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Abstract 

Prevalent findings of anticoagulant rodenticide (AR) residues in liver tissue of freshwater fish 

recently emphasized the existence of aquatic exposure pathways. Thus, a comprehensive 

wastewater treatment plant and surface water monitoring campaign was conducted at two 

urban catchments in Germany in 2018 and 2019 to investigate potential emission sources of 

ARs into the aquatic environment. Over several months, the occurrence and fate of all eight 

ARs authorized in the European Union as well as two pharmaceutical anticoagulants was 

monitored in a variety of aqueous, solid, and biological environmental matrices during and 

after widespread sewer baiting with AR-containing bait. As a result, sewer baiting in 

combined sewer systems, besides outdoor rodent control at the surface, was identified as a 

substantial contributor of these biocidal active ingredients in the aquatic environment. In 

conjunction with heavy or prolonged precipitation during bait application in combined sewer 

systems, a direct link between sewer baiting and AR residues in wastewater treatment plant 

influent, effluent, and the liver of freshwater fish was established. Moreover, study results 

confirmed insufficient removal of anticoagulants during conventional wastewater treatment 

and thus indirect exposure of aquatic organisms in receiving streams via tertiary treated 

effluents and combined sewer overflows. Nevertheless, further research is required to 

determine the ecological implications and risks for aquatic organisms as well as fish-eating 

predators from chronic AR exposure at environmentally relevant concentrations. 

 

 

Keywords: Biocides, combined sewer overflow, PBT, rat management, sewer baiting, 

wastewater treatment 
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1. Introduction 

In recent years, European Union (EU)-wide application of anticoagulant rodenticides (ARs) to 

control commensal rodents for hygienic and public health reasons has been increasingly 

restrained because of human and environmental risks. Second-generation ARs are classified 

as (very) persistent, (very) bioaccumulative, and toxic (PBT or vPvB, respectively) substances 

(Regnery et al. 2019a, van den Brink et al. 2018). In order to minimize environmental 

exposure due to the toxicological relevance of anticoagulants at trace concentrations, national 

best practice guidelines and mandatory instructions for use of ARs were implemented in 

Germany from 2012 (Umweltbundesamt 2019). Nevertheless, prevalent findings of AR 

residues in liver tissue of freshwater fish (Kotthoff et al. 2019, Regnery et al. 2019b) from 

streams in Germany recently highlighted the emergence of aquatic exposure pathways. So far, 

worldwide monitoring of AR residues mainly focused on terrestrial and avian non-target 

species and their routes of exposure (Elmeros et al. 2018, Koivisto et al. 2018, Serieys et al. 

2019, van den Brink et al. 2018). As discussed in detail in a review by Regnery et al. (2019a), 

AR residue screening in aquatic compartments is challenging, and accordingly little is known 

about direct and indirect exposure routes as well as anticoagulants’ distribution and fate in the 

aquatic environment.  

 

Three first-generation (i.e., warfarin, coumatetralyl, and chlorophacinone) and five second-

generation ARs (i.e., difenacoum, bromadiolone, brodifacoum, flocoumafen, and difethialone) 

are currently approved in the EU for biocidal use under the EU Biocidal Products Regulation 

(BPR) No. 528/2012 (European Union 2012) with maximum permissible concentrations in 

bait formulations in the range of 0.0025% (difethialone) and 0.079% (warfarin). While pest 

control professionals are presumed to be among the main users of biocidal ARs in Germany, 

agribusinesses, local authorities, and household consumers also represent important user 

groups (Regnery et al. 2019a). Considering the lack of detailed market data (Regnery et al. 
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2019a) as well as manifold applications of ARs in urban and suburban areas (Meyer and 

Kaukeinen 2015), evidence of specific emission sources and aquatic exposure pathways is not 

straight forward. Several potential rodenticide emission scenarios for different environmental 

compartments have been described by the European Chemicals Agency. For example 

deployment of baits in the immediate vicinity of watercourses represents a likely direct 

emission source of ARs into the aquatic environment (e.g., due to wash off from bank slopes, 

aboveground bait stations, or rodent burrows, respectively, as well as contaminated run-off, 

ECHA 2018b). Rodent control in and around municipal sewer systems by local authorities 

and commissioned pest control professionals is assumed to be another important emission 

source of ARs into the aquatic environment in urban and suburban settings (Gómez-Canela et 

al. 2014a, Kotthoff et al. 2019, Regnery et al. 2019b). In a recent survey in Germany 

(Regnery et al. 2020), the annual domestic use of ARs in municipal sewer baiting scenarios in 

2017 was estimated at approximately 225 metric tons of bait material and thus 32 kg of active 

ingredients (thereof 21.4 kg of warfarin, 5.6 kg of difenacoum, 3.1 kg of brodifacoum, and 1.8 

kg of bromadiolone). From the sewers, exposure of the aquatic environment presumably 

occurs directly via baited storm drains or combined sewer overflows (CSOs) that discharge 

highly diluted but untreated sewage directly into receiving surface waters when stormwater 

runoff causes an increase within the system, or indirectly via wastewater treatment plant 

(WWTP) effluents (ECHA 2018b). In their retrospective biological monitoring study, 

Regnery et al. (2019b) confirmed exposure of aquatic organisms via municipal effluents and 

thus incomplete removal of anticoagulants during conventional wastewater treatment. A study 

in Spain also reported incomplete removal of ARs during activated sludge treatment and their 

discharges into receiving streams at trace level (Gómez-Canela et al. 2014a, 2014b, Gómez-

Canela and Lacorte 2016). Nevertheless, comprehensive monitoring data on the occurrence 

and fate of ARs in WWTPs and receiving surface waters during or shortly after widespread 

chemical rodent control in and around municipal sewer systems are not available. Such data 
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are required to establish robust relationships and causative associations as previously shown 

for the unintended poisoning of terrestrial non-target organisms (Geduhn et al. 2015). 

 

To further investigate the above-mentioned potential emission pathways, a comprehensive 

WWTP and surface water monitoring campaign was conducted at two urban catchments in 

Germany in 2018 and 2019. At both monitoring sites, common sewer baiting schemes (ECHA 

2018b, Regnery et al. 2020) such as bi-annual, annual, or biennial preventive rodent control 

measures using second-generation ARs had been used for years. However, the receiving 

streams Queich and Moselle differ in size and thus effluent load at studied WWTP outfalls. 

Over several months, the occurrence and fate of all eight authorized biocidal anticoagulants 

was monitored in a variety of aqueous, solid, and biological environmental matrices during 

and after widespread sewer baiting with AR-containing bait. This study contributes valuable 

information to future risk assessments of ARs and assists in developing more effective and 

practical risk mitigation measures to protect the aquatic environment. 

 

2. Experimental 

2.1. Monitoring site A at River Queich 

A schematic map providing an overview of all WWTP and surface water sampling locations 

at monitoring site A is shown in Figure 1. The studied WWTP at monitoring site A (hereafter 

referred to as WWTP A) serves the medium-sized town of Landau in der Pfalz, Rhineland-

Palatinate, Germany and employs conventional treatment (i.e., mechanical, biological, 

chemical) with a treatment capacity of 90,000 person equivalent. WWTP A discharges into 

the small stream Queich after it flows through the urban center of Landau. The small stream’s 

mean discharge is in the range of 1.75 m³/s with an estimated 7% effluent contribution of 

WWTP A near its outfall under dry weather and average flow conditions.  
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Annual preventive rat control measures in the WWTP’s associated sewer system (i.e., mostly 

combined, with a total length of approximately 230 km and 4900 sewer manholes) were 

carried out during a three-week period in May 2018 through commissioned and trained pest 

control professionals. A total of approximately 2000 brodifacoum-containing bait blocks (i.e., 

225 g each containing 0.005% of active ingredient) were deployed in the town’s combined 

sewer system. As a benchmark, approximately 2500 brodifacoum-containing bait blocks had 

been applied in 2017, whereas no widespread sewer baiting occurred in 2019. Baits were 

lowered into the manhole to (short above) the berm and were attached to the manhole’s gully 

trap or step irons by wire to prevent direct wastewater contact during normal sewer operation 

as well as dragging off by rats or being flushed away. According to provided information, 

remaining baits were generally not collected for disposal after the baiting campaign ended. In 

addition, a total of approximately 60 bromadiolone-containing baits (i.e., 200 g each 

containing 0.005% of active ingredient) were deployed above ground in tamper-resistant bait 

stations near watercourses throughout the urban center. 

 

During the monitoring campaign a total of 10 samplings were carried out between March and 

July 2018. Activated sludge grab samples and 24-hour composite samples of raw wastewater 

and corresponding treated effluent as well as operational and water quality parameters were 

kindly provided by WWTP staff. Deposited solids from the bottom of two different CSO 

structures were also provided by WWTP staff. All of the riverine sampling sites were situated 

in a rural setting downstream of the town’s urban center and were chosen based on their ease 

of access and their position in relation to the outfall of WWTP A (Figure 1). Sediment grab 

samples of Queich were obtained from 0 – 5 cm depth near the bank using a small stainless-

steel shovel whereas surface water grab samples were scooped midstream by lowering a 

bucket from adjacent pedestrian bridges. Surface water quality parameters such as 

temperature, dissolved oxygen concentration, pH, and electrical conductivity were measured 
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in situ with sensors using a Multi 3630 IDS handheld (WTW, Weilheim, Germany). Other 

water quality parameters such as dissolved organic carbon and nutrient levels as well as 

characteristics of solid samples were determined in laboratory according to Standard Methods 

(Wasserchemische Gesellschaft and Normenausschuss Wasserwesen im DIN 2020). 

Suspended particulate matter (SPM) in the stream was collected over defined time intervals 

(generally 14 days) using passive sedimentation boxes (Schulze et al. 2007). Upstream and 

downstream of the WWTP A outfall, two sedimentation boxes were suspended in the water 

from overhanging structures using steel cables (i.e., bankside, approximately 0.2 m above 

ground). Fish liver and filet samples (frozen at -20°C) from the investigated stream were 

kindly provided by the Upper Fisheries Authority, Structural and Approval Directorate South, 

Rhineland-Palatinate. A total of 15 individuals of brown trout (Salmo trutta fario), perch 

(Perca fluviatilis), roach (Rutilus rutilus), chub (Squalius cephalus), and common gudgeon 

(Gobio gobio) had been caught at the same time from the same river stretch downstream of 

the WWTP A outfall in July 2019, approximately one year after the initial WWTP and surface 

water monitoring campaign ended (Table S1). 

 

2.2. Monitoring site B at River Moselle 

The studied WWTP at monitoring site B (hereafter referred to as WWTP B) serves the city of 

Trier, Rhineland-Palatinate, Germany and employs conventional treatment (i.e., mechanical, 

biological, chemical) with a treatment capacity of 170,000 person equivalent. WWTP B 

discharges into Moselle, a tributary of River Rhine. The mean discharge of Moselle at gauge 

Trier is 277 m³/s. Under average flow conditions the overall effluent contribution of Moselle 

is less than 5% (Karakurt et al. 2019), with an estimated 0.1% effluent contribution of WWTP 

B near its outfall during dry weather conditions.  
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Until 2017, city-wide preventive rat control measures in the sewers had been carried out 

through commissioned and trained pest control professionals once a year during an eight-

week period in spring or fall using second-generation AR-containing bait (e.g., approximately 

3500 bait blocks with 0.005% brodifacoum in fall 2017). Since then, rat control in sewers had 

been switched to a more targeted approach based upon reported sightings of rats. A total of 

approximately 1055 bait blocks (i.e., 200 g each containing 0.0029% of brodifacoum) were 

successively deployed in different urban districts of the city’s combined sewer system (i.e., 

approximately 550 km total length with 15,000 sewer manholes) between January and May 

2019 by public services through trained municipal staff. Similar to monitoring site A, bait 

blocks were attached to the manhole’s gully trap or step irons by wire. However, remaining 

baits were now removed from the manholes and collected for appropriate disposal at the end 

of baiting campaigns according to personal communication. Moreover, baits were not applied 

in stormwater channels. 

 

A total of 7 samplings were carried out at the WWTP between April and June 2019. To study 

the fate of ARs during wastewater treatment, grab samples included activated sludge, 

biosolids, sludge liquor, prewashed mineral material from the grit chamber, and grit chamber 

solids washing water. Twenty-four-hour composite samples of raw wastewater and 

corresponding treated effluent as well as operational and water quality parameters were kindly 

provided by WWTP staff. Sediment grab samples from sand traps of two different stormwater 

retention basins discharging into small tributary creeks were also provided by public services. 

Due to expected substantial dilution of effluent discharges in the receiving stream, surface 

water grab samples upstream and downstream of WWTP B were collected less frequently 

than WWTP samples. As described earlier, surface water quality parameters and 

characteristics of solid samples were either measured in situ with sensors or determined in 

laboratory according to Standard Methods (Wasserchemische Gesellschaft and 
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Normenausschuss Wasserwesen im DIN 2020). Downstream of WWTP B, two sedimentation 

boxes were suspended in the river from overhanging structures or buoys near river kilometer 

(rkm) 167.0 and 186.1, respectively, using steel cables. SPM samples were retrieved after 

defined time intervals (i.e., 14 days) throughout the sampling campaign. In addition, monthly 

composites of SPM were obtained from five permanent water quality monitoring stations 

along Moselle upstream (Perl at rkm 241.9, Palzem at rkm 229.8, and Trier at rkm 196.0) and 

downstream (Fankel at rkm 59.4 and Koblenz at rkm 2.0) of WWTP B over the course of six 

months (January – July 2019) by the Federal Institute of Hydrology’s Radiology and 

Monitoring Department (refer to https://geoportal-wasser.rlp-umwelt.de for details). Aliquots 

of sediment grab samples that had been collected within a permanent state monitoring 

program at locations upstream (at rkm 196.0) and downstream (at rkm 184.0) of WWTP B 

during this period were also kindly provided. An overview of all WWTP and surface water 

sampling locations at monitoring site B is shown in Figure 2. Due to the lengthy spatial 

distance, monthly composite SPM sampling locations (with the exemption of Trier at rkm 

196.0) are not illustrated in Figure 2. Fish liver (n = 35) and filet (n = 6) samples of chub (S. 

cephalus), perch (P. fluviatilis), European eel (Anguilla anguilla), European catfish (Silurus 

glanis), pike-perch (Sander lucioperca), and round goby (Neogobius melanostomus) were 

received between 2017 – 2020 from three different sites along a 6 km stretch of Moselle 

approximately 25 km downstream of WWTP B (Table S1). Fish had been caught for food 

consumption by local fishermen in compliance with German fishing regulation. Handling of 

fish samples followed a standardized protocol (Bayerisches Landesamt für Umwelt 2012). 

Tissue samples were individually wrapped in aluminum foil and immediately frozen at -20°C. 

Sampling, measuring, and dissection of quagga mussels (Dreissena bugensis) followed 

general procedures described in Schäfer et al. (2012). In general, ten individuals of mussels 

were pooled per sample to provide enough soft body sample material for subsequent analyses. 
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One additional sampling site for mussels at rkm 1.0 (i.e., near the confluence of Moselle and 

Rhine in the city of Koblenz; Table S1) is not depicted in Figure 2. 

 

2.3. Analysis of anticoagulants in environmental matrices 

Overall, all eight active ingredients used in biocidal ARs in Germany (i.e., warfarin, 

chlorophacinone, coumatetralyl, bromadiolone, difenacoum, brodifacoum, difethialone, and 

flocoumafen) as well as two pharmaceutical anticoagulants (i.e., phenprocoumon, 

acenocoumarol) were targeted in this monitoring study. Aqueous samples were extracted by 

solid phase extraction with hydrophilic-lipophilic balanced sorbent material using a modified 

method by Gómez-Canela et al. (2014b) as summarized in the Supplementary Material (SM). 

Ultra-sound assisted solvent extraction and dispersive solid phase extraction (dSPE) were 

used for the extraction and clean-up of WWTP solids (e.g., activated sludge, biosolids, and 

prewashed mineral material from grit chamber). Details can be found in the SM. Extraction of 

SPM and sediment samples followed the same procedure but omitted further clean-up by 

dSPE. Mean recoveries and standard deviations for each analyte are provided in Tables S2 –

S3 for selected matrices. Ultra-sound assisted solvent extraction and dSPE cleanup procedures 

for all biological tissue samples (i.e., soft body mussel, fish liver, fish filet) are described in 

detail in Regnery et al. (2019b). Total lipid content in homogenized tissue samples was 

determined according to Smedes (1999). Additional information about all biological samples 

analyzed in this study is provided in Table S1 in the SM.  

 

All sample extracts were analyzed by liquid chromatography – tandem mass spectrometry 

(LC-MS/MS) in negative electro-spray ionization mode using an Agilent 1260 Infinity LC 

(Waldbronn, Germany) coupled with a Sciex 4500 QTrap MS/MS system (Darmstadt, 

Germany). Instrument specifications and details of the analytical method are provided 

elsewhere (Regnery et al. 2019b). Individual deuterated internal standards were used for 
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quantification of target analytes, namely difenacoum-d4, brodifacoum-d4, flocoumafen-d4, 

phenprocoumon-d5 (all Toronto Research Chemicals, North York, Ontario, Canada), 

bromadiolone-d5, warfarin-d5, chlorophacinone-d4 (all C/D/N Isotopes Inc., Pointe-Claire, 

Quebec, Canada), and difethialone-d4 (TLC, Aurora, Ontario, Canada). Coumatetralyl and 

acenocoumarol were quantified based on warfarin-d5. Analyte peaks with a signal-to-noise 

ratio of less than 10 or 3 of the mass transitions used for quantification and confirmation, 

respectively, or shifted retention time compared to their respective isotope-labeled analogs 

were discarded from further data evaluation. Samples with residual AR concentrations outside 

the calibration standard range (i.e., 0.01 – 5 ng/mL) were diluted accordingly and reanalyzed. 

Reported analyte concentrations in biological tissues are based on wet weight, whereas those 

in all other solids are based on dry weight. Method quantification limits (MQL) were in the 

low ng/L and ng/g range respectively for all analytes and are summarized in Table S4 in the 

SM. Values above the method detection limit (MDL) but below the respective MQL are 

denoted (i.e., parenthesized) when provided in Tables 1 and 2 and Table S1 in the SM.  

 

2.4. Statistical analyses 

Statistical analyses were performed using Origin 2017G, version b9.4.0.220 (OriginLab 

Corporation, Northampton, MA, USA). The significance of the differences of total hepatic 

AR concentrations in fish between groups was assessed through one-way ANOVA followed 

by Tukey-Kramer post-hoc test or through student’s t-test when two groups were compared. 

Statistical differences were considered significant when p < 0.05.  

 

3. Results and discussion  

3.1. Occurrence and fate of anticoagulants in WWTPs and receiving streams 

Overall, a total of 242 environmental samples were screened for residues of eight ARs and 

two pharmaceuticals. Given the multitude of different sample matrices and analytes, Figures 3 
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and 4 illustrate the detection frequencies of all anticoagulant residues above their MQL in all 

samples collected at monitoring sites A and B over the course of this study. A summary of 

average operational and water quality parameters at the investigated WWTP A and WWTP B 

during respective monitoring campaigns is provided in Table S5. In addition, their daily raw 

wastewater inflow rates and total organic carbon loads, individual sampling dates, and daily 

total precipitation in the area recorded at the nearest weather station are depicted in Figures 5 

and S1, respectively. Additional water quality parameters of Moselle and Queich as well as 

characteristics of select solid samples are summarized in Tables S6 – S8 in the SM.  

 

Phenprocoumon was the only target substance that was frequently detected above its MQL in 

raw and treated wastewater at both WWTP (Table 1). Phenprocoumon is extensively 

metabolized in humans by hepatic microsomal enzymes (e.g., cytochrome P450 2C9) and is 

excreted almost entirely as a glucuronide conjugate, with less than 10% of the dose as parent 

compound (Kasprzyk-Hordern 2010). Higher concentrations of phenprocoumon in effluent 

compared to corresponding influent samples at WWTP A might be explained by cleavage of 

glucuronide conjugates during biological treatment. Similar findings were reported by Du et 

al. (2014) for warfarin. Activated sludge samples revealed no residues of phenprocoumon 

above MQL at WWTP A. At WWTP B, phenprocoumon was frequently detected at very low 

levels in samples of activated sludge (0.3 ± 0.1 ng/g dry weight) and biosolids (0.2 ± 0.1 ng/g 

dry weight). It was also present in sludge liquor (46.8 ± 21.8 ng/L) and grit chamber solids 

washing water (4.8 ± 1.7 ng/L) (Figure 4). Based on its physicochemical properties (i.e., 

water solubility of 12.9 mg/L at 20ºC and n-octanol-water partition coefficient log POW of 3.6 

at neutral pH), phenprocoumon presumably ranks between first-generation and second-

generation ARs. Their water solubility and estimated log POW at neutral pH are in the range of 

267 – 460 mg/L and 0.7 – 2.4 (first-generation) and 0.1 – 18.4 mg/L and 3.8 – 8.5 (second-

generation), respectively (Regnery et al. 2019a). Although a slight reduction (i.e., 12 ± 8%) of 
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phenprocoumon concentrations in wastewater was observed after treatment at WWTP B 

(Table 1), results indicate poor biodegradability. This is in good agreement with predicted 

values (i.e., not readily biodegradable according to EPI SuiteTM (US EPA 2012)) and previous

observations (Regnery et al. 2019b, Wode et al. 2015). Most likely because of dilution effects, 

its concentrations in surface water samples from Queich and Moselle were five- and fortyfold 

lower, respectively compared to discharged effluent concentrations (Table 1). Despite short 

predicted photolytic half-lives, anticoagulants were shown to be hydrolytically stable in water 

under environmentally relevant conditions and are not expected to partition to the atmosphere 

(Regnery et al. 2019a). 

While warfarin was frequently detected in wastewater and surface water samples at trace 

level, its concentrations rarely exceeded MQL at both monitoring sites (Figures 3 and 4 and 

Table 1). The maximum concentration measured in raw wastewater and sludge liquor at 

WWTP B was 1.5 ng/L. Acenocoumarol was not detected above MQL at all. As warfarin is 

the only anticoagulant that is concurrently authorized for biocidal and pharmaceutical use, its 

presence in wastewater and receiving surface waters can be linked to rodent control measures 

(Regnery et al. 2019b, 2020) as well as consumption of blood-thinning medication by resident 

population (Ajo et al. 2018, Regnery et al. 2019a, Santos et al. 2013). Like phenprocoumon, 

warfarin is extensively metabolized in humans and only about 2% of the typical daily 

prescription dose is excreted as unchanged active ingredient (Crouse et al. 2012, Park 1988). 

According to  IQVIA MIDAS, the annual domestic pharmaceutical use of these blood-

thinning agents accounted for 801 kg of phenprocoumon and 26 kg of warfarin in Germany in 

2018 (IQVIA 2019). While acenocoumarol is commonly used in neighboring European 

countries (e.g., The Netherlands, Italy, Switzerland), no product with the active ingredient 

acenocoumarol has been marketed in Germany since 1993 (DIMDI 2020).  
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The active ingredients brodifacoum and bromadiolone, which had been applied for rodent 

control by the municipality, were sporadically detected in samples from various WWTP and 

environmental compartments at monitoring site A, but concentrations rarely exceeded MQL 

(Figure 3). After several rain events caused elevated water levels due to runoff (Figure S2), 

bromadiolone was detected above MQL in a surface water grab sample (4.3 ng/L) from 

Queich during sampling S8. In addition, it was detected in one SPM sample at sampling S9 

just under the MQL of 1.0 ng/g dry weight. At WWTP A, brodifacoum was detected in one 

24-hour composite sample of raw wastewater characterized by high proportions of stormwater 

runoff during sampling S5 (2.3 ng/L) as well as three 24-hour composite samples of treated 

effluent during samplings S5, S6, and S9 (max. 2.7 ng/L, Figure 5). Brodifacoum was also 

detected in sandy material obtained from the bottom of a CSO structure (0.5 ng/g dry weight) 

as well as two grab samples of raw wastewater (max. 2.5 ng/L) that had been directly 

collected from the main sewer of a baited district at sampling S9. Despite such few 

quantifiable detections of both ARs in aqueous and solid samples, brodifacoum and 

bromadiolone were prevalent in liver tissue samples of fish caught in the small stream Queich 

in 2019 (Figure 3). Residues of difethialone and coumatetralyl were also detected in these fish 

liver samples, whereas difenacoum, flocoumafen, and chlorophacinone were not detected 

above MQL in any of the samples at monitoring site A (Figure 3). In contrast, corresponding 

filet samples contained no anticoagulant residues (Table S1). 

 

At WWTP B, solely chlorophacinone occurred in one biosolids sample (3.2 ng/g dry weight). 

With the exemption of warfarin, none of the other biocidal anticoagulants were detected 

above MQL in any of the samples collected at WWTP B. However, brodifacoum (0.5 ng/g 

dry weight) was detected in sandy material that had been removed from the sand trap of a 

baited district’s stormwater retention basin during maintenance operations. This stormwater 

retention structure generally discharges into one of Moselle’s small tributary creeks. Although 
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none of the analyzed surface water, SPM, sediment, and mussel samples from Moselle 

revealed quantifiable AR concentrations, residues of second-generation ARs were frequently 

observed in the liver of indigenous fish, first and foremost brodifacoum and difenacoum. 

Analyzed corresponding filet samples revealed no residues (Figure 4). 

 

3.2. Evidence of anticoagulant rodenticide emission sources and pathways 

Brodifacoum-containing bait blocks were exclusively used during sewer baiting at both 

communities in the respective year of monitoring (as well as the previous baiting campaign). 

Applying the calculations of the recently revised emission scenario document for biocides 

used as rodenticides for combined sewer systems (ECHA 2018b), the worst-case predicted 

direct and indirect emissions of active ingredient to WWTPs during sewer baiting (i.e., in the 

time period between initial bait placement and first inspection) amount to approximately 0.1 

kg brodifacoum/day at WWTP A and less than 0.03 kg brodifacoum/day at WWTP B (based 

on provided information such as bait amount and product specifics, refer to sections 2.1 and 

2.2). Hence, worst-case predicted brodifacoum concentrations in raw wastewater influent 

were expected to be in the range of 5.2 ng/L at WWTP A and 1.1 ng/L at WWTP B according 

to mean daily discharge rates (Table S5). Notably, worst-case predicted brodifacoum 

concentrations remained below its MQL in wastewater at WWTP B (Table S4). 

 

Few detections of brodifacoum in the 2 ng/L concentration range in raw wastewater and 

treated effluent at WWTP A confirmed that sewer baiting can lead to indirect (e.g., via rat 

carcasses, urine and feces) and direct (e.g., via scouring and spillage) release of active 

ingredients into wastewater. A previous study provided crucial evidence that anticoagulants 

are not completely removed during conventional wastewater treatment and will enter the 

aquatic environment by way of effluent discharges (Regnery et al. 2019b). Nonetheless, 

information about the fate of ARs during conventional or advanced wastewater treatment is 
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scarce. Baits deployed in the combined sewer system connected to WWTP A faced an 

increased risk of scouring (e.g., when precipitation causes a sudden increase within the 

combined sewer system) as remaining baits were usually not removed from the sewers at the 

end of annual preventive baiting campaigns according to provided information. Active 

ingredients are not chemically bound to the bait material and can be released upon 

disintegration of baits, e.g., during prolonged exposure to moist or wet conditions. As 

depicted in Figure 5 for the monitoring period in 2018, stormwater runoff repeatedly caused a 

surcharge in the combined sewer system and increased discharge rates at WWTP A (e.g., 

during sampling S5 when brodifacoum was detected in the influent). Thus, a substantial 

number of deployed baits were repeatedly immersed in wastewater in the combined sewer due 

to elevated wastewater levels or backwater. Diffuse release of active ingredients into 

stormwater runoff from rodent control measures at the surface by residents or pest control 

professionals (e.g., around buildings) were likely additional emission sources throughout the 

urban area (Spahr et al. 2020).  

 

Notably, a short-duration extreme precipitation event occurred at monitoring site A on June 

11, 2018 (i.e., between samplings S8 and S9) and caused severe flooding of the downtown 

area due to backwater in the combined sewer system and stormwater channels (Figure 5). 

Capacities were greatly exceeded at WWTP A and several intermittent CSO retention 

structures, which resulted in confirmed CSO discharges into Queich. Moreover, WWTP staff 

reported a large number of dead rats and mounting wires from disintegrated baits that were 

retained at the screen during this event. It was assumed that the majority of baits in the sewer 

was affected by scouring (‘worst-case-scenario’) at this event and thus emitted brodifacoum. 

Obviously, the flash flood also immersed the tamper-resistant bait stations used for surface rat 

control with bromadiolone that had been deployed near watercourses throughout the urban 

center. In good agreement, brodifacoum (0.5 ng/g dry weight) as well as traces of 
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bromadiolone (i.e., just under the MQL) were detected in deposited solids from the bottom of 

two different CSO structures after this precipitation extreme. 

 

Due to extensive impervious surfaces, densely populated urban and suburban areas are prone 

to flash floods during short-duration (i.e., hourly) precipitation extremes. A recent study 

estimated the extent and frequency of environmental impacts due to such heavy rainfall events 

in Germany between 2005 and 2017. CSOs and thus discharge of highly diluted but untreated 

sewage directly into receiving surface waters occurred in 65% of the investigated heavy 

rainfall events (Kind et al. 2019). A substantial increase in short-duration precipitation 

extremes as a consequence of a changing climate has been predicted (Lenderink and van 

Meijgaard 2008). This is even more critical for the application of AR-containing baits in 

stormwater channels that are not connected to retention basins or WWTP but discharge 

directly into natural water bodies. According to representative survey results, about 30% of 

German municipalities that applied rat control in their sewer systems in 2017 also applied 

AR-containing baits in stormwater channels (Regnery et al. 2020). 

 

As implied by low predicted worst-case concentrations (ECHA 2018b) at WWTP B, ARs 

were not detected above MQL in WWTP sample matrices throughout the treatment train 

during normal operation of the associated combined sewer system. Nevertheless, brodifacoum 

was detected in deposits from the sand trap of one of the city’s stormwater retention basins. 

Emissions likely resulted from diffuse release of active ingredients into stormwater runoff 

during outdoor rodent control as AR-containing bait was generally not applied in or near the 

city’s stormwater infrastructure according to personal communication. Though no samples of 

deposits from CSO retention structures became available for analysis at monitoring site B 

during the sampling period, CSO discharges at WWTP B after heavy or prolonged rainfall 

most likely contributed to emissions of ARs into Moselle. Similar to what had been observed 
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at monitoring site A in 2018, heavy rainfall at site B (i.e., 37 mm rainfall in one hour) caused 

flash flooding in several baited city districts shortly after the end of the monitoring campaign 

(Figure S1). As illustrated in Figure 2, several smaller conventional municipal WWTP 

(mostly cluster WWTP) discharge into Moselle downstream of WWTP B. The neighboring 

association of municipalities located North-East of Trier (approximately 28,200 inhabitants 

total) is connected to the next smaller WWTP along this stretch of Moselle. When surveyed 

via telephone, their municipal pest control official confirmed the annual use of approximately 

300 bait blocks (i.e., 200 g each containing 0.005% of difenacoum) for sewer baiting among 

all 19 municipalities in 2019. After reported rat sightings above ground by residents, trained 

municipal workers applied baits in the combined sewer system of the respective municipality. 

According to this communication, difenacoum-containing baits had been used for sewer 

baiting since 2013. Hence, municipal sewer baiting activities can explain the observed hepatic 

brodifacoum and difenacoum residues in fish from monitoring site B (Table 2). In good 

agreement, mainly baits containing brodifacoum, difenacoum, or bromadiolone were used for 

sewer baiting in Germany in 2017 (Regnery et al. 2020), whereas difethialone and 

coumatetralyl are preferably used in agriculture (Koivisto et al. 2018, Regnery et al. 2019b). 

 

Previous studies suggested that unlike high-volume pharmaceutical anticoagulants, biocidal 

anticoagulants are difficult to capture in routine surface water or WWTP monitoring schemes 

due to the transient character of AR input rates as well as elevated detection limits compared 

to predicted environmental concentrations for these compartments. In Germany, difenacoum, 

brodifacoum, and bromadiolone were estimated to exhibit the highest market shares of AR 

active ingredients based on registered commercial biocidal products. Still, actual quantities of 

these active ingredients applied as rodenticides appear minor compared to other high-volume 

chemicals (Regnery et al. 2019a). Results summarized in Figures 2 and 3 on the one hand 

corroborate the assumption that actual AR concentrations in WWTP influent, effluent, and 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

19 
 

receiving surface waters are generally either too low or/and sporadic to be routinely 

monitored using current analytical methods, even with extensive sample enrichment and 

cleanup. On the other hand, they demonstrate that analyses of biological tissue samples 

provide crucial information regarding the burden of the aquatic environment with these 

PBT/vPvB substances as fish reflect an average exposure to AR emissions over time. 

 

3.3. Hepatic residues of anticoagulant rodenticides in fish 

Recent research demonstrated that second-generation ARs bioaccumulate in fish liver under 

environmentally realistic conditions and exposure scenarios (Kotthoff et al. 2019, Regnery et 

al. 2019b). Anticoagulants’ high protein binding capacity and the persistence of specifically 

second-generation ARs in liver tissues of terrestrial wildlife is well documented (Horak et al. 

2018). So although it is generally difficult to link hepatic AR residues in wild fish to distinct 

exposure events, there is an undeniable relationship between flushed away brodifacoum-

containing baits during sewer baiting in 2018 at site A and elevated brodifacoum residues (5.2 

– 29.9 ng/g wet weight) in the liver of all analyzed fish from the small stream Queich in 2019 

(Table 2). As mentioned earlier, the effluent contribution of WWTP A under dry weather 

condition is approximately 7%. Moreover, frequent detections of hepatic bromadiolone 

residues (max. 1.0 ng/g wet weight) confirmed the assumption that outdoor surface baiting in 

the vicinity of watercourses also represents a prominent emission source of ARs into the 

aquatic environment. All fish from Queich were captured at the same time and location 

approximately 2 km downstream of WWTP A’s discharge point one year after the flash flood 

incident (Figure 1). Distinct hepatic phenprocoumon residues (0.03 – 0.22 ng/g wet weight) 

due to the high-volume use and release of phenprocoumon indicated their frequent exposure 

to high WWTP effluent contributions in the small stream. Yet, the median concentration of 

phenprocoumon in these samples is < 1% that of the concentration of brodifacoum (Table 2). 

Unlike second-generation ARs, previous findings and an estimated bioconcentration factor 
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(BCF) of 122.3 L/kg in fish (BCFWIN v2.17, US Environmental Protection Agency) already 

pointed towards marginal bioaccumulation potential of phenprocoumon in native aquatic 

organisms (Regnery et al. 2019b). In contrast, the estimated BCF for brodifacoum in fish is 

35,648 L/kg (Regnery et al. 2019a). In order to provide catches for recreational fishing, the 

Queich is stocked with hatchery-reared brown trout (i.e., individuals between 30 – 35 cm total 

length and 0.3 – 0.5 kg total weight) each year in late February/early March by the local 

fishing association. The analyzed brown trout individuals with total hepatic anticoagulant 

residues of 19.0 and 32.6 ng/g wet weight had likely been released in spring 2018 based on 

their total length of 37 and 40 cm, respectively (Table S1). Notably, no anticoagulant residues 

were detected in liver samples of unexposed hatchery-reared fish analyzed as reference 

material (Regnery et al. 2019b).  

 

Elevated hepatic residues of brodifacoum (max. 19.8 ng/g wet weight) and difenacoum (max. 

16.5 ng/g wet weight) were also detected in fish from the considerably larger stream Moselle 

that had been caught between 2017 and 2019 about 25 – 30 km downstream of WWTP B 

(Table 2), presumably as a consequence of sewer baiting as mentioned above. Available 

experimental (1100 L/kg) and estimated (451, 9010, and 35,645 L/kg) BCF of difenacoum in 

fish are similar to those of brodifacoum (Regnery et al. 2019a). Interestingly, no AR residues 

were detected above MDL in pooled mussel samples from five different Moselle sampling 

sites. Two sites thereof corresponded with sampling locations of fish with hepatic AR 

residues. This is in good agreement with findings from Main River (Regnery et al. 2019b) and 

suggests that AR bioaccumulation processes fundamentally differ among these aquatic 

organisms and are not just driven by lipophilicity (Table S1). 

 

Unfortunately, substantial data gaps exist regarding the understanding of AR uptake routes 

(e.g., aqueous uptake of water-borne chemicals, dietary uptake by ingestion of contaminated 
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food, prey, or particles) in freshwater environments. Overall, hepatic AR residues were found 

in fish species from all sections of the investigated surface water bodies: sub-surface (e.g., 

chub), mid-water (e.g., perch, roach, brown trout), and benthic (e.g., gudgeon, round goby). It 

has been assumed that the abundance of ARs in liver of fish species is likely correlated with 

their feeding habits (Regnery et al. 2019a). At the small stream Queich, highest brodifacoum 

concentrations of 25.1 and 29.9 ng/g wet weight liver were observed in common gudgeons 

(Table S1), which inhabit freshwater habitats with sandy or gravelly bottoms and 

predominantly feed on benthic invertebrates (e.g., worms, aquatic insects and larvae, small 

mollusks). Gammarids exposed to wastewater effluents (Miller et al. 2019, Munz et al. 2018) 

or terrestrial invertebrates feeding on AR-containing bait may function as vector in the 

environment (Masuda et al. 2014, Pitt et al. 2015). Based on their physicochemical properties 

(e.g., not readily biodegradable, low water solubility, high lipophilicity, and photolytic 

instability) at ambient environmental conditions, second-generation ARs might occur particle-

bound in wastewater effluents rather than freely dissolved. The potential formation of non-

extractable residues of second-generation ARs in organic-rich matrices such as activated 

sludge under environmentally realistic exposure is thus another aspect that should be 

considered. Irreversible binding of phenolic compounds to humic substances and activated 

carbon is well documented (Burgos et al. 1996). Interactions of natural organic matter and AR 

can involve numerous mechanisms depending on functional groups (e.g., phenolic hydroxyl 

group) and environmental conditions (e.g., pH, ionic strength). In addition to hydrophobic 

interactions, complexation may result from ion exchange reactions, ion bridging, and 

hydrogen bonds (Andre et al. 2005, Delle Site 2001). Covalent binding reactions such as 

biologically-mediated or mineral surface-catalyzed oxidative coupling may account for 

irreversible binding of ARs to natural organic matter after adequate exposure (Burgos et al. 

1996); bindings that might be reversed through metabolic processes in fish after ingestion 

(Tao et al. 2011). Two primary classes of enzymes involved in these biological coupling 
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reactions, peroxidase and phenol oxidase, for example belong to the microbial community 

functional structure of activated sludge in municipal WWTPs (Wang et al. 2014). 

Bioavailability of non-extractable pesticide residues and their potential transfer along the food 

chain was already suggested for soil-dwelling organisms such as earthworms (Barois et al. 

1993, Gevao et al. 2001). If this assumption extrapolates to fish, benthivorous fish potentially 

play a key role in the transfer of second-generation ARs through the trophic levels of the 

aquatic food web. 

 

Highest total AR concentrations measured in omnivorous feeders such as roach and chub 

from Queich (11.3 and 10.2 ng/g wet weight, respectively) and Moselle (9.2 ng/g wet weight) 

were similar to those observed in the liver of chub individuals from other German streams 

with comparable effluent contributions (Regnery et al. 2019b). Fish with a predominantly 

piscivorous diet (i.e., pike-perch and perch with a total length exceeding 15 cm) experienced 

on average significantly higher total hepatic AR concentrations (20.4 ± 7.8 ng/ng wet weight, 

n = 13) compared to omnivorous feeders (5.8 ± 4.0 ng/g wet weight, n = 13) in this study, 

t(18) = 6.04, p < 0.001. A one-way analysis of variance showed that total hepatic AR 

concentrations differed significantly among different fish species caught at the same 

monitoring site (Figure 6), F(4, 29) = 30.46, p < 0.001. In Moselle, adult perch primarily prey 

on round goby, an overabundant invasive species utilizing benthic habitats (Borcherding and 

Gertzen 2016). Post-hoc comparisons using the Tukey-Kramer test indicated significant 

differences between both fish species (p < 0.001) as shown in Figure 6 and illustrate the 

biomagnification potential of very persistent second-generation ARs such as brodifacoum in 

the aquatic food chain when released into the aquatic environment.  

 

3.4. Potential risks for fish and fish-eating predators 
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During environmental risk assessment of ARs under the BPR, no unacceptable risks had been 

identified for the aquatic compartment despite considerable acute toxicity of several ARs to 

aquatic species. The predicted environmental concentration (PEC) of the active substances in 

surface water calculated for the sewer baiting scenario (ECHA 2018b) was below the 

corresponding predicted no-effect concentration (PNEC), above which adverse effects to 

aquatic organisms were to be expected (Umweltbundesamt 2019). Experimental monitoring 

data for the aquatic environment and WWTP effluent (this study and reviewed in Regnery et 

al. (2019a)) corroborate these minor surface water PEC. Concomitantly, biota monitoring 

demonstrates the widespread emergence of ARs in liver tissue of freshwater fish. 

 

AR’s toxic mode of action in warm-blooded vertebrates (mammals, birds) is caused by the 

inhibition of vitamin K epoxide reductase, which results in the disruption of the carboxylation 

of clotting factors and, subsequently, the clotting cascade (Rattner et al. 2014). In terrestrial 

non-target species, hepatic AR residue levels of > 100 to 200 ng/g wet weight were associated 

with lethality (Fourel et al. 2017). In comparison, highest total hepatic AR levels measured in 

fish were 35 ng/g wet weight (Figure 6 and Table S1). While species-specific differences 

between fish and mammals regarding their sensitivity towards AR likely exist (Riegerix et al. 

2020), sub-lethal effects may impair the fitness of individuals (i.e., anticoagulants could act as 

stressors). To date, direct links to physiological effects at environmentally relevant 

concentrations other than those directly caused by impaired blood coagulation are unknown 

(Rattner et al. 2014, 2020) especially with regard to chronic exposure with multiple active 

ingredients. According to Rattner et al. (2014), adverse effects associated with AR exposure 

of non-target wildlife are manifold, including factors such as impaired body condition and 

reproduction, increased susceptibility to disease, reduced resilience to extreme weather 

conditions, sensitivity to other contaminants, and disturbance of population dynamics. 
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Anticoagulants entering the aquatic environment and accumulating in indigenous freshwater 

fish are likely to be transferred in the food chain, potentially affecting the health of fish-eating 

predators (e.g., protected species such as European otter and common kingfisher). While the 

European otter diet is dominated by fish (85% of consumed biomass), the common kingfisher 

is an almost exclusive fish-eater. Similar to other fish-eating birds swallowing their prey as a 

whole, the upper size limit of consumed fish is clearly dependent on its body shape. Total 

hepatic AR residues detected in fish from Moselle and Queich illustrate not only a substantial 

AR burden in large predatory fish but also small-growing fish species with a shorter life span 

(i.e., less than 5 years) such as round goby and gudgeon (Figure 6 and Table S1). The 

gudgeon for instance is a common prey of many fish-eating predators like European otter or 

common kingfisher (Čech and Čech 2015, Lyach and Čech 2017). A case study from a 

lowland trout stream in the Czech Republic revealed that otters mostly preyed upon small-

growing fish species. The authors reported that gudgeon was the most important otter prey 

and represented 38% of consumed biomass (Lyach and Čech 2017). So far, several 

monitoring studies reported residues of ARs in the livers of avian and mammalian predators 

with a fish-eating diet, e.g., in European otter (Serieys et al. 2019), American mink (Ruiz-

Suarez et al. 2016), white-tailed sea eagle, and osprey (Hughes et al. 2013).  

 

The high bioaccumulation potential of second-generation ARs via the aquatic food web 

therefore may pose an increased threat to (higher) aquatic organisms and fish-eating 

predators, which is also reflected in the environment risk assessment of secondary poisoning 

via the aquatic food chain. The corresponding PEC/PNEC ratios for rodenticide product 

formulations containing 0.0029% brodifacoum were 532.5 and 968, respectively, indicating 

high unacceptable risks of secondary poisoning for fish-eating mammals and birds (ECHA 

2018a). However, these risk calculations are mostly based upon generic equations and default 

assumptions as experimental data for the determination of BCF and biomagnification factors 
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as well as chronic oral toxicity tests covering most sensitive aquatic focal predators for the 

derivation of PNECoral,predator are lacking. Dedicated research to identify focal species of the 

aquatic food chain is required to address these uncertainties and to evaluate the extent to 

which apex predators are affected by ARs. Moreover, ecotoxicological consequences of 

chronic rodenticide exposure to indigenous freshwater fish at concentrations relevant for 

surface water bodies have not been identified yet. 

 

3.5. Risk mitigation measures for the aquatic environment 

Although mandatory instructions for use and risk mitigation measures for ARs were stipulated 

at EU-level under the BPR and best practice guidelines were stipulated during national 

biocidal product authorizations to minimize the risks of environmental exposure 

(Umweltbundesamt 2019), the extent of compliance with these provisions in Germany is 

largely unknown. Furthermore, weaknesses exist due to missing national legal provisions on 

the sale of biocides (Regnery et al. 2019a). Several studies noticed that the typical use of ARs 

commonly violates respective use and disposal instructions (Koivisto et al. 2016, Regnery et 

al. 2019b, 2020). While almost 80% of 322 municipalities participating in a nationwide 

survey applied chemical rat control in their sewer systems in 2017 in Germany, only 31% of 

municipalities thereof conducted a monitoring prior application of rodenticides to confirm the 

presence of rats in their sewer systems. Even less (i.e., about 26%) collected remaining baits 

for appropriate disposal and efficiency control at the end of sewer baiting campaigns 

(Regnery et al. 2020). Considering that bait intake during preventive rodent control measures 

in sewers might not exceed 2% of baited manholes (Gras et al. 2012), it becomes apparent 

that large amounts of bait face an unknown fate in the sewers. Yet, the implementation of 

legally binding instructions for use and risk mitigation measures for ARs starting from 2012 

already led to a substantial decrease in bait amounts used for sewer baiting over the last 

decade in Germany (Regnery et al. 2020). However, temporal trend analysis (1992 – 2015) of 
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residual brodifacoum concentrations in fish liver samples from two German streams (Saar and 

Elbe) revealed no decreasing trend until 2015 (Kotthoff et al. 2019). Concordantly, regulatory 

restrictions and stewardship programs failed to prove an impact on AR residue abundances in 

terrestrial non-target predators in urbanized areas in Denmark (Elmeros et al. 2018) and the 

United Kingdom of Great Britain (CRRU UK 2020) until now. Recently, regulation (EU) 

2016/1179 resulted in the market launch of second-generation ARs with reduced 

concentrations of active ingredient (i.e., below 0.003%) to circumvent limitations of use in the 

biocidal sector due to the classification of products as toxic for reproduction (Regnery et al. 

2019a). The application of commercial products with lower doses that are still efficient in 

controlling rodents, e.g. as shown for brodifacoum (Frankova et al. 2019), may assist in 

reducing the ecological impacts and environmental residues of ARs. 

 

The risk of active ingredient release during chemical rodent control measures in sewer 

systems can be minimized if contact of bait material with water and wastewater is strictly 

excluded (e.g., by use of devices that keep the bait dry, deployment of baits exclusively in 

manholes free from backing-up/runoff pouring in). Commercial paraffin-type rodent bait 

blocks are expected to have a long shelf life and thus efficacy (toxicity) of the active 

ingredient, even after extended placement in sewers (Papini et al. 2019). However, they 

disintegrate over time under common sewer conditions such as permanently high humidity or 

frequent contact with wastewater, resulting in unintended emissions to the WWTPs and 

receiving surface waters (ECHA 2018b). Hence, immediate collection and appropriate 

disposal of remaining bait at the end of baiting campaigns is crucial to prevent unintended 

direct emissions of the active ingredient into wastewater. As discussed earlier, unforeseen 

short-duration precipitation extremes will likely occur more often in the future (Lenderink and 

van Meijgaard 2008). Though mandated by the instructions for use, reactive approaches such 

as timely removal of all baits deployed by wire in combined sewers during widespread baiting 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

27 
 

campaigns to prevent scouring are not feasible under such circumstances. In order to confine 

emissions solely to release from carcasses, urine, and feces of poisoned rats, proactive 

measures are advised to avoid any bait contact with water (ECHA 2018b). Such measures 

may involve the use of waterproof bait protection stations designated for the safe application 

of ARs in sewer systems, or advanced trap systems, which can be operated low maintenance 

for several months without using toxins. Traps and bait stations for controlling rats in sewers 

are often equipped with sensors and allow transmission of monitoring data to remote 

computers or smartphones, making manual inspections of baiting points unnecessary. This is 

a clear advantage as it substantially reduces time, labor, and human exposure, and provides a 

near real-time documentation of rat activity. Nevertheless, there is an urgent need for 

integrated, rat ecology based approaches (Byers et al. 2019, Traweger et al. 2006) alongside 

those technical innovations to achieve a major shift in rodent control practice and minimize 

the use of ARs in urban rat management.  

 

4. Conclusions 

This comprehensive monitoring study identified sewer baiting in combined sewer systems as 

substantial contributor of ARs in the aquatic environment. In conjunction with heavy or 

prolonged precipitation during bait application in combined sewer systems, a direct link 

between sewer baiting and AR residues in WWTP influent, effluent, and the liver of 

freshwater fish was demonstrated. Moreover, results confirmed insufficient removal of 

anticoagulants such as phenprocoumon, warfarin, and brodifacoum during conventional 

wastewater treatment and thus indirect exposure of aquatic organisms in receiving streams via 

WWTP effluents and CSOs. Outdoor surface baiting in the vicinity of watercourses and 

untreated storm drain in the presence of ARs also contributed to AR emissions in streams. 
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The high detection frequency of second-generation ARs in fish liver samples of up to 100% 

contrasted the low detection frequency of ARs above MQL in environmental samples from 

WWTP effluent, surface water, sediment, or SPM and clearly illustrates that environmental 

exposure involving PBT and vPvB substances such as second-generation ARs may be 

independent from the time and place of application of biocidal products. However, for 

substances where possible adverse effects are not correlated to immediate exposure, the 

PEC/PNEC approach as an indicator for environmental risks within the regulatory assessment 

of biocides reveals shortcomings. Thus, hazard assessments of PBT/vPvB substances are an 

appropriate and necessary instrument of the foresightful European chemical regulation. 

Although several criteria for exclusion are fulfilled to bar ARs from approval as biocidal 

active substances under the BPR, the European Commission decided that their non-

authorization would have disproportionate adverse health impacts for human society in 

comparison to the predicted environmental risks arising from their use. Further research 

should investigate the potential risks and hazards of ARs in the aquatic environment in order 

to pave the way for scientific-based, targeted, and effective regulatory decisions. Until then, 

the ecological implications for aquatic organisms as well as fish-eating predators remain 

largely unknown. 
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Figure 1. Generalized map of monitoring site A illustrating all sampling locations (orange 
arrows). Grey shapes indicate urban and suburban settlements. Abbreviations: CSO = 
combined sewer overflow; PE = person equivalent; SPM = suspended particulate matter; 
WWTP = wastewater treatment plant. Refer to Table S1 for further information about 
biological samples. 
 
Figure 2. Generalized map of monitoring site B showing sampling locations (orange arrows) 
in the vicinity of the studied wastewater treatment plant (WWTP B). Grey shapes indicate 
urban and suburban settlements. Abbreviations: PE = person equivalent; rkm = river 
kilometer; SPM = suspended particulate matter. Refer to Table S1 for further information 
about biological samples. 
 
Figure 3. Detection frequency of anticoagulant residues above their respective method 
quantification limits (MQL) in samples (total n = 90) from different WWTP and aquatic 
compartments collected at monitoring site A. 
 
Figure 4. Detection frequency of anticoagulant residues above their respective method 
quantification limits (MQL) in samples (total n = 152) from different WWTP and aquatic 
compartments collected at monitoring site B. 
 
 
Figure 5. Mean daily discharge (blue squares) and total organic carbon (TOC) load (black 
spheres) at WWTP A as well as individual sampling dates (S1 – S10). The green-shaded area 
illustrates the duration of the sewer baiting campaign. Daily total precipitation (grey bars) 
recorded at a nearby weather station was obtained from Agrar-Meteorologie Rhineland-
Palatinate.  
 
Figure 6. Box plots of total hepatic anticoagulant residue concentrations in individual fish 
(blue diamonds) at monitoring site B grouped by fish species and predominant diet (refer to 
Table S1 for details). The letters indicate statistical differences (Tukey-Kramer post-hoc test, 
p < 0.05) between the mean concentrations (grey squares) of perch (24.2 ± 7.3 ng/g), pike-
perch (14.2 ± 4.9 ng/g), European eel (3.9 ± 2.6 ng/g), round goby (4.7 ± 3.1 ng/g), and chub 
(3.6 ± 3.5 ng/g).  
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Table 1. Mean concentrations and standard deviations of warfarin and phenprocoumon in 
corresponding 24-hour composite samples of raw and treated wastewater as well as surface 
water grab samples of receiving streams at monitoring sites A and B. ‘<’ indicates values 
below the respective method detection limits, values denoted in parenthesis are below method 
quantification limits. ND = not detected. 
 
Monitoring site n Warfarin 

(ng/L) 
Phenprocoumon 

(ng/L) 
A    
WWTP influent 10 (0.5 ± 0.2) 20.0 ± 10.4 
WWTP effluent 10 <0.3 28.0 ± 15.9 
Queich prior WWTP outfall 10 (0.1 ± 0.1) 1.6 ± 1.1 
Queich after WWTP outfall 10 (0.1 ± 0.1) 5.8 ± 3.2 
B    
WWTP influent 7 (0.8 ± 0.4) 24.2 ± 11.4 
WWTP effluent 7 <0.3 21.1 ± 8.8 
Moselle prior WWTP outfall 4 ND 0.4 ± 0.1 
Moselle after WWTP outfall 4 (0.1 ± 0.0) 0.5 ± 0.1 
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Table 2. Analyte detection frequencies, median, 95th percentile, and maximum concentrations 
of anticoagulants in fish liver samples from two different streams. Analyte concentrations are 
reported in ng/g relating to wet weight. ‘<’ indicates values below the respective method 
detection limits, values denoted in parenthesis are below method quantification limits. ND = 
not detected. 
 
Analyte Liver tissues from Queich, n = 11  Liver tissues from Moselle, n = 35b 
 Frequency Median 95th percentile Maximum  Frequency Median 95th percentile Maximum 
Rodenticides (%) (ng/g) (ng/g) (ng/g)  (%) (ng/g) (ng/g) (ng/g) 
Brodifacoum 100 12.2 29.7 29.9  100 3.3 15.1 19.8 
Bromadiolone 90.9 0.5 0.8 1.0  25.7 <0.1 2.3 7.5 
Difenacoum 36.4 <0.3 (0.5) (0.5)  82.9 1.1 13.8 16.5 
Flocoumafen ND ND ND ND  48.6 <0.01 0.35 1.7 
Difethialone 45.5 <0.1 1.8 2.3  31.4 <0.1 1.5 4.0 
Chlorophacinone ND ND ND ND  2.9 <0.1 <0.1 (0.2) 
Coumatetralyl 81.8 0.04 0.06 0.06  51.4 (0.01) 0.03 0.06 
Warfarin 
 

36.4 <0.01 (0.02) (0.02)  22.9 <0.01 (0.02) (0.02) 

Ʃ Rodenticides a 100 12.7 32.4 32.6  100 5.9 28.1 35.2 
          
Pharmaceuticals          
Phenprocoumon  100 0.10 0.20 0.22  60.0 (0.02) 0.05 0.09 
Acenocoumarol 45.5 <0.01 (0.02) (0.02)  ND ND ND ND 
a At least one of eight ARs detected.  ARs were summed for each specimen, with median presenting the rank order 6th value for Queich River 
and the rank order 18th value for Moselle River 
b Reduced number of samples (n = 30) analyzed for pharmaceutical anticoagulants 
 
  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

44 
 

CRediT author statement 
 
Julia Regnery: Conceptualization, methodology, validation, formal analysis, investigation, 
visualization, writing- original draft, project administration 
 
Robert S. Schulz: Investigation 
 
Pia Parrhysius: Investigation 
 
Julia Bachtin: Investigation 
 
Marvin Brinke: Conceptualization, writing - review & editing, project administration 
 
Sabine Schäfer: Conceptualization, writing - review & editing, project administration 
 
Georg Reifferscheid: Supervision 
 
Anton Friesen: Conceptualization, writing - review & editing 
  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

45 
 

Declaration of competing interest 
The authors declare that they have no known competing financial interests or personal 
relationships that could have appeared to influence the work reported in this paper. 
 
 
 
  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

46 
 

Graphical abstract 

Highlights 

 Anticoagulant rodenticides (AR) are emitted to the aquatic environment 

 Chemical rodent control in combined sewer systems contributes to AR emissions 

 AR are not sufficiently removed during conventional wastewater treatment 

 Untreated storm drain in the presence of AR also contributes to emissions 

 Second-generation AR accumulate in the liver of wild freshwater fish 
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December 6, 2019 
 
The Honorable Karen Farrer, Mayor 
The Honorable Mikke Pierson, Mayor Pro Tempore 
The Honorable Rick Mullen, Councilmember 
The Honorable Skylar Peak, Councilmember 
The Honorable Jefferson Wagner, Councilmember 
City of Malibu 
23825 Stuart Ranch Road 
Malibu, CA  90265 
 
RE: Item 4.A. – Local Coastal Program Amendment No. 14-001 
 
Dear Mayor, Mayor Pro Tempore, and Councilmembers: 
 
As the City of Malibu continues its leadership in protecting native wildlife and sensitive coastal environment, 
I write to offer my support for a ban on the use of anti-coagulant rodenticides in the coastal zone. 
 
Specifically, I support going beyond the staff proposal before you and enacting a ban on all pesticides, 
including herbicides, insecticides, rodenticides, and toxic chemical species.  Anti-coagulant rodenticides are 
just one element of the larger problem of long-lasting poisons introduced to our coastal environment that 
place biological resources and sensitive habitats at risk. 
 
I appreciate the complexity of the legal issues at hand, specifically whether state law precludes a city like 
Malibu from taking any action to ban the use of pesticides.   
 
After consultation with numerous authorities, including in-house legal counsel, the County of Los Angeles, 
California Coastal Commission (Commission) staff and multiple non-governmental organizations, I believe 
that nothing precludes the City from acting on this issue because of how Malibu has structured this proposal – 
as an amendment to its Local Coastal Plan that is subject to approval by the Commission, which is itself a 
state agency.  If the Commission determines the amendment does not comply with state law, then it will reject 
the proposal.  If, however, the Commission approves it, then the state’s Department of Pesticide Regulation 
(DPR), whose legal counsel decided to weigh in on this issue, can choose whether to challenge the 
Commission’s decision. 
 
  
 



 
 
 

fThe Honorable Karen Farrer 
fThe Honorable Mikke Pierson 
fThe Honorable Rick Mullen 
fThe Honorable Skylar Peak 
fThe Honorable Jefferson Wagner 
fDecember 6, 2019 
fPage 2 

 
 
As DPR’s counsel acknowledges in its e-mail to the City Attorney, a Superior Court recently upheld a 
pesticide ban that the Commission approved as part of an LCP modified by Los Angeles County involving an 
area in the Santa Monica Mountains.  DPR believes the facts in that case are different than the situation in 
Malibu, but for the purposes of what is before the City, that is an argument that is both specious and 
irrelevant.   
 
The question before you is whether to adopt an LCP amendment to ban the use of certain pesticides and 
submit that amendment to the Commission, a state agency, for review and approval. 
 
As a son of Malibu, I have the utmost respect for city officials and the process they undergo to make critical 
decisions like these.  I look forward to our continued partnership to defend our community’s extraordinary 
biodiversity and encourage you to take the necessary steps to protect our cherished natural habitats and 
wildlife.  
 
 
Sincerely,  
 

 
Henry Stern 
Senator, 27th District 
(D-Calabasas)  
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Abstract
Anticoagulant rodenticides (ARs) have been used for decades for rodent control worldwide. Research on the exposure of the
environment and accumulation of these active substances in biota has been focused on terrestrial food webs, but few data are
available on the impact of ARs on aquatic systems and water organisms. To fill this gap, we analyzed liver samples of bream
(Abramis brama) and co-located suspended particulate matter (SPM) from the German Environmental Specimen Bank (ESB).
An appropriate method was developed for the determination of eight different ARs, including first- and second-generation ARs,
in fish liver and SPM. Applying this method to bream liver samples from 17 and 18 sampling locations of the years 2011 and
2015, respectively, five ARs were found at levels above limits of quantifications (LOQs, 0.2 to 2 μg kg−1). For 2015,
brodifacoum was detected in 88% of the samples with a maximum concentration of 12.5 μg kg−1. Moreover, difenacoum,
bromadiolone, difethialone, and flocoumafen were detected in some samples above LOQ. In contrast, no first generation ARwas
detected in the ESB samples. In SPM, only bromadiolone could be detected in 56% of the samples at levels up to 9.24 μg kg−1. A
temporal trend analysis of bream liver from two sampling locations over a period of up to 23 years revealed a significant trend for
brodifacoum at one of the sampling locations.

Keywords Anticoagulant rodenticides . Environmental monitoring . High-resolution mass spectrometry . Bream . Suspended
particulate matter . Environmental SpecimenBank . Biocides

Highlights
• For the first time, anticoagulant rodenticides were identified in
freshwater fish and SPM.

• A multi-method was developed to capture eight different anticoagulant
rodenticides.

• Second generation anticoagulant rodenticides were found at levels >
10 μg kg−1.

• A differing distribution of rodenticides between fish and SPM was
found.

•At one site, the temporal trend of brodifacoum increased significantly in
bream liver.
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Introduction

Since the introduction of warfarin as the first anticoagulant
rodenticide on the US market in the late 1940s, rodent control
worldwide has relied increasingly upon the use of these
chemicals. As of 2017, anticoagulant rodenticides constitute
more than 95% of the authorized rodenticides as biocides in
the European Union (ECHA 2017b). The discovery of antico-
agulant rodenticides (ARs) is today recognized as the most
important step towards safer and more effective rodent control
(Buckle and Eason 2015).

ARs comprise active substances belonging either to the
class of 4-hydroxycoumarines such as warfarin or to 1,3-
indandione derivatives such as chlorophacinone. Without re-
gard to their chemical structure, ARs are grouped by their
ability to prevent blood clotting (coagulation) by the inhibition
of vitamin K which is essential for the production of several
blood clotting factors such as prothrombin. Typical symptoms
of AR intoxication, i.e., internal and external hemorrhages due
to the increased permeability of blood vessels, occur several
days after consumption of the rodenticide bait. This delayed
mode of action is key to the effectiveness of ARs as it over-
comes the bait shyness of rats.

Anticoagulant rodenticides are usually divided into first- and
second-generation anticoagulant rodenticides (FGARs/SGARs)
depending on the date of their introduction on the market.
FGARs (i.e., warfarin, chlorophacinon, coumatetralyl) were
firstly used in the late 1940s, 1950s, and 1960s, while SGARs
(i.e., bromadiolone, difenacoum, brodifacoum, difethialone,
flocoumafen) were developed in the 1970s and 1980s following
an increasing concern about warfarin-resistant rodents. Ever
since, ARs have been extensively used as pesticides to reduce
human and animal infections by rodent-borne diseases, for crop
protection against voles, or for species conservation on oceanic
islands (Masuda et al. 2015). They are nowadays regulated in
the European Union (EU) under the Biocidal Products
Regulation (EU) No. 528/2012 (BPR) and the Plant
Protection Products Regulation (EC) No. 1107/2009 (PPPR),
depending on their intended use to either protect human health,
animal health and materials or plants and plant products. Both
regulations foresee that ARs need to be authorized prior to being
made available on the European market. Under the PPPR,
difenacoum (Reg. (EU) No. 540/2011) and bromadiolone
(Reg. (EU) No. 540/2011) are the only anticoagulant active
substances which are approved for the use in plant protection
products in the EU. Under the BPR, the approval of eight anti-
coagulants, i.e., warfarin, chlorophacinone, coumatetralyl,
bromadiolone, difenacoum, brodifacoum, difethialone, and
flocoumafen as active substances for the use in rodenticides,
have just recently been renewed. While the last authorization
of an anticoagulant rodenticide as a plant protection product in
Germany has expired in 2015, their authorizations as biocides in
Germany have recently been prolonged (BVL 2017). As of

September 2017, 704 rodenticide products were authorized in
Germany under the BPR, of which about 91% contained an
anticoagulant active substance, of these 12.2% FGAR and
79.0% SGAR (compare Table 1) (BAuA 2017).

The environmental risk assessment of ARs under the BPR
authorization in the EU revealed high risks of primary and
secondary poisoning for non-target organisms, which either
feed directly on the bait or consume poisoned rodents.
Moreover, all SGARs have been identified as being either
persistent, bioaccumulative, and toxic (PBT-substances) or
very persistent and very toxic (vPvB-substances). These in-
herent substance properties in combination with the given
exposure of non-target organisms via primary and secondary
poisoning and the extensive and widespread use of ARs are
significant drivers for the likewise widespread contamination
of various wildlife species worldwide. It is thus not surprising
that residues of anticoagulant rodenticides, especially of the
second-generation compounds, have been detected in a large
variety of species. Residues of rodenticides were detected for
example, in barn owls (Geduhn et al. 2016, Newton et al.
1990), tawny owls (Walker et al. 2008), common buzzards
(Berny et al. 1997), golden eagles (Langford et al. 2013),
polecats/mink (Elmeros et al. 2018, Fournier-Chambrillon
et al. 2004, Ruiz-Suarez et al. 2014, 2016, Shore et al.
2003), weasels (McDonald et al. 1998), stoats (Elmeros
et al. 2011), foxes (Berny et al. 1997, Geduhn et al. 2015,
McMillin et al. 2008, Tosh et al. 2011), hedgehogs
(Dowding et al. 2010), and snails (Alomar et al. 2018).

Most of these environmental monitoring studies focused on
the terrestrial compartment, e.g., predatory birds (Gomez-

Table 1 Current numbers of registered biocidal products in Germany

Active substance Number of registered products %

Aluminum phosphide 9 1.3

Brodifacoum 196 27.8

Bromadiolone 127 18.0

Chloralose 51 7.2

Chlorophacinone 14 2.0

Coumatetralyl 14 2.0

Difenacoum 199 28.3

Difenacoum; bromadiolone 4 0.6

Difethialone 26 3.7

Flocoumafen 4 0.6

Hydrogen cyanide 1 0.1

Carbon dioxide 1 0.1

Warfarin 58 8.2

Total 704 100

FGARs 86 12.2

SGARs 556 79.0

Non-ARs 62 8.8
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Ramirez et al. 2014, Ruiz-Suarez et al. 2014, Stansley et al.
2014, Thomas et al. 2011) and mammals (Quinn et al. 2012),
as well as various non-target rodents (Elliott et al. 2014,
Geduhn et al. 2014). However, little to nothing is known so
far, about the exposure of aquatic life to ARs and the accumu-
lation of ARs in aquatic food webs.

The environmental exposure assessment within the autho-
rization of anticoagulant rodenticides under the BPR is based
on the Emission Scenario Document (ESD) (Larsen 2003)
which considers four main scenarios for the application of
ARs, i.e., the application in and around buildings, in open
areas (in rate holes), at waste dumps, and in the sewer system.
Significant releases to surface water bodies are only assumed
to occur from the application of ARs in the latter area of use,
i.e., in sewer systems. It has been shown that AR can enter
sewage treatment plants (STPs) and thereafter contribute to
the loads of anticoagulants to receiving surface waters with
effluents (Gomez-Canela et al. 2014). A maximum release to
the sewerage system and consequently to surface water could
result directly from the application of rodent bait into man-
holes of the sewer system and indirectly from the target ani-
mals’ urine, feces, and dead bodies. The application of roden-
ticides in rainwater sewers which as a rule are not connected to
a sewage treatment plant and discharge directly into receiving
waters can be considered another release pathway.

Environmental monitoring of AR provides some specific
challenges to the investigator. AR can enter the environment
via different exposure routes where they have been shown to
exhibit acute toxic effects at concentrations in the ppm and
ppb range (e.g., bromadiolone (Eason et al. 2002, Thomas
et al. 2011): LC50 of 2.86 mg L−1 for fish, Lepomis
macrochirus; LD50 of 0.56 mg kg−1 in rat (oral) (ECHA
2010), or difethialone (ECHA 2007): EC50 of 4.4 μg L−1 for
Daphnia magna acute, or LC50 of 51 μg L−1 for
Oncorhynchus mykiss. SGARs in particular exhibit a high
lipophilicity and environmental persistence and may thus en-
rich in predator tissues with high fat contents, e.g., mammali-
an liver (Eason et al. 2002, Thomas et al. 2011), which are
complex matrices and thus require elaborate and challenging
sample preparation. Furthermore, there are numerous AR sub-
stances that may enter the environment and so a comprehen-
sive assessment of the presence of AR requires very sensitive
and accurate multi-methods, covering a wide range of differ-
ent ARs. Several analytical approaches for multi-methods for
the quantitative determination of AR in biological samples
have been developed, such as liquid chromatography (LC)
and also ion chromatography (IC) coupled to tandem mass
spectrometry (MS/MS) (Bidny et al. 2015, Chen et al. 2009,
Jin et al. 2009, Jin et al. 2008, Marek and Koskinen 2007),
two-dimensional LC coupled to MS/MS (Marsalek et al.
2015), IC coupled to fluorescence detection (Jin et al. 2007),
methods using high resolution MS (Schaff and Montgomery
2013), and some other strategies that are presented in a review

by Imran et al. (2015). Available analytical methods are so far
hampered by the number of captured AR, as well as high
limits of detection caused by complex biological and environ-
mental matrices that are in contrast to low relevant environ-
mental concentrations. However, the method we apply here is
in good agreement (Hernandez et al. 2013) or better
(Vandenbroucke et al. 2008a, Vandenbroucke et al. 2008b,
Zhu et al. 2013) in terms of number of analytes covered and
sensitivity with other LC-MS/MS-based methods for solid
biological tissues such as liver and hair.

Good insight is available on risks of AR towards non-target
mammals as well as exposure and associated risks of various
predators (Christensen et al. 2012, Geduhn et al. 2016,
Gomez-Ramirez et al. 2014, Hughes et al. 2013, Langford
et al. 2013, Nogeire et al. 2015, Proulx and MacKenzie
2012, Rattner et al. 2014, 2015, Ruiz-Suarez et al. 2014,
Thomas et al. 2011).

Even if concentrations are assumed to be low after system-
atic or accidental exposure of aquatic systems (Fisher et al.
2012, Primus et al. 2005), the environmental impact may yet
be relevant due to the high bioaccumulation potential, espe-
cially of SGARs (Masuda et al. 2015). So far, no studies are
available on AR residues and accumulation in fish or distribu-
tion of AR in natural aquatic systems. The aim of this study
was to assess the exposure of freshwater fish to anticoagulant
rodenticides by analyzing levels of anticoagulants in fish tis-
sues. For this purpose, a highly sensitive and specific multi-
method was developed to determine eight anticoagulants,
which have been approved under the BPR for the use in ro-
denticides within the EU (cf. Table 2). We the applied this
method in a spatial monitoring study for two time points for
fish liver and one for suspended particulate matter (SPM)
samples of the German Environmental Specimen Bank
(ESB). Finally, retrospective analysis was performed for
SPM and fish samples from selected sites to detect time trends.
In addition, selected liver samples from otters (Lutra lutra)
were analyzed to characterize the bioaccumulation potential
of ARs in fish-eating mammal species.

Materials and methods

Collection and storage of samples

All samples were retrieved from the archive of the German
Environmental Specimen Bank.

Bream (Abramis brama) samples were analyzed from 17
and 18 sampling locations for 2011 and 2015, respectively,
and from 10 sampling years for two specific sampling loca-
tions. Sampling locations included 16 riverine sites and one
(2011) and two (2015) lakes. Samples were processed and
stored according to a dedicated ESB standard operating pro-
cedures (SOP) by Klein et al. (2012). SPMwas analyzed from
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the 16 riverine sampling sites sampled in 2015. SPM was
collected and processed according to a specific SOP by
Ricking et al. (2012).

Otter samples originate from the Upper Lusatia area in the
east of Germany (partly Elbe catchment) and represent indi-
viduals that died as a result of traffic accidents or lethal dis-
eases. The liver samples of five otter individuals were pre-
pared and analyzed according to the protocol for bream liver
samples.

Method summary

In order to optimize and merge available methods, and to
secure the specificity of the method, the rodenticide analysis
was performed on a UHPLC-chromatographic unit coupled to
a high-resolution mass spectrometer operating at a resolution
of 35,000. The adopted methodmainly based on Thomas et al.
(2011) for fish liver could be used to determine a total of eight
different target molecules, as given in Table 2 and Table 3. The
specificity of the method is assured by measuring the accurate
mass of the analytes in tandemmass spectrometric mode (MS/
MS) (see Table 3).

Table 2 harbors information on the reference substances used
for quantification. Stable isotopically labeled (deuterated) inter-
nal standards (IS) were only available for bromadiolone (as D5;
Campro Scientific, Germany, 99% D, 95% chemical, Lot #

AB126P2), warfarin (as D5; Campro Scientific, Germany,
99% D, 99% chemical, Lot # E305P28), and chlorophacinone
(as D4; Chiron AS, Norway, 99.4% D, 99% chemical Lot #
14266). The IS were added to the samples, but not used for
evaluation in the final method.

A sample of about 0.5 g fish matrix (liver or muscle; fro-
zen, cryo-milled ESB material) is mixed with roughly 3.5 g
Na2SO4 (ratio 1:7), 100 μL IS solution (three IS, each
100 ng mL−1), and 5 mL acetone in a 15-mL polypropylene
test tube. This mixture is treated for 30 min in an ultra-sonic
bath and for the same time on a vortex shaker. Subsequently,
the test tube is centrifuged at 4000 rpm for 5 min. The clear
supernatant is forwarded to a fresh test tube, whereas the pellet
is extracted with an additional 4 mL volume of fresh acetone.
The combined extracts were mixed with 1 mL of diethyl ether
and evaporated in a N2-stream at 50 °C to dryness. The re-
maining extract was then dissolved in 1 mL methanol and
homogeneously mixed by treating for 5 min in an ultra-sonic
bath. The slightly turbid suspension was forwarded to a
1.5-mL tube and centrifuged at 15,000 rpm for 2 min. The
cleared supernatant was finally filtrated through a 25-mm di-
ameter, 0.45-μm regenerated cellulose (RC) type membrane
filter, before filling into a UHPLC (ultra-high performance
liquid chromatography) vial for analysis.

A minimum of two solvent-based blank samples (up to
four) were analyzed in every measurement series. Matrix-

Table 2 List of AR covered in
this study used for quantification
and information on used reference
standards

AR AR-generation Chemical class (derivative) Purchased from Purity (%)

Brodifacoum 2 Hydroxycoumarine Sigma-Aldrich 99.4

Bromadiolone 2 Hydroxycoumarine Sigma-Aldrich 93.6

Chlorophacinone 1 Indandione Sigma-Aldrich 98.9

Coumatetralyl 1 Hydroxycoumarine Sigma-Aldrich 99.9

Difenacoum 2 Hydroxycoumarine Sigma-Aldrich 98.9

Difethialone 2 Thiocoumarine Dr. Ehrenstorfer 99.0

Flocoumafen 2 Hydroxycoumarine Dr. Ehrenstorfer 98.0

Warfarin 1 Hydroxycoumarine Sigma-Aldrich ≥ 98

Table 3 Accurate masses of ion
transitions of rodenticides as used
for the multiple monitoring
method. The Q-Exactive
instrument was run at a resolution
of 35,000 ± 10 ppm

Substance Theoretical mass
of precursor [m/z]

Captured mass
of product 1 [m/z]

Captured mass
of product 2 [m/z]

Flocoumafen 541.16322 161.02353 289.08545

Bromadiolone 525.0707 250.06194 n.d.

Brodifacoum 521.07578 135.04408 187.03854

Difenacoum 443.16527 135.04442 293.13202

Warfarin 307.09758 161.02234 250.06195

Chlorophacinone 373.0637 145.02859 201.04637

Coumatetralyl 291.10267 141.07021 247.11263

Difethialone 537.05294 151.02104 n.d.
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based quality control samples containing the rodenticides in
defined concentrations (adapted to the expected concentration
range in the samples: here 1.4 and 14 μg kg−1 for otter and
SPM, and 1.0 and 10 μg kg−1 for bream liver) were measured
about every 15 samples. Suitable rodenticide free matrices
were identified in a preliminary screening. All samples were
measured at least in duplicate, as specified in the respective
table captions.

Instrumental parameters

A UHPLC Acquity (Waters), coupled to an Orbitrap Q-
Exactive Plus (Thermo Scientific) high-resolution mass spec-
trometer, run in the multiple reaction monitoring mode with
electrospray negative (ES-) ionization was used for all chem-
ical analyses. Accurate masses of parent and daughter ions, as
well as MS-parameters, were according to Table 3. The used
column was 100 × 2 mm BEH C18, 1.7 μm (Waters), the
column temperature was 55 °C, and 20 μL sample volume
was injected and run with a flow of 0.35 mL min−1. The
solvents used were A: methanol +2 mM ammonium acetate
in water (5 + 95, v/v) and B: methanol containing 2 mM am-
monium acetate. The used UHPLC gradient program was
0 min 100% A→ 10 min 100% B→ 13 min 100% B→
15 min 100% A. Under the given conditions, of
bromadiolone, two diastereomeric partners elute, which are
reported here as a sum.

Method development and method validation

Initially, a comparison of AR concentrations in bream liver
and fillet was performed by applying a crude preliminary
method that had not been optimized. For difethialone and
brodifacoum, we found 100- or 80-fold higher concentrations
in liver, respectively. So, it was decided to focus on bream
liver samples for further method development and subsequent
analysis of environmental samples.

Commercial stable isotope labeled standards were pur-
chased to improve the method. After repeated measure-
ment cycles and calibrations, however, it was found that
the analytical parameters are much better when using an
external matrix matched calibration. So, the final method
does not use the signals for the IS, but an external matrix
calibration.

Calibration and validation of the method were performed
by standard addition techniques using matrix calibrations in
the range from 0.02 to 20.0 μg kg−1 and were evaluated to the
lowest calibration level within the linear range of a calibration.
Each calibration solution contained 100 μL of IS solution
which were spiked with 25 μg L−1, resulting in 5 μg kg−1 of
each IS. The handling and measurement of the calibration and
validation samples were identical to the treatment of the test
samples. For validation of the method, six bream liver and

SPM samples of 0.5 g each were fortified with defined AR
at individual limit of quantification (LOQ) concentrations to
prove for accuracy, repeatability, and precision at the LOQ
level (standard addition technique), according to Table 4.
Each sample was fortified with 100 μL of a solution contain-
ing all rodenticides in the respective concentrations ranging
from 0.1 to 100 μg L−1 and with 100 μL of the IS solution.
Otter liver was used to generate a respective matrix calibra-
tion, but due to limited sample material, no separate otter liver
validation could be performed.

Due to varying sensitivities of individual AR, the dy-
namic ranges of the calibrations are different, but none of
them showed an exponential behavior. To keep the proce-
dure constant, even after the decision to omit using the IS,
their addition to the samples was continued. For the given
calibration ranges, all functions were linear and show co-
efficients of determination (r2) of at least 0.99. The vali-
dated limits of quantification (LOQ) and standard devia-
tions (SD) are given in Table 4. All data are reported on a
wet weight basis.

Both matrices, bream liver and SPM, could be successfully
validated at the indicated LOQ levels. These levels range in a
substance, but also in a matrix-dependent manner from 0.2 to
2.0 μg kg−1, and reflect the lowest achievable values accord-
ing to observations derived from the matrix calibration func-
tions shown in Fig. S1 of the Electronic supplementary
material (ESM). The recoveries are within 90–110% and the
relative standard deviation (RSD) is ≤ 10% (n = 6). The only
exception is chlorophacinone whose mean recovery is 116%
and RSD 26.3% in SPM. This seems acceptable since no
quantitative data are being reported for chlorophacinone in
this study. The achieved LOQs are similar or lower than re-
cently published LC-MS/MS-based multi-methods for AR in
tissues, ranging from 0.9 to 250 μg kg−1 (Fourel et al. 2017a,
Hernandez et al. 2013, Jin et al. 2009, Marek and Koskinen
2007, Marsalek et al. 2015, Smith et al. 2017, Vandenbroucke
et al. 2008b).

Analysis of temporal trends

Temporal trends for brodifacoum in fish tissue (wet
weight data) were analyzed by applying a software tool
from the German Environment Agency (LOESS-Trend,
Version 1.1, based on Microsoft Excel). The application
fits a locally weighted scatterplot smoother (LOESS) with
a fixed window width of 7 years through the annual ro-
denticide levels. Then, tests on the significance of linear
and non-linear trend components are conducted by means
of an analysis of variance (ANOVA) following the proce-
dure of Fryer and Nicholson (1999). For years with ana-
lytical results less than the LOQ, the data gaps were treat-
ed as ½ LOQ values.
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Results and discussion

Results of environmental analysis

Spatial comparison: measurement of samples from different
ESB sampling sites of the years 2011 and 2015

Results of the spatial monitoring exercise are presented in
Table S1 (2011) and Table S6 (2015) in the electronic supple-
mental material and are summarized in Fig. 1 (for 2015) along
with the spatial distribution of the sampling sites across
Germany. Within all bream liver samples, only SGARs were
found above the LOQ. For the year 2015, brodifacoum was
the major AR found. It was detected in 88% of the samples
with a maximum concentration of 12.5 μg kg−1 (average (Ø)
3.4 μg kg−1 and median 2.1 μg kg−1). Difenacoum was found
in 44% of the samples at comparably lower concentrations of
up to 0.7μg kg−1 (Ø 0.1μg kg−1). Bromadiolone was found in
17% of the samples at peaks of 7.1 μg kg−1 with Ø of
0.6 μg kg−1, difethialone in 6% with highest levels at
6.3 μg kg−1, and flocoumafen in 12% at highest levels of
0.3 μg kg−1. For 2011, quite different substance and concen-
tration patterns were found, as presented in Table S1, which
may be due to the seasonal character of substance usage and
varying intervals between application and sampling. To our
knowledge, this is the first evidence of AR in freshwater fish
tissue.

In addition, a set of co-located suspended particulate matter
(SPM) samples from the year 2015 were analyzed. The results
are presented in Table S3 and also included in Fig. 1. In con-
trast to results of the bream liver samples, in SPM, only
bromadiolone was found above LOQ in 56% of the 16 sam-
ples with highest values of 9.2 μg kg−1 (Ø 4.9 μg kg−1; me-
dian 4.3 μg kg−1).

No ARs were detected > the LOQ in the five otter livers
that were analyzed in addition to bream and SPM to exempla-
ry include a fish-eating mammal as a top predator in the food
web in this study. In contrast, in a study using French otter

samples from 2010, 10% of the tested otter samples were
contaminated with bromadiolone at levels of 400 and
850 μg kg−1 fresh weight (Lemarchand et al. 2010).

Temporal trend analysis: retrospective monitoring
for rodenticides in fish liver samples from Saar
River/Rehlingen and Elbe River/Prossen

Based on the results of the 2011 and 2015 spatial analysis, the
sampling sites in Rehlingen at the Saar River and Prossen at
the Elbe River were chosen for the temporal analysis.

The results of the temporal analysis are summarized in S4
(Saar/Rehlingen) and Table S5 (Elbe/Prossen).

From these temporal data, a significant time trend could be
drawn only for brodifacoum at Saar/Rehlingen (Fig. 2). This
trend indicated an average increase of brodifacoum at
0.3 μg kg−1 per year for the observed period and
1.3 μg kg−1 per year for the last 7 years.

Notably, brodifacoum was the most abundant AR mea-
sured in fish from both locations. Concentrations ranged be-
tween about 1 and 13 μg kg−1 in fish from Rehlingen and
between 4 and 12 μg kg−1 in fish from Prossen, where it
was found below LOQ only in the years 1992 and 2009. At
Rehlingen also, bromadiolone, difenacoum, flocoumafen, and
difethialone were found occasionally and at comparably low
levels. Interestingly, for both sampling sites, the diversity of
detected ARwas higher in 2015 than in the years before. SPM
was not subject to a retrospective analysis.

Assessment of relevance of rodenticide residues in fish
and SPM

The analysis of fish samples at the different ESB sampling
sites revealed the detectable occurrence in the order
brodifacoum, difenacoum, bromadiolone, difethialone, and
flocoumafen at levels above the LOQ. In contrast, in SPM,
only bromadiolone was detectable.

Table 4 Studied AR and
respective analytical parameters
of method validation by
fortification of respective matrix,
n = 6

Substance Bream liver SPM

LOQ level
[μg kg−1]

Recovery [%] RSD [%] LOQ level
[μg kg−1]

Recovery [%] RSD [%]

Flocoumafen 0.2 100 5.4 1.0 98 6.9

Bromadiolone 2.0 95 8.1 1.0 96 4.8

Brodifacoum 1.0 93 6.6 2.0 98 5.9

Difenacoum 0.2 96 9.7 1.0 98 10.3

Warfarin 0.2 103 6.9 0.2 102 7.5

Chlorophacinone 1.0 93 7.2 2.0 116 26.3

Coumatetralyl 0.2 110 4.1 0.2 106 5.4

Difethialone 1.0 95 3.3 1.4 103 4.6
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Only SGARs were found above LOQ of the ARs measured
in this study. This could be related to the higher persistency
and potential for bioaccumulation of SGAR in comparison to
FGAR. The partition coefficients n-octanol/water (log Kow),
as a measure for lipophilicity and bioaccumulation potential,
for FGARs are < 5 (at environmentally relevant pH) while the
respective values for SGARs are all > 5 (at environmentally
relevant pH). Also, available toxicity studies with rats show
much shorter half-lives of FGAR in livers when compared to
SGAR which may indicate faster elimination rates in target
and non-target organisms (Daniels 2013). Another plausible
reason for the lack of FGARs in the analyzed fish samples
might be that FGARs are generally used less frequently than
SGARs, especially for the control of rats in sewer systems,
which is assumed to be the source of emissions to surface
water bodies. A survey of 508 local municipal authorities in
Germany responsible for the rat control in sewers (Krüger and
Solas 2010) indicated that bromadiolone followed by
difenacoum and brodifacoum were used most often by local
authorities for the control of brown rats in sewer systems.

Comparison with bioconcentration factors, adsorption
coefficients, and use patterns

The bioconcentration factors (BCF, the ratio of a substance
concentration in water and in fish tissue and expressed as
L kg−1) of fish as stated in the respective public Assessment
Reports for their approval under BPR decrease in the follow-
ing order: difethialone (39,974; estimated), brodifacoum
(35,645; estimated), flocoumafen (24,300; measured),
bromadiolone (460; measured), chlorophacinone (22.75; esti-
mated), warfarin (≤ 21.6; measured), coumatetralyl (11.4;
measured) (ECHA 2017a). The BCF values may explain
why SGARs were detectable in the ESB fish samples, while
FGARs were not. The organic carbon adsorption coefficients
Koc [L kg−1], as given in the respective Assessment Reports
for each of the active substances, increase in the order of
warfarin (174), coumatetralyl (258), brodifacoum (9155),
bromadiolone (14,770), chlorophacinone (75,800),
flocoumafen (101,648), difenacoum (1.8* 106), difethialone
(about 108) (ECHA 2017a). According to this, other highly

Fig. 1 Overview of 18 bream and 16 SPM sampling sites. Results of the spatial analysis for eight ARs in bream liver and SPM are displayed as black and
yellow bars, respectively. For detailed results, see Table S1 and S3
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adsorptive anticoagulants such as difenacoum, which is ac-
cording to Krüger and Solas (2010) commonly used for sewer
baiting in Germany, should also be expected to absorb to SPM
(assumed that comparable amounts are emitted). There may
be several reasons why this is not the case: SPM samples in
the ESB archive were pooled samples of 12 monthly sub-
samples, whereas only one ESB fish sample was collected
per year after spawning at each of the riverine sampling sites.
Depending on a seasonal exposure, higher or lower findings,
compared to the concentrations actually found in this study,
may be expected in SPM (e.g., when exposed in spring after
treatment campaigns in municipal rodent control, AR can be
expected in SPM), but the occurrence in fish that are sampled
in a different season compared to the treatment might be

unlikely, especially for FGAR with a low bioaccumulation
potential. However, this cannot fully explain the exclusive
presence of bromadiolone and we are unclear why other
ARs were not detected in this matrix.

The varying treatment lengths, intervals, and substance pat-
terns of AR treatment campaigns in Germany may also help to
explain the occasional detections of other SGAR, as their pres-
ence may reflect the major AR applied in the catchment that
year. Data on the amounts of AR that were used are unfortu-
nately rarely available (Pohl et al. 2015). Rodenticides, which
have been used most often by municipal authorities for sewer
baiting (Krüger and Solas 2010), were those found most fre-
quently in fish (difenacoum, brodifacoum, and bromadiolone)
and bromadiolone in SPM.

Rough estimations suggest that the AR concentrations de-
tected in fish are plausible given the available data on concen-
trations in sewage treatment plant (STP) effluent (Gomez-
Canela et al. 2014) and the known BCF of the detected com-
pounds in fish (For details, see ESM).

An important aspect of rodenticides was recently identified
to be the metabolism by Fourel et al. (2017b). They found a
high abundance of trans-bromadiolone in red kite, indicating
individual metabolic rates for the two bromadiolone enantio-
mers. If fish could also metabolize bromadiolone isomers se-
lectively, this could explain why we found bromadiolone
more frequently in SPM compared to fish liver. This does, in
turn, not help to understand why other ARs were not found in
SPM.

Synopsis

In summary, our findings demonstrate that contamination of
wildlife with anticoagulant rodenticides, especially SGARs,
also involves aquatic species and is not confined to predatory
birds or mammals of the terrestrial food web. We detected
residues of SGARs in fish samples from almost every ESB
sampling site, including the rivers Rhine, Elbe, and Danube.
The ubiquitous exposure of fish is in contrast to the rather low
concentrations of SGARs in biocidal products which ranged
from 25 mg kg−1 (difethialone) to 75 mg kg−1 (difenacoum).
An amount of approximately 50 kg of anticoagulant rodenti-
cide active substance is used annually for rat control in sewers
and above ground by municipal authorities in Germany, with
approximately 75% were used exclusively for sewer baiting
(Krüger and Solas 2010). Given this relatively moderate
amount of use, the prevalence of detectable rodenticide resi-
dues in fish samples appears surprisingly high. Whether this is
entirely accounted for by the persistent and bioaccumulative
properties of the SGARs requires investigation. In general,
there remains a lack of understanding about both the impacts
of rodenticides on aquatic life and the pathways by which
these compounds enter the environment. There are few pub-
lished data on rodenticide levels in waste water (Gomez-

Fig. 2 Time trend analysis of both sampling sites for brodifacoum using
the LOESS-Trend tool (compare BMaterials and methods^ section).
Circles reflect actual results (mean values of replicates of pooled fish
samples), while the blue solid or dashed line reflects the linear fit, the
green dashed line the dynamic fit, and the gray area the confidence
interval (α = 0.05). For mean value calculations, data below the LOQ
were substituted by a concentration of 50% of the LOQ (LOQ =
1.0 μg kg−1 for brodifacoum; compare Table S4 and S5 in the ESM).
B-^ indicates values results below LOQ
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Canela et al. 2014) or surface water and no information on
what specific substances or amounts are used. Experimentally
derived BCF values for ARs are not always available and
modeled BCF value may not enable a sound assessment of
the potential for bioaccumulation in fish. Therefore, it is im-
portant to generate a better overview on the temporal spatial
occurrence of AR in freshwater environments and to identify
relevant sources and entry pathways. Further research is need-
ed to unravel the exposure of freshwater environments to ro-
denticides. This may involve environmental fate studies as
well as additional spatial and temporal monitoring activities.
Monitoring of AR can thereby provide additional key infor-
mation for their environmental risk assessment and the need to
set appropriate risk mitigation measures within their authori-
zation as biocides in the European Union.
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VIA E-MAIL AND U.S. MAIL

Christi Hogin, Esq.
Malibu City Attorney
Jenkins & Hogin LLP
1230 Rosecrans Avenue, #110
Manhattan Beach, California 90266
chogin@localgovlaw.com

TELEPHONE

(213) 974-1927
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(213)613-4751

TDD

(213)633-0901

E-MAIL

jJones@counsel.lacounty.gov

Re: Validity of Santa Monica Mountains Local Coastal Program,
Including Regulation of Pesticide Use

Dear Ms. Hogin:

As discussed this morning, my office respectfully disagrees with your
conclusion that provisions of our Santa Monica Mountains Local Coastal Program
(LCP) that regulate pesticide use are "not legally sound."

We are aware that questions have arisen as to whether California Food and
Agricultural section 11501.1(a), which prohibits pesticide regulation by local
governments, preempted the California Coastal Commission ("Coastal
Commission") from certifying the LCP, insofar as such LCP included provisions
regulating pesticide use.

We looked at this issue closely when assisting the County Department of
Regional Planning in the preparation of its LCP. We have also reviewed the issue
again when the recent inquiry arose. It is our opinion that the preemption
language in section 11501.1(a) does not apply to the LCP because the LCP does
not constitute a local regulation for purposes of that statute. Rather, the LCP was
prepared and certified pursuant to the California Coastal Act, Public Resources
Code ("PRC") section 30000 et seq. Based on the regulatory layout of the
California Coastal Act, case law has consistently rejected the contention that an
LCP, such as ours, is a local regulation. Thus, we believe section 11501.(a) does
not apply to the LCP.

Moreover, section 11501.1, subsection (c), of the California Food and
Agricultural states: "Neither this division nor Division 7 (commencing with
section 12501) is a limitation on the authority of a state agency or department to
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enforce or administer any law that the agency or department is authorized or
required to enforce or administer." This subsection explicitly recognizes that
regulation of pesticides can be within the purview of other state agencies, such as
the Coastal Commission. This provides further support that the certification of
the LCP was legally proper, notwithstanding the provisions regulating pesticide
use.

If you have any further questions concerning this matter, please contact
me, Deputy County Counsel Jill M. Jones at (213) 974-1927.

Very truly yours,

MARY C. WICKHAM
Interim Countv Counsel

Counsel

JMJ/ph

c: Richard Bruckner, Director
Department of Regional Planning
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December 6, 2019 

 
Via email 

 
Mayor Karen Farrer (KFarrer@malibucity.org)  
Mayor Pro Tem Mikke Pierson (MPierson@malibucity.org)  
Councilmember Rick Mullen (RMullen@malibucity.org)  
Councilmember Skylar Peak (SPeak@malibucity.org)  
Councilmember Jefferson Wagner (JWagner@malibucity.org)  
City Clerk Heather Glaser (HGlaser@malibucity.org)  
City Attorney Christi Hogin (Christi.Hogin@bbklaw.com) 
 

Re:  Local Coastal Program Amendment No. 14-001, December 9, 2019 Agenda 
Item No. 4.A. 

 
Honorable Councilmembers, 
 
 We submit these comments on behalf of Poison Free Malibu, a community 
organization dedicated to eliminating pesticide threats to Malibu’s wildlife.  Poison Free 
Malibu wholeheartedly supports the City’s adoption of a Local Coastal Program (LCP) 
amendment that would prohibit the use of herbicides, insecticides, and rodenticides 
known to harm wildlife.  If adopted as part of an LCP amendment and certified by the 
California Coastal Commission, the pesticide prohibition would constitute state action 
that is permitted by Food and Agriculture Code section 11501.1.  More importantly, 
combined with the protections of the County’s LCP for the Santa Monica Mountains, an 
amendment to Malibu’s LCP banning the use of pesticides would provide much-needed 
protection to mountain lions, bobcats, and raptors throughout their Santa Monica 
Mountains ranges.  This would be consistent with the County of Los Angeles’s LCP for 
the Santa Monica Mountains, which also prohibits harmful pesticides including 
rodenticides.  Importantly, the amendment would implement California Coastal Act 
section 30240 which requires avoidance of significant disruption of habitat values in 
environmentally sensitive habitat areas (ESHA).  Southern California mountain lion 
populations are already on the edge of extirpation, in large part due to stresses associated 
with rodenticide exposure.  Herbicides, insecticides, and all rodenticides cause significant 
disruption.    
 

Chatten-Brown, Carstens & Minteer LLP agrees with the conclusions of the 
Natural Resources Defense Council, the County of Los Angeles, the California Coastal 

mailto:mnb@cbcearthlaw.com
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Commission, and the California Office of the Attorney General regarding the legality of 
amending an LCP to ban pesticides and other chemicals that harm wildlife.  This position 
has been upheld by the Superior Court of Los Angeles.  (Mountainlands Conservancy, 

LLC v. California Coastal Commission, Los Angeles Superior Court Case No. BS 
149063.) 
 

We have reviewed the November 27, 2019 email from the Chief Counsel of the 
Department of Pesticide Regulation.  On its face, the email states that it was actively 
solicited by the City Attorney in support of her position.  The email talks about the City’s 
adoption of a “proposed ordinance.”  We don’t have access to the initial email the City 
Attorney sent to Mr. Rubin, so we don’t know if her correspondence asked specifically 
about the Coastal Commission’s adoption of a prohibition in the Malibu LCP, or if she 
merely asked about the City’s adoption of a rodenticide prohibition.  The latter would be 
preempted by state legislation.  The former would not.  Food and Agricultural Code 
section 11501.1 specifically prohibits “local government” action.  It does not apply to 
state agencies.  Thus, state action in which the Coastal Commission adopts an LCP 
amendment prohibiting rodenticides in Malibu, pursuant to its authority to carry out 
Public Resources Code section 30240, is permitted by the Food and Agriculture Code.  
The Department of Pesticide Regulation attempts to distinguish from the County of Los 
Angeles decision because Malibu would be amending the LCP on its own initiative and 
not at the request of the Commission.  But the City would be amending the LCP to satisfy 
Coastal Act requirements to stop ongoing significant disruption of ESHA habitat values.  
While this superior court case is not citable in court for most purposes, the facts align.    
 
 We have also reviewed the November 18, 2019 Memorandum provided to the City 
Council by the City Attorney.  In this Memorandum, the City Attorney does not state that 
Malibu’s adoption of a rodenticide ban would be any different than the County’s 
adoption of a rodenticide ban, which was upheld by the court and not appealed.  Instead, 
the City Attorney states that the Superior Court decided the case wrongly, asserting that 
the Coastal Commission lacks the authority to certify a Local Coastal Program 
Amendment that bans harmful chemicals.  This should not be a basis for failing to protect 
Malibu’s wildlife and environmentally sensitive habitat areas, especially when state law 
explicitly requires that LCPs be consistent with the policies contained in Chapter 3 of the 
Coastal Act.  These policies, which constitute controlling state law, include Public 
Resources Code section 30240.  Subdivision (a) states, “Environmentally sensitive 
habitat areas shall be protected against any significant disruption of habitat values, and 
only uses dependent on those resources shall be allowed within those areas.”  The 
protection of ESHA is not geographically limited to threats arising within the ESHA.  
Subdivision (b) provides, “Development in areas adjacent to environmentally sensitive 
habitat areas and parks and recreation areas…shall be compatible with the continuance of 
those habitat and recreation areas.”  The City Attorney’s Memorandum has not explained 
how the Commission’s certification of a Local Coastal Program amendment designed to 
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protect wildlife inhabiting ESHA would conflict with Public Resources Code section 
30240, a provision of state law that is central to the purpose for which the Commission 
was created.     
  

Malibu’s LCP currently prohibits insecticides and herbicides in and adjacent to 
ESHA.  Wildlife and habitat protection consistent with section 30240 of the Coastal Act 
requires more.  Poison Free Malibu’s proposed language recognizes the 
interconnectedness of the City with the surrounding ESHA.  Application of herbicides, 
insecticides, and other toxic chemicals outside of ESHA causes environmental harm 
within ESHA designated in both the Malibu and Santa Monica Mountains LCPs.  Raptors 
that eat contaminated rodents within Malibu can fly distances and die in ESHA before 
being consumed by other species that then fall prey to rodenticides.  Large predators such 
as bobcats, coyotes, and mountain lions have ranges that include both ESHA and non-
ESHA areas. A rat or mouse poisoned within the City can poison mountain lions or 
bobcats in near or faraway ESHA, or contribute to mange and other conditions that lead 
to reduced reproduction and premature death.   
 
 Poison Free Malibu supports LCP amendment language prohibiting harmful 
chemicals beyond anticoagulant rodenticides.  As the City’s LCP already prohibits “[t]he 
use of insecticides, herbicides, or any toxic chemical substance which has the potential to 
significantly degrade Environmentally Sensitive Habitat Areas (ESHA),” the inclusion of 
this language in an LCP amendment is hardly novel.  (LCP Land Use Plan, Policy 3.18.)  
The use of herbicides within the City eradicates food sources for butterflies and other 
plant-dependent species in Malibu and Santa Monica Mountains ESHA.  It is also 
important to include all rodenticides in the LCP amendment.  Due to the brutality 
inherent in anticoagulant rodenticides, there has been increased reliance on alternative 
chemicals, such as bromethalin, cholecalciferol, and even strychnine.  These poisons act 
quickly, often without available antidotes, and commonly poison non-target wildlife and 
pets.  They, too, pose dire threats to ESHA.           
 
 Thank you for the consideration of these comments, and we look forward to the 
City’s action to protect wildlife on December 9, 2019. 
 
      Sincerely, 
 
       
 
      Michelle N. Black, on behalf of 
      Poison Free Malibu 
 
 
 

ck
Michelle



From: Poison Free Malibu
To: Coastal Strategic Plan Comments
Subject: November Item F5: Strategic Plan - Include Pesticide Prohibitions
Date: Friday, October 30, 2020 1:53:40 PM
Attachments: Malibu LCP-A PFM comments.docx

AttachmentsToCoastalEmailFromPFM.zip

Dear Coastal Staff,

The city of Malibu has submitted an LCP amendment to prohibit toxic pesticides in the
Malibu Coastal Zone to be considered at a hearing in the near future.
Los Angeles County has already done this in the unincorporated Los Angeles County Santa
Monica Mountains LCP in 2014.
Several other LCPs also include prohibitions, possibly starting with Santa Cruz County in
1994.

Prohibitions are necessary due to the growing recognition of the threat to the coastal wildlife
and ecosystem from pesticides.
Please consider adding the goal of encouraging LCPs and LCP amendments that encourage
similar prohibitions in the Strategic Plan.

For example, the following could be added to Section 3.1.1 or as a separate item under 3.1:
"Encourage LCPs to incorporate prohibitions on toxic pesticides to protect wildlife and marine
resources."

Attached are documents we submitted in support of the Malibu LCP amendment which go into
detail supporting pesticide prohibitions.

Malibu LCP-A PFM comments.docx is the email to Coastal Staff on July 30, 2020.
AttachmentsToCoastalEmailFromPFM.zip are supporting documents referred to in the email

Thank you,

Joel
-- 
Joel Schulman PhD
Poison Free Malibu
Email: PoisonFreeMalibu@gmail.com
Website: PoisonFreeMalibu.org
Facebook: Poison Free Malibu
Phone: 310-456-0654

mailto:poisonfreemalibu@gmail.com
mailto:StrategicPlanComments@coastal.ca.gov
mailto:PoisonFreeMalibu@gmail.com
http://poisonfreemalibu.org/

To: Ventura Office Coastal Commission Staff - Barbara Carey, Denise Venegas, Deanna Christensen, Jonna Engel: 

dchristensen@coastal.ca.gov

Barbara.Carey@coastal.ca.gov

Denise.Venegas@coastal.ca.gov

Jonna.Engel@coastal.ca.gov

						July 30, 2020

From: Poison Free Malibu PoisonFreeMalibu@gmail.com

Subject: July 9, 2020 Telecon: Malibu LCP amendment restricting pesticides



Thank you for the Zoom meeting with us on July 9. We deeply appreciate the concern of the Coastal Commission for wildlife and the environment in the Coastal Zone. It was useful to learn of your concerns on the call. The purpose of this document is to contribute to your decision making with information we have acquired over the years.



The Malibu LCP amendment is based on General Provision 30001(c) of the Coastal Act requiring  –



“That to promote the public safety, health, and welfare, and to protect public and private property, wildlife, marine fisheries, and other ocean resources, and the natural environment, it is necessary to protect the ecological balance of the coastal zone and prevent its deterioration and destruction.”



It is well documented that wildlife in the Coastal Zone, from insect pollinators to the largest predator species, have been suffering from rat poison and other pesticides. The Coastal Commission has the mandate and charter to protect wildlife. By “pesticides” is meant the overarching term that includes rodenticides, insecticides, and herbicides.



The current Coastal Development Permit rodenticide restrictions for new development applications will do nothing to fix the already existing widespread damage. Prohibitions against the use of pesticides everywhere in Malibu must be utilized to reverse the poisoning of our wildlife in the Santa Monica mountains.



We believe that our campaign from 2012 to the present to stop the poisoning of wildlife in the Santa Monica mountains, and then throughout California, has provided extensive background information that could contribute to your deliberations concerning the Malibu LCP amendment. 



We would like to make the following points as a follow up to our July 9 discussion. The pdf files referred to are attached to this email.



• National Park Service, UCLA and others - summary of the effects of rat poison on wildlife in the Santa Monica mountains



We are fortunate in the Santa Monica mountains to have world class scientists from the National Park Service and the UCLA Department of Ecology and Evolutionary Biology documenting the effects of rodenticides on wildlife. 



A. Dr. Seth Riley of the NPS and Adjunct Professor at UCLA has stated concerning mountain lions (see link) - “Just about every mountain lion we’ve tested throughout our study has had exposure to these poisons, generally multiple compounds and often at high levels.”



B. Please read the attached two letters to the city of Malibu from Santa Monica Mountains NPS Superintendent David Szymanski from July 2013 and December 2019 - NPSLetterToMalibuCityCouncil 8July2013.pdf and NPS LCP Amendment Letter 6Dec2019.pdf.



Quotes from the second letter include:



“In addition, five mountain lions have now died directly from anticoagulant rodenticide poisoning during our long-term study of the behavior and ecology of this species, the last remaining large carnivore in the region.”



“In a recent analysis of survival and mortality causes across the 17 years of our study since 2002, death from anticoagulant poisoning has become an important cause of death for mountain lions”



“Overall, our studies have shown widespread exposure to these chemicals across the carnivores in our region that we have studied. We found a greater than 90% exposure rate of bobcats to anticoagulant rodenticides (Riley et al. 2007, Riley et al. 2010, Serieys et al. 2015b), a 96% exposure rate in mountain lions (23 of 24 have tested positive), and an 83% exposure rate in coyotes (Gehrt and Riley 2010). Moreover, for all of these species, 2/3 or more of the exposed animals had evidence of multiple different rodenticide compounds and sometimes in large amounts, indicating multiple exposure events.”



C. Dr. Laurel Serieys of UCLA, working with the National Park Service, studied 304 bobcats, mostly in the vicinity of the Santa Monica mountains with some in the Orange County Santa Ana mountains. 



She found multiple rodenticides in 92% of bobcats whose blood and livers were both examined. See L. Serieys, et al, Anticoagulant rodenticides in urban bobcats: exposure, risk factors and potential effects based on a 16-year study, Ecotoxicology (2015) 24:844–862. 



D. Pollinators are major victims of herbicides. For several days around Thanksgiving and New Years, the Xerces Society sponsors an annual count of the Monarch butterflies overwintering along the California coast, much of it within the Coastal Zone. In January, after carefully tallying the results of the last count (2019-2020) there were only 29,418 Monarchs at 240 overwintering sites—less than 1% of the population existing in the 1980s and nearly identical to last year’s alarming numbers. In both years the population has been less than 30,000 monarch butterflies, the threshold below which the migration may collapse.


Two of the major reasons for this collapse of the Monarch population, and of bees as well as other pollinators and beneficial insects, is land development over the past few decades that destroyed many of the native wildflowers found in meadows / prairie and other areas where native wildflowers once grew, and widespread pesticides use including insecticides, herbicides and fungicides in these now developed areas.



• Mountain Lions Endangered Species Listing



Mountain lions, as the largest and least abundant predator, are especially vulnerable in the Santa Monica mountains. The California Fish and Game Commission at its April 2020 meeting accepted for consideration the Center for Biological Diversity and Mountain Lion Foundation petition to list mountain lions in southern and central coastal California as threatened or endangered under the California Endangered Species Act. 



The Santa Monica mountains population was identified as one of six especially endangered groups statewide. Rodenticide exposure was one of the primary justifications for the endangered status.



The California Department of Fish & Wildlife wrote in support of the petition (“SGAR” is second generation anticoagulant rodenticides, “FGAR” is first generation) –



“The results of Wildlife Investigation Laboratory recent analyses found anticoagulant rodenticide exposure in 241 of the 252 (95.6%) of mountain lion livers tested from 2016 to

2018). SGARs were more commonly detected than FGARs, despite a 2014 regulatory change restricting SGAR use to certified pesticide applicators. Past and ongoing work by WIL demonstrates widespread exposure to both FGARs and SGARs in California’s mountain lions.”



• Legal support for LCPs regulating pesticides



A. Ruling by Superior Court Judge Chalfant supporting LCP pesticide regulation. See page 20 in Chalfant Ruling.pdf.



A legal objection to the Santa Monica Mountains LCP was made in a lawsuit by Mountainlands Conservancy, LLC. It included a challenge to LCP pesticide bans. The case was argued by the Office of the Attorney General of California. Superior Court Judge Chalfant ruled against the plaintiffs. They appealed on other grounds, but dropped the objection to pesticide bans, recognizing the weakness of their arguments. Their appeal in total was rejected in April 2020. 



This victory should not be discarded! The decision clearly states that BANS, not just development permits conditions, are appropriate to protect the environment:



[image: ]



B. Los Angeles County Counsel letter in support of Malibu LCP Amendment – LA CountyCounselLettertoCHogin.pdf



C. Los Angeles County Santa Monica Mountains LCP pesticide prohibitions. Amy Bodek, Director of Los Angeles County Regional Planning, and Nicole Englund, Planning Deputy for Supervisor Sheila Kuehl, are knowledgeable about ongoing implementation and enforcement of the SMMLCP provisions. The provisions are enforced in the same way as other similar provisions in their LCP. Please contact them to get the details directly.



D. Coastal Commission staff, Barbara Carey, letter – CoastalCommissionSupportsMalibuLCPAmendment.pdf



“In order to avoid these impacts, the Coastal Commission has consistently prohibited the use of anticoagulant rodenticides as a condition of coastal development permits approved in the Santa Monica Mountains. Additionally, policies and provisions prohibiting the use of anticoagulant rodenticides were included as part of the Los Angeles County Santa Monica Mountains Local Coastal Program certified in 2014.” 



Note that the letter points out that the Commission had already been imposing rodenticide prohibitions in the Santa Monica mountains with CDPs, but then recognizes that “additionally” the SMMLCP policies and provisions go further to prohibit their use. This can only be understood as imposing prohibitions beyond the already utilized CDP mechanism.



E. The December 9, 2019 Malibu city council meeting which passed the LCP amendment produced several supporting documents.



1. Video of Malibu Planning Director Bonnie Blue’s presentation -https://youtu.be/LOys2e7dHFA?t=3621. 

She described how to amend the sections in the current Malibu LCP to apply to all pesticides throughout the city and to include existing development. She contacted Los Angeles County Regional Planning to verify that their prohibitions were to apply everywhere and were indeed enforced.



2. Video of Attorney Michelle Black – https://youtu.be/LOys2e7dHFA?t=7496. She summarized the Poison Free Malibu position on the intent of the LCP amendment language, reiterating that it is to emulate the SMMLCP with the generalization to all rodenticides.



3. Attorney Michelle Black letter – Michelle Black Item 4A Pesticide Letter.pdf



4. National Resources Defense Council letter –  NRDC.rodenticide letter.nov 26 2019.final.pdf



5. Center for Biological Diversity letter – 2017-12-5.CBD.Malibu LCP-rodenticides.pdf



6. State Senator Henry Stern letter – Henry Stern 120619.pdf  –

“Specifically, I support going beyond the staff proposal before you {meaning choose the Poison Free Malibu version} and enacting a ban on all pesticides, including herbicides, insecticides, rodenticides, and toxic chemical species. Anti-coagulant rodenticides are just one element of the larger problem of long-lasting poisons introduced to our coastal environment that place biological resources and sensitive habitats at risk.”



• Alternatives to pesticides



Poison Free Malibu has been compiling alternative methods for pest control and archiving them at https://poisonfreemalibu.org/repel-exclude-deter/. 



Jonna Engel mentioned the use of owl boxes and raptor perches at our July 9 meeting in the context of reducing burrows that damage water channeling dams and levees. Ventura County has made a study of this method. Please see our website https://poisonfreemalibu.org/#owls on the Ventura County demonstration project.  A report from the Ventura County Watershed Protection District found that “Weekly monitoring and recording of new squirrel burrows found that the Raptor Site incurred 66% less new burrows than the Control Site” which had the rat poisons!



Our website contains dozens of poison-free pest control methods for many situations too numerous to summarize here. Please take a look.



• Educational and other efforts by Poison Free Malibu



Jonna Engel suggested that education is important as the public is not generally aware of the harm from using poisons. This is absolutely true, and we have worked hard doing this since 2012. It is clear that education alone is insufficient. 



The following is a summary of our educational efforts over the years. It indeed has contributed to raising the level of consciousness in the citizenry in the Santa Monica mountains neighborhood. A common reaction we encounter from people is – why aren’t these poisons illegal already, and what can they do to help get them to be banned by regulations such as we are now requesting from the Coastal Commission.



Here are some of our efforts directed at increasing awareness of pesticides.



A. Resolutions by cities against rodenticides



A main emphasis of our educational campaign has been to alert cities to the issue and encourage them to pass Resolutions opposing the use of rodenticides. The language of the Resolutions is similar to Malibu’s, passed July 8, 2013:



“The City Council urges businesses in Malibu to no longer use or sell anticoagulant rodenticides, urges all property owners to cease purchasing or using anticoagulant rodenticides on their properties in Malibu and commits the City of Malibu to not use anticoagulant rodenticides as part of its maintenance program for City-owned parks and facilities.”



The cities in southern California in the greater Santa Monica Mountains Recreation Area who have passed Resolutions include Agoura Hills, Calabasas, Camarillo, Hidden Hills, Malibu, Moorpark, Ojai, Simi Valley, Thousand Oaks, and Westlake Village. Laguna Beach and Whittier have passed similar Resolutions.



In addition, Malibu went further. In 2016 it mandated removing all pesticides from city property. Then, in 2019 it adopted a detailed Earth Friendly Management Policy that promoted a green pesticide-free approach. The policy promotes a problem-solving strategy that mandates the use of preventative practices and enrichment strategies that promote healthy soil, plant life, wildlife and safeguarding of structures. This policy addresses issues critical to sustainability, clean air and water, managing carbon through regenerative soil management, and eliminating fossil fuel dependent fertilizers and pesticides.



In addition to banning pesticides, it is essential to implement REAL solutions instead. To this end, Malibu has recently passed an ordinance requiring that dumpster lids be closed and locked to prevent overstuffing, and unauthorized access. This deprives rodents of the food supply and stops the breeding of rodents!



B. State Legislation



Our educational efforts, including the city Resolutions, have helped raise the consciousness among a significant portion of the population in the Santa Monica mountains neighborhood for the essential next step – legislation and regulations. On its own, the pest control industry is not interested in risking its lucrative poison dispensing business and has a powerful lobbying organization, the Pest Control Operators of California. It is headed by the former eight-year Chief Deputy Director of the California Department of Pesticide Regulation! They are fighting restrictions at every step of the way. There is no meaningful cooperation from them.



We initiated a campaign for state legislation to restrict rodenticides with our partner organization up north, Raptors are the Solution. This has grown to a much larger coalition, including significant funding from the Animal Legal Defense Fund. Our current bill, AB 1788, passed the State Assembly and two Senate committees, but was stalled at another Senate committee and has been delayed by the ongoing pandemic. It is our third attempt at passing such a bill and its fate is unknown.



At the same time, pressure from this legislation, and a lawsuit that we supported brought by Raptors are the Solution, forced the California Department of Pesticide Regulation to act in November 2018.  The CDPR had previously recognized the harm to wildlife and created stricter regulations in 2014 forbidding consumer user of second-generation anticoagulant rodenticides. 



As we and other groups informed them at the time, this would fail to protect wildlife because most of the poisons affecting wildlife came from the pest control companies, not consumers. Data collected by the Department of Fish and Wildlife and others indeed showed no decrease in poisoning cases since 2014. This is true in the Santa Monica mountains as well. The evidence forced the hand of CDPR to begin a new reevaluation process which is ongoing with no deadline. We expect history to repeat itself and that the entrenched interests at CDPR will protect their pest control business allies.



Another approach we have been working on is to reverse “preemption.” This is the 1984 state law promoted by the pest control lobby that forbids local government from regulating pesticides. We worked with the city of Malibu in 2018 to obtain a unanimous Resolution from the League of California Cities opposing preemption in regard to anticoagulant rodenticides, but the required lobbying campaign has not yet been initiated to realize the Resolution.



C. Local Coastal Program campaign



We have been encouraging LCP clauses restricting pesticides since 2014. The Las Virgenes Homeowners Federation helped us obtain the clauses in the Los Angeles County Santa Monica Mountains LCP. We worked intensely for five years with a series of Malibu city councils to pass the Malibu LCP amendment now before you.  Ventura County planning staff is currently considering similar clauses as a part of their ongoing LCP revision. 



Former Coastal Commission chairperson Sara Wan was instrumental in a 2017 project sponsored by the Animal Legal Defense Fund to promote LCPs incorporating pesticide language. She worked with us to come up with a generic clause to provide a starting basis for other localities. 



It included herbicides, insecticides, and rodenticides, and promoted invasive species control, if necessary, with natural sources and biodegradable substances only. 



This language is the basis of the Malibu LCP amendment proposed and we prefer that it NOT be changed.



D. Educational Outreach



We have an active continuing busy educational campaign. This includes attending local events such as school environmental fairs, Earth Day events, forums, high school presentations, and, increasingly, homeowner association board or membership meetings. 



Malibu, Ojai, Newbury Park, Simi Valley, Agoura Hills, Oak Park, Thousand Oaks, Ventura, Calabasas, Altadena, Santa Clarita, Brentwood, Laguna Beach, and Griffith Park are some of the local areas we have traveled to for these kinds of educational expositions.



We have given talks at conferences including the California Council of Wildlife Rehabilitators Annual Symposium, the International Urban Wildlife Conference, and the National Pesticide Forum. 



Schools we have given talks at include Malibu, Calabasas, and Simi Valley Royal High Schools, Pepperdine University and a seminar at UCLA. Environmental groups who have asked for presentations include Sierra Club and Audubon chapters.



We had multiple meetings with Pepperdine University’s Center for Sustainability. This  resulted in a green policy and the removal of all rodent poison boxes and weed control chemicals from their turf area.



We also had meetings with the National Park Service Division of Planning, Science and Resource Management. They agreed to stop using RoundUp/Glyphosate for weed control and adopted non-poisonous methods in Malibu.


In addition, we have been interviewed on KFI radio twice, and also were featured in a segment for the Spectrum News television network. Last March 2019 we traveled to the Covina headquarters of the Lorden Management Company, one of the largest homeowner association companies in southern California, to give a seminar to their top staff.



We were one of the featured environmental groups in a movie about Griffith Park mountain lion P-22, “The Cat That Changed America”. We gave talks at many of the showings including the Santa Barbara Film Festival, UCLA, Oak Park High School, Pasadena, Ojai, TCL Chinese Theatre, Downtown Los Angeles Film Festival, UC Irvine, Debs Park Audubon Center, King Gillette Ranch, Malibu/Pepperdine, Topanga Film Institute, Santa Cruz, Laguna Beach, Silver Lake Neighborhood Council, Thousand Oaks Civic Arts Plaza, San Luis Obispo Film Festival, Mount Washington, Altadena, and, as far as the University of North Carolina-Asheville. 

Even under the current restrictive circumstances, just this month we spoke on Zoom at a Laguna Beach city council meeting in support of their Resolution against rodenticides and gave a one-hour seminar to the top management of Rancho Mission Viejo, a 23,000-acre community with 37,000 residents. Unfortunately canceled due to the pandemic were talks at the University of California, Santa Barbara Sedgwick Reserve in Santa Ynez and at the Santa Barbara Natural History Museum. The latter was just re-scheduled as a Zoom meeting.

Promotional and educational material to give away is an essential component of our campaign.  We distribute hundreds of pamphlets to people at all events we attend, who then further distribute the material to their communities. 



E.  Outreach to sellers and consumers of pesticides in Malibu



Poison Free Malibu has made a special emphasis on educating Malibu businesses to stop selling poisons, and residents, business, and schools to stop using the poisons. Our educational campaign resulted in Malibu merchants removing all rodent poison products from their shelves. There had been six – Ralphs, CVS Pharmacy, Pavilions, Malibu Hardware, A&B Plumbing, and Malibu Ranch Market. 



The following shopping centers have stopped using the poisons altogether in Malibu: all of Malibu Village except Chipotle, Malibu Country Mart, Malibu Lumberyard, The Park at Cross Creek, Zuma Beach Plaza, Trancas Country Market, and Pt. Dume Plaza. Restaurants outside shopping centers include Paradise Cove, Sparrow Café, Cholada Thai, Nobu, and V's. These businesses are rodent-free, without using any rodent poisons, and achieve this by simple sanitation practices, especially maintaining the dumpsters closed and locked, and the surrounding areas clean. 



Unfortunately, several shopping centers and businesses still have more than enough poisons to harm wildlife. Homeowners, and especially homeowner associations, use hundreds of poison bait boxes, many adjacent to open space. Property management companies routinely and thoughtlessly contract to pest management services, who have no interest in abandoning this very lucrative business.



• Rodenticides reaching aquatic species



Rodenticides in bodies of water have not been studied systematically until recently. The Coastal Commission should be alerted, and steps taken before it seriously affects wildlife and people. The data on rodenticides found in fish and other aquatic life comes from Germany. These new 2018-2020 research papers document the findings. 



A. J. Regnery, et al, 2018, Rating the risks of anticoagulant rodenticides in the aquatic environment: a review  - Regnery2018_RatingTheRisksOfARsAquatic.pdf:



“Recent findings of anticoagulant rodenticides in raw and treated wastewater, sewage sludge, estuarine sediments, suspended particulate matter, and liver tissue of freshwater fish demonstrate that the aquatic environment experiences a greater risk of anticoagulant rodenticide exposure than previously thought.”



B. M. Kotthoff, et al, 2018, First evidence of anticoagulant rodenticides in fish and suspended particulate matter: spatial and temporal distribution in German freshwater aquatic systems - Kotthoff2018_FirstEvidenceOfARsFish.pdf:



In summary, our findings demonstrate that contamination of wildlife with anticoagulant rodenticides, especially second-generation anticoagulant rodenticides, also involves aquatic species and is not confined to predatory birds or mammals of the terrestrial food web. We detected residues of SGARs in fish samples from almost every Environmental Specimen Bank sampling site, including the rivers Rhine, Elbe, and Danube. The ubiquitous exposure of fish is in contrast to the rather low concentrations of SGARs in biocidal products which ranged from 25 mg kg−1 (difethialone) to 75 mg kg−1 (difenacoum). An amount of approximately 50 kg of anticoagulant rodenticide active substance is used annually for rat control in sewers and above ground by municipal authorities in Germany, with approximately 75% were used exclusively for sewer baiting (Krüger and Solas 2010). Given this relatively moderate amount of use, the prevalence of detectable rodenticide residues in fish samples appears surprisingly high. 



C. See also Heavy_rainfall_provokes_anticoagulant_rodenticides.pdf and Regnery et al.2019_AR Wastewater exposure limnic fish_Germany.pdf



• Summary



After these many years of educational outreach and campaigning for regulatory reform, the harm being done to the wildlife, watershed, and environment in the Santa Monica Mountains Coastal Zone continues. There are hundreds of poison containing bait boxes throughout Malibu, much more than enough to continuing the poisoning at the current 90% exposure rate among predator species.



The Coastal Act demands special protection within the Coastal Zone. It needs to be a refuge for wildlife away from the poisons. How else can the wildlife obtain protection without appropriately strong prohibitions? This must include prohibitions on the extensive usage in existing developed properties which are the source of the existing documented problem!  



Similarly, banning pesticides only in and near ESHA is pointless. The poisons are predominantly used outside ESHA, not in it. The poisons cross ESHA boundaries easily, aided by the 63 Malibu watersheds making the connection from the mountains to the ocean. Rodenticides are transported transparently across ESHA both by the poisoned animals (poisoned coyotes and raccoons are eaten by mountain lions), and by the predators themselves who easily travel throughout Malibu. 



We hope this has provided information for you to make a strong determination for the Coastal Commission to certify the LCP Amendment. 



Sincerely,



Poison Free Malibu

Joel Schulman PhD

Kian Schulman RN,MSN



Email: PoisonFreeMalibu@gmail.com

Website: PoisonFreeMalibu.org

Facebook: Poison Free Malibu

Phone: 310-456-0654
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This argument fares better, The Commission does not have the power to delegate to the
County implementation of a ban on pesticide use in the coastal zone (F&A Code §11501.1,
§30005.5), unless it does so as a function of its administration of the Coastal Act. The Commission
is authorized to administer the Coastal Act, and to regulate land use in the coastal zone. §30330.
The Commission may impose land use restrictions to ensure application of Chapter 3 policies.

§30512.2. The Commission found that a ban on the use of pesticides in the Santa Monica

Mountains coastal region is necessary to avoid imgacting the biological Eroductivitx and guality
of coastal waters. AR 1910, In banning Eesticide use in the certified LCP, the Commission is not

compelling the County to exercise power that it does not have under state law. Instead, the
Commission is requiring a pesticide ban for the County’s LCP, to be administered by the County,
mm¥ to do so as part of its administration of the Coastal Act.
F&A Code section 11501.1(c) permits the Commission to require the County to conform to this
ban in administering the L.CP.

The Commission did not fail to proceed in the manner required by law by certifying the
LCP with a ban on pesticides.









AttachmentsToCoastalEmail/CoastalCommissionSupportsMalibuLCPAmendment.pdf




STATE OF CALIFORNIA-- NATURAL RESOURCES AGENCY EDMUND G. BROWN, JR., GOl'ernor 



CALIFORNIA COASTAL COMMISSION 
SOUTH CENTRAL COAST AREA 



89 SOUTH C AL!FORNIA ST., SUITE 200 



VENTURA, CA 93001 



(805) 585-1800 



January 14, 2016 



Bonnie Blue 
Planning Director 
City of Malibu 
23825 Stuart Ranch Road 
Malibu, CA 92605 



Subject: Local Coastal Program Amendment No. 14-001 (Anticoagulant Rodenticides) 



Dear Ms. Blue: 



We have reviewed the January 8, 2016 staff report regarding the subject amendment. Coastal 
Commission staff supports the addition of LCP policies and provisions prohibiting the use of 
anticoagulant types of rodenticides in order to protect ESHA and wildlife. 



As you are aware, anticoagulant rodenticides can cause grave injury and death to wildlife that 
ingest rodents that have consumed such rodenticides. In order to avoid these impacts, the Coastal 
Commission has consistently prohibited the use of anticoagulant rodenticides as a condition of 
coastal development permits approved in the Santa Monica Mountains. Additionally, policies 
and provisions prohibiting the use of anticoagulant rodenticides were included as part of the Los 
Angeles County Santa Monica Mountains Local Coastal Program certified in 2014. These 
policies and provisions are very important to ensure that environmentally sensitive habitat areas 
are protected against any significant disruption of habitat values, consistent with Section 30240 
of the Coastal Act. 



We also agree with the conclusions of the Los Angeles County Counsel (letter dated September 
28, 2015) that the certification of the Santa Monica Mountains LCP with policies prohibiting 
anticoagulant rodenticides was legally proper. Specifically, the Food and Agriculture Code does 
not limit the authority of state agencies to administer other state laws-e.g., the Coastal Act. § 
11501.l(c). See also Ebbetts Pass Forest Watch v. California Dept. of Forestry And Fire 
Protection (2008) 43 Ca1.4th 936, 957 (state agency must analyze and mitigate the effects of 
pesticide use when conducting CEQA review, notwithstanding that pesticides are already 
regulated by the Department of Pesticide Regulation). Although LCPs and LCP amendments are 
adopted by local jurisdictions, they must be approved by the Coastal Commission, which is 
required to find that they conform to the Coastal Act. Accordingly, because LCPs and LCP 
amendments embody state law and must be certified by the Coastal Commission, we agree that 
local jurisdictions may adopt LCPs and LCP amendments that addresses anticoagulant 
rodenticides. See Charles A. Pratt Canst. Co., Inc. v. California Coastal Comm 'n (2008) 162 
Cal.App.4th 1068, 107 5 (LCPs "are not solely a matter of local law, but embody state policy"). 











Bonnie Blue, Planning Director 
January 14, 2016 
Page 2 



We appreciate the City's consideration of our comments. Please feel free to contact me if you 
have any questions. 



Sincerely, 



1/!:(~ 
District Manager 












__MACOSX/AttachmentsToCoastalEmail/._CoastalCommissionSupportsMalibuLCPAmendment.pdf





AttachmentsToCoastalEmail/.DS_Store





__MACOSX/AttachmentsToCoastalEmail/._.DS_Store





AttachmentsToCoastalEmail/Chalfant Ruling.pdf






















































































































jns28154








jns28154








jns28154








jns28154








jns28154








jns28154

























































__MACOSX/AttachmentsToCoastalEmail/._Chalfant Ruling.pdf





AttachmentsToCoastalEmail/2017-12-5.CBD.Malibu LCP-rodenticides.pdf




 



 



 



 
 
 



via electronic mail 



 
December 5, 2019 
 
Mayor Karen Farrer, KFarrer@malibucity.org  
Mayor Pro Tem Mikke Pierson, MPierson@malibucity.org  
Councilmember Rick Mullen, RMullen@malibucity.org  
Councilmember Skylar Peak, SPeak@malibucity.org  
Councilmember Jefferson Wagner, JWagner@malibucity.org  
 
RE: Malibu LCP Amendment No. 14-001 re Anticoagulant Rodenticides  



Council Meeting, December 9, 2019, Agenda Item 4.A. 
 
Dear Honorable Mayor and City Councilmembers, 
 



 The Center for Biological Diversity urges you to amend the Local Coastal Plan 
(“LCP”) to prohibit dangerous anticoagulant rodenticides in all existing and future development.  



 
The legality of regulating pesticides via the Coastal Act’s implementation of an LCP has 



been approved by the County of Los Angeles, the California Coastal Commission, the California 
Attorney General’s office, and the Los Angeles Superior Court.  The November 18, 2019, 
memorandum from the City Attorney runs contrary to the affirmation of the legality of restricting 
pesticides via the Coastal Act by state and local agencies and, strangely, contradicts Malibu’s 
existing prohibitions on pesticides that already exist in the LCP.  



 
The Center for Biological Diversity is a non-profit environmental organization dedicated 



to the protection of native species and their habitats through science, policy, and environmental 
law, which has over 1.6 million members and supporters throughout the United States, including 
residents of Malibu.  



 
Malibu would be adopting a pesticide prohibition similar to one that has already been 



adopted, and upheld in Court, by neighboring Los Angele County.  “The use of insecticides, 
herbicides, anti-coagulant rodenticides or any toxic chemical substance that has the potential to 
significantly degrade biological resources in the Santa Monica Mountains shall be prohibited…” 
(Attachment 1 - Santa Monica Mountains LCP, Policy CO-58 (emphasis added)).  The California 
Coastal Commission affirmed the validity of that provision when it implemented the Coastal 
Act—a state law—and certified the LCP. 



 
The California Attorney General’s office has also affirmed the Coastal Act’s ability to 



regulate pesticides via the LCP.  In supporting the Coastal Act’s ability to regulate pesticides via 
the LCP the Attorney General’s office rejected the arguments put forward in the City Attorney’s 
November 18, 2019 memo that restrictions on local governments in Food and Agriculture Code 
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section 11501.1 also preempted the Coastal Commission from enacting prohibitions on pesticide 
use via the Coastal Act.  As the Attorney General’s office noted “Food and Agriculture Code, 
section 11501.1, which restricts local governments from regulating pesticide use… is 
inapplicable on its face… the [Coastal] Commission—a state agency—was implementing a state 
law in certifying the LCP.”  (Attachment 2 – Coastal Commission’s Opposition to Petitioners’ 
Verified First Amended Petition for Writ of Mandate at 13-14).  The Attorney General’s office 
went on to explain that the Food and Agriculture code explicitly allows for the Coastal 
Commission to exercise its authority “under the Coastal Act to regulate land use in the coastal 
zone” as it does when it affirms LCPs to restrict pesticide use. Id. 



 
The legality of regulating pesticides via the Coastal Act’s adoption of an LCP was also 



upheld by the Los Angeles Superior Court. 
 
the [Coastal] Commission is requiring a pesticide ban for the County’s LCP, to be 
administered by the County, because the Commission has the authority to do so as part of 
its administration of the Coastal Act. F&A Code section 11501.1(c) permits the 
commission to require [Los Angeles County] to conform to this ban in administering the 
LCP.  



 



Mountainlands Conservancy LLC v. California Coastal Commission, Case No. BS 149063, 
decision on petition for writ of mandate:denied (Sept. 5, 2017) at 20.  Malibu has the same 
authority via the Coastal Act as the County of Los Angeles and should implement the prohibition 
on anticoagulant rodenticides. 



 
 Malibu has already enacted restrictions on pesticides through the Coastal Act when its 
existing LCP was adopted by the Coastal Commission.  Malibu LCP Land Use Plan Policy 3.18 
states:   
 



[t]he use of insecticides, herbicides, or any toxic chemical substance which has the 
potential to significantly degrade Environmentally Sensitive Habitat Areas (ESHA), shall 



be prohibited within and adjacent to ESHAs, where application of such substances would 
impact the ESHA (emphasis added) 



 
If the Malibu City Council were to now decide that the Coastal Act does not provide the 
authority to restrict pesticides then it would contradict its previous decisions and undercut 
existing protections in the LCP.  
 
 The Coastal Act’s ability to regulate pesticides via Malibu’s LCP would only go into 
effect after adoption by the Coastal Commission.  (Ordinance 459, Resolution 19-54 [“The LCP 
amendment approved in this Ordinance shall become effective only upon its certification by the 
CCC”]).  Like the legal challenge to Los Angeles County’s LCP revision Malibu’s LCP 
amendment would be defended by the California Attorney General’s office from any potential 
legal challenge.  The California Attorney General’s office has already demonstrated the effective 
ability to defend against arguments of preemption. Mountainlands Conservancy LLC v. 
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California Coastal Commission, Case No. BS 149063, decision on petition for writ of 
mandate:denied (Sept. 5, 2017). 
 
 We urge the City of Malibu to follow the path that the County of Los Angeles, the 
Coastal Commission, and the California Attorney General’s office has already established in 
relying upon the Coastal Act to restrict some of the most dangerous pesticides impacting coastal 
resources.  Anticoagulant rodenticides are having a devastating effect on a range of wildlife 
species at rates of exposure above 70% and Malibu has the clear opportunity to take a significant 
step to protect biological resources in California’s important coastal areas. 
  
Sincerely, 
 
 
 
     Environmental Health Legal Director 
 
 
cc: 
 
City Clerk Heather Glaser, HGlaser@malibucity.org  
City Attorney Christi Hogin, Christi.Hogin@bbklaw.com  
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extent feasible, and unavoidable impacts are minimized and mitigated; (4) equestrian 
pasture outside of the fuel modification zone, consistent with the requirements of the 
LCP, where the development is sited and designed to ensure that no required fuel 
modification extends into H1 habitat or H1 buffer, it will not significantly degrade H1 
habitat, and will not adversely affect wildlife usage, including movement patterns, of the 
local area or region. Additionally, if existing fuel modification for the principal use is 
located within the Quiet Zone, confined animal facilities may be established within the 
Quiet Zone on slopes of 3:1 or less only if the facilities will not require fuel modification 
to extend into H1 habitat or the H1 habitat buffer, and subject to ERB review. 
Furthermore, public recreational facilities may also be located within this quiet zone, if it is 
developed and/or disturbed by historic use (e.g., recreational). 



 
CO-58 The use of insecticides, herbicides, anti-coagulant rodenticides or any toxic chemical 



substance that has the potential to significantly degrade biological resources in the Santa 
Monica Mountains shall be prohibited, except where necessary to protect or enhance the 
habitat itself, such as for eradication of invasive plant species or habitat restoration, and 
where there are no feasible alternatives that would result in fewer adverse effects to the 
habitat value of the site. Application of such chemical substances shall not take place 
during the winter season or when rain is predicted within a week of application. Herbicide 
application necessary to prevent regrowth of highly-invasive exotic vegetation such as giant 
reed/cane (Arundo donax) shall be restricted to the best available and least-toxic product 
and method in order to minimize adverse impacts to wildlife and the potential for 
introduction of herbicide into the aquatic environment or onto adjacent non-targeted 
vegetation. In no instance shall herbicide application occur if wind speeds on site are 
greater than five miles per hour or 48 hours prior to predicted rain. In the event that rain 
does occur, herbicide application shall not resume again until 72 hours after rain. 



 
CO-59 Work toward a poison free Santa Monica Mountains by exploring the feasibility of 



eliminating the use of all rodenticides at the soonest practicable date, and identify and 
promote rodent control methods that do not involve the use of poisons.  



 
CO-60 Mosquito abatement within or adjoining H1 habitat shall be limited to the implementation 



of the minimum measures necessary to protect human health, and shall minimize adverse 
impacts to H1 habitat. Larvacides shall be used that are specific to mosquito larvae and will 
not have any adverse impacts to non-target species, including fish, frogs, turtles, birds, or 
other insects or invertebrates. The use of mosquitofish shall be prohibited throughout the 
Coastal Zone. 



 
CO-61 Wildfire burn areas shall be allowed to revegetate naturally, except where re-seeding is 



necessary to minimize risks to public health or safety. Where necessary, re-seeding shall 
utilize a mix of locally-indigenous native plant seeds collected in a similar habitat within the 
Santa Monica Mountains. Wildfire burn areas that were previously subject to fuel 
modification or brush clearance for existing structures pursuant to the requirements of the 
Los Angeles County Fire Department may be revegetated to pre-fire conditions. 



 
CO-62 Interpretive signage may be used in H1 or H2 habitat accessible to the public to provide 



information about the value and need to protect sensitive resources. 
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1 agricultural use in part to the building site area allowed by Policy C0-51, a non-agricultural-



2 specific policy, demonstrating that C0-102's agricultural restriction is similar to C0-51 's 



3 restriction on all other types of development, and not singling out agriculture. (8 AR 1909; 7 AR 



4 1548.) The amended LUP as approved is not contrary to the agricultural protection policies cited 



5 by Petitioners, and the Commission proceeded properly under section 30514. 



6 



7 



C. The Commission's Action Restricting the Use of Pesticides Is Consistent 
With Its Powers to Regulate Land Use Activities for Compliance with the 
Coastal Act 



8 Petitioners argue that the Commission did not proceed in a manner required by law because 



9 it certified the LCP with a preempted ban on the use of pesticides. (Pet. Brief at p. 12: 1-1 7.) 



10 Petitioners cite to Food and Agriculture Code, section 11501.1, which restricts local governments 



11 from regulating pesticide use. This code section is inapplicable on its face, as it is a restriction on 



12 local governments, and here, the Commission-a state agency-was implementing a state law in 



13 certifying the LCP. Even though the LCP was submitted by a local government, the County acted 



14 only pursuant to "authority ... delegated by the Commission." (Pratt Construction Co., supra, 



15 162 ,Cal.App.4th at p. 107 5.) "The Commission has the ultimate authority to ensure that coastal 



16 development conforms to the policies embodied in the state's Coastal Act." (Ibid.) Therefore, 



17 this code section restricting local government action does not apply here. 



18 Furthermore, Food and Agriculture Code section 11501.1 explicitly recognizes its limits in 



19 an important exception. It states that it is not "a limitation on the authority of a state agency or 



20 department to enforce or administer any law that the agency or department is authorized or 



21 required to enforce or administer." (Food & Agr. Code, § 11501.1, subd. (c).) This exception 



22 applies to the Commission's authority over agricultural lap_ds in the coastal zone. The 



23 Commission has express authority under the Coastal Act to regulate land use in the coastal zone 



24 and ensure coastal development conforms to the policies of the Coastal Act. (Pub. Resources 



25 Code,§ 30330; Pratt Construction Co., supra, 162 Cal.App.4th at pp. 1075-1076.) To carry this 



26 out, it has express authority to impose modifications on the specific land use restrictions and 



27 implementing actions submitted by local governments to ensure they comply with the Coastal 



28 Act. (§§ 30511, 30512.) One of the primary objectives of the Coastal Act is to protect, maintain, 



13 
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1 enhance, and restore the overall quality of the coastal zone environment and its natural resources, 



2 including the protection of environmentally sensitive habitat area (ESHA). (§ 30001.5, subd. (a), 



3 see also §§ 30240, 30230, 30231.) The Coastal Act also requires that the biological productivity 



4 and quality of coastal waters be maintained. (§ 30231.). Here, the Commission found that the use 



5 of pesticides can adversely impact "the biological productivity of coastal waters and human 



6 health," as well as "coast streams and riparian habitat." (8 AR 1910.) Because the Commission 



7 acted under its authority to administer the Coastal Act to protect natural coastal resources, 



8 including ESHA and water quality, it falls within the exception to section 11501.l(c). 



9 



10 



II. SUBSTANTIAL EVIDENCE SUPPORTS THE COMMISSION'S DETERMINATION THAT 
THE LCP, As MODIFIED, CONFORMED TO THE COAST AL ACT 



11 Petitioners argue that the Commission abused its discretion by approving the LCP as 



12 modified because the provisions restricting the use of agriculture are somehow tantamount to 



13 requiring "conversion" of agricultural land to nonagricultural uses in violation of sections 3 0241 



14 and 30242, and that the findings explaining why those sections were inapplicable and justifying 



15 the restrictions were not supported by substantial evidence. (Pet. Brief at p. 13 :5-9.) In fact, the 



16 LCP does not "convert" agricultural lands, and substantial evidence supports the Commission's 



17 findings that the LCP, as modified, conforms to the policies of Chapter 3 of the Coastal Act. 



18 Petitioners bear the burden to demonstrate that the Commission's decision is not based on 



19 substantial evidence, and that no reasonable person could have reached the decision even when 



20 resolving all doubts in favor of the Commission. (Ross v. California Coastal Com., supra, 199 



21 Cal.App.4th at p. 921-22; Paoli v. California Coastal Com., supra, 178 Cal.App.3d at p. 550.) 



22 They cannot meet that burden, and accordingly, the Court should reject Petitioners' claims. 



23 



24 



25 



26 



27 



28 



A. Substantial Evidence Supports the Commission's Findings That the Plan 
Area Had Minimal Prime Agricultural Lands and that the Non-Prime 
Agricultural Lands Were Not Suitable or Feasible For Agricultural Use 



, 



Petitioners contend that the Commission's findings that the plan area contains no prime 



agricultural lands3 and that the non-prime agricultural lands are not suitable or feasible for 



3 Petitioners' claim that the Commission found "no prime agricultural land" in the plan 
area is simply false, and ignores that the Commission specifically found that the two commercial 



(continued ... ) 
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December 6, 2019 
 
The Honorable Karen Farrer, Mayor 
The Honorable Mikke Pierson, Mayor Pro Tempore 
The Honorable Rick Mullen, Councilmember 
The Honorable Skylar Peak, Councilmember 
The Honorable Jefferson Wagner, Councilmember 
City of Malibu 
23825 Stuart Ranch Road 
Malibu, CA  90265 
 
RE: Item 4.A. – Local Coastal Program Amendment No. 14-001 
 
Dear Mayor, Mayor Pro Tempore, and Councilmembers: 
 
As the City of Malibu continues its leadership in protecting native wildlife and sensitive coastal environment, 
I write to offer my support for a ban on the use of anti-coagulant rodenticides in the coastal zone. 
 
Specifically, I support going beyond the staff proposal before you and enacting a ban on all pesticides, 
including herbicides, insecticides, rodenticides, and toxic chemical species.  Anti-coagulant rodenticides are 
just one element of the larger problem of long-lasting poisons introduced to our coastal environment that 
place biological resources and sensitive habitats at risk. 
 
I appreciate the complexity of the legal issues at hand, specifically whether state law precludes a city like 
Malibu from taking any action to ban the use of pesticides.   
 
After consultation with numerous authorities, including in-house legal counsel, the County of Los Angeles, 
California Coastal Commission (Commission) staff and multiple non-governmental organizations, I believe 
that nothing precludes the City from acting on this issue because of how Malibu has structured this proposal – 
as an amendment to its Local Coastal Plan that is subject to approval by the Commission, which is itself a 
state agency.  If the Commission determines the amendment does not comply with state law, then it will reject 
the proposal.  If, however, the Commission approves it, then the state’s Department of Pesticide Regulation 
(DPR), whose legal counsel decided to weigh in on this issue, can choose whether to challenge the 
Commission’s decision. 
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As DPR’s counsel acknowledges in its e-mail to the City Attorney, a Superior Court recently upheld a 
pesticide ban that the Commission approved as part of an LCP modified by Los Angeles County involving an 
area in the Santa Monica Mountains.  DPR believes the facts in that case are different than the situation in 
Malibu, but for the purposes of what is before the City, that is an argument that is both specious and 
irrelevant.   
 
The question before you is whether to adopt an LCP amendment to ban the use of certain pesticides and 
submit that amendment to the Commission, a state agency, for review and approval. 
 
As a son of Malibu, I have the utmost respect for city officials and the process they undergo to make critical 
decisions like these.  I look forward to our continued partnership to defend our community’s extraordinary 
biodiversity and encourage you to take the necessary steps to protect our cherished natural habitats and 
wildlife.  
 
 
Sincerely,  
 



 
Henry Stern 
Senator, 27th District 
(D-Calabasas)  
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December 6, 2019 



 



Via email 



 



Mayor Karen Farrer (KFarrer@malibucity.org)  



Mayor Pro Tem Mikke Pierson (MPierson@malibucity.org)  



Councilmember Rick Mullen (RMullen@malibucity.org)  



Councilmember Skylar Peak (SPeak@malibucity.org)  



Councilmember Jefferson Wagner (JWagner@malibucity.org)  



City Clerk Heather Glaser (HGlaser@malibucity.org)  



City Attorney Christi Hogin (Christi.Hogin@bbklaw.com) 



 



Re:  Local Coastal Program Amendment No. 14-001, December 9, 2019 Agenda 



Item No. 4.A. 



 



Honorable Councilmembers, 



 



 We submit these comments on behalf of Poison Free Malibu, a community 



organization dedicated to eliminating pesticide threats to Malibu’s wildlife.  Poison Free 



Malibu wholeheartedly supports the City’s adoption of a Local Coastal Program (LCP) 



amendment that would prohibit the use of herbicides, insecticides, and rodenticides 



known to harm wildlife.  If adopted as part of an LCP amendment and certified by the 



California Coastal Commission, the pesticide prohibition would constitute state action 



that is permitted by Food and Agriculture Code section 11501.1.  More importantly, 



combined with the protections of the County’s LCP for the Santa Monica Mountains, an 



amendment to Malibu’s LCP banning the use of pesticides would provide much-needed 



protection to mountain lions, bobcats, and raptors throughout their Santa Monica 



Mountains ranges.  This would be consistent with the County of Los Angeles’s LCP for 



the Santa Monica Mountains, which also prohibits harmful pesticides including 



rodenticides.  Importantly, the amendment would implement California Coastal Act 



section 30240 which requires avoidance of significant disruption of habitat values in 



environmentally sensitive habitat areas (ESHA).  Southern California mountain lion 



populations are already on the edge of extirpation, in large part due to stresses associated 



with rodenticide exposure.  Herbicides, insecticides, and all rodenticides cause significant 



disruption.    



 



Chatten-Brown, Carstens & Minteer LLP agrees with the conclusions of the 



Natural Resources Defense Council, the County of Los Angeles, the California Coastal 
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Commission, and the California Office of the Attorney General regarding the legality of 



amending an LCP to ban pesticides and other chemicals that harm wildlife.  This position 



has been upheld by the Superior Court of Los Angeles.  (Mountainlands Conservancy, 



LLC v. California Coastal Commission, Los Angeles Superior Court Case No. BS 



149063.) 



 



We have reviewed the November 27, 2019 email from the Chief Counsel of the 



Department of Pesticide Regulation.  On its face, the email states that it was actively 



solicited by the City Attorney in support of her position.  The email talks about the City’s 



adoption of a “proposed ordinance.”  We don’t have access to the initial email the City 



Attorney sent to Mr. Rubin, so we don’t know if her correspondence asked specifically 



about the Coastal Commission’s adoption of a prohibition in the Malibu LCP, or if she 



merely asked about the City’s adoption of a rodenticide prohibition.  The latter would be 



preempted by state legislation.  The former would not.  Food and Agricultural Code 



section 11501.1 specifically prohibits “local government” action.  It does not apply to 



state agencies.  Thus, state action in which the Coastal Commission adopts an LCP 



amendment prohibiting rodenticides in Malibu, pursuant to its authority to carry out 



Public Resources Code section 30240, is permitted by the Food and Agriculture Code.  



The Department of Pesticide Regulation attempts to distinguish from the County of Los 



Angeles decision because Malibu would be amending the LCP on its own initiative and 



not at the request of the Commission.  But the City would be amending the LCP to satisfy 



Coastal Act requirements to stop ongoing significant disruption of ESHA habitat values.  



While this superior court case is not citable in court for most purposes, the facts align.    



 



 We have also reviewed the November 18, 2019 Memorandum provided to the City 



Council by the City Attorney.  In this Memorandum, the City Attorney does not state that 



Malibu’s adoption of a rodenticide ban would be any different than the County’s 



adoption of a rodenticide ban, which was upheld by the court and not appealed.  Instead, 



the City Attorney states that the Superior Court decided the case wrongly, asserting that 



the Coastal Commission lacks the authority to certify a Local Coastal Program 



Amendment that bans harmful chemicals.  This should not be a basis for failing to protect 



Malibu’s wildlife and environmentally sensitive habitat areas, especially when state law 



explicitly requires that LCPs be consistent with the policies contained in Chapter 3 of the 



Coastal Act.  These policies, which constitute controlling state law, include Public 



Resources Code section 30240.  Subdivision (a) states, “Environmentally sensitive 



habitat areas shall be protected against any significant disruption of habitat values, and 



only uses dependent on those resources shall be allowed within those areas.”  The 



protection of ESHA is not geographically limited to threats arising within the ESHA.  



Subdivision (b) provides, “Development in areas adjacent to environmentally sensitive 



habitat areas and parks and recreation areas…shall be compatible with the continuance of 



those habitat and recreation areas.”  The City Attorney’s Memorandum has not explained 



how the Commission’s certification of a Local Coastal Program amendment designed to 
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protect wildlife inhabiting ESHA would conflict with Public Resources Code section 



30240, a provision of state law that is central to the purpose for which the Commission 



was created.     



  



Malibu’s LCP currently prohibits insecticides and herbicides in and adjacent to 



ESHA.  Wildlife and habitat protection consistent with section 30240 of the Coastal Act 



requires more.  Poison Free Malibu’s proposed language recognizes the 



interconnectedness of the City with the surrounding ESHA.  Application of herbicides, 



insecticides, and other toxic chemicals outside of ESHA causes environmental harm 



within ESHA designated in both the Malibu and Santa Monica Mountains LCPs.  Raptors 



that eat contaminated rodents within Malibu can fly distances and die in ESHA before 



being consumed by other species that then fall prey to rodenticides.  Large predators such 



as bobcats, coyotes, and mountain lions have ranges that include both ESHA and non-



ESHA areas. A rat or mouse poisoned within the City can poison mountain lions or 



bobcats in near or faraway ESHA, or contribute to mange and other conditions that lead 



to reduced reproduction and premature death.   



 



 Poison Free Malibu supports LCP amendment language prohibiting harmful 



chemicals beyond anticoagulant rodenticides.  As the City’s LCP already prohibits “[t]he 



use of insecticides, herbicides, or any toxic chemical substance which has the potential to 



significantly degrade Environmentally Sensitive Habitat Areas (ESHA),” the inclusion of 



this language in an LCP amendment is hardly novel.  (LCP Land Use Plan, Policy 3.18.)  



The use of herbicides within the City eradicates food sources for butterflies and other 



plant-dependent species in Malibu and Santa Monica Mountains ESHA.  It is also 



important to include all rodenticides in the LCP amendment.  Due to the brutality 



inherent in anticoagulant rodenticides, there has been increased reliance on alternative 



chemicals, such as bromethalin, cholecalciferol, and even strychnine.  These poisons act 



quickly, often without available antidotes, and commonly poison non-target wildlife and 



pets.  They, too, pose dire threats to ESHA.           



 



 Thank you for the consideration of these comments, and we look forward to the 



City’s action to protect wildlife on December 9, 2019. 



 



      Sincerely, 



 



       



 



      Michelle N. Black, on behalf of 



      Poison Free Malibu 



 



 



 





ck


Michelle
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Abstract
Anticoagulant rodenticides are used worldwide to control commensal rodents for hygienic and public health reasons. As 
anticoagulants act on all vertebrates, risk is high for unintentional poisoning of terrestrial and aquatic wildlife. Causative 
associations have been demonstrated for the unintended poisoning of terrestrial nontarget organisms. However, behavior and 
fate of anticoagulant rodenticides in the aquatic environment have received minimal attention in the past despite consider-
able acute toxicity of several anticoagulants to aquatic species such as fish. In light of recent regulatory developments in the 
European Union concerning rodenticides, we critically review available information on the environmental occurrence, fate, 
and impact of anticoagulant rodenticides in the aquatic environment and identify potential risks and routes of exposure as 
well as further research needs. Recent findings of anticoagulant rodenticides in raw and treated wastewater, sewage sludge, 
estuarine sediments, suspended particulate matter, and liver tissue of freshwater fish in the low ng/L and µg/kg range, 
respectively, demonstrate that the aquatic environment experiences a greater risk of anticoagulant rodenticide exposure than 
previously thought. While the anticoagulant’s mechanism of action from the molecular through cellular levels is well under-
stood, substantial data gaps exist regarding the understanding of exposure pathways and potential adverse effects of chronic 
exposure with multiple active ingredients. Anticoagulants accumulating in aquatic wildlife are likely to be transferred in the 
food chain, causing potentially serious consequences for the health of wildlife and humans alike.



Keywords  Bioaccumulation · Biocides · Exposure · Second-generation anticoagulant rodenticides · Sewer baiting · 
Toxicity



Introduction



In developed countries, rodenticides are primarily used to 
control commensal rodents such as brown rat (Rattus nor-
vegicus), roof rat (R. rattus), and house mice (Mus spp.) for 
hygienic and public health reasons, in agricultural animal 
husbandry, in the food industry, and to a lesser extent for 
storage and material protection. Rodents pose a hazard to 
human health because they carry and transmit a vast array 
of diseases to humans and their domesticated animals (Bat-
tersby 2015). A particular problem in industrialized coun-
tries is the high number of brown rats in sewer systems of 
cities, where they find shelter and food. Sewer systems may 
also serve as hidden pathways for rats to move freely and 
undiscovered between their nests and potential food sources. 
Although rats in sewers are not a problem by themselves as 
they do not damage properly installed and intact pipes, they 
roam between subsurface and surface, and their population 
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must be controlled to prevent health risks or costly damage 
(Lund 2015).



There are many different biocidal products registered 
as rodenticides worldwide. They can be grouped together 
depending on their mode of application, e.g., poisoned bait, 
poisonous gas, contact foam, as well as speed of action, i.e., 
acute, subacute, and chronic (Buckle and Eason 2015). Anti-
coagulant rodenticides are the most effective and commonly 
used active ingredients of these biocidal products and fall 
into the category of slow-acting compounds. Anticoagulant 
rodenticides inhibit the vitamin K epoxide reductase enzyme 
involved in the blood coagulation process of warm-blooded 
vertebrates (mammals, birds) and thereby disrupt the recy-
cling of vitamin K1 (phylloquinone). All anticoagulant 
rodenticides are either derivatives of 4-hydroxycoumarin or 
indane-1,3-dione and are structurally similar, but variations 
exist in their toxicity to target rodents. The exact mechanism 
of inhibition of clotting caused by hydroxycoumarin-related 
anticoagulation is described elsewhere (Buckle and Eason 
2015; Rattner and Mastrota 2018). An effective dose of anti-
coagulant rodenticide must be ingested to have a sufficiently 
prolonged effect in blocking the vitamin K cycle and caus-
ing failure of the blood clotting mechanism. Poisoned ani-
mals die via internal hemorrhage. Active ingredients such 
as warfarin, coumatetralyl, and chlorophacinone that were 
commercialized between 1950 and 1970 are categorized as 
first-generation anticoagulant rodenticides. The more potent 
hydroxycoumarin derivatives difenacoum, brodifacoum, bro-
madiolone, and flocoumafen as well as the thiocoumarin 
derivative difethialone were developed and marketed in the 
mid-seventies and mid-eighties, respectively, to overcome 
warfarin resistance in rodents and are known as second-
generation anticoagulant rodenticides. In recent years, 
ready-to-use loose, paste, and solid bait formulations are 
predominantly used during chemical rodent control. Bait for-
mulations containing first-generation anticoagulant rodenti-
cides generally require multiple feeding of target organisms 
until a lethal effect is achieved whereas second-generation 
anticoagulant rodenticides are more toxic and single feed-
ing is often sufficient for a lethal dose. The delayed action 
of anticoagulant rodenticides prevents the development of 
conditioned taste aversion or bait shyness by rodents (Buckle 
and Eason 2015).



As anticoagulant rodenticides act on all vertebrates, risk 
is high for unintentional poisoning of wildlife and domesti-
cated animals. Wildlife exposure generally occurs via three 
pathways: through direct ingestion of rodenticide bait by 
nontarget species (primary exposure), by take-up of primar-
ily or secondarily exposed individuals through predators 
or scavengers (secondary and tertiary exposure), or from 
consumption of terrestrial or aquatic organisms that have 
been exposed to anticoagulant rodenticides via emissions 
to the environment (secondary poisoning via environmental 



emissions). Invertebrates may also be at risk from primary 
poisoning as a result of bait applications (Liu et al. 2015). 
Pathways and important aspects of wildlife exposure to 
anticoagulant rodenticides in the aquatic environment are 
illustrated in Fig. 1. Second-generation anticoagulant roden-
ticides were classified as potentially persistent, bioaccumu-
lative, and toxic substances and their release into the envi-
ronment should be minimized. Despite the consideration of 
‘candidates for substitution’ under European Union legisla-
tion, economic relevance of anticoagulant rodenticides in the 
rodenticide market is still high as no chemical alternatives 
that are sufficiently effective but less critical are currently 
approved. However, recent developments gear toward their 
substitution with less critical active substances. In addi-
tion, the implementation of a third generation to minimize 
ecotoxicological risks associated with the use of second-
generation anticoagulant rodenticides without losing their 
efficacy was suggested (Damin-Pernik et al. 2016, 2017). 
Currently, alpha-bromadiolone is under evaluation as a new 
active substance within product type 14 (rodenticides) by 
the European Chemicals Agency. One important aspect in 
this development is that the economic viability of antico-
agulant rodenticide use for rodent control depends not only 
on the cost of bait but also on the mode of application and 
required risk mitigation practices (Jacob and Buckle 2018). 
In principle, a wide range of risk mitigation measures must 
be deployed when anticoagulant rodenticides are used.



Environmental exposure to anticoagulant rodenticides 
may result during manufacture of the active substance, 
formulation of the biocidal product, application of baits 
(intended and improper use, respectively), and (inadequate) 
disposal of baits. Two recently published edited books 
attempt to gather available information on the environmen-
tal risks associated with rodent control using anticoagulant 
rodenticides and provide comprehensive information on 
their chemistry and toxicology as well as their environ-
mental impact on terrestrial nontarget wildlife (Buckle and 
Smith 2015; van den Brink et al. 2018). However, surpris-
ingly little is known about the environmental fate of active 
ingredients after their release from baits, rodent carcasses 
and feces during outdoor rodent control in urban and subur-
ban settings, e.g., in and around sewer systems, open space 
near shorelines, or around buildings and constructions. With 
the exception of sewers and burrows, deployment of antico-
agulant rodenticide containing bait during outdoor rodent 
control usually happens by using tamper-resistant bait sta-
tions to minimize exposure to nontarget organisms and 
the environment. Nevertheless, a diffuse release of active 
ingredients and respective transformation and metabolic 
residues from rodents and other nontarget wildlife via urine 
and feces may be anticipated around controlled areas. Some 
second-generation anticoagulant rodenticides are mainly 
excreted as unchanged compounds, whereas the metabolic 
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transformation of warfarin and chlorophacinone in rats is 
governed by hydroxylation (Larsen 2003). Baits approved 
for use in sewers usually consist of wax or fat. As the active 
ingredients are not chemically bound to the bait material 
in these product formulations, they will be released upon 
disintegration of bait blocks during prolonged exposure 
to moist or wet conditions, e.g., fluctuating water levels in 
baited manholes, steam. Little information is available about 
their physical stability and release rates of active ingredi-
ent when exposed to moist or wet environments (Nakagawa 
et al. 2015). Resistance and minimal leaching of weather-
proof baits containing brodifacoum even after 500 mm of 
rainfall was reported by Booth et al. (2010). However, sev-
eral studies reported the occurrence of anticoagulant roden-
ticides in sewage sludge (Gómez-Canela and Lacorte 2016), 
raw and treated wastewater (Gómez-Canela et al. 2014a, b), 
suspended particulate matter (Kotthoff et al. 2018), estua-
rine sediments (Cavanagh and Ward 2014), and liver tissue 
of freshwater fish from impacted streams (Cavanagh and 
Ward 2014; Kotthoff et al. 2018). These findings suggest 
that anticoagulant rodenticides might enter the aquatic 
environment via wastewater treatment plants and direct 
stormwater discharge into surface water bodies after baiting 
in and around sewer systems and drainages. Cleaning pro-
cesses after indoor rodent control operation may also result 



in (minor) environmental exposure via the sewage system 
(Larsen 2003). However, in New Zealand there is increas-
ing evidence that anticoagulant rodenticide application for 
both household rodent control and field pest management 
contributes to the contamination of aquatic wildlife, presum-
ably through carcasses of poisoned animals entering water 
bodies, rather than direct contamination by bait (Cavanagh 
and Ward 2014). Besides biocidal use, pharmaceutical use 
of vitamin K antagonists should also be taken into account 
when assessing potential environmental exposure pathways 
and sources of anticoagulant rodenticides. Oral antico-
agulants of the 4-hydroxycoumarin class such as warfarin 
(trade name Coumadin®), phenprocoumon (Marcumar®, 
Falithrom®), and acenocoumarol (Sintrom®) are commonly 
used to treat thromboembolic diseases (Lin et al. 2013).



To overcome the aforementioned knowledge gaps, we 
critically reviewed available information on the environ-
mental fate and impact of anticoagulant rodenticides in 
the aquatic environment and direct and indirect routes of 
exposure. Moreover, we identified potential risks as well as 
further research needs. Anticoagulants entering the aquatic 
environment and accumulating in aquatic wildlife are likely 
to be transferred in the food chain, causing potentially seri-
ous consequences for the health of wildlife and humans 
alike. In light of recent regulatory developments in the 



Fig. 1   Pathways and aspects of 
wildlife exposure to anticoagu-
lant rodenticides (AR) in the 
aquatic environment adapted 
from Geduhn (2015). Wildlife 
exposure generally occurs via 
three pathways: through direct 
ingestion of rodenticide bait 
by nontarget species (primary 
exposure), by take-up of primar-
ily or secondarily exposed 
individuals through predators 
or scavengers (secondary and 
tertiary exposure), or from 
consumption of terrestrial or 
aquatic organisms that have 
been exposed to anticoagulant 
rodenticides via emissions to 
the environment (secondary 
poisoning via environmental 
emissions)
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European Union concerning rodenticides, risk mitigation 
measures and instructions for use of anticoagulant rodenti-
cides are discussed with a focus on Germany. An overview 
of active substances and products registered worldwide for 
biocidal use and plant protection is provided elsewhere 
(Jacob and Buckle 2018).



Regulatory aspects of rodent control 
in the European Union and Germany



In the European Union, rodenticides need to be author-
ized prior to being made available on the market. European 
Union authorization of rodenticides distinguishes between 
their application as biocides for the protection of human 
health and manmade materials and plant protection prod-
ucts, respectively. Prior to European Union-wide approval 
of active substances, they are subject to similar but separate 
risk assessment processes in either sector within a review 
procedure involving all European Union Member States. 
After an active substance is approved, national product 
authorizations can be granted in compliance with suitable 
risk mitigation measures. These measures are frequently 
published in the best practice guidelines at national and 
international level (UBA 2014; CRRU 2015; EBPF 2015). 
Because risk mitigation measures are set by each individual 
member state, a single commercial product may have more 
than one set of measures attached to its marketing authori-
zations across Europe (Elliott et al. 2016). Harmonization 
of anticoagulant rodenticide registration and marketing by 
combining expertise of registration authorities and stream-
lining procedures would be worthwhile (Jacob and Buckle 
2018). Recently, at least the majority of anticoagulant roden-
ticide instructions for use and risk mitigation measures were 
harmonized within the European Union in the context of 
their re-approval as biocidal active substances in 2016.



The vast majority of rodenticides are applied as  
biocides. The new European Union Biocidal Products Regu-
lation No. 528/2012 (European Union 2012) regulates the 
sale, supply, and use of biocidal products throughout the 
European Union. As of 2018, second-generation antico-
agulant rodenticides continue to be authorized under the  
Biocidal Products Regulation for use as biocides to protect 
public health due to the lack of safe alternatives (ECHA 
2017b). Yet, their re-authorization is subject to a set of strict 
risk mitigation measures and restrictions regarding their 
marketing. For example, anticoagulant rodenticide concen-
trates are solely available to industrial manufacturers, but 
ready-to-use product formulations can be registered for use 
by professionals and consumers. In general, anticoagulant 
rodenticide bait formulations consist of a single active ingre-
dient. Eight active substances belonging to the class of anti-
coagulants are currently approved in the European Union for 
biocidal use, thereof three first-generation with maximum 



permissible concentrations of 0.079% (warfarin), 0.0375% 
(coumatetralyl), and 0.005% (chlorophacinone), and five 
second-generation anticoagulant rodenticides with maxi-
mum permissible concentrations of 0.0075% (difenacoum), 
0.005% (bromadiolone, brodifacoum, flocoumafen), and 
0.0025% (difethialone), respectively. The first-generation 
anticoagulant rodenticide warfarin is concurrently author-
ized for pharmaceutical use.



In several European Union Member States, bromadiolone 
(Italy, France, Netherlands, and Romania) and difenacoum 
(Italy, Portugal) are also approved as active ingredients in 
plant protection products according to the European Union 
Pesticides Database (assessed on January 22, 2018). Both 
compounds are listed as candidates for substitution. Nev-
ertheless, a recent trend across the European Union is to 
abstain from anticoagulant rodenticides for plant protection 
and to restrict the use of biocidal second-generation antico-
agulant rodenticides to professional users because of human 
and environmental risks. Hence, companies increasingly 
tend to register biocidal anticoagulant rodenticide formula-
tions instead of registration in the plant protection sector. In 
Germany, authorization of plant protection products con-
taining anticoagulants phased out and their domestic sales 
and exports stopped at the end of 2013 (BVL 2012). Dur-
ing emergency situations in plant protection that cannot be 
contained by other means, chlorophacinone is still permis-
sible for limited and controlled use, e.g., against local vole 
outbreaks in 2015 (BVL 2015), with a maximum duration 
of 120 days according to article 53 of the Plant Protection 
Products Regulation No. 1107/2009 (European Union 2009). 
Few anticoagulant rodenticide bait formulations are regis-
tered in European Union Member States that contain two 
active ingredients, e.g., difenacoum and bromadiolone or 
difenacoum and brodifacoum, to increase potency and cir-
cumvent resistance. The majority of biocidal anticoagulant 
rodenticide products currently authorized in Germany con-
tain difenacoum (51), bromadiolone (41), and brodifacoum 
(37) followed by warfarin (7), coumatetralyl (5), difethialone 
(4), chlorophacinone (4), and flocoumafen (3) according to 
the European Chemicals Agency Biocidal Products Data-
base (assessed on April 11, 2018).



Based on the implementation of national risk mitigation 
measures, second-generation anticoagulant rodenticides, as 
of September 2013, may no longer be used in Germany by 
persons other than trained pest control operators and profes-
sional users providing an appropriate proof of qualification 
in the context of the new European Union Biocidal Products 
Regulation. Yet, a loophole exists. Despite the restricted use 
of second-generation anticoagulant rodenticide bait formu-
lations in Germany, consumer sales are still permissible as 
national legal provisions on the sale of biocides are missing. 
First-generation anticoagulant rodenticides may still be used 
by consumers against mice and rats in indoor scenarios and 
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immediately around buildings. Few solid bait block formula-
tions containing chlorophacinone and warfarin, respectively, 
are currently authorized for application in sewer systems by 
professional users. None of the coumatetralyl products is 
permitted for use in sewer systems. However, with the with-
drawal of contact powder formulations from the European 
market due to safety concerns, an alternative water-based 
foam formulation containing 0.4% coumatetralyl was author-
ized for professional users to apply in indoor areas such as 
access holes, cavity walls, and pipe works.



Due to scientifically proven teratogenic effects of warfarin 
and an assumed analogy because of similarities in structure 
and mode of action (Pieper et al. 2014), all anticoagulant 
rodenticide containing products were recently classified as 
toxic for reproduction in categories 1A or 1B (European 
Commission 2016) by the European Chemicals Agency. 
The classification applies to all products with a concentra-
tion of 0.003% (30 ppm) or more of the active substance 
and will further restrict the range of products authorized 
for consumer use. Products classified and labeled as toxic 
for reproduction are only approved for professional users 
with appropriate certification (European Union 2012). This 
9th adaptation of Regulation No. 1272/2008 ‘Classification, 
labeling, and packaging of chemical substances’ (European 
Commission 2016) to technical and scientific progress is 
expected to have consequences for the European rodenticide 
market. On March 1, 2018, the derogation period ended for 
the sale of rodenticides for which the labeling does not com-
ply. To circumvent limitations of use in the biocidal sector, 
a general shift from 0.005% (50 ppm) to less than 0.003% 
concentration of active ingredient in second-generation anti-
coagulant rodenticide products is expected as soon as the 
amendment is taking effect. Besides difethialone, concen-
trations of brodifacoum and flocoumafen can be reduced to 
below 0.003% without reducing their effectiveness whereas 
efficacy of difenacoum, bromadiolone, and first-gener-
ation products with less than 0.003% active ingredient is 
disputed due to observed regional resistance (Buckle and 
Eason 2015). Along with the active ingredients, anticoagu-
lant rodenticide bait pack sizes are also changing. All baits 
approved for consumer use in the European Union will have 
a maximum pack size (European Commission 2017c). With 
this, a greater distinction between professional and consumer 
products is intended. It is also intended to prevent consumers 
from buying and storing large quantities of bait which could 
cause environmental hazards.



European biocidal anticoagulant rodenticide market



Due to the European Chemicals Agency implemented poli-
cies restricting rodent pest management by chemical roden-
ticides almost entirely to anticoagulants, they account for the 
largest market share on the European biocidal rodenticide 



market in recent years. On the contrary, a wider range of 
non-anticoagulants is available under the United States Envi-
ronmental Protection Agency on the US rodenticide market 
(Jacob and Buckle 2018). Nevertheless, about 95% of the 
chemical control of rodents in the USA is carried out using 
anticoagulants (Liphatech 2013). Estimates on anticoagulant 
rodenticide sales are in the hundreds of millions of dollars 
annually in the USA and European countries (Rattner et al. 
2014). Market research data valued the European rodenti-
cide market at 226 million euros in 2016 and insinuated that 
the strict regulation on the use of rodenticides within the 
European Union led to stationary market growth in the past 
few years. As of late 2017, market analysts projected a com-
pound annual growth rate of 5.77% over the next 5 years, 
which will likely be driven by the non-anticoagulant roden-
ticides segment (Market Data Forecast 2017).



In contrast to active ingredients used in plant protection 
products within the European Union, disclosure of biocide 
sales and use data is not required by European law. Unfor-
tunately, national and global rodenticide market data are 
mostly considered confidential business information and 
up-to-date, open access national or European Union-wide 
biocidal anticoagulant rodenticide sales data under the new 
Biocidal Products Regulation are scarce (Elliott et al. 2016; 
Jacob and Buckle 2018). Compared with other pest control 
and plant protection products, the market for anticoagulant 
rodenticides is comparatively small and actual quantities of 
active ingredients applied as biocides appear minor com-
pared to major pesticides and pharmaceuticals (Endepols 
2002). Anticoagulant rodenticides accounted for approxi-
mately 3% of registered biocidal products in Germany in 
2014 (Schmolz et al. 2014). Based on consumer research 
market data from 2012 (Parker 2013), the annual national 
use of anticoagulant rodenticides by pest control profession-
als in Germany was estimated to exceed 1000 metric tons 
of bait material, i.e., expenses of 10 million euros on anti-
coagulant rodenticide containing products by professional 
users. This represented roughly 50 kg of active ingredients 
(Schmolz et al. 2014). While existing data suggest that pest 
control professionals are among the main users of biocidal 
anticoagulant rodenticides in Germany, other important user 
groups are agribusinesses, local authorities, and household 
consumers (Barten 2014). In comparison, the total amount 
of anticoagulant rodenticides sold in Finland in 2014 was 
in the range of 250 metric tons based on annual sales vol-
umes collected by the Finnish Safety and Chemicals Agency. 
Notably, only 5% thereof were supposedly used by pest con-
trol professionals in 2014 according to a survey that covered 
approximately 75% of pest control technicians operating in 
Finland (Koivisto et al. 2016).



Given the non-disclosure of detailed market sales data, 
extensive sectoral surveys shed further light on rodenti-
cide usage patterns within the European Union (Murphy 
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and Oldbury 2002; Dawson and Garthwaite 2004; Krüger 
and Solas 2010; Hughes et al. 2013; Wardlaw et al. 2016, 
2017). Krüger and Solas (2010) conducted a survey among 
508 municipalities in Germany in 2010 to gain insight into 
rat control in and around municipal sewer systems. The 
participating municipalities represented a population of 
approximately 15.3 million residents. Person equivalents of 
the surveyed municipalities ranged between less than 5000 
and more than 100,000. Of the municipalities surveyed, 309 
provided utilizable information regarding the use of antico-
agulant rodenticide containing baits in their sewer systems. 
The annual domestic use of anticoagulant rodenticides in 
sewer baiting scenarios was projected as 870.5 metric tons of 
bait material and 50.3 kg of active ingredients, respectively. 
About 88% of surveyed municipalities employed pest control 
in and around their sewer systems, either through contracted 
pest control professionals or qualified staff. If prorated irre-
spective of person equivalents and sewage load, each of 
the approximately 300 municipalities surveyed applied on 
average 18.4 and 8.4 g/year active ingredient of second-
generation and first-generation anticoagulant rodenticides, 
respectively. Bromadiolone had the highest proportion of 
50%, followed by 30% difenacoum and 18% brodifacoum 
(Krüger and Solas 2010). On the contrary, very little use of 
anticoagulant rodenticides in sewer baiting scenarios was 
encountered in a recent Scottish survey representing 81% 
(4.37 million) of the Scottish population. Only 20% of the 
respondent local authorities reported sewer baiting activities 
with a total combined use of 34 kg bait material, i.e., less 
than 0.2 g active ingredient. Bromadiolone, difenacoum, and 
brodifacoum were the three most commonly used anticoagu-
lants that were reported in sectoral surveys from the UK and 
Finland (Dawson and Garthwaite 2004; Koivisto et al. 2016; 
Wardlaw et al. 2016, 2017). Among the second-generation 
anticoagulant rodenticides, difenacoum, bromadiolone, and 



brodifacoum are estimated to have the highest market shares 
in Germany and France (Fig. 2). Yet, establishing a relation-
ship between anticoagulant rodenticide market shares and 
their environmental occurrence is not straight forward given 
the lack of comprehensive data. For instance, the proportion 
of individuals burdened with different active substances is 
not expected to mirror national usage patterns exactly due 
to differences in persistence, bioaccumulation, and elimina-
tion profiles (Hughes et al. 2013). In addition, carryover of 
active ingredient in the manufacture line was observed when 
bait formulations with different active ingredients were pro-
cessed in the same facility. Tosh et al. (2012) detected brodi-
facoum as a contaminant in four different ready-to-use loose 
bait formulations of the same brand that were not supposed 
to contain brodifacoum as active ingredient, constituting 
on average 9.8% (7.7–13.2%) of the total active ingredient 
detected in the bait. Levels of brodifacoum contamination 
ranged from 63 to 197 mg/g bait. Thus, brodifacoum resi-
dues were also detected in target organisms that consumed 
the contaminated baits (Tosh et al. 2012).



As mentioned before, pharmaceutical use of vitamin K 
antagonists should also be taken into account. The global 
warfarin market was valued at 300 million dollars in 2008 
(Lin et al. 2013). Commissioned market research data by 
Oktay (2015) suggest that warfarin prescriptions declined 
from 87.5 to 72% through 2008–2014. Pharmaceutical use 
of warfarin as a blood-thinning agent is still widespread in 
the USA and the UK, whereas phenprocoumon (Germany, 
Austria, Belgium, Denmark, The Netherlands, and Switzer-
land) and acenocoumarol (Italy and Spain) are mainly used 
across continental Europe. For example, warfarin prescrip-
tions in the UK averaged 800 kg annually between 2004 
and 2008 (Kasprzyk-Hordern 2010). Pharmaceutical use of 
phenprocoumon and warfarin in Germany in 2016 can be 
roughly extrapolated to a total of 1226 kg and 31 kg of active 



Fig. 2   Estimated market shares of anticoagulant rodenticide active ingredients in France and Germany based on registered commercial biocidal 
products in France and Germany in 2010 and 2017 adapted from Berny et al. (2010) and Kotthoff et al. (2018), respectively
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ingredient, respectively, based on healthcare membership 
numbers and prescription statistics (UBA 2011; Schwabe 
et al. 2017).



Predicted environmental emissions



Aside from primary and secondary poisoning of terrestrial 
nontarget organisms after bait application (Liu et al. 2015; 
Alomar et al. 2018), very little is known about direct and 
indirect routes of exposure as well as anticoagulant’s dis-
tribution and fate in the aquatic environment (Fisher et al. 
2012; Masuda et al. 2015). Professional pest control compa-
nies, which are among the main users of second-generation 
anticoagulant rodenticides in urban settings, apply roden-
ticides commonly ‘in and around buildings’ (warehouses, 
agribusinesses), municipal sewer systems, and public open 
space (Schmolz et al. 2014). Several studies hypothesized 
that the application of anticoagulant rodenticide contain-
ing baits in municipal sewer systems is a major emission 
source of anticoagulants in urban areas (Gómez-Canela et al. 
2014a; Kotthoff et al. 2018). From the sewers, exposure of 
the aquatic environment most likely occurs via wastewa-
ter treatment plant effluents if anticoagulants are not effi-
ciently removed during conventional wastewater treatment. 
Moreover, stormwater overflow structures in combined 
sewer systems that discharge highly diluted but untreated 
sewage directly into receiving surface waters when pre-
cipitation causes a surcharge within the system might pose 
another route. As a result, poisoned rodent carcasses might 
be flushed from their hiding places in the sewers directly 
into receiving streams, bypassing mechanical removal at the 
wastewater treatment plant.



In Germany, all professional users (as well as consum-
ers) are obligated to follow national best practice guidelines 
for the application of rodenticides which have been imple-
mented within the national biocidal product authorization. 
Ideally, non-chemical methods and products containing the 
least potent active ingredient should be used first to control 
pests. Apart from exceptional cases where difenacoum or 
bromadiolone containing bait may be constantly applied, 
permanent deployment of anticoagulant rodenticide contain-
ing baits to prevent rodent infestation or to monitor rodent 
activities is usually not permitted (European Commission 
2017a, b). This and the considerable costs associated with 
rodent control motivated sewer baiting regimes to switch 
to pulsed baiting instead of surplus baiting. Colvin et al. 
(1998) demonstrated that sewer baiting requires a systematic 
approach with close review and adjustments of the baiting 
strategy based on the quantities and geographic patterns of 
bait consumption to successfully manage a rat population. 
Moreover, ineffective use of rodenticides can be misdiag-
nosed as resistance. According to Gras et al. (2012), surface 
infestation is not necessarily a reliable indicator of sewer 



infestation. To comply with national best practice guidelines, 
inspection of deployed baits after 2 weeks is mandatory dur-
ing sewer baiting campaigns. Likewise, the collection and 
appropriate disposal of remaining bait and rodent carcasses 
is mandated to minimize the risks of environmental exposure 
(UBA 2014). Yet, nationwide compliance with these guide-
lines is difficult to assess and control. It has been assumed 
that the typical use of anticoagulants commonly violates the 
use instructions for rodenticides (Koivisto et al. 2016). Thus, 
the exact whereabouts of marketed quantities of active ingre-
dients remain unclear.



In the context of the European Union project EUBEES 2 
titled ‘Gathering, review and development of environmental 
emission scenarios for biocides’ (Larsen 2003), a method 
was established to estimate the initial release of anticoagu-
lants from biocidal products to the primary receiving envi-
ronmental compartments air, soil, and water, including sepa-
rate calculations for emissions under normal and realistic 
worstcase conditions (available at http://echa.europ​a.eu/en/
guida​nce-docum​ents/guida​nce-on-bioci​des-legis​latio​n/emiss​
ion-scena​rio-docum​ents). This guideline is currently under 
revision. Further guidance on rodenticide emission pathways 
and the estimation of predicted environmental concentra-
tions in receiving environmental compartments is provided 
by the European Chemicals Agency (ECHA 2017a). In gen-
eral, degradation and distribution processes are taken into 
consideration for the calculation of predicted environmental 
concentrations for the aquatic compartment.



Worstcase aquatic and terrestrial predicted environmen-
tal concentrations of anticoagulant rodenticides based on 
default values in the emission-scenario document are sum-
marized in Table 1. Very limited information is available 
regarding predicted environmental concentrations in fish 
(oral, predator). The suggested predicted environmental 
concentration of difethialone in whole fish based on wet 
weight is 6 µg/kg (eCA2016h) and 0.245 µg/kg for difena-
coum (eCA 2016g). For difenacoum, it was assumed that 
secondary poisoning via the aquatic food chain would not be 
significant due to low water solubility and high adsorption 
tendency (eCA 2016g).



Due to stricter regulations within the European Union, the 
use of sewage sludge as fertilizer in agriculture has declined 
over the past decade. Sewage sludge is increasingly sub-
ject to energy recovery, e.g., anaerobic digestion followed 
by incineration, or thermal waste treatment. Organic com-
pounds adsorbed to the sludge will decompose during incin-
eration, representing a possible sink. This will likely affect 
the potential exposure of agricultural soils with anticoagu-
lant rodenticides via this route (Table 1). Over the last cou-
ple of years, incineration of sludge substantially increased 
in Germany and a ban on using sewage sludge as fertilizers 
in agriculture beyond January 1, 2025 (at least for municipal 





http://echa.europa.eu/en/guidance-documents/guidance-on-biocides-legislation/emission-scenario-documents
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wastewater treatment plants with more than 50,000 person 
equivalents) is planned.



Physicochemical properties 
and environmental fate and impact 
of anticoagulant rodenticides



Chemical structures and selected physicochemical proper-
ties of first- and second-generation anticoagulant rodenti-
cides discussed in this review are summarized in Fig. 3 and 
Table 2. All of these compounds are either derivatives of 
indane-1,3-dione or 4-hydroxycoumarin. Despite the simi-
larity of their structures, differences in the physicochemical 
properties of these compounds exist (Table 2).



Stereochemistry



Chlorophacinone, like coumatetralyl and warfarin, contains 
one optically active carbon and therefore exists as two enan-
tiomers. Furthermore, chlorophacinone has a ß-tricarbonyl 
system resulting in keto-enol tautomerism (Medvedovici 
et al. 1997). While the ratio of the enantiomers in chloro-
phacinone formulations is classified as proprietary informa-
tion (eCA 2016d), commercially available coumatetralyl and 
warfarin are generally a racemic mixture of R and S enan-
tiomers containing equal parts of each isomer (eCA 2016b, 
f). Studies of the metabolic fate of the R and the S isomers 
of warfarin revealed that the two isomers were metabolized 
by different routes. Furthermore, S warfarin was shown to be 
five times more potent than R warfarin (Lewis et al. 1974).



Second-generation anticoagulant rodenticides such as 
bromadiolone, difenacoum, brodifacoum, difethialone, and 
flocoumafen have two asymmetric carbons in their chemical 
structure allowing them to exist in two diastereomeric forms 
(cis- and trans-isomers) and thus four enantiomeric species. 
Commercially available second-generation anticoagulant 
rodenticides are generally a mixture of their cis- and trans-
isomers. Trans-isomers are the major diastereomeric form 
(70–90%) in commercialized bromadiolone (eCA 2016e), 
whereas flocoumafen, difenacoum, and brodifacoum are a 



mixture of approximately 50–80% cis-isomers and 20–50% 
trans-isomers (eCA 2016a, c, g). Commercial difethialone 
consists of more than 70% cis-isomers (eCA 2016h). Spe-
cifics regarding diastereomer ratios in commercial products 
as well as reasons thereof are mostly treated as proprietary 
information by manufacturers. As observed for the R and 
S isomers of warfarin, diastereomers of second-generation 
anticoagulant rodenticides have slightly different chemical 
and physical properties and likely have different biological 
activities (Hauck et al. 2016; Fourel et al. 2017a, b).



Fate and behavior in the environment



Water solubility of anticoagulant rodenticides at 20  °C 
and neutral pH is generally low, ranging between 267 and 
460 mg/L for first-generation and 0.1–18.4 mg/L for second-
generation anticoagulant rodenticides, respectively. Most 
anticoagulants were shown to be hydrolytically stable in 
water under environmentally relevant conditions, i.e., half-
lives exceeding 1 year, and were not expected to partition to 
the atmosphere due to their low vapor pressure. However, 
very short photolytic half-lives, i.e., less than 1 day, of most 
second-generation anticoagulant rodenticides in water under 
sunlight exposure had been predicted or observed in previous 
assessments (Table 2). Estimated partition coefficients indi-
cate substantial lipophilicity and bioaccumulation potential 
of second-generation anticoagulant rodenticides at neutral 
pH (Table 2). Of the targeted active ingredients, difenacoum, 
chlorophacinone, difethialone, and flocoumafen exhibit the 
highest organic carbon adsorption coefficients, warfarin the 
lowest (Table 2). Notably, second-generation anticoagulant 
rodenticides possess at least one polar group that can poten-
tially ionize at neutral pH. However, the lipophilic character 
of brodifacoum, difethialone, and flocoumafen might prevent 
their ionization in natural aqueous environments. Previous 
studies demonstrated the effect of both pH and ionic strength 
on the mechanism of association of anticoagulant rodenti-
cides with humic acid, a natural organic component of soils 
and sediments, by use of a C18 stationary phase (Andre et al. 
2004, 2005). A strong tendency of the undissociated portion 
of the molecule to adsorb to organic matter combined with 



Table 1   Worstcase predicted environmental concentrations of 
selected rodenticides after exposure of environmental compartments 
via wastewater treatment plant (WWTP) discharge and sludge appli-



cation, respectively, based on default values in the sewer emission 
scenario according to European Union Competent Authority Assess-
ment Reports



WWTP influent 
(ng/L)



Surface water 
(ng/L)



Groundwater (pore 
water) (ng/L)



Sediment (µg/kg) Agricultural soil 
(µg/kg)



References



Warfarin 63.9 6.39 – 0.0225 0.0159 eCA (2016f)
Chlorophacinone 96 9.6 0.6 – – eCA (2016d)
Bromadiolone 62 6.2 – – 0.72 eCA (2016e)
Brodifacoum 64 1.4 0.9 1.5 1.9 eCA (2016c)
Difethialone 7.2 0.72 – – 0.06 eCA (2016h)
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low water solubility and a high degree of photo-instability 
means that second-generation anticoagulant rodenticides are 
unlikely to remain in the water column of surface waters. 
Thus, their residues are more likely to persist and accumu-
late in aquatic compartments such as suspended particulate 
matter, (organic-rich) sediments, and biological tissue of 
aquatic organisms.



Available information on the route and rate of degradation 
in aerobic natural sediment water systems is summarized in 
European Union Competent Authority Assessment Reports 
(eCA 2016a, b, c, d, e, f, g, h). For brodifacoum, immedi-
ate adsorption to the sediment was noted followed by slow 
transformation with low levels of degradation products, i.e., 



less than 10% of the applied active substance. Brodifacoum 
was not expected to accumulate in sediments (eCA 2016c). 
Bromadiolone was shown to be fairly quickly degraded in 
soil under aerobic conditions with an estimated dissipation 
half-time of several days. However, its main metabolite bro-
madiolone ketone, which likely has a similar level of tox-
icity as bromadiolone, persisted in the soil in substantial 
quantities (eCA 2016e). Warfarin degraded fairly quickly 
in soils under aerobic and ambient temperature conditions 
after a short lag period (Lao and Gan 2012). Information on 
flocoumafen degradation rates in sediment water systems is 
lacking. Based on its low biodegradation potential in soil, 
i.e., half-life of 213 days at 20 °C, and high hydrolytical 



Fig. 3   Chemical structures of first- and second-generation anticoagulant rodenticides authorized in the European Union. The chiral centers of 
each compound are marked with an asterisk (*)
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stability, flocoumafen is considered to be very persistent in 
water and sediment (eCA 2016a).



Toxicity and bioaccumulation in aquatic organisms



Recent reviews provide a comprehensive overview on toxic-
ity and pharmacokinetics such as absorption, distribution, 
metabolism/biotransformation, and excretion of anticoagu-
lant rodenticides in target and terrestrial nontarget organisms 
(McLeod and Saunders 2013; Horak et al. 2018; Rattner and 
Mastrota 2018). Anticoagulants bind strongly to vitamin K 
epoxide reductase. As the liver contains high levels of this 
protein, it is the main organ of accumulation and storage of 
anticoagulants. In general, they are eliminated in a bipha-
sic process, with the rapid initial elimination of circulating 
compounds, followed by slower elimination from binding 
sites (Huckle et al. 1988). Although anticoagulants have 
been in use for decades, relatively little is known about their 
pharmaco- and toxicokinetics in aquatic organisms as well 
as effects of chronic exposure with multiple active ingredi-
ents. Studies about anticoagulant rodenticide exposure in 
terrestrial nontarget wildlife frequently report the presence 
of multiple second-generation anticoagulant rodenticides 
in a single individual, and occasionally a combination of 
first and second generation. The toxicity of multiple anti-
coagulant rodenticides in a single organism is expected to 
be on principal additive. Studies showed that the efficacy to 
inhibit the vitamin K epoxide reductase activity was similar 
between most second-generation anticoagulant rodenticide 
diastereomers in rodents, but different half-lives and persis-
tence behaviors in biological tissues were observed between 



cis- and trans-isomers (Damin-Pernik et al. 2016, 2017; 
Fourel et al. 2017a). According to Fourel et al. (2017b), bro-
madiolone cis-stereoisomer, the minor component in com-
mercial bromadiolone, did not contribute to the toxicity of 
the active ingredient in red kite due to metabolic differences 
in rodents and raptors. Lately, hepatic anticoagulant roden-
ticide residues above 100–200 µg/kg wet weight have been 
associated with mortalities in terrestrial nontarget organisms 
(Fourel et al. 2017b). A study about effects of chronic low-
level brodifacoum exposure on the feline immune response, 
however, indicated species-specific anticoagulant insensitiv-
ity. Specific pathogen-free domestic cats did not exhibit any 
clinical signs of brodifacoum intoxication despite elevated 
hepatic levels of brodifacoum in the range of 1.67–1.94 mg/
kg wet weight (Kopanke et al. 2018). In toxicokinetic studies 
with rats, brodifacoum showed a high potential for bioac-
cumulation. In all studies undertaken and at all dose levels 
tested, the liver retained the largest percentage of the dose, 
even very long time after dosing. Fisher et al. (2003) showed 
biphasic elimination of brodifacoum from rat liver, consist-
ing of a more rapid initial phase up to 8 days after dosing, 
and a slower terminal phase. The liver-elimination half-life 
in rat was 113.5 days for brodifacoum and 26.2 days for war-
farin. Moreover, toxicokinetic data suggest that brodifacoum 
may be more persistent, with a longer liver retention phase 
than bromadiolone and difenacoum (Hughes et al. 2013). 
Presumably, high-single-dose-potency second-generation 
anticoagulant rodenticides persist in the liver for more than 
1 year (Fisher et al. 2003).



Today, the embryotoxic potential of warfarin is well 
accepted (Weigt et al. 2012; Buckle and Eason 2015). On 



Table 2   Selected physicochemical properties such as molecular 
weight (MW), water solubility, n-octanol—water partition coeffi-
cient (Log POW), acid dissociation constant (pKa), soil organic carbon 
adsorption coefficient (Log KOC), and photolytic half-life in water of 



first- and second-generation anticoagulant rodenticides adapted from 
European Union Competent Authority Assessment Reports (eCA 
2016a, b, c, d, e, f, g, h)



* At 20 °C and pH 7
a Predicted. Not feasible to experimentally determine the dissociation constant due to low water solubility
b Not considered ionizable due to low water solubility



Compound Molecular formula MW
(Da)



Water solubility*
(mg/L)



Log POW
(pH 7)



pKa Log KOC Photolytic half-
life in water (h)



First generation
Coumatetralyl C19H16O3 292.3 460 1.5 3.9 2.2–2.4 8
Warfarin C19H16O4 308.3 267 0.7 5.19 2.42 ≥ 54 days
Chlorophacinone C13H15ClO3 374.8 344 2.42 3.4 5.0 24–48
Second generation
Difenacoum C31H24O3 444.5 1.7 4.78 4.84 5.23 < 8
Brodifacoum C31H23BrO3 523.4 0.06–0.2 4.9–8.5 4.5a 4.0–4.7 < 24
Bromadiolone C30H23BrO4 527.4 18.4 3.8–4.1 4.5a 3.2–4.2 0.2
Difethialone C31H23BrO2S 539.5 0.4 6.29 b 3.2–8.0 0.4–1
Flocoumafen C33H25F3O4 542.5 0.1 6.12 4.5a 5.0 38
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the contrary, other anticoagulants with similar structures 
and mode of action have disputed embryotoxic potential 
(Buckle and Eason 2015). Nevertheless, embryotoxicity 
induced by bromadiolone exposure at a dose of 350 µg/L 
was demonstrated in the amphibian model organism Afri-
can clawed frog (Xenopus laevis) adhering frog embryo 
teratogenesis assay—Xenopus standards (Ondracek 
et al. 2015). Teratogenicity and embryonic lethality in 
zebrafish (Danio rerio) under acute warfarin exposure at 
elevated concentrations of greater than or equal to 400 µM 
(123 mg/L) were reported by Weigt et al. (2012). Fernan-
dez et al. (2014) showed that zebrafish larvae with chronic 
exposure to a 25-fold lower warfarin concentration expe-
rienced significant lethal and sublethal effects, such as 
hemorrhages, vascular calcification, and skeletal deformi-
ties. Interestingly, warfarin demonstrated no significant, 
measurable metabolism in native rainbow trout liver S9 
fractions at a substrate concentration of 1 µM (308 µg/L) 
(Connors et al. 2013). Yet, a rapid decrease in warfarin 
levels to below the detection limit was observed in rain-
bow trout (Oncorhynchus mykiss) in less than 11 days after 
termination of warfarin exposure in a bioconcentration test 
(eCA 2016f). Connors et al. (2013) pointed to the possibil-
ity for tissue-specific expression of cytochrome isozymes 
involved in warfarin metabolism in fish, e.g., in the gills. 
No effect on the tested endpoint lethality was observed 
for rainbow trout when exposed to coumatetralyl at the 
5 µg/L level over the duration of 21 days. Furthermore, 
quick depuration in fish with a dissipation half-live of 
approximately 14.5 h and low bioaccumulation potential 
was reported (eCA 2016b). It is presumed that the low-
single-dose-potency anticoagulant warfarin persists in the 
liver for up to 1 month, whereas the moderate-single-dose-
potency anticoagulant rodenticide coumatetralyl persists 
in liver for approximately 6 months (Fisher et al. 2003).



Due to considerable acute toxicity to aquatic species 
(Table 3) and high mortalities during bioconcentration tests, 
experimentally derived bioconcentration factors in fish are 
not available for all anticoagulants. Flocoumafen is consid-
ered very bioaccumulative because of its high bioconcentra-
tion factor of 24,300 (Table 4). The calculated brodifacoum 
bioconcentration factor of 35,648 in fish is also very high. 
The estimated depuration time of brodifacoum in whole fish 
according to the Organization for Economic Co-operation 
and Development guideline 305 using a Log POW of 6.12 is 
approximately 8 days (50% dissipation) and 34 days (95% 
dissipation), respectively (eCA 2016c). For bromadiolone 
and difenacoum, experimentally derived bioconcentration 
factors in fish were below the threshold of 2000 which 
defines bioaccumulative and very bioaccumulative (greater 
than 5000) substances according to European Union regula-
tion No. 253/2011 (European Commission 2011). Broma-
diolone exhibited a depuration time of more than 14 days to 



achieve 50% dissipation. Notably, the experimental biocon-
centration factor of difenacoum in fish is lower than esti-
mations based on the n-octanol—water partition coefficient 
(Table 4).



Unfortunately, no detailed information is available regard-
ing second-generation anticoagulant rodenticide uptake and 
metabolism in fish. In an aquarium feeding trial by Emp-
son and Miskelly (1999), 60 individuals of the marine fish 
species blue cod (Parapercis colias), spotty (Notolabrus 
celidotus), and variable triplefin (Forsterygion varium) were 
exposed to brodifacoum containing bait pellets for 1 h before 
being transferred to clean holding tanks for 3–4 weeks. After 
the experiment was terminated, 5% of fish showed hepatic 
brodifacoum residues according to the authors but no con-
centrations or reporting limits were provided (Empson and 
Miskelly 1999). Whole-body brodifacoum residues above 
200–300 µg/kg wet weight were associated with mortalities 
in nontarget coastal marine fish (Pitt et al. 2015).



Analytical methods for anticoagulant 
rodenticides in environmental samples



Extraction and cleanup



Suitable extraction methods for individual anticoagulant 
rodenticide residues or mixtures thereof from environ-
mental samples include a wide range of techniques, e.g., 
liquid–liquid extraction, solid–liquid extraction, and solid-
phase extraction, depending on analyte-specific properties 
(Table 2) and sample type, e.g., biological tissue, sew-
age, soil/sediment, and water. Optimization of important  
parameters like composition, type, and pH of extraction sol-
vents, solid/liquid rate volume of extraction solvents, and 
number of extraction cycles is crucial for each anticoagu-
lant rodenticide residue to facilitate efficient and exhaustive 
extraction, especially when covering a wide range of differ-
ent compounds. Traditional high-volume solvent extraction 
methods, e.g., pressurized liquid extraction, microwave-
assisted extraction, and Soxhlet extraction, are frequently 
substituted by miniaturized extraction methods aiming at 
minimizing costs of sample preparation while reducing con-
sumables and waste. In particular, the emergence of rapid 
multi-class, multi-residue analysis methods propelled the 
development of efficient, rapid, and simple sample prepa-
ration techniques. However, regardless of extraction tech-
nique, environmental samples (especially biological tissues 
and sewage) often yield complex extract matrices requiring 
extensive cleanup to remove co-extracted residues, e.g., lipids 
and proteins that interfere with quantitative analysis (Goldade 
et al. 1998; Huerta et al. 2012; Morrison et al. 2016).



Imran et al. (2015) reviewed published extraction and 
cleanup methods for anticoagulant rodenticides from 
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biological tissues and discussed extraction performances 
as well as limitations. Several recent studies utilized ultra-
sound-assisted extraction to extract various pharmaceuti-
cal and/or biocidal anticoagulants from aquatic organisms 
(Magiera et al. 2015; de Solla et al. 2016; Kotthoff et al. 
2018), sludge (Gómez-Canela and Lacorte 2016), suspended 
particulate matter (Kotthoff et al. 2018), and soil (Hernán-
dez et al. 2013). Reversed phase solid-phase extraction on 
various stationary phases was carried out for enrichment 
and cleanup of anticoagulants in aqueous samples such 
as raw wastewater, treated wastewater, surface water, and 



groundwater (Fisher et al. 2012; Gómez-Canela et al. 2014b; 
Watkins et al. 2014; Wode et al. 2015). Several anticoagu-
lants were also sufficiently extracted from spiked water sam-
ples employing liquid–liquid extraction with ethyl acetate 
(Hernández et al. 2013; Gómez-Canela et al. 2014b). When 
Gómez-Canela et al. (2014b) investigated anticoagulant 
rodenticides in wastewater, better performance regarding 
the number of detected residues, recoveries, and reproduc-
ibility was achieved using solid-phase extraction on hydro-
philic–lipophilic balanced or weak anion polymeric sorb-
ent, respectively, compared to miniaturized liquid–liquid 



Table 3   Toxicity data for most sensitive aquatic species of the groups 
fish, invertebrates, algae, and microorganisms, respectively. Toxicity 
endpoints within a defined period of exposure include lethality (L), 



immobilization (I), growth inhibition (Gi), and respiration inhibition 
(Ri), respectively



L lethality, I immobilization, Gi growth inhibition, Ri respiration inhibition, LC50 lethal concentration for 50% of test subjects, EC50 effective 
concentration for 50% of test subjects, ErC50 concentration resulting in 50% growth rate reduction, EC20 effective concentration for 20% of test 
subjects, EC10 effective concentration for 10% of test subjects



Compound Aquatic species Time-scale (h) End point Toxicity Refs.



Brodifacoum Oncorhynchus mykiss 96 L LC50: 0.04 mg/L; 0.042 mg/L eCA (2016c)
Daphnia magna 48 I EC50: 0.25 mg/L
Selenastrum capricornutum 72 Gi ErC50: 0.04 mg/L
Activated sludge 3 Ri EC10: > 0.058 mg/L



Bromadiolone Oncorhynchus mykiss 96 L LC50: > 8.0 mg/L; 2.86 mg/L eCA (2016e)
Daphnia magna 48 I; L EC50: 5.79 mg/L; LC50: 2.0 mg/L
Pseudokirchneriella subcapitata 72 Gi ErC50: 1.14 mg/L
Activated sludge 3 Ri EC50: 31.6 mg/L; 132.8 mg/L



Difenacoum Oncorhynchus mykiss 96 L LC50: 0.065 mg/L; 0.33 mg/L eCA (2016g)
Daphnia magna 48 L LC50: 0.52 mg/L; 0.91 mg/L
Selenastrum capricornutum 72 Gi ErC50: 0.8 mg/L; 0.51 mg/L
Pseudomonas putida 6 Ri EC50: > 2.3 mg/L; > 999.7 mg/L



Flocoumafen Oncorhynchus mykiss 96 L LC50: 0.07 mg/L eCA (2016a)
Daphnia magna 48 I EC50: 0.18 mg/L
Pseudokirchneriella subcapitata 72 Gi ErC50: > 18.2 mg/L
Activated sludge 3 Ri EC50: > 4.0 mg/L



Difethialone Oncorhynchus mykiss 96 L LC50: 0.051 mg/L eCA (2016h)
Daphnia magna 48 I EC50: 0.0044 mg/L
Selenastrum capricornutum 72 Gi ErC50: > 0.18 mg/L
Activated sludge 3 Ri EC50: > 100 mg/L



Warfarin Salmo gairdniri 96 L LC50: 65 mg/L eCA (2016f)
Daphnia magna 48 I EC50: > 105 mg/L
Scenedesmus subspicatus 72 Gi ErC50: > 83.2 mg/L
Activated sludge 2.9 Ri EC20: > 400 mg/L



Coumatetralyl Salmo gairdniri 96 L LC50: 53 mg/L eCA (2016b)
Daphnia magna 48 I EC50: > 14 mg/L
Scenedesmus subspicatus 72 Gi ErC50: > 18 mg/L
Activated sludge 24 Ri EC50: 4210 mg/L



Chloro- Oncorhynchus mykiss 96 L LC50: 0.45 mg/L eCA (2016d)
phacinone Daphnia magna 48 I EC50: 0.64 mg/L



Desmodesmus subspicatus 72 Gi ErC50: 2.2 mg/L
Activated sludge 3 Ri EC50: > 1000 mg/L
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extraction. Chen et al. (2014) proposed an ionic liquid-based 
ultrasonic-assisted dispersive liquid–liquid microextraction 
method for highly effective extraction of trace bromadiolone 
and brodifacoum in environmental water samples.



Approaches such as QuEChERS (quick, easy, cheap, 
effective, rugged, and safe) appear to be suitable for the 
extraction of anticoagulant rodenticides from biological 
tissues such as aquatic organisms (Vudathala et al. 2010; 
Morrison et al. 2016). This approach generally relies on 
dispersive solid-phase extraction as a cleanup step after 
extraction to remove interferences from sample extracts. 
Several studies demonstrated that concurrently applying 
C18 and primary–secondary amine removes the majority of 
co-extracted materials by weight from moderately fatty fish 
tissue (Morrison et al. 2016). Besides mixed phase disper-
sive solid-phase extraction (Vudathala et al. 2010; Gómez-
Canela and Lacorte 2016), gel-permeation chromatography 
(Hunter 1983b), normal phase solid-phase extraction using 
alumina or florisil cartridges (Jones 1996; Gómez-Canela 
and Lacorte 2016), and reversed phase solid-phase extrac-
tion using aminopropyl or hydrophilic-lipophilic balance 
cartridges (Goldade et al. 1998; Fisher et al. 2012; de Solla 
et al. 2016) were among the cleanup methods applied as an 
additional purification step to generate sample extracts suit-
able for quantitative analysis of anticoagulant rodenticides.



Qualitative and quantitative analysis



While coumatetralyl (hydroxycoumarin derivative) and chlo-
rophacinone (indane-1,3-dione derivative) are well detect-
able by gas chromatography–mass spectrometry, gas chro-
matography-based methods have not proved reliable for the 
analysis of other anticoagulants because of either thermal 
degradation of the parent compound during chromatography, 
i.e., by heat of injection chamber, or insufficient derivatiza-
tion (Hunter 1983a; Sato 2005). Hydroxycoumarin-based 
anticoagulant rodenticides are nonvolatile, highly adsorp-
tive, and possess at least one functional hydroxyl group; 
thus, derivatization (with the exception of coumatetralyl) is 
required for their gas chromatography-based analysis (Sato 
2005). Recently, an in-injector pyrolysis gas chromatograph 
coupled with an ion trap tandem mass spectrometer was 
shown to be successful for the rapid analysis of bromadi-
olone in blood plasma and liver without need for derivatiza-
tion (Doubkova et al. 2017).



In general, analysis by liquid chromatography coupled 
with appropriate detectors, e.g., mass spectrometer or fluo-
rescence detector, is the method of choice for detection of 
anticoagulant rodenticides in environmental samples fol-
lowing extraction and cleanup. Given the importance of 
primary and secondary poisoning, most methods are tai-
lored toward the detection of specific active ingredients 
in various biological tissues of rodents, humans, domestic 
animals, and nontarget wildlife. A comprehensive sum-
mary of analytical methods for qualitative and quantitative 
determination of anticoagulant rodenticides in biological 
samples is also included in the work by Imran et al. (2015). 
As some of the compounds, e.g., brodifacoum and flocou-
mafen, are prone to carryover due to their nonpolar and 
hydrophobic nature (Marek and Koskinen 2007), extensive 
quality control is required irrespective of the chosen method 
to avoid false positives. Among the established methods 
for anticoagulant rodenticides in biological samples are 
ion-chromatography coupled with fluorescence detection 
(Jin et al. 2007) and tandem mass spectrometry (Jin et al. 
2008), two-dimensional liquid chromatography coupled 
with tandem mass spectrometry (Marsalek et al. 2015), 
liquid chromatography coupled with tandem mass spec-
trometry (Marek and Koskinen 2007; Chen et al. 2009; Jin 
et al. 2009; Bidny et al. 2015), or high resolution mass spec-
trometry (Schaff and Montgomery 2013; Smith et al. 2017; 
Kotthoff et al. 2018). While anticoagulant rodenticides are 
suitable for electrospray ionization in both positive and 
negative mode, most published tandem and high resolution 
mass spectrometry methods rely on negative electrospray 
ionization due to enhanced sensitivity. A few researchers 
have employed atmospheric pressure chemical ionization 
on a limited number of anticoagulants (Guan et al. 1999; 



Table 4   Estimated and measured bioconcentration factors (BCF) of 
first- and second-generation anticoagulant rodenticides in fish



* Estimated at pH 7.4 using ACD/Labs software v8.14
a Estimated using BCFWIN v2.17 US Environmental Protection 
Agency
b Adapted from EU Competent Authority Assessment Reports (eCA 
2016a, c, d, e, g, h)
c Adapted from EU Competent Authority Assessment Reports (eCA 
2016a, b, e, f, g)



Compound Estimated 
BCF*



fish
(L/kg)



Estimated 
BCFa



fish
(L/kg)



Estimated 
BCFb



fish
(L/kg)



Measured 
BCFc



fish
(L/kg)



First generation
Warfarin 1.0 23.9 – ≤ 21.6
Chlorophaci-



none
19.8 492 22.75 –



Coumate-
tralyl



2.0 358 – 11.4



Second generation
Bromadi-



olone
108 – 339; 575 460



Brodifacoum 1296 – 35,648 –
Difenacoum 451 9010 35,645 1100
Difethialone 2949 14,000 39,974 –
Flocoumafen 1003 – 36,134 24,300
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Mandel et al. 2000). In addition, few methods employed 
direct injection of biological tissue extracts for the analysis 
of anticoagulants after solvent extraction without further 
cleanup (Bayen et al. 2015; Kotthoff et al. 2018). With 
regard to aqueous samples, sensitivity of nontarget screen-
ing methods employing minimal sample pretreatment, e.g., 
direct injection of aqueous samples or dilute-and-shoot 
approaches, might be insufficient for the detection of these 
compounds at very low ng/L concentrations.



Notably, none of these methods aimed at chromato-
graphic separation of individual diastereoisomers. Core shell 
analytical columns or mobile phases containing acetonitrile 
were reported to separate anticoagulants into their different 
stereoisomers (Jones 1996; Fourel et al. 2017a), but chroma-
tographic separation of all second-generation anticoagulant 
rodenticide stereoisomers within a single elution gradient is 
challenging (Damin-Pernik et al. 2016; Fourel et al. 2017a). 
After baseline separation of stereoisomers is achieved, peak 
acquisition of corresponding cis- and trans-isomers is usu-
ally carried out using identical multiple reaction monitoring 
settings in tandem mass spectrometry (Smith et al. 2017). 
A stereoselective method by Kammerer et al. (2005) deter-
mined phenprocoumon and its stereospecific metabolites 
based on liquid chromatography tandem mass spectrometry 
in positive electrospray ionization mode in human plasma 
and liver microsomes. In general, data on stereoisomer resi-
dues and their metabolites in rodents or nontarget wildlife 
after environmental exposure are limited (Damin-Pernik 
et al. 2016, 2017; Fourel et al. 2017a, b).



An overview of ions used for quantification and confir-
mation of anticoagulant rodenticides in various acquisition 
methods, i.e., selected ion monitoring, multiple reaction 
monitoring, and selected reaction monitoring, is provided 
elsewhere (Imran et al. 2015). Matrix- and compound-spe-
cific method detection limits (MDL) and method quantifica-
tion limits (MQL) are discussed in the context of reported 
presence or absence of anticoagulants in the aquatic environ-
ment in subsequent sections.



Analytical challenges



The majority of studies that investigated the occurrence 
and fate of anticoagulant residues in the aquatic environ-
ment refrained from using adequate isotope labeled sur-
rogates for individual compounds during analysis by liq-
uid chromatography tandem mass spectrometry or high 
resolution mass spectrometry to account for incomplete 
extraction of bound residues, ion suppression, and matrix 
effects (Gómez-Canela et al. 2014a, b; Gómez-Canela and 
Lacorte 2016; Kotthoff et al. 2018). These days, isotopi-
cally labeled analogues of high purity can be purchased 
for the majority of anticoagulants. Although costly, the use 
of appropriate isotope labeled internal standards during 



analysis is highly recommended for the quantification of 
residues at trace levels in complex environmental samples 
to guarantee the required specificity and selectivity. Co-
eluted matrix components can interfere and compete with 
ions of target analytes during ionization in samples with 
high protein and lipid content (Huerta et al. 2012). Internal 
standards can only correct for the variation in ionization 
efficiency if their behavior is similar to that of the target 
analytes. In case of warfarin, more pronounced matrix 
effects were observed in fish liver extracts compared to 
extracts derived from fillet tissue during liquid chroma-
tography tandem mass spectrometry analysis (Ramirez 
et al. 2009). Moreover, findings by Ramirez et al. (2009) 
demonstrated that extracts derived from fish sampled at 
different locations exert variable influence on the ana-
lytical response of warfarin, even though extracts were 
derived from a single biological tissue. This is a major 
drawback for corrective measures such as matrix-matched 
external calibration or standard addition as the generation 
of a calibration curve for each sample is impractical and 
often omitted when analyzing large sample sets (Huerta 
et al. 2012).



Hence, reported concentrations of anticoagulant rodenti-
cides in complex matrices should be examined carefully if 
their quantification was conducted by matrix-matched exter-
nal standard calibration (Gómez-Canela and Lacorte 2016; 
Kotthoff et al. 2018) or by use of inappropriate internal 
standards, e.g., coumachlor as an internal standard for sec-
ond-generation anticoagulant rodenticides (Gómez-Canela 
et al. 2014a, b). While physicochemical properties of couma-
chlor and the molecule’s behavior in environmental matri-
ces are similar to those of warfarin, they differ substantially 
from compounds such as bromadiolone, difenacoum, brodi-
facoum, difethialone, and flocoumafen (Table 2). In addition, 
the presence of coumachlor in environmental samples was 
demonstrated (Gómez-Canela and Lacorte 2016), precluding 
its qualification as an internal standard in regional monitor-
ing studies. The range of target analytes as well as local 
conditions and emission sources plays an important role in 
choosing appropriate internal standards if labeled analogues 
are not available. Difenacoum for example has been com-
monly used as an internal standard for the quantification 
of brodifacoum in environmental samples collected from 
islands and fenced sanctuaries after aerial brodifacoum bait 
application (Masuda et al. 2015).



Chirality bears another challenge during residue analysis 
in complex matrices. Historically, chirality as a structural 
characteristic of pharmaceuticals marketed as racemates, e.g., 
vitamin K antagonists such as phenprocoumon, warfarin, and 
acenocoumarol, received very little attention in the field of 
environmental analysis (Pérez and Barceló 2008). Despite the 
fact that chromatographic separation of individual stereoiso-
mers is of great value in pharmaco- and toxicokinetic studies 
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and offers new approaches for investigating their occurrence 
and fate in the environment, it adds another dimension of 
complexity to the screening of trace-level anticoagulant 
mixtures in environmental matrices. A major challenge for 
the quantitative assessment of individual stereoisomers in 
environmental samples is the lack of appropriate analytical 
standards and the non-disclosure of diastereoisomer ratios in 
biocidal products released to the environment.



Residues of anticoagulant rodenticides 
in terrestrial and avian nontarget species



Worldwide monitoring of anticoagulant residues focuses 
mainly on predators, e.g., UK (Walker et al. 2010), France 
(Lambert et al. 2007), Spain (López-Perea et al. 2015), USA 
(Murray 2011), New Zealand (Eason et al. 2002). Antico-
agulant rodenticide residues are found in many birds of prey 
and owl species (Newton et al. 1990; Walker et al. 2008; 
Murray 2011; Christensen et al. 2012; Hughes et al. 2013). 
Here, mainly birds that prey on small mammals like com-
mon buzzards (Buteo buteo) (Berny et al. 1997; Laasko 
et al. 2010), red kites (Milvus milvus) (Laasko et al. 2010; 
Hughes et al. 2013; Coeurdassier et al. 2014), and barn owls 
(Tyto alba) (Hosea 2000; Lambert et al. 2007) are exposed 
to anticoagulant rodenticides. Furthermore, anticoagulant 
rodenticide residues regularly occur in mammalian preda-
tors like foxes (Berny et al. 1997; Beklova et al. 2007; Sage 
et al. 2010; Tosh et al. 2011; Sanchez-Barbudo et al. 2012), 
stoats, weasels, and polecats (McDonald et al. 1998; Shore 
et al. 2003). Beside ample data on the presence or absence of 
residues, some studies confirm (Jacquot et al. 2013) or sus-
pect (Newton et al. 1997) population decreases in nontarget 
species due to anticoagulant rodenticide poisoning. Residues 
of mainly second-generation anticoagulant rodenticides were 
present in 60% of foxes (Geduhn et al. 2015) and 55% of 
barn owls (Geduhn et al. 2016) in Germany in 2011–2014, 
and density of farmland (livestock density) and urban areas 
was positively correlated to rodenticide exposure of foxes.



Anticoagulant rodenticide exposure of predators results 
from feeding on small mammals that are target or nontarget 
species of rodenticide applications. Few studies confirmed 
anticoagulant rodenticide residue occurrence in nontar-
get small mammals from European countries (Townsend 
et al. 1995; Brakes and Smith 2005; Tosh et al. 2012). In 
Germany, recent research demonstrated regular exposure 
to anticoagulant rodenticides in nontarget small mammals 
in a large-scale experimental study (Geduhn et al. 2014). 
23% of individuals that were trapped in the surrounding 
of livestock farms where an anticoagulant rodenticide was 
applied showed anticoagulant residues in liver samples. 
Residues were found in all trapped small mammal species, 
including shrews and wood mice that are protected species 



in Germany. Exposure rates and residue concentrations 
were especially high close to the bait stations (15 m radius) 
and decreased with increasing distance to the baited area. 
Recently, the relevance of nontarget small mammals in the 
context of wildlife exposure to anticoagulants was demon-
strated in mammals and owls (Geduhn et al. 2014, 2016). 
In Germany, barn owls regularly prey on nontarget small 
mammals and rarely on target mice or rats (Geduhn et al. 
2016). Therefore, exposure of barn owls via nontarget small 
mammals is very likely. Furthermore, residues of anticoagu-
lant rodenticides were detected in small mammals that were 
hunted by owls (Geduhn et al. 2016). The unacceptable risks 
of primary and secondary poisoning that has been identified 
within the authorization procedure of anticoagulant roden-
ticide under the Biocidal Product Regulation No. 528/2012 
could be confirmed in different steps of the terrestrial food 
chain, with nontarget small mammals as a key factor in this 
process (Geduhn et al. 2014, 2015, 2016). Therefore, further 
efficient risk mitigation strategies are necessary that focus on 
these species to reduce overall wildlife exposure.



Occurrence and fate of anticoagulant 
rodenticides in the aquatic environment



Wastewater treatment plants



Despite the use of warfarin-containing baits by professional 
and private users in urban catchments, the presence of war-
farin in raw and treated wastewater has mainly been linked 
to the consumption of blood-thinning medication by resi-
dents. While studies with radiolabeled warfarin in rabbits 
demonstrated that about 90% of the orally administered dose 
is recovered in urine (Wong and Solomonraj 1980), only 
about 2% of the typical 1–15 mg daily prescription dose is 
excreted as unchanged warfarin (Godfrey et al. 2007; Crouse 
et al. 2012). Urinary excretion of warfarin predominantly 
occurs in the form of metabolites as warfarin enantiomers 
are extensively metabolized by liver in mammals. While R 
warfarin is oxidized to 7-hydroxywarfarin and reduced to 
R,S warfarin alcohol, S warfarin (a more active enantiomer 
with 3–5 times higher anticoagulant potency) on the other 
hand is oxidized to 7-hydroxywarfarin and reduced to S,S 
warfarin alcohol. Both enantiomers can also be metabolized 
to 6-hydroxywarfarin (Kasprzyk-Hordern 2010).



The occurrence of more recalcitrant pharmaceuticals in 
wastewater treatment plants is often correlated with their 
prescription rates. The predicted national average concentra-
tion of warfarin in raw municipal wastewater, based on US 
marketing and pharmacological data from 2004, was esti-
mated at 28 ng/L (Kostich and Lazorchak 2008). Very low 
warfarin concentrations, i.e., on average 2 ng/L, were meas-
ured in raw municipal wastewater influent at a wastewater 
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treatment plant facility in Texas, USA (Du et al. 2014). 
According to the authors, elevated concentrations of war-
farin were occasionally observed in treated effluent, which 
might be explained by cleavage of glucuronide conjugates 
during biotransformation. Warfarin and its monohydroxy-
lated derivatives are potential substrates for glucuronidation 
during phase II metabolism in humans. As glucoronide con-
jugates are more water-soluble than the parent compounds, 
they are easily excreted via bile and urine (Zielinska et al. 
2008). Due to a rather high reporting limit of 11 ng/L, warfa-
rin was not detected in wastewater effluent samples collected 
from 50 large wastewater treatment plants across the USA 
in 2011 (Kostich et al. 2014). It was sporadically detected in 
treated wastewater effluent used for irrigation from a facility 
in Colorado at levels up to 90 ng/L (Kinney et al. 2006).



In Finland, Ajo et al. (2018) reported warfarin concen-
trations of 82 ng/L and 7 ng/L in raw hospital wastewater 
and biologically treated domestic wastewater effluent from 
a healthcare center, respectively. Another study from Fin-
land indicated better removal of warfarin (initial influent 
concentration of 50 ng/L) during membrane bioreactor 
treatment (more than 60% removal) compared to conven-
tional activated sludge process (approximately 30% removal) 
(Gurung et al. 2016). The results of a study by Gibs et al. 
(2007) indicate that warfarin reacts completely with residual 
chlorine within 24 h during water treatment. Ejhed et al. 
(2018) investigated the treatment performance of three dif-
ferent onsite-wastewater treatment facilities that received 
raw wastewater collected from a small town in Germany 
(2500 person equivalents). Warfarin was only detected in 
one raw wastewater sample at 15 ng/L. It was not detected 
in any of the effluent samples (Ejhed et al. 2018). On the 
contrary, warfarin persisted in an organic-rich anoxic septic 
tank environment and was frequently detected in effluents 
from a community septic tank serving 350 users (Godfrey 
et al. 2007). Gómez-Canela et al. (2014b) detected warfa-
rin in 9 out of 9 raw wastewater samples from wastewater 
treatment plants with mostly urban catchments in Catalo-
nia, Spain. Warfarin concentrations in the aqueous phase 
of the 24-h composite samples ranged from 8 to 156 ng/L. 
It was also the main anticoagulant detected in more than 80 
aqueous wastewater samples retrieved from nine wastewater 
treatment plants in Catalonia, Spain as 24-h composite sam-
ples in 2012 by the same research group. All samples were 
centrifuged prior to analysis, i.e., solid-phase extraction on 
hydrophilic-lipophilic balanced cartridges followed by liq-
uid chromatography tandem mass spectrometry, to remove 
particulate matter. Warfarin concentrations ranged from 9 to 
334 ng/L in raw wastewater and 1.6–45 ng/L in biologically 
treated wastewater effluents, respectively. Highest warfa-
rin concentrations were detected in facilities serving large 
urban catchment areas. The majority of the studied waste-
water treatment plants removed warfarin to below its method 



detection limit (MDL) of 1.6 ng/L in treated effluents. Three 
other facilities achieved removal rates between 82% and 98% 
(Gómez-Canela et al. 2014a). Santos et al. (2013) detected 
warfarin in hospital and municipal effluents in Portugal in 
the low ng/L range, supporting the hypothesis that the pres-
ence of warfarin in wastewater is mainly caused by its use 
as pharmaceutical.



Gómez-Canela et al. (2014a) also reported sporadic occur-
rence of coumatetralyl, difenacoum, bromadiolone, flocou-
mafen, and brodifacoum in wastewater samples, but failed 
in establishing meaningful input and elimination routes. 
Although most of the investigated wastewater treatment plants 
indicated high anticoagulant rodenticide removal efficien-
cies from the aqueous compartment, traces of anticoagulants 
remained in the treated effluent and were likely discharged 
into receiving surface waters (Gómez-Canela et al. 2014a). In 
another study by the same research group, Gómez-Canela and 
Lacorte (2016) detected anticoagulant rodenticides in sludge 
intended to be used as agricultural fertilizer at 15 out of 27 
investigated wastewater treatment plants across North-East 
Spain. Of all analyzed anticoagulant rodenticides, warfarin 
was detected most frequently in the low μg/kg range based 
on dry weight. Bromadiolone was detected in sludge sam-
ples from six treatment facilities at concentrations between 5 
and 8 μg/kg. Brodifacoum occurred in two sludge samples at 
15 μg/kg and 17 μg/kg levels, respectively. Difenacoum and 
flocoumafen were not detected in any of the sludge samples. 
It was concluded that anticoagulant rodenticides enter waste-
water treatment plants as a result of their use as pest control 
in urban infrastructures, domestic applications, as pharma-
ceuticals, or in agriculture (Gómez-Canela et al. 2014a, b; 
Gómez-Canela and Lacorte 2016).



In 2008, Sweden performed a national screening program 
to determine concentrations of chlorophacinone, coumate-
tralyl, difenacoum, brodifacoum, bromadiolone, and flocou-
mafen in the Swedish environment. None of the analyzed 
anticoagulant rodenticides was detected above their respec-
tive MDL of 5 ng/L and 1 μg/kg in several raw and treated 
wastewater as well as sludge samples (Norström et al. 2009).



Surface water, stormwater runoff, and groundwater



A surface water monitoring campaign in Lower Saxony, 
Germany in 2014 included the analytes warfarin, bromadi-
olone, and difenacoum. None of the three were detected in 
aqueous samples from surface waters above their method 
quantification limit (MQL) of 5 ng/L (Steffen 2014). Chen 
et al. (2014) analyzed bromadiolone and brodifacoum in 
environmental water samples from streams and groundwa-
ter wells in China. With one exception, both target analytes 
were below their respective MQL in all analyzed samples 
(0.22 µm membrane filtered). Brodifacoum was detected 
in one surface water sample at 0.56 µg/L and was traced 
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back to illegal untreated wastewater discharges from a pro-
duction facility into the stream (Chen et al. 2014). Brodi-
facoum was also detected in one organic-rich freshwater 
sample at 0.48 µg/L several days after aerially broadcasted 
application of bait pellets (approximately 39 metric tons 
of bait with 0.975 kg active ingredient distributed across 
2.5  km2) during island eradication (Pitt et  al. 2015). 
Chlorophacinone and bromadiolone were not detectable 
in groundwater samples from open space in Spain after 
bait application to eradicate country vole (Hernández 
et al. 2013). Screening of water samples collected from a 
freshwater lake in New Zealand (approximately 0.3 km2 
surface area, 10–40 m depth) after accidental discharge 
of 700 kg of brodifacoum containing bait pellets (14 g of 
active ingredient) revealed no detects of residual brodi-
facoum in the month after the spill (Fisher et al. 2012). 
None of the analyzed six anticoagulant rodenticides were 
detected in Swedish surface water and stormwater runoff 
samples above the MDL of 5 ng/L (Norström et al. 2009).



During several nationwide US groundwater and surface 
water monitoring campaigns, warfarin was not detected 
above its reporting limit of 1 ng/L in any of the analyzed 
samples (Kolpin et al. 2002, 2004; Barnes et al. 2008; 
Focazio et  al. 2008). However, Watkins et  al. (2014) 
detected warfarin in surface water samples collected from 
suburban streams in Houston, Texas at locations down-
stream of wastewater treatment plant discharges. Reported 
concentrations ranged between 1 and 13 ng/L. Warfarin 
was not detected above its MDL of 0.8 ng/L in samples 
collected from locations upstream of discharges. Owing 
to a very high MDL of 50 ng/L, warfarin was also not 
detected in more than 1200 groundwater samples from 
California (Fram and Belitz 2011). Furthermore, war-
farin showed significant attenuation during soil aquifer 
treatment of septic tank effluents. The passage of efflu-
ent through 2 m of a partially saturated, sand-dominated 
vadose zone reduced warfarin concentrations to below 
MDL in groundwater samples collected from an adjacent 
well. Attenuation processes were most likely a combina-
tion of sorption to the porous media and microbial degra-
dation (Godfrey et al. 2007).



Interestingly, only one study by Wode et  al. (2015) 
investigated the occurrence of phenprocoumon, an antico-
agulant that is predominantly administered across Europe, 
in surface water and groundwater samples affected by 
treated wastewater effluents using a liquid chromatogra-
phy high resolution mass spectrometry target screening 
approach. Phenprocoumon was qualitatively detected in 
7 out of 14 groundwater and 7 out of 11 surface water 
samples of a former wastewater infiltration site in Ber-
lin, Germany. As discussed earlier, estimated prescribed 
doses of phenprocoumon in Germany in 2016 exceeded 
those of warfarin by a factor of 40. Other than warfarin, 



phenprocoumon is excreted almost entirely as a glucuron-
ide conjugate, with less than 10% of the dose as unchanged 
drug (Kasprzyk-Hordern 2010).



Soils and sediments



Kinney et al. (2006) assessed the presence and distribution 
of warfarin in soil irrigated with reclaimed water derived 
from urban wastewater. Warfarin did not accumulate in the 
studied soils over time and was present in the soils as low 
percentage of the mass applied. Observed concentration 
differences within the soil profiles may indicate the poten-
tial for warfarin to be transported from the soil surface to 
groundwater (Kinney et al. 2006). Residual flocoumafen was 
confirmed in two out of 21 New Zealand estuarine sediment 
samples. None of the monitored anticoagulant rodenticides 
were detected at riverine sites (Cavanagh and Ward 2014). 
After the accidental spill of brodifacoum containing bait 
into a freshwater lake in New Zealand, surface layer sedi-
ment samples revealed no detects of residual brodifacoum 
(Fisher et al. 2012). Nevertheless, 32% of soil samples from 
areas affected by broadcasted application of pellet bait con-
tained brodifacoum residues at levels up to 56 μg/kg (MDL 
3 μg/kg) (Pitt et al. 2015). Soil and sediment samples (upper 
2–3 cm layer) from urban and remote areas in Sweden con-
tained no traces of anticoagulant rodenticide residues (Nor-
ström et al. 2009).



Suspended particulate matter



Suspended particulate matter samples from the German 
Specimen Bank were analyzed by Kotthoff et al. (2018) 
using liquid chromatography high resolution mass spec-
trometry to assess residue levels and distribution patterns 
of anticoagulant rodenticides in German surface waters. 
Samples, i.e., pooled samples of 12 monthly subsamples, 
were collected in 2015 from 16 different streams according 
to standardized procedures and corresponded with sampling 
sites of investigated limnic fish. Bromadiolone was the only 
anticoagulant rodenticide detected above its MQL of 1 μg/
kg in nine suspended particulate matter samples and devi-
ated from fish liver results discussed in the following. Mean 
concentration of bromadiolone was 4.9 μg/kg with a maxi-
mum of 9.2 μg/kg. The rather unexpected absence of other 
anticoagulant rodenticides in suspended particulate matter 
samples remained unresolved (Kotthoff et al. 2018).



Aquatic organisms



Liver samples of bream (Abramis brama) analyzed in the 
same study were also obtained from the German Speci-
men Bank (Kotthoff et al. 2018). Samples were collected 
in 2011 and 2015 and represented 16 river sampling sites 
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and two lakes across Germany. In addition, decennial time 
series were analyzed for two sampling locations, i.e., rivers 
Saar and Elbe. According to their findings, five out of eight 
authorized anticoagulant rodenticides, namely difenacoum, 
brodifacoum, bromadiolone, difethialone, and flocoumafen, 
were detected in fish liver samples above their respective 
MQL of 0.2–2.0 µg/kg wet weight. In several fish liver sam-
ples, more than one residue was detected. This is in accord-
ance with studies investigating anticoagulant rodenticide 
exposure in terrestrial nontarget wildlife. Different substance 
and concentration patterns were found between 2011 and 
2015. Notably, brodifacoum was detected in 88% of the 2015 
samples with an average concentration of 3.4 μg/kg (max. 
12.5 μg/kg), followed by difenacoum (44%, max. 0.7 μg/
kg) and bromadiolone (17%, max. 7.1 μg/kg). Metabolism 
and depuration of bromadiolone in fish might have caused 
the varying detection frequencies of bromadiolone residues 
in corresponding samples of fish liver (19%) and suspended 
particulate matter (56%) (Kotthoff et al. 2018). In a New 
Zealand study from 2013, a total of 49 individual freshwater 
fish livers, among others from brown trout (Salmo trutta) 
and New Zealand longfin eel (Anguilla dieffenbachii), were 
screened for residues of warfarin (MDL 100 µg/kg), couma-
tetralyl (MDL 10 µg/kg), brodifacoum, bromadiolone, and 
flocoumafen (all MDL 5 µg/kg). About 27% of analyzed 
liver samples contained bromadiolone (9–34 µg/kg wet 
weight) or coumatetralyl (11–24 µg/kg wet weight), respec-
tively. Residues were not detected above their respective 
MDL in corresponding muscle tissue samples (Cavanagh 
and Ward 2014).



Warfarin was sporadically detected in tissues of wild 
freshwater mussels (Lasmigona costata) collected in 2012 
from the Grand River, Ontario in Canada, but not in a 
series of corresponding surface water samples (2009–2011, 
n = 37). The reported maximum tissue concentration of war-
farin was 1.15 µg/kg wet weight. Warfarin was not detected 
above its MDL in tissues of caged freshwater mussels after 
a 4-week deployment period in Grand River in 2010 (de 
Solla et al. 2016). Warfarin was also not detected in any of 
the fish fillet (MDL 0.9 μg/kg, n = 30) or liver (MDL 2.7 μg/
kg, n = 30) composite samples from five effluent-dominated 
river sampling sites receiving discharge from wastewater 
treatment plants of major cities across the USA (Ramirez 
et al. 2009). The 2008 Swedish national screening program 
included fish muscle samples (pooled samples of hering and 
perch, respectively) from remote and urban surface waters 
to investigate the occurrence of chlorophacinone, couma-
tetralyl, difenacoum, brodifacoum, bromadiolone, and flo-
coumafen in the Swedish environment. Their concentrations 
were below the MDL of 1 μg/kg in all fish muscle samples 
(Norström et al. 2009).



Other findings in aquatic organisms include (sparse) 
residual concentrations of brodifacoum in coastal marine 



species such as sedentary mollusks and fish following island 
rodent eradication (Siers et al. 2016) or accidental discharge 
(Primus et  al. 2005). Residual brodifacoum concentra-
tions were found in liver samples, but not muscle tissue, 
of two blue cod (Parapercis colias) individuals at 26 µg/
kg and 92 µg/kg, respectively (8% detection frequency). 
Brodifacoum residues were also detected in whole-body 
samples of four mussels (Mytilus edulis) in the range of 
1–22 µg/kg and four limpets (Cellana ornata) in the range 
of 1–16 µg/kg (17% detection frequency) (Masuda et al. 
2015). Following a hand- and aerially broadcast applica-
tion of 18,000 kg of brodifacoum pellets on Wake Island 
Atoll in 2012, 3 out of 69 marine whole-body fish samples 
collected in 2012 and 5 out of 48 collected in 2015 were 
suspected of brodifacoum contamination (MDL 3.5 µg/kg). 
However, none of these whole-body samples (mostly from 
blacktail snappers, Lutjanus fulvus) yielded reliably quan-
tifiable concentrations of brodifacoum above the MQL of 
11.7 µg/kg (Siers et al. 2016). Pitt et al. (2015) conducted 
a comprehensive post-baiting monitoring for environmen-
tal brodifacoum residues after the extensive rat eradication 
on Palmyra Atoll. Whole-body samples of black-spot ser-
geants (Abudefduf sordidus) that were collected prior to bait-
ing contained no brodifacoum residues above the MDL of  
13 µg/kg, whereas average brodifacoum concentrations were 
in the range of 143 ± 27 µg/kg (90% detection frequency) 
shortly after aerially broadcasted bait application (approxi-
mately 0.39 mg active ingredient per m2 land surface). The 
mortality of 47 mullets (Moolgarda engeli, Liza vaigien-
sis) washed ashore was linked to brodifacoum bait appli-
cation. Whole-body samples showed average residues of 
337 ± 67 µg/kg wet weight. As mullets are common prey of 
many aquatic and terrestrial predatory species, the authors 
emphasized the likeliness of trophic transfer of brodifacoum 
(Pitt et al. 2015). According to a literature review by Masuda 
et al. (2015), detection frequencies of brodifacoum residue in 
coastal marine species after aerial bait application were only 
approximately 6% for marine invertebrates and 3% for fish. 
No residual brodifacoum was detected in fish liver samples 
(Anguilla diefenbachii) after accidental discharge of 14 g 
of active ingredient into a remote freshwater lake in New 
Zealand (Fisher et al. 2012). Green mussel (Perna viridis) 
samples collected in Singapore coastal waters showed no 
traces of warfarin above its MDL of 0.6 µg/kg wet weight 
(Bayen et al. 2015).



Avian and mammalian predators in the aquatic food 
web



Liver samples of different top-predator species with a pre-
dominantly fish-eating diet across the Loire river basin 
in France were screened for residues of warfarin, chlo-
rophacinone, coumatetralyl, difenacoum, brodifacoum, 
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bromadiolone, difethialone, and flocoumafen by Lemarchand 
et al. (2014). Carcasses of road-traffic killed Eurasian otter 
were mainly collected between 2004 and 2008 (Lemarchand 
et al. 2010). While samples of great cormorants (Phalacro-
corax carbo carbo/sinensis) and osprey (Pandion haliaetus) 
revealed no traces of anticoagulants above their respective 
MDL of 20 µg/kg, bromadiolone was detected in 10% of 
the analyzed 20 Eurasian otter (Lutra lutra) liver samples 
at concentrations of 0.4 and 0.85 mg/kg wet weight, respec-
tively. No clinical signs of intoxication, e.g., severe anemia 
or bleeding, were observed. As both individuals originated 
from the same riparian area that was heavily baited against 
proliferation of land voles (Arvicola scherman) back then, 
the authors deemed secondary poisoning due to predation on 
nontarget rodents likely (Lemarchand et al. 2010; Lemarch-
and et al. 2014). An earlier study by Fournier-Chambrillon 
et al. (2004) confirmed exposure of European otters to sec-
ondary poisoning by bromadiolone (18%) and chloropha-
cinone (9%) in France due to major field treatments with 
anticoagulants in the past. Hepatic traces of coumatetralyl 
(5.8–9.4 µg/kg), bromadiolone (6.2–11 µg/kg), and difena-
coum (lower than 0.3–2.5 µg/kg) were also found in two 
roadkill European otters from Finland (Koivisto et al. 2016). 
No anticoagulant rodenticides were detected above their 
respective MQL of 0.2–2.0 µg/kg in liver samples of five 
European otter individuals from the river Elbe catchment in 
Eastern Germany (Kotthoff et al. 2018).



Following aerial rodent eradication in 2009, three out of 
nine little blue penguins (Eudyptula minor) found dead on 
island beaches showed hepatic brodifacoum residues (Fisher 
2013). As a consequence, a more comprehensive screen-
ing of liver samples from 38 penguin carcasses regarding 
brodifacoum, bromadiolone, flocoumafen, coumatetralyl, 
and warfarin residues was conducted in 2010. While target 
analytes were absent in 50% of the penguin liver samples, 
34.2% revealed the presence of one anticoagulant, 7.9% a 
combination of two, 5.3% of three and 2.6% of four differ-
ent anticoagulants. Brodifacoum was detected in six of the 
little blue penguins in the range of 1–3 µg/kg (Fisher 2013).



Rating the risks of anticoagulant 
rodenticides in the aquatic environment



Challenges of anticoagulant rodenticide residue 
screening in aquatic environmental compartments



Monitoring of anticoagulant rodenticide residues in the 
aquatic environment involves a number of challenges, par-
ticularly with regard to establishing causative associations 
and robust source, pathway, and receptor relationships. 
Given the toxicological relevance of anticoagulants at trace 



concentrations and the variety of active ingredients applied 
worldwide, very sensitive and specific multi-methods are 
required that cover a wide range of different compounds 
and environmental matrices. As illustrated in this review, 
available analytical methods often suffer from elevated lim-
its of detection caused by the complexity of environmental 
matrices such as sewage or biological tissues and insufficient 
sample pretreatment.



Another critical consideration in the context of poisoning 
via environmental emissions is the influence of municipal 
effluent discharges on in-stream hydrology when selecting 
sampling locations and periods for monitoring of wastewa-
ter-derived contaminant exposure (Ramirez et al. 2009). 
Important aspects regarding the monitoring of anticoagulant 
rodenticides in aquatic compartments are the frequency and 
amplitude of contaminant loadings. Effluent-dominated sys-
tems generally represent worstcase exposure scenarios, but it 
is assumed that anticoagulant rodenticide input rates are of 
transient character and will vary widely depending on usage 
patterns in urban catchments, runoff regimes, and wastewa-
ter treatment plant performance. Worstcase predicted envi-
ronmental concentrations discussed earlier (Table 1) indi-
cate that expected anticoagulant rodenticide concentrations 
in receiving surface waters may be out of reach for current 
analytical methods, even with extensive sample enrichment 
and cleanup. Yet, in cases where environmental dissipation 
rates are exceeded by prolonged input rates from effluent 
loadings, even at very low concentrations, effective exposure 
duration of organisms residing in these aquatic systems is 
increased, presenting particular potential for accumulation 
of contaminants. Thus, analysis of stationary environmental 
matrices such as sediments, sessile or less migratory organ-
isms that reflect an average exposure over time can be one 
way to capture transient events and monitor the burden of the 
aquatic environment (Kotthoff et al. 2018). Bioaccumula-
tion processes can widely differ among aquatic species due 
to complex interactions between various routes of uptake 
(aqueous uptake of water-borne chemicals, dietary uptake 
by ingestion of contaminated food or particles), excretion, 
passive release, and metabolization (Streit 1998). Therefore, 
determination of concomitant parameters such as trophic 
level, age, and lipid content is crucial to rank the exposure 
of aquatic organisms and link anticoagulant rodenticide 
residues to identified emission sources. Yet, such important 
parameters were often omitted in environmental monitoring 
studies of anticoagulants in aquatic wildlife. The occurrence 
and fate of anticoagulant rodenticides in fish species is likely 
correlated with their feeding habit and lipid metabolism, i.e., 
less fat after winter months. In summer and fall, lipid content 
in fish is usually highest and river water levels lowest, e.g., 
less dilution of wastewater-derived contaminants.
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Emergence of anticoagulants in the aquatic 
environment



With the exception of warfarin, behavior and fate of anti-
coagulant rodenticides in the aquatic environment have 
received minimal attention by environmental research 
groups in the past. Therefore, potential risks cannot be 
adequately rated at this point. Several studies consid-
ered the risk of secondary poisoning via environmental 
emissions as marginal. The Swedish monitoring study 
concluded that anticoagulant rodenticides are not widely 
distributed in the Swedish environment, thus not posing 
a threat for nontarget organisms that are not affected by 
direct primary or secondary poisoning (Norström et al. 
2009). Nonetheless, this review clearly shows that anti-
coagulant rodenticides can enter aquatic environmental 
compartments. Without question, more comprehensive 
monitoring data of relevant environmental matrices are 
needed for a thorough assessment of their emergence. 
Given their physicochemical properties (Table 2), envi-
ronmental matrices such as sediments and suspended par-
ticulate matter might pose important exposure routes for 
particle-bound second-generation anticoagulant rodenti-
cides, leading to bioaccumulation and toxicity in aquatic 
organisms. According to Fisher (2013), environmental 
spread of anticoagulant rodenticide residues in New Zea-
land is thought to be predominantly trophic rather than 
through exposure of nontarget organisms to anticoagulant 
rodenticide residues in water or soil/sediments. Carcasses 
of poisoned animals or terrestrial invertebrates that feed 
on bait, e.g., cockroaches, are presumed to transfer anti-
coagulant rodenticide residues in the aquatic environment 
and put predators and scavengers at risk of secondary 
exposure.



Warfarin is commonly monitored in environmental stud-
ies because of its substantial volume of prescriptions and 
sales, alongside its potential negative effects on wildlife. 
In developed countries, the occurrence of warfarin in the 
aquatic environment is mainly caused by its use as a pre-
scription drug and incomplete removal (or reversible trans-
formation) during conventional wastewater treatment. Low 
detection frequencies of warfarin in the aquatic environment 
are likely a combination of low consumption compared to 
other high-volume non-prescription drugs, high metabolic 
rates in the body of humans (pharmaceutical) and rodents 
(biocidal use), low bioaccumulation potential, and high 
detection limits. In surface water and groundwater, warfarin 
reporting limits differed by factor 50 among studies, rang-
ing between 0.001 µg/L (Kolpin et al. 2002, 2004; Barnes 
et al. 2008; Focazio et al. 2008) and 0.05 µg/L (Fram and 
Belitz 2011; Crouse et al. 2012). The worstcase predicted 
environmental concentrations for surface water resulting 
from sewer baiting scenarios are in the range of 0.006 µg/L 



(Table 1). According to reviewed monitoring data, environ-
mental levels of warfarin may not represent a high risk for 
aquatic species, in particular fish and mollusks. Moreover, 
warfarin was not ranked as an emerging contaminant in 
coastal and marine environments (Maruya et al. 2015). Yet, 
chronic exposure at low concentrations or chronic exposure 
with multiple active ingredients and therefore higher envi-
ronmental concentrations could trigger sublethal effects 
(Fernandez et al. 2014).



Future research needs and risk mitigation measures



The proposed adverse outcome pathway for anticoagulant 
rodenticides in terrestrial nontarget wildlife by Rattner 
et al. (2014) reveals that the anticoagulant’s mechanism of 
action from the molecular through cellular levels is well 
understood, whereas linkages and forecasting of responses 
at the individual through population levels remain vague 
or incomplete. Among others, substantial data gaps exist 
regarding the understanding of exposure pathways and 
potential adverse effects of multiple low-level anticoagulant 
rodenticide exposures. For instance, the almost ubiquitous 
occurrence of second-generation anticoagulant rodenti-
cides in bream liver samples from receiving surface waters 
throughout Germany demonstrated by Kotthoff et al. (2018) 
contrasts the reported (minor) quantities of active ingredi-
ents applied as biocides in German sewer systems (Krüger 
and Solas 2010). Notably, rodent control in sewer systems 
is one of the main applications of biocidal anticoagulant 
rodenticides in densely populated urban and peri-urban areas 
in Germany. At present, studies about the fate of antico-
agulant rodenticide residues during wastewater treatment, 
e.g., conventional or advanced treatment, respectively, after 
confirmed bait application in sewer systems of urban catch-
ments are lacking.



The role of invertebrates as consumers and vectors of 
anticoagulant poison should be another research priority 
in the context of anticoagulant rodenticide spread in the 
aquatic environment. American cockroaches (Periplaneta 
americana), which can be widely distributed among sewer 
manholes, demonstrated an ability to consume an entire anti-
coagulant rodenticide bait placement (Colvin et al. 1998). 
Although anticoagulants are unlikely to affect invertebrates 
in the same way as vertebrates because of fundamental dif-
ferences in the blood clotting system, vertebrates that prey 
on invertebrates can be affected by secondary poisoning. 
Terrestrial invertebrates can be an important component 
of stream fish diets, especially during the summer months, 
when aquatic invertebrates are limited (Garman 1991). 
Cockroaches can be available as fish prey when swept 
into the water column. Pitt et al. (2015) demonstrated in 
their study that brodifacoum residue levels in cockroaches 
were consistently the highest among the biological samples 
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collected. In New Zealand, residues of brodifacoum were 
also detected in the tissues of cave weta (Rhaphidophoridae 
sp.) that were found on baits (Ogilvie et al. 1997).



Moreover, the understanding of mechanistic relation-
ships between bioaccumulation and toxicity of anticoagu-
lant rodenticides demands further improvement, e.g., by 
incorporation in toxicokinetic and toxicodynamic mod-
eling. While detection of hepatic anticoagulant rodenticide 
residues in aquatic organisms should not be dismissed, sole 
consideration of these findings and the implied potential 
biomagnification along the aquatic food chain is insuffi-
cient with regard to a profound anticoagulant rodenticide 
risk assessment. Instead, bioaccumulation of anticoagulant 
rodenticides should be linked to adverse effects and relative 
potencies on each trophic level so that risks can be evaluated 
for specific target species along the food web, e.g., inverte-
brates, fish, or top predators. In the terrestrial food chain, 
risk via poisoned rodents is considered significantly higher 
compared to risk via earthworms or other invertebrates (eCA 
2016g). To mitigate the risk of secondary exposure, how-
ever, first-generation anticoagulant rodenticides and less 
potent second-generation anticoagulant rodenticides should 
always be considered as the first choice for pest control with 
anticoagulants.



Conclusion



Recent findings of anticoagulant rodenticides in the aquatic 
food web as discussed in this review demonstrate that the 
aquatic environment experiences a greater risk of antico-
agulant exposure than previously thought. Besides the dis-
cussed analytical challenges, knowledge gaps and the lack 
of detailed market data clearly hamper the establishment 
of resilient exposure pathways with regard to the aquatic 
environment. Beyond doubt, more comprehensive monitor-
ing data are required for all anticoagulants in the aquatic 
environment to establish robust relationships and causative 
associations as previously demonstrated for the unintended 
poisoning of terrestrial nontarget organisms. Once those 
are established, more effective and practical risk mitigation 
measures, e.g., alternatives to anticoagulant rodenticides for 
rodent control in sewer systems, can be proposed, imple-
mented, and their sustained success reassessed.
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United States Department of the Interior 
 



NATIONAL PARK SERVICE 
Santa Monica Mountains National Recreation Area 



401 West Hillcrest Drive 
                             Thousand Oaks, California 91360-4207 



In reply refer to: 
   
December 6, 2019 
 
Honorable Karen Farrer, Mayor 
Honorable Council Members 
City of Malibu 
23825 Stuart Ranch Road 
Malibu, CA  90265 
 
Dear Mayor Farrer and Councilmembers: 
 
Thank you for the invitation to comment on the proposed Local Coastal Program Amendment No. 
14-001.  In general, the National Park Service does not testify in support or opposition to local 
measures, but does provide subject matter expertise and comments to assist local governments in 
their evaluation of proposed actions, when invited to do so.  
 
National Park Service scientists have been studying carnivores in the Santa Monica Mountains for 
more than two decades, since 1996.  Our studies include observations and data collection on bobcats, 
coyotes, and mountain lions, predominantly.  In these studies we have found widespread exposure to 
and large impacts of anticoagulant rodenticides on all three of these carnivores. The interaction 
between anticoagulant rodenticide exposure and death from mange resulted in the complete loss of 
bobcats from open space areas in the Conejo Valley.   
 
Our studies have found anticoagulant rodenticide poisoing to be a leading cause of death for many 
carnivores.  Specifically, we found over a nine-year study that 27% of coyotes were directly killed by 
anticoagulant rodenticide poisoning (Riley et al. 2003, Gehrt and Riley 2010), making it the second 
leading cause of death for these animals after vehicles.  For bobcats, the interaction between 
rodenticide exposure and serious mange disease led to an epizootic of mange in bobcats in our study 
area, the first such epizootic that had ever been reported in the scientific literature (Riley et al. 2007). 
This epizootic had amajor impact on our study population: 19 bobcats collared bobcats died from 
mange disease over a three-year period from 2002-2004, and all of the study animals were lost in one 
habitat fragment in Oak Park, with little evidence of bobcat activity there for many years. Although 
bobcats eventually returned to that area by 2009 and 2010, including females that successfully raised 
kittens, we have been seeing more mange disease again in recent years. Population genetic studies 
with our colleagues at UCLA indicated that the mange epizootic was severe enough to create a 
genetic bottleneck (Serieys et al. 2015a). From the beginning, severe mange disease showed a very 
strong statistical association with anticoagulant rodenticide exposure (Riley et al. 2007), which was 
even more evident as our studies continued (Serieys et al. 2015b). Importantly, however, work with 
our colleagues at UCLA revealed significant and widespread immune system impacts of rodenticide 
exposure in bobcats, both inflammatory and immune suppressive effects (Serieys et al. 2018). These 
immune effects could then be leading to the development of severe mange disease in bobcats, and 
potentially mountain lions as well (see below). Finally, even more recent work has shown that gene 











expression in bobcats is profoundly affected by anticoagulant exposure, including for genes related to 
the immune system and the skin (Fraser and Mouton et al. 2018). So toxicants are affecting wildlife 
at fundamental physiological and genetic levels.  
 
In addition, five mountain lions have now died directly from anticoagulant rodenticide poisoining 
during our long-term study of the behavior and ecology of this species, the last remaining large 
carnivore in the region. The first two died in 2004, but then a subadult female died in 2015, and two 
large, healthy adult males died this year, in March and August of 2019. In a recent analysis of 
survival and mortality causes across the 17 years of our study since 2002, death from anticoagulant 
poisoing has become an important cause of death for mountain lions, approaching intraspecific 
conflict and vehicles strikes (Benson et al. 2019). Finally, we have also documented notoedric mange 
in multiple mountain lions, including the first two that died of anticoagulant toxicosis and later P22 
in Griffith Park. All of these mange-infected animals were also exposed to rodenticides, contributing 
to the link between this disease and the toxicants. 
 
Overall, our studies have shown widespread exposure to these chemicals across the carnivores in our 
region that we have studied.  We found a greater than 90% exposure rate of bobcats to anticoagulant 
rodenticides (Riley et al. 2007, Riley et al. 2010, Serieys et al. 2015b), a 96% exposure rate in 
mountain lions (23 of 24 have tested positive), and an 83% exposure rate in coyotes (Gehrt and Riley 
2010). Moreover, for all of these species, 2/3 or more of the exposed animals had evidence of 
multiple different rodenticide compunds and sometimes in large amounts, indicating multiple 
exposure events. In recent years, we have documented three mountain lions that were exposed to 6 
different compounds, the most that we have ever found. 
 
We have seen widespread exposure in the three species that we have studied intensively, but we also 
know of exposure and effects in other species. We have found exposure in species as varied as 
raccoons, gray foxes, and a gopher snake, and we have documented death from rodenticide poisoning 
both in a collared gray fox and in a GPS-collared raccoon, as part of a road study in 2017. We know 
from colleagues at local wildlife rehabilitation facilities that raptors (e.g., owls, hawks) are often 
exposed to these toxicants, although no survival studies have been done locally.  
 
These studies suggest that these compounds are having impacts on the wildlife of the Santa Monica 
Mountains and surrounding areas.  We hope this information will be useful to you as you consider 
management of the use of anticoagulant rodenticides within the City of Malibu.  Thank you for your 
consideration. 
 
Sincerely, 



 
 
 
David Szymanski 
Superintendent 
 
cc:  Reva Feldman, City Manager, City of Malibu 
Bonnie Blue, Planner, City of Malibu 
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a b s t r a c t



The recent emergence of second-generation anticoagulant rodenticides (AR) in the aquatic environment
emphasizes the relevance and impact of aquatic exposure pathways during rodent control. Pest control
in municipal sewer systems of urban and suburban areas is thought to be an important emission
pathway for AR to reach wastewater and municipal wastewater treatment plants (WWTP), respectively.
To circumstantiate that AR will enter streams via effluent discharges and bioaccumulate in aquatic or-
ganisms despite very low predicted environmental emissions, we conducted a retrospective biological
monitoring of fish tissue samples from different WWTP fish monitoring ponds exclusively fed by
municipal effluents in Bavaria, Germany. At the same time, information about rodent control in asso-
ciated sewer systems was collected by telephone survey to assess relationships between sewer baiting
and rodenticide residues in fish. In addition, mussel and fish tissue samples from several Bavarian surface
waters with different effluent impact were analyzed to evaluate the prevalence of anticoagulants in
indigenous aquatic organisms.



Hepatic AR residues were detected at 12 out of 25 WWTP sampling sites in the low mg/kg range,
thereof six sites with one or more second-generation AR (i.e., brodifacoum, difenacoum, bromadiolone).
14 of 18 surveyed sites confirmed sewer baiting with AR and detected hepatic residues matched the
reported active ingredients used for sewer baiting at six sites. Furthermore, second-generation AR were
detected in more than 80% of fish liver samples from investigated Bavarian streams. Highest total hepatic
AR concentrations in these fish were 9.1 and 8.5 mg/kg wet weight, respectively and were observed at two
riverine sampling sites characterized by close proximity to upstream WWTP outfalls. No anticoagulant
residues were found in fish liver samples from two lakes without known influences of effluent
discharges.



The findings of our study clearly show incomplete removal of anticoagulants during conventional
wastewater treatment and confirm exposure of aquatic organisms via municipal effluents. Based on the
demonstrated temporal and spatial coherence between sewer baiting and hepatic AR residues in
effluent-exposed fish, sewer baiting in combined sewer systems contributes to the release of active
ingredients into the aquatic environment.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND



license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


1. Introduction



Anticoagulant rodenticides (AR) are used worldwide to control
commensal rodents for hygienic and public health reasons (Buckle
and Smith, 2015). Eight anticoagulants are currently approved in


Ltd. This is an open access article u


the European Union (EU) for biocidal use under the EU Biocidal
Products Regulation No. 528/2012 (European Union, 2012), thereof
three first-generation anticoagulants with maximum permissible
concentrations of 0.079% (warfarin), 0.0375% (coumatetralyl), and
0.005% (chlorophacinone), and five second-generation AR with
maximum permissible concentrations of 0.0075% (difenacoum),
0.005% (bromadiolone, brodifacoum, flocoumafen), and 0.0025%
(difethialone) of active ingredient in bait formulations, respectively.
In recent years, EU-wide application of second-generation AR has
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been increasingly restrained because of human and environmental
risks and their classification as persistent, bioaccumulative, and
toxic substances (Regnery et al., 2019; van den Brink et al., 2018).
Until lately, however, risk mitigation measures during rodent
control focused almost exclusively on the terrestrial environment
(Berny et al., 2014), despite considerable acute toxicity of several AR
to aquatic species. As summarized in Regnery et al. (2019), LC50
values (i.e., lethal AR concentration for 50% of test subjects after
96 h of exposure) for rainbow trout (Oncorhynchus mykiss) are in
the range of 40 mg/L (brodifacoum), 51 mg/L (difethialone), 65 mg/L
(difenacoum), 70 mg/L (flocoumafen), and 2860 mg/L (bromadio-
lone). Furthermore, brodifacoum, difethialone, and flocoumafen
exhibit very high bioaccumulation potential in fish (eCA, 2016a, c,
d).



The recent emergence of AR residues in the aquatic environ-
ment, amongst others their widespread occurrence in liver tissue of
freshwater fish (Kotthoff et al., 2018), emphasizes the relevance and
impact of aquatic exposure pathways that had previously been
underestimated (Regnery et al., 2019). Several studies hypothesized
that pest control in and around municipal sewer systems by local
authorities and commissioned pest control professionals is one
important emission source of AR in urban and suburban settings
(G�omez-Canela et al., 2014a; Kotthoff et al., 2018). In Germany, the
annual domestic use of AR in sewer baiting scenarios was projected
as approximately 600 metric tons of bait material and 50 kg of
active ingredients, respectively according to survey results from
2008 (Krüger and Solas, 2010). These quantities appear minor
compared to sales volumes of common human or veterinary
pharmaceuticals that are frequently detected in effluent-impacted
surface waters (Ashton et al., 2004; Thomas et al., 2007).
Although AR bait formulations authorized for use in sewers mainly
consist of wax or fat, active ingredients are not chemically bound to
the bait material and can be released upon disintegration of baits,
e.g., during prolonged exposure to moist or wet conditions. From
the sewers, exposure of the aquatic environment most likely occurs
via wastewater treatment plant (WWTP) effluents or stormwater
overflow structures in combined sewer systems that discharge
highly diluted but untreated sewage directly into receiving surface
waters when precipitation causes a surcharge within the system. A
Spanish study reported sporadic occurrence of AR in WWTP sam-
ples in the low ng/L and mg/kg range, respectively but failed in
establishing meaningful input and elimination routes (G�omez-
Canela et al. 2014a, 2014b; G�omez-Canela and Lacorte, 2016).
Despite shortcomings of their analytical approach (Regnery et al.,
2019), results pointed toward incomplete removal of AR during
activated sludge treatment and potential discharges into receiving
surface waters at trace level. In laboratory tests, all AR were shown
to be hydrolytically stable in water under environmentally relevant
conditions and were not readily biodegradable as summarized in
Regnery et al. (2019). However, a strong tendency to adsorb to
organic matter combined with low water solubility and a high
degree of photo-instability suggest that second-generation AR are
unlikely to remain in the aqueous phase during conventional
wastewater treatment. Their residues are more likely to persist and
accumulate in (organic-rich) sediments, activated sludge, sus-
pended particulate matter, and biosolids.



To date, detailed information about the fate of anticoagulants
other than warfarin during conventional or advanced wastewater
treatment is lacking. Moreover, multiple challenges of AR residue
screening in aquatic environmental compartments were recently
highlighted by Regnery et al. (2019). Notably, expected AR con-
centrations in WWTP effluent and receiving surface waters may be
out of reach for current analytical methods and routine monitoring
schemes according to worst-case predicted environmental con-
centrations (European Chemicals Agency, 2018; Regnery et al.,


2019). Thus, we initiated a retrospective biological monitoring to
assess whether trace levels of AR will occur in tertiary treated
wastewater effluents and thereby cause exposure of aquatic or-
ganisms in receiving streams. We analyzed tissue samples of fish
(Cyprinus carpio) from 25 differentWWTP fish monitoring ponds in
Bavaria, Germany that were provided by the Bavarian Environment
Agency. These fish monitoring ponds are exclusively fed by tertiary
treated municipal effluents and annually stocked with fish for six
months to enable monitoring of trace level residual wastewater
contaminants that might concentrate in aquatic organisms. More-
over, information about rodent control in associated sewer systems
shortly before or during the respective bioaccumulation period in
these fish monitoring ponds was collected by telephone survey of
municipal pest control officials at selected sites in 2018 to assess
potential relationships between sewer baiting and AR residues in
fish. Names and exact geographic locations of WWTP sampling
sites in this study are nondisclosed to preserve individual privacy of
investigated WWTP and associated municipalities. To further
evaluate the occurrence of anticoagulants in indigenous aquatic
organisms as a function of wastewater effluent discharges,
mussel and fish tissue samples from seven Bavarian streams with
different degrees of municipal effluent contribution as well as two
lakes without effluent discharges were also provided by the
Bavarian Environment Agency and were screened for anticoagulant
residues.


2. Materials and methods



Anticoagulants (i.e. eight rodenticides and two pharmaceuti-
cals) in biological tissues were analyzed by liquid chromatography
e tandemmass spectrometry (LC-MS/MS) in negative electro-spray
ionization (ESI) mode after ultra-sound assisted solvent extraction
and dispersive solid phase extraction (dSPE) clean-up following a
QuEChERS (quick, easy, cheap, effective, rugged, and safe)
approach. Fish liver samples as well as several corresponding filet
samples were analyzed instead of whole-body samples because
anticoagulants bind strongly to vitamin K epoxide reductase (i.e.,
liver is presumed to be the main organ of accumulation). Quanti-
fication of target analytes was achieved by means of individual
deuterated internal standards.


2.1. Chemicals



Analytical grade standards of biocidal (i.e., warfarin, chlor-
ophacinone, coumatetralyl, bromadiolone, difenacoum, brodifa-
coum, difethialone, and flocoumafen) and pharmaceutical (i.e.,
phenprocoumon, acenocoumarol) anticoagulants were purchased
from Sigma-Aldrich (Steinheim, Germany) and Toronto Research
Chemicals (TRC, North York, Ontario, Canada), respectively.
Depending on availability, compound-specific deuterated analogs
were used as internal standards for quantitative analysis, namely
difenacoum-d4, brodifacoum-d4, flocoumafen-d4, phenprocou-
mon-d5 (all TRC), bromadiolone-d5, warfarin-d5, and
chlorophacinone-d4 (all C/D/N Isotopes Inc., Pointe-Claire, Quebec,
Canada). Difethialone-d4 was custom-synthesized (TLC, Aurora,
Ontario, Canada), but delivery was delayed until completion of
analyses. Stock solutions of individual compounds were prepared
in methanol and aliquots were taken to compose respective mix-
tures of natives and isotopes at the 200 ng/mL level in methanol.
Organic solvents and ultrapure water used for preparation of so-
lutions, extraction, and chromatography were HPLC grade. Re-
agents utilized for sample preparationwere analytical grade except
magnesium sulfate and sodium chloride (reagent grade, Agilent
Technologies, Waldbronn, Germany).
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2.2. Sampling sites and handling of samples



All biological tissue samples analyzed in this study were kindly
provided by the Bavarian Environment Agency. Sample material
from the Bavarian Specimen Bank (frozen at �20 �C, homogenized,
wrapped in aluminum foil and vacuum-sealed) was shipped over-
night on dry-ice to the Federal Institute of Hydrology laboratory to
ensure an uninterrupted cool chain. Parameters such as species,
total length, total weight, organ weight, age, gender, Fulton's con-
dition factor (CF), hepatosomatic index (HSI), and gonadosomatic
index were made available for each fish sample.



Bavarian state regulation requires the operation of ponds for an
active fish monitoring (herein after referred to as bioaccumulation
ponds) by municipal WWTP with equal to or more than 100,000
person equivalents. The majority of these WWTP facilities employ
conventional treatment (i.e., mechanical, biological, chemical). The
surface area size of bioaccumulation ponds is mostly in the range of
20e130m2 with an average depth of 1m and a hydraulic retention
time of more than 3 d (Bayerisches Landesamt für Umwelt, 2012a).
They are exclusively fed by municipal effluents and annually
stockedwith 10 carp (C. carpio) (i.e., individuals of the same age and
bloodline from the fish rearing ponds at the Bavarian Environment
Agency) for a six months exposure period to enable active moni-
toring of potential adverse effects and bioaccumulation of residual
contaminants (Bayerisches Landesamt für Umwelt, 2012b). All of
the stocked carp are self-feeding and not allowed to be fed
throughout the bioaccumulation period to prevent contamination
and bias.



Of the active monitoring in 2015 (bioaccumulation period April
through October), 31 liver and 12 corresponding filet samples of
individual carp were received from 25 different WWTP bio-
accumulation ponds (herein referred to as WWTPA eWWTP Y) for
analysis in 2017 and 2018. Tissue samples of three individuals from
the same bioaccumulation pond were analyzed as replicates at
three sites (WWTPA, WWTP B, andWWTP C). At siteWWTP C, one
liver sample of the 2014 bioaccumulation period was also investi-
gated. Moreover, one wastewater unexposed carp liver sample was
obtained from the Bavarian Environment Agency's fish rearing
ponds as a reference. Pooled zebra mussel samples (Dreissena pol-
ymorpha, n¼ 2) and individual fish liver (n¼ 14) and filet (n¼ 3)
samples of chub (Squalius cephalus), perch (Perca fluviatilis), and
pike (Esox lucius) had been collected from seven Bavarian streams
(i.e., Amper, Danube, Iller, Isar, Lech, Main, Vils) and two lakes (i.e.,
Starnberger See, Weibensee) in 2013e2016 as part of the EU Water
Framework Directive 2000/60/EC monitoring program. Detailed
information about all samples is provided in the supplementary
material (SM, Tables S1 and S2). Though not necessarily in close
proximity to WWTP outfalls, the riverine sampling sites were sit-
uated upstream and downstream of several WWTP that were part
of the active biological WWTP monitoring. A general map high-
lighting all surface water sampling sites can be found in the SM
(Fig. S1).



2.3. Determination of total lipids in biological tissue samples



Total lipid content in homogenized tissue samples was deter-
mined according to Smedes (1999). A detailed description is pro-
vided in the SM. Percent lipid for each sample was determined by
dividing the lipid weight for each sample by the initial wet weight
of each individual sample.



2.4. Sample extraction and clean-up



The chosen QuEChERS approach followed general procedures
described by Vudathala et al. (2010) and Morrison et al. (2016).


Approximately 1e2 g wet weight of homogenized fish liver or filet
sample was suspended in 3.2mL acetonitrile and 0.8mL acetone
acidified with 0.1% formic acid (v/v) in a 50mL polypropylene
centrifuge tube using a vortex shaker (MS2 Minishaker, IKA). For
extraction of pooled soft body mussel samples, approximately 0.3 g
of freeze-dried material was used. Internal standard mix (25 mL of
200 ng/mL each in methanol) as well as 0.2 g magnesium sulfate
and 0.2 g sodium chloride salts (Agilent Technologies) were added
to the sample tube. The tube was capped tightly and immediately
vortexed for 60 s. Following 30min in an ultra-sonication bath at
20 �C, 4mL of fresh acidified acetone was added to the sample and
the extraction step was repeated. Subsequently, sample tubes were
stored in a freezer at �20 �C overnight to enhance protein precip-
itation. Afterwards, samples were centrifuged for 5min at 2000 rcf
(relative centrifugal force) and the crude extract was transferred to
a 15mL polypropylene centrifuge tube for further clean-up via
dSPE. dSPE facilitated removal of co-extracted compounds (e.g.,
phospholipids) and helped reduce matrix interferences during LC-
MS/MS analysis. The amount of applied dSPE bulk sorbents varied
depending on tissue type. dSPE of liver extracts was carried out
using 0.3 g magnesium sulfate together with 0.1 g each of primary-
secondary amine bonded silica, end-capped C18 material, florisil
(60e100 mesh), and basic alumina. Clean-up of filet or mussel
extracts required less sorbents (i.e., half the amount used for liver
tissue). Prior use, florisil and basic alumina had been activated in an
oven at 350 �C for 12 h followed by the addition of 2% (v/w) ultra-
pure water. The dSPE tubes were tightly capped and immediately
vortexed for 60 s. After 5min rest, samples were centrifuged. The
organic phase was retrieved, evaporated to dryness under nitrogen,
and resolved in 500 mL methanol. A 200 mL subsample thereof was
diluted with ultrapure water at a ratio of 1:1 (v/v) and transferred
to a Thomson Single Step filter vial (PTFE membrane, 0.45 mm pore
size) for LC-MS/MS analysis.



Aliquots of pooled homogenized residue-free fish livers (n¼ 6),
filets (n¼ 3), and freeze-dried mussel soft bodies (n¼ 4) were
fortified with target substances at low concentration (i.e., 1e2 g of
wet fish tissue or 0.3 g of freeze-dried mussel tissue spiked with
25 mL of 200 ng/mL standardmix) andwere analyzed to validate the
optimized extraction and clean-up procedure. Mean recoveries and
standard deviations for each analyte are provided in Table S3, SM.
Besides residue-free reference tissues (procedural blanks), each
batch of samples included a low-level fortified matrix control that
was processed in the same way as samples. To prevent cross-
contamination of samples, all glass ware was rinsed with acetone
prior cleaning in the dishwasher and heated at 350 �C for several
hours afterwards. Polypropylene centrifuge tubes were only used
once and were discarded after extraction and clean-up.



2.5. Analysis of anticoagulants by LC-MS/MS



LC-MS/MS analysis was performed on an Agilent 1260 Infinity
LC system equipped with a high-precision liquid autosampler and
temperature-controlled column compartment (40 �C) coupled with
a Sciex 4500 QTrap MS/MS system. The sample injection volume
was 10 mL. Prior injection, a 20 s needle wash with isopropanol was
performed at the flush port to minimize sample carry-over. A bi-
nary gradient at a flow rate of 0.6mL/min was used to separate
compounds on a Phenomenex 50� 2mm Luna PFP column with
3 mm particle size and upstream security guard cartridge. Chro-
matographic separation of individual AR stereoisomers was not
intended. Eluents consisted of (A) 4mM ammonium acetate solu-
tion in water and (B) methanol with the following gradient: 20% B
held for 0.5min, stepped to 90% at 3.5min, then held at 90% B for
0.5min before returning to 20% B at 4.5min. A 2.5min equilibration
step at 20% B resulted in a total run time of 7min. Two mass











Fig. 1. Detected total concentration of anticoagulant rodenticides (AR) in carp liver
samples from 25 Bavarian municipal wastewater treatment plant (WWTP) bio-
accumulation ponds with treatment capacities between 100,000 and 2,000,000 pop-
ulation equivalents (PE).
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transitions (i.e., quantifier and qualifier) were monitored for each
analyte in ESI negative mode using scheduled multiple reaction
monitoring. The monitoring window for each transition was 60 s
with a target scan time of 1 s. Monitored mass transitions and
compound specific tuning parameters are summarized in Table S4,
SM.



Qualitative and quantitative analyses were performed in Analyst
(version 1.6.3) and MultiQuant (version 3.0). An internal standard
calibration was used for quantification. Eight calibration standards
over the concentration range of 0.01e5 ng/mL were analyzed
within each LC-MS/MS sequence run. Analytes without isotope-
labeled analogs were quantified based on bromadiolone-d5 (dife-
thialone) and warfarin-d5 (coumatetralyl, acenocoumarol). Analyte
peaks with a signal-to-noise ratio of less than 10 or 3 of the mass
transitions used for quantification and confirmation, respectively or
shifted retention time compared to their respective isotope-labeled
analogs were discarded from further data evaluation. All reported
analyte concentrations in biological tissues are based on wet
weight and account for analyte loss and ion suppression during
sample extraction, clean-up, and LC-MS/MS analysis. Accuracy and
precision of the method was checked within each measurement
series by repeated injections of reference samples (i.e., procedural
blanks, low-level fortifiedmatrix controls). Method detection limits
for all analytes in tissue materials ranged between 0.01 mg/kg and
0.3 mg/kg wet weight.



2.6. Sewer baiting survey at selected sites



Operators and administrators in charge of municipal pest con-
trol at 11 WWTP sampling sites with evidence of AR residues were
surveyed in May 2018 to retrospectively obtain information about
rodent control in associated sewer systems shortly before or during
the 2015 bioaccumulation period of carp in respective bio-
accumulation ponds. Furthermore, 7 WWTP samplings sites
without evidence of AR residues in fish were contacted. Surveyed
information covered relevant WWTP operational parameters,
sewer system specifics, applied pest control schemes within
municipal purview (i.e., mechanical or chemical, frequency, dura-
tion, types of active ingredients, bait amount and placement), as
well as other known (or assumed) sources of AR in the catchment
area. The narrow selection of surveyed sites as well as variable
quality of mined data allowed for qualitative but not quantitative
statistical analysis of survey results.



3. Results and discussion



3.1. Residues of anticoagulants in fish from wastewater treatment
plant bioaccumulation ponds



Although effluent-dominated systems such as bioaccumulation
ponds represent worst-case exposure scenarios for fish, they pro-
vide valuable insight regarding the bioaccumulation potential of
effluent-sourced contaminants in indigenous aquatic organisms. At
12 out of 25 studied sampling sites, AR residues were detected in
the livers of individual carp in the low mg/kg range after being
exposed to municipal effluents for approximately six months. No
distinct correlation between AR concentration in fish and WWTP
treatment capacity (i.e., population equivalents) was observed
(Fig. 1). A total of six sites revealed hepatic residues of one or more
second-generation AR. Due to the high frequency of non-detect
data (i.e., less-than values) throughout the samples, analyte
detection frequencies, median, 95th percentile, and maximum
concentrations are listed in Table 1. Average biometric parameters
of the analyzed two-year old carp (14 male, 8 female, 10 undeter-
mined) were 35.7± 3.7 cm total length, 769± 258 g whole-body


weight, and 6.2± 3.3% lipid content in liver tissue (Table S2, SM).
Interestingly, the first-generation AR coumatetralyl was detec-



ted most frequently in carp from bioaccumulation ponds (Table 1).
It was followed by the second-generation AR bromadiolone, bro-
difacoum, and difenacoum, all of which had higher detection limits
than coumatetralyl (Table 1). Notably, multiple individuals from the
same sampling site had matching distributions and comparable
concentrations as shown for treatment facilities WWTP A, B, and C
(Tables 2 and S2, SM), pointing towards identical exposure of fish
individuals via nondietary and/or dietary routes. In contrast, dife-
thialonewas solely observed in one liver sample atWWTP B, which
was more likely due to individual dietary uptake rather than non-
dietary routes. Few studies hypothesized that terrestrial in-
vertebrates feeding on AR containing bait may function as vector in
the environment (Masuda et al., 2014; Pitt et al., 2015). No residues
of flocoumafen and chlorophacinone were detected in any of the
analyzed samples from the bioaccumulation ponds (Tables 1 and 2)
and no anticoagulant residues were detected in carp liver of a
wastewater unexposed sibling that had been analyzed as a refer-
ence (Table S2, SM). With the exemption of coumatetralyl, none of
the analyzed corresponding filet samples (on average 0.9± 0.5%
lipid content) contained anticoagulant residues (Table 2). AtWWTP
C traces of coumatetralyl were observed in filet samples of all three
individuals. The coumatetralyl residues in filet tissue were an
indication for ongoing exposure at the time of sampling as active
ingredient not yet bound to protein (e.g., in the liver or blood
plasma) is expected to quickly depurate in fish based on laboratory
bioconcentration studies (eCA, 2016b). In good agreement, corre-
sponding liver samples revealed substantial coumatetralyl residues
(Table 2). WWTP C also exhibited highest hepatic concentration of
total AR in a single organism (4.6 mg/kg, Fig. 1). In comparison,
lower hepatic concentrations of total AR (1.1 mg/kg) and fewer
active ingredients were detected during the 2014 bioaccumulation
period at site WWTP C. While residues of difenacoum (1.0 mg/kg),
bromadiolone (0.1 mg/kg) as well as phenprocoumon (0.36 mg/kg)
were in the range of concentrations observed in liver samples of the
2015 bioaccumulation period (Table 2), no other AR residues were
present. This implies that even at the same site wastewater-borne
rodenticide emissions will vary over consecutive years due to var-
iable usage patterns and multiple emission sources. Differences in
the diversity of AR residues over time was recently reported by











Table 1
Analyte detection frequencies, median, 95th percentile, and maximum concentrations of anticoagulants in fish liver samples from different municipal wastewater treatment
plant bioaccumulation ponds and nearby receiving streams. Analyte concentrations are reported in mg/kg relating to wet weight. ND¼ not detected; ‘<’ denotes values below
the respective method detection limit.



Analyte Liver tissues from 25 bioaccumulation ponds a, n¼ 32 Liver tissues from 7 receiving streams, n¼ 12



Frequency Median 95th percentile Maximum Frequency Median 95th percentile Maximum



(%) (mg/kg) (mg/kg) (mg/kg) (%) (mg/kg) (mg/kg) (mg/kg)



Rodenticides
Brodifacoum 34.4 <0.3 1.6 1.9 66.7 1.7 5.4 6.4
Bromadiolone 37.5 <0.1 1.0 2.0 41.7 <0.1 1.2 2.0
Difenacoum 28.1 <0.3 1.6 1.8 25.0 <0.3 1.2 1.8
Flocoumafen ND ND ND ND 25.0 <0.01 0.6 1.0
Difethialone 3.1 <0.1 <0.1 0.8 25.0 <0.1 2.7 5.2
Chlorophacinone ND ND ND ND 16.7 <0.1 0.4 0.6
Coumatetralyl 40.6 <0.01 1.1 1.6 8.3 <0.01 0.01 0.02
Warfarin 9.4 <0.01 0.04 0.05 ND ND ND ND
Ʃ Rodenticides b 59.4 0.06 4.0 4.6 83.3 2.6 8.8 9.1



Pharmaceuticals
Phenprocoumon 76.9 c 0.3 1.0 1.8 83.3 0.04 0.1 0.2
Acenocoumarol 5.3 c <0.01 0.01 0.01 ND ND ND ND



a At three sites with hepatic anticoagulant rodenticide residues, multiple individuals (n¼ 3) of the same bioaccumulation pond were analyzed.
b At least one of 8 anticoagulant rodenticides detected.
c Limited number of samples analyzed (n¼ 26).



Table 2
Occurrence of anticoagulants in corresponding liver and filet samples of multiple individuals from select municipal wastewater treatment plant (WWTP) sampling sites in
Bavaria, Germany in 2015. Mean analyte concentrations and standard deviations (SD) are reported in mg/kg relating to wet weight. ND¼ not detected.



Analyte WWTP A WWTP B WWTP C



Liver (n¼ 3) Filet (n¼ 3) Liver (n¼ 3) Filet (n¼ 3) Liver (n¼ 3) Filet (n¼ 3)



Mean± SD Mean± SD Mean± SD Mean± SD Mean± SD Mean± SD



(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)



Rodenticides
Brodifacoum 1.5± 0.1 ND 0.8± 0.1 ND 1.3± 0.6 ND
Bromadiolone 1.3± 0.6 ND 0.4± 0.1 ND 0.2± 0.0 ND
Difenacoum ND ND 1.5± 0.2 ND 1.3± 0.5 ND
Flocoumafen ND ND ND ND ND ND
Difethialone ND ND 0.3± 0.4 ND ND ND
Chlorophacinone ND ND ND ND ND ND
Coumatetralyl ND ND 0.1± 0.1 ND 1.3± 0.3 0.02± 0.00
Warfarin ND ND ND ND ND ND
Ʃ Rodenticides a 2.9± 0.5 ND 3.0± 0.5 ND 4.1± 0.7 0.02± 0.00



Pharmaceuticals
Phenprocoumon 0.3± 0.1 ND 0.3± 0.1 ND 0.2± 0.1 ND
Acenocoumarol 0.01± 0.00 ND ND ND ND ND



a Sum of detected anticoagulant rodenticides per individual.
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Kotthoff et al. (2018) for two riverine sampling sites based on
decennial temporal trend analysis of fish liver samples that were
obtained from the German Specimen Bank.



The presence of warfarin in wastewater has mainly been linked
to the consumption of blood-thinning medication by resident
population as warfarin is the only biocidal anticoagulant that is
concurrently authorized for pharmaceutical use (Ajo et al., 2018;
Regnery et al., 2019; Santos et al., 2013). To date, the 4-
hydroxycoumarin derivatives phenprocoumon and acenocou-
marol are primarily used across continental Europe instead of
warfarin to prevent and treat thromboembolic diseases besides
direct coagulation factor inhibitor drugs (Fan et al., 2018; Lin et al.,
2013). Medical consumption of phenprocoumon exceeds that of
warfarin by approximately factor 40 according to German pre-
scription statistics (Regnery et al., 2019). Congruently, hepatic res-
idues of phenprocoumon were detected in 76.9% of carp from
bioaccumulation ponds with amaximum level of 1.8 mg/kg whereas
hepatic warfarin residues were only observed at trace level in less


than 10% of samples with a maximum of 0.05 mg/kg (Table 1). The
more pronounced hepatic phenprocoumon residues in effluent-
exposed fish can be explained by the higher frequency and
amplitude of contaminant loading considering that both sub-
stances are extensively metabolized in the human body. Only about
2% of the typical daily warfarin prescription dose is excreted as
unchanged active ingredient (Crouse et al., 2012; Park, 1988).
Phenprocoumon is excreted almost entirely as a glucuronide con-
jugate, with less than 10% of the dose as unchanged drug
(Kasprzyk-Hordern, 2010).



Data summarized in Table 1, Fig. 1, and Table S5 corroborate the
assumption that AR input rates are of transient character and will
fluctuate depending on site-specific factors such as usage patterns
and runoff regimes in urban and suburban catchments, hydro-
meteorological conditions, and WWTP operational parameters
and performance. All of the investigated municipal WWTP in this
study applied tertiary treatment, i.e., each treatment train consisted
of mechanical treatment followed by biological treatment stages
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and chemical dosing for enhanced nutrient removal. Treatment
capacities varied between 100,000 and 2,000,000 population
equivalents (Bayerisches Landesamt für Umwelt, 2012b) with
average daily dry weather effluent discharges in the range of 5000
to 570,240m3/d (Table S5, SM). Yet, discharges could quadruplicate
during wet weather at facilities with mainly combined sewer sys-
tems connected (majority of investigated sites). None of the treat-
ment facilities with confirmed second-generation AR residues in
fish (WWTP A e F, Table S5, SM) applied further advanced treat-
ment. Downstream advanced treatment stages that are focused on
elimination of refractory wastewater-borne trace organic chem-
icals, such as ozone, advanced oxidation processes, membrane
filtration, or activated carbon filtration, are still not common at full-
scale facilities in Germany (Schaar and Kreuzinger, 2017). Never-
theless, several neighboring WWTP sites discharging into the same
stream (i.e., along the upper and middle stretch of Isar River)
operate downstream biological active sand filters (Table S5, SM).
Although some of these facilities also run ultra-violet (UV) disin-
fection units during bathing season to meet microbial bathing
water quality requirements, effluents feeding the bioaccumulation
ponds had been diverted prior to disinfection according to personal
communication with WWTP operators. While no second-
generation AR residues were detected in fish samples from sam-
pling sites with further advanced treatment (e.g., WWTP N, O, R,
and S), low levels of hepatic phenprocoumon residues were
frequently observed, indicating incomplete retention of this
hydroxycoumarin derivative in biological active sand filters. Given
their aforementioned physicochemical properties (e.g., not readily
biodegradable, low water solubility, high lipophilicity, and photo-
lytic instability) at ambient environmental conditions, second-
generation AR might occur particle-bound in wastewater efflu-
ents rather than freely dissolved, although a previous study implied
enhanced solubility or co-solubility of second-generation AR in
organic-rich water (Pitt et al., 2015). Depending on the treatment
train of investigated facilities, remaining suspended particle loads
in the discharged effluents were generally in the range of 2e10mg/
L under dry weather conditions (Table S5, SM).


Fig. 2. Anticoagulant rodenticide residues in fish liver samples (n¼ 25) from 25 different
after 100% wastewater effluent exposure for 6 months) and one wastewater unexposed re
index (HSI). Analyte concentrations are reported in mg/kg relating to wet weight.


A previous investigation observed no relationship between
fish length, total weight, and WWTP treatment capacity, whereas
factors such as pond size and type were identified as major driver
for fish condition in the bioaccumulation ponds (Bayerisches
Landesamt für Umwelt, 2012b). Yet, site-specific distributions of
AR were further evaluated based on available physiological fish
health parameters (e.g., length, weight, lipid content, organ
weight) and are shown as a function of Fulton's CF and HSI in
Fig. 2. Overall, occurrence and distribution of AR residues
expressed no distinct relationship with gender, lipid content, and
physiological parameters of fish health such as CF or HSI. Fulton's
CF for carp should generally be higher than 1 to indicate adequate
nutritional state. Values for CF and HSI were on average 1.6 ± 0.2
and 2.8 ± 0.8, respectively (Table S2, SM). Teubner et al. (2015)
concluded earlier that Fulton's CF and HSI might be no mean-
ingful stress indicators. Nevertheless, adverse effects of chronic
AR exposure in fish from these bioaccumulation ponds could have
been masked by other stressors or influential factors that we
were not able to account for in retrospect at the investigated 25
WWTP.



In summary, our results provide crucial evidence that antico-
agulants are not completely removed during conventional biolog-
ical wastewater treatment and thus confirm one important
exposure pathway for indigenous aquatic organisms: anticoagu-
lants will enter the aquatic environment by way of effluent dis-
charges. Furthermore, these findings also show that second-
generation AR can bioaccumulate in fish liver under environmen-
tally realistic conditions and exposure scenarios.



3.2. Potential sources of anticoagulant rodenticides in wastewater



Considering anticoagulants' high protein binding capacity and
the persistence of specifically second-generation AR in liver tissues
of terrestrial wildlife (Horak et al., 2018), it is difficult to link hepatic
AR residues in fish to distinct exposure events. Besides the afore-
mentioned release of pharmaceutical anticoagulants (e.g., phen-
procoumon, warfarin) due to medical consumption, pest control in


municipal wastewater treatment plant bioaccumulation ponds (i.e., two-year-old carp
ference liver plotted as a function of Fulton's condition factor (CF) and hepatosomatic
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and around municipal sewer systems in urban and suburban set-
tings is assumed to be the major emission source of AR into
wastewater. Notably, 78% of operators and administrators at the 18
surveyed sampling sites confirmed sewer baiting with AR, whereas
17% negated pest control enforcement in their sewers in 2015
(Table S5, SM). One municipality used amechanical rat trap system.
Based on available information, mainly bait blocks were used when
baiting with AR. In general baits were attached to the manhole's
gully trap or step irons by wire to prevent dragging off or flushing
away. At most surveyed sites, however, deployed baits remained in
the sewers after baiting campaigns ended and were not removed
for disposal. Individual annual quantities deployed in the sewers
ranged between 500 and 2500 baits (mostly 200 g bait blocks)
among the 11 municipalities that provided quantitative informa-
tion (Table S5, SM). This corresponded to a total of approximately
3000 kg of bait material per 2,500,000 person equivalents. At all
surveyed sites, products containing difenacoum, warfarin, broma-
diolone, or brodifacoum were exclusively used (Table S5, SM).
Oftentimes multiple products with different active ingredients
were applied over the course of one control measure. Based on
provided information by municipal pest control officials, detected
AR residues in fish liver matched the reported active ingredients
used for sewer baiting at six sampling sites (Fig. 3), namely at
WWTP A, B, D, E, I, and K (Table S5, SM). Interestingly, traces of
warfarin residues in carp from WWTP D, I, and K concurred with
confirmed deployment of warfarin baits during sewer baiting in the
associated sewer systems.



Despite the demonstrated temporal and spatial coherence, ev-
idence of specific emission sources and pathways remains chal-
lenging considering their wide application range. While existing
data suggest that pest control professionals are among the main
users of biocidal AR in Germany, agribusinesses, local authorities,
and household consumers represent other important user groups
(Regnery et al., 2019). For instance, the second-generation AR
detected in fish liver at WWTP F did not match the second-
generation AR supposedly used for sewer baiting by its largest
connected municipality (Fig. 3 and Table S5, SM). It became
apparent that WWTP F received wastewater from 11 additional
communities, which were not part of the survey. Thus, the pro-
portional dry weather discharge of the surveyed municipality was
only in the range of approximately 30%. Moreover, at least four


Fig. 3. Potential relationship between detected anticoagulant rodenticide (AR) liver residue
and AR bait application in associated sewer systems during rodent control based on survey r
site with detected first-generation AR residue declined to participate in the survey.


surveyed sites with confirmed second-generation AR sewer baiting
in 2015 revealed no corresponding residues in fish. At two sites
thereof (i.e., WWTP G and J), municipal pest control officials re-
ported that untouched bait blocks had been removed from the
sewers for appropriate disposal at the end of their baiting cam-
paigns. In both samples solely traces of hepatic coumatetralyl res-
idues were found. In Germany, none of the registered products
containing coumatetralyl are permitted for use in sewer baiting
scenarios. However, the use of first-generation AR such as couma-
tetralyl is less restricted. Information provided by German stake-
holder groups and a recent study by Koivisto et al. (2018) suggest
that coumatetralyl is more frequently used by agribusinesses and
private consumers rather than pest control professionals or
municipalities.



It can be concluded that sewer baiting contributes to the release
of active ingredients into wastewater. Baits deployed in combined
sewer systems and stormwater channels face a substantial risk of
prolonged exposure to moist or wet conditions and thus scouring
when precipitation causes a sudden surcharge within the system
due to frequently occurring extreme weather events such as
torrential downpours in urban and suburban areas. This is even
more critical for the application of AR containing baits in storm-
water channels that are not connected to retention basins or
WWTP but discharge directly into natural water bodies. Nonethe-
less, the risk of active ingredient release during chemical pest
control measures in sewer systems can be minimized if contact of
bait material with water and wastewater is strictly excluded (e.g.,
by use of devices that keep the bait dry, deployment of baits
exclusively in manholes free from backing-up/runoff pouring in,
collection and appropriate disposal of remaining bait at the end of
baiting campaigns).



Besides sewer baiting, additional emission sources of AR into
sewer systems and WWTP are surmised and require further
investigation. Potential other emission scenarios include baits or
poisoned carcasses being flushed into the sewers during outdoor
surface baiting (e.g., near storage facilities for goods or food pro-
duction, public green space, private or communal garden plots),
incorrect disposal of baits, landfill leachate, recirculate from sludge
dewatering processes, or washing of disposed organic material
containing active ingredients prior incineration. Deployment of
baits in the immediate vicinity of watercourses represents another


s in carp from select effluent-fed wastewater treatment plant bioaccumulation ponds
esults. Only survey results for sampling sites with AR residue evidence are shown. One
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likely emission source of AR into the aquatic environment, e.g., due
to wash off from bank slopes, aboveground bait stations, or rodent
burrows, respectively as well as contaminated run-off (European
Chemicals Agency, 2018). Although mandatory instructions for
use and risk mitigation measures were stipulated at EU-level and
best practice guidelines were established during national product
authorizations to minimize the risks of environmental exposure
(Umweltbundesamt, 2019), the extent of compliance with these
provisions and guidelines is largely unknown. Previous studies
assumed that the typical use of AR commonly violates respective
use and disposal instructions (Koivisto et al., 2016). It should be
noted that anticoagulants are currently not approved as active in-
gredients in plant protection products in Germany. Operators at
WWTP C confirmed that no sewer baiting with AR had been con-
ducted in their associated combined sewer system over the past 10
years (Table S5, SM). Yet, WWTP C was the site with the highest
number and total concentration of AR residues (i.e., brodifacoum,
bromadiolone, difenacoum, and coumatetralyl) among the 2015
carp liver samples. Furthermore, bromadiolone and difenacoum
were also detected in carp liver from the same site in 2014 as dis-
cussed earlier.



3.3. Occurrence and fate of anticoagulants in fish and mussels from
lakes and receiving streams



Prolonged input rates of anticoagulants from effluent loadings,
even at trace level, can increase the effective exposure duration of
organisms residing in receiving aquatic systems if input rates
exceed environmental dissipation rates. In most upper river basins
in Germany, wastewater effluent contributions during average flow
conditions vary between 0 and 5% according to a recent study by
Karakurt et al. (2019). Contributions of more than 5e10% and more
than 10e20%, respectively are prevalent in river basins up- and


Fig. 4. Measured concentration of anticoagulant rodenticides in 14 fish liver samples (i.e., ch
Germany. Analyte concentrations are reported in mg/kg relating to wet weight.


downstream of urban centers as well as river stretches generally
characterized by low-flow conditions (e.g., Main River). During
low-flow conditions, however, effluent contributions of more than
10e20% are common for a large number of river basins nationwide,
whereas several water-sheds exhibit wastewater effluent contri-
butions of more than 20e30% (Karakurt et al., 2019).



As expected based on available information about their envi-
ronmental fate and minor medical consumption in Germany,
warfarin and acenocoumarol were not detected in any of the bio-
logical tissue samples from wild freshwater fish (Table 1). While
phenprocoumon traces were detected in 83.3% of fish samples from
receiving streams, its median concentration in liver tissue was only
0.04 mg/kg with a maximum of 0.2 mg/kg (Table 1), corroborating
marginal bioaccumulation potential in indigenous aquatic organ-
isms. In contrast, a 40-fold higher median concentration of brodi-
facoumwas observed in these liver tissue samples. Overall, residues
of second-generation AR were detected in more than 80% of fish
liver samples (mainly chub, 4e11 years) from investigated Bavarian
streams with different degrees of municipal effluent contributions
(Fig. 4). Residues were detected in individuals from Amper (n¼ 1,
approx. 0e5% wastewater effluent contribution during average
flow conditions at this sampling site), Iller (n¼ 1, approx. 0e5%),
Isar (n¼ 2, approx. 5e10% at both sites), Lech (n¼ 1, approx. 0e5%),
and Main (n¼ 5, approx. 9e11% throughout sites), whereas no
residues were observed in two individuals from sampling sites at
Danube (approx. 5e10%) and Vils (approx. 0e5%), respectively. As
summarized in Table 1, brodifacoum (66.7%) was most frequently
detected followed by bromadiolone (41.7%), difenacoum (25%),
flocoumafen (25%), and difethialone (25%). The high detection
frequency of hepatic brodifacoum residues in our study concurs
with findings by Kotthoff et al. (2018) in 8e12 year old limnic
bream. Likewise, no anticoagulant residues were found in liver
samples of pike from two lakes (i.e., Starnberger See and


ub, pike, perch) from 9 different surface waters (i.e., two lakes and 7 streams) in Bavaria,
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Weibensee) without known influences of effluent discharges
(Fig. 4).



The highest total AR concentrations were in the range of 9.1 and
8.5 mg/kg and were observed in an 8-year old chub from the lower
stretch of Isar near its confluence with Danube and an 11-year old
fromMain near Rothwind (Fig. 4 and Table S1). Both sampling sites
are characterized by close proximity to upstream WWTP outfalls
according to their technical data sheets (accessed on 01/18/19 at
https://www.gkd.bayern.de/de/fluesse/biologie/). In a 9-year old
individual from a second sampling site at the middle stretch of Isar
near Moosburg (Table S1 and Fig. S1, SM), solely traces of hepatic
flocoumafen residue (0.1 mg/kg) were detected. This sampling site is
situated downstream of several WWTP sampling site outfalls with
non-detects of AR in effluent-exposed carp as discussed in section
3.1. At Main River, all five individuals from four different sampling
sites along its upper and middle stretch (Table S1 and Fig. S1, SM)
revealed hepatic residues of at least one second-generation AR.
Their total AR concentrations ranged between 1.3 and 8.5 mg/kg
(Fig. 4). It was estimated that portions of Main receive effluent
contributions of more than 30e50% under low water conditions
(Karakurt et al., 2019). Analyzed corresponding filet samples of
three individuals from Main River revealed no residues (Table S1,
SM). Interestingly, no AR residues were detected above their
respective method detection limits in pooled mussel samples from
two Main sampling sites, thereof one site with confirmed hepatic
AR residues in fish (Fig. S1 and Table S1, SM). As reported in pre-
vious studies, bioaccumulation processes can widely differ among
aquatic species due to complex interactions between various routes
of uptake, excretion, passive release, and metabolization (Streit,
1998). Furthermore, substantial data gaps exist regarding the un-
derstanding of exposure pathways and potential adverse effects of
chronic exposure with multiple active ingredients (Rattner et al.,
2014), making it nearly impossible at the moment to estimate the
consequences of chronic AR exposure to freshwater fish. None-
theless, very persistent second-generation AR such as brodifacoum
will likely accumulate in the aquatic food chain when released into
the aquatic environment and put predators at risk (Ruiz-Suarez
et al., 2016; Serieys et al., 2019).



4. Conclusions



Our results clearly indicate incomplete removal of AR during
conventional wastewater treatment and confirm indirect exposure
of aquatic organisms viaWWTP effluents. Our findings also confirm
high hepatic bioaccumulation potential and persistence of second-
generation AR in indigenous limnic fish. Based on the demon-
strated temporal and spatial coherence between sewer baiting and
hepatic anticoagulant residues in effluent-exposed fish, sewer
baiting in combined sewer systems contributes to the release of
active ingredients into raw wastewater and receiving streams,
respectively. Nevertheless, realistic exposure estimations for the
aquatic environment remain challenging given the non-disclosure
or non-existence of domestic market data on rodenticide sales,
use, and disposal. Future research should focus on identifying the
ecotoxicological consequences of chronic rodenticide exposure to
indigenous freshwater fish at concentrations relevant for surface
water bodies. As for most terrestrial species, a link between hepatic
AR residue levels in fish and species-specific lethal or sub-lethal
effect concentrations and their population relevance is still missing.
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Abstract 



Prevalent findings of anticoagulant rodenticide (AR) residues in liver tissue of freshwater fish 



recently emphasized the existence of aquatic exposure pathways. Thus, a comprehensive 



wastewater treatment plant and surface water monitoring campaign was conducted at two 



urban catchments in Germany in 2018 and 2019 to investigate potential emission sources of 



ARs into the aquatic environment. Over several months, the occurrence and fate of all eight 



ARs authorized in the European Union as well as two pharmaceutical anticoagulants was 



monitored in a variety of aqueous, solid, and biological environmental matrices during and 



after widespread sewer baiting with AR-containing bait. As a result, sewer baiting in 



combined sewer systems, besides outdoor rodent control at the surface, was identified as a 



substantial contributor of these biocidal active ingredients in the aquatic environment. In 



conjunction with heavy or prolonged precipitation during bait application in combined sewer 



systems, a direct link between sewer baiting and AR residues in wastewater treatment plant 



influent, effluent, and the liver of freshwater fish was established. Moreover, study results 



confirmed insufficient removal of anticoagulants during conventional wastewater treatment 



and thus indirect exposure of aquatic organisms in receiving streams via tertiary treated 



effluents and combined sewer overflows. Nevertheless, further research is required to 



determine the ecological implications and risks for aquatic organisms as well as fish-eating 



predators from chronic AR exposure at environmentally relevant concentrations. 



 



 



Keywords: Biocides, combined sewer overflow, PBT, rat management, sewer baiting, 



wastewater treatment 
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1. Introduction 



In recent years, European Union (EU)-wide application of anticoagulant rodenticides (ARs) to 



control commensal rodents for hygienic and public health reasons has been increasingly 



restrained because of human and environmental risks. Second-generation ARs are classified 



as (very) persistent, (very) bioaccumulative, and toxic (PBT or vPvB, respectively) substances 



(Regnery et al. 2019a, van den Brink et al. 2018). In order to minimize environmental 



exposure due to the toxicological relevance of anticoagulants at trace concentrations, national 



best practice guidelines and mandatory instructions for use of ARs were implemented in 



Germany from 2012 (Umweltbundesamt 2019). Nevertheless, prevalent findings of AR 



residues in liver tissue of freshwater fish (Kotthoff et al. 2019, Regnery et al. 2019b) from 



streams in Germany recently highlighted the emergence of aquatic exposure pathways. So far, 



worldwide monitoring of AR residues mainly focused on terrestrial and avian non-target 



species and their routes of exposure (Elmeros et al. 2018, Koivisto et al. 2018, Serieys et al. 



2019, van den Brink et al. 2018). As discussed in detail in a review by Regnery et al. (2019a), 



AR residue screening in aquatic compartments is challenging, and accordingly little is known 



about direct and indirect exposure routes as well as anticoagulants’ distribution and fate in the 



aquatic environment.  



 



Three first-generation (i.e., warfarin, coumatetralyl, and chlorophacinone) and five second-



generation ARs (i.e., difenacoum, bromadiolone, brodifacoum, flocoumafen, and difethialone) 



are currently approved in the EU for biocidal use under the EU Biocidal Products Regulation 



(BPR) No. 528/2012 (European Union 2012) with maximum permissible concentrations in 



bait formulations in the range of 0.0025% (difethialone) and 0.079% (warfarin). While pest 



control professionals are presumed to be among the main users of biocidal ARs in Germany, 



agribusinesses, local authorities, and household consumers also represent important user 



groups (Regnery et al. 2019a). Considering the lack of detailed market data (Regnery et al. 
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2019a) as well as manifold applications of ARs in urban and suburban areas (Meyer and 



Kaukeinen 2015), evidence of specific emission sources and aquatic exposure pathways is not 



straight forward. Several potential rodenticide emission scenarios for different environmental 



compartments have been described by the European Chemicals Agency. For example 



deployment of baits in the immediate vicinity of watercourses represents a likely direct 



emission source of ARs into the aquatic environment (e.g., due to wash off from bank slopes, 



aboveground bait stations, or rodent burrows, respectively, as well as contaminated run-off, 



ECHA 2018b). Rodent control in and around municipal sewer systems by local authorities 



and commissioned pest control professionals is assumed to be another important emission 



source of ARs into the aquatic environment in urban and suburban settings (Gómez-Canela et 



al. 2014a, Kotthoff et al. 2019, Regnery et al. 2019b). In a recent survey in Germany 



(Regnery et al. 2020), the annual domestic use of ARs in municipal sewer baiting scenarios in 



2017 was estimated at approximately 225 metric tons of bait material and thus 32 kg of active 



ingredients (thereof 21.4 kg of warfarin, 5.6 kg of difenacoum, 3.1 kg of brodifacoum, and 1.8 



kg of bromadiolone). From the sewers, exposure of the aquatic environment presumably 



occurs directly via baited storm drains or combined sewer overflows (CSOs) that discharge 



highly diluted but untreated sewage directly into receiving surface waters when stormwater 



runoff causes an increase within the system, or indirectly via wastewater treatment plant 



(WWTP) effluents (ECHA 2018b). In their retrospective biological monitoring study, 



Regnery et al. (2019b) confirmed exposure of aquatic organisms via municipal effluents and 



thus incomplete removal of anticoagulants during conventional wastewater treatment. A study 



in Spain also reported incomplete removal of ARs during activated sludge treatment and their 



discharges into receiving streams at trace level (Gómez-Canela et al. 2014a, 2014b, Gómez-



Canela and Lacorte 2016). Nevertheless, comprehensive monitoring data on the occurrence 



and fate of ARs in WWTPs and receiving surface waters during or shortly after widespread 



chemical rodent control in and around municipal sewer systems are not available. Such data 
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are required to establish robust relationships and causative associations as previously shown 



for the unintended poisoning of terrestrial non-target organisms (Geduhn et al. 2015). 



 



To further investigate the above-mentioned potential emission pathways, a comprehensive 



WWTP and surface water monitoring campaign was conducted at two urban catchments in 



Germany in 2018 and 2019. At both monitoring sites, common sewer baiting schemes (ECHA 



2018b, Regnery et al. 2020) such as bi-annual, annual, or biennial preventive rodent control 



measures using second-generation ARs had been used for years. However, the receiving 



streams Queich and Moselle differ in size and thus effluent load at studied WWTP outfalls. 



Over several months, the occurrence and fate of all eight authorized biocidal anticoagulants 



was monitored in a variety of aqueous, solid, and biological environmental matrices during 



and after widespread sewer baiting with AR-containing bait. This study contributes valuable 



information to future risk assessments of ARs and assists in developing more effective and 



practical risk mitigation measures to protect the aquatic environment. 



 



2. Experimental 



2.1. Monitoring site A at River Queich 



A schematic map providing an overview of all WWTP and surface water sampling locations 



at monitoring site A is shown in Figure 1. The studied WWTP at monitoring site A (hereafter 



referred to as WWTP A) serves the medium-sized town of Landau in der Pfalz, Rhineland-



Palatinate, Germany and employs conventional treatment (i.e., mechanical, biological, 



chemical) with a treatment capacity of 90,000 person equivalent. WWTP A discharges into 



the small stream Queich after it flows through the urban center of Landau. The small stream’s 



mean discharge is in the range of 1.75 m³/s with an estimated 7% effluent contribution of 



WWTP A near its outfall under dry weather and average flow conditions.  
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Annual preventive rat control measures in the WWTP’s associated sewer system (i.e., mostly 



combined, with a total length of approximately 230 km and 4900 sewer manholes) were 



carried out during a three-week period in May 2018 through commissioned and trained pest 



control professionals. A total of approximately 2000 brodifacoum-containing bait blocks (i.e., 



225 g each containing 0.005% of active ingredient) were deployed in the town’s combined 



sewer system. As a benchmark, approximately 2500 brodifacoum-containing bait blocks had 



been applied in 2017, whereas no widespread sewer baiting occurred in 2019. Baits were 



lowered into the manhole to (short above) the berm and were attached to the manhole’s gully 



trap or step irons by wire to prevent direct wastewater contact during normal sewer operation 



as well as dragging off by rats or being flushed away. According to provided information, 



remaining baits were generally not collected for disposal after the baiting campaign ended. In 



addition, a total of approximately 60 bromadiolone-containing baits (i.e., 200 g each 



containing 0.005% of active ingredient) were deployed above ground in tamper-resistant bait 



stations near watercourses throughout the urban center. 



 



During the monitoring campaign a total of 10 samplings were carried out between March and 



July 2018. Activated sludge grab samples and 24-hour composite samples of raw wastewater 



and corresponding treated effluent as well as operational and water quality parameters were 



kindly provided by WWTP staff. Deposited solids from the bottom of two different CSO 



structures were also provided by WWTP staff. All of the riverine sampling sites were situated 



in a rural setting downstream of the town’s urban center and were chosen based on their ease 



of access and their position in relation to the outfall of WWTP A (Figure 1). Sediment grab 



samples of Queich were obtained from 0 – 5 cm depth near the bank using a small stainless-



steel shovel whereas surface water grab samples were scooped midstream by lowering a 



bucket from adjacent pedestrian bridges. Surface water quality parameters such as 



temperature, dissolved oxygen concentration, pH, and electrical conductivity were measured 
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in situ with sensors using a Multi 3630 IDS handheld (WTW, Weilheim, Germany). Other 



water quality parameters such as dissolved organic carbon and nutrient levels as well as 



characteristics of solid samples were determined in laboratory according to Standard Methods 



(Wasserchemische Gesellschaft and Normenausschuss Wasserwesen im DIN 2020). 



Suspended particulate matter (SPM) in the stream was collected over defined time intervals 



(generally 14 days) using passive sedimentation boxes (Schulze et al. 2007). Upstream and 



downstream of the WWTP A outfall, two sedimentation boxes were suspended in the water 



from overhanging structures using steel cables (i.e., bankside, approximately 0.2 m above 



ground). Fish liver and filet samples (frozen at -20°C) from the investigated stream were 



kindly provided by the Upper Fisheries Authority, Structural and Approval Directorate South, 



Rhineland-Palatinate. A total of 15 individuals of brown trout (Salmo trutta fario), perch 



(Perca fluviatilis), roach (Rutilus rutilus), chub (Squalius cephalus), and common gudgeon 



(Gobio gobio) had been caught at the same time from the same river stretch downstream of 



the WWTP A outfall in July 2019, approximately one year after the initial WWTP and surface 



water monitoring campaign ended (Table S1). 



 



2.2. Monitoring site B at River Moselle 



The studied WWTP at monitoring site B (hereafter referred to as WWTP B) serves the city of 



Trier, Rhineland-Palatinate, Germany and employs conventional treatment (i.e., mechanical, 



biological, chemical) with a treatment capacity of 170,000 person equivalent. WWTP B 



discharges into Moselle, a tributary of River Rhine. The mean discharge of Moselle at gauge 



Trier is 277 m³/s. Under average flow conditions the overall effluent contribution of Moselle 



is less than 5% (Karakurt et al. 2019), with an estimated 0.1% effluent contribution of WWTP 



B near its outfall during dry weather conditions.  
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Until 2017, city-wide preventive rat control measures in the sewers had been carried out 



through commissioned and trained pest control professionals once a year during an eight-



week period in spring or fall using second-generation AR-containing bait (e.g., approximately 



3500 bait blocks with 0.005% brodifacoum in fall 2017). Since then, rat control in sewers had 



been switched to a more targeted approach based upon reported sightings of rats. A total of 



approximately 1055 bait blocks (i.e., 200 g each containing 0.0029% of brodifacoum) were 



successively deployed in different urban districts of the city’s combined sewer system (i.e., 



approximately 550 km total length with 15,000 sewer manholes) between January and May 



2019 by public services through trained municipal staff. Similar to monitoring site A, bait 



blocks were attached to the manhole’s gully trap or step irons by wire. However, remaining 



baits were now removed from the manholes and collected for appropriate disposal at the end 



of baiting campaigns according to personal communication. Moreover, baits were not applied 



in stormwater channels. 



 



A total of 7 samplings were carried out at the WWTP between April and June 2019. To study 



the fate of ARs during wastewater treatment, grab samples included activated sludge, 



biosolids, sludge liquor, prewashed mineral material from the grit chamber, and grit chamber 



solids washing water. Twenty-four-hour composite samples of raw wastewater and 



corresponding treated effluent as well as operational and water quality parameters were kindly 



provided by WWTP staff. Sediment grab samples from sand traps of two different stormwater 



retention basins discharging into small tributary creeks were also provided by public services. 



Due to expected substantial dilution of effluent discharges in the receiving stream, surface 



water grab samples upstream and downstream of WWTP B were collected less frequently 



than WWTP samples. As described earlier, surface water quality parameters and 



characteristics of solid samples were either measured in situ with sensors or determined in 



laboratory according to Standard Methods (Wasserchemische Gesellschaft and 
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Normenausschuss Wasserwesen im DIN 2020). Downstream of WWTP B, two sedimentation 



boxes were suspended in the river from overhanging structures or buoys near river kilometer 



(rkm) 167.0 and 186.1, respectively, using steel cables. SPM samples were retrieved after 



defined time intervals (i.e., 14 days) throughout the sampling campaign. In addition, monthly 



composites of SPM were obtained from five permanent water quality monitoring stations 



along Moselle upstream (Perl at rkm 241.9, Palzem at rkm 229.8, and Trier at rkm 196.0) and 



downstream (Fankel at rkm 59.4 and Koblenz at rkm 2.0) of WWTP B over the course of six 



months (January – July 2019) by the Federal Institute of Hydrology’s Radiology and 



Monitoring Department (refer to https://geoportal-wasser.rlp-umwelt.de for details). Aliquots 



of sediment grab samples that had been collected within a permanent state monitoring 



program at locations upstream (at rkm 196.0) and downstream (at rkm 184.0) of WWTP B 



during this period were also kindly provided. An overview of all WWTP and surface water 



sampling locations at monitoring site B is shown in Figure 2. Due to the lengthy spatial 



distance, monthly composite SPM sampling locations (with the exemption of Trier at rkm 



196.0) are not illustrated in Figure 2. Fish liver (n = 35) and filet (n = 6) samples of chub (S. 



cephalus), perch (P. fluviatilis), European eel (Anguilla anguilla), European catfish (Silurus 



glanis), pike-perch (Sander lucioperca), and round goby (Neogobius melanostomus) were 



received between 2017 – 2020 from three different sites along a 6 km stretch of Moselle 



approximately 25 km downstream of WWTP B (Table S1). Fish had been caught for food 



consumption by local fishermen in compliance with German fishing regulation. Handling of 



fish samples followed a standardized protocol (Bayerisches Landesamt für Umwelt 2012). 



Tissue samples were individually wrapped in aluminum foil and immediately frozen at -20°C. 



Sampling, measuring, and dissection of quagga mussels (Dreissena bugensis) followed 



general procedures described in Schäfer et al. (2012). In general, ten individuals of mussels 



were pooled per sample to provide enough soft body sample material for subsequent analyses. 
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One additional sampling site for mussels at rkm 1.0 (i.e., near the confluence of Moselle and 



Rhine in the city of Koblenz; Table S1) is not depicted in Figure 2. 



 



2.3. Analysis of anticoagulants in environmental matrices 



Overall, all eight active ingredients used in biocidal ARs in Germany (i.e., warfarin, 



chlorophacinone, coumatetralyl, bromadiolone, difenacoum, brodifacoum, difethialone, and 



flocoumafen) as well as two pharmaceutical anticoagulants (i.e., phenprocoumon, 



acenocoumarol) were targeted in this monitoring study. Aqueous samples were extracted by 



solid phase extraction with hydrophilic-lipophilic balanced sorbent material using a modified 



method by Gómez-Canela et al. (2014b) as summarized in the Supplementary Material (SM). 



Ultra-sound assisted solvent extraction and dispersive solid phase extraction (dSPE) were 



used for the extraction and clean-up of WWTP solids (e.g., activated sludge, biosolids, and 



prewashed mineral material from grit chamber). Details can be found in the SM. Extraction of 



SPM and sediment samples followed the same procedure but omitted further clean-up by 



dSPE. Mean recoveries and standard deviations for each analyte are provided in Tables S2 –



S3 for selected matrices. Ultra-sound assisted solvent extraction and dSPE cleanup procedures 



for all biological tissue samples (i.e., soft body mussel, fish liver, fish filet) are described in 



detail in Regnery et al. (2019b). Total lipid content in homogenized tissue samples was 



determined according to Smedes (1999). Additional information about all biological samples 



analyzed in this study is provided in Table S1 in the SM.  



 



All sample extracts were analyzed by liquid chromatography – tandem mass spectrometry 



(LC-MS/MS) in negative electro-spray ionization mode using an Agilent 1260 Infinity LC 



(Waldbronn, Germany) coupled with a Sciex 4500 QTrap MS/MS system (Darmstadt, 



Germany). Instrument specifications and details of the analytical method are provided 



elsewhere (Regnery et al. 2019b). Individual deuterated internal standards were used for 
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quantification of target analytes, namely difenacoum-d4, brodifacoum-d4, flocoumafen-d4, 



phenprocoumon-d5 (all Toronto Research Chemicals, North York, Ontario, Canada), 



bromadiolone-d5, warfarin-d5, chlorophacinone-d4 (all C/D/N Isotopes Inc., Pointe-Claire, 



Quebec, Canada), and difethialone-d4 (TLC, Aurora, Ontario, Canada). Coumatetralyl and 



acenocoumarol were quantified based on warfarin-d5. Analyte peaks with a signal-to-noise 



ratio of less than 10 or 3 of the mass transitions used for quantification and confirmation, 



respectively, or shifted retention time compared to their respective isotope-labeled analogs 



were discarded from further data evaluation. Samples with residual AR concentrations outside 



the calibration standard range (i.e., 0.01 – 5 ng/mL) were diluted accordingly and reanalyzed. 



Reported analyte concentrations in biological tissues are based on wet weight, whereas those 



in all other solids are based on dry weight. Method quantification limits (MQL) were in the 



low ng/L and ng/g range respectively for all analytes and are summarized in Table S4 in the 



SM. Values above the method detection limit (MDL) but below the respective MQL are 



denoted (i.e., parenthesized) when provided in Tables 1 and 2 and Table S1 in the SM.  



 



2.4. Statistical analyses 



Statistical analyses were performed using Origin 2017G, version b9.4.0.220 (OriginLab 



Corporation, Northampton, MA, USA). The significance of the differences of total hepatic 



AR concentrations in fish between groups was assessed through one-way ANOVA followed 



by Tukey-Kramer post-hoc test or through student’s t-test when two groups were compared. 



Statistical differences were considered significant when p < 0.05.  



 



3. Results and discussion  



3.1. Occurrence and fate of anticoagulants in WWTPs and receiving streams 



Overall, a total of 242 environmental samples were screened for residues of eight ARs and 



two pharmaceuticals. Given the multitude of different sample matrices and analytes, Figures 3 



Journal Pre-proof











Jo
ur



na
l P



re
-p



ro
of



12 



 



and 4 illustrate the detection frequencies of all anticoagulant residues above their MQL in all 



samples collected at monitoring sites A and B over the course of this study. A summary of 



average operational and water quality parameters at the investigated WWTP A and WWTP B 



during respective monitoring campaigns is provided in Table S5. In addition, their daily raw 



wastewater inflow rates and total organic carbon loads, individual sampling dates, and daily 



total precipitation in the area recorded at the nearest weather station are depicted in Figures 5 



and S1, respectively. Additional water quality parameters of Moselle and Queich as well as 



characteristics of select solid samples are summarized in Tables S6 – S8 in the SM.  



 



Phenprocoumon was the only target substance that was frequently detected above its MQL in 



raw and treated wastewater at both WWTP (Table 1). Phenprocoumon is extensively 



metabolized in humans by hepatic microsomal enzymes (e.g., cytochrome P450 2C9) and is 



excreted almost entirely as a glucuronide conjugate, with less than 10% of the dose as parent 



compound (Kasprzyk-Hordern 2010). Higher concentrations of phenprocoumon in effluent 



compared to corresponding influent samples at WWTP A might be explained by cleavage of 



glucuronide conjugates during biological treatment. Similar findings were reported by Du et 



al. (2014) for warfarin. Activated sludge samples revealed no residues of phenprocoumon 



above MQL at WWTP A. At WWTP B, phenprocoumon was frequently detected at very low 



levels in samples of activated sludge (0.3 ± 0.1 ng/g dry weight) and biosolids (0.2 ± 0.1 ng/g 



dry weight). It was also present in sludge liquor (46.8 ± 21.8 ng/L) and grit chamber solids 



washing water (4.8 ± 1.7 ng/L) (Figure 4). Based on its physicochemical properties (i.e., 



water solubility of 12.9 mg/L at 20ºC and n-octanol-water partition coefficient log POW of 3.6 



at neutral pH), phenprocoumon presumably ranks between first-generation and second-



generation ARs. Their water solubility and estimated log POW at neutral pH are in the range of 



267 – 460 mg/L and 0.7 – 2.4 (first-generation) and 0.1 – 18.4 mg/L and 3.8 – 8.5 (second-



generation), respectively (Regnery et al. 2019a). Although a slight reduction (i.e., 12 ± 8%) of 
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phenprocoumon concentrations in wastewater was observed after treatment at WWTP B 



(Table 1), results indicate poor biodegradability. This is in good agreement with predicted 



values (i.e., not readily biodegradable according to EPI Suite
TM



 (US EPA 2012)) and previous 



observations (Regnery et al. 2019b, Wode et al. 2015). Most likely because of dilution effects, 



its concentrations in surface water samples from Queich and Moselle were five- and fortyfold 



lower, respectively compared to discharged effluent concentrations (Table 1). Despite short 



predicted photolytic half-lives, anticoagulants were shown to be hydrolytically stable in water 



under environmentally relevant conditions and are not expected to partition to the atmosphere 



(Regnery et al. 2019a). 



 



While warfarin was frequently detected in wastewater and surface water samples at trace 



level, its concentrations rarely exceeded MQL at both monitoring sites (Figures 3 and 4 and 



Table 1). The maximum concentration measured in raw wastewater and sludge liquor at 



WWTP B was 1.5 ng/L. Acenocoumarol was not detected above MQL at all. As warfarin is 



the only anticoagulant that is concurrently authorized for biocidal and pharmaceutical use, its 



presence in wastewater and receiving surface waters can be linked to rodent control measures 



(Regnery et al. 2019b, 2020) as well as consumption of blood-thinning medication by resident 



population (Ajo et al. 2018, Regnery et al. 2019a, Santos et al. 2013). Like phenprocoumon, 



warfarin is extensively metabolized in humans and only about 2% of the typical daily 



prescription dose is excreted as unchanged active ingredient (Crouse et al. 2012, Park 1988). 



According to  IQVIA MIDAS, the annual domestic pharmaceutical use of these blood-



thinning agents accounted for 801 kg of phenprocoumon and 26 kg of warfarin in Germany in 



2018 (IQVIA 2019). While acenocoumarol is commonly used in neighboring European 



countries (e.g., The Netherlands, Italy, Switzerland), no product with the active ingredient 



acenocoumarol has been marketed in Germany since 1993 (DIMDI 2020).  
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The active ingredients brodifacoum and bromadiolone, which had been applied for rodent 



control by the municipality, were sporadically detected in samples from various WWTP and 



environmental compartments at monitoring site A, but concentrations rarely exceeded MQL 



(Figure 3). After several rain events caused elevated water levels due to runoff (Figure S2), 



bromadiolone was detected above MQL in a surface water grab sample (4.3 ng/L) from 



Queich during sampling S8. In addition, it was detected in one SPM sample at sampling S9 



just under the MQL of 1.0 ng/g dry weight. At WWTP A, brodifacoum was detected in one 



24-hour composite sample of raw wastewater characterized by high proportions of stormwater 



runoff during sampling S5 (2.3 ng/L) as well as three 24-hour composite samples of treated 



effluent during samplings S5, S6, and S9 (max. 2.7 ng/L, Figure 5). Brodifacoum was also 



detected in sandy material obtained from the bottom of a CSO structure (0.5 ng/g dry weight) 



as well as two grab samples of raw wastewater (max. 2.5 ng/L) that had been directly 



collected from the main sewer of a baited district at sampling S9. Despite such few 



quantifiable detections of both ARs in aqueous and solid samples, brodifacoum and 



bromadiolone were prevalent in liver tissue samples of fish caught in the small stream Queich 



in 2019 (Figure 3). Residues of difethialone and coumatetralyl were also detected in these fish 



liver samples, whereas difenacoum, flocoumafen, and chlorophacinone were not detected 



above MQL in any of the samples at monitoring site A (Figure 3). In contrast, corresponding 



filet samples contained no anticoagulant residues (Table S1). 



 



At WWTP B, solely chlorophacinone occurred in one biosolids sample (3.2 ng/g dry weight). 



With the exemption of warfarin, none of the other biocidal anticoagulants were detected 



above MQL in any of the samples collected at WWTP B. However, brodifacoum (0.5 ng/g 



dry weight) was detected in sandy material that had been removed from the sand trap of a 



baited district’s stormwater retention basin during maintenance operations. This stormwater 



retention structure generally discharges into one of Moselle’s small tributary creeks. Although 
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none of the analyzed surface water, SPM, sediment, and mussel samples from Moselle 



revealed quantifiable AR concentrations, residues of second-generation ARs were frequently 



observed in the liver of indigenous fish, first and foremost brodifacoum and difenacoum. 



Analyzed corresponding filet samples revealed no residues (Figure 4). 



 



3.2. Evidence of anticoagulant rodenticide emission sources and pathways 



Brodifacoum-containing bait blocks were exclusively used during sewer baiting at both 



communities in the respective year of monitoring (as well as the previous baiting campaign). 



Applying the calculations of the recently revised emission scenario document for biocides 



used as rodenticides for combined sewer systems (ECHA 2018b), the worst-case predicted 



direct and indirect emissions of active ingredient to WWTPs during sewer baiting (i.e., in the 



time period between initial bait placement and first inspection) amount to approximately 0.1 



kg brodifacoum/day at WWTP A and less than 0.03 kg brodifacoum/day at WWTP B (based 



on provided information such as bait amount and product specifics, refer to sections 2.1 and 



2.2). Hence, worst-case predicted brodifacoum concentrations in raw wastewater influent 



were expected to be in the range of 5.2 ng/L at WWTP A and 1.1 ng/L at WWTP B according 



to mean daily discharge rates (Table S5). Notably, worst-case predicted brodifacoum 



concentrations remained below its MQL in wastewater at WWTP B (Table S4). 



 



Few detections of brodifacoum in the 2 ng/L concentration range in raw wastewater and 



treated effluent at WWTP A confirmed that sewer baiting can lead to indirect (e.g., via rat 



carcasses, urine and feces) and direct (e.g., via scouring and spillage) release of active 



ingredients into wastewater. A previous study provided crucial evidence that anticoagulants 



are not completely removed during conventional wastewater treatment and will enter the 



aquatic environment by way of effluent discharges (Regnery et al. 2019b). Nonetheless, 



information about the fate of ARs during conventional or advanced wastewater treatment is 
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scarce. Baits deployed in the combined sewer system connected to WWTP A faced an 



increased risk of scouring (e.g., when precipitation causes a sudden increase within the 



combined sewer system) as remaining baits were usually not removed from the sewers at the 



end of annual preventive baiting campaigns according to provided information. Active 



ingredients are not chemically bound to the bait material and can be released upon 



disintegration of baits, e.g., during prolonged exposure to moist or wet conditions. As 



depicted in Figure 5 for the monitoring period in 2018, stormwater runoff repeatedly caused a 



surcharge in the combined sewer system and increased discharge rates at WWTP A (e.g., 



during sampling S5 when brodifacoum was detected in the influent). Thus, a substantial 



number of deployed baits were repeatedly immersed in wastewater in the combined sewer due 



to elevated wastewater levels or backwater. Diffuse release of active ingredients into 



stormwater runoff from rodent control measures at the surface by residents or pest control 



professionals (e.g., around buildings) were likely additional emission sources throughout the 



urban area (Spahr et al. 2020).  



 



Notably, a short-duration extreme precipitation event occurred at monitoring site A on June 



11, 2018 (i.e., between samplings S8 and S9) and caused severe flooding of the downtown 



area due to backwater in the combined sewer system and stormwater channels (Figure 5). 



Capacities were greatly exceeded at WWTP A and several intermittent CSO retention 



structures, which resulted in confirmed CSO discharges into Queich. Moreover, WWTP staff 



reported a large number of dead rats and mounting wires from disintegrated baits that were 



retained at the screen during this event. It was assumed that the majority of baits in the sewer 



was affected by scouring (‘worst-case-scenario’) at this event and thus emitted brodifacoum. 



Obviously, the flash flood also immersed the tamper-resistant bait stations used for surface rat 



control with bromadiolone that had been deployed near watercourses throughout the urban 



center. In good agreement, brodifacoum (0.5 ng/g dry weight) as well as traces of 
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bromadiolone (i.e., just under the MQL) were detected in deposited solids from the bottom of 



two different CSO structures after this precipitation extreme. 



 



Due to extensive impervious surfaces, densely populated urban and suburban areas are prone 



to flash floods during short-duration (i.e., hourly) precipitation extremes. A recent study 



estimated the extent and frequency of environmental impacts due to such heavy rainfall events 



in Germany between 2005 and 2017. CSOs and thus discharge of highly diluted but untreated 



sewage directly into receiving surface waters occurred in 65% of the investigated heavy 



rainfall events (Kind et al. 2019). A substantial increase in short-duration precipitation 



extremes as a consequence of a changing climate has been predicted (Lenderink and van 



Meijgaard 2008). This is even more critical for the application of AR-containing baits in 



stormwater channels that are not connected to retention basins or WWTP but discharge 



directly into natural water bodies. According to representative survey results, about 30% of 



German municipalities that applied rat control in their sewer systems in 2017 also applied 



AR-containing baits in stormwater channels (Regnery et al. 2020). 



 



As implied by low predicted worst-case concentrations (ECHA 2018b) at WWTP B, ARs 



were not detected above MQL in WWTP sample matrices throughout the treatment train 



during normal operation of the associated combined sewer system. Nevertheless, brodifacoum 



was detected in deposits from the sand trap of one of the city’s stormwater retention basins. 



Emissions likely resulted from diffuse release of active ingredients into stormwater runoff 



during outdoor rodent control as AR-containing bait was generally not applied in or near the 



city’s stormwater infrastructure according to personal communication. Though no samples of 



deposits from CSO retention structures became available for analysis at monitoring site B 



during the sampling period, CSO discharges at WWTP B after heavy or prolonged rainfall 



most likely contributed to emissions of ARs into Moselle. Similar to what had been observed 
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at monitoring site A in 2018, heavy rainfall at site B (i.e., 37 mm rainfall in one hour) caused 



flash flooding in several baited city districts shortly after the end of the monitoring campaign 



(Figure S1). As illustrated in Figure 2, several smaller conventional municipal WWTP 



(mostly cluster WWTP) discharge into Moselle downstream of WWTP B. The neighboring 



association of municipalities located North-East of Trier (approximately 28,200 inhabitants 



total) is connected to the next smaller WWTP along this stretch of Moselle. When surveyed 



via telephone, their municipal pest control official confirmed the annual use of approximately 



300 bait blocks (i.e., 200 g each containing 0.005% of difenacoum) for sewer baiting among 



all 19 municipalities in 2019. After reported rat sightings above ground by residents, trained 



municipal workers applied baits in the combined sewer system of the respective municipality. 



According to this communication, difenacoum-containing baits had been used for sewer 



baiting since 2013. Hence, municipal sewer baiting activities can explain the observed hepatic 



brodifacoum and difenacoum residues in fish from monitoring site B (Table 2). In good 



agreement, mainly baits containing brodifacoum, difenacoum, or bromadiolone were used for 



sewer baiting in Germany in 2017 (Regnery et al. 2020), whereas difethialone and 



coumatetralyl are preferably used in agriculture (Koivisto et al. 2018, Regnery et al. 2019b). 



 



Previous studies suggested that unlike high-volume pharmaceutical anticoagulants, biocidal 



anticoagulants are difficult to capture in routine surface water or WWTP monitoring schemes 



due to the transient character of AR input rates as well as elevated detection limits compared 



to predicted environmental concentrations for these compartments. In Germany, difenacoum, 



brodifacoum, and bromadiolone were estimated to exhibit the highest market shares of AR 



active ingredients based on registered commercial biocidal products. Still, actual quantities of 



these active ingredients applied as rodenticides appear minor compared to other high-volume 



chemicals (Regnery et al. 2019a). Results summarized in Figures 2 and 3 on the one hand 



corroborate the assumption that actual AR concentrations in WWTP influent, effluent, and 
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receiving surface waters are generally either too low or/and sporadic to be routinely 



monitored using current analytical methods, even with extensive sample enrichment and 



cleanup. On the other hand, they demonstrate that analyses of biological tissue samples 



provide crucial information regarding the burden of the aquatic environment with these 



PBT/vPvB substances as fish reflect an average exposure to AR emissions over time. 



 



3.3. Hepatic residues of anticoagulant rodenticides in fish 



Recent research demonstrated that second-generation ARs bioaccumulate in fish liver under 



environmentally realistic conditions and exposure scenarios (Kotthoff et al. 2019, Regnery et 



al. 2019b). Anticoagulants’ high protein binding capacity and the persistence of specifically 



second-generation ARs in liver tissues of terrestrial wildlife is well documented (Horak et al. 



2018). So although it is generally difficult to link hepatic AR residues in wild fish to distinct 



exposure events, there is an undeniable relationship between flushed away brodifacoum-



containing baits during sewer baiting in 2018 at site A and elevated brodifacoum residues (5.2 



– 29.9 ng/g wet weight) in the liver of all analyzed fish from the small stream Queich in 2019 



(Table 2). As mentioned earlier, the effluent contribution of WWTP A under dry weather 



condition is approximately 7%. Moreover, frequent detections of hepatic bromadiolone 



residues (max. 1.0 ng/g wet weight) confirmed the assumption that outdoor surface baiting in 



the vicinity of watercourses also represents a prominent emission source of ARs into the 



aquatic environment. All fish from Queich were captured at the same time and location 



approximately 2 km downstream of WWTP A’s discharge point one year after the flash flood 



incident (Figure 1). Distinct hepatic phenprocoumon residues (0.03 – 0.22 ng/g wet weight) 



due to the high-volume use and release of phenprocoumon indicated their frequent exposure 



to high WWTP effluent contributions in the small stream. Yet, the median concentration of 



phenprocoumon in these samples is < 1% that of the concentration of brodifacoum (Table 2). 



Unlike second-generation ARs, previous findings and an estimated bioconcentration factor 
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(BCF) of 122.3 L/kg in fish (BCFWIN v2.17, US Environmental Protection Agency) already 



pointed towards marginal bioaccumulation potential of phenprocoumon in native aquatic 



organisms (Regnery et al. 2019b). In contrast, the estimated BCF for brodifacoum in fish is 



35,648 L/kg (Regnery et al. 2019a). In order to provide catches for recreational fishing, the 



Queich is stocked with hatchery-reared brown trout (i.e., individuals between 30 – 35 cm total 



length and 0.3 – 0.5 kg total weight) each year in late February/early March by the local 



fishing association. The analyzed brown trout individuals with total hepatic anticoagulant 



residues of 19.0 and 32.6 ng/g wet weight had likely been released in spring 2018 based on 



their total length of 37 and 40 cm, respectively (Table S1). Notably, no anticoagulant residues 



were detected in liver samples of unexposed hatchery-reared fish analyzed as reference 



material (Regnery et al. 2019b).  



 



Elevated hepatic residues of brodifacoum (max. 19.8 ng/g wet weight) and difenacoum (max. 



16.5 ng/g wet weight) were also detected in fish from the considerably larger stream Moselle 



that had been caught between 2017 and 2019 about 25 – 30 km downstream of WWTP B 



(Table 2), presumably as a consequence of sewer baiting as mentioned above. Available 



experimental (1100 L/kg) and estimated (451, 9010, and 35,645 L/kg) BCF of difenacoum in 



fish are similar to those of brodifacoum (Regnery et al. 2019a). Interestingly, no AR residues 



were detected above MDL in pooled mussel samples from five different Moselle sampling 



sites. Two sites thereof corresponded with sampling locations of fish with hepatic AR 



residues. This is in good agreement with findings from Main River (Regnery et al. 2019b) and 



suggests that AR bioaccumulation processes fundamentally differ among these aquatic 



organisms and are not just driven by lipophilicity (Table S1). 



 



Unfortunately, substantial data gaps exist regarding the understanding of AR uptake routes 



(e.g., aqueous uptake of water-borne chemicals, dietary uptake by ingestion of contaminated 
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food, prey, or particles) in freshwater environments. Overall, hepatic AR residues were found 



in fish species from all sections of the investigated surface water bodies: sub-surface (e.g., 



chub), mid-water (e.g., perch, roach, brown trout), and benthic (e.g., gudgeon, round goby). It 



has been assumed that the abundance of ARs in liver of fish species is likely correlated with 



their feeding habits (Regnery et al. 2019a). At the small stream Queich, highest brodifacoum 



concentrations of 25.1 and 29.9 ng/g wet weight liver were observed in common gudgeons 



(Table S1), which inhabit freshwater habitats with sandy or gravelly bottoms and 



predominantly feed on benthic invertebrates (e.g., worms, aquatic insects and larvae, small 



mollusks). Gammarids exposed to wastewater effluents (Miller et al. 2019, Munz et al. 2018) 



or terrestrial invertebrates feeding on AR-containing bait may function as vector in the 



environment (Masuda et al. 2014, Pitt et al. 2015). Based on their physicochemical properties 



(e.g., not readily biodegradable, low water solubility, high lipophilicity, and photolytic 



instability) at ambient environmental conditions, second-generation ARs might occur particle-



bound in wastewater effluents rather than freely dissolved. The potential formation of non-



extractable residues of second-generation ARs in organic-rich matrices such as activated 



sludge under environmentally realistic exposure is thus another aspect that should be 



considered. Irreversible binding of phenolic compounds to humic substances and activated 



carbon is well documented (Burgos et al. 1996). Interactions of natural organic matter and AR 



can involve numerous mechanisms depending on functional groups (e.g., phenolic hydroxyl 



group) and environmental conditions (e.g., pH, ionic strength). In addition to hydrophobic 



interactions, complexation may result from ion exchange reactions, ion bridging, and 



hydrogen bonds (Andre et al. 2005, Delle Site 2001). Covalent binding reactions such as 



biologically-mediated or mineral surface-catalyzed oxidative coupling may account for 



irreversible binding of ARs to natural organic matter after adequate exposure (Burgos et al. 



1996); bindings that might be reversed through metabolic processes in fish after ingestion 



(Tao et al. 2011). Two primary classes of enzymes involved in these biological coupling 
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reactions, peroxidase and phenol oxidase, for example belong to the microbial community 



functional structure of activated sludge in municipal WWTPs (Wang et al. 2014). 



Bioavailability of non-extractable pesticide residues and their potential transfer along the food 



chain was already suggested for soil-dwelling organisms such as earthworms (Barois et al. 



1993, Gevao et al. 2001). If this assumption extrapolates to fish, benthivorous fish potentially 



play a key role in the transfer of second-generation ARs through the trophic levels of the 



aquatic food web. 



 



Highest total AR concentrations measured in omnivorous feeders such as roach and chub 



from Queich (11.3 and 10.2 ng/g wet weight, respectively) and Moselle (9.2 ng/g wet weight) 



were similar to those observed in the liver of chub individuals from other German streams 



with comparable effluent contributions (Regnery et al. 2019b). Fish with a predominantly 



piscivorous diet (i.e., pike-perch and perch with a total length exceeding 15 cm) experienced 



on average significantly higher total hepatic AR concentrations (20.4 ± 7.8 ng/ng wet weight, 



n = 13) compared to omnivorous feeders (5.8 ± 4.0 ng/g wet weight, n = 13) in this study, 



t(18) = 6.04, p < 0.001. A one-way analysis of variance showed that total hepatic AR 



concentrations differed significantly among different fish species caught at the same 



monitoring site (Figure 6), F(4, 29) = 30.46, p < 0.001. In Moselle, adult perch primarily prey 



on round goby, an overabundant invasive species utilizing benthic habitats (Borcherding and 



Gertzen 2016). Post-hoc comparisons using the Tukey-Kramer test indicated significant 



differences between both fish species (p < 0.001) as shown in Figure 6 and illustrate the 



biomagnification potential of very persistent second-generation ARs such as brodifacoum in 



the aquatic food chain when released into the aquatic environment.  



 



3.4. Potential risks for fish and fish-eating predators 
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During environmental risk assessment of ARs under the BPR, no unacceptable risks had been 



identified for the aquatic compartment despite considerable acute toxicity of several ARs to 



aquatic species. The predicted environmental concentration (PEC) of the active substances in 



surface water calculated for the sewer baiting scenario (ECHA 2018b) was below the 



corresponding predicted no-effect concentration (PNEC), above which adverse effects to 



aquatic organisms were to be expected (Umweltbundesamt 2019). Experimental monitoring 



data for the aquatic environment and WWTP effluent (this study and reviewed in Regnery et 



al. (2019a)) corroborate these minor surface water PEC. Concomitantly, biota monitoring 



demonstrates the widespread emergence of ARs in liver tissue of freshwater fish. 



 



AR’s toxic mode of action in warm-blooded vertebrates (mammals, birds) is caused by the 



inhibition of vitamin K epoxide reductase, which results in the disruption of the carboxylation 



of clotting factors and, subsequently, the clotting cascade (Rattner et al. 2014). In terrestrial 



non-target species, hepatic AR residue levels of > 100 to 200 ng/g wet weight were associated 



with lethality (Fourel et al. 2017). In comparison, highest total hepatic AR levels measured in 



fish were 35 ng/g wet weight (Figure 6 and Table S1). While species-specific differences 



between fish and mammals regarding their sensitivity towards AR likely exist (Riegerix et al. 



2020), sub-lethal effects may impair the fitness of individuals (i.e., anticoagulants could act as 



stressors). To date, direct links to physiological effects at environmentally relevant 



concentrations other than those directly caused by impaired blood coagulation are unknown 



(Rattner et al. 2014, 2020) especially with regard to chronic exposure with multiple active 



ingredients. According to Rattner et al. (2014), adverse effects associated with AR exposure 



of non-target wildlife are manifold, including factors such as impaired body condition and 



reproduction, increased susceptibility to disease, reduced resilience to extreme weather 



conditions, sensitivity to other contaminants, and disturbance of population dynamics. 
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Anticoagulants entering the aquatic environment and accumulating in indigenous freshwater 



fish are likely to be transferred in the food chain, potentially affecting the health of fish-eating 



predators (e.g., protected species such as European otter and common kingfisher). While the 



European otter diet is dominated by fish (85% of consumed biomass), the common kingfisher 



is an almost exclusive fish-eater. Similar to other fish-eating birds swallowing their prey as a 



whole, the upper size limit of consumed fish is clearly dependent on its body shape. Total 



hepatic AR residues detected in fish from Moselle and Queich illustrate not only a substantial 



AR burden in large predatory fish but also small-growing fish species with a shorter life span 



(i.e., less than 5 years) such as round goby and gudgeon (Figure 6 and Table S1). The 



gudgeon for instance is a common prey of many fish-eating predators like European otter or 



common kingfisher (Čech and Čech 2015, Lyach and Čech 2017). A case study from a 



lowland trout stream in the Czech Republic revealed that otters mostly preyed upon small-



growing fish species. The authors reported that gudgeon was the most important otter prey 



and represented 38% of consumed biomass (Lyach and Čech 2017). So far, several 



monitoring studies reported residues of ARs in the livers of avian and mammalian predators 



with a fish-eating diet, e.g., in European otter (Serieys et al. 2019), American mink (Ruiz-



Suarez et al. 2016), white-tailed sea eagle, and osprey (Hughes et al. 2013).  



 



The high bioaccumulation potential of second-generation ARs via the aquatic food web 



therefore may pose an increased threat to (higher) aquatic organisms and fish-eating 



predators, which is also reflected in the environment risk assessment of secondary poisoning 



via the aquatic food chain. The corresponding PEC/PNEC ratios for rodenticide product 



formulations containing 0.0029% brodifacoum were 532.5 and 968, respectively, indicating 



high unacceptable risks of secondary poisoning for fish-eating mammals and birds (ECHA 



2018a). However, these risk calculations are mostly based upon generic equations and default 



assumptions as experimental data for the determination of BCF and biomagnification factors 
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as well as chronic oral toxicity tests covering most sensitive aquatic focal predators for the 



derivation of PNECoral,predator are lacking. Dedicated research to identify focal species of the 



aquatic food chain is required to address these uncertainties and to evaluate the extent to 



which apex predators are affected by ARs. Moreover, ecotoxicological consequences of 



chronic rodenticide exposure to indigenous freshwater fish at concentrations relevant for 



surface water bodies have not been identified yet. 



 



3.5. Risk mitigation measures for the aquatic environment 



Although mandatory instructions for use and risk mitigation measures for ARs were stipulated 



at EU-level under the BPR and best practice guidelines were stipulated during national 



biocidal product authorizations to minimize the risks of environmental exposure 



(Umweltbundesamt 2019), the extent of compliance with these provisions in Germany is 



largely unknown. Furthermore, weaknesses exist due to missing national legal provisions on 



the sale of biocides (Regnery et al. 2019a). Several studies noticed that the typical use of ARs 



commonly violates respective use and disposal instructions (Koivisto et al. 2016, Regnery et 



al. 2019b, 2020). While almost 80% of 322 municipalities participating in a nationwide 



survey applied chemical rat control in their sewer systems in 2017 in Germany, only 31% of 



municipalities thereof conducted a monitoring prior application of rodenticides to confirm the 



presence of rats in their sewer systems. Even less (i.e., about 26%) collected remaining baits 



for appropriate disposal and efficiency control at the end of sewer baiting campaigns 



(Regnery et al. 2020). Considering that bait intake during preventive rodent control measures 



in sewers might not exceed 2% of baited manholes (Gras et al. 2012), it becomes apparent 



that large amounts of bait face an unknown fate in the sewers. Yet, the implementation of 



legally binding instructions for use and risk mitigation measures for ARs starting from 2012 



already led to a substantial decrease in bait amounts used for sewer baiting over the last 



decade in Germany (Regnery et al. 2020). However, temporal trend analysis (1992 – 2015) of 
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residual brodifacoum concentrations in fish liver samples from two German streams (Saar and 



Elbe) revealed no decreasing trend until 2015 (Kotthoff et al. 2019). Concordantly, regulatory 



restrictions and stewardship programs failed to prove an impact on AR residue abundances in 



terrestrial non-target predators in urbanized areas in Denmark (Elmeros et al. 2018) and the 



United Kingdom of Great Britain (CRRU UK 2020) until now. Recently, regulation (EU) 



2016/1179 resulted in the market launch of second-generation ARs with reduced 



concentrations of active ingredient (i.e., below 0.003%) to circumvent limitations of use in the 



biocidal sector due to the classification of products as toxic for reproduction (Regnery et al. 



2019a). The application of commercial products with lower doses that are still efficient in 



controlling rodents, e.g. as shown for brodifacoum (Frankova et al. 2019), may assist in 



reducing the ecological impacts and environmental residues of ARs. 



 



The risk of active ingredient release during chemical rodent control measures in sewer 



systems can be minimized if contact of bait material with water and wastewater is strictly 



excluded (e.g., by use of devices that keep the bait dry, deployment of baits exclusively in 



manholes free from backing-up/runoff pouring in). Commercial paraffin-type rodent bait 



blocks are expected to have a long shelf life and thus efficacy (toxicity) of the active 



ingredient, even after extended placement in sewers (Papini et al. 2019). However, they 



disintegrate over time under common sewer conditions such as permanently high humidity or 



frequent contact with wastewater, resulting in unintended emissions to the WWTPs and 



receiving surface waters (ECHA 2018b). Hence, immediate collection and appropriate 



disposal of remaining bait at the end of baiting campaigns is crucial to prevent unintended 



direct emissions of the active ingredient into wastewater. As discussed earlier, unforeseen 



short-duration precipitation extremes will likely occur more often in the future (Lenderink and 



van Meijgaard 2008). Though mandated by the instructions for use, reactive approaches such 



as timely removal of all baits deployed by wire in combined sewers during widespread baiting 
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campaigns to prevent scouring are not feasible under such circumstances. In order to confine 



emissions solely to release from carcasses, urine, and feces of poisoned rats, proactive 



measures are advised to avoid any bait contact with water (ECHA 2018b). Such measures 



may involve the use of waterproof bait protection stations designated for the safe application 



of ARs in sewer systems, or advanced trap systems, which can be operated low maintenance 



for several months without using toxins. Traps and bait stations for controlling rats in sewers 



are often equipped with sensors and allow transmission of monitoring data to remote 



computers or smartphones, making manual inspections of baiting points unnecessary. This is 



a clear advantage as it substantially reduces time, labor, and human exposure, and provides a 



near real-time documentation of rat activity. Nevertheless, there is an urgent need for 



integrated, rat ecology based approaches (Byers et al. 2019, Traweger et al. 2006) alongside 



those technical innovations to achieve a major shift in rodent control practice and minimize 



the use of ARs in urban rat management.  



 



4. Conclusions 



This comprehensive monitoring study identified sewer baiting in combined sewer systems as 



substantial contributor of ARs in the aquatic environment. In conjunction with heavy or 



prolonged precipitation during bait application in combined sewer systems, a direct link 



between sewer baiting and AR residues in WWTP influent, effluent, and the liver of 



freshwater fish was demonstrated. Moreover, results confirmed insufficient removal of 



anticoagulants such as phenprocoumon, warfarin, and brodifacoum during conventional 



wastewater treatment and thus indirect exposure of aquatic organisms in receiving streams via 



WWTP effluents and CSOs. Outdoor surface baiting in the vicinity of watercourses and 



untreated storm drain in the presence of ARs also contributed to AR emissions in streams. 
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The high detection frequency of second-generation ARs in fish liver samples of up to 100% 



contrasted the low detection frequency of ARs above MQL in environmental samples from 



WWTP effluent, surface water, sediment, or SPM and clearly illustrates that environmental 



exposure involving PBT and vPvB substances such as second-generation ARs may be 



independent from the time and place of application of biocidal products. However, for 



substances where possible adverse effects are not correlated to immediate exposure, the 



PEC/PNEC approach as an indicator for environmental risks within the regulatory assessment 



of biocides reveals shortcomings. Thus, hazard assessments of PBT/vPvB substances are an 



appropriate and necessary instrument of the foresightful European chemical regulation. 



Although several criteria for exclusion are fulfilled to bar ARs from approval as biocidal 



active substances under the BPR, the European Commission decided that their non-



authorization would have disproportionate adverse health impacts for human society in 



comparison to the predicted environmental risks arising from their use. Further research 



should investigate the potential risks and hazards of ARs in the aquatic environment in order 



to pave the way for scientific-based, targeted, and effective regulatory decisions. Until then, 



the ecological implications for aquatic organisms as well as fish-eating predators remain 



largely unknown. 
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Figure 1. Generalized map of monitoring site A illustrating all sampling locations (orange 



arrows). Grey shapes indicate urban and suburban settlements. Abbreviations: CSO = 



combined sewer overflow; PE = person equivalent; SPM = suspended particulate matter; 



WWTP = wastewater treatment plant. Refer to Table S1 for further information about 



biological samples. 



 



Figure 2. Generalized map of monitoring site B showing sampling locations (orange arrows) 



in the vicinity of the studied wastewater treatment plant (WWTP B). Grey shapes indicate 



urban and suburban settlements. Abbreviations: PE = person equivalent; rkm = river 



kilometer; SPM = suspended particulate matter. Refer to Table S1 for further information 



about biological samples. 



 



Figure 3. Detection frequency of anticoagulant residues above their respective method 



quantification limits (MQL) in samples (total n = 90) from different WWTP and aquatic 



compartments collected at monitoring site A. 



 



Figure 4. Detection frequency of anticoagulant residues above their respective method 



quantification limits (MQL) in samples (total n = 152) from different WWTP and aquatic 



compartments collected at monitoring site B. 



 



 



Figure 5. Mean daily discharge (blue squares) and total organic carbon (TOC) load (black 



spheres) at WWTP A as well as individual sampling dates (S1 – S10). The green-shaded area 



illustrates the duration of the sewer baiting campaign. Daily total precipitation (grey bars) 



recorded at a nearby weather station was obtained from Agrar-Meteorologie Rhineland-



Palatinate.  



 



Figure 6. Box plots of total hepatic anticoagulant residue concentrations in individual fish 



(blue diamonds) at monitoring site B grouped by fish species and predominant diet (refer to 



Table S1 for details). The letters indicate statistical differences (Tukey-Kramer post-hoc test, 



p < 0.05) between the mean concentrations (grey squares) of perch (24.2 ± 7.3 ng/g), pike-



perch (14.2 ± 4.9 ng/g), European eel (3.9 ± 2.6 ng/g), round goby (4.7 ± 3.1 ng/g), and chub 



(3.6 ± 3.5 ng/g).  
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Table 1. Mean concentrations and standard deviations of warfarin and phenprocoumon in 



corresponding 24-hour composite samples of raw and treated wastewater as well as surface 



water grab samples of receiving streams at monitoring sites A and B. ‘<’ indicates values 



below the respective method detection limits, values denoted in parenthesis are below method 



quantification limits. ND = not detected. 



 
Monitoring site n Warfarin 



(ng/L) 



Phenprocoumon 



(ng/L) 



A    



WWTP influent 10 (0.5 ± 0.2) 20.0 ± 10.4 



WWTP effluent 10 <0.3 28.0 ± 15.9 



Queich prior WWTP outfall 10 (0.1 ± 0.1) 1.6 ± 1.1 



Queich after WWTP outfall 10 (0.1 ± 0.1) 5.8 ± 3.2 



B    



WWTP influent 7 (0.8 ± 0.4) 24.2 ± 11.4 



WWTP effluent 7 <0.3 21.1 ± 8.8 



Moselle prior WWTP outfall 4 ND 0.4 ± 0.1 



Moselle after WWTP outfall 4 (0.1 ± 0.0) 0.5 ± 0.1 
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Table 2. Analyte detection frequencies, median, 95
th



 percentile, and maximum concentrations 



of anticoagulants in fish liver samples from two different streams. Analyte concentrations are 



reported in ng/g relating to wet weight. ‘<’ indicates values below the respective method 



detection limits, values denoted in parenthesis are below method quantification limits. ND = 



not detected. 



 
Analyte Liver tissues from Queich, n = 11  Liver tissues from Moselle, n = 35b 



 Frequency Median 95th percentile Maximum  Frequency Median 95th percentile Maximum 



Rodenticides (%) (ng/g) (ng/g) (ng/g)  (%) (ng/g) (ng/g) (ng/g) 



Brodifacoum 100 12.2 29.7 29.9  100 3.3 15.1 19.8 



Bromadiolone 90.9 0.5 0.8 1.0  25.7 <0.1 2.3 7.5 



Difenacoum 36.4 <0.3 (0.5) (0.5)  82.9 1.1 13.8 16.5 



Flocoumafen ND ND ND ND  48.6 <0.01 0.35 1.7 



Difethialone 45.5 <0.1 1.8 2.3  31.4 <0.1 1.5 4.0 



Chlorophacinone ND ND ND ND  2.9 <0.1 <0.1 (0.2) 



Coumatetralyl 81.8 0.04 0.06 0.06  51.4 (0.01) 0.03 0.06 



Warfarin 



 



36.4 <0.01 (0.02) (0.02)  22.9 <0.01 (0.02) (0.02) 



Ʃ Rodenticides a 100 12.7 32.4 32.6  100 5.9 28.1 35.2 



          



Pharmaceuticals          



Phenprocoumon  100 0.10 0.20 0.22  60.0 (0.02) 0.05 0.09 



Acenocoumarol 45.5 <0.01 (0.02) (0.02)  ND ND ND ND 
a At least one of eight ARs detected.  ARs were summed for each specimen, with median presenting the rank order 6th value for Queich River 



and the rank order 18th value for Moselle River 
b Reduced number of samples (n = 30) analyzed for pharmaceutical anticoagulants 
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Graphical abstract 



Highlights 



 Anticoagulant rodenticides (AR) are emitted to the aquatic environment 



 Chemical rodent control in combined sewer systems contributes to AR emissions 



 AR are not sufficiently removed during conventional wastewater treatment 



 Untreated storm drain in the presence of AR also contributes to emissions 



 Second-generation AR accumulate in the liver of wild freshwater fish 
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November 26, 2019 



 



Mayor Karen Farrer (KFarrer@malibucity.org) 



Mayor Pro Tem Mikke Pierson (MPierson@malibucity.org) 



Councilmember Rick Mullen (RMullen@malibucity.org) 



Councilmember Skylar Peak (SPeak@malibucity.org) 



Councilmember Jefferson Wagner (JWagner@malibucity.org) 



City Clerk Heather Glaser (HGlaser@malibucity.org) 



City Attorney Christi Hogin (Christi.Hogin@bbklaw.com) 



 



Re:   Proposed City of Malibu LCP amendment re rodenticides  
 
Dear Mayor Farrer; Mayor Pro Tem Pierson; Councilmembers Mullen, Peak, Wagner; City 
Clerk Glaser; City Attorney Hogin: 
 
NRDC has been asked to consider the legality of a proposal on the Malibu City Council’s 
December 9, 2019 agenda to ask the California Coastal Commission to amend the City’s 
Local Coastal Program (LCP) to ban the use of anticoagulant rodenticides within the Coastal 
Zone portions of the City.  In our opinion, this would be legal and would generate very little 
litigation risk for the City.  We have reviewed City Attorney Christi Hogin’s November 18, 
2019 memorandum on this issue, and are puzzled by her analysis and disagree with her 
conclusion to the contrary. 
 
There is no question that anticoagulant rodenticides are harmful, and sometimes fatal, to 
mountain lions and other large predators, and that mountain lions have a significant 
presence in the Malibu area.  See, e.g., the map at: 
https://www.nps.gov/samo/learn/nature/pumapage.htm.  In that same document, the 
National Park Service states: 
 



Another major threat to the species is the widespread presence of 
anticoagulant rodenticides, commonly known as rat poisons, in the 
environment. Twenty-two out of 23 mountain lions tested in the study have 
tested positive for one or more anticoagulant compounds and three have 
died of intoxicant poisoning. 



 
The protection of biological resources and environmentally sensitive habitat areas 
in the Coastal Zone is part of the Coastal Commission’s job under Section 30240 of 
the Coastal Act.  Absent other legal impediments, it is clear that the Coastal 
Commission has the power to ban anticoagulant rodenticides in the Coastal Zone. 





mailto:KFarrer@malibucity.org


mailto:MPierson@malibucity.org


mailto:RMullen@malibucity.org


mailto:SPeak@malibucity.org


mailto:JWagner@malibucity.org


mailto:HGlaser@malibucity.org


mailto:Christi.Hogin@bbklaw.com


https://www.nps.gov/samo/learn/nature/pumapage.htm








November 26, 2019 
Page 3 
 



 



 
An argument made by Ms. Hogin is that an amendment to the LCP to ban 
anticoagulant rodenticides would be barred by California Food and Agricultural 
Code Section 11501.1(a), which provides that: 
 



This division and Division 7 (commencing with Section 12501) are of 
statewide concern and occupy the whole field of regulation regarding the 
registration, sale, transportation, or use of pesticides to the exclusion of all 
local regulation. Except as otherwise specifically provided in this code, no 
ordinance or regulation of local government, including, but not limited to, an 
action by a local governmental agency or department, a county board of 
supervisors or a city council, or a local regulation adopted by the use of an 
initiative measure, may prohibit or in any way attempt to regulate any 
matter relating to the registration, sale, transportation, or use of pesticides, 
and any of these ordinances, laws, or regulations are void and of no force or 
effect. 



 
In our view, Section 11501.1(a) does not forbid the Coastal Commission from 
adopting the LCP amendment now at issue.  Preliminarily, we should note that 
adoption of an LCP amendment by the Coastal Commission brings little, if any, 
litigation risk to the City, because it is the Coastal Commission’s action, rather than 
the City’s, that would be challenged in litigation seeking to enforce state preemption 
over rodenticides.  It is puzzling that Ms. Hogin’s letter does not address this point. 
 
On the merits, the second sentence of Section 11501.1(a) is not applicable here 
because it refers to local agencies, and the Coastal Commission is an agency of the 
State.  The first sentence begins with text that appears to be rooted in the concept of 
field preemption – that the State has taken authority over the entire field of 
rodenticide control – but then explicitly qualifies itself by the phrase “to the 
exclusion of all local regulation.”  We read this provision to say that, consistent with 
the second sentence of the statute, the first sentence also applies only to local, and 
not statewide, regulation.  It is well-settled that an LCP is fundamentally a creation 
of state, not local, law.  See, e.g., Charles A. Pratt Construction Company v. California 
Coastal Commission, 162 Cal.App.4th 1068, 1075 (2008).  If the State Legislature had 
intended to ban the Coastal Commission or any other state agency from acting in the 
area of rodenticide regulation, it could have done so, but it has not.  Indeed, Food 
and Agricultural Code Section 11501.1(c) states: 
 



Neither this division nor Division 7 (commencing with Section 12501) is a 
limitation on the authority of a state agency or department to enforce or 
administer any law that the agency or department is authorized or required 
to enforce or administer. 
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In our view, Section 11501.(c) expressly allows the Coastal Commission to create 
and administer an LCP in any way that is lawful and appropriate under the Coastal 
Act, without restriction under Section 11501.1(a). 
 
Our conclusion is reinforced by the recent decision of Los Angeles Superior Court 
Judge James Chalfant in the Mountainlands Conservancy LLC v. California Coastal 
Commission matter, Los Angeles County Superior Court Case No. BS 149063.  In that 
case, Judge Chalfant – one of the best-respected judges in Los Angeles County on 
matters of land use -- rejected the same argument now being advanced by Ms. 
Hogin, explaining: 
 



The Commission found that a ban on the use of pesticides in the Santa 
Monica Mountains coastal region is necessary to avoid impacting the 
biological productivity and quality of coastal waters . . . In banning pesticide 
use in the certified LCP, the Commission is not compelling the county to 
exercise power that it does not have under state law.  Instead, the 
commission is requiring a pesticide ban for the County’s LCP, to be 
administered by the County, because the Commission has the authority to do 
so as part of its administration of the Coastal Act.  F&A Code section 
11501.12(c) permits the commission to require the county to conform to this 
ban in administering the LCP. (emphasis supplied) 



 
Based on this analysis, it is our view that an LCP amendment banning anticoagulant 
rodenticides in the Coastal Zone area of Malibu is legal and poses little, if any, 
litigation risk to the City.  We would be glad to discuss this if members of the City 
Council have questions or comments. 
 
Sincerely, 



  



    



David Pettit 



Senior Attorney 



Natural Resources Defense Council 
 



 



 



 



 



 



 



 



 



 
Joel Reynolds 



Western Director & Senior Attorney 



Natural Resources Defense Council 
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Abstract
Anticoagulant rodenticides (ARs) have been used for decades for rodent control worldwide. Research on the exposure of the
environment and accumulation of these active substances in biota has been focused on terrestrial food webs, but few data are
available on the impact of ARs on aquatic systems and water organisms. To fill this gap, we analyzed liver samples of bream
(Abramis brama) and co-located suspended particulate matter (SPM) from the German Environmental Specimen Bank (ESB).
An appropriate method was developed for the determination of eight different ARs, including first- and second-generation ARs,
in fish liver and SPM. Applying this method to bream liver samples from 17 and 18 sampling locations of the years 2011 and
2015, respectively, five ARs were found at levels above limits of quantifications (LOQs, 0.2 to 2 μg kg−1). For 2015,
brodifacoum was detected in 88% of the samples with a maximum concentration of 12.5 μg kg−1. Moreover, difenacoum,
bromadiolone, difethialone, and flocoumafen were detected in some samples above LOQ. In contrast, no first generation ARwas
detected in the ESB samples. In SPM, only bromadiolone could be detected in 56% of the samples at levels up to 9.24 μg kg−1. A
temporal trend analysis of bream liver from two sampling locations over a period of up to 23 years revealed a significant trend for
brodifacoum at one of the sampling locations.



Keywords Anticoagulant rodenticides . Environmental monitoring . High-resolution mass spectrometry . Bream . Suspended
particulate matter . Environmental SpecimenBank . Biocides



Highlights
• For the first time, anticoagulant rodenticides were identified in
freshwater fish and SPM.



• A multi-method was developed to capture eight different anticoagulant
rodenticides.



• Second generation anticoagulant rodenticides were found at levels >
10 μg kg−1.



• A differing distribution of rodenticides between fish and SPM was
found.



•At one site, the temporal trend of brodifacoum increased significantly in
bream liver.
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Introduction



Since the introduction of warfarin as the first anticoagulant
rodenticide on the US market in the late 1940s, rodent control
worldwide has relied increasingly upon the use of these
chemicals. As of 2017, anticoagulant rodenticides constitute
more than 95% of the authorized rodenticides as biocides in
the European Union (ECHA 2017b). The discovery of antico-
agulant rodenticides (ARs) is today recognized as the most
important step towards safer and more effective rodent control
(Buckle and Eason 2015).



ARs comprise active substances belonging either to the
class of 4-hydroxycoumarines such as warfarin or to 1,3-
indandione derivatives such as chlorophacinone. Without re-
gard to their chemical structure, ARs are grouped by their
ability to prevent blood clotting (coagulation) by the inhibition
of vitamin K which is essential for the production of several
blood clotting factors such as prothrombin. Typical symptoms
of AR intoxication, i.e., internal and external hemorrhages due
to the increased permeability of blood vessels, occur several
days after consumption of the rodenticide bait. This delayed
mode of action is key to the effectiveness of ARs as it over-
comes the bait shyness of rats.



Anticoagulant rodenticides are usually divided into first- and
second-generation anticoagulant rodenticides (FGARs/SGARs)
depending on the date of their introduction on the market.
FGARs (i.e., warfarin, chlorophacinon, coumatetralyl) were
firstly used in the late 1940s, 1950s, and 1960s, while SGARs
(i.e., bromadiolone, difenacoum, brodifacoum, difethialone,
flocoumafen) were developed in the 1970s and 1980s following
an increasing concern about warfarin-resistant rodents. Ever
since, ARs have been extensively used as pesticides to reduce
human and animal infections by rodent-borne diseases, for crop
protection against voles, or for species conservation on oceanic
islands (Masuda et al. 2015). They are nowadays regulated in
the European Union (EU) under the Biocidal Products
Regulation (EU) No. 528/2012 (BPR) and the Plant
Protection Products Regulation (EC) No. 1107/2009 (PPPR),
depending on their intended use to either protect human health,
animal health and materials or plants and plant products. Both
regulations foresee that ARs need to be authorized prior to being
made available on the European market. Under the PPPR,
difenacoum (Reg. (EU) No. 540/2011) and bromadiolone
(Reg. (EU) No. 540/2011) are the only anticoagulant active
substances which are approved for the use in plant protection
products in the EU. Under the BPR, the approval of eight anti-
coagulants, i.e., warfarin, chlorophacinone, coumatetralyl,
bromadiolone, difenacoum, brodifacoum, difethialone, and
flocoumafen as active substances for the use in rodenticides,
have just recently been renewed. While the last authorization
of an anticoagulant rodenticide as a plant protection product in
Germany has expired in 2015, their authorizations as biocides in
Germany have recently been prolonged (BVL 2017). As of



September 2017, 704 rodenticide products were authorized in
Germany under the BPR, of which about 91% contained an
anticoagulant active substance, of these 12.2% FGAR and
79.0% SGAR (compare Table 1) (BAuA 2017).



The environmental risk assessment of ARs under the BPR
authorization in the EU revealed high risks of primary and
secondary poisoning for non-target organisms, which either
feed directly on the bait or consume poisoned rodents.
Moreover, all SGARs have been identified as being either
persistent, bioaccumulative, and toxic (PBT-substances) or
very persistent and very toxic (vPvB-substances). These in-
herent substance properties in combination with the given
exposure of non-target organisms via primary and secondary
poisoning and the extensive and widespread use of ARs are
significant drivers for the likewise widespread contamination
of various wildlife species worldwide. It is thus not surprising
that residues of anticoagulant rodenticides, especially of the
second-generation compounds, have been detected in a large
variety of species. Residues of rodenticides were detected for
example, in barn owls (Geduhn et al. 2016, Newton et al.
1990), tawny owls (Walker et al. 2008), common buzzards
(Berny et al. 1997), golden eagles (Langford et al. 2013),
polecats/mink (Elmeros et al. 2018, Fournier-Chambrillon
et al. 2004, Ruiz-Suarez et al. 2014, 2016, Shore et al.
2003), weasels (McDonald et al. 1998), stoats (Elmeros
et al. 2011), foxes (Berny et al. 1997, Geduhn et al. 2015,
McMillin et al. 2008, Tosh et al. 2011), hedgehogs
(Dowding et al. 2010), and snails (Alomar et al. 2018).



Most of these environmental monitoring studies focused on
the terrestrial compartment, e.g., predatory birds (Gomez-



Table 1 Current numbers of registered biocidal products in Germany



Active substance Number of registered products %



Aluminum phosphide 9 1.3



Brodifacoum 196 27.8



Bromadiolone 127 18.0



Chloralose 51 7.2



Chlorophacinone 14 2.0



Coumatetralyl 14 2.0



Difenacoum 199 28.3



Difenacoum; bromadiolone 4 0.6



Difethialone 26 3.7



Flocoumafen 4 0.6



Hydrogen cyanide 1 0.1



Carbon dioxide 1 0.1



Warfarin 58 8.2



Total 704 100



FGARs 86 12.2



SGARs 556 79.0



Non-ARs 62 8.8
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Ramirez et al. 2014, Ruiz-Suarez et al. 2014, Stansley et al.
2014, Thomas et al. 2011) and mammals (Quinn et al. 2012),
as well as various non-target rodents (Elliott et al. 2014,
Geduhn et al. 2014). However, little to nothing is known so
far, about the exposure of aquatic life to ARs and the accumu-
lation of ARs in aquatic food webs.



The environmental exposure assessment within the autho-
rization of anticoagulant rodenticides under the BPR is based
on the Emission Scenario Document (ESD) (Larsen 2003)
which considers four main scenarios for the application of
ARs, i.e., the application in and around buildings, in open
areas (in rate holes), at waste dumps, and in the sewer system.
Significant releases to surface water bodies are only assumed
to occur from the application of ARs in the latter area of use,
i.e., in sewer systems. It has been shown that AR can enter
sewage treatment plants (STPs) and thereafter contribute to
the loads of anticoagulants to receiving surface waters with
effluents (Gomez-Canela et al. 2014). A maximum release to
the sewerage system and consequently to surface water could
result directly from the application of rodent bait into man-
holes of the sewer system and indirectly from the target ani-
mals’ urine, feces, and dead bodies. The application of roden-
ticides in rainwater sewers which as a rule are not connected to
a sewage treatment plant and discharge directly into receiving
waters can be considered another release pathway.



Environmental monitoring of AR provides some specific
challenges to the investigator. AR can enter the environment
via different exposure routes where they have been shown to
exhibit acute toxic effects at concentrations in the ppm and
ppb range (e.g., bromadiolone (Eason et al. 2002, Thomas
et al. 2011): LC50 of 2.86 mg L−1 for fish, Lepomis
macrochirus; LD50 of 0.56 mg kg−1 in rat (oral) (ECHA
2010), or difethialone (ECHA 2007): EC50 of 4.4 μg L−1 for
Daphnia magna acute, or LC50 of 51 μg L−1 for
Oncorhynchus mykiss. SGARs in particular exhibit a high
lipophilicity and environmental persistence and may thus en-
rich in predator tissues with high fat contents, e.g., mammali-
an liver (Eason et al. 2002, Thomas et al. 2011), which are
complex matrices and thus require elaborate and challenging
sample preparation. Furthermore, there are numerous AR sub-
stances that may enter the environment and so a comprehen-
sive assessment of the presence of AR requires very sensitive
and accurate multi-methods, covering a wide range of differ-
ent ARs. Several analytical approaches for multi-methods for
the quantitative determination of AR in biological samples
have been developed, such as liquid chromatography (LC)
and also ion chromatography (IC) coupled to tandem mass
spectrometry (MS/MS) (Bidny et al. 2015, Chen et al. 2009,
Jin et al. 2009, Jin et al. 2008, Marek and Koskinen 2007),
two-dimensional LC coupled to MS/MS (Marsalek et al.
2015), IC coupled to fluorescence detection (Jin et al. 2007),
methods using high resolution MS (Schaff and Montgomery
2013), and some other strategies that are presented in a review



by Imran et al. (2015). Available analytical methods are so far
hampered by the number of captured AR, as well as high
limits of detection caused by complex biological and environ-
mental matrices that are in contrast to low relevant environ-
mental concentrations. However, the method we apply here is
in good agreement (Hernandez et al. 2013) or better
(Vandenbroucke et al. 2008a, Vandenbroucke et al. 2008b,
Zhu et al. 2013) in terms of number of analytes covered and
sensitivity with other LC-MS/MS-based methods for solid
biological tissues such as liver and hair.



Good insight is available on risks of AR towards non-target
mammals as well as exposure and associated risks of various
predators (Christensen et al. 2012, Geduhn et al. 2016,
Gomez-Ramirez et al. 2014, Hughes et al. 2013, Langford
et al. 2013, Nogeire et al. 2015, Proulx and MacKenzie
2012, Rattner et al. 2014, 2015, Ruiz-Suarez et al. 2014,
Thomas et al. 2011).



Even if concentrations are assumed to be low after system-
atic or accidental exposure of aquatic systems (Fisher et al.
2012, Primus et al. 2005), the environmental impact may yet
be relevant due to the high bioaccumulation potential, espe-
cially of SGARs (Masuda et al. 2015). So far, no studies are
available on AR residues and accumulation in fish or distribu-
tion of AR in natural aquatic systems. The aim of this study
was to assess the exposure of freshwater fish to anticoagulant
rodenticides by analyzing levels of anticoagulants in fish tis-
sues. For this purpose, a highly sensitive and specific multi-
method was developed to determine eight anticoagulants,
which have been approved under the BPR for the use in ro-
denticides within the EU (cf. Table 2). We the applied this
method in a spatial monitoring study for two time points for
fish liver and one for suspended particulate matter (SPM)
samples of the German Environmental Specimen Bank
(ESB). Finally, retrospective analysis was performed for
SPM and fish samples from selected sites to detect time trends.
In addition, selected liver samples from otters (Lutra lutra)
were analyzed to characterize the bioaccumulation potential
of ARs in fish-eating mammal species.



Materials and methods



Collection and storage of samples



All samples were retrieved from the archive of the German
Environmental Specimen Bank.



Bream (Abramis brama) samples were analyzed from 17
and 18 sampling locations for 2011 and 2015, respectively,
and from 10 sampling years for two specific sampling loca-
tions. Sampling locations included 16 riverine sites and one
(2011) and two (2015) lakes. Samples were processed and
stored according to a dedicated ESB standard operating pro-
cedures (SOP) by Klein et al. (2012). SPMwas analyzed from
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the 16 riverine sampling sites sampled in 2015. SPM was
collected and processed according to a specific SOP by
Ricking et al. (2012).



Otter samples originate from the Upper Lusatia area in the
east of Germany (partly Elbe catchment) and represent indi-
viduals that died as a result of traffic accidents or lethal dis-
eases. The liver samples of five otter individuals were pre-
pared and analyzed according to the protocol for bream liver
samples.



Method summary



In order to optimize and merge available methods, and to
secure the specificity of the method, the rodenticide analysis
was performed on a UHPLC-chromatographic unit coupled to
a high-resolution mass spectrometer operating at a resolution
of 35,000. The adopted methodmainly based on Thomas et al.
(2011) for fish liver could be used to determine a total of eight
different target molecules, as given in Table 2 and Table 3. The
specificity of the method is assured by measuring the accurate
mass of the analytes in tandemmass spectrometric mode (MS/
MS) (see Table 3).



Table 2 harbors information on the reference substances used
for quantification. Stable isotopically labeled (deuterated) inter-
nal standards (IS) were only available for bromadiolone (as D5;
Campro Scientific, Germany, 99% D, 95% chemical, Lot #



AB126P2), warfarin (as D5; Campro Scientific, Germany,
99% D, 99% chemical, Lot # E305P28), and chlorophacinone
(as D4; Chiron AS, Norway, 99.4% D, 99% chemical Lot #
14266). The IS were added to the samples, but not used for
evaluation in the final method.



A sample of about 0.5 g fish matrix (liver or muscle; fro-
zen, cryo-milled ESB material) is mixed with roughly 3.5 g
Na2SO4 (ratio 1:7), 100 μL IS solution (three IS, each
100 ng mL−1), and 5 mL acetone in a 15-mL polypropylene
test tube. This mixture is treated for 30 min in an ultra-sonic
bath and for the same time on a vortex shaker. Subsequently,
the test tube is centrifuged at 4000 rpm for 5 min. The clear
supernatant is forwarded to a fresh test tube, whereas the pellet
is extracted with an additional 4 mL volume of fresh acetone.
The combined extracts were mixed with 1 mL of diethyl ether
and evaporated in a N2-stream at 50 °C to dryness. The re-
maining extract was then dissolved in 1 mL methanol and
homogeneously mixed by treating for 5 min in an ultra-sonic
bath. The slightly turbid suspension was forwarded to a
1.5-mL tube and centrifuged at 15,000 rpm for 2 min. The
cleared supernatant was finally filtrated through a 25-mm di-
ameter, 0.45-μm regenerated cellulose (RC) type membrane
filter, before filling into a UHPLC (ultra-high performance
liquid chromatography) vial for analysis.



A minimum of two solvent-based blank samples (up to
four) were analyzed in every measurement series. Matrix-



Table 2 List of AR covered in
this study used for quantification
and information on used reference
standards



AR AR-generation Chemical class (derivative) Purchased from Purity (%)



Brodifacoum 2 Hydroxycoumarine Sigma-Aldrich 99.4



Bromadiolone 2 Hydroxycoumarine Sigma-Aldrich 93.6



Chlorophacinone 1 Indandione Sigma-Aldrich 98.9



Coumatetralyl 1 Hydroxycoumarine Sigma-Aldrich 99.9



Difenacoum 2 Hydroxycoumarine Sigma-Aldrich 98.9



Difethialone 2 Thiocoumarine Dr. Ehrenstorfer 99.0



Flocoumafen 2 Hydroxycoumarine Dr. Ehrenstorfer 98.0



Warfarin 1 Hydroxycoumarine Sigma-Aldrich ≥ 98



Table 3 Accurate masses of ion
transitions of rodenticides as used
for the multiple monitoring
method. The Q-Exactive
instrument was run at a resolution
of 35,000 ± 10 ppm



Substance Theoretical mass
of precursor [m/z]



Captured mass
of product 1 [m/z]



Captured mass
of product 2 [m/z]



Flocoumafen 541.16322 161.02353 289.08545



Bromadiolone 525.0707 250.06194 n.d.



Brodifacoum 521.07578 135.04408 187.03854



Difenacoum 443.16527 135.04442 293.13202



Warfarin 307.09758 161.02234 250.06195



Chlorophacinone 373.0637 145.02859 201.04637



Coumatetralyl 291.10267 141.07021 247.11263



Difethialone 537.05294 151.02104 n.d.
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based quality control samples containing the rodenticides in
defined concentrations (adapted to the expected concentration
range in the samples: here 1.4 and 14 μg kg−1 for otter and
SPM, and 1.0 and 10 μg kg−1 for bream liver) were measured
about every 15 samples. Suitable rodenticide free matrices
were identified in a preliminary screening. All samples were
measured at least in duplicate, as specified in the respective
table captions.



Instrumental parameters



A UHPLC Acquity (Waters), coupled to an Orbitrap Q-
Exactive Plus (Thermo Scientific) high-resolution mass spec-
trometer, run in the multiple reaction monitoring mode with
electrospray negative (ES-) ionization was used for all chem-
ical analyses. Accurate masses of parent and daughter ions, as
well as MS-parameters, were according to Table 3. The used
column was 100 × 2 mm BEH C18, 1.7 μm (Waters), the
column temperature was 55 °C, and 20 μL sample volume
was injected and run with a flow of 0.35 mL min−1. The
solvents used were A: methanol +2 mM ammonium acetate
in water (5 + 95, v/v) and B: methanol containing 2 mM am-
monium acetate. The used UHPLC gradient program was
0 min 100% A→ 10 min 100% B→ 13 min 100% B→
15 min 100% A. Under the given conditions, of
bromadiolone, two diastereomeric partners elute, which are
reported here as a sum.



Method development and method validation



Initially, a comparison of AR concentrations in bream liver
and fillet was performed by applying a crude preliminary
method that had not been optimized. For difethialone and
brodifacoum, we found 100- or 80-fold higher concentrations
in liver, respectively. So, it was decided to focus on bream
liver samples for further method development and subsequent
analysis of environmental samples.



Commercial stable isotope labeled standards were pur-
chased to improve the method. After repeated measure-
ment cycles and calibrations, however, it was found that
the analytical parameters are much better when using an
external matrix matched calibration. So, the final method
does not use the signals for the IS, but an external matrix
calibration.



Calibration and validation of the method were performed
by standard addition techniques using matrix calibrations in
the range from 0.02 to 20.0 μg kg−1 and were evaluated to the
lowest calibration level within the linear range of a calibration.
Each calibration solution contained 100 μL of IS solution
which were spiked with 25 μg L−1, resulting in 5 μg kg−1 of
each IS. The handling and measurement of the calibration and
validation samples were identical to the treatment of the test
samples. For validation of the method, six bream liver and



SPM samples of 0.5 g each were fortified with defined AR
at individual limit of quantification (LOQ) concentrations to
prove for accuracy, repeatability, and precision at the LOQ
level (standard addition technique), according to Table 4.
Each sample was fortified with 100 μL of a solution contain-
ing all rodenticides in the respective concentrations ranging
from 0.1 to 100 μg L−1 and with 100 μL of the IS solution.
Otter liver was used to generate a respective matrix calibra-
tion, but due to limited sample material, no separate otter liver
validation could be performed.



Due to varying sensitivities of individual AR, the dy-
namic ranges of the calibrations are different, but none of
them showed an exponential behavior. To keep the proce-
dure constant, even after the decision to omit using the IS,
their addition to the samples was continued. For the given
calibration ranges, all functions were linear and show co-
efficients of determination (r2) of at least 0.99. The vali-
dated limits of quantification (LOQ) and standard devia-
tions (SD) are given in Table 4. All data are reported on a
wet weight basis.



Both matrices, bream liver and SPM, could be successfully
validated at the indicated LOQ levels. These levels range in a
substance, but also in a matrix-dependent manner from 0.2 to
2.0 μg kg−1, and reflect the lowest achievable values accord-
ing to observations derived from the matrix calibration func-
tions shown in Fig. S1 of the Electronic supplementary
material (ESM). The recoveries are within 90–110% and the
relative standard deviation (RSD) is ≤ 10% (n = 6). The only
exception is chlorophacinone whose mean recovery is 116%
and RSD 26.3% in SPM. This seems acceptable since no
quantitative data are being reported for chlorophacinone in
this study. The achieved LOQs are similar or lower than re-
cently published LC-MS/MS-based multi-methods for AR in
tissues, ranging from 0.9 to 250 μg kg−1 (Fourel et al. 2017a,
Hernandez et al. 2013, Jin et al. 2009, Marek and Koskinen
2007, Marsalek et al. 2015, Smith et al. 2017, Vandenbroucke
et al. 2008b).



Analysis of temporal trends



Temporal trends for brodifacoum in fish tissue (wet
weight data) were analyzed by applying a software tool
from the German Environment Agency (LOESS-Trend,
Version 1.1, based on Microsoft Excel). The application
fits a locally weighted scatterplot smoother (LOESS) with
a fixed window width of 7 years through the annual ro-
denticide levels. Then, tests on the significance of linear
and non-linear trend components are conducted by means
of an analysis of variance (ANOVA) following the proce-
dure of Fryer and Nicholson (1999). For years with ana-
lytical results less than the LOQ, the data gaps were treat-
ed as ½ LOQ values.
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Results and discussion



Results of environmental analysis



Spatial comparison: measurement of samples from different
ESB sampling sites of the years 2011 and 2015



Results of the spatial monitoring exercise are presented in
Table S1 (2011) and Table S6 (2015) in the electronic supple-
mental material and are summarized in Fig. 1 (for 2015) along
with the spatial distribution of the sampling sites across
Germany. Within all bream liver samples, only SGARs were
found above the LOQ. For the year 2015, brodifacoum was
the major AR found. It was detected in 88% of the samples
with a maximum concentration of 12.5 μg kg−1 (average (Ø)
3.4 μg kg−1 and median 2.1 μg kg−1). Difenacoum was found
in 44% of the samples at comparably lower concentrations of
up to 0.7μg kg−1 (Ø 0.1μg kg−1). Bromadiolone was found in
17% of the samples at peaks of 7.1 μg kg−1 with Ø of
0.6 μg kg−1, difethialone in 6% with highest levels at
6.3 μg kg−1, and flocoumafen in 12% at highest levels of
0.3 μg kg−1. For 2011, quite different substance and concen-
tration patterns were found, as presented in Table S1, which
may be due to the seasonal character of substance usage and
varying intervals between application and sampling. To our
knowledge, this is the first evidence of AR in freshwater fish
tissue.



In addition, a set of co-located suspended particulate matter
(SPM) samples from the year 2015 were analyzed. The results
are presented in Table S3 and also included in Fig. 1. In con-
trast to results of the bream liver samples, in SPM, only
bromadiolone was found above LOQ in 56% of the 16 sam-
ples with highest values of 9.2 μg kg−1 (Ø 4.9 μg kg−1; me-
dian 4.3 μg kg−1).



No ARs were detected > the LOQ in the five otter livers
that were analyzed in addition to bream and SPM to exempla-
ry include a fish-eating mammal as a top predator in the food
web in this study. In contrast, in a study using French otter



samples from 2010, 10% of the tested otter samples were
contaminated with bromadiolone at levels of 400 and
850 μg kg−1 fresh weight (Lemarchand et al. 2010).



Temporal trend analysis: retrospective monitoring
for rodenticides in fish liver samples from Saar
River/Rehlingen and Elbe River/Prossen



Based on the results of the 2011 and 2015 spatial analysis, the
sampling sites in Rehlingen at the Saar River and Prossen at
the Elbe River were chosen for the temporal analysis.



The results of the temporal analysis are summarized in S4
(Saar/Rehlingen) and Table S5 (Elbe/Prossen).



From these temporal data, a significant time trend could be
drawn only for brodifacoum at Saar/Rehlingen (Fig. 2). This
trend indicated an average increase of brodifacoum at
0.3 μg kg−1 per year for the observed period and
1.3 μg kg−1 per year for the last 7 years.



Notably, brodifacoum was the most abundant AR mea-
sured in fish from both locations. Concentrations ranged be-
tween about 1 and 13 μg kg−1 in fish from Rehlingen and
between 4 and 12 μg kg−1 in fish from Prossen, where it
was found below LOQ only in the years 1992 and 2009. At
Rehlingen also, bromadiolone, difenacoum, flocoumafen, and
difethialone were found occasionally and at comparably low
levels. Interestingly, for both sampling sites, the diversity of
detected ARwas higher in 2015 than in the years before. SPM
was not subject to a retrospective analysis.



Assessment of relevance of rodenticide residues in fish
and SPM



The analysis of fish samples at the different ESB sampling
sites revealed the detectable occurrence in the order
brodifacoum, difenacoum, bromadiolone, difethialone, and
flocoumafen at levels above the LOQ. In contrast, in SPM,
only bromadiolone was detectable.



Table 4 Studied AR and
respective analytical parameters
of method validation by
fortification of respective matrix,
n = 6



Substance Bream liver SPM



LOQ level
[μg kg−1]



Recovery [%] RSD [%] LOQ level
[μg kg−1]



Recovery [%] RSD [%]



Flocoumafen 0.2 100 5.4 1.0 98 6.9



Bromadiolone 2.0 95 8.1 1.0 96 4.8



Brodifacoum 1.0 93 6.6 2.0 98 5.9



Difenacoum 0.2 96 9.7 1.0 98 10.3



Warfarin 0.2 103 6.9 0.2 102 7.5



Chlorophacinone 1.0 93 7.2 2.0 116 26.3



Coumatetralyl 0.2 110 4.1 0.2 106 5.4



Difethialone 1.0 95 3.3 1.4 103 4.6
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Only SGARs were found above LOQ of the ARs measured
in this study. This could be related to the higher persistency
and potential for bioaccumulation of SGAR in comparison to
FGAR. The partition coefficients n-octanol/water (log Kow),
as a measure for lipophilicity and bioaccumulation potential,
for FGARs are < 5 (at environmentally relevant pH) while the
respective values for SGARs are all > 5 (at environmentally
relevant pH). Also, available toxicity studies with rats show
much shorter half-lives of FGAR in livers when compared to
SGAR which may indicate faster elimination rates in target
and non-target organisms (Daniels 2013). Another plausible
reason for the lack of FGARs in the analyzed fish samples
might be that FGARs are generally used less frequently than
SGARs, especially for the control of rats in sewer systems,
which is assumed to be the source of emissions to surface
water bodies. A survey of 508 local municipal authorities in
Germany responsible for the rat control in sewers (Krüger and
Solas 2010) indicated that bromadiolone followed by
difenacoum and brodifacoum were used most often by local
authorities for the control of brown rats in sewer systems.



Comparison with bioconcentration factors, adsorption
coefficients, and use patterns



The bioconcentration factors (BCF, the ratio of a substance
concentration in water and in fish tissue and expressed as
L kg−1) of fish as stated in the respective public Assessment
Reports for their approval under BPR decrease in the follow-
ing order: difethialone (39,974; estimated), brodifacoum
(35,645; estimated), flocoumafen (24,300; measured),
bromadiolone (460; measured), chlorophacinone (22.75; esti-
mated), warfarin (≤ 21.6; measured), coumatetralyl (11.4;
measured) (ECHA 2017a). The BCF values may explain
why SGARs were detectable in the ESB fish samples, while
FGARs were not. The organic carbon adsorption coefficients
Koc [L kg−1], as given in the respective Assessment Reports
for each of the active substances, increase in the order of
warfarin (174), coumatetralyl (258), brodifacoum (9155),
bromadiolone (14,770), chlorophacinone (75,800),
flocoumafen (101,648), difenacoum (1.8* 106), difethialone
(about 108) (ECHA 2017a). According to this, other highly



Fig. 1 Overview of 18 bream and 16 SPM sampling sites. Results of the spatial analysis for eight ARs in bream liver and SPM are displayed as black and
yellow bars, respectively. For detailed results, see Table S1 and S3
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adsorptive anticoagulants such as difenacoum, which is ac-
cording to Krüger and Solas (2010) commonly used for sewer
baiting in Germany, should also be expected to absorb to SPM
(assumed that comparable amounts are emitted). There may
be several reasons why this is not the case: SPM samples in
the ESB archive were pooled samples of 12 monthly sub-
samples, whereas only one ESB fish sample was collected
per year after spawning at each of the riverine sampling sites.
Depending on a seasonal exposure, higher or lower findings,
compared to the concentrations actually found in this study,
may be expected in SPM (e.g., when exposed in spring after
treatment campaigns in municipal rodent control, AR can be
expected in SPM), but the occurrence in fish that are sampled
in a different season compared to the treatment might be



unlikely, especially for FGAR with a low bioaccumulation
potential. However, this cannot fully explain the exclusive
presence of bromadiolone and we are unclear why other
ARs were not detected in this matrix.



The varying treatment lengths, intervals, and substance pat-
terns of AR treatment campaigns in Germany may also help to
explain the occasional detections of other SGAR, as their pres-
ence may reflect the major AR applied in the catchment that
year. Data on the amounts of AR that were used are unfortu-
nately rarely available (Pohl et al. 2015). Rodenticides, which
have been used most often by municipal authorities for sewer
baiting (Krüger and Solas 2010), were those found most fre-
quently in fish (difenacoum, brodifacoum, and bromadiolone)
and bromadiolone in SPM.



Rough estimations suggest that the AR concentrations de-
tected in fish are plausible given the available data on concen-
trations in sewage treatment plant (STP) effluent (Gomez-
Canela et al. 2014) and the known BCF of the detected com-
pounds in fish (For details, see ESM).



An important aspect of rodenticides was recently identified
to be the metabolism by Fourel et al. (2017b). They found a
high abundance of trans-bromadiolone in red kite, indicating
individual metabolic rates for the two bromadiolone enantio-
mers. If fish could also metabolize bromadiolone isomers se-
lectively, this could explain why we found bromadiolone
more frequently in SPM compared to fish liver. This does, in
turn, not help to understand why other ARs were not found in
SPM.



Synopsis



In summary, our findings demonstrate that contamination of
wildlife with anticoagulant rodenticides, especially SGARs,
also involves aquatic species and is not confined to predatory
birds or mammals of the terrestrial food web. We detected
residues of SGARs in fish samples from almost every ESB
sampling site, including the rivers Rhine, Elbe, and Danube.
The ubiquitous exposure of fish is in contrast to the rather low
concentrations of SGARs in biocidal products which ranged
from 25 mg kg−1 (difethialone) to 75 mg kg−1 (difenacoum).
An amount of approximately 50 kg of anticoagulant rodenti-
cide active substance is used annually for rat control in sewers
and above ground by municipal authorities in Germany, with
approximately 75% were used exclusively for sewer baiting
(Krüger and Solas 2010). Given this relatively moderate
amount of use, the prevalence of detectable rodenticide resi-
dues in fish samples appears surprisingly high. Whether this is
entirely accounted for by the persistent and bioaccumulative
properties of the SGARs requires investigation. In general,
there remains a lack of understanding about both the impacts
of rodenticides on aquatic life and the pathways by which
these compounds enter the environment. There are few pub-
lished data on rodenticide levels in waste water (Gomez-



Fig. 2 Time trend analysis of both sampling sites for brodifacoum using
the LOESS-Trend tool (compare BMaterials and methods^ section).
Circles reflect actual results (mean values of replicates of pooled fish
samples), while the blue solid or dashed line reflects the linear fit, the
green dashed line the dynamic fit, and the gray area the confidence
interval (α = 0.05). For mean value calculations, data below the LOQ
were substituted by a concentration of 50% of the LOQ (LOQ =
1.0 μg kg−1 for brodifacoum; compare Table S4 and S5 in the ESM).
B-^ indicates values results below LOQ
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Canela et al. 2014) or surface water and no information on
what specific substances or amounts are used. Experimentally
derived BCF values for ARs are not always available and
modeled BCF value may not enable a sound assessment of
the potential for bioaccumulation in fish. Therefore, it is im-
portant to generate a better overview on the temporal spatial
occurrence of AR in freshwater environments and to identify
relevant sources and entry pathways. Further research is need-
ed to unravel the exposure of freshwater environments to ro-
denticides. This may involve environmental fate studies as
well as additional spatial and temporal monitoring activities.
Monitoring of AR can thereby provide additional key infor-
mation for their environmental risk assessment and the need to
set appropriate risk mitigation measures within their authori-
zation as biocides in the European Union.
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VIA E-MAIL AND U.S. MAIL



Christi Hogin, Esq.
Malibu City Attorney
Jenkins & Hogin LLP
1230 Rosecrans Avenue, #110
Manhattan Beach, California 90266
chogin@localgovlaw.com



TELEPHONE



(213) 974-1927



FACSIMILE



(213)613-4751



TDD



(213)633-0901



E-MAIL



jJones@counsel.lacounty.gov



Re: Validity of Santa Monica Mountains Local Coastal Program,
Including Regulation of Pesticide Use



Dear Ms. Hogin:



As discussed this morning, my office respectfully disagrees with your
conclusion that provisions of our Santa Monica Mountains Local Coastal Program
(LCP) that regulate pesticide use are "not legally sound."



We are aware that questions have arisen as to whether California Food and
Agricultural section 11501.1(a), which prohibits pesticide regulation by local
governments, preempted the California Coastal Commission ("Coastal
Commission") from certifying the LCP, insofar as such LCP included provisions
regulating pesticide use.



We looked at this issue closely when assisting the County Department of
Regional Planning in the preparation of its LCP. We have also reviewed the issue
again when the recent inquiry arose. It is our opinion that the preemption
language in section 11501.1(a) does not apply to the LCP because the LCP does
not constitute a local regulation for purposes of that statute. Rather, the LCP was
prepared and certified pursuant to the California Coastal Act, Public Resources
Code ("PRC") section 30000 et seq. Based on the regulatory layout of the
California Coastal Act, case law has consistently rejected the contention that an
LCP, such as ours, is a local regulation. Thus, we believe section 11501.(a) does
not apply to the LCP.



Moreover, section 11501.1, subsection (c), of the California Food and
Agricultural states: "Neither this division nor Division 7 (commencing with
section 12501) is a limitation on the authority of a state agency or department to
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Christi Hogin
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enforce or administer any law that the agency or department is authorized or
required to enforce or administer." This subsection explicitly recognizes that
regulation of pesticides can be within the purview of other state agencies, such as
the Coastal Commission. This provides further support that the certification of
the LCP was legally proper, notwithstanding the provisions regulating pesticide
use.



If you have any further questions concerning this matter, please contact
me, Deputy County Counsel Jill M. Jones at (213) 974-1927.



Very truly yours,



MARY C. WICKHAM
Interim Countv Counsel



Counsel



JMJ/ph



c: Richard Bruckner, Director
Department of Regional Planning
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United States Department of the Interior 
 

NATIONAL PARK SERVICE 
Santa Monica Mountains National Recreation Area 

401 West Hillcrest Drive 
                             Thousand Oaks, California 91360-4207 

In reply refer to: 
   
December 6, 2019 
 
Honorable Karen Farrer, Mayor 
Honorable Council Members 
City of Malibu 
23825 Stuart Ranch Road 
Malibu, CA  90265 
 
Dear Mayor Farrer and Councilmembers: 
 
Thank you for the invitation to comment on the proposed Local Coastal Program Amendment No. 
14-001.  In general, the National Park Service does not testify in support or opposition to local 
measures, but does provide subject matter expertise and comments to assist local governments in 
their evaluation of proposed actions, when invited to do so.  
 
National Park Service scientists have been studying carnivores in the Santa Monica Mountains for 
more than two decades, since 1996.  Our studies include observations and data collection on bobcats, 
coyotes, and mountain lions, predominantly.  In these studies we have found widespread exposure to 
and large impacts of anticoagulant rodenticides on all three of these carnivores. The interaction 
between anticoagulant rodenticide exposure and death from mange resulted in the complete loss of 
bobcats from open space areas in the Conejo Valley.   
 
Our studies have found anticoagulant rodenticide poisoing to be a leading cause of death for many 
carnivores.  Specifically, we found over a nine-year study that 27% of coyotes were directly killed by 
anticoagulant rodenticide poisoning (Riley et al. 2003, Gehrt and Riley 2010), making it the second 
leading cause of death for these animals after vehicles.  For bobcats, the interaction between 
rodenticide exposure and serious mange disease led to an epizootic of mange in bobcats in our study 
area, the first such epizootic that had ever been reported in the scientific literature (Riley et al. 2007). 
This epizootic had amajor impact on our study population: 19 bobcats collared bobcats died from 
mange disease over a three-year period from 2002-2004, and all of the study animals were lost in one 
habitat fragment in Oak Park, with little evidence of bobcat activity there for many years. Although 
bobcats eventually returned to that area by 2009 and 2010, including females that successfully raised 
kittens, we have been seeing more mange disease again in recent years. Population genetic studies 
with our colleagues at UCLA indicated that the mange epizootic was severe enough to create a 
genetic bottleneck (Serieys et al. 2015a). From the beginning, severe mange disease showed a very 
strong statistical association with anticoagulant rodenticide exposure (Riley et al. 2007), which was 
even more evident as our studies continued (Serieys et al. 2015b). Importantly, however, work with 
our colleagues at UCLA revealed significant and widespread immune system impacts of rodenticide 
exposure in bobcats, both inflammatory and immune suppressive effects (Serieys et al. 2018). These 
immune effects could then be leading to the development of severe mange disease in bobcats, and 
potentially mountain lions as well (see below). Finally, even more recent work has shown that gene 



expression in bobcats is profoundly affected by anticoagulant exposure, including for genes related to 
the immune system and the skin (Fraser and Mouton et al. 2018). So toxicants are affecting wildlife 
at fundamental physiological and genetic levels.  
 
In addition, five mountain lions have now died directly from anticoagulant rodenticide poisoining 
during our long-term study of the behavior and ecology of this species, the last remaining large 
carnivore in the region. The first two died in 2004, but then a subadult female died in 2015, and two 
large, healthy adult males died this year, in March and August of 2019. In a recent analysis of 
survival and mortality causes across the 17 years of our study since 2002, death from anticoagulant 
poisoing has become an important cause of death for mountain lions, approaching intraspecific 
conflict and vehicles strikes (Benson et al. 2019). Finally, we have also documented notoedric mange 
in multiple mountain lions, including the first two that died of anticoagulant toxicosis and later P22 
in Griffith Park. All of these mange-infected animals were also exposed to rodenticides, contributing 
to the link between this disease and the toxicants. 
 
Overall, our studies have shown widespread exposure to these chemicals across the carnivores in our 
region that we have studied.  We found a greater than 90% exposure rate of bobcats to anticoagulant 
rodenticides (Riley et al. 2007, Riley et al. 2010, Serieys et al. 2015b), a 96% exposure rate in 
mountain lions (23 of 24 have tested positive), and an 83% exposure rate in coyotes (Gehrt and Riley 
2010). Moreover, for all of these species, 2/3 or more of the exposed animals had evidence of 
multiple different rodenticide compunds and sometimes in large amounts, indicating multiple 
exposure events. In recent years, we have documented three mountain lions that were exposed to 6 
different compounds, the most that we have ever found. 
 
We have seen widespread exposure in the three species that we have studied intensively, but we also 
know of exposure and effects in other species. We have found exposure in species as varied as 
raccoons, gray foxes, and a gopher snake, and we have documented death from rodenticide poisoning 
both in a collared gray fox and in a GPS-collared raccoon, as part of a road study in 2017. We know 
from colleagues at local wildlife rehabilitation facilities that raptors (e.g., owls, hawks) are often 
exposed to these toxicants, although no survival studies have been done locally.  
 
These studies suggest that these compounds are having impacts on the wildlife of the Santa Monica 
Mountains and surrounding areas.  We hope this information will be useful to you as you consider 
management of the use of anticoagulant rodenticides within the City of Malibu.  Thank you for your 
consideration. 
 
Sincerely, 

 
 
 
David Szymanski 
Superintendent 
 
cc:  Reva Feldman, City Manager, City of Malibu 
Bonnie Blue, Planner, City of Malibu 







 

 

 
 

 

 

November 26, 2019 

 

Mayor Karen Farrer (KFarrer@malibucity.org) 

Mayor Pro Tem Mikke Pierson (MPierson@malibucity.org) 

Councilmember Rick Mullen (RMullen@malibucity.org) 

Councilmember Skylar Peak (SPeak@malibucity.org) 

Councilmember Jefferson Wagner (JWagner@malibucity.org) 

City Clerk Heather Glaser (HGlaser@malibucity.org) 

City Attorney Christi Hogin (Christi.Hogin@bbklaw.com) 

 

Re:   Proposed City of Malibu LCP amendment re rodenticides  
 
Dear Mayor Farrer; Mayor Pro Tem Pierson; Councilmembers Mullen, Peak, Wagner; City 
Clerk Glaser; City Attorney Hogin: 
 
NRDC has been asked to consider the legality of a proposal on the Malibu City Council’s 
December 9, 2019 agenda to ask the California Coastal Commission to amend the City’s 
Local Coastal Program (LCP) to ban the use of anticoagulant rodenticides within the Coastal 
Zone portions of the City.  In our opinion, this would be legal and would generate very little 
litigation risk for the City.  We have reviewed City Attorney Christi Hogin’s November 18, 
2019 memorandum on this issue, and are puzzled by her analysis and disagree with her 
conclusion to the contrary. 
 
There is no question that anticoagulant rodenticides are harmful, and sometimes fatal, to 
mountain lions and other large predators, and that mountain lions have a significant 
presence in the Malibu area.  See, e.g., the map at: 
https://www.nps.gov/samo/learn/nature/pumapage.htm.  In that same document, the 
National Park Service states: 
 

Another major threat to the species is the widespread presence of 
anticoagulant rodenticides, commonly known as rat poisons, in the 
environment. Twenty-two out of 23 mountain lions tested in the study have 
tested positive for one or more anticoagulant compounds and three have 
died of intoxicant poisoning. 

 
The protection of biological resources and environmentally sensitive habitat areas 
in the Coastal Zone is part of the Coastal Commission’s job under Section 30240 of 
the Coastal Act.  Absent other legal impediments, it is clear that the Coastal 
Commission has the power to ban anticoagulant rodenticides in the Coastal Zone. 
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mailto:MPierson@malibucity.org
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An argument made by Ms. Hogin is that an amendment to the LCP to ban 
anticoagulant rodenticides would be barred by California Food and Agricultural 
Code Section 11501.1(a), which provides that: 
 

This division and Division 7 (commencing with Section 12501) are of 
statewide concern and occupy the whole field of regulation regarding the 
registration, sale, transportation, or use of pesticides to the exclusion of all 
local regulation. Except as otherwise specifically provided in this code, no 
ordinance or regulation of local government, including, but not limited to, an 
action by a local governmental agency or department, a county board of 
supervisors or a city council, or a local regulation adopted by the use of an 
initiative measure, may prohibit or in any way attempt to regulate any 
matter relating to the registration, sale, transportation, or use of pesticides, 
and any of these ordinances, laws, or regulations are void and of no force or 
effect. 

 
In our view, Section 11501.1(a) does not forbid the Coastal Commission from 
adopting the LCP amendment now at issue.  Preliminarily, we should note that 
adoption of an LCP amendment by the Coastal Commission brings little, if any, 
litigation risk to the City, because it is the Coastal Commission’s action, rather than 
the City’s, that would be challenged in litigation seeking to enforce state preemption 
over rodenticides.  It is puzzling that Ms. Hogin’s letter does not address this point. 
 
On the merits, the second sentence of Section 11501.1(a) is not applicable here 
because it refers to local agencies, and the Coastal Commission is an agency of the 
State.  The first sentence begins with text that appears to be rooted in the concept of 
field preemption – that the State has taken authority over the entire field of 
rodenticide control – but then explicitly qualifies itself by the phrase “to the 
exclusion of all local regulation.”  We read this provision to say that, consistent with 
the second sentence of the statute, the first sentence also applies only to local, and 
not statewide, regulation.  It is well-settled that an LCP is fundamentally a creation 
of state, not local, law.  See, e.g., Charles A. Pratt Construction Company v. California 
Coastal Commission, 162 Cal.App.4th 1068, 1075 (2008).  If the State Legislature had 
intended to ban the Coastal Commission or any other state agency from acting in the 
area of rodenticide regulation, it could have done so, but it has not.  Indeed, Food 
and Agricultural Code Section 11501.1(c) states: 
 

Neither this division nor Division 7 (commencing with Section 12501) is a 
limitation on the authority of a state agency or department to enforce or 
administer any law that the agency or department is authorized or required 
to enforce or administer. 
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In our view, Section 11501.(c) expressly allows the Coastal Commission to create 
and administer an LCP in any way that is lawful and appropriate under the Coastal 
Act, without restriction under Section 11501.1(a). 
 
Our conclusion is reinforced by the recent decision of Los Angeles Superior Court 
Judge James Chalfant in the Mountainlands Conservancy LLC v. California Coastal 
Commission matter, Los Angeles County Superior Court Case No. BS 149063.  In that 
case, Judge Chalfant – one of the best-respected judges in Los Angeles County on 
matters of land use -- rejected the same argument now being advanced by Ms. 
Hogin, explaining: 
 

The Commission found that a ban on the use of pesticides in the Santa 
Monica Mountains coastal region is necessary to avoid impacting the 
biological productivity and quality of coastal waters . . . In banning pesticide 
use in the certified LCP, the Commission is not compelling the county to 
exercise power that it does not have under state law.  Instead, the 
commission is requiring a pesticide ban for the County’s LCP, to be 
administered by the County, because the Commission has the authority to do 
so as part of its administration of the Coastal Act.  F&A Code section 
11501.12(c) permits the commission to require the county to conform to this 
ban in administering the LCP. (emphasis supplied) 

 
Based on this analysis, it is our view that an LCP amendment banning anticoagulant 
rodenticides in the Coastal Zone area of Malibu is legal and poses little, if any, 
litigation risk to the City.  We would be glad to discuss this if members of the City 
Council have questions or comments. 
 
Sincerely, 

  

    

David Pettit 
Senior Attorney 
Natural Resources Defense Council 
 
 
 
 
 
 
 
 
 

 
Joel Reynolds 
Western Director & Senior Attorney 
Natural Resources Defense Council 
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