-scale variation both in the proportion of animals exposed and the magnitude of residues
accumulated. We consider the multiple abiotic and biotic factors that may drive this,
including the direct and indirect effects of resistance in target species. In terms of
ecologically significant effects, primary exposure clearly does cause acute mortalities in non-
target vertebrates and these have been associated with significant population impacts on
intensively baited islands where there has been limited or no potential for immigration.
Localised population impacts have also been documented in mainland small mammals but
most non-targets are likely to be r-selected species. Population declines may therefore be
expected to be relatively short-term, provided baiting is episodic, as population numbers can
recover through high intrinsic rate of reproduction in survivors, reduced density-dependent
mortality, and immigration. However, prolonged or permanent baiting may potentially result
in long-term depletion of resident non-target populations that is ameliorated only by
immigration; such areas may act as population sinks.
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Introduction

There are a number of reasons mooted as to why there is a need to control rodent populations.
These include preventing the transmission of diseases that impact humans and livestock,
curtailing the consumption and spoilage of crops, foodstuffs and forestry, and reducing
damage to infrastructure (Meyer and Kaukeinen 2015; Lund 2015). Anticoagulant
rodenticides (ARs) are a key means of controlling rodent populations and are used throughout
the world. Indeed, it is argued they are the only effective means currently available by which
established rodent infestations and plagues can be controlled or eradicated (Chapter 2; Rattner
et al. 2014). However, the toxic mode of action of ARs is such they inactivate vitamin K
epoxide reductase, thereby disrupting the carboxylation of clotting factors and, subsequently,
the clotting cascade (Rattner et al. 2014). It has long been recognised that the blood clotting
mechanism is highly conserved in vertebrates and follows the same fundamental pattern
(Doolittle and Feng 1987) and so ARs are potentially toxic to all vertebrates, not just rodent
pest species.

It is this potential toxicity to so called “non-targets” — species not the subject of control
measures — that is one of the root causes of concern over wide scale use of ARs. However,
the concept of non-target species is somewhat context-specific, at least when considering
primary exposure (exposure through direct feeding on AR bait). Three commensal species ,
the black or ship rat (Rattus rattus), the Norway or brown rat (Rattus norvegicus) and the
house mouse (Mus domesticus) are disproportionally important as pests because of their
severe, generalist and geographically widespread impacts (Capizzi et al. 2014). They are
typically considered to be target species. There are also a wide range of other rodent species
that are subject to AR control at various times in particular areas and regions. Usually, this is
because of the damage they do to agricultural crops, commercial grassland and forestry. Such
species include the water vole (Arvicola scherman formerly Arvicola terrestris) in grasslands
in Europe (Coeurdassier et al. 2012; Saucy et al. 2001), Microtus voles, mice (Apodemus,
Peromyscus) and ground squirrels (Citellus, Spermophilus) in Eurasia and North America
(Witmer et al. 2014; Luque-Larena et al. 2013; Merson et al. 1984; Jokic et al. 2012; Moran
2001; Sterner et al. 1998; Wood and Singleton 2015), pikas (Ochotona spp) and the plateau
zorkor (Myospalax baileyi) in upland areas of China (Wood and Singleton 2015), and pocket
gophers (Thomomys bottae) and prairie dogs (Cynomys spp) in North America (Baldwin et al.
2014; Ruder et al. 2011; Salmon and Dochtermann 2006). Some of these species enjoy legal
protection in regions and countries where they are not controlled and, if not the specific
subject of a control programme, would generally be considered to be non-targets.

To date, a major focus of concern regarding exposure and effects of ARs in wildlife,
especially the second generation anticoagulant rodenticides (SGARS), has been on predatory
birds and mammals. Exposure in these species is thought to be secondary (exposure through
consumption of prey that fed on bait or on other exposed animals - Chapter 7; Shore et al.
2015). In comparison, there have been far fewer studies on primary exposure (direct ingestion
of bait containing active substance) in non-target species, except perhaps in countries such as
New Zealand where there have been very extensive baiting programmes (Spurr et al. 2005;
Hoare and Hare 2006; Eason and Spurr 1995). In this chapter, we focus on primary exposure
in non-target species, albeit with the caveat that categorising species as primarily or



secondarily exposed is a somewhat artificial concept. Exposure in many non-targets is likely
to involve both primary and secondary routes rather than a single pathway. This is because
species can be relatively plastic and opportunistic in their feeding habits. For example, direct
ingestion of bait is thought to be the chief exposure route in the mainly granivorous wood
mice (Apodemus sylvaticus) (Brakes and Smith 2005; Townsend et al. 1995) but this species
will feed on invertebrates (Harris and Yalden 2008) and granivorous species will also
scavenge (Howald et al. 1999), both potentially resulting in secondary exposure to ARs.
Conversely, many shrew species feed predominantly on invertebrates but they will take grain-
based AR baits (Brakes and Smith 2005; Townsend et al. 1995; Ericsson and Urban 2004);
they may also directly ingest bait particles in soil when capturing invertebrate prey.

Overall, our aims in this chapter are to consider exposure to and the effects of ARs in non-
target species in which direct feeding on bait is the likely predominant exposure pathway. We
consider why such exposure occurs and which non-target species are most likely to be
exposed, how and why exposure magnitude varies, and whether exposure results in
ecologically significant effects. Although primary exposure can be involved in incidents of
illegal deliberate poisoning of wildlife, we do not include consideration of such exposure
scenarios here.

Why and how does primary exposure of non-targets occur?

Ideally, AR baits would only be accessible or palatable to target species during control
operations. This would prevent primary exposure of non-target species. The success to which
this can be achieved may vary with the types of bait formulation, with the locations where bait
is deployed and with the degree of bait protection.

With regards bait formulation, the most overriding difficulty perhaps is that most rodent pests
are omnivorous. If baits are to be palatable and efficacious to target species, then they are also
likely to be attractive to most non-target rodents and potentially to other non-target species. A
variety of AR bait formulations are available (Buckle and Eason 2015) and these vary in their
palatability for target species, and likely for non-targets too. Although relatively unpalatable
baits may reduce non-target uptake, they are often less likely to be efficacious for controlling
target species. We are not aware of clear examples where baits have been designed
successfully such that they are palatable only to target rodents.

The locations where AR baits are deployed may also affect non-target exposure. In some
countries, restriction of the use of ARs to within buildings has been applied to some ARs,
particularly the most potent SGARs. Indoor—only use can be effective in controlling mouse
infestations within buildings and curtails exposure of non-target species which rarely or only
occasionally enter buildings. However, rat control cannot be achieved through solely indoor
use of AR because rats do not typically nest indoors. Furthermore, use of ARs to protect
croplands, grassland and forestry also self-evidently requires open area use of rodenticides.
When used outdoors, baits can be placed down the burrow entrance of the target species
(Tobin et al. 1997; Khan et al. 1998) or specifically inserted into tunnel/gallery systems
(Jacquot et al. 2013; Sage et al. 2008). This may to some extent reduce but not eliminate non-



target exposure but efficacy of control of target species will in part depend on ability to locate
a high proportion of occupied burrows.

Depending on the nature of the control programme, baits can be protected when placed
outside. The aim is to prevent non-target species, including people, from accessing and eating
baits. Simple protection measures can involve placing baits under slates or other simple
coverings. More substantial protection includes the deployment of bait boxes into which the
bait is placed (Towns and Broome 2003). Bait can sometimes be dragged out from boxes into
more open areas (Howald et al. 1999; Pryde et al. 2013) where it may be readily accessible to
a range of species. Tamper -resistant bait stations are designed to prevent such manipulation
and have been recommended for outdoor control of brown rats in Europe (Berny et al. 2014),
although securing bait in boxes may result in less effective bait take control (Buckle and
Eason 2015). Bait protection and bait boxes can reduce the exposure of larger non-target
mammals and birds but non-targets that are of similar or smaller size to the target species will
still be able to enter and feed from protected bait stations and boxes. Direct observational
studies have shown that non-targets do enter bait stations and so access bait (Pryde et al.
2013; Eason and Spurr 1995; Elliott et al. 2014; — see also
https://www.youtube.com/watch?v=nWCvbdBCTd4)

Which not-target species are likely to be exposed?

There are a number of distinct groups or trophic guilds of non-target species that are most
likely to be subject to primary exposure. Perhaps the least well characterised are reptiles and
invertebrates. Exposure in reptiles has attracted relatively little study. While there is growing
evidence that they will feed directly on baits (Hoare and Hare 2006; Pitt et al. 2015; Sanchez-
Barbudo et al. 2012) and be at risk of poisoning, there is little quantitative information on the
scale of exposure and effects. There are a greater number of studies which have documented
primary exposure in terrestrial invertebrates and they are known to feed directly on baits
(Bowie and Ross 2006; Elliott et al. 2014; Ogilvie et al. 1997; Spurr and Drew 1999; Eason
and Spurr 1995). The importance of this trophic transfer pathway is reflected by the
occurrence of secondary exposure in predominantly or exclusively insectivorous species
(Dennis and Gartrell 2015; Dowding et al. 2010; Lopez-Perea et al. 2015). Perhaps
surprisingly, primary exposure of invertebrates also occurs in marine systems. This has been
associated with use of ARs when eradicating rodents from islands, typically those with
important seabird colonies (Howald et al. 2015). AR baits are palatable to and can be taken by
species such as crabs and may also be transported through run-off into coastal waters where
fragments are ingested by various marine species (Masuda et al. 2015; Pain et al. 2000; Pitt et
al. 2015).

In terms of higher vertebrates, the species that are most likely to feed directly on bait are
granivores, herbivores and omnivores (Sanchez-Barbudo et al. 2012), particularly those that
compete with target species for food resources (Smith and Shore 2015). Various non-target
mammal and bird species have been shown to feed directly on ARs (Berny et al. 2010b;
Brakes and Smith 2005; Elliott et al. 2014; Geduhn et al. 2014; Masuda et al. 2014; Pryde et
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al. 2013; Ruder et al. 2011; Tosh et al. 2012; Wood and Phillipson 1977; Ericsson and Urban
2004). Often however, exposure events are not directly observed and the exposure pathway
can only be inferred from known dietary preferences. It is likely though that the detection of
AR residues in ruminants and other domestic grazers, and in wildlife such as hares, rabbits,
deer, doves and gamebirds for example (Berny et al. 2005; Berny et al. 2010b; Ericsson and
Urban 2004; Sanchez-Barbudo et al. 2012), is a result of primary exposure. This pathway may
also be significant in predatory and scavenging species that are not obligate carnivores and are
relatively omnivorous; such species include foxes, badgers and raccoons and a variety of
birds. However, distinguishing whether exposure in such species is predominantly primary or
secondary is difficult and requires detailed studies of the feeding behaviour of individuals.

Monitoring schemes that investigate non-target exposure of vertebrates to ARs typically focus
mostly on predatory species (for example see Walker et al. 2008) in which exposure is most
likely to be secondary. Although there are post-registration mortality incident monitoring
schemes, the wildlife examined by such schemes for ARs also largely tend to be predators
that are exposed secondarily. For example, in the UK’s Wildlife Incident Investigation
Scheme (WIIS) (Brown et al. 1996; Hardy et al. 1986), less than 7% of the 933 incidents
reported from 2012 through 2014 involved non-target species likely to have fed directly on
baits (http://www.pesticides.gov.uk/guidance/industries/pesticides/topics/reducing-
environmental-impact/wildlife/W11S-Quarterly-Reports.htm). Generically therefore, there is a
paucity of quantitative data about which non-target species are primarily exposed to ARs.
However, data from France’s SAGIR network (Berny et al. 2010a) indicated that, in 836
incidents reported, wild boar (Sus scrofa) (19%) and brown hare (Lepus europaeus) in
roughly equal numbers made up almost 40% of the animals found dead after water vole
control operations between 1998-2013 in Franche-Comté and Auvergne (Berny et al. 2005;
Berny et al. 2010b; Ericsson and Urban 2004; Sanchez-Barbudo et al. 2012). Both species,
and particularly hares, are likely to be exposed through eating bait, and these data indicate that
primary poisoning of non-targets can be substantial.

There have been a small number of studies in which primary exposure of non-target small
mammals has been specifically investigated. These provide some indication of how the
likelihood of exposure varies within this species guild. We examined 12 such studies (Table
1). Eight involved controlled applications of SGARs in bait stations in or around farms and all
included analysis of residues in non-target rodent species; three reported exposure in shrews.
The limited number of studies does not warrant a quantitative meta-analysis to identify the
main factors controlling exposure of non-target small mammals but some consistencies
between the studies are apparent. Target species were usually the most exposed organisms but
non-target small mammals were widely exposed to ARs in most studies. Only Elliott et al.
(2014) reported a very low occurrence of ARs in non-target small mammals generally, with
less than 5% of individuals exposed. In the other studies, the frequency of detection of AR
residues was generally greater but differed between species. Apodemus spp. (mainly the wood
mouse) and the bank vole (Myodes glareolus) were the most exposed non-target small
mammal species with median % occurrence of residues of 18% (min-max: 6-57%) and 15%
(3-31%) respectively (Table 1). Compared with wood mice and bank voles, fewer non-target
Microtus voles were exposed when ARs were used as biocides (median: 7%; range 3-19.5%),
although common voles were widely exposed (36- 41% of individuals contaminated) when
ARs were used as plant protection products against the sympatric water vole (Jacquot et al.



2013; Sage et al. 2008). Shrews were also frequently exposed to ARs in the studies we
examined. In the studies conducted in Europe, the highest occurrence of AR residues (66%)
was reported for the great white-toothed shrew (Crocidura russula) (Geduhn et al. 2014).
Sorex spp. were also commonly exposed in studies, with 28-30% of individuals contaminated
(Geduhn et al. 2014; Townsend et al. 1995).

Overall, it is the more granivorous amongst the non-target rodent species that appear to be the
most widely exposed to ARs. This is as might be predicted given their ecological and trophic
similarities to target species. The apparently relatively high scale of exposure in shrews is
perhaps more surprising, although data are limited. The potential importance of exposure of
insectivores to ARs has been highlighted previously (Dowding et al. 2010) but what is unclear
is the extent to which such exposure may be primary or is secondary [through consumption of
contaminated invertebrates]. The impact of AR exposure in insectivorous mammals deserves
further attention.

The exposure patterns in non-target small mammals are to some extent reflected in the studies
which have observed primary exposure in birds, with reports of passerines such as the house
sparrow (Passer domesticus) and South island robin (Petroica australis) feeding directly on
baits (Elliott et al. 2014; Pryde et al. 2013); insectivorous birds may also be exposed through
contamination of contaminated invertebrates. We are not aware of any systematic studies in
which quantitative analysis of the extent of primary exposure in birds has been attempted.
Most reports have been casual observations.

Magnitude of residues in nhon-target species resulting from primary
exposure

A small number of the studies highlighted in Table 1 also reported the AR residue
accumulated in the livers of non-target small mammals; values are typically given as
arithmetic means (Table 2). The data are for animals in which residues were detected (and so
animals were known to have been exposed) and were alive at the time of capture. Data are
scant and the only compound for which we found multiple studies was brodifacoum. The
median liver brodifacoum concentrations across all species and studies was 2.0 pg/g wet
weight but concentrations varied by more than 100 fold across species and studies (Table 2).
Differences between studies may be due to multiple factors and are likely to be greater than
variation within studies which probably more reflect biological differences in uptake and
accumulation/retention. We are only aware of one published study with a substantial dataset
on liver residues in multiple non-target small mammal species (Geduhn et al. 2014). In that
study, variation in mean liver brodifacoum residues between non-target rodents, the group of
species most likely to consume bait directly, was only 1.4 fold (Table 2). In contrast,
differences between species in the proportion of animals with detected residues was greater;
3-4 fold more wood mice and bank voles had detectable residues than field voles (Table 1). It
may be therefore that much of the within-study variation between species in contamination is
due to differences in the likelihood of encountering bait.



Table 1. Review of the literature addressing the exposure of non-target small mammals (NTSM) to first and second generation anticoagulant
rodenticides (FGARs and SGARS).

Usage / spatial Treatment features? Species? % animals  Remarks Reference
scale exposed
EER Non-poisoned wheat Evidence of bait Simulated warfarin treatment. (Wood and
baits in bait box with consumption for : Bait consumption showed using  Phillipson 1977)
Local scale .
hopper tunnels automatic camera
grey squirrel, wood
mouse, Norway rat
Biocide Controlled — bait wood mouse: evidence of Decline in wood mouse (Cox and Smith
stations (SGARs + exposure populations in treated areas. 1990)
Local scale :
markers) placed in and
around farm buildings bank vole and field vole: No population effects evident
no evidence of exposure for voles.
Biocide Controlled - Bait house mouse 62% Bait markers were detected in (Townsend et al.
Local scale stations (SGARs + Sorex spp. 30% 26% of the NTSM trapped. 1995)
Ay markers) placed inand ~ wood mouse 27%
& ) around farm buildings  bank vole 8%
yellow-necked mouse 0%
Biocide Controlled - Bait wood mouse 57.4% Exposure evidence in 49% of (Brakes and Smith
Local scal stations placed (FGARs  bank vole 30.6% individuals of NTSM species. 2005)
ocal scale + markers) around farm ~ house mouse 30%
(~0.002 to 0.02 field vole 19.5% Impact on and recovery of

km?)

buildings, around
pheasant- feed hoppers

NTSM populations were also
assessed. Exposure was detected
in shrews but not quantified.
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Usage / spatial Treatment features? Species? % animals  Remarks Reference
scale exposed
Biocide and Uncontrolled — SGARs  deer mouse, Baja mouse, Exposure details not provided (Lima and Salmon
PPP (biocide) and FGARs California mouse, cactus by species. FGARs detected in ~ 2010)
e 19% .
(biocide and PPP) mouse only one individual (4% of
Local scale .
animals sampled)
Biocide Controlled - Bait house mouse 33.3% Distance to treatments was also ~ (Tosh et al. 2012)
[ ARs) pl i A f eff
Local scale _statlons (SGARS) placed wood mouse 14.5% con5|dered_ bsence of effects
in and around farm on populations.
(~0.2 km?) -
buildings
PPP Controlled - Grain baits black-tailed prairie dog 100% Small sample size (Black-tailed  (Vyas and Rattner
Local scale (FGAR) applied in plots o0 prairie dog: n = 12; 2012)
0.17 km?) S ’ S :
& thirteen-lined ground thirteen-lined ground squirrel:
squirrel n=2
Local scale Controlled — Bait Norway rat: 60% All NTSM trapped along field (Elliott et al. 2014)
(~0.03 km?) stations (SGARs) placed vole % transects, none in buildings.
in farm buildings deer mouse 0% Small sample sizes for deer
shrew 0% mouse (n=3) and shrew (n=6).
Biocide Controlled - Bait Norway rat 98%
I scal stations (SGARSs) placed house mouse 87%
Loogz Ecaz : in and around farm greater white-toothed shrew  66%
(Bl buildings Sorex spp 282/0 ARs residues were detected in ~ (Geduhn et al.
bank vole 26% 22.6% of 742 NTSM 2014)
Apodemus spp 21%
harvest mouse 10%

Microtus spp 7%
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Usage / spatial Treatment features? Species? % animals  Remarks Reference
scale exposed
PPP Controlled — Wheat water vole 99.6% (Sage et al. 2008)
baits (SGARS) buried in  common vole 41%
Local scale grassland
(0.03 km2)
Biocide Uncontrolled (both Norway rat 67% ARs residues were detected in (Howald 1997)
SGARS and FGARs house mouse 26% 8.2% of the NTSM trapped (n =
Local scale (=3 ciple) Apodemus ssp. 6% 389)
km?) bank vole 3%
common vole 3%
PPP and Location / intensity house mouse 100% ARs residues were detected in (Howald 1997)
biocide known for PPP common vole 36% 19.2% of the NTSM trapped (n
treatment (SGARS) water vole: 20% = 385)
Local scale (3 Apodemus spp. 15%
km?) Uncontrolled for biocide pank vole 15%
(both SGARS and

FGARSs possible)

! Treatments controlled or uncontrolled by researchers. Baits applied indoor and/or outdoor. 2 wood mouse (Apodemus sylvaticus), yellow-necked mouse (Apodemus
flavicollis), deer mouse (Peramyscus sp.), bank vole (Myodes glareolus), field vole (Microtus agrestis), common vole (Microtus arvalis), water vole (Arvicola scherman
formerly Arvicola terrestris), vole (Microtus sp.), house mouse (Mus musculus), norway rat (Rattus norvegicus), harvest mouse (Micromys minutus), black-tailed prairie dog
(Cynomys ludovicianus), thirteen-lined ground squirrel (Ictidomys tridecemlineatus), greater white-toothed shrew (Crocidura russula). Common names of target species are
indicated in italics in the table.
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A key reason for quantifying residues in small mammals is to assess potential AR
concentrations in the diet of predators and thereby estimate whether secondary exposure in
predators may result in poisoning. Total body concentrations (TBCs) are usually more useful
than liver residues when making such estimates because predators often consume the whole
prey. However, data on anticoagulant TBCs in non-target small mammals trapped alive or
found dead during field baiting studies is lacking. It may be possible to estimate TBCs from
AR liver residues for SGARs as liver burdens have been shown to be good predictors of total
body burden for bromadiolone in voles (Winters et al. 2010). Liver:TBC ratios have been
reported in Microtus species (6.0, 8.8, and 5.2) and water vole (4.9) for bromadiolone
(Giraudoux et al. 2006; Sage et al. 2008; Winters et al. 2010) and in poisoned laboratory mice
(4.8) for brodifacoum (Newton et al. 1990). The median value of those five ratios (5.2) can be
used to estimate TBCs in live-trapped animals for which liver residues were measured (Table
2). Overall, these data give an indication of the magnitude and variability of TBCs in non-
target species that may be available to predators.

Table 2. Measured liver residues and estimated Total Body Concentrations (TBCs) in
non-target small mammals captured alive during baiting campaigns

Active Number Liver residue Estimated TBC
substance Species! animals® (ug/g wet wt)®  Ref  (ug/g wet wt)®
Brodifacoum  wood mouse 65 2.71 1 0.5
Brodifacoum  bank vole 43 1.91 1 0.4
Brodifacoum  Microtus spp 9 2.36 1 0.5
Brodifacoum  harvest mouse 1 2.02 1 0.4
Brodifacoum  Sorex shrew 25 0.21 1 0.0
Brodifacoum  Crocidura shrew 25 0.57 1 0.1
Brodifacoum  vole (Microtus sp.) 1 18.6 2 3.6
Brodifacoum  wood mice 4 0.16 3 0.03
Flocoumafen  wood mice 2 0.21 3 0.04
Difenacoum  wood mice 1 0.02 3 0.004
Bromadiolone wood mice 2 0.02 3 0.004

Species as given in Table 1.

2Number of animals with detected residue

3Mean values for animals with detected residues only

4 References are: 1. Geduhn et al. (2014); 2. Elliott et al. (2014); 3. Tosh et al. (2012)
SEstimated from liver residues using a liver: TBC ratio of 5.2. See text for details

TBCs appear to be generally greater in individuals and species when they are targets rather
than non-targets. Microtus voles subject to control operations and that were captured alive
during control campaigns had average brodifacoum TBCs of 4.07, 2.07 and 0.35 ug/g wet
weight after applications at three different rates (Merson et al. 1984) and 0.76 and 0.13 pg/g
wet weight bromadiolone after bromadiolone applications at two different rates (Winters et
al. 2010). Water voles subject to bromadiolone control had TBCs of 1.22 ug/g (Giraudoux et
al. 2006). These concentrations are generally higher than the estimated TBCs in non-target
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species that were likewise captured alive (Table 2). Furthermore, Ericsson and Urban (2004)
reviewed a number of laboratory and field studies and collated data on wet weight TBCs in
various commensal and non-commensal targets. TBCs varied across studies/species typically
by approximately an order of magnitude (except for warfarin which varied by more than 100
fold) but median values were 2.5 ug/g for brodifacoum (derived from 14 datasets), 2 pug/g for
bromadiolone (10 datasets), 2 ug/g for difethialone (single dataset), 0.75 pg/g for
chlorophacinone (12 datasets), 1.2 pg/g wet weight for diphacinone (4 datasets) and 2.3 pg/g
for warfarin (6 datasets). These TBCs in targets are again greater than those estimated for
non-targets (Table 2). Given that residues generally are higher in target than non-target
species, the dietary concentrations used in precautionary risk assessments of secondary
poisoning of predators may be best based on TBCs in target species. The values collated by
Ericsson and Urban (2004) are similar to those adopted by Luttik et al. (1999) when
undertaking their assessment of secondary poisoning risk.

It is sometimes argued that scavengers may be more at risk from secondary poisoning than
predators that predominantly take live prey. This, in part, may be because rodents that have
died from poisoning have higher TBCs than live prey because surviving small mammals may
only have been eaten sub-lethal amounts of bait. Consistent with this concept is the finding
that bromadiolone total body burdens in Brandt’s voles (Microtus brandti) from
experimentally baited areas were some six-fold greater in voles found dead than in those
captured alive (Winters et al. 2010). However, the occurrence of elevated residues in lethally
poisoned prey is not so apparent from other studies. TBCs in Microtus spp. found dead
following field baiting with brodifacoum were only 0.25-0.38 ug/g wet weight (Myllymaki et
al. 1999). The mean TBC concentration in dead laboratory mice that had been poisoned with
brodifacoum was likewise only 0.45 pg/g wet weight (Newton et al. 1990) and the
brodifacoum TBC associated in rats and mice killed by a mean acute LDso dose is estimated
to be 0.33-0.58 pg/g (Luttik et al. 1999). These TBCs fall within the range of estimated
values for live-trapped animals in Table 2. Data for bromadiolone are scanter than for
brodifacoum but there was no difference in tissue concentrations in common voles (Microtus
arvalis) trapped alive and those found dead (Sage et al. 2008). The mean bromadiolone TBC
in the voles found dead was approximately 1 pg/g wet weight and the TBC associated with
ingestion of a mean LDsg dose (laboratory rats and mice) has been estimated to be 0.75-0.86
Hg/g wet weight (Luttik et al. 1999). These values are again within the range of TBCs found
in live-tapped animals (Winters et al. 2010). Overall therefore, TBCs in exposed animals that
have died may not necessarily differ markedly from those in animals from baited areas that
have been exposed but have not [yet] died. This may be in part because lethally poisoned
animals stop feeding before they die and have a gut empty of bait whereas live animals may
have a full intestinal load of bait. Dietary AR residues may therefore be similar for predators
and scavengers feeding on prey in baited areas, although empirical studies are needed to
confirm whether this really is the case. Furthermore, the risk for animals that can and will
scavenge may be enhanced simply through a relatively large availability of poisoned
carcasses.
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Causes of variation in anticoagulant rodenticide residues in non-target
small mammals

Perhaps the most striking aspects of the available data on exposure in non-target small
mammals is the large scale variation both in the proportion of animals of each species that are
exposed and the magnitude of residues that are accumulated. We suggested earlier in this
chapter that some, or potentially much, of the within-study variation between species in
residue accumulation may reflect differences in the likelihood of encountering bait and
finding it palatable. However, it is the between study differences in contamination that are
most striking (Table 2). These may be due to both abiotic and biotic factors and to differences
in study design and methodology (Table 3). Some of these factors may also explain aspects of
within-study variation in residue accumulation that occurs between individuals and between
species.

Many of the abiotic factors that may influence primary exposure of non-targets centre on
baiting practices and are likely to interact with biological traits. Timing of baiting, bait
density, placement and protection, in conjunction with the habitat and dietary preferences of
non-target species, may all influence which and when individuals and species are most likely
to encounter and feed on bait. For example, higher population numbers and movements of
rats into barns and buildings in the autumn (Feng and Himsworth 2014) leads to increased
autumn use of rodenticides (Dawson et al. 2003; Garthwaite et al. 1999; Tosh et al. 2011) and
may concomitantly increase the risk of primary exposure in non-target species. Bait
placement may account for the lower extent of exposure in field voles compared with wood
mice and bank voles in the study by Brakes and Smith (2005) as baits were placed close to rat
burrows and in areas of concentrated rat activity, places unlikely to be favoured by field
voles. Other salient biological factors that will influence extent of exposure include the
relative availability and quality of non-bait food resources compared with bait, and the extent
of intra and inter-specific competition for access to those resources. Mobility will also affect
the likelihood of finding bait. Some species, such as the wood mouse, are highly mobile in
agricultural systems and can explore over hundreds of metres per night (Macdonald et al.
2000; Wolton and Flowerdew 1985). Exposed mice can be found distant from bait stations
(Geduhn et al. 2014; Tosh et al. 2012; Townsend et al. 1995) and effectively smear AR
contamination across the wider landscape. Such spread is likely to be even more pronounced
in primarily-exposed birds and in secondarily-exposed predatory birds and mammals that
typically have relatively large foraging ranges. Spatial aspects of AR contamination in the
landscape are discussed in more detail in Chapter 8.
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Table 3. Factors that may contribute towards variation between field studies in detected
residue accumulation in non-target species

Abiotic Biotic Methodological
Bait strength Temporal and spatial Proximity of trapping to the
variation in diet and habitat baited area
selection
Bait formulation and Relative abundance, Time after baiting/exposure
palatability availability, palatability and that animals were sampled

quality of non-bait food
sources Vs bait food resources

Density of baiting Inter and intra-specific Inclusion of non-detected

points competition to access baits values in summary statistics

Physical ability to Tissue half- life of the Inclusion of gut contents in

access baits compound reported residue

Baiting duration Sampling efficiency varies Recovery correction of
with degree of intoxication residues

Selection of summary statistics
(eg., means vs medians)

Once bait is accessed, its composition, palatability and strength (amount of active ingredient
in bait) are likely to affect the magnitude of total dose that is ingested by non-targets. In
comparative studies where baits of different strength have been deployed, the largest residues
have been found in animals from areas in which the strongest baits were used, although the
relationship between the application rate and tissue residues is not proportionate or constant
(Merson et al. 1984; Winters et al. 2010; Ericsson and Urban 2004). The duration of baiting,
including whether baits are removed at the end of the control period, is also a likely major
factor affecting the magnitude and persistence of primary exposure amongst non-target
species. Audit schemes designed to ensure food is free from detectable rodent contamination
(hair, faeces, other tissues) are commonplace in the food supply and distribution industries
and inadvertently encourage prophylactic control measures that verge on permanent baiting
(Smith and Shore 2015). Even when baiting is periodic, uneaten baits may not be removed at
the end of the control period (Tosh et al. 2011). Long-term availability of baits is likely to
lead to continuous exposure of non-target species. In addition, baits may also be cached by
non-target small mammals and accessed at a later period after active baiting has ceased
(Brakes and Smith 2005).

Although primary exposure can only occur when bait is available to eat, tissue residues
persist for longer. This is because some ARs have relatively long tissue half-lives, although
these vary markedly between compounds and particularly between first and second-
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generation rodenticides. For example, the plasma and liver half-lives of the first generation
anticoagulant rodenticide (FGAR) chlorophacinone are reported to be 0.52 days and 15.8
days respectively whereas the equivalent values for the second-generation brodifacoum are
91.7 days and 307.4 days (Vandenbroucke et al. 2008). This variation in persistence does not
affect exposure per se but rather the extent of bioaccumulation in tissues and the period over
which residues arising from primary exposure are detectable. Sub-lethally exposed non-target
animals may potentially carry tissue residues of some ARs, such as brodifacoum, for months
after exposure occurred.

One other biological factor that can influence the detection of exposure is that intoxication
with rodenticides can affect behaviour in rodents (Cox and Smith 1992). Such altered
behaviour may affect the propensity of animals to be captured in traps, result in non-random
sampling of the population for residue analysis, and bias estimates of exposure in the
population. Such potential biases likewise apply to studies that characterise secondary
exposure by measuring residues in predators that have been deliberately or accidentally
killed. However, we are unaware of any detailed dose-response studies that relate extent of
exposure to likelihood of capture in traps or other aspects of behaviour, nor is it known
whether intoxication is more likely to lead to an increase or a decrease (or in fact no effect) in
likelihood of capture. Comparison of data with that collected using other techniques is not
easy. Non-toxic bait markers can be used to characterise bait take (Townsend et al. 1995) but
these studies assume ingestion of rodenticide does not affect subsequent feeding behaviour,
while direct observation of bait take is difficult to quantify in terms of how many different
individuals attend bait stations and how much each eats. Collection of carcasses and
associated residue analyses is problematic for different reasons, namely bodies are rapidly
removed by scavengers (Montaz et al. 2014), many animals die underground (Howald et al.
1999) and collected carcasses are only representative of exposure in lethally poisoned
animals. Overall therefore, it is clear that any measure of the extent of primary exposure in
non-targets may be open to bias. This introduces uncertainty when such data from sampled
individuals are used directly as estimates of the extent of exposure in the population as a
whole.

Perhaps surprisingly, there is a wide variety of methodological factors that, while not altering
primary exposure per se in non-target species, can affect the reporting of its scale and
magnitude, and so account for differences between field studies in detected exposures.
Generally, these factors are equally applicable to studies of secondary exposure (Chapter 7)
and often to contaminant studies in general. Some factors are intrinsic components of study
design and include the proximity of trapping to baiting areas and the timing of sampling
relative to onset of baiting; both tend to vary between individual studies. The extent of
exposure in non-target small mammals has been found to decline with distance from baited
areas (Geduhn et al. 2014; Townsend et al. 1995; Jacquot et al. 2013) and exposure would
likewise be expected to decline following cessation of baiting. Tosh et al. (2012) attributed
the relatively low detection of contamination in non-targets on farms in their study partly to
the fact that trapping was only conducted 6-8 weeks after onset of baiting campaigns. The
rate at which detectability of exposure declines following cessation in baiting is likely to be
related to the tissue half-life of the AR and to the extent of immigration by non-exposed
animals that may occur into baited areas.
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Other methodological factors that contribute to the apparent variability between studies in
residue magnitude can often be standardised to some extent or normalised provided that
sufficient ancillary data are provided. One such factor is whether the gut contents (which may
contain bait) are included in any reporting of TBCs. Gut contents may comprise a significant
portion of the total body burden and be an important component of the risk associated with
secondary exposure to contaminants (Walker et al. 2002). Ideally AR burdens in the gut
content should be reported separately from concentrations for the rest of the carcass so that
TBCs with and without the gut contents can be calculated; such separation of data is also
useful when calculating biomagnification factors (van den Brink et al. 2016). The way in
which residue data are calculated and summarised can also have a major impact on the
magnitude of residues reported. Residue data for rodenticides are normally reported on a wet
weight basis and so conversion between wet, dry or lipid weight based concentrations are
rarely necessary. However, studies do differ in their limits of detection and whether residue
data are corrected for analytical recovery. Information on limits of quantification and
analytical recoveries should always be provided. In terms of data presentation, some studies
present summary statistics, such as average residue magnitudes, based only on animals that
contain detected residues while others may report averages based on the whole sample
including animals with non-detected values. It is usually possible to correct and compare
values across studies, at least in terms of mean values, provided the percentage of the sample
with non-detected values is given. However, choice of the arithmetic mean as a summary
statistic can be an issue. As with many contaminant residue data, the distribution of AR
residues in animal tissues is typically non-normal and strongly right skewed. Consequently,
arithmetic mean values can markedly exceed other summary measures such as medians, and
differences can be as large as 50-fold (Geduhn et al. 2014). Simple comparisons between
studies therefore need to be on the basis of the same summary metric and this is facilitated if
studies provide raw residue data and/or a range of different summary statistics. Given the
availability of electronic supplements, we advocate that authors make such data available
with their publications.

Resistance and implications for primary exposure of non-target species

Most of the interest in the development of resistance to ARs in rodents has naturally been
focussed on target species as this presents a significant challenge to the efficacy of rodent
control. There is now widespread resistance to FGARs amongst target species and developing
resistance to some SGARs such as bromadiolone and difenacoum (Meerburg et al. 2014;
Buckle 2013; Endepols et al. 2012; Baert et al. 2012; Pelz and Prescott 2015).

We are not aware of resistance in species that can be strictly considered non-targets and this
may reflect that fact that these species are not deliberately controlled and so do not face
severe selection pressure for resistant genotypes. However, there are some reports of
resistance developing in species that are controlled in some areas but would be considered
non-targets elsewhere. Specifically, the indandione rodenticides chlorophacinone and
diphacinone have been found to be becoming less effective in controlling populations of
California voles (Microtus californicus) in agricultural areas. It is uncertain whether this is
due to genetic or physiological resistance, a reduced effectiveness of these compounds in
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voles selecting diet rich in vitamin K, or changed palatability or formulation issues with the
currently used commercial baits (Witmer et al. 2014). There have also been reports of
potential development of resistance in water voles in agricultural grassland areas of France
where this species is subject to control using bromadiolone. Enzymatic and genetic studies on
animals from treated and non-treated plots indicated that water voles from the most heavily
treated areas exhibit enzymatic changes in Vitamin K epoxide reductase and may be a basis
for the development of resistance (Vein et al. 2011). The likelihood of any genetic resistance
in voles spreading throughout wider populations not subject to intense control activities
would at least in part depend on whether there are significant adverse pleiotropic effects
associated with the resistance trait (Pelz and Prescott 2015).

Although non-target species may not themselves have become resistant to ARs, they may be
affected indirectly by resistance in target species. The development of FGAR resistance, and
in fact fear of such development, in rats and house mice has been a major driver in the global
adoption of SGARs which are more acutely toxic (WHO 1995; Ericsson and Urban 2004).
Incidental feeding by non-target species on baits that contain SGARS rather than FGARs is
more likely to result in mortality. The switch from FGARs to SGARs may have had more
impact on birds than non-target mammals as the difference in acute toxicity between FGARS
and SGARs is generally greater in birds than mammals (Ericsson and Urban 2004).
Development of SGAR (bromadiolone and difenacoum) resistance in rats may also have
indirect effects on non-targets. There are anecdotal reports that, in areas of the UK in which
Norway rats are known to be resistant to bromadiolone and difenacoum, users undertake
prolonged and intensive baiting with these compounds as they struggle to control rat
infestations. UK restrictions prevented around building or open area use of alternative
SGARs (brodifacoum, flocoumafen and difethialone) to which there is no evidence of
resistance to date. Any such prolonged and intensive baiting with bromadiolone and
difenacoum is likely to enhance the risk of exposure and poisoning of non-target species,
although there do not appear to have been any investigations of such effects. Changes in UK
regulations in 2016 mean that “around building” use of brodifacoum, flocoumafen and
difethialone are now permissible and may reduce the incidence of prolonged baiting,
although any widescale switch to the most potent SGARSs could, in itself, pose an increased
risk of primary poisoning to non-target species.

Evidence of ecologically significant effects in non-target species from
primary exposure

It has been generally thought that exposure of invertebrates to ARs is unlikely to be
associated with adverse effects because of the differences in blood-clotting systems between
vertebrates and invertebrates (Loof et al. 2011). However, it is possible that there may be
other toxic modes of action induced by ARs in invertebrates. A recent study found that
experimental exposure of the earthworm (Eisenia foetida) to environmentally realistic soil
concentrations of bromadiolone resulted in low bioaccumulation in worms (0.03 BSAFs <
0.10), significant inhibition of their growth and induction of lipid peroxidation (Liu et al.
2015). Furthermore, a study of the effects of brodifacoum rodent control on snails, insects
and millipedes in 1999 on Fregate Island in the Seychelles indicated that all species would
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consume bait and, while there was no apparent adverse effect on arthropods, two snail species
(Achatina fulica, Pachnodus silhouettanus) suffered 100 % mortality (Gerlach and Florens
2000). The authors of this study also reported observations made in Mauritius in which 24 ha
of forest were subjects to rodent control with brodifacoum. Various snail species were seen
feeding on poison baits. It is reported that statistically significantly higher numbers of
recently dead Pachystyla bicolor and lower numbers of live adults were found in baited than
non-baited areas. The occurrence, scale and ecological significance of any such AR-induced
effects in invertebrates in the natural environment are unknown and warrant further
investigation. However, the cost-benefit ratio of rat eradication programmes to island snail
populations is likely to depend on the level of rat predation on the snails (Gerlach and Florens
2000).

In terms of the impacts of ARs on vertebrate non-target species, Ericsson and Urban (2004)
summarised data from experimental studies conducted outdoors and from operational control
programmes. Such studies and programmes clearly demonstrate that mortalities do occur
amongst non-target vertebrates that feed directly on bait. A key question though is whether
such mortalities translate into ecologically significant impacts such as reductions in
populations.

The effects of some intensive island control operations in New Zealand using brodifacoum
have been reviewed by Eason and Spurr (1995). They reported large reductions in numbers
(>90%) or total extirpation of wekas (Gallirallus australus) and pukeko (Porphyrio
porphyrio), two indigenous rail species, during some rat control campaigns. Declines in
passerine species also occurred during other island eradications. A rat control programme
using brodifacoum on a Canadian island caused a population decline in dusky shrews (Sorex
monticolus) which entered bait stations and fed directly on bait (Howald 1997 cited in
Ericsson and Urban 2004). However, the long-term effects on populations were unclear as
populations rebounded to some extent after baiting stopped.

There have been a few studies of the impacts of rat-control operations on non-target small
mammal populations on mainland agricultural premises. Geduhn et al. (2014) found that
there was a decrease in the numbers of wood mice captured within 15 m of bait stations
during rat control programmes that used brodifacoum on German farms. Likewise Cox and
Smith (1990) estimated that survivorship of wood mice around areas of “in and around
building” rat control on UK farms using bromadiolone was 0-19% and populations decreased
whereas survivorship on control sites was 50% and there was little change in population
numbers. In a later, more comprehensive, study Brakes and Smith (2005) found that
populations of non-target small mammals, such as wood mice and bank voles, declined by on
average 60% as a result of rat control operations with chlorophacinone. Populations partially
recovered three months after cessation of treatment, although this depended on when control
operations were conducted relative to the breeding cycle. Sage et al. (2008) also noted a
decline in common vole populations in grasslands baited with bromadiolone to control water
vole numbers. In contrast, Tosh et al. (2012) found no effect on Northern Irish farms of rat-
control treatment on population changes in wood mice when these were examined 6-10
weeks after the start of autumn treatments that used a variety of SGARs. The authors
suggested that any localised effects of rodenticides on wood mouse abundance may have
been quickly offset by immigration from surrounding areas.
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We are unaware of any evidence that primary exposure of vertebrate non-targets results in
sub-lethal effects that impact longer-term survival, reproduction or immigration. The
evidence to date suggests that the main direct impact of ARs is to cause acute mortalities.
These can lead to reductions in populations, particularly on islands where numbers may be
relatively small, baiting extensive, and there is limited or no potential for immigration. The
risks of such effects have been recognised and mitigation measures proposed, such as
temporarily removing animals from areas during baiting campaigns so as to prevent exposure
(Wanless et al. 2010). On mainland areas, the geographical extent and duration of any
rodenticide-mediated population depression is likely to depend on a variety of factors. These
include scale, duration and timing of application, habitat connectivity (which may affect
potential for immigration), and intrinsic rate of population growth which is typically linked to
life history strategy. Most non-target species that can readily access bait are likely to be r-
selected species. Although such species may suffer population declines as a result of primary
exposure to rodenticides, these declines are likely to be relatively short-term provided that
baiting is episodic. This is because populations may recover through rapid reproduction by
survivors, reduced density-dependent mortality, and immigration. Wood mouse populations,
for example, appear to be relatively resilient in the long-term not only to population declines
induced by exposure to rodenticides, but also to much wider field-scale mortalities induced
by other biocides such as molluscicides (Johnson et al. 1991). However, in areas where
permanent AR baiting occurs, there may potentially be a permanent depletion of resident
populations of non-target species. Any such depletion could be ameliorated by immigration
but such areas may then effectively act as population sinks.

Conclusions

Primary exposure of a range of non-target insect, reptile, bird and mammal species clearly
does occur. This is evident from published studies and also from secondary exposure studies
(Chapter 7) that indicate there is transfer of ARs through multiple trophic pathways. The
extent (range of species, proportion of individuals exposed, magnitude of residues) of
apparent non-target primary exposure that is detected can be highly variable. This variability
is influenced by a range of factors that affect true exposure but study methodologies also
influence the extent to which exposure is actually quantified.

The significance of secondary exposure to ARs in terms of potential to cause toxicity and
associated ecologically significant effects is subject to debate and investigation (Rattner et al.
2014). Arguably, primary exposure is more likely than secondary exposure to cause acute
mortalities. Bait is placed in sufficient quantities to elicit mass mortality in pest species and
so presumably has similar potential to cause death in non-targets that take bait. However,
effects on non-target populations may typically be relatively transient except where baiting is
permanent or in areas where immigration is limited.

There are various major uncertainties and gaps in information about primary exposure in non-
target species. These include better determination of the occurrence of exposure and
associated impacts of ARs in both reptiles and invertebrates. Furthermore, many ecological
communities contain more insectivorous vertebrates than predators (Dowding et al. 2010) and
so it is important to determine whether, as the scant data available to date suggest, small
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insectivores are particularly susceptible to AR exposure. This may be because insectivores
are susceptible to both primary and secondary exposure pathways, and highlights the need to
examine all potential exposure pathways when assessing risk. The lack of understanding
about the potential direct and indirect effects of AR resistance on non-target exposure also
remains a pressing research need especially if resistance to SGARs continues to increase.
Finally, we have focussed in this chapter on the risk of primary exposure to non-target
species that largely occur in semi-rural and rural habitats. Rodenticides are widely used in
urban environments (Murphy and Oldbury 2002; Morzillo and Mertig 2011) and are likely to
pose a primary exposure risk to urban wildlife. Residues have also been detected in urban
waste waters (Gomez-Canela et al. 2014), presumably originating from surface run-off from
baits, use of ARs in sewers, and excretion of ARs used therapeutically in humans. While
there have been studies of AR exposure in some urban predators (Albert et al. 2010;
Hindmarch and Elliott 2014; Riley et al. 2007; Serieys et al. 2015; Thomas et al. 2011), we
are unaware of detailed studies of primary exposure in non-target wildlife from urban areas in
both terrestrial and freshwater environments. It is just possible that any effects on non-target
populations may be greatest in such habitats. Investigation of the scale of exposure and
associated effects arising from both primary and secondary exposure in urban areas are
needed.
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