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The production of polychlorinated biphenyls (PCBs) is prohibited by the Stockholm Convention in 2001, but the
unintentionally produced PCBs are still continuously discharged into the environment. In this study, the distribu-
tions, biomagnification and toxicity amplification in a grassland food network (including inorganic environment,
animals and vegetation) were investigated. PCB concentrations in various samples were determined, and PCBs
appeared to be enriched as the trophic level increased. The PCB concentrations in the inorganic environment
samples ranged from below the detection limit to 0.329 ng g−1, and the PCB concentrations in vegetation were
0.0829–4.45 ng g−1. The PCB concentration in snake subcutaneous fat (8.74 ng g−1 lipid weight) was higher
than the concentrations in other animal samples, and the next highest concentration was found in yellowweasel
muscle (7.31 ng g−1 lipid weight). Biomagnification factors were calculated for different PCBs and different or-
ganisms. Biomagnification was most obvious for organisms at the top of the food chain (the snake/mouse
biomagnification ratio was N1000). The PCB-126 toxic equivalent concentration increased markedly as the tro-
phic level increased. The toxic equivalent concentrations were 1200 times higher for high trophic level biota
than low trophic level biota. PCB-169 had the highest toxic equivalent concentrations for the animal hair samples
(0.00001 pg toxic equivalents g−1). However, PCB-81 had the highest toxicity equivalent concentrations for the
herdsmen hair samples. PCBs found at relatively low concentrations and low toxic equivalent concentrations at
low trophic levels can be biomagnified as they are transferred through the food chain and can reach high actual
and toxic equivalent concentrations at high trophic levels.
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1. Introduction
Polychlorinated biphenyls (PCBs) are man-made chemicals that are
chemically stable, have excellent thermal conductivity and insulation
properties, and are not flammable (Wang et al., 2014).Because of
these properties, PCBs have been widely used in heat exchange devices,
in insulating oils in capacitors and transformers, and as lubricating
agents, plasticizers, and additives in various types of coating (Li et al.,
2007). PCBs were first synthesized in the laboratory in Germany in
1881 and started to be produced commercially in various countries in
1929 (Li et al., 2007). The properties of PCBs fit the criteria used to de-
fine persistent organic pollutants (POPs), and PCBs are included in the
Stockholm Convention on POPs. PCB production around the world
ceased from the 1970s onward (Zhao, 2008). It has been estimated
that ~1 × 106 t of PCBs were produced globally between 1930 and
1993 (Zhao, 2008). PCB production in China started in 1965, but PCB
production in China gradually ceased from 1974 (Meng et al., 2008).
Dioxin-like PCB and toxic equivalent (TEQ) concentrations in serum
from the general population ofWeifang City (China) decreased between
2011 and 2017, but the decrease was not statistically significant. The
concentrations of most individual dioxin-like PCB congeners decreased
between 2011 and 2017, but the PCB-118 concentration increased. The
dioxin-like PCB congener patterns in the samples collected in 2011 and
2017were therefore clearly different (Liu, 2018). PCBs can persist in the
environment for a long time, and canmigrate in the atmosphere and ac-
cumulate at high latitudes and altitudes because of global fractionation
(Zhang, 2010a, 2010b). It has been found that certain organic contami-
nants can reach high concentrations in organisms relative to the con-
centrations in the environment the organisms inhabit (Mackay and
Fraser, 2004). Organisms consuming contaminated organisms
(e.g., fish) can be exposed to high doses of toxic chemicals (Mackay
and Fraser, 2004). PCBs can cause toxic symptoms such as skin damage
and liver damage. People and animalswill show lethargy, generalweak-
ness, loss of appetite, nausea, abdominal distention, abdominal pain,
jaundice, hepatomegaly, etc. after they are poisoned. Low concentra-
tions of PCBs will slowly invade the human body such as damaging
the liver, kidney and heart. PCBs can even be incorporated into the
DNA of cells, leading to the disorder of genetic factors and the genera-
tion of cancer (Chen and Fang, 1989). Many accidents about PCBs pollu-
tion in history such as PCBs pollution incident in Aniston, USA; PCBs
pollution in Irish pork, Japan and Taiwan had caused great loss and
pain to human beings (Chen and Fang, 1989). Therefore, PCB concentra-
tions in the environment and the transfer of PCBs to biota need to be
studied.

As mentioned above, PCBs are persistent, can accumulate in
biota, and are toxic (Wang et al., 2014). PCBs are semi-volatile, so
can be transported long distances in the atmosphere and then be
deposited to the terrestrial environment. POPs can be transported
from their sources to areas in which they have never been used
(Lohmann et al., 2009), and tend to be deposited in areas with
low temperatures (i.e., at high latitudes (particularly the poles)
and altitudes). POPs have been found in the Arctic and have accu-
mulated through Arctic food chains (MacDonald et al., 2000).
POPs bioaccumulate in aquatic biota and biomagnify through
aquatic food webs. Very high concentrations of POPs have been
found in fish blood and liver (Hoekstra et al., 2002; Kelly and
Gobas, 2003; Kelly and Gobas, 2001). POP concentrations in ambi-
ent air have been determined in many studies (Halsall et al., 1998;
Su et al., 2006; Su et al., 2008), but POP concentrations in grass have
been studied little. No comprehensive study of PCBs in complicated
terrestrial food webs has been performed (Chen and Hale, 2010).
Unintentional emissions of PCBs during industrial processes have
become the main sources of PCBs to the environment, although
PCB residues in environmental media from historic PCB use re-
mains a problem. The effects of unintentional emissions of PCBs
on PCB concentrations in remote areas and PCB transfer through
terrestrial food chains are not yet clear (Kim et al., 2015;
Vorkamp et al., 2015; Wolschke et al., 2015).

In this study, samples from a remote area, Xilingol Prairie in Inner
Mongolia, were analysed. Samples representing a complete closed-
loop food web were analysed to allow PCB concentrations in different
biota at the same trophic level and the transfer and biomagnification
of PCBs between biota at different trophic levels to be investigated.

2. Materials and methods

2.1. Sample collection

Samples were collected from three areas in Xilingol Prairie. One area
was the 426 × 106 m2Maodeng Pasture (M.P.) National Nature Reserve
(116.36° E, 44.24° N, 1010 m above sea level). Samples were collected
from three private pastures in the second area, which was 40 km from
the eastern part of Xilingol City. The three pastures were called herds-
man household H.H.1, H.H.2, and H.H.3. This area was at 116.39° E,
44.19° N, and 970 m above sea level. Samples were also collected from
two private pastures 80 km from the northern part of Xilingol City.
These two pastures were called H.H.4 and H.H.5. This area was at
116.22° E, 44.63° N, and 1190 m above sea level. The sampling areas,
sampling point locations, and relevant information on the samples are
shown in Fig. 1. Samples of well water (500 mL per sample), surface
soil (0–10 cm deep), and air (collected using passive air samplers)
were collected between 4 April and 19 July 2018. Samples of vegetation
(the first trophic level) were collected. The vegetation samples were of
Artemisia frigida, Agaricus tenuifolia, Leymus chinensis, Allium
mongolicum, and grass seeds. Insect (second trophic level) samples
were collected during the night by attracting the insects to light. The in-
sect species that were collected were oriental migratory locust,
Cnethodonta grisescens, Xylinophorus mongolicus Faust, and Cimex
lectularius. Samples of animals at the third trophic level killed on roads
were collected, but mice were captured. The animals collected from
roads were toads, snakes, and birds. No animals that are protected in
China were harmed during the sampling process. The third trophic
level samples that were collected were toad (Bufo gargarizans), lizard
(Phrynocephalus frontalis), mouse (Spermophilus erythrogenys) muscle,
mouse (Lasiopodomys brandtii) muscle, bird (in the genus Passer) mus-
cle, bird (barn swallow) muscle, bird (Cuculus canorus) muscle, and
Mongolian sheep (in the subfamily Caprinae) muscle. Fourth trophic
level animal samples were also collected. These were snake (Elaphe
dione) muscle, viscera, skin, and yellow weasel (Mustela sibirica) mus-
cle. Hair was also collected from the backs of the necks of herdsmen.
Wool was collected from the backs and tail ends of sheep. Hair was col-
lected from the backs of the necks and from the tails of horses and from
the tails of cattle. The samples were stored at a low temperature until
they were analysed.

2.2. Pretreatment and extraction

2.2.1. Sample pretreatment
A 100 mL aliquot of a water sample was extracted with 200 mL of a

1:1 v/v mixture of n-hexane and acetone. The internal standards
(0.64 ng of 13C-labeled PCBs) were added, then the sample/extractant
mixture was shaken for 1 h and then allowed to separate. A 50 mL ali-
quot of the upper layer was removed, then the extraction was repeated
five times. The other samples were Soxhlet extracted. Before extraction,
each solid sample was freeze-dried. The internal standards (0.64 ng of
13C-labeled PCBs)were added to an aliquot of a sample, then the sample
was Soxhlet extractedwith 200mL of a 1:1 v/vmixture of n-hexane and
acetone for 24h. The extractwas then rotary evaporated and then trans-
ferred to a centrifuge tube and evaporated to dryness to determine the
lipid content. The residue was then dissolved in 5 mL of a 1:1 v/v mix-
ture of n-hexane and acetone.



Fig. 1. Sampling information in Xilingol Prairie of China and a diagram of the food web.
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Each extract was evaporated to 4 mL, then centrifuged and the im-
purities removed. The extract was then passed through a composite sil-
ica gel column containing, from bottom to top, 1.0 g of neutral silica gel,
4.0 g of alkaline silica gel, 1.0 g of neutral silica gel, 8.0 g of acidic silica
gel, 2.0 g of neutral silica gel, and 4.0 g of anhydrous sodium sulfate.
Once the sample extract had been applied, the column was eluted
with 18.0 mL of n-hexane, which was discarded. The column was then
eluted with 100.0 mL of a 97:3 v/v mixture of n-hexane and dichloro-
methane, which was collected. The solution was evaporated to a small
volume, transferred to a sample vial containing 100 μL of nonane, and
evaporated to 100 μL under a gentle stream of nitrogen. The extracts
were then analysed by gas chromatography mass spectrometry.

2.2.2. Instrumental analysis
The gas chromatograph was fitted with a J&W DB-5 MS column

(30m length, 0.25 mm i.d., 0.1 μm film thickness; Agilent Technologies,
Santa Clara, CA, USA). The oven temperature program started at 100 °C,
which was held for 3 min, then increased at 5 °C min−1 to 250 °C. The
injection port, ion source, and quadrupole temperatures were 300,
150, and150 °C, respectively. Thecarrier gasflowratewas1.0mLmin−1.
The sample injection volume was 1.0 μL, and splitless injection mode
was used. The mass spectrometer was operated in negative chemical
ionization mode and selected ion monitoring mode, and quantitative
analysis was performed. The m/z ratios monitored were 256.0 and
186.0 for PCB-28; 290.0 and 292.0 for PCB-81,-77 and − 52; 326.0 and
328.0 for PCB-123, −118, −114, −105,-101 and − 126; 360.0 and
362.0 for PCB-169, −167, −157, and − 156; and 394.0 and 396.0 for
PCB-189 and -180. The m/z ratios monitored for the 13C12-labeled PCB
internal standards were 12 units higher than the m/z ratios monitored
for the corresponding unlabelled PCBs.

2.2.3. Quality control and assurance
Each item of glassware was rinsed 30 times with distilled water and

15 times with ultrapure water, then baked at 450 °C, and then rinsed
three timeswithpesticide residue grade n-hexanebefore use. The target
compounds were quantified using an isotope-labeled internal standard
method using a five-point calibration. The calibration curve correlation
coefficient r was N0.9999 for every analyte. The PCB concentrations in
the samples were very low, so the limit of detection was defined as
the concentration giving a signal-to-noise ratio of 3. The instrument de-
tection limits were 0.05–2 pg, and the method detection limits were
0.1–10 pg g−1 lipid weight (l.w.).

Procedural blank and field blank were analysed with the real sam-
ples. The target compounds were not detected in the blanks. The recov-
eries for the inorganic environmental samples were 40%~110%. The
recoveries for the plant samples were 30%~150%. The recoveries for
the animal samples were 50%~200%. In this study, 121 samples were di-
vided into eight groups for analysis. We randomly selected one sample
from each group for duplicate test and RSDs of all duplicate products
were between 4.47% and 15.2%.

3. Results and discussion

3.1. PCB concentrations and distributions in the grassland ecosystem

Xilingol Prairie is in a clean middle-latitude and high-altitude area.
There are no records of PCBs being produced in the area. All sampling
areas are mostly inaccessible places, so there are fewman-made equip-
ment in the prairie. The PCBs in the areawill therefore havemainly been
supplied through atmospheric deposition (Yu et al., 2013). The PCB con-
centrations in the samples are shown in Table 1. The concentrations of
most of the PCB congeners in the water samples were below the detec-
tion limits. Hexachlorobiphenyls and heptachlorobiphenyls only
accounted for b10% of the total PCBs in groundwater samples, while
accounted for 31.3% of the total PCBs in soil samples. Soil was more
likely than water to accumulate more-chlorinated PCBs. The
tetrachlorobiphenyls contributed 30% of the total PCB concentrations
in the soil samples. The sum of the PCB-28, −52, −77, −81, −101,



Table 1
Polychlorinated biphenyl (PCB) concentrations in environmental, vegetation, animal, and herdsmen hair samples from Xilingol Prairie.

Sample Part Total
concentration
range

Average
concentration
± SD

Median
concentration

ΣPCBs TEQ mean ΣPCBs TEQ min ΣPCBs TEQ max

(ng g−1) (ng g−1) (ng g−1) (pg
WHO-TEQg−1)

(pg
WHO-TEQg−1)

(pg
WHO-TEQg−1)

PUF (air
sampler)*

0.081 0.081 0.081 0.0459

Water bLOD bLOD bLOD
Soil (0.0350, 0.329) 0.0976 ± 0.104 0.0523 0.0466 0.000355 0.214
Vegetation Artemisia frigida Whole (1.056, 4.448) 2.25 ± 1.33 1.74 4.31 0.0452 13.4

Agaricus tenuifolia Whole (0.198, 3.021) 1.70 ± 0.944 2.01 24.4 0.00479 54.0
Leymus chinensis Whole (0.499, 2.09) 1.13 ± 0.642 0.974 24.4 0.199 63.7
Allium mongolicum Whole (0.083, 1.59) 0.695 ± 0.603 0.555 11.2 0.415 27.2
Grass seeds* Whole 1.04 1.04 1.04 0.0179
Mixed grass Whole (0.139, 0.311) 0.225 ± 0.0856 0.225 0.0202 0.00400 0.0365

(pg WHO-TEQg−1l.
w.)

(pg WHO-TEQg−1l.
w.)

(pg WHO-TEQg−1l.
w.)

Animalsa Orental migratory locust Whole (0.556, 1.01) 0.756 ± 0.187 0.709 0.269 0.00509 0.705
Cnethodonta grisescens* Whole 0.761 0.761 0.761 0.186
Xylinophorus mongolicus
faust *

Whole 0.356 0.356 0.356 0.00558

Cimex lectularius Whole (0.860, 0.968) 0.914 ± 0.054 0.914 11.8 0.0114 23.7
Hybrid insect * Whole 1.61 1.61 1.61 0.0146
Bufo gargarizans* Whole 0.512 0.512 0.512 0.160
Phrynocephalus frontalis Whole (0.661, 3.50) 2.09 ± 0.967 2.20 0.830 0.00188 2.28
Mongolia Citellus dauricus Muscle (0.762, 1.02) 0.891 ± 0.129 0.891 0.0135 0.00687 0.0201
Lasiopodomys brandtii Muscle (0.403, 2.76) 1.58 ± 1.18 1.58 0.0478 0.00691 0.0887
Passer Muscle (1.34, 1.44) 1.39 ± 0.0530 1.39 0.0122 0.0113 0.0131
Barn swallow* Muscle 2.99 2.99 2.99 0.0679
Cuculus canorus* Muscle 2.24 2.24 2.24 0.0236
Sheep* Muscle 5.17 5.17 5.17 0.0517

Snake

Muscle (2.65，3.63) 3.14 ± 0.491 3.14 0.0349 0.00861 0.0612
Viscera* 4.08 4.08 4.08 46.6
Skin * 8.74 8.74 8.74 2.83

Yellow weasel Muscle (4.29, 7.31) 6.23 ± 1.37 7.07 7.52 0.0466 18.6

Notes: water, soil, plant samples, units ngg−1; animal samples, units ng g−1 lipid weight.
ΣPCBs = sum of the PCB-28, −52, −77,−81,−101, −105, −114,−118,−123,−126, −156, −157,−167, −169, −180, and −189 concentrations.
TEQ = toxic equivalent concentration, calculated using the WHO-05 toxic equivalence factors for PCB-77, −81, −105,−114, −118, −123,−126,−156, −157, −167, −169, and 189.
Limit of detection (LOD) 0.0026 ng g−1.
a indicates that the concentration of pollutants in the animal body is calculated by lipid standardized concentration.
Samples with an asterisk represent less than three samples, and samples without an asterisk represent more than three.

Fig. 2. Polychlorinated biphenyl (PCB) congener profiles in the animal hair samples.
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Fig. 3. Thermodynamic diagram of the correlations between polychlorinated biphenyl concentrations in different food web samples from the grassland sampling area.
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−105, −114, −118, −123, −126, −156, −157, −167, −169, −180,
and− 189 (∑16PCB) concentrations in the soil samples were 0.0350–-
0.329 ng g− 1, and themedianwas 0.0523 ng g−1. The concentration in
theH.H.2 soil was the highest (0.329 ng g−1) in the concentrations of all
the soil samples. The concentration in the M.P. soil was the lowest
(0.0350 ng g−1) in the concentrations of all the soil samples. This indi-
cated that the PCB concentrations in soil decreased as the distance
from Xilingol City increased.

Vegetation samples from H.H.1–H.H.5 and M.P. were analysed. The
PCB concentrations in the vegetation samples varied spatially in a simi-
lar way to the PCB concentrations in the soil samples. The PCB concen-
trations decreased as the distance from Xilingol City increased. The
∑16PCB concentrations in the vegetation samples were
0.0829–4.45 ng g−1. The highest ∑16PCB concentration (4.45 ng g−1)
was found in Artemisia frigida from H.H.1, and the lowest concentration
(0.0829 ng g−1) was found in Alliummongolicum fromH.H.5,whichwas
far from Xilingol City. PCB-28 was the dominant PCB congener in the
vegetation samples, and PCB-167 was the second most dominant. The
PCB patterns in the different types of vegetation were different. The
dominant PCB homolog in Leymus chinensis was the
hexachlorobiphenyl homolog, the concentration of which was 0.993
ngg−1.The hexachlorobiphenyls contributed 50% of the ∑16PCB con-
centration. The more-chlorinated PCBs were dominant in every Leymus
chinensis sample, but the less-chlorinated PCBs were found at very high
concentrations in every Allium mongolicum sample. The
trichlorobiphenyls contributed N40% of the ∑16PCB concentrations,
on average. This indicated clear differences in the PCB-enrichment char-
acteristics of Leymus chinensisand Allium mongolicum.

Insect samples were collected in the M.P. and the five H.H.s (shown
in Fig. 1). The ∑16PCB concentration in Cnethodonta grisescens
(0.761 ng g−1) was higher than the concentrations in the other insects.
The ∑16PCB concentration in Xylinophorus mongolicus Faust
(0.356 ng g−1) was lower than the concentrations in the other insects.
PCB-28 was the dominant PCB congener in the insects.

The ∑16PCB concentrations in the other animal samples were
0.403–8.74 ng g−1 l.w. The ∑16PCBconcentrationin snake subcutane-
ous fat (8.74 ng g−1 l.w.) was higher than the concentrations in the
other animal samples. Snakes are the top predators in the sampling
area. The ∑16PCB concentrations in the snake tissues decreased in the
order subcutaneous fat (8.74ngg−1 l.w.)N liver (4.08ngg−1 l.w.)Nmus-
cle (3.14 ng g−1 l.w.). The lipid contents of the snake tissues decreased
in the order subcutaneous lipid N liver Nmuscle. It can be seen that PCB



Fig. 4. Polychlorinated biphenyl homolog concentrations in the samples from Xilingol Prairie ng·g−1 l.w.
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enrichment increased as the lipid content increased. In a previous study,
perfluorocarbon concentrations were higher in the livers than the mus-
cles and kidneys of reindeer in Yukon Territory, northern Canada
(Claudia et al., 2011). The perfluoro carboxylic acid and perfluoro sul-
fonic acid concentrations in liver samples were 5–15 times higher
than the concentrations in muscle samples from wolves from the
same area in northern Canada (Claudia et al., 2011). The ∑16PCB con-
centrations in reindeer or wolf subcutaneous fat were not determined
in that study. In our study, the ∑16PCB concentrations in the animal
samples increased as the trophic level increased. For the second trophic
level (which included oriental migratory locust, Cnethodonta grisescens,
Xylinophorus mongolicus Faust, and Cimex lectularius), the
trichlorobiphenyls contributed ~65% of the ∑16PCB concentrations.
For the third trophic level (which included Bufo gargarizans,
Phrynocephalus frontalis, Spermophilus erythrogenys muscle,
Lasiopodomys brandtii muscle, Passer muscle, Barn swallowmuscle,
Cuculus canorus muscle, and Caprinae muscle), the
pentachlorobiphenyls were dominant. High pentachlorobiphenyl con-
centrations were generally found in the bird muscle samples. The
highest pentachlorobiphenyl concentration in the bird muscle samples
was 0.386 ng g−1 l.w. More-chlorinated PCBs were found in the fourth
trophic level samples (snake and yellow weasel tissues). The
hexachlorobiphenyl concentration in snake viscera was 0.556 ng g−1 l.
w. These results indicated that less-chlorinated PCBs were dominant
in the low trophic level samples and more-chlorinated PCBs were
mainly found in the high trophic level samples. Very high PCB-126and
−167 concentrations of 0.167 and 0.373 ng g−1 l.w., respectively,
were found in the snake (top predator) samples.

The ∑16PCB concentrations in the hair samples decreased in the
order herdsman hair (median 2.07 ng g−1) N horse hair (median
2.00 ng g−1) N cattle hair (median 1.66 ng g−1) N wool (median
0.987 ng g−1). The dominant PCB homolog in the cattle hair and horse
hair samples was the hexachlorobiphenyl homolog, which contributed
N70% of the ∑16PCB concentrations. The PCB-167 concentration con-
tributed N63.4% of the ∑16PCB concentration in cattle hair from H.H.1
and the other sampling sites and N 82.6% of the ∑16PCB concentration
in horse hair fromH.H.4. The PCB congener profiles in thewool samples
from different sites were different (r b 0.5, p N .05) (Fig. 2), but PCB-167
was the dominant PCB congener in thewool samples fromH.H.1, H.H.2,
and H.H.3, which were all near Xilingol City. PCB-28 was the dominant
PCB congener in the wool samples from H.H.4 and H.H.5, which were
far from Xilingol City. PCB-28 contributed N63.5% of the ∑16PCB con-
centrations in these samples. The PCB patterns in the herdsmen hair
samples and animal hair samples were different. The PCBs in the herds-
men hair samples were dominated by the less-chlorinated PCBs, and
PCB-28 contributed ~50% of the ∑16PCB concentrations. The PCB pat-
terns in the herdsmen hair samples from different sites (H.H.1 and
M.P.) were very similar (r N 0.8, p = .03). The pentachlorobiphenyls
and less-chlorinated PCBs contributed N61.7% of the ∑16PCB concen-
trations in these samples. The PCB patterns in samples from different
sites were much less different for the herdsmen hair samples than for
the cattle and horse hair and wool samples (r N 0.8, p = .02) (as
shown in Fig. 2). It has previously been found that PCBs in human hair
are mainly endogenous (Yuan et al., 2017), meaning the diets of the
herdsmen would have been the main sources of PCBs to the herdsmen
hair samples and that future changes in the PCB concentrations in the
diets may affect the PCB concentrations in the herdsmen's hair.

The PCB patterns in the samples were assessed by performing
Spearman's correlation analyses using SPSS 20.0 software. The results
are shown as a correlation thermodynamic diagram in Fig. 3 with r
values of 0–1 shown in different colours. The correlation coefficient r
is higher when the colour is darker. No significant correlations (r b 0.5,
p N .05) were found between the PCB patterns in the vegetation and in-
organic environment samples (soil, water, and air) or between the PCB
patterns in the vegetation and wool, cattle hair, and horse hair samples
(r b 0.4, p N .05). The PCB concentrations in the vegetation samples from
different areas were very different, but the concentrations in samples of
the same vegetation species significantly correlated (r N 0.8, p = .03).
Lizard (Phrynocephalus frontalis) samples were collected from sites
H.H.1 and H.H.4, 100 km apart, but the PCB concentrations in the sam-
ples significantly correlated (r N 0.75, p = .03). There is no record of
PCB production in Xilingol Prairie, so PCBs will mainly have entered
the environment in the study area through atmospheric deposition
(Yu et al., 2013). Significant correlations were found between the PCB
concentrations in animals with predation relationships (r N 0.8,
p b .05), such as snakes andmice (r=0.92, p= .03) and yellowweasels



Fig. 5. Thermodynamic diagram for polychlorinated biphenyl biomagnification in the Xilingol Prairie ecosystem.
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and Passer species (r = 0.96, p = .03). This indicated that PCBs were
transmitted from prey to predator in animal.

3.2. PCB transfer and biomagnification in the grassland food web

The ∑16PCB concentration generally increased as the trophic level
increased (as shown in Fig. 4). The trichlorobiphenyl and
tetrachlorobiphenyl concentrationswere enriched uniformly as the tro-
phic level increased, i.e., the PCB concentration increased each time the
trophic level increased. The hexachlorobiphenyls were only enriched in
the highest trophic level relative to the secondhighest trophic level, and
the hexachlorobiphenyl concentrations in the other trophic levels were
similar (i.e., no enrichment occurred). The pentachlorobiphenyl and
heptachlorobiphenyl concentrations did not increase as the trophic
level increased. This may be because some more-chlorinated PCBs can
be biologically and chemically degraded to give less-chlorinated PCBs
(Niimi and Oliver, 1988; Selck et al., 2003; Gewurtz, 2000).

We calculated BMFs for the samples, as recommended in a previous
publication (Mackay and Fraser, 2004), using the lipid standardized PCB
concentrations, to describe biomagnification of the PCB congeners. The
calculations were performed taking the predation relationships in the
grassland ecosystem and the trophic levels into consideration. The for-
mula used to calculate the BMFs is shown in Eq. (1).

BMF ¼ CB=CA ð1Þ

In Eq. (1), CB is the PCB concentration in a predator sample and CA is
the PCB concentration in a prey sample. The results are shown in Fig. 5.



Fig. 6. Toxicities of different polychlorinated biphenyls in organisms in Xilingol Prairie.
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Most of the PCB congeners were not clearly biomagnified by the second
trophic level organisms, and the BMFs were relatively low. This may
have been related to the short life cycles, simplemetabolicmechanisms,
and low subcutaneous fat contents of insects. However, PCB-101 and
-123 were clearly biomagnified (by factors of 600–1000) by the second
trophic level. The reason for this needs to be investigated further. Most
of the PCB congeners were also not clearly biomagnified by the third
Fig. 7. Toxicities of different polychlorinated biphenyls in the an
trophic level organisms. Most of the BMFs were between 1 and 50.
Toads and lizards did not biomagnify pentachlorobiphenyls. However,
PCB-101, -105, and -123 were biomagnified by factors of 1000–1500
by birds relative to insects. We speculated that this was related to the
PCBs being strongly biomagnified because of the low PCB concentra-
tions in the insects and the high lipid contents of the bird muscles.
Clear biomagnification was found at the fourth trophic level. The PCB-
imal hair and herdsmen hair samples from Xilingol Prairie.
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114, -123, -126, -156, -157, -167, and -169 BMFs at the fourth trophic
level were all N1500. Surprisingly, snakes had BMFs as high as 5000
for PCB-114, -156, and 169.

3.3. Estimating PCB toxicity in the grassland organisms

We calculated the PCB TEQs for the organisms to assess the PCB tox-
icities to the organisms. The formula used to calculate the toxicity is
shown in Eq. (2).

TEQ ¼ Congeneri � TEFið Þ þ…þ Congenern � TEFnð Þ ð2Þ

In Eq. (2), the toxic equivalent is calculated bymultiplying each con-
gener concentration by their respective toxicity equivalency factors
(TEF). The total toxic equivalent of all congeners is the Toxicity equiva-
lent of the mixture. WHO-2005 standard was adopted for toxicity
equivalent factor value (Jin et al., 2005). The results are shown in
Table 1. As shown in Fig. 6, PCB-126 had a TEQ concentration of 0.1 pg
TEQ g−1 l.w. and PCB-169 had a TEQ concentration of 0.00001 pg TEQ
g−1 l.w. These were the highest TEQ concentrations for the organisms.
Thiswould have been because PCB-126 has a high toxic equivalence fac-
tor and the PCB-169 concentrations were higher than the concentra-
tions of the other PCB congeners in almost all of the biological
samples. PCB-126 had the highest TEQ concentrations at all of the tro-
phic levels. The PCB-126 TEQ concentration increased markedly as the
trophic level increased. The PCB-126 TEQ concentrations in high trophic
level organisms (e.g., snake viscera,46.6 pg TEQg−1 l.w.) were as much
as 3500 times higher than the PCB-126 TEQ concentrations in low tro-
phic level organisms (e.g., Mongolian mouse muscle, 0.0135 pg TEQ
g−1 l.w. and Passermuscle, 0.0122 pg TEQ g−1 l.w.). The PCB-77, -118,
and -167 TEQ concentrations also increased as the trophic level in-
creased. The tetrachlorobiphenyls and more-chlorinated PCB TEQ con-
centrations were higher than the less-chlorinated PCB TEQ
concentrations in high trophic level organisms.

As shown in Fig. 7, PCB-169, -167, -157, -126, -118, -105, -81, and
-77 had high TEQ concentrations in animal hair. PCB-169 had a high
concentration in almost all of the animal hair samples
(median N 0.987 ng g−1), so the PCB-169 TEQ concentration
(0.00001 pg TEQ g−1) was higher than the other PCB TEQ concentra-
tions in the animal hair samples. The highest TEQ concentrations in
the herdsmen hair samples were for PCB-77, -81, -114, -167, and -169.
The highest TEQ concentration was for PCB-81. PCB-77, -81, and -114
(less-chlorinated PCBs)were found at high concentrations in the herds-
men hair samples. However, the more-chlorinated PCBs PCB-167 and
-169 have high toxicity factors, so had similar TEQ concentrations to
the less-chlorinated PCBs even though the PCB-167 and -169 concentra-
tions were low. The highest TEQ concentrations in the herdsmen hair
samples were for PCB-81, but the highest TEQ concentrations in the
other animal samples were for PCB-167 and -169. This was consistent
with PCBs being transferred between the animals through the food
chain. PCBs found at low concentrations and TEQ concentrations in
low trophic level organisms were able to biomagnify and reach high
TEQ concentrations in high trophic level organisms by being transmit-
ted through the food chain (Nfon et al., 2008). For example, PCB-114
had a TEQ concentration below the detection limit in animal hair but
had a detectable TEQ concentration in the herdsmen hair samples. A
PCB at a low concentration in the environment could therefore have
strong toxic effects in top predators such as humans.

4. Conclusions

The PCB concentrations in soil and vegetation from Xilingol Prairie
decreased as the distance from Xilingol City increased. PCBs were
enriched more in animal tissues and organs with high lipid contents
than in tissues and organs with low lipid contents. Trichlorobiphenyls
and tetrachlorobiphenyls were biomagnified through the food web,
i.e., increased in concentration as the trophic level increased.
Hexachlorobiphenyls were only biomagnified by the highest trophic
level organisms. The pentachlorobiphenyl and heptachlorobiphenyl
concentrations did not increase as the trophic level increased. PCB-101
and -123 were markedly biomagnified by the second and third trophic
level organisms. PCB biomagnification was clearer at the fourth trophic
level. PCB-126 and -169 had the highest TEQ concentrations in the or-
ganisms and may be the most harmful PCBs to top predators. These
two congeners will be continually emitted by industrial plants in
which PCBs are unintentionally produced, and they may have serious
effects on grassland organisms. PCB-126 and -169 emissions therefore
need to be controlled. The highest TEQ concentrations in the herdsmen
hair samples were for PCB-81, but the highest TEQ concentrations in the
other animal samples were for PCB-167 and -169. The PCB TEQ concen-
trations were lower for humans than for the other animals at the top of
the food chain. The health risks posedby PCBs to both humans and other
animals therefore need to be monitored.
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

This project was supported by the National College Student Innova-
tion Program of Minzu University of China (grant no.
GCCX2018110039), the National Development and Collaborative Inno-
vation Center of the National Central University (grant no.
0910KYQN50), the Fundamental Research Fund of the National Central
University (grant no. 2015MDTD23C), and the Innovative Talent Intro-
duction Program (111 Program) of Higher Education Institutions (grant
no. B08044). We thank Prof. Bao Qinghai at the Natural Resources Re-
search Institution of Inner Mongolia University for support and assis-
tance with this project. Special thanks to Dr. Feng Shengyong at the
Institute of Grassland Ecology, Natural Resources Research Institution
of Inner Mongolia University, for providing assistance dissecting the
mammal samples. Thanks to Dr. Chen Yu at the School of Life Sciences,
Inner Mongolia University, for information on the classification of Inner
Mongolian grassland vegetation and animals.

References

Chen, D., Hale, R.C., 2010. A global review of polybrominated diphenyl ether flame retar-
dant contamination in birds. Environ. Int. 36, 800–811.

Chen, Y.L., Fang, Q.S., 1989. Health hazards of polychlorinated biphenyls exposure[J].
Chemical labor protection (industrial health and occupational diseases) (01), 27–30.

Claudia, E., Meuller, A.O., De, S., Jeff, S., et al., 2011. Biomagnification of perfluorinated
compounds in a remote terrestrial food chain: Lichen-Caribou-Wolf(J). Environ.Sci.
Technol. 45, 8665–8673.

Gewurtz, S. B., Lazar, R., Haffner, G. D., 2000. Comparison of polycyclic aromatic hydrocar-
bon and polychlorinated biphenyl dynamics in benthic invertebrates of Lake Erie,
USA. Environ. Toxicol. Chem. 19,2943–2950.

Halsall, C.J., Barrie, L.A., Fellin, P., Muir, D.G.C., Billeck, B.N., Lockhart, L., Rovinsky, F.Y.,
Kononov, E.Y., Pastukhov, B., 1998. Spatial and temporal variation of polycyclic aro-
matic hydrocarbons in the Arctic atmosphere. Environ. Sci. Technol. 32, 2480.

Hoekstra, P.F., O’Hara, T.M., Teixeira, C., Backus, S., Fisk, A.T., Muir, D.C.G., 2002. Spatial
trends and bioaccumulation of organochlorine pollutants in marine zooplankton
from the Alaskan and Canadian Arctic.[J]. Environ. Toxicol. Chem. 21, 575–583.

Jin, J., Wang, Y., Zang, Y., Peng, H., Liu, W.G., 2005. Introduction to dioxins.(J). Environ-
mental Organic Chemistry and Toxicology 10.

Kelly, B.C., Gobas, F.A., 2001. Bioaccumulation of persistent organic pollutants in lichen-
caribou-wolf food chains of Canada’s central and Western Arctic.[J]. Environmental
Science & Technology 35, 325–334.

Kelly, B.C., Gobas, F.A.P.C., 2003. An arctic terrestrial food-chain bioaccumulation model
for persistent organic pollutants.[J]. Environmental Science & Technology 37,
2966–2974.

Kim, J.T., Son, M.H., Kang, J.H., Kim, J.H., Jung, J.W., Chang, Y.S., 2015. Occurrence of legacy
and new persistent organic pollutants in avian tissues from King George Island,
Antarctica. Environ. Sci. Technol. 49, 13628–13638.

http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0010
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0010
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0015
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0015
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0020
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0020
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0020
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0030
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0030
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0040
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0040
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0040
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0045
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0045
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0050
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0050
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0050
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0055
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0055
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0055
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0060
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0060
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0060


10 B. Te et al. / Science of the Total Environment 709 (2020) 135781
Li, X., Zhang, Q., Gan, Y., et al., 2007. Bioaccumulation and bio magnification of persistent
organic pollutants in food China (J). Chinese Journal of Applied and Environmental
Biology 901–905.

Liu, Y., 2018. Influence of Insects on Bioenrichment of Persistent Halogenated Organic Pol-
lutants and Food Chain Transfer Mediated by Insects (D). University of Chinese Acad-
emy of Sciences (Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences).

Lohmann, R., Gioia, R., Jones, K.C., Nizzetto, L., Temme, C., Zhiyong, X., Schulz-Bull, D.,
Hand, I., Morgan, E., Jantunen, L., 2009. Organochlorine pesticides and PAHs in the
surface water and atmosphere of the North Atlantic and Arctic Ocean.[J]. Environ.
Sci. Technol. 43, 5633–5639.

MacDonald, R.W., Barrie, L.A., Bidleman, T.F., Diamond, M.L., Gregor, D.J., Semkin, R.G.,
Strachan, W.M.J., Li, Y.F., Wania, F., Alaee, M., Alexeeva, L.B., Backus, S.M., Bailey, R.,
Bewers, J.M., Gobeil, C., Halsall, C.J., Harner, T., Hoff, J.T., Jantunen, L.M.M., Lockhart,
W.L., Mackay, D., Muir, D.C.G., Pudykiewicz, J., Reimer, K.J., Smith, J.N., Stern, G.A.,
Schroeder, W.H., Wagemann, R., Yunker, M.B., 2000. Contaminants in the
CanadianArctic: 5 years of progress in understanding sources, occurrenceand path-
ways. Sci. Total Environ. 254, 93–234.

Mackay, D., Fraser, A., Kenneth, 2004. Bioaccumulation of persistent organic chemicals:
mechanisms and models.(J). Environ. Pollut. 110,375–91.

Meng, Y., Xue, J., Liu, G., et al., 2008. Persistent organic pollutants distribution in environ-
ment and biohazard (J). Pollution Prevention Technique. 21 (68-72+93).

Nfon, E., Cousins, I.T., Broman, D., 2008. Biomagnification of organic pollutants in benthic
and pelagic marine food chains from the Baltic Sea. Sci. Total Environ. 397, 190–204.

Niimi, A.J., Oliver, B.G., 1988. Influence of molecular weight and molecular volume on di-
etary absorption efficiency of chemicals by fishes. Can. J. Fish. Aquat. Sci. 45, 222–227.

Selck, H., Palmqvist, A., Forbes, V.E., 2003. Biotransformation of dissolved and sediment-
bound fluoranthene in the polychaete, Capitella sp. I. Environ. Toxicol. Chem. 22,
2364–2374.

Su, Y., Hung, H., Blanchard, P., Patton, G.W., Kallenborn, R., Konoplev, A., Fellin, P., Li, H.,
Geen, C., Stern, G., Rosenberg, B., Barrie, L.A., 2006. Spatial and seasonal variations
of hexachlorocyclohexanes (HCHs) and hexachlorobenzene (HCB) in the Arctic at-
mosphere. Environ. Sci. Technol. 40, 6601–6607.
Su, Y.S., Hung, H.L., Blanchard, P., Patton, G.W., Kallenborn, R., Konoplev, A., Fellin, P., Li, H.,
Geen, C., Stern, G., Rosenberg, B., Barrie, L.A., 2008. A circumpolar perspective of at-
mospheric organochlorine pesticides (OCPs): results from six Arctic monitoring sta-
tions in 2000–2003. Atmos. Environ. 42, 4682–4698.

Vorkamp, K., Bossi, R., Rigét, F.F., Skov, H., Sonne, C., Dietz, R., 2015. Novel brominated
flame retardants and dechlorane plus in Greenland air and biota. Environ. Pollut.
196, 284–291.

Wang, C., Wu, S., Zhou, S., Yu, Y., 2014. A review on spatial distribution and
environmentalbehavior of typical persistent organic pollutants in soil. Environ.
Chem. 33, 1828–1840.

Wolschke, H., Meng, X.Z., Xie, Z.Y., Ebinghaus, R., Cai, M.H., 2015. Novel flame retardants
(N-FRs), polybrominated diphenyl ethers (PBDEs) and dioxin-like polychlorinated
biphenyls (DL-PCBs) in fish, penguin, and skua from King George Island, Antarctica.
Mar. Pollut. Bull. 96, 513–518.

Yu, L., Luo, X., Mai, B., et al., 2013. Comparative study of bioenrichment and
biomagnification of halogenated organic pollutants in typical land food China in
North China (C). National Academic Conference of Environmental Chemistry. 34,
p. 1.

Haodong, Yuan, Jun, Jin, Yao, Bai, Qiuxu, Li, Ying, Wang, Qinghua, Wang, 2017. Organo-
chlorine pesticides in tree bark and human hair in Yunnan Province, China: Concen-
trations, distributions and exposure pathway [J]. Sci. Total Environ. 580, 1027–1033.

Zhang, C., 2010a. Evaluation Method of Bio-Availability of PCB in Soil on Earthworm (D).
Zhejiang University; College of Environment &Resources, Sciences of Zhejiang uni-
versity, Zhejiang.

Zhang, Z., 2010b. A Study on Spatial Distribution Characteristics and Rules of PCB in Chi-
nese Atmosphere and Soil (D). Harbin Institute of Technology, pp. 4–5.

Zhao, Y., 2008. Exploration of Enrichment Mechanism of Persistent Air Organic Pollutants
in Tree Skin and its Application of Spatiotemporal Resolution Monitoring in Atmo-
spheric Pollution (D). Xiamen University.

http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0065
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0065
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0065
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0070
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0070
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0070
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0070
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0075
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0075
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0075
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0085
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0085
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0085
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0090
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0090
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0100
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0100
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0105
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0105
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0115
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0115
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0115
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0120
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0120
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0120
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0125
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0125
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0125
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0130
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0130
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0130
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0135
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0135
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0135
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0140
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0140
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0140
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0140
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0145
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0145
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0145
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0145
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf5000
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf5000
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf5000
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0150
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0150
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0150
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0155
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0155
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0160
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0160
http://refhub.elsevier.com/S0048-9697(19)35776-6/rf0160

	Polychlorinated biphenyls in a grassland food network: Concentrations, biomagnification, and transmission of toxicity
	1. Introduction
	2. Materials and methods
	2.1. Sample collection
	2.2. Pretreatment and extraction
	2.2.1. Sample pretreatment
	2.2.2. Instrumental analysis
	2.2.3. Quality control and assurance


	3. Results and discussion
	3.1. PCB concentrations and distributions in the grassland ecosystem
	3.2. PCB transfer and biomagnification in the grassland food web
	3.3. Estimating PCB toxicity in the grassland organisms

	4. Conclusions
	Declaration of competing interest
	Acknowledgements
	References


