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A B S T R A C T   

In addition to having a negative impact on the health of people and domestic animals, rodents 
often cause enormous damage to the environment by disrupting natural biodiversity. The nega
tive impacts of rodents in urban and rural areas have required intensive use of rodentcides in spite 
of the proven risk of secondary poisoning of non-target predators and scavengers. Continuous and 
intensive use of rodenticides has led to environmental pollution through their retention in the 
environment. Commensal rodents are predominantly managed with anticoagulant rodenticides, 
which are very persistent in the environment and move up the food chain and accumulate in the 
bodies of predators and scavengers. Generally, the use of anticoagulant rodenticides continues, 
and there is a need to take appropriate measures to reduce their harmful impact. The efficacy of 
second generation anticoagulants (bromadiolone, difenacoum and brodifacoum), combined 
either mutually or with chlorophacinone at reduced doses (0.001 % and 0.0008 %), in controlling 
brown rats (Rattus norvegicus) was tested in a four-day no-choice feeding test. Combinations of 
second generation anticoagulants were more effective than the combination of chlorophacinone 
and second generation anticoagulants. The results indicate that combinations of different anti
coagulants at multifold lower doses than the standard may provide a successful tool for brown rat 
control and a more environment-friendly method of rodent control and protection of non-target 
animals.   

1. Introduction 

Despite the long and intensive efforts to eradicate the Norway rat, its explosive demography, adaptable ecology and opportunistic 
behaviour have ensured its survival as one of the high-ranking species on the list of pests that cause grave economic losses and 
endanger the health of humans, as well as domestic animals [1–6]. The fact that rats are known to be hosts of a long list of resistant 
bacterial strains, which is why they are considered an important reservoir of antibiotic resistance, is an additional threat to human and 
animal health [2,7]. Many studies have documented direct and indirect impacts of rodents on ecosystem properties. Rodents remain 
one of the most widespread and damaging invasive mammal species, especially on islands [8–10]. They cause serious detriment 
through predation and competition. There have been several reported cases of native species being driven to extinction by invasive 
rodents [10–12]. 
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Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e29471 
Received 14 December 2023; Received in revised form 1 March 2024; Accepted 8 April 2024   

mailto:tanja.scepovic@pesting.org.rs
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e29471
https://doi.org/10.1016/j.heliyon.2024.e29471
https://doi.org/10.1016/j.heliyon.2024.e29471
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 10 (2024) e29471

2

Rodents are also the cause of some more recent bird extinctions, and have been implicated in the extirpation of numerous small 
mammals, invertebrates and plant species [8–11]. Global conservation actions aimed to prevent or slow down extinctions and protect 
biodiversity are costly. At least US $21.5 billion has been spent annually worldwide on biodiversity conservation [13]. 

Anticoagulants, which are the most widespread type of rodenticides intended for rodent control, are highly toxic compounds 
[14–16]. Research is therefore increasingly focusing on incorporating environmentally-friendly programmes in rodent control practice 
[17–20]. The goal is to discover the most effective method of control of rodent numbers while causing the least possible environmental 
pollution and threat to non-target animals. As rodenticide application has proved to be the most effective way of controlling rodents, 
research is focusing on modifications of rodenticide treatments [15,21,22]. 

The European Commission has recently accepted a recommmendation of the European Chemical Agency (ECHA) that all antico
agulants currently available for use at rates exceeding 30 ppm (0.003 %) be banned for amateur uses [15,22]. On the one hand, 
rodenticide application at reduced doses alleviates ecological impact and lowers environmental residues of anticoagulants, while on 
the other hand it raises the question of efficacy of such rodenticides. Dose reduction would also expectedly require longer feeding 
periods before lethal dose is achieved, and consequently an extended period of animal mortality, which would result in their being 
exposed as prey to predators for longer periods of time, and in increasing the risk of secondary and tertiary poisoning [16,23–26]. 
Research has already shown that some rodenticides, such as brodifacoum or cholecalciferol, are effective at lower doses [21,22]. 
However, there is insuficient evidence of the efficacy of anticoagulants at additionally reduced doses and their potential synergistic 
activity. 

Synergistic action is especially attractive from the ecotoxicological aspect [18,27–31]. Combinations of second and first generation 
anticoagulants might be more applicable in practice from the environmental perspective than combinations of second generation 
anticoagulants mutually, regardless of the reduced contents of their active ingredients. First generation anticoagulants have more 
acceptable DT50 and Log Pow values, which indicates their persistence in soil and ability to bioaccumulate in living organisms [32–36]. 
Compared to second generation, first generation anticoagulants do not tend to bioaccumulate and have been found less toxic [37]. As 
second generation anticoagulants are classified into the PBT (persistent, bioaccumulative and toxic) group of substances and do not 
meet environmental and public health safety criteria, it is necessary to test their toxicity to brown rats at lower doses and in com
binations of two anticoagulants, relaying on a potential synergistic action. Reduced efficacy of any rodenticide due to insufficient 
consumption of bait may misguide into a conclusion that bait is not toxic enough. 

A lack of reliable and effective methods of rodent control justifies the use of anticoagulant rodenticides in practice. Their detri
mental effect on the environment and wildlife, yet unavoidable status so far, have made it necessary to improve the existing rodent pest 
control program. From an economic point of view, reduced contents of active ingredients would significantly lower the production cost 
of products for brown rat control. Environmentally-safe rodenticides could also minimize environmental pollution and threat to non- 
target animals. The present study therefore focused on testing the efficacy of combinations of first and second generations of anti
coagulants in concentrations lower than standard application rates for commercial products in order to avoid or reduce negative 
impact on non-target animals and the environment. 

2. Materials and methods 

2.1. Animals 

Wild-born rats were captured in Belgrade suburbs. Norway rats were captured in facilities of an abandoned cattle farm where no 
eradication of rodents had been conducted in previous years. Sixty mature and healthy animals, their body weight ranging from 124 g 
to 407 g, were used in the trials. On arrival, all animals were sexed and individually housed. The rats were acclimatized for three 
weeks. Water and laboratory standard diet were provided ad libitum during acclimatization. The sixty animals were divided in 10 
groups intended for 10 separate experiments (3 males and 3 females per group). 

2.2. Baits 

Placebo bait was prepared by mixing crushed wheat grain and corn oil. Test baits were prepared by mixing placebo bait with 
appropriate amounts of liquid anticoagulant concentrates. All liquid concentrates (0.25 % of active ingredients) were commercially 
available and supplied by Ekosan D.O.O. (Serbia). The following anticoagulants were used in the trial: chlorophacinone, bromadio
lone, difenacoum and brodifacoum. 

All test baits contained combinations of two anticoagulants, both of which were applied at the same concentration. Both antico
agulants in each combination were applied at 0.001 % or 0.0008 %. Variations in active ingredient content in the prepared baits were 
within limits of ±8 %. All baits were prepared in the Laboratory of Applied Zoology, while active ingredient contents in the baits were 
checked in the Laboratory of Chemistry of the Institute of Pesticide and Environmental Protection. 

2.3. Experimental design 

Experiments were conducted using no-choice feeding tests [38]. Each animal was kept in an individual cage. Standard laboratory 
feed was replaced with test baits. All animals were fed on laboratory-made baits, which consisted of different anticoagulant combi
nations. The animals were given test bait without any other choice of diet. Water was available ad libitum throughout the test period. 

Baits were offered and replenished daily. Rats were fed for four consecutive days and bait consumption was recorded. Spilled food 
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was collected daily under each cage. After testing was completed, the animals were given standard laboratory diet, the same they had 
been offered during acclimation. Besides the acclimation period of 21 days, and four-day test period (period of exposure to test in
gredients), animal survivors of test feeding were also monitored for further survival over a subsequent observation period of up to two 
weeks. Symptoms of poisoning, and day of death were also recorded. All dead animals were autopsied to determine the cause of death. 

The following combinations of anticoagulants were offered to 6 groups of animals and all combinations were made in 0.001 % 
concentration for both anticoagulants: chlorophacinone + bromadiolone (0.001 % + 0.001 %), chlorophacinone + difenacoum (0.001 
% + 0.001 %), chlorophacinone + brodifacoum (0.001 % + 0.001 %), bromadiolone + difenacoum (0.001 % + 0.001 %), broma
diolone + brodifacoum (0.001 % + 0.001 %) and difenacoum + brodifacoum (0.001 % + 0.001 %). An additional concentration of 
0.0008 % (0.0008 % + 0.0008 %) was made for four anticoagulant combination that achieved complete mortality at the higher 
concentration. 

Room temperature was kept within 20–22 ◦C range and relative humidity varied from 40 to 60 %, while the light/dark cycle was 
12:12 h. Ventilation was done at 15 min intervals for complete refreshment of air. Water was provided ad libitum. 

2.4. Data analysis 

Consumption of anticoagulants was calculated for each animal using the formula: consumption over exposure period (g)/initial 
body weight (g). 

Statistical analysis was conducted using ANOVA and Tukey’s HSD test to examine the influence of different anticoagulant com
binations on rat consumption. 

The influence of anticoagulant combinations on survival time was checked by non-parametric ANOVA and multiple comparisons of 
mean ranks for all tested groups. 

The influence of anticoagulant combinations on rat appetite and rate of action was compared by t-test. In all analyses P-values 
below 0.05 were considered statistically significant. 

Combinations which contained anticoagulants from different groups (second and first generation anticoagulants) will be presented 
in the following text as “II + I". All combinations containing second generation anticoagulants will be presented in the following text as 
“II + II”. Abbreviations are also used for all combinations of anticoagulants: Brom + Chlor (bromadiolone + chlorophacinone), Dif +
Chlor (difenacoum + chlorophacinone), Bdf + Chlor (brodifacoum + chlorophacinone), Brom + Dif (bromadiolone + difenacoum), 
Brom + Bdf (bromadiolone + brodifacoum) and Dif + Bdf (difenacoum + brodifacoum). 

3. Results 

3.1. Mortality 

The combinations Dif + Chlor, Dif + Brom, Dif + Bdf and Brom + Bdf caused 100 % mortality at 0.001 % concentration. Based on 
these results we decided to carry out an additional experiment with a further reduced dose (0.0008 %) of all four combinations. The 
combinations Brom + Chlor and Bdf + Chlor were not tested at the additionally reduced concentration because mortality was below 
100 % when the higher (0.001 %) concentration was applied. 

All II + II combinations successfully achieved 100 % mortality with 0.001 % concentration. The same results were observed for two 
combinations when 0.0008 % concentration was applied (Table 1). Regarding II + I combinations, only Dif + Chlor reached 100 % 
mortality at the higher concentration. 

3.2. Survival time 

Using multiple comparisons of mean ranks for all groups we confirmed that there were no statistical differences in survival time 
between the tested combinations (H = 15.18; P = 0.09; df = 9; N = 60). Nominally, the highest median value was confirmed for 

Table 1 
Efficacy of anticoagulant combinations at two different concentrations against brown rat.  

Anticoagulant generation Anticoagulant combination ABW (g) SP min-max (day) Mortality   

0.001 %    
II + I Dif + Chlor 215.2 5–10 6a/6 

Brom + Chlor 289.7 2–5 2/6 
Bdf + Chlor 298.0 6–7 3/6 

II + II Dif + Brom 187.8 5–7 6/6 
Dif + Bdf 223.8 4–8 6/6 
Brom + Bdf 196.0 5–8 6/6   
0.0008 %    

II + I Dif + Chlor 214.7 5–6 4/6 
II + II Dif + Brom 174.7 3–11 5/6 

Dif + Bdf 195.2 6–8 6/6   
Brom + Bdf 198.3 4–6 6/6  

a number of not survived animals; ABW-average body weight; SP-survival period. 
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animals treated with the Dif + Brom (0.001 %) combination (Md = 18 days) and the lowest value (Md = 5 days) for Brom + Chlor 
(0.001 %) combination (Fig. 1). 

3.3. Anticoagulant consumption 

T-test showed statistical differences in bait consumption between the first and last test day for Dif + Chlor (0.001 %), Bdf + Chlor 
(0.001 %), Brom + Bdf (0.001 %) and Brom + Bdf (0.0008 %) combinations (Table 2). Nominally higher bait consumption was 
confirmed on the first test day for all anticoagulant combinations. 

There was no confirmed influence of active ingredient concentration on bait consumption. No significant differences were 
confirmed in bait consumption for the four anticoagulant combinations used in two different concentrations (0.0008 % and 0.001 %). 
Bait consumption was compared only for the first test day between two groups of animals that consumed baits with different con
centrations of the same anticoagulant combination (Table 3). 

External symptoms were also recorded, such as bleeding nose, anus and feces, lethargy, laboured breathing and piloerection. These 
symptoms became obvious one or two days before death. Animal weight was reduced during the experiment because their appetite was 
quenched by eating anticoagulants. Autopsy showed that all dead animals had signs of internal bleeding provoked by eating 
anticoagulants. 

4. Discussion 

Rodent trapping and application of repellents are more environmentally-friendly control methods but certain limitations are 
involved in practice. Mechanical removal of rodents is more labour- and time-consuming, and requires more traps, while repellents 
have limited effectiveness in outdoor applications [39]. To date, effective biological rodent control measures, such as fertility control 
of rodents, have not been demonstrated at landscape scales, and very few such products have achieved registration [40]. Current 
practice has shown that application of anticoagulants is the most effective method of controlling rodents. 

Relying on the synergistic activity of reduced doses of two combined anticoagulants would help identify environmentally more 
acceptable but equally effective means for rodent control. The results of the present study indicate that certain combinations of an
ticoagulants at 0.001 % and 0.0008 % concentrations could be successfully used to control brown rats. The tested concentrations of 
anticoagulants were three times lower than the current limit in the EU for anticoagulants allowed for amateur use (0.003 %). The 
anticoagulant concentration of 0.005 % is still allowed for professional use [15,22]. The efficacy of difenacoum combinations with 
chlorophacinone, bromadiolone and brodifacoum at 0.001 % concentration, and brodifacoum with bromadiolone and difenacoum at 
0.0008 % was 100 % in the laboratory. These are the first results of examination of the susceptibility of wild-born brown rats to 
combinations of anticoagulants at multiple-reduced doses. The results of a research by Endepols et al. [29] on brown rat indicated a 
great potential of the combination coumatetralyl + cholecalciferol but neither component was applied at reduced dosage (0.0375 % +
0.0250 %). No-choice feeding tests with possums (Trichosurus vulpecula) and ship rats (Rattus rattus) achieved mortality of 87 % and 86 
%, respectively. The results were reported by Eason et al. [31] and the full dose of diphacinone was applied in combination (0.005 %) 
with vitamin D3 dose reduced from 0.08 % to 0.06 %. Data from a research by Singla et al. [28] showed a great potential of the 
combination bromadiolone + cholecalciferol at decreased contents of both active ingredients (0.001 % + 0.005 %) for controlling 
bandicoot rat (Bandicota bengalensis). Most tested combinations were found to fail in causing symptoms fast, i.e. bait consumption was 
not found to change during the test. Initial symptoms mostly resulted in changed animal behavior and reduced bait consumption [28, 
29,41,42]. In the present study, combinations that included brodifacoum concentration of 0.001 % (Brom + Bdf and Bdf + Chlor), as 
well as the combination Brom + Bdf at 0.0008 % concentration, provided faster action as bait consumption on the last test day was two 
or more times lower. The combination of brodifacoum and difenacoum at both concentrations showed no significant difference in bait 

Fig. 1. Survival period in ten groups of animals fed on ten different anticoagulant combinations.  
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consumption on the first and last test day. 
Comparing the II + I and II + II combinations, II + II proved to be the more effective. All tested II + II combinations achieved 100 % 

mortality at the concentration of 0.001 %. The same result was achieved by the lower test concentration (0.0008 %) of both com
binations that included brodifacoum as a component, while a single animal died in a group of animals fed on the combination Dif +
Brom. 

The results of this research show that the reduced doses of II + II combinations were more effective than II + I combinations. The 
combination of difenacoum and chlorophacinone at 0.001 % concentration promised potentially good results in the field. Mortality 
was 100 %, and bait consumption analysis revealed a fast evolution of symptoms as bait consumption decreased 60 % on the last test 
day. First-generation anticoagulants are generally less toxic and persistent than second-generation anticoagulants and therefore less of 
a hazard to nontarget species through secondary poisoning and bioaccumulation [36,37]. Chlorophacinone is known to have lower 
values of degradation in soil and bioaccumulation in living organisms (DT50 = 128 days, log Pow = 2.42), in contrast to bromadiolone, 
difenacoum and brodifacoum (DT50 = 52–252 days, log Pow = 4.07; DT50 = 439 days, log Pow = 7.6; DT50 = 300 days, log Pow = 8.5), 
which have shown higher values [32–35]. Lower DT50 of chlorophacinone indicated its faster degradation in soil. Also, its lower log 
Pow indicated that it is a water-soluble substance that is more readily eliminated and generally with a lower bioaccumuation potential, 
which makes it a suitable component for combinations. 

The presented results indicate the validity of use of anticoagulant combinations at reduced contents of active ingredients (0.001 % 
and 0.0008 %) in rodent control procedures. High mortality (100 %) resulting from the application of all combinations containing 
0.001 % active ingredients, and some combinations with lower concentration (0.0008 %), indicate satisfactory toxicity and effec
tiveness in laboratory no-choice tests. However, additional choice and field tests are required in order to determine the acceptability 
and efficacy of rodenticide combinations under practical conditions before final validation of their application in practice. 

5. Conclusion 

The results infer that anticoagulant combinations can successfully control brown rats in doses that are lower than the standard 
application rate (0.001 %), and even at the additionally reduced dose of 0.0008 %. As the combination difenacoum + chlorophacinone 
(0.001 %) achieved complete mortality and fast-evolving symptoms, while having environmentally safer components, that combi
nation may be considered a better choice in rodent control than II + II combinations at the same concentration. The application of 
anticoagulant combinations at multiple-reduced doses would be highly significant not only from the aspect of effective rodent control, 
it would be equally important from an ecotoxicological aspect due to the reduced release of rodenticides into the environment. The 
present results are the first step towards a more comprehensive research aimed at examining the acceptability and efficacy of 
rodenticide combinations under practical conditions in choice and field tests. Data concerning the parameters such as blood clotting 

Table 2 
T-test results after comparison of bait consumption (g/g bw) between test day 1 and test day 4.  

Anticoagulant combination T value P value Ms±SDa (day 1) Ms±SD (day 4) 

0.001 % 
Dif + Chlor 3.50 0.0057 0.100 ± 0.006 0.041 ± 0.015 
Dif + Brom 1.78 0.1058 0.061 ± 0.009 0.040 ± 0.007 
Dif + Bdf 1.69 0.1211 0.082 ± 0.009 0.053 ± 0.014 
Brom + Chlor 1.45 0.1778 0.053 ± 0.010 0.030 ± 0.013 
Brom + Bdf 3.13 0.0106 0.091 ± 0.007 0.039 ± 0.014 
Bdf + Chlor 3.37 0.0071 0.081 ± 0.008 0.046 ± 0.006 
0.0008 % 
Dif + Chlor 0.41 0.6915 0.119 ± 0.011 0.112 ± 0.015 
Dif + Brom 1.33 0.2523 0.058 ± 0.013 0.033 ± 0.013 
Dif + Bdf 0.94 0.3642 0.086 ± 0.010 0.072 ± 0.011 
Brom + Bdf 3.15 0.0102 0.120 ± 0.018 0.045 ± 0.015  

a Ms±SD− mean value ± standard deviation. 

Table 3 
Influence of active ingredient concentration on bait consumption (g/g bw).  

Anticoagulant combination Content (%) Ms±SDa T value P value 

Dif + Chlor 0.0008 0.12 ± 0.03 1.37 0.2014 
0.001 0.10 ± 0.02 

Dif + Brom 0.0008 0.06 ± 0.03 0.17 0.8689 
0.001 0.06 ± 0.02 

Dif + Bdf 0.0008 0.09 ± 0.02 0.30 0.7677 
0.001 0.08 ± 0.02 

Brom + Bdf 0.0008 0.12 ± 0.04 1.44 0.1800 
0.001 0.09 ± 0.02  

a Ms±SD - mean value ± standard deviation. 
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time, vitamin K levels, hepatic residue concentrations of deceased rats or expression of resistance genes also need to be provided in 
further research. 
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