Spatial Lead Distribution in Mangifera indica
and Syzygium malaccense in a Medium-Sized
City, Colombia

Christian Valderrama'!
Hernan Zarate "

Abstract: Uncontrolled urban development driven by forced migration ' Complutense University of
. . .. L. . Madrid; Madrid,  Spain.

has heightened the need for strategies to mitigate food security in Latin

America. This study aims to characterize the presence and spatial dis- ;A[i:::;’;fycf’glszﬁal“

tribution of lead (Pb) concentrations in fruit-bearing tree species along ' ‘

public roads in Neiva, Colombia, a medium-sized city. A comprehensive

census identified Mangifera indica and Syzygium malaccense as the most

prevalent species. Fruit samples were collected and analyzed according

to FAO standards. Spatial interpolation and Kriging methods were em-

ployed to map lead concentrations across the urban landscape. Results

revealed detectable levels of lead in all samples, with five samples ex-

ceeding the permissible limit of 0.1 mg/kg. The highest concentrations

were observed in industrial areas, suggesting significant contamination

from vehicular and industrial activities. These findings underscore the

importance of urban agroforestry strategies in areas with lower contami-

nation levels and highlight the need for further research to identify safer

urban agriculture zones.
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Introduction

In urban environments, heavy metals primarily originate from anthropogenic
sources. Vehicular traffic, industrial plants, and incinerators release metals into the atmo-
sphere, which are then deposited on the ground and absorbed by plant species (SAWIDIS
et al., 2011). The degree of metal absorption depends on various factors, including the
specific plant species, type of pollutant, and its concentration (ALAHABADI et al., 2017).
Among the most studied metals due to their toxicity and prevalence are mercury (Hg),
arsenic (As), and lead (Pb) (ALLOWAY, 2013). Monitoring these contaminants in urban
areas is costly and often unreliable, leading to a preference for assessing the response of
living organisms, such as trees, which are effective bioindicators of atmospheric pollution

(BOQUETE et al., 2014).

Urban food forestry (UFF) has gained significant attention as a strategy to support
the Sustainable Development Goals (SDGs), particularly the Zero Hunger initiative. Over
the past 20 years, research in this field has grown at a rate of 13.8% (VALDERRAMA
et al., 2023), by enhancing urban green spaces and improving air quality (DOUGLAS;
IRGA; TORPY, 2019; WARD et al., 2015; ZUPANCIC; WESTMACOTT, BULTHUIS,
2015). Despite its benefits, UFF faces challenges, particularly regarding the risk of heavy
metal contamination in urban areas. Plants growing in these environments are exposed
to high pollutant loads, which can lead to the bioaccumulation of harmful substances
in edible fruits (MEHARG, 2016; SAUMEL et al., 2012). Despite the growing interest,
edible tree-based landscaping remains limited, and no standard guidelines for producing
healthy fruits in urban areas are available (GORI; FERRINI; FINI, 2019).

Recent advancements in geostatistics have significantly enhanced environmental
contamination monitoring, particularly through the application of kriging for spatial
analysis and prediction. Kriging remains a prominent technique, providing optimal linear
unbiased predictions for unsampled locations, which is crucial for accurate environmental
assessments (OLIVER; WEBSTER, 2014; SRIVASTAVA, 2013). Nonlinear kriging
methods, such as lognormal and indicator kriging, are particularly effective for address-
ing non-Gaussian data trends (ROUHANI, 1996). Geostatistical modeling has also
proven instrumental in assessing soil pollution based on atmospheric deposition, allow-
ing for precise predictions of contamination levels with minimal field sampling, thereby
reducing costs and improving efficiency (BORKOWSKI; KWIATKOWSKA-MALINA,
2017; HENSHAW et al., 2004). Furthermore, the integration of geographic information
systems (GIS) with kriging techniques has refined the accuracy of spatial distribution
assessments in urban environments, making it an indispensable tool for characterizing
contamination in areas impacted by industrial activities (CHENG et al., 2009; NICKEL
et al., 2017; WANG,; XIE; LI, 2015).

Similar approaches have been applied in various contexts, such as the use of factorial
kriging combined with stepwise regression to identify environmental factors influencing
heavy metal distribution in soils in Rizhao, China, where kriging revealed multi-scale
variability and aided in environmental assessment (LV et al., 2013). Another study uti-
lized kriging to analyze the spatial dependence of soil properties in brackish marsh areas,
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providing critical insights for land management and agricultural productivity improve-
ment (SIGUA; HUDNALL, 2008). Additionally, regression-kriging has been applied to
enhance the prediction accuracy of soil properties in precision agriculture, integrating
spatial correlation from regression residuals to significantly improve soil characteriza-
tion (YUFENG GE et al., 2007). These examples underscore the versatility of kriging in
environmental and agricultural applications, demonstrating its value in predicting and
managing contamination.

Considering the growing interest in edible landscapes associated with urban forestry,
geostatistics, particularly kriging, holds significant potential for addressing knowledge gaps
related to the identification, localization, and prediction of optimal urban cultivation
sites. Currently, there is a notable lack of research utilizing this technology to predict
and establish potential areas for urban agriculture. For instance, studies in large cities
like New York have evaluated production capacities and nutritional properties of various
species “berries and walnut” (BUNGE et al., 2019). Meanwhile, investigations in Berlin
have determined Pb and Cd content in urban fruits (VON HOFFEN; SAUMEL, 2014).
In Chelyabinsk, research has shown that metals and metalloids in fruits pose no health
risk if properly washed (KRUPNOVA et al., 2021). Moreover, studies in intermediate
cities in the Congo identified the potential for fruit generation in homes (USENI et al.,
2021). Similar research in Seville, Palermo, Al Ain, and Kastamonu has analyzed metal
concentrations in various urban fruits, linking contamination levels to specific areas like
orange (OLIVA; VALDES, 2003), date palm fruits (AHMED; KAUR; HASSAN, 2022),
and apple trees (SEVIK et al., 2020). Thus, the application of advanced geostatistical
methods can significantly enhance environmental monitoring and decision-making pro-
cesses in urban agriculture contexts.

In Latin America, medium-sized cities (populations between 50,000 and 1 million)
serve as critical connectors between rural and urban areas, representing about 20% of
the world’s population(IGLESIAS, 2016). These cities, such as Neiva, Colombia, face
unique challenges and opportunities in implementing urban forestry initiatives to be a
strategy to bridge the gap between food production and consumption sites (CASTRO
et al., 2018). Given that approximately 90% of the population in Latin America and the
Caribbean is projected to live in urban areas by 2050, addressing food security through
urban agriculture becomes increasingly vital(UNITED NATIONS; DEPARTMENT
OF ECONOMIC AND SOCIAL AFFAIRS; POPULATION DIVISION, 2019). This
study aims to characterize the presence and spatial distribution of lead concentrations
in fruit species along public roads in Neiva to verify if the contaminant levels exceed the
permissible limits in food.

1. Materials and Methods
1.1 Selection of Fruits and Sampling Area

The urban area of Neiva, Colombia, was systematically divided into ten zones, each
representing different levels of industrial activity and vehicular traffic (figure 1). Zones 6
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and 9 were identified as areas with small industrial operations, while the remaining zones
were primarily residential with mixed small businesses. Given the lack of a formal inventory
of fruit-bearing trees by local authorities, an initial identification of species was conducted
based on literature from countries with similar environmental conditions(DOUGLAS;
IRGA; TORPY, 2019). The study targeted fruit trees in public spaces such as medians,
sidewalks, and parks, particularly those most exposed to direct pollution from vehicular
emissions and industrial discharges.

Figure 1 - Urban Food Forestry census inside the research area.

Font: Authors, 2024

1.2 Sample Collection

Fruit samples were collected using a stratified random sampling method, targeting
the two most predominant species, Mangifera indica and Syzygium malaccense, identified
in the initial census. This method was chosen to ensure that samples were representa-
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tive of the different environmental conditions across the study area. The stratification
was based on factors such as proximity to industrial zones, traffic density, and the level
of urbanization. Each selected fruit was evaluated for ripeness, color, and position on
the tree to ensure consistency in the samples. To minimize external contamination, all
samples were collected using sterilized gloves and tools, and each fruit was placed in
pre-labeled, hermetically sealed polyethylene bags. The bags were immediately stored
in portable coolers at a temperature of 4°C to prevent any biochemical changes during
transportation. The samples were transported to the laboratory within 4 hours of collec-
tion, maintaining the cold chain throughout the process to preserve the integrity of the
samples for subsequent analysis.

1.3 Laboratory Analysis

The laboratory analysis adhered to the international protocols established by the
Official Analytical Collaboration Association (AOAC) for both sample preparation and
the quantification of lead (Pb) concentrations. Initially, each fruit sample was thoroughly
washed with deionized water to remove any surface contaminants, including dust and
particulate matter. After air-drying, the samples were manually separated into pulp and
seeds using sterilized stainless-steel instruments. The pulp was cut into small, uniform
pieces and placed in a convection oven at 100°C for 24 hours to ensure complete dehy-
dration. Once dried, the samples were ground into a fine, homogeneous powder using
an agate mortar and pestle, ensuring that no metallic contamination occurred during
the process. For metal extraction, a microwave-assisted acid digestion was conducted
using a mixture of concentrated nitric acid (HNO,) and hydrogen peroxide (H,0,) in a
closed-vessel system, as per EPA Method 3052. The digested samples were then analyzed
using atomic absorption spectroscopy (AAS) at a wavelength of 217.0 nm. Calibration
standards were prepared using certified reference materials, and the detection limit for
Pb was set at 3.0 ug/L. Quality control measures included the use of blanks, duplicates,
and spiked samples to ensure the accuracy and precision of the measurements

1.4 Statistical Analysis

Descriptive statistics were first employed to summarize the central tendencies
and dispersions of the lead (Pb) concentration data across the collected fruit samples.
The normality of the Pb concentration distribution was rigorously assessed using the
Shapiro-Wilk test, while homogeneity of variances was confirmed through Levene’s and
Bartlett’s tests. A two-sample Student’s t-test was performed to compare Pb concentra-
tions between Mangifera indica and Syzygium malaccense, with assumptions of equal
variances validated by the preliminary tests.

For spatial analysis, a comprehensive geostatistical approach was adopted. Heat
maps were developed to visualize the density of fruit-bearing trees and the spatial distri-
bution of Pb concentrations across Neiva. These heat maps were created using kernel
density estimation, which was informed by both the inventory of tree species and official
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data on urban heat retention. The identification of urban heat islands was critical to
understanding the correlation between high-temperature zones and elevated Pb levels.
Ordinary kriging was employed for spatial interpolation of Pb concentrations across the
study area, providing predictions for unsampled locations. The kriging model utilized a
spherical semivariogram model, which was selected based on cross-validation results, to
ensure the best fit for the spatial structure of the data. Error estimation maps were also

generated to identify areas with significant uncertainty in Pb concentration predictions,
guiding future monitoring efforts.

2. Results
2.1 Identification of fruit trees on main roads

During the initial exploratory phase conducted in 2019, a total of 2,025 fruit-
bearing trees were identified across Neiva’s main roads. The most prevalent species were
Syzygium malaccense with 962 trees (47.5%) and Mangifera indica with 717 trees (35.4%).
These species were predominantly located in zones with higher exposure to vehicular
traffic and industrial activities, correlating with areas identified as potential hotspots for
lead contamination (Table 1).

Table 1 - Fruit tree species on main roads of Neiva (N = 2025)

SPECIE N (%)
Syzygium malaccense 962 (47.5)
Mangifera indica 717 (35.4)
Cocos nucifera 117 (5.8)
Morinda citrifolia 84 (4.2)
Anacardium occidentale 35(1.7)
Citrus x Limon 27 (1.3)
Citrus X aurantium 20 (1.0)
Musa x paradisiaca 15 (0.7)
Melicoccus bijugatus 14 (0.7)
Psidium guajava 13 (0.6)
Carica papaya 8(0.4)
Annona squamosa 6 (0.3)
Tamarindus indica 5(0.3)
Citrus reticulata 2(0.1)

Font: Authors, 2024
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Lead (Pb) levels were detected in all 29 fruit samples analyzed, with 16 samples
from Mangifera indica and 13 from Syzygium malaccense. The median Pb concentration
for Mangifera indica was 0.075 mg/kg [Interquartile range: 0.093 - 0.052], while Syzygium
malaccense exhibited a lower median concentration of 0.024 mg/kg [Interquartile range:
0.051 - 0.002]. These values suggest that Mangifera indica may have a higher tendency
to accumulate lead compared to Syzygium malaccense (Figure 2).

Figure 2 - Cumulative Distribution of Lead

Font: Authors, 2024

The Shapiro-Wilk test indicated no significant deviation from normality for Pb
levels (W = 0.941, p = 0.104), validating the use of parametric tests. Levene’s test (F =
0.054, p = 0.818) and Bartlett’s test (x2 = 0.090, p = 0.765) confirmed the homogeneity
of variances between the two species. Consequently, the data supports the application
of a two-sample t-test for comparing Pb concentrations between Mangifera indica and
Syzygium malaccense.

The Student’s t-test revealed a statistically significant difference in lead concen-
trations between Mangifera indica and Syzygium malaccense (p < 0.05). Mangifera indica
displayed a higher mean Pb concentration (0.080 mg/kg + 0.041) compared to Syzygium
malaccense (0.039 mg/kg + 0.044). These results suggest that Mangifera indica may be
more prone to absorbing lead, potentially due to its physiological characteristics and the
microenvironments in which it is commonly found (PRASETIA et al., 2018).

The ANOVA results indicated no statistically significant differences in lead concen-
trations across the different urban zones (F = 0.497, p = 0.738). Despite this, the highest
concentrations of lead were consistently found in zones with higher industrial activity,
particularly zones 6, 9, and 10. This spatial distribution aligns with previous studies that
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link elevated Pb levels to localized sources of contamination such as industrial emissions
and vehicular traffic(KRUPNOVA et al., 2021; SEVIK et al., 2020). Heat maps created
using kriging models further illustrated these patterns, highlighting the areas with the
highest contamination risks.

When compared to the international food safety standard CODEX STAN 193-
1995, which sets a permissible lead limit of 0.1 mg/kg in food, five samples exceeded this
threshold. These included three samples from Syzygium malaccense in zones 2 and 10, with
concentrations of 0.131 mg/kg, 0.123 mg/kg, and 0.5095 mg/kg, respectively. Addition-
ally, two samples from Mangifera indica in zones 2, 6, and 9 exhibited concentrations of
0.174 mg/kg, 0.114 mg/kg, and 0.156 mg/kg, respectively. These findings highlight the
potential health risks associated with consuming fruits from these areas and underscore
the need for continuous environmental monitoring (CODEX ALIMENTARIUS COM-
MISSION, 1995).

2.2 Environmental geostatistics

Figure 3 illustrates the distribution of urban heat clusters in Neiva, developed by
integrating the inventory of identified fruit tree species with official data sources on heat
retention across the city. The heat map reveals that the highest concentrations of urban
heat are located in areas with dense industrial activity and heavy vehicular traffic, par-
ticularly in the southern zones of the city. These areas, characterized by a lack of green
spaces and a prevalence of impervious surfaces, show a significant correlation between
reduced vegetation cover and increased heat retention. The identification of these heat
clusters is crucial for urban planning, as it highlights the need for targeted interventions
to enhance urban greening and reduce heat stress in these vulnerable zones.
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Figure 3 - Urban heat cluster levels around the city

Font: Authors, 2024

The first image (A) in Figure 4 presents the predicted spatial distribution of lead (Pb)
concentrations across Neiva, generated using the ordinary kriging method. This geosta-
tistical approach allows for the estimation of lead levels in unsampled areas by leveraging
the spatial correlation of data collected from sampled locations. The map reveals that the
highest predicted lead concentrations are concentrated in the southern industrial zones
of the city, where intense industrial activity and high traffic volumes are predominant.
These findings align with the observed environmental conditions and underscore the
influence of local industrial and vehicular emissions on urban lead contamination.
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Figure 4 - Kriging models prediction

Font: Authors, 2024

The second image (B), incorporates error estimation into the kriging model,
highlighting areas of uncertainty in the predicted lead concentrations. The error map
identifies zones with significant prediction variability, particularly in the city center and
eastern regions, which may be attributed to inconsistent data or variable sources of con-
tamination, such as fluctuating traffic patterns and mixed land use. These areas marked
by higher uncertainty require focused environmental monitoring and more frequent
sampling to refine the predictive accuracy of the contamination models. This analysis not
only reinforces the necessity for localized monitoring but also aids in identifying critical
zones where public health interventions should be prioritized.

3. Discussion

The diversity of fruit tree species identified in Neiva reflects a significant urban
effort toward utilizing green spaces for both beautification and food production. The
dominance of Mangifera indica and the Syzygium Malaccense indicates these species’
adaptability to the local urban environment, including their resilience to various pollut-
ants and urban stressors(TODOROV; BOGSAN, 2016). However, the presence of lead
(Pb) contamination, particularly in Mangifera indica, suggests that despite the benefits
of urban agroforestry, there are significant environmental health risks that must be man-
aged. These findings align with previous studies highlighting the potential for heavy metal
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accumulation in urban fruit trees, particularly in areas with high vehicular and industrial

activities (AHMED; KAUR; HASSAN, 2022; SAUMEL et al., 2012).

The higher concentrations of lead in Mangifera indica compared to Syzygium
malaccense may be attributed to several factors, including differences in species-specific
physiology and the microenvironments in which these trees grow(ALAHABADI et al.,
2017; PRASETIA et al., 2018). Mangifera indica trees are known to have a greater sut-
face area of leaves and bark, which may enhance their ability to absorb and accumulate
airborne pollutants (SAWIDIS et al., 2011). This observation is consistent with studies
conducted in other urban environments, where evergreen species, particularly those with
broad leaves, have shown higher levels of heavy metal accumulation(VITTORI ANTI-
SARI et al., 2015). The significant lead concentrations detected in this study underline
the need for targeted strategies to mitigate exposure risks, particularly in areas with high
pollutant loads.

The findings indicate that 17% of the analyzed fruit samples had lead concentrations
exceeding the permissible established in the CODEX STAN 193-1995 (FAO; WHO,
2019). These exceedances were primarily associated with trees located in areas of high
vehicular traffic and industrial activity, corroborating studies that identify traffic emissions
and industrial discharges as significant contributors to urban heavy metal contamination
(SEVIK et al., 2020; WU et al., 2015). This highlights the need for continuous environ-
mental monitoring and the development of urban agroforestry practices that prioritize
food safety. It is also important to consider the potential variability in contamination
levels throughout different seasons, as atmospheric conditions and pollutant dispersion
can significantly influence the bioaccumulation of heavy metals(LEVIN et al., 2020).

The geostatistical analysis revealed significant spatial variability in lead concentra-
tions across Neiva, with the highest levels observed in the southern industrial zones and
areas with dense traffic. These results align with previous research that has demonstrated
the localized nature of heavy metal contamination in urban areas(CHENG et al., 2009;
WANG; XIE; LI, 2015). The kriging model’s error analysis further identified zones with
considerable uncertainty, underscoring the need for targeted environmental monitoring
in these areas. These findings suggest that urban planners should implement localized
intervention strategies that focus on high-risk zones to effectively manage and mitigate
lead exposure in urban agroforestry contexts.

The results of this study have important implications for urban agroforestry and
urban planning. The significant levels of lead contamination detected in specific urban
areas highlight the potential health risks associated with consuming fruits grown in these
environments. Urban planners and policymakers need to consider these findings when
developing urban greening initiatives, ensuring that food safety is a priority. Strategies
such as regular monitoring, the selection of less susceptible species, and the implemen-
tation of buffer zones around high-risk areas can help mitigate the risks associated with
heavy metal contamination in urban agroforestry (MCCLINTOCK, 2010; ZUPANCIC;
WESTMACOTT;, BULTHUIS, 2015).
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Conclusions

This study has demonstrated that urban areas in medium-sized cities, such as Neiva,
Colombia, have significant potential for food production through urban agroforestry. How-
ever, the findings highlight a critical challenge: the presence of lead (Pb) contamination in
fruit-bearing trees, particularly Mangifera indica and Syzygium malaccense. Approximately
17% of the analyzed samples exceeded the permissible limits for lead concentration in
food, with the highest levels detected in industrial zones and areas with dense vehicular
traffic. These results underscore the need for targeted environmental interventions and
stricter monitoring to ensure the safety of urban-grown fruits.

The detection of elevated lead levels in certain urban zones raises significant pub-
lic health concerns. Consuming fruits contaminated with lead poses a risk, particularly
for vulnerable populations. As urban agriculture continues to expand, it is essential to
implement strategies that minimize exposure to contaminants. This includes selecting tree
species that are less prone to absorbing heavy metals, establishing buffer zones between
high-risk areas and urban agriculture sites, and conducting regular soil and air quality
assessments. These measures are crucial to safeguard the health of urban residents and
to ensure the sustainability of urban agroforestry initiatives.

The findings of this study highlight the need for urban planners to incorporate
food safety considerations into the development of green spaces. This includes prioritiz-
ing areas with low contamination levels for urban agroforestry projects and integrating
environmental monitoring into urban planning processes. Future research should focus on
exploring the bioaccumulation mechanisms of other contaminants in various urban fruit
species, as well as the long-term impacts of urban pollution on food safety. Longitudinal
studies are also recommended to monitor changes in contaminant levels over time, which
will be essential for developing sustainable urban agriculture practices.

In conclusion, while urban agroforestry offers promising benefits for medium-sized
cities, particularly in terms of food security and urban greening, it must be approached with
caution. Ensuring that urban-grown food is safe for consumption requires a collaborative
effort between urban planners, environmental scientists, and public health officials. By in-
tegrating environmental monitoring and risk management into urban agriculture practices,
cities can effectively harness the benefits of agroforestry while protecting public health.
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Distribuicao Espacial de Chumbo em
Mangifera indica e Syzygium malaccense
em uma Cidade de Médio Porte, Colombia
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Resumo: O desenvolvimento urbano descontrolado e o deslocamento ~ Sao Paulo. Vol. 28, 2025
populacional aumentaram a necessidade de desenvolver estratégias que  Artigo Original
mitiguem a inseguranca alimentar na América Latina. Esta pesquisa

caracterizou a presenca e a distribuigfo espacial de concentracoes de

chumbo (Pb) em espécies de 4rvores frutiferas nas vias piblicas de Nei-

va, Coldmbia. Um censo identificou Mangifera indica e Syzygium ma-

laccense como as espécies mais prevalentes. Amostras de frutas foram

coletadas e analisadas de acordo com padrdes internacionais. Métodos

de interpolagio espacial e Kriging foram utilizados para mapear as con-

centragdes de chumbo no ambiente urbano. Foram detectados niveis

de chumbo em todas as amostras, com cinco delas excedendo o limite

permissivel de 0,1 mg/kg. As concentragdes mais elevadas foram obser-

vadas em 4reas industriais. Esses achados destacam a importancia de

estabelecer estratégias de agroflorestagio urbana em areas com baixos

niveis de contaminacfo e indicam a necessidade de futuras pesquisas

que zonifiquem a agricultura urbana.

Palavras-chave: Floresta Urbana de Alimentos; Metal pesado; Paisa-
gem Comestivel; Servigos Ecossistémicos; Sustentabilidade
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Distribucion espacial de plomo en Mangifera
indica and Syzygium malaccense en una
ciudad intermedia, Colombia
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Resumen: El desarrollo urbano descontrolado y el desplazamiento po-  Sio Paulo. Vol. 28, 2025
blacional, ha incrementado la necesidad de disefiar estrategias que mi-
tiguen la seguridad alimentaria en América Latina. Esta investigacién
caracterizé la presencia y distribucién espacial de concentraciones de
plomo (Pb) en especies de 4rboles frutales en las vias pdblicas en Nei-
va, Colombia. Se realizé un censo que identific6 a Mangifera indica y
Syzygium malaccense como las especies méas prevalentes. Se recolecta-
ron y analizaron muestras de frutas segiin estdndares internacionales.
Se emplearon métodos de interpolacién espacial y Kriging para mapear
las concentraciones de plomo en el paisaje urbano. Se encontraron ni-
veles de plomo en todas las muestras, con cinco superando el limite
permisible de 0.1 mg/kg. Las mayores concentraciones se observaron en
areas industriales. Estos hallazgos destacan la importancia de establecer
estrategias de agroforesterfa urbana en 4dreas con bajos niveles de con-
taminacién y se identifica la necesidad de futuras investigaciones que
zonifiquen la agricultura urbana.

Articulo Original

Palabras-clave: Bosques alimentarios urbanos; Metales pesados; Paisa-
jes comestibles; Servicios Ecosistemicos; Sostenibilidad.
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