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Abstract

Copper (Cu) accumulation in agricultural soils, resulting from various anthropogenic
inputs, can adversely affect soil properties, crop productivity, and environmental quality.
Effective monitoring and sustainable remediation are therefore important for managing
contaminated soils. This review combines systematic bibliometric analysis with quali-
tative thematic synthesis to examine research on Cu pollution in agricultural soils. The
literature was retrieved from Scopus and Web of Science and screened according to the
PRISMA guidelines. Following duplicate removal and eligibility assessment, the final
dataset comprised 726 publications covering the period 1988-2025. Bibliometric and the-
matic analyses were used to identify publication trends and seven major research areas
addressing Cu sources and occurrence, analytical methods, environmental and biological
effects, co-contamination, and remediation. The bibliometric results revealed a geographi-
cally diverse research field dominated by environmental and agricultural sciences, with
prominent themes including Cu contamination, metal interactions, ecological effects, crop
uptake, and remediation. The qualitative synthesis indicates that Cu accumulation can
alter soil microbial communities and nutrient cycling and impair crop growth, although the
magnitude of these effects depends on soil conditions, Cu availability, and exposure levels.
Immobilisation, biochar, phytoremediation, microbial-assisted approaches, and advanced
monitoring technologies have shown potential for managing Cu-contaminated soils. Their
effectiveness depends on site conditions and the endpoints used to assess remediation. Sus-
tainable management requires source-specific monitoring, appropriate environmental and
exposure-risk assessment, and integrated remediation strategies supported by long-term
field research.

Keywords: copper; copper contamination; agricultural soils; copper-based fungicides;
copper bioavailability; bibliometric analysis; soil microbial communities; biochar;
immobilization; phytoremediation; ecological risk assessment; food-chain contamination;
sustainable soil remediation
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1. Introduction

Copper (Cu) is an essential micronutrient for plants and other living organisms, where
it participates in photosynthesis, respiration, electron transport, and the activity of numerous
enzymes. However, the beneficial effects of Cu depend on its concentration, as excessive
levels can induce oxidative stress and toxicity [1-4]. As a naturally occurring component of
the Earth’s crust, Cu occurs in soils at variable concentrations depending on parent material,
soil-forming processes, and environmental conditions. Copper-based fungicides have been
widely used to control fungal and bacterial diseases in agricultural crops, particularly in
viticulture and other perennial cropping systems. Their repeated application can contribute
to the long-term accumulation of Cu in surface soils because Cu is not degraded and its
persistence depends on soil properties and environmental processes [5-7].

The environmental behavior of Cu in soil is strongly influenced by its chemical form
and interactions with soil components. Copper may occur in the soil solution, on exchange
sites, associated with iron (Fe), aluminum (Al), and manganese (Mn) oxides, incorporated
into the crystal lattice of primary and secondary minerals, or bound to soil organic matter
and living organisms [8,9]. The source of Cu contamination and the duration of exposure
can modify its distribution among different soil geochemical fractions, consequently af-
fecting its mobility and bioavailability [10,11]. These processes are particularly important
in agricultural systems because Cu accumulation can persist for long periods and may
progressively alter soil chemical and biological properties.

Although Cu is required for several essential biochemical functions, excessive concen-
trations can produce toxic effects on soil organisms, plants, and aquatic systems. Copper
serves as a cofactor in several enzymes involved in microbial metabolism. However, ex-
cessive Cu concentrations can disrupt microbial physiological processes, alter microbial
community composition and diversity, and reduce the activities of soil enzymes involved
in nutrient cycling and organic matter decomposition [12-14]. The magnitude of these
effects depends on Cu concentration, chemical speciation, soil pH, organic matter content,
exposure duration, and the sensitivity of the organisms concerned.

Agricultural practices constitute an important pathway through which Cu enters both
soils and adjacent water systems. Repeated applications of copper-based fungicides and
pesticides can result in the accumulation of residues in agricultural soils. Prolonged Cu
accumulation may contribute to soil degradation, phytotoxicity, alterations in microbial func-
tions, and reductions in soil fertility. Copper-contaminated soils exhibit reduced aggregate
stability, making them more susceptible to erosion and compaction [15]. It may also increase
the potential transport of Cu from contaminated soils to surface water and groundwater.
Soil fauna can be particularly vulnerable to persistent Cu inputs. Repeated Cu inputs from
fungicide applications may adversely affect soil fauna, including earthworms, although the
magnitude of the response depends on Cu exposure, soil conditions, and species-specific
sensitivity [16]. Because earthworms play important roles in soil structure, organic matter
turnover, and nutrient cycling, their decline may further influence soil functioning.

Copper contamination can also directly affect plant growth and productivity. Excessive
Cu concentrations can inhibit root elongation, impair membrane integrity, induce oxida-
tive stress, and interfere with nutrient uptake in plants, with the severity of these effects
depending on plant species, Cu availability, and soil conditions [17-20]. These responses
may reduce plant growth and productivity, particularly when Cu exposure exceeds the
tolerance limits of the crop concerned. Copper interactions with other soil constituents
contribute to these effects. In soil, Cu can bind strongly to organic matter, clay minerals,
and hydrated oxides of Fe, Al, and Mn [21]. Such interactions may alter the distribution
and availability of essential elements and potentially reduce their availability for plant
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uptake. At the same time, Cu transported through contaminated soils may represent a risk
to groundwater quality.

The implications of agricultural Cu contamination extend beyond soil processes and
plant production because Cu can enter food chains through contaminated crops and other
environmental pathways. Elevated Cu exposure has been associated with adverse effects on
human health, including potential effects on the liver and kidneys. People with Wilson’s dis-
ease, an inherited disorder of copper excretion, are especially sensitive to Cu intake [22,23].
Nevertheless, the dietary health risk associated with Cu has been considered relatively
low under many conditions because Cu does not bioaccumulate extensively in the human
body and because phytotoxic effects may occur at concentrations that limit plant accumu-
lation [24]. The evaluation of soil contamination and its implications for human health
requires an integrated assessment of contaminant concentrations, environmental availability,
exposure pathways, and the characteristics of potentially exposed populations. Soil-related
health risks may arise through direct soil contact, incidental ingestion, inhalation of con-
taminated dust, and the consumption of crops grown in contaminated soils. However,
the presence of a contaminant does not, by itself, demonstrate that harmful exposure has
occurred. Risk characterization should therefore combine environmental measurements
with evidence concerning contaminant transfer and actual or estimated exposure [25]. The
assessment of risk therefore requires consideration of Cu concentration, chemical speciation,
soil properties, plant uptake, exposure pathways, and the duration of contamination rather
than total Cu concentration alone.

Understanding the fate, mobility, and bioavailability of Cu in agricultural soils is conse-
quently essential for evaluating contamination risks and selecting appropriate management
strategies. Traditional approaches for investigating Cu behavior include mass-balance
calculations and sequential extraction procedures, which provide information about the
distribution of Cu among different soil fractions. More recently, stable Cu isotope analysis
based on the ®Cu/®*Cu ratio has emerged as a complementary approach for investigating
the sources, fate, and transport of anthropogenic Cu in environmental systems [25,26]. Such
approaches can improve the identification of Cu sources and provide additional information
about processes controlling its environmental behavior.

The increasing occurrence of Cu accumulation in agricultural soils has stimulated
the development of remediation and risk-reduction strategies. When excessive Cu con-
centrations occur in agricultural soils and plants, reducing Cu availability and uptake
becomes important for maintaining safe crop production. Remediation approaches may
be implemented through in-situ or ex-situ techniques depending on contamination inten-
sity, soil characteristics, land use, and economic considerations [27]. Among the available
approaches, immobilization and phytoremediation have received considerable attention
as potentially effective methods for rehabilitating Cu-contaminated soils and reducing the
environmental risks associated with heavy metals [28].

Phytoremediation includes several plant-based strategies, particularly phytoextraction
and phytostabilisation. Phytoextraction involves cultivating plants capable of taking up
Cu and concentrating it in harvestable tissues, which are subsequently removed from
the contaminated site. The approach can be particularly useful for soils with relatively
low or moderate levels of contamination because very high metal concentrations may
restrict plant growth and limit remediation efficiency [29]. The use of metal-tolerant or
hyperaccumulating plants can increase the efficiency of Cu removal from contaminated
soils [30]. In contrast, phytostabilisation aims to reduce the mobility and bioavailability of
Cu by retaining or immobilizing the metal within the soil-root system rather than removing
it from the site [29].
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Soil amendments represent another important strategy for reducing Cu mobility and
plant availability. Materials such as clays, carbonates, phosphates, and iron oxides have
been investigated for their capacity to stabilize Cu in contaminated soils. These amend-
ments can promote the formation or precipitation of relatively stable Cu carbonates and
oxyhydroxides or facilitate the formation of cation—anion complexes on the surfaces of Fe
and Al oxyhydroxides, thereby reducing the fraction of Cu available for plant uptake [31].
The effectiveness of such approaches depends on soil characteristics, amendment properties,
Cu concentration and speciation, and environmental conditions. Consequently, remediation
should be considered within the broader context of soil chemistry, biological processes,
crop production, and long-term environmental sustainability.

Several review articles have previously examined agricultural soil contamination [32,33],
while other reviews have focused specifically on Cu in soils or plants [34-36]. These publica-
tions provide important background on soil contamination and the environmental behavior
and biological effects of Cu. However, their thematic scope differs from that of the present
review. Reviews addressing agricultural soil contamination provide a broader perspective
on contaminant sources and impacts, whereas studies focusing specifically on Cu in soils
or plants address particular aspects of its occurrence, behavior, or biological effects. The
present review builds on these contributions by examining Cu pollution specifically in agri-
cultural soils and integrating its sources and accumulation pathways with soil geochemical
processes, mobility and bioavailability, effects on soil organisms and plants, implications for
water quality and agricultural productivity, and remediation options. Particular attention
is given to the relationships between Cu inputs, soil properties, biological responses, and
remediation effectiveness, as well as to the implications of persistent Cu accumulation for
long-term agricultural sustainability. This integrated perspective is intended to comple-
ment previous reviews by connecting the environmental behavior of Cu with its ecological
consequences and the practical management of contaminated agricultural soils.

Therefore, this review aims to provide an integrated assessment of Cu pollution in
agricultural soils, with particular emphasis on (i) the major natural and anthropogenic
sources and pathways of Cu accumulation; (ii) the occurrence, speciation, mobility, and
bioavailability of Cu in agricultural soils; (iii) the effects of Cu contamination on soil prop-
erties, microorganisms, soil fauna, plants, and water quality; (iv) the potential implications
for agricultural productivity and environmental and human health; (v) current in-situ
and ex-situ remediation approaches, including immobilization, phytoremediation, phy-
toextraction, phyto-stabilization, and soil amendments; and (vi) emerging approaches and
research priorities for the sustainable management of Cu-contaminated agricultural soils.
By bringing these aspects together, the review seeks to identify the principal mechanisms
controlling Cu persistence and risk in agricultural systems and to highlight promising
directions for future research and remediation practices.

2. Materials and Methods

This review employed a mixed-methods approach integrating systematic bibliometric
analysis with qualitative thematic synthesis to examine the scientific literature concerning
copper (Cu) pollution in agricultural soils. The methodological framework was designed
to identify publication trends, research hotspots, geographic patterns, major scientific devel-
opments, and emerging research themes related to Cu accumulation, mobility, toxicity, and
management in agricultural ecosystems while ensuring transparency and reproducibility.
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2.1. Bibliometric Assessment
2.1.1. Literature Search Strategy

A systematic literature search was conducted using two internationally recognized
scientific databases: Scopus and the Science Citation Index Expanded (SCI-Expanded)
available through the Web of Science (WoS) platform. These databases were selected due to
their extensive coverage of peer-reviewed literature in environmental sciences, soil science,
agricultural sciences, ecotoxicology, pollution studies, and sustainable land management.

The search focused on publications addressing copper contamination, accumulation,
and environmental impacts in agricultural soils. Core search terms included combinations

a7 /a7

of “copper pollution”, “copper contamination”, “copper accumulation”, and “agricultural
soils”. To broaden the scope and capture related studies, additional keywords included
copper toxicity, heavy metals, trace metals, soil contamination, metal mobility, soil-plant
interactions, crop uptake, phytotoxicity, bioavailability, soil remediation, risk assessment,
agricultural ecosystems, and sustainable management practices.

The literature search and study-selection process followed the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 framework [37]. Searches
were conducted in Scopus and the Science Citation Index Expanded (SCI-Expanded)
through the Web of Science (WoS) platform, with the search completed on 20 May 2026.
No publication-year limits were applied during retrieval; therefore, the search covered all
records indexed by the selected databases up to the search end date. The time intervals
shown in Schematic presentation of the workflowrepresent the distribution of publica-
tions by publication year and were used for descriptive analysis rather than as eligibil-
ity restrictions.

The database-specific search strings are reported in Section 2.1.2 to facilitate repro-
ducibility. The searches were conducted on 20 May 2026, without publication-year restric-
tions, using Scopus and the Web of Science Core Collection (SCI-Expanded). The initial
searches retrieved 624 records from Scopus and 353 records from WoS SCI-Expanded before
deduplication. Because some broad search terms may retrieve records that mention metals
without specifically investigating copper, topical relevance was assessed during title and
abstract screening and subsequently verified through full-text assessment.

2.1.2. Search Syntax

To facilitate reproducibility, the exact search strings used in the two databases are
provided below. Searches were performed on 20 May 2026, without publication-year
restrictions or additional document-type filters at the retrieval stage.

Scopus (Advanced Search; TITLE-ABS-KEY fields):

TITLE-ABS-KEY ((“agricultural soil*” OR cropland* OR farmland* OR “cultivated
soil*” OR “agricultural land*”) AND (“copper pollution” OR “copper contamination”
OR “copper accumulation” OR “copper content” OR “copper concentration” OR “Cu
concentration” OR “copper toxicity” OR “copper bioavailability” OR “copper mobility” OR
“copper remediation”))

Web of Science Core Collection—SCI-Expanded (Advanced Search; Topic field):

TS = ((“agricultural soil*” OR cropland* OR farmland* OR “cultivated soil*” OR “agri-
cultural land*”) AND (“copper pollution” OR “copper contamination” OR “copper accumu-
lation” OR “copper content” OR “copper concentration” OR “Cu concentration” OR “copper
toxicity” OR “copper bioavailability” OR “copper mobility” OR “copper remediation”))

The search strings were harmonized to use equivalent concepts and Boolean logic
across both databases, with database-specific field syntax. The search terms explicitly
combine agricultural-soil contexts with copper-specific concepts to reduce the retrieval
of records addressing unrelated metal contamination. Wildcards were used to capture
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lexical variations where appropriate. The searches retrieved 624 records from Scopus and
353 records from WoS SCI-Expanded before deduplication. Records were exported for
subsequent deduplication, screening, eligibility assessment, and bibliometric processing.
Although the search strategy was designed to identify studies specifically addressing copper
in agricultural soils, the relevance of individual records was confirmed during screening
and full-text assessment.

The searches were executed directly in the respective database platforms using the fields
and Boolean operators specified above. The search date, database coverage, applied filters,
and retrieved record counts were documented for each database. The search results were
exported from Scopus and the WoS Core Collection for subsequent screening, deduplication,
and bibliometric processing. No publication-year filter was applied. Because broad metal-
related terms could retrieve studies in which copper was not the principal subject, topical
relevance was established during title and abstract screening and verified during full-text
assessment. For reproducibility, the final search date and the number of records retrieved
from each database before deduplication should be reported as follows: Scopus n = 624;
WoS SCI-Expanded n = 353.

2.1.3. Search Limits and Eligibility

No publication-year restrictions were applied during database retrieval. The searches
included records indexed in Scopus and the WoS Core Collection (SCI-Expanded) up
to 20 May 2026. Publications written in English were considered. Eligible publication
types included peer-reviewed research articles, review articles, proceedings papers, and
book chapters for which publication type, peer-review status, and topical relevance could
be established. Conference abstracts were considered eligible only when they met the
prespecified publication-type and peer-review requirements.

Editorials, theses, dissertations, and other non-peer-reviewed publications were ex-
cluded. Eligibility was determined according to publication type, language, methodological
transparency, and relevance to copper pollution in agricultural soils. Studies were consid-
ered relevant when they investigated copper sources, accumulation, distribution, mobility,
bioavailability, toxicity, crop uptake, ecological risks, or remediation in agricultural soils or
terrestrial farming systems. Records that mentioned copper only incidentally or did not
substantively investigate copper-related processes in agricultural soils were excluded.

2.1.4. Data Cleaning and De-Duplication

Duplicate records were removed through a two-stage procedure. First, automated
matching based on Digital Object Identifiers (DOIs) and exact title correspondence was
performed using Microsoft Excel. Second, manual verification was conducted to resolve
inconsistencies associated with missing DOIs, variations in author names, or minor ti-
tle differences.

Metadata quality was subsequently verified, including publication titles, abstracts,
author names, institutional affiliations, publication years, journal titles, keywords, and
research categories. Standardization procedures were applied to harmonize author and
institutional names, improving consistency in subsequent bibliometric analyses.

The numbers of records retrieved from the two databases, the number of duplicates
removed, and the number of unique records retained for screening were documented
separately. Duplicate identification was based on DOI matching and exact-title matching,
followed by manual verification where discrepancies occurred. All cleaning and dedupli-
cation decisions were recorded in Microsoft Excel to maintain an auditable record of the
selection process. The final counts were transferred to the PRISMA 2020 flow diagram
(Figure 1).
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Figure 1. Selection process of the eligible reports based on the PRISMA 2020 flow diagram.

2.1.5. Selection Criteria and Screening Procedure

Study selection followed two stages: title and abstract screening, followed by full-text
assessment. Two reviewers independently screened titles and abstracts against the prede-
fined eligibility criteria. Records considered potentially relevant by either reviewer were
advanced to full-text assessment. Full texts were assessed independently by both reviewers.
Disagreements were resolved through discussion and, when necessary, consultation with a
third reviewer.

Inclusion criteria:

— Peer-reviewed research articles and review articles, together with proceedings papers

and book chapters meeting the publication-type requirements specified in Section 2.1.3;

— Publications written in English;

— Studies investigating copper pollution, contamination, accumulation, or distribution in
agricultural soils;

— Research addressing copper sources, environmental behavior, soil chemistry, bioavail-
ability, toxicity, crop uptake, ecological risks, or remediation strategies;

— Publications providing sufficient information to establish their relevance and support
the intended synthesis.
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Exclusion criteria:

— Non-peer-reviewed publications and publication types outside the eligibility criteria;

— Studies unrelated to agricultural soils or terrestrial farming systems;

— Studies focused exclusively on copper in industrial, aquatic, or other non-agricultural
environments;

— Studies in which copper was mentioned only incidentally and was not a substantive
research focus;

— Records for which the full text could not be retrieved;

— Publications lacking sufficient information to determine eligibility or support meaning-
ful interpretation.

Screening decisions and reasons for exclusion were documented in Microsoft Excel.
Inter-reviewer agreement was assessed using percentage agreement.

At the full-text stage, exclusion reasons were recorded using the following categories:
(A) out of scope; (B) non-peer-reviewed or ineligible publication type; (C) insufficient
relevant information; (D) full text unavailable; and (E) inadequate methodological infor-
mation. Each excluded record was assigned a documented primary reason for exclusion,
and the corresponding counts were used in the PRISMA 2020 flow diagram.

2.1.6. Final Dataset and Bibliometric Variables

Data processing and bibliographic record management were performed using Mi-
crosoft Excel, the Web of Science Core Collection, Scopus, and Geochart [38—41]. Records
exported from Scopus and the Web of Science Core Collection were consolidated in Mi-
crosoft Excel. Duplicate records were identified and removed using DOI matching, exact-
title matching, and manual verification, as described in Section 2.1.4. Bibliographic metadata
were checked and standardized in Excel to improve consistency in author names, institu-
tional affiliations, publication titles, and keywords. The consolidated records were used for
bibliometric visualization in VOSviewer (version 1.6.20) [42]. No dedicated bibliometric
data-merging package, such as Bibliometrix, was used.

Following screening and eligibility assessment, the final corpus comprised 726 publi-
cations addressing copper pollution in agricultural soils. This corpus served as the basis for
the bibliometric analyses. The qualitative content analysis focused on a subset of 115 repre-
sentative articles selected from the final corpus according to their relevance to the principal
research themes. The number of records included in individual bibliometric analyses de-
pended on the availability and completeness of the required metadata. Where a smaller
analytical subset was used, its size and the reason for the reduction are reported in the
relevant Results subsection and figure caption.

Bibliometric indicators included publication type, research discipline, annual publica-
tion trends, geographic distribution, authorship patterns, institutional affiliations, journal
sources, publishing outlets, and keyword occurrence. Data processing and statistical anal-
yses were conducted using the Web of Science Core Collection, Scopus, Microsoft Excel,
and Geochart. Co-authorship networks, co-citation structures, and keyword co-occurrence
patterns were visualized using VOSviewer (version 1.6.20).

For the bibliometric analysis, counting procedures were applied consistently across the
analyzed records. Annual publication output was calculated by assigning each publication
to its year of publication, with each record counted once per year. Journal productivity
was assessed by counting the number of publications attributed to each journal. Research-
area frequencies were determined from the subject categories assigned to the retrieved
records; because a publication could be indexed in more than one category, the sum of
category frequencies may exceed the total number of publications. Country contribu-
tions were determined from the country affiliations associated with each publication. For
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publications involving authors affiliated with institutions in multiple countries, each repre-
sented country was counted, meaning that country-level totals may exceed the number of
unique publications.

Network analyses were conducted using VOSviewer (version 1.6.20), with the soft-
ware’s default settings retained for the analyses performed. No dedicated bibliometric
merging package was used; records from Scopus and the Web of Science Core Collection
were consolidated and deduplicated in Microsoft Excel before analysis. The keyword co-
occurrence analysis was based on author keywords, with terms used in the search strategy
excluded from the frequency analysis. No manually prepared thesaurus file was used to
merge synonyms. Consequently, equivalent terms or spelling variants may have remained
separate in the keyword network. These procedures distinguish publication-level counts
from country, subject-category, and keyword frequencies, which may involve multiple
assignments per publication.

Figures from Section 3.1 were generated using a subset of 353 articles indexed in the
Web of Science (WoS) database, as these analyses relied on WoS-specific metadata, whereas
the complete merged dataset comprised 726 records retrieved from WoS and Scopus.

2.1.7. Quality Assessment and Risk of Bias

The methodological quality of the included studies was considered during full-text
assessment and qualitative synthesis. Attention was given to the clarity of research ob-
jectives, the appropriateness of study designs, the description of sampling and analytical
procedures, the suitability of the methods used to determine copper concentrations or assess
related environmental effects, and the adequacy of the evidence supporting the reported
conclusions. Particular consideration was given to whether the methods and results were
described sufficiently to evaluate the relevance and interpretability of the findings. No
standardized risk-of-bias assessment instrument was applied; therefore, the methodological
considerations described above should not be interpreted as a formal risk-of-bias assess-
ment. Potential methodological limitations were considered when interpreting the evidence
and synthesizing the findings, and the conclusions were framed in accordance with the
information available in the included publications.

2.2. Qualitative Content Analysis

In parallel with the bibliometric assessment, a qualitative content analysis was con-
ducted to identify dominant research themes, conceptual approaches, methodological
trends, and knowledge gaps concerning copper pollution in agricultural soils. The qualita-
tive synthesis was based on the representative articles form the database.

The publications were examined and classified into seven thematic clusters: (1) re-
search trends and investigated approaches for copper-contaminated agricultural soils;
(2) global occurrence of copper contamination in agricultural soils and country case studies;
(3) analytical methods for determining copper pollution in agricultural soils; (4) impacts
of copper contamination on agricultural soil properties, microbial communities, and nutri-
ent cycling; (5) effects of copper contamination on crop growth, metal uptake, and plant
responses; (6) characteristics of copper and multi-metal contamination in agricultural soils;
and (7) approaches for remediating copper-polluted agricultural soils (Figure 2).

The thematic framework was developed inductively from the selected publications.
Two reviewers independently coded the articles. Multiple thematic assignments were
permitted when a publication addressed more than one substantive topic. Disagreements
were resolved through discussion and consensus, and coding decisions were documented
in Microsoft Excel.
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The seven thematic clusters provided the organizational framework for the corre-
sponding Results and Discussion subsections. They were used to synthesize the scope,
methods, principal findings, and research gaps in the literature, rather than to imply that
each publication addressed only one theme.

The bibliometric analysis was conducted using the entire final corpus of 726 eligible arti-
cles, whereas the qualitative literature review focused on 115 representative articles selected
from this corpus based on their relevance to the main research themes. The table represent-
ing themMain research aspects investigated in scientific studies presents 25 studies selected
from these 115 articles to illustrate the main research aspects of copper pollution in agricul-
tural soils, including its sources, environmental impacts, and remediation approaches.

—_— I Web of Science Core Collection H Scopus I

Keywords |—————>» Copper pollution in agricultural soils

—

Search criteria

Types of publications Language

[ Types of p | | guage |
| Scientific fields | |  Journals |

Bibliometric analysis | ———> publi7<:2a6tions | Publication years | ‘ Publishers ‘
| Countries | ’ Authors ‘
| Institutions I ‘ Keywords ‘

Research trends and investigated
r approaches for copper-contaminated
agricultural soils

Global occurrence of copper contamination
in agricultural soils: country case studies

Analytical methods reported for Impacts of Copper contamination on
V the determination of copper agricultural soil properties, microbial
pollution in agricultural soils communities, and nutrient cycling

Effects of copper contamination on
crop growth, metal uptake, and plant
responses

Literature review Copper and multi-metal contamination

characteristics of agricultural soils

Current approaches for the remediation of Copper-polluted agricultural soils

\

Figure 2. Schematic presentation of the workflow used in our research.

3. Results
3.1. A Bibliometric Review

The temporal distribution of published articles indicates an increase in research output
across the periods 2010-2020 and 20202025 (Figure 3). The highest annual publication
output, comprising 67 articles, was recorded in both 2023 and 2024. These results indicate
sustained research activity in recent years. However, the identification of distinct growth
phases requires a quantitative comparison of publication counts or growth rates across
predefined periods. Accordingly, the periods described here are used to summarize the
observed temporal pattern rather than to imply statistically distinct phases of development.
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Figure 3. Representation of the number of publications by year on agricultural soils polluted with
copper.

The bibliometric analysis revealed that environmental and agricultural sciences were
the principal research areas, reflecting the multidisciplinary nature of research on Cu
pollution in agricultural soils (Figure 4). Among the 726 publications, journal articles
accounted for 661 records (91%), followed by review articles (28; 4%), proceedings papers
(26; 4%), and book chapters (11; 1%). These findings indicate that journal articles constitute
the main publication type in the analyzed dataset.

M Articles
M Reviews
M Proceeding papers

Book chapters

Figure 4. Overview of the principal publication types on agricultural soils polluted with copper.

Research-area frequencies were based on the subject categories assigned to the retrieved
records. Environmental Sciences and Ecology was the leading field (192 records), followed
by Agriculture (65), Engineering (39), Water Resources (35), and Science Technology
Other Topics (34). Because publications may be assigned to multiple subject categories,
these frequencies represent category assignments rather than mutually exclusive groups
of publications. The distribution highlights the importance of soil quality, environmental
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fate, remediation strategies, and impacts on agricultural ecosystems. The presence of Plant
Sciences, Chemistry, Toxicology, Geochemistry, and Microbiology further emphasizes the
importance of understanding copper behavior, bioavailability, plant uptake, and biological
responses (Figure 5).

Geochemistry geophysics

Toxicology

Public environment occupational health
Chemistry

Plant sciences

Science technology

Water resources

Scientific field

Engineering

Agriculture

Environmental sciences-Ecology

o

50 100 150 200

Number of articles

Figure 5. Overview of the principal scientific fields on agricultural soils polluted with copper.

The geographical distribution indicates that research on copper pollution in agricul-
tural soils has attracted contributions from many regions worldwide China was the most
productive country (103 publications), followed by India (21), Iran (20), the USA (19),
Italy (16), Pakistan (16), and Spain (16). Country contributions were determined from the
affiliation information associated with the retrieved publications. Because a publication may
include authors affiliated with institutions in multiple countries, country-level frequencies
are not mutually exclusive. The high publication output from China and other Asian coun-
tries may be associated with research priorities related to agricultural production, industrial
activity, and soil contamination. However, publication counts alone do not establish the
extent of soil contamination or the relative severity of environmental problems in these
countries. Similarly, the involvement of European countries indicates substantial research
activity but does not, by itself, demonstrate the effectiveness of their soil-monitoring or
environmental-protection policies.

The countries, represented by the authors’ institutional affiliations on this topic, can be
organized into three clusters, each comprising at least four countries. These clusters are
as follows: Cluster 1 includes Brazil, Chile, France, Italy, Russia, Spain and USA; Cluster 2
consists of Australia, England, Iran and Turkey; Cluster 3 consists of Egypt, Germany,
Greece and Mexico; Cluster 4 includes India, Pakistan, Saudi Arabia and South Korea;
Cluster 5 includes Belgium, China, Poland and Taiwan (Figure 6). Since each cluster
includes countries from different continents, no clear geographical pattern of grouping
could be identified; it seems that connections between authors are the main factor driving
these associations.

Among the 197 journals that published articles on this topic, the most representative
were Environmental Science and Pollution Research (16 articles), Science of the Total Environment
(13 articles), and Environmental Pollution (11 articles) (Table 1 and Figure 7). Journal
productivity was determined by counting the publications attributed to each journal, with
each publication assigned to its corresponding source journal.
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Table 1. The leading journals that have published articles on agricultural soils polluted with copper.

Crt. No. Journal Documents Citations Total Link
Strength
1 Science of the Total Environment 13 1348 7
2 Journal of Geochemical Exploration 7 550 6
3 Environmental Science and Pollution Research 16 423 5
4 Geoderma 3 228 5
5 Journal of Soils and Sediments 6 214 4
6 Sustainability 9 102 4
7 Agriculture 3 7 4
8 Chemosphere 7 666 4
9 Environmental Pollution 11 475 3
10 Journal of Environmental Management 4 207 2
11 Environmental Geochemistry and Health 8 211 1
12 Environmental Monitoring and Assessment 6 137 1

In terms of institutional affiliation, the most representative institutions for authors
publishing on this topic were the Chinese Academy of Sciences (26 articles), Consiglio
Nazionale delle Ricerche (9 articles) and Huazhong Agricultural University (with 8 articles).
Like in other topics, China is among the leading countries. The leading publishers in
this research domain included Elsevier (94 articles), Springer Nature (68 articles), MDPI
(35 articles) and Taylor & Francis (25 articles).

The most frequently occurring author keywords, excluding the terms used in the
search strategy (copper, agricultural soils, and related search terms), were heavy metals,
cadmium, accumulation, and pollution. Table 2 presents the 14 most frequent keywords,
ranked by their number of occurrences. Total link strength is reported separately to indicate
the strength of keyword co-occurrence relationships.

Table 2. The 14 most frequent author keywords in studies on copper pollution in agricultural soils,
ranked by number of occurrences.

Crt. No. Keyword Occurrences Total Link Strength
1 Heavy metals 198 664
2 cadmium 75 326
3 pollution 59 229
4 accumulation 56 271
5 contamination 52 215
6 lead 46 226
7 zinc 45 200
8 soil 42 140
9 bioavailability 34 165
10 plants 34 152
11 toxicity 31 119
12 phytoremediation 29 120
13 Trace elements 28 131
14 Contaminated soils 24 113

The keyword co-occurrence network revealed four main clusters (Figure 8). Cluster 1
(red) comprised terms related to soil pollution and contamination, including pollution,
contamination, soil, water, ecological risk, spatial distribution, and source apportionment.
Cluster 2 (green) mainly included terms associated with copper and other heavy metals,
such as copper, heavy metals, accumulation, lead, zinc, toxicity, and phytoremediation.
Cluster 3 (blue) contained keywords referring to specific metals and their remediation,
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including cadmium (cd), lead (pb), copper (cu), and zinc (zn), together with removal and
remediation-related terms. Cluster 4 (yellow) focused on soil contamination and metal
behaviors, including contaminated soils, polluted soils, adsorption, and bioavailability.
These clusters illustrate the interconnected research themes concerning the occurrence and
assessment of metal pollution in soils, the behaviors of metals in the soil environment,
and approaches to remediation. The clusters represent groups of terms linked by their
co-occurrence in the analyzed records and summarize the principal thematic associations
identified in the keyword network.
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Figure 8. Keywords used by authors in relation to agricultural soils polluted with copper.

3.2. Literature Review

3.2.1. Research Trends and Approaches Investigated for Copper-Contaminated
Agricultural Soils

To identify the main research directions and approaches used to investigate Cu pollu-
tion in agricultural soils, selected publications were classified according to their research
focus, geographical setting, and principal contributions (Table 3). The studies in Table 3
were selected from the eligible publications identified through the systematic search and
screening process. They illustrate key aspects of Cu contamination in agricultural soils, in-
cluding its sources, environmental effects, analytical methods, and remediation approaches.

The selected studies indicate that research on copper contamination in agricultural soils
covers several major directions, including contamination assessment, environmental im-
pacts, plant responses, monitoring techniques, and remediation approaches. The reviewed
studies demonstrate that copper pollution has been investigated in different geographical
regions and under various contamination scenarios, including industrially influenced areas,
agricultural fields, vineyard soils, and mining-affected environments.
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Table 3. Main research aspects investigated in scientific studies on copper-contaminated agricultural

soils.

Cur. No.

Studied Aspect

Location Cited by

Analysis of copper tolerant rhizobacteria from the
industrial belt of Gujarat, western India for plant
growth promotion in metal polluted agriculture soils

India Sharaff et al., 2017 [43]

Assessment of Cu in Wheat (Triticum aestivum L.)
and Arable Land in the Vicinity of Bor (Serbia):
Implications for Food Safety and Human Health

Serbia Simonovic et al., 2026 [44]

Bioavailability and bioaccumulation characterization
of essential and heavy metals contents in R. acetosa,
S. oleracea and U. dioica from copper polluted and
referent areas

North Macedonia Balabanova et al., 2015 [45]

Characterization of copper-resistant bacteria and
bacterial communities from copper-polluted
agricultural soils

Chile Altimira et al., 2012 [46]

Contribution of inoculation with arbuscular
mycorrhizal fungi to the bioremediation of a copper
contaminated soil using Oenothera picensis

Chile Cornejo et al., 2017 [47]

Contributions on enhancing the copper uptake by
using natural chelators, with applications in soil
phytoremediation

Romania Dumbrava et al., 2015 [48]

Copper in Surface Layer of Vineyard Soils on Island
Hvar

Croatia Runjic and Custovic, 2017 [49]

Copper in the surface layer of the farmland soils in
Poland

Poland Terelak et al., 2003 [50]

Copper stress in rice: Perception, signaling,
bioremediation and future prospects

Bangladesh Rob et al., 2024 [51]

10

Earthworm colonisation of abandoned arable soil
polluted by copper

Holstrup and Hornum, 2012

Denmark [52]

11

Efficiency of Soil Amendments for Copper Removal
and Brassica Juncea (L.) Growth in Wastewater
Irrigated Agricultural Soil

Pakistan Bashir et al., 2022 [53]

12

Electrokinetic remediation of copper-contaminated
agricultural soils

Spain Navas-Higuero et al., 2025 [54]

13

Field-based evidence for copper contamination
induced changes of antibiotic resistance in
agricultural soils

China Hu et al., 2016 [55]

14

Hyperspectral Inversion of Soil Cu Content in
Agricultural Land Based on Continuous Wavelet
Transform and Stacking Ensemble Learning

China Yang et al., 2024 [56]

15

Hyperspectral Visible and Near-Infrared
Determination of Copper Concentration in
Agricultural Polluted Soils

Italy Antonucci et al., 2012 [57]

16

Immobilization of soil copper using organic and
inorganic amendments

Egypt Shaheen et al., 2015 [58]

17

Impact of dual inoculation with Rhizobium and PGPR
on growth and antioxidant status of Vicia faba L.
under copper stress

Tunisia Fatnassi et al., 2015 [59]
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Table 3. Cont.

Cur. No.

Studied Aspect Location Cited by

In vitro and in vivo copper-treated Myrtus
18 communis L.: terpene profiles and evidence for Italy Capuana et al., 2023 [60]
potential cultivation on metal-contaminated soils

Nutrients Can Enhance Phytoremediation of

19 Copper-Polluted Soil by Indian Mustard China Wuetal,, 2004 [61]
Pear twig biochar combined with nitrogen fertilizer
20 regulates morpho-physiological growth, copper China Wang et al., 2024 [62]

uptake and tuber quality of potato (Solanum

tuberosum L.) grown in polluted soil

Remediation of Cu Contaminated Agricultural Soils
21 near Oilfields by Biochar Combined with Sodium China Wang et al., 2023 [63]
Humate-Wood Vinegar

22

Selective copper immobilization in contaminated
soils using cysteine-modified chitosan

China Lietal., 2025 [64]

Study on remediation of alkaline soil polluted by
23 copper and cadmium by MICP combined with China Chen et al., 2025 [65]
modified oyster shell powder

24

the potential of different jute varieties for
phytoremediation of copper-contaminated soil

China Saleem et al., 2020 [66]

A considerable number of studies have focused on the presence and distribution of
copper in agricultural soils. Investigations performed in vineyard soils and farmland areas
have assessed Cu accumulation in surface soil layers, where long-term agricultural practices
may contribute to increased metal concentrations [49,50]. Studies conducted near mining
areas have evaluated copper levels in agricultural soils and crops, with emphasis on possible
implications for food safety and human exposure [44].

The effects of copper contamination on soil biological components have also been
widely studied. Research has examined microbial adaptation, resistance mechanisms, and
community changes in copper-polluted soils. The characterization of copper-resistant bac-
teria and microbial communities has been reported in contaminated agricultural soils [46].
In addition, the influence of Cu contamination on antibiotic resistance patterns in agricul-
tural environments has been investigated, indicating possible interactions between metal
pollution and microbial resistance development [55]. Soil fauna responses have also been
considered, including earthworm colonization and activity in copper-affected soils [52].

Plant-related studies represent another important research area. Several articles have
evaluated Cu uptake, accumulation, and tolerance mechanisms in different plant species.
Metal accumulation patterns were studied in edible and wild plants collected from copper-
polluted and reference areas [45]. Research has also investigated crop responses to Cu
stress, including physiological effects and possible remediation strategies in plants such as
rice [51]. The phytoremediation potential of different plant species, including jute varieties,
has been examined for copper-contaminated soils [56].

The role of microorganisms associated with plants has been investigated as a method
for improving plant growth and reducing copper stress. Copper-tolerant rhizobacteria have
been studied for their ability to support plant development in metal-contaminated soils [43].
The contribution of arbuscular mycorrhizal fungi to copper remediation using Oenothera
picensis has also been evaluated [47]. Other studies have examined combined inoculation
approaches involving rhizobia and plant growth-promoting bacteria under copper stress
conditions [59].
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Remediation methods constitute a large proportion of the reviewed research. Phytore-
mediation approaches have been investigated through the use of plants, nutrient additions,
and chelating agents to increase Cu removal or tolerance. The enhancement of copper up-
take using natural chelators has been studied as a possible remediation strategy [48], while
nutrient management has been evaluated to improve phytoremediation efficiency [61].

Soil amendment technologies have also received considerable attention. Different
organic and inorganic materials have been investigated for reducing copper mobility and im-
proving soil quality. Studies have evaluated copper immobilization using amendments [58],
biochar-based treatments [62,63], and amendment combinations for wastewater-irrigated
agricultural soils [53]. More advanced techniques, including electrokinetic remediation,
have been explored for copper removal from contaminated agricultural soils [54].

Recent studies have focused on the development of specialized materials for copper
extraction or stabilization. Modified chitosan materials have been tested for selective Cu
immobilization in contaminated soils [64]. Combined remediation approaches, such as
microbial-induced calcite precipitation with modified oyster shell powder, have also been
proposed [65].

Monitoring and detection methods represent an emerging research direction. Tradi-
tional chemical analysis has been complemented by rapid and non-destructive techniques,
including hyperspectral approaches for estimating soil copper concentrations. Visible and
near-infrared spectroscopy methods have been applied for Cu determination in polluted
agricultural soils [57], and more recent approaches have used advanced modelling tech-
niques to improve Cu prediction accuracy [56].

Other studies have examined copper effects in specific plant systems and contaminated
environments. The response of Myrtus communis exposed to copper has been investigated,
including its potential use in metal-contaminated areas [60]. Additional research has
addressed complex contamination situations involving multiple metals and combined
remediation methods [65].

3.2.2. Global Occurrence of Copper Contamination in Agricultural Soils: Country
Case Studies

Europe
Germany

Copper contamination in agricultural soils in Germany has been associated with both
industrial emissions and long-term atmospheric deposition. In Hamburg, heavy metals
including As, Pb, Cu, Zn, Cd, Cr and Ni were investigated in surface soils and soil profiles.
The study showed that Cu and other metals were accumulated mainly due to historical
industrial activities, particularly emissions from a large copper-processing plant located in
the southeast of the city. The estimated enrichment caused by airborne industrial deposition
reached approximately 2900 tonnes of Cu over an area of 190 km?. Soil monitoring also
indicated that Cu and Zn behaved differently from other metals, with no clear decrease
trends despite changes in atmospheric inputs, suggesting their persistence in soils [67].

Croatia

In Croatia, copper contamination has been linked mainly to agricultural practices,
especially the historical use of copper-based fungicides in vineyards. A study conducted in
Primosten, Middle Dalmatia, compared Terra rossa soils under former vineyards converted
to olive groves with soils under natural vegetation. The results showed significantly higher
Cu concentrations in olive groves (199.3 mg kg™!) compared with natural vegetation soils
(51.8 mg kg™'). The enrichment factor indicated moderate to significant Cu accumulation
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in cultivated soils, demonstrating the long-term effect of agricultural management practices
on Cu accumulation [68].

Italy

In Italy, copper pollution has been studied in agricultural systems affected by intensive
vineyard management. A study investigating an old vineyard converted into a protected
area found that total Cu reached approximately 1000 mg kg~! in vineyard tree rows, whereas
other treatments contained less than 80 mg kg~. The high Cu concentration resulted from
repeated applications of copper-containing fungicides. However, ecological restoration
improved soil biochemical properties and microbial functions, indicating that conservation
practices may reduce the negative effects of Cu contamination. Changes in bacterial com-
munity composition showed adaptation to Cu stress, while fungal communities were less
affected [69].

Greece

Copper contamination in Greek soils has been assessed in agricultural, industrial
and forest areas. Research conducted in the Almyros region evaluated total and available
concentrations of Cd, Cr, Cu, Pb, Zn and Ni. Agricultural soils showed relatively lower
contamination compared with industrial sites, but Cu presented the highest enrichment
factor among the studied metals, indicating a significant contribution of anthropogenic
activities to Cu accumulation [70].

Cyprus

In Cyprus, agricultural soil contamination has been associated with mining activities.
At the abandoned Limni mine, tailings were identified as a source of Cu, Zn, Pb, and sulfur
contamination in surrounding areas. Copper concentrations exceeded the applicable permis-
sible levels in tailings and nearby soils, while enrichment-factor and geo-accumulation-index
values indicated severe contamination. The study also reported elevated concentrations
of potentially toxic elements in crops, including figs, peanuts, lemons, and barley. These
findings indicate a potential food-safety concern; however, the detection of metals in crops
alone does not establish a human-health risk. Such a conclusion requires comparison with
relevant food standards and, where appropriate, an exposure assessment. Phytostabilisation
using native plant species was proposed as a possible management strategy [71].

Denmark

Copper contamination in Denmark has been investigated through its effects on soil
organisms. At the Hygum contaminated site, copper concentrations influenced earthworm
distribution. In 1994, earthworm species were restricted to areas with Cu concentrations
below 200 mg kg~!. After 16 years without agricultural activity, more species were observed,
including in areas where soil Cu exceeded 1000 mg kg~!, suggesting gradual ecological
adaptation and recovery processes after reduced disturbance [52].

Romania

In Romania, agricultural soil contamination by Cu and other heavy metals has been
investigated with emphasis on remediation methods. A study evaluated phytoremediation
using Brassica juncea combined with EDTA in soils contaminated with Zn, Cu and Pb. The
combined treatment improved metal removal efficiency, achieving reductions of 27.5%
for Cu, 51.5% for Zn and 36.3% for Pb. The results indicated that combined phytoextrac-
tion and chelation approaches may provide effective strategies for restoring contaminated
agricultural soils [72].
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Poland

Copper concentrations in Polish agricultural soils have generally remained close to
natural levels, although industrialized areas show greater accumulation. A national-scale
study reported Cu concentrations ranging from 0.2 to 725 mg kg~!, with approximately
97% of agricultural soils classified as unpolluted. More strongly contaminated soils rep-
resented only a small proportion of farmland, mainly located in industrial regions where
anthropogenic emissions increased Cu levels [50].

Turkey

In Turkey, copper contamination has been associated with industrial activities near
agricultural areas. In Tekkekdy, Samsun, soils around copper smelting and fertilizer plants
showed high concentrations of Cu, Zn, Pb, Fe and Mn. Pollution was concentrated mainly
in the surface layer, decreasing sharply below 20 cm depth. Crops such as tobacco, maize
and cabbage accumulated Cu and other metals, demonstrating the transfer of industrial
contaminants into agricultural systems [73].

Georgia

Copper accumulation in Georgian agricultural soils has been linked to irrigation prac-
tices and intensive farming. Studies in the Kvemo Kartli region found that available Cu and
Zn were mainly associated with irrigation water and fungicide use. Simulation analyses
indicated that intensive application of copper-based fungicides, particularly in vineyards,
contributed more significantly to Cu accumulation than irrigation water. Soil contamination

indices confirmed higher Cu enrichment in vineyard soils compared with other agricultural
land uses [74].

Asia
China

Copper contamination in agricultural soils in China has been reported particularly in
areas affected by mining and metallurgical industries. Around the Daye Copper Smelter
in Hubei Province, agricultural soils contained elevated concentrations of Cu, Cd, Pb, and
As. The mean Cu concentration in contaminated soils was 195.26 mg kg~!, compared with
32.84 mg kg ! in reference soils. Contamination was also detected in vegetables, rice, and
fish, indicating the presence of these elements in food-related environmental pathways.
The cited study included a health-risk assessment that identified agricultural-product
consumption as an exposure pathway and reported greater vulnerability among children
living near the smelter [75]. These findings should be interpreted within the exposure
assumptions and risk-assessment methods used in that study and should not be generalized
to other agricultural regions without supporting evidence.

Contamination was also detected in vegetables, rice, and fish, indicating that metals
may be transferred from contaminated environmental media into food products. The re-
ported health-risk assessment identified agricultural-product consumption as an important
potential exposure pathway, particularly for children living near the smelter [76]. These
findings support concern about exposure in the investigated area; however, the contribution
of Cu to the estimated risk should be distinguished from that of co-occurring metals, and
the findings should not be generalized to other agricultural soils without considering local
contamination levels, crop uptake, dietary exposure, and the risk-assessment assumptions.

A global assessment of soils near copper mining sites showed that Cu contamination
is a widespread issue. The study included 102 copper mining locations worldwide and
found that agricultural soils near mining areas were more affected by heavy metals than
non-agricultural soils. Copper, together with Cd and As, represented one of the main
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contributors to ecological risk. The results highlighted the need to prioritize Cu control
strategies in mining-affected agricultural regions [76].

India

In India, copper contamination of agricultural soils has been reported in areas influ-
enced by mining activities. In the Singhbhum shear zone, agricultural soils near copper
mining and processing areas showed elevated concentrations of Cu and other metals. Pol-
lution indices including enrichment factor, geo-accumulation index and contamination
factor indicated very high Cu contamination compared with natural background levels.
The study identified anthropogenic activities related to mining as the main source of metal
accumulation and recommended continuous monitoring of agricultural soils [77].

Iran

Copper contamination in Iran has been studied in agricultural soils surrounding mining
areas. Near the Zarshouran gold mine, soil samples showed increased concentrations of
several heavy metals, including Cu. The average Cu concentration reached 65.06 mg kg~*,
with enrichment analysis indicating considerable Cu accumulation due to mining activities.
Although Cu was mainly associated with stable soil fractions, its presence in more mobile
fractions indicated potential environmental risks under changing soil conditions [78].

Iraq

Urban and agricultural soils in Iraq have shown evidence of heavy metal contami-
nation caused by industrial activities. In Baghdad, soil analyses demonstrated increased
concentrations of Cu, Cd, Cr, Ni, Pb and Zn, particularly in industrial areas. The highest
pollution indices were recorded in industrial soils, suggesting strong anthropogenic in-
fluence. Copper was among the metals contributing to multi-element contamination and
environmental degradation [79].

Africa

Egypt

Copper behavior in agricultural soils of Egypt has been investigated in newly reclaimed
agricultural areas. In the 10th of Ramadan region, total Cu concentrations ranged from
4.88 t0 19.19 mg kg1, while extractable Cu ranged from 1.56 to 4.51 mg kg~!. Sequential
extraction showed that residual Cu was the dominant fraction, representing the least mobile
form, followed by Cu associated with Fe-Mn oxides. The study indicated that soil properties,
including mineral composition, organic matter and pH, strongly influenced Cu availability
and mobility [80].
Algeria

In Algeria, Cu contamination in agricultural soils has been linked mainly to urban
and agricultural activities. A large-scale investigation around Annaba analyzed Cd, Cr,
Cu, Pb and Zn in surface soils. Copper was the only element showing significant spatial
autocorrelation, and spatial analysis identified agricultural activities as the main source of

Cu accumulation. The study demonstrated that different metals originated from different
anthropogenic sources, with Cu mainly associated with agricultural practices [81].

Morocco

Copper contamination in Morocco has been associated with abandoned mining sites
affecting surrounding agricultural soils. At the Bir Nehass mining site, soils and tailings
contained very high concentrations of Cu, Zn, Pb and Cd. Copper concentrations reached up
to 2892 mg kg !, decreasing with increasing distance from the mine tailings. Several native
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plant species demonstrated high metal accumulation capacity, suggesting their potential
use in phytoremediation programs [82].

Democratic Republic of Congo

Copper and cobalt mining activities in the Katanga Province of the Democratic Re-
public of Congo have significantly affected surrounding environments. Historical and
modern mining activities have resulted in metal dispersion into soils, including agricultural
areas. Although some agricultural zones showed background-level concentrations, areas
influenced by mining waste and processing activities exhibited elevated metal concentra-
tions. The study emphasized the importance of environmental monitoring and remediation
around mining operations [83].

Ethiopia

In Ethiopia, metal accumulation in agricultural soils and crops has been investigated
in Dawunt Woreda. Soil and lentil samples were analyzed for potentially toxic elements.
Mean Cu concentrations were 40.0 mg kg~! in soil and approximately 5.7 mg kg~! in
lentils. Pollution indices indicated moderate Cu contamination, while Cd was identified as
the principal concern. The cited health-risk assessment found no significant risk to local
populations from lentil consumption or soil exposure under the assumptions applied in
that study [84]. This finding should not be interpreted as evidence of zero risk under all
exposure conditions or as directly applicable to other populations and locations.

Kenya

Copper and zinc enrichment in Kenyan agricultural soils has been evaluated using
different geochemical background values. Agricultural soils near Mau and Aberdare forests
showed variable Cu enrichment depending on the reference element used. The study
demonstrated the importance of selecting appropriate local background values when as-
sessing Cu contamination. Geo-accumulation indices indicated that soils ranged from
unpolluted to moderately polluted [85].

Namibia

Copper contamination in Namibia has been strongly linked to mining waste. Around
the Kombat tailings dam, agricultural soils were affected by dispersion of mine residues
through wind and water erosion. Copper concentrations in tailings reached 9086 mg kg~?,
while surrounding agricultural soils contained up to 150 mg kg~! Cu. Contamination

indices indicated severe Cu pollution, although sequential extraction showed that Cu was
mainly associated with less mobile soil fractions [86].

Americas
Mexico

In Mexico, copper pollution has been documented around mining regions. At the
Concepcién del Oro mining district, historical mining activities resulted in dispersion of
Cu-rich tailings into surrounding agricultural soils. Copper concentrations reached levels
up to 100 times higher than local background values. Extraction tests indicated that part of
the Cu fraction could become mobilized through biological activity, creating potential risks
for groundwater and food-chain contamination [87].

Chile

Copper contamination in Chilean agricultural soils has been associated with emissions
from copper smelting activities. In the Puchuncavi valley, continuous operation of a copper
smelter resulted in acidic soils enriched with Cu and other contaminants. Phytostabilisation
strategies using amendments such as seashell grit and zeolite reduced Cu mobility and
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improved soil conditions, showing potential for remediation of contaminated agricultural
areas [88].

Ecuador

In Ecuador, agricultural soils affected by mining activities have shown elevated trace
metal concentrations. In Ponce Enriquez, one of the country’s major gold mining regions,
farmland soils contained increased levels of As, Cr, Cu and Ni. Several crops exceeded
permissible limits for trace elements, creating potential risks for consumers. Health risk
assessment indicated possible carcinogenic and non-carcinogenic effects associated with
long-term consumption of contaminated crops [89].

Recent research evaluating ecological and health risks associated with Pb, Cd, As,
and Cu contamination in agricultural soils in arid regions provides additional context for
site-specific risk assessment [90]. Such work is relevant because the presence of multiple
potentially toxic elements can complicate the attribution of ecological effects and estimated
health risks to an individual metal. In interpreting these findings, the contribution of Cu
should be considered alongside its concentration, chemical availability, soil characteristics,
and relevant exposure pathways. Results from arid-region soils should not be transferred
directly to other agricultural settings without considering differences in soil chemistry,
climate, land use, and exposure conditions.

3.2.3. Analytical Methods Reported for the Determination of Copper Pollution in
Agricultural Soils

The reviewed studies showed that copper pollution in agricultural soils is determined
using a wide range of analytical methods, including chemical extraction procedures, spec-
trometric techniques, electrochemical methods, and advanced spectroscopic approaches.
These methods differ in their ability to measure total Cu concentration, Cu fractions, mobility,
and spatial variability.

Sequential extraction methods were applied to evaluate the chemical forms and mobil-
ity of Cu in soils. Akkus et al. [91] used a five-step sequential extraction procedure to sepa-
rate Cu into exchangeable, organically bound, carbonate-bound, Fe/Mn oxide-associated,
and residual fractions. The extracted fractions were measured using inductively coupled
plasma optical emission spectrometry (ICP-OES). The study reported Cu concentrations
between 23 and 72 mg kg~!, with the exchangeable fraction representing 0.42-2.53% of
total Cu.

Spectrometric methods based on plasma and atomic absorption techniques were fre-
quently used for Cu quantification. Gunkel et al. [92] compared ion chromatography
(IC), anodic stripping voltammetry (ASV), adsorptive stripping voltammetry (AdSV), ICP
atomic emission spectroscopy (ICP-AES), and atomic absorption spectroscopy (AAS) for
determining heavy metals in Cu-contaminated agricultural soils. The results showed good
agreement between ICP-AES and IC measurements for Cu, Zn, Ni, and Mn determination.

Da Silva et al. [93] applied ultrasound-assisted extraction combined with flame atomic
absorption spectrometry (FAAS) for Cu determination in agricultural soil samples. The
optimized extraction procedure provided efficient metal recovery using a reduced volume
of acid mixture. The method was combined with contamination indices, including the
geoaccumulation index (Igeo), enrichment factor (EF), contamination factor (CF), and
pollution load index (PLI), to evaluate soil contamination levels.

Portable analytical techniques have been investigated as alternatives to conventional
laboratory analysis. Caporale et al. [94] assessed portable X-ray fluorescence (pXRF)
for determining aqua regia-extractable Cu concentrations in agricultural soils. Strong
correlations between pXRF and laboratory measurements were reported, with R? values
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above 0.90 for Cu and several other metals, demonstrating the suitability of pXRF for rapid
soil analysis.

Spectroscopic methods provided non-destructive approaches for estimating Cu con-
centrations. Antonucci et al. [57] developed a hyperspectral imaging method using visible—
near-infrared and near-infrared spectral regions. Partial least squares regression models
were used to predict Cu concentrations, achieving correlation coefficients of 0.93 for visible—
near-infrared and 0.77 for near-infrared measurements.

Terahertz spectroscopy was also evaluated for heavy metal detection in soils. Li
et al. [95] investigated terahertz time-domain spectroscopy for soils contaminated with
Cu?* and other heavy metals. Different absorption characteristics were observed within
the 0.1-1.1 THz range, indicating that terahertz techniques may be useful for future rapid
detection.

Plant-based optical measurements were studied as indirect indicators of Cu contami-
nation. Qu et al. [96] analyzed solar-induced fluorescence responses in crops exposed to Cu
stress. Reflectance measurements obtained using an ASD Fieldspec spectrometer showed
changes in fluorescence characteristics, and far-red fluorescence was positively related to
Cu concentration in plant tissues.

Yang et al. [56] developed an ensemble learning model combining spectral prepro-
cessing, principal component analysis, and several regression algorithms. The stacking
model achieved improved prediction performance with R? = 0.77, RMSE = 7.65 mg kg~ !,
and RPD = 2.29.

Several studies combined analytical measurements with statistical modelling for im-
proved interpretation of soil contamination. Anaman et al. [97] integrated principal com-
ponent analysis (PCA), positive matrix factorization (PMF), and geographic information
system (GIS) mapping. Chen et al. [98] combined UNMIX, PMF, and Pb-Zn-Cu isotope
analysis with chemical measurements, while Cao et al. [99] applied PMF with isotope
fingerprinting to improve identification of contamination patterns.

3.2.4. Impacts of Copper Contamination on Agricultural Soil Properties, Microbial
Communities, and Nutrient Cycling

Effects of Copper Contamination on Agricultural Soil Microbial Communities

Copper contamination has been shown to significantly influence the structure, di-
versity, and functional capacity of microbial communities in agricultural soils. Studies
conducted in Cu-polluted agricultural soils from the Valparaiso region of central Chile
demonstrated that long-term copper exposure resulted in the selection of Cu-resistant bac-
terial populations. Although DGGE analysis showed similar bacterial community patterns
between Cu-polluted and non-polluted soils, Cu-resistant bacteria were more abundant in
contaminated soils. The presence of copA genes, encoding copper resistance-related multi-
copper oxidases, was detected in polluted soils but not in uncontaminated soils. Several
resistant isolates belonging to Sphingomonas, Stenotrophomonas, and Arthrobacter exhibited
high copper tolerance and carried genetic determinants associated with Cu resistance [46].

Copper contamination also altered rhizosphere microbial communities in agricultural
fields affected by industrial activities. Analysis of Cu-contaminated agricultural soils in
Gujarat, India, revealed reduced microbial diversity under Cu stress conditions. Cu-tolerant
bacterial communities were dominated by genera such as Enterobacter and Pseudomonas.
Several isolated Cu-tolerant bacteria demonstrated plant growth-promoting properties, and
Enterobacter sp. P36 reduced copper accumulation in mung bean roots while improving
plant growth under Cu stress conditions [43].

Long-term copper exposure has also been associated with changes in the abundance
and mobility of antibiotic resistance genes (ARGs) in agricultural soils. In soils exposed to
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4-5 years of Cu contamination, the abundance and diversity of ARGs increased, with the
strongest responses occurring at medium to high Cu concentrations depending on soil type.
The relationship between ARGs, microbial taxa, and mobile genetic elements suggested
that copper contamination can promote the spread of resistance traits through microbial
communities [55].

Effects of Copper Contamination on Soil Nutrient Cycling

Copper contamination strongly affects microbial processes involved in nitrogen cycling.
Experimental studies using different soil types demonstrated that increasing Cu concen-
trations reduced the abundance of important nitrogen-cycling microorganisms, includ-
ing ammonia-oxidizing archaea and Nitrospira nitrite-oxidizing bacteria. These microbial
changes were associated with decreased potential ammonia oxidation rates and reduced
plant biomass after long-term Cu exposure [100].

A global meta-analysis confirmed that copper contamination significantly disrupts
soil nitrogen transformations. Copper addition or Cu-polluted soils reduced potential
nitrification by 33.8%, mainly due to decreased nitrification enzyme activity, microbial
biomass, and ammonia-oxidizing archaeal abundance. The inhibition of nitrification became
stronger when Cu concentrations exceeded 150 mg kg~!, while lower concentrations could
temporarily stimulate nitrate production [101].

In Cu and Cd co-contaminated agricultural soils, metagenomic analysis showed that
heavy metal stress altered microbial functional genes related to nitrogen cycling. Contami-
nation stimulated nitrification, denitrification, and dissimilatory nitrate reduction processes
through enrichment of Nitrospira, while nitrogen fixation was reduced due to decreases
in specific microbial groups such as Desulfobacca. These changes indicate potential dis-
ruptions in nitrogen availability and increased risk of nutrient imbalance in agricultural
systems [102].

Copper Accumulation and Distribution in Agricultural Soils

Copper contamination is strongly influenced by agricultural practices and soil prop-
erties. In vineyard soils, high concentrations of total copper and available Cu fractions
were detected, with mean total Cu concentrations reaching 368 mg kg~!. Exchangeable
and potentially available copper fractions were associated with soil properties such as pH
and organic carbon content. Copper distribution was also affected by planting patterns,
with higher accumulation observed along cultivated rows due to repeated agricultural
inputs [103].

Copper-contaminated soils near mining areas frequently exhibit strong acidity, which
affects Cu mobility and plant availability. Interactions between copper and other soil factors,
including aluminum toxicity, influence copper uptake by plants. Studies using maize
demonstrated that Al co-stress reduced Cu absorption and translocation by modifying root
surface properties and altering metabolic responses related to stress adaptation [104].

3.2.5. Effects of Copper Contamination on Crop Growth, Metal Uptake, and Plant Responses
Effect of Copper Contamination on Plant Growth and Physiological Processes

Copper is an essential micronutrient involved in photosynthesis, respiration, and
enzyme activity. However, excessive Cu exposure can impair plant growth and develop-
ment. The severity of these effects depends on plant species, developmental stage, Cu
concentration, and exposure conditions.

Heavy metal stress, including Cu toxicity, has been shown to reduce crop productivity
by affecting germination, biomass production, and physiological processes. Athar etal. [105]
reported that heavy metal exposure significantly reduced wheat (Triticum aestivum L.)
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growth and grain yield, with Cu being among the most toxic metals tested. Metal exposure
also decreased nitrogen content and grain protein concentration, indicating negative effects
on nutritional quality. Similarly, Houshmandfar [106] found that increasing concentrations
of mixed heavy metals containing Cu, Cd, Ni, and Zn reduced safflower germination, shoot
growth, root development, and biomass production.

The influence of Cu stress has also been observed in vegetable crops. Alamer etal. [107]
reported that heavy metal exposure reduced yield components of tomato (Solanum lycop-
ersicum) and eggplant (Solanum melongena), together with reductions in photosynthetic
pigments and increases in antioxidant enzyme activity, demonstrating activation of plant
defense mechanisms under metal stress.

In cereal crops, Cu contamination affected both growth and metal distribution. Deng
et al. [108] showed that Cu pollution reduced wheat growth, while night warming partially
alleviated growth inhibition by increasing straw, spike, aboveground, and total biomass.
However, warming also altered Cu uptake patterns, potentially increasing the risk of Cu
accumulation in edible plant tissues.

Copper stress responses are also related to changes in plant metabolism. Rob et al. [51]
described that excessive Cu accumulation in rice disrupts germination, growth, photosyn-
thesis, and cellular processes, leading to oxidative stress. Plants respond through defense
mechanisms such as antioxidant activity, metal chelation, and compartmentalization.

Copper Uptake and Accumulation in Agricultural Crops

Plants differ greatly in their ability to absorb and accumulate Cu. Uptake depends on
plant species, tissue type, growth stage, and exposure conditions.

Vegetable crops grown in contaminated environments showed increased Cu accumu-
lation compared with plants cultivated in less polluted areas. Ai et al. [109] demonstrated
that Chinese cabbage and radish accumulated higher concentrations of Cu, Zn, and Cd
when grown on polluted farmland. Metal uptake changed throughout plant development,
with different accumulation patterns depending on the vegetable species and growth stage.

The movement of Cu within plants varies between roots, stems, leaves, and edible
organs. Li et al. [110] investigated plants growing near electronic waste-contaminated
farmland and found that several species accumulated Cu mainly in roots, while some
species showed stronger translocation toward leaves. These differences indicate that plants
have different mechanisms controlling Cu transport and storage.

In tomato and eggplant, Cu was detected in fruits, and its concentration increased
with greater metal exposure. Alamer et al. [107] reported the accumulation of Cu, Nj,
Zn, and other metals in edible tissues. These findings demonstrate that metals can be
transferred to edible plant parts under the investigated conditions. However, detection
or accumulation in edible tissues does not, by itself, establish that consumption poses a
health risk. Risk characterization requires consideration of the measured concentrations,
applicable food-safety limits, consumption rates, and estimated dietary exposure. Napoli
etal. [111] found differences in Cu distribution among plant species and tissues: tomato
accumulated Cu in roots and fruits, whereas spinach and Ricinus accumulated greater
amounts in aboveground tissues, particularly leaves and stems.

Crop selection can influence metal accumulation in food products. He et al. [112]
evaluated rice cultivars and found significant differences in Cu accumulation in grains.
Certain cultivars showed lower Cu accumulation capacity and may be more suitable for
cultivation in areas affected by metal contamination.

Qiu et al. [113] demonstrated similar variation among Chinese flowering cabbage culti-
vars. Some cultivars accumulated lower concentrations of heavy metals and were identified
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as pollution-safe cultivars, suggesting that plant selection can reduce risks associated with
contaminated agricultural production.

Copper Translocation and Effects on Food Safety

The transfer of Cu from roots to aboveground tissues can influence the concentrations
measured in edible plant parts and is therefore relevant to food-safety assessment. The
implications for human exposure depend on the concentrations in the consumed tissues,
the amount consumed, and the contribution of other dietary sources.

In wheat, Deng et al. [108] observed that Cu pollution changed metal transport be-
tween roots, stems, leaves, and spikes. Environmental conditions influenced Cu movement,
showing that plant responses to contamination may change under future climate scenarios.

Rice cultivated in mining-affected regions has been investigated for the accumulation
of potentially toxic elements in grains. Pu et al. [114] reported elevated concentrations
of Cu and other metals in rice systems near copper-mining areas. These observations
identify a potential pathway for dietary exposure; however, the magnitude of any associated
health risk depends on the measured concentrations and the results of an appropriate
dietary-exposure and risk assessment.

Similarly, Simonovic et al. [44] investigated Cu and As in wheat grown near a copper-
mining area. The distribution of these elements among roots, stems, and grains provided
information about their uptake and translocation under the investigated conditions. The
presence of metals in grain is relevant to food-safety monitoring, but the implications
for consumers should be assessed using the measured grain concentrations, applicable
regulatory limits, and estimated dietary exposure rather than inferred from detection alone.

Sweet potato has also been investigated as a metal-accumulating crop. Noviardi
etal. [115] showed that sweet potato grown on soils containing mine tailings accumulated
heavy metals, including Cu, with higher concentrations in shoots than roots. Although
this property may support phytoremediation, contaminated plants may not be suitable
for consumption.

Plant Tolerance and Phytoremediation Approaches

Some plant species tolerate moderate Cu concentrations and may contribute to re-
mediation strategies. Avkopashvili et al. [116] studied sugar beet growing near mining
areas and found that bio-stimulant treatments reduced Cu, Cd, and Zn accumulation while
improving plant development and lifespan.

Microorganisms can improve plant performance under Cu stress. Rojas-Tapias
etal. [117] demonstrated that inoculation of maize with plant growth-promoting bacteria
increased biomass, chlorophyll content, and Cu extraction capacity. Bacterial treatments
improved plant tolerance and enhanced phytoremediation potential.

Plant responses may also depend on Cu concentration. Lajayer et al. [118] observed
that low Cu levels improved growth, nutrient status, and essential oil production in pen-
nyroyal (Mentha pulegium L.), suggesting that some plants can tolerate mildly contami-
nated conditions.

However, not all crops can resist Cu stress. Kucharski [119] reported that Cu con-
tamination negatively affected spring barley growth and reduced microbial activity, while
bacterial inoculation did not completely remove the negative effects of Cu toxicity.

3.2.6. Copper and Multi-Metal Contamination Characteristics of Agricultural Soils
Heavy Metal Contamination Patterns in Copper-Polluted Agricultural Soils

The reviewed studies indicate that copper contamination in agricultural soils rarely
occurs as an isolated problem and is frequently associated with multiple heavy metals.
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Agricultural soils affected by anthropogenic activities such as mining, smelting, wastewater
irrigation, and intensive agriculture commonly contain combinations of Cu, As, Cd, Cr, Nj,
Pb, Zn, and other potentially toxic elements.

In Qatar agricultural soils, the investigated metals showed a concentration pattern of
Zn > Cr >V > Ni > As > Cu > Pb > Cd. Although copper concentrations were lower
than several other metals, Cu was still associated with anthropogenic inputs. Elements
including As, Cr, Ni, and Zn exceeded average global background concentrations, and
enrichment factors indicated human-related sources. The pollution indices showed that
some agricultural soils were contaminated, with pollution load index values above 1 and
geo-accumulation index values indicating different degrees of pollution [120].

Studies near copper smelting areas demonstrated stronger Cu accumulation. In paddy
soils surrounding a copper smelting plant in southern China, Cu, Zn, Pb, and Cd were
mainly influenced by anthropogenic activities, while Ni, Co, and Cr were more closely
related to geological sources. Copper showed increased mobility compared with uncontam-
inated soils, with the mobility sequence reported as Zn > Cd > Cu > Pb, indicating that Cu
represented a potential environmental concern due to its availability in soil fractions [55].

Agricultural soils impacted by industrial activities also showed elevated copper levels
together with other metals. In Tavsanl: district, Turkey, the mean Cu concentration was
32.89 mg kg‘l, while Cr, Co, Mn, and Ni also showed elevated concentrations compared
with background values. Contamination factor, enrichment factor, and geo-accumulation
index analyses identified pollution mainly associated with Co, Cr, and Ni; however, Cu was
also detected as part of the metal contamination profile. Statistical analyses suggested that
the metals originated from both natural and anthropogenic sources [121].

Influence of Mining and Industrial Activities on Copper Distribution

Mining activities are an important documented source of Cu contamination in agricul-
tural environments. At the Bookook Mine area in Korea, mine waste and drainage were
investigated as sources of contamination affecting surrounding farmland. The reported
concentrations of metals in mine soils followed the order Zn > Ni > Cu > As > Cd > Pb. The
findings indicate that mining-related contamination may affect agricultural soils and create
potential pathways for environmental and human exposure. However, the magnitude of
any health risk cannot be established from the presence of Cu in soil alone; it depends on
metal concentrations in relevant exposure media, bioavailability, exposure pathways, and
the results of a site-specific risk assessment [122].

In Dabaoshan, Guangdong Province, agricultural fields irrigated with acid mine
wastewater showed substantial multi-metal contamination. A high proportion of soil
samples exceeded the applicable agricultural safety limits, with 94.9% exceeding the re-
ported Cu limit, followed by exceedances for Cd, Pb, As, Cr, and Zn. Metals were also
detected in vegetables, demonstrating their transfer to edible plant tissues under the inves-
tigated conditions. The health-risk assessment reported that As, Cr, and Cd contributed
most strongly to the estimated risk and that children were more vulnerable to exposure
through vegetable consumption [123]. These findings distinguish measured contamination
from estimated health risk: the risk conclusions apply to the exposure assumptions and
assessment framework used in the cited study.

Long-term contamination from mining waste was also observed in Chenzhou Pb/Zn
mining areas. Seventeen years after a tailing dam failure, soils remained highly con-
taminated with As, Cd, Zn, Pb, and Cu. Contamination levels followed the order
GYB > SZY > JTC, indicating that remediation reduced but did not eliminate metal pol-
lution. Copper and other metals accumulated differently depending on crop species, soil
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conditions, and metal availability. The bioaccumulation factor of crops followed the order
Cd >Zn > Cu>Pb > As [124].

Biological Responses and Remediation Approaches

The reviewed literature shows that microorganisms can influence copper toxicity and
availability in contaminated agricultural soils. A copper- and cadmium-resistant endophytic
fungus, Penicillium funiculosum LHL06, demonstrated high copper biosorption capacity
and improved soybean tolerance under Cu stress. Inoculated plants showed increased
biomass, improved nutrient uptake, reduced oxidative damage, and enhanced copper
removal compared with untreated plants. The study suggests that beneficial microorganisms
may contribute to the remediation of Cu-contaminated agricultural soils [125].

3.2.7. Current Approaches for the Remediation of Copper-Polluted Agricultural Soils

Remediation strategies for copper (Cu)-contaminated agricultural soils differ in their
mechanisms and intended outcomes, and their effectiveness should be evaluated using
distinct indicators. In particular, a reduction in total soil Cu concentration indicates removal
or transfer of Cu out of the soil, whereas decreases in dissolved, exchangeable, extractable,
or plant-available Cu indicate reduced mobility or bioavailability and do not necessarily
demonstrate a reduction in total Cu content. Similarly, lower plant Cu uptake or toxicity
may indicate improved biological conditions without substantial removal of Cu from the
soil. Accordingly, the approaches reviewed below are distinguished according to whether
they primarily immobilize or stabilize Cu, extract or remove Cu, promote plant-assisted
removal, or reduce Cu transfer and toxicity through biological processes. Their reported
effectiveness is interpreted in relation to the specific endpoint measured, with recognition
that experimental conditions, soil properties, contamination levels, and treatment duration
may affect their applicability to agricultural fields [126].

Copper Immobilization and Stabilization in Contaminated Agricultural Soils

Immobilization is one of the most frequently investigated approaches for Cu-conta-
minated agricultural soils because Cu strongly interacts with soil minerals and organic
matter. Unlike extraction-based techniques, immobilization generally aims to reduce Cu
mobility, bioavailability, leaching, or plant uptake by transferring Cu into more strongly
bound or less accessible forms. Consequently, successful stabilization does not necessarily
reduce the total Cu concentration in soil; instead, it may reduce exposure and associated
toxicity while Cu remains within the treated soil. The effectiveness of these amendments
should therefore be interpreted primarily in terms of changes in Cu fractions, leaching,
bioavailability, and biological responses, rather than as evidence of Cu removal.

Zeolite-based stabilization has also been investigated. Terzano et al. [127] reported
that coal fly ash treatment promoted zeolite formation in Cu-contaminated agricultural soil,
strongly decreasing dissolved Cu concentration and increasing the proportion of stabilized
Cu in the solid phase. The study showed that Cu was trapped inside newly formed zeolitic
structures, mainly as Cu(II) hydroxide and Cu(II) oxide. These findings indicate reduced
dissolved Cu and enhanced retention in the solid phase, rather than demonstrated removal
of total soil Cu. In a study conducted in Romania, activated bentonite (BacffGS) and natural
zeolite from Zaldu (Zn(0-0.4)ZL and Zn(1-3)ZL) demonstrated the highest effectiveness
in reducing copper mobility [128]. This result supports their use as potential immobilizing
amendments, but reduced mobility should not be interpreted as a decrease in total Cu
concentration unless such a decrease was independently measured.

Organic amendments have shown strong potential for reducing Cu availability. Fa-
tima et al. [105] compared compost, rice husk, rice husk biochar, poultry manure, and
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animal manure and found that rice husk biochar produced the greatest reduction in Cu
mobility. Similarly, Bashir et al. [129] demonstrated that sesame straw biochar increased Cu
adsorption capacity and reduced Cu uptake by Brassica plants in wastewater-irrigated soils.
These findings indicate enhanced Cu retention and reduced plant exposure, rather than
necessarily lower total soil Cu concentrations. Compost and vermicompost also reduced Cu
mobility and improved soil fertility, with vermicompost showing higher Cu immobilization
efficiency. Such benefits should be distinguished from actual Cu removal, which requires
transfer of Cu out of the soil or into a separately recoverable fraction.

Biochar combined with additional functional materials further improved Cu retention
or extraction, depending on the treatment and endpoint assessed. Wang etal. [92] developed
abiochar—humic acid material that enhanced Cu adsorption by increasing oxygen-containing
functional groups, supporting its potential for immobilization rather than demonstrating a
reduction in total soil Cu. Saah and Nagpal [130] reported that a groundnut shell carbon
quantum dot-zinc ferrite nanocomposite removed more than 80% of Cu from polluted soils
and extracted Cu from exchangeable, carbonate, oxide/hydroxide, organic, and residual
fractions. This result represents a removal-related endpoint, distinct from adsorption or
redistribution among soil fractions. However, the reported percentage should be inter-
preted in relation to the study’s experimental conditions and measurement basis before
extrapolating its effectiveness to field-scale agricultural remediation.

Modified biomaterials have also been studied. Shaghaleh et al. [131] developed
TEMPO-cellulose/lignin/acrylamide-based hydrogel systems capable of reducing Cu
bioavailability by more than 70% in contaminated soils. The hydrogel reduced Cu toxicity
through adsorption, complexation, ion exchange, and formation of stable metal-binding
structures. This percentage refers to reduced bioavailability, not necessarily to a comparable
decrease in total soil Cu. Li et al. [64] reported that cysteine-modified chitosan selectively
stabilized Cu by converting bioavailable Cu fractions into stable forms while preserving soil
microbial properties. These findings suggest that modified biomaterials can reduce Cu ac-
cessibility and associated biological risks, although stabilization alone does not demonstrate
net removal of Cu from the treated soil.

Mineral and carbon-based amendments have also shown benefits for plant growth.
Shaheen et al. [58] found that activated charcoal, peat, aluminum oxide, compost, phosphate
rock, and zeolite reduced soluble Cu fractions and decreased Cu accumulation in maize.
Activated charcoal was the most effective organic amendment, while aluminum oxide was
the most efficient inorganic material. These outcomes indicate reduced Cu solubility and
plant accumulation under the investigated conditions, rather than necessarily reduced total
soil Cu. Thus, amendment performance should be assessed using the specific indicators
reported, including soluble or extractable Cu, plant uptake, and plant growth responses.

Soil Washing and Chemical Extraction Methods

Unlike immobilization, soil washing and chemical extraction aim to transfer Cu from
the soil into an extractant or liquid phase, potentially enabling its subsequent recovery or
disposal. Their performance should therefore be assessed using the amount or proportion of
Cu extracted from the soil, together with changes in residual soil Cu and the characteristics
of the resulting waste stream. A decrease in an extractable Cu fraction alone does not
necessarily demonstrate a reduction in total soil Cu unless Cu has been transferred out of
the soil and the mass balance supports this conclusion.

Copper extraction has been explored when stabilization alone does not meet reme-
diation objectives. Electrokinetic remediation (EKR) has shown potential for mobilizing
Cu in agricultural soils where the metal is strongly retained. Navas-Higuero et al. [54]
demonstrated that EDTA and EDDS enhanced Cu migration during electrokinetic treatment
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through the formation of soluble Cu complexes. More than 20% Cu extraction was achieved
from agricultural soil contaminated by copper-based fungicides. This result provides a
quantitative removal-related endpoint, although the percentage extracted does not by itself
establish the final residual Cu concentration, the proportion of Cu remaining in the soil, or
the suitability of the treated soil for agricultural use.

Soil washing using chelating agents has also been studied. Race et al. [132] reported
that EDDS extraction removed exchangeable and reducible Cu fractions from contaminated
soils, with intraparticle diffusion controlling the extraction process. The reported changes
concern specific Cu fractions and should not automatically be interpreted as equivalent
reductions in total soil Cu. Natural humic substances were proposed as alternatives to
synthetic chelators. Borggaard et al. [133] showed that humic substances extracted consid-
erable amounts of Cu while reducing environmental concerns associated with EDTA. The
practical performance of these approaches depends on the amount of Cu transferred into
the extractant, the residual soil Cu concentration, and the management of Cu-containing
extraction solutions.

Dumbrava et al. [48] investigated horse manure as a natural chelator source and
demonstrated improved Cu bioavailability and uptake by white mustard, suggesting that
organic chelators may enhance phytoextraction while increasing plant biomass. However,
increased Cu availability and plant uptake represent intermediate steps toward removal
rather than evidence of completed remediation. Net Cu removal depends on the amount of
Cu accumulated in harvestable plant biomass and its subsequent removal from the site; any
increase in Cu mobility without sufficient plant uptake or extraction could instead increase
the risk of Cu leaching.

Phytoremediation and Plant-Assisted Cu Removal

Phytoremediation can contribute to agricultural soil recovery through two distinct
pathways: phytoextraction, in which Cu is taken up into harvestable plant tissues and
removed from the site, and phytostabilization, in which plants and their associated soil
processes reduce Cu mobility, erosion, or exposure without necessarily decreasing total soil
Cu. Plant tolerance, biomass production, Cu concentration in plant tissues, and the amount
of Cu removed at harvest are therefore complementary but non-equivalent indicators
of performance. Evidence of plant growth or Cu accumulation alone is insufficient to
establish effective soil decontamination; quantitative assessment of net Cu removal requires
consideration of biomass, tissue Cu concentration, harvest frequency, and the residual soil
Cu concentration.

Sunflower has been widely investigated. Shah et al. [134] found that IAA and EDTA
improved Cu accumulation and plant growth in sunflower and maize, with IAA producing
stronger enhancement than EDTA. These results suggest improved plant performance
and Cu uptake, but do not establish the amount of Cu removed from the soil without
corresponding data on harvested biomass and its Cu content. However, Cicatelli et al. [135]
reported that assisted phytoremediation using EDTA and EDDS was limited because Cu
remained poorly available and extraction occurred slowly. Together, these studies illustrate
that enhanced plant growth or Cu uptake does not necessarily translate into rapid or
substantial reductions in total soil Cu.

Sunflower growth and Cu tolerance were also improved through microbial associations.
Meier et al. [136] showed that arbuscular mycorrhizal fungi (AMF) increased sunflower
biomass and promoted Cu binding through glomalin accumulation. Cornejo et al. [47]
confirmed that AM fungi increased Cu-bound soil proteins, allowing immobilization of
a substantial proportion of soil Cu. These findings support a role for AMF in improving
plant tolerance and Cu retention in soil. Nevertheless, enhanced biomass and Cu binding
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should be interpreted as evidence of improved biological performance or immobilization,
respectively, rather than direct evidence of net Cu removal.

Other crops also showed phytoremediation potential. Brassica nigra and Brassica juncea
accumulated Cu in shoots while maintaining tolerance, suggesting suitability for contami-
nated agricultural fields [137]. Shoot accumulation provides a basis for phytoextraction, but
the amount of Cu removed depends on harvestable biomass and tissue Cu concentrations.
Kenaf improved Cu uptake and physiological performance after phosphorus addition in
highly contaminated mining soils [138]. Cumbane et al. [139] showed that kenaf could
tolerate contaminated soils and remove Cu, although growth depended strongly on cli-
matic conditions. These studies indicate potential for plant-assisted Cu removal, while also
highlighting the importance of biomass production and environmental conditions when
evaluating practical remediation efficiency.

Jute varieties C-3 and HT demonstrated strong Cu resistance and accumulated higher
Cu concentrations compared with sensitive varieties, making them possible phytoreme-
diation crops [66]. Indian mustard also showed improved Cu removal when nitrogen
and phosphorus fertilization increased biomass production [61]. Cu tolerance and tissue
accumulation identify potentially useful plant traits, whereas effective phytoextraction
additionally requires sufficient harvestable biomass and removal of the Cu-containing plant
material. Accordingly, these findings indicate phytoremediation potential but should not
be taken as evidence of a particular reduction in total soil Cu unless quantitative removal
data are available.

Other plant species have been examined for stabilization rather than extraction. Ca-
puana et al. [90] found that myrtle tolerated Cu-contaminated substrates and was more
suitable for re-vegetation than metal removal. Joshi et al. [140] reported that halophytes
accumulated several metals, including Cu, and could contribute to phytosequestration in
degraded saline soils. Gardezi et al. [141] demonstrated that Leucaena leucocephala accu-
mulated Cu and could support bioremediation strategies. These examples illustrate the
need to distinguish revegetation and stabilization from phytoextraction: plant tolerance
may support the recovery of vegetation cover, while net removal requires Cu accumulation
in harvestable tissues followed by their removal from the contaminated site.

Microbial and Biological Enhancement of Remediation

Microbial and biological processes can enhance remediation by modifying Cu avail-
ability, supporting plant growth, promoting metal binding, or facilitating Cu uptake. Their
effects must be interpreted according to the endpoint measured: reduced plant Cu uptake
or transfer may indicate lower exposure, whereas increased plant uptake may support
phytoextraction only if the Cu accumulated in harvestable biomass is subsequently re-
moved. Likewise, enhanced microbial binding or changes in soil Cu fractions may indicate
immobilization without reducing total soil Cu. Distinguishing these outcomes is essential
when comparing biological approaches with techniques designed to extract Cu directly
from contaminated soils.

Microbial interactions can improve plant resistance and influence Cu partitioning
between soil and plants. Adeyemi et al. [142] reported that AMF inoculation increased
soybean growth and reduced Cu transfer from roots to shoots. This response indicates
altered Cu distribution and potentially reduced shoot exposure, but does not demonstrate
net Cu removal or lower total soil Cu. Fatnassi et al. [88] showed that Rhizobium and plant-
growth-promoting bacteria reduced Cu uptake and improved antioxidant responses in Vicia
faba. These results suggest improved plant tolerance and reduced Cu accumulation in plant
tissues, rather than enhanced phytoextraction. The remediation value of such microbial
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associations therefore depends on whether the objective is to reduce biological exposure,
stabilize Cu, or remove it from the soil.

Copper-resistant microorganisms may contribute to natural adaptation in polluted en-
vironments. Davalos et al. [143] identified copper-resistant Rhizobiales bacteria containing
multiple copper resistance mechanisms, suggesting their potential role in Cu-contaminated
agricultural ecosystems. The presence of resistance mechanisms provides evidence of micro-
bial adaptation, but does not by itself demonstrate remediation effectiveness. Such potential
requires evaluation through measurable outcomes, including Cu mobility, soil bioavailabil-
ity, plant responses, or verified Cu removal, depending on the intended application.

Intercropping systems have also improved remediation performance. Bian et al. [144]
demonstrated that bamboo and Sedum intercropping increased microbial diversity and
enhanced removal of Cu, Zn, and Cd compared with monoculture systems. The reported
increase in metal removal distinguishes this approach from strategies that primarily im-
mobilize Cu or reduce its bioavailability. However, the magnitude of Cu removal and its
implications for agricultural soil recovery should be assessed using the study’s quantitative
removal measurements and the residual soil Cu concentration.

Limitations of Remediation Approaches

Remediation performance is constrained by differences in Cu binding, bioavailability,
soil properties, and the ability of treatment systems to achieve their intended endpoint. A
major limitation is that reduced Cu mobility or toxicity does not necessarily correspond to
a decrease in total soil Cu. Immobilization can reduce immediate exposure and leaching
risks while leaving much of the Cu in place, whereas extraction-based approaches seek to
transfer Cu out of the soil but may require additional treatment of Cu-containing residues
or solutions. Phytoextraction is further constrained by plant tolerance, biomass production,
the duration of treatment, and the quantity of Cu removed at harvest.

Kayser et al. [145] showed that phytoextraction efficiency was insufficient for practical
field-scale Cu removal despite using metal-accumulating plants and amendments. This
finding highlights the difference between demonstrating Cu uptake and achieving a mean-
ingful reduction in the soil Cu inventory. Fumagalli et al. [146] reported that white lupin
improved soil biological properties and metal availability but removed only small amounts
of Cu. Improved soil biological conditions and increased metal availability may therefore
occur without substantial net Cu removal.

Iron oxide nanoparticles affected Cu mobility but did not significantly reduce Cu
accumulation or toxicity in sunflower under high Cu stress [147]. This result further
illustrates that changes in Cu mobility do not necessarily produce corresponding improve-
ments in plant Cu accumulation or toxicity. Anekwe [148] demonstrated that biostimula-
tion and bioventing could remove heavy metals, including Cu, from acid mine drainage-
contaminated soils, showing potential for biological treatment systems. However, the
applicability of this approach to agricultural soils should be assessed in relation to the
specific contamination conditions and quantitative Cu removal achieved.

Comparisons among remediation technologies should consequently distinguish at least
four outcomes: (i) reduction in total soil Cu through verified removal; (ii) reduction in Cu
mobility or extractability; (iii) reduction in plant uptake or transfer to aboveground tissues;
and (iv) reduction in Cu-related toxicity or improvement in soil biological properties. These
endpoints provide different types of evidence and should not be used interchangeably.
Where studies report only changes in Cu fractions, plant responses, or toxicity, the findings
should be described in those terms rather than interpreted as proof of total Cu removal.
For agricultural applications, technology selection should reflect the remediation objective,
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the magnitude and persistence of the observed effect, the potential for Cu remobilization,
and the feasibility of implementation under field conditions.

Figure 9 summarizes the key aspects discussed throughout this review, illustrating
the sources, environmental behavior, impacts, remediation strategies, management actions,
and future research directions related to copper pollution in agricultural soils. Copper
enters agricultural systems primarily through mining and smelting activities, industrial
emissions, wastewater irrigation, livestock manure, fertilizers, and repeated applications
of copper-based pesticides and fungicides. Once introduced into the soil, Cu interacts
with soil minerals, organic matter, and iron and manganese oxides, where its mobility and
bioavailability are regulated by soil physicochemical properties such as pH, organic matter
content, and redox conditions.
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The figure also summarizes the reported effects of Cu accumulation on soil properties,
microbial communities, nutrient cycling, crop growth, and ecosystem functions. It identifies
the transfer of Cu into agricultural products as a relevant consideration for food-safety
monitoring. The extent of any human-health implications depends on the concentrations
measured in edible tissues and on the results of dietary-exposure and risk assessments. The
figure also summarizes remediation approaches, including phytoremediation, microbial-
assisted remediation, soil amendments, biochar, engineered materials, and physicochemical
technologies, together with management measures intended to limit excessive Cu accumu-
lation. Future research priorities include long-term field monitoring, improved analytical
methods, evaluation of remediation performance under field conditions, and integrated
management practices to reduce environmental risks while maintaining agricultural pro-
ductivity and soil health.

4. Discussion
4.1. Bibliometric Review

The majority of publications in the dataset were original research articles, followed by
review papers, conference proceedings, and book chapters. Publication output was higher
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in recent years, particularly after 2020. This pattern may reflect several factors, including
changes in scientific publishing activity, research capacity, and interest in environmental
contamination and its agricultural implications. However, the bibliometric data do not
allow the relative contribution of these factors to be quantified.

China ranked first in publication output, while the United States ranked fourth. These
patterns are consistent with the distribution of contributions observed in the analyzed
dataset and with the findings of previous studies. Differences in publication output may be
associated with research capacity, institutional resources, funding, and national research
priorities, but these explanations cannot be confirmed from publication counts alone. Sim-
ilarly, the presence of substantial mining activities in countries such as Chile, India, and
Pakistan may provide a relevant research context, but publication output does not establish
the extent of copper contamination in those countries. Direct comparisons of contamination
severity require comparable environmental measurements and sampling designs.

The increasing concern regarding the environmental issues associated with elevated
copper concentrations in agricultural soils is reflected by the predominance of environmen-
tal journals publishing research on this topic, including Science of the Total Environment,
Environmental Science and Pollution Research, Environmental Pollution, Journal of En-
vironmental Management, Environmental Geochemistry and Health, and Environmental
Monitoring and Assessment. Bibliometric analysis of author keywords provides valuable
insights into the main research themes addressed by the scientific community. The keyword
analysis likewise highlights the strong emphasis placed on pollution and remediation,
as evidenced by the frequent occurrence of terms such as accumulation, contamination,
pollution, and phytoremediation.

4.2. Current Challenges and Perspectives in the Management of Copper-Polluted Agricultural Soils

The reviewed literature demonstrates that copper pollution in agricultural soils rep-
resents a complex environmental problem influenced by chemical processes, biological
responses, and agricultural practices. The diversity of investigated topics indicates that
the impact of copper cannot be evaluated only through total soil concentrations, as copper
behavior depends on its chemical forms, mobility, soil properties, and interactions with
plants and microorganisms [50,55].

Studies addressing microbial communities emphasize that copper contamination may
alter soil biological functions by selecting resistant microorganisms and modifying microbial
structures. Although copper-resistant bacteria may contribute to adaptation processes
and have potential applications in remediation, changes in microbial communities may
influence important soil functions such as nutrient cycling and ecosystem stability [43,46].
The relationship between metal contamination and other microbial traits, such as antibiotic
resistance, represents an additional concern in agricultural environments [45].

Plant-related studies show that copper contamination has a dual significance. Copper
is an essential micronutrient, but excessive concentrations can cause toxicity, reduce plant
development, and increase the risk of metal transfer into the food chain. Research on
different plant species suggests that tolerance mechanisms and metal accumulation capacity
may be useful for phytoremediation; however, the efficiency of plant-based approaches
depends strongly on plant species, soil conditions, and copper availability [60,61,66].

The use of microorganisms and amendments has emerged as an important direction
for reducing copper risks. Biological approaches, including the use of mycorrhizal fungi
and plant-growth-promoting microorganisms, may improve plant tolerance and support
contaminated soil recovery [57,59]. At the same time, amendment-based strategies aim to
decrease copper mobility and bioavailability through immobilization processes. Materials
such as biochar, mineral additives, and modified organic compounds have shown potential,
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although their effectiveness depends on contamination characteristics and long-term soil
interactions [48,62,65].

Environmental risk assessment should distinguish between the identification of soil
contamination and the demonstration of adverse effects or exposure-related risks. For exam-
ple, studies of contaminated sites affected by uncontrolled waste disposal have highlighted
the importance of evaluating soil contamination together with potential environmental
transport pathways and associated human-health concerns [149]. Although such evidence
is not specific to agricultural Cu contamination, it supports the broader principle that
contaminant concentrations should be interpreted in conjunction with site characteristics,
relevant exposure pathways, and appropriate risk indicators. Accordingly, findings from
studies of other contaminants or land-use settings should be used as methodological context
rather than as direct evidence of Cu-specific risks in agricultural soils.

Evidence from agricultural soils in Central Saudi Arabia further illustrates the value
of combining heavy-metal measurements with toxicity and health-risk assessment. Such
assessments provide a broader basis for evaluating contamination than concentration mea-
surements alone, particularly when several potentially toxic elements occur together [141].
For Cu-contaminated agricultural soils, this approach supports the separate evaluation of
total and available Cu, crop accumulation, relevant exposure pathways, and site-specific eco-
logical or human-health risk indicators. The contribution of Cu should also be distinguished
from that of co-occurring metals rather than inferred from a combined contamination
index alone.

The interpretation of ecological and human-health risks requires a clear distinction
between contamination indicators, biological-effect measurements, and exposure-based risk
estimates. Total soil Cu concentration is useful for characterizing contamination and com-
paring results with applicable soil-quality criteria, but it does not independently establish
the degree of biological harm or human exposure at a particular site. Ecological assessment
should consider, where available, Cu speciation or bioavailable fractions, soil pH, organic
matter, relevant soil biological indicators, plant responses, and potential transfer to water
or other environmental compartments. Human-health assessment should additionally con-
sider Cu concentrations in edible plant tissues or other relevant exposure media, estimated
intake, exposure frequency and duration, and the characteristics of the exposed population.
Where studies report contamination indices or modeled hazard and risk estimates, these
results should be interpreted according to the parameters and assumptions used. This
distinction is particularly important in multi-metal contamination, where the combined risk
may reflect the contributions of several elements rather than Cu alone [86,95,126,128,129].

The development of advanced remediation technologies indicates the need for solutions
suitable for different contamination scenarios. While extraction-based methods may directly
reduce copper concentrations, stabilization approaches may represent a more practical
option for agricultural soils where maintaining soil functions is essential [54,64]. Therefore,
remediation decisions require consideration of contamination intensity, soil properties, crop
production requirements, and environmental risks.

The increasing application of hyperspectral analysis and predictive models suggests
a transition toward more efficient monitoring of contaminated agricultural areas. These
approaches may provide rapid screening methods and complement traditional laboratory
measurements, especially for large-scale assessments [56,57].

A major challenge identified among the reviewed studies is the difficulty of directly com-
paring results due to differences in contamination sources, soil characteristics, experimental
designs, and evaluation criteria. Future research should integrate chemical measurements,
biological indicators, and remediation performance assessments to develop more reliable
strategies for the sustainable management of copper-contaminated agricultural soils.
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The comparison of remediation studies indicates that the effectiveness of a treatment
depends on the intended remediation endpoint, soil properties, initial Cu concentration,
Cu speciation, treatment duration, and experimental conditions. Immobilization and stabi-
lization treatments primarily reduce Cu mobility, extractability, or bioavailability, whereas
extraction-based approaches seek to transfer Cu from the soil into a recoverable phase.
Phytoextraction additionally depends on plant tolerance, Cu accumulation in harvestable tis-
sues, biomass production, and the removal and safe management of contaminated biomass.
Microbial-assisted approaches may improve plant growth, modify Cu distribution, or pro-
mote immobilization and extraction, but these outcomes should be evaluated separately.
Consequently, reported percentage reductions cannot be compared directly when studies
measure different parameters, such as total soil Cu, soluble Cu, exchangeable Cu, plant
uptake, or biological toxicity. Laboratory and greenhouse results demonstrate the potential
of particular treatments under the conditions tested but do not, by themselves, establish
equivalent effectiveness under field conditions. Comparisons should therefore prioritize
the measured endpoint, treatment duration, residual Cu concentration, potential secondary
effects, and evidence of sustained performance under agricultural field conditions.

4.3. Comparative Analysis of Copper Contamination in Agricultural Soils Across Countries

Copper contamination in agricultural soils reflects different contamination sources,
environmental conditions, and land management practices. The reviewed case studies
indicate four principal source categories: copper-based fungicides, industrial emissions and
smelting, mining activities, and other anthropogenic inputs, including irrigation and urban
activities. These sources differ in their contribution to soil Cu accumulation, its mobility and
persistence, and the resulting environmental risks. Table 4 synthesizes the main patterns
identified in the reviewed studies.

The comparison shows that contamination source is a major factor determining the
distribution and persistence of Cu in agricultural soils. Repeated applications of copper-
based fungicides are particularly important in vineyards, where long-term inputs can
produce substantial accumulation even after agricultural management changes. Industrial
emissions and smelting contribute to contamination through atmospheric deposition and
the transfer of metals to surrounding soils, whereas mining activities generate localized
hotspots through the dispersion of tailings and mining wastes.

Total Cu concentrations alone do not provide a complete assessment of environmen-
tal risk. The reviewed studies indicate that Cu mobility depends on soil properties and
chemical speciation, including its association with mineral phases and Fe-Mn oxides. Al-
though relatively stable fractions may limit immediate mobility, they do not eliminate the
possibility of long-term environmental effects. Changes in soil pH, organic matter, or redox
conditions may alter Cu availability. Consequently, assessments should consider both total
concentrations and indicators of Cu mobility and bioavailability.

The principal risks also vary with the contamination source and the receiving envi-
ronment. In agricultural areas affected by industrial emissions or mining, the transfer of
Cu and other potentially toxic elements into crops is an important concern, as illustrated
by studies from China and Ecuador [75,79]. In vineyard soils, persistent accumulation
may affect soil biological communities, including bacteria and soil fauna [62,69]. These
findings support the use of source-specific monitoring approaches that combine chemical
measurements with relevant biological and, where appropriate, food-safety indicators.

Management strategies should therefore be matched to the origin and characteristics
of contamination. Reducing unnecessary applications of copper-based fungicides can help
limit additional accumulation, while industrial emission controls and the stabilization
of mine tailings can reduce external inputs. In already contaminated soils, phytoreme-
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diation, phytostabilisation, or other suitable remediation approaches may be considered
according to Cu bioavailability, contamination severity, and site conditions [72,82,88]. Long-
term monitoring should integrate total Cu concentrations, relevant chemical fractions,
soil properties, and biological responses to support the protection of soil functions and
agricultural productivity.

Table 4. Comparative synthesis of copper contamination in agricultural soils according to source,

reported concentrations, mobility, and main environmental risks.

Main Contamination Representative Case Repo.r ted Cu -, . Main Environmental
. Concentrations or Range Mobility and Persistence .
Source Studies Risks
(mg/kg)
Croatia: 51.8 in sglls under  Repeated applications Soil quality deterioration,
natural vegetation and promote long-term chanees in microbial
. . 199.3in former vineyard accumulation, particularly ges 1 .
Copper-based Croatia, Italy, Georgia " " . . : . communities, potential
.. soils; Italy: approximately in surface horizons. . ] .
fungicides [68,69,74] s . ., toxicity to soil organisms,
1000 in vineyard tree rows, Mobility depends on soil and persistence after
compared with less than properties and Cu char}: os in land use
80 in other treatments speciation. &
China: mean of 195.26 in
contaminated soils versus  Atmospheric deposition Contamination of
32.84 in reference soils;  and surface accumulation agricultural land and
. o Germany, Turkey, other studies reported can maintain crops, adverse effects on
Industrial emissions ) : . o . .
and smeltin China, Chile enrichment or contamination over long soil organisms, and
& 67,73,75,88 contamination without a eriods. Mobility depends potential human exposure
1% y aep p P
directly comparable on pH, soil composition, through contaminated
numerical value in the and chemical speciation. food
reviewed summaries
Tailings dispersion by
Morocco: up to 2892; wind and water promotes Long-term soil
Cyprus, India, Iran, Namibia: up to 150 in contamination of contamination, potential

Morocco, Namibia,
Mexico, Democratic
Republic of Congo
[71,77,78,82,83,86,87]

Mining and mine
tailings

surrounding agricultural
soils and 9086 in tailings;
Iran: mean of 65.06;
Mexico: up to 100 times
local background levels

surrounding land. Cu may
be associated with
relatively stable soil
fractions, but mobile
fractions can remain
environmentally relevant.

groundwater and crop
contamination, ecological
toxicity, and risks
associated with food-chain
transfer

No single comparable Cu
range was available in the

Accumulation depends on
the composition of

Progressive Cu
accumulation,

Irrigation and Georgia, Algeria reviewed summaries; irrigation water, input . . . .
. . : . . . . . deterioration of soil quality,
agricultural inputs [74,81] enrichment was associated intensity, soil properties, .
e . . and potential exposure of
with irrigation, fungicide and the duration of ) .
. - . . soil organisms and crops
use, or agricultural activity ~ agricultural practices.
Numerical Cu ranges were . . Multi-element soil
) . Mobility and persistence . .
not available in the . . contamination, potential
. . . . vary with the source, soil .
Urban and mixed Greece, Iraq, Algeria reviewed summaries; L. ecological effects, and
. . characteristics, and s
anthropogenic sources [70,79,82] elevated concentrations or reduced suitability of

enrichment were reported
in affected areas

association with other soil
constituents.

affected land for
agricultural production

Note: Concentrations are taken from the reviewed case-study summaries and refer to different soil
types, sampling locations, and analytical approaches. Values from agricultural soils, contaminated
industrial soils, and mine tailings are not directly equivalent. Where the available summaries did not
provide numerical Cu concentrations, no range was inferred. Mobility assessments are qualitative
and reflect the reported findings rather than a standardized comparison across studies.
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4.4. Evaluation and Comparison of Analytical Methods for Copper Pollution Assessment in
Agricultural Soils

The reviewed studies demonstrate that Cu pollution assessment requires analytical
methods that combine reliable concentration measurements with information on Cu mo-
bility, spatial distribution, and potential environmental availability. Conventional labora-
tory techniques remain essential for quantitative determination, whereas rapid screening,
spectroscopy, and computational approaches can extend monitoring coverage and im-
prove interpretation.

Sequential extraction provides information beyond total Cu concentrations by dis-
tinguishing operationally defined soil fractions with different potential mobility. Akkus
et al. [91] demonstrated the value of fractionation for differentiating relatively stable Cu
forms from potentially mobile fractions. Although exchangeable Cu may account for a small
proportion of total Cu, its determination is relevant to evaluating potential environmental
mobility and availability.

Plasma-based techniques, including ICP-OES and ICP-AES, offer sensitive, multi-
element determination and remain suitable for laboratory reference measurements. Gunkel
et al. [92] reported consistent results for ICP-based Cu determination. Atomic absorption
spectroscopy can provide a practical alternative for routine analysis, particularly when
combined with efficient sample preparation. Da Silva et al. [93] showed that ultrasound-
assisted extraction can reduce preparation time while facilitating Cu analysis. Nevertheless,
the performance of these laboratory methods depends on sample digestion, extraction
procedures, analytical quality control, and the availability of appropriate equipment.

For field screening, portable X-ray fluorescence (pXRF) can provide rapid measure-
ments and help identify locations requiring detailed laboratory investigation. Caporale
et al. [94] demonstrated strong correlations between pXRF measurements and conventional
analytical results, although calibration is necessary to account for differences in soil com-
position and matrix effects. Spectroscopic techniques offer additional opportunities for
non-destructive assessment. Antonucci et al. [57] demonstrated the potential of hyperspec-
tral information for estimating Cu concentrations, while Li et al. [110] investigated terahertz
spectroscopy for detecting metal contamination. These approaches remain dependent
on calibration, soil characteristics, and the ability to distinguish Cu-related signals from
interference caused by other soil components.

Machine-learning methods can improve the interpretation of complex spectral datasets.
Yang et al. [56] reported increased prediction reliability when multiple algorithms were
combined in an ensemble model. However, predictive performance must be evaluated
using independent validation data before these models can be considered reliable for wider
application. Biological indicators may provide complementary information: Qu et al. [96]
showed that fluorescence characteristics change under Cu stress, suggesting potential for
vegetation-based monitoring. Such responses are indirect indicators and cannot replace
direct measurements of soil Cu.

Finally, multivariate statistics, source-apportionment models, geospatial analysis, and
isotope techniques can support the interpretation of contamination patterns. The ap-
proaches used by Anaman et al. [8], Chen et al. [76], and Cao et al. [150] illustrate how
analytical measurements can be integrated with computational methods to investigate
spatial patterns and potential contamination sources.

The principal distinction among these methods concerns the information they provide
rather than a single measure of superiority. ICP-based techniques and atomic absorp-
tion spectroscopy support quantitative laboratory determination; sequential extraction
characterizes operationally defined Cu fractions; pXRF enables rapid screening; and spectro-
scopic and machine-learning approaches offer opportunities for broader spatial assessment.

https://doi.org/10.3390/agriculture16212371


https://doi.org/10.3390/agriculture16212371

Agriculture 2026, 16, 2371

40 of 54

Method selection should therefore reflect the monitoring objective, required analytical
accuracy, soil characteristics, and available resources. Combining complementary methods
can improve assessment reliability, provided that indirect estimates are validated against
appropriate laboratory measurements.

4.5. Mechanisms of Copper-Induced Changes in Soil Microbial Communities and Fertility
4.5.1. Microbial Adaptation and Resistance Mechanisms Under Copper Stress

The reviewed studies demonstrate that copper contamination creates strong selective
pressure on agricultural soil microbial communities. Long-term exposure does not necessar-
ily eliminate microbial populations but instead promotes the enrichment of organisms with
resistance mechanisms. The detection of copA genes in Cu-contaminated soils indicates that
bacteria can acquire genetic traits allowing survival under elevated copper concentrations.
The association of these genes with plasmids in several bacterial isolates suggests that
horizontal gene transfer may contribute to the persistence and spread of copper resistance
within soil microbial communities [46].

The emergence of Cu-resistant bacteria has important implications for soil functioning
because resistance traits may be linked with resistance to other pollutants. Increased abun-
dance of antibiotic resistance genes in Cu-contaminated soils suggests that heavy metal
pollution can indirectly influence microbial resistance profiles. The positive association be-
tween ARGs and mobile genetic elements indicates that copper contamination may enhance
the movement of resistance genes within microbial communities, increasing ecological risks
beyond copper toxicity itself [55].

Copper stress also changes the composition of rhizosphere microorganisms. The dom-
inance of Cu-tolerant genera such as Enterobacter and Pseudomonas suggests that microbial
communities adapt by selecting species capable of maintaining metabolic activity under
metal stress. Some of these bacteria may provide benefits to plants by improving nutrient
availability and reducing Cu uptake, indicating that microbial adaptation can contribute to
natural soil recovery processes [43].

4.5.2. Influence of Copper Contamination on Soil Fertility and Nitrogen Cycling

Copper contamination affects agricultural productivity by altering essential microbial
processes involved in nutrient cycling. Nitrogen transformations are particularly sensitive
because they depend on specialized microorganisms and enzymes. Reduced abundance
of ammonia oxidizers and nitrite oxidizers under Cu stress limits nitrification processes,
affecting nitrogen availability for plants [100].

The inhibition of nitrification observed in copper-contaminated soils reflects both direct
toxicity and indirect effects caused by changes in microbial communities. The meta-analysis
conducted by Elrys et al. [101] showed that copper concentrations above 150 mg kg™
produced significant reductions in potential nitrification. Changes in enzyme activity,
microbial biomass, and ammonia-oxidizing archaea contributed to decreased nitrogen
transformation capacity. However, lower copper levels may temporarily increase nitrate
availability due to changes in mineralization processes.

Heavy metal contamination can also modify nitrogen cycling pathways by altering
microbial functional genes. In Cu and Cd contaminated paddy soils, increased abundance
of Nitrospira contributed to enhanced nitrification and denitrification processes, whereas
reduced nitrogen-fixing microorganisms indicated potential limitations in nitrogen inputs.
These microbial shifts may lead to increased nitrogen losses and reduced long-term soil
fertility [103].
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4.5.3. Copper Mobility, Soil Properties, and Plant Interactions

Copper behavior in agricultural soils depends strongly on soil characteristics and
management practices. High copper accumulation in vineyard soils demonstrates the
long-term effect of repeated Cu inputs, particularly from agricultural treatments. The
relationship between copper fractions and soil organic carbon indicates that organic matter
plays an important role in controlling Cu availability. Spatial distribution patterns further
demonstrate that cultivation practices influence copper accumulation within fields [104].

Soil acidity represents another important factor controlling copper toxicity. Acidic
soils increase the mobility of metals, enhancing their interaction with plant roots and
microorganisms. The presence of aluminum as a secondary stress factor can modify copper
uptake by plants. In maize, Al co-stress reduced Cu adsorption and movement through
changes in root surface charge and metabolic regulation, suggesting that plants employ
multiple adaptation mechanisms in metal-contaminated environments [105].

The response of agricultural soils to copper pollution therefore depends on interactions
among metal concentration, microbial adaptation, soil chemistry, and plant physiological
processes. Copper contamination can reduce microbial diversity, disrupt nutrient cycling,
promote resistance traits, and limit crop productivity, but resistant microbial populations
and plant adaptation mechanisms may contribute to maintaining ecosystem functions under
long-term exposure.

4.6. Plant Responses and Adaptation Mechanisms Under Copper Stress in Agricultural Systems

Copper contamination represents an important challenge for agricultural production
because Cu is both essential and toxic depending on its concentration. The reviewed
studies demonstrate that excessive Cu affects plant development through changes in growth,
photosynthesis, nutrient balance, oxidative stress, and metal distribution within tissues.

Growth inhibition is one of the most common responses to Cu toxicity. Athar etal. [105]
showed that Cu exposure reduced wheat growth and grain quality, while Houshmand-
far [134] demonstrated similar reductions in safflower germination and seedling devel-
opment. These effects are associated with disturbances in physiological processes and
increased oxidative stress. Rob et al. [61] emphasized that Cu toxicity in rice affects photo-
synthesis, cellular metabolism, and plant defense pathways.

Plants have developed different strategies to cope with Cu stress. These include limit-
ing uptake, storing metals in roots, binding Cu with organic compounds, and activating
antioxidant mechanisms. Li et al. [64] showed that different plant species growing in the
same contaminated environment displayed different Cu accumulation patterns, demon-
strating species-specific responses. Napoli et al. [111] also classified several crops as Cu
excluders because they restricted Cu movement into aboveground tissues.

The distribution of Cu between plant organs is important for determining agricultural
risks. While roots frequently act as the primary storage tissue, some crops transport Cu
into leaves, fruits, or grains. Alamer et al. [107] showed that Cu can accumulate in edible
parts of tomato and eggplant, while He et al. [112] demonstrated differences among rice
cultivars in grain Cu accumulation. These differences highlight the importance of selecting
crops with low metal accumulation capacity in contaminated areas.

The risk of Cu transfer into the food chain is particularly important for crops grown
near mining areas. Pu et al. [114] and Simonovic et al. [44] showed that crops cultivated in
metal-affected regions may accumulate Cu and other metals, increasing potential risks for
consumers. However, cultivar selection may help reduce these risks, as demonstrated by Qiu
etal. [113], who identified pollution-safe vegetable cultivars with lower metal accumulation.

Some plants may also contribute to remediation of contaminated agricultural systems.
Avkopashvili et al. [116], Rojas-Tapias et al. [117], and Wang et al. [63] demonstrated
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that plant-based approaches combined with biological or soil amendments can reduce Cu
stress and improve plant performance. Microbial inoculation and biochar application may
increase plant tolerance while limiting metal uptake into edible tissues.

The use of plants for remediation must consider both accumulation ability and food
safety. Noviardi et al. [115] showed that sweet potato can accumulate Cu and other metals
efficiently, making it potentially useful for phytoremediation, but contaminated biomass
should not enter the food chain. Similarly, Lajayer et al. [118] suggested that some aromatic
plants may tolerate moderate Cu levels without compromising product quality.

Copper contamination therefore has multiple effects on agricultural plants, ranging
from reduced productivity to altered metal distribution and potential human exposure. Sus-
tainable management requires selecting appropriate plant species, using tolerant cultivars,
applying biological approaches, and monitoring metal accumulation in edible tissues.

4.7. Interactions Between Copper and Other Heavy Metals in Contaminated Agricultural Soils

Copper contamination in agricultural soils represents a complex environmental prob-
lem because Cu accumulation is frequently linked with other toxic metals and multiple
pollution sources. The reviewed studies demonstrate that agricultural soils exposed to
industrial, mining, and agricultural activities commonly contain mixtures of metals rather
than single-element contamination. This is important because combined metal exposure
may influence soil properties, metal mobility, plant uptake, and potential risks to humans.

The distribution of metals in contaminated agricultural soils depends strongly on the
pollution source. Industrial activities such as copper smelting can significantly increase Cu
concentrations and alter its chemical fractions. Hu et al. [56] reported that Cu, Zn, Pb, and
Cd in paddy soils near a copper smelting plant were strongly influenced by anthropogenic
activities, while Ni, Co, and Cr were mainly associated with geological processes. The
increased mobility of Cu compared with uncontaminated soils suggests that copper may
become more environmentally available under certain soil conditions.

Copper contamination is frequently accompanied by other metals that may represent
greater ecological or health risks. In Qatar agricultural soils, Cu concentrations were lower
than several other metals, but the presence of As, Cr, Ni, and Zn above background values
demonstrated the complexity of multi-metal pollution. Although Cu was not the dominant
contaminant, its anthropogenic enrichment indicates that agricultural soils can accumulate
copper from human activities [119]. Similarly, Ates et al. [120] showed that agricultural
soils affected by industrial activity contained elevated concentrations of multiple metals,
with contamination patterns reflecting both natural sources and human influence.

Mining activities are among the most important contributors to Cu contamination.
The results from the Bookook Mine area showed that mine waste and drainage systems can
transport metals into surrounding farmland, where they may enter agricultural soils and
crops. Copper was detected together with Zn, Ni, As, Cd, and Pb, indicating that mining-
related contamination affects several environmental compartments simultaneously [121].
Long-term persistence of contamination was also demonstrated in the Chenzhou mining
area, where Cu and other metals remained in agricultural soils many years after the original
pollution event. The continued presence of metals indicates that natural attenuation may
be insufficient without effective remediation strategies [123].

The transfer of copper and associated metals from soil to plants represents a major
concern for food safety. In wastewater-irrigated agricultural fields, Cu was among the metals
exceeding soil quality limits, and vegetables accumulated heavy metals in edible tissues.
The different accumulation patterns between plant species demonstrate that metal uptake
depends on plant physiology, soil conditions, and metal bioavailability. Cao et al. [150]
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found that certain vegetables accumulated high concentrations of metals and contributed
to increased human health risks, particularly for children.

Metal toxicity in agricultural systems is not determined only by total metal concen-
tration but also by chemical availability and interactions with plants and microorganisms.
The study by Khan and Lee [125] demonstrated that beneficial endophytes can reduce the
negative effects of Cu stress by improving plant growth, increasing nutrient uptake, and
enhancing copper removal. The association between Penicillium funiculosum and soybean
plants reduced oxidative stress and improved plant resistance, suggesting that biological
methods may support remediation of Cu-contaminated soils.

The comparison between Cu and other heavy metals shows that copper pollution
should be evaluated as part of a wider contamination system. Although some studies
reported higher risks from As, Cd, Cr, or Ni, copper remains environmentally important
because of its mobility, accumulation potential, and effects on plant growth at elevated
concentrations. Effective management of Cu-polluted agricultural soils requires monitoring
of multiple metals, identification of pollution sources, and the development of remediation
approaches that reduce metal availability while maintaining agricultural productivity.

4.8. Advances, Limitations, and Future Perspectives in Copper Soil Remediation

Copper remediation aims to reduce bioavailability, remove Cu, or restore soil quality.
Immobilization is suitable for reducing toxicity, whereas extraction is necessary when
permanent removal is required.

Clay amendments effectively stabilize Cu. Bentonite decreased exchangeable Cu frac-
tions [126]. Coal fly ash promoted zeolite formation, incorporating Cu into less avail-
able mineral phases [133]. Organic amendments also improve immobilization: rice husk
biochar outperformed other amendments [151], sesame straw biochar reduced plant Cu
uptake [129], and humic acid enhanced biochar performance [63]. Modified carbon materi-
als [130], hydrogels [131], and cysteine-modified chitosan [64] offer additional stabiliza-
tion options.

Extraction methods, including electrokinetic remediation and soil washing, can en-
hance Cu removal. EDTA and EDDS improved extraction efficiency [54,132], whereas
humic substances offer potential alternatives with fewer environmental concerns [133].
Phytoremediation may benefit from natural amendments, as horse manure increased Cu
uptake and biomass production [48]. However, chelator-assisted approaches can remain
slow and inefficient [135].

Plant performance depends on species, soil conditions, and biological interactions. IAA
and EDTA enhanced Cu accumulation in sunflower and maize [136], while mycorrhizal
fungi improved Cu tolerance and binding [47,137]. AMF reduced Cu transfer to soybean
shoots [142], and beneficial bacteria enhanced plant resistance [60]. Promising candidates
include Brassica nigra and B. juncea [129], kenaf [141], and jute varieties C-3 and HT [66].
Nitrogen and phosphorus increased Indian mustard biomass and total Cu removal [61].
Myrtle [60], halophytes [140], and Leucaena leucocephala [146] may support stabilization
and ecosystem recovery. Bamboo—-Sedum intercropping enhanced microbial diversity and
metal removal [145], while biostimulation and bioventing supported Cu removal from
contaminated soils [152].

Nevertheless, phytoextraction remains limited by low Cu availability and strong soil
retention. Metal-accumulating plants often remove insufficient Cu [145]; lupin improved
soil biological activity but extracted little Cu [146]. Iron oxide nanoparticles did not sig-
nificantly reduce Cu accumulation or toxicity in sunflower [147], and pepper showed
limited Cu bioaccumulation [153]. Copper-resistant Rhizobiales may contribute to natural
attenuation [145].
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No single technique suits all contaminated soils. Integrated approaches combining
immobilization, extraction, plants, and beneficial microorganisms may improve remediation,
provided that treatment selection considers soil properties, crop safety, and long-term
environmental effects.

4.9. Research Gaps, Future Directions, and Management Needs
4.9.1. Research Gaps

Despite the rapid growth in publications addressing copper (Cu) pollution in agri-
cultural soils, several important knowledge gaps remain. Most available studies are geo-
graphically concentrated in a limited number of countries, particularly China, while large
agricultural regions in Africa, South America, Eastern Europe, and Southeast Asia remain
poorly investigated. Consequently, the global distribution and severity of Cu contamination
are still incompletely understood.

Another major limitation is the predominance of short-term laboratory and greenhouse
experiments. Although these studies provide valuable mechanistic insights, they often fail to
represent the complexity of field conditions where soil properties, climate, cropping systems,
and agricultural management interact over long periods. Long-term field experiments
evaluating Cu accumulation, mobility, and ecological recovery remain scarce.

Current research also focuses primarily on total Cu concentrations, whereas relatively
few studies investigate Cu speciation, bioavailability, and transformation processes con-
trolling its environmental behavior. Because toxicity depends largely on the bioavailable
fraction rather than total Cu content, future studies should prioritize chemical speciation
and dynamic changes in Cu fractions under different environmental conditions.

Although numerous studies have documented the effects of Cu on crop growth and
soil microorganisms, limited information is available regarding the long-term impacts on
soil ecosystem services, nutrient cycling, carbon sequestration, biodiversity, and resilience
of agricultural ecosystems. Similarly, interactions between Cu contamination and climate
change factors, including drought, elevated temperature, flooding, and changing precipita-
tion patterns, remain insufficiently explored.

Another significant research gap concerns the combined occurrence of Cu with other
potentially toxic elements. Agricultural soils are rarely contaminated by Cu alone; instead,
they are commonly affected by mixtures of Cd, Pb, Zn, As, Ni, and Cr. However, relatively
few studies investigate synergistic or antagonistic interactions among multiple contaminants
and their combined effects on soil health, crop productivity, and human health.

Advances in molecular biology and environmental genomics have improved under-
standing of microbial responses to Cu stress, yet the mechanisms governing microbial
adaptation, antibiotic resistance gene dissemination, and microbiome recovery after remedi-
ation remain poorly understood. More studies integrating metagenomics, transcriptomics,
metabolomics, and soil biogeochemistry are required.

Finally, although numerous remediation technologies have been proposed, direct com-
parisons among different remediation strategies under similar field conditions are limited.
Information regarding their long-term effectiveness, economic feasibility, environmental
sustainability, and scalability for practical agricultural applications is still insufficient.

4.9.2. Future Research Directions

Future research should move toward integrated and multidisciplinary approaches
combining soil science, agronomy, environmental chemistry, microbiology, remote sensing,
ecology, and environmental engineering.

Priority should be given to establishing long-term monitoring networks capable of
assessing temporal changes in Cu accumulation, bioavailability, and ecological risks across
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different agricultural systems. Harmonized international monitoring protocols would
improve data comparability and facilitate global risk assessment.

Greater emphasis should also be placed on developing rapid, non-destructive moni-
toring technologies. The integration of hyperspectral imaging, portable X-ray fluorescence
(pXRF), unmanned aerial vehicles (UAVs), Internet of Things (IoI') sensors, artificial in-
telligence, and machine-learning algorithms offers considerable potential for precision
assessment of Cu contamination at both field and regional scales.

Future investigations should also improve understanding of Cu speciation under
varying soil conditions, including changes in pH, organic matter, redox potential, and
microbial activity. Such knowledge is essential for accurately predicting Cu mobility, plant
uptake, and environmental risks.

Additional research is needed to identify crop cultivars with low Cu accumulation
capacity while maintaining high productivity. Simultaneously, greater attention should be
devoted to beneficial microorganisms, including plant growth-promoting rhizobacteria,
arbuscular mycorrhizal fungi, and endophytic microorganisms that enhance plant tolerance
and reduce Cu bioavailability.

Novel remediation technologies should continue to be developed, including engineered
biochar, nanomaterials, functionalized biosorbents, microbial-assisted remediation, phy-
toremediation, electrokinetic remediation, and integrated remediation systems combining
physical, chemical, and biological approaches. Future studies should evaluate not only
remediation efficiency but also environmental safety, economic viability, carbon footprint,
and long-term sustainability.

Research should also expand toward food safety and public health by investigating Cu
transfer through soil-plant-animal-human pathways, dietary exposure, cumulative health
risks, and socio-economic impacts of contaminated agricultural land.

4.9.3. Management Actions Needed

Effective management of Cu pollution requires an integrated strategy combining
prevention, monitoring, remediation, and sustainable agricultural management.

Preventive measures should focus on reducing Cu inputs into agricultural soils by
optimizing fertilizer and pesticide application, promoting integrated pest management, and
encouraging alternatives to copper-based fungicides where feasible. Particular attention
should be given to vineyards, orchards, and intensive horticultural systems, where repeated
Cu applications often result in long-term accumulation.

Regular soil-monitoring programs should be implemented to evaluate total and
bioavailable Cu concentrations using standardized analytical methods. Risk assessment
should include not only soil contamination levels but also crop uptake, groundwater vul-
nerability, ecological impacts, and potential human exposure.

Agricultural management practices should promote soil conditions that minimize Cu
mobility and bioavailability. Maintaining adequate soil organic matter, avoiding exces-
sive soil acidification, improving soil structure, and applying suitable organic or mineral
amendments can substantially reduce Cu toxicity.

Where contamination exceeds acceptable thresholds, site-specific remediation strate-
gies should be selected according to contamination level, soil characteristics, land use, and
economic considerations. Immobilization using biochar, compost, clay minerals, or other
amendments may be appropriate for moderately contaminated soils, whereas heavily con-
taminated sites may require integrated remediation combining phytoremediation, microbial
technologies, and engineering approaches.

Policy development should strengthen regulatory frameworks governing Cu use in
agriculture, establish harmonized soil quality standards, and promote sustainable man-
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agement through financial incentives and extension services. International collaboration
is also needed to develop common monitoring protocols, share databases, and support
technology transfer.

Finally, successful management depends on increasing awareness among farmers,
land managers, policymakers, and the public regarding the risks associated with excessive
Cu accumulation and the benefits of sustainable soil management. Education, technical
training, and knowledge transfer programs should therefore become integral components
of national soil protection strategies.

Opverall, future progress in managing copper pollution will require the integration of
advanced scientific knowledge with practical agricultural management, environmental pol-
icy, and long-term monitoring to ensure soil health, food security, ecosystem sustainability,
and protection of human health.

5. Conclusions

Copper is an essential micronutrient for plants, but its excessive accumulation in
agricultural soils represents an important environmental and agricultural concern. The the-
matic synthesis indicates that Cu contamination is associated with multiple anthropogenic
sources, including mining and smelting activities, wastewater irrigation, intensive livestock
production, and the prolonged application of copper-based fungicides and Cu-enriched pig
and poultry manure, particularly in vineyards and orchards. Because Cu does not degrade,
its persistence and accumulation in soils can increase the risk of adverse effects on soil
quality, crop productivity, ecosystem functioning, and food safety. The magnitude of these
effects depends on soil properties, Cu speciation and bioavailability, contamination levels,
and land-management practices.

The reviewed evidence indicates that elevated Cu concentrations can alter soil physic-
ochemical properties, affect microbial diversity and community composition, and interfere
with nutrient cycling and the activity of microorganisms involved in biogeochemical pro-
cesses. In plants, excessive Cu exposure can induce oxidative stress, impair photosynthetic
activity, and restrict growth and productivity. Cu accumulation in edible plant tissues may
also create potential risks to food safety and human health. However, the severity of these ef-
fects varies among soil types, crop species, exposure conditions, and environmental settings;
therefore, findings from individual experiments should not be directly extrapolated to all
agricultural systems without appropriate field validation and site-specific risk assessment.

The bibliometric analysis provides a complementary perspective on the development
and structure of research on Cu pollution in agricultural soils. The publication trends
indicate growing scientific interest, particularly in recent years, while the geographical
distribution of research highlights the contributions of countries with substantial agri-
cultural and industrial activity. Emerging research topics include advanced monitoring
technologies, machine-learning applications, microbial ecology, and innovative remediation
approaches. These findings identify prominent research themes and potential directions for
future investigation, but publication counts and keyword patterns do not, by themselves,
establish the effectiveness of remediation technologies or the magnitude of environmental
risks. The bibliometric results should therefore be interpreted as indicators of research
activity and thematic development rather than direct evidence of environmental outcomes.

Nevertheless, the presence of elevated total Cu concentrations should not be interpreted
as direct evidence of a specific level of ecological damage or human-health risk. Such
conclusions require consideration of Cu availability, soil properties, biological responses,
crop accumulation, relevant exposure pathways, and the duration and intensity of exposure.
In agricultural systems affected by multiple metals, the contribution of Cu should be
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evaluated separately where the available evidence permits, and site-specific risk estimates
should be distinguished from general conclusions about Cu contamination.

The thematic synthesis identifies several approaches for managing Cu-contaminated
agricultural soils, including phytoremediation, microbial-assisted remediation, biochar
application, soil amendments, immobilization techniques, electrokinetic remediation, and
engineered adsorbent materials. Their effectiveness depends on the contamination level,
soil characteristics, Cu speciation, land use, climatic conditions, implementation costs, and
intended remediation objectives. An important distinction must be made between Cu
removal from soil, reduction of Cu mobility and bioavailability, and restoration of soil
biological and ecological functions. Immobilization and stabilization may reduce exposure
and ecological risks without substantially decreasing total soil Cu concentrations, whereas
removal-oriented technologies aim to extract Cu from the contaminated matrix but may
involve greater costs, technical constraints, or disturbance of soil properties. Consequently,
no single remediation strategy can be considered universally superior. The selection of an
appropriate intervention should be based on site-specific conditions, the intended endpoint,
and evidence of its effectiveness and potential unintended effects.

Several knowledge gaps limit the translation of current findings into broadly applicable
management recommendations. These include the limited availability of long-term field
validation for many remediation technologies, incomplete understanding of Cu speciation
and bioavailability under changing environmental conditions, interactions between Cu and
other contaminants, and the potential effects of climate change on Cu mobility and toxicity.
Further research is also needed to assess the persistence of remediation benefits, the recovery
of soil microbial communities and ecosystem functions, and the economic and environ-
mental feasibility of scaling up promising technologies. Comparisons using standardized
indicators of Cu removal, risk reduction, and soil-function recovery would improve the
evaluation of different interventions and support more consistent decision-making.

Preventing further Cu accumulation should remain a priority through the rational use
of copper-containing fertilizers and fungicides, appropriate management of wastewater
and livestock-derived inputs, and regular monitoring of soil Cu concentrations and bioavail-
ability. Where contamination has occurred, remediation decisions should be guided by
site-specific risk assessments and clearly defined objectives, distinguishing contaminant
removal from immobilization, exposure reduction, and ecological restoration. Integrating
preventive management, monitoring, and appropriately selected remediation measures
can help protect agricultural productivity, soil health, and food safety. Continued inter-
disciplinary research and international collaboration are needed to strengthen field-based
evidence, develop cost-effective and environmentally compatible interventions, and support
the long-term sustainability of agricultural ecosystems.

Author Contributions: Conceptualization, L.D., G.M., and C.M.E.; methodology, L.D. and G.M,;
software, G.M.; formal analysis, L.D., M.M. and L.L; investigation, L.I. and C.M.E.; data curation, L.D.
and M.M.; writing—original draft preparation, L.D., and G.M.; writing—review and editing, L.D.,
L.I, M.M. and C.M.E. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the University of Agronomic Sciences and Veterinary Medicine
of Bucharest. The work of Gabriel Murariu was supported by a grant of the Ministry of Research,
Innovation and Digitization, CNCS/CCCDI—UEFISCDI], project number PN-IV-P8-8.1-PRE-HE-ORG-
2024-0212, within PNCDI IV. The work of Lucian Dinca was financed with the support of the Romanian
Ministry of Research, Innovation and Digitization, within the Nucleu FORCLIMSOC Programme
(Contract no. 12N/2023), project PN23090203.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

https://doi.org/10.3390/agriculture16212371


https://doi.org/10.3390/agriculture16212371

Agriculture 2026, 16, 2371 48 of 54

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Scheiber Ivo, D.; Ralf, M.; Julian, F.B. Chapter 11. Copper: Effects of Deficiency and Overload. In Interrelations Between Essential
Metal Ions and Human Diseases; Sigel, A., Sigel, H., Sigel, R.K.O., Eds.; Metal Ions in Life Sciences; Springer: Berlin/Heidelberg,
Germany, 2013; Volume 13, pp. 359-387.

Yruela, I. Copper in plants. Braz. J. Plant Physiol. 2005, 17, 145-156. [ CrossRef]

Shabbir, Z.; Sardar, A.; Shabbir, A.; Abbas, G.; Shamshad, S.; Khalid, S.; Natasha; Murtaza, G.; Dumat, C.; Shahid, M. Copper uptake,
essentiality, toxicity, detoxification and risk assessment in soil-plant environment. Chemosphere 2020, 259, 127436. [ CrossRef]
Kakutey, K.; Sackey, L.N.; Akoto, O. Impact of accumulation of copper from application of copper-based fungicides on soil
properties in Ghana. Discov. Environ. 2023, 1, 1. [CrossRef]

Tamm, L.; Thuerig, B.; Apostolov, S.; Blogg, H.; Borgo, E.; Corneo, P.E,; Fittje, S.; de Palma, M.; Donko, A.; Experton, C.; et al. Use
of copper-based fungicides in organic agriculture in twelve European countries. Agronomy 2022, 12, 673. [CrossRef]

Mulligan, C.N.; Yong, R.N.; Gibbs, B.F.; James, S.; Bennett, H.PJ. Metal removal from contaminated soil and sediments by the
biosurfactant surfactin. Environ. Sci. Technol. 1999, 33, 3812-3820.

Apori, O.S.; Hanyabui, E.; Asiamah, Y.J. Remediation technology for copper contaminated soil: A review. Asian Soil Res. |. 2018, 1,
1-7. [CrossRef]

Adriano, D.C. (Ed.) Trace Elements in Terrestrial Environments: Biogeochemistry, Bioavailability, and Risks of Metals; Springer:
New York, NY, USA, 2013.

De Conti, L.; Ceretta, C.A.; Ferreira, P.A.; Lourenzi, C.R.; Girotto, E.; Lorensini, F.; Tiecher, T.L.; Marchezan, C.; Anchieta, M.G.;
Brunetto, G. Soil solution concentrations and chemical species of copper and zinc in a soil with a history of pig slurry application
and plant cultivation. Agric. Ecosyst. Environ. 2016, 216, 374-386. [ CrossRef]

Chaignon, V.; Sanchez-Neira, I.; Herrmann, P; Jaillard, B.; Hinsinger, P. Copper bioavailability and extractability as related to
chemical properties of contaminated soils from a vine-growing area. Environ. Pollut. 2003, 123, 229-238. [CrossRef]

Lock, K.; Janssen, C.R. Influence of aging on copper bioavailability in soils. Environ. Toxicol. Chem. 2003, 22, 1162-1166. [CrossRef]
Kandeler, E. Physiological and biochemical methods for studying soil biota and their functions. In Soil Microbiology, Ecology and
Biochemistry; Elsevier: Amsterdam, The Netherlands, 2024; pp. 193-227.

Komarek, M.; Vanék, A.; Chrastny, V.; Szakov4, J.; Kubovéd, K.; Drahota, P.; Balik, . Retention of copper originating from different
fungicides in contrasting soil types. |. Hazard. Mater. 2009, 166, 1395-1402. [CrossRef]

Wyszkowska, J.; Borowik, A.; Kucharski, M.; Kucharski, J. Effect of cadmium, copper and zinc on plants, soil microorganisms and
soil enzymes. J. Elem. 2013, 18, 769-796. [ CrossRef]

Naveed, M.; Moldrup, P; Arthur, E.; Holmstrup, M.; Nicolaisen, M.; Tuller, M.; Herath, L.; Hamamoto, S.; Kawamoto, K.; Komatsu,
T.; et al. Simultaneous loss of soil biodiversity and functions along a copper contamination gradient: When soil goes to sleep. Soil
Sci. Soc. Am. J. 2014, 78, 1239-1250. [CrossRef]

Norgrove, L. Effects of different copper fungicide application rates upon earthworm activity and impacts on cocoa yield over four
years. Eur. J. Soil Ecol. 2007, 43, S303-S310. [CrossRef]

Wainwright, S.J.; Woolhouse, H.W. Some physiological aspects of copper and zinc tolerance in Agrostis tenuis Sibth: Cell
elongation and membrane damage. J. Exper. Bot. 1977, 28, 1029-1036. [CrossRef]

Dumestre, A.; Sauve, S.; McBride, M.; Baveye, P; Berthelin, ]. Copper speciation and microbial activity in long-term contaminated
soils. Arch. Environ. Contam. Toxicol. 1999, 36, 124-131. [CrossRef]

Michaud, A.M.; Bravin, M.N.; Galleguillos, M.; Hinsinger, P. Copper uptake and phytotoxicity as assessed in situ for durum
wheat (Triticum turgidum durum L.) cultivated in Cu-contaminated, former vineyard soils. Plant Soil 2007, 298, 99-111. [CrossRef]
Lindsay, W.L. Role of Chelation in Micronutrient Availability. In The Plant Root and Its Environment; Carson, E.E., Ed.; Ornamental
Crops in Solution Culture; University Press of Virginia: Charlottesville, VA, USA, 1974; Volume 39, pp. 507-524, 1116-1120.
Schnitzer, M. Reactions between fulvic acid, a soil humic compound and inorganic soil constituents. Soil Sci. Soc. Am. Proc. 1969,
33, 75-81. [CrossRef]

Taylor, A.A,; Tsuji, ].S.; Garry, M.R.; McArdle, M.E.; Goodfellow, W.L., Jr.; Adams, W.J.; Menzie, C.A. Critical review of exposure
and effects: Implications for setting regulatory health criteria for ingested copper. Environ. Manag. 2020, 65, 131-159. [CrossRef]
Fernandes, ].C.; Henriques, E.S. Biochemical, physiological, and structural effects of excess copper in plants. Bot. Rev. 1991, 57,
246-273. [CrossRef]

Brevik, E.C.; Slaughter, L.; Singh, B.R.; Steffan, J.J.; Collier, D.; Barnhart, P.; Pereira, P. Soil and Human Health: Current Status and
Future Needs. Air Soil Water Res. 2020, 13, 1-23. [CrossRef]

Bigalke, M.; Weyer, S.; Wilcke, W. Stable Cu isotope fractionation in soils during oxic weathering and podzolization. Geochim.
Cosmochim. Acta 2011, 75, 3119-3134. [CrossRef]

https://doi.org/10.3390/agriculture16212371


https://doi.org/10.1590/s1677-04202005000100012
https://doi.org/10.1016/j.chemosphere.2020.127436
https://doi.org/10.1007/s44274-023-00004-2
https://doi.org/10.3390/agronomy12030673
https://doi.org/10.9734/asrj/2018/v1i326338
https://doi.org/10.1016/j.agee.2015.09.040
https://doi.org/10.1016/s0269-7491(02)00374-3
https://doi.org/10.1002/etc.5620220527
https://doi.org/10.1016/j.jhazmat.2008.12.061
https://doi.org/10.5601/jelem.2013.18.4.455
https://doi.org/10.2136/sssaj2014.02.0052
https://doi.org/10.1016/j.ejsobi.2007.08.031
https://doi.org/10.1093/jxb/28.4.1029
https://doi.org/10.1007/s002449900451
https://doi.org/10.1007/s11104-007-9343-0
https://doi.org/10.2136/sssaj1969.03615995003300010022x
https://doi.org/10.1007/s00267-019-01234-y
https://doi.org/10.1007/bf02858564
https://doi.org/10.1177/1178622120934441
https://doi.org/10.1016/j.gca.2011.03.005
https://doi.org/10.3390/agriculture16212371

Agriculture 2026, 16, 2371 49 of 54

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.
50.
51.

52.

Rodriguez, N.P,; Engstrom, E.; Rodushkin, I.; Nason, P.; Alakangas, L.; Ohlander, B. Copper and iron isotope fractionation in
mine tailings at the Laver and Kristineberg mines, northern Sweden. Appl. Geochem. 2013, 32, 204-215. [CrossRef]

Lim, J.E.; Ahmad, M.; Lee, S.S.; Shope, C.L.; Hashimoto, Y.; Kim, K.-R.; Usman, A.R.A; Yang, ].E.; Ok, Y.S. Effects of lime-based
waste materials on immobilization and phytoavailability of cadmium and lead in contaminated soil. Clean Soil Air Water 2013, 41,
1235-1241. [CrossRef]

Moon, D.H.; Park, ] W.; Chang, Y.Y.; Ok, Y.S.; Lee, S.S.; Ahmad, M. Immobilization of lead in contaminated firing range soil using
biochar. Environ. Sci. Pollut. Res. 2013, 20, 8464-8471. [CrossRef]

Korzeniowska, J.; Stanistawska-Glubiak, E.; Igras, ]. Applicability of energy crops for metal phytostabilization of soils moderately
contaminated with copper, nickel and zinc. J. Food Agric. Environ. 2011, 9, 693-697.

Murakami, M.; Ae, N. Potential for phytoextraction of copper, lead, and zinc by rice (Oryza sativa L.), soybean (Glycine max [L.]
Merr.), and maize (Zea mays L.). ]. Hazard. Mater. 2009, 162, 1185-1192. [CrossRef]

Usman, A.R.A.; Kuzyakov, Y.; Lorenz, K.; Stahr, K. Remediation of a soil contaminated with heavy metals by immobilizing
compounds. J. Plant Nutr. Soil Sci. 2006, 169, 205-212. [CrossRef]

Hou, D.; O’Connor, D.; Igalavithana, A.D.; Alessi, D.S; Luo, J.; Tsang, D.C.; Sparks, D.L.; Yamauchi, Y.; Rinklebe, J.; Ok, Y.S. Metal
contamination and bioremediation of agricultural soils for food safety and sustainability. Nat. Rev. Earth Environ. 2020, 1, 366-381.
[CrossRef]

Sun, S.; Sidhu, V.; Rong, Y.; Zheng, Y. Pesticide pollution in agricultural soils and sustainable remediation methods: A review.
Curr. Pollut. Rep. 2018, 4, 240-250. [CrossRef]

Yruela, I. Copper in plants: Acquisition, transport and interactions. Funct. Plant Biol. 2009, 36, 409-430. [CrossRef]

Adrees, M.; Ali, S.; Rizwan, M.; Ibrahim, M.; Abbas, F.; Farid, M.; Zia-ur-Rehman, M.; Irshad, M.K.; Bharwana, S.A. The effect
of excess copper on growth and physiology of important food crops: A review. Environ. Sci. Pollut. Res. 2015, 22, 8148-8162.
[CrossRef]

Mir, AR,; Pichtel, ]J.; Hayat, S. Copper: Uptake, toxicity and tolerance in plants and management of Cu-contaminated soil.
Biometals 2021, 34, 737-759. [CrossRef]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, L; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ].M.; Akl, E.A;;
Brennan, S.E.; et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting Systematic Reviews. BM]J 2021, 372, n71.
[CrossRef]

Clarivate.com. Web of Science Core Collection. Available online: https://clarivate.com/products/scientific-and-academic-
research/research-discovery-and-workflow-solutions/webofscience-platform/web-of-science-core-collection/ (accessed on 20
May 2026).

Elsevier. Scopus. Available online: https://www.elsevier.com/products/scopus (accessed on 20 May 2026).

Microsoft Corporation. Microsoft Excel. Available online: https://www.microsoft.com/en-us/microsoft-365/excel?legRedir=
true&Correlationld =3bb60ab0-fe13-41a4-812b-2627667cf346 (accessed on 26 May 2025).

Geochart. Available online: https://developers.google.com/chart/interactive/docs/gallery/geochart (accessed on 23 May 2026).
VOSviewer. Available online: https://www.vosviewer.com/ (accessed on 22 May 2026).

Sharaff, M.; Kamat, S.; Archana, G. Analysis of copper tolerant rhizobacteria from the industrial belt of Gujarat, western India for
plant growth promotion in metal polluted agriculture soils. Ecotoxicol. Environ. Saf. 2017, 138, 113-121. [CrossRef]

Simonovi¢, D.; Krzanovi¢, D.; Kovadevié, R.; Steharnik, M.; Stankovié, S.; Urogevié, D.; Krsti¢, V. Assessment of Cu and As in
Wheat (Triticum aestivum L.) and Arable Land in the Vicinity of Bor (Serbia): Implications for Food Safety and Human Health.
Plants 2026, 15, 631. [CrossRef]

Balabanova, B.; Stafilov, T.; Baceva, K. Bioavailability and bioaccumulation characterization of essential and heavy metals contents
in R. acetosa, S. oleracea and U. dioica from copper polluted and referent areas. J. Environ. Health Sci. Eng. 2015, 13, 2. [CrossRef]
Altimira, F; Yafiez, C.; Bravo, G.; Gonzélez, M.; Rojas, L.A.; Seeger, M. Characterization of copper-resistant bacteria and bacterial
communities from copper-polluted agricultural soils of central Chile. BMC Microbiol. 2012, 12, 193. [CrossRef]

Cornejo, P,; Meier, S.; Garcia, S.; Ferrol, N.; Durdn, P; Borie, F.; Seguel, A. Contribution of inoculation with arbuscular mycorrhizal
fungi to the bioremediation of a copper contaminated soil using Oenothera picensis. J. Soil Sci. Plant Nutr. 2017, 17, 14-21.
[CrossRef]

Dumbrava, A.; Birghila, S.; Munteanu, M. Contributions on enhancing the copper uptake by using natural chelators, with
applications in soil phytoremediation. Int. J. Environ. Sci. Technol. 2015, 12, 929-938. [CrossRef]

Runji¢, M.; Custovi¢, H. Copper in surface layer of vineyard soils on Island Hvar. Agric. Conspec. Sci. 2017, 82, 13-17.

Terelak, H.; Tujaka, A.; Pietruch, C. Copper in the surface layer of the farmland soils in Poland. Pol. J. Soil Sci. 2003, 36, 137-143.
Rob, M.M.; Akhter, D.; Islam, T.; Bhattacharjya, D.K.; Khan, M.S.S,; Islam, F.; Chen, J. Copper stress in rice: Perception, signaling,
bioremediation and future prospects. J. Plant Physiol. 2024, 302, 154314. [CrossRef]

Holmstrup, M.; Hornum, H.D. Earthworm colonisation of abandoned arable soil polluted by copper. Pedobiologia 2012, 55, 63—65.
[CrossRef]

https://doi.org/10.3390/agriculture16212371


https://doi.org/10.1016/j.apgeochem.2012.10.012
https://doi.org/10.1002/clen.201200169
https://doi.org/10.1007/s11356-013-1964-7
https://doi.org/10.1016/j.jhazmat.2008.06.003
https://doi.org/10.1002/jpln.200421685
https://doi.org/10.1038/s43017-020-0061-y
https://doi.org/10.1007/s40726-018-0092-x
https://doi.org/10.1071/fp08288
https://doi.org/10.1007/s11356-015-4496-5
https://doi.org/10.1007/s10534-021-00306-z
https://doi.org/10.1136/bmj.n71
https://clarivate.com/products/scientific-and-academic-research/research-discovery-and-workflow-solutions/webofscience-platform/web-of-science-core-collection/
https://clarivate.com/products/scientific-and-academic-research/research-discovery-and-workflow-solutions/webofscience-platform/web-of-science-core-collection/
https://www.elsevier.com/products/scopus
https://www.microsoft.com/en-us/microsoft-365/excel?legRedir=true&CorrelationId=3bb60ab0-fe13-41a4-812b-2627667cf346
https://www.microsoft.com/en-us/microsoft-365/excel?legRedir=true&CorrelationId=3bb60ab0-fe13-41a4-812b-2627667cf346
https://developers.google.com/chart/interactive/docs/gallery/geochart
https://www.vosviewer.com/
https://doi.org/10.1016/j.ecoenv.2016.12.023
https://doi.org/10.3390/plants15040631
https://doi.org/10.1186/s40201-015-0159-1
https://doi.org/10.1186/1471-2180-12-193
https://doi.org/10.4067/s0718-95162016005000070
https://doi.org/10.1007/s13762-013-0467-x
https://doi.org/10.1016/j.jplph.2024.154314
https://doi.org/10.1016/j.pedobi.2011.08.005
https://doi.org/10.3390/agriculture16212371

Agriculture 2026, 16, 2371 50 of 54

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

Bashir, S.; Zahra, A.; Fatima, S.; Rizwan, M.; Wang, X. Restoration of copper (Cu) polluted soil using compost and vermicompost
and their impact on Chili growth. Land Degrad. Dev. 2026, 37, 2956-2964. [CrossRef]

Navas-Higuero, C.; Tiban-Anrango, B.A.; Lacasa, E.; Rodrigo, M.A.; Saez, C. Electrokinetic remediation of copper-contaminated
agricultural soils: A case study. Electrochimica Acta 2025, 535, 146602. [CrossRef]

Hu, N; Li, Z.; Huang, P.; Tao, C. Distribution and mobility of metals in agricultural soils near a copper smelter in South China.
Environ. Geochem. Health 2006, 28, 19. [CrossRef]

Yang, K.; Wu, E;; Guo, H.; Chen, D.; Deng, Y.; Huang, Z.; Han, C.; Chen, Z.; Xiao, R.; Chen, P. Hyperspectral inversion of soil
Cu content in agricultural land based on continuous wavelet transform and stacking ensemble learning. Land 2024, 13, 1810.
[CrossRef]

Antonucci, F.; Menesatti, P.; Holden, N.M.; Canali, E.; Giorgi, S.; Maienza, A.; Stazi, S.R. Hyperspectral visible and near-infrared
determination of copper concentration in agricultural polluted soils. Commun. Soil Sci. Plant Anal. 2012, 43, 1401-1411. [CrossRef]
Shaheen, S.M.; Tsadilas, C.D.; Rinklebe, J. Immobilization of soil copper using organic and inorganic amendments. J. Plant Nutr.
Soil Sci. 2015, 178, 112-117. [CrossRef]

Fatnassi, I.C.; Chiboub, M.; Saadani, O.; Jebara, M.; Jebara, S.H. Impact of dual inoculation with Rhizobium and PGPR on growth
and antioxidant status of Vicia faba L. under copper stress. Comptes Rendus Biol. 2015, 338, 241-254. [ CrossRef]

Capuana, M.; Michelozzi, M.; Colzi, I.; Menicucci, F.; Cencetti, G.; Gonnelli, C. In vitro and in vivo copper-treated Myrtus
communis L.: Terpene profiles and evidence for potential cultivation on metal-contaminated soils. Environ. Sci. Pollut. Res. 2023,
30, 33101-33112. [CrossRef]

Wu, L.H;; Li, H,; Luo, Y.M.; Christie, P. Nutrients can enhance phytoremediation of copper-polluted soil by Indian mustard.
Environ. Geochem. Health 2004, 26, 331-335. [CrossRef ]

Wang, H.; Feng, Y.; Zhang, D.; Wang, Z.; Yang, Y.; Kong, Y.; Rehman, M.; Magbool, Z; Saud, S.; Nawaz, T.; et al. Pear twig biochar
combined with nitrogen fertilizer regulates morpho-physiological growth, copper uptake and tuber quality of potato (Solanum
tuberosum L.) grown in polluted soil. Environ. Res. 2024, 263, 120170. [CrossRef]

Wang, J.; Gao, W.; Zhu, J.; Yang, Y.; Niu, Y. Remediation of Cd and Cu Contaminated Agricultural Soils near Oilfields by Biochar
Combined with Sodium Humate-Wood Vinegar. Agronomy 2023, 13, 1009. [CrossRef]

Li, F; Yu, G; Li, Y;; Wu, J.; Ding, T,; Qiu, W.; Fang, J.; Jin, Z. Selective copper immobilization in contaminated soils using
cysteine-modified chitosan: Mechanisms and efficacy. Chem. Eng. J. 2025, 171118. [CrossRef]

Chen, Z; Liu, Y.; Wang, K.; Wang, Y.; Fang, M.; Xu, Z.; Ban, Y. Study on remediation of alkaline soil polluted by copper and
cadmium by MICP combined with modified oyster shell powder. J. Environ. Chem. Eng. 2025, 120822. [CrossRef]

Saleem, M.H.; Rehman, M.; Kamran, M.; Afzal, J.; Noushahi, H.A,; Liu, L. Investigating the potential of different jute varieties for
phytoremediation of copper-contaminated soil. Environ. Sci. Pollut. Res. 2020, 27, 30367-30377. [CrossRef]

Lux, W. Long-term heavy metal and As pollution of soils, Hamburg, Germany. Appl. Geochem. 1993, 8, 135-143. [ CrossRef]
Bensa, A.; Jurkovié¢ Balog, N.; Matan, K.; Per¢in, A. Potentially toxic elements (As, Cu, Pb and Zn) in former vineyard soils under
olive groves and natural vegetation. J. Cent. Eur. Agric. 2025, 26, 772-784. [CrossRef]

Cavani, L.; Manici, L.M.; Caputo, F.; Peruzzi, E.; Ciavatta, C. Ecological restoration of a copper polluted vineyard: Long-term
impact of farmland abandonment on soil bio-chemical properties and microbial communities. . Environ. Manag. 2016, 182, 37-47.
[CrossRef]

Golia, E.E.; Dimirkou, A.; Mitsios, I.K. Levels of heavy metals pollution in different types of soil of central Greece. Bull. Environ.
Contam. Toxicol. 2008, 80, 206-210. [CrossRef]

Christou, A.; Theologides, C.P.; Costa, C.; Kalavrouziotis, L K.; Varnavas, S.P. Assessment of toxic heavy metals concentrations in
soils and wild and cultivated plant species in Limni abandoned copper mining site, Cyprus. J. Geochem. Explor. 2017, 178, 16-22.
[CrossRef]

Pruteanu, A.; Nitu, M.; Vladut, V.; Matache, M.; Voicea, I.; Iuliana, G.; Vanghele, N.; Nenciu, F.; Cujbescu, D.; Badea, D.O. Induced
Phytoextraction of Heavy Metals from Soils Using Brassica juncea and EDTA: An Efficient Approach to the Remedy of Zinc,
Copper and Lead. Environments 2026, 13, 23. [ CrossRef]

Cubukgu, A; Tiiystiz, N. Trace element concentrations of soils, plants and waters caused by a copper smelting plant and other
industries, Northeast Turkey. Environ. Geol. 2007, 52, 93-108. [CrossRef]

Gventsadze, G.; Ghambashidze, G.; Chankseliani, Z.; Sarjveladze, I.; Blum, W.E. Impacts of crop-specific agricultural practices on
the accumulation of heavy metals in soil in Kvemo Kartli region (Georgia): A preliminary assessment. Sustainability 2024, 16,
4244. [CrossRef]

Cai, L.M.; Wang, Q.S.; Luo, J.; Chen, L.G.; Zhu, R.L.; Wang, S.; Tang, C.H. Heavy metal contamination and health risk assessment
for children near a large Cu-smelter in central China. Sci. Total Environ. 2019, 650, 725-733. [CrossRef]

Chen, Z.; Ding, Y.; Jiang, X.; Duan, H.; Ruan, X,; Li, Z.; Li, Y. Combination of UNMIX, PMF model and Pb-Zn-Cu isotopic
compositions for quantitative source apportionment of heavy metals in suburban agricultural soils. Ecotoxicol. Environ. Saf. 2022,
234,113369. [CrossRef]

https://doi.org/10.3390/agriculture16212371


https://doi.org/10.1002/ldr.70287
https://doi.org/10.1016/j.electacta.2025.146602
https://doi.org/10.1007/s10653-005-9007-z
https://doi.org/10.3390/land13111810
https://doi.org/10.1080/00103624.2012.670348
https://doi.org/10.1002/jpln.201400400
https://doi.org/10.1016/j.crvi.2015.02.001
https://doi.org/10.1007/s11356-022-24484-6
https://doi.org/10.1023/b:egah.0000039598.24033.4e
https://doi.org/10.1016/j.envres.2024.120170
https://doi.org/10.3390/agronomy13041009
https://doi.org/10.1016/j.cej.2025.171118
https://doi.org/10.1016/j.jece.2025.120822
https://doi.org/10.1007/s11356-020-09232-y
https://doi.org/10.1016/s0883-2927(09)80025-5
https://doi.org/10.5513/jcea01/26.3.4699
https://doi.org/10.1016/j.jenvman.2016.07.050
https://doi.org/10.1007/s00128-007-9346-9
https://doi.org/10.1016/j.gexplo.2017.03.012
https://doi.org/10.3390/environments13010023
https://doi.org/10.1007/s00254-006-0462-3
https://doi.org/10.3390/su16104244
https://doi.org/10.1016/j.scitotenv.2018.09.081
https://doi.org/10.1016/j.ecoenv.2022.113369
https://doi.org/10.3390/agriculture16212371

Agriculture 2026, 16, 2371 51 of 54

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Giri, S.; Singh, A.K.; Mahato, M.K. Metal contamination of agricultural soils in the copper mining areas of Singhbhum shear zone
in India. J. Earth Syst. Sci. 2017, 126, 49. [CrossRef]

Ghazban, F.; Parizanganeh, A.; Zamani, A.; Baniardalan, S. Evaluation of heavy metal contamination of surface soils in Zarshouran
Gold District, Northwestern Iran. Int. |. Environ. Res. 2018, 12, 843-860. [CrossRef]

Al Obaidy, A.H.M.; Al Mashhadi, A.A. Heavy metal contaminations in urban soil within Baghdad City, Iraq. J. Environ. Prot.
2013, 4, 72.

El-Demerdashe, S.; El-Essawi, T.; Bahnasawy, N.M.A.; Elwa, A.M. Mineralo-chemical study copper distribution and forms in soils
of the 10th of Ramadan Region. Egypt J. Soil Sci. 2017, 57, 273-292. [CrossRef]

Maas, S.; Scheifler, R.; Benslama, M.; Crini, N.; Lucot, E.; Brahmia, Z.; Benyacoub, S.; Giraudoux, P. Spatial distribution of heavy
metal concentrations in urban, suburban and agricultural soils in a Mediterranean city of Algeria. Environ. Pollut. 2010, 158,
2294-2301. [CrossRef]

Midhat, L.; Ouazzani, N.; Aziz, F.; Esshaimi, M.; Hejjaj, A.; Mandi, L. Screening of new native metallophytes from copper
abandoned mining site: Promising tool for phytoremediation. Land Degrad. Dev. 2023, 34, 3700-3711. [CrossRef]

De Putter, T.; Decrée, S.; Banza, C.L.N.; Nemery, B. Mining the Katanga (DRC) Copperbelt: Geological aspects and impacts on
public health and the environment—towards a holistic approach. Mining and the Environment in Africa. In Proceedings of the
Inaugural Workshop, Kitwe, Zambia, 17-19 October 2011; IGCP /SIDA No. 594; Czech Geological Survey: Praha, Czech Republic;
pp- 14-17.

Biyazen Belay, B.; Taye, A.E. Potential toxic metal concentration and risk assessment in agricultural soil and lentil crop (Lens
culinaris Medik) in Dawunt Woreda, northwest Wollo, Ethiopia. J. Toxicol. 2024, 2024, 8985402. [CrossRef]

Githaiga, K.B.; Njuguna, S.M.; Yan, X. Local geochemical baselines reduce variation caused by the use of different conservative
elements in predicting Cu and Zn enrichment in agricultural soils, Kenya. Chem. Afr. 2021, 4, 869-880. [CrossRef]
contamination by potentially toxic metals dispersed from improperly disposed tailings, Kombat mine, Namibia. J. Geochem. Explor.
2014, 144, 409-420. [CrossRef]

Castro-Larragoitia, J.; Kramar, U.; Monroy-Ferndndez, M.G.; Viera-Décida, F.; Garcia-Gonzalez, E.G. Heavy metal and arsenic
dispersion in a copper-skarn mining district in a Mexican semi-arid environment: Sources, pathways and fate. Environ. Earth Sci.
2013, 69, 1915-1929. [CrossRef]

Cércamo, V.; Bustamante, E.; Trangolao, E.; de La Fuente, L.M.; Mench, M.; Neaman, A.; Ginocchio, R. Simultaneous immobi-
lization of metals and arsenic in acidic polluted soils near a copper smelter in central Chile. Environ. Sci. Pollut. Res. 2012, 19,
1131-1143. [CrossRef]

Romero-Crespo, P; Jiménez-Oyola, S.; Salgado-Almeida, B.; Zambrano-Anchundia, J.; Goyburo-Chévez, C.; Gonzalez-Valoys, A.;
Higueras, P. Trace elements in farmland soils and crops, and probabilistic health risk assessment in areas influenced by mining
activity in Ecuador. Environ. Geochem. Health 2023, 45, 4549-4563. [CrossRef]

Alharbi, T.; El-Sorogy, A.S.; Al-Kahtany, K.; Giacobbe, S.; Nour, H.E. Ecological and Health Risk Evaluation of Pb, Cd, As, and Cu
Contamination in Agricultural Soils in Arid Regions. Phys. Chem. Earth Parts A/B/C 2026, 144, 104564. [ CrossRef]

Akkus, S.; Bal, T.; Karaaslan, N.M.; Yaman, E.; Kilinc, E.; Yaman, M. Fractionation of Ni, Cr and Cu from soil by sequential
extraction procedure and determination by inductively coupled plasma optical emission spectrometry. CLEAN-Soil Air Water
2013, 41, 1229-1234. [CrossRef]

Gunkel, P; Fabre, B.; Prado, G.; Baliteau, ]J.Y. Ion chromatographic and voltammetric determination of heavy metals in soils.
Comparison with atomic emission spectroscopy. Analusis 1999, 27, 823-828. [CrossRef]

da Silva Medeiros, D.C.C.; Piechontcoski, F.; da Rocha Watanabe, E.R.L.; Chaves, E.S.; Inglez, S.D. Fast and effective simultaneous
determination of metals in soil samples by ultrasound-assisted extraction and flame atomic absorption spectrometry: Assessment
of trace elements contamination in agricultural and native forest soils from Parana-Brazil. Environ. Monit. Assess. 2020, 192, 111.
[CrossRef]

Caporale, A.G.; Adamo, P.; Capozzi, F,; Langella, G.; Terribile, F.; Vingiani, S. Monitoring metal pollution in soils using portable-
XRF and conventional laboratory-based techniques: Evaluation of the performance and limitations according to metal properties
and sources. Sci. Total Environ. 2018, 643, 516-526. [ CrossRef]

Li, B.; Wang, M.H.; Cao, W.; Zhang, Z.W. Research on heavy metal ions detection in soil with terahertz time-domain spectroscopy.
In International Symposium on Photoelectronic Detection and Imaging 2011: Terahertz Wave Technologies and Applications; SPIE:
Bellingham, WA, USA, 2011; Volume 8195, pp. 485-492.

Qu, Y,; Liu, S.H.; Li, X.W. A novel method for extracting leaf-level solar-induced fluorescence of typical crops under Cu stress.
Spectrosc. Spectr. Anal. 2012, 32, 1282-1286.

Anaman, R; Peng, C.; Jiang, Z.; Liu, X.; Zhou, Z.; Guo, Z.; Xiao, X. Identifying sources and transport routes of heavy metals in
soil with different land uses around a smelting site by GIS based PCA and PMF. Sci. Total Environ. 2022, 823, 153759. [CrossRef]

https://doi.org/10.3390/agriculture16212371


https://doi.org/10.1007/s12040-017-0833-z
https://doi.org/10.1007/s41742-018-0139-2
https://doi.org/10.21608/ejss.2017.4260
https://doi.org/10.1016/j.envpol.2010.02.001
https://doi.org/10.1002/ldr.4714
https://doi.org/10.1155/2024/8985402
https://doi.org/10.1007/s42250-021-00256-6
https://doi.org/10.1016/j.gexplo.2014.01.009
https://doi.org/10.1007/s12665-012-2024-1
https://doi.org/10.1007/s11356-011-0673-3
https://doi.org/10.1007/s10653-023-01514-x
https://doi.org/10.1016/j.pce.2026.104564
https://doi.org/10.1002/clen.201200711
https://doi.org/10.1051/analusis:1999149
https://doi.org/10.1007/s10661-020-8065-0
https://doi.org/10.1016/j.scitotenv.2018.06.178
https://doi.org/10.1016/j.scitotenv.2022.153759
https://doi.org/10.3390/agriculture16212371

Agriculture 2026, 16, 2371 52 of 54

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Chen, L.; Zhou, M.; Wang, J.; Zhang, Z.; Duan, C.; Wang, X.; Zhao, S.; Bao, X,; Li, Z.; Li, Z.; et al. A global meta-analysis of heavy
metal (loid) s pollution in soils near copper mines: Evaluation of pollution level and probabilistic health risks. Sci. Total Environ.
2022, 835, 155441. [CrossRef]

Cao, J.; Guo, J.; Shi, H.; Chen, Y,; Shen, Z.; Ma, H.; Hou, D. Sources apportionments of heavy metal (loid) s in soils based on
positive matrix factorization (PMF) and lead isotope fingerprinting. J. Environ. Manag. 2025, 395, 127986. [ CrossRef]

Rijk, I; Berkelund, L.; Ekblad, A.; Hallin, S.; Kleja, D.B.; Taylor, A.; Viketoft, M.; Jones, C. Effects of copper contamination on N
cycling microbial guilds and plant performance in two contrasting grassland soils. Soil Biol. Biochem. 2023, 180, 109015. [CrossRef]
Elrys, A.S.; Wen, Y.; Qin, X.; Chen, Y.; Zhu, Q.; Eltahawy, A.M.; Dan, A.; Tang, S.; Wu, Y.; Zhu, T.; et al. Initial evidence on the
effect of copper on global cropland nitrogen cycling: A meta-analysis. Environ. Int. 2024, 184, 108491. [CrossRef]

Guo, Y,; Cheng, S.; Fang, H.; Geng, J.; Li, Y.; Shi, F.; Wang, H.; Chen, L.; Zhou, Y. Copper and cadmium co-contamination increases
the risk of nitrogen loss in red paddy soils. J. Hazard. Mater. 2024, 479, 135626. [ CrossRef]

Fernandez-Calvifio, D.; Garrido-Rodriguez, B.; Lépez-Periago, ].E.; Paradelo, M.; Arias-Estévez, M. Spatial distribution of copper
fractions in a vineyard soil. Land Degrad. Dev. 2013, 24, 556-563. [CrossRef]

Guo, L.; Xu, RK. Electrochemical and molecular mechanisms underlying aluminum-enhanced copper homeostasis in maize roots
within acidic copper-contaminated soils. J. Hazard. Mater. 2025, 140143. [CrossRef]

Athar, R.; Ahmad, M. Heavy metal toxicity: Effect on plant growth and metal uptake by wheat, and on free living Azotobacter.
Water Air Soil Pollut. 2002, 138, 165-180. [CrossRef]

Houshmandfar, A.; Moraghebi, F. Effect of mixed cadmium, copper, nickel and zinc on seed germination and seedling growth of
safflower. Afr. J. Agric. Res. 2011, 6, 1182-1187.

Alamer, K.H.; Attia, H.; Alrobaie, H.S.; Hamad, A.A. Biocompatibility of Solanum lycopersicum and Solanum melongena which
developed in heavy metal polluted soils. S. Afr. J. Bot. 2022, 147, 24-34. [CrossRef]

Deng, Y,; Kou, T.; Lai, L.; Xu, X.; Wang, X.; Ma, M. Effects of night warming and soil copper contamination on copper retention in
wheat. Chin. J. Eco-Agric. 2021, 29, 903-909.

Ai, S.; Guo, R; Liu, B.; Ren, L.; Naeem, S.; Zhang, W.; Zhang, Y. A field study on the dynamic uptake and transfer of heavy metals
in Chinese cabbage and radish in weak alkaline soils. Environ. Sci. Pollut. Res. 2016, 23, 20719-20727. [CrossRef]

Li, J.J.; Zhao, X.Q.; Wang, J.L.; Shen, R.F. Strategies of cadmium and copper uptake and translocation in different plant species
growing near an E-waste dismantling site at Wenling, China. Environ. Sci. Pollut. Res. 2021, 28, 62562-62571. [ CrossRef]
Napoli, M.; Cecchi, S.; Grassi, C.; Baldi, A.; Zanchi, C.A.; Orlandini, S. Phytoextraction of copper from a contaminated soil using
arable and vegetable crops. Chemosphere 2019, 219, 122-129. [CrossRef]

He JunYu, HJ.; Ren YanFang, R.Y.; Zhu Cheng, Z.C.; Jiang Dean, ].D. Variations in cadmium, mercury and copper accumulation
among different rice cultivars in the Yangtse River Delta, China. J. Chem. Pharm. Res. 2013, 5, 49-53.

Qiu, Q.; Wang, Y.; Yang, Z.; Xin, J.; Yuan, J.; Wang, J.; Xin, G. Responses of different Chinese flowering cabbage (Brassica
parachinensis L.) cultivars to cadmium and lead exposure: Screening for Cd+ Pb pollution-safe cultivars. CLEAN-Soil Air Water
2011, 39, 925-932. [CrossRef]

Pu, W.; Sun, J.; Zhang, F.; Wen, X; Liu, W.; Huang, C. Effects of copper mining on heavy metal contamination in a rice agrosystem
in the Xiaojiang River Basin, southwest China. Acta Geochim. 2019, 38, 753-773. [ CrossRef]

Noviardi, R.; Karuniawan, A.; Sofyan, E.T.; Suryatmana, P. Heavy metals content in sweet potato (Ipomoea batatas L.) grown
on soil contaminated by gold mine tailings with composted cow manure amendment. |. Degraded Min. Lands Manag. 2023, 10,
4601-4610. [CrossRef]

Avkopashvili, G.; Avkopashvili, M.; Gongadze, A.; Gakhokidze, R.; Avkopashvili, I.; Asanidze, L. Influence of biostimulants on
the cadmium, zinc and copper accumulation potential of the sugar beet (Beta vulgaris) and analysis ANOVA and accumulation
coefficient. Carpathian J. Earth Environ. Sci. 2022, 17, 149-157. [CrossRef]

Rojas-Tapias, D.F.; Bonilla, R.; Dussan, J. Effect of inoculation and co-inoculation of Acinetobacter sp. RG30 and Pseudomonas
putida GN04 on growth, fitness, and copper accumulation of maize (Zea mays). Water Air Soil Pollut. 2014, 225, 2232. [CrossRef]
Lajayer, H.A.; Savaghebi, G.; Hadian, J.; Hatami, M.; Pezhmanmehr, M. Comparison of copper and zinc effects on growth,
micro-and macronutrients status and essential oil constituents in pennyroyal (Mentha pulegium L.). Braz. ]. Bot. 2017, 40, 379-388.
[CrossRef]

Kucharski, J.; Wyszkowska, J. Inter-relationship between number of microorganisms and spring barley yield and degree of soil
contamination with copper. Plant Soil Environ. 2004, 50, 243-249. [CrossRef]

Alsafran, M.; Usman, K.; Al Jabri, H.; Rizwan, M. Ecological and health risks assessment of potentially toxic metals and metalloids
contaminants: A case study of agricultural soils in Qatar. Toxics 2021, 9, 35. [CrossRef]

Ates, O,; Taspinar, K.; Yalgin, G.; Kizilaslan, F.; Pinar, M.O,; Toprak, S.; Alveroglu, V.; Yavuz, R.; Ozen, D. Ecological and
contamination assessment of soil in the region of coal-fired thermal power plant. Int. |. Environ. Health Res. 2023, 33, 1558-1567.
[CrossRef]

https://doi.org/10.3390/agriculture16212371


https://doi.org/10.1016/j.scitotenv.2022.155441
https://doi.org/10.1016/j.jenvman.2025.127986
https://doi.org/10.1016/j.soilbio.2023.109015
https://doi.org/10.1016/j.envint.2024.108491
https://doi.org/10.1016/j.jhazmat.2024.135626
https://doi.org/10.1002/ldr.1150
https://doi.org/10.1016/j.jhazmat.2025.140143
https://doi.org/10.1023/a:1015594815016
https://doi.org/10.1016/j.sajb.2021.12.033
https://doi.org/10.1007/s11356-016-7277-x
https://doi.org/10.1007/s11356-021-15072-1
https://doi.org/10.1016/j.chemosphere.2018.12.017
https://doi.org/10.1002/clen.201000275
https://doi.org/10.1007/s11631-019-00321-5
https://doi.org/10.15243/jdmlm.2023.104.4601
https://doi.org/10.26471/cjees/2022/017/209
https://doi.org/10.1007/s11270-014-2232-2
https://doi.org/10.1007/s40415-016-0353-0
https://doi.org/10.17221/4028-pse
https://doi.org/10.3390/toxics9020035
https://doi.org/10.1080/09603123.2022.2108384
https://doi.org/10.3390/agriculture16212371

Agriculture 2026, 16, 2371 53 of 54

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Lee, H.; Lee, Y. Environmental pollution from heavy metals in soil and stream near an abandoned mine in Korea. Toxicol. Environ.
Health Sci. 2020, 12, 137-148. [CrossRef]

Cao, C; Zhang, S.; Zhang, P; Liu, Y.; Chen, X.W.; Wang, ].]. Heavy Metal Contamination in Soil-vegetable Systems and Its Health
Risks in an Area Irrigated with Acid Mine Drainage in Dabaoshan, Guangdong, China. J. Agro-Environ. Sci. 2020, 39, 1521-1531.
[CrossRef]

Liu, H.; Probst, A.; Liao, B. Metal contamination of soils and crops affected by the Chenzhou lead/zinc mine spill (Hunan, China).
Sci. Total Environ. 2005, 339, 153-166. [ CrossRef]

Khan, A.L.; Lee, L.]. Endophytic Penicillium funiculosum LHLO06 secretes gibberellin that reprograms Glycine max L. growth
during copper stress. BMC Plant Biol. 2013, 13, 86. [CrossRef]

Gao, Y.; Li, X. Effects of bentonite addition on the speciation and mobility of Cu and Ni in soils from old mine tailings. Sustainability
2022, 14, 10878. [CrossRef]

Terzano, R.; Spagnuolo, M.; Medici, L.; Vekemans, B.; Vincze, L.; Janssens, K.; Ruggiero, P. Copper stabilization by zeolite synthesis
in polluted soils treated with coal fly ash. Environ. Sci. Technol. 2005, 39, 6280—6287. [CrossRef]

Costea, M.; Vrinceanu, N.O.; Motelicd, D.M.; Paraschiv, F.; Ciontu, C. The assessment of heavy metal bioaccumulation in pepper
plants (Capsicum annuum) cultivated in green-house conditions, using contaminated soils from the industrial area of Copsa Mica.
Sci. Pap. Ser. A Agron. 2025, 68, 907-914.

Bashir, S.; Bashir, S.; Gulshan, A.B.; Igbal, J.; Diao, Z.H.; Hassan, W.; Al-Hashimi, A.; Elshikh, M.S.; Chen, Z. Efficiency of soil
amendments for copper removal and Brassica juncea (L.) growth in wastewater irrigated agricultural soil. Bull. Environ. Contam.
Toxicol. 2022, 109, 1075-1080. [CrossRef]

Saah, FK.; Nagpal, G. Selective sequential extraction of copper from soil using GSCQD/ZnFe,O, nanocomposite in continuous
flow system. Nano-Struct. Nano-Obj. 2025, 44, 101580. [CrossRef]

Shaghaleh, H.; Hamoud, Y.A.; Sun, Q. Effective and green in-situ remediation strategies based on TEMPO-
nanocellulose/lignin/MIL-100 (Fe) hydrogel nanocomposite adsorbent for lead and copper in agricultural soils. Environ. Pollut.
2024, 360, 124623. [CrossRef]

Race, M.; Marotta, R.; Fabbricino, M.; Pirozzi, F.; Andreozzi, R.; Cortese, L.; Giudicianni, P. Copper and zinc removal from
contaminated soils through soil washing process using ethylenediaminedisuccinic acid as a chelating agent: A modeling
investigation. . Environ. Chem. Eng. 2016, 4, 2878-2891. [CrossRef]

Borggaard, O.K.; Hansen, H.C.B.; Holm, PE; Jensen, ] K.; Rasmussen, S.B.; Sabiene, N.; Steponkaite, N.; Strobel, B.W. Experimental
assessment of using soluble humic substances for remediation of heavy metal polluted soils. Soil Sediment Contam. 2009, 18,
369-382. [CrossRef]

Shah, N.; Irshad, M.; Murad, W.; Hamayun, M.; Qadir, M.; Hussain, A.; Begum, A.; Alrefaei, A .F.; Almutairi, M.H.; Ahmad, A;
et al. IAA is more effective than EDTA in enhancing phytoremediation potential for cadmium and copper contaminated soils.
BMC Plant Biol. 2024, 24, 815. [CrossRef]

Cicatelli, A.; Guarino, F.; Castiglione, S. Reclamation of Cr-contaminated or Cu-contaminated agricultural soils using sunflower
and chelants. Environ. Sci. Pollut. Res. 2017, 24, 10131-10138. [CrossRef]

Meier, S.; Borie, F.; Curaqueo, G.; Bolan, N.; Cornejo, P. Effects of arbuscular mycorrhizal inoculation on metallophyte and
agricultural plants growing at increasing copper levels. Appl. Soil Ecol. 2012, 61, 280-287. [CrossRef]

Merakly, N.; Memon, A. Expression of heavy metal ATPases (HMA1 and HMA3) in Brassica nigra and B. juncea grown at different
Cu levels. Botan. Serbica 2023, 47, 309. [CrossRef]

Roman, M.; Cui, R.; Yuan, J.; Hejeman, M.; Liu, L. Effects of phosphorus fertilizer on kenaf growth physiology and copper
absorption in copper-contaminated soil. Plant Growth Regul. 2024, 104, 563-573. [CrossRef]

Cumbane, B.; Gomes, L.; Costa, J.; Rodrigues, C.; Zanetti, F.; Monti, A.; Alexopoulou, E.; Fernando, A.L. Comparing the growth
and yield of kenaf (Hibiscus cannabinus L.) produced in two different climatic types in soils contaminated by zinc, copper,
chromium and lead. In Proceedings of the 28th European Biomass Conference and Exhibition, e-EUBCE 2020, Virtual, 6-9 July
2020; ETA-Florence Renewable Energies; pp. 205-208.

Joshi, A.; Kanthaliya, B.; Rajput, V.; Minkina, T.; Arora, ]. Assessment of phytoremediation capacity of three halophytes: Suaeda
monoica, Tamarix indica and Cressa critica. Biol. Futur. 2020, 71, 301-312. [CrossRef]

Gardezi, A.K; Barcel6, 1.D.; Exebio-Garcia, A.; Mejfa-Saenz, E.; Larqué-Saavedra, U.; Marquez-Berber, S.R.; Villanueva-Verduzco,
C.; Gardezi, H.; Talavera-Magafia, D. Cu2+ bioaccumulation by Leucaena leucocephala in symbiosis with Glomus spp. and
Rhizobium in copper-containing soil. In Proceedings of the 13th World Multiconference on Systemics, Cybernetics and Informatics,
Orlando, FL, USA, 10-13 July 2009; pp. 17-22.

Adeyemi, N.O.; Atayese, M.O.; Sakariyawo, O.S.; Azeez, ].O.; Sobowale, S.P.A.; Olubode, A.; Mudathir, R.; Adebayo, R.; Adeoye,
S. Alleviation of heavy metal stress by arbuscular mycorrhizal symbiosis in Glycine max (L.) grown in copper, lead and zinc
contaminated soils. Rhizosphere 2021, 18, 100325. [CrossRef]

https://doi.org/10.3390/agriculture16212371


https://doi.org/10.1007/s13530-020-00050-w
https://doi.org/10.11654/jaes.2020-0001
https://doi.org/10.1016/j.scitotenv.2004.07.030
https://doi.org/10.1186/1471-2229-13-86
https://doi.org/10.3390/su141710878
https://doi.org/10.1021/es050079d
https://doi.org/10.1007/s00128-022-03624-1
https://doi.org/10.1016/j.nanoso.2025.101580
https://doi.org/10.1016/j.envpol.2024.124623
https://doi.org/10.1016/j.jece.2016.05.031
https://doi.org/10.1080/15320380902799326
https://doi.org/10.1186/s12870-024-05329-5
https://doi.org/10.1007/s11356-017-8655-8
https://doi.org/10.1016/j.apsoil.2011.10.018
https://doi.org/10.2298/botserb2302309m
https://doi.org/10.1007/s10725-024-01185-3
https://doi.org/10.1007/s42977-020-00038-0
https://doi.org/10.1016/j.rhisph.2021.100325
https://doi.org/10.3390/agriculture16212371

Agriculture 2026, 16, 2371 54 of 54

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Davalos, A.; Garcia-de Los Santos, A. Five copper homeostasis gene clusters encode the Cu-efflux resistome of the highly
copper-tolerant Methylorubrum extorquens AM1. Peer] 2023, 11, €14925. [CrossRef]

Bian, F.; Zhong, Z.; Li, C.; Zhang, X.; Gu, L.; Huang, Z.; Gai, X.; Huang, Z. Intercropping improves heavy metal phytoremediation
efficiency through changing properties of rhizosphere soil in bamboo plantation. J. Hazard. Mater. 2021, 416, 125898. [CrossRef]
Kayser, A.; Wenger, K.; Keller, A.; Attinger, W.; Felix, H.R.; Gupta, S.K; Schulin, R. Enhancement of phytoextraction of Zn, Cd,
and Cu from calcareous soil: The use of NTA and sulfur amendments. Environ. Sci. Technol. 2000, 34, 1778-1783. [ CrossRef]
Fumagalli, P.; Comolli, R.; Ferre, C.; Ghiani, A.; Gentili, R.; Citterio, S. The rotation of white lupin (Lupinus albus L.) with
metal-accumulating plant crops: A strategy to increase the benefits of soil phytoremediation. . Environ. Manag. 2014, 145, 35-42.
[CrossRef]

Demangeat, E.; Pédrot, M.; Dia, A.; Bouhnik-Le-Coz, M.; Roperch, P.; Compaoré, G.; Cabello-Hurtado, F. Investigating the
remediation potential of iron oxide nanoparticles in Cu-polluted soil-plant systems: Coupled geochemical, geophysical and
biological approaches. Nanoscale Adv. 2021, 3, 2017-2029. [CrossRef]

Anekwe, LM.S,; Isa, Y.M. Bioremediation of acid mine drainage contaminated soils using bioattenuation, wastewater and
air-injection system. Bioremediat. J. 2023, 27, 363-381. [CrossRef]

Aralu, C.C.; Okoye, P,; Abugu, H.; Egbueri, ].C.; Eze, V.C. Impacts of Unregulated Dumpsites: A Study on Toxic Soil Contamination,
Associated Risks, and Call for Sustainable Environmental Protection in Nnewi, Nigeria. J. Hazard. Mater. Adv. 2024, 15, 100442.
[CrossRef]

Cao, C; Liang, B.Y.; Yang, Y.; Ren, D.; Tang, Q.H.; Wang, C.W.; Li, Z.; Wang, ]. Temporal variations in absorption and translocation
of heavy metal (loid) s in pak choi (Brassica rapa L.) under open-field and greenhouse cultivation. Ecotoxicol. Environ. Saf. 2024,
281,116667. [CrossRef]

Fatima, S.; Bashir, S.; Husain, A.; Zahra, A.; Shah, M.A,; Li, Z.; Wang, Y.; Alotaibi, S.S. Use of organic soil conditioners to improve
sunflower’s phyto-stabilization in copper-contaminated soil. BMC Plant Biol. 2026, 26, 220. [ CrossRef]

Alharbi, T.; Nour, H.E.; El-Sorogy, A.S.; Al-Kahtany, K.; Giacobbe, S.; Alarifi, S.S. Evaluation of Health Risks and Heavy Metals
Toxicity in Agricultural Soils in Central Saudi Arabia. Environ. Monit. Assess. 2025, 197. [CrossRef]

Costea, M.; Vrinceanu, N.O.; Motelicd, D.M.; Tanase, V.; Sandu, M.A.; Ciontu, C. A comparative study of the bentonites and
natural zeolites capacities to reduce the bioavailability of heavy metals in a contaminated soil. Sci. Pap. Ser. A Agron. 2025, 68,
65-72.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury

to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/agriculture16212371


https://doi.org/10.7717/peerj.14925
https://doi.org/10.1016/j.jhazmat.2021.125898
https://doi.org/10.1021/es990697s
https://doi.org/10.1016/j.jenvman.2014.06.001
https://doi.org/10.1039/d0na00825g
https://doi.org/10.1080/10889868.2022.2130873
https://doi.org/10.1016/j.hazadv.2024.100442
https://doi.org/10.1016/j.ecoenv.2024.116667
https://doi.org/10.1186/s12870-025-08087-0
https://doi.org/10.1007/s10661-025-13897-8
https://doi.org/10.3390/agriculture16212371

	Introduction 
	Materials and Methods 
	Bibliometric Assessment 
	Literature Search Strategy 
	Search Syntax 
	Search Limits and Eligibility 
	Data Cleaning and De-Duplication 
	Selection Criteria and Screening Procedure 
	Final Dataset and Bibliometric Variables 
	Quality Assessment and Risk of Bias 

	Qualitative Content Analysis 

	Results 
	A Bibliometric Review 
	Literature Review 
	Research Trends and Approaches Investigated for Copper-Contaminated Agricultural Soils 
	Global Occurrence of Copper Contamination in Agricultural Soils: Country Case Studies 
	Analytical Methods Reported for the Determination of Copper Pollution in Agricultural Soils 
	Impacts of Copper Contamination on Agricultural Soil Properties, Microbial Communities, and Nutrient Cycling 
	Effects of Copper Contamination on Crop Growth, Metal Uptake, and Plant Responses 
	Copper and Multi-Metal Contamination Characteristics of Agricultural Soils 
	Current Approaches for the Remediation of Copper-Polluted Agricultural Soils 


	Discussion 
	Bibliometric Review 
	Current Challenges and Perspectives in the Management of Copper-Polluted Agricultural Soils 
	Comparative Analysis of Copper Contamination in Agricultural Soils Across Countries 
	Evaluation and Comparison of Analytical Methods for Copper Pollution Assessment in Agricultural Soils 
	Mechanisms of Copper-Induced Changes in Soil Microbial Communities and Fertility 
	Microbial Adaptation and Resistance Mechanisms Under Copper Stress 
	Influence of Copper Contamination on Soil Fertility and Nitrogen Cycling 
	Copper Mobility, Soil Properties, and Plant Interactions 

	Plant Responses and Adaptation Mechanisms Under Copper Stress in Agricultural Systems 
	Interactions Between Copper and Other Heavy Metals in Contaminated Agricultural Soils 
	Advances, Limitations, and Future Perspectives in Copper Soil Remediation 
	Research Gaps, Future Directions, and Management Needs 
	Research Gaps 
	Future Research Directions 
	Management Actions Needed 


	Conclusions 
	References



