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A B S T R A C T

Soil elemental composition in heterogeneous agroecosystems is shaped by interacting environmental and 
anthropogenic controls. This study evaluated the spatial variability of potentially toxic elements (PTEs: Cu, Cr, 
Fe, Mn, Mo, Ni, Pb, V, Zn, As, and Cd) across coastal (Chancay and Pativilca) and highland (Mantaro and Tarma) 
agricultural valleys of Peru. A stratified sampling design was combined with multivariate analyses (PCA, PER
MANOVA, PERMDISP, and variance partitioning) and ecological risk assessment using integrated indices (PLI, 
mCd, SRI, and Nemerow index). The first two principal components explained 50.2 % of total variance (PC1 =
36.8 %; PC2 = 13.4 %), reflecting distinct soil–geochemical and climatic–spatial gradients. The Valley × Zone 
interaction significantly structured elemental composition (R² = 0.049, p = 0.011), whereas crop type showed no 
significant effect (p = 0.838). Variance partitioning indicated that soil physicochemical, climatic, and spatial/ 
topographic predictors jointly explained 60 % of total variation (adjusted R² = 0.597), with the three-way shared 
fraction accounting for 28 %, highlighting strong coupling among pedogenic, climatic, and topographic drivers. 
Ecological risk indices revealed clear spatial differentiation between systems. Highland valleys exhibited greater 
contamination intensity, spatial heterogeneity, and more frequent high-risk categories according to PLI, mCd, 
and SRI. In contrast Coastal valleys showed more homogeneous and diffuse accumulation patterns associated 
with long-term agricultural intensification. These findings underscore the need for regionally adapted soil 
monitoring frameworks that incorporate environmental gradients in the assessment and management of PTE- 
related ecological risk in agricultural landscapes.

1. Introduction

Soil is a complex ecosystem that supports a wide diversity of or
ganisms and plays an essential role in food production. Its composition is 
influenced by both geogenic and anthropogenic factors, and an inherent 
characteristic of this system is its heterogeneity, which decisively con
ditions soil fertility and manifests as marked spatial and temporal 
variability in properties regulated by the interaction between environ
mental gradients and pedogenic processes (Minnikova et al., 2025; 
Pučko et al., 2024; Schneider et al., 2026). In this context, soil elemental 
composition constitutes a key indicator of baseline edaphic conditions 
and environmental quality, reflecting the combined influence of climatic 
conditions, mineralogical processes, water dynamics, and anthropo
genic pressures across the landscape (Minnikova et al., 2025; Zeng et al., 

2026).
Among the environmental factors governing this spatial heteroge

neity, altitudinal gradients exert a particularly strong influence. Eleva
tion modulates temperature, precipitation, and the processes of erosion, 
transport, and deposition of soil materials, thereby shaping soil physical 
and chemical properties and reinforcing the heterogeneity of edaphic 
systems across the landscape (Mangral et al., 2023; Sun et al., 2025; 
Vereecken et al., 2016; Zhou et al., 2023). These variations are reflected 
in differences in both soil characteristics and cropping systems linked to 
local environmental conditions. Superimposed on this topographic 
control, parent material stands out as one of the most influential de
terminants of soil genesis and geochemical composition. Geological 
formations condition the diversity of soil physical, chemical, and 
mineralogical properties, thereby determining its edaphic state (Rahayu 
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et al., 2023; Wilson, 2019) and directly influencing the availability and 
spatial distribution of macro- and micronutrients. While macronutrients 
are primarily associated with plant growth and development, micro
nutrients participate in essential metabolic and biogeochemical pro
cesses (Peng et al., 2022; Venkateswarlu et al., 2025; Xing et al., 2025). 
Elements such as Ca, Mg, K, Fe, Mn, and Zn are integral components of 
soil elemental composition whose dynamics are strongly controlled by 
parent material and environmental gradients.

Beyond essential nutrients, trace elements and potentially toxic el
ements (PTEs) represent a critical dimension of soil geochemistry. These 
elements occur naturally in soils, with concentrations varying according 
to location, parent material, and environmental conditions (Binde et al., 
2025; Bauer et al., 2026). However, anthropogenic activities, including 
agriculture, transportation, and industrial and mining processes, can 
substantially increase their concentrations (Bautista-Cruz et al., 2011; 
Chand et al., 2024; Wu et al., 2021). Because of their persistence, 
mobility, bioaccumulation capacity, and potential for biomagnification, 
PTEs pose significant risks to ecosystems and human health (Binde et al., 
2025). Soils act as natural sinks for these elements (Shao et al., 2026), 
and when concentrations exceed threshold values, they may compro
mise ecosystem structure and function (Custodio et al., 2021; Hasi et al., 
2025). Moreover, crops can absorb and translocate PTEs from the root 
zone to edible tissues, favoring their transfer along the soil-plant-food 
chain (Clemens and Ma, 2016; Paun et al., 2025). In addition, PTEs 
retained in soils may be re-entrained into the atmosphere or leached into 
aquatic systems, extending their environmental impact and increasing 
potential human exposure through inhalation, ingestion, and dermal 
contact (Yüksel et al., 2025). Recent studies indicate that these con
taminants often originate from multiple interacting sources, including 
agricultural runoff, mining-related inputs, traffic emissions, industrial 
discharges, and other urban activities (Öncü et al., 2025; Tokatlı et al., 
2026; Yüksel and Ustaoğlu, 2025).

Andean mountain systems constitute particularly relevant environ
ments for studying these dynamics because of their marked altitudinal 
variability, geological diversity, and the coexistence of natural pedo
genetic processes with strong anthropogenic pressures. Studies con
ducted along altitudinal gradients have shown that chemical properties, 
including metal and trace element contents, vary with elevation and 
with the associated climatic and pedogenetic conditions (Haque et al., 
2023; Magnani et al., 2018), while land use and human activities further 
modify the concentration and spatial distribution of PTEs in agricultural 
landscapes (Anic et al., 2010). In Peru, these contrasts are framed by the 
division of the territory into three major natural regions, coast, high
lands, and forest, where the coast concentrates much of the industrial, 
commercial, and agricultural activity, whereas the highlands are 
dominated by Andean systems in which small-scale farming is especially 
common (Velazco and Pinilla, 2018). In this context, the contrast is 
particularly evident between highland and coastal systems. In the Junín 
region, the Mantaro and Tarma valleys are characterized by mining 
activity (Villalobos Segura et al., 2023; Walter et al., 2021), which 
promotes the accumulation of PTEs in soils, while high vehicular traffic 
further contributes through atmospheric deposition of metallic particles. 
In contrast, coastal valleys such as Chancay and Pativilca are charac
terized by high agricultural productivity and continuous land use, where 
the sustained application of agricultural inputs, irrigation water quality, 
and the arid edaphoclimatic conditions of the coastal belt drive the 
accumulation and redistribution of elements in soils (Lopez and Cama
cho, 2022; Montagne et al., 2007; Rivera et al., 2011). These contrasting 
settings, mining-influenced highlands versus agriculturally intensive 
coastal lowlands provide a valuable natural framework for investigating 
how geochemical drivers, landscape structure, and human pressures 
interact to shape PTE distribution and associated ecological risk.

Despite growing interest in soil geochemistry across altitudinal gra
dients, comparative studies that simultaneously evaluate PTE spatial 
variability, multivariate geochemical structure, and ecological risk 
across contrasting agro-ecological systems within the same national 

context remain scarce. To address this gap, the present study analyzes 
the spatial variability of soil elemental composition in coastal and 
highland valleys of Peru, with particular emphasis on the distribution of 
PTEs including Cu, Cr, Fe, Mn, Mo, Ni, Pb, V, Zn, As, and Cd. Specif
ically, the objectives are: (i) to analyze the multivariate structure of PTEs 
across coastal and highland valleys; (ii) to compare spatial geochemical 
patterns between agricultural coastal and mining-influenced highland 
systems; and (iii) to quantify the relative contribution of edaphic, cli
matic, and topographic factors in structuring elemental composition and 
associated ecological risk. This study provides novel insights into the 
interplay between natural geochemical baselines and anthropogenic 
pressures in shaping PTE variability across contrasting Andean and 
coastal landscapes, with implications for soil quality assessment and 
environmental risk management.

2. Materials and methods

2.1. Study area

The study was conducted across four valleys in two contrasting agro- 
ecological regions of Peru: the central Pacific coast and the central 
Andes (Fig. 1). Coastal valleys (Pativilca and Chancay), located on the 
western Andean slope, are characterized by arid to semi-arid conditions, 
minimal annual precipitation (<50 mm yr⁻¹), and strong dependence on 
river-fed irrigation (Canaza et al., 2023; Rosas et al., 2023). Intensive 
irrigated agriculture is the predominant land use, and the sustained 
application of fertilizers, pesticides, and irrigation water of variable 
quality constitutes the primary driver of soil elemental dynamics in 
these systems (Lopez and Camacho, 2022; Montagne et al., 2007; Rivera 
et al., 2011). Highland valleys (Mantaro and Tarma), located in the 
Junín region at elevations ranging from 3,200 to over 4,000 m a.s.l., 
exhibit pronounced topographic variability, temperate to cold mountain 
climates, and greater seasonal precipitation (Carbajal et al., 2025; Rosas 
et al., 2023). Both valleys are strongly influenced by active and histor
ical mining operations (Villalobos Segura et al., 2023; Walter et al., 
2021), which may constitute major point sources of PTEs through tail
ings disposal, acid mine drainage, and the wind-driven dispersal of 
metal-bearing particle. In both regions, sampling sites were stratified 
into three altitudinal zones (high, middle, and low) to capture the full 
range of topographic and geochemical variability within each valley and 
to facilitate direct comparisons between the two contrasting systems 
(Fig. 1).

2.2. Soil sampling

Sampling areas within each basin were delineated using a 1,500 m 
buffer. Sampling locations were selected in QGIS 3.38 using the AcA
TaMa plugin (Llanos, 2024), applying a stratified random design based 
on agricultural and forest land-cover classes from the ESA WorldCover 
2021 product (Zanaga et al., 2021). A total of 19, 22, 21, and 22 sam
pling points were established in Chancay, Pativilca, Mantaro, and 
Tarma, respectively, with a minimum inter-point distance of 200 m to 
ensure spatial independence. Within each valley, sites were stratified 
into high, middle, and lower altitudinal zones. Coastal sampling points 
are distributed along longitudinal river corridors in low-relief land
scapes, whereas highland sites show greater spatial dispersion reflecting 
complex topography and environmental heterogeneity.

Samples were collected from homogeneous crop plots following an 
“X”-shaped design. A V-shaped excavation (20 cm depth) was made with 
a shovel, and a 2–3 cm thick slice was taken from one side, corre
sponding to the active root zone, following FAO and MINAM method
ological guidelines (MINAM Guía Para Muestreo de Suelos, 2014; Mayor 
de San Simón, 2009).
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2.3. Soil physicochemical and elemental analysis

Samples were air-dried, disaggregated, homogenized, and sieved to 2 
mm prior to analysis. Soil texture was determined by the Bouyoucos 
method (Beretta et al., 2014). Soil pH and electrical conductivity (EC) 
were measured in saturated paste extracts using an inoLab® pH 7310 
and inoLab® Cond 7310, respectively. Total carbon (TC), total organic 
carbon (TOC), and total nitrogen (TN) were quantified by dry combus
tion with an elemental analyzer (LECO CN828, LECO Ltd., Germany). 
Extractable phosphorus (Pₐ) was determined using the Olsen method for 
neutral to alkaline soils and the Bray-1 method for acidic soils (Dari 
et al., 2019). Exchangeable cations (Ca²⁺, Mg²⁺, K⁺, Na⁺) and extractable 
potassium (Kₐ) were measured following ammonium saturation and 
analyzed by ICP-MS (Perkin Elmer NexION 2000, USA). Total elemental 
concentrations were determined following EPA Method 3051A (micro
wave-assisted acid digestion using an HNO₃–HCl, 9:3 acid mixture) (U.S. 
EPA, 2007) and EPA Method 6020B (ICP-MS) (U.S. EPA, 2014). All 
analyses were conducted at the Laboratorio de Suelos, Aguas y Foliares 
of the Instituto Nacional de Innovación Agraria (INIA), Lima, Peru.

2.4. Quality assurance and quality control (QA/QC)

QA/QC procedures were applied during sample preparation and 
instrumental analysis to ensure data reliability. Procedural blanks were 
included in each digestion batch and showed concentrations below the 
limit of detection (LOD) for all analytes, indicating negligible contami
nation. Instrument calibration was performed with multi-element stan
dard solutions at four concentration levels, yielding correlation 
coefficients (R²) above 0.999 for all analytes, and calibration verifica
tion using CCV standards showed recoveries ranging from 100.15 % to 
106.00 % (Hernández-Mendoza et al., 2013). Analytical accuracy was 

assessed using the certified reference material ERA Metals in Soil PTCAT 
620, with recoveries ranging from 99.70 % to 106.45 % for the reported 
elements. Internal standards (⁴⁵Sc, ⁷⁴Ge, ¹¹⁵In, and ¹⁹³Ir) were used to 
correct for instrumental drift and matrix effects during ICP-MS analysis. 
Element-specific LOD, LOQ, CCV recovery, and reference material re
covery values are provided in Supplementary Table AH. Overall, all 
QA/QC parameters were within acceptable limits for environmental 
trace element analysis.

2.5. Climatic variables

Key climatic variables were derived from satellite-based datasets. 
Mean annual temperature and precipitation were obtained from 
WorldClim 2.1 at 30 arc-second (~1 km) resolution, representing 
average conditions for 1970–2000 (Fick and Hijmans, 2017). Wind 
speed at 10 m height was retrieved from the Global Wind Atlas (GWA) 
4.0 at 250 m spatial resolution (Davis et al., 2023).

2.6. Assessment of ecological risk indices

Ecological risk was assessed using six complementary indices: 
Contamination Factor (CF), Index of Geoaccumulation (Igeo), Pollution 
Load Index (PLI), Modified Contamination Degree (mCd), Potential 
Ecological Risk Index (RI), and Site Ranking Index (SRI). Geochemical 
background values were based on upper continental crust reference 
concentrations reported in previous studies, which were used here as a 
standardized comparative baseline because harmonized local back
ground values are not currently available for all Peruvian agricultural 
valleys evaluated in this study (Taylor and Mclennan, 1995; Turekian 
et al., 1961). This approach has also been adopted in recent ecological 
risk studies conducted in Peru (Custodio et al., 2025; Custodio et al., 

Fig. 1. Location of the coastal (Pativilca and Chancay) and highland (Mantaro and Tarma) study valleys in Peru, showing the stratification of sampling sites into 
high, middle, and lower altitudinal zones.
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2024). CF, Igeo, PLI, mCd, and SRI were calculated for Cu, Cr, Fe, Mn, 
Mo, Ni, Pb, V, Zn, As, and Cd. In contrast, the individual ecological risk 
factor (ERi) and RI were calculated only for elements with established 
toxic-response factors in the literature, following the Hakanson frame
work (Hakanson, 1980). Accordingly, toxicity-weighted risk calcula
tions were applied to Cu, Cr, Ni, Pb, Zn, As, and Cd, whereas Fe, Mn, Mo, 
and V were retained only in the background-based contamination 
indices. The background values, toxic-response factors, and 
index-specific element selection used in this study are summarized in 
Supplementary Table AG. The individual ecological risk factor (Ei

r; Eq. 
(1)) and cumulative Potential Ecological Risk Index (RI; Eq. (2)) were 
calculated. 

Ei
r = Ti

r × CFi
r (1) 

RI =
∑n

i=1
Ei

r (2) 

where Ti
ris the toxic response factor of each element. RI was classified as 

low (RI ≤ 95), moderate (95 < RI ≤ 190), considerable (190 < RI ≤
380), or very high (RI > 380). The PLI and mCd were derived from CF 
values as integrated indicators of overall site contamination. The Igeo 
was calculated following (Das et al., 2021; Muller, 1969) as a logarith
mic function comparing the observed concentration with the back
ground value adjusted by a correction factor of 1.5 to account for natural 
geochemical variability.

The SRI was computed from CF and Igeo values to enable cross-site 
contamination ranking (Omwene et al., 2018; Zhang et al., 2020). The 
weighted contamination index (W; Eq. (3)) and the SRI (Eq. (4)) were 
calculated as follows: 

W =

∑
ni

∑
i

(3) 

SRI =
W
S
× 100 (4) 

SRI values were classified into four levels (Custodio et al., 2022): low 
(SRI < median − SD), moderate (median − SD ≤ SRI < median), high 
(median ≤ SRI < median + SD), and severe (SRI > median + SD).

2.7. Statistical and spatial structure analysis

All analyses were conducted in R (v4.0.5) (R Core Team, 2024). Data 
processing, cleaning, and organization were performed using the tidy
verse, dplyr, and reshape2 packages (Wickham et al., 2019; Wickham 
et al., 2014), and graphical visualization was produced with ggplot2 
(Wickham, 2016). Descriptive statistics (mean, median, standard devi
ation, and coefficient of variation) were calculated using the base stats 
package, and non-parametric comparisons among groups were con
ducted using the Kruskal–Wallis test.

Elemental concentrations were log-transformed where necessary to 
reduce skewness and stabilize variance. Pearson correlation analysis and 
clustered heatmaps were used to examine associations among soil 
physicochemical properties, climatic variables, and elemental concen
trations (Benesty et al., 2009), generated using corrplot (Wei and Simko, 
2010) and pheatmap (Kolde, 2010). PCA was applied to explore the 
multivariate structure of the dataset and identify dominant environ
mental gradients, using FactoMineR and factoextra (Lê et al., 2008). The 
multivariate analyses encompassed the eleven PTEs reported in Table 1, 
the additional trace elements summarized in Supplementary Table AE, 
and the climatic and soil physicochemical covariates reported in Sup
plementary Table AF. Differences in multivariate composition among 
valleys, zones, and crop types were assessed by PERMANOVA based on 
Bray–Curtis dissimilarities (999 permutations), complemented by 
PERMDISP to distinguish centroid shifts from differences in 
within-group variability (Anderson, 2001; Anderson, 2006; Jolliffe and 

Cadima, 2016). Variance partitioning via partial RDA was used to 
quantify the unique and shared contributions of soil physicochemical, 
climatic, and topographic/spatial predictor sets to elemental composi
tion (Borcard et al., 1992), with adjusted R² values reported and sig
nificance assessed through permutation tests (999 permutations). 
Ecological risk indices were calculated through custom R scripts 
following their original mathematical formulations. Thematic cartog
raphy was developed in QGIS 3.36 (QGIS Development Team QGIS 
Development Team, 2024), where sampling points were georeferenced 
and maps were generated using graduated classification based on the 
defined index thresholds.

3. Results

3.1. Descriptive statistics

Table 1 presents the descriptive statistics (mean ± standard devia
tion) of the main soil physicochemical properties and elemental con
centrations across the four studied valleys, revealing marked contrasts 
between coastal and highland systems.

Among coastal valleys, Chancay is characterized by predominantly 
sandy soils (63.0 ± 5.46 %), reflecting coarser parent materials and 
reduced capacity to retain trace elements. Pativilca shows higher silt and 
clay contents and the highest electrical conductivity (4.87 ± 4.32 dS 
m⁻¹), indicative of salt accumulation associated with arid conditions and 
intensive irrigation. Both coastal valleys exhibit comparatively lower 
elemental concentrations overall, with the exception of As, which rea
ches notable levels in Pativilca (104 ± 14.0 mg kg⁻¹).

Highland valleys show substantially higher concentrations of most 
PTEs and greater internal variability. The Mantaro Valley exhibits the 
highest clay content (36.8 ± 10.4 %) and the most elevated mean con
centrations of Zn (842 ± 732 mg kg⁻¹), Pb (169 ± 136 mg kg⁻¹), Fe (4.87 
× 10⁴ ± 7.12 × 10³ mg kg⁻¹), and Mn (822 ± 215 mg kg⁻¹). The large 
standard deviations associated with these elements suggest considerable 
spatial heterogeneity, likely reflecting lithological complexity and 
combined geogenic and anthropogenic inputs. Tarma presents elevated 
mean values of Cr (60.5 ± 46.0 mg kg⁻¹) and Ni (43.0 ± 25.7 mg kg⁻¹), 
with high dispersion in Pb (69.9 ± 90.3 mg kg⁻¹), pointing to spatial 
variability driven by local differences in parent material and 

Table 1 
Descriptive statistics (mean ± standard deviation) of soil physicochemical 
properties and potentially toxic element (PTE) concentrations across the four 
studied valleys.

Property / 
Element

Chancay Pativilca Mantaro Tarma

Physicochemical Properties
pH 7.66 ± 0.57 6.94 ± 0.32 7.21 ± 0.26 6.67 ± 0.47
EC (dS m⁻¹) 2.10 ± 3.83 4.87 ± 4.32 1.76 ± 0.56 2.47 ± 1.50
Clay (%) 19.0 ± 3.12 32.6 ± 6.42 36.8 ± 10.4 28.8 ± 8.24
Silt (%) 18.1 ± 6.28 33.2 ± 9.86 30.0 ± 7.88 31.9 ± 7.63
Sand (%) 63.0 ± 5.46 34.2 ± 7.84 33.2 ± 12.9 39.3 ± 8.94
Potentially Toxic Elements (mg kg⁻¹)
Cu 44.6 ± 12.4 54.7 ± 12.6 96.3 ± 61.0 41.7 ± 11.9
Cr 33.6 ± 8.42 39.7 ± 10.5 49.2 ± 6.91 60.5 ± 46.0
Fe 3.21 × 10⁴ ±

4.85 × 10³
2.98 × 10⁴ ±
5.44 × 10³

4.87 × 10⁴ ±
7.12 × 10³

3.76 × 10⁴ ±
6.21 × 10³

Mn 496 ± 114 613 ± 102 822 ± 215 701 ± 187
Mo 1.12 ± 0.41 1.67 ± 0.52 2.34 ± 0.95 1.89 ± 0.74
Ni 10.1 ± 1.46 23.2 ± 4.56 33.9 ± 4.45 43.0 ± 25.7
Pb 30.9 ± 9.29 52.9 ± 15.2 169 ± 136 69.9 ± 90.3
V 60.8 ± 11.8 120 ± 12.5 101 ± 19.0 95.0 ± 33.0
Zn 122 ± 15.8 229 ± 46.8 842 ± 732 207 ± 98.6
As 25.6 ± 6.15 104 ± 14.0 162 ± 49.5 118 ± 42.2
Cd 0.694 ±

0.335
0.892 ± 0.318 0.041 ±

0.021
0.330 ±
0.254

EC: electrical conductivity; PTEs: potentially toxic elements. Values are 
expressed as mean ± standard deviation.
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geomorphological dynamics. Cd concentrations contrast sharply be
tween systems, being notably lower in Mantaro (0.041 ± 0.021 mg kg⁻¹) 
compared to coastal valleys, where values exceed 0.6 mg kg⁻¹. The 
descriptive statistics for the remaining trace elements, as well as for the 
climatic and soil physicochemical variables considered in the study, are 
presented in Supplementary Tables AE and AF, respectively.

3.2. Correlation analysis of edaphoclimatic properties and PTEs’ 
concentrations

Pearson correlation analysis among soil physicochemical properties, 
climatic and spatial factors, and elemental concentrations is presented in 
Fig. 2. The clustered heatmap revealed three main groups of interrelated 
variables, reflecting distinct controlling processes within the agro- 
environmental system studied.

The first group comprised PTEs (Tl, Ba, Be, Mn, As, Zn, Pb, Sb, Cu, Ni, 
Cr, Co, and V), which exhibited strong positive intercorrelations (r >
0.5) and positive associations with clay and silt fractions, indicating a 
texture-mediated control linked to adsorption processes and mineral 
surface interactions. Moderate correlations with Fe and Mo further 
suggest the involvement of oxide and hydroxide phases in trace element 
retention, consistent with well-documented geochemical partitioning 
mechanisms in metal-enriched soils.

The second group included soil properties associated with fertility 
and buffering capacity, namely CEC, exchangeable bases (Ca, Mg, K), 
total and organic carbon, CaCO₃, and major cations, which showed 
strong internal correlations (r > 0.6) and positive associations with 
precipitation and elevation. This pattern highlights the influence of 
climatic and topographic gradients on soil development and nutrient 
accumulation, particularly along the altitudinal gradient that charac
terizes the highland valleys.

The third group integrated slope, pH, Mg, Ag, and Cd, variables that 
generally showed weak correlations with the remaining properties. The 
co-occurrence of Cd and Ag within this cluster suggests a distinct 
geochemical behavior, potentially reflecting greater mobility under 
specific pH and drainage conditions of the sampled sites, and warrants 
further investigation into their source and fate across the studied 
systems.

3.3. Zonal variability in elemental concentrations within valleys

To complement the correlation structure, elemental concentration 
distributions were examined by valley and altitudinal zone (Fig. 3). 
Overall, zonal contrasts within valleys were modest, though the ele
ments used for ecological risk assessment (Cu, Cr, Fe, Mn, Mo, Ni, Pb, V, 
Zn, As, and Cd) showed the most ecologically relevant differences across 

Fig. 2. Clustered correlation heatmap of soil physicochemical properties, climatic and spatial factors, and elemental concentrations across the studied valleys.
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the low, medium, and high zones.
Among these elements, the most pronounced zonal variation was 

observed for As, Pb, Cu, and Zn, where differences between low and high 
zones in log-transformed scale (approximately 0.1 to 0.2 log units) 
correspond to meaningful proportional increases in original concentra
tions. Highland valleys, particularly Mantaro and, to a lesser extent, 
Tarma, consistently exhibited higher median concentrations and greater 
dispersion than their coastal counterparts.

Among non-risk elements, zonal contrasts were generally limited. Fe, 
Al, and Ca displayed minimal zonal variation (<0.1 log units), while Mn, 
V, and Ni showed consistent but small shifts across zones. These patterns 
suggest that major pedogenic elements are more homogeneously 
distributed within valleys, whereas the ecological risk elements are 
more sensitive to local altitudinal and anthropogenic gradients, rein
forcing the role of elevation and land-use history as key drivers of spatial 
elemental variability.

3.4. Multivariate ordination of soil, climatic, spatial, and elemental 
variables

The PCA biplot (Fig. 4) integrates soil physicochemical properties, 
climatic and spatial variables, and elemental concentrations. The first 
two components explained 50.2 % of total variance (PC1: 36.8 %; PC2: 
13.4 %), adequately representing the main gradients of variability in the 
ordination space.

PC1 defined a soil-geochemical gradient, with strong positive load
ings for clay, silt, CEC, exchangeable cations (Ca, Mg, K), total and 
organic carbon, and the ecological risk elements As, Pb, Zn, Ni, Cr, Mn, 
Co, and V. Negative PC1 scores were associated with sand content, pH, 
and CaCO₃, reflecting the contrasting behavior of coarser-textured, 
lower-adsorption-capacity soils. PC2 represented a climatic-spatial 
gradient driven by geographical coordinates (North, East), mean 

temperature, wind speed, and elevation, capturing the influence of 
spatial position and local climatic conditions on elemental variability.

In the ordination space, samples grouped consistently by valley, with 
coastal valleys (Chancay and Pativilca) occupying negative PC1 scores 
and highland valleys (Mantaro and Tarma) projecting toward positive 
PC1, reflecting higher PTE concentrations and finer textures. Zonal 
differentiation introduced secondary within-valley variability, particu
larly evident in Mantaro, where the high zone extended furthest along 
the positive PC1 axis.

3.5. Multivariate group structure: PERMANOVA and PERMDISP

To assess whether valley and zone significantly structured elemental 
composition, PERMANOVA and PERMDISP tests were applied to the 
Bray–Curtis dissimilarity matrix. The Valley × Zone interaction 
explained a small but statistically significant proportion of the compo
sitional variation (R² = 0.049, F = 2.09, p = 0.011) (Table 2). When crop 
type was incorporated into the model, its effect was not significant (R² =
0.068, p = 0.838), while the Valley × Zone interaction became marginal 
(R² = 0.037, p = 0.086) and residual variation increased, indicating that 
crop type does not constitute a dominant structuring factor at the scale 
evaluated.

To evaluate whether land-use category exerted an independent in
fluence beyond spatial controls, a complementary PERMANOVA 
including land-use group, Valley, and Zone was fitted (Table 3). After 
accounting for spatial structure, land-use group was not significant (R² =
0.013, p = 0.414), whereas Valley remained the dominant factor (R² =
0.488, F = 38.36, p = 0.001). Zone was also non-significant (R² = 0.010, 
p = 0.256), confirming that elemental composition is primarily struc
tured by geographic context rather than by current agricultural man
agement practices. Across both models, Valley consistently emerged as 
the principal structuring factor, with land use and intra-valley zonation 

Fig. 3. Elemental concentrations by valley and altitudinal zone. Boxplots show log-transformed concentrations [log(1 + concentration)] for low, medium, and high 
zones. The dashed line indicates the mean concentration across all elements. Elements used in the ecological risk assessment (Cu, Cr, Fe, Mn, Mo, Ni, Pb, V, Zn, As, 
and Cd) are highlighted in red on the x-axis. Boxes represent interquartile ranges, central lines denote medians, and points indicate individual observations.
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contributing negligible independent explanatory power.
Homogeneity of multivariate dispersion tests (PERMDISP) revealed 

significant differences in within-group variability among valleys (F =
11.40, p = 0.001). When Valley–Zone combinations were considered, 
dispersion differences remained significant but with a markedly lower F- 
value (F = 2.53, p = 0.012) (Table 4). These results indicate that valleys 
differ not only in their compositional centroids but also in their degree of 
internal elemental heterogeneity. Because significant PERMDISP can 
contribute to a significant PERMANOVA F-statistic independently of 

true centroid displacement, group differences should be interpreted with 
caution. However, the high explanatory power of Valley (R² = 0.488, F 
= 38.36) suggests that the observed compositional separation reflects 
genuine differences among valleys rather than dispersion artefacts 

Fig. 4. PCA biplot integrating soil physicochemical properties, climatic and spatial variables, and elemental concentrations, with convex hulls delineating valley- 
zone groups and crop-level distributions.

Table 2 
PERMANOVA results based on Bray–Curtis dissimilarity.

Model Factor df Sum of 
squares

R² F p- 
value

Valley × Zone Valley ×
Zone

6 0.00485 0.049 2.09 0.011

​ Residual 72 0.02779 0.282 ​ ​
​ Total 83 0.09851 1.000 ​ ​
Valley × Zone +

Crop
Crop 20 0.00673 0.068 0.83 0.838

​ Valley ×
Zone

6 0.00365 0.037 1.50 0.086

​ Residual 52 0.02105 0.214 ​ ​
​ Total 83 0.09851 1.000 ​ ​

Table 3 
PERMANOVA testing the effects of land-use group and spatial factors on 
elemental composition.

Factor df Sum of squares R² F p-value

Land-use group 3 0.00129 0.013 1.03 0.414
Valley 3 0.04810 0.488 38.36 0.001
Zone 2 0.00103 0.010 1.23 0.256
Residual 75 0.03134 0.318 ​ ​
Total 83 0.09851 1.000 ​ ​

Table 4 
Homogeneity of multivariate dispersion (PERMDISP) results for elemental 
composition.

Grouping factor df F p-value

Valley 3 11.40 0.001
Valley–Zone 11 2.53 0.012

PERMDISP results (tests of homogeneity of multivariate dispersions).

W.E. Pérez et al.                                                                                                                                                                                                                                Environmental Advances 24 (2026) 100714 

7 



alone. The reduction in the PERMDISP F-value under finer spatial sub
division (F = 2.53 vs. F = 11.40) is consistent with the presence of 
localized geochemical gradients within valleys.

3.6. Variance partitioning of elemental composition

Variance partitioning via partial RDA quantified the individual and 
shared contributions of soil physicochemical properties, climatic vari
ables, and spatial/topographic factors to multivariate elemental 
composition (Fig. 5). Together, the three predictor sets explained 
approximately 60 % of total variation (adjusted R² = 0.597), with 40.3 
% remaining unexplained, reflecting the inherent complexity of soil 
geochemical systems and the potential influence of unmeasured local 
factors.

The unique effects of individual predictor sets were comparatively 
small. Soil physicochemical properties explained 1.0 % of variance 
independently, and its pure effect was not statistically significant once 
climate and spatial structure were controlled for (F = 1.16, p = 0.205). 
The pure climatic effect accounted for 5.4 % of variance and was highly 
significant (F = 4.01, p = 0.001), while the pure spatial/topographic 
effect explained 3.6 % and was also significant (F = 2.53, p = 0.003) 
(Table 5).

In contrast, shared fractions dominated the explained variance, 
highlighting the strong coupling among predictor sets. The shared effect 
between climate and spatial/topographic variables accounted for 10.7 
% of variance, the soil and spatial/topographic shared fraction 
explained 7.3 %, and the soil and climate shared fraction contributed 3.5 
%. Notably, the three-way shared fraction among all predictor sets was 
the largest single component, explaining 28.1 % of variance, indicating 
that soil properties, climatic gradients, and spatial/topographic context 
operate in a tightly integrated manner rather than as independent 
drivers.

Overall, these results indicate that climate and spatial/topographic 
factors exert statistically significant independent influences on 
elemental composition, whereas soil physicochemical properties 
contribute primarily through their shared variation with the other pre
dictors. This pattern is consistent with the correlation structure, zonal 
distributions, and ordination results presented in the preceding sections, 
and reinforces the interpretation that elemental distributions across 
these valleys are governed by interacting environmental controls oper
ating at multiple spatial scales.

3.7. Integrated ecological risk across coastal and highland valleys

The spatial distribution of the Pollution Load Index (PLI), which 
reflects the overall pollution condition of a site, and the Modified 
Contamination Degree (mCd), which represents an overall indicator of 
contamination, across the four studied valleys is shown in Fig. 6. In the 

highland valleys of Mantaro and Tarma, a substantial proportion of sites 
fell within the environmental deterioration category according to PLI, 
and mCd values reached very high and extremely high contamination 
levels. These elevated values showed a spatial pattern aligned with the 
geomorphological configuration of the valleys, suggesting spatial het
erogeneity consistent with the spatial and climatic controls identified in 
the multivariate and variance partitioning analyses. In contrast, the 
coastal valleys of Pativilca and Chancay were predominantly charac
terized by slight contamination according to PLI, while mCd indicated 
moderate to high contamination levels with a relatively uniform spatial 
distribution. This pattern suggests a more diffuse accumulation process 
associated with sustained agricultural intensification and permanent 
irrigation systems, rather than localized geochemical inputs.

The ecological risk classification based on the Site Ranking Index 
(SRI), disaggregated by crop, valley, and altitudinal zone, further shows 
this spatial differentiation (Fig. 7). In the coastal valleys, most sampled 
crops fell within low to moderate risk categories across the three zones, 
with limited dispersion toward high or severe levels, suggesting a rela
tively more homogeneous spatial distribution of PET accumulation 
under intensive agricultural management. In contrast, the highland 
valleys showed higher SRI values and greater variability among sites and 
crops. In Mantaro, several crops in the lower and middle zones reached 
high and severe risk categories, while Tarma showed a similar pattern, 
particularly in the middle and high zones. Within the highland systems, 
risk values tended to concentrate toward the upper end of the scale 
across different crops and topographic zones, suggesting that broader 
spatial and environmental controls may exert a stronger influence on 
PET concentrations than crop-specific effects, consistent with the non- 
significant land-use effects identified in the PERMANOVA analysis.

Element-wise analyses revealed limited and element-specific re
sponses to management practices. As and Pb did not differ significantly 
among land-use groups (p = 0.102 and p = 0.108, respectively), whereas 
Cd exhibited a highly significant effect (p < 0.001) and Zn showed a 
weaker but significant difference (p = 0.041). Complementarily, the 
Nemerow pollution index by Valley–Zone combination showed median 
values ranging from 0.94 to 1.37, corresponding to low to moderate 
contamination levels, with significant differences confirmed by Krus
kal–Wallis test (χ² = 45.81, df = 11, p < 0.001), indicating that 
ecological risk follows the same spatial organization identified 
throughout the multivariate analyses.

4. Discussions

4.1. Spatial structuring of elemental composition across valleys

The predominance of the Valley factor over Zone or crop type is 
consistent with studies showing that multielement patterns in agricul
tural soils are controlled by broad-scale geographic and environmental 
gradients rather than by current land-use categories (Rate, 2021; Sun 
et al., 2013), where geology, topography, and climate generate coherent 
regional elemental associations (Han et al., 2019; Yavitt et al., 2009). 
Accordingly, elemental composition in the studied valleys was mainly 
structured by valley-scale differences, whereas the effects of land-use 
group and Zone were not significant. In agricultural and peri‑agricul
tural systems, internal heterogeneity is closely linked to geomorpho
logical configuration and parent material distribution, where regional Fig. 5. Variance partitioning of elemental composition explained by soil, cli

matic, and spatial/topographic factors.

Table 5 
Partial redundancy analysis (RDA): permutation tests for unique predictor 
effects.

Predictor set (pure effect) df Variance F p-value

Soil physicochemical 12 0.000347 1.16 0.205
Climate 3 0.000299 4.01 0.001
Spatial / topographic 4 0.000251 2.53 0.003

Note: Each predictor set was tested while controlling for the remaining two sets.
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spatial organization explains a substantial proportion of edaphic and 
geochemical variability (Cui et al., 2025; Nyengere et al., 2023). The 
absence of a significant land-use effect does not imply the absence of 
anthropogenic influence, but rather that such effects operate at a sub
ordinate scale relative to the dominant spatial framework (Alharbi et al., 
2025). In heterogeneous landscapes, anthropogenic signals are typically 
superimposed upon a prevailing geogenic background without reor
ganizing the overall multielement assemblage (Jia et al., 2024; Rate, 
2021; Sun et al., 2013). This spatial differentiation is further supported 
by evidence that topographic and environmental gradients modulate not 
only elemental concentrations but also the magnitude and variability of 
associated ecological risk (Cui et al., 2025; Li et al., 2022; Ritz et al., 
2004; Yavitt et al., 2009).

4.2. Environmental drivers and shared controls: insights from variance 
partitioning

The three predictor sets jointly explained approximately 60 % of 
total elemental variation, consistent with studies showing that macro- 

environmental, spatial, and edaphic drivers together account for sub
stantial proportions of ecological variability in complex environmental 
systems (Anderson and Cribble, 1998; Paranavithana et al., 2023; Qi 
et al., 2025). Pure effects were relatively small, particularly for soil 
physicochemical properties (1 %), whereas climate (5 %) and spa
tial/topographic factors (4 %) showed statistically significant indepen
dent effects. Topography has been widely identified as a key 
determinant of metal variability, with elevation and slope influencing 
the redistribution of fine particles and associated metals (Nyengere 
et al., 2023; Wu et al., 2021), and heavy metal concentrations in soils 
from mining-influenced regions peaking at higher altitudes possibly due 
to topographic barriers (Ding et al., 2017).

The most relevant outcome, however, was the dominance of shared 
fractions, particularly the three-way fraction among soil, climate, and 
topography (28 %), indicating strong structural coupling among pre
dictor sets (Paranavithana et al., 2023; Wu et al., 2023). This pattern 
suggests that elemental composition emerges from the interaction 
among climatic gradients, topographic configuration, and pedogenic 
processes rather than from any single controlling factor (Jia et al., 

Fig. 6. Spatial distribution of the Pollution Load Index (PLI) and Modified Contamination Degree (mCD) in agricultural soils across coastal and highland valleys.
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2024). The unexplained fraction (40 %) likely reflects local processes 
and site-specific inputs not captured by the selected predictors (Sun 
et al., 2013; Wu et al., 2021), reinforcing the idea that soil properties 
contribute primarily through their covariation with broader environ
mental gradients. Likewise, previous studies in this highland region have 
reported elevated heavy metal concentrations in soils that have been 
associated with both natural geologic sources and historical mining 
activities, although direct source attribution was not performed in the 
present study (Vargas et al., 2022).

4.3. Limited role of crop type and land-use categories

The absence of a significant multivariate effect of crop type and land- 
use categories indicates that agricultural management does not consti
tute the primary structuring factor of elemental composition at the scale 
considered here. This finding is consistent with evidence showing that 
topographic and terrain-related variables outweigh surface manage
ment practices in explaining spatial patterns of heavy metals, particu
larly in landscapes with pronounced geomorphological gradients (Qi 
et al., 2025; Wu et al., 2021) . Crop type alone does not generate suffi
cient geochemical differentiation to override broader environmental 
controls, and land-use effects, where present, tend to produce localized 
accumulations or element-specific responses rather than reorganizing 
the overall multielement assemblage (Jia et al., 2024; Sun et al., 2013).

Scale represents a critical factor in interpreting these results. At 
broader regional extents, environmental gradients tend to overshadow 
local management effects (Anderson and Cribble, 1998), and strong 
spatial autocorrelation in soil chemical properties further constrains the 
expression of management effects at finer scales (Nyengere et al., 2023). 
From a management perspective, agricultural interventions may 

influence specific elements under certain conditions, but typically 
interact with pre-existing environmental controls rather than replacing 
them (Tang et al., 2024; Zhang et al., 2025). Consequently, strategies 
aimed at mitigating elemental accumulation should account for the 
dominant role of climate and topography in structuring soil geochem
istry rather than assuming uniform responses across land-use categories.

4.4. Integrated ecological risk patterns across coastal and highland 
systems

Composite indices (PLI, mCd, SRI, and Nemerow) revealed greater 
risk intensity and spatial heterogeneity in highland valleys than in 
coastal systems, consistent with studies showing that integrated indices 
effectively capture the magnitude and complexity of ecological risk 
(Alharbi et al., 2025; Ritz et al., 2004). The elevated risk levels observed 
in highland systems are consistent with the combined influence of 
geomorphological gradients, altitudinal and erosional processes, and 
regional geochemical conditions described in previous studies (Han 
et al., 2019; Li et al., 2026); however, as no formal source apportion
ment was conducted, these factors should be regarded as plausible 
contextual explanations rather than demonstrated sources. The Nem
erow index proved particularly sensitive to dominant elements that 
elevate overall integrated risk even when other metals remain at mod
erate levels (Ritz et al., 2004; Song et al., 2018), while the greater 
severity observed in Mantaro and Tarma was also consistent with evi
dence highlighting the role of topographic complexity in shaping 
ecological risk patterns (Sun et al., 2013; Tang et al., 2024).

Coastal systems exhibited more homogeneous patterns characterized 
by slight to moderate contamination according to PLI and mCd, which 
may reflect diffuse accumulation processes consistent with long-term 

Fig. 7. Ecological risk classification (SRI) in agricultural soils across coastal and highland valleys.
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agricultural management and spatially distributed inputs, though the 
specific sources responsible for these patterns cannot be directly 
attributed without source apportionment analysis. Similar patterns have 
been reported in agricultural regions under long-term management and 
spatially distributed atmospheric deposition, where gradual but rela
tively uniform increases in metal concentrations may occur (Wu et al., 
2023; Zhang et al., 2025). In such contexts, risk variability tends to be 
lower than in systems affected by more localized high-intensity pres
sures (Qi et al., 2025; Zhang et al., 2019), and the combined use of 
multiple indices has been recommended to prevent underestimation of 
ecological risk in scenarios of moderate but persistent contamination 
(Ritz et al., 2004; Santos-Francés et al., 2017). In addition, background 
metal values may vary across locations due to site-specific processes 
such as weathering and erosion (Yüksel and Ustaoğlu, 2025).

The health risk implications of the PTE concentrations detected in 
this study merit consideration alongside the ecological risk indices. El
ements such as As, Cr, Ni, and Pb, which showed elevated concentra
tions particularly in highland valleys, are recognized as priority 
contaminants due to their carcinogenicity and capacity to reach human 
populations through multiple exposure pathways, including ingestion of 
contaminated soil particles, consumption of crops grown on affected 
soils, and inhalation of resuspended dust (Hou et al., 2025). Recent as
sessments in comparable urban and peri‑urban settings have demon
strated that these pathways can generate non-carcinogenic and 
carcinogenic risks exceeding acceptable thresholds, particularly for 
children, with Cr, Ni, and As identified as the main contributors (Yüksel 
et al., 2025).

4.5. Implications for environmental monitoring and soil management

The results indicate that environmental monitoring frameworks 
should explicitly incorporate climatic and topographic variables along
side soil physicochemical properties, as variation partitioning and 
multivariate analyses consistently demonstrate that macro- 
environmental and spatial components explain a greater proportion of 
elemental variability than local management factors (Anderson and 
Cribble, 1998; Paranavithana et al., 2023). Monitoring schemes based 
solely on land-use classifications risk underestimating the hierarchical 
influence of broader environmental controls (Nyengere et al., 2023; Qi 
et al., 2025; Wu et al., 2021). In this regard, atmospheric deposition has 
been shown to facilitate metal dispersion far beyond mining sites, 
impacting populated areas and vulnerable ecosystems at regional scales 
(Muñoz et al., 2013).

In highland systems, where ecological risk indices reveal greater 
intensity and spatial heterogeneity, monitoring efforts should prioritize 
sectors associated with pronounced topographic gradients and 
geochemical conditions potentially linked to geogenic or mining-related 
inputs, recognizing that the relative contribution of these sources re
quires dedicated source apportionment studies for formal confirmation 
(Han et al., 2019; Li et al., 2026; Sun et al., 2013), incorporating 
geomorphological variables to account for slope-driven erosion and 
metal redistribution processes (Qi et al., 2025; Wu et al., 2021). In 
coastal systems, characterized by diffuse accumulation patterns, 
long-term surveillance approaches focused on detecting gradual 
enrichment trends are more appropriate than hotspot-based strategies 
(Wu et al., 2023; Zhang et al., 2025). In both contexts, the combined use 
of multiple contamination indices is recommended to prevent underes
timation of ecological risk under conditions of moderate but persistent 
contamination (Ritz et al., 2004; Santos-Francés et al., 2017).

In agricultural contexts, the soil-plant transfer pathway constitutes 
an additional critical dimension of environmental risk, as crops can 
absorb and translocate PTEs from the root zone to edible tissues, 
extending the potential for human exposure along the food chain. 
Studies conducted specifically in the highland areas of the Peruvian 
Andes have demonstrated that soils near metallurgical complexes show 
Pb concentrations exceeding maximum limits for agricultural soil by 

more than threefold, with measurable transfer through the soil-root- 
shoot system documented in grassland species (Castro-Bedriñana 
et al., 2021). In the Mantaro Valley specifically, foliar concentrations of 
Cd, Pb, and As in crops such as potato, broad bean, and quinoa have 
been reported to exceed Codex Alimentarius limits, with bio
accumulation factors greater than one recorded for several species, and 
irrigation further increasing metal bioavailability and foliar accumula
tion (Ccopi et al., 2026). These findings reinforce the importance of 
integrating food safety considerations into environmental monitoring 
frameworks for the agricultural valleys evaluated here, particularly in 
highland systems where ecological risk indices indicate greater 
contamination intensity.

5. Conclusions

The spatial variability of soil elemental composition across coastal 
and highland valleys of Peru is predominantly governed by interacting 
environmental gradients, particularly climatic and topographic factors, 
rather than by crop type or current land-use categories. Variance par
titioning confirmed that shared environmental effects dominate over 
pure predictor contributions, reflecting the strong coupling among 
pedogenic, climatic, and spatial processes that structure elemental dis
tributions at the regional scale.

Ecological risk assessment revealed a clear contrast between systems. 
Highland valleys presented greater contamination intensity, spatial 
heterogeneity, and more frequent high-risk categories, which may 
reflect the combined influence of geogenic sources, mining-related in
puts, and topographic complexity. Coastal valleys showed more homo
geneous and diffuse accumulation patterns, which may be related to 
long-term agricultural intensification under arid conditions. In both 
systems, the soil-plant transfer pathway represents an additional 
dimension of concern, as evidenced by reported exceedances of Codex 
Alimentarius limits for Cd, Pb, and As in crops cultivated in the Mantaro 
Valley, underscoring the food safety implications of the contamination 
levels documented here.

These results emphasize that environmental monitoring and soil 
management strategies should incorporate regional climatic and topo
graphic structure alongside soil physicochemical properties, and that 
food safety surveillance should be integrated into monitoring frame
works for highland agricultural systems. The combined use of multiple 
contamination indices is recommended to ensure adequate character
ization of ecological risk across contrasting agro-ecological systems.
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Bautista-Cruz, A.; Arnaud-Viñas, M. del R.; Carrillo-González, R. Trace elements 
concentration in two agricultural areas. 2011.

Benesty, J.; Chen, J.; Huang, Y.; Cohen, I. Pearson correlation coefficient. In; 2009; pp. 
1–4.

Beretta, A.N., Silbermann, A.V., Paladino, L., Torres, D., Bassahun, D., Musselli, R., 
García-Lamohte, A., 2014. Soil texture analyses using a hydrometer: modification of 
the Bouyoucos method. Cienc. Investig. Agrar. 41, 25–26. https://doi.org/10.4067/ 
S0718-16202014000200013.

Binde, D.R., de Moraes, M.F., Haefele, S.M., Pierangeli, M.A.P., 2025. Impact of 
agricultural activities on trace element levels in soils of Mato Grosso, Brazil. 
Chemosphere 384, 144497. https://doi.org/10.1016/j.chemosphere.2025.144497.

Borcard, D., Legendre, P., Drapeau, P., 1992. Partialling out the spatial component of 
ecological variation. Ecology 73, 1045–1055. https://doi.org/10.2307/1940179.

Canaza, D., Calizaya, E., Chambi, W., Calizaya, F., Mindani, C., Cuentas, O., Caira, C., 
Huacani, W., 2023. Spatial distribution of soil organic carbon in relation to land use, 
based on the weighted overlay technique in the high andean ecosystem of 
Puno—Peru. Sustainability 15, 10316. https://doi.org/10.3390/su151310316.

Carbajal, C., Tumbalobos-Dextre, M., Condori-Ataupillco, T., Cuellar-Condori, N., 
Gavilan, C., 2025. Spatial prediction of soil organic carbon stocks across contrasting 
Andean Basins, Peru. Geoderma Reg. 43, e01026. https://doi.org/10.1016/j. 
geodrs.2025.e01026.
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agricultural practices on trace-element distribution in soil. Commun. Soil Sci. Plant 
Anal. 38, 473–491. https://doi.org/10.1080/00103620601174411.
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Omwene, P.I., Öncel, M.S., Çelen, M., Kobya, M., 2018. Heavy metal pollution and 
spatial distribution in surface sediments of Mustafakemalpaşa Stream located in the 
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