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Abstract

Copper (Cu) is an essential micronutrient for rice. However, the current status of Cu in Sri Lankan paddy soils is not known. Therefore, the current
study was conducted to determine the distribution of exchangeable Cu concentration and examine the interactive effects of the agro-climatic
zone (ACZ), soil order, and water source in determining the exchangeable Cu concentration in lowland paddy fields in Sri Lanka. A total of 7,544
soil samples representing six ACZs, six soil orders, and three water sources were collected using a stratified random sampling approach. Soil
exchangeable Cu fraction was extracted in 0.01 M CaCl, and measured using Inductively Coupled Plasma Mass Spectrophotometry.
Exchangeable Cu concentration was in the range of 0.04—728 ug-kg~" with a mean value of 62.4 pg-kg=". Only 5% of the soil samples tested had
Cu concentration greater than 200 ugkg™' indicating a widespread Cu deficiency in Sri Lankan paddy fields (i.e. critical level causing Cu
deficiency; 200-300 ug-kg™"). Among the climatic zones Wet zone had higher and the Dry zone had lower Cu concentrations. Among the soil
orders, histosols had higher and alfisols had lower Cu concentrations. Water sources used for rice cultivation did not determine Cu concentration.
Moreover, Cu concentration was positively correlated with soil pH. As most of the soil samples were deficient in soil exchangeable Cu, spatial
maps generated in the current work could be used to develop ACZ and soil order-specific agronomic and management strategies to improve soil
Cu fertility status.
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Introduction

Copper is an important micronutrient required for the
growth of both animals and plants!-2l. In plants, Cu is required
for photosynthesis, respiration, chlorophyll formation, cell wall
metabolism, iron metabolism and lignin synthesisB-9. In addi-
tion, Cu is considered as a cofactor of many enzymes such as
polyphenol oxidase, cytochrome-c-oxidase, laccase, amino
oxidase, nitrate reductase and plastocyanin due to its electron
donation and acceptance ability!246l. Electron exchange
between Cu*' and Cu*2 may also form reactive oxygen species
(ROS) and hydroxyl radicals which may cause damages to DNA,
RNA and proteins(cl.

In soil, Cu exists in two forms as monovalent (Cu') and diva-
lent (Cu?*), and among them Cu?* is the most abundant.
Furthermore, Cu forms oxides, sulfates, sulfides, carbonates and
sulfosalts in soill26l, Generally, soil total Cu concentration
ranges between 3-100 mg-kg="™.. In rice soil 100 mg-kg~" of Cu
concentration may reduce grain yield of rice by 10%, and thus
the soil total Cu concentration of 100 mg-kg™' is set as the
threshold for ricel37-9,

Copper concentration in rice grains may increase even until
soil total Cu concentration reaches 150-200 mg-kg~', however,
further increase in soil total Cu concentration may cause Cu
toxicity to rice plantsi©l. As a result, plants may show necrosis,
chlorosis, leaf distortion and stunting. In comparison to soil
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total Cu, soil exchangeable Cu concentration is more responsi-
ble for plant Cu uptakel'9. Therefore, it has been reported that
exchangeable Cu concentration of 200-300 pg-kg=" in rice soils
is the critical exchangeable Cu level causing Cu deficiency!'".

Soil pH, temperature, redox potential, clay content, cation
exchange capacity (CEC), total Cu concentration and organic
matter content determine the exchangeable Cu in soill410.12-14],
From the soil total Cu concentration (i.e. 3-100 mg-kg~1), only
1%-20% is readily bioavailable while the rest is bound to
organic mattert. Under flooded conditions, especially in low-
land rice cultivated soils, Cu?* is reduced to Cu'* decreasing Cu
solubility. Furthermore, submerged conditions may change
redox potential, pH, dissolved organic carbon (DOC), Fe, Mn
and S content in soil'3'5], reducing the concentration of
bioavailable Cu in soil due to the precipitation of Cu in the form
of oxides, carbonates or sulfides!'3],

Adsorption of Cu into soil particles is more favorable at high
pH, since there is less H* in the soil solution. In contrast, at low
pH, Cu competes with H* for the available permanent charge
sites of soil particles and adsorption is limited. Therefore, run-
off or leaching out of Cu with surface or groundwater is consid-
erably high in low-pH soils26], It has also been reported that
pH value less than 6 is favorable for Cu bioavailability!'7.18l,
Anthropogenic activities such as the application of fertilizers
especially phosphate fertilizers, application of herbicides,
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pesticides and fungicides may increase the accumulation of
excess Cu in soil, and subsequently reduce the availability of P,
Fe and Zn to plants[®'9, Moreover, application of organic ferti-
lizer especially organic manure has become a concern in Cu
contamination in soil, since animal feeds contain large propor-
tions of Cul20],

Rice is cultivated in lowlands, mostly under alternate wetting
and drying soil conditions and a broad range of agro-climatic
conditions in Sri Lanka. Most of these paddy soils are Cu-
deficient(2'], It is also reported that the total Cu concentration
varies among different regions of Sri Lankal®l. Despite the
importance of Cu on the growth and nutrition of rice and
except for the few reports available, adequate research has not
been conducted to assess the current status of Cu concentra-
tion in lowland paddy fields in Sri Lankal22],

Based on the rainfall, Sri Lanka is divided into three climatic
zones (CZs). Areas receiving mean annual rainfall less than
1,750 mm with a relatively dry season from March to August
(i.e. Yala season) are identified as Dry zone. The Wet zone
receives a mean annual rainfall greater than 2,500 mm and is
distributed throughout the year without a distinct dry season
while the Intermediate zone has in-between characteristics
concerning the amount and distribution of annual rainfall.
When considering elevation, areas located less than 300 m,
300-900 m, and more than 900 m above sea level are called
Low, Mid, and Up Country regions, respectively. Based on the
rainfall and elevation, Sri Lanka is divided into seven agro-
climatic zones (ACZs). Those seven ACZs are; Dry zone Low
country (DL), Intermediate zone Low country (IL), Intermediate
zone Mid country (IM), Intermediate zone Upcountry (IU), Wet
zone Low country (WL), Wet zone Mid country (WM) and Wet
zone Upcountry (WU). Out of those, rice is widely cultivated in
all the ACZs except WU due to topographical limitations.

Rice cultivation in DL and IL of Sri Lanka largely depends on
the well-distributed cascade irrigation network developed due
to the uneven annual rainfall distribution. However, rice cultiva-
tion in other regions largely depends on rainfall. Depending on
the size of the command area, irrigation schemes are catego-
rized as major (more than 80 ha command area) or minor (less
than 80 ha command area)?3l. Moreover, DL and IL in Sri Lanka
are warmer and receive higher solar radiation indicating higher
yield potential than other ACZs[2425), Soils used to cultivate rice
in Sri Lanka have different geological origins such as Alfisols,
Entisols, Histosols, Inceptisols, Ultisols and Vertisols!2¢l. It has
also been found that the rice crop productivity in Sri Lanka
varies among ACZs, soils and water sourcesi242°], The existing
variability of climate, soil, and water sources in different regions
of Sri Lanka may have interactively influenced the exchange-
able Cu concentration in lowland rice fields in Sri Lanka and this
had not been explored. Therefore, the objectives of the current
study were to (i) determine the distribution of exchangeable Cu
concentration, and (ii) examine the interactive effects of ACZ,
soil order, and water source on determining the exchangeable
concentration of Cu in lowland paddy fields in Sri Lanka.

Materials and methods

Soil sample collection

A total of 7,544 soil samples were collected using a stratified
random sampling approach (Supplemental Tables S1 & S2).
Selection of sampling locations and collection of soil samples
were completed as reported previously?’l. Samples were
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collected during October-November in 2019. For each sample,
grid ID, ACZ, district, divisional secretariat division (DSD), and
village name were recorded. From each village, one rice track
(i.e., a geographically confined lowland area usually owned and
managed by a group of farmers) was selected randomly for
sample collection. One sample was a mixture of six subsamples
collected at 0—15 cm depth. Soil samples were air-dried on
clean plastic trays, debris was removed, homogenized, and
sieved using a 2 mm sieve. The CZ, ACZ, soil order, and water
sources used for rice cultivation relevant to each sampling loca-
tion were extracted by overlaying relevant GIS map layers in
QGIS software. Rice yield obtained during the immediate previ-
ous cropping season (t ha-') was also recorded.

Laboratory analysis

Exchangeable Cu in soil samples was extracted into 0.01 M
CaCl, solution(28-391, For this 5 g soil was dissolved in 50 mL 0.01
M CaCl, solution, shaken for 2 h on an orbital shaker at 200
rpm, and centrifuged at 3,600 rpm for 4 min. The supernatant
was filtered through a 0.45 pum cellulose acetate syringe filter.
The Cu concentration in the solution was determined using an
Inductively Coupled Plasma Mass Spectrophotometry (ICP-MS)
(Thermo Fisher Scientific, iCAP Q). Forty samples were tested at
once in each round, i.e. 36 soil samples, two laboratory stan-
dard soil samples, and two blanks with 0.01 M CaCl, solution
without soil samples.

For soil pH measurement, 10 g of soil was mixed with 50 mL
of distilled water. Samples were shaken for 2 h in an orbital
shaker at room temperature. After resting for 15 min, soil pH
was determined using a pH meter (Eutech, WC PC 650, Gul
Circle, Singapore). Two laboratory standard soil samples and
two blanks were used in each batch (i.e. 36 samples) for quality
control. Moreover, the pH electrode was calibrated daily using
the manufacturer standards (Eutech, WC PC 650, Gul Circle,
Singapore).

Preparation of spatial maps

Since each sampling point was tagged with a unique Grid-ID,
which was coded with distance (km) coordinate X-Y, the same
ID was maintained from field data collection to laboratory ana-
lysis and data analysis. This procedure allowed easy spatial
reference for data set development and facilitated user-friendly
GIS map production.

Statistical analysis

Copper concentration was tested for normality. As the data
set was not normal, all statistical analyses were performed after
log-transformation to reach normality (Fig. 1). Analysis of Vari-
ance (ANOVA) was performed as a two-step process. First, the
difference in Cu concentration of soil samples among CZs,
ACZs, soil orders, water sources, and their interactions were
determined using the General Linear Model procedure. As most
of the higher order interactions of ACZ, soil order, and water
source were significant, in the second step, differences in Cu
concentration of soil samples among soil orders and water
sources were tested within each ACZ. Statistical significances
were expressed at o = 0.05. Statistical analyses were performed
using SAS 9.1 software.

Results

Exchangeable Cu concentration was in the range of 0.04-728
ug-kg=! with mean and median values of 62.4 and 45.1 ug-kg™1,
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respectively (Fig. 1). Almost 49% and 75% of the soil samples
had exchangeable Cu concentrations less than 50 and 100
ug-kg1, respectively. Moreover, only 5% of the soil samples
had Cu concentration greater than 200 ug-kg~'. The distribu-
tion was right skewed due to the presence of a large majority of
soil samples with low Cu concentrations while only a small
fraction of soil samples with extremely high Cu concentrations.
As a result, natural log-transformed Cu concentrations were the
best approximation to reach normality.

Copper concentration varied among climatic zones, i.e. WZ
had the highest Cu concentration while DZ had the lowest
(p < 0.05) (Fig. 2a). When comparing ACZs, Cu concentration
between IL, IU, IM, WL and WM was similar (p > 0.05) (Fig. 2b).
Moreover, Cu concentration in IM was higher than that in DL
(p < 0.05).

Despite Sri Lanka being divided into seven ACZs, DL con-
sisted of approximately 2/3 of the land area. Within DL there
was a large spatial heterogeneity in the distribution of Cu, e.g.,
northern and southern regions of DL had higher Cu concentra-
tion while the eastern part of DL had lower Cu concentration
(Fig. 3).
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Fig. 1 (a) Box plot, (b) histogram, and (c) log transformed values

of Cu concentration of paddy soil samples collected from Sri
Lanka.
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When compare soil orders, exchangeable Cu concentration
between Entisols, Histosols, Inceptisols, Untisols and Vertisols
was similar (p > 0.05). Moreover, Cu concentration in Histosols
was higher than that in Alfisols (p < 0.05) (Fig. 2c). There was a
significant interaction between ACZ and soil orders when
determining Cu concentration in soil (p < 0.05). Both DL and IL
had five soil orders, IM and WL had four soil orders, and IU and
WM had three and two soil orders, respectively (Figs 4 & 5).
Entisoils and Ultisols were observed in all the ACZs while Verti-
sols was found only in a localized region in the DL (Figs 4 & 5).
Moreover, Alfisols was found in four out of five ACZs. In DL,
Inceptisols and Vertisols had higher Cu concentration while
that in Entisols was lower (p < 0.05) (Fig. 5). Entisols was largely
found in the low-lying flat terrain as localized patches close to
the coastal regions of the DL while Alfisols was the major soil
type found in the DL (Figs 3 & 4). In IL, IM, IU and WM Cu
concentration between the soil orders was similar (p > 0.05)
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Fig. 2 (a) Concentration of copper (Cu) in the paddy fields used

to cultivate rice in different climatic zones of Sri Lanka (Note: DZ,
Dry Zone; 1Z, Intermediate Zone; WZ, Wet Zone), (b) agro-climatic
zones of Sri Lanka (Note: DL, Dry zone Low country; IL, Interme-
diate zone Low country; IM, Intermediate zone Mid country; IU,
Intermediate zone Up country; WL, Wet zone Low country; WM,
Wet zone Mid country), and (c) different soil orders of Sri Lanka
(mean =+ SE).
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Fig. 3 Spatial distribution of copper (Cu) concentration in the paddy fields used to cultivate rice in different agro-climatic zones of Sri Lanka.
Note: DL, Dry zone Low country; IL, Intermediate zone Low country; IM, Intermediate zone Mid country; IU, Intermediate zone Up country; WL,
Wet zone Low country; WM, Wet zone Mid country.

(Fig. 5). In WL, Cu concentration in Alfisols and Entisols was
higher than that in Histosols (p < 0.05) (Fig. 5). Moreover, Ulti-
sols and Entisols were the dominant soil orders found in WL

(Figs 3 & 4).
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There was a significant interaction between ACZ and water
source when determining exchangeable Cu concentration in
soil (p < 0.05). When major and minor irrigation schemes
provided water for rice cultivation in four ACZs, rainfed paddy
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Fig.4 Spatial distribution of copper (Cu) concentration in the paddy fields used to cultivate rice under different soil orders of Sri Lanka.

fields were observed in all six ACZs (Fig. 6). When compare
paddy fields receiving water from different sources within each
ACZ, Cu concentration among the soils collected from those
three water sources was similar (p > 0.05).

There was a significant positive correlation between soil Cu
concentration and pH (Fig. 7). Moreover, the relationship

Chandrasekara et al. Circular Agricultural Systems 2024, 4: 010

Discussion

between the soil Cu concentration and grain yield was not
significant (p > 0.05).

Most of the Sri Lankan paddy soil samples tested in the
current study were deficient in exchangeable Cu concentration,
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Fig.7 Relationships of copper (Cu) concentration with pH of lowland paddy cultivated soils and grain yield.

i.e. according to previous reports, exchangeable Cu concentra-
tion of 200-300 pg kg~ in paddy soil is considered the critical
level for Cu deficiency!''l. Almost 95% of the soil samples tested
had Cu concentration of less than 200 pg-kg~' indicating
widespread Cu deficiency. Moreover, tissue Cu concentration of
5-20 mgkg™' is considered as required to ensure optimal
growth of riceB'l, If tissue Cu concentration is at a deficient
level, high spikelet sterility, growth reduction, and vyield loss,
even up to 20%, have been reported!'"31, Deficiency of Cu may
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also develop due to the effects of climate, crop genotype, and
management practices!2231-331, Therefore, the impact of some
of these factors in determining exchangeable Cu concentra-
tion in Sri Lankan paddy soils was assessed.

The main factors affecting the difference among climatic
zones are rainfall and temperature34, It has also been reported
that the exchangeable Cu concentration in Sri Lankan rice soils
differ between Dry and Wet zones!351. Supporting their observa-
tions, the present study reported that the soil exchangeable Cu

Chandrasekara et al. Circular Agricultural Systems 2024, 4: 010
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concentration decreased in the order of WZ > 1Z > DZ. When
considering the exact concentrations, values reported in the
current study were lower than previous findings3°l. This may be
due to the differences in the extraction and detection methods
used in the two studies i.e. the current study used 0.01 M CaCl,
as the extractant and ICP-MS as the detection method, while
others used 1 M HCl as the extractant and Atomic Absorption
Spectrophotometer (AAS) as the detection methodBl
However, when acidic extractants are used organically bound
Cu is also extracted and the exchangeable Cu concentration
can be overestimated[3¢l. Even so, both studies recorded the
highest and lowest Cu concentrations in Wet and Dry zone
soils, respectively. This spatial heterogeneity of exchangeable
Cu concentration based on climatic differences needs to be
considered when managing and improving Cu nutrition in Sri
Lankan rice soils.

Rotation of rice and vegetables in the lowlands, depending
on the availability of water for rice cultivation, is predominant
in Wet and Intermediate zones of Sri Lanka while vegetables
are not widely grown in rotation with rice in the Dry zone.
Copper concentration in rice soil is highly dependent on the
application of fertilizers and other agrochemicals®37], Farmers
usually apply high amounts of organic matter including poul-
try manure to vegetable crops which contains a considerable
amount of bioavailable trace elements including Cu. As a result,
soils in rice-vegetable cropping systems may contain higher
amounts of Cu than other cropping systems!'438], Moreover,
the application of fungicidal sprays that contain Cu may also
increase the accumulation of Cu in rice soil. It has also been
reported that the decomposition of organic matter produces
humic substances including humic acid and fulvic acid which
compose functional groups to bind with Cu and thereby, form
insoluble complexes2032, Therefore, the rates of organic
matter application and decomposition along with other soil
and crop management practices adopted determine the
exchangeable Cu concentration in soil.

Apart from climatic factors, spatial variability of soil Cu
concentration can be due to the inherited soil parent material
and topography®34. Even though several soil orders were
observed in each ACZ in the present study, exchangeable Cu
concentration was less variable among soil orders with few
exceptions e.g., Alfisols and Entisols in WL contain high Cu
concentration compared to other soil orders and ACZ. Contam-
ination of rice soil is high in WL since it is located in urban areas
where high amounts of municipal and industrial wastewater
are released®9). Therefore, surface run-off of urban affluent may
attributed to high Cu concentration in WL, Compared to
Alfisols and Entisols, Histosls has low soil Cu concentration.
Histosols has been identified as a soil which is generally defi-
cient in Cu due to the high organic matter content!'". Ultisols,
the dominant soil order in WL, has a high Cu adsorption capac-
ity due to the presence of high organic carbon, clay content,
CEC and Fe/Al oxides!*'. Therefore, exchangeable Cu fraction is
low in Ultisols as a large faction of Cu is bound to Fe/Mn oxides
through adsorption, co-precipitation, ion exchange and pene-
tration into crystalsi3641), North-east and eastern parts of Sri
Lanka consist of an extensively developed mineralized belt with
immense Cu mineralsi#2. However, soils of these areas contain
low exchangeable Cu concentration due to the presence of
sandy textured soil and limestone with high pHBZ4l,
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The relationship between soil Cu and grain yield indicated
that low soil exchangeable Cu concentration had not limited
the grain yield of rice under tested soil conditions. This may
also be due to the limitation of other soil factors, including soil
pH, EC, and the availability of other nutrients such as
potassiumB3, Soil moisture content is a key determinant of the
distribution of Cu in soil, as it changes redox potential, pH and
Fe/Al oxides of paddy soil*'#3. For instance, high water
content increases bacterial mediated reducible Cu fraction in
s0ill41.431, In addition, water logged conditions increases soil pH
and thereby, reduces Cu solubility due to the binding of Cu
with organic matter and metal oxides forming insoluble
complexes!'4143], In contrast, at low soil pH, release of Cu into
the soil is more prominent due to the lack of H* for
adsorptionl'6l, However, in the present study soil exchangeable
Cu concentration had a weak positive correlation with soil pH.
This may be due to the confounding effects of soil pH with ACZ,
soil orders, water, and crop management strategies adopted by
the farmers. However, further researches are warranted to
explore these interactive effects.

Copper deficiency can be prevented through crop, soil, and
fertilizer management practices. As a short-term strategy, the
negative impacts of Cu deficiency could be overcome by
adding Cu as a foliar application®. In addition, lime and
organic matter application need to be minimized since they
inhibit Cu uptakel''l. Moreover, application of rice straw ash
should also be minimized as it retards Cu bioavailability!'3l. As a
fertilizer supplementation, CuO or CuSO, can be applied. It has
been proven that suspension of roots of rice seedlings in 1%
CuSO, solution prior to transplantation shows promising
results avoiding Cu deficiency!'"l. Application of municipal
waste water or sewage sludge may also provide micro nutri-
ents such as Cul3244, It has also been reported that sewage
sludge does not improve bioavailable Cu concentrations in
s0il29,  Therefore, testing the composition of municipal
wastewater or sewage sludge is required before the applica-
tion to ensure the provision of nutrients deficient in the soil as
well as to avoid the application of toxic trace elements such as
As, Cd, and Pbl45],

Plants have evolved various mechanisms to cope with the
deficient and toxic effects of mineral elements in their
environment?2, These mechanisms are aimed at maintaining
the balance of essential mineral elements in the plant's tissues
and organs. Exploration of these mechanisms in crop improve-
ment programs is a sustainable and long-term strategy to culti-
vate rice in Cu-deficient soils. Therefore, a combination of new
breeding strategies with proper management practices will be
the best approach for Cu nutrient management in rice.

Concluding remarks

As observed in the current study, almost 95% of soil samples
recorded exchangeable Cu concentrations less than the opti-
mal range for rice cultivation indicating the paddy fields of Sri
Lanka are deficient in plant-available Cu. It was affected by
ACZs, soil orders, water sources, and their interactions. There
was a spatial heterogeneity of soil Cu distribution, the highest
Cu concentration was observed in WZ and the lowest in DZ.
Among the soil orders Entisols, Histosols, Inceptisols, Ultisols,
and Vertisols had similar Cu concentrations. Water sources
used for rice cultivation did not affect the exchangeable Cu
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concentration within each ACZ. Spatial maps were generated
using a large number of samples in the current work. Therefore,
these maps could be used to identify the areas with low and
high Cu levels in the country and make area-specific agro-
nomic and administrative decisions. As the concentration of
exchangeable Cu was low, it is important to implement strate-
gies to avoid further decline or improve the concentrations of
Cu to ensure higher rice crop productivity. Key strategies
include the addition of Cu as a foliar or soil application, the
application of municipal wastewater or sewage sludge, and
minimizing the application of lime, organic matter, and rice
straw ash.

Author contributions

The authors confirm contribution to the paper as follows:
study conception and design: Suriyagoda L, Kadupitiya H, Rath-
nayake U, Ariyaratne M; data collection: Suriyagoda L,
Madushan R, Beneragama C, Chandrasekara C, Chandrajith R,
Thilakasiri R, Ariyaratne M; statistical analysis: Suriyagoda L. All
authors contributed to the writing the article, reviewed the
results and approved the final version of the manuscript.

Data availability

The datasets generated during and/or analyzed during the
current study are available from the corresponding author on
reasonable request.

Acknowledgments

This work was supported by the World Bank under the Accel-
erating Higher Education Expansion and Development Grant
(AHEAD) (Grant No. AHEAD/RA3/DOR/AGRI/PERA-N016).

Conflict of interest

The authors declare that they have no conflict of interest.

Supplementary Information accompanies this paper at
(https://www.maxapress.com/article/doi/10.48130/cas-0024-
0009)

Dates

Received 16 October 2023; Accepted 19 March 2024;
Published online 7 May 2024

References

1. Cui YS, Du X, Weng LP, Zhu YG. 2008. Effects of rice straw on the
speciation of cadmium (Cd) and copper (Cu) in soils. Geoderma
146:370-77

2. Hough RL. 2010. Copper and lead. In Trace Elements in Soils, ed.
Hooda PS. New Jersey, United States: Blackwell Publishing. pp. 441
- 60.https://doi.org/10.1002/9781444319477.ch18

3. Xu J, Yang L, Wang Z, Dong G, Huang J, et al. 2006. Toxicity of
copper on rice growth and accumulation of copper in rice grain in
copper contaminated soil. Chemosphere 62:602—-7

4. Adrees M, Ali S, Rizwan M, lbrahim M, Abbas F, et al. 2015. The
effect of excess copper on growth and physiology of important
food crops: a review. Environmental Science and Pollution Research
22:8148-62

Page 8 of 9

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Exchangeable copper in Sri Lankan paddy soils

Rehman M, Liu L, Wang Q, Saleem MH, Bashir S, et al. 2019. Copper
environmental toxicology, recent advances, and future outlook: a
review. Environmental Science and Pollution Research 26:18003—-16
Mir AR, Pichtel J, Hayat S. 2021. Copper: uptake, toxicity and toler-
ance in plants and management of Cu-contaminated soil. Biomet-
als 34:737-59

Zhao K, Liu X, Xu J, Selim HM. 2010. Heavy metal contaminations in
a soil-rice system: identification of spatial dependence in relation
to soil properties of paddy fields. Journal of Hazardous Materials
181:778-87

Téth G, Hermann T, Da Silva MR, Montanarella L. 2016. Heavy
metals in agricultural soils of the European Union with implica-
tions for food safety. Environment International 88:299—-309
Balasooriya S, Diyabalanage S, Yatigammana SK, lleperuma OA,
Chandrajith R. 2022. Major and trace elements in rice paddy soils
in Sri Lanka with special emphasis on regions with endemic
chronic kidney disease of undetermined origin. Environmental
Geochemistry and Health 44:1841-55

Cui JL, Zhao YP, Lu YJ, Chan TS, Zhang LL, et al. 2019. Distribution
and speciation of copper in rice (Oryza sativa L. ) from mining-
impacted paddy soil: Implications for copper uptake mechanisms.
Environment International 126:717-26

Dobermann A, Fairhurst T. 2000. Rice Nutrient Disorders and Nu-
trient Management. Potash and Phosphate Institute (PPI) and Inter-
national Rice Research Institute (IRRI), Philippines. http://seap.ipni.
net/article/seap-3015

He ZL, Zhang MK, Calvert DV, Stoffella PJ, Yang XE, Yu S. 2004.
Transport of heavy metals in surface runoff from vegetable and
citrus fields. Journal of Soil Science Society America 68:1662—69
Huang JH, Hsu SH, Wang SL. 2011. Effects of rice straw ash amend-
ment on Cu solubility and distribution in flooded rice paddy soils.
Journal of Hazardous Materials 186:1801-7

Sanjeevani UKPS, Indraratne SP, Weerasooriya R, Vitharana UWA,
Rosemary F. 2015. Baseline concentrations of some trace elements
in Alfisols of Sri Lanka. Geoderma Regional 4:73—-78

Rinklebe J, Shaheen SM, Yu K. 2016. Release of As, Ba, Cd, Cu, Pb,
and Sr under pre-definite redox conditions in different rice paddy
soils originating from the U.S.A. and Asia. Geoderma 270:21-32
Huang B, Li Z, Huang J, Guo L, Nie X, et al. 2014. Adsorption charac-
teristics of Cu and Zn onto various size fractions of aggregates
from red paddy soil. Journal of Hazardous Materials 264:176—83
Adriano DC. 2001. Trace Elements in Terrestrial Environments:
Biogeochemistry, Bioavailability, and Risks of Metals. New York, USA:
Springer. https://link.springer.com/book/10.1007/978-0-387-
21510-5

Brun LA, Maillet J, Hinsinger P, Pépin M. 2001. Evaluation of copper
availability to plants in copper-contaminated vineyard soils. Envi-
ronmental Pollution 111:293-302

Zhou J, Du B, Liu H, Cui H, Zhang W, et al. 2020. The bioavailability
and contribution of the newly deposited heavy metals (copper
and lead) from atmosphere to rice (Oryza sativa L.). Journal of
Hazardous Materials 384:121285

Wan Y, Huang Q, Wang Q, Ma Y, Su D, et al. 2020. Ecological risk of
copper and zinc and their different bioavailability change in soil-
rice system as affected by biowaste application. Ecotoxicology and
Environmental Safety 192:110301

Kumaragamage D, Indraratne SP. 2011. Systematic approach to
diagnosing fertility problems in soils of Sri Lanka. Communications
in Soil Science and Plant Analysis 42:2699—-715

Suriyagoda LBD. 2022. Rice production in nutrient-limited soils:
Strategies for improving crop productivity and land sustainability.
Journal of the National Science Foundation of Sri Lanka 50:521-39
Imbulana L. 2006. Water allocation between agriculture and
hydropower: A case study of Kalthota irrigation scheme, Sri Lanka.
In Integrated Water Resources Management: Global Theory, Emerg-
ing Practice and Local Needs, eds. Mollinga PP, Dixit A, Athukorala
K. New Delhi, India: Sage Publications. pp. 219 - 48. https://api.
semanticscholar.org/CorpusID:128332919

Chandrasekara et al. Circular Agricultural Systems 2024, 4: 010


https://www.maxapress.com/article/doi/10.48130/cas-0024-0009
https://www.maxapress.com/article/doi/10.48130/cas-0024-0009
https://doi.org/10.1016/j.geoderma.2008.06.010
https://doi.org/10.1002/9781444319477.ch18
https://doi.org/10.1016/j.chemosphere.2005.05.050
https://doi.org/10.1007/s11356-015-4496-5
https://doi.org/10.1007/s11356-019-05073-6
https://doi.org/10.1007/s10534-021-00306-z
https://doi.org/10.1007/s10534-021-00306-z
https://doi.org/10.1016/j.jhazmat.2010.05.081
https://doi.org/10.1016/j.envint.2015.12.017
https://doi.org/10.1007/s10653-021-01036-4
https://doi.org/10.1007/s10653-021-01036-4
https://doi.org/10.1016/j.envint.2019.02.045
http://seap.ipni.net/article/seap-3015
http://seap.ipni.net/article/seap-3015
https://doi.org/10.2136/sssaj2004.1662
https://doi.org/10.1016/j.jhazmat.2010.12.066
https://doi.org/10.1016/j.geodrs.2014.12.006
https://doi.org/10.1016/j.geoderma.2015.10.011
https://doi.org/10.1016/j.jhazmat.2013.10.074
https://link.springer.com/book/10.1007/978-0-387-21510-5
https://link.springer.com/book/10.1007/978-0-387-21510-5
https://doi.org/10.1016/S0269-7491(00)00067-1
https://doi.org/10.1016/S0269-7491(00)00067-1
https://doi.org/10.1016/j.jhazmat.2019.121285
https://doi.org/10.1016/j.jhazmat.2019.121285
https://doi.org/10.1016/j.ecoenv.2020.110301
https://doi.org/10.1016/j.ecoenv.2020.110301
https://doi.org/10.1080/00103624.2011.622818
https://doi.org/10.1080/00103624.2011.622818
https://doi.org/10.4038/jnsfsr.v50i3.10601
https://api.semanticscholar.org/CorpusID:128332919
https://api.semanticscholar.org/CorpusID:128332919

Exchangeable copper in Sri Lankan paddy soils

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kadupitiya HK, Madushan RND, Gunawardhane D, Sirisena D, Rath-
nayake U, Dissanayaka DM, Ariyaratne M, Marambe B, Suriyagoda
L. 2022. Mapping productivity-related spatial characteristics in
rice-based cropping systems in Sri Lanka. Journal of Geovisualiza-
tion and Spatial Analysis 6:26

Suriyagoda L, lllangakoon T, Wijerathna S, Devasinghe U. 2022.
Degree-day requirement for heading and maturity of three most
popular rice varieties in Sri Lanka as influenced by location and
season. Ceylon Journal of Science 51:229-45

Panabokke CR. 1978. Rice soils of Sri Lanka. In Soil and Rice. Los
Banos, Philippines: International Rice Research Institute. pp.
19-33.

Kadupitiya HK, Madushan RND, Rathnayake UK, Thilakasiri R,
Dissanayaka SB, et al. 2021. Use of smartphones for rapid location
tracking in mega scale soil sampling. Open Journal of Applied
Sciences 11:239-53

Houba VJG, Temminghoff EJM, Gaikhorst GA, van Vark W. 2000.
Soil analysis procedures using 0.01 M calcium chloride as extrac-
tion reagent. Communications in Soil Science and Plant Analysis
31:1299-396

van Erp PJ, Houba VJG, Reijneveld JA, Van Beusichem ML. 2001.
Relationship between magnesium extracted by 0.01 M calcium
chloride extraction procedure and conventional procedures.
Communications in Soil Science and Plant Analysis 32:1-18

Zbiral J, Némec P. 2005. Comparison of Mehlich 2, Mehlich 3, CAL,
Schachtschabel, 0.01 M CaCl, and Aqua Regia extractants for
determination of potassium in soils. Communications in Soil Science
and Plant Analysis 36:795—-803

Fageria NK. 2013. Mineral Nutrition of Rice. Boca Raton: CRC Press.
https://doi.org/10.1201/b15392

Kabata-Pendias A. 2010. Trace Elements in Soils and Plants. Boca
Raton: CRC Press. https://doi.org/10.1201/b10158

Wang YP, Chen SH, Chang KW, Shen Y. 2012. Identifying and char-
acterizing yield limiting factors in paddy rice using remote sens-
ing yield maps. Precision Agriculture 13:553—-67

Dassanayake AR, De Silva GGR, Mapa RB. 2020. Major soils of the
dry zone and their classification. In The Soils of Sri Lanka, ed. Mapa
R. Cham, Switzerland: Springer. pp. 49-68. https://doi.org/10.
1007/978-3-030-44144-9_5

Rubasinghe RT, Gunatilake SK, Chandrajith R. 2021. Climatic
control of major and trace elements in paddy soils from wet and
dry regions of Sri Lanka. Environmental Challenges 5:100361

Chandrasekara et al. Circular Agricultural Systems 2024, 4: 010

36.

37.

38.

39.

40.
41.

42.

43.
44,

45.

Circular
Agricultural Systems

Yu S, He ZL, Huang CY, Chen GC, Calvert DV. 2004. Copper frac-
tionation and extractability in two contaminated variable charge
soils. Geoderma 123:163-75

Rosemary F, Vitharana UWA, Indraratne SP, Weerasooriya SVR.
2014. Concentrations of trace metals in selected land uses of a Dry
zone soil catena of Sri Lanka. Tropical Agricultural Research
25:512-22

Sirisena D, Suriyagoda LDB. 2018. Toward sustainable phosphorus
management in Sri Lankan rice and vegetable-based cropping
systems: A review. Agriculture and Natural Resources 52:9-15
Bandara NJGJ. 2003. Water and wastewater related issues in Sri
Lanka. Water Science and Technology 47:305—12

Mng'ong'o M M, Munishi L, Ndakidemi P. 2022. Towards agricul-
tural sustainability: Status and distribution of copper in Usangu
agro-ecosystem, Tanzania. Case Studies in Chemical and Environ-
mental Engineering 5:100193

Liu G, Yu Z, Liu X, Xue W, Dong L, et al. 2020. Aging process of
cadmium, copper, and lead under different temperatures and
water contents in two typical soils of China. Journal of Chemistry
2020:2583819

Jayawardana DT, Pitawala HMTGA, Ishiga H. 2014. Assessment of
soil geochemistry around some selected agricultural sites of Sri
Lanka. Environmental Earth Sciences 71:4097—106

Guo M, Tong H, Cai D, Zhang W, Yuan P, Shen Y, Peng C. 2022.
Effect of wetting-drying cycles on the Cu bioavailability in the
paddy soil amended with CuO nanoparticles. Journal of Hazardous
Materials 436:129119

Broadley M, Brown P, Cakmak |, Rengel Z, Zhao F. 2012. Function
of nutrients: micronutrients. In Mineral Nutrition of Higher Plants,
ed. Marscher P. San Diego, CA, USA: Academic Press. pp. 191-248.
https://doi.org/10.1016/b978-0-12-384905-2.00007-8

Rajapakshe IH, Najim MMM. 2007. Water and nutrient balance in a
paddy field irrigated by wastewater during off (Yala) season in
Kurunegala, Sri Lanka. Journal of Applied Irrigation Science
42:77-91

Copyright: © 2024 by the author(s). Published by
Maximum Academic Press, Fayetteville, GA. This

article is an open access article distributed under Creative
Commons Attribution License (CC BY 4.0), visit https://creative-
commons.org/licenses/by/4.0/.

Page 9 of 9


https://doi.org/10.1007/s41651-022-00122-0
https://doi.org/10.1007/s41651-022-00122-0
https://doi.org/10.1007/s41651-022-00122-0
https://doi.org/10.4038/cjs.v51i3.8031
https://doi.org/10.4236/ojapps.2021.113017
https://doi.org/10.4236/ojapps.2021.113017
https://doi.org/10.1080/00103620009370514
https://doi.org/10.1081/CSS-100102989
https://doi.org/10.1081/CSS-200043404
https://doi.org/10.1081/CSS-200043404
https://doi.org/10.1201/b15392
https://doi.org/10.1201/b10158
https://doi.org/10.1007/s11119-012-9266-5
https://doi.org/10.1007/978-3-030-44144-9_5
https://doi.org/10.1007/978-3-030-44144-9_5
https://doi.org/10.1016/j.envc.2021.100361
https://doi.org/10.1016/j.geoderma.2004.02.003
https://doi.org/10.4038/tar.v25i4.8057
https://doi.org/10.1016/j.anres.2018.03.004
https://doi.org/10.1016/j.cscee.2022.100193
https://doi.org/10.1016/j.cscee.2022.100193
https://doi.org/10.1016/j.cscee.2022.100193
https://doi.org/10.1155/2020/2583819
https://doi.org/10.1007/s12665-013-2798-9
https://doi.org/10.1016/j.jhazmat.2022.129119
https://doi.org/10.1016/j.jhazmat.2022.129119
https://doi.org/10.1016/b978-0-12-384905-2.00007-8
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Soil sample collection
	Laboratory analysis
	Preparation of spatial maps
	Statistical analysis

	Results
	Discussion
	Concluding remarks
	Author contributions
	Data availability
	References

