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A B S T R A C T

Polycyclic aromatic hydrocarbons (PAHs) are organic contaminants that pose significant risks to human health 
and ecosystems. This study investigated the occurrence, sources, and ecological risks of PAHs in rice paddy soils 
from northwestern Peru. Ninety-seven soil samples were collected at a depth of 30 cm across three altitudinal 
zones, four phenological stages, and two agronomic management practices. Quantification was performed using 
ultra-high-performance liquid chromatography coupled with fluorescence detection (UHPLC-FLD). Source 
apportionment was conducted through rotated principal component analysis combined with multiple linear 
regression. Ecological risk was assessed using organic carbon normalization and the mean effects range-median 
quotient (M-ERM-Q) method, while carcinogenic potential was estimated using the toxic equivalent factor 
(TEQCARC). Total PAHs ranged from 22.02 to 130.55 ng g− 1 (mean: 55.26 ng g− 1); LMW PAHs averaged 37.38 ng 
g− 1, exceeding HMW PAHs (17.88 ng g− 1). No significant differences were observed among altitudinal zones, 
phenological stages or agronomic practices (p > 0.05). The predominant sources of PAHs were attributed to 
vehicular emissions (52.3%), petroleum and biomass combustion (42.1%), and coal combustion (5.4%). 
Ecological risk assessment revealed low contamination levels below established safety thresholds (CEC <290 μg 
g− 1), consistent with the carcinogenic risk estimated through TEQCARC (0.0083 to 18.7483 ng BaPeq g− 1). This 
study provides the first comprehensive evaluation of PAHs contamination in rice paddy soils in Peru and un
derscores the influence of altitude and agricultural practices, emphasizing the need for further research on 
pollution sources, impacts on crop productivity, and potential risks to human health.

☆ This study was funded by Investment Project with CUI No 2472675: “Mejoramiento de los servicios de investigación y transferencia de tecnología agraria en la 
estación agraria experimental Baños del Inca en la localidad de Baños del Inca del distrito de Baños del Inca - provincia de Cajamarca - departamento de Cajamarca”, 
Dirección de Servicios Estratégicos Agrarios (DSEA), Instituto Nacional de Innovación Agraria (INIA).

* Corresponding author.
E-mail address: dt.infolab@gmail.com (D. Tineo). 

Contents lists available at ScienceDirect

Journal of Agriculture and Food Research

journal homepage: www.sciencedirect.com/journal/journal-of-agriculture-and-food-research

https://doi.org/10.1016/j.jafr.2026.102726
Received 21 October 2025; Received in revised form 20 January 2026; Accepted 27 January 2026  

Journal of Agriculture and Food Research 26 (2026) 102726 

Available online 4 February 2026 
2666-1543/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 



1. Introducción

Rice (Oryza sativa L.) is one of the most significant cereal crops 
globally, ranking third in total production after maize and wheat, and 
serving as the primary dietary staple for over 60% of the world's pop
ulation [1,2]. Approximately 90% of both rice production and con
sumption occur in Asia, where China and India are the leading producers 
[3]. In Latin America and the Caribbean, rice constitutes the main source 
of carbohydrates for human consumption [4], with Brazil being the 
largest producer, reaching a production of 10,671,490 tons in 2024 [5]. 
In Peru, rice cultivation covers more than 400,000 ha, with an estimated 
production of two million tons projected for 2025 [6]. Within the 
province of Jaén, located in the Cajamarca region of northwestern Peru, 
rice contributes 29.7% to the provincial gross production value (GPV), 
engaging 4610 producers who collectively manage 14,592 ha; among 
the principal producing districts, Bellavista and Jaén reported the 
highest outputs, reaching 8709.10 tons in 2024 [7].

Conversely, global rice demand continues to increase, and pro
jections indicate that by 2050, production will need to rise by approx
imately 70% to sustain a population expected to reach 9.7 billion 
[8–10]. In response to this growing demand, farmers have adopted 
intensive agricultural practices aimed at maximizing yields while 
minimizing production costs. However, inadequate agronomic man
agement, such as post-harvest residue burning and irrigation with un
treated wastewater, contributes to the generation and accumulation of 
toxic pollutants, including polycyclic aromatic hydrocarbons (PAHs) 
[11–14], which are persistent organic compounds known for their 
deleterious effects on both human health and the environment [15].

PAHs are organic compounds composed of two or more fused ben
zene rings, originating from both natural sources such as volcanic 
eruptions, forest fires, and the weathering of oil-bearing rock formations 
[16–18] and anthropogenic activities, including incomplete combus
tion, pyrolysis of organic matter, and fossil fuel burning [19–23]. Py
rogenic sources are characterized by a predominance of 
high-molecular-weight (HMW) PAHs, whereas petrogenic sources are 
mainly composed of low-molecular-weight (LMW) PAHs [24]. These 
sources can be determined using principal component analysis com
bined with multiple linear regression (PCA-MLR), enabling the identi
fication of the activities that contribute most substantially within the 
assessed environment [13,25,26]. PAHs tend to accumulate and be 
transported through soil, water, and air [27–30], and can be readily 
absorbed by plants, where they accumulate in roots, stems, leaves, and 
grains [28,31]. Their mobility through the food chain, together with 
their persistence and environmental recirculation, poses substantial 
ecological and carcinogenic risks to humans. Due to their persistence 
and toxicity, several international frameworks and monitoring programs 
have been implemented to regulate PAHs contamination in agricultural 
systems [32].

Several studies have reported the occurrence of PAHs in multiple 
environmental matrices, including water, soil, and air [20,32–35]. The 
accumulation of these compounds in soil can reduce the abundance and 
diversity of microbial communities [36], and can also impair plant 
growth and development [37] and may disrupt soil microbiota, thereby 
altering ecological dynamics [38]. Ecological risks associated with PAHs 
have been assessed using various approaches, including organic carbon 
normalization [13,22] and the mean effects range–median quotient 
(M-ERM-Q) [33,35,39,40], which enable the classification of areas ac
cording to toxicity levels. In particular, M-ERM-Q is used as a regulatory 
benchmark by the Canadian Council of Ministers of the Environment 
[41], and is implemented under Peruvian regulations [42]. Moreover, 
the accumulation of PAHs has been confirmed in the tissues of rice and 
wheat plants [28,31,32], and substantial evidence demonstrates that 
PAHs possess toxic, mutagenic, and carcinogenic properties, being 
linked to lung and esophageal cancers, as well as cardiovascular and 
respiratory disorders [43,44]. To evaluate carcinogenic risk from PAHs, 
toxic equivalency factors (TEFs) are commonly applied [45], and cancer 

risks associated with daily rice consumption have been reported in the 
major rice-growing regions of China [14]. Collectively, these findings 
highlight the global concern regarding PAHs in food crops and under
score the importance of monitoring their presence in staple cereals such 
as rice [28,31,32].

In Peru, studies addressing PAHs remain limited, with existing 
research primarily focused on soils from mining [46], fishing [47], and 
urban areas [48], as well as on soils affected by intentional grassland 
burning [49]. However, despite their economic importance to national 
food security, this knowledge gap represents a fundamental limitation in 
understanding the potential risks to consumers and ecosystems [50]. 
Therefore, this study aimed to assess the presence and spatial distribu
tion of PAHs in rice-growing areas of Jaén, Peru, to identify their po
tential sources and to estimate associated ecological and carcinogenic 
risks. To achieve this, different phenological stages of rice and local 
agricultural management practices such as stubble burning and soil 
fallowing were considered, in order to provide scientific evidence that 
supports the monitoring and control of these contaminants. In this study, 
we propose that altitude, the agricultural practice of burning, proximity 
to urban areas, and wastewater treatment plants would affect PAH 
concentrations in rice-growing areas.

2. Material and methods

2.1. Study area

The study area comprises agricultural land located in the lower 
section of the Amojú River basin, partially encompassing the districts of 
Jaén and Bellavista. Both districts belong to the province of Jaén, 
Cajamarca region, Peru (Fig. 1). The region is characterized by 
maximum temperatures ranging from 29 ◦C to 33 ◦C and minimum 
temperatures between 19 ◦C and 23 ◦C, with an estimated annual pre
cipitation of 900-1200 mm [51].

2.2. Sample collection

The agricultural land map and a regular 1 km grid were used as the 
basis for locating sampling points, resulting in a total of 97 soil samples 
collected from rice fields. All soil samples were collected in June 2024, 
corresponding to the rainy season; a single core was taken at each 
sampling point following the sampling procedure described by Ref. [20], 
with the exception that samples were collected from the 0–30 cm soil 
layer to capture the zone with the highest root density in flooded sys
tems [52]. Soil physicochemical properties are summarized in Table 1. A 
spiral auger with a 2.5 cm diameter was used to collect approximately 1 
kg of soil at each point. Each sample was transferred in a plastic bag and 
labeled according to the phenological stage of the crop (seedling, 
tillering, filling, and ripening) and the agronomic management practice 
(fallow or burning) applied at the time of collection (Fig. 1). The samples 
were then transported to the Soil, Water, and Foliar Laboratory of the 
Yanayacu Experimental Center, where they were air-dried, gently 
crushed, and sieved through a 0.25 mm mesh. Finally, 500 g of each 
sample was subsampled and stored at 4 ◦C until analysis.

2.3. Identification and quantification of PAHs

2.3.1. Analysis and quantification of PAHs
For the analysis, fifteen PAHs were considered: naphthalene (Nap), 

Acenaphthylene (Acy), fluorene (Flu), phenanthrene (Phe), anthracene 
(Ant), fluoranthene (Flt), pyrene (Pyr), benzo[a]anthracene (BaA), 
chrysene (Chr), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene 
(BkF), benzo(a)pyrene (BaP), dibenzo[a,h]anthracene (DahA), benzo(g, 
h,i)perylene (BghiP), and indeno(1,2,3-cd)pyrene (IcdP). PAHs was 
performed using ultra-high-performance liquid chromatography 
(UHPLC, Agilent 1290 Infinity II) coupled with a fluorescence detector 
(FLD), following the protocol developed at the Laboratory of Organic 
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Contaminants and Environment, National University of Moquegua [49].
Compound separation was achieved using an Agilent ZORBAX 

Eclipse PAHs analytical column maintained at 25 ◦C. A 10 μL aliquot of 
each sample was injected, with a mobile-phase flow rate of 1.8 mL 
min− 1. Elution was carried out using a gradient of water and Acetonitrile 
under varying time intervals. To ensure analytical accuracy and preci
sion, certified reference standards (500 μg mL− 1; Agilent; purity >99%) 
were used. A mixed stock solution containing the 16 PAHs was prepared 
at 50 μg mL− 1 by dilution in acetonitrile. Working calibration solutions 
were then prepared at five concentration levels (0.005, 0.05, 0.1, 0.2, 
and 0.5 μg mL− 1) for instrument calibration and method validation. 
Both positive and negative controls were employed. The identification 
and quantification of each PAHs were based on their characteristic 
excitation and emission wavelengths recorded by the fluorescence de
tector (Table 2). PAHs were validated based on the limit of detection 
(LOD), limit of quantification (LOQ), recovery percentage (Table S1), 
and abbreviation (Abbr.), Molecular Weight (MW, g/mole), number of 
rings, TEF (toxic equivalent factor) [1], ERM (effects range median 

value) (Table S2).
To contextualize the results, PAHs were descriptively analyzed on an 

individual basis, using the total sum of PAHs, the sum of low-molecular- 
weight PAHs (LMW PAHs), and the sum of high-molecular-weight PAHs 
(HMW PAHs). For each case, the mean, median, standard deviation, 
value range, and detection frequency (both absolute counts and per
centages) were reported. LMW PAHs (2–3 aromatic rings) include Nap, 
Ace, Flu, Phe, and Ant, whereas HMW PAHs (4–6 aromatic rings) 
include Flt, Pyr, BaA, Chr, BbF, BkF, BaP, DahA, BghiP, and Ind.

2.3.2. Comparison of PAHs concentration by altitude zone
The shapefile of the agricultural area of Jaén Province [53] and an 

ALOS PALSAR Digital Elevation Model (DEM) with a spatial resolution 
of 12.5 m [54] were obtained for spatial analysis. In ArcGIS Pro v3.1.0, 
the DEM was clipped using the Extract by Mask tool based on the agri
cultural area shapefile. The study area was subsequently divided into 
three altitudinal zones using the Reclassify tool: low (383-488 m a.s.l.), 
middle (488-640 m a.s.l.), and high (640-1052 m a.s.l.). The sampling 

Fig. 1. The map illustrates the study area and sampling points with regard to their geographic location. The software was developed using ArcGIS Pro v3.1.0 
software, which can be accessed at https://pro.arcgis.com/es/pro-app/latest/get-started/install-and-sign-in-to-arcgis-pro.htm. The altitude classification was 
generated from a digital elevation model (DEM) downloaded from ASF Data Search Vertex, https://search.asf.alaska.edu.

Table 1 
Soil properties in rice-growing areas of Jaén, Peru.

Soil properties Unit Mean Median Std Range

pH pH unit 7.64 7.80 0.60 5.300 – 8.700
Electrical conductivity mSm− 1 26.78 21.80 19.06 7.500 – 146.300
Organic matter % 1.96 1.90 0.60 0.900 – 3.900
Organic carbon mg kg− 1 11,351.73 10,986.00 3505.53 5076.000 – 22,666.000
Available phosphorus mg kg− 1 13.32 11.00 7.71 4.4000 – 65.5000
Sand % 40.99 40.50 13.30 16.6000 – 75.4000
Clay % 29.97 30.10 8.98 8.7000 – 51.8000
Silt % 29.02 28.00 8.83 9.4000 – 55.9000
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point database was incorporated into the GIS environment to generate a 
point shapefile. The Spatial Join tool was applied to assign each sam
pling point to its respective elevation category. The processed dataset 
was then exported and analyzed in the Google Colaboratory environ
ment using the NumPy, Pandas, Seaborn, and Matplotlib libraries to 
visualize the spatial distribution and mean concentrations of PAHs 
across altitude ranges. Finally, the nonparametric Kruskal-Wallis test 
was employed to evaluate significant differences among the altitudinal 
zones.

2.3.3. Comparison of PAHs across phenological phases and agronomic 
practices

To compare PAHs concentrations across crop phenological stages 
and agronomic management practices, the sum of the mean concen
trations of individual PAHs was evaluated. The nonparametric Kruskal 
Wallis test was employed to assess significant differences in PAHs con
centrations among phenological stages and management practices. 
Additionally, principal component analysis (PCA) was conducted to 
identify groupings of phenological stages and agronomic practices based 
on their PAHs composition patterns. Finally, 95% confidence ellipses 
were incorporated to enhance the interpretation of multivariate 
relationships.

2.4. Identification of potential sources of PAHs origin

The diagnostic ratios [Flt/(Flt + Pyr)] vs [Ind/(Ind + BghiP)] [55] 
and [Flt/(Flt + Pyr)] vs. [Ant/(Ant + Phe)] [56] were used to distinguish 
between pyrogenic and petrogenic sources of PAHs. The classification 
thresholds were as follows: 1) Flt/(Flt + Pyr) < 0.40 (petrogenic), 
0.40–0.50 (petroleum combustion), and >0.50 (biomass/coal combus
tion); 2) Ind/(Ind + BghiP) < 0.20 (petrogenic), 0.20–0.50 (petroleum 
combustion), and >0.50 (biomass/coal combustion) [46]; and 3) 
Ant/(Ant + Phe) < 0.10 (petrogenic) versus >0.10 (combustion) [56]. 
Source contribution quantification was performed using the Principal 
Component Analysis-Multilinear Regression (PCA-MLR) approach 
described by Wang et al. [57], In this framework, potential sources are 
inferred by interpreting the Varimax-rotated component loadings and 
comparing them with characteristic PAH fingerprints reported in the 
literature. The suitability of the dataset for PCA was assessed using the 
Kaiser Meyer Olkin (KMO ≥0.60) measure of sampling adequacy and 
Bartlett's test of sphericity (p < 0.05) [13,58], confirming that the cor
relation structure was appropriate for factor extraction. Upon meeting 

these assumptions, PCA was performed on standardized variables, and 
varimax orthogonal rotation was applied to enhance interpretability by 
achieving a simpler loading structure. Horn's parallel analysis (95th 
percentile) was used to determine the number of components to retain, 
resulting in three principal components (PC1, PC2, and PC3) that 
explained a moderate proportion of the total variance. The rotated 
component scores of the Varimax-rotated components (RC1, RC2 and 
RC3) were used as independent variables in an multiple linear regression 
model, with ΣPAHs as the dependent variable (Equation (1)). Source 
contribution ratios were quantified using the absolute standardized 
regression coefficients (|β*|), expressed as fractional percentages of the 
total absolute standardized effect across components. To address het
eroscedasticity, we used robust standard errors (HC3). Rotated loadings 
are presented as absolute values for visualization, whereas rotated 
component scores were used with their original sign in the MLR. 
∑

HAPs= β0 + β1 RC1 + β2 RC2 + β3 RC3 + ε (Equation 1) 

Where: ΣPAHs is the sum of PAH concentrations, β0 is the intercept, 
β1 − β3 are the regression coefficients, RC1–RC3 are the Varimax- 
rotated component scores, and ε is the random error term.

2.5. Assessment of ecological risk and carcinogenic potential

The carbon normalization methodology described by Ref. [13] was 
applied, excluding Acynaphthylene (Acy), which was not evaluated in 
this study. The procedure involved comparing the sum of 12 PAHs (Nap, 
Ace, Flu, Phe, Ant, Pyr, Baa, Chr, Bbf, Bkf, Bap) against established 
threshold values: critical effect concentration (CEC = 290 μg g− 1), mean 
effect concentration (MEC = 1800 μg g− 1), and extreme effect concen
tration (EEC = 10,000 μg g− 1) [59]. An organic carbon–normalized 
criterion was applied because ecological risk varies with the amount of 
organic carbon present in the soil. The organic carbon normalization 
procedure was applied to account for differences in soil organic carbon 
that may influence PAH sorption and, consequently, ecological risk. In 
this approach, OC (mg kg− 1) was first converted to an organic-carbon 
fraction fOC (Equation (2)), and ΣPAHs (ng g− 1 dry soil) was then 
normalized by dividing ΣPAHssoil by foc to obtain ΣPAHsoc in ng g− 1 OC 
(Equation (3)). Finally, ΣPAHsoc was re-expressed in μ g g− 1 OC to 
ensure consistency with the reference framework (Equation (4)). 

fOC =
OC

(
mg kg− 1

)

106 (Equation 2) 

ΣPAHsOC =
ΣPAHssoil

fOC
(Equation 3) 

ΣPAHsOC
(
μg g− 1 OC

)
=

ΣPAHsOC (ng g− 1 OC)
103 (Equation 4) 

Where: OC is the soil organic carbon content, fOC is the organic-carbon 
fraction, ΣPAHssoil is the summed PAH concentration on a dry-soil 
basis (ng g− 1), and ΣPAHsOC is the carbon-normalized summed PAH 
concentration (ng g− 1 OC or mg g− 1 OC).

Similarly, the mean effects range-median quotient (M-ERM-Q) 
method (Equation (5)) was applied to assess ecological risk, considering 
risk categories classified as low (<0.1), medium-low (0.11-0.50), 
medium-high (0.51-1.50), and high (>1.50) [58]. 

M − ERM − Q =

∑
Ci/ERMi

n
(Equation 5) 

Where: “Ci” represents the concentration of the individual PAHs in the 
soil, “ERMᵢ” denotes the ERM value of the individual PAHs, and “n” is 
the total number of PAHs. The corresponding ERM values for each PAHs 
are listed in Table fig.

To evaluate the potential of PAHs to induce DNA (deoxyribonucleic 
acid) alterations and assess their genotoxicity, the BaP equivalent factor 

Table 2 
Analytical conditions for UHPLC-FLD detection of PAHs.

Chromatographic conditions

Parameter Value
Analytical column Agilent ZORBAX Eclipse PAHs 4.6 i.d. x 100 mm, 1.8 μm
Column temperature 25 ◦C
Injection volume 10 μL
flow 1,8 mL min− 1

Mobile phase Time (min) Water (%) Acytonitrile (%)
0 55 45
6 0 100
9.5 0 100
10 55 45

FLD conditions Time (min) Emission (mm) Excitation (mm)
2.97 314 210
3.40 3.14 210
3.80 3.68 250
4.40 402 252
4.57 402 252
4.79 440 237
5.20 420 255
5.60 420 255
6.90 453 234
8.00 453 234
8.90 453 234
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(BaP_eq) approach (Equation (6)) was applied [15]. Carcinogenic risk 
levels were categorized as follows: no risk (<0.1), low risk (0.1-1), low 
to moderate risk (1-10), moderate to high risk (10-100), and high risk 
(≥100). Additionally, the Peruvian Environmental Quality Standards 
(ECA) for soil [42] were considered, adopting the Canadian Soil Envi
ronmental Quality Guideline (600 ng g− 1) [41] as the reference 
threshold. 

TEQcarc =
∑

i
Ci × TEFcarc

i (Equation 6) 

Where: TEQcaʳc is the BaP equivalent factor; Ci is the mean concentration 
of each PAHs expressed in nanograms per gram (ng g− 1); and TEFᵢcaʳc is 
the toxic equivalency factor relative to BaP [45].

To spatially represent ecological risk levels and carcinogenic po
tential, the Kriging interpolation method was applied in ArcMap 10.8 
after fitting the experimental semivariogram. The model's performance 
and suitability were evaluated through cross-validation, which yielded a 
bias near zero, a minimal root mean square error (RMSE), and a ratio of 
partial least squares (PLS) error to variance close to 1, consistent with 
the validation criteria described in Ref. [60] Zonal classification was 
performed using the thresholds defined in the methodology. However, 
when values did not exceed those thresholds, we applied the Natural 
Breaks (Jenks) criterion in ArcGIS Pro to classify the areas, prioritizing 
the identification and visualization of the main PAH influence hotspots 
and highlighting natural shifts in the distribution of values.

2.6. Statistical analysis

Statistical analyses were conducted to evaluate differences in poly
cyclic aromatic hydrocarbon (PAH) concentrations among altitudinal 
zones, phenological stages, and agronomic management practices. 
Because the dataset did not meet the assumptions of normality and 
homoscedasticity, nonparametric tests were applied. Specifically, the 
Kruskal–Wallis test (α = 0,05). was used to assess significant differences 
among groups, and p-values were reported for each comparison. When 
appropriate, descriptive statistics were computed, including the mean, 
median, standard deviation, minimum and maximum values, and 
detection frequency for each individual PAH.

Multivariate analyses were performed to explore compositional 
patterns and potential PAH sources. A principal component analysis 
(PCA) with varimax rotation was applied after verifying sampling ade
quacy using the Kaiser–Meyer–Olkin measure (KMO ≥0.60) and Bar
tlett's test of sphericity (p < 0.05). The number of retained components 
was determined using Horn's parallel analysis (95th percentile). The 
resulting principal components were subsequently used as predictors in 
a multiple linear regression (MLR) model, with total PAH concentration 
as the dependent variable, to quantify source contributions.

Ecological risk was assessed using the mean effects range–median 
quotient (M-ERM-Q) method, whereas carcinogenic potential was esti
mated using the toxic equivalency factor approach (TEQ_carc). Spatial 
interpolation of risk indices was performed using kriging after fitting 
experimental semivariograms, and model performance was validated 
through cross-validation (bias close to zero, minimal RMSE, and a ratio 
of PLS error to variance close to 1).

All statistical analyses were carried out in Google Colaboratory using 
Python libraries (NumPy, Pandas, Seaborn, and Matplotlib) for data 
processing and visualization, and in ArcGIS Pro v3.1.0/ArcMap 10.8 for 
geospatial analyses.

3. Results

3.1. Identifications and quantifications PAHs

Total PAHs concentrations per sampling point ranged from 22.02 to 
130.55 ng g− 1, with a mean of 55.26 ng g− 1. In the study area, LMW 
PAHs exhibited a higher mean concentration (37.38 ng g− 1) than HMW 

PAHs (17.88 ng g− 1).Two low molecular weight compounds, Nap and 
Flu, were detected in all samples. Among the quantified PAHs, Phe and 
Nap exhibited the highest mean concentrations (14.12 ng g− 1 and 18.82 
ng g− 1, respectively), followed by Flu (3.34 ng g− 1) and Dah (7.15 ng 
g− 1). Flt displayed the highest individual concentration, reaching 77.61 
ng g− 1. In contrast, the high-molecular-weight compounds Bgp and Bkf 
showed mean concentrations below 1 ng g− 1, and their occurrence was 
inconsistent across samples (Table 3).

3.1.1. Comparison by altitudinal zone
The low-altitude zone exhibited the highest cumulative PAHs con

centration (2516.6 ng g− 1), substantially exceeding those measured in 
the mid-altitude (1670.6 ng g− 1) and high-altitude zones (1172.8 ng 
g− 1) (Fig. 2a), showing a number of heterogeneous samples by altitude 
zone, with no significant differences in concentrations (p > 0,05) 
(Table 4). Moreover, the low-altitude zone displayed a noticeably 
broader interquartile range (24.8) compared with the mid-altitude 
(23.65) and high-altitude zones (23.67) (Fig. 2b), indicating greater 
spatial heterogeneity in PAHs concentrations at lower elevations.

Low molecular weight PAHs (2-3 rings) dominated the total PAHs 
load across all altitudinal zones, accounting for 67.9% of the total 
concentration in the high zone, 64.4% in the mid-zone, and 69.6% in the 
low-zone. Among the high molecular weight PAHs (4-6 rings), four-ring 
compounds contributed the most (low zone: 21.8%, mid zone: 25.1%, 
high zone: 24.7%), followed by five-ring PAHs (high zone: 3.9%, mid 
zone: 8.8%, low zone: 8.2%), while six-ring PAHs represented the 
smallest proportions (low zone: 0.4%, mid zone: 1.7%, high zone: 3.4%) 
(Fig. 3).

The average concentrations of Nap, Phe, and Flt showed clear 
dominance across all altitudinal zones. Nap exhibited the highest mean 
concentration in the low zone (20.66 ng g− 1), followed by the mid 
(18.09 ng g− 1) and high zones (16.23 ng g− 1). Flu displayed a similar 
trend, with greater concentrations at lower altitudes (low zone: 3.51 ng 
g− 1). Phe also recorded elevated levels in the low zone (14.78 ng g− 1). In 
contrast, Flt reached its maximum concentration in the mid zone (8.30 
ng g− 1), followed by the low zone (7.63 ng g− 1). Acy and BaP were 
detected at consistently low concentrations (<1 ng g− 1) across all zones. 
DahA exhibited higher concentrations in the low (3.45 ng g− 1) and mid 
zones (3.37 ng g− 1), whereas IcdP was more abundant in the high zone 
(1.50 ng g− 1) (Fig. 4).

Soil pH, organic matter, and texture (% sand, % silt, and % clay) 
showed no significant differences among altitudinal zones. In contrast, 
available phosphorus varied significantly, with higher concentrations in 
the low zone (p = 0.02). Consistently, electrical conductivity was also 
significantly higher in the low zone (p = 0.002) (Fig. S1). In the corre
lation analysis, the variables most strongly associated with ΣPAHs were 
organic carbon (ρ = 0.45), organic matter (ρ = 0.44), sand fraction (ρ =
− 0.42), and silt fraction (ρ = 0.40). A similar pattern was observed for 
ΣLMW-PAHs, with stronger correlations with sand (ρ = − 0.55) and silt 
(ρ = 0.41), followed by organic carbon (ρ = 0.38), clay (ρ = 0.38), and 
organic matter (ρ = 0.37). By contrast, ΣHMW-PAHs showed weak as
sociations with the evaluated soil properties (|ρ| < 0.24) (Fig. 5).

3.1.2. Comparison by phenological stage and agronomic management 
practices

The seedling stage exhibited the highest mean PAHs concentration 
(60.4 ng g− 1), followed by the ripening (55.7 ng g− 1), filling (49.0 ng 
g− 1), and tillering (47.2 ng g− 1) stages. Among agronomic management 
practices, the burning treatment showed the highest average concen
tration (77.7 ng g− 1), followed by the resting condition (50.0 ng g− 1) 
(Fig. 6a). Regarding data dispersion, the burning practice displayed the 
widest interquartile range (46.17), followed by the seedling (29.39), 
ripening (28.33), filling (27.48), resting (23.27), and tillering (18.41) 
stages (Fig. 6b). A heterogeneous number of samples was recorded 
across phenological phases and agronomic practices; however, no sig
nificant differences in concentrations were observed (p > 0.05) 
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(Table 5). The distribution of individual PAHs concentrations by com
pound is presented in Fig. S2.

The ripening and resting phases exhibited the greatest chemical di
versity, with 15 PAHs compounds detected. The seedling phase fol
lowed, with 14 PAHs identified, while Acy was not detected (Fig. 7). In 
the tillering and filling phases, 13 compounds were identified, with the 
absence of BaA and IcdP in the former, and Acy and BghiP in the latter. 
Conversely, the burning practice showed the lowest chemical diversity 
(nine PAHs), due to the absence of Acy, BaA, BaP, BghiP, DahA and IcdP. 
Despite this, the burning condition exhibited elevated mean concen
trations of Flt (27.54 ng g− 1), Nap (20.43 ng g− 1), and Phe (19.15 ng 
g− 1).

The multivariate variation in PAHs concentrations as a function of 
rice phenological stages and agronomic management practices is illus
trated in Fig. 8. The first two principal components (PC1 and PC2) 
jointly explained 42.7% of the total variance (PC1 = 23.8%, PC2 =

18.9%). The seedling stage exhibited a compact and centralized distri
bution, indicating lower variability in PAHs composition. In contrast, 
the tillering and ripening stages showed greater dispersion, reflecting 
higher heterogeneity in PAHs concentrations. The resting stage was 
slightly separated along positive PC1 values, whereas the filling and 
burning stages overlapped with other groups, preventing clear differ
entiation among them.

3.2. Sources of PAHs

The cross-diagnostic ratio Flt/(Flt + Pyr) indicated a predominance 
of pyrogenic sources (values > 0.50), mainly associated with the com
bustion of coal, wood, and grass, with a smaller subset of samples sug
gesting petrogenic contributions (Fig. 9). Among the pyrogenic sources, 
the IcdP/(IcdP + BghiP) ratio revealed the coexistence of emissions from 
fossil fuel combustion and coal/wood/grass burning, with the former 
being slightly more dominant (Fig. 9a). The Flt/(Flt + Pyr) cross-plot 
exhibited greater data dispersion within the pyrogenic domain 
(values > 0.50), whereas the remaining samples clustered near 0, 
consistent with petrogenic contributions. Conversely, the Ant/(Ant +
Phe) ratio (<0.10) suggested a predominance of petroleum derived 
sources, accompanied by a relative decline in combustion-related sig
natures (Fig. 9b).

In the rotated principal component analysis (PCA), the first three 
principal components (PCs) were retained according to Horn's parallel 

Table 3 
Descriptive statistics of PAHs concentrations in soil samples (ng g− 1).

HAP Mean Median Std Range Frequency Detection (%)

Nap 18.82 17.70 6.18 6.26–43.68 97 100
Ace 0.27 0.00 1.78 0.00–16.81 4 4
Flu 3.34 3.26 0.99 1.48–7.39 97 100
Phe 14.12 13.62 5.37 0.00–24.00 96 99
Ant 0.84 0.85 0.34 0.00–1.82 94 97
Flt 7.43 0.00 15.62 0.00–77.61 24 25
Pyr 3.38 3.37 1.64 0.00–8.77 91 94
BaA 0.17 0.00 0.46 0.00–2.22 17 18
Chr 1.98 1.98 2.08 0.00–10.28 57 59
Bbf 0.96 0.89 1.01 0.00–5.90 66 68
Bkf 0.36 0.33 0.34 0.00–1.94 75 77
BaP 0.12 0.00 0.46 0.00–2.22 6 6
Dah 2.67 0.00 6.58 0.00–24.93 36 37
Bgp 0.15 0.00 0.36 0.00–1.67 20 21
Ind 0.67 0.00 2.05 0.00–10.24 11 11
ΣPAHs 55.26 52.07 23.67 22.02–130.55 97 100
ΣLMW_PAHs 37.38 35.18 11.40 16.69–75.56 97 100
ΣHMW_PAHs 17.88 9.25 19.35 0.67–83.59 97 100

Note. The values were calculated using all samples (n = 97), including non-detects recorded as 0. ΣPAHs corresponds to the sum of the 15 quantified PAHs. ΣLMW PAHs 
corresponds to the sum of Nap, Ace, Flu, Phe, and Ant; ΣHMW PAHs corresponds to the sum of Flt, Pyr, BaA, Chr, Bbf, Bkf, BaP, Dah, Bgp, and Ind.

Fig. 2. Distribution of total PAHs concentrations across altitudinal zones: (a) cumulative PAHs load (ng m− 2) and (b) boxplot of total PAHs concentrations (ng m− 2) 
by altitude zone. Altitudinal zones are defined as low (383-488 m a.s.l.), medium (488-640 m a.s.l.), and high (640-1052 m a.s.l.).

Table 4 
Descriptive statistics of PAHs concentrations in soil samples (ng g− 1).

Zone Number of samples Kruskal-Wallis (p-value)

Hight 23 0.4259
Middle 30
Low 44
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analysis (eigenvalue = 1.53). Together these components explained 53% 
of the total variance, with PC1 accounting for 22%, PC2 for 20%, and 
PC3 for 11% (Table S3). The Varimax-rotated loading profiles RC1 
exhibited high loadings Phe (0.91), Ant (0.82), Pyr, (0.79), Nap (0.74), 
and Flu (0.62) (Fig. 10a). In contrast, RC2 showed strong loadings for 
high-molecular-weight PAHs such as BkF (0.86), BbF (0.75), BaA (0.72), 
and BaP (0.68) (Fig. 10b). RC3 was mainly associated with DahA, (0.66), 
Flt (0.57), Flu (0.54), IcdP (0.45), and BghiP (0.45) (Fig. 10c). The 
multiple linear regression (MLR) analysis revealed that the relative 
source contributions to ΣPAHs, quantified as fractional percentages of 
the total absolute standardized effect (|β*|), were 42.1% for RC1 (p <
0.05), 5.4% for RC2 (p > 0.05) and 52.3% for RC3 (p < 0.05) (Tables S4 
and S5). The overall model (Equation (7)) achieved a coefficient of 
determination (R2) of 0.71. 
∑

HAPs=6.483 RC1 − 0.865 RC2 + 11.364 RC3 + 55.259
(Equation 7) 

3.3. Assessment of ecological risks and carcinogenic factors

As shown in Fig. 11a, the ecological risk map indicates that the 
assessed area did not exceed the critical effect concentration (CEC =
290 ng g− 1). However, classification into three concentration ranges low 
(4.02 - 4.76 μg g− 1), medium (4.76 - 5.25 μg g− 1), and high (5.25-6.02 

μg g− 1) revealed elevated PAHs concentrations in the southwest (near 
the city of Jaén), northwest (downstream of the Jaén wastewater 
treatment plant), and southeast (at the mouth of the Amójú River and to 
the Bellavista treatment plant). The least contaminated zones were 
located in the northwest (areas irrigated by the Tumbillán stream), north 
(upland areas near Santa Cruz).The high-contamination zone covered 
approximately 1142.022 ha, the moderate contamination zone encom
passed 3702.68 ha, and the low-contamination zone extended over 
833.43 ha (Fig. 11a). The agricultural region of Jaén Province was 
classified as low ecological risk (M-ERM-Q = 0.0112), with values 
ranging from 0.00116 to 0.00856 (Fig. 11b). The highest contamination 
levels were observed in the northwest of Shanango, the northeast of 
Bellavista, and areas adjacent to Santa Cruz. Regarding carcinogenic 
risk, the TEQCARC indicated that medium high risk areas accounted for 
62% of the total, followed by low risk (37.24%), high risk (0.16%), and 
no-risk (0.007%) zones (Fig. 11c). The cumulative concentration for all 
analyzed samples was 282.84 ng BaPeq g− 1, and the areas with the 
highest TEQCARC values spatially coincided with the high-risk zones 
identified by the M-ERM-Q index.

4. Discusión

This study assessed the concentrations of 15 PAHs in rice-growing 
areas within the Amojú River basin. The mean concentration was 

Fig. 3. Percentage distribution of PAHs classified by the number of aromatic rings across altitudinal zones. Altitudinal zones are defined as follows: low (383-488 m 
a.s.l.), medium (488-640 m a.s.l.), and high (640-1052 m a.s.l.). Colors indicate the following: light blue = 2 rings, blue = 3 rings, light green = 4 rings, dark green =
5 rings, and pink = 6 rings.

Fig. 4. Concentrations of PAHs in rice agricultural soils across altitudinal zones. Each cell represents the mean concentration of individual PAHs (ng g− 1). Color 
intensity indicates concentration magnitude, with darker tones representing higher levels. Altitudinal zones are defined as low (383-488 m a.s.l.), medium (488-640 
m a.s.l.), and high (640-1052 m a.s.l.).
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55.26 ng g− 1, which is lower than those reported for other major rice 
producing regions in Asia. For example, average concentrations of 118 
ng g− 1 have been reported in the Hani Terrace, 171 ng g− 1 in the San
jiang Plain, 329 ng g− 1 in the Taihu Plain, and 352.94 ng g− 1 in Suzhou 
[14]. These differences may be attributed to the higher population 
densities in those regions [32,61] and their proximity to industrial zones 
[32], factors known to increase pollutant accumulation [14]; another 
important factor is the sampling depth, which in this study was 

relatively greater (0–30 cm). In other crops, a tendency for PAH con
centrations to decrease with depth has been reported [39]; therefore, 
this wider sampling interval could contribute to lower measured con
centrations and limit comparability with studies that use shallower 
depths. However, the specific influence of depth on PAH concentrations 
in paddy soils is not yet clearly established. In this regard, future 
research should explicitly assess the effect of sampling depth under 
flooded conditions, with particular emphasis on the rhizosphere, where 

Fig. 5. Spearman correlation matrix between soil physicochemical properties and PAH indicators. The heatmap shows pairwise Spearman's rho (ρ) values among pH, 
electrical conductivity, organic matter, organic carbon, available phosphorus, soil texture fractions (sand, clay, silt), and PAH metrics (ΣPAHs, 
ΣLMW_PAHs, ΣHMW_PAHs).

Fig. 6. Concentrations of PAHs according to phenological stages and agronomic management practices: (a) mean PAHs concentrations by phenological stage and 
management practice, and (b) data distribution.
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the combined action of microbial communities which tend to degrade 
PAHs [21] and plant roots which can absorb low molecular weight PAHs 
and adsorb high molecular weight PAHs [16,19,20]. may reduce 
bioavailability and, consequently, the dermal-contact toxicity potential 
[41].

The persistence of Nap and Flu observed in this study may be 
explained by their high emission rates and elevated volatility and sol
ubility, which facilitate both atmospheric and fluvial transport [14]. In 
addition, soil organic carbon was positively associated with PAHs, 
showing direct correlations with ΣPAHs (ρ = 0.45) and ΣLMW-PAHs (ρ 
= 0.38). Notably, the strongest relationship was the negative correlation 
between ΣLMW-PAHs and sand content (ρ = − 0.55), suggesting that 
sandier soils with lower sorption capacity promote greater mobility of 
LMW compounds, particularly under flooded conditions [62]. Overall, 
although PAHs concentrations in the Amojú basin were lower than those 
reported for Asian rice growing regions, the predominance of low mo
lecular weight PAHs suggests the influence of local emission sources, 
which should be considered in the formulation of management and 
mitigation strategies.

Overall, the distribution of PAHs was widespread, with no statisti
cally significant differences among altitudinal zones (p > 0,05), as dif
ferences are easier to detect when between-group variability is large and 
within-group variability is small [63]. However, descriptive statistics 
indicated higher concentrations recorded at lower elevations (Fig. 2a), 
which may be attributed to the topographic characteristics of the Amojú 
River basin, where runoff promotes the accumulation of pollutants in 
low-lying areas [14,64,65]. Due to their hydrophobic nature, these 
compounds are prone to transport via water flow toward flatter terrain 
[14,65]. In contrast, high molecular weight PAHs exhibited greater 
variability with altitude (Fig. 3), likely due to their higher molecular 
mass and stronger affinity for adsorption onto the solid phase of soils 
[66]. This behavior suggests the coexistence of two primary accumula
tion mechanisms: mobility and deposition in low-lying zones for low 
molecular weight PAHs, and edaphic retention for high molecular 
weight compounds.

Regarding phenological stages, the highest concentrations of PAHs 
were recorded during the seedling stage (Fig. 5), likely due to the 
incorporation of ash from stubble burning and the input of low molec
ular weight PAHs transported through irrigation water [14,65,67]. It is 
important to note that these variations reflect descriptive trends rather 
than statistically significant differences. During the tillering, filling, and 
ripening stages, PAHs concentrations tended to decrease [68], which 
may be attributed to the activity of soil bacterial communities that 
enhance PAHs degradation throughout the crop cycle [68]. With respect 
to agronomic management practices, the resting stage exhibited the 
lowest PAHs concentrations (Fig. 5), possibly due to continuous mi
crobial degradation [69], reduced contaminant input via irrigation, and 
improved soil oxygenation following drying, which promotes aerobic 
degradation of PAHs [21]. Conversely, the burning practice showed the 
highest PAHs concentrations, likely due to the pyrolysis of organic 
matter, consistent with the elevated presence of fluoranthene (Flt) 
(Fig. 6), a compound typically associated with combustion processes 
[14,70]. These differences should be interpreted as observational pat
terns, as no statistically significant differences were detected among 
management practices. These findings indicate that both phenological 
stages and, in particular, agronomic management practices influence the 
dynamics of PAHs in rice cultivation systems. Although variations in 
PAHs concentrations and trends were observed, no statistically signifi
cant differences were detected among phenological stages or manage
ment practices (p > 0,05), as evidenced by the limited separation in the 
principal component analysis (Fig. 7). Although linear mixed models 
(LMMs) and generalized linear mixed models (GLMMs) can accommo
date combinations of factors [71], unbalanced designs tend to introduce 
identifiability issues and unstable parameter estimates, which can 
weaken standard inference [72]. Therefore, future studies should adopt 
a balanced sampling design with a homogeneous number of samples per 
stage and management practice, or implement temporal monitoring, to 
enable more robust inferences regarding differentiation patterns.

Regarding the origin of PAHs, the diagnostic ratios indicated the 
coexistence of sources associated with biomass and fossil fuel combus
tion (Fig. 8a), with a slight bias toward petroleum-related inputs 
(Fig. 8b). According to the principal component analysis-multilinear 
regression (PCA-MLR) results, PC3 the primary source of PAHs, 
explaining 52.3% of the total variance showed elevated loadings for 
DahA, Flt, Flu, BghiP, and IcdP, compounds commonly associated with 
gasoline and diesel vehicle emissions [23,73–76]. This suggests a 
continuous influence of vehicular activity in areas to rice cultivation. 
Conversely, PC1 (42.1% of explained variance) exhibited high loadings 
for Phe, Pyr, and Flu, characteristic of biomass combustion [26,74], 
along with Nap and Ant, which are typically found in unburned petro
leum sources [22,23]. These results indicate the combined presence of 

Table 5 
Number of samples for Phenological phases and agronomic practices.

Phenological phases and agronomic 
practices

Number of 
samples

Kruskal-Wallis (p- 
value)

Seedling 34 0.4406
Tillering 10
Filling 10
Ripening 20
Burning 3
Rest 20

Fig. 7. Distribution of PAHs as a function of rice phenological stages and agronomic management practices. Each cell represents the mean PAHs concentration (ng 
g− 1). Color intensity indicates concentration magnitude, with darker tones representing higher levels. White cells denote compounds that were not detected.
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pyrogenic and petrogenic PAHs, likely introduced through contami
nated irrigation water [39,65]. PC2, which accounted for 5.4% of the 
explained variance, showed high loadings for BkF, BbF, and BaP markers 
of vehicular emissions [23,75] as well as BaA and Chr, typical indicators 
of coal combustion [74]. The relatively low contribution of this 
component may reflect the limited use of coal in the city of Jaén 
compared with other urban areas where coal is used for heating during 
winter [73].

The analysis identified PAHs sources with reasonable accuracy (R2 =

0.71). However, the cumulative variance explained by the first three 
principal components (53%) was insufficient for definitive source 
characterization when compared with previous studies [26,73,77]. This 
limitation is likely related to the complex environmental behavior of 
PAHs, whose persistence in soil is governed by degradation dynamics 
influenced by soil texture, organic carbon content, nutrient availability, 
moisture, and aeration [78]. Consequently, future studies should 
incorporate assessments of the topsoil layer (0-10 cm) across a wider 
range of sampling sites within the Amojú River basin and other rice 

Fig. 8. Principal component analysis (PCA) of PAHs concentrations in relation to phenological stages and agronomic management practices in rice cultivation. The 
biplot illustrates sample distributions along the first two principal components (PC1 and PC2), with 95% confidence ellipses for each stage and loading vectors 
representing PAHs variables.

Fig. 9. Cross plots of diagnostic ratios for the identification of PAHs sources. (a) Relationship between Flt/(Flt + Pyr) and Ind/(Ind + BghiP). (b) Relationship 
between Flt/(Flt + Pyr) and Ant/(Ant + Phe).
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producing regions to more accurately elucidate the origin, transport, 
and environmental fate of PAHs in agricultural soils.

Regarding ecological risks, the carbon normalization method indi
cated that PAHs concentrations remained below the reference threshold 
of 290 μg g− 1 (Fig. 10a). However, higher PAHs concentrations were 
observed in areas located near human settlements and wastewater 
treatment plants. Therefore, future research should prioritize identifying 
potential pollution sources in zones to urban areas and establish moni
toring programs to evaluate the quality of irrigation water. According M- 
ERM-Q approach, the study area was classified as low risk (<0.1), 
although certain localized zones exhibited elevated contamination 
levels (Fig. 10b). These zones were primarily characterized by high 
concentrations of DahA, a compound typically associated with fossil fuel 
combustion [23,75]. Furthermore, the interpolated total equivalent 
carcinogenic concentration (TEQCARC) values indicated low carcino
genic potential, ranging from 0.0083 to 18.7483 ng BaPeq g− 1. These 
levels are substantially lower than those reported for rice growing re
gions in China and Nigeria (251.96-2348 ng BaPeq g− 1) and remain well 
below the Canadian Soil Quality Guideline threshold of 600 ng BaPeq g− 1 

[41]. M-ERM-Q and TEQCARC correspond to a relative classification 
based on numerical ranges and are used mainly to identify spatial het
erogeneity and delineate priority areas within the site, whereas (ii) 
comparison with guideline/threshold values (e.g., <600 ng BaP_eq g− 1) 
constitutes a distinct criterion aimed at assessing potential exceedances 
relative to reference values. Implications for human health are inferred 
solely from the soil TEQ, given that PAHs were not measured in rice 
grains, irrigation water, or air; therefore, future studies are recom
mended to evaluate exposure matrices and pathways.

Research on the presence, distribution, and risks associated with 
PAHs in soils is essential for the environmental characterization of 
agricultural landscapes. Such investigations enable the identification of 
contamination hotspots, the inference of emission sources, and the 
assessment of ecological and human health risks. These insights provide 
a solid foundation for developing mitigation strategies to reduce 
pollutant loads in rice growing soils. This study represents the first 
systematic evaluation of PAHs in rice cultivation areas in Peru, focusing 
on the lower Amojú River basin, where we identified urban areas and 
sites downstream of wastewater treatment plants as critical hotspots of 
PAH accumulation; through irrigation, these contaminants can be 

transported and retained in rice fields. At the national level, Peru has 
regulatory instruments to support environmental monitoring and 
compliance, including Environmental Quality Standards (ECAs) for 
water bodies [79] y and Maximum Permissible Limits (LMPs) for efflu
ents from Domestic or Municipal Wastewater Treatment Plants 
(WWTPs) [80]; In addition, regulations addressing agricultural and 
agro-industrial residue management prohibit the open burning of agri
cultural residues, providing a framework to reduce emissions and pro
tect air, water, and soil quality [81]. Together, these instruments 
strengthen the oversight of water and soil resources and are further 
supported by the implementation of regulations that govern water user 
organizations, reinforcing their participation in multisectoral water re
sources management [82]. These regulatory frameworks support efforts 
to improve the environmental quality of the agricultural region, and this 
study draws attention to agricultural soil contamination while also 
proposing a methodological approach for environmental monitoring in 
these rice-growing areas that sustain the livelihoods of thousands of 
local farmers. Nevertheless, important knowledge gaps remain, partic
ularly regarding the seasonal and interannual variability of PAHs con
centrations and their translocation within rice plants. Future research 
should incorporate additional environmental matrices, including water 
and sediments, to achieve a comprehensive understanding of the po
tential risks that PAHs pose to human health, crop sustainability, and 
soil resource conservation.

5. Conclusions

This study evaluated the concentrations of 15 PAHs in soils from the 
Amojú River basin, revealing no statistically significant differences (p >
0,05) across altitudinal zones or agronomic management practices. 
Nevertheless, a clear trend of increasing PAHs concentrations with 
decreasing altitude was observed. Across phenological stages and 
management practices, elevated PAHs levels were particularly associ
ated with stubble burning. Source apportionment analysis indicated that 
vehicular emissions were the dominant contributors (52.3%), followed 
by biomass combustion and petroleum-derived sources (42.1%), 
whereas coal combustion accounted for the smallest fraction (5.4%). In 
terms of ecological risk, both the carbon normalization and M-ERM-Q 
methods classified the area as low risk, with values ranging from 4.02 to 

Fig. 10. Absolute loadings of PAHs on the first three principal components (a-b: PC1-PC3) derived from principal component analysis (PCA). Striped bars indicate 
loading values greater than 0.30.
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6.02 and 0.00116 to 0.00856, respectivel. However, localized hotspots 
were identified near human settlements, wastewater treatment plants, 
and the mouth of the Amojú River. Carcinogenic risk assessment showed 
that the highest TEQCARC values (0.0083 to 18.7483 ng BaPeq g− 1) were 
confined to small areas and remained below both the Peruvian Soil 
Quality Standard (ECA) and the Canadian Soil Quality Guideline. DahA 
was identified as the primary contributor to overall carcinogenic po
tential. This research represents the first comprehensive assessment of 
PAHs contamination in rice-growing soils in Peru, underscoring the in
fluence of altitude and agronomic practices on their distribution. While 
the results suggest a generally low ecological and carcinogenic risk 
under current soil quality standards, further investigation is warranted 
to evaluate potential pathways of human exposure, particularly through 
PAH transfer to rice grains and dietary intake. The findings highlight the 

need for continued monitoring to identify pollution sources, assess im
pacts on agricultural productivity, and evaluate potential risks to human 
health.
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[78] J. Sabaté, M. Viñas, A.M. Solanas, Bioavailability assessment and environmental 
fate of polycyclic aromatic hydrocarbons in biostimulated creosote-contaminated 
soil, Chemosphere 63 (2006) 1648–1659, https://doi.org/10.1016/J. 
CHEMOSPHERE.2005.10.020.

[79] Ministerio Del Ambiente [MINAM], Decreto Supremo N.◦ 004-2017-MINAM, El 
Peruano, Perú, 2017.

[80] Ministerio Del Ambiente [MINAM], Decreto Supremo N.◦ 003-2010-MINAM, El 
Peruano, Perú, 2010.

[81] Ministerio De Agricultura [MA], Decreto Supremo N.◦ 016-2012-AG, El Peruano, 
Perú, 2012.

[82] Ministerio De Agricultura y Riego [MIDAGRI], Decreto Supremo N.◦ 007-2024- 
MIDAGRI, El Peruano, Perú, 2024.

C. Culqui et al.                                                                                                                                                                                                                                  Journal of Agriculture and Food Research 26 (2026) 102726 

14 


