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Abstract Human activities are emitting persistent organic
pollutants (POPs) to the environment. These compounds
have raised concerns about the risk of transfer through the
food chain via animal products. They are characterized by a
strong persistence in environmental matrices and a lipophi-
licity which may lead to their accumulation in fat tissues. In
EU Regulations (no. 1881/2006, 1259/2011), maximum ac-
ceptable levels for polychlorinated dibenzo-p-dioxins,
polychlorinated dibenzofurans (PCDD/Fs), and dioxin-like
or nondioxin-like polychlorinated biphenyls (PCBs) in food
of animal origin have been set. Transfer rates from contam-
inated fodder to milk have been established: for PCBs, the
rate of transfer varies from 5 to 90 % and for PCDD/Fs from
1 to 40 %. The differential transfer of the compounds to-
wards milk is related to the hydrophobicity of the pollutants
and to their metabolic susceptibility. According to numerous
authors, soil is the major reservoir for POPs, and its
involuntary ingestion by farm animals reared outdoors
may be the main cause of animal product contamination
(meat, milk, or eggs). Recent studies seem to indicate that
soil is a real risk matrix in terms of transfer of pollutants
to the food chain. A POP crisis management is extremely
difficult, since it impacts many farmers located in the
contaminated area. The question arising is to know if
livestock contaminated by POPs may be decontaminated
and further used for their initial purpose. Recent data
demonstrate that the decontamination process appear fea-
sible and depends on initial level of contamination or the
physiological status of the animals.
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Introduction

Human activities are at the origin of persistent organic pollut-
ants (POPs) emissions in the atmosphere resulting in pollutant
deposition over the entire Earth’s surface. These deposits
affect agricultural areas near or far away from emitting sources
(Beyer et al. 2000; Lohman and Seigneur 2001) and suggest
potential concerns when considering the transfer risk of these
compounds in the food chain (Rychen et al. 2005; Antignac
et al. 2006). Defined in the Stockholm Convention, POPs are
considered toxic to human health and ecosystems. They in-
clude either pesticides, compounds of industrial origin such as
DL and NDL PCBs (dioxin-like or non dioxin-like
polychlorinated biphenyls), or unintentional byproducts of
industrial processes such as dioxins/furans (PCDD/Fs). In
recent decades, dioxins and PCBs have been the most prob-
lematic POPs in terms of transfer to animal products.

The European Union has set maximum levels for
polychlorinated dibenzo-p-dioxins, polychlorinated dibenzo-
furans (PCDD/Fs), and polychlorinated biphenyls (PCBs) in
foodstuffs of animal origin (EU Regulations nos. 1881/2006,
1259/2011). When animal products exceed regulatory limits
of POPs, marketing of animal products is prohibited and herds
have to be slaughtered. Thus, in recent POP crises in France
(defectuous Incinerator in Gilly-sur-Isère, 2001), accidental
fire in St. Cyprien (2008), defectuous industrial processes in
Grez Bouère (2011), more than 8,000 cattle have been
slaughtered. Such major crises cause human, social, and eco-
nomic disasters. From these practical crises situations, several
scientific questions have been raised and concern (1) the
identification of the exposure levels of ruminants in contam-
inated areas, (2) the characterization of the bioavailability of
POP from environmental matrices (fodder and soil), and (3)
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the evaluation of the potential of decontamination of rumi-
nants whose levels exceed regulatory standards.

POP exposure of ruminants

Ruminant exposure via soil and forage

Upon issue, POPs are directed towards the Earth’s surface by
gaseous or particulate deposits depending on environmental
conditions. Atmospheric transport of these compounds can
result in contamination of sites away from any source of
emissions (Lohman and Seigneur 2001; Garban et al.
2002). According to Bennett et al. (1998), Van Pul et al.
(1998), and Beyer et al. (2000), TCDD dioxin congeners and
OCDD can travel hundreds of kilometers. Volatility and
transport over long distances is a phenomenon also known
for polychlorinated biphenyls (PCBs). These compounds are
stable and can cover distances greater than 1,000 km from
the location of emissions and be found in isolated areas (Teil
et al. 2004). Thus, contamination of vegetation in a given site
is not exclusively linked to the nearest source. Generally, less
volatile compounds are deposited predominantly in a re-
stricted area around the emission source, while volatiles are
spread more widely. Thus, contaminants are transported in
the atmosphere down to the laminar layers circulating around
the plant allowing the interaction between contaminants and
leaf surfaces (Bakker et al. 2001). Gaseous deposition, dry or
wet deposition of particles, and root absorption are at the
origin of contact between POPs and plants (Welsch-Pausch
et al. 1995; McLachlan 1999; Bakker et al. 2000; Bakker
et al. 2001; Teil et al. 2004). Since POPs are highly lipophilic
and thus poorly soluble in the sap of plants (Simonich and
Hites 1994), contamination by root absorption is considered
negligible in fodder (Wild and Jones 1992; Welsch-Pausch
et al. 1995; Kipopoulou et al. 1999). Fodder contamination is
mainly driven by atmospheric deposition (Smith and Jones
2000; Thomas et al. 2002). In contrast, wet deposition (sol-
ubilization of pollutants in rain or fog) is limited due to the
hydrophobicity of the molecules.

Many factors like environmental conditions, characteristics
of plants, or physicochemical properties of compounds, influ-
ence the type of deposit and the amount of pollutants adsorbed
on the leaves. Plant characteristics such as hairiness of the leaf,
the composition of the cuticle or the plant architecture affect
the POP concentrations from one plant to another (Howsam
et al. 2000; Bakker et al. 2001; Wild and Jones 1992). The
cuticle, wax rich, contributes to the accumulation of lipophilic
molecules (Müller et al. 2001; Smith et al. 2001) via cutin
(Thomas et al. 1998). The outside temperature is also deter-
mining the form in which POPs will be present in the atmo-
sphere (Howsam et al. 2000; Bakker et al. 2001; Blais et al.
2003) as well as wind direction (Bakker et al. 2001; Lohman

and Seigneur 2001; Teil et al. 2004; Smith et al. 2001). Finally,
the rain can modulate the deposit through leaching or in-
creased wet deposition.

Performance and density of forage production are also
explanatory factors of pollutant concentrations in fodder
via the exchange surface with the gas phase (Smith et al.
2001). For example, the deposition surface of the plant is 6 to
14 times higher than that of the ground on which they are
planted (Simonich and Hites 1994). When contaminants are
deposited on the ground, they tend to accumulate in the
surface horizon, i.e., the first 5 cm (Fries 1982; Stevens and
Gerbec 1988; Jones et al. 1989). Due to their lipophilicity
and low aqueous solubility, POPs are generally strongly
adsorbed to soil components. Their adherence to soil com-
ponents depends on their physico-chemical properties as
vapor pressure (Henry constant), Kow (partition coefficient
octanol water), and climatic factors (Duarte-Davidson and
Jones 1996). Soil characteristics such as organic matter com-
position, organic carbon content, acidity, or redox potential,
control the processes of absorption, and desorption of con-
taminants and their distribution in the liquid solid and gas-
eous phases (Billeret et al. 2000; Chiou et al. 2000; Huang
et al. 2003).

Under certain circumstances, POP concentrations in soil
can reach 1,000 ng/kg dry matter for PCDD/Fs and 50 μg/kg
for PCBs (Krauss and Wilcke 2003). In plants, contamina-
tion levels are generally lower and do not exceed values of a
few tens of nanograms for PCDD/F and 1–2 μg PCB per kg
of forage dry matter (Costera-Pastor et al. 2006; Welsch-
Pausch et al. 1995). Such values are of course very fluctuat-
ing and are dependent on the type of contamination. Thus, a
chronic contamination at a low level will result in a contam-
inant accumulation in the soil (memory effect), while the
forage may be slightly contaminated (permanent renewal of
the plant mass). In contrast, when the contamination is severe
but with a short duration, the fodder may be more contami-
nated than soil. Thus, both soil and fodder matrices may be
risk matrices for the food chain.

If fodder intake by ruminants is well-known and con-
trolled, it has to be recalled that involuntary soil ingestion
by grazing animals has not been really studied in the past
decades. The following section summarizes the current
knowledge on soil ingestion in ruminants reared outdoors.

Soil ingestion by grazing ruminants

Soil may be ingested by grazing ruminants, either inadver-
tently or by ingestion of plants contaminated with soil or feed
(hay and salt licks) deposited on the ground. Thus, in con-
taminated areas soil is a risk matrix in terms of entry of
contaminants into the food chain (Mamontova et al. 2007).
Indeed, even if soil ingestion will always be limited and
much lower than the ingestion of forage, the differential
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contamination of soils and forages can lead to exposure via
both matrices. Therefore, it appears necessary to characterize
soil ingestion by grazing cattle in various rearing systems.

Soil ingestion by wild animals (Beyer et al. 1994), sheep
(Healy 1967), or cattle (Healy 1968; Fries 1982) has been
estimated using indigestible markers such as insoluble ash in
hydrochloric acid or titanium. However, the available data
on soil ingestion by grazing livestock have been obtained
under conditions that do not correspond to today’s practices.
Thus, these data are not easily transferable to the current
grazing systems (Healy 1968; Mayland et al. 1975; Thornton
and Abrahams 1983). It should also be noted that soil inges-
tion is necessarily variable depending on rearing and feeding
practices. Fries (1982) described soil ingestion levels rang-
ing from 1 to 3 % of total dry matter. For Healy (1968) and
Thornton and Abrahams (1983), daily ingestion of soil could
reach 1 kg of dry matter in the worst conditions of pasture.
More recently, Jurjanz et al. (2012) sought to determine the
amounts of soil ingested in dairy cows under intensive graz-
ing. These authors have focused their attention on grazing
pressure and the daily allowance of fodder. Figures 1 and 2
indicate an inverse relationship between the amount of grass
available for cattle and soil ingestion. They highlight that
when the fodder is abundant (potential ingestion of more
than 15 kg of dry matter per cow per day), soil ingestion is
very limited and does not exceed 2.5 % of the total dry matter
intake (Fig. 1). In situations where forage supply is reduced,
the amounts of ingested soil rapidly increase exceeding 1 kg
of dry matter per cow per day. Figure 2 also shows that grass
height less than 50 mm resulted in an increased risk of soil
ingestion. This study provided an interesting perspective on
soil ingestion by ruminants and revealed a certain number of
factors of variation. It should also be noted that the rate of soil
ingestion may also be linked to the animal species and the
mode of grasping forage (sheep shearing shaves for example).
Being aware that in contaminated areas soil may be more

contaminated than fodder, the contribution of soil to the
POP exposure of ruminants needs to be taken into account
when assessing the risk of POPs transfer in the food chain.

Bioavailability of POPs from fodder and soil and transfer
to animal products

Several studies in ruminants have been performed in order to
characterize the contamination process in ruminants (Fries
et al. 1973; Thomas et al. 1999; Rossi et al. 2010; McLachlan
1994; Huwe and Smith 2005). This process is based on two
successive steps:

– An initial phase where the pollutants accumulate in
adipose tissue and liver

– An equilibrium phase where the contaminant concentra-
tions in the target tissues remain constant

POP bioavailability, including absorption, distribution,
metabolism, and excretion, is depending on the physical
and chemical properties of the different compounds. Thus,
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for low chlorinated compounds like PCB 74, Thomas
et al. (1999) showed that intestinal absorption was high
and close to 81.6 %, while only 18.4 % was excreted in
feces. After absorption and distribution in various tissues
and organs via the blood stream, 51 % of the amount
absorbed was metabolized. The remaining part was stored
in the adipose tissue and contributed to the milk excre-
tion by 36.8 %. For highly chlorinated PCB congeners,
Thomas et al. (1999) demonstrated that the absorption of
PCB 138 for example was 54 % and a main part was
excreted in feces. Once absorbed, PCB 138 was stored in
the fatty tissues of animals (not metabolized) and excret-
ed in the milk by 74 %. McLachlan (1994) observed that
the “excretion/ingestion” ratio may even be higher than 100%
(106.5 %) for a given compound in case of mobilization and
excretion of PCBs previously stored in the body fat of the
animals.

Since ruminants are potentially exposed to contaminated
soil and plant matrices, there is a need to estimate the bio-
availability of POP from each of these matrices.

Transfer rate of POPs from fodder to milk

Transfer rates of pollutants from contaminated fodder
need to be determined at equilibrium when: “POP
excretion/POP ingestion=constant=transfer rate” (Jilg
et al. 1992; McLachlan and Richter 1998; Fries et al.
1999; Winters et al. 2000; Richter and McLachlan 2001;
Costera-Pastor et al. 2006). In the dairy goat, Costera-Pastor
et al. (2006) found for example that 2,3,7,8-TCDD from
“naturally” contaminated hay (area polluted by a defective
incinerator) was transferred at 40 % to milk. For DL-PCBs,
transfer rates exceeded 80 % for PCB 105, 118, and 157.
Transfer rates were more variable for NDL PCBs, 5 % (PCB
101) to over 40 % (PCB 118, 153, and 180). Fournier et al.
(2012) studied the transfer rates of POP from contaminated
corn silage collected in the PCB contaminated area of St.
Cyprien (fire of a wood industry in 2009). In this study, milk
contamination increased very fast and after the second
week of exposure to corn silage (4.65 pg toxic equivalent
quantities (TEQ)/g) the regulatory threshold of 6 pg
TEQ/g fat (MG) was exceeded. At plateau, contamination
levels were around 20 pg TEQ per g of fat and average
transfer rates were estimated at 53 % for DL-PCBs and
47 % for the sum DL-PCBs+PCDD/Fs. These two exam-
ples indicate that POPs adsorbed to contaminated fodder
are rapidly and highly transferred to milk, suggesting high
bioavailability of these organic pollutants. These results
also point out that animal reared in contaminated areas
result in animal products which may quickly exceed the
regulatory thresholds defined in EU regulations 1881/2006
and 1259/2011, and therefore become unfit for human
consumption.

Relative bioavailability of soil bound POPs

Ounnas et al. (2010) established the transfer rates of soil
bound PCBs to milk under controlled conditions. The ani-
mals were exposed for 80 days to an experimental feed
containing 5 % of PCB contaminated soil. Transfer rates of
PCBs were found between 6 and 62 % depending on the
compounds, with an average value of 44 %. These transfer
rate levels appeared similar to those obtained with POP-
contaminated fodder (Fournier et al. 2012; Costera-Pastor
et al. 2006), suggesting that soil-bound POPs are also highly
bioavailable. Although, several authors suggested that or-
ganic pollutants would be less available from soil matrices
due to their high affinity for organic matter (Pu et al. 2006;
Kookana 2011). In order to properly characterize the bio-
availability of soil bound POPs, the relative bioavailability
(RB) approach (Littell et al. 1997) has been used with the
aim to estimate the soil’s ability to retain contaminants or not
during the digestive process. These approaches involve two
groups of animals subjected to increasing doses of either the
“contaminated soil” matrix or a reference matrix (usually
oil). This approach is based on the assumption that the
concentration of a compound in the tissues or products of
excretion is directly proportional to the absorbed dose. If
linear responses are obtained, the relative bioavailability is
the ratio between the slopes of the dose–response curves for
both matrices.

This approach has been applied to evaluate the relative
bioavailability of soil bound I-PCBs in lactating goats
(Jondreville et al. 2011). RB values varied from 36 to 50 %
for PCB 118, 138 and 153, and 73 % for PCB 180. Mean
NDL PCB RB was 50 % (Fig. 3), suggesting that half of the
soil pollutants were extracted from the soil during the diges-
tive process. Since a significant part of soil contaminants
may be extracted during the digestive phase, soil needs to be
considered as a risk matrix.

Overall, the recent published data indicate that in case of
ruminant exposure to POPs via contaminated fodder or soil
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matrices, a significant part of these pollutants will be avail-
able to the animal and will result in the contamination of
animal products. Furthermore, Costera-Pastor et al. (2006)
and Fournier et al. (2012) clearly demonstrated that exposure
to contaminated fodder rapidly results in animals products
unfit for human consumption. In both studies, the threshold
values were exceeded in less than 20 days. The seasonal and
spatial variability of polychlorinated biphenyls (PCBs) in
vegetation and cow milk was also studied in a high altitude
pasture in the Alps (1900 m a.s.l.). PCB contamination in
vegetation shows a concentration peak in June, which was
mainly interpreted as the consequence of a temporary PCB
enrichment of the air layer above the ground due to net
emission fluxes from the soil (Tato et al. 2011). Lake et al.
(2013) also observed seasonal variation in the levels of
PCDD/Fs, PCBs, and PBDEs in cow milk. Changes in con-
taminant inputs from grass and silage were identified as being
the most important source of these fluctuations.

Decontamination potential in ruminants

Several studies were aimed at assessing the decontamination
process in ruminants (Fries et al. 1973; Thomas et al. 1999;
Rossi et al. 2010; McLachlan 1994; Huwe and Smith 2005;
Rychen et al. 2012). These authors suggested two distinct
phases including (1) a rapid decontamination phase, charac-
terized by a high flow of contaminants from the peripheral
compartment to the blood, and (2) a slow decontamination
phase, during which the exchange between the blood and the
peripheral compartment is more limited. The two paragraphs
below reveal that the decontamination process is related to
the physiological status of the animals.

Decontamination of ruminants via excretion in milk

Milk excretion is considered as the major route of elimination
of POPs in ruminants (Glynn et al. 2009; Rossi et al. 2010): it is
linked to the physiological status of the animal (Gill et al. 1992;
Thomas et al. 1999; Chamberland et al. 1994; Glynn et al.
2009) and to the nature of the compounds (McLachlan et al.
1990; Rossi et al. 2010). In a study reported by Fries et al.
(1973), nine cows were exposed daily to 200 mg/day of
Aroclor 1254 (a commercial mixture of PCBs) for 60 days.
After cessation of exposure, these authors demonstrated a 50 %
decrease in the concentration of PCBs in the milk during the
first 15 days (phase 1), after 15 days the concentrations de-
creased less rapidly (phase 2). Thomas et al. (1999) have
observed that the burden of PCBs in the body decreases by
25 % during the lactating period. According to Rossi et al.
(2010), the energy balance of the animal is the main factor that
affects the excretion rate of PCBs in milk. Indeed, the body fat
mobilization that occurs after parturition increases the excretion

of PCBs in milk. In contrast, reduced fat mobilization when the
energy balance is positive helps to lower the concentration of
PCBs in milk.

Thus, milk production directly results in the decontamina-
tion of dairy cows (Gill et al. 1992; Glynn et al. 2009; Rossi
et al. 2010). Recently, in the lactating goat, Fournier et al.
(2012) showed that the level of PCB in milk may drop from
20 pg TEQ/g fat to less than 6 pg TEQ/g fat (maximal
acceptable level) in less than 21 days after stopping the expo-
sure of dairy ruminants to contaminated corn silage. Thus, as
soon as dairy ruminant exposure to organic pollutants is
stopped, these animals undergo a decontamination phase
which is linked to the pollutant excretion in milk. The time
necessary to reach acceptable levels in milk is depending on
three major parameters: the initial level of contamination, the
level of milk production and the adipose status of the animals.
Overall, according to the available literature, lactating rumi-
nants may be decontaminated in a few weeks.

Decontamination of ruminants via increase of the body mass

It is established that pregnant females transfer part of the
pollutant load in utero. Furthermore, after birth, the calf will
be exposed to pollutants from mother milk. Thus, calves from
contaminated herds generally present higher POP levels than

Fig. 4 Decontamination kinetics of DL PCB in growing limousine
heifers (n=7; threshold value, 4 pg TEQ/g fat matter)

Fig. 5 Decontamination kinetics of NDL PCB in growing limousine
heifers (n=7; threshold value, 40 ng/g fat matter)
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their mother (Rychen et al. 2011). The question of farmers
owning such contaminated young bovines is to apply ade-
quate decontamination practices in order to put on the market
bovines with POP levels below the regulatory threshold
values (EU Regulations No. 1881/2006, 1259/2011).

Gill et al. (1992) have studied the PCB depuration kinetics in
calves initially contaminated during suckling. Eight growing
females calves needed a 13-month period safe feeding to lower
the PCB load from 0.42 to 0.07 μg/g fat. As part of a national
program aimed at controlling organochlorine contaminants
levels in adipose tissue of farm animals in Sweden, Glynn
et al. (2009) established correlations between the levels of
POPs, the weight gain of the animals and the volume of their
adipose tissue. These authors observed a “growth dilution” and
demonstrated an inverse relationship between the pollutants
levels and the volume of adipose tissue of the animals.

Chamberland et al. (1994) reported an experiment where 65
heifers were removed from a PCB contaminated area and
housed in an experimental farm for a period of 10 months to
evaluate their potential of decontamination. Pericaudal biopsies
were carried out at day “0, 117, 203” in order to determine PCB
levels in the body fat. These authors showed a decrease in the
concentration of PCBs in body fat, from 0.52 μg/g fat the first
day of the study to 0.09 μg/g fat at the end of the study.
According to these authors this result was due either to the
compound metabolism of to the pollutant dilution in the organ-
ism (increased volume of adipose tissue) of animals during
their growth. Chamberland et al. (1994) favored the second
hypothesis by observing a decrease in the concentration of PCB
118, 138, 153, 180, compounds known to be highly resistant to
metabolism.

Such observations were confirmed by Rychen et al. (2012)
who characterized the decontamination process of cattle
through a 6-month growing period. Eight 10-month-old
Limousine heifers with an initial PCB contamination level
higher than 20 pg/g TEQ fat (DL PCB) and 100 ng/g fat
(NDL PCB) were moved from a contaminated area to an
experimental farm located in an area free from any PCB
contamination. The heifers were reared under controlled con-
ditions and fed a standard diet based on grass silage and hay in
order to achieve a daily weight gain of 800 g/day. These
animals were subjected to a pericaudal biopsy every 2 months.
Figures 4 and 5 show the evolution of the concentrations of
DL PCBs and NDL PCBs. At the end of the study, all animals
had reached levels of PCBs below the threshold of regulatory
4 pg TEQ/g fat for DL PCBs and 40 ng/g for NDL PCBs. The
time needed to reach these threshold values was depending on
the compounds: about 6 months for DL PCBs (Fig. 4) and less
than 4 months for NDL PCBs (Fig. 5). To achieve such a level
of decontamination, a mean weight gain of more than 150 kg
was necessary. These results suggest a growth dilution and a
significant increase in fat mass as suggested by Glynn et al.
(2009) and Chamberland et al. (1994).

Conclusion

In POP-contaminated areas, forage and involuntary inges-
tion of soil are risk matrices for livestock and their food
products. The most recent results clearly demonstrate that
the pollutants from these matrices are highly bioavailable,
and therefore a significant part of contaminants from fodder
or soil will be absorbed, distributed, metabolized, and/or
excreted by ruminants. If the published results are often
incomplete and limited, i.e., limited number of molecules,
animal replicates, fodder, type of soil, they represent a suffi-
cient basis to clearly identify main risks of transfer of POPs
into the food chain. In historical contaminated areas, feeding
practices shall strictly avoid soil ingestion. A particular at-
tention has to be paid to young animals whose contamination
level may be much higher than their parent’s one.

Decontamination of cattle appears realistic for lactating
and growing animals. In contaminated areas, the main chal-
lenge will be to stop the exposure of animals through feeding
uncontaminated fodder and avoiding exposure to contami-
nated soil. Such recommendations appear valid in areas
where the contamination process is stopped and where newly
produced fodder is demonstrated to be uncontaminated (ab-
sence of significant transfer from soil to plants). It has to be
recalled that decontamination is linked to excretion of POP
in milk fat or dilution process which requires an important
weight gain of the animals, i.e., several months needed to
fatten young bovines.

Further research need be conducted to precisely identify
(1) risk feeding practices, (2) distribution of POPs in the
body, and (3) the kinetic parameters of the contamination
and decontamination in relation with fat deposition or re-
lease. In contaminated areas, livestock producers are
expecting scientific data to help them to anticipate, predict,
and manage POP crises.
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