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Abstract 40 

BACKGROUND 41 

The use of pesticides can affect non-target species by causing population declines 42 

through indirect intoxication. Small mustelids (SMs; weasels, Mustela nivalis L.; stoats, 43 

Mustela erminea L.) consume water voles (WVs, Arvicola scherman S.) and can be 44 

exposed to bromadiolone, an anticoagulant rodenticide used in some countries to reduce 45 

WV damage to grasslands. Here, we investigated whether bromadiolone affected SM 46 

abundance. 47 

 48 

RESULTS  49 

We monitored SM abundance using footprint tracking tunnels in spring and autumn at 50 

10 sites. Among these sites, 4 were treated with bromadiolone, while 6 were not treated. 51 

We found reduced SM abundance at these 4 sites from spring to autumn (treated sites, 52 

mean±SE SM abundance change=-1.68±0.42; untreated sites, 0.29±0.25). Using a linear 53 

model, we observed that SM abundance decreased as a function of the quantity of 54 

bromadiolone applied during the 3 months before the autumn estimate. We found that 55 

WV abundance increased at treated sites (linear model, treated sites, mean±SE WV 56 

abundance change=1.4±0.4; untreated sites, 0.33±0.25). Thus, at treated sites, SM 57 

abundance declined despite increased food availability. By analyzing residues in vole 58 

livers and SM scats we showed that SMs may be exposed to bromadiolone at the sites 59 

where this compound was used. 60 

 61 

CONCLUSION 62 
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This study is the first to document the relationship between SM abundance and 63 

bromadiolone usage for small mammal control. Declines in SM abundance were 64 

observed at treated sites, where bromadiolone residue was found in SM scats. This 65 

correlative approach suggests that bromadiolone treatment may lead to seasonal SM 66 

declines and associated WV increases.  67 

 68 

Keywords 69 

Anticoagulant rodenticides, pesticides, small mammals, rodents 70 

71 
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1. INTRODUCTION 72 

Negative side effects of pesticides on wildlife populations have been the source of 73 

intense discussion; for example, DDT (dichlorodiphenyltrichloroethane) was banned 74 

after the demonstration of egg shell thinning, breeding failure and slow population 75 

declines in exposed peregrine falcons, Falco peregrinus T.1 A current example is the 76 

negative effects of neonicotinoid insecticides on insectivorous bird populations, likely 77 

due to decreased availability of their prey.2 Therefore, the full effects of pesticides on 78 

non-target species must be investigated to balance the gains and losses from pesticide 79 

use and allow proper management of pest organisms, biodiversity and natural 80 

resources.3 Investigations into these effects should consider both the direct and indirect 81 

effects of pesticides by secondary poisoning and by changes in food availability for 82 

predators. 83 

Populations of voles (genera Microtus, Arvicola, etc.) may show multiannual 84 

cyclic fluctuations and outbreaks. They cause agronomic damage to grasslands and 85 

other crops because of their herbivory and capacity for rapid population growth.4,5 For 86 

example, during vole outbreaks, farms in the Jura Mountains may face losses of 87 

€10,000 in gross operating surplus per labor unit (the work carried out on a farm by one 88 

person in a year).6 As a result, farmers use several methods to protect their fields. Some 89 

of them apply bromadiolone, a second-generation anticoagulant rodenticide (AR), in 90 

grasslands, which poisons voles and thus reduces their density.7 Bromadiolone is, 91 

however, highly accumulative and persistent in rodent tissues (the half-life/DT50 ranges 92 

from 170 to 318 days for bromadiolone in rat livers).8 When voles eat bait with 93 

bromadiolone, the effects are delayed and bromadiolone can accumulate until the vole 94 

dies. Predators can then consume bromadiolone, which may lead to their secondary 95 
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poisoning.9 Bromadiolone and other ARs are a risk to wildlife but they are currently 96 

authorized for field application as plant protection products in several EU countries 97 

(Bromadiolone in France, the Netherlands, and Romania; Difenacoum in Portugal, see 98 

also 10). This leaves 4 out of 28 EU Member States where ARs are still permitted as 99 

plant protection product. The current EU regulatory policy does not permit AR 100 

treatments for field applications and thus the number of EU countries where such 101 

applications are legal have decreased (8 EU countries in 2015, 4 in 2018).10 Hence, 102 

bromadiolone will likely be phased out in France. In this country, the Jura Mountains 103 

produce, among other cheeses of Protected Designation of Origins (PDO) status, the 104 

Comté, which represents more than 30% of the total volume of PDO cheese in France. 105 

Farming areas were converted into grasslands for milk production in the 1960s, which 106 

has favored outbreaks of water voles (WVs, Arvicola scherman S.) since the 1970s.11 107 

To reduce WV damage, bromadiolone was applied during the 1980s and 1990s during 108 

WV outbreaks as previous studies indicated a low risk to non-target species.9 109 

Unfortunately, bromadiolone applications in conditions of high WV density produced 110 

numerous poisonings and mortality in non-target species.12 The use of bromadiolone at 111 

high WV density was forbidden during the 2000s, and an integrated pest management 112 

plan was promoted, involving the use of safer alternative methods of pest control and 113 

the limitation of chemical treatments.13 Thus, within a strategy of surveillance and 114 

prevention of WV damage, protocols for bromadiolone application evolved towards 115 

treatment in the low/increasing phase of the WV cycle (abundance indices between 0 116 

and 50% of parcel occupation) and promotion of methods like trapping, mechanical 117 

destruction of vole tunnels, mole control, landscape management, and predator fostering 118 

(see http://draaf.bourgogne-franche-comte.agriculture.gouv.fr/Campagnol-terrestre-et-119 

http://draaf.bourgogne-franche-comte.agriculture.gouv.fr/Campagnol-terrestre-et-Campagnol
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Campagnol (French) for more information).14 Moreover, lower quantities of 120 

bromadiolone were used (7.5 kg ha-1 of authorized dry bait, compared to 20 kg ha-1 in 121 

the 1990s, being the bromadiolone concentration stable at 50 mg kg-1 during this time). 122 

The reduction in concentration of bromadiolone per hectare, and its application at low-123 

intermediate WV densities, clearly diminished poisoning risk for the red fox and other 124 

relatively visible species.15,16 However, this result does not preclude undetected effects 125 

on more discreet species such as small mustelids (SMs), including weasels, Mustela 126 

nivalis L., and stoats, Mustela erminea L..17–20  127 

SMs show a high frequency of rodent consumption, and SM-rodent dynamics 128 

are closely related at the multiannual scale.21,22 At the yearly scale, SM breeding 129 

matches the period of WV population growth, from spring to autumn, as WVs breed 130 

during the whole snow-free period.23 SM breeding is probably the period of highest 131 

food demand.24 Bromadiolone poisoning can lead to SM mortality and, occasionally, to 132 

population effects. Three studies, all performed in New Zealand, have explored the 133 

effects of ARs on SM populations, though the extrapolation of results to other regions is 134 

difficult, given the immense differences in both AR application and context. In New 135 

Zealand, SMs are introduced alien species and a threat to sensitive ecosystems and 136 

endemic wildlife. Among the ARs, brodifacoum and pindone were used to remove other 137 

alien species (European rabbits, Oryctolagus cuniculus L., and black rats, Rattus rattus 138 

L.) but also to test the potential for SM control by means of secondary poisoning; SM 139 

population declines occurred over approximately 2 months after pesticide treatment 140 

with brodifacoum,25,26 and stoat trapping rates could be reduced for 2-3 months after 141 

treatment with brodifacoum and pindone.27 No study has yet assessed bromadiolone 142 

http://draaf.bourgogne-franche-comte.agriculture.gouv.fr/Campagnol-terrestre-et-Campagnol
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effects on SM population dynamics, although bromadiolone has been used in fields for 143 

decades.7,15  144 

The aim of this study is to determine whether seasonal SM abundance changes 145 

during the primary period of application of bromadiolone bait against WVs in 146 

permanent grassland. The primary treatment period spans from spring to autumn. 147 

Treatment during winter is unlikely due to snow and the consequent difficulties of WV 148 

abundance assessment and bromadiolone application. To test the hypothesis that SM 149 

abundance is reduced following bromadiolone treatment, we monitored SM abundance 150 

at sites treated with bromadiolone and untreated sites in spring and autumn. In addition, 151 

to investigate bromadiolone exposure in WVs and SMs, we assessed consumption of 152 

dead WVs (n=1000) and quantified bromadiolone residues in WV livers (n=55) and SM 153 

scats (n=42). We also explored the effects of bromadiolone on seasonal population 154 

dynamics of WVs, the primary food source of SMs. We hypothesized WV increases at 155 

site scale if SM abundance decreased due to bromadiolone treatments. 156 

 157 

2. MATERIALS AND METHODS 158 

2.1. Site selection and bromadiolone use  159 

During 2016, we surveyed 5 pairs of sites in the Jura Mountains (Figure 1). The sites 160 

were located on the second Jura Plateau in a mid-mountain zone (range=688-1028 m 161 

altitude), where WV populations show 6-year cycles moving in traveling waves.11,28 162 

WVs can reach 800 individuals ha-1 in the Jura Mountains, and WVs normally disperse 163 

short distances, with a mean of less than 100 m (WV home range=100-200 m2).7,29 For 164 

each site, all surveys (i.e., the field work in sections 2.2, 2.3 and 2.4) were conducted 165 

within a circular area of approximately 450 ha (i.e. a radius of 1.2 km). This area is at 166 
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least 10 times larger than the home ranges described for weasels (2-40 ha) and stoats, 167 

(0.001-15.16 ha) in the Jura Mountains.30,31 SM dispersal distances may be up to 4 km 168 

but are generally lower in the Jura Mountains.30,31 There is territoriality among males, 169 

and several females may live in the territory of the dominant male.32 Densities of 170 

weasels in the Jura Mountains may range from 0.03-0.25 individuals ha-1,32 which, 171 

considering the site surface, may translate to 13-112 individuals per study site. For 172 

stoats, densities may range from 0.002-0.03 individuals ha-1, or 1-14 individuals within 173 

a study site.33  174 

The landscape of the sites was a mosaic of grassland parcels for raising cattle, 175 

hedgerows, crops, natural forests and forest plantations of anthropogenic origin (e.g., 176 

Abies spp.). Farming was the most abundant form of land use (range=56.9-89.9% of the 177 

surface), followed by forests and seminatural areas (range=9.53-41.1%). Wetlands 178 

(range=0-6.45%) and urban areas (range=0-6.11%) were not widely represented 179 

(CORINE Land Cover data, http://www.statistiques.developpement-180 

durable.gouv.fr/clc/fichiers/; Supplementary Material 1). The mean number of 181 

agriculture parcels partly or fully within sites was 61.6 (range=45-88 parcels). The 182 

parcels were primarily grasslands used by farmers to feed their cows.7,11 The mean area 183 

of the parcels was 6.64 ha (range=0.09-49.72 ha). Site selection was conducted before 184 

the beginning of the study using databases of bromadiolone treatment and WV 185 

abundance, which were compiled by FREDON Franche-Comté (Fédération Régionale 186 

de Défense contre les Organismes Nuisibles, in English, Regional Federation of 187 

Defense against Pest Organisms). For site selection, we also considered the 188 

announcements for potential treatment of each site during 2016. Sites were paired 189 

considering their similarity in terms of landscape composition and proximity. We 190 

http://www.statistiques.developpement-durable.gouv.fr/clc/fichiers/
http://www.statistiques.developpement-durable.gouv.fr/clc/fichiers/
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separated, a priori within each pair of sites, one site in which bromadiolone bait would 191 

be most likely applied in 2016 (the range of bait used in the communes=0-91.1 kg 192 

month-1 km-2; the minimum quantity is zero, because farmers did not treat every month), 193 

while at the other site, treatment was unlikely (range of bait=0-7.01 kg month-1 km-2).  194 

Among the 5 sites with high probabilities of bromadiolone treatment, we 195 

recorded bromadiolone treatments in 4 sites in 2016 (Treated (T.) Sites 1-4, Figure 1), 196 

while one site was not treated. The 5 sites with low probabilities of treatment were not 197 

treated. Thus, in total, 6 sites were untreated in 2016 (Untreated (U.) Sites 1-6). A 198 

gradient of treatment intensity was detected among the treated sites (Figure 2). T. Site 4 199 

was globally the most intensively treated site in both bait quantity applied and area 200 

treated. Farmers applied around 2, 9 and 4 times more bromadiolone bait at T. Site 4 201 

than at T. Sites 1, 2 and 3, respectively (Figure 2). In T. Site 4 >162 ha totally or partly 202 

were treated within the site (around 33% of total area, 54% of farming area). Farmers 203 

applied bromadiolone over 115 ha at T. Site 1 (around 24% of total area, 33% of 204 

farming area). At T. Site 2, farmers applied bromadiolone over 27 ha (around 6% of 205 

total area, 9% of farming area) and at T. Site 3, over 38 ha (around 8% of total area, 206 

12% of farming area). Thus, the farmers at T. Site 4 treated around 1.4, 6, and 4 times 207 

more area than those at T. Sites 1, 2 and 3, respectively. Seasonal treatment patterns 208 

also differed among the treated sites. T. Site 1 was treated in spring, T. Site 3 was 209 

treated in similar amounts throughout the year, and T. Site 2 and 4 were primarily 210 

treated in autumn (Figure 2). 211 

 212 

2.2. Estimation of small mustelid abundance change  213 
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We assessed seasonal changes in SM abundance during spring (April-June) and autumn 214 

(October-December) 2016. We used footprint tracking tunnels, which provided 215 

acceptable abundance estimates,25,34,35 though they may be affected by SM activity 216 

changes due to vole densities and season.35 We used 50 tunnels for each site and season. 217 

The tunnels were 50-cm plastic tubes with a diameter of 10 cm and with a wooden 218 

board inside. The wooden board held, in the middle, a 4-mm-thick sponge soaked in ink 219 

(ferric nitrate, 240 g; polyethylene glycol, PEG 300/400, 360 g; water, 810 g;34,35 220 

Sigma-Aldrich, Saint-Quentin-Fallavier, France). On either side of the sponge was a 221 

piece of Kraft brown paper (weight=60 g m-2, Clairefontaine, Étival-Clairefontaine, 222 

France) treated with a solution of 50 g of tannic acid, 475 ml of ethanol, and 475 ml of 223 

water (Sigma-Aldrich, more details in 34,35). To maximize tube attractiveness for SMs 224 

and to check for scavenging of dead WVs by SMs, one end of the tube was closed with 225 

a cap holding a fresh dead WV attached by its hind legs.36,37 All animals were obtained 226 

as part of pest control activities in collaboration with FREDON Franche-Comté 227 

(protocol and procedures employed for the care and use of animals for experimentation 228 

were ethically reviewed and approved by the European Commission, conforming to 229 

Directive 2010/63/EU, Marie Skłodowska-Curie project 660718). Trapping was 230 

conducted by members of the FREDON Franche-Comté, at a different untreated 231 

commune within the region during a WV outbreak. We used Topcat kill traps (Topcat 232 

GmbH, Wintersingen, Switzerland)38 and stored the dead WVs at -20 °C until the day of 233 

tunnel setting (i.e., placement of the cap and wooden board). To attract SMs, we also 234 

used an attractant (glycerin, sodium benzoate, Sigma-Aldrich, Lane R; see attractant 235 

preparation details (https://www.youtube.com/watch?v=KGUykqKxFxQ)).33 2-3 drops 236 

of the attractant were placed in the open end when the tunnels were set. 237 

https://www.youtube.com/watch?v=KGUykqKxFxQ
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Over the map of each site, we superimposed a grid of 300x300 m cells and 238 

installed 1-2 tubes per cell. We hid the tubes, preferably in undisturbed wooded 239 

hedgerows along small mammal tracks near grass fields.31,32 When animals visiting the 240 

tube stepped on the sponge and then the paper, the chemical reaction between the ink 241 

and tannic acid solution resulted in black footprints on the paper.34 The tubes were 242 

checked three days after activation. Female stoats and male weasels can be of similar 243 

sizes, and thus, we could not discriminate between these species.39 The tunnel was 244 

discarded when the papers appeared completely black (e.g., due to rodents or rainwater) 245 

or when we found the wooden board turned or removed from the tube.  246 

For spring and autumn separately, the SM abundance index was the percentage 247 

of tubes visited by SMs in relation to the number of active tubes at each site.35 Then, we 248 

calculated the SM abundance change index (SMAC): 249 

SMAC = ln (autumn SM abundance index + 1 / spring SM abundance index + 1) 250 

Positive SMAC values reflected increases in SM abundance index between 251 

spring and autumn, while negative SMAC values showed decreases, and a zero value 252 

reflected stability.40  253 

 254 

2.3. Estimation of abundance change of water voles (Arvicola scherman) 255 

To estimate WV abundance during spring (April-June) and autumn (December) 2016, 256 

we walked a transect in each of 6 parcels per site (mean distance to the nearest 257 

transect=325.48 m, range=29-879 m). We previously chose these parcels according to 258 

the FREDON database of bromadiolone use, and in 2017-2018 we verified the 259 

treatments that happened during 2016. Among the treated sites, three parcels had been 260 
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treated during the previous three years. At least one parcel was treated at each treated 261 

site during 2016, and none were treated at the untreated sites.  262 

We conducted the transect counts by walking the diagonal of the parcel (mean 263 

transect length=412 m, range=102-967 m, mean surface of parcels sampled=7.22 ha, 264 

range=0.3-36 ha). For each 10-m interval, we recorded fresh WV signs in a strip of 5 m 265 

to each side of the observer.41  266 

The parcels were the spatial units that farmers treat with bromadiolone bait 267 

(SUPER-CAID, bromadiolone concentration=50 mg kg-1, Liphatech, Pont de Casse, 268 

France (https://ephy.anses.fr/ppp/super-caid-appats-bleu)). We used the same transects 269 

as the farmers to record WV abundance before treatments were performed. FREDON 270 

recorded the quantity of bromadiolone bait applied each year in each parcel. J.F. 271 

conducted the majority of the field work and supervised the other collaborators, 272 

reducing potential observer bias.  273 

To estimate WV abundance, we computed for each site the mean percentage of 274 

10-m intervals with fresh signs. We also calculated a WV abundance change index 275 

(hereafter, WVAC) as: 276 

WVAC = ln (autumn WV abundance index + 1 / spring WV abundance index + 277 

1) 278 

Positive WVAC values reflected increases in WV abundance between spring 279 

and autumn. Negative WVAC values showed abundance decreases. A zero value of 280 

WVAC reflected stability.40  281 

 282 

2.4. Water vole (Arvicola scherman) and small mustelid exposure to bromadiolone 283 

https://ephy.anses.fr/ppp/super-caid-appats-bleu
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By inspecting around the tubes with SM presence in spring and autumn 2016, SM fecal 284 

samples were identified,42 collected at all sites and stored in darkness at -20 °C.43 The 285 

scats were dried at 50 °C for 48 h, homogenized and a 0.5-g subsample was analyzed 286 

for bromadiolone residues.44  287 

WVs were captured with Topcat traps during August-September 2016. Traps 288 

were set up in 1-2 random parcels near the center of each of the 10 study sites, with 289 

fresh WV signs. 5 WVs were analyzed at T. Sites 1-2 and U. Sites 1-3, whereas 16 WVs 290 

were analyzed at T. Site 3, 4 WVs at T. Site 4 and no WVs at U. Site 4. Among all 291 

parcels sampled, one parcel had been treated 35 days before trapping (hereafter 35-days 292 

parcel) at T. Site 4, and one parcel 58 days before trapping (hereafter 58-days parcel) at 293 

T. Site 3.38,45 Parcels were considered untreated when treatment occurred >318 days 294 

previously, because the highest probabilities of finding WVs with bromadiolone occur 295 

within this period, given the half-life of bromadiolone in rats.8,45 We also collected 2 296 

common voles (hereafter CV) from T. Site 4 and 5 CV at U. Site 4. CV may also 297 

consume the bromadiolone bait and are also prey of SM, thus they are an additional 298 

route of bromadiolone trophic transfer for SMs.46,47 After collection, the voles were 299 

frozen at -20 °C.38 In the laboratory, we dissected them and sampled 0.5 g of liver tissue 300 

for AR analyses.44  301 

Vole livers and scat subsamples were stored at -20 °C until analysis. Liquid 302 

chromatography-tandem mass spectrometry multiresidue methods (LC-MS/MS, Agilent 303 

Technologies, Santa Clara, USA) were used.44,48 For bromadiolone, the limit of 304 

quantitation (LOQ) was 0.002 mg kg-1, and the limit of detection (LOD) was 0.001 mg 305 

kg-1. The screened ARs were bromadiolone, coumatetralyl, chlorophacinone, 306 

difenacoum, brodifacoum, flocoumafen, difethialone and warfarin. The results are 307 
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expressed in terms of presence/absence and quantitatively (mg kg-1).43,48 The 308 

repeatability of the methods was good (coefficient of variation <20%), and extraction 309 

recovery was between 72.9-109.0%, with a standard deviation (SD) less than 12.5%.48 310 

 311 

2.5. Data analyses 312 

2. 5. 1. Factors explaining small mustelid abundance change 313 

We conducted a multimodel selection procedure using the package MuMIn,49 with 314 

SMAC as response variable in a set of general linear models.  The statistical unit for 315 

these analyses was the site.50 Given that AR effects on SM populations can be observed 316 

for only a maximum of three months after application,25–27 we predicted that effects on 317 

SMAC would be related to the bait quantity used in the three months before the autumn 318 

count. We included the log quantity (kg of dry bromadiolone bait used) at sites during 319 

the three months before the autumn count as predictor. As bromadiolone reduces WV 320 

density in the short term,45 food availability for SMs may also be affected. Thus, we 321 

also included WVAC and its interaction with the bromadiolone quantity applied. In 322 

addition, we included a null model (intercept only) to evaluate overall model 323 

performance.51 In total, 5 models were generated with all possible variable 324 

combinations. 325 

For the selection procedure, we inspected primarily AICc (Akaike information 326 

criterion corrected for small sample size) and model weights. The best models had the 327 

lowest AICc values. Models were similar if their AICc difference was lower than 2 328 

(Δi<2).51 Model weights considered AICc and Δi for all models.  329 

Parameters and probability values of predictor variables in the best models are 330 

reported. Effects were considered significant when P<0.05. We also inspected the 331 
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model P-value and coefficient of determination, r2. Normality, linearity and 332 

homoscedasticity of model residuals and variables were checked to verify the 333 

parametric assumptions.50  334 

 335 

2. 5. 2. Relationship between bromadiolone use and abundance change of water 336 

voles (Arvicola scherman) 337 

We used a linear model to test for a correlation between WVAC and the log kg of dry 338 

bromadiolone bait used in the three months before the autumn SM count, with the site 339 

being the statistical unit for this analysis. The relationship was considered significant 340 

when P<0.05. We evaluated the normality, linearity and homoscedasticity of model 341 

residuals and variables, and reported the model P-value and r2.50  342 

 343 

2. 5. 3. Occurrence of bromadiolone in small mustelid feces and in vole liver 344 

samples 345 

The proportion of scats with bromadiolone presence was compared between treated and 346 

untreated sites (pooled) using a Fisher’s exact test.  347 

The same tests were used to check for differences in the proportion of WV and 348 

CV livers with bromadiolone between parcels treated <318 days before sampling and 349 

parcels where treatments had been conducted >318 days previously or there had been no 350 

treatment (hereafter both considered untreated). All statistical analyses were conducted 351 

using R version 3.4.4 (R Core Team, Vienna, Austria).52  352 

 353 

3. RESULTS 354 

3.1. Abundance changes of small mustelids and water voles (Arvicola scherman)  355 
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SM population trends were always negative at treated sites, particularly at T. Sites 2-4, 356 

which recorded the strongest SMAC declines. At untreated sites, SM population trends 357 

were approximately stable (i.e., SMAC values were not significantly different from 358 

zero, t-test, P>0.5). The model with the lowest AICc included the log bait quantity 359 

(Table 1). In this model, SM populations declined with increasing amounts of 360 

bromadiolone bait in the three months before the autumn count (SMAC=0.16 – 361 

0.94*log kg bait, model P<0.001, adjusted R2=0.75, Figure 3). In contrast, WVAC was 362 

not related to SMAC. The interaction WVAC*log bait quantity was also not related to 363 

SMAC.  364 

All the sites treated with bromadiolone showed an increase in WV abundance 365 

from spring to autumn. At untreated sites, the trends were more variable. The highest 366 

WVAC was observed at T. Site 4 (2.13), and the lowest at U. Site 4 (-0.36). WVAC was 367 

positively associated with the amount of bromadiolone used in the three months before 368 

the SM autumn count. Hence, the higher the quantity of bait used, the higher the 369 

WVAC (WVAC=0.35+0.59*log kg bait, adjusted r2=0.57, P=0.007, Figure 4).  370 

 371 

3.2. Consumption of water vole (Arvicola scherman) by small mustelids and 372 

occurrence of bromadiolone in liver tissues of voles and feces of small mustelids 373 

Bromadiolone was the only AR detected in SM scats and vole livers. Two of the 55 374 

WVs analyzed had bromadiolone in the liver. They originated from the parcel treated 35 375 

days prior to sampling; as 4 WVs were collected there, 50% of them were positive for 376 

bromadiolone. The residue concentrations were 0.015 and 0.003 mg kg-1. 7 WV were 377 

trapped in the 58-days parcel but their livers did not contain bromadiolone residues. In 378 

any case, the proportion of WVs exposed to bromadiolone was higher in treated than in 379 
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untreated parcels (Fisher’s exact test, P=0.04). From the 35-days parcel, we also 380 

analyzed the livers of the 2 CV collected and both of them were positive for 381 

bromadiolone (i.e., 100%, concentrations=0.285 mg kg-1, and between 0.0015-0.0008 382 

mg kg-1). Thus, 2 CV out of the 7 analyzed were positive to bromadiolone. The 383 

proportion of CV exposed to bromadiolone was higher in treated than in the untreated 384 

parcel (U. Site 4) (Fisher’s exact test, P=0.047). 385 

We also found evidence that SMs scavenge dead WVs: 35.2% of the dead WVs 386 

introduced in the footprint tracking tunnels were partially or totally consumed in the 387 

tunnels visited by SMs (19 observations of WV consumption out of 54 visits to tunnels 388 

by SMs only).  389 

We obtained 18 SM scats at treated sites (17 in spring, 1 in autumn) and 24 scats 390 

at untreated ones (7 scats in spring, 17 in autumn). In spring 2016, before the SM 391 

decline occurred, two scats (11.1%, 95% confidence interval 2-36%) from treated sites 392 

(T. Sites 1 and 2) contained bromadiolone. The scat from T. Site 2 exhibited the highest 393 

concentration (0.106 mg kg-1), whereas the concentration at T. Site 1 was lower (0.002 394 

mg kg-1). No scats with bromadiolone residues were found at the untreated sites; 395 

however, we failed to detect differences in the proportion of scats with bromadiolone 396 

residues between treated and untreated sites (Fisher’s exact test, P>0.05).  397 

 398 

4. DISCUSSION 399 

Bromadiolone treatments to control grassland WVs may affect small mustelid 400 

abundance, as SM abundance declined at treated sites but remained stable at untreated 401 

ones. Hence, the bromadiolone treatments conducted by farmers in this region to control 402 

WV populations may induce seasonal declines in SMs; this study is the first time these 403 
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effects have been shown, after exploring changes in SM and WV abundance at sites 404 

with bromadiolone treatments as conducted currently by farmers in this region. The 405 

abundance declines are consistent with those obtained in SM populations after AR 406 

(brodifacoum) use in New Zealand and with declines in red fox abundance in areas 407 

intensely treated with bromadiolone in the Jura Mountains in France.16,25–27 We 408 

estimated SM abundance, but unfortunately, we could not identify weasels and stoats 409 

separately.33 In any case, we know that both are at risk of dying after consuming ARs, 410 

and it is likely that both are affected in their abundance.9,53  411 

We found bromadiolone trophic transfer at one of the sites (T. Site 4, 35-days 412 

parcel) where bromadiolone was used, as one of the two bromadiolone-positive WV 413 

livers collected there contained bromadiolone residue at 0.015 mg kg-1 (though the 414 

concentration can reach 6 mg kg-1 in the 20 days immediately after treatment).12,38 In 415 

addition, two CV were also positive for bromadiolone there, containing up to 0.285 mg 416 

kg-1. Within the treated sites, there were high probabilities that SMs foraged in the 417 

treated parcels and were in contact with poisoned rodents (8-54% of the farming surface 418 

was treated during 2016 at the treated sites). SMs may also scavenge dead poisoned 419 

WVs, as demonstrated by the proportion of provided dead WVs that were (partially) 420 

eaten by SMs (35%); however, poisoned WV carcasses are accessible for SMs only if 421 

they remain in galleries,17 and living WVs and WVs that died of other reasons are also 422 

available to SMs.38 The ingestion of a single poisoned vole is unlikely to kill a SM 423 

(bromadiolone LD50=9.8 mg kg-1 for ferrets, Mustela putorius furo L.),54 but, 424 

bromadiolone accumulates in SM livers after repeated ingestion, and thus the dose in 425 

SMs goes up with each poisoned vole consumed. Thus, bromadiolone can kill a stoat 426 

after three days of daily ingestion of a poisoned WV.9 The bromadiolone LD50 after 427 
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daily ingestion for 5 days is 0.5 mg kg-1 day,55 and the lowest lethal dose per day during 428 

a 5-day experiment in dogs is 0.15 mg kg-1 day.56 Chronic exposure to bromadiolone 429 

can be lethal despite low doses (0.02 mg kg-1 day produced death after 64 to 85 days).57 430 

In this study, SM exposure was likely, and as a result, 2-36% of SM scats had 431 

bromadiolone residues at treated sites, though we failed to detect differences in the 432 

proportion of SM scats with bromadiolone in treated vs untreated sites, possibly because 433 

of the small sample size. In the same region, others have found up to 27.27% of SM 434 

scats positive for bromadiolone,45 which supports that there may be bromadiolone 435 

trophic transfer at treated sites. The maximum concentration we observed (0.106 mg kg-436 

1) may be relatively high, considering that concentrations obtained in fox scats in the 437 

same study were consistent with the lethal quantities of bromadiolone residues in fox 438 

livers (approximately 3 mg kg-1).45 The bromadiolone concentrations in SM scats might 439 

have been higher before environmental exposure, as bromadiolone can be degraded 440 

(photolyzed, hydrolyzed, or biotransformed by microorganisms, similar to other 441 

chemical pollutants in other biological matrices).48,58  442 

WVAC was not related to SMAC. This result is unexpected, because the 443 

dynamics of SMs and WVs are normally coupled in the study region (though they are 444 

better correlated when considering a 1-year delay in SM response to current WV 445 

dynamics).21 The SM abundance estimates from the tunnels might have been affected 446 

by increased SM activity during low vole availability or during autumn.35 As our results 447 

showed, WVs were available in autumn, and thus, an increase in SM activity was 448 

unlikely. Thus, negative SMAC estimates may have reflected SM population declines at 449 

the treated sites, and given the evidence shown of SM decreases but also the potential 450 

bromadiolone trophic transfer at treated sites, all the results suggest that SMAC declines 451 
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were explained by direct bromadiolone poisoning and not by seasonal changes in WV 452 

availability. Such SM declines could be caused by mortality of individuals, but also due 453 

to effects on reproduction as bromadiolone is reprotoxic.57 There may be AR transfer in 454 

milk, kits can be more susceptible to die compared to adults, and kits may also die if 455 

there is no parental care, affecting breeding success.59  456 

WV abundance increases were positively associated with the quantities of 457 

bromadiolone applied in the 3 months before the autumn SM abundance estimation. In 458 

the region, treatments are mainly carried out at low WV density during the increasing 459 

phase of the WV cycle. In this case local treatments in some parcels only may not be 460 

sufficient to avoid a general increase in WV populations in the area and recolonization 461 

from neighboring untreated parcels. WVAC increases in the treated sites may also be 462 

explained by reduced predation after SM abundance declines, which may eventually 463 

mean the loss of a great part of the SM population, at least during 2-3 months.25,26,60 464 

Bromadiolone treatments might then have wider effects in the untreated surrounding 465 

parcels. The poisoning effect on voles due to bromadiolone baiting is mainly restricted 466 

to the parcels where treatments are conducted, given the small home ranges of WV,47 467 

and vole poisoning lasts mainly one month,38 from which recovery in WV abundance is 468 

possible. Overall, these results suggest potential cascade effects in WV dynamics and a 469 

superpredator role of bromadiolone (i.e., poisoned voles may kill predators or affect 470 

their reproduction, which ultimately may reduce predator abundance).16,61,62 471 

Fortunately, the problem of non-target exposure to bromadiolone used for plant 472 

protection is expected to decrease considerably given that in almost all EU Member 473 

States no bromadiolone products are authorized for field use. 474 

 475 



22 

 

5. CONCLUSIONS 476 

We observed SM abundance declines at sites treated with bromadiolone, where 477 

availability of poisoned voles may be high. We found consumption of dead WV by SMs 478 

and bromadiolone residues in voles and SM scats at treated sites, showing potential 479 

trophic transfer of bromadiolone, which may be consistent with risk of death and 480 

subsequent population effects. Poisoning is the most likely factor explaining such SM 481 

abundance declines, as these declines happened even at high WV availability. The 482 

increase in WV abundance at treated sites suggested that the use of bromadiolone at 483 

several parcels may not be enough to diminish WV population growth on a larger scale.  484 

By contrast, SM abundance was stable at untreated sites, where bromadiolone 485 

exposure may not have occurred in the vole and SM populations. WV abundance was 486 

also stable at untreated sites, which suggests a role of SMs in buffering seasonal WV 487 

abundance. Therefore, bromadiolone may explain seasonal declines in SM abundance 488 

and this may have consequences in WV abundance in surrounding areas.  489 

We emphasize the limitations of this study in measuring the decline in SM 490 

population size at treated sites, as we monitored SMs with only one abundance index. 491 

We also note that bromadiolone trophic transfer has not been observed at all treated 492 

sites (possibly due to low sample sizes, the low number of replicates of recently treated 493 

parcels, etc.), and that we also pooled data from different sites/parcels for the data 494 

analyses of bromadiolone trophic transfer. Nevertheless, we can be confident that the 495 

AR trophic transfer happens and that may lead to mortality and population declines, as 496 

supported by the available literature in the Jura Mountains and elsewhere.  497 

Future studies might continue exploring the poisoning process, for instance by 498 

establishing a long-term standardized surveillance of SM exposure to bromadiolone 499 



23 

 

(e.g. the collection of dead individuals like roadkills, individuals arriving to wildlife 500 

rehabilitation centers, etc.). It would also be interesting to verify whether bromadiolone 501 

applications are linked to events of SM mortality in radiotagged individuals to 502 

understand the association between poisoning and abundance changes. In any case, the 503 

results obtained here indicate that the impact of bromadiolone on SM abundance may be 504 

general where bromadiolone is applied, and that the use of bromadiolone at several 505 

parcels may not be sufficiently effective to suppress WV increases at site scale and may 506 

even become counterproductive due to predator declines. 507 
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TABLES 707 

Table 1. Models to explain small mustelid abundance change. Log kg bait is the 708 

logarithmic transformation of the quantity of dry bromadiolone bait used in the three 709 

months before the autumn estimate of small mustelid abundance. WVAC is the 710 

abundance change of water voles (Arvicola scherman). 711 

 712 

Model Independent variables K AICc Δ Weight 

1 Log kg bait 3 26.2 0 0.821 

2 Log kg bait + WVAC  4 30.6 4.39 0.091 

3 WVAC  3 30.8 4.58 0.083 

4 Null model 2 37.0 10.75 0.004 

5 Log kg bait + WVAC + log kg bait * WVAC 5 39.3 13.04 0.001 

 713 
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FIGURE CAPTIONS 715 

Figure 1. Pairs of sites surveyed during 2016 to estimate the abundance changes of 716 

small mustelids and water voles (Arvicola scherman). Treated sites (T. Site); untreated 717 

sites (U. Site). Metropolitan France is represented within the smaller box, with the 718 

Doubs department in gray, where the study was conducted. 719 

 720 

Figure 2. Distribution of bromadiolone treatments in 2016 at the treated sites (T. Sites 721 

1-4) with approximate quantities of bait used in total and per hectare. The SM arrows 722 

show the periods of small mustelid (SM) abundance estimation and collection of SM 723 

scats. WV arrows show periods of abundance estimation of water voles (WV, Arvicola 724 

scherman). T arrows show periods of vole trapping to study vole exposure to 725 

bromadiolone. 726 

 727 

Figure 3. Small mustelid abundance change (SMAC) and quantity of dry bromadiolone 728 

bait used during the three months before the autumn estimate of small mustelid 729 

abundance.  730 

 731 

Figure 4. Abundance change of water voles (Arvicola scherman, WVAC) and quantity 732 

of dry bromadiolone bait used during the three months before the autumn estimate of 733 

small mustelid abundance.  734 
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