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Abstract: Since modern agriculture relies on high volumes of chemical pesticides, monitoring the
exposure to these dangerous substances in feed and the food chain is crucial. This study investigates
the transfer of organochlorine pesticide (OCP) from water, soil, and feed to milk in free-range dairy
cows using the carryover rates (CORs) and biotransfer factors (BTFs) from feed to milk as tools
that can be used for human and animal risk assessments. BTFs can predict the transfer of OCPs
into milk due to cows’ ingestion of contaminated feed. Samples were collected from ten small-
scale dairy cow farms located near Baia Mare city, NW Romania, identified for distributing fresh
milk in the local market. After the appropriate extraction was performed, the OCP concentrations
were measured by gas chromatography equipped with an electron capture detector and randomly
confirmed using mass spectrometry. The most prominent compounds in the soil, feed, and milk
samples were hexachlorocyclohexane (HCH) isomers and dichlorodiphenyltrichloroethane (DDT)
and its metabolites. The concentrations of OCPs were lower than the maximum admissible values in
feed, water, soil, and milk. The CORs of OCPs varied over four orders of magnitudes, from 0.10%
(2,4′–dichlorodiphenylchloroethylene, 2,4′–DDE) to 250% (4,4′–dichlorodiphenyltrichloroethane,
4,4′–DDT). Similar to CORs, the values of BTFs varied largely, from 0.0001 to 1.408. Additionally, the
values higher than the unit for some BTFs could be due to the accumulation and biomagnification
of these organochlorine compounds in the animal body. The cows’ dietary exposure was evaluated
by the estimated daily intake (EDI), considering the three components of ingestion (feed, water, and
soil), and varied in the range of 0.0008–0.3509 µg/day/body weight (bw).
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1. Introduction

The global contamination of the environment with various chemicals has raised con-
cerns in the scientific community [1,2]. Among these contaminants, endocrine disruptors
are an important class of synthetic chemicals capable of interfering with the natural hor-
monal processes of human or animal bodies and can produce toxic effects, even at extremely
low doses [3,4]. All these chemicals bioconcentrate and biomagnify through the food chain,
producing numerous adverse effects (i.e., carcinogenic, reproductive, neurological, and
immunological) for both animals and humans [5].

In recent decades, agricultural chemicals, pesticides, and veterinary drugs have been
widely used in food production [4]. Organochlorine pesticides (OCPs) are widespread in the
environment and have received considerable attention in recent decades, being proven to
be ubiquitous and toxic, and to have long persistence and low biodegradability [6–8]. They
act as system toxicants and endocrine disruptors, interfering with the normal function of the
endocrine system of both wildlife and humans, thus resulting in cancer and reproduction
disorders, and being accountable for a wide range of toxic effects, like immunotoxicity and
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teratogenicity [6]. OCPs were widely used worldwide, mainly to enhance crop production
and agricultural productivity [2]. Although most OCPs were banned or their use was
drastically limited in most countries around the world [9–11], they are still produced
and used in some developing countries as they are cheap, easy to obtain, and highly
effective [2,12]. Due to their high persistence, they persevere in the environment, even after
the primary sources are eliminated [13]. After their application, the pesticide residues can
accumulate in crops, be transported into other environmental areas, such as agricultural
soils, water, air, and food chains, and bioaccumulate in different living organisms. The
OCP residues present in animal feeds can threaten animal health and reduce the safety
of livestock products for human consumption due to their high n-octanol–water partition
coefficient (Kow), log Kow > 3.8, which implies high bioavailability and lipophilicity levels,
and high octanol–air partition coefficients (Koa), 7 < log Koa < 11, which indicate high
bioaccumulation levels in terrestrial food chains [14,15]. As the contamination of feed
represents a real and unavoidable issue, there is an imminent need for rational strategies to
control and manage the food production chains by implementing good practices in feed
production, ensuring their high quality, transport, proper storage, and avoiding further
contamination. The maximum admitted concentrations of toxic contaminants in animal
feed are regulated by Directive 2002/32/EC as maximum residue levels, i.e., 10 µg/kg for
hexachlorobenzene (HCH), β–HCH, aldrin, dieldrin, and total heptachlor; 20 µg/kg for
α–HCH; 50 µg/kg for total DDT; 100 µg/kg for the sum of endosulfans; and 200 µg/kg for
lindane [16,17].

Livestock is exposed to OCPs by ingesting contaminated feed, water, or soil [18,19].
Depending on the pollutants’ bioavailability, this exposure can lead to the contamination
of animal products. Milk and dairy products are one of the main contributors to human
exposure to persistent organic pollutants since they are among the essential foods for people
of all ages in numerous countries around the globe [2,4,20]. Generally known as environ-
mental and food contaminants, persistent and lipophilic pesticides (i.e., lindane) have high
bioaccumulation rates in long-life cycle livestock, such as sheep and cows [11,14]. Thus,
identifying and quantifying pesticides in various livestock-derived foods are important
activities to assess the health risks [21,22].

Pesticide accumulation in cow milk can arise from the carryover processes via contam-
inated foodstuffs, feed, water, and soil [2,23]. Atmospheric deposition is considered the
main route of accumulation of lipophilic chemicals in grass, as plants cannot uptake these
chemicals from the soil with their roots and transfer them to the aerial part in substantial
amounts. However, since cows ingest soil by grazing, a highly contaminated soil can also be
a possible source of OCPs in cow milk and, thus, a main route for human exposure [24,25].
Since OCPs can potentially compromise the health and productivity of animals, monitoring
their concentrations in the environment and milk collected from certain areas is important
because it provides valuable information on the spatial extent of pollution.

This study is designed to (i) evaluate the concentrations of OCPs in soil, water,
feed, and milk from dairy cow farms situated in the Baia Mare area, Maramures County,
NW Romania; (ii) calculate the carryover and biotransfer factors (BTFs) of OCPs from feed
to milk; and (iii) assess the animal dietary exposure to 19 OCPs through water, soil, and
feed consumption.

2. Materials and Methods
2.1. Study Area and Sampling

The Baia Mare area is surrounded by hills and mountains and is characterized by
a mild continental climate. Therefore, dairy cows graze for most of the year. Access to
pastures provides dairy cows with fresh grass to ingest, leading to healthy cows and a
stable production, and high-quality milk with low production costs. Outdoor grazing can
also help to reduce ammonia emissions from livestock [26]. To align with the sustainability
requirements, the livestock farmers in the studied area face several challenges, such as
reducing the environmental impact and greenhouse gas emissions and increasing animal



Sustainability 2024, 16, 434 3 of 19

welfare. Half of the studied farms are family farms with up to 25 cows (Romanian Simmen-
tal and Holstein Friesian breeds), with long-lasting traditions in raising dairy cows, high
care for animal welfare, good pasture management, high product quality transmitted from
generation to generation, and are characterized by the self-production of forage for animal
feed. The cow waste is used as a natural fertilizer for crops in their vegetable gardens
and orchards. In recent years, several ecological improvements were made to enhance the
farms’ sustainability: three used solar photovoltaic energy, reducing traditional fossil-based
energy consumption. All farms are committed to enhancing their sustainability, organic
milk production, and environmental management. However, the long-lasting legacy of
using chemical fertilizers for intensive production is still experienced at present.

Soil (n = 10), water (n = 10), feed (n = 10), and milk (n = 10) were sampled in September 2022
directly from ten (F1–F10) small-scale, free-range dairy cow farms (Figure 1), identified
for frequently distributing cow milk to the market in Baia Mare city, NW Romania. The
water samples were collected in triplicate in pre-cleaned Winchester glass bottles from the
main water sources (i.e., wells, springs, or community water supplies) used for feeding the
cows. Prior to use, the bottles were rinsed with water samples. The water samples were
preserved by adding concentrated sulfuric acid, tightly sealed, and stored at 4 ◦C until the
analysis. In each farm, five individual composite soil and feed samples were obtained by
mixing five subsamples collected from five different points on the pasture. The soil samples
were randomly collected from the upper soil layer (0–10 cm) with a stainless-steel hand
shovel and homogenized after removing large roots and stones to obtain a composite bulk
sample of about 1 kg for each sampling point. The plants used for feed were collected from
each corner and the middle of the plots and combined to make a composite sample. The
milk samples were collected during the morning milking session in chemical-free glass
bottles and stored frozen (–20 ◦C) until the analysis.

Figure 1. Study area.

2.2. Sample Preparation and Analysis

The water samples were liquid–liquid extracted with hexane, purified, and concen-
trated according to the Standard ISO 6468:1996 [27,28]. The soil and feed samples were
dried at room temperature, then subjected to ultrasound-assisted extraction according to
EPA method 3550 [29] using a acetone:hexane (1:1, v/v) mixture and an ultrasonic bath
(Bandelin Sonorex, RK 1050, Berlin, Germany). PCB 209 was used as the internal standard
and added to the extraction solvents before the extraction process. The extract was pre-
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concentrated using a rotary vacuum evaporator (Laborota 4010, Heidolph Instruments,
Schwabach, Germany), purified with Florisil (Merck, Darmstadt, Germany), dried using
anhydrous sodium sulphate (Merck, Darmstadt, Germany), and evaporated to near dryness
under a nitrogen stream. The residue was redissolved in 1 mL of hexane.

Milk samples were prepared according to the methodology described elsewhere [2].
Briefly, the samples were extracted with a mixture (20:1:5, v/v) of n-hexane/ethanol/acetonitrile.
The extracts were dried on an anhydrous sodium sulphate layer, then evaporated to 5 mL
under a nitrogen flux. Then, 1 mL was accurately pipetted into a pre-weighed flask and
evaporated to dryness. The lipid content was calculated considering the mass difference. A
total of 4 mL extract was purified with Florisil and anhydrous sodium sulphate. The extract
eluted with a 1:9 elution mixture (v/v) of n-hexane/dichloromethane was evaporated to
1.0 mL. All organic solvents used were of gas chromatography grade (Merck, Darmstadt,
Germany) and used without additional purification.

A Pesticide–Mix 17 standard solution containing a concentration of 10 µg/mL of each
compound in cyclohexane was procured from LGC Standards (Wessel, Germany). The
working standard solutions were prepared by the appropriate dilution of the standard
solution in dichloromethane. Two certified reference materials (CRMs), namely, BCR–188
(natural milk powder) purchased from LGC Standards (Wessel, Germany) and QC1321
Low-Level Pesticides 1 purchased from Sigma Aldrich (St. Louis, MI, USA) were used for
the quality control.

The OCPs studied were hexachlorobenzene (HCB), α-, β-, γ-, δ-, ε-isomers of hexachloro-
cyclohexane (HCHs), dichlorodiphenyltrichloroethane (DDT), dichlorodiphenyldichloroethane
(DDD), and dichlorodiphenylchloroethylene (DDE), each with their isomers 4,4′- and
2,4′-, stated as chlorodiphenyl aliphatic compounds or DDTs; aldrin, dieldrin, heptachlor,
heptachlor epoxide isomer A, heptachlor epoxide isomer B (stated as cyclodienes), and
α- and β-endosulfan.

The concentrations of OCPs were measured using a gas chromatographic system
(Agilent Technologies 6890N Santa Clara, CA, USA) equipped with a micro-electron capture
detector (GC–ECD) and capillary column with a 30 mL × 0.32 mm ID × 3.0 µm film
thickness, DB–1 (Agilent J&W, Santa Clara, CA, USA). The random confirmation of OCPs
was performed using a GC (6890N, Agilent Technologies, Santa Clara, CA, USA) coupled
with a mass spectrometer (5973N MSD, Agilent Technologies, Santa Clara, CA, USA) on
a DP–5 capillary column (30 m × 0.25 mm i.d. × 0.25 µm film thickness), in the selected
ion-monitoring (SIM) mode. The electron-impact ionization of 70 eV and a solvent delay of
6 min were used for the mass spectrometer acquisition. For the quantification, two or three
specific ions (the most abundant as a quantifier ion and one or two ions for confirmation)
were monitored for each compound (Table 1). For the soil and feed samples, the results
were determined based on the dry matter content.

Table 1. GC-MS retention times and selected ions for MS detection in SIM mode.

Compound Retention Time, min Monitor Ions, m/z 1 Linearity (r 2)

Hexachlorobenzene (HCB) 30.696 284/249, 286 0.9998
α-HCH 30.383 181/219, 109 0.9984
β-HCH 31.805 181/219, 109 0.9997

γ-HCH (lindane) 32.329 181/219, 109 0.9994
δ-HCH 32.064 181/219, 109 0.9992
ε-HCH 33.764 181/219, 109 0.9997
Aldrin 37.100 263/265, 293 0.9994

Dieldrin 43.150 263/79, 345 0.9994
Heptachlor 35.514 272/274, 337 0.9988

Heptachlor epoxide β 35.514 353/81, 263 0.9984
Heptachlor epoxide α 39.211 353/81, 263 0.9994

Endosulfan α 41.779 241/195 0.9998
Endosulfan β 43.752 241/195 0.9989
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Table 1. Cont.

Compound Retention Time, min Monitor Ions, m/z 1 Linearity (r 2)

2,4′–DDE 40.481 246/316, 318 0.9999
4,4′–DDE 41.922 246/316, 318 0.9999
2,4′–DDD 42.266 235/165 0.9994
4,4′–DDD 43.865 235/165 0.9993
2,4′–DDT 44.014 235/165, 237 0.9976
4,4′–DDT 45.423 235/165, 237 0.9988

1 Quantifier ion/1st qualifier ion; 2 nd qualifier ion.

3. Results and Discussion
3.1. Quality Control and Assurance

A control sample (solvents and reagents prepared throughout the same analytical
procedure) was used to verify the potential cross-contamination and interference after every
10th sample. No OCP was detected in the control sample. The limits of detection (LOD) and
limits of quantification (LOQ) calculated as signal-to-noise ratio of 3:1 and 3:10, respectively,
were measured at the approximate retention time of the corresponding analyte peak. The
LOQ was roughly considered as 1.0 µg pesticide/L of solvent and was confirmed by spiking
the soil, feed, milk, and water with the concentrations of 0.05 µg/kg of dry soil, 0.05 µg/kg
of dry feed, 0.05 ng/g of fat raw milk, and 0.001 µg/L of water, respectively, by adding 1 mL
of the Pesticide–Mix 17 standard solution containing a concentration of 1.0 µg/L of solvent
of each compound, in each matrix sample. The average recovery values were in the range
of 71.5 to 118.3%, with the relative standard deviations (RSDs) of six parallel samples lower
than 15.5% for all the OCPs and investigated matrices (Table 2). The recovery rates of the
internal standard PCB209 ranged between 75.2 and 101.6%. The analyzed concentrations
of all OCPs were in good agreement with the certified concentrations in the cases of both
CRMs (Table 3).

Table 2. Average (n = 6) recoveries (%) and relative standard deviation (RSD, %) of OCPs in fortified
matrices of water (0.0020/0.0010 µg/L), soil (20/0.050 µg/kg), feed (20/0.050 µg/kg), and milk
(20/0.050 µg/kg).

Compound

Water
0.002/0.001 µg/L

Soil
20/0.050 µg/kg

Feed
20/0.050 µg/kg

Milk
20/0.050 ng/g Fat

Recovery RSD Recovery RSD Recovery RSD Recovery RSD

Hexachlorobenzene 88/85 2.3/2.0 97/86 6.8/5.2 104/95 3.5/4.4 93/91 8.7/9.0
α-HCH 96/91 3.1/2.2 81/80 11.2/6.2 86/79 9.4/4.3 88/86 13.0/6.0
β-HCH 101/95 4.4/3.6 86/85 7.9/6.3 80/91 6.9/5.8 82/79 5.0/9.0

γ-HCH (lindane) 91/95 1.2/2.0 88/81 5.5/3.2 94/88 4.9/6.2 91/87 4.3/8.9
δ-HCH 116/98 1.9/0.9 93/91 4.9/7.2 90/87 5.1/8.0 96/111 6.1/6.0
ε-HCH 103/105 0.8/1.6 96/91 3.5/4.0 88/81 4.4/4.6 86/77 5.0/8.4
Aldrin 86/90 2.2/3.0 81/80 2.9/2.7 90/79 3.0/3.6 81/77 4.4/6.1

Dieldrin 105/112 1.6/0.9 95/82 4.4/6.1 79/89 11.8/7.9 85/80 8.2/6.7
Heptachlor 85/105 5.1/2.0 90/86 6.5/4.8 118/93 4.4/6.3 105/86 15.5/12.4

Heptachlor epoxide β 89/93 0.7/1.8 81/75 7.0/8.8 107/86 1.9/5.3 83/89 10.0/6.7
Heptachlorepoxide α 88/93 1.8/1.5 85/86 3.1/4.0 104/91 3.3/6.2 91/79 7.4/5.6

Endosulfan β 109/99 2.5/3.0 99/85 4.7/3.5 87/104 6.8/7.0 93/80 5.7/5.5
Endosulfan α 95/92 2.0/1.5 88/85 4.5/5.1 91/87 2.9/7.2 86/77 5.9/9.9

2,4′–DDE 82/91 3.0/5.2 79/83 5.0/3.9 87/88 3.8/2.2 74/76 6.1/15.1
4,4′–DDE 79/81 1.6/4.8 72/77 6.1/7.1 106/82 3.1/4.4 82/76 5.2/12.0
2,4′–DDD 101/105 0.9/2.2 92/90 2.8/3.5 97/97 6.1/4.6 93/88 3.8/3.3
4,4′–DDD 72/80 3.1/2.8 77/79 4.0/5.1 81/84 8.4/9.1 75/76 8.1/11.6
2,4′–DDT 91/89 1.0/1.6 86/77 5.2/4.3 88/81 7.2/4.7 81/76 5.6/9.2
4,4′–DDT 86/93 2.2/1.1 81/75 3.6/4.0 90/83 3.2/5.1 83/79 4.8/6.1

PCB209 (internal
standard) 99/95 1.8/0.6 102/91 11.2/5.8 75/77 9.8/3.8 86/81 7.9/2.9
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Table 3. Recoveries of organochlorine pesticides using CRMs of milk and water (n = 3).

Compound BCR-188 (Milk) QC1321 (Water)

Certified,
µg/kg

Measured,
µg/kg,

RSD,
%

Recovery,
%

Certified,
µg/L

Measured,
µg/L

RSD,
%

Recovery,
%

Hexachlorobenzene 37.4 36.1 6.2 97 - - - -
β-HCH 12.0 10.1 9.3 84 - - - -

4,4′–DDE 51.0 44.0 10.6 86 5.74 5.63 9.50 98
Dieldrin 36.1 38.1 5.1 105 5.91 6.32 3.90 107
4,4′–DDT 69.0 62.2 9.6 90 2.18 2.35 11.8 108

Aldrin - - - - 6.04 6.83 4.10 113
4,4′–DDD - - - - 7.29 6.12 10.9 84

Heptachlor - - - - 2.34 2.18 4.00 93
Heptachlor epoxide α - - - - 4.98 5.13 6.70 103

3.2. Organochlorine Pesticides in Soil

OCPs can be retained in soil, thus increasing the chances of high persistence in the
environment [11]. In this study, it was considered that cows ingested soil directly during
grazing, and this should be taken into consideration due to the high contamination of
some arable fields in rural areas, as well as fields impacted by the industry and intensive
agriculture [30,31]. The range, average, and standard deviation (SD) of OCPs in the soil
samples in µg/kg of dry weight (dw) are presented in Table 4, and the contribution of
individual OCPs to the total OCPs in the soil samples are displayed in Figure 2.

Table 4. OCP concentrations (µg/kg) in soil (n = 10), normal values in soil (NV), and alert level (AL)
for sensitive soil uses.

Compound Min.–Max.
(µg/kg) Average SD NV AL [31]

Hexachlorobenzene (HCB) <0.05–0.21 0.08 0.06 – –
α-HCH 0.38–1.9 0.89 0.49 <2 10
β-HCH <0.05–4.1 1.2 1.3 <1 50

γ-HCH (lindane) <0.05–1.1 0.50 0.31 <1 20
δ-HCH 0.25–4.5 0.81 1.3 <1 50
ε-HCH <0.05–5.0 1.25 1.69 – –

Σ HCHs 1.3–15 4.6 4.1 <5 250
Aldrin <0.05–1.2 0.38 0.41 – –

Dieldrin <0.05–1.6 0.41 0.51 – –
Heptachlor <0.05–1.3 0.65 0.44 – –

Heptachlor epoxide β 0.18–1.2 0.53 0.38 – –
Heptachlor epoxide α <0.05–0.40 0.21 0.10 – –

Endosulfan β <0.05–0.51 0.22 0.17 – –
Endosulfan α <0.05–0.43 0.07 0.13 – –

2,4′–DDE 0.08–1.6 0.57 0.58 – –
4,4′–DDE 0.18–13 3.6 4.5 – –
Σ DDEs 0.31–14 4.1 4.8 <50 250

2,4′–DDD <0.05–3.6 0.77 1.13 – –
4,4′–DDD <0.05–16 3.5 5.8 – –
Σ DDDs 0.16–19 4.2 6.9 <50 250

2,4′–DDT <0.05–2.1 0.48 0.84 – –
4,4′–DDT <0.05–40 7.7 15 – –
Σ DDTs 0.05–41.8 8.1 16 <50 250

Total DDTs 1 0.52–66 17 25 <150 250
Total OCPs 3.4–76 24 26 <200 1000

1 Σ(2,4′–DDE + 4,4′–DDE + 2,4′–DDD + 4,4′–DDD + 2,4′–DDT + 4,4′–DDT).

OCPs were measured in all soil samples, the Σ HCHs being the dominant compounds
in soils from F1, F2, F3, F8, and F10, whereas the Σ DDTs were the dominant compounds
in F4–F7. Generally, the other pesticides represented less than 20% of the total OCP
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concentration, except for soils in F1, F2, and F8, where it represented about half of the total
OCP concentration. For the statistical analysis, the concentrations below the LOQ were
considered half of the LOQ value (0.025 µg/kg) [32]. Concentrations of individual and
total OCPs were, generally, around the normal values specified by the national legislation
and were much lower than the alert levels (ALs) set for sensitive soil uses [33]. Total HCH,
ΣDDE, ΣDDD, and ΣDDT are presented in Figure 3. The maximum concentration of the
different OCP classes was measured in different soil samples. Thus, the highest Σ HCH
level was measured in the soil from F3, while the lowest was in F7, whereas the highest
Σ DDEs in soils were from F7 and the lowest in F2. The concentrations of both Σ DDDs
and Σ DDTs were generally low, except for soil samples F4 and F5, where they were much
higher, but without exceeding the corresponding ALs.

Figure 2. Share of individual OCPs in total OCP concentrations in soil.

HCB was detected in 50% of the analyzed samples, with a maximum value of 0.21 µg/kg
in F5. Relatively low concentrations of endosulfans were determined in 80% of the samples.
The α-endosulfan concentration was lower than that of the β-isomer due to the higher
degradation rate of the α-isomer than of β. Compounds of HCHs, cyclodienes, and
endosulfans classes were detected in all the analyzed samples, in low concentrations,
indicating the absence of their recent applications, and also their ubiquity in the study
area. The ratios of α-HCH and γ-HCH indicate the source of HCH. A ratio between
4 and 7 shows that the source is a technical HCH, and if the ratio is near zero, the source is
lindane [34]. The high values in the present study (average 4.99) indicated technical HCH
as the source of HCH. In the analyzed soil samples, the frequencies of α-HCH and δ-HCH
were 100%, whereas the frequencies of the other three HCH isomers were 90%.

Chlorodifenyl aliphatic compounds were detected in all the analyzed soil samples
at higher concentrations than those of the other OCPs. The highest concentrations were
found in F5 (65.7 µg/kg) and F4 (60.9 µg/kg); the dominant compound was 4,4′–DDT. The
sum of DDTs was in the range of 0.52–65.7 µg/kg, with an average of 6.5 µg/kg, and were
similar to those reported by Westbom et al. in soils from Ethiopia [35], but lower than in
the soils from the Pearl River Delta in China (average: 37.6 µg/kg) [36], in agricultural
soils in Central China (average: 151.6 µg/kg) [37] and Argentina (26.3 µg/kg), [38] and
much lower than in the surface soil from rural areas with extensive historical agricultural
pesticide use in the Republic of Tajikistan (thousands of µg/kg) [39]. The concentrations of
lindane, β–HCH, dieldrin, and 4,4′-DDT were 10–100-times lower than those measured in
soils collected from cocoa-growing areas in Ghana [40]. However, the concentrations of
DDTs, 4,4′–DDE, 2,4′–DDD, β–HCH, α–HCH, γ–HCH, and δ–HCH were comparable with
those from the soils from Benevento, Italy [11].

DDT is biodegraded by microorganisms to DDE and DDD in aerobic and anaerobic
conditions, respectively; thus, the DDT/(DDE + DDD) ratio differentiates between recent
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and historical inputs of DDTs [41]. A low ratio indicates the legacy pollution of DDT
and a high ratio indicates recent inputs of DDT. The DDT/(DDE + DDD) ratio was in the
range of 0.01–2.20, with an average value of 0.50. Generally, the ratio was sub-unitary,
indicating no recent DDT inputs, but a continuous, historical exposure. In farms F4 (2.20)
and F5 (1.17), the ratio was above 1, suggesting the recent use of DDTs, although their use
was prohibited [42].

Figure 3. Average concentrations of (a) total HCHs; (b) Σ DDEs; (c) Σ DDDs; (d) Σ DDTs (µg/kg)
in soils.

3.3. Organochlorine Pesticides in Water

OCPs were detected in all water samples, the lowest concentrations found in water
from F1 (0.0187 µg/L) and the highest in F10 (0.0465 µg/L). The highest average concen-
trations were recorded for endosulfan α, followed by endosulfan β, 2,4′–DDT, δ–HCH,
and ε–HCH. The range, averages, and standard deviations of OCPs in water samples are
presented in Table 5. Hexachlorobenzene was detected in only two of the analyzed sam-
ples, with a maximum value of 0.0022 µg/L in water collected from F5. Among the HCH
isomers, δ–HCH had the highest concentrations in the water source of F6 (0.0058 µg/L)
and 0.0057 µg/L in farms F3 and F4. The ε–HCH isomer and aldrin were detected in
7 and 8 of the 10 analyzed water samples, respectively. Dieldrin, heptachlor, heptachlor
epoxide β, and endosulfan α were not detected in any investigated sample. Among the
chlorodifenyl aliphatic compounds, 2,4′–DDT and 2,4′–DDE were detected in 6 of the
10 samples, whereas 4,4′–DDE was detected in 2 water samples.

The individual OCP concentrations were lower than their corresponding maximum
admitted concentrations (MACs) set by the Romanian legislation, with two orders of
magnitude [43]. The total OCPs were lower than the MAC with one order of magnitude.
For the statistical analysis, the concentrations lower than the LOQ were considered half of
the LOQ value.

The concentrations of lindane, endosulfan α, dieldrin, and 4,4′–DDT were an order of
magnitude lower than the drinking water samples from cocoa-growing areas in Ghana [40]
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and considerably lower (by three orders of magnitude) than in the drinking water in
Yucatan, Mexico [44]. Total OCP concentrations were comparable with the sum of OCPs
in the Beiluo River, Loess Plateau, China, used as drinking and household water [45], and
lower than in the Yangtze River, used as a drinking water source [46].

Table 5. OCP concentrations (µg/L) in water samples (n = 10) and maximum admitted concentration
(MAC).

Compound Min.–Max. Average SD MAC [42]

Hexachlorobenzene (HCB) <0.001–0.002 0.001 0.001 0.1
α-HCH <0.001–0.003 0.001 0.001 0.1
β-HCH <0.001–0.006 0.002 0.002 0.1

γ-HCH (lindane) <0.001–0.002 0.001 0.000 0.1
δ-HCH <0.001–0.006 0.003 0.003 0.1
ε-HCH <0.001–0.008 0.002 0.002 0.1
Aldrin <0.001–0.004 0.002 0.001 0.03

Dieldrin <0.001 <0.001 0.000 0.03
Heptachlor <0.001 <0.001 0.000 0.1

Heptachlor epoxide β <0.0010 <0.001 0.000 0.03
Heptachlor epoxide α <0.001–0.002 0.001 0.001 0.03

Endosulfan α <0.009 <0.009 0.000 0.1
Endosulfan β <0.005–0.010 0.004 0.003 0.1

2,4′–DDE <0.001–0.009 0.002 0.003 0.1
4,4′–DDE <0.005–0.004 0.001 0.001 0.1
2,4′–DDD <0.001–0.003 0.002 0.001 0.1
4,4′–DDD <0.001–0.002 0.001 0.001 0.1
2,4′–DDT <0.001–0.003 0.001 0.001 0.1
4,4′–DDT <0.001–0.006 0.002 0.002 0.1

Total OCPs 0.019–0.046 0.032 0.008 0.5

3.4. Organochlorine Pesticides in Feed

OCPs were determined in all feed samples, the main compounds being dichlorodiphenyl-
trichloroethanes (DDTs). The range of variation, average values, and standard deviations of
OCPs in the investigated feed samples are presented in Table 6. The values obtained are
expressed in µg/kg dw. In the statistical calculations, concentrations lower than the LOQ
(<0.05 µg/kg dw) were considered half of this value.

Ruminants, such cows, can contribute to the OCPs’ transfer into the human food
chain by intaking large amounts of herbage or silage in a short period [47]. Like any
organism, animals’ health, as well as animal product quality, depends on the quality of the
environment, water, and food [48]. Thus, animal feed must not only meet the nutritional
needs of the animals to ensure their welfare, but must also have no or a limited content
of toxic compounds. In the food chain, feed quality is of the utmost importance, as it
can affect two target populations: first, the animals that consume it, and secondly, the
human consumers of animal-originated food. The maximum admitted concentrations of
toxic contaminants in animal feed are regulated by Directive 2002/32/EC as the maximum
residue level (MRL) [17].

The individual concentrations and their sum were lower than the MRL values pro-
vided by the European legislation [17]. Low concentrations of hexachlorobenzene (HCB)
were identified in four of the ten analyzed feed samples at low concentrations, with a
mean value of 0.05 µg/kg. HCH compounds were detected in all the analyzed samples,
except in the sample from F2. The average concentrations varied as follows: ε–HCH >
α–HCH > β–HCH > δ–HCH > γ–HCH. Total concentrations of HCHs (Σ α–, β–, γ–, δ–,
ε–HCH isomers) varied between 0.13 µg/kg (F2) and 24.5 µg/kg (F3), with an average
of 4.67 µg/kg and standard deviation of 7.47 µg/kg. Isomers α- and/or β-endosulfan
were detected in 60% of the samples, in low concentrations (<0.05–0.55 µg/kg). Cyclo-
diene compounds were determined in all the feed samples in low concentrations, the
average concentrations decreasing in the following order: heptachlor epoxide β > aldrin >
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heptachlor > dieldrin > heptachlor epoxide α. Chlorodiphenyl aliphatic compounds were
detected in all the feed samples, the highest concentrations being measured in samples from
F5 (3.61 µg/kg) and F9 (3.27 µg/kg). The dominant chlorodiphenyl aliphatic compound
was 4,4′–DDE. The total DDT concentrations varied in the range of 0.20–3.61 µg/kg, with
an average of 1.36 µg/kg. The OCP concentrations were relatively low, indicating no recent
input but their ubiquity in the investigated area. The concentrations of α-HCH, β-HCH,
aldrin, dieldrin, and heptachlor in our feed samples were lower than those reported by
Panseri et al. 2013 [49] and Deka et al. 2004 [50], and were far below the MRL values stated
by the EU.

Table 6. OCP concentrations (µg/kg) in feed samples (n = 10) and maximum residue level (MRL).

Compound Min.–Max. Average SD MRL [16]

Hexachlorobenzene (HCB) <0.05–0.12 0.05 0.04 10
α-HCH <0.05–4.3 0.96 1.3 20
β-HCH <0.05–3.67 0.90 1.32 10

γ-HCH (lindane) <0.05–0.67 0.25 0.21 200
δ-HCH <0.05–5.1 0.60 1.6 –
ε-HCH <0.05–11 2.0 3.7 –
Aldrin <0.05–1.7 0.41 0.52 10

Dieldrin <0.05–0.84 0.18 0.29 10
Heptachlor <0.05–1.1 0.40 0.37 –

Heptachlor epoxide β <0.05–1.5 0.59 0.48 –
Heptachlor epoxide α <0.05–0.46 0.10 0.14 –

Heptachlor total 1 <0.17–1.5 0.69 0.46 10
Endosulfan α <0.05–0.18 0.07 0.06 –
Endosulfan β <0.05–0.37 0.12 0.15 –

Σ Endosulfan 2 <0.05–0.55 0.19 0.17 100
2,4′–DDE <0.05–0.94 0.27 0.31 –
4,4′–DDE <0.05–2.9 0.42 0.86 –
2,4′–DDD <0.05–0.63 0.21 0.21 –
4,4′–DDD <0.05–0.35 0.12 0.11 –
2,4′–DDT <0.05–0.88 0.19 0.29 –
4,4′–DDT <0.05–0.66 0.14 0.21 –

Total DDTs 3 <0.20–3.6 1.4 1.2 50
Total OCPs 0.97–25 7.0 7.7 –

1 Heptachlor + heptachlor epoxide α + heptachlor epoxide β; 2 endosulfan α + endosulfan β; 3 2,4′–DDE +
4,4′–DDE + 2,4′–DDD + 4,4′–DDD + 2,4′–DDT + 4,4′–DDT.

The concentrations of Σ HCHs, Σ DDEs, Σ DDDs, and Σ DDTs (Figure 4) varied from
sample to sample. The highest concentration of HCH was measured in the feed from F3,
whereas in the other feed samples, it was much lower. The highest concentration of DDE
was found in the feed from F9, of DDDs in F5, and DDTs in F5.

3.5. Organochlorine Pesticides in Milk

Organochlorine pesticides were detected in every milk sample. Concentrations of
OCPs in milk were reported as ng/g fat. The fat content of milk varied between the range
of 3.8–4.2%, average: 4.0 ± 0.15%. The ranges, averages, and standard deviations in the
milk samples are presented in Table 7. For the statistical analysis, concentrations lower
than the LOQ (0.05 ng/g fat) were considered half of the LOQ (0.025 ng/g fat) [32]. In order
to compare the obtained OCP concentrations in the milk samples, the units of measure
were converted from ng/g fat (as shown in the present study) to µg/kg (as set by the
Order 23/2007 [51] and Regulation 396/2005 [52]); thus, the obtained concentrations were
multiplied by 0.04, as the average fat concentration in the milk samples was 4% [53], and
we assumed a density of 1.0 g/mL for milk [54].
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Figure 4. Average concentrations of (a) total HCHs; (b) Σ DDEs; (c) Σ DDDs; (d) Σ DDTs (µg/kg)
in feed.

The β–HCH isomer and 4,4′–DDE were detected in all the milk samples. The OCP con-
centrations, both individual and their sums, in the milk were below the maximum residue
levels specified by the European [51,55] and national [52] legislations by 20–90 times. HCB
was detected in nine milk samples, with maximum values in the sample from F5 (1.4 ng/g
fat). α– and β– endosulfans and were detected in 8 and 7 samples, respectively in low
concentrations. HCH compounds were also detected in all the milk samples. The mean
concentrations of the HCH isomers decreased in the following order: β–HCH > γ–HCH >
δ–HCH > α–HCH > ε–HCH. Low cyclodiene compound concentrations were detected in
90% of the samples. Their average concentrations varied as follows: heptachlor > dieldrin >
heptachlor epoxide β >aldrin >heptachlor epoxide α. Chlorodiphenyl aliphatic compounds
were detected in all milk samples, the highest sum of six DDT isomers being measured
in the sample from F9 (18.1 ng/g fat) and the lowest in the sample from F8 (1.2 ng/g fat).
Σ HCHs, Σ DDEs, Σ DDDs, and Σ DDTs (Figure 5) varied from sample to sample. The
highest concentration of HCH was measured in the milk from F8, the highest concentration
of DDE in the milk from F9, of DDD in F1, and DDT in F7.

Similar to the feed samples, the dominant compound was 4,4′–DDE. The aldrin,
dieldrin, lindane, endosulfan, 4,4′–DDE, 4,4′–DDT, and 2,4′–DDT concentrations were
much lower (by 5–50 times) than those reported in raw and pasteurized milk samples from
Kampala markets, Uganda [56], in milk samples from different regions in Ethiopia [57], and
from local markets in Sahiwal and Lahore, Pakistan [58,59]. The 4,4′–DDE and 4,4′–DDT
concentrations were approximately two-times lower than in cow milk samples from Dhaka
markets, Bangladesh [60].
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Table 7. OCP concentrations (ng/g fat) in milk samples (n = 10) and maximum residue level (MRL).

Compound Min.–Max. Average SD MRL [51,52,55]
(µg/kg/ng/g Fat)

Hexachlorobenzene (HCB) <0.05–1.4 0.62 0.40 5/125 2

α-HCH <0.05–3.1 1.1 0.94 10/250
β-HCH 0.28–12 4.7 4.0 10/250

γ-HCH (lindane) <0.05–6.9 1.9 2.0 10/250
δ-HCH <0.05–5.1 1.4 1.5 –
ε-HCH <0.05–1.1 0.44 0.44 –
Aldrin <0.05–1.5 0.60 0.53 –

Dieldrin <0.05–3.1 1.0 1.1 –
Aldrin + Dieldrin, expressed as aldrin 0.11–4.0 2.3 1.3 6/150

Heptachlor <0.05–5.0 1.7 1.7 –
Heptachlor epoxide β <0.05–1.9 0.91 0.63 –
Heptachlor epoxide α <0.05–0.45 0.18 0.15 –

Heptachlor (sum of heptachlor and heptachlor
epoxide expressed as heptachlor) 0.07–5.7 3.1 1.7 4/100

Endosulfan β <0.05–1.5 0.43 0.42 –
Endosulfan α <0.05–1.3 0.40 0.37 –
Σ Endosulfan <0.05–1.9 0.84 0.67 4/100 2

2,4′–DDE <0.05–0.14 0.07 0.04 –
4,4′–DDE 0.61–18 4.4 5.2 –
2,4′–DDD <0.05–0.46 0.12 0.14 –
4,4′–DDD <0.05–0.47 0.13 0.13 –
2,4′–DDT <0.05–0.23 0.12 0.07 –
4,4′–DDT <0.05–3.2 0.52 0.96 –

Total DDTs 1 1.2–18.1 5.2 5.2 40/1000
1 4,4′–DDE + 4,4′–DDD + 2,4′–DDT + 4,4′–DDT; 2 values in bold are expressed as ng/g fat.

In all the investigated matrices, the predominant compounds were HCH and DDT
isomers, with 4,4′–DDE as the main metabolite, except in the soil where 4,4′–DDT was the
most prominent compound, and the concentrations of HCB, cyclodienes, and endosulfans
were low, accounting for less the 20% of the total OCP concentration. The mean ΣHCHs
in milk was 4 times higher than in the soil and feed, respectively, and the mean ΣDDTs in
milk were 4-times higher and 1.5-times lower than in the feed and soil, respectively. In the
feed, water, and soil samples, the main isomers of HCH were δ-, ε-, and β-HCH, and in
milk, the main isomer was β-HCH, showing the highest BTF value among HCH isomers,
with two super-unit values. Similarly, the BTF value for the 4,4′–DDE isomer showed the
highest BTF value among the DDT isomers.

3.6. OCP Carryover Rate and Biotransfer Factor

Individual concentrations of OCPs in soil, feed, milk, and water were used to calculate
the OCP carryover rate (COR, Equation (1)) and the biotransfer factor (BTFfeed–milk, Equa-
tion (2)). Under steady-state conditions, the COR describes the fraction of ingested OCPs
transferred to animal tissue [61,62]. Generally, the COR is not strongly influenced by the
animal’s lactation rate, body weight, fat, or diet [46].

COR = Cmilk × My × 100/(Cfeed × Ifeed + Cwater × Iwater + Csoil × Isoil) (1)

where COR is the carryover rate (%); Cmilk is the concentration of OCPs in milk (µg/kg);
My is the milking yield (kg/day); Cfeed, Cwater, and Csoil are the OCP concentrations in
the feed (mg/kg dw), water (µg/L), and soil (mg/kg dw), respectively; and Ifeed, Iwater,
and Isoil are the daily intake values of the feed, water, and soil (kg/day dw). Based on the
average milk production in the investigated farms, an My value of 20 kg/day was used for
the calculations.
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Figure 5. Average concentrations of (a) total HCHs; (b) Σ DDEs; (c) Σ DDDs; (d) Σ DDTs (ng/g fat)
in milk.

The calculation of the COR was based on the following factors: (i) during the study,
the intake was constant and equal to 20 kg/day of dw feed [33], 20 L/day of water [63],
and 0.41 kg/day of dw soil [30,31]; (ii) the animal diet was represented exclusively by
the grass/feed harvested from the investigated pastures, water from the analyzed source,
and soil from the investigated pastures; and (iii) the concentrations of the contaminants
represented the determined concentrations in the water, soil, and feed, considering that
equilibrium conditions were achieved. For the calculation of the COR, the concentrations
of OCPs in the milk were converted from ng/g fat to µg/kg (milk), considering the milk
fat content of 4% [51]. Concentrations of OCPs in the milk, soil, and feed <LOQ were
considered equal to LOQ/2 = 0.025 (ng/g fat).

The BTF quantifies the dietary transfer of environmental contaminants into the animal
and human body. The BTFs of OCPs from vegetation to milk were calculated as the
ratio between the OCP concentration in milk and the daily intake of OCPs, according to
Equation (2) [64,65]:

BTF = Cmilk/D (2)

where Cmilk is the concentration of the contaminant (OCP) in milk (µg/kg ww) and
D (Equation (3)) is the dietary intake of OCPs (µg/day). The concentration of OCPs in milk
was converted from ng/g fat into µg/kg whole milk.

D = Cfeed × Ifeed (3)
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where Cfeed is the concentration of OCPs in the feed (mg/kg dw) and Ifeed is the daily
intake of feed (20 kg/day dw). For the BTF calculation, OCP concentrations <LOQ in milk
and feed were considered equal to LOQ/2 = 0.025 (ng/g fat).

The calculation of the BTF was based on the following factors: during the study,
feed/fodder intake was constant and equal to 20 kg dw/day for each case [32], and we
assumed that animal diet was represented exclusively by the grass/vegetation harvested
from the investigated pastures.

Basic statistics (minimum, maximum, averages, and standard deviations) of the
COR and BTF are presented in Table 8. The COR values varied over four orders of magni-
tudes, from 0.10% (2,4′–DDE) to 250% (4,4′–DDT). The high variability of the COR could
be a consequence of the diverse structure of OCPs, which caused varying animal behavior
in the environment.

Table 8. Basic statistic of carryover (COR) for OCPs in feed, water, and soil to milk and of biotransfer
factors (BTFfeed–milk) for organochlorine compounds from the feed to milk.

Compound
COR, % BTFfeed–milk

Min–Max Average Std. Dev Min–Max Average Std. Dev

Hexachlorobenzene (HCB) 3.8–120 56 38 0.0080–0.416 0.147 0.139
α–HCH 0.30–182 31 57 0.0007–0.286 0.044 0.090
β–HCH 7.3–115 55 37 0.0013–1.016 0.312 0.425

γ–HCH (Lindane) 0.18–121 46 43 0.0007–0.816 0.115 0.250
δ–HCH 2.3–88 41 33 0.0003–0.294 0.081 0.093
ε–HCH 0.20–46 7.3 14 0.0001–0.133 0.028 0.053
Aldrin 0.15–210 45 83 0.0001–0.180 0.034 0.063

Dieldrin 2.0–123 52 46 0.0022–0.204 0.087 0.084
Heptachlor 2.0–88 24 27 0.0019–0.302 0.051 0.097

Heptachlor epoxide β 0.69–30 10 10 0.0015–0.041 0.008 0.012
Heptachlor epoxide α 0.21–63 20 22 0.0001–0.034 0.006 0.010

Endosulfan α 0.68–133 42 42 0.0003–0.072 0.021 0.029
Endosulfan β 0.27–162 38 53 0.0001–0.059 0.016 0.021

2,4′–DDE 0.10–19 4.4 7.2 0.0002–0.020 0.005 0.007
4,4′–DDE 22–75 49 21 0.0109–1.408 0.334 0.453
2,4′–DDD 0.14–31 7.9 11 0.0001–0.024 0.004 0.008
4,4′–DDD 0.15–71 11 22 0.0001–0.020 0.003 0.006
2,4′–DDT 0.22–32 12 11 0.0004–0.016 0.007 0.006
4,4′–DDT 0.12–250 43 81 0.0002–0.294 0.039 0.091

The BTF values varied widely due to the very diverse chemical structure of the
organochlorine compounds, which implied major differences in their metabolism and
biotransformation, storage in various organs, and excretion [66]. Similar to the CORs, the
values of BTFs varied largely, from 0.000075 for aldrin to 1.408 for 4,4′–DDE. Additionally,
the values higher than the unit for some BTFs could be due to the animal body accumulation
and biomagnification factors of these organochlorine compounds.

3.7. Cows’ Dietary Exposure to Soil, Water, and Feed Ingestion

The accumulation of toxic organic compounds in agricultural soils is of great impor-
tance due to their negative impact, in general, and of OCPs in particular, on cultivated
plants, the health of the animals that consume them, and the soil ecosystem [31].

According to the European Food Safety Authority (EFSA), dietary exposure, expressed
as (kg/day)/body weight (kg), is estimated as the concentration of chemicals in feedstuff
multiplied by the amount of feedstuff consumed, divided by body weight [67]. Thus, the
dietary exposure of the cows was calculated by a deterministic method for chronic exposure
to low concentrations, namely, by calculating the estimated daily intake (EDI; Equation (4))
for each contaminant, considering the three components of ingestion: feed, water, and soil
consumption. As suggested by the EFSA, the body weight (bw) of a lactating cow is 650 kg,
used as the default value [67].

EDI = (Cfeed × Ifeed + Cwater × Iwater + Csoil × Isoil)/bw (4)
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where EDI is the estimated daily intake of OCPs, in µg/day; Cfeed, Cwater, and Csoil are
the concentrations of OCPs in the feed (mg/kg dw), water (µg/L), and soil (mg/kg dw),
respectively; Ifeed is the daily intake of feed (20 kg/day dw, [33]), Iwater is the daily intake
of water (20 L/day, [63]), Isoil is the daily intake of soil (0.41 kg/day dw, [30,31]); and bw is
the body weight of a lactating cow (650 kg [67]).

The basic statistics of the EDIs for each OCP calculated by summing the daily intakes
of feed, water, and soil in each of the ten sampling points, are presented in Table 9. The
EDI values varied between 0.0008 µg/day/bw (for HCB, β-HCH, lindane, and heptachlor)
and 0.3509 µg/day/bw (for ε–HCH). In general, the daily intake of OCPs was from
feed > daily intake of soil > daily intake of water.

Table 9. Basic statistics for estimated daily intakes (EDIs, µg/day) of organochlorine compounds.

Compound Min.–Max. Average Std. Dev.

Hexachlorobenzene
(HCB) 0.0008–0.0039 0.0017 0.0012

α–HCH 0.0011–0.1336 0.0302 0.0392
β–HCH 0.0008–0.1160 0.0284 0.0413

γ–HCH (Lindane) 0.0008–0.0212 0.0081 0.0066
δ–HCH 0.0010–0.1603 0.0190 0.0497
ε–HCH 0.0008–0.3509 0.0611 0.1151
Aldrin 0.0009–0.0519 0.0129 0.0164

Dieldrin 0.0008–0.0265 0.0059 0.0093
Heptachlor 0.0008–0.0340 0.0127 0.0114

Heptachlor epoxide β 0.0009–0.0463 0.0185 0.0149
Heptachlor epoxide α 0.0009–0.0144 0.0033 0.0045

Endosulfan α 0.0009–0.0119 0.0039 0.0048
Endosulfan β 0.0009–0.0058 0.0023 0.0018

2,4′–DDE 0.0009–0.0299 0.0088 0.0097
4,4′–DDE 0.0011–0.0903 0.0154 0.0267
2,4′–DDD 0.0008–0.0217 0.0069 0.0071
4,4′–DDD 0.0008–0.0206 0.0060 0.0067
2,4′–DDT 0.0008–0.0286 0.0062 0.0095
4,4′–DDT 0.0008–0.0414 0.0093 0.0157
Total DDT 0.0066–0.1529 0.0527 0.0482

By summing the individual EDI for each organochlorine compound in each farm,
we obtained the total EDI for all organochlorine compounds, which varied between
0.0523 µg/day/bw (F2) and 0.826 µg/day/bw (F3), with an average of 0.261 µg/day/bw ±
0.234 µg/day/bw.

4. Conclusions

Nineteen organochlorine pesticides were determined in the soil, water, feed, and
milk from ten small—scale, free—range dairy cow farms in NW Romania. As a step of
managing OCP residues in livestock products (milk), we calculated the carryover rate
and biotransfer factor after oral exposure via feed, water, and soil. The estimated daily
intake (EDI) was also calculated for each contaminant considering the three components of
ingestion: feed, water, and soil consumption. Organochlorine compounds did not exceed
the maximum permissible concentrations according to the European legislation in any of
the studied samples. The HCH and DDT values were the most abundant components in
the soil, feed, and milk samples. BTF values higher than the unit suggest the accumula-
tion and biomagnification of OCPs in the animal’s body. The EDI values varied between
0.0008 µg/day/bw for HCB, β-HCH, lindane, and heptachlor, and 0.3509 µg/day/bw for
ε–HCH. Considering the diffuse contamination of the environment by these compounds
and their endocrine-disrupting effects at extremely low concentrations, no potential expo-
sure of the milk-consuming population in the studied area can be considered. The obtained
results provide valuable information on the bioaccumulation of OCPs in animals and milk



Sustainability 2024, 16, 434 16 of 19

and, thus, the potential human exposure of the human consumer to this food. In the
studied farms, constant care results in better environmental management and an increase
in the farm’s sustainability outcomes. However, the guiding and supervising role of the
government promotes the sustainable development of the whole dairy industry chain.
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