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1 Critical biotransformation half-lives of chemicals in 
2 air-breathing wildlife to assess food-chain 
3 bioaccumulation and biomagnification
4 Roman Ashauer a,b

5 a Syngenta Crop Protection AG, Rosentalstr. 67, 4058 Basel, Switzerland.

6 b Department of Environment and Geography, University of York, York YO10 5NG, U.K.

7 Environmental Significance Statement

8 Biomagnification of chemicals in food chains can pose a significant risk to wildlife and 
9 ecosystems. This study addresses a critical knowledge gap in species-specific differences in 

10 biomagnification potential. By analyzing critical biotransformation half-lives across diverse 
11 air-breathing wildlife across chemical partition space, I reveal substantial variations in 
12 biomagnification potential among organisms and the dependence of those interspecies 
13 differences on chemical partitioning. This work enhances our ability to predict and assess 
14 biomagnification risks across diverse ecosystems and species. By introducing a weight-of-
15 evidence approach for assessing potential food-chain biomagnification, illustrated through a 
16 case study, I provide a generalizable approach that differs to current approaches by its 
17 stronger focus on biotransformation.

18 Abstract

19 Biomagnification, the process by which chemical concentrations increase in organisms at 
20 higher trophic levels, can pose significant risks to wildlife and ecosystems. Despite its 
21 importance, our understanding of species-specific differences in biomagnification potential 
22 remains limited. The analysis of the critical biotransformation half-life, the maximum half-life 
23 to avoid biomagnification of a chemical, can help address this gap. Here, I present a 
24 comprehensive analysis of critical biotransformation half-lives across diverse air-breathing 
25 wildlife species, providing novel insights into the factors influencing biomagnification. By 
26 constructing species-specific contour plots in chemical partition space, I reveal substantial 
27 variations in biomagnification potential among different organisms, with differences in critical 
28 biotransformation half-lives reaching more than two orders of magnitude. These substantial 
29 interspecies differences underscore the need for species-specific biotransformation data and 
30 biomagnification modelling. This analysis also demonstrates that model normalisation 
31 methods significantly impact these species-specific differences, suggesting that the choice of 
32 normalisation can alter biomagnification assessments. I further delineate the chemical 
33 partition space regions where elimination is dominated by urination versus respiration, 
34 highlighting important interspecies variations. Finally, I introduce a weight-of-evidence 
35 approach for assessing potential food-chain biomagnification, illustrated through a case 
36 study on methoxychlor, which is a generalizable approach that differs from current 
37 approaches by its stronger focus on biotransformation. A critical discussion of allometric 
38 scaling and sources of uncertainty identifies further research needs. This work enhances our 
39 ability to predict and assess biomagnification risks across diverse ecosystems and species, 
40 offering valuable tools for environmental risk assessment and conservation efforts.

41 Introduction
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42 Synthetic chemicals can bioaccumulate and some biomagnify along food-chains 1-3 and this 
43 can pose a risk to humans and wildlife. Biomagnification means that concentrations in 
44 biological organisms increase with trophic level 4. More accurately biomagnification is 
45 characterized by an increase in fugacity in the organism over its food and is explained by 
46 digestion of lipids in the gastrointestinal tract, leading to solvent depletion and solvent 
47 switching 5-7. Whether biomagnification occurs depends on the physical and chemical 
48 properties of the substance as well as biological traits of the species comprising the relevant 
49 food-chains. Biomagnification can be quantified with a biomagnification factor (BMF), defined 
50 as the ratio of the fugacity in the organism and the fugacity in its diet at steady-state, and 
51 when the BMF is greater than one, biomagnification occurs. Instead of using fugacities, the 
52 BMF can also be calculated as the ratio of appropriately normalized concentrations in the 
53 organism and its diet 4. Because biomagnification is defined operationally for the purpose of 
54 assessing potential chemical risks and informing regulatory decisions, it is generally 
55 assessed by comparing concentrations of a chemical in organisms at different trophic levels 
56 (i.e., in predators relative to their prey). For that purpose, it is desirable to reduce variability 
57 in the calculation of the BMF caused by differences in body composition of organisms 
58 through normalization 4, specifically differences in the amount and composition of sorptive 
59 phases in the organism and its diet. Lipid-normalization which accounts for different lipid 
60 contents and lipid-equivalent normalization, which accounts for differences in body lipid, 
61 protein, carbohydrate and water content, are two normalization methods 4, 8-11, whilst the 
62 fugacity approach is another 3, 12.

63 There are many well established regulatory frameworks to assess biomagnification and 
64 bioaccumulation in water-breathing (aquatic) organisms and more recently the assessment 
65 of air-breathing (terrestrial) species is receiving increased attention too 13, 14. Some models 
66 for bioaccumulation and biomagnification in air-breathing species and terrestrial food-chains 
67 are already available 1, 2, 9, 15, 16 and some are even integrated into user-friendly assessment 
68 tools 17. Assessing the potential of chemicals to biomagnify in air-breathing species requires 
69 considering their partitioning between body and air and body and water, as well as 
70 understanding the chemical’s biotransformation in the relevant species. Biotransformation, 
71 sometimes also termed metabolic transformation (metabolism), is the biochemical break-
72 down of the parent chemical into transformation products, which are usually less toxic, more 
73 water soluble and thus easier to transport out of the body. 

74 Generally, we do not know the biotransformation pathways and rate constants of chemicals 
75 in wildlife (see e.g. 18 for birds). Yet, the biotransformation half-life, which can be calculated 
76 from the biotransformation rate constant, is a key parameter in models to calculate BMFs. 
77 This poses a challenge for assessing the biomagnification potential of chemicals, especially 
78 in wildlife, because this assessment relies strongly on modelling that requires the generally 
79 unknown biotransformation half-life as input. Consequently, we still have very limited 
80 knowledge of actual bioaccumulation and biomagnification of chemicals in wildlife.

81 To work around the problem of unknown biotransformation, one can plot biotransformation 
82 half-life values as functions of partition ratios, as demonstrated using models parameterized 
83 for humans by Goss et al. 19 and Arnot et al. 20. Gobas et al. have suggested using 
84 biotransformation half-life values to assess the potential of a substance to biomagnify in 
85 terrestrial organisms more generally 21. Recently, Saunders & Wania 9 published a model to 
86 calculate the lipid-equivalent normalized BMF for neutral organic substances at steady-state 
87 for a wide range of air-breathing wildlife and, importantly, Saunders & Wania also published 
88 a very comprehensive set of species-specific model parameters. Thus, we know the 
89 importance of biotransformation for biomagnification, the use of partition space plots to 
90 illustrate patterns across chemical space and we have BMF models for a wide range of air-
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91 breathing species. What we poorly understand is the interplay between biotransformation, a 
92 chemical’s partition properties and biological differences amongst species in 
93 biomagnification modelling.

94 Improving this understanding is the aim of this study. To do so, I calculate and plot the 
95 critical biotransformation half-life in a diverse range of air-breathing wildlife and construct 
96 species-specific contour plots of that parameter in chemical partition space. The critical 
97 biotransformation half-life is the maximum half-life to avoid biomagnification of a chemical. 
98 Shorter biotransformation half-lives do not result in biomagnification. Biotransformation half-
99 lives longer than the critical half-life value do result in biomagnification. The critical 

100 biotransformation half-life is specific for the respective combination of log KOA (octanol-air 
101 partition ratio) and log KOW (octanol-water partition ratio) of the chemical and it is specific for 
102 each biological species. I also investigate how model versions with different normalisation 
103 methods result in species-specific differences in critical half-lives and I calculate for which 
104 part of the chemical partition space elimination is dominated by urination vs respiration and 
105 how that differs across species. Finally, I illustrate a weight of evidence approach to assess 
106 potential food-chain biomagnification.

107 Materials & Methods

108 Model 1: Kinetic biomagnification model (not normalised)

109 A simple biomagnification model that assumes dietary uptake dominates is given by:

110 𝐵𝑀𝐹𝑘 =
𝐸𝐷𝐺𝐷

𝑘𝑇
Eq. 1

111 Where subscript D refers to Diet, ED is the dietary uptake efficiency [unitless] (the fraction of 
112 chemical absorbed into the body from the ingested food), GD is the weight normalized 
113 feeding rate [kgdiet kgorganism

-1 d-1], kT is the total elimination rate [d-1] and BMFk is the kinetic 
114 biomagnification factor [kgdiet kgorganism

-1]. This model does not include fugacity-, lipid- or lipid-
115 equivalent normalisation; however, it is the model one would use to calculate the ratio of 
116 actual (not normalized) concentrations in the organism and its diet at steady-state. It is a 
117 simplified model where uptake is only via the diet and other routes (e.g. inhalation, drinking, 
118 skin) are not considered.

119 Saunders & Wania 9 included only urinary excretion and respiratory exhalation as elimination 
120 pathways, omitting biotransformation (implicitly assuming no biotransformation occurs) 
121 because the biotransformation rate is generally unknown, to model elimination as: 

122 𝑘𝑇 = 𝑘𝑈 + 𝑘𝑅 =
𝐺𝑢𝑟𝑖𝑛𝑎𝑡𝑖𝑜𝑛

𝑣𝑣𝑜𝑙_𝑜𝑐𝑡_𝑒𝑞__𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚×𝐾𝑂𝑊(𝑇𝐵) +
𝐺𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛

𝑣𝑣𝑜𝑙_𝑜𝑐𝑡_𝑒𝑞__𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚×𝐾𝑂𝐴(𝑇𝐵)
 Eq. 

123 2

124 Where subscript B refers to Biota, kR is the rate constant for excretion via respiration [d-1] 
125 and kU is the rate constant for excretion via urination [d-1], Gurination is the weight normalized 
126 urination rate at body temperature [Lurine d-1 kgorganism

-1], Grespiration is the weight normalized 
127 animal respiration rate [Lair d-1 kgorganism

-1], vvol_oct_eq_organism is the volume of octanol equivalent 
128 in the body [Loctanol kgorganism

-1], KOA is the octanol-air partition ratio [Lair Loctanol
-1], KOW is the 

129 octanol-water partition ratio [Lwater Loctanol
-1] and TB is the body temperature [°C]. Here, I use 

130 the model of Saunders & Wania for the urinary excretion and respiratory exhalation 
131 pathways, and, in addition, I model biotransformation with a single-first order kinetics loss 
132 term: 

133 𝑘𝑇 = 𝐺𝑢𝑟𝑖𝑛𝑎𝑡𝑖𝑜𝑛

𝑣𝑣𝑜𝑙_𝑜𝑐𝑡_𝑒𝑞__𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚×𝐾𝑂𝑊(𝑇𝐵) +
𝐺𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛

𝑣𝑣𝑜𝑙_𝑜𝑐𝑡_𝑒𝑞__𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚×𝐾𝑂𝐴(𝑇𝐵) +
𝑙𝑛2

𝐻𝐿
 Eq. 3
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134 Where HL [d] is the whole-body biotransformation half-life. i.e. the whole-body 
135 biotransformation half-life that results in a BMF equal to one. Shorter half-lives, indicating 
136 faster biotransformation, lead to BMF values below one and therefore no biomagnification 
137 occurs for such substances in the species modelled (see also 19, 21). Setting BMFk equal to 
138 one, such that kT = ED × GD, yields equation (4.), where the critical biotransformation half-life 
139 HLcrit.biotransf. [d] is:

140 𝐻𝐿𝑐𝑟𝑖𝑡.𝑏𝑖𝑜𝑡𝑟𝑎𝑛𝑠𝑓. = 𝑙𝑛2

𝐸𝐷×𝐺𝐷― 𝐺𝑢𝑟𝑖𝑛𝑎𝑡𝑖𝑜𝑛
𝑣𝑣𝑜𝑙_𝑜𝑐𝑡_𝑒𝑞__𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚×𝐾𝑂𝑊 𝑇𝐵

―
𝐺𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛

𝑣𝑣𝑜𝑙_𝑜𝑐𝑡_𝑒𝑞__𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚×𝐾𝑂𝐴(𝑇𝐵)

 Eq. 4

141 Model 2: Model for hydrophobic chemicals (model normalised, high KOW)

142 The first model (their eq. (1)) used by Saunders & Wania 9 to calculate the lipid-equivalent 
143 normalised BMF 8 for neutral organic substances at steady-state is given by: 

144 𝐵𝑀𝐹𝐿 =
𝐸𝐷𝐺𝐷

𝑘𝑇
× 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛 Eq. 5

145 Where BMFL is the lipid-normalized biomagnification factor [kglipid kglipid
-1] and Normalisation 

146 is a term that differs depending on the applicability domain of the model. For hydrophobic 
147 chemicals that accumulate predominantly in neutral lipids, the Normalisation term is the ratio 
148 of the fractional lipid equivalent content of diet [kglipid kgdiet

-1] divided by the fractional lipid 
149 equivalent content of body [kglipid kgorganism

-1] 9, 21. Thus, this is the equation to calculate the 
150 lipid-equivalent normalized, whole-body, critical biotransformation half-life HLcrit.biotransf. [d] for 
151 hydrophobic neutral organic substances:

152 𝐻𝐿𝑐𝑟𝑖𝑡.𝑏𝑖𝑜𝑡𝑟𝑎𝑛𝑠𝑓. = 𝑙𝑛2

𝐸𝐷×𝐺𝐷×
𝑓𝑙𝑖𝑝𝑖𝑑_𝑒𝑞_𝑑𝑖𝑒𝑡

𝑓𝑙𝑖𝑝𝑖𝑑_𝑒𝑞_𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚
― 𝐺𝑢𝑟𝑖𝑛𝑎𝑡𝑖𝑜𝑛

𝑣𝑣𝑜𝑙_𝑜𝑐𝑡_𝑒𝑞__𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚×𝐾𝑂𝑊 𝑇𝐵
―

𝐺𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛
𝑣𝑣𝑜𝑙_𝑜𝑐𝑡_𝑒𝑞__𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚×𝐾𝑂𝐴(𝑇𝐵)

 Eq. 6

153 Where flipid_eq_diet is the fractional lipid equivalent content of diet [kglipid kgdiet
-1], flipid_eq_organism is 

154 the fractional lipid equivalent content of body [kglipid kgorganism
-1].

155 Model 3: Model for hydrophobic and hydrophilic chemicals (model normalised, all KOW)

156 A BMF model that is applicable also for hydrophilic chemicals requires a more complex 
157 Normalisation term and was defined in equation (14) in Saunders & Wania 9. This model is 
158 applicable for substances across the whole range of KOW values, because it also accounts 
159 for partitioning into body water. Partitioning into body water is important when comparing 
160 different species because species differ in their water content. Based on this more widely 
161 applicable model the equation to calculate the whole-body, critical biotransformation half-life 
162 HLcrit.biotransf. [d] is:

163 𝐻𝐿𝑐𝑟𝑖𝑡.𝑏𝑖𝑜𝑡𝑟𝑎𝑛𝑠𝑓. =
𝑙𝑛2

𝐸𝐷×𝐺𝐷×𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛―
𝐺𝑢𝑟𝑖𝑛𝑎𝑡𝑖𝑜𝑛

𝑣𝑣𝑜𝑙_𝑜𝑐𝑡_𝑒𝑞__𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚×𝐾𝑂𝑊 𝑇𝐵
―

𝐺𝑟𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛
𝑣𝑣𝑜𝑙_𝑜𝑐𝑡_𝑒𝑞__𝑜𝑟𝑔𝑎𝑛𝑖𝑠𝑚×𝐾𝑂𝐴(𝑇𝐵)

 Eq. 

164 7

165 with

166 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛 =  
𝛷𝐿,𝐷+𝛷𝑃,𝐷𝛽+𝛷𝐶,𝐷𝜃+𝛷𝑊,𝐷/𝐾𝑜𝑤

𝛷𝐿,𝐵+𝛷𝑃,𝐵𝛽+𝛷𝐶,𝐵𝜃+𝛷𝑊,𝐵/𝐾𝑜𝑤
Eq. 8

167 Where and ΦL is the fraction lipid [kglipid kgbiomass
-1], ΦP is the mass fraction protein [kgprotein 

168 kgbiomass
-1], ΦC is the mass fraction carbohydrate [kgcarbohydrate kgbiomass

-1], ΦW is the mass 
169 fraction water [kgwater kgbiomass

-1], β is the sorptive capacity of protein relative to lipid (0.05 
170 kglipid kgprotein

 -1) 10 and θ is the sorptive capacity of carbohydrates relative to lipid (0.1 kglipid 
171 kgcarbohydrates

 -1) 1. 

172 Further model assumptions and temperature correction
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173 Following Saunders & Wania I also assume equivalent sorptive properties of lipid and 
174 octanol, negligible temperature dependence of KOW (i.e. KOW(TB)=KOW(25°C)) 22 and apply a 
175 temperature correction to KOA according to Baskaran et al. 23:

176 ∆𝑈𝑂𝐴 = ―8.75 × 𝑙𝑜𝑔𝐾𝑂𝐴 ―5.07 Eq. 9

177 𝑐𝑜𝑟𝑟_𝑙𝑜𝑔𝐾𝑂𝐴 =
―∆𝑈𝑂𝐴

𝑅
×

1

273.15+𝑇𝐵
―

1

273.15+25
× 𝑙𝑜𝑔10(𝑒) + 𝑙𝑜𝑔𝐾𝑂𝐴 Eq. 10

178 𝐾𝑂𝐴 𝑇𝐵 = 𝑐𝑜𝑟𝑟_𝑙𝑜𝑔𝐾𝑂𝐴 Eq. 11

179 Where ΔUOA is the internal energy of phase transfer from octanol to air [kJ mol-1], R is the 
180 ideal gas constant (8.314*10-3 kJ K-1 mol-1) and corr_logKOA is the temperature corrected 
181 octanol-air partition ratio [Lair Loctanol

-1]. 

182 Input data

183 Input data for the model originates from tab 5 of the supporting information provided by 
184 Saunders & Wania 9 and includes 203 datasets. These 203 datasets comprise 141 unique 
185 species, of which 34 species have multiple entries. The multiple entries represent different 
186 conditions (e.g. flight vs resting) and consist of different parameter values for the same 
187 species. I have revised the naming of some species with multiple entries in the first column 
188 of the file to follow a harmonized naming convention (e.g. correcting some typos and 
189 misspellings). The revised data file is provided in the supporting information of this study.

190 In this dataset only the animal respiration rates are derived directly from species-specific 
191 observations. The urination rates were derived by allometric scaling for mammals and birds, 
192 and the urination rates for reptiles were derived by adjusting the allometric relationship for 
193 birds to the lower body weight of reptiles9. The animal feeding rates were calculated from 
194 field metabolic rates and energy content of the food, where the field metabolic rates were 
195 obtained from allometric relationships for birds, mammals and reptiles9. A correction for 
196 different body temperatures was applied to the field metabolic rates using a Q10 value of 2.5 
197 and the same Q10 correction was also applied to urination rates (less ingestion, metabolic 
198 activity and urination at lower body temperatures)9.

199 Data analysis and visualization

200 I plotted critical half-life values as function of the chemical partition space and created 
201 contour plots by calculating a matrix of critical half-life values corresponding to a range of log 
202 KOA values from 0 to 15 and log KOW values from -2 to 8 with 0.1 spacing (i.e. a matrix of 151 
203 log KOA values and 101 log KOW values). I calculated this matrix of critical half-life values for 
204 each entry (species) in the input data file, saved it as text file and subsequently plotted it 
205 (Figure 1) using the Python contour plotting functionality (see code in SI). Model 1 is 
206 equation 4, model 2 is equation 6 and model 3 is equations 7 and 8. The temperature 
207 correction (equations 9 to 11) is used in all three models. 

208 Next, I compared all the datasets (all species) generated with model 3 with each other and 
209 counted chemicals (i.e. combinations of log KOW and log KOA) for which the critical half-life 
210 differed by more than 10 days or more than 100 days. I also plotted these frequencies in 
211 partition space (Figure 2).

212 To better understand for which chemicals elimination, excluding biotransformation, is 
213 dominated by each animal’s capacity to eliminate the chemical via respiration (kR) or 
214 urination (kU) I calculated and plotted the ratio of both rate constants in a similar matrix 
215 corresponding to a range of log KOA values from 0 to 15 and log KOW values from -2 to 8 
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216 (Figure 3). The slope of the line that divides the partition space into areas where elimination 
217 via urination dominates (above the line) vs areas where elimination via respiration dominates 
218 (below the line) is also calculated.

219 As an illustrative example I calculated the critical half-lives for methoxychlor (CAS 72-43-5) 
220 with model 3 and plotted them against body weight, whilst using different symbols to 
221 differentiate different animal categories as well as indicating whether elimination is 
222 dominated by urination or respiration (Figure 4). Table 1 summarises this analysis. I also 
223 analysed the correlation in this dataset (Spearman rank correlation coefficient on log 
224 transformed data, full analysis in the supporting information).

225 Table 1 also includes critical biotransformation half-live values scaled to a standardised 
226 weight (1 kg) and temperature (25°C). These calculations followed the approach described 
227 on page 22 of the BAT user manual24 and involve conversion of half-lives to first-order rate 
228 constants in a first step, which are then scaled as:

229 𝑘𝐵,𝑠 = 𝑘𝐵,𝑎(𝑊𝑠/𝑊𝑎)―0.25𝑒0.01(𝑇𝑠―𝑇𝐵) Eq. 
230 12

231 Where kB,s is the scaled critical biotransformation rate constant [1/d], kB,a is the actual critical 
232 biotransformation rate constant [1/d] before scaling (calculated from the critical 
233 biotransformation half-life as kB,a=ln(2)/HLcrit.biotransf.), Ws is the weight selected for scaling 
234 (here 1 kg), Wa is the actual body weight of the animal [kg], Ts is the body temperature [°C] 
235 selected for scaling (here 25°C) and TB is the actual body temperature of the animal [°C].

236 To better understand the differences between the three models I calculated the differences 
237 in critical biotransformation half-lives between the three models. Then I selected the 
238 combination of log KOW and log KOA where the largest difference between any of the three 
239 models occurs for a given species and plotted the critical half-life values for the three models 
240 (Figure 5).

241 Model implementation

242 I implemented the models in Python and provide the model code, including code for data 
243 analysis and visualization, as supporting information.

244 Sources of methoxychlor case-study data

245 I used methoxychlor (CAS 72-43-5) as example chemical because I could easily find the 
246 required data and because it has partitioning properties suitable for illustrating 
247 biomagnification modelling questions. Using the kinetic model (eq. 4, model 1) I calculated 
248 the critical biotransformation half-lives for methoxychlor and the two species of concern in a 
249 simple two-species food-chain (Tundra-vole, Red-tailed hawk, see Results & Discussion 
250 section). I retrieved values for methoxychlor of log KOW (5.08) and log KOA (10.244) at 25°C 
251 from the EAS-E suite online tool 25.

252 A whole-organism biotransformation rate constant, easily converted to a half-life, was 
253 derived by Lee et al. 26 for methoxychlor in the rat from in-vitro experiments 
254 (0.252 ± 0.00478 SE h-1). Measured loss of parent after two hours in vitro with liver-slices 
255 and 14C-labelled methoxychlor yielded half-life data for rat, mouse, quail and trout 27. 
256 Quantitative structure activity relationships (qsar) built into the EAS-E web tool 25 provide 
257 estimates of whole-body biotransformation half-lives in human and fish.

258 Results & Discussion

259 Critical biotransformation half-lives: differences between species
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260 I created contour plots of critical biotransformation half-lives in chemical partition space (KOW 
261 vs KOA) for all 203 datasets and using all three BMF models. All contour plots are provided in 
262 the SI and Figure 1 shows the plots for three species (a mammal, reptile and bird) that nicely 
263 serve to illustrate the typical differences in the contour plots: diamondback water snake, 
264 humming bird (flight) and thirteen-lined ground squirrel. The critical biotransformation half-life 
265 depends on the chemical partition space and this chemical partition space plot of the 
266 HLcrit.biotransf. differs from one species to another (Fig. 1, all Figures in SI folder “SI HL contour 
267 plots”). It is also evident that the required half-life to avoid biomagnification can differ by 
268 orders of magnitude for the same chemical in different species (e.g. compare Fig. 1d-f vs 1a-
269 c and 1g-i, i.e. Hummingbird vs Diamondback water snake and Thirteen-lined ground 
270 squirrel). 

271 There are regions in the chemical partition space where large differences in the critical 
272 biotransformation half-lives between species are most frequent. When comparing all species 
273 with each other (20503 comparisons), using model 3, I found that differences in critical 
274 biotransformation half-lives greater than 10 days (Figure 2 a) or greater than 100 days 
275 (Figure 2 b) occur mostly in two areas of partition space. These are the yellow shaded 
276 regions in Figure 2. First, for chemicals with log KOW approximately between 1 and 3 in 
277 combination with a log KOA greater than 4, partitioning into the different phases (e.g. water, 
278 protein, lipids) is important and that is why the model predictions differ here because the 
279 different normalisation terms become relevant. Second, the large model differences appear 
280 to also be more frequent for chemicals with log KOA approximately between 3 and 5 in 
281 combination with a log KOW greater than 2. This could be due to many species not 
282 biomagnifying in this area of partition space at all, hence the high frequency of model 
283 differences in an all-species vs all-species comparison, and this same effect could also 
284 explain the first pattern of frequent model differences along the vertical axis. Out of all 20503 
285 comparisons 17184 (84%) identified differences greater than 10 days and in 8431 (41%) 
286 comparisons the difference in the critical half-life was greater than 100 days. In other words: 
287 In the partition space analysed (15251 chemicals, log KOW -2 to 8, log KOA 0 to 15, log unit 
288 grid matrix of size 101×151) there was at least one chemical for which the critical 
289 biotransformation half-life values differed by at least 100d for 41% of species-by-species 
290 comparisons.

291 The methoxychlor case study provides further insights into species differences for one 
292 example chemical. Table 1 shows the species with the smallest and largest critical half-lives 
293 in each animal category (birds, mammals, reptiles<25°C, reptiles>25°C). In all four animal 
294 categories the differences in critical half-lives were at least one order of magnitude (Table 1), 
295 with the largest difference for mammals where critical half-lives spanned from 1 day to 171 
296 days. This means that a conclusion about the likelihood of biomagnification based on a 
297 single half-life for a standard laboratory animal such as the rat is difficult to extrapolate to the 
298 diversity of wildlife. A large portion of those inter-species differences can be explained by 
299 differences in body weight and temperature. The last two columns of Table 1 show the 
300 critical biotransformation half-lives scaled to a 1 kg organism with body temperature 25°C. 
301 After scaling the critical biotransformation half-lives differ much less, with the largest 
302 difference for birds being reduced from a factor of 38 for unscaled maximum differences to 5 
303 after scaling and similar reductions from factor 178 to 12 for mammals, from factor 9 to 4 for 
304 reptiles <25°C and from factor 21 to 2 for reptiles > 25°C.

305 Figure 4a further illustrates that the differences between species are not easily explained by 
306 body weight differences alone because the range of critical biotransformation half-lives for a 
307 given body weight can span several orders of magnitude across different species, although 
308 the two variables correlate (Spearman rank correlation coefficient on log transformed data 
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309 (rs) = .756, P = 1.15e-12). This correlation is strongest for birds (rs = .806, P = 3.38e-13) and 
310 mammals (rs = .886, P = 2.20e-22), and strong for reptiles > 25°C (rs = .601, P = 3.91e-06), 
311 whilst absent for reptiles < 25°C (rs = .072, P = 6.77e-01). The correlation for reptiles > 25°C 
312 is strongly influenced by the two data points with the largest body weight, which are both for 
313 the green see turtle. The correlations between critical biotransformation half-lives and body 
314 weight are all, at least in part, a consequence of the use of allometric scaling to derive 
315 animal feeding and urination rates. The variation in critical half-lives for a given body weight 
316 is generally less than one order of magnitude for birds above 0.1 kg body weight and it is 
317 also less variable for mammals compared to reptiles (Figure 4a). The greater variation in 
318 critical biotransformation half-lives for species with similar weight that is apparent in the 
319 reptile data can be attributed to the influence of temperature correction on feeding and 
320 urination rates for these ectothermic animals. The relationship between critical half-lives and 
321 body weight can be useful to approximate critical half-lives from body weight in the absence 
322 of further data, but the reliability of the species-specific model predictions is much greater.

323 There is also a correlation between the critical biotransformation half-lives and the ratio of 
324 elimination via urination over respiration (kU/kR, Figure 4b, rs = .628, P = 1.12e-23). The 
325 relationship between body weight and the ratio of elimination via urination over respiration 
326 (kU/kR) is less strong (Figure 4c, rs = .333, P = 1.17e-06). Both relationships originate in part 
327 from the allometric scaling used to derive the urination rate constant. This does not mean 
328 they are artificial, but it means that we are looking at indirect evidence for these 
329 relationships, subject to the assumption that the allometric relationships for urination rates 
330 are reliable.

331 An analysis of the reptiles with parameterisations at different temperatures, for the example 
332 methoxychlor, (Figure 4d) shows a log-linear relationship between critical half-lives and body 
333 temperatures. The critical half-lives decline with increasing body temperature and Figure 4d 
334 shows an approximately factor 2.5 reduction in the critical biotransformation half-life for a 
335 10°C increase in body temperature. The relationship is very close to the Q10 temperature 
336 correction (factor 2.5 per 10°C) applied to the urination rates and field metabolic rates (which 
337 in turn influence feeding rates) by Saunders & Wania9 (i.e. the model input data used here). 
338 The temperature correction of KOA indirectly influences the elimination via respiration, which 
339 is further complicating the interpretation of what part of the model is responsible for the 
340 observed pattern.

341 Critical biotransformation half-lives: differences between models (normalisation)

342 Furthermore, the shape and contours of that partition space depend on the model used (e.g. 
343 Fig. 1d-f). Also, when using the same model, the shape of the critical chemical partition 
344 space differs from species to species (e.g. compare Fig. 1c vs 1f vs 1i). Different BMF model 
345 choice can lead to slightly larger or smaller portions of the chemical partition space where 
346 biomagnification is possible at all (e.g. compare Fig 1d-f) as well as different hotspots where 
347 the fastest biotransformation rates are required to avoid biomagnification (e.g. compare Fig. 
348 1e vs 1f).

349 To better understand the magnitude of model differences I selected the combination of log 
350 KOW and log KOA for each species where the differences in critical half-lives were greatest 
351 amongst the three models (largest differences between any of the three models in a three-
352 way-comparison). This analysis was restricted to critical half-lives between 0.1 and 1000 
353 days for any of the three models because that is the range of practical interest. The results 
354 are shown in Figure 5. In all four animal categories the maximum difference is very large, 
355 typically about two orders of magnitude, and for each species the maximum difference 
356 occurs at different combinations of log KOW and log KOA. Generally, and across all data, 
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357 model 1 tends to predict shorter critical half-lives and model 2 tends to predict the longest, 
358 whilst model 3 predictions tend to fall in between. However, for individual species the order 
359 of the models can differ. All these model differences (e.g. Figure 5) are due to the 
360 normalisation terms (or lack of in model 1) and they can result in large differences between 
361 the predicted critical biotransformation half-lives. 

362 Implications of model differences due to normalisation

363 The BMF is defined as the ratio of two concentrations in different media (prey and predator) 
364 with different compositions and normalisation is required to make them comparable. The 
365 simulations in this study have shown that the choice of normalisation or lack thereof can 
366 have a big influence on the critical biotransformation half-life in partition space and that this 
367 effect varies from species to species. This means that when using a BMF model to assess 
368 the likelihood of biomagnification it matters very much which normalisation is used. For one 
369 normalisation a given measured half-life of a compound would be interpreted as evidence 
370 that no biomagnification occurs whereas for a different normalisation the opposite conclusion 
371 would be drawn. And where exactly this error occurs is different for each species modelled 
372 (Figure 5). Thus, the use of normalised or not normalised data and models can be a source 
373 of confusion, because the same chemical would either be classed as biomagnifying or not 
374 biomagnifying, depending on which normalisation is used. Thus, the use of normalisation 
375 must be carefully considered. We also need a better understanding of what the critical 
376 biotransformation half-lives mean when they are calculated with a model that uses 
377 normalisation. Or putting it differently: we need to clarify how measured or predicted 
378 biotransformation half-lives should be used in BMF models that use normalisation. What 
379 does this mean for chemical assessment and regulatory use of such models? I believe 
380 further investigation and discussion of this aspect is needed.

381 Factors influencing critical biotransformation half-lives

382 Goss et al. 19 hypothesised that the critical elimination half-life to avoid biomagnification 
383 could be roughly constant for different species if allometric scaling co-varies in such a way 
384 that differences in rates of elimination via one pathway are compensated by corresponding 
385 changes in other pathways. Although the critical elimination half-life defined by Goss et al. is 
386 different to the critical biotransformation half-life used here, a similar hypothesis could be 
387 proposed about critical biotransformation half-lives. However, this study clearly shows that 
388 critical biotransformation half-lives vary from species to species and that allometric 
389 differences in urination and respiration do not co-vary in such a way that a critical 
390 biotransformation half-life emerges for a given chemical that is constant across different 
391 species (Figures 4 & 5, Table 1). Apart from the methoxychlor case study results shown in 
392 Figures 4 & 5 and Table 1, this can also be seen from the species-by-species differences in 
393 the contours of the critical half-lives (Fig. 1 and corresponding Figures in SI folder “SI HL 
394 contour plots”), or in the areas where urination or respiration dominate elimination in partition 
395 space (Figure 3 and corresponding Figures in SI folder “SI Figures UvsR with slopes”) as 
396 well as the methoxychlor case study (Figure 4). 

397 Figure 3 and the corresponding Figures in the SI demonstrate that the predominant route of 
398 elimination for a given chemical can be different in different species and that for most 
399 chemicals one route dominates elimination in our model, which only considers two routes of 
400 elimination (urination, respiration). When more routes are considered, they likely dominate in 
401 different parts of the chemical partition space as shown by Lee et al. for rats 26. 

402 Critical biotransformation half-lives and dominant elimination pathways differ substantially 
403 from species to species (Figure 1, 3 and 4) and these differences also vary on a chemical-
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404 by-chemical basis which can be seen from the differences in the contours of the chemical 
405 partition space plots (Figures 1,2 & 3 and Figures in SI). All this means that an accurate 
406 assessment of the potential bioaccumulation and biomagnification of chemicals in food-
407 chains requires calculations for each species and importantly, for each food-chain, 
408 separately. Single cut-off values for KOA and KOW likely lead to frequent false positive and 
409 false negative classifications of chemicals as biomagnifying.

410 Dominant elimination route

411 The models further enable a deeper understanding of which elimination route is most 
412 relevant for different chemicals in the absence of biotransformation (e.g. Figure 3, all Figures 
413 in SI folder “SI Figures UvsR with slopes”). When plotting the ratio of the capacity to 
414 eliminate via urination (kU, rate constant for excretion via urination) and the capacity to 
415 eliminate via respiration (kR, rate constant for excretion via respiration) a value above 1 
416 (above the black line in Figure 3) indicates areas of chemical partition space where urination 
417 is the predominant route of elimination and values below 1 indicate that elimination occurs 
418 predominantly via respiration. The position of this line of separation between elimination 
419 pathways differs substantially between different species (Figure 3, also see all plots in SI) 
420 and the slope of that line can also differ (e.g. Figure 3), ranging from 0.9011 to 1.1106 
421 across all datasets. 

422 In the methoxychlor case study lower critical biotransformation half-lives are generally 
423 associated with lower ratios of kU  / kR (Figure 4, Table 1). This chemical is more likely to 
424 biomagnify through food-chains with species that eliminate methoxychlor predominantly via 
425 respiration (i.e. species with little urination) and because methoxychlor has a relatively high 
426 log KOA value (weak partitioning into air) this elimination pathway is insufficient. In those 
427 cases, biomagnification occurs unless biotransformation eliminates the chemical.

428 Modelling bioaccumulation in food-chains

429 Modelling bioaccumulation in food-chains may be motivated by different aims. One is the 
430 classical purpose of identifying persistent organic pollutants. For this regulatory purpose, it is 
431 important to identify biomagnifying chemicals and this requires normalisation to meet the 
432 definition of biomagnification in this context 4. Approaches recommended in regulatory 
433 guidance for lower tiers and screening purposes are typically based on generic cut-off 
434 values, for example those used in the REACH PBT regulation 13, 14. These inherently accept 
435 a lower accuracy to identify chemicals that biomagnify in real food-webs at the lower, 
436 screening tiers, because higher tier approaches allow for more realistic and accurate 
437 assessments. This suggests that such higher tier approaches are available, but they are 
438 currently limited to laboratory species (e.g. rat) rather than relevant food-chain species.

439 The normalisation approach is well accepted in bioaccumulation studies, particularly in field 
440 and modelling studies that derive bioaccumulation metrics in air-breathing wildlife. 
441 Calculating bioaccumulation metrics is one aim. Another aim is to calculate concentrations of 
442 chemicals, e.g. plant protection products, in top-predators so that those predicted body 
443 residues can be compared with thresholds for toxic effects in a risk assessment and this 
444 purpose may not require normalisation in the model or a different approach altogether 
445 depending on the mode of action of the toxicant and where its target site is located in the 
446 animal. In this case it may be better to use physiologically based pharmacokinetic models to 
447 calculate the biologically active dose at the target sites in the laboratory test organism as 
448 well as the wildlife animal of concern at the end of the food-chain. If the target site is not in a 
449 lipid phase, then lipid-normalised body-residues may be misleading. And because this study 
450 has shown the substantial influence of different normalisation approaches applied to the 
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451 BMF model it is important to carefully consider when to use a normalisation approach for the 
452 purposes of environmental risk assessment and which type of normalisation. 

453 Building food-webs and food-chain models that are more realistic for specific groups of 
454 chemicals, e.g. plant protection products, is one way of increasing the accuracy of 
455 biomagnification assessment. The substantial species-by-species differences in 
456 biomagnification shown here and previously 9 suggest that there will be substantial 
457 differences in the predicted concentrations in top predators of different food-chains in 
458 different ecosystems, simply due to the differences in the species present in those food 
459 chains. This very likely also translates to different conclusions about whether a given 
460 chemical is biomagnifying, depending on which food-chain is modelled.

461 Biotransformation and weight of evidence approaches

462 A weight of evidence approach has been proposed for evaluating the bioaccumulation and 
463 biomagnification of chemicals 17 and a software tool (Bioaccumulation Assessment Tool 
464 [BAT] in EAS-E-Suite) is available for that purpose 24. Biotransformation rates and half-lives 
465 can be entered for any species for which data is available, and this is then used to calculate 
466 bioaccumulation and biomagnification metrics for the species in the food-webs implemented 
467 in the BAT tool. Biotransformation rates are extrapolated between species using allometric 
468 scaling (p 22, BAT user manual 24). The problem is that the predictive validity of this 
469 allometric scaling of biotransformation rates between species is unknown. This structural 
470 model uncertainty is currently difficult to quantify because we do know biotransformation 
471 rates or half-lives for only very few species and chemicals. For this reason, it is also difficult 
472 to reduce this uncertainty by building improved models for extrapolation of biotransformation 
473 between species. Unless substantially more data on biotransformation in wildlife becomes 
474 available this situation is unlikely to change and modelling of bioaccumulation and 
475 biomagnification in wildlife will remain highly uncertain.

476 In my view, the uncertainty around biotransformation in different species is the greatest 
477 source of uncertainty in the assessment of bioaccumulation and biomagnification and for this 
478 reason I propose a slightly different weight of evidence approach. Instead of calculating 
479 bioaccumulation and biomagnification factors associated with great and unknown 
480 uncertainty, I suggest that it is better to calculate the critical biotransformation half-life in the 
481 species of concern and then compare that critical biotransformation half-life to available 
482 biotransformation data. This biotransformation data can cover different species and originate 
483 from in-vivo, in-vitro or in-silico studies. By comparing biotransformation half-lives side by 
484 side with the critical values required to avoid biomagnification the assessor can make a 
485 judgement on the likelihood of biomagnification to occur. The discrepancy of 
486 biotransformation data coming from different species is laid open and made transparent. 
487 This is the main difference to the weight of evidence approach in the BAT and elsewhere 
488 (incl. Table 1 of this study), where biotransformation is extrapolated between species with 
489 unknown, but likely very large uncertainty and unknown predictive validity. My proposed 
490 weight of evidence assessment on biotransformation half-lives eliminates the need to include 
491 this extrapolation in model calculations. Instead, the greatest source of uncertainty, 
492 extrapolation of biotransformation between species, is clearly brought into the focus of the 
493 expert judgement.

494 Illustrative example of weight of evidence approach

495 I illustrate the proposed weight of evidence approach using the chemical methoxychlor (CAS 
496 72-43-5) and a hypothetical, illustrative food-chain as an example. This food-chain consists 
497 of the tundra-vole (Microtus oeconomus), which, for this illustration, is assumed to consume 
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498 plant material with chemical residues, and its predator, the red-tailed hawk (Buteo 
499 jamaicensis). 

500 A weight of evidence assessment to answer the question if methoxychlor would biomagnify 
501 in this hypothetical, illustrative food-chain now requires judging the likelihood of 
502 biotransformation half-lives in the food-chain species (vole, hawk) to be below the threshold 
503 values of the critical whole-body biotransformation half-life – given the data on other species, 
504 derived using a variety of methods. This judgement requires considering the phylogenetic 
505 relationship of the species, their size, the type of data (e.g. in-vitro or in-vivo) and other 
506 factors. A challenge and typical problem are that some of the available data is usually for 
507 liver only whereas the biomagnification models require whole-body biotransformation data. 
508 The mismatched types of data are still useful, but not the most appropriate for this type of 
509 simple one-compartment model (e.g. in contrast to physiologically-based pharmacokinetic 
510 models).

511 The critical biotransformation half-life in the rat is 12.2 d for methoxychlor (model 1) and 
512 comparing this value with the in-vitro half-lives available for the rat, shows that there would 
513 be likely no biomagnification in the rat (Table 2). The comparison with the required critical 
514 half-lives for the tundra-vole (1.20 d) and the red-tailed hawk (4.35 d) shows that the tundra-
515 vole and the red-tailed hawk are more susceptible to biomagnification of this compound than 
516 the rat, because they require shorter biotransformation half-lives than the rat to avoid 
517 biomagnification of methoxychlor. The rat is, however, not the closest relative of the hawk for 
518 which data is available and therefore perhaps less relevant. The in-vitro half-life measured in 
519 quail is about 19 times shorter than the critical half-life in the hawk and this may again be 
520 viewed as a sufficient margin of safety to conclude that biomagnification is unlikely in the 
521 hawk in this case. The fish data in Table 2 provides further context and a good example of 
522 the inherent variability and uncertainty in biotransformation data, because the two half-life 
523 estimates for fish, one estimated in-silico and the other measured in-vitro differ by a factor of 
524 147, which I take as a sign to be sceptical and cautious when extrapolating from in-vitro to 
525 whole-organism biotransformation half-lives. I refrain from a final judgement on the likelihood 
526 of biomagnification in this illustrative food-chain because it is not the aim of this study to 
527 provide an actual assessment of the biomagnification potential of methoxychlor. An actual 
528 assessment would also need to include appropriate, quantitative in-vitro to in-vivo 
529 extrapolation, which was beyond the scope of this study and would require substantial 
530 research for many relevant wildlife taxa.

531 The aim here is to illustrate and advocate for assessing critical biotransformation half-life 
532 values in a weight of evidence. What becomes obvious from this presentation (Table 2) is 
533 the wide range of relevant half-life data, which represents both, variability and uncertainty. 
534 Sources of variability are species differences and inherent biological variability within the 
535 different test systems. Uncertainty originates from knowledge gaps in the in-vitro to in-vivo 
536 extrapolation, measurement errors as well as lack of measurements of the actual parameter 
537 of interest. The lack of data for the exact species in the food-chain and the diversity of 
538 methods to derive half-lives (e.g. in-silico, in-vitro) are typical. This makes the weight of 
539 evidence assessment challenging, but still a lot more tractable than trying to aggregate this 
540 data into a single half-life value for each food-chain species to calculate BMF values 
541 explicitly. The propagation of variability and uncertainty in model input parameters through to 
542 the model prediction is technically challenging, because the distributions of input parameters 
543 are difficult to characterise and often unknown. Accurate probabilistic predictions are also 
544 essentially impossible if the co-variation structure between different inputs is unknown, as is 
545 currently the case for the BMF model. The study by Wania et al. 28 is informative in this 
546 context, because they identified chemicals likely to bioaccumulate in air-breathing organisms 
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547 using predicted biotransformation half-lives and concluded that the reliability of their method 
548 depends strongly on the accuracy of the biotransformation prediction, which is very 
549 uncertain. Assessing critical biotransformation half-lives directly, as proposed here, does not 
550 completely avoid that issue, but makes it transparent and subject to explicit expert 
551 judgement.

552 Allometric scaling as model limitation and source of uncertainty

553 Above I have argued that allometric scaling is a source of uncertainty and that this 
554 uncertainty can be reduced by a weight of evidence assessment of biotransformation data 
555 (Table 2). However, this perspective ignores the fact that the models used here to calculate 
556 the critical biotransformation half-lives implicitly also rely on allometric scaling. This is 
557 because for many species it is difficult to find the values of the required model parameters, 
558 such as for example the rates of feeding, respiration and urination or the fractional 
559 proportions of lipid, protein and carbohydrates in their body and diets. These missing values 
560 are often read-across from different species or estimated from different species using 
561 allometric scaling, including in the current dataset from Saunders & Wania 9. Here, allometric 
562 scaling was used in the derivation of the animal feeding and urination rates and therefore 
563 influences both, the numerator and the denominator of the biomagnification model (eqs. 1 & 
564 2). 

565 Another aspect is the comparison of in-vitro biotransformation data with whole-body critical 
566 biotransformation half-lives. Above I have simply argued that expert judgment is required in 
567 this comparison, however a more rigorous approach would be to formally perform a 
568 quantitative in-vitro to in-vivo extrapolation. Such calculations would then again most likely 
569 rely on allometric scaling for some of the required physiological parameters (e.g. blood flow 
570 to liver). 

571 Furthermore, I have used allometric scaling and temperature correction (eq. 12) to convert 
572 critical biotransformation half-lives from species-specific values to values for a hypothetical 
573 animal with body weight 1 kg and body temperature 25°C in Table 1. After conversion the 
574 critical biotransformation half-lives differ less and this reduction in differences can be 
575 interpreted as the part that is due to different body size and temperature in the species-
576 specific values. This insight is useful, but it rests on the assumed reliability of equation 12. 
577 The reliability of this equation is unknown because we generally lack data on measured 
578 biotransformation in diverse wildlife. Although there is evidence from ecology supporting that 
579 rate constants generally decrease with body weight at an exponent of -0.25 29, the evidence, 
580 theory and applicability to chemical clearance are subject to intense scientific debate30. And, 
581 whilst there is evidence that muscle metabolic enzyme activity scales with body weight31, it is 
582 a strong assumption to expect the same for xenobiotic biotransformation rates. In equation 
583 (12) body weight scaling and temperature correction of biotransformation rates are treated 
584 independently, whilst there is some evidence of an interaction of the allometric scaling of 
585 metabolic rates and temperature30, 32. Increasing availability of biotransformation rates 
586 measured at different temperatures will also enable better characterisation of the 
587 temperature dependence of biotransformation33.

588 Generally, there is more data available on feeding, respiration and urination rates to build 
589 allometric relationships than is for biotransformation rates in different species. There is a 
590 vast number of allometric relationships available, with slightly different exponents and 
591 important differences in the taxa included in the underlying data. Future food-chain models 
592 could be made more reliable by ensuring that the species included are within the applicability 
593 domain of allometric relationships used (i.e. taxa). 
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594 Thus, when we calculate BMF values or critical biotransformation half-lives, allometric 
595 scaling can be helpful or even necessary for many purposes: to extrapolate measured 
596 biotransformation half-lives from one species to another, to estimate species parameters 
597 such as feeding, respiration or urination rates to be used as model parameters, to perform 
598 in-vitro to in-vivo extrapolation. However, the reliability of these approaches is difficult to 
599 assess and a subjective judgement. More research to quantify the uncertainty and reliability 
600 of these applications of allometric scaling to biomagnification assessment would help to 
601 better select the best approach. 

602 Contour plots in partition space

603 Contour plots in partition space have been popular in the assessment of bioaccumulation 
604 and biomagnification. However, there is no agreement on what metric should by plotted in 
605 the z-dimension. The main school of thought plots BMF values in partition space 1, 2, 15, 34, 35, 
606 proportion of species with BMF below one 9, and calculated trophic magnification factors in 
607 food-webs 34. The problem with this approach is that it requires either to assume zero 
608 biotransformation or to plot multiple partition space plots, one for each assumed 
609 biotransformation rate or half-life 26, 35. This problem is avoided when plotting half-lives in 
610 partition space as first proposed by Goss et al. 19 using elimination half-lives in human as 
611 example. Goss et al. also provide several theoretical reasons why half-lives are better suited 
612 for assessing the bioaccumulation potential of chemicals. 

613 The steady-state model assumption

614 The origin of the BMF models and concepts is in studies on persistent organic pollutants 
615 (POPs) and some of the assumptions that were appropriate for POPs are likely not valid for 
616 other classes of chemicals, for example modern plant protection products. Most important is 
617 the assumption of steady-state, which means that the chemical is assumed to be at steady-
618 state distribution between different environmental media (e.g. soil, plants, air, water, biota) 
619 and that the concentrations in these compartments do not change over time. This is unlikely 
620 to be the case for chemicals that degrade in the environment (e.g. in soil, water and air) and 
621 are emitted only intermittently instead of continuously. Under non-steady state conditions, it 
622 becomes more important to also consider seasonal variations of diets and food-webs as well 
623 as spatial variation in exposure (home-ranges, foraging ranges) when trying to estimate the 
624 likelihood of biomagnification along food-chains. It is also important to note, that the dataset 
625 used here comprises multiple entries for the same species in a few cases and the 
626 differences include at flight vs at rest, hibernating vs not hibernating, torpor vs euthermia, 
627 high altitude vs low altitude and different body temperatures. Animals are rarely at steady-
628 state and the simplified steady-state representation of animals by the models, using static 
629 parameterisations, is a limitation. Non-steady state (dynamic) biomagnification models are 
630 more realistic and this requires dynamic parametrisation of the models. The different critical 
631 half-lives derived for the same species in different states (different parameterisations) need 
632 to be interpreted together because if the actual biotransformation half-life lies between those 
633 values it would mean that the animal would temporarily biomagnify and at other times it 
634 would not. Taking a simple average of the critical half-lives may again be an 
635 oversimplification because different animal states may be more relevant for food-chain 
636 biomagnification than others (e.g. depending in which state animals eat or become prey). 
637 Also the capacity to biotransform may vary depending on energy intake36 and demand (e.g. 
638 rest vs flight, active vs hibernation), which is why integration of biomagnification modelling 
639 with dynamic energy budget theory37, 38 may be helpful. The overall result can be modelled 
640 using dynamic simulations, including dynamic food-chain simulations. This suggests that the 
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641 steady-state BMF modelling approach may need to be refined in future work using dynamic 
642 models. 

643 Limited species coverage, phylogeny, difficulty of validation and further limitations

644 Limitations in the currently used models are their limited number of species included and that 
645 those species are often not relevant for chemicals other than POPs. For example, arctic 
646 food-chains like the lichen-caribou-wolf food chain 1, 17 are of little relevance to agricultural 
647 ecosystems, whereas the classical grass-cow food chain is an example to the contrary 2, 39. 
648 In summary, the representation of the animal kingdom in current BMF models is very poor, 
649 we now know that species differ substantially in their biomagnification processes 9, and 
650 taken together this means that we need more realistic and representative models to assess 
651 the biomagnification potential of chemicals that are not at environmental steady-state, e.g. 
652 modern plant protection products. 

653 This study, based on the work of Saunders & Wania9, grouped species into birds, mammals 
654 and reptiles. It is important to note that birds and mammals are relatively small, monophyletic 
655 groups, whilst the species grouped under reptiles here are a much more phylogenetically 
656 diverse group and more closely related to birds than mammals40. This is relevant, to keep in 
657 mind when interpreting the results of this study (e.g. because different groups under ‘reptiles’ 
658 might differ in physiology41), but also because phylogeny may help predicting 
659 biotransformation capabilities across species42, 43.  

660 Further limitations are poor knowledge of the uptake efficiency of different chemicals from 
661 the gastrointestinal tract in different species and the lack of physiological data to 
662 parameterise more elimination pathways, besides respiration and urination, for more than a 
663 few well studied species (e.g. rat 26). And even for those wildlife species where we can 
664 model the BMF we have very little data to validate the BMF models. Although these models 
665 are built on strong theoretical grounds and validation with field data has been done in some 
666 food-chains 1, the general predictive validity beyond those food-chains and studied 
667 substances is unknown (see also 44). 

668 Conclusions

669 The critical biotransformation half-life is the maximum half-life to avoid biomagnification of a 
670 chemical. Shorter biotransformation half-lives do not result in biomagnification. Contour plots 
671 of critical biotransformation half-lives in partition space for different species make it very 
672 easy to understand which physical-chemical properties of chemicals make biotransformation 
673 in different species more or less likely. This analysis shows great inter-species differences in 
674 critical biotransformation half-lives. Species by species differences are substantial, relevant 
675 and greater than previously known, also and especially when applying different or no 
676 normalisation. When using BMF models to assess biomagnification potential, the conclusion 
677 for a chemical with a given measured biotransformation half-life can be contradictory, 
678 depending on which normalisation is used. BMF assessment is based on the ratio of two 
679 concentrations in different matrices and therefore requires normalisation. However, this 
680 study shows that applying different or no normalisation also results in very different critical 
681 biotransformation half-lives, which was previously unknown and of surprising magnitude. 

682 Assessment of the biomagnification potential of chemicals needs to be made more realistic 
683 and accurate by building dynamic models for relevant food-chains and including a much 
684 greater diversity of species and more relevant species. Focussing on the biotransformation 
685 half-life as part of a weight of evidence assessment may currently be more tractable than 
686 predicting BMF values and can focus the attention on the greatest unknown: 
687 biotransformation half-lives of chemicals in wildlife.

Page 15 of 26 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:P

ro
ce

ss
es

&
Im

pa
ct

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 9

/2
5/

20
25

 6
:0

8:
33

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5EM00220F

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5em00220f


61450173_File000007_1502509624.docx

688 Supporting Information

689 The supporting information includes: chemical partition space plots showing critical half-lives 
690 (like Figure 1) for 203 datasets and 3 models; chemical partition space plots showing 
691 urination vs respiration rate constants (like Figure 3) for 203 datasets; the input data file 
692 used to create these plots; the model code (Python) to recreate all figures and data in tables; 
693 the Python script to calculate critical half-life values for a single substance as used in the 
694 case study. 
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841
842 Figure 1: Contour plots of critical biotransformation half-life values (t1/2 [d]) within chemical partition space for 
843 three models and three illustrative species (Figures for 3 models and 203 datasets are provided in the SI folder 
844 “SI HL contour plots”). Results for the kinetic BMF model (no normalisation, model 1) in the left-hand column, the 
845 lipid-normalised BMF (model 2) in the middle and the model normalized for lipid- and water-partitioning (model 3) 
846 in the right-hand column. Colours indicate critical biotransformation half-life values, i.e. the maximum half-life to 
847 avoid biomagnification of a chemical with the respective combination of log KOA and log KOW in that species. 
848 White space in the plot indicates chemical partition properties where biomagnification is not possible according to 
849 these models.
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850
851 Figure 2: Contour plots of the frequency of critical half-life values being >10 days (a) or >100 days (b) within 
852 partition space. Calculated with model 3 (model normalised, all KOW) as how often this occurs for a given 
853 combination of log KOW and log KOA in a comparison of all species vs all species. Yellow areas indicate chemical 
854 properties where large species differences occur most often.

855

856
857 Figure 3: Capacity to eliminate via urination (kU) divided by the capacity to eliminate via respiration (kR) plotted in 
858 chemical partition space. This ratio indicates which elimination pathway dominates in the absence of other 
859 elimination pathways. Chemicals with a combination of log KOA and log KOW above the black line (line indicates: 
860 kU  / kR = 1) are predominantly eliminated via urination. See SI for 203 such plots.

861
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862
863 Figure 4: Critical biotransformation half-life vs body weight (a), critical biotransformation half-life vs the ratio of kU 
864 / kR (b), body weight vs the ratio of kU / kR (c) and critical biotransformation half-life vs body temperature (d). Each 
865 data point represents a different dataset in panels (a)-(c), on log-log scale, symbols indicate different animal 
866 categories and whether elimination is dominantly via urination (full symbols) or respiration (open symbols). Panel 
867 (d) shows reptiles at different body temperatures (note: y-axis on log scale, x-axis on normal scale). All data is for 
868 the example of methoxychlor (CAS 72-43-5).

869
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870
871 Figure 5: Model differences in critical biotransformation half-lives. Shown are the values for the three models at 
872 the combination of log KOW and log KOA where the largest difference between any of the three models occurs for 
873 a given species. This analysis was restricted to critical half-lives between 0.1 and 1000 days.

874
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875 Table 1: Selection of critical half-life values and the ratio of elimination via urination vs respiration (kU / kR) for methoxychlor (CAS 72-43-5, log KOW 5.08, log KOA 10.244, both 
876 at 25°C) as example. Shown are the species with the smallest and largest values in each animal category. The laboratory rat is also shown for comparison. Critical 
877 biotransformation half-lives calculated with model 3. Allometric and temperature scaling following the approach provided in the BAT user manual (page 22) 24.

Animal Category kU / 
kR

Body 
weigh
t [kg]

Body 
temperatur
e [°C]

Critical 
biotransfor
mation half-
life [d]

Critical 
biotransformatio
n half-life scaled 
by weight [d], 
scaled to 1 kg

Critical 
biotransformation half-
life scaled by weight 
and temperature [d], 
scaled to 1 kg & 25°C

Species with minimum and maximum critical half-lives
House finch Birds 1.00

9
0.02 41.25 7.87E-01 2.09E+00 2.46E+00

Ostrich Birds 1.69
8

88 40 2.96E+01 9.65E+00 1.12E+01

Little brown bat (hibernation) Mammals 216.
5

0.006 37 9.59E-01 3.45E+00 3.89E+00

Florida manatee Mammals 26.3
3

250 35.4 1.71E+02 4.30E+01 4.77E+01

Lacerta lizard (a) Reptiles 
<25°C

1.23
5

0.016 20 4.77E+01 1.34E+02 1.27E+02

Box turtle (a) Reptiles<25°
C

936.
6

0.316 5 4.49E+02 5.99E+02 4.91E+02

Lake Eyre dragon (b) Reptiles 
>25°C

0.79
5

0.008 37 9.26E+00 3.10E+01 3.49E+01

Green sea turtle (c) Reptiles 
>25°C

4.86
2

94.5 27.5 1.93E+02 6.18E+01 6.34E+01

Species with minimum and maximum ratio kU / kR

Evening grosbeak (flight) Birds 0.03
8

0.059 40 1.55E+00 3.14E+00 3.65E+00

Little penguin Birds 4.56
7

1.082 40 6.24E+00 6.12E+00 7.11E+00

Egyptian fruit bat Mammals 1.19
7

0.15 36.53 3.62E+00 5.82E+00 6.53E+00
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Thirteen-lined ground 
squirrel

Mammals 797.
7

0.183 7.6 4.58E+01 7.00E+01 5.88E+01

Lacerta lizard (a) Reptiles 
<25°C

1.23
5

0.016 20 4.77E+01 1.34E+02 1.27E+02

Box turtle (a) Reptiles<25°
C

936.
6

0.316 5 4.49E+02 5.99E+02 4.91E+02

Green iguana (c) Reptiles 
>25°C

0.22
1

0.206 34 1.82E+01 2.69E+01 2.95E+01

American alligator (b) Reptiles 
>25°C

14.0
9

0.056 27 3.82E+01 7.85E+01 8.01E+01

Laboratory rat for comparison
Sprague-Dawley rat Mammal 3.73

7
0.365 37 6.62E+00 8.51E+00 9.60E+00

878
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879

880 Table 2: Illustrative example of a weight of evidence assessment of potential biomagnification in a two-species 
881 food-chain. The example chemical is methoxychlor (CAS 72-43-5, log KOW 5.08, log KOA 10.244). Critical 
882 biotransformation half-lives are calculated with the kinetic model (model 1). Note that some data are for whole-
883 body biotransformation and some for liver only.

Type of half-life Value [d] Species Notes Source
Critical whole-body 
biotransformation 
half-life

1.20×100 Tundra-vole Kinetic BMF 
model, equation 
(4)

This study

Whole-body 
biotransformation 
half-life

1.05×10-2 Rat Extrapolated from 
depletion assays in 
rat liver S9 
fractions

26

Half-life in liver in-
vitro

6.66×10-2 Rat Calculated from 
loss of 14C labelled 
parent after 2h in 
liver slices in-vitro

27

Half-life in liver in-
vitro

3.10×10-1 Mouse Calculated from 
loss of 14C labelled 
parent after 2h in 
liver slices in-vitro

27

Predicted whole-
body 
biotransformation 
half-life

5.99×100 Human Predicted from 
molecular structure 
using a qsar

25

Critical whole-body 
biotransformation 
half-life

4.35×100 Red-tailed hawk Kinetic BMF 
model, equation 
(4)

This study

Half-life in liver in-
vitro

2.21×10-1 Quail Calculated from 
loss of 14C labelled 
parent after 2h in 
liver slices in-vitro

27

Predicted whole-
body 
biotransformation 
half-life

2.71×101 Fish Predicted from 
molecular structure 
using a qsar

25

Half-life in liver in-
vitro

1.84×10-1 Trout Calculated from 
loss of 14C labelled 
parent after 2h in 
liver slices in-vitro

27

884

885

886
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Data availability

The data supporting this article have been included as part of the Supplementary Information.
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