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Abstract
Purpose Coastal orchards, with greater humidity and precipitation, are favorable for fruit production, as well as mildew fungi
development, thus becoming hot spots of Cu concentrations in soils due to the use of copper-based fungicides. However, little is
known on the variation tendencies of Cu availability and mobility from these soils. This study aims to investigate the accumu-
lation, spatial-temporal distribution, and chemical fractions of soil Cu in one of the largest coastal apple-producing area with over
40-year intensive cultivation in China.
Materials and methods A total of 104 orchard and 31 farmland topsoil samples were collected from Jiaodong Peninsula,
Shandong Province. The total Cu concentration (T-Cu) and major element components (MnO, TiO2, SiO2, Fe2O3, and Al2O3)
in the soil were determined by X-ray fluorescence spectroscopy. Available Cu concentration (A-Cu) was extracted with HCl or
DTPA. Chemical fractionations of Cu were determined via sequential extraction method. The variation tendencies of T-Cu, A-
Cu, Cu available ratio (AR), and chemical fractions with planting duration in the orchards were explored while a cokriging
method was selected to predict their spatial distributions. Moreover, Pearson’s correlation and multiple linear stepwise regres-
sions were constructed to distinguish the vital factors in controlling Cu availability and mobility from these soils.
Results and discussion The results showed that long-term application of Cu-containing fungicides had increased Cu concentra-
tions in orchard soils (85.77 mg kg−1) 3.5 times higher than the background value (24.0 mg kg−1) of local agricultural soils, in
which 23.8% existed in the available form. Cu in the weak acid-soluble fraction (F1, 5.0 ± 3.5 %), reducible fraction (F2, 24.7 ±
6.6%), and oxidizable fraction (F3, 18.5 ± 7.8%) in orchard soils increased significantly with increasing planting durations
whereas the residual fraction (F4, 51.7 ± 15.4%) exhibited a reverse trend. Total content, available content, and chemical fractions
of Cu showed strong spatial heterogeneity. The availability andmobility of Cu in orchard soils were mainly controlled by total Cu
content, pH, and soil organic carbon.
Conclusions Coastal orchards under warm and humid climate condition in China exhibited higher Cu input, along
with acidification and rapid organic carbon turnover in the soils, eventually leading to large accumulation and high
mobility of Cu in the soils.
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1 Introduction

Copper (Cu) is not only an essential nutrient for plant growth
but also a hazardous heavy metal in the environment in excess
concentrations (Michaud et al. 2007; Wu et al. 2010; Yang
et al. 2015). Copper in most soils is derived mainly from
parental rock weathering, but in some soils, anthropogenic
activities may be the dominant source (Pietrzak and McPhail
2004; Ballabio et al. 2018). Since the fungicidal properties of
copper were recognized two centuries ago (Fernández-
Calviño et al. 2009), copper-based fungicides have beenwide-
ly used in fruit orchards, vineyards, and vegetable crops to
control fungal diseases (Wang et al. 2009). Long-term appli-
cation of cupric fungicides has resulted in extensive Cu accu-
mulation in the soils ranging from 1 up to 3215 mg kg−1

worldwide, especially when orchard age and application times
increase (Fernández-Calviño et al. 2009; Mackie et al. 2012;
Fu et al. 2018a). Coastal areas have marine climates, with
humid air and high rainfall, which is propitious to the growing
of tree fruits (Li et al. 2014). However, the greater humidity
and precipitation also makes coastal areas a hot spot of Cu
concentrations in soils through fungicidal application
(Fernández-Calviño et al. 2009; Mackie et al. 2012).

Total Cu contents in orchard soils do not provide sufficient
information to estimate its environmental impact (Vázquez
et al. 2016). Indeed, Cu can be associated with various soil
components that differ in their ability to retain or release it
(Chopin et al. 2008). Thus, Cu availability to biota (as a nu-
trient or toxin) and its mobility are the most important aspects
to be considered when assessing its effect on the total envi-
ronment (Pietrzak and McPhail 2004). Although previous
work has shown T-Cu increased remarkably in coastal orchard
soils under long-term cultivation, little is known on the varia-
tion tendencies of Cu availability and mobility. The inter-
relationship between Cu and soil properties is always so-
phisticated, as soil properties are well known to have a
strong influence on Cu accumulation and bioavailability
in any soil (Wightwick et al. 2008; Fernández-Calviño
et al. 2009). Moreover, soil characteristics such as acidity
and soil organic matter (SOM) are demonstrated to
change significantly among different planting durations
due to intensified management in coastal orchards
(Wang et al. 2009; Li et al. 2014; Fu et al. 2018b); thus,
more precise details of their influence on the availability
and mobility of Cu in orchard soils are warranted.
Delineation of the geographic distribution of soil metals
based on limited samples is necessary for better under-
standing the deficiencies or toxicities in plants, livestock,
and humans (Wu et al. 2010; Fu et al. 2018a). At present,
few studies pay attention to the spatial distribution of
available and mobile fraction of Cu in coastal orchard
soils, thus impeding the efficient risk management and
remediation of the polluted orchard soils.

Thus, this study was conducted in a typically large and long-
term coastal orchard area to further reveal the tendencies and
spatial distributions of Cu accumulation and fractions. The ob-
jectives of this study were (i) to investigate the change of soil
Cu concentration and partitioning in coastal orchards with dif-
ferent planting durations, (ii) to investigate the spatial distribu-
tion of soil Cu concentration and fractions in coastal orchards,
and (iii) to understand the influence of soil properties on the
availability and mobility of Cu in coastal orchard soil.

2 Materials and methods

2.1 Study area

The study area is located in Jiaodong Peninsula,
Shandong Province, China (Fig. 1). Jiaodong Peninsula
is adjacent to the Bohai Sea and the Yellow Sea bounded
by east longitude between 119° 45′ and 122° 75′ and
north latitude between 35° 50′ and 38° 85′ with a total
area of 30,825 km2. Jiaodong Peninsula is in a warm
temperate zone with a marine climate, humid air, and
ample sunlight throughout the year with four distinct sea-
sons. The area receives mean annual precipitation of ap-
proximately 650–850 mm, and the mean annual tempera-
ture is 12 °C. The elevation of the study area ranges from
0 to 1132 m. Brown soil (Hapli-Udic Argosols, Chinese
Soil Taxonomy) is the dominant soil type which covers
85% of the total study area (Fig. 1). Jiaodong Peninsula
has a long 40-year tradition of intensive horticultural crop
production and has become a main region for apple pro-
duction in China (Li et al. 2014).

2.2 Soil sampling

Soil samples were collected during April and June 2014. A
total of 104 soil samples were collected in the typical apple
orchards with Hapli-Udic Argosols throughout the study area
(Fig. 1). Moreover, 31 farmland soils were chosen as a refer-
ence and collected from typical farmlands which were adja-
cent to the sampled orchards. Surrounding each sam-
pling site, five sub-samples at depth 0–20 cm over a
circle of radius 10 m were taken with a stainless steel
blade and a plastic scoop, then mixed thoroughly.
About 1 kg soil was taken from each composite sample,
stored in a polyethylene bag, and transported to the
laboratory. The locations of sampling centers were re-
corded by a global positioning system (GPS, Garmin
GPSmap 60CSx, Garmin Ltd., Olathe, USA). The plant-
ing duration of each orchard was acquired by enquiring
from the orchard manager (Fig. 1).
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2.3 Chemical analysis

The soil samples were air-dried at ambient temperature and
sieved through a 2-mm nylon mesh to remove coarse debris
and plant roots. The 2-mm samples were used for the deter-
mination of soil pH and available copper (A-Cu). Portions of
each sample were then ground with a ceramic pestle and mor-
tar to pass through a 0.25-mm nylon mesh for CEC determi-
nation. Another portion of each sample was milled in an agate
grinder and sieved through a 0.149-mm nylon mesh for the
determination of soil total copper (T-Cu), soil organic carbon
(SOC), and major elements.

The soil chemical properties were analyzed according to
the routine analytical methods of agricultural chemistry in soil
(Lu 1999). Briefly, soil pH value was measured in a 1:2.5
(w/v) ratio of soil to distilled water using a pH meter
(Mettler Toledo Five Easy Plus FE20, Greifensee,
Switzerland). Contents of SOC were determined via a CNS
element analyzer (Elementar Analysensysteme Vario
MACRO cube, Hanau, Germany). CEC was measured by
the ammonium acetate method. Available Cu in acid soils
was extracted with hydrochloric acid (0.1 mol L−1 HCl),

whe r ea s ca l c a r eous so i l s we r e ex t r a c t ed wi th
diethylenetriamine penta-acetic acid (0.005 mol L−1 DTPA)
(more detailed descriptions of the method can be found in LY/
T 1260-1999), and then determined by inductive coupled plas-
ma spectrometry (ICP-OES) (Optima 7000DV, Perkin Elmer,
Waltham, USA). T-Cu and major element components (MnO,
TiO2, SiO2, Fe2O3, and Al2O3) in the soil were determined by
X-ray fluorescence spectroscopy (XRF, Philips Magix Pro
PW2440 instrument, Eindhoven, The Netherlands).

The optimized Community Bureau of Reference
(BCR) sequential extraction method was used to deter-
mine chemical fractionations of Cu in the soil samples
(Ure et al. 1993). A total of 42 representative soil sam-
ples were chosen for the BCR method according to their
spatial distribution, planting duration, and soil proper-
ties. This procedure extracts metals sequentially in or-
der: weak acid-soluble fraction (exchangeable and car-
bonate-associated, F1), reducible fraction (bound to Fe/
Mn oxides, F2), oxidizable fraction (bound to organic
matter, F3), and residual fraction (F4). The metal con-
centrations of the extracts were analyzed by ICP-MS
(ELAN DRC II, Perkin Elmer, Waltham, USA).

Fig. 1 The location of the study
area and the distribution of soil
samples
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Quality assurance and quality control (QA/QC) were esti-
mated using duplicates and Certified Reference Materials
(GSS-1, GBW07412a ASA-1a) approved by the National
Research Center for Geoanalysis or the National Research
Center for Certified Reference Materials of China. The recov-
eries T-Cu and A-Cu of the reference materials are 96 ± 8% (n
= 8) and 95 ± 9% (n = 8), respectively. Ten percent of all soil
samples were measured in duplicate, and the standard devia-
tion of duplicate samples was within 5%.

2.4 Geostatistical interpolation of soil Cu

Cokriging with auxiliary variables can improve estimates for a
less densely sampled primary variable (Wu et al. 2006). In the
present study, we select a cokriging method to generate the
spatial distribution of T-Cu, A-Cu, AR (Cu available ratio: [A-
Cu/T-Cu]*100%), and chemical fractions by ArcGIS 10.0
(ESRI, Redlands, USA). The pH and (or) SOC were chosen
as covariate(s) due to their close relationship(s) with T-Cu, A-
Cu, AR, and chemical fractions (Tables 2 and 3). A total of
396 additional orchard soil samples (Fig. 1; Fu et al. 2018b)
were integrated into the cokriging method to obtain detailed
maps of T-Cu, A-Cu, AR, and chemical fractions. Prior to the
interpolation, the Johnson transformation method was utilized
to obtain normal distributions of the raw data (Fu et al. 2018a).
Mean error (ME) and root mean square error (RMSE) were
used to evaluate the confidence of the interpolation procedure
(Fu et al. 2018a).

2.5 Statistical analysis

Pearson’s coefficient in a two-tailed test was constructed to de-
termine the relationship amongT-Cu,A-Cu,AR, the percentages
of Cu fractions, and different soil properties. In order to combine
all geochemical information and elucidate the association be-
tween available metal pools and soil chemical characteristics,
multiple linear stepwise regressions were employed. The data
were log-transformed in order to normalize their distribution.
All statistical analyses were carried out with the program SPSS
20.0 for Windows (SPSS, Chicago, USA).

3 Results

3.1 Accumulation and chemical fractions of Cu in the
coastal orchard and farmland soils

The descriptive statistics of T-Cu, A-Cu, Cu chemical frac-
tions, and properties (pH, SOC, CEC, Al2O3, SiO2, Fe2O3,
MnO, and TiO2) of the orchard and farmland soil samples
are shown in Table 1. The coastal soils had acidic pH with a
mean value of 5.78 and 5.80 for orchard and farmland soil
samples, respectively. SOC content was low for the two kinds Ta
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of coastal soils, which is in line with the low CEC value of the
soils. The contents of Al2O3, SiO2, Fe2O3, MnO, and TiO2

had mean values of 14.4%, 60.6%, 4.2%, 0.1%, and 0.7% in
the orchard soils.

Mean content of T-Cu in orchard soils was 85.77 mg kg−1,
approximately 3.5 times higher than the background value
(24.0 mg kg−1) of local agricultural soils (CNEMC 1990).
Compared with the Cu thresholds (150 mg kg−1, pH < 6.5)
of the Chinese Soil Environmental Quality Standards (MEE
2018), the mean T-Cu in orchard soils was significantly lower
(p < 0.01). However, 13% (14/108) of the samples were cat-
egorized as being Cu highly enriched. Farmland soils showed
T-Cu concentration of 28.71 ± 16.00 (mean ± SD) mg kg−1,
slightly higher than the background value but significantly
lower than the concentration in the orchard soils (p < 0.01)
(CNEMC1990). Themean content of T-Cu in the orchard soil
was higher than the maximum content of T-Cu in the farmland
soils, indicating that the studied orchard soils were enriched
with copper and orchard use of agriculture land is likely to
result in Cu accumulation. Values of A-Cu ranged between
0.09 and 101.67 mg kg−1 for the whole set of orchard soil
samples, representing an average 23.8% of T-Cu. Values of
A-Cu varied narrowly for the farmland soil (0.70–15.35 mg
kg−1). The mean content of A-Cu and its ratio in orchard soils
were significantly higher than the corresponding content and
ratio in the farmland soils. This indicated that more Cu existed
in available forms in orchard soils. T-Cu in the orchard soil
was partitioned into F1 (6.55 ± 6.27 mg kg−1), F2 (27.41 ±
17.33 mg kg−1), F3 (21.04 ± 16.33 mg kg−1), and F4 (49.56 ±
27.37 mg kg−1), accounting for 5.0 ± 3.5%, 24.7 ± 6.6%, 18.5
± 7.8%, and 51.7 ± 15.4% of T-Cu, respectively. The portion
of potential mobile fraction (F1 + F2 + F3) was higher in
orchard soil than in farmland soil whereas the portion of re-
sidual fraction (F4) exhibited a reverse trend.

3.2 Temporal distribution of soil T-Cu, A-Cu, AR, and
chemical fractions

The variations of T-Cu, A-Cu, and AR in the orchards of
Jiaodong Peninsula with planting duration are displayed in
Fig. 2. The T-Cu, A-Cu, and AR of the studied soils were in

large dispersion for different planting durations; however,
based on their mean values, linear and polynomial fit of T-
Cu, A-Cu, and AR versus planting duration were deduced
with high correlation coefficients (0.93, 0.87, and 0.78, re-
spectively). T-Cu and A-Cu in the orchard soil increased sig-
nificantly with the increase of planting durations for the entire
chronosequence. However, samples with planting duration <
10 years showed weak increasing trends of T-Cu, A-Cu, and
AR. It could be roughly estimated that soil Cu increased by
3.30 mg kg−1 year−1 with increasing planting durations and
about 36.1% existed in available form. Furthermore, A-Cu of
the soils increased at a higher rate than T-Cu, which in return
reduced the AR of the coastal orchard soils.

The partitioning of the chemical fractions (F1, F2, F3, and
F4) in the orchard soils under different planting durations is
shown in Fig. 3. Based on the mean values of each fraction,
polynomial (F1 and F4) and linear fit (F2 and F3) versus
planting duration were also deduced. F1 and F4 concentra-
tions appeared to be on a rising trend, but after approximately
30 years of cultivation, those concentrations began to plateau
or decline at a slow pace. Unlike the temporal trend of F1 and
F4, concentrations of F2 and F3 elevated significantly by
roughly 1.11 and 0.96 mg kg−1 per year, respectively. In
sum, with increase in planting duration, Cu in older orchard
soils shifted from dominantly stable residual forms (F4) to-
wards more mobile fractions (F1, F2, and F3), as a result of
long-term orchard management.

3.3 Spatial distribution of soil T-Cu, A-Cu, AR, and
chemical fractions

The spatial distributions of soil T-Cu, A-Cu, AR, and chemi-
cal fractions (F1, F2, F3, and F4) are illustrated in Fig. 4. The
cokriging method was effective in mapping the spatial distri-
butions as the ME and RMSE were relatively low. Evident in
Fig. 4, soil T-Cu, A-Cu, AR, and chemical fractions had large
variations across the study areas, suggesting strong spatial
heterogeneity of these soil properties. Generally, soil T-Cu,
A-Cu, and AR had similar spatial patterns with high values
in the central and east region and low values in the northwest
region of the study area. There were some differences in

Fig. 2 Variation of T-Cu, A-Cu, and AR in the coastal orchards with planting duration. T-Cu, total Cu concentration; A-Cu, available Cu concentration;
AR, Cu available ratio; PD, planting duration
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distribution trends between AR, T-Cu, and A-Cu concentra-
tions. This indicates that the AR was influenced by different
sets of environmental factors compared to T-Cu and A-Cu
concentrations. The hot spots of T-Cu and A-Cu were mostly
coincided with the old orchard having a long history of or-
chard management. The potentially mobile fractions (F1, F2,
and F3) presented different geographic trends across the study
areas. However, the same trend can also be observed in some
detailed regions. The spatial distribution of F4 depicted a re-
verse trend with F2 and F3, but no clear distribution charac-
teristics with F1.

3.4 The influence of soil properties on Cu
accumulation and partitioning

Relationships of T-Cu, A-Cu, AR, and chemical fraction with
related soil properties (pH, SOC, CEC, Al2O3, SiO2, Fe2O3,
MnO, and TiO2) were established by determination of corre-
lation coefficient values (Table 2). T-Cu exhibited significant
positive correlation with SOC and CEC (r = 0.303–0.421, p <
0.01), indicating T-Cu increased with increasing SOC and
CEC values. The negative correlation between pH and T-Cu
(r = −0.289, p < 0.01) indicated that acid soils were likely to
keep more Cu in the soils. Moreover, relatively poor correla-
tions were shown between T-Cu and major element compo-
nents (Al2O3, SiO2, and Fe2O3). A-Cu was strongly correlated
with T-Cu (r = 0.927, p < 0.01), indicating that A-Cu concen-
tration increased with increase in T-Cu concentration. With
regard to soil properties, pH, SOC, and CEC showed signifi-
cant but less correlation with A-Cu compared with T-Cu,
whereas no correlation was found between A-Cu and major
element components. The potential mobile fraction (F1 + F2 +
F3) showed significant and positive correlations with T-Cu,
A-Cu, and AR where F4 showed a reverse correlation trend
with them. Contrarily, F1, F2, and F3 significantly and

negatively correlated with pH whereas F4 exhibited a reverse
correlation trend.

Multiple linear stepwise regressions were conducted to
identify the key soil parameters affecting the availability and
mobility of Cu in the orchard soils (Table 3). All regression
models are significant below 0.01 levels. Although the con-
tents of T-Cu, A-Cu, AR, and Cu fractions could be described
by the established models, the effectiveness of the models
varied greatly. The variation in T-Cu was explained by pH,
SOC, and Fe2O3 accounting for 35% of the total variance. A-
Cu and AR were predicted by T-Cu and pH as evidenced by
their strong correlations. With respect to the chemical frac-
tions, T-Cu was retained in the equations except for F3.
Moreover, pH was retained in the stepwise regression equa-
tions of F1, F3, and F4, whereas Fe2O3 was retained instead of
pH for F2.

4 Discussion

4.1 Cu enrichment and its spatial-temporal distribu-
tion in orchard soils

T-Cu enrichment in the studied orchard soils is attributed to
the application of Cu-based fungicide, which has been used to
protect the apple trees against fungal diseases compared to
field crops in the study area. Cu-based pesticides are typically
applied on the foliage and can run off the leaves, thus contrib-
uting to Cu accumulation in the soil. The soil T-Cu is observed
to increase roughly 3.30 mg kg−1 annually, which is in line
with Li et al. (2005) who reported the annual Cu increase in
orchard soils ranged from 2.5 to 9.0 mg kg−1 in Shandong
Peninsula, China. Although the annual contribution of this
Cu is small, its cumulative effects over years can be substan-
tial. Our result of T-Cu content in orchard soils is comparable

Fig. 3 Temporal distribution of Cu fractions in the coastal orchards under different planting durations. F1, weak acid-soluble fraction; F2, reducible
fraction; F3, oxidizable fraction; F4, residual fraction; PD, planting duration
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with those of countries such as France (22–398 mg kg−1,
Chaignon et al. 2003), Australia (6–223 mg kg−1,
Wightwich et al. 2008), Slovenia (87–120 mg kg−1, Rusjan
et al. 2007), Spain (61–434 mg kg−1, Fernández-Calviño et al.
2008), Portugal (25–666 mg kg−1, Fernández-Calviño et al.
2009), and New Zealand (4–259 mg kg−1, Morgan and Tylor
2004), but significantly lower than that of Brazil (37–3216mg
kg−1, Mirlean et al. 2007). This could be associated with cli-
matic conditions of the orchards in tropic regions of which
high precipitation and temperature leads to more intensive
application of Cu-based fungicides. Copper in the studied
coastal apple orchard soils was significantly higher than the
concentrations in the inland apple orchard soils (such as

orchards in Loess Plateau; soil T-Cu, 20.09–25.94 mg kg−1)
in which Cu was more likely derived from parent material
weathering (Chen et al. 2011). This suggests coastal orchards
with greater humidity and precipitation might exhibit higher
copper concentrations due to repeated Cu-based fungicide
uses. These two points jointly reinforce the linkage between
Cu accumulation and climate condition, thus highlighting that
coastal orchards could be hotspots of soil Cu contamination
due to the continuous application of Cu-containing fungicide.

Within the study area, soil Cu concentration (T-Cu, A-Cu,
and chemical fractions) varied largely (Fig. 2), illustrating the
heterogeneous distribution of the Cu contamination (Ruyters
et al. 2013). Increasing planting duration with repeated
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Fig. 4 Spatial distributions of Cu concentration and chemical fractions in coastal orchards soils. T-Cu, total Cu concentration; A-Cu, available Cu
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application of Cu-containing fungicides contributes to the dispar-
ity in T-Cu values which would be reflected on its spatial distri-
bution (Fernández-Calviño et al. 2009). Moreover, runoff,
leaching, and soil erosion also contributed to the dispersal of
Cu concentrations since the orchards are mainly located on un-
dulating hills in Jiaodong Peninsula (Mackie et al. 2012; Fu et al.
2018b). Cu released from orchard soil may reach the soils of the
downhill farmland, thus leading toCu accumulation in their soils.
Moreover, sediment that originated by erosion in orchard soils
could also enter the rivers which ultimately pollute the river
channel. For example, a previous study reported sediment Cu
enrichment in the middle stream of Jia River which runs through
Jiaodong Peninsula, possibly linked to erosion of the orchard
soils since industrial input was negligible (Liu et al. 2019).
Thus, a relevant proportion of addedCumay have been lost from
orchard soils. This could partly explainwhyT-Cuwas not strictly
monotonically increasing along the chronosequence (Fig. 2),
which by the way, also implied potential risk from orchard soil
pollution to the watershed.

Cu level, and especially the exogenous Cu, in soils is an
important factor influencing its available and mobile pools
(Fernández-Calviño et al. 2009). The exogenous Cu in or-
chard soils was more likely to exist in available and mobile
forms, whereas reduced the proportion of the residual fraction,
and consequently increasing its availability and mobility. T-
Cu alone could explain 25.8–77.4% of the variability in the
available (A-Cu) and mobile (F1 and F2) fractions in the pres-
ent study. This could explain the similarity of spatial distribu-
tions of T-Cu, A-Cu, AR, F1, and F2. Moreover, the high
correlations between A-Cu concentration and the fractions
demonstrated that the potentially mobile fractions were direct
sources of the A-Cu concentration in orchard soils.

4.2 The influence of soil properties on Cu
accumulation and partitioning

Hapli-Udic Argosols are acidic by nature; however, soil acid-
ification due to anthropogenic and natural acidification

Table 2 Pearson’s correlations
between T-Cu, A-Cu, AR, and
related soil properties

Item T-Cu A-Cu AR F1 F2 F3 F4

T-Cu 1 0.529** 0.533** 0.415* − 0.599**

A-Cu 0.927** 1 0.484** 0.737** 0.576** − 0.713**

AR 0.621** 0.807** 1 0.339* 0.856** 0.670** − 0.774**

pH − 0.289** − 0.342** − 0.437** − 0.458** − 0.433** − 0.642** 0.581**

SOC 0.421** 0.339** 0.193* 0.347* 0.287 0.451** − 0.483**

CEC 0.303** 0.232* 0.188 − 0.014 0.090 0.007 − 0.107

Al2O3 0.228* 0.098 − 0.151 0.067 − 0.111 − 0.142 0.056

SiO2 − 0.283** − 0.093 0.235* − 0.066 0.208* 0.341* − 0.288

Fe2O3 0.270** 0.100 − 0.162 0.115 − 0.244* − 0.169 0.054

MnO 0.067 − 0.067 − 0.247** − 0.165 − 0.210 − 0.329 0.203

TiO2 0.134 0.069 − 0.050 0.131 0.010 0.096 − 0.139

T-Cu total Cu concentration, A-Cu available Cu concentration, AR Cu available ratio, SOC soil organic carbon,
CEC cation exchange capacity, F1 weak acid-soluble fraction, F2 reducible fraction, F3 oxidizable fraction, F4
residual fraction

*Correlation is significant at the 0.05 level (2-tailed); **correlation is significant at the 0.01 level (2-tailed)

.

Table 3 The multiple linear
stepwise regression models of T-
Cu, A-Cu, AR, F1, F2, F3, and F4
against soil properties

Model F value R2
adj Sig.

LogT-Cu = 1.07LogSOC − 0.09pH + 0.74LogFe2O3 + 0.81 19.54 0.35 0.00

LogA-Cu = 1.60Log-TCu − 0.08pH − 1.35 193.01 0.79 0.00

LogAR = 0.60LogT-Cu − 0.08pH − 0.66 35.21 0.40 0.00

LogF1 = 1.60LogT-Cu − 0.26pH − 1.22 8.46 0.41 0.00

LogF2 = 0.30LogT-Cu − 0.37LogFe2O3 − 1.03 11.15 0.37 0.00

LogF3 = −0.09pH + 0.65LogSOC + 1.07 15.91 0.47 0.00

LogF4 = 0.05pH − 0.15LogT-Cu − 0.42LogSOC + 2.17 11.31 0.48 0.00

Stepwise regression. Criteria: probability of F to enter p ≤ 0.050, probability of F to remove p ≥ 0.100

T-Cu total Cu concentration, A-Cu available Cu concentration,ARCu available ratio, SOC soil organic carbon, F1
weak acid-soluble fraction, F2 reducible fraction, F3 oxidizable fraction, F4 residual fraction
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processes decreased the soil pH significantly (Guo et al. 2010;
Li et al. 2014). T-Cu concentration and acidification were both
controlled by agronomic activities in orchards. Under a long
planting duration, a significant negative correlation between
T-Cu and pH was expected. It had been recognized that de-
creased soil pH resulted in an increase in the proportion of Cu
in the soluble form, altering metal speciation and availability
in the soils (Alva et al. 2000; Komárek et al. 2010; Mackie
et al. 2012). This supports the significant negative correlations
between orchard soil pH and A-Cu and potential mobile frac-
tions in the present study. The accumulation of SOC in the
orchard soils may be explained by the constant input of or-
ganic fertilizers and fruit tree organic residual returns (Wang
et al. 2009; Fu et al. 2018b). Sorption on SOM by means of
complexation with humic and fulvic acids makes SOM the
most important sink for Cu in soils (Strawn and Baker.
2008; Duplay et al. 2014). Cu is less mobile in organic-rich
soils because it does not easily methylate or is strongly bound,
forming stable complexes (Zeng et al. 2011). As directly in-
fluenced by SOC, F3 only accounts for less than 20% of T-Cu
in the present study, which may be due to a relatively low
SOC content. However, a worse situation could be reached
if mineralization processes were dominant (Fernández-
Calviño et al. 2009). Coastal orchard soils are recognized to
have a rapid SOC turnover rate due to a warm and wet marine
climate that favors microbial decomposition of SOC (Fu et al.
2018b). This, however, will make Cu partitioning more com-
plex when considered simultaneously with soil acidification.

Major element components were generally considered to
be important products of parent rock weathering (Lee et al.
2006; Chen et al. 2008). However, anthropogenic inputs of Cu
in orchard soils may disturb the original correlation between
T-Cu and major element components; thus, weak correlations
were found for orchard soils. Oxides of Al and Fe have been
shown to have a strong affinity for Cu (Eze et al. 2010). Week
correlations of T-Cu with Al2O3, SiO2, Fe2O3, MnO, and
TiO2 in orchard soil imply that Cu was primarily present as
exchangeable ions and available forms rather than absorbed
and/or co-precipitated within the crystal lattice of minerals
(Chai et al. 2015). It is widely recognized that the fine soil
components (e.g., clay minerals, Fe-Mn oxy-hydroxides) may
well play an important role in the retention of trace elements
and, consequently, in controlling the solubility and availabil-
ity of contaminants (Rivera et al. 2016). However, soil con-
stituents affecting availability are often interrelated and, there-
by, the effect of these parameters is usually not straightfor-
ward (Peijnenburg and Jager 2003).

5 Conclusions

With the continuous use of Cu-based fungicides, Cu in or-
chard soils increased roughly up to 3.30 mg kg−1 per year.

The exogenous Cu in orchard soils is likely to exist in avail-
able and mobile fractions with soil acidification and organic
carbon enrichment, consequently increasing its availability
and mobility. Total, available, and mobile fractions of Cu
exhibited strong spatial heterogeneity, mainly due to the dif-
ference in amount of fungicide application, topography, dy-
namic of soil properties, and age of orchards. Coastal apple
orchard soil in China exhibited distinct characteristics in Cu
concentration and partitioning possibly influenced by planting
duration, soil acidification, and rapid organic carbon turnover.
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