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a b s t r a c t

The bioavailability of Cu, Zn, Pb and Cd from field-aged orchard soils in a certified fruit plantation area of
the Northeast Jiaodong Peninsula in China was assessed using bioassays with earthworms (Eisenia fetida)
and chemical assays. Soil acidity increased with increasing fruit cultivation periods with a lowest pH of
4.34. Metals were enriched in topsoils after decades of horticultural cultivation, with highest concen-
trations of Cu (132 kg�1) and Zn (168 mg kg�1) in old apple orchards and Pb (73 mg kg�1) and Cd
(0.57 mg kg�1) in vineyard soil. Earthworm tissue concentrations of Cu and Pb significantly correlated
with 0.01 M CaCl2-extractable soil concentrations (R2 ¼ 0.70, p < 0.001 for Cu; R2 ¼ 0.58, p < 0.01 for Pb).
Because of the increased bioavailability, regular monitoring of soil conditions in old orchards and
vineyards is recommended, and soil metal guidelines need reevaluation to afford appropriate environ-
mental protection under acidifying conditions.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Horticultural soils may contain elevatedmetal concentrations as
a result of the application of agrichemicals and soil amendments.
Soil acidification may increase the bioavailability of these metals
worsening its contamination condition. Soil Cu accumulation has
been reported in the surface layer of European and Australian
vineyard soils (Delusia et al., 1996; Chopin et al., 2008; Wightwick
et al., 2008). A similar increase in Cu has occurred in citrus orchards
and avocado orchard soils with an established history of copper-
based fungicide use, with current concentrations ranging be-
tween 110 and 1500 mg kg�1 Cu (Fan et al., 2011; Merrington et al.,
2002). Several studies in other countries have shown that sub-
stantial quantities of Pb and As may accumulate in orchard topsoils
as a result of repeated lead arsenate application (Pendergrass and
Butcher, 2006; Udovic and McBride, 2012; Hood, 2006).
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The region of the Northeast of Jiaodong Peninsula in China,
which can be considered part of the so called “fruit belt” of North
Latitude 36 of the world, has a long tradition of intensive horti-
cultural crop production. In this region, some old orchards and
vineyards are being planted with other crops for animal and human
consumption. Subsequent changes in land use can promote a po-
tential problem of metal bioavailability and toxicity that is strongly
influenced by soil properties. Acidification was severe in orchard
soils of the Northeast of Jiaodong Peninsula according to a pre-
liminary investigation in 2007e2009, which indicated that topsoil
pH in 60.4% of the 268 investigated sites was less than 5.5 (with
27.2% less than 4.5). Nitrogen fertilization and irrigation are crucial
for sustainable fruit production. Excessive application of N may,
however, produce more acidity than actually necessary. Fruit trees
also take up a large amount of cations from the soils each growing
season (Tang et al., 2000). Over time, soils may become more acid
due to the removal (loss) and leaching of exchangeable bases such
as calcium and magnesium, which is especially pronounced in the
coastal sandy textured soils with low nutrient-holding buffering
capacity (i.e., the Northeast of Jiaodong Peninsula). Surface soil
acidification and the effect on metal bioavailability have been
investigated in laboratory and field studies (Allen, 2002;
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Fig. 1. Location of the study area and the soil (Udic Luvisols) sampling sites of Qixia, Penglai and Laishan in Northeast of Jiaodong Peninsula of China. The region has a long tradition
of intensive horticultural crop production.
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Peijnenburg et al., 1999; Guo et al., 2011). However, there is little
knowledge of subsoil acidity in the Northeast of Jiaodong Peninsula
fruit-growing area, although topsoil acidification has become a
major problem in soils of intensive Chinese agricultural systems
(Guo et al., 2010). As the root system of most species of tree fruit are
in the subsurface soil horizon, it is most vital to assess soil acidifi-
cation in this layer and address its effects on metal bioavailability.

In general, there are two empirical approaches to assess avail-
ability of contaminants: chemical and biological testing. Of all
chemical measures of bioavailability, chemical extraction tech-
niques are commonly used as has been reviewed by Peijnenburg
et al. (2007). Measuring body residues in soil organisms provides
a better indication of metal bioavailability than using total metal
concentrations in soil (Li et al., 2009; Conder and Lanno, 2003; Ma,
2005). Earthworms, because of their close contact with soil, are
suitable organisms for assessing the bioavailability of contaminants
in soil and the potential for these contaminants to enter terrestrial
food chains (Spurgeon and Hopkin, 1999; Lock and Janssen, 2001;
Vijver et al., 2006; van Gestel, 2012; OECD, 2004).

In this study, field and laboratory investigations were conducted
to (1) study the accumulation and distribution of selected metals
(Cu, Zn, Pb and Cd) in the surface and subsurface soils of the fruit
production region of Northeast of Jiaodong Peninsula in China; (2)
determine whether intensive horticulture cultivation (including
multiple management practices like tillage, fertilization, and irri-
gation) affects orchard and vineyard soil pH in the surface and
subsurface layers; (3) evaluate the importance of soil solution pH
onmetal distribution and chemical speciation; and (4) estimate the
availability of metals in soils using various chemical extractions as
well as earthworm bioassays.
2. Materials and methods

2.1. Study area

The region of the Northeast of Jiaodong Peninsula has a marine climate, with
humid air, ample sunlight and a high annual rainfall of 650e850 mm, and is pro-
pitious to the growing of tree fruits, such as apple and grapevine. The soils in this
area are brown soils (Udic Luvisols). The area has a long tradition of intensive hor-
ticultural crop production and has become a main region for apple production in
China and one of the main regions for grape growing throughout the world.

2.2. Soil sampling

The soils were sampled in 2011 using a 0.10-m-diameter drill to collect samples
from the vineyards in Penglai and two types of orchards, apple in Qixia and sweet
cherry in Laishan. The studied orchards and vineyards were classified into three
main categories based on their cultivation age, namely: Young, Adult and Old. Young
orchards and vineyards were defined as those planted less than 10 years, Adult
planted 10e30 years and Old planted more than 30 years ago. For each of the three
cultivation age groups, triplicate soil samples from different locations were
randomly collected at depths of 0e20 cm and 20e40 cm, representing surface and
subsurface horizons. To ensure representativeness in the sample from each tripli-
cate, five soil sub-samples were randomly collected in the middle of rows located in
the central portion of the stand. In this way, 15 soil sub-samples were obtained from
each group of vineyards and orchards and subsequently mixed into a composite
sample to obtain an accurate representation of the plot.

Samples were air-dried, ground and passed through a 2 mmNylon sieve prior to
analyses. Soil sample sites are shown in Fig. 1 in relation to the spatial distribution of
vineyard and orchard sites.

2.3. Physicochemical characterization of the soils

The pH of soil samples was determined in triplicate at a 1:2.5 soil to water (w/v)
ratio after shaking for one hour, using a glass electrode (Metrohm780 pH meter,
Herisau, Switzerland). Total soil organic C was determined by combustion using a C/
N analyzer (Vario MAX CN Macro Elemental Analyzer; Elementar Analysen System
GmbH, Germany). A laser analyzer Mastersizer 2000 (Malvern Instruments) with
Hydro MU adapter was used to determine the particle-size distribution of soil
samples.

2.4. Soil metal analysis and extraction

Soil samples were digested in a mixture of concentrated HNO3eHFeHClO4 (v/v/
v ¼ 5:3:2; ultra pure grade, SigmaeAldrich Shanghai Trading Co., Ltd, Shanghai,
China), using a microwave digestion system (MAR-5, CEM Corporation, Matthews,
NC, USA). Metal concentrationwas then determined by inductively coupled plasma-
mass spectrometry (ICP-MS; Agilent 7500i, Agilent Technologies Co. Ltd, USA). A
certified reference soil (GBW07306, Polluted soil, State Bureau of Technical Super-
vision, People’s Republic of China) was included as a means of quality control of the
analysis. For all metals (Cd, Cu, Pb, and Zn) analyzed, measured concentrations were
within 10% of the reported certified concentrations.
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Labile metal concentrations in the soils were estimated by two extraction
methods: (a) 0.01 M CaCl2 (1:10 ratio of soil/0.01 M CaCl2), 60 min equilibration
time, yielding water extractable and readily exchangeable metals; (b) DTPA
(diethylene triamine pentaacetic acid, 1:10 ratio of soil/DTPA solution), 60 min re-
action time, extracting metals from the labile pools in soils. After extraction, the soil
suspensions were centrifuged at 7500 g for 30 min, and the supernatant was passed
through a 0.45 mm membrane filter.

To get insight into the availability of metals in the soils, soil metal was frac-
tionated into five different fractions following the modified procedure of Amacher
(1996). Soil samples (2.0 g) were sequentially extracted with 20 mL of 0.5 M
Mg(NO3)2, 20 mL of 1 M NaOAc þ HOAc at pH 5, 20 mL of 0.175 M
(NH4)2C2O4 þ 0.1 M H2C2O4, and 20 mL of 0.8 M NH4OAc þ 0.0075 M HNO3 at pH 3
for the water-extractable and exchangeable (EXC), acid dissolved and carbonate
bound (Carb), iron manganese oxide bound (FMO), and organic matter bound (OM)
fractions, respectively. All metal analyses were performed using ICP-MS. The
detection limits for Cd, Pb, Cu and Zn were 1, 2, 6, and 12 mg kg�1, respectively.

2.5. Soil solution extraction and measurements of ASV-labile metal

Soil solutions were prepared by adding 10 ml of 0.01 M KNO3 solution (ultra
pure grade) to 10 g (dry weight) of soil in 50-ml polyethylene centrifuge tubes. The
supernatants (soil solutions) were separated by shaking the tubes overnight,
centrifugation at 10,000 g for 10 min and filtering through 0.45-mm cellulosic
membranes. Soil-water partition coefficients Kp (L kg�1) were derived by dividing
the total soil metal concentration (mg kg�1, dry weight) by the metal concentration
(mg L�1) extracted with 0.010 M KNO3.

Labile concentrations of metals were determined by differential pulse anodic
stripping voltammetry (DPASV) using a Metrohm 797 VA Computrace with 813
autosampler (Ed ¼ 0.02 V ns Ag/AgCl (sat. KCl), td ¼ 120 s, n ¼ 15 mV s�1). Details of
the DPASV measurements can be found in (Sauvé et al., 2000; Stephan et al., 2008;
Marti

́

nez-Villegas and Marti

́

nez, 2008). Theoretically, Cu, Cd and Zn can be deter-
mined simultaneously by DPASV, but sometimes ZneCu intermetallic compounds
may be formed inside the mercury drop if Zn and Cu are co-deposited. So we only
measured Pb and Cd together in this study.

2.6. Bioassays and metal analysis in the earthworm Eisenia fetida

The earthworms E. fetidawere purchased from a commercial source, cultured in
cattle manure at a constant temperature of 20 �C, with moisture content of the
culture substrate between 63% and 68%.

Sexually mature E. fetida (i.e., having a fully developed clitellum), weighing
482 � 86 mg wet wt (mean � SD; n ¼ 86), were selected from cultures, individually
rinsed with deionized water. Prior to the test, each site soil was moistened to
approximately 60% of the Water Holding Capacity (WHC). Soils (500 g, dry weight
equivalent) were allocated in 1000-mL test vessels. Worms were subsequently
weighed to the nearest milligram and randomly distributed to the test vessels, with
four worms per vessel. Tests were carried out in a climate room with constant
temperature (20 � 2 �C). The room was constantly illuminated (400e800 lux) to
ensure that the worms remained in contact with the soil added to each vessel. Every
two days, the moisture content was checked by reweighing the samples and
deionized water was added if necessary to supplement water loss. Worms were not
fed during the exposure. All exposures were performed in triplicate. After 28 d, the
earthworms were recollected from each container by hand sorting, rinsed in
deionized water and depurated for 48 h on moist filter paper. After depuration, the
earthworms were thoroughly rinsed in ultra pure deionized water, the fresh body
weight was measured, the earthworms were frozen at �20 �C, freeze dried, and
ground to a fine powder.

The earthworms were digested in 5.0 ml concentrated HNO3 for 2 h at 120 �C.
Three 1.0 ml portions of H2O2 were added to prevent over boiling, and the tem-
perature was increased and kept at 150 �C for 1 h. The solution was transferred to a
50-ml flask, and metal concentration was determined by ICP-MS. GBW08571 (Ma-
rinemuscle tissue, State Bureau of Technical Supervision, People’s Republic of China)
was employed as a certified reference material for earthworm analyses. Measured
concentrations were within 7% of the reported certified concentrations.

2.7. Statistical analyses

To facilitate comparison, earthworm metal concentrations were presented as
the average values of three replicates. The differences between the soil metal con-
centrations were evaluated on the basis of one-way ANOVA for each depth level.
Before testing, data were checked for normal distribution and homogeneity of var-
iances with the ShapiroeWilk test. The soil-water partition coefficients Kp and the
available metal concentrations, expressed as a percentage of the total metal con-
centrations (PTM), were analyzed by multiple linear regressions to evaluate the
effects of soil properties on metal partitioning and availability. Stepwise selection
with a significance level of 0.05 was used to obtain the model parameters. All data
used for regression analysis were log-transformed in order to normalize their dis-
tribution. All the mentioned analysis was performed using the SPSS statistical
software package, version 6.1.
3. Results

3.1. General characterization of soils

Results for soil pH, organic carbon content, and texture analyses
are shown in Table 1. The texture was similar in the surface and
subsurface layer. The sand (0.05e2 mm) and silt fraction (0.002e
0.05 mm) predominated. Overall, the studied soils ranged from
sand to silt loam, with clay content <10% (Table 1). The carbon
content of the studied soils ranged from 0.40 to 1.27% and was
significantly higher in the surface soil layer (0.89% on average) than
in the subsurface (0.54%) soils. Generally, the adult and old vineyard
and orchard soils contained more organic carbon than the young
ones (Table 1).

All soil samples showed significant acidification at both layers
except for the young sweet cherry orchard and vineyard soils
(Table 1), which had been cropped with fruit for several years only
and on which small quantities of fertilizer and pesticides had been
used in the past. Soil pH showed greater acidification in the adult
and old vineyard (pH decreased by 2.8 and 3.1 units for surface and
subsurface soil, respectively compared to young soils) and sweet
cherry orchard (pH decreased by 3.0 and 3.3 units) than in the apple
orchards (pH decreased by 1.6e3.0 units) (Table 1). However, there
were no significant differences in pH between the two soil layers
for the young age group, while significant subsoil acidification was
seen for the adult and old soils (ANOVA, p < 0.05, Table 1).

3.2. Total metal accumulation in soils

Fig. 2 shows the concentrations of metals accumulated in the
soils at different sampling depths. The studied orchard and vine-
yard topsoils were enriched with metals, and the older the orchard
and vineyard were the higher the metal enrichment in the soils.
Metal concentrations in the subsurface layer were lower than those
in the surface layer, although the subsoil showed a clear tendency
of Pb and Cd accumulation in old orchards and vineyards. In
addition to cropping history and soil depth, fruit variety may affect
metal accumulation in the soil. A two-way ANOVA analysis for
metals concentrations in topsoils revealed significant difference
among orchard types (p< 0.001 for Cu, Zn, Pb and Cd) and cropping
history (p < 0.001for Cu, Zn, Pb and Cd).

(i) Total Cu concentrations in the topsoils of apple orchards in
Qixia ranged from 63.6 to 132 mg kg�1 (Fig. 2). The lowest
total Cu concentration was measured in the soil from the
young (5 years old) apple orchard, the highest in the old
apple orchard (35 years old; Fig. 2). The Cu concentration in
the subsurface soil layer showed a low but consistent in-
crease from 38.5 to 44.8 mg kg�1, after 30 years plantation
(Fig. 2). Zinc levels in apple orchards soils slightly increased
from 127 to 168 mg kg�1. Pb and Cd concentrations were
elevated in both the surface and subsurface soils for the
apple orchard in Qixia. The concentrations of Cd and Pb in
surface soils in Qixia orchards were 0.27e0.41 and 32.1e
46.9 mg kg�1, respectively, and 0.19e0.26 and 24.9e
33.9 mg kg�1, respectively, in subsurface soils (Fig. 2).

(ii) Cu and Zn concentrations increased with crop age in the
surface layer of vineyard soils but were significantly lower
than in the apple orchard in Qixia (ANOVA, p < 0.01, Fig. 2).
The vineyard soil had slightly higher Pb and Cd concentra-
tions than all the other orchard soils. The total soil Pb con-
centrations ranged from 28.5 to 79.8 mg kg�1 in surface
layers with an average of 53.1 mg kg�1 (Fig. 2). The total Pb
concentration of surface layers was significantly higher than
that of subsurface layers (ANOVA, p < 0.01).



Table 1
Sampling location, age and physicochemical characteristics of orchard and vineyard soils from Northeast of Jiaodong Peninsula, China.

Sitea Latitude Longitude Type Groupb Layerc pHH2O (1:2.5) SOCd (%) Clay (%)% Silt (%) Sand (%)

Q 37�46040.330 0 120�55025.580 0 Apple orchard Y Surface 7.34 � 0.06 0.76 � 0.10 6.1 � 0.5 54.4 � 5.0 39.5 � 4.3
Subsurface 7.81 � 0.03 0.52 � 0.12 5.7 � 0.6 51.1 � 3.5 43.2 � 5.4

A Surface 5.21 � 0.03 0.83 � 0.08 5.7 � 0.8 53.3 � 4.7 41.0 � 3.9
Subsurface 4.95 � 0.02 0.48 � 0.18 6.1 � 0.6 51.3 � 6.3 42.6 � 7.1

O Surface 5.78 � 0.07 1.27 � 0.13 4.5 � 0.3 48.0 � 5.5 47.5 � 4.7
Subsurface 4.83 � 0.02 0.72 � 0.15 5.2 � 0.4 46.2 � 6.2 48.6 � 5.3

P 37�21017.580 0 120�47026.580 0 Vineyard Y Surface 7.43 � 0.10 0.65 � 0.12 5.7 � 0.5 60.0 � 5.9 34.3 � 3.4
Subsurface 7.50 � 0.10 0.40 � 0.03 6.5 � 0.7 66.8 � 7.8 26.7 � 3.7

A Surface 5.22 � 0.08 1.06 � 0.15 6.2 � 0.8 58.1 � 5.4 35.7 � 4.0
Subsurface 4.51 � 0.04 0.47 � 0.02 6.4 � 0.3 68.9 � 9.3 24.7 � 3.3

O Surface 4.65 � 0.08 0.72 � 0.11 6.4 � 0.6 53.7 � 3.2 39.9 � 2.4
Subsurface 4.41 � 0.08 0.47 � 0.02 7.0 � 0.5 64.2 � 7.1 28.8 � 2.5

L 37�25046.010 0 121�47006.670 0 Sweet cherry orchard Y Surface 7.61 � 0.07 0.84 � 0.12 5.6 � 0.8 61.4 � 6.3 33.0 � 1.7
Subsurface 7.66 � 0.03 0.42 � 0.05 6.9 � 0.5 62.0 � 5.1 30.7 � 2.7

A Surface 6.26 � 0.13 0.85 � 0.13 4.4 � 0.5 50.5 � 3.2 45.1 � 3.8
Subsurface 4.77 � 0.12 0.66 � 0.15 5.5 � 0.2 59.25 � 4.9 35.3 � 3.1

O Surface 4.67 � 0.04 0.88 � 0.05 5.7 � 0.9 60.9 � 4.2 33.4 � 7.6
Subsurface 4.34 � 0.02 0.40 � 0.03 6.1 � 1.2 63.5 � 9.2 30.4 � 4.0

Data shown are mean values including standard deviation obtained from three replicates.
a Q: Qixia L: Laishan P: Penglai.
b Orchards and vineyard type: Young (Y, with age < 10 years), Adult (A, with age 10e30 years), Old (O, with age > 30 years).
c Surface: 0e20 cm subsurface: 20e40 cm.
d Soil organic carbon content.

L. Li et al. / Environmental Pollution 188 (2014) 144e152 147
(iii) Concentrations of Cu and Zn in the surface soils of sweet
cherry orchards were elevated with increasing age of the or-
chards (Fig. 2). Pb and Cd levels were only slightly increased
in surface soils of the old sweet cherry orchard.
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Fig. 2. Total concentrations of Cu, Zn, Pb and Cd in surface (0e20 cm) and subsurface (20e40
in Penglai; sweet cherry orchard in Laishan) from Northeast of Jiaodong Peninsula in China w
30 years), Old (O, with age > 30 years).
3.3. Available metal concentrations in the soils

CaCl2 extractable metal concentrations in the different soils are
shown in Table 2. To avoid the effect of different total metal
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Table 2
The 0.01 M CaCl2 extractable concentrations of Cu, Zn, Pb and Cd (mean � SD, n ¼ 3) in the orchard and vineyard soils from Northeast of Jiaodong Peninsula in China.

Sitea Type Groupb Layerc CaCl2 extractable metal concentration (mg kg�1 dry soil)

Cu Zn Pb Cd

Q Apple orchard Y Surface 0.20 � 0.005 0.87 � 0.02 0.011 � 0.002 0.0031 � 0.0004
Subsurface 0.028 � 0.003 0.289 � 0.05 0.004 � 0.0006 0.0043 � 0.0001

A Surface 0.237 � 0.05 0.098 � 0.02 0.009 � 0.002 0.009 � 0
Subsurface 0.077 � 0.0003 0.548 � 0.03 0.005 � 0.0003 0.012 � 0.0007

O Surface 0.319 � 0.09 0.137 � 0.03 0.007 � 0.001 0.014 � 0.0001
Subsurface 0.103 � 0.01 1.03 � 0.09 0.007 � 0.002 0.010 � 0.0003

P Vineyard Y Surface 0.030 � 0.017 0.163 � 0.03 0.005 � 0.001 0.003 � 0.0003
Subsurface 0.006 � 0.0011 0.115 � 0.012 0.002 � 0.00029 0.0004 � 0.0002

A Surface 0.132 � 0.019 0.746 � 0.047 0.0153 � 0.003 0.019 � 0.00005
Subsurface 0.040 � 0.02 0.280 � 0.051 0.011 � 0.001 0.016 � 0.001

O Surface 0.772 � 0.133 0.896 � 0.019 0.039 � 0.00399 0.013 � 0.00024
Subsurface 0.050 � 0.002 0.330 � 0.08 0.026 � 0.0033 0.011 � 0.00049

L Sweet cherry orchard Y Surface 0.022 � 0.001 0.040 � 0.004 0.0027 � 0.0002 0.0030 � 0.0005
Subsurface 0.016 � 0.001 0.028 � 0.007 0.0018 � 0.00005 0.0020 � 0.0000007

A Surface 0.230 � 0.10 0.356 � 0.008 0.0061 � 0.001 0.0094 � 0.0003
Subsurface 0.105 � 0.01 0.376 � 0.049 0.0059 � 0.00069 0.0087 � 0.0004

O Surface 0.355 � 0.029 0.739 � 0.03 0.0112 � 0.0007 0.0164 � 0.0002
Subsurface 0.130 � 0.0033 0.332 � 0.08 0.0197 � 0.00093 0.0082 � 0.0004

Data shown are mean values including standard deviations obtained from three replicates.
a Q: Qixia; L: Laishan; P: Penglai.
b Orchards and vineyard type: Young (Y, with age < 10 years), Adult (A, with age 10e30 years), Old (O, with age > 30 years).
c Surface: 0e20 cm; subsurface: 20e40 cm.
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concentrations on metal availability, the available concentrations
are also given as a percentage of the total metal concentration
(PTM) in Fig. S1. The CaCl2 extractable Cu fractionwas always<1.0%,
and often <0.5%, of the total Cu concentration in soils, while the
available Cd fraction constituted more than 1.0% of the total Cd
concentration (Fig. S1). Cd availability expressed as PTM increased
with orchard and vineyard age. Cd availability was also significantly
influenced by soil depth for the adult and old orchards and vine-
yards and the CaCl2-extractable fractionwas generally higher in the
subsurface than in the surface soils (ANOVA, p < 0.01, Fig. S1). The
availability of Zn was also higher in the subsurface than in the
surface soils. Only a small proportion (<0.1%, and often < 0.05%) of
Pb was available in the soils (Fig. S1).

No significant correlations between total soil concentrations of
Cd and Pb and soil properties were found (Table 3). Concentrations
of Cu and Zn were significantly and negatively correlated with the
soil clay and silt content and positively with sand content
(p < 0.01), while total Cu concentrations correlated with soil
organic carbon content (SOC) (r ¼ 0.58, p < 0.01) (Table 3). The
available metal fractions (PTM) were highly significantly and
negatively correlated with soil pH (Radj2 ¼ 0.50e0.61, p < 0.001,
Table 3), suggesting that soil acidification had a greater enhancing
effect on metal availability than did other soil properties.

The DTPA-extractable concentrations ranged from 0.11 to
4.33 mg kg�1 for Cu, from 0.02 to 0.29 mg kg�1 for Zn, from 0.06 to
1.20 mg kg�1 for Pb, and from 0.0002 to 0.002 mg kg�1 for Cd.
DTPA-extractable concentrations decreased with soil depth and
were strongly associated with the total soil concentrations
(Radj2 ¼ 0.39e0.86, p < 0.01, Fig. S2).

3.4. Soil-water partitioning and DPASV-labile fraction in the
extracted soil solution

The ranges and mean values for metal soil-water partition co-
efficients Kp, are listed in Table S1. The results of multiple regression
analysis of log Kp with total metal and soil properties (log trans-
formed) are summarized in Equations (1)e(3). For Pb, no variable
met the significance level of 0.05. For Zn, only soil pH met this level
(Equation (1)). Adding other parameters did not significantly
improve the regression. As shown in Equations (2) and (3), soil-
water partition coefficients of Cd and Cu were mainly influenced
by soil pH. In addition to soil pH, SOC also influenced the Kp of Cu
(Equation (3)).

Log KpZn ¼ 1:56þ 0:25pH R2adj ¼ 0:28; n ¼ 18; p < 0:01

(1)

Log KpCd ¼ 1:02þ 0:2 pHþ 1:22 log Cdtotal R2adj ¼ 0:48; n

¼ 18; p < 0:001

(2)

Log KpCu ¼ 2:01� 1:08 logSOCþ 0:16pH R2adj ¼ 0:57; n

¼ 18; p < 0:001

(3)

The DPASV-labile Pb and Cd concentrations in soil solution
increased with orchard and vineyard age, and were also signifi-
cantly influenced by soil depth (Fig. 3). For the young orchards and
vineyard, DPASV-labile Pb and Cd was generally higher in the sur-
face soil than subsurface soil, whereas it was opposite in the adult
and old orchards and vineyards (p < 0.05, Fig. 3).
3.5. Metal speciation in the soil solid phase

In the orchard and vineyard soils Zn was mostly found in the
residual fraction (70.2e90.7%), followed by the FeeMn oxide (5.2e
21.2%), the exchangeable (0.3e11.5%), the carbonate (3.8e5.5%) and
the organic matter fractions (0.2e1.3%) (Table S2).

Most of the Cu in these soils was present in the residual fraction,
with exception of the topsoil of older orchard and vineyard soils
(>10 years, Table S2). The FeeMn oxides bound fraction was the
next most important fraction (23.8e58.2%), whereas the amounts
of Cu in the exchangeable and carbonate-bound fractions were
relatively low (Table S2). In particular, the residual fractions of Cu in
the top layers of older orchard and vineyard were much lower than
in the deeper layer.



Table 3
Correlation matrix for relationships between total (t) or available (0.01 M CaCl2
extractable; expressed as percentage of total metal concentration (PTM)) metal
concentrations in orchard and vineyard soils from Northeast of Jiaodong Peninsula
in China and key soil characteristics (log transformed variables).

Factor Clay Silt Sand pH SOC TM

Cut �0.57** �0.67** 0.70** �0.22 0.58** e

Znt �0.59** �0.65** 0.66** �0.16 0.39 e

Pbt 0.17 �0.03 0.02 �0.46 0.27 e

Cdt �0.07 �0.08 0.11 �0.19 0.23 e

PTMCu �0.25 �0.35 0.39 �0.74*** 0.43 0.53
PTMZn �0.09 �0.16 0.14 �0.71*** �0.002 �0.09
PTMPb 0.09 �0.02 0.02 �0.78*** 0.13 0.31
PTMCd �0.24 �0.31 0.30 �0.77*** 0.41 0.05

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level.
SOC represents soil organic carbon content (%) and TM represents total metal
concentration (mg kg�1).
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No detectable amounts of exchangeable Pb were extracted from
the young orchard and vineyard soils, and even in the old orchard
soils this fraction contained less than 2.5% of the total soil Pb
(Table S3). However, the amounts of Pb extracted by NH4OAc were
considerably higher (up to 34% of the total Pb), indicating that the
FeeMn oxides bound fraction of Pb was an important pool in the
soils. For Cd, a large amount was detected in the exchangeable
fraction (2.1e35.4%, Table S3).

3.6. Bioaccumulation of metals by earthworms

After 28 days of exposure, all earthworms had healthy appear-
ance, and no mortality or significant changes of their mean fresh
weight occurred. Internal metal concentrations in E. fetida are
presented in Table 4. Mean earthworm tissue concentrations fol-
lowed the order Zn > Cu > Cd > Pb (Table 4; ANOVA, p < 0.05).
There were significant relationships between earthworm tissue
concentrations and the total soil concentrations for Cu (p < 0.01)
and Pb (p< 0.05; Table 5). The metal concentrations in earthworms
showed significant correlations with both the CaCl2 and DTPA-
extractable soil concentrations except for Cd and Zn (Table 5). The
internal Zn concentration was regulated by E. fetida to a fairly
constant level of approximately 158 � 22.4 mg kg�1 dry body
weight (Table 4). The unexplained variation in the Cu and Pb con-
centration in earthworms was reduced when related to CaCl2 or
DTPA extractable metals concentrations instead of the total metal
concentrations in the soil (Table 5).

Bioaccumulation factors (BAFs), determined as the earthworm
tissue concentration divided by the soil concentration on a dry
weight basis, are summarized in Table 4. The BAFs of the four
metals ranked as Cd> Zn> Cu> Pb. The BAFs of Pbwere less than 1
in all cases and for Cu in most cases with exceptions for vineyard
and older orchard soils. The BAFs for all metals decreased with the
age of orchards and vineyard in the surface soils, but were higher in
the subsurface soils (Table 4).

4. Discussion

The average concentrations of Cu, Zn, Pb and Cd in soils of each
age group of orchards were higher than the background values in
local agriculture soils (SEPAC, 1990), which may be associated with
the more intensive fertilization and protection of apple trees
against pests compared to field crops in the studied area, though
the pedo-geogenic origin cannot be excluded either. The highest
soil contamination of Cu in apple orchards might be due to the
more frequent application of copper-based insecticides and
fungicides. Less agri-chemicals are applied in sweet cherry culture
as it has the shortest growing period. Concentrations of Cu found in
the vineyard soils in this study were lower than in some renowned
wine growing regions such as Europe (Fernandez-Calvino et al.,
2008; Flores-Velez et al., 1996), Australia (Pietrzak and McPhail,
2004) and South Africa (up to 3216 mg kg�1 total Cu, Mirlean
et al., 2007). In addition, our values were comparable to those
found in Australian vineyards (Wightwick et al., 2008). All the Pb
levels in vineyards soils were <80 mg kg�1, which is the allowable
limit for Pb in farmland soils for edible agricultural crop production
in China. Among the adult and old vineyards, the Cd concentrations
in the surface soil layer exceeded the maximum allowable con-
centration of Cd (0.30 mg kg�1) for agricultural soils in China
(SEPAC, 1990). Cd concentrations in some sweet cherry orchards
also exceeded the maximum allowable concentration of Cd
(0.30 mg kg�1) for agricultural soils proposed in China (SEPAC,
1990).

CaCl2 extractable Cu concentrations of vineyard soils reported
for several viticultural regions of the world, including the Southern
part of France (Brun et al., 1998); Australia (Wightwick et al., 2008);
and Brazil (Mirlean et al., 2007), usually represented < 1%, and
often < 0.5%, of the total Cu concentration in the soil. This is in
agreement with the results of the present study. Even in Brazil,
where very high concentrations of accumulated Cu (1214e
3216 mg kg�1 total Cu) were found in vineyard soils, CaCl2
extractable Cu only represented 0.1e0.9% of the total Cu concen-
trations (Mirlean et al., 2007). Considerably higher extractable Cu
concentrations have been reported for acidic vineyard soils
(Pietrzak andMcPhail, 2004; Brun et al., 1998). Similarly, for the old
orchards and vineyard in this study, the acid subsurface soils had
relatively higher CaCl2 extractable Cd concentrations than the
surface soils (Table 2), although higher concentrations of Cd accu-
mulated in the surface layers than in the subsurface.

For the Brown soil (Udic Luvisols) with low metal adsorption
capacity, soil acidification may greatly affect the extractability of
metals. As shown in Table 3, the availability (represented as the
PTM values) of Cu, Zn, Pb and Cd was mainly influenced by soil
solution pH, similar to other reports (Sauvé et al., 2000; Carlon
et al., 2004). pH alone could explain 50e61% of the variability in
the available (CaCl2 extractable) metal fractions (PTM). In addition
to soil pH, SOC influences the soil/solution partitioning of Cu, with
increasing concentrations of SOC increasing the formation of
organic copper complexes.

Most previous investigations on the chemical fractionation of
metals in agricultural soils have focused on rice (Xiong et al., 2004),
wheat (Nan and Cheng, 2001), and vegetables (Zhou et al., 2000) in
China. Very little information is available on the distributions of
metals in horticultural soils. Park and Cho (2011) recently reported
that Cu and Zn were mostly associated with the residual phase in
apple orchard soils. It is, however, true that metal in soil could
change from one form into another depending on some factors. For
instance, if the soil pH declines as a result of acidic amendments or
leaching of bases, the metals in the residual formwill becomemore
available and mobile in the soil. The sequential extraction of the
surface soil samples studied showed that the residual Cu fraction
decreased with increasing orchard age, whereas the Fe or Mn oxide
bound fractions increased (Table S2). Sequential chemical extrac-
tion data also showed that Zn in subsurface soil of older orchard
and vineyard shifted from dominantly labile, Fe and Mn oxides
sorbed forms (NH4AC extractable) towards more mobile fractions
i.e., to the exchangeable fraction, as a result of strong subsoil
acidification. Acidification of the subsurface soil mainly attributed
to the release of Zn bound to Fe andMn oxides and of the carbonate
bound Zn fraction. This resulted in a large increase of the Fe andMn
extractable fraction (data not shown). A large amount of Cd was
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Fig. 3. The ASV-labile Pb (left) and Cd (right) in 0.01 M KNO3 extracted soil solution of different types of orchard and vineyard (a: apple orchard; b: vineyard; c: sweet cherry
orchard) with different plantation periods. Young (Y, with age < 10 years), Adult (A, with age 10e30 years), Old (O, with age > 30 years). The asterisk denotes significant differences
between surface (0e20 cm) and subsurface (20e40 cm) horizon for a specific orchard or vineyard age at p < 0.05.
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detected in the exchangeable fraction and the residual fractions of
Cd in the subsurface layers of old orchard and vineyard soils sharply
decreased, as compared to the top layer (Table S3). This too could be
largely attributed to the higher acidity in the subsoil. Finally,
acidification did not significantly influence the solid phase specia-
tion of Cu and Pb as they were only to a small extent bound to
carbonates and Fe or Mn oxides in the examined soils.

The concentrations of Cu and Pb accumulated by E. fetida in this
experiment are comparable to those reported by other studies us-
ing soils containing similar concentrations of aged metals (Gaw
et al., 2012). The significant relationships observed between
earthworm and soil concentrations of Cu (p < 0.001) and Pb
(p < 0.01; Table 5) were consistent with correlations previously
reported for E. fetida in laboratory exposure assays with metal-
contaminated field soils (Grelle and Descamps, 1998; Bleeker and
van Gestel, 2007). The Cu concentration in earthworms exposed
to the seven soils containing the highest Cu concentrations excee-
ded 40 mg kg�1, the critical body concentration for cocoon pro-
duction for A. caliginosa and L. rubellus (Ma, 2005).

The order of uptake of metals and the magnitude of the BAFs
(Table 4) were in agreement with the results recently reported for
earthworms exposed to orchards soils contaminated by metals as a
result of historical agrichemical applications (Gaw et al., 2012). The
BAFs demonstrated marked differences in accumulation of metals
in subsurface soil of the aged orchards and vineyard, as evidenced
by the highest BAFs, with BAFs exceeding 1 for Cu, Zn and Cd
(Table 4). A BAF value of one or greater indicates that the earth-
worms accumulated the metals from the orchard and vineyard
soils. Since Zn and Cu are essential elements, the high BAF may to a
great extent be explained from the regulation of body concentra-
tions by the earthworms rather than from too high exposure levels.
These results nevertheless suggest that transfer to the food chain of



Table 4
Metal concentrations in earthworm tissue (mg kg�1 dry wt) after 28 d exposure in the orchard and vineyards soils from the Northeast of Jiaodong Peninsula in China and
bioaccumulation factors (BAFs) for uptake of metals by the earthworm Eisenia fetida. See Table S1 for soil properties and Fig. 2 for metal concentrations.

Sitea Type Age (years) Layerb Worm metal concentration (mg kg�1 dry wt) Metal bioaccumulation factors (BAFs)c

Cu Zn Pb Cd Cu Zn Pb Cd

Q Apple orchard <10 Surface 21.1 149 3.4 37.4 0.31 1.17 0.10 139
Subsurface 33.2 130 2.7 29.2 0.73 1.22 0.11 154

10 to30 Surface 46.7 150 3.1 40.1 0.73 1.08 0.08 103
Subsurface 28.1 148 2.7 24.3 0.73 1.32 0.09 93.8

>30 Surface 58.5 141 2.7 36.0 0.44 0.83 0.05 88.0
Subsurface 51.8 170 4.0 38.9 1.15 1.43 0.12 216

P Vineyard <10 Surface 42.5 174 3.4 46.2 1.49 2.32 0.11 185
Subsurface 29.3 151 2.5 35.6 1.11 2.15 0.11 149

10 to30 Surface 35.5 142 4.2 21.1 0.69 1.49 0.05 43.1
Subsurface 31.4 151 3.8 34.1 1.21 1.82 0.08 97.5

>30 Surface 70.8 161 4.1 30.8 0.88 2.15 0.05 54.1
Subsurface 26.9 132 3.3 27.2 1.05 2.03 0.06 114

L Sweet cherry orchard <10 Surface 34.5 135 2.5 30.8 1.03 1.50 0.09 110
Subsurface 34.4 159 2.9 27.8 1.07 2.01 0.10 155

10 to30 Surface 33.8 167 2.3 32.7 0.74 1.64 0.08 109
Subsurface 38.4 177 3.7 34.5 1.05 2.06 0.14 216

>30 Surface 42.7 196 3.3 39.3 0.44 1.27 0.06 87.4
Subsurface 45.6 216 4.9 40.8 1.35 3.25 0.20 227

a Q: Qixia L: Laishan P: Penglai.
b Surface: 0e20 cm subsurface: 20e40 cm.
c BAFs calculated as earthworm tissue concentration (mg kg�1) divided by soil concentration (mg kg�1) on dry weight basis; unit of BAF is kg earthworm kg�1 soil.

Table 5
Correlation matrix for metal concentrations in earthworm tissue and extracted soil
concentrations (log-transformed variables). The earthworm Eisenia fetida were
exposed for 28 d in the orchard and vineyard soils from the Northeast of Jiaodong
Peninsula in China.

Soil total
concentration

CaCl2
extractable

DTPA
extractable

Soil solution
concentration

Cuworm 0.55** 0.70*** 0.63** 0.33
Znworm �0.07 0.20 �0.23 0.26
Pbworm 0.40* 0.58** 0.50* 0.16
Cdworm �0.15 �0.26 0.08 �0.38

*Significant at the 0.05 probability level.
**Significant at the 0.01 probability level.
***Significant at the 0.001 probability level.
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Cd is possible in old orchards and vineyards with elevated con-
centrations and bioavailability of thesemetals in the subsurface soil
layer.

The results reported in the present study confirmed the
enrichment of soil with Cu, Zn, Pb and Cd due to the use and
management of orchards and vineyards with agri-chemicals for
various decades in a certified fruit plantation area of the Northeast
Jiaodong Peninsula, China. Our results also demonstrated that these
historical horticultural metals remained bioavailable to the earth-
worm E. fetida, specifically in the old orchards and vineyards,
largely due to soil acidification and that the potential exists for Cd
to enter terrestrial food chains. Regular monitoring (i.e., every two
years) of the soil conditions at the old orchards and vineyards is
therefore recommended in order to assess the solubility of Cu, Zn,
Pb and Cd and limit their entrance into the food chain, and to allow
for taking possible measures to oppose soil acidification. Specif-
ically, orchard soil metal guidelines (National Environmental
Protection Agency of China (1995)) may need to be re-evaluated
to afford appropriate environmental protection under conditions
of acidification.
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