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ABSTRACT 17 

Per- and polyfluoroalkyl substances (PFAS) are widespread synthetic contaminants that can 18 

accumulate in food, such as backyard chicken eggs. Measured egg concentrations frequently 19 

exceed European Union maximum levels for PFOS, PFOA, PFNA and PFHxS. In the 20 

Netherlands, the national health authority advised against consuming backyard eggs. In 21 

response, many chicken owners tested their eggs and openly shared the results through a 22 

citizen-science initiative, resulting in the first large, citizen-led PFAS dataset worldwide. The 23 

dataset comprises 801 laboratory measurements and includes information on husbandry 24 

variables, including uncovered outdoor space, flock size, feed type and water source. We 25 

conducted an exploratory analysis to identify variables associated with variation in egg PFAS 26 

concentrations. Contamination was widespread, with only 36% of samples below EU 27 

maximum levels. PFOS dominated, accounting for 87% of the mean summed concentration. 28 

Repeated egg sampling revealed substantial temporal variation, indicating that concentrations 29 

are dynamic and that single measurements do not reliably reflect human exposure risk. 30 

Generalised additive models showed that surface area of uncovered outdoor space per hen 31 

was often the strongest predictor, with larger foraging areas being associated with higher 32 

PFAS levels. Larger flock size, higher egg production, and continuous access to food were 33 

associated with lower concentrations for most PFAS compounds. Diet and water source were 34 

not significantly associated with PFAS levels. Spatial patterns showed decreasing PFAS 35 

concentrations with distance from the coast, possibly caused by sea spray aerosol deposition, 36 

while PFOA levels were strongly related to distance from a fluorochemical plant, with the 37 

highest concentrations downwind. These results suggest that atmospheric deposition shapes 38 

PFAS spatial distribution, and uptake by free-ranging hens most likely occurs predominantly 39 

via ingestion of contaminated soil invertebrates. Future experimental studies could evaluate 40 

mitigation options targeting the soil compartment, including soil modification or limiting soil 41 

fauna access through chicken enclosure modifications. 42 
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Introduction 52 

Per- and polyfluoroalkyl substances (PFAS), also referred to as ‘forever chemicals’, have 53 

become increasingly prevalent in the environment in recent decades (Evich et al., 2022). PFAS is 54 

a collective term for a large number of substances that contain a combination of fluorine atoms 55 

and alkyl groups (Langenbach & Wilson, 2021). Generally, PFAS show a large binding affinity 56 

towards proteinaceous tissue (Jones et al., 2003), making some organisms particularly susceptible 57 

to accumulating these substances within their bodies, even at low environmental concentrations 58 

(Groffen et al., 2025). PFAS can subsequently be transferred through the food web to other 59 

organisms, resulting in even higher accumulated tissue concentrations at higher trophic levels (van 60 

den Heuvel-Greve et al., 2026).  61 

High PFAS concentrations have indeed been found in many species across the globe (Giesy 62 

& Kannan, 2001; Kelly et al., 2009), including humans (Kannan et al., 2004), and this may 63 

ultimately lead to negative health outcomes, including endocrine disruption, immunotoxicity, lipid 64 

and insulin dysregulation and increased risk of cancer (Fenton et al., 2021; Jouanneau et al., 65 

2020). For humans, food is the most important exposure source of PFAS and particularly animal 66 

products, like fish and seafood, offal, and game meat (Ericson et al., 2008; Wee & Aris, 2023). In 67 

2020, EFSA derived a tolerable weekly intake (TWI) of 4.4 ng/kg body weight per week for the sum 68 

of four legacy PFAS (EFSA CONTAM Panel et al., 2020). This TWI was based on epidemiological 69 

evidence linking prenatal and early-life PFAS exposure to a significantly reduced antibody 70 

response to vaccines in children (Grandjean et al., 2017, 2020). Recent biomonitoring data indicate 71 

that the Dutch general population is already exposed to PFAS levels exceeding this TWI on 72 

average, leading to blood serum concentrations that may pose health risks (Bil et al., 2025). To 73 

reduce dietary exposure, the European Commission has set legally binding maximum levels (MLs) 74 

for four PFAS compounds, as well as their combined total, for specific commercial food, like fish, 75 

meat, and eggs (Regulation (EU) 2023/915). These four compounds, collectively referred to as 76 

EFSA-4, are perfluorooctane sulfonic acid (PFOS), perfluorooctanoic acid (PFOA), 77 

perfluorononanoic acid (PFNA) and perfluorohexanesulfonic acid (PFHxS).  78 
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In backyard chicken eggs, PFAS concentrations can be particularly high, and modest 79 

consumption of those eggs may already lead to exceedance of the maximum levels as set by the 80 

EU or other national legislative bodies (Lasters et al., 2022). Despite considerable among-site 81 

variability in PFAS concentrations in eggs, several regional and national health authorities, have 82 

published advice ranging from consumption limits to advising against consumption, as done by the 83 

Dutch National Institute for Public Health and the Environment (Nederlof et al., 2025) . The PFAS 84 

contained in backyard eggs originate from multiple environmental pathways, with industrial 85 

fluorochemical emissions representing an important historical source (Lasters et al., 2024). In the 86 

Netherlands, the Chemours (formerly DuPont) factory in Dordrecht has been a dominant 87 

contributor of PFOA, leading to substantial local and regional contamination (van Poll et al., 2017). 88 

Other industrial sectors, such as textile and paper industry, can also significantly contribute to 89 

widespread PFAS contamination (Lendewig et al., 2025; Pervez et al., 2025). More localized 90 

sources include the historical use of PFAS-containing firefighting foams at airports and military 91 

bases, and some PFAS-processing industries such as paper- and textile factories, which has 92 

resulted in contamination hotspots in both soil and groundwater (Eschauzier et al., 2013; Filipovic 93 

et al., 2015; Sadia et al., 2023). Wastewater treatment plants (WWTPs), managed by regional 94 

water boards, also act as conduits, releasing PFAS via treated effluent and concentrating them in 95 

sewage sludge (Derksen & Baltussen, 2021). Using and disposing of PFAS-treated consumer 96 

products, including end-of-life waste streams such as landfilling, also adds PFAS to the 97 

environment and pollutes nearby water and soil (Glüge et al., 2020).  98 

 From these industrial and smaller localized sources, PFAS and their precursors (e.g., 99 

fluorotelomer alcohols) can travel in the atmosphere (Wallington et al., 2006), and return to land 100 

via wet and dry deposition (Ahrens & Bundschuh, 2014; D’Ambro et al., 2021). Many PFAS are 101 

also highly mobile in water, facilitating transport through surface and groundwater (Ahrens & 102 

Bundschuh, 2014). PFAS discharged from industrialized areas into rivers can eventually reach the 103 

marine environment, and along the coast, re-emission via sea-spray aerosol can enhance coastal 104 

deposition (Sha et al., 2024). Deposition or influx of PFAS, including in residential areas, can 105 

contaminate soil and water, allowing these substances to accumulate in living organisms. 106 

Bioaccumulation of PFAS has been documented in both aquatic and terrestrial annelids (Higgins 107 
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et al., 2007), including earthworms (Navarro et al., 2016), but also in other soil fauna such as 108 

snails, slugs, isopods, and spiders collected near industrial emission sites (Buytaert et al., 2025). 109 

This bioaccumulation acts as an amplification mechanism, converting low concentration soil 110 

contamination into high-dose dietary inputs for predators of soil fauna (Burkhard & Votava, 2023).  111 

Free-ranging backyard hens can also be exposed to PFAS by incidental ingestion of 112 

contaminated soil, (drinking) water, kitchen leftovers and by foraging on soil fauna (Lasters et al., 113 

2022; Wilson et al., 2021). After ingestion, PFAS are absorbed and transported in the blood by 114 

serum proteins such as albumin (Zhao et al., 2023). They are subsequently taken up by the liver, 115 

transferred to the ovaries, and deposited in developing eggs, predominantly within the lipoprotein-116 

rich yolk fraction. Controlled feeding experiments have demonstrated high maternal transfer 117 

efficiencies, with up to 99% of ingested PFOS and 49% of PFOA being transferred to the eggs. 118 

Consistent with this rapid transfer, PFOS levels in eggs decline quickly after exposure ends, 119 

showing a half-life of 4.3 days (Kowalczyk et al., 2020).  120 

The variability in environmental and biological processes related to PFAS intake and the rapid 121 

release to eggs plausibly contribute to the apparent small-scale spatial variability observed in 122 

home-produced eggs. Lasters et al. (2023) reported substantial variability in PFAS concentrations 123 

in eggs from free-ranging laying hens kept near PFAS point sources, with both low and elevated 124 

egg concentrations observed in close proximity to point sources. For several PFAS, a significant 125 

portion of this variability could be attributed to local environmental factors, including 126 

physicochemical soil properties and PFAS levels in local feed sources, such as homegrown crops 127 

and earthworms. While these enclosure-specific factors appear to play a significant role in shaping 128 

PFAS concentrations in eggs, the contribution of many other local determinants, such as outdoor 129 

space per hen, flock size, and egg-laying frequency, remains poorly understood.  130 

To create insight and transparency regarding the PFAS concentrations observed in chicken 131 

eggs in the Netherlands, the website pfasinkaart.nl was created at the initiative of Van Donselaar. 132 

On this website, people can enter PFAS concentrations in eggs produced by their backyard 133 

chickens as measured by the accredited laboratories commissioned by the users. Within this 134 

'citizen-science project', users voluntarily register the measured concentrations of the EFSA-4 135 

PFAS, for which available European health guidelines and allowable maximum levels exist. 136 
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Moreover, contextual information is provided on the location, the flock size and egg laying 137 

frequency, chicken housing, feed type, and water source.  138 

The aim of this research is to identify which registered variables best explain the variation in 139 

the observed PFAS concentrations. A unique strength of this study is the voluntary contribution of 140 

test results and contextual data by private chicken owners, enabling the creation of the first large-141 

scale dataset on PFAS in home-produced eggs in the Netherlands, providing a large geographic 142 

coverage and real-world relevance unattainable through traditional research programmes. This 143 

study is an exploration of overall correlational patterns, and its primary goal is to provide a solid 144 

basis for guiding future research into potential mitigation measures that can reduce PFAS 145 

concentrations in backyard eggs, creating perspectives to solutions for a global societal problem. 146 

Ultimately, knowledge on the contribution of local factors that explain variability in PFAS 147 

concentrations is also crucial for identifying cost-effective mitigation measures to lower PFAS 148 

concentrations in eggs of free-ranging laying hens. There is a pressing need for broadly applicable 149 

and sustainable in-situ remediation measures for private chicken owners to reduce exposure 150 

globally. 151 

Methods 152 

Study design and PFAS testing 153 

All PFAS measurements used in this study were based on samples submitted by citizens to 154 

laboratories accredited to ISO/IEC 17025. Citizens then reported their laboratory results to the 155 

website pfasinkaart.nl, which has been online since 6 April 2024. The first registered laboratory 156 

report, submitted retrospectively, dates from 24 January 2024. Sampling was uncoordinated and 157 

performed at the participant’s own initiative. Participants typically sent eggs from their backyard 158 

chickens by post to accredited laboratories. Testing is relatively expensive, with prices generally 159 

ranging between €125 and €270 depending on the laboratory and number of PFAS compounds 160 

analysed. Most samples were analysed by three main laboratories, each operating through a 161 

corresponding commercial testing website: testenoppfas.nl (Normec, 78% of the samples, 10 162 

whole eggs per test), pfastest.nu (Cotecna, 11%, minimum of one egg or a homogenized mixture), 163 
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triskelion.nl (Triskelion, 9%, homogenized mixture of 6 to 12 eggs) and “Other” (a variety of other 164 

labs, 2%). Because both the website and laboratory names are often used interchangeably in 165 

public communication, this paper consistently refers to the laboratory name to avoid confusion. All 166 

laboratories tested PFAS concentrations (in μg/kg egg wet weight) for at least the EFSA-4 167 

compounds, and in some cases others (up to 23 substances, depending on the lab). 168 

Citizen data collection 169 

Each registration included a copy or screenshot of the laboratory results, which was used to 170 

validate the entered PFAS concentrations. Participants were also asked to provide supplementary 171 

information regarding their chicken husbandry, including housing and feeding practices. The data 172 

collection has been an evolving process, with new explanatory variables being added to the 173 

dataset over time. Table 1 presents an overview of the registered variables. The data were 174 

provided anonymously in line with GDPR requirements, with personal information removed prior 175 

to release for statistical analysis. 176 

 177 
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Table 1. Data fields registered on pfasinkaart.nl or derived from the table values. 178 

Variables in italic are used in model fitting 179 

Source Variable Type Description Unit 

PFAS test value (response variables) 

Data field PFOS Numeric Perfluorooctanesulfonic acid μg/kg 

Data field PFOA Numeric Perfluorooctanoic acid μg/kg 

Data field PFNA Numeric Perfluorononanoic acid μg/kg 

Data field PFHxS Numeric Perfluorohexanesulfonic acid μg/kg 

Derived ΣPFAS Numeric Sum of the above μg/kg 

Laboratory properties 

Data field lab_name Factor The sample testing laboratory  

Data field lat, lon Numeric Coordinates of the sampling location (WGS84) Decimal 

degrees  

Derived x, y, x_km, y_km  Numeric Coordinates of the sampling location (EPSG= 

28992) 

km 

Data field lab_date Date Date on laboratory test report day-

month-

year 

Derived cday_2024 Numeric Days since January 1st 2024  

Chicken enclosure properties 
 

Data field hens_n3 Numeric Number of hens kept  

Data field hens_age Numeric Average age of hen whose eggs were sent off 

for testing 

years 

Data field eggs_n Numeric Number of eggs laid per hen per week  

Data field outdoor 

 

Factor (yes/no) Do the chickens have access to an uncovered 

outdoor space? 

 

Data field area_out Numeric The total area of uncovered outdoor space m2 

Derived area_out_hen3 Numeric The total area of uncovered outdoor space 

divided by the number of hens (hens_n). Log 

represents natural logarithm 

m2 

Feed properties 

Data field water_src Factor 

(tap/rain/ground)  

Source of drinking water for the chicken  

Data field feed Factor1 What type of food is provided to chickens  

Data field always_feed Factor (yes/no) Do the chickens always have food available?  

Derived feed_organic Factor (yes/no) Do the chickens (partly) receive organic feed?  

Derived feed_mealworms Factor (yes/no) Do the chickens receive mealworms as feed?  

Derived feed_scraps Factor (yes/no) Do the chickens receive kitchen scraps as 

feed? 

 

Location properties 

Derived soil_class Factor2 The class of sediment derived from Dutch soil 

map 

 

Derived dist_Chemours Numeric Distance to Chemours Dordrecht (51.81691° N, 

4.72816° E) 

km 

Derived dist_coast Numeric Distance to coastline (“Basiskustlijn”) km 
1 Unique values for feed type include laying pellets, grain mix, kitchen scraps, free-range mix, 180 

mealworms (live or dried), laying mash, other, and organic. Multiple options allowed.  181 

2 Unique values for soil class are shown in the supplement, Figure S3  182 

3 In the model, the natural logarithm of hens_n and area_out_hen was included 183 

 184 

Independent data for reporting bias assessment 185 

To assess potential reporting bias, specifically whether participants with higher PFAS 186 

concentrations were more or less likely to upload their test results to pfasinkaart.nl, we obtained 187 
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data on ΣPFAS concentrations in chicken eggs directly from testenoppfas.nl, for which samples 188 

were analysed by Normec. This independent dataset contained data of 3,548 samples with 189 

laboratory sample receipt date between 13 March 2024 and 28 May 2025.  190 

Whereas pfasinkaart.nl includes only test results voluntarily uploaded by participants, the 191 

testenoppfas.nl database contains all samples analysed by Normec, and was therefore not subject 192 

to potential reporting bias. However, the testenoppfas.nl data received only contained the ΣPFAS 193 

concentrations and egg sample receipt date, and lacked additional husbandry or location data 194 

available in the pfasinkaart.nl data.  195 

To align the independent testenoppfas.nl dataset (which records egg sample receipt date) with 196 

Normec results submitted to pfasinkaart.nl (which records laboratory report date) over the same 197 

time period, we used those Normec laboratory reports uploaded on pfasinkaart.nl to estimate the 198 

average time lag between egg sample receipt date and the corresponding laboratory report date. 199 

This time lag was estimated at 7.6 days. Accordingly, we selected Normec laboratory results 200 

uploaded to pfasinkaart.nl from 21 March 2024 to 5 June 2025, corresponding to an eight-day 201 

offset.  202 

 203 

Data preparation 204 

Limits of quantification (LOQs) for PFAS varied across laboratories. The “Other” category 205 

included data from Nutricontrol (n=3), Bodemkundige Dienst van België (n=1), ECCQ (n=1), TLR 206 

International Laboratories (n=1), SGS Environmental Analytics (n=3), NofaLab (n=5), Wageningen 207 

(n=4), Lovap NV (n=1), and Eurofins (n=2). Nutricontrol, Bodemkundige Dienst van België, and 208 

ECCQ applied LOQs equal to the EU maximum levels, which were considered uninformative for 209 

our analysis, and were therefore excluded. TLR International Laboratories and SGS Environmental 210 

Analytics applied an LOQ of 0.2 µg/kg and were also excluded. Data from all other laboratories 211 

were retained. Normec, Eurofins, and Lovap NV applied an LOQ of <0.10 µg/kg. Wageningen used 212 

an LOQ of <0.01 µg/kg, while all remaining laboratories applied an LOQ of <0.05 µg/kg. Triskelion 213 

also used an LOQ of 0.05 µg/kg but reported all values below this threshold as 0 µg/kg. Although 214 

regression-based methods exist to handle such left-censored data (EFSA, 2010), those are not 215 
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readily available for the Generalized Additive Models (GAMs) we used for this research. Instead, 216 

the LOQs were replaced with the mean concentration below the LOQ, derived using maximum 217 

likelihood estimation (MLE) (Helsel, 2012). Traditionally, this is achieved by assuming a log-normal 218 

distribution for concentrations. Because the data showed an excess of PFAS concentrations close 219 

to zero, a similar likelihood-based approach was used, assuming a Tweedie distribution. The 220 

Tweedie distribution is flexible and encompasses a range of statistical distributions, including the 221 

log-normal distribution. For each PFAS, the distribution parameters were estimated by minimizing 222 

the following negative log-likelihood function: 223 

𝐸𝑞. 1                     ℒ(𝜇, 𝜙, 𝑝) = − ( ∑ 𝑙𝑜𝑔(𝑓(𝑦𝑖|𝜇, 𝜙, 𝑝))

𝑖:𝑦𝑖≥𝐿𝑂𝑄

+ ∑ 𝑙𝑜𝑔(𝐹(𝑦𝑖|𝜇, 𝜙, 𝑝))

𝑖:𝑦𝑖=𝐿𝑂𝑄

)  224 

where 𝑓(⋅) is the probability density function (function dtweedie, R-package ‘tweedie’) and 𝐹(⋅) is 225 

the cumulative distribution function (CDF) (function ptweedie, R-package ‘tweedie’). The 226 

parameters 𝜇, 𝜙, and 𝑝 are the mean, dispersion and power parameter respectively. The 227 

parameters were estimated using the optim-function in R (method = "BFGS"). Next, based on the 228 

estimated parameters for each laboratory, the conditional expected mean of the log concentration 229 

was calculated:  230 

𝐸𝑞. 2                                             Ε(log (𝑦)|𝑦 < 𝐿𝑂𝑄) =
∫ log(𝑥) ∙ 𝑓(𝑥|𝜇, 𝜙, 𝑝)

𝐿𝑂𝑄

0

𝐹(𝑥|𝜇, 𝜙, 𝑝)
 231 

The log (𝑥) was applied so that conditional expectations were evaluated on the same scale as 232 

the linear predictor of the Tweedie GAM, which uses a log-link function. Finally, values below 233 

each laboratory-specific LOQ were replaced by the corresponding expected mean. 234 

For the explanatory variables, the following data processing was carried out. An additional 235 

variable, the area of uncovered (i.e. without a roof) outdoor space per hen, was calculated by 236 

dividing the registered area by the number of hens kept. The variable "Access to uncovered 237 

outdoor space" was recorded as yes or no. For the variable “feed”, a combination of different 238 

options could be entered on pfasinkaart.nl: laying pellets, grain mix, kitchen scraps, free-range 239 

mix, mealworms (live or dried), laying mash, other, and organic. From these variables, three 240 

specific factor variables were extracted, namely whether each feed combination included organic 241 

ingredients (yes/no), mealworms (yes/no), or kitchen scraps (yes/no). The date of egg collection 242 
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was not provided. Instead we used the date of the laboratory report, typically 2 to 3 weeks post-243 

collection. The date was expressed as the number of days elapsed since January 1, 2024. 244 

In certain cases, values for some explanatory variables were missing. When fitting a model 245 

with multiple explanatory variables, this would require excluding all sampling points lacking data 246 

for any explanatory variable. To avoid unnecessary data loss, we applied multivariate imputation 247 

(Buuren, 2018; Kenward & Carpenter, 2007) using the mice (Multivariate Imputation by Chained 248 

Equations) package in R (Buuren & Groothuis-Oudshoorn, 2011). All explanatory variables 249 

included in the model were used for multivariate imputation. To limit computational time, a single 250 

imputed dataset was generated using method = "norm.predict", which replaces missing values 251 

with predicted values from linear regression.  252 

 253 

Extraction of spatial covariates 254 

PFAS concentrations may correlate with soil class, either directly via soil intake, or indirectly 255 

through the consumption of soil fauna whose abundance depends on soil properties (Lasters et 256 

al., 2022, 2023). Soil class for each sampling point was extracted from the “bodemkaart van 257 

Nederland” (Chardon & Schoumans, 2007). Since soil texture may vary at small spatial scales 258 

(e.g. among backyards), these estimates represent a poor proxy. PFAS sampling coordinates (in 259 

latitude and longitude, WGS84) were projected to Amersfoort Rijksdriehoek coordinates (EPSG = 260 

28992), and the value of the soil class polygon containing the PFAS sampling point was 261 

subsequently extracted. If no soil class estimate was available, for example for urban areas or 262 

sampling sites outside the Netherlands, the soil class was classified as “undefined”. 263 

Several studies indicate that PFAS concentrations are generally higher in the vicinity of 264 

industrialised or urban areas (Cousins et al., 2022; Lasters et al., 2024). Historically, the primary 265 

source of PFOA emissions and discharges in the Netherlands was the DuPont/Chemours 266 

Dordrecht plant (51.81691° N, 4.72816° E) (Bokkers et al., 2016). Therefore, the st_distance 267 

function from the “sf” package (Pebesma, 2018) was used to calculate the distance of each PFAS 268 

sampling location to the Dordrecht plant. Another important potential pathway is the re-emission 269 

via sea-spray aerosols and subsequent coastal deposition (Sha et al., 2024). This process was 270 
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represented using the distance to the nearest coastline as a proxy variable, calculated from the 271 

“basiskustlijn” coastline data (Rijkswaterstaat, 2008) using the st_distance function.  272 

 273 

Statistical analysis 274 

Model structure 275 

Five response variables related to PFAS concentrations were defined: the concentrations of 276 

the EFSA-4 compounds PFOS, PFOA, PFNA and PFHxS, as well as the sum of these EFSA-4 277 

compounds. The concentrations of the EFSA-4 compounds were skewed toward higher values, 278 

and therefore a Gaussian distribution is inappropriate. Instead, the response variable was 279 

assumed to follow a Tweedie distribution; a flexible family of probability distributions that includes, 280 

among others, the Gaussian, Gamma, inverse-Gaussian, and compound Poisson-Gamma 281 

distributions (Dunn & Smyth, 2018). Generalized Additive Models were used to model variations 282 

in concentrations as smooth functions of different explanatory variables, allowing non-linear 283 

relationships between the response variable (egg PFAS concentrations) and explanatory variables 284 

(Wood & Augustin, 2002). The gam function (package: mgcv) also attempts to select the 285 

appropriate 'wiggliness' in order to reduce overfitting, and setting method = “REML” (Restricted 286 

Maximum Likelihood) generally results in lower chances of overfitting (compared to “GCV”) and is 287 

generally more stable and reliable for penalized terms, like random effects (Wood, 2011; Wood et 288 

al., 2016).  289 

Initially, a base model was fitted with the following explanatory variables: the date of the lab 290 

measurement (in days) since January 1, 2024 (cday_2024), the available area of outdoor space 291 

area per hen on the (natural) log-scale (in m² – log_area_out_hen), the number of hens kept on 292 

the log-scale (log_hens_n), weekly egg production per hen (eggs_n), the distance to the coast 293 

(in km – dist_coast), the distance to Chemours in Dordrecht (in km – dist_Chemours) and soil 294 

class (soil_class) included as a random effect variable. Subsequently, the laboratory name was 295 

added as a fixed factor variable to the model to account for potential inter-laboratory variability 296 

caused by differences in extraction and sample preparation protocols. This factor was retained in 297 

the base model only if it was statistically significant, as assessed using ANOVA F test. 298 
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To account for potential residual spatial autocorrelation, a stochastic partial differential equation 299 

(SPDE) latent field (Lindgren et al., 2011) was incorporated into the model. Although SPDE-based 300 

models can be fitted using INLA (Lindgren et al., 2011; Rue et al., 2009) or sdmTMB (Anderson et 301 

al., 2024), we used the mgcv package to take advantage of its double penalty feature for integrated 302 

variable selection and extended the GAM with SPDE functionality (Miller et al., 2020). 303 

A spatial mesh was first constructed (function inla.mesh.2d, R package INLA) with max.edge 304 

values set to 5/k (inner) and 10/k (outer), and a cutoff parameter of 0.1/k, where k = 0.1. After 305 

loading the required SPDE functions from (Miller, 2019) the existing model (including the above 306 

covariates but still excluding the SPDE term) was updated using the update function to add a 307 

smooth term of the x and y coordinates (Rijksdriehoek, in km) with a spline basis bs = "spde". 308 

 309 

Model selection 310 

Traditionally, model selection is performed using likelihood-based information criteria, such as 311 

AIC, BIC, or DIC. Here, we instead employed the “double penalty” approach (Marra & Wood, 312 

2011; Miller, 2025), which applies both a wiggliness penalty and a shrinkage penalty. This 313 

approach has the advantage that it prevents overfitting: If the data provide no evidence for a 314 

(non-linear) relationship between the response and a given explanatory variable, the 315 

corresponding smooth function is effectively reduced to a null (non-significant) effect. For each 316 

explanatory variable, a shrinkage version of a thin plate regression spline (bs = "ts") was 317 

specified, and the select = TRUE option was used to enforce the double penalty. 318 

In addition to the explanatory variables mentioned above, it was also investigated whether 319 

factor variables including food availability, food type (with/without mealworms, organic feed, or 320 

kitchen scraps), as well as drinking water significantly contributed to explaining egg PFAS 321 

concentrations. Since values for those explanatory variables were too frequently missing and 322 

hence, multivariate imputation was considered inappropriate, each of these factor variables was 323 

added individually to the base model described above to assess its ability to explain observed 324 

variation in PFAS concentrations. Based on the p-values of a Chi-square anova test comparing 325 

the two models, it was determined whether the relevant explanatory variables influenced the 326 
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observed PFAS concentrations.  327 

 328 

Model visualisation 329 

The final model was used to show the relationship between explanatory variables and the 330 

observed PFAS concentrations. For each explanatory variable, 200 values were generated at 331 

regular intervals, with all other explanatory variables set to their median values. Predictions were 332 

then made for each variable-specific prediction dataframe using the function predict.gam. The 333 

uncertainty of the relationship between the response variable and each explanatory variable was 334 

assessed through two methods: 1) By exclusively considering the uncertainty in the estimated 335 

smooth function of the explanatory variable of interest (set type='terms' in the predict.gam 336 

function). 2) By considering all prediction uncertainties, including those caused by all other 337 

explanatory variables and the SPDE-term (set type='link' in the predict.gam function). To show the 338 

effect of the spatial covariates, including the SPDE term, a regular 200 x 200 point grid within the 339 

range of the x and y coordinates was first created. Corresponding values for other spatial 340 

covariates, including distance to the coast, distance to Chemours Dordrecht (Netherlands), and 341 

soil class, were subsequently extracted, and predictions were generated for this grid.  342 

 343 

Results 344 

Egg PFAS profile and concentrations 345 

A total of 810 test observations were included in the database (pfasinkaart.nl; access date: 30 346 

January 2026, first observation: 24 January 2024, last observation: 27 January 2026). Nine 347 

observations from laboratories with a limit of quantification (LOQ) > 0.2 were excluded, leaving 348 

801 observations for analysis. To assess potential reporting bias, the observations used in this 349 

study were compared with a full testenoppfas.nl dataset, which contained all laboratory results and 350 

was not subject to inherent reporting bias. The two datasets showed highly consistent distributions 351 

of ΣPFAS concentrations (Supplement, Fig. S5), with means of 3.30 and 3.51 µg/kg, medians of 352 

1.90 and 2.12 µg/kg and standard deviations of 4.70 and 4.59 µg/kg for the independent and 353 
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pfasinkaart.nl datasets, respectively. A binomial test on the proportion of samples above 1.7 µg/kg 354 

(the EU limit for ΣPFAS) revealed no significant difference (z = 1.654, p = 0.10), indicating no 355 

systematic reporting bias in pfasinkaart.nl submissions. 356 

 357 

Table 2. Descriptive statistics for the four types of PFAS, including their cumulative 358 

total (ΣPFAS). Summaries are based on all 801 samples. 359 

Type 
Mean (μg/kg 
wet weight) SE Median Max 

 > EFSA-4 
limit 

ΣPFAS 3.311 0.1936 1.896 102.40 52.43% 

PFOS 2.872 0.1819 1.600 102.00 62.05% 

PFOA 0.224 0.0165 0.110 7.80 20.22% 

PFNA 0.161 0.0122 0.070 7.90 2.62% 

PFHxS 0.054 0.0157 0.000 11.90 1.87% 
All concentration values (mean, Standard Error (SE), Median, Maximum (Max)) expressed in μg/kg 360 

wet weight. All minimum values were below LOQ and not presented. PFOS is the most abundant 361 

compound, accounting for 86.7% of the EFSA-4 sum. The percentage of samples below the EU 362 

maximum levels for both the EFSA-4 sum and the individual EFSA-4 compounds is 35.7%. 363 

 364 
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 365 

For the pfasinkaart.nl data used in this study, the mean concentration of the sum EFSA-4 366 

measured was 3.31 μg/kg egg wet weight (SE = 0.19), with a median of 1.90 μg/kg (Table 2). 367 

Overall, 52.4% of the egg samples exceeded the EU maximum level of 1.7 μg/kg. Using the EFSA 368 

tolerable weekly intake (TWI) of 4.4 ng/kg body weight for the sum of PFOS, PFOA, PFNA, and 369 

PFHxS, and assuming an average adult body weight of 78.6 kg (Centraal Bureau voor de 370 

Statistiek, 2025) with an average egg consumption of 18 g/day (126 g/week (van Rossum et al., 371 

2023), equivalent to approximately 2.5 eggs), consumption of backyard eggs at the average 372 

observed concentration in our dataset corresponds to ~121% of the TWI. 373 

Among the four PFAS compounds, PFOS was detected at the highest average concentration 374 

(2.9 μg/kg, SE = 0.18 μg/kg), exceeding the EU maximum level of 1.0 μg/kg in 62.0% of the 375 

samples (Table 2, Supplement Fig. S2). PFOA was the second most abundant PFAS compound, 376 

with a mean concentration of 0.22 μg/kg (SE = 0.017 μg/kg), exceeding the EU maximum level of 377 

0.3 μg/kg in 20.2% of the samples. Concentrations of PFNA and PFHxS were lower, with 2.62% 378 

and 1.87% of the samples exceeding the EU maximum levels of 0.7 μg/kg and 0.3 μg/kg, 379 

respectively.  380 

The distributions of the observed concentrations for all PFAS compounds were heavily right-381 

skewed (Fig. S1), with some observed egg concentrations of PFOS being very high (maximum: 382 

102.4 μg/kg). Although the overall spatial distribution of the PFAS showed clear heterogeneity, 383 

some regions were characterized by relatively high concentrations compared to other areas (Fig. 384 

1). This was most evident for PFOA and PFHxS, for which higher concentrations could be identified 385 

in the west and the north along the coast (Fig. 1). In addition, PFOA concentrations appear 386 

particularly high in the south-west of the Netherlands.  387 
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  388 

 389 

Figure 1. Spatial distribution of measured egg PFAS-concentrations for PFOS, 390 

PFOA, PFNA and PFHxS. Each point represents an individual egg sampling 391 

location. Small dark blue points indicate egg samples in which concentrations of a 392 
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PFAS compound is close to zero. PFAS concentrations are represented by both 393 

point size and colour (see legend). The factory symbol on the PFOA map marks the 394 

location of the fluorochemical plant Chemours near Dordrecht.  395 

 396 

Within-site variability of egg PFAS concentrations 397 

At some backyard chicken sites, eggs were sampled multiple times (ranging from one to four 398 

sampling events). In several cases, resampling was motivated by high PFAS concentrations 399 

measured during the initial sampling. Figure 2 shows substantial unexplained variability in the 400 

observed concentrations. For example, for PFOS, the within-site variance (σ² = 0.48 on the scale 401 

of the Tweedie link function) was only slightly lower than the among-site variance (τ² = 0.52), 402 

indicating a weak consistency among repeated measurements collected at the same site. 403 

 404 
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405 

 406 

Figure 2 Egg EFSA-4 concentrations at sites sampled on multiple occasions, with 407 

no modifications reported. Site A was sampled four times; site B and C were 408 

sampled three times each; all other sites were sampled twice. At Site K, 409 

modifications to the chicken pen (anti-root canvas, concrete tiles, and play sand) 410 

were made, and a follow-up sampling two months later (red point) showed a 90% 411 

reduction in egg PFOS concentrations and non-detects of the other EFSA-4 412 

compounds.  413 
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 414 

PFOS analysis model results 415 

In the baseline model, most variables were significant (p < 0.01, Table 3) except distance to 416 

Chemours (F = 0.419, p = 0.01282) and the average age of the hens (hens_age), likely due to its 417 

correlation with the number of eggs per hen per week (r = –0.35, p < 0.0001). Inclusion of hens_age 418 

in the model led to inconsistent p-values for other variables, and it was therefore excluded from all 419 

subsequent analyses. As described in Table 3, the area of uncovered outdoor space per hen 420 

showed the strongest significant association with egg PFOS concentrations (F = 11.1, p < 0.0001), 421 

followed by date (F = 5.20, p < 0.0001), soil class (F = 0.551, p = 0.00013) number of hens (F = 422 

1.087, p = 0.00028), number of eggs per hen per week (F = 1.11, p = 0.00023) and distance to the 423 

coast (F = 0.872, p = 0.00094). Overall, the model explained 56% of the observed variation 424 

(deviance explained) in egg PFOS concentrations. The subsequently added factor variable 425 

“lab_name” was not statistically significant (F = 0.84, p = 0.4722), suggesting that differences 426 

in analytical procedures among laboratories did not significantly affect the observed PFOS 427 

concentrations. Adding any diet-related factor variables, including whether the hens were fed 428 

organic feed (feed_organic), mealworms (feed_mealworms), or kitchen scraps (feed_scraps) also 429 

did not significantly explain variation in PFOS concentrations. Similarly, the type of water source 430 

(water_src) was not significant. In contrast, always access to feed (always_feed) was significant 431 

(F = 8.91, p = 0.0031, Table 4). However, this variable was available for only 507 records, of which 432 

just 100 (20%) indicated that feed was not always available.  As the final model required complete 433 

data for all included predictors, always_feed was not retained despite its significance.  434 

The smooth function of the most significant explanatory variable, the area of uncovered 435 

outdoor space per hen, indicated that PFOS concentrations increased with larger outdoor space 436 

(Fig. 3). However, even for very small areas (approximately 1 m² per hen), the estimated 437 

concentration was not zero but remained around 0.7 μg/kg. The model further showed a 438 

temporal decline in PFOS concentrations, with the lowest values observed between April and 439 

September 2025 (Fig. 3). The number of hens also showed a negative association with PFOS 440 

concentrations. Soil class, included as a random effect, was statistically significant but highly 441 

uncertain due to limited samples per class. Concentrations were lowest on coarse sand, slightly 442 
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loamy fine sand, heavy clay and clay, and highest on silty loam (Supplement, Fig. S3). The 443 

number of eggs per hen per week also showed a negative relationship with egg PFOS 444 

concentration, with the lowest concentrations in eggs from hens laying almost daily. Finally, 445 

PFOS concentrations were highest at sampling points closer to the coast. The spatial latent field, 446 

capturing small-scale variation, showed a highly heterogeneous pattern with distinct local 447 

hotspots (Supplement, Fig. S4). 448 

 449 
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Table 3. Summary statistics of the final model for each PFAS-compound. P-values 450 

shown in bold indicate explanatory variables that were significantly related to PFAS 451 

concentrations in eggs. 452 

PFOS PFOA 

smooth edf F p-value 

s(cday_2024) 2.377 5.200 <0.00001 

s(log_area_out_hen) 2.342 11.112 <0.00001 

s(log_hens_n) 0.916 1.111 0.00023 

s(eggs_n) 0.848 0.516 0.00774 

s(soil_class) 7.528 0.551 0.00013 

s(dist_coast) 0.927 0.872 0.00094 

s(dist_Chemours) 0.805 0.419 0.01282 

s(xkm,ykm) 207.965 0.389 0.62260 
 

edf F p-value 

0.866 0.691 0.00233 

1.559 5.687 <0.00001 

0.941 1.530 0.00002 

0.797 0.373 0.01955 

6.737 0.621 0.00001 

1.045 2.493 <0.00001 

2.842 6.056 <0.00001 

205.337 0.360 0.99006 
 

 
PFNA 

 
PFHxS 

smooth edf F p-value 

s(cday_2024) 0.966 1.688 <0.00001 

s(log_area_out_hen) 1.116 4.166 <0.00001 

s(log_hens_n) 0.993 3.343 <0.00001 

s(eggs_n) 0.962 1.228 0.00004 

s(soil_class) 3.917 0.302 0.00015 

s(dist_coast) 0.893 0.731 0.00038 

s(dist_Chemours) 0.711 0.222 0.02478 

s(xkm,ykm) 293.842 0.685 0.99437 
 

edf F p-value 

0.740 0.268 0.01808 

1.329 10.887 <0.00001 

0.120 0.013 0.16773 

0.970 1.324 <0.00001 

9.056 0.593 <0.00001 

2.740 10.124 <0.00001 

0.000 0.000 0.57936 

479.735 2.875 0.88067 
 

edf = effective degrees of freedom; F = F-statistic; p-values < 0.01 are shown in bold. Additional 453 

summary statistics for the different models: PFOS-model: Deviance explained = 55.6%, PFOA-model: 454 

Deviance explained = 53.2%, PFNA-model: Deviance explained = 61.8%, PFHxS-model: Deviance 455 

explained = 89.0% 456 

 457 
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Table 4. Model statistics for factor variables individually added to the baseline 458 

model. When lab_name was significant (p < 0.01), it was retained in the baseline 459 

model, after which all food- and water-related factor variables were individually 460 

added to the baseline model including lab_name. P-values shown in bold indicate 461 

explanatory variables that were significantly associated with PFAS concentrations 462 

in eggs. 463 

PFOS PFOA 

factor N df β F p-value 

lab_name 801 3  0.84 0.4722 

water_src 748 2  0.92 0.3987 

always_feed 507 1 -0.34 8.91 0.0031 

feed_mealworms 643 1 -0.06 0.50 0.4799 

feed_organic 643 1 0.11 1.34 0.2476 

feed_scraps 643 1 0.06 0.55 0.4588 
 

N df β F p-value 

801 3  3.07 0.0273 

748 2  1.13 0.3236 

507 1 -0.49 11.65 0.0007 

643 1 -0.01 0.02 0.8960 

643 1 0.01 0.02 0.9005 

643 1 -0.11 1.12 0.2895 
 

 
PFNA 

 
PFHxS 

factor N df β F p-value 

lab_name 801 3  2.69 0.0457 

water_src 748 2  1.28 0.2791 

always_feed 507 1 -0.31 5.07 0.0252 

feed_mealworms 643 1 0.08 0.53 0.4668 

feed_organic 643 1 0.15 1.75 0.1866 

feed_scraps 643 1 -0.09 0.79 0.3758 
 

N df β F p-value 

801 3  14.31 <0.0001 

748 2  0.72 0.4881 

507 1 -1.12 20.25 <0.0001 

643 1 -0.46 6.06 0.0146 

643 1 0.35 2.68 0.1029 

643 1 -0.05 0.09 0.7647 
 

df = degrees of freedom; F = F-statistic; β = coefficient (only shown for 2-factor variables). Within the 464 

PFHxS model, the categorical variable lab_name (with more than two factor levels) was significantly 465 

associated with PFHxS concentrations, with coefficients of β = −0.82 for Triskelion, β = 1.36 for 466 

pfastest.nu and β = 0.58 for Other. 467 

 468 
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 469 

Figure 3 GAM-estimated relationships between significant explanatory variables 470 

and observed egg concentrations of PFAS compounds. The bold line represents 471 

the average estimate, and shaded areas indicate the 95% confidence intervals. Tick 472 

marks on the x-axis represent observed values for the explanatory variables used 473 

in model fitting. The area of uncovered outdoor space per hen and the number of 474 

hens kept are shown on a logarithmic scale. Except for the explanatory variable 475 

shown in each graph, the values for all other explanatory variables were fixed at 476 

their median values. 477 

 478 
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PFOA analysis model results 479 

In the baseline model, PFOA concentrations were significantly related to distance to Chemours 480 

(F = 6.056, p < 0.00001), the area of uncovered outdoor space per hen (F = 5.687, p < 0.00001), 481 

distance to the coast (F = 2.493, p < 0.00001), soil class (F = 0.621, p = 0.00001), the total number 482 

of hens (F = 1.530, p = 0.00002) and the number of days since 1 January 2024 (F = 0.691, p = 483 

0.00233) (Table 3; Fig. 3). The number of eggs laid per hen per week was weakly significant (F = 484 

0.373, p = 0.01955). Diet-related variables (organic feed, kitchen scraps, and mealworms), water 485 

source, and the laboratory performing the analysis showed no significant relationships with PFOA 486 

concentrations. Continuous access to feed was associated with significantly lower PFOA 487 

concentrations in eggs (F = 20.25, p < 0.0001) (Table 4). Overall, the model explained 53.2% of 488 

the observed variation (deviance explained). 489 

The variable that best explained variation in PFOA concentrations was distance to the 490 

fluorochemical plant Chemours, showing a strong negative trend. The estimated half-distance, 491 

defined as the distance at which PFOA concentrations are reduced by 50% relative to levels 492 

measured in close proximity to the Chemours plant, and derived from the fitted distance smooth, 493 

is approximately 34.5 km (95% CI based on posterior simulation: 21.6 – 66.4 km). The area of 494 

uncovered outdoor space per hen showed the same pattern as for PFOS, with concentrations 495 

increasing as hens had access to larger outdoor areas. PFOA concentrations also decreased with 496 

increasing distance from the coast, with coastal sites containing roughly twice the concentrations 497 

observed far inland. Among soil classes, the lowest concentrations occurred at locations 498 

containing slightly loamy fine sand, and highest concentrations at locations containing sandy loam 499 

(Supplement, Fig. S3). Sampling date (days since 1 January 2024) was negatively related to PFOA 500 

concentration, although the association was weaker than for PFOS. Finally, as for PFOS, PFOA 501 

concentrations declined with increasing egg production per hen. The model-based spatial 502 

prediction indicated that variation in PFOA was primarily driven by distance to Chemours (Fig. 4), 503 

with a smaller contribution from distance to the coast, while the latent field revealed residual spatial 504 

heterogeneity (Supplement, Fig. S4). 505 

 506 

 507 
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  508 

Figure 4 Left: Spatial prediction of the effect of distance to Chemours and distance 509 

to the coast on egg PFOA concentrations. Right: Spatial prediction of the effect of 510 

distance to the coast on egg PFHxS concentrations. Note, while the effect of 511 

distance to the coast was highly significant for PFHxS, the absolute PFHxS egg 512 

concentrations are low overall. 513 

 514 

We also estimated the fraction of PFOA relative to the sum of all EFSA-4 compounds, which 515 

allowed us to model and visualize areas where PFOA was relatively more abundant, compared to 516 

other detected PFAS. The spatial distribution of the PFOA fraction is shown in Fig. 5. Although a 517 

few outliers are present (e.g., near Harlingen in the north), the PFOA fraction was relatively high 518 

in the vicinity of the fluorochemical plant Chemours, particularly in the area to the north-east, 519 

consistent with the dominant south-westerly wind direction (Fig. 5, right). 520 

 521 
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    522 

Figure 5 Left: The spatial distribution of the fraction of PFOA in chicken eggs. The 523 

highest fractions are found primarily around the fluorochemical plant Chemours and 524 

appear to be higher towards the east. Right: Estimated effect of the interaction 525 

between distance to Chemours and bearing to Chemours (0 degrees represents 526 

sampling locations located directly North of Chemours). 527 

 528 

PFNA analysis model results 529 

Similar to PFOS, the log-transformed area of outdoor space per hen and sampling date were 530 

highly significant predictors of PFNA concentrations (F = 4.166 and 1.688, respectively; both p < 531 

0.00001). PFNA concentrations were highest in chicken runs with large outdoor areas and lowest 532 

in egg samples collected most recently. The number of hens was also highly significant (F = 3.343, 533 

p < 0.00001), with lower concentrations observed at sites with more hens. Similarly, the number 534 

of eggs laid per hen per week was significant (F = 1.228, p = 0.00004), showing lower PFNA levels 535 

in eggs from hens with higher laying rates. Soil class was significant as well (F = 0.302, p = 536 

0.00015), with the lowest concentrations in regions characterized by (slightly) loamy fine sand. 537 
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Distance to the coast was also significant (F = 0.731, p = 0.00038), with higher concentrations 538 

near the coast. Distance to Chemours was not significant. The factor variables related to diet 539 

(organic feed, kitchen scraps, and mealworms), water source, continuous feed availability, and the 540 

laboratory performing the analysis showed no significant relationships with PFNA. Overall, the 541 

model (including the spatial latent field) explained 61.8% of the observed variability. 542 

 543 

PFHxS analysis model results 544 

For PFHxS, the variable describing the laboratory conducting the testing was highly significant 545 

(F = 14.31, p < 0.0001), with Triskelion reporting relatively lower concentrations (β = -0.82) and 546 

pfastest.nu higher concentrations (β = 1.36) compared to Normec. Hence, this variable was 547 

retained in the baseline model. Among the continuous covariates, the log-transformed area of 548 

uncovered outdoor space per hen was the most important explanatory variable (F = 10.887, 549 

p < 0.0001, Fig. 3), showing a strong positive relationship, with the highest concentrations 550 

observed in flocks with the largest outdoor areas. Distance to the coast was also highly significant 551 

(F = 10.124, p < 0.0001, Fig. 4), with narrow confidence intervals (Fig. 3), narrower than for any 552 

other PFAS compound. Soil class, included as a random effect, was significant as well (F = 0.593, 553 

p < 0.0001), with low PFHxS concentrations in regions with clay and coarse sand, but higher 554 

concentrations in clay complexes and light sandy loam (Supplement, Fig. S3). The number of eggs 555 

laid per hen per week was also significant (F = 1.324, p < 0.0001), with lower concentrations in 556 

eggs from hens with higher laying rates. Sampling date was only weakly significant (F = 0.268, 557 

p = 0.0181). In contrast, the effect of the total number of hens on PFHxS concentrations was not 558 

significant (F = 0.013, p = 0.16773) nor was distance to Chemours (F = 0.000, p = 0.57936). 559 

Overall model performance was high, with an explained deviance of 89.0%. 560 

Among the remaining categorical variables, continuous access to feed (always_feed) was also 561 

highly significant (F = 20.25, p < 0.0001), with eggs from hens that had continuous access to feed 562 

showing lower PFHxS concentrations. None of the other variables related to feed type or drinking 563 

water source were significant. 564 
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Discussion 565 

Egg PFAS profile and concentrations 566 

This present study, based on citizen science data collected from private owners of backyard 567 

chickens, shows that PFAS contamination is omnipresent in free-ranging chicken eggs across the 568 

Netherlands. PFOS dominates the observed PFAS concentrations and most frequently exceeds 569 

the EU maximum level, with measured PFOS concentrations exceeding 1.0 μg/kg in 62% of 570 

registrations. Although average PFOA concentrations were substantially lower than those of 571 

PFOS, PFOA was still detected at notable levels, especially when compared with the lower EU 572 

maximum level of 0.3 μg/kg for PFOA: 20% of egg samples exceeded the EU maximum level for 573 

PFOA, indicating that PFOA remains a compound of concern despite its lower overall 574 

concentrations. Based on the average weekly egg consumption and average adult body weight, 575 

the intake from backyard eggs at the mean observed concentration corresponds to ~121% of the 576 

EFSA tolerable weekly intake (TWI) for the sum of PFOS, PFOA, PFNA, and PFHxS. This implies 577 

that the TWI would already be exceeded through backyard egg consumption alone, leaving no 578 

remaining margin for additional PFAS exposure from other dietary sources, which is of concern 579 

given the ubiquity of PFAS in the general diet. Although PFAS concentrations were measured by 580 

different laboratories using varying protocols, such as differences in egg sample size and levels of 581 

quantification, the inclusion of laboratory as a factor variable was not significant for the most 582 

abundant PFAS compounds (PFOS, PFOA, and PFNA). This suggests that variation in analytical 583 

procedures among laboratories did not influence the estimated exposure risk. Furthermore, 584 

comparison with an independent dataset revealed no evidence of reporting bias. 585 

Comparable high PFAS-concentrations in chicken eggs are also reported elsewhere in Europe. 586 

In Belgium, especially near Antwerp, PFAS in home-produced eggs were also dominated by PFOS 587 

and frequently exceeded health-based values (Lasters et al., 2024; Lasters et al., 2022). In 588 

Germany, a nationwide NGO survey detected PFAS in 14 of 22 egg samples, with backyard eggs 589 

more affected than retail eggs and PFOS being dominant (Kuhlmann, 2025). In Greece, backyard 590 

eggs contained multiple PFAS compounds per sample, with PFOS likewise dominant (Arvaniti et 591 

al., 2025). Across the EU, eggs are recognized as a relevant contributor to dietary PFAS exposure 592 

https://www.sciencedirect.com/science/article/pii/S0048969725018935
https://www.sciencedirect.com/science/article/pii/S0048969725018935
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(EFSA CONTAM Panel et al., 2020). In the surroundings of a fluorochemical facility in China, PFBA 593 

and PFOA were the dominant compounds in home-produced eggs (Su et al., 2017; F. Wang et 594 

al., 2019). Together, these results indicate that contamination in free-ranging chicken eggs can be 595 

driven by global and site-specific emission sources. PFOS may be dominant in eggs partly 596 

because it is widely present in the environment, bioaccumulates in soil biota, and is efficiently 597 

transferred to eggs due to its strong binding affinity to specific egg lipoproteins (Su et al., 2017). 598 

 599 

Within-site variability of egg PFAS concentrations 600 

Repeated sampling at locations revealed substantial temporal variability in PFAS 601 

concentrations, with within-site variation nearly matching that among-site variation. This indicates 602 

that concentrations measured at the same location on different dates could be almost as variable 603 

as those measured at distinct sites. This suggests that a site below the regulatory maximum level 604 

on one date may exceed it on another, depending on environmental and biological conditions that 605 

fluctuate seasonally or stochastically. Consequently, although a single laboratory test may provide 606 

a rough indication of where high PFAS concentrations occur, it cannot be regarded as a conclusive 607 

indicator of human exposure risk. Egg PFAS measurements should instead be interpreted as 608 

dynamic and time dependent, reflecting both spatial heterogeneity and within-site variability. This 609 

finding underscores the need for repeated sampling in future monitoring efforts and warrants 610 

caution when communicating “safe” or “unsafe” outcomes based on a single measurement. 611 

Because PFAS are highly persistent (Lasters et al., 2023), their concentrations in soil are 612 

unlikely to be as temporally dynamic as those observed in eggs. The pronounced temporal 613 

variability therefore likely reflects time-varying and stochastic processes associated with PFAS 614 

uptake by hens and egg excretion. Potential drivers of this variability, including husbandry 615 

practices and seasonally varying environmental and biological factors (e.g., changes in foraging 616 

behavior and exposure availability), are discussed in the following sections. 617 

 618 
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Spatial variation and source influences 619 

For PFOA, there was a strong relationship visible between the concentrations in chicken eggs 620 

and the distance to the fluorochemical plant Chemours in Dordrecht, historically the main emitter 621 

and discharger of PFOA in the Netherlands. Higher PFOA concentrations were also measured in 622 

human blood serum from individuals living near the Chemours plant (van Poll et al., 2017). Also 623 

other studies did find strong associations between PFAS concentrations in wild birds and distance 624 

towards fluorochemical plants, or other industrialized or urban areas. In China, PFOS 625 

concentrations in chicken eggs collected near an industrial plant averaged 85.2 μg/kg, with 626 

maximum values reaching 340 μg/kg (Y. Wang et al., 2010). Observed PFBA were sometimes 627 

even higher concentrations, with average concentrations of 81.38 μg/kg and a maximum of 1698 628 

μg/kg detected in egg yolk (F. Wang et al., 2019). High concentrations have also been found in 629 

other species living near industrial plants. For example, high concentrations of PFOS have been 630 

measured in Great Tits (Parus major) near chemical plants in Belgium (Dauwe et al., 2007), and 631 

PFAS levels in Bald eagle (Haliaeetus leucocephalus) nestlings in urban and industrialized areas 632 

were significantly higher than in more remote locations (Route et al., 2014). Our study suggested 633 

that the half-value distance was located approximately 35 km from the Chemours plant. Given this 634 

relatively large distance, airborne dispersal is likely the most logical explanation. This hypothesis 635 

is further supported by analysing PFOA as a fraction of total PFAS. Because the present study 636 

indicates that PFAS concentrations are strongly influenced by variables related to soil associated 637 

exposure pathways (e.g., the total available outdoor area per hen), calculating this fraction partly 638 

controls for such intake effects. The modelled PFOA fraction reveals a significant interaction 639 

between distance and bearing to the point source (Chemours), with highest PFOA fractions 640 

observed at a bearing of 30° from Chemours, corresponding to the downwind region of the 641 

prevailing south-westerly winds in the Netherlands.  642 

The importance of airborne dispersal is also supported by the effect of distance to the coast, which 643 

is observed for all PFAS compounds and is particularly strong for PFHxS and PFOA. A plausible 644 

explanation for the higher concentrations along the Dutch coast, is that higher PFAS 645 

concentrations present in river discharge are transported northward along the coastline, after 646 

which sea spray aerosols distribute these compounds inland via wind forcing. This is supported by 647 
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high concentrations of PFAS reported in sea foam (Sha et al., 2024), which forms in association 648 

with high levels of organic matter, such as decomposing phytoplankton and zooplankton. Although 649 

there is also an effect of distance to the coast for PFOS, the model fitted to PFOS data explained 650 

considerably less spatial variability, suggesting a more heterogeneous distribution consistent with 651 

more widespread legacy emission patterns described earlier. 652 

 653 

Husbandry variables affecting PFAS concentrations in backyard eggs 654 

The area of uncovered outdoor space (m²) per hen is one of the most important variables 655 

explaining the observed concentrations of all four PFAS compounds (i.e. PFOS, PFOA, PFNA and 656 

PFHxS). Because these models were developed independently, this further underscores the 657 

importance of this husbandry-related variable. The high concentrations of PFAS in chicken eggs 658 

is consistent with exposure via the consumption of both soil and soil fauna. Hens may feed on 659 

invertebrates, such as earthworms, snails, slugs, isopods, and spiders. When chickens have more 660 

foraging space available per hen, it is likely that this leads to a higher access and intake of soil 661 

fauna, amplifying exposure via trophic transfer. When there are more hens (per square meter), it 662 

is likely that competition among them for this food source plays a role, which may explain why 663 

outdoor area per hen, rather than total outdoor area, provides the strongest explanation for 664 

observed PFAS concentrations. Since geographic heterogeneity was explicitly modelled using a 665 

latent spatial field, the effect of outdoor area per hen is unlikely to be a surrogate for “urban versus 666 

rural” location. Rather, it most likely captures local exposure mechanisms related to the chicken 667 

run.   668 

All PFAS compounds, except PFHxS, also showed a negative relationship with the total 669 

number of hens in each enclosure. One possible explanation is that this pattern may reflect 670 

differences in management practices among chicken owners with small and larger flocks. For 671 

example, semi-commercial egg producers may have modified their enclosures (e.g., by altering 672 

soil type) to reduce contamination by dioxins or dioxin-like PCBs (Schoeters & Hoogenboom, 673 

2006), which may also lower PFAS uptake. However, a behavioral explanation appears most 674 

plausible: hens in larger groups tend to spend more time inside their shelter close to their primary 675 
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food source, and if they do venture outside, they tend to remain close to the main flock and are 676 

less likely to forage at the enclosure periphery (Bonnefous et al., 2022; Campbell et al., 2017; 677 

Collins & Sumpter, 2007). This may explain why commercial organic farms, despite being required 678 

to provide >4 m² of outdoor space per hen, often remain below the EU maximum level for PFAS 679 

(NVWA, 2024). 680 

This study revealed a significant negative relationship between egg-laying frequency and PFAS 681 

concentrations, with eggs from hens producing more eggs per week showing lower PFAS levels. 682 

Laying frequency was, in turn, negatively correlated with hen age, suggesting that part of the 683 

observed age related pattern found in other studies (Geerlings et al., 2024; Lasters et al., 2022) 684 

may be mediated through laying intensity. Egg laying is an important elimination mechanism for 685 

PFAS in birds, with PFAS present in tissues (primarily liver, kidney, muscle and blood plasma) 686 

being transferred to the egg during egg production (Holmström & Berger, 2008; Newsted et al., 687 

2007). For hens, this is reflected in the relatively short average half-times of 4.3 days of PFAS in 688 

eggs (Göckener et al., 2020). Therefore, a higher laying frequency or the production of larger eggs 689 

is expected to lead to more rapid dilution and, consequently, shorter half-times.  690 

The analysis did not identify a significant effect of the type of chicken feed or the availability 691 

and type of water source, at least for the feed and water categories registered within this study. 692 

The only variable that shows a significant (p-value < 0.0001) negative effect on PFOS, PFOA and 693 

PFHxS concentrations is whether the hens had permanent access to food. An explanation is that 694 

a continuous supply of food may lead to a lower incentive to find other food sources elsewhere, 695 

like soil organisms.  696 

Finally, soil type may also influence PFAS concentrations. Because detailed soil type 697 

information was not consistently available, we derived soil class from an available soil map of the 698 

Netherlands instead, representing native soil conditions rather than local anthropogenic 699 

modifications. Among the covariates considered, soil class showed only a modest contribution to 700 

the observed variation, with overlapping random effect estimates, yet some consistency in the 701 

relation between soil class and PFAS concentrations was apparent. Eggs from hens kept on 702 

coarse or slightly loamy sand generally contained lower PFAS concentrations than those from 703 

clay-rich soils. This aligns with the findings of Lasters et al. (2023), who found strong indications 704 
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that soil physicochemical properties, including organic matter, clay content and pH, influence 705 

PFAS bioavailability through the dominant exposure pathways of foraging hens. Whereas sandy 706 

soils tend to retain less PFAS, the higher sorption capacity of clay can concentrate PFAS on solid 707 

particles, increasing exposure through direct soil ingestion. Furthermore, sandy soils tend to 708 

contain fewer soil invertebrates compared to clayey soil, including earthworms (Bedano et al., 709 

2016), which could represent an important exposure source for egg laying hens (Lasters et al., 710 

2023). It should be emphasized that the analysis is correlational in nature. Unmeasured variables 711 

such as spatial heterogeneity in soil PFAS concentrations arising from local sources, unrecorded 712 

husbandry practices (e.g., whether hens were allowed to roam beyond the uncovered outdoor 713 

enclosures), and soil modifications, may have contributed to the observed variation in PFAS 714 

concentrations. Accordingly, the inferred relationships should be interpreted as hypotheses that 715 

warrant targeted follow-up studies rather than as evidence of causality. 716 

 717 

Soil or fauna intake? 718 

The area of uncovered outdoor space per hen (m²) emerged as one of the most important 719 

variables explaining the observed concentrations of all PFAS compounds, strongly suggesting a 720 

key role of soil-related exposure pathways in PFAS uptake. Consistent with this, Lasters et al. 721 

(2023) showed that PFAS concentrations in soil explain a substantial proportion (e.g. 42% for 722 

PFOS) of the variation observed in PFAS concentrations in eggs. An open question, however, is 723 

whether PFAS enter hens directly through soil ingestion or indirectly via consumption of soil-724 

dwelling organisms that accumulate PFAS. This distinction is crucial, as it has direct implications 725 

for the effectiveness of potential mitigation measures. 726 

 To our knowledge, only one study provides a quantitative estimate (using n-alkane markers) 727 

of soil ingestion in free-ranging hens. The study reports mean dry-soil intakes of 1.1 g per day in 728 

grass-covered yards and 2.1 g per day under tree cover, with an upper bound of approximately 3 729 

g per day (Jurjanz et al., 2015). This study was conducted in free-ranging broiler chickens, and the 730 

experimental setting appears comparable to the husbandry conditions of the backyard chickens 731 

included in our analysis. Assuming the upper estimate of 3 g soil intake per day, that all ingested 732 
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PFAS are transferred to the egg, and an average egg mass of 60 g, the resulting PFAS 733 

concentrations in eggs would be at most about 5% of the concentrations measured in soil. Because 734 

PFAS concentrations in chicken eggs are generally higher than those observed in soil for most 735 

PFAS compounds (Lasters et al., 2023), direct soil ingestion is unlikely to be the primary exposure 736 

pathway, suggesting the most important contribution from soil fauna instead. 737 

Reliable quantitative estimates of soil fauna intake are also scarce. It has been estimated that, 738 

depending on season (wet vs. dry), 2.15–10.69 % of crop contents in scavenging chickens 739 

consisted of invertebrates (Momoh et al., 2010). These estimates likely depend strongly on factors 740 

such as the availability of outdoor space, habitat quality, and weather conditions. Nevertheless, for 741 

hens spending a relatively large proportion of time actively foraging, it is plausible that total fauna 742 

intake exceeds soil intake. Due to bioaccumulation, PFAS concentrations in soil-dwelling 743 

organisms are substantially higher than in the surrounding soil (Arcadis, 2024; Buytaert et al., 744 

2025). This supports the hypothesis that PFAS uptake in hens occurs predominantly via 745 

consumption of living organisms, such as earthworms. The strong association between PFAS 746 

concentrations in eggs and outdoor space per hen is also consistent with this mechanism. Although 747 

lower stocking densities (i.e. more outdoor space per hen) have been associated with a higher 748 

proportion of time spent foraging (Bestman et al., 2019; Campbell et al., 2017; Gebhardt-Henrich 749 

et al., 2014), reported differences between 0.5 and 5 m² per hen correspond to only an 24% 750 

increase in foraging time (Campbell et al., 2017). In contrast, our observations—particularly for 751 

PFOS—indicate approximately a doubling in egg PFAS concentrations, suggesting that changes 752 

in exposure intensity or prey availability, rather than foraging time alone, are driving the observed 753 

patterns. 754 

Also the within site variability strongly suggests that PFAS concentrations are dependent on a 755 

more stochastic process. While PFAS in soil is highly persistent, and hence relatively stable over 756 

time, PFAS concentrations in eggs from backyard chickens show high temporal variability, with the 757 

lowest PFAS concentrations observed during an exceptionally dry period (April–September 2025). 758 

In contrast, higher PFAS concentrations were found in spring, coinciding with typical peak 759 

abundance and activity of earthworms in temperate regions such as the Netherlands (Singh et al., 760 

2019). Therefore, we hypothesize that the large within-location variability in egg PFOS 761 
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concentrations from free-ranging laying hens is likely driven by a combination of temporally 762 

variable prey abundance and availability, as well as seasonally dependent hen behavior and 763 

physiology. Temporal fluctuations in the abundance and bioavailability of soil fauna may play an 764 

important role in explaining temporal variation in egg PFOS concentrations. Earthworms, for 765 

example, are known to strongly accumulate PFOS and thereby represent an important dietary 766 

exposure route for free-ranging hens (Arcadis, 2024; Lasters et al., 2023). Earthworm activity and 767 

surface availability are strongly regulated by soil moisture and temperature, with moist, moderately 768 

warm conditions promoting their presence in topsoil layers accessible to foraging hens (Eggleton 769 

et al., 2009). These effects may be further amplified indirectly through enhanced plant growth and 770 

rhizosphere activity under favorable climatic conditions, supporting higher earthworm densities. 771 

In addition to external ecological drivers, seasonal variation in hen behaviour and physiology 772 

may contribute to the observed temporal patterns. Increased outdoor activity in spring likely 773 

enhances soil and soil fauna intake, while reduced egg production during winter may (Lasters et 774 

al., 2019) partly offset reduced winter foraging and intake, resulting in less dilution per egg. 775 

 776 

Suggestions for future research 777 

The statistical analysis presented here is a preliminary exploratory study. Several 778 

improvements are obvious and could yield additional and more reliable results. For example, for 779 

simplicity the concentrations of PFOS, PFOA, PFNA and PFHxS have now been modeled 780 

independent of each other rather than including all four PFAS compounds together. Several 781 

processes, such as the area of uncovered outdoor space per hen, likely influence concentrations 782 

across PFAS compounds. A model could be chosen that models PFAS compounds jointly, where 783 

differences and similarities can be explicitly incorporated into a single model.  784 

In addition to model adjustments, other or additional explanatory variables could also be 785 

incorporated. One of these is, for example, variables related to precipitation. It is expected that dry 786 

conditions, among other factors, will make soil fauna such as earthworms less accessible, and this 787 

is one possible explanation for the lower concentrations observed in laboratory reports from April 788 

and May 2025: This period was characterized by drought with an increasing rainfall deficit. Weather 789 
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covariates, such as precipitation and soil moisture, could therefore be incorporated, potentially with 790 

time lags. More accurate PFAS source locations could also be incorporated. 791 

One of the main findings of this study is that PFAS concentrations in backyard chicken eggs 792 

are influenced not only by regional contamination but also by local husbandry-related variables, 793 

such as the available outdoor space per hen and soil type. This suggests that small-scale 794 

mitigation may be feasible, even while large-scale remediation remains challenging. Replacing 795 

contaminated soil with clean soil is one such measure. However, soil excavation is a destructive 796 

remediation measure associated with a relatively high cost and a deterioration of soil ecosystem 797 

services (Lukács & Mesman, 2008). Spontaneous processes, such as deposition and the 798 

reintroduction of mobile organisms from surrounding unremediated zones, could potentially 799 

recontaminate the clean soil (Askarani et al., 2024). 800 

Future studies could experimentally test soil interventions such as partial coverage of outdoor 801 

areas, replacement of the outdoor foraging area with sand, or measures that limit access to 802 

earthworms and other soil organisms. The latter could be tested by letting hens forage on a 803 

platform instead of the soil, hereby limiting soil and soil-fauna access. Another promising mitigation 804 

measure to be investigated could be the application of biochar in the feed, which may effectively 805 

reduce the bioavailability of PFAS and other organic pollutants in the feed, while also storing 806 

carbon dioxide and improving the breeding performance of the hens (Cornelissen et al., 2025; 807 

Schmidt et al., 2019). In parallel, long-term citizen monitoring could help evaluate the persistence 808 

of such mitigation measures and provide insight into temporal variability related to weather or soil 809 

moisture. Together, these approaches could inform practical guidance for reducing PFAS transfer 810 

to food products while complementing national efforts to limit further environmental release. 811 

 812 

Conclusion 813 

The citizen science project of PFAS in backyard chicken eggs enabled the rapid collection of a 814 

uniquely large and geographically diverse set of test results across the Netherlands, which would 815 

have been difficult to achieve through conventional monitoring programmes. Comparison with 816 

independent laboratory data confirmed that those submissions were representative and showed 817 
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no systematic reporting bias. The submissions reveal that about two-thirds of samples exceed at 818 

least one of the applicable EU maximum levels (compound-specific and the combined limit), also 819 

supporting the precautionary advice issued by the Dutch National Institute for Public Health (RIVM) 820 

against their consumption. Beyond data collection, the citizen-led nature of the project also 821 

highlights the societal relevance of PFAS contamination, as concerned households, at their own 822 

expense, directly contributed to scientific insight into environmental exposure pathways.  823 

Individual test results varied considerably, even among repeated samples from the same 824 

location (Fig. 2). Hence, a single laboratory test cannot be considered representative for the safety 825 

of eggs at a given location and should therefore not be interpreted as definitive evidence that eggs 826 

are safe or unsafe to consume. However, the collective dataset of hundreds of voluntary 827 

submissions reveals consistent large-scale patterns in PFAS contamination. This study 828 

demonstrates that decentralized citizen-driven monitoring can yield robust scientific insight, even 829 

when individual observations remain uncertain, by revealing the environmental factors that 830 

influence PFAS accumulation in backyard eggs. 831 

 While local sources may contribute to elevated PFAS levels in individual cases, the spatial 832 

patterns observed in this study indicate that large-scale environmental processes are dominant 833 

drivers of PFAS contamination in backyard eggs. The strong association between PFOA 834 

concentrations and proximity to the Chemours plant in Dordrecht (Bokkers et al., 2016), as well as 835 

elevated PFAS levels along the coast, likely linked to re-emission via sea spray, support this 836 

interpretation. These findings are consistent with the long-range atmospheric and hydrological 837 

transport mechanisms that have dispersed PFAS far beyond their original industrial sources (Z. 838 

Wang et al., 2014). The observed spatial heterogeneity likely reflects diffuse regional 839 

contamination combined with differences in keeping conditions and environmental variability, such 840 

as weather, which may influence access to and the availability of soil biota. 841 

Indeed, this analysis demonstrates that the area of uncovered outdoor space per hen is the 842 

strongest predictor of PFOS, PFNA, and PFHxS concentrations, and the second most important 843 

variable for PFOA (after distance to Chemours). Direct soil ingestion alone cannot explain this 844 

pattern, as soil ingestion is not expected to increase in proportion to the area of uncovered outdoor 845 

space. Instead, the relationship likely reflects increased intake of contaminated soil fauna, 846 
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including earthworms, which are among the best documented examples of PFAS accumulation 847 

(Burkhard & Votava, 2023; Navarro et al., 2016). This interpretation aligns with high PFAS 848 

concentrations reported in eggs of Black-tailed Godwits (Limosa limosa) (Movalli et al., 2023) , 849 

which also feed heavily on soil invertebrates. Sampling date (days since 1 January 2024) was also 850 

significant for most PFAS compounds, likely reflecting interannual variation in soil moisture and 851 

soil fauna availability, with drier conditions in spring 2025 potentially reducing exposure through 852 

this pathway. 853 

 While human intake of PFAS through the general diet is already a significant concern, as PFAS 854 

are present in diverse food types like drinking water, seafood, and other animal products (Ericson 855 

et al., 2008), this and several other studies (EFSA CONTAM Panel et al., 2020) demonstrate that 856 

home-produced eggs often represent a substantial additional source of exposure. Since PFAS in 857 

chicken eggs appears primarily driven by soil biota living in contaminated soil, adjustments to the 858 

chicken enclosure that specifically target this exposure pathway could prove effective. Because 859 

PFAS are extremely persistent and can be transported and redeposited across large areas, any 860 

ongoing emissions contribute to cumulative, long-lived environmental burdens that can re-enter 861 

residential settings and the food chain. Therefore, limiting further widespread contamination and 862 

exposure of humans and other organisms would require a near-zero emission goal. 863 

In this context, backyard eggs can serve as a sentinel matrix for environmental PFAS 864 

contamination. Our findings indicate that elevated concentrations are not confined to known 865 

hotspots, and they underscore the need for strong source control and emission reduction to 866 

prevent further spread and cumulative environmental burdens. In the short term, future research, 867 

as recommended, could focus on the effectiveness of modifications such as varying the free-range 868 

space, implementing soil modifications, or making outdoor areas less permeable to soil organisms 869 

to reduce PFAS intake. Such measures may, however, constrain natural foraging opportunities 870 

and therefore require careful consideration of potential trade-offs between egg consumption and 871 

animal welfare. 872 

 873 

 874 
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Supplement 875 

 876 

 877 

Figure S1 Frequency distribution of the observed egg PFAS-concentrations (in 878 

μg/kg wet weight). The vertical dotted line represents the EFSA maximum levels for 879 

each of the PFAS compounds. For presentational purposes the five highest 880 

concentrations for each PFAS-type were removed. For sum of EFSA-4 the five 881 

highest concentrations were 102.4, 60.6, 33.2, 30.4, 23.4 μg/kg, for PFOS 102, 882 

58.9, 29.2, 27.6 and 20.8 μg/kg, for PFOA 7.8, 5.6, 3.4, 2.74 and 2.70 μg/kg, for 883 

PFNA 7.90, 1.70, 1.70, 1.50 and 1.30 μg/kg and for PFHxS 11.9, 2.80, 1.73, 0.94 884 
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and 0.89 μg/kg. Note the different range along the x-axis for each type of PFAS. 885 

Color scheme (red and green) indicates whether concentrations are above or below 886 

the compound-specific EU maximum level. 887 

 888 
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 890 

Figure S2. Spatial distribution of concentrations relative to the EU maximum levels, 891 

which are defined as 1.0, 0.3, 0.7 and 0.3 μg/kg for PFOS, PFOA, PFNA and 892 

PFHxS, respectively 893 
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 895 

896 

 897 

Figure S3. Estimated (random) effect for each soil class on PFOS, PFOA, PFNA 898 

and PFHxS concentrations. The error bars represent 95% confidence intervals.  899 

 900 
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 902 

Figure S4. Predicted spatial distribution of EFSA-4 compounds. Predictions include 903 

the latent spatial field and all spatial covariates retained in the model; distance to 904 

the coast (all PFAS compounds), distance to Chemours (PFOA only), and soil type 905 

(all PFAS compounds). 906 
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 910 

Figure S5.  Comparison of ΣPFAS concentration probability density distributions 911 

from testenoppfas.nl results self reported to pfasinkaart.nl (blue, potentially subject 912 

to reporting bias) and all testenoppfas.nl results from the same period (pink). 913 
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