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Despite the positive role of copper (Cu) in plants and animals, excessive amounts have environmental and health
effects. Cu has been excessively accumulating in agricultural soils worldwide due to increased agrochemicals and
wastewater use in farming. The increased Cu concentration in soil negatively impacts soil microbes and plants,
affecting crop productivity and environmental quality. Here, the status and spatial distribution of Cu in Tan-
zanian agro-ecosystem were characterized as its information are currently missing. The study assessed 198 soil
samples from 10 irrigation schemes and 3 land use, where total and bioavailable Cu were determined and
contamination status assessed. The variable Cu status and distribution were observed among studied land use
where paddy farming areas had higher total (5892.36 pg/kg) and bioavailable Cu (3342 pg/kg) than total and
bioavailable Cu concentration in maize farming areas (total Cu 1522.09 pg/kg and bioavailable Cu 779 pg/kg)
and conserved areas (total Cu 4415 pg/kg and bioavailable Cu 3267 pg/kg). The bioavailability of Cu for plant
uptake was 52% in maize farming areas, 49.9-63.5% in paddy farming areas, and 48.4-51.6% in reserved areas,
where farming areas had higher Cu bioavailability.

Contrary to other agro-ecosystems worldwide, all Cu concentration values studied in the Usangu agro-
ecosystem are within the acceptable limit (100000 pg/kg). However, this should not have to be taken for
granted or ignored; there is a need to set strategic management to maintain Cu levels in agro-ecosystem within
acceptable limits to ensure environmental quality, food safety, and sustainability.

1. Introduction

Copper (Cu) is a micronutrient element in agricultural science that
has a vital role in plant growth and biochemical processes [1]. Cu is
considered a potential environmental contaminant, especially when it is
available in extreme concentrations. They affect soil invertebrates,
plants, and animals and can compromise the ecological quality, sus-
tainability, and environmental health [2-6]. The contamination of
agro-ecosystem by Cu worldwide is a serious concern nowadays because
of increased uses of copper-based agrochemicals such as fungicides and
wastewater in crop production [7-10,10-12]. Although natural soil
contains some Cu concentration due to geological origins, their amount
is usually low [13]; thus, extreme copper concentration originate from
anthropogenic activities such as mining, farming, domestic and indus-
trial waste disposal. Increased fertilization and agrochemical (Cu-based)
application creates significant environmental challenges in intensified

farming areas [2,10,14-16].

Furthermore, continuous and high use of pig and poultry manure has
been observed to increase Cu concentration in agricultural soils in many
parts of the world-leading to Cu level above the established threshold
(100 mg/kg) [10]. Thus, the accumulation of Cu in agricultural soils
might be exacerbated by applying and using agrochemicals such as
fertilizers, pesticides, herbicides, growth promoters, and manures [15,
17,18]. Copper is a critical pollutant in the environment [19-23] and
can be a potential source of Cu to plants and to the food chain, leading to
health risks if it exceeds the World health Organization (WHO) limit of 2
mg/kg in plants and 100 mg/kg for agricultural soils [24-27]. Studies
have shown a strong correlation of metal concentration in soils and plant
parts [28-30]. Therefore, characterization of soil copper concentration
in farming areas and nearby areas is fundamental because it can help
estimate the associated health risk through plants and water and help
develop better agronomic approaches to manage Cu in agricultural soils
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Fig. 1. The map of the study area showing soil sampling points and scheme classification in the Usangu basin in Mbarali district (marked with letter A)-Mbeya
region. The irrigation schemes were selected based on paddy rice and maize production intensity, such as high use of agrochemicals, which potentially in-

fluences Cu status and distribution.

to be within the recommended amount. Like other agro-ecosystem
worldwide, Usangu agro-ecosystem in Southern Highland Tanzania
which is vital for paddy rice production experience increased agricul-
tural intensification. To achieve high productivity per unit area, several
Cu-based agrochemicals (fertilizers, pesticides, herbicides) are used in
the Usangu agro-ecosystem, thus posing environmental challenges of Cu
contamination. The regular rate of fertilizer and other agrochemicals
application has significantly increased in Usangu since the 2000s, where
the use of fertilizer increased from 200 kg N/ha to 400 kg N/ha and
application of pesticide increased from 4 times per season to more than 8

times per season [31-33]. Copper contamination in agricultural soils
can contaminate rice grains affecting the grain quality and leading to
health [5,6,34]. Unfortunately, based on the available information, not
many studies have been conducted to assess the current status and dis-
tribution in the Tanzanian agro-ecosystem; thus, there is an unknown
threat of Cu accumulation in this agro-ecosystem (Thus, the fear of
unknown threat). The lack of this information limits the possibility of
management strategies to ensure agro-ecosystem quality and fear of
uncertain or unknown potential contamination in the agro-ecosystem.
This study characterized soil Cu accumulation status, distribution, and
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Fig. 2. Irrigation scheme classification in the Usangu basin where the group I (A, B, C, and F) are purely farming areas, and Group II (D and E) are farming areas

mixed with residential areas.

bioavailability in the Usangu agro-ecosystem to fill this knowledge gap
because this information is currently missing. The result will help
agro-ecosystem management and will be used as a baseline for re-
searchers and policymakers on land use planning and management with
respect to Cu in Usangu and other agro-ecosystem in Tanzania.

2. Materials and method
2.1. Study area and sample collection

The present study were conducted in Usangu agro-ecosystem located
in Southern highland Tanzania in the Mbeya region (latitudes 7°41and
9°25’South and longitudes 33°40"and 35°40"East) (Fig. 1). The annual
precipitation of the study area varies between 1000 and 1600 mm from
December to March, with a vast plain used for paddy and maize pro-
duction. The area has number of rivers flowing from the northern plains,
where its water is used for irrigated paddy farming irrigation schemes.
Where an irrigation scheme is a combination of large farms situated in
one location with established irrigation facilities such as irrigation
channels, tributaries, and drainage channels. Usually, irrigation schemes
in Tanzania’s perspective are extensive wide flat plains suitable for
irrigation farming, usually along the river or in the flood plain. In this
study 10 irrigation scheme (Uturo, Chimala, Igalako, Mahongole,
Mubuyuni, Thahi, Isenyela, Kapunga; Ilaji and Mabadaga) were studied.
The schemes were in two broad categories such as (i) Purely agricul-
ture (Group I): This group includes only farms, this category included
Mubuyuni, Kapunga, Uturo, Isenyela, Ilaji, and Mabadaga irrigation
schemes (Fig. 2), which are highly mechanized and produce paddy rice
commercially. (ii) Mixed agriculture (Group II):-include farms and
settlements dominated by smallholder farmers with fewer agrochemical
uses and low intensifications. The TIhahi, Chimala, Igalako, and
Mahongole were in scheme classification group II. Flooding is the
common irrigation system for both groups I and II schemes. About 198

soil samples (Approximately 500 g) were taken at 0-30 cm depth, (a
common and important plough layer depth in Usangu agro-ecosystem)
into plastic zipper bags to be transported to the laboratory for total
and bioavailable Cu analysis. The collected soil samples were from
randomly identified sampling sites within the scheme and land use,
where composite soil samples were collected. In each selected sampling
point, three locations, 3 m from the centre of the chosen point were
sampled from 0 to 30 cm depth a common plough layer at Usangu agro-
ecosystem and a layer with many microbial activities. The obtained soil
samples were composited to get 500 g of composite soil samples. In the
study area, there were areas with less anthropogenic activities in each
irrigation scheme, such as community forest, riparian farm buffer, and
water sources. These areas in this study were termed as conserved areas,
where soil samples were collected and analyzed for copper, which were
compared to copper determined in soil samples collected from maize
and paddy farming areas.

2.2. Sample analyses

Total copper concentration (AQ); The concentration of total Cu in
collected soil samples were determined by the aqua regia method using
concentrated HCl and HNOj3 [35], where 2 g of soil were coldly digested
first with 1 ml of HNOg for 1 hour, followed by hot digestion by addi-
tional 1 ml of HNO3 and 2 ml of HCI for at least 3 hours until brown
fumes stopped evolving. After 3 hours, the mixture was filtered through
acid resistant filter into a 25 ml volumetric flask for total Cu analysis.

Bioavailable Copper (M3); The readily available Cu for plant up-
take or the bioavailable Cu were extracted from soil samples using a
Mehlich 3 method developed by Mehlich [36]. All samples were
extracted and measured in triplicate. Total and bioavailable Cu from
extracts were analyzed by spectroscopy in ICP-OES (Thermo Scientific
iCAP 7400 ICP-OES) and ICP-MS (Thermo Scientific iCAP TQ MS),
respectively. Other chemical soil properties such as pH and EC were
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Table 1

The background physico-chemical soil properties from Usangu agro-ecosystem.
Scheme pH EC (uS/cm) N (%) OC (%)
Chimala 7.3 +0.40 85.583 + 4.62 0.063 + 0.023 0.63 £ 0.052
Igalako 6.6 + 0.05 121.03 £+ 10.39 0.07 £ 0.017 0.683 + 0.006
Thahi 6.9 + 0.06 70.033 + 1.78 0.073 + 0.005 0.83 £ 0.052
Tlaji 7.2 +£0.01 194.1 + 3.46 0.17 £+ 0.001 2.373 £ 0.006
Isenyela 6.5 + 0.23 71.297 £ 2.17 0.063 + 0.005 0.76 £+ 0.017
Kapunga 7.5+ 0.24 86.00 + 5.19 0.043 + 0.006 0.583 + 0.231
Mabadaga 7.4 + 0.06 76.833 + 2.88 0.137 + 0.046 1.35 £ 0.035
Mahangole 6.4 + 0.05 93.617 £+ 2.92 0.111 + 0.002 1.377 +£ 0.012
Mubuyuni 7.6 + 0.28 84.333 + 2.30 0.054 + 0.042 0.377 £ 0.013
Uturo 6.6 + 0.06 100.5677.57 0.163 + 0.005 1.993 + 0.006
Mean 6.4 + 0.4 102.23 + 70.53 0.11 + 0.05 1.51 + 0.68

determined by the glass electrode method [37], organic carbon was
determined by Walkley and Black method [38]. Dumas and Kjeldahl
[39] determined the concentration of total nitrogen in soil samples.

Quality control and assurance: Reagent blanks, standard reference
material SS-2 EnvironMAT (S150827031) obtained from SCP Science-
Qmx laboratories, Thaxted-UK were used to monitor the determina-
tion quality to ensure data reliability. Analytical-grade chemicals were
used throughout the study without any further purification. All glass-
wares were acid washed with dilute 10% HNO3 and 10% HCI, rinsed
thrice with distilled water, and finally rinsed twice with Milli-Q water to
avoid trace contamination. The Cu recovery rate were observed to be
89-105% which were with acceptable consensus values.

3. Results and discussion
3.1. Background physico-chemical soil properties

The background chemical soil characteristics were determined
(Table 1). The soil pastes electric conductivity (EC) significantly varied
from 69.70 to 128.00 pS/cm. Where irrigation schemes such as Ilaji,
Uturo, and Igalako recorded high EC, i.e., 196.00, 100.90, and 128.03
pS/cm, respectively. Soil pH determined were slightly acidic to slightly
alkaline (6.4-7.6), which might dictate Cu solubility and bioavailability
in soil surfaces through control of adsorption surfaces. A lower soil pH is

Table 2

Case Studies in Chemical and Environmental Engineering 5 (2022) 100193

known to increase the adsorption of Cu and other metals [40]. Total
nitrogen determined were low (0.02-0.17%), and the soil organic car-
bon (OC), which influences the solubility and bioavailability of Cu in the
study area, ranged from 0.37 to 2.37% (Table 1), which it’s mean were
below 2% a recommended OC amount in tropical soils [41-43]. Cu can
be fixed by organic carbon, limiting its plants’ availability [21]. Thus,
OC can determine the Cu bioavailability, affecting Cu for plant uptake.

3.2. Total Cu concentration in Usangu agro-ecosystem

Total copper (Cu) concentration among land use and irrigation
schemes contrasted substantially (P < 0.05) (Table 2). The mean values
of Cu were observed to be 3342.39 ug/kg, which varied among scheme
groups, where Group I had higher Cu (4109 + 1588 pg/kg) than group II
schemes (1754 + 3.88 pg/kg). The comparison of determined Cu con-
centration was observed to be below the threshold (100000 pg/kg, a
maximum permissible limit for Cu in agricultural soils) and was within
acceptable range [19,44]. This indicates the area was less polluted or
contaminated with respect to Cu. This means Cu contamination in
agricultural soils in the study area is less problematic for environmental
quality and inhabitants. Thus, setting Cu-management strategies is vital
to circumvent Cu increase to unacceptable levels (above 100000 pg/kg
in Usangu agro-ecosystem. The Cu concentration determined in Usangu
agro-ecosystem was lower than values reported in other
agro-ecosystems in a different part of the world. For example, Cu con-
centrations determined in Usangu agro-ecosystem were lower than
those determined by Shah et al. [45] and Mehmood et al. [5], where
more than 30 mg/kg were determined in Pakistan. Thus the values
determined in Usangu agro-ecosystem were more than 6 times less than
the value determined in Pakistan. However, the situation might change
in the near future due to increasing urbanization and agriculture.
Comparison of determined Cu with Tanzania (TZ) and USEPA permis-
sible limits as a ratio helped determine pollution hierarchy (Table 3). It
was observed to vary significantly (P < 0.05) among land uses and
schemes. Furthermore, we found that the concentration of Cu in the
study area is increasing with time due to increased anthropogenic ac-
tivities [46,47].

Total (AQ) and bioavailable (M3) copper concentration (in mg/kg, dry wt) among land use, per cent (%) Cu bioavailability, and the ratio of Cu with maximum
permissible limits (TZ and USEPA) as defined by Tanzania Environment Management Regulation and the United States Environmental Protection Authority (USEPA).

Land Use Group AQ-Cu M3-Cu M3-Cu/AQ-Cu % Cu Bioavailability AQ-Cu/TZ AQ-Cu/USEPA
Conserved Area I 4.570 + 0.875 2.379 + 0.036 0.516 + 0.17 51.6 0.023 + 0.004 1.285 + 0.438
I 1.845 + 0.137 0.888 + 0.921 0.484 + 0.053 48.4 0.009 + 0.001 0.923 + 0.069
Maize farming I - - - - -
11 1.534 + 0.216 0.779 + 0.154 0.521 + 0.142 52.1 0.008 + 0.001 0.767 + 0.108
Paddy farming I 4.061 + 1.634 2.52 + 1.487 0.635 + 0.373 63.5 0.02 + 0.008 2.031 +0.819
I 1.830 + 1.287 0.82 + 0.489 0.499 + 0.24 49.9 0.009 + 0.006 0.915 + 0.644

Note; Maize farming areas had only Group II were observed.

Table 3

The total (AQ) and bioavailable (M3) copper (in mg/kg, dry wt) among irrigation schemes, per cent (%) Cu bioavailability, and the ratio of Cu with TZ and USEPA

permissible limits.

Scheme Group AQ-Cu AQ-Cu/TZ AQ-Cu/USEPA M3-Cu M3-Cu/AQ-Cu % Bioavailability
Tlaji I 2.772 + 2.13 0.014 + 0.01 1.386 + 1.07 1.534 + 1.42 0.446 + 0.23 44.6
Isenyela 1 0.392 + 0.06 0.002 =+ 0.00 0.196 + 0.03 0.314 £ 0.21 0.84 + 0.57 84
Kapunga 1 3.487 +0.87 0.017 + 0.01 1.744 + 0.44 1.831 + 0.86 0.533 £ 0.21 53.3
Mabadaga I 7.838 + 1.23 0.039 + 0.01 3.919 + 0.62 2.114 £ 0.17 0.276 + 0.06 27.6
Mubuyuni I 5.007 + 1.24 0.025 + 0.12 2.504 + 0.62 3.443 £ 1.42 0.694 + 0.24 69.4
Uturo 1 5.219 + 1.40 0.026 + 0.21 2.61 +0.70 4.139 £+ 1.06 0.956 + 0.75 95.6
Chimala 11 5.654 + 0.33 0.028 + 0.01 2.827 £ 0.17 2.293 £ 0.25 0.408 + 0.07 40.8
Igalako I 1.712 +£ 1.20 0.009 + 0.01 0.856 + 0.6 0.698 + 0.29 0.469 + 0.19 46.9
Thahi i 1.591 + 0.51 0.008 + 0.01 0.796 + 0.26 0.812 £ 0.19 0.544 £ 0.16 54.4
Mahongole I 1.458 + 0.43 0.007 + 0.01 0.729 + 0.22 0.682 + 0.33 0.486 + 0.29 48.6
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Fig. 3. The copper (Cu) status and distribution in surface soils among irrigation schemes in the Usangu agro-ecosystem.

3.3. Influence of land use on soil Cu distribution

Determination of Cu from different land use (conserved areas, maize
farming, and paddy farming areas) enabled establishing Cu distribution
among land uses groups. Farming areas were observed to have higher Cu
(P < 0.05) concentrations compared to conserved areas (Table 2)
because of agricultural growths. The overall Cu was higher in paddy
farming (in Group II) than in maize growing areas. High Cu concen-
tration in paddy farming areas than other land use might be exacerbated
by high paddy farming intensification in the area and the high use of
copper-based fertilizer and other agrochemicals to accomplish superior
harvest [48,49]. The conserved areas had a statistically significantly
lower Cu (P < 0.05) concentration than the other two land use. The
mean concentration value of Cu in different land-use was: in paddy
farming (6.89 mg/kg), maize farming (1.52 mg/kg), and conserved area
(5.42 mg/kg). The Cu concentrations were observed to be statistically
significantly different among groups where, in paddy farming (Group I
= 4.06 mg/kg, Group II = 1.83 mg/kg), maize farming (Group I=ND,
Group II = 1.52 mg/kg), and in conserved areas (Group I = 4.57 mg/kg
and Group II = 1.85 mg/kg) (Table 2). Generally, the study found that
intensified schemes (Group I) had higher soil Cu than the less intensified
schemes (Group II). This scenario is supported by several studies such as
Moss (2008) and Tutic et al. [50]. They reported the contribution of
agricultural activities to increase metal accumulation and pollution in
an agro-ecosystem. The ratio of total Cu and maximum limits (AQ-Cu:TZ
or AQ-Cu: USEPA) was computed to estimate the pollution hierarchy
(Table 2). The ratio of AQ-Cu:USEPA was significantly above one.
Among 198 collected, all soil samples had Cu below the TZ limit, but
67.7% of collected soil samples had Cu above USEPA limits indicating
the possible environmental and health risk [51,52]. In some scenarios,
high Cu in reserved areas compared to maize farming areas were
observed, which are likely to be influenced by surface water runoffs
from roads and urban areas located in the area but also vehicular
emission from highways because most conserved areas were located
along the Tanzania and Zambia (TAZAM) highway and Tanzania and

Zambia Railway Authority (TAZARA) railway line as supported by
Malunguja et al. [53].

However, some studies show that the risk effect of Cu contamination
in agro-ecosystem might be excluded because its existence is merely a
fallacy, i.e., higher Cu concentration in agricultural soils does not result
to severe effects to plants and soil invertebrates in agro-ecosystem [7,
54]; however, further studies are required, which could include more
plant species and conducted at different locations to confirm that excess
Cu in agricultural soils is not associated with negative impacts to plants
soil invertebrates. Furthermore, farming areas were at more risk than
reserved areas. Therefore, the management of Cu-based fertilizer, pes-
ticides, and herbicides are essential to ensure low Cu in the
agro-ecosystem.

3.4. Spatial distribution of Cu in Usangu agro-ecosystem

Concentration and distribution of copper among scheme categories
(Group I and II) were observed to vary significantly (P < 0.001).
Schemes located in lowland in the basin such as B and C in Fig. 2 and
those near urban areas such D and E in Group II of Fig. 2 reported high
copper concentration (Table 3). High copper in these schemes is likely to
be influenced by runoffs from upland areas and increased use of copper-
based agrochemicals in farming in the area [48,55]. The increased
concentration of Cu in agricultural soils can affect the response of fer-
tilizer added to plant growth due to increased nutrient fixation to copper
[56]. The Cu concentration distribution maps in different study sites are
shown in Fig. 3. The comparison of irrigation schemes detected that
schemes in group I like Ilaji, Mubuyuni, Mabadaga, Uturo, and Kapunga
had a significantly above average Cu concentration (ranged 392.26
pg/kg to 7838.97 pg/kg) than those in Group II (ranged 1458.89 pg/kg
to 5654.76 pg/kg) (Table 3). The high Cu concentration in Group I in-
cludes farming areas that have heavily invested in uses of agrochemicals
rich in Cu, but also its location is an additional factor because most of
them are located in the lowland areas. According to Tanzania’s
maximum permissible limit for Cu in agricultural soil (100 mg/kg),



M. Mng’ong’o et al.

Case Studies in Chemical and Environmental Engineering 5 (2022) 100193

9000 -

7000 -

5000 -

3000 -

Soil Cu concentration (ug/kg)

1000 -

Group

K
—
T

*
T+
*

QO
N
N

Fig. 4. The distribution of total copper in agricultural soils (0-30 cm) among irrigation schemes from Usangu agro-ecosystem.

determined Cu concentrations were within an acceptable range for
environmental safety. Estimated AQ:TZ contamination hierarchy was as
follows in decreasing order Mabadaga, Chimala, Uturo, Mubuyuni,
Mahongole, Ilaji, Kapunga, Igalako, Thahi, and Isenyela (Table 3). The
scenario which was found for AQ:USEPA as well. This necessitates the
attention to manage anthropogenic activities which might be a reason
for increased Cu in agricultural soils.

3.5. Bioavailable Cu distribution in different land use

The concentration of bioavailable Cu was observed to be in a range of
0.025-7.212 mg/kg. The value of Cu obtained was lower than those
obtained by acid digestion (AQ); however, attained values are enough to
disturb the availability of plant nutrients like phosphorus and cause
detrimental effects to soil invertebrates, animals, and humans [7,21,54].
Comparison of bioavailable and total Cu (M3:AQ) determined the per-
centage of copper available for plant uptake, where it was observed to
range 27.6-95.6% (Table 2). The higher Cu bioavailability shows the
risk of increased copper uptake by plants and the likelihood of envi-
ronmental contamination, which consequently can affect soil in-
vertebrates, animals, and human health [22,54]. Among land uses, Cu
concentration distribution was significantly varied, indicating natural
and anthropogenic activities influenced Cu distribution. Among the
land-use, the group I was observed to have high copper concentration
than group II schemes. The concentration of bioavailable copper among
land use were as follows: maize farming (0.78 mg/kg for Group II),
conserved area (2.38 and 0.89 mg/kg for Group I and II); and paddy
farming recorded (844 and 474 pg/kg for Group I and II) (Table 2).
These values varied significantly between land use and groups (P <
0.05), demonstrating anthropogenic activities influence such as paddy
farming on Cu distribution in the study area. The ratio of available and
total Cu concentration (M3:AQ) among land use ranged from 48 to 64%;
this indicates high copper availability for plant uptake leading to copper
accumulation in food and fodder growing in the area.

3.6. Spatial distribution of bioavailable Cu in (M3-Cu) in Usangu agro-
ecosystem

The distribution of readily available copper varied significantly
among groups and schemes (Table 2). Schemes like Ilaji, Isenyela,
Mubuyuni, Kapunga, Uturo, and Mabadaga (Group I) had a copper
concentration in the range of 0.3-4.2 mg/kg, on the other hand, schemes
of group II (Chimala, Thahi, Igalako, and Mahongole) had low Cu con-
centration (0.68-2.29 mg/kg) (Fig. 4). Higher Cu concentration in group
I than Group II might be influenced by agricultural intensification
involving high application of Cu-based agrochemicals like fertilizers,
herbicides, and pesticides. Also, machines and vehicle emissions are a
potential source of copper accumulation in agricultural soils [2,7,15,
17]. The M3:AQ ratio estimated observed Cu availability in group I was
27.6-95.6% and in Group II were 40.8-54.4% (Table 2). The spatial
variation of Cu distribution among schemes and land use exemplifies
that increasing copper concentration in the Usangu agro-ecosystem is
associated with anthropogenic activities. Therefore, to manage Cu in
agro-ecosystem will need combined efforts to regulate copper-based
agrochemicals and wastewater uses in agro-ecosystem.

4. Conclusion

The study analyses found that Cu contamination status was higher in
farming areas than in conserved areas; this indicates that anthropogenic
activities in the study area might be responsible for increased Cu in
agricultural soils in the Usangu agro-ecosystem. Although Cu is a key
and concerning contaminant in many agro-ecosystem globally, the Cu
concentration determined in agricultural soil in Usangu is within
acceptable limits indicating low health hazards to the environment. The
increasing settlement, farm mechanization, and urbanization in farming
areas might increase Cu concentrations in soils. Even though the
determined Cu status in Usangu agro-ecosystem is within acceptable
limits, it is crucial to monitor Cu concentration in agricultural soils for
sustainable land productivity and environmental safety.
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