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A B S T R A C T

Heavy metal contamination in Andean agricultural systems is a growing concern for food safety and environ
mental health. This study assessed the concentrations and bioaccumulation patterns of eleven metals (Cd, Pb, As, 
Cr, Ni, Cu, Zn, Mn, Fe, Hg, Mo) in seven representative crops cultivated under irrigated and rainfed conditions in 
the Mantaro Valley, central Peruvian Andes. Soil and foliar samples were collected from paired plots, and bio
accumulation factors (BAF) were calculated to evaluate metal transfer to plant tissues. Irrigated soils showed 
higher and more homogeneous concentrations of Cd, Pb, and As, reflecting long-term accumulation from his
torical mining activities and irrigation with contaminated water from the Mantaro River. Foliar concentrations 
exceeded Codex Alimentarius limits for Cd, Pb, and As in several crops, especially potato and broad bean. BAF 
analyses revealed distinct crop-specific behaviors: potato, quinoa, and broad bean frequently exhibited BAF >1 
for metals such as Cd, Cu, Zn, and Mn, indicating active uptake and translocation. In contrast, cereals such as 
maize and barley maintained low BAF values (<1), suggesting conservative absorption patterns. Irrigation 
increased the bioavailability of several metals, resulting in higher foliar concentrations and elevated BAF values 
compared to rainfed systems. Multivariate analyses further differentiated metal accumulation profiles by crop 
type and water management system. These findings highlight the need for strengthened monitoring of high- 
accumulation crops and improved soil and water quality management in historically contaminated Andean 
agricultural regions.

1. Introduction

The intensifying anthropogenic activities have progressively 
compromised agricultural ecosystems, resulting in substantial degra
dation of their physical, chemical, and biological properties [1–3]. 
Among these environmental stressors, heavy metal (HM) contamination 
of agricultural soils has emerged as a particularly severe threat to global 
food security, with implications extending far beyond localized envi
ronmental degradation [4].

Irrigation systems, although essential for maintaining agricultural 

productivity, can paradoxically become critical pathways for the intro
duction of heavy metals into agroecosystems, particularly when 
contaminated water sources are used [5,6]. This issue is especially 
common in developing countries, where major rivers are frequently 
affected by wastewater discharges from formal and informal mining 
operations, industrial processes, and domestic effluents containing 
elevated concentrations of arsenic (As), cadmium (Cd), chromium (Cr), 
copper (Cu), iron (Fe), manganese (Mn), nickel (Ni), lead (Pb), and zinc 
(Zn), which are continuously used for agricultural irrigation [7,8]. 
Despite the existence of FAO water quality guidelines, weak 
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environmental enforcement has allowed irrigation with contaminated 
water to persist under unsafe conditions [6,9]. In such scenarios, bio
accumulation plays a central role: this physiological process enables 
plants to absorb and concentrate chemical substances from their growth 
medium, progressively incorporating them into their structures and 
tissues [10]. When this mechanism involves heavy metals, it becomes a 
major environmental and agronomic concern, as these contaminants 
impair plant physiological functions and compromise agricultural pro
ductivity [11].

Quantitative evaluation of metal accumulation is commonly per
formed using the bioaccumulation factor (BAF), defined as the ratio 
between metal concentration in plant tissues and soil; values greater 
than one indicate high bioaccumulation potential [3,12]. Although 
crops possess natural mechanisms to limit metal uptake and trans
location, these defenses are often exceeded under high contamination, 
permitting the accumulation of toxic metals in edible tissues and ulti
mately compromising the nutritional quality, safety, and marketability 
of agricultural products intended for human and livestock consumption 
[13].

The central region of Peru exemplifies these challenges, where 
agriculture serves as a fundamental economic cornerstone, particularly 
in high-altitude Andean zones such as the Mantaro Valley. This region 
supports diverse agricultural production systems, cultivating numerous 
food and forage crops throughout the year [14]. The agricultural land
scape encompasses tubers including potato (Solanum tuberosum); le
gumes such as broad bean (Vicia faba); vegetables including garlic 
(Allium sativum), and carrot (Daucus carota); and cereals such as maize 
(Zea mays) and barley (Hordeum vulgare). Forage production includes 
leguminous species such as alfalfa (Medicago sativa) and native pastures 
[9,15].

However, agricultural activities in this region occur within an envi
ronment severely compromised by historical and ongoing contamina
tion of the Mantaro River watershed, which has received industrial, 
urban, and predominantly mining discharges for several decades 
[16–18]. This chronic pollution has resulted in elevated heavy metal 
concentrations in both surface water and surrounding agricultural soils, 
severely compromising regional environmental quality, water security, 
and agricultural sustainability [19,20]. Despite documented contami
nation, river water continues to irrigate approximately 11,000 ha of 
agricultural land, exposing crops to toxic element uptake and promoting 
bioaccumulation in edible plant tissues [21]. Previous investigations 
have documented concentrations of Cd, Pb, Zn, and As exceeding 
permissible limits in tubers, leafy vegetables, and other locally 
consumed agricultural products, creating critical concerns regarding 
food quality and agricultural sustainability in the region [21–23]. 
However, a critical knowledge gap persists: the relative contribution of 
irrigation versus rainfed conditions to metal bioaccumulation in Andean 
crops has not been comparatively quantified. This information is needed 
to prioritize management and monitoring measures that reduce human 
exposure and strengthen food security.

Previous studies conducted in the Mantaro Valley and other Andean 
agricultural regions have documented the presence of heavy metal 
contamination in soils, water, and certain crops, generally associated 
with anthropogenic sources [21,24,25] However, most of this research 
has focused on a limited number of species or on only a few metals, 
thereby restricting a comprehensive understanding of risk within com
plex agricultural systems. In response to these limitations, the present 
study substantially broadens the traditional approach by simultaneously 
evaluating eleven heavy metals in multiple food and forage crops 
representative of the Mantaro Valley and a comparative analysis be
tween irrigated and rainfed crops was carried out to determine the 
specific role of irrigation in intensifying metal bioaccumulation in 
high-altitude Andean agroecosystems. This approach provides a more 
complete and updated understanding of accumulation processes, 
allowing the identification of patterns, critical crops, and high-risk zones 
that had not been documented with this level of resolution in previous 

research.
We analyzed eleven elements based on their documented environ

mental presence and toxicological significance: lead (Pb), cadmium 
(Cd), arsenic (As), chromium (Cr), mercury (Hg), nickel (Ni), copper 
(Cu), zinc (Zn), manganese (Mn), iron (Fe), and molybdenum (Mo). Our 
primary objective is to determine whether irrigation practices intensify 
metal uptake compared with rainfed management and to identify the 
crop groups most prone to accumulation in this high-altitude Andean 
agroecosystem. We assume that the BAF and Contamination Factor (CF) 
of heavy metals in irrigated crops are significantly higher than those in 
rain-cultured crops. Consistently, we hypothesize that irrigated fields 
exhibit higher soil CF and higher plant Bioaccumulation Factor/Metal 
Pollution Index (BAF/MPI) values than rainfed fields due to chronic 
inputs from mining-affected waters. Ultimately, the findings are inten
ded to guide management and monitoring actions to reduce human 
exposure and strengthen food security, contributing to the achievement 
of the Sustainable Development Goals, particularly SDG 2 (Zero Hun
ger), SDG 3 (Good Health and Well-Being), and SDG 6 (Clean Water and 
Sanitation).

2. Materials and methods

2.1. Description of the study area

This study was conducted in the Mantaro Valley, located in the 
central region of the Peruvian Andes, in the department of Junín (Fig. 1). 
The valley extends between 11◦30′–12◦30′ S and 74◦30′–76◦00′ W, with 
elevations ranging from 3200 to 3800 m a.s.l. The climate is temperate 
sub-humid with a rainy season from November to April and a dry season 
from May to October [26]. According to the 2017 National Census, 
Junín Department has 2,370,582.58 ha of agricultural area distributed 
among 120,312 producers, with Huancayo Province concentrating over 
27,000 producers (22.4 % of the regional total), making it one of Peru’s 
most important agricultural regions [27].

The valley is predominantly composed of Acrisols, which cover more 
than 80 % of the area and are characterized by acidic conditions and low 
to moderate natural fertility. Fluvisols account for about 10 %, occurring 
mainly along the alluvial terraces of the Mantaro River. Smaller pro
portions of Phaeozems (5 %), associated with higher organic matter 
content, and Leptosols (4 %), typical of shallow and stony soils, are also 
present. This soil distribution influences nutrient availability, crop 
suitability, and patterns of land degradation across the valley [28–30].

Fig. 1 shows the distribution of prioritized crops in the Mantaro 
Valley under irrigated and rainfed systems, highlighting that maize and 
potato are fundamental crops in both agricultural water regimes. The 
study encompassed diverse crop categories including food crops (tubers, 
legumes, vegetables, and cereals/grains) and forage crops (forage le
gumes, grasses, and pastures) as detailed in Table 1.

Irrigated crops are predominantly concentrated in the central valley 
where water infrastructure is well-developed, while rainfed systems 
dominate higher elevation and peripheral areas, supporting crops such 
as quinoa, barley, native pastures, and ryegrass. This spatial distribution 
reflects the agricultural adaptation to topographic gradients and water 
availability, with crop selection varying according to elevation, irriga
tion access, and management intensity. The study encompassed a vari
ety of crop groups commonly cultivated in the region. Food crops 
included tubers such as potato, legumes such as broad bean, and vege
tables such as carrot. Cereal and grain crops were represented by maize, 
quinoa, and barley. In addition, alfalfa was included as a forage crop 
belonging to the forage legume group.

2.2. Sample collection

Sampling was carried out between February and March 2023, 
covering the agricultural period in which the selected crops were at 
active growth stages. A total of 218 georeferenced samples were 
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collected across the Mantaro Valley following a regularized grid pattern 
with intervals of 2–5 km. The dataset includes 88 soil samples, 88 foliar 
samples from representative Andean crops, and 42 surface water sam
ples from irrigation channels and natural watercourses. All sampling 
locations were georeferenced using UTM coordinates under the WGS 84 
reference system. For soil sampling, each location consisted of five 
subsamples taken around the central point and homogenized to obtain a 
single composite soil sample. In the case of crop sampling, material from 
the aerial part of the plants was collected by taking tissue from five 
representative plants surrounding the sampling point; these subsamples 
were then combined and homogenized to generate a composite aerial- 
tissue sample. For water samples, the presence or absence of irrigation 
infrastructure in the associated agricultural plots was recorded to enable 
comparative analyses between irrigated and rainfed farming systems.

2.3. Soil sampling

Soil sampling was conducted following guidelines established in the 
Guide for Sampling of Contaminated Soils by Peru’s Ministry of Envi
ronment [31], aligned with FAO methodological recommendations for 
contaminated soil assessment [32] systematic sampling design was 
applied in agricultural areas, collecting five surface subsamples (0–30 
cm depth) at each site, which were homogenized to form representative 
composite samples for laboratory analysis. This approach ensures reli
able data collection on contaminant distribution and concentration in 
agricultural soils while complying with international standards for 
contaminated site characterization.

2.4. Water sampling

Surface water sampling followed the National Protocol for Moni
toring Natural Surface Water Body Quality [33], which establishes 
technical procedures to ensure sample representativeness and 

reliability. Samples were collected through direct immersion of 
high-density polyethylene bottles at approximately 20 cm depth below 
the water surface, avoiding contact with bottom sediments or channel 
margins. Containers were previously conditioned according to analyt
ical parameter requirements. Each bottle was sealed with security tags, 
labeled with unique codes, and stored at 4 ◦C in thermal coolers 
following strict chain-of-custody protocols. This procedure was com
plemented by FAO [34] methodological recommendations, emphasizing 
cross-contamination prevention, proper preservation techniques, and 
ensuring that sampling reflects actual agricultural environment 
conditions.

2.5. Foliar sampling

For foliar samples, 100 m2 plots were delineated, within which five 
subsamples were collected at each point to form composite samples of 
approximately 250 g fresh leaves. Leaves were washed with tap water 
and deionized water (three times each), then oven-dried at 80 ◦C for 4 h, 
ground, sieved through 0.075 mm mesh, and stored in sealed bags until 
laboratory analysis.

2.6. Analytical method validation and quality assurance

Heavy metal analysis of soil, irrigation water, and plant tissue sam
ples was performed at the Laboratory of Soils, Water, and Foliar Analysis 
(LABSAF-Lima) of the National Institute of Agricultural Innovation 
(INIA), following standardized analytical procedures accredited by the 
National Institute of Quality (INACAL). Quantitative determination of 
Pb, Cd, As, Cr, Hg, Ni, Cu, Zn, Mn, Fe, and Mo was conducted using 
validated atomic absorption spectrometry (AAS) methods with flame 
and graphite furnace atomization techniques.

Sample preservation protocols adhered to established guidelines for 
each matrix type. Water samples were maintained under refrigerated 

Fig. 1. Location map and geographic distribution of prioritized crops by water management in the Mantaro Valley.
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conditions (4 ◦C) and processed according to preservation and filtration 
protocols for natural waters [33]. Soil and plant tissue samples under
went acid digestion procedures following EPA-validated methods prior 
to instrumental analysis.

Quality assurance measures included systematic implementation of 
analytical blanks, certified reference materials, matrix spikes, and 
duplicate analyses for every analytical batch. The laboratory operates 
under ISO/IEC 17025 standards and undergoes regular proficiency 
testing and technical audits to ensure analytical traceability, accuracy, 
and precision. Method detection limits and quantification limits were 
established for each element and matrix combination, with recovery 
rates maintained within acceptable ranges (85–115 %) for all certified 
reference materials.

2.7. Contamination Factor

The Contamination Factor is an index that assesses the degree of 
contamination of a specific metal by comparing its concentration in a 
sample to a natural background value. It is calculated as the ratio be
tween the metal concentration in soil or water and its reference value. A 
CF > 1 indicates contamination; the higher the value, the greater the 
level of impact. 

CF=
Cmetal in the sample

Cmetal in the background value
(1) 

The CF is interpreted according to the classification proposed by 
Hakanson [35] and adopted in subsequent studies [36,37]. Contami
nation levels are categorized as follows: CF < 1 indicates no contami
nation; 1 ≤ CF < 3 corresponds to moderate contamination; 3 ≤ CF < 6 
represents considerable contamination; and CF ≥ 6 is classified as high 
contamination.

2.8. Metal Pollution Index (MPI)

The Metal Pollution Index (MPI) is a composite index that summa
rizes the total heavy metal load in a plant sample into a single value. Its 
main advantage is that it allows for a global comparison between 
different plant species in terms of their overall metal accumulation, 
without the need to assess each metal individually [38]. 

MPI=
(

∐n

i=1
*Ci

)1
n

(2) 

Where. 

• Ci = concentration of metal i in the plant (mg/kg).
• n = total number of analyzed metals.
•
∐
. = product of the concentrations.

2.9. Bioaccumulation factor (BAF)

The estimation of heavy metal bioaccumulation in crops from the 
Mantaro Valley will be carried out using the BAF, defined as the ratio 
between the metal concentration in the plant (Cplant) and its concen
tration in the medium (Csoil or Cwater), according to Ref. [39,40]. This 
indicator allows quantifying the plant’s ability to absorb metals, dis
tinguishing between soil and irrigation water as sources of 
contamination. 

BAFsoil =
CPlant

Csoil
and BAFwater =

CPlant

Cwater
(3) 

A BAF >1 indicates a tendency for metal accumulation in the plant, 
whereas a BAF <1 reflects low uptake, typical of metal-excluding species 
[41].Ta
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2.10. Statistical analysis

Statistical analyses were conducted using R 4.3.0 [42] within RStu
dio. Data visualization and exploration utilized ggplot2 [43], dplyr [44], 
and FSA [45] packages. Data normality was assessed using the 
Shapiro-Wilk test implemented in car [46]. Due to non-normal distri
butions, non-parametric Wilcoxon (Mann–Whitney) tests assessed group 
differences between irrigated and rainfed systems. Pearson correlation 
analyses among heavy metals were performed using corrplot, Perform
anceAnalytics, and Hmisc packages to identify relationships between 
elements. Correlation matrices and concentration patterns were visual
ized through heatmaps generated using pheatmap [47] and Complex
Heatmap. Principal component analysis was performed with 
FactoMineR [48] to identify underlying patterns in heavy metal accu
mulation across crop types and farming systems, with results visualized 
using factoextra [49]. Spatial analysis and mapping were conducted in 
QGIS [50] for geographic distribution assessment. Statistical signifi
cance was set at p < 0.05 for all analyses.

3. Results

3.1. Concentrations of metals in crops

The results shown in Table 1 indicate that soil metal concentrations 
differ between irrigation (I) and rainfed (R) conditions, although the 
pattern varies depending on the metal and the crop area. In soils asso
ciated with alfalfa, values under both systems are practically the same, 
for example Cd at 0.73 vs 0.91 mg/kg and Pb at 36.3 vs 34.5 mg/kg. This 
indicates that irrigation has very little influence on soil contamination 
levels in this crop. In soils linked to broad bean cultivation, some metals 
are higher under rainfed conditions, such as Zn increasing from 184 to 
548 mg/kg and As from 33.7 to 47.9 mg/kg, although these differences 
are not statistically significant. This pattern suggests that natural soil 
variability may explain these values better than the presence or absence 
of irrigation.

Maize soils show a mixed response. Cd is higher under rainfed con
ditions (2.42 mg/kg) than under irrigation (1.44 mg/kg), while Pb de
creases from 116 mg/kg under rainfed conditions to 87.9 mg/kg under 
irrigation. Other elements, such as Mn and Fe, remain similar between 
the two systems, indicating that irrigation does not consistently alter 
their concentrations in maize soils. The most marked case is observed in 
potato soils. Several metals increase substantially under irrigation, 
including Cd rising from 2.07 to 4.86 mg/kg, Pb increasing from 189 to 
501 mg/kg (with a significant difference, P = 0.048), and Fe rising from 
23,328 to 35,245 mg/kg. These differences suggest that irrigation water 
may act as an additional source of heavy metal inputs to these soils. In 
soils associated with quinoa, barley, and carrot, evaluated mainly under 
rainfed conditions, naturally high concentrations of some elements are 
observed, such as Zn at 893 mg/kg in quinoa and Mn ranging from 676 
to 765 mg/kg. This indicates preexisting soil enrichment rather than the 
effect of irrigation.

3.2. Concentrations of metals in crops

Table 2 shows a comparison between foliar metal concentrations and 
the maximum levels established by the Codex Alimentarius for vegeta
bles and leafy crops [51,52]. For cadmium, with a maximum permitted 
level of 0.2 mg/kg, most foliar samples remained below this threshold 
under both irrigation (I) and rainfed (R) conditions. However, exceed
ances were observed in potato (0.55 ± 0.55 mg/kg under irrigation and 
0.53 ± 0.24 mg/kg under rainfed conditions) and in quinoa (0.30 ±
0.45 mg/kg). For lead, whose maximum level is 0.3 mg/kg, nearly all 
crops exhibited concentrations far above this limit. The highest values 
occurred in potato (11.1 ± 24.5 mg/kg under irrigation and 5.14 ± 5.67 
mg/kg under rainfed conditions) and alfalfa (1.85 ± 1.94 mg/kg under 
irrigation). In maize, although concentrations were lower relative to Ta
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other crops, they still exceeded the Codex threshold (2.43 ± 4.85 mg/kg 
under irrigation and 0.83 ± 0.87 mg/kg under rainfed conditions).

For inorganic arsenic, with a maximum level of 0.1 mg/kg, foliar 
concentrations also exceeded the Codex limit in most crops. Again, po
tato (4.30 ± 7.36 mg/kg under irrigation) and broad bean (2.48 ± 2.32 
mg/kg under irrigation) showed the highest values. In alfalfa and maize, 
some concentrations were closer to the limit but still above the reference 
value. For total mercury, although the Codex does not define a specific 
limit for vegetables [52], guidance suggests a reference range of 
0.01–0.03 mg/kg. All samples showed concentrations of 0.09 mg/kg, 
exceeding this guideline. Foliar concentrations of other metals for which 
no international regulatory limits exist in vegetables, such as Cr, Ni, Cu, 
Zn, Mn, Fe, and Mo, also varied among crops and water management 
systems. Zinc reached notably high values in maize under irrigation 
(76.9 ± 58.2 mg/kg) and in quinoa (48.4 ± 16.5 mg/kg), while iron 
showed elevated levels in potato (1377 ± 708 mg/kg under irrigation).

3.3. Metal concentrations in irrigation water

The irrigation water analyses showed very low or non-detectable 
metal concentrations, remaining below the guideline values estab
lished by Ayers & Westcot [53]. Although current water quality appears 
acceptable, this does not rule out irrigation as a contamination pathway, 
since irrigated soils consistently show higher metal concentrations than 
rainfed soils. This pattern suggests that long-term irrigation with water 
from a mining-affected watershed may have contributed to the gradual 
accumulation of heavy metals in agricultural soils, even if current metal 
levels in water are minimal.

3.4. Principal component analysis (PCA) of heavy metal bioaccumulation 
in andean crops

The principal component analysis (PCA) shows differentiated pat
terns in the distribution of heavy metals according to irrigation system, 
physical medium, and crop type. Fig. 2 shows that the first two com
ponents explain most of the total variability, with PC1 accounting for 
65.3 percent and PC2 for 18.2 percent, indicating that the separation 
observed in the two-dimensional plane adequately captures the main 
trends in the dataset. PC1 is primarily influenced by As, Cd, Cu, Pb, and 
Zn, whose vectors project toward the lower right quadrant of the biplot, 
while PC2 is dominated by Ni, Cr, Fe, Mo, and Mn, oriented toward the 
upper region. Hg displays a more independent behavior, projecting in 
the opposite direction from the main metal clusters, suggesting distinct 
variability relative to the other elements.

Fig. 2a shows a separation between irrigated and rainfed samples. 
The irrigation observations cluster near the PCA origin, extending 
slightly toward the zone associated with As, Pb, Zn, and Cu, suggesting a 
greater affinity of irrigated systems with these metals. In contrast, 
rainfed samples present much greater dispersion along PC1 and PC2, 
aligning with the vectors of Ni, Cr, Fe, and Mn.

Fig. 2b shows that soil displays the greatest amplitude of dispersion 
in both dimensions, reflecting its heterogeneous nature and its role as 
the main reservoir of metals. Water concentrates toward the lower right 
quadrant, close to the vectors of As, Pb, and Zn, indicating that these 
metallic species dominate the chemical variability of this matrix. Foliage 
samples, on the other hand, cluster around the PCA origin, suggesting 
lower variability and more stable behavior in terms of relative metal 
accumulation.

Finally, in Fig. 2c, clear differences are observed between functional 
groups. Crops such as barley and quinoa project toward the upper part of 

Fig. 2. Principal component analysis (PCA) of heavy metal distribution by a) irrigation regime, b) environmental matrix, and c) crop type.
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the graph, in the direction of Ni, Cr, Fe, and Mn, evidencing affinity with 
these metals. Carrot shows considerable dispersion across the biplot, 
with some samples extending toward negative PC1 values, while potato 
appears in the lower part, close to the vectors of As and Pb. Maize is 
situated in an intermediate region, sharing influence from various 
metals, while alfalfa is positioned near the center of the biplot, showing 
a more neutral pattern. Broad bean, although with greater dispersion, 
tends toward the region associated with Cu and Zn. Overall, these pat
terns indicate that metal accumulation differs between crop types in a 
manner consistent with their physiology and absorption strategies.

3.5. Spatial distribution of Contamination Factor

Fig. 3 shows the spatial distribution of CF values for eleven heavy 
metals in the Mantaro Valley, calculated using the reference levels 
proposed by Hakanson [35]. The map exhibits marked spatial vari
ability, with As (arsenic) showing the most extensive and severe 
contamination pattern, dominated by red symbols indicating “High” 
contamination across large portions of the valley. Cu, Pb, Zn, and Hg 
show the highest CF values concentrated in the northern sector of the 
valley, where “High” and “Considerable” contamination classifications 
are recorded (red and orange symbols). Essential elements such as Fe, 
Mn, Ni, and Cr display predominantly low values, with most sampling 
points classified as “No contamination” (green symbols).

Cadmium shows elevated values distributed across portions of the 
valley, with multiple points classified between “Moderate” and 
“Considerable”. Molybdenum exhibits predominantly low contamina
tion levels throughout the study area.

The spatial pattern observed in Fig. 3 is explained by the strong 
concentration of mining and metallurgical activities throughout the 

Mantaro Valley, particularly the historical influence of the La Oroya 
Metallurgical Complex [54,55], located in the central-northern region, 
one of the main sources of atmospheric emissions and effluents con
taining Pb, As, Cd, Zn, Cu, and Hg. Atmospheric deposition, particle 
transport, and wastewater discharges into the Mantaro River contribute 
to the progressive accumulation of metals in affected areas. The high CF 
values for Cu, Pb, Zn, and Hg in the northern sector coincide with 
proximity to the La Oroya complex and intensive mining activities in this 
zone. Additionally, the common agricultural practice of using polluted 
water from the Mantaro River for irrigation in the northern and central 
sectors contributes significantly to metal accumulation in soils, as 
contaminated water continuously introduces heavy metals into agri
cultural lands. The widespread distribution of arsenic contamination 
reflects its mobility through atmospheric and fluvial transport mecha
nisms, as well as its incorporation through irrigation practices. In areas 
where industrial influence is comparatively lower, low and moderate CF 
values predominate, reflecting reduced pressure from direct pollution 
sources.

3.6. MPI and BAF metrics for assessing heavy metal bioaccumulation in 
crops

Fig. 4 shows the Metal Pollution Index (MPI) for the evaluated crops. 
Broad bean and potato present the highest MPI values, with medians 
around 5.0 and wide interquartile ranges extending between approxi
mately 4.0 and 7.0. Broad bean shows the greatest variability, reaching 
values close to 8.0 and presenting some outliers above this range, while 
potato exhibits a similar but slightly more compact range. Barley pre
sents an intermediate median of approximately 3.5 with moderate 
dispersion, while carrot shows moderate values (median ~2.5) with low 

Fig. 3. Spatial distribution of the Contamination Factor (CF) for eleven potentially toxic elements in agricultural soils of the Mantaro Valley, Peru, classified ac
cording to Hakanson [35] thresholds. The maps show the variation in contamination levels (no, low, moderate, and high) and highlight element-specific hotspots 
across the region.
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variability.
In contrast, maize, quinoa, and alfalfa present the lowest MPI values, 

with medians between 1.5 and 2.3. These crops exhibit more compact 
distributions and lower variability, indicating significantly lower metal 
accumulation. The results show that tubers and grain legumes tend to 
accumulate higher concentrations of heavy metals, while cereals such as 
maize and quinoa, along with forages like alfalfa, present considerably 
lower levels. This variability reflects physiological differences in the 
mechanisms of absorption, translocation, and metal accumulation, 
being consistent with the specific nutritional and morphological stra
tegies of each crop type.

Fig. 5 shows the variation of the Bioaccumulation Factor (BAF, log10 
scale) for eleven metals (As, Cd, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb, and Zn) 
in seven representative crops from the Mantaro Valley, including alfalfa, 
broad bean, maize, carrot, potato, quinoa, and barley. Two water 
management systems are compared: irrigated conditions (Fig. 5a) and 
rainfed conditions (Fig. 5b). The red dashed line indicates log10(BAF) =
0, which corresponds to BAF = 1 and represents the point where the 
metal concentration in the plant equals that of the soil. Values above this 
line indicate net accumulation in plant tissues, while negative values 
indicate limited or inhibited uptake.

Under irrigated conditions (Fig. 5a), most crops show negative 
log10(BAF) values for most metals, suggesting restricted transfer from 
soil to plant. However, some crops display values near zero or slightly 
positive for specific elements, particularly broad bean and potato. These 
crops show a greater tendency to accumulate metals such as Cu, Mn, Mo, 
Ni, and Zn. Some relatively high values of Hg are also observed in certain 
crops, reflecting its mobility and ease of translocation. In contrast, ce
reals such as maize and quinoa have some of the lowest log10(BAF) 
values across metals, which indicates a lower susceptibility to bio
accumulation under irrigation.

Under rainfed conditions (Fig. 5b), log10(BAF) values tend to be even 
lower for most crops and metals. This pattern suggests reduced metal 
availability in the absence of irrigation inputs that could enhance metal 
mobility in the soil. Even so, metals such as Cu, Mn, Mo, and Zn show 
moderately elevated values in crops such as broad bean, potato, and 
carrot. This indicates that these species maintain physiological pathways 
that facilitate the uptake of micronutrients that share transport mech
anisms with toxic metals. In contrast, maize and quinoa show consis
tently low values across most elements, confirming their conservative 
absorption behavior.

The comparison between the two systems indicates that irrigation 
increases bioaccumulation for several metals, especially those that are 
more mobile or associated with soil organic matter, such as Cu, Mn, Mo, 
and Zn. The irrigated system also displays greater variability, which may 

be related to differences in water quality, soil heterogeneity, and crop 
management. The rainfed system shows lower and more uniform values, 
suggesting that limited water availability acts as a barrier to metal 
mobilization and uptake in the evaluated crops.

3.7. Correlation analysis of crop bioaccumulation factors under irrigated 
and rainfed conditions

Fig. 6 presents the correlation matrix among crops based on average 
BAF values for all evaluated metals, considering both water manage
ment systems: irrigation (I) and rainfed (R). The dendrogram shows that 
water availability exerts a strong enough influence to separate crops 
according to their management system, since in most cases the irrigated 
and rainfed conditions of a given crop do not cluster together. This in
dicates that hydrological management modifies the metal bio
accumulation patterns of each crop in a distinct way. A particularly clear 
grouping appears among cereals grown under rainfed conditions, spe
cifically maize (Maize_R) and barley (Barley_R), which cluster closely 
together. This suggests that both crops share a similar relative metal 
accumulation profile under rainfed management, whereas their irri
gated counterparts show more divergent patterns and appear more 
distant in the dendrogram.

For potato, irrigated (Potato_I) and rainfed (Potato_R) conditions 
form separate branches of the hierarchical tree, reflecting substantial 
shifts in their metal accumulation behavior depending on water supply. 
This observation is consistent with the wide variations found in their 
foliar metal concentrations. Similarly, broad bean and alfalfa do not 
cluster their irrigated and rainfed conditions together, indicating that 
both crops respond differently to water management, although with a 
smaller contrast than that observed in potato. Finally, carrot under 
irrigation (Carrot_I) appears relatively isolated, suggesting a distinct 
correlation pattern that does not align closely with other crops. Quinoa 
under rainfed conditions (Quinoa_R) also shows a unique behavior, 
positioned on an independent branch of the dendrogram.

4. Discussion

4.1. Heavy metal toxicity and physiological impact on crops

The presence of heavy metals such as Cd, Pb, and As in agricultural 
soils represents a silent yet profound threat to crop health and, by 
extension, to food security. Once absorbed through the roots, these el
ements can disrupt key physiological processes, reduce crop yields, and 
accumulate in edible plant tissues at concentrations exceeding interna
tional safety thresholds, as observed in crops from the Mantaro Valley. 
Studies such as those by Faouzi et al. [56] and Victoria & Nnebini [57] 
have shown that even moderate concentrations of these metals can 
impair plant development and facilitate their entry into the human food 
chain.

4.2. Implications for human health associated with the consumption of 
crops containing elevated levels of heavy metals (HM)

Elevated concentrations of cadmium (Cd), lead (Pb) and arsenic (As) 
detected in several crops from the Mantaro Valley represent serious 
concern for both human and animal health, particularly in rural com
munities that rely almost entirely on local produce for subsistence, 
either through direct consumption or market sales. Our findings indicate 
that highly important food crops such as potato and maize, among 
others, exhibited Pb and As levels exceeding the maximum permissible 
limits established by international references, which may suggest a po
tential risk of chronic dietary exposure [1].

Chronic exposure to Cd is associated with nephrotoxicity, bone dis
orders and an increased risk of cancer. In this regard, the Tolerable 
Weekly Intake for Cd is estimated at approximately 2.5 μg/kg body 
weight/week [58], a threshold that could be exceeded in populations 

Fig. 4. Metal Pollution Index (MPI) variability in foliage of Andean crops 
cultivated in heavy metal-contaminated agricultural soils, Mantaro Val
ley, Peru.
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Fig. 5. Bioaccumulation factor for heavy metals in Andean crops under (a) irrigated and (b) rainfed cultivation systems, Mantaro Valley.
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whose diets rely heavily on tubers and cereals grown in contaminated 
soils, posing a latent health risk and highlighting the urgent need for 
remediation measures [10]. In a more local context [3], reported that 
native Peruvian potatoes do not exceed reference Cd levels; however, 
they noted that Cd exposure may represent a greater risk for children, 
who are more susceptible to heavy metal intoxication due to the ongoing 
development of their neurological systems.

Lead (Pb) poses an even greater risk, as no safe threshold of exposure 
has been identified, particularly for children, according to international 
agencies such as the CDC [59] and the European Food Safety Authority, 
which has indicated that it is not possible to establish a tolerable weekly 
intake for this metal [60]. Its presence has been linked to neurological 
impairment, especially in children, as well as kidney damage and car
diovascular diseases in adults [61]. In the Mantaro River basin, elevated 
Pb concentrations have been reported in soils, water and crops, sug
gesting a potential direct source of exposure for the local population 
[62].

Arsenic (As), classified as a carcinogen, is associated with skin le
sions, cardiovascular diseases, diabetes and various types of cancer. In 
this study, As concentrations in potato, barley and legume crops 
exceeded reference values, which may indicate that dietary intake could 
surpass the recommended limits for inorganic arsenic [41]. This pattern 
has also been documented in Andean regions affected by mining activ
ities, such as in the Arequipa region, where the presence of As in rice was 
likely linked to mining operations [63].

4.3. Species-specific bioaccumulation patterns in andean crops

The bioaccumulation of heavy metals in Andean crops from the 
Mantaro Valley showed species-specific patterns, with elevated con
centrations observed in food crops such as potato (Solanum tuberosum), 
artichoke, and maize (Zea mays), as well as in certain forage species. In 
these cases, BAF exceeded the threshold of 1 for elements such as Cd, Pb, 
and As across multiple sampling sites. These findings are consistent with 
Xiang et al. [64], who reported that grain crops tend to accumulate 
higher levels of heavy metals compared to fruits and vegetables, with 
significant bioaccumulation of Cr, Ni, and Cd. Similarly, Alhaj Hamoud 
et al. [65] observed elevated concentrations of Zn and Cu in traditional 

highland crops such as barley, reflecting the susceptibility of Andean 
species to metal accumulation, particularly in foliar tissues.

Moreover, Pachura et al. [66] demonstrated that Cd exhibits high 
mobility within plants, reaching translocation rates to aerial parts above 
70 percent, while Pb remains predominantly retained in the roots, with 
translocation rates below 10 percent, which aligns with the patterns 
observed in this study. This behavior was further supported by Bhatti 
et al. [67], who reported limited Pb transfer to edible tissues, in contrast 
to other more mobile metals. Likewise, Raja et al. [68] found that food 
crops such as spinach, cabbage, and berseem exhibited high concen
trations of Cd, Cr, and Ni, with BAF values that pose a threat to food 
safety.

4.4. Irrigation effects on heavy metal mobilization and distribution

Irrigation plays a key role in the mobilization, distribution, and 
accumulation of heavy metals in crops cultivated in the Mantaro Valley. 
The results indicate that irrigated plots exhibited a more homogeneous 
distribution of metal concentrations in the soil and a more consistent 
accumulation in plant tissues, in contrast to rainfed areas, which showed 
greater heterogeneity in both soil and crop metal levels.

This pattern is consistent with findings by Du et al. [69] and Wan 
et al. [70], who reported that frequent irrigation increases the 
bioavailability of metals through surface runoff and leaching, particu
larly in acidic soils or those with low organic matter content. However, 
they also noted that, in some cases, this process may enhance the surface 
washing of metals, thereby reducing localized accumulation depending 
on the metal type and cropping system. Complementary findings by 
Tong et al. [71] in Tibetan soils demonstrated that irrigation can 
significantly alter the bioavailable fraction of metals and their trans
location within plants.

4.5. Chronic accumulation through historical irrigation practices

In the present study, although irrigation water did not show con
cerning concentrations of heavy metals according to current quality 
standards [53], irrigated plots had consistently higher levels of these 
elements in both surface soils and plant tissues compared to rainfed 

Fig. 6. Correlation matrix and hierarchical clustering of crops based on mean BAF values for all evaluated metals under irrigated (I) and rainfed (R) management. 
The dendrogram illustrates how water management differentiates the metal bioaccumulation profiles of each crop, with irrigated and rainfed conditions often 
forming separate clusters.
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systems. This paradoxical finding suggests that decades of irrigation 
with water from the mining-affected Mantaro River watershed have 
contributed to progressive soil metal accumulation through chronic 
deposition. Even trace metal concentrations in irrigation water can 
result in significant soil contamination over extended periods, a dy
namic that appears to be influenced by the physicochemical properties 
of the irrigation water, including pH, electrical conductivity, and dis
solved organic matter content.

These factors have been shown to promote the solubility and 
mobility of metals in irrigated agricultural systems, as documented by 
Nowwar et al. [72] and Victoria & Nnebini [57]. Overall, the findings 
suggest that irrigation acts as a primary vector in the redistribution and 
accumulation of heavy metals, increasing crop exposure to persistent 
contaminants in high-altitude agroecosystems.

4.6. Water management influence on metal bioaccumulation patterns

The bioaccumulation of heavy metals in crops from the Mantaro 
Valley is closely shaped by the water management system. Irrigated 
fields exhibit more homogeneous patterns of metal concentrations in 
both soils and plant tissues, while rainfed areas show greater variability 
across species and plots. This contrast reflects not only crop-specific 
physiological differences but also the long-term influence of historical
ly accumulated mining and metallurgical residues in high-Andean soils. 
Importantly, even though irrigation water may currently comply with 
environmental quality standards, the sustained application of water over 
decades can enhance the redistribution and mobilization of legacy 
metals within the soil profile. This mechanism has been widely docu
mented in high-altitude agroecosystems, where irrigation acts as a 
driver of metal transport, altering their bioavailable fractions and 
facilitating plant uptake. Studies such as Custodio et al. [9] and 
Zárate-Quiñones et al. [73] report substantial accumulations of Pb, Cd, 
and As in edible tissues of both food and forage crops, frequently 
exceeding international guideline values. Likewise, Bedriñana et al. [74] 
and Orellana et al. [75] describe elevated CF and BAF indices in Andean 
crops, even in areas without clear point-source contamination. Together, 
these findings help explain the seemingly paradoxical scenario high
lighted in the manuscript, in which irrigation water meets quality 
standards while the surrounding soils and crops exhibit significant 
contamination levels driven by cumulative and legacy effects.

4.7. Systematic contamination and regional food security implications

The findings of the present study reinforce this concerning trend, 
evidencing critical levels of metallic accumulation in prioritized crops 
such as potato, maize, broad bean, and alfalfa, both in irrigated and 
rainfed systems. Principal component analysis effectively discriminated 
between irrigation regimes, with irrigated systems showing greater as
sociation with toxic elements (As, Pb, Zn) compared to essential 
micronutrients (Ni, Cr, Fe, Mn). The spatial distribution analysis 
revealed distinct contamination hotspots in the northern sector of the 
valley, particularly for Cu, Pb, Zn, and Hg, while Cd and As displayed 
more widespread distribution across the agricultural landscape.

This situation highlights the urgent need to implement a permanent 
monitoring system in the high-Andean agroecosystems of the region. 
Particularly, the MPI and BAF analyses evidence a marked tendency of 
forage and leguminous crops to accumulate higher metallic concentra
tions. This phenomenon represents a significant potential risk for both 
local food security and the integrity of the forage chain in this agricul
tural region of high environmental sensitivity.

Finally, although this study provides robust evidence of the potential 
bioaccumulation of heavy metals in representative Andean crops of 
Peru, it is important to acknowledge certain factors that may influence 
the interpretation of the observed patterns. While irrigated and rainfed 
systems were compared, these agricultural environments may intrinsi
cally differ in soil characteristics such as texture, organic matter content, 

cation exchange capacity, or land-use history, all of which can influence 
metal mobility and retention. Likewise, agronomic management prac
tices including fertilization regimes, crop rotations, and tillage intensity 
may alter the availability and behavior of heavy metals in the soil, 
thereby affecting plant uptake. These aspects may act as potential con
founding factors. Although the study design allows the identification of 
clear trends, future research, including ongoing efforts by our team, 
should more explicitly account for natural soil variability and differ
ences in agricultural management. Such improvements will help refine 
the interpretation of bioaccumulation patterns, enhance the accuracy of 
risk assessments, and expand the geographic scope of analysis.

5. Conclusions

This study provides an integrated assessment of heavy metal 
contamination and bioaccumulation in major Andean crops cultivated in 
the Mantaro Valley under irrigated and rainfed management systems. 
The results demonstrate that agricultural soils across the region contain 
elevated concentrations of Cd, Pb, and As, reflecting the long-term in
fluence of historical mining and metallurgical activities. Although irri
gation water met current quality standards, irrigated fields consistently 
showed higher soil and foliar metal concentrations than rainfed fields, 
indicating a cumulative effect from decades of irrigation with water 
originating from contaminated watersheds. This pattern highlights the 
importance of considering chronic, low-dose inputs when evaluating 
agricultural contamination in high-altitude Andean environments.

Species-specific bioaccumulation patterns were evident. Potato, 
broad bean, and carrot exhibited the highest foliar concentrations and 
frequently exceeded international guideline values for Cd, Pb, and As, 
while cereals such as maize, barley, and quinoa showed comparatively 
conservative uptake. Multivariate analyses confirmed that water man
agement strongly influences metal mobility and plant uptake, producing 
distinct correlation structures between irrigated and rainfed crops. 
These findings emphasize that irrigation practices can modulate 
bioavailability and redistribution of metals in agricultural soils, even 
when irrigation water appears compliant with regulatory standards.

The integration of concentration metrics, bioaccumulation factor 
(BAF), and contamination indices (CF, MPI) offers a comprehensive 
understanding of contamination pathways in the region. The combined 
evidence underscores the need for continued monitoring of soils, irri
gation water, and high-accumulation crops, particularly in areas where 
mining legacies intersect with intensive agriculture. Strengthening sur
veillance systems and improving agricultural management strategies 
will be critical to mitigate exposure risks and safeguard food security in 
the Mantaro Valley.
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Y. Brito-Mancero, E.D. Guilcapi-Pacheco, G.M. Ati-Cutiupala, P.V. Vaca-Cárdenas, 
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[48] S. Lê, J. Josse, A. Rennes, F. Husson, FactoMineR: an R package for multivariate 
analysis, in: JSS Journal of Statistical Software, vol. 25, 2008. http://www.jstatsoft 
.org/.

[49] A. Kassambara, F. Mundt, Factoextra: Extract and visualize the results of 
multivariate data analyses. Contributed Packages, CRAN, 2016, https://doi.org/ 
10.32614/CRAN.package.factoextra.

[50] QGIS Development Team, QGIS Development Team. (2024), QGIS Geographic 
Information System (Versión 3.36). Open Source Geospatial Foundation. (Versión 
3.36), 2024. https://qgis.org.

[51] CODEX STAN, General Standard for Contaminants and Toxins in Food and Feed, 
FAO/WHO, 1993, 1995, https://www.fao.org/fao-who-codexalimentarius/sh-pro 
xy/en/?lnk=1&url=https://workspace.fao.org/sites/codex/Standards/CXS% 
20193-1995/CXS_193e.pdf.

[52] FAO/WHO, Codex Alimentarius Commission; FAO/WHO. General Standard for 
Contaminants and Toxins in Food and Feed, 2024 (2024). (CODEX STAN 193- 
1995), https://www.fao.org/fileadmin/user_upload/livestockgov/documents/CXS 
_193s.pdf.

[53] R.S. Ayers, D.W. Westcot, Water quality for agriculture – FAO irrigation and 
drainage paper, Food Agric. Organiz. United Nations 29 (1985). ISBN 92-5- 
102263-1.

[54] A. Arrieta, J. Guillen, The birthweight toll of mining pollution: evidence from the 
most contaminated mine site in the Andean region, BJOG Int. J. Obstet. Gynaecol. 
125 (10) (2018) 1272–1278, https://doi.org/10.1111/1471-0528.15257.

[55] M.K. Reuer, N.W. Bower, J.H. Koball, E. Hinostroza, M.E. De la Torre Marcas, J.A. 
H. Surichaqui, S. Echevarria, Lead, Arsenic, and Cadmium Contamination and Its 
Impact on Children’s Health in La Oroya, Peru, ISRN Publ. Health 2012 (2012) 
1–12, https://doi.org/10.5402/2012/231458.

[56] J. Faouzi, S. Kaioua, A. Allali, N. Eloutassi, A. Lahkimi, Impact of irrigation water 
on heavy metal content in irrigated soils and plants – spatial and vertical 
distribution, Ecol. Eng. Environ. Technol. 23 (5) (2022) 91–98, https://doi.org/ 
10.12912/27197050/151759.

[57] A. Victoria, D.N. Nnebini, A systematic review of heavy metals in irrigation water 
and their effects on agricultural soil quality and crop production in Ghana, 
J. Geosci. Environ. Protect. 13 (1) (2025) 48–70, https://doi.org/10.4236/ 
gep.2025.131004.

[58] EFSA, Statement on tolerable weekly intake for cadmium, EFSA J. 9 (2) (2011), 
https://doi.org/10.2903/j.efsa.2011.1975.

[59] CDC, C. for D. C. and Prevention, About childhood lead poisoning prevention, 
About Childhood Lead Poison. Prevent. (2025, August 21). https://www.cdc. 
gov/lead-prevention/about/index.html.

[60] EFSA, Scientific opinion on lead in food, EFSA J. 8 (4) (2010), https://doi.org/ 
10.2903/j.efsa.2010.1570.

[61] B.R. Stern, M. Solioz, D. Krewski, P. Aggett, T.-C. Aw, S. Baker, K. Crump, 
M. Dourson, L. Haber, R. Hertzberg, C. Keen, B. Meek, L. Rudenko, R. Schoeny, 
W. Slob, T. Starr, Copper and human health: biochemistry, genetics, and strategies 
for modeling dose-response relationships, J. Toxicol. Environ. Health, Part A B 10 
(3) (2007) 157–222, https://doi.org/10.1080/10937400600755911.

[62] E. Orellana, M. Custodio, M. Bastos, J. Ascencion, Heavy metals in agriculture soils 
from high andean zones and potential ecological risk assessment in Peru’s central 
andes, J. Ecol. Eng. 21 (8) (2020) 108–119, https://doi.org/10.12911/22998993/ 
127094.

[63] Y. Román-Ochoa, G.T. Choque Delgado, T.R. Tejada, H.R. Yucra, A.E. Durand, B. 
R. Hamaker, Heavy metal contamination and health risk assessment in grains and 
grain-based processed food in Arequipa region of Peru, Chemosphere 274 (2021) 
129792, https://doi.org/10.1016/j.chemosphere.2021.129792.

[64] M. Xiang, J. Ma, J. Cheng, K. Lei, F. Li, Z. Shi, Y. Li, Collaborative evaluation of 
heavy metal pollution of soil-crop system in the southeast of Yangtze River Delta, 
China, Ecol. Indic. 143 (2022), https://doi.org/10.1016/j.ecolind.2022.109412.

[65] Y. Alhaj Hamoud, H. Shaghaleh, M. Zia-ur-Rehman, M. Rizwan, M. Umair, 
M. Usman, M.A. Ayub, U. Riaz, G.S.H. Alnusairi, S.M.S. Alghanem, Cadmium and 
lead accumulation in important food crops due to wastewater irrigation: pollution 
index and health risks assessment, Heliyon 10 (3) (2024) e24712, https://doi.org/ 
10.1016/j.heliyon.2024.e24712.

[66] P. Pachura, A. Ociepa-Kubicka, B. Skowron-Grabowska, Assessment of the 
availability of heavy metals to plants based on the translocation index and the 
bioaccumulation factor, Desalination Water Treat. 57 (3) (2016) 1469–1477, 
https://doi.org/10.1080/19443994.2015.1017330.

[67] S.S. Bhatti, V. Kumar, N. Singh, V. Sambyal, J. Singh, J.K. Katnoria, A.K. Nagpal, 
Physico-chemical properties and heavy metal contents of soils and kharif crops of 
Punjab, India, Procedia Environ. Sci. 35 (2016) 801–808, https://doi.org/ 
10.1016/j.proenv.2016.07.096.

[68] S. Raja, H.M.N. Cheema, S. Babar, A.A. Khan, G. Murtaza, U. Aslam, Socio- 
economic background of wastewater irrigation and bioaccumulation of heavy 
metals in crops and vegetables, Agric. Water Manag. 158 (2015) 26–34, https:// 
doi.org/10.1016/j.agwat.2015.04.004.

[69] Y. Du, K. Luo, R. Ni, R. Hussain, Selenium and hazardous elements distribution in 
plant–soil–water system and human health risk assessment of Lower Cambrian, 
Southern Shaanxi, China, Environ. Geochem. Health 40 (5) (2018) 2049–2069, 
https://doi.org/10.1007/s10653-018-0082-3.

[70] M. Wan, W. Hu, H. Wang, K. Tian, B. Huang, Comprehensive assessment of heavy 
metal risk in soil-crop systems along the Yangtze River in Nanjing, Southeast 
China, Sci. Total Environ. 780 (2021) 146567, https://doi.org/10.1016/j. 
scitotenv.2021.146567.

[71] S. Tong, L. Yang, H. Gong, L. Wang, H. Li, J. Yu, Y. Li, Y. Deji, C. Nima, S. Zhao, 
Z. Gesang, C. Kong, X. Wang, Z. Men, Bioaccumulation characteristics, transfer 
model of heavy metals in soil-crop system and health assessment in plateau region, 
China, Ecotoxicol. Environ. Saf. 241 (2022), https://doi.org/10.1016/j. 
ecoenv.2022.113733.

[72] A.I. Nowwar, I.I. Farghal, M.A. Ismail, M.A. Amin, Impact of irrigation with 
wastewater on accumulation of heavy metals in Phaseolus vulgaris L. and its 
remediation, J. Soil Sci. Plant Nutr. 23 (1) (2023) 761–777, https://doi.org/ 
10.1007/s42729-022-01080-8.
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