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ABSTRACT

Intensive agricultural practices accompanied by continuous application of fertilizers and pesticides may alter soil
nutrient balance and affect soil quality. This study aimed to evaluate the availability of essential micronutrients (Fe, Mn, Cu, and
Zn), Pb and Cd content in agricultural soils of Brebes Regency, Central Java. Soil samples were collected from 39 locations
representing contrasting agroecological conditions in the northern and southern regions. Soil chemical properties were analyzed,
while micronutrients, Pb, and Cd availability were determined using diethylenetriaminepentaacetic acid (DTPA) extraction, and
total Pb and Cd was measured by wet digestion using HNO3-HCIO4. The results showed that essential micronutrients availability
(Fe ranging from 63.7-152 ppm, Cu 6.62-10.6 ppm, Zn 2.12-3.39 ppm, and Mn 62.1-86.2 ppm) were generally in the sufficient
category. The availability of Fe, Cu, and Zn in the northern region was significantly lower than in the southern region, while Mn
did not differ significantly. Total Pb and Cd concentrations (ranged from 6.10-6.55 ppm and 0.21-0.44 ppm, respectively) in
both regions were within normal threshold limits. However, Pb and Cd bioavailability was higher in the northern region (reaching
10.9% and 35.5%, respectively) compared to 5.07% and 30.5% in the southern region, with Cd showing greater bioavailability
than Pb. These findings indicate that intensive land management affects micronutrient distribution and heavy metal behavior in
soils. The results provide important information for soil quality evaluation and balanced nutrient management to support

sustainable agricultural practices in Brebes Regency.
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INTRODUCTION

Indonesia's food demand continues to increase in
line with population growth and socio-economic
development, thereby intensifying pressure on agricultural
land to maintain and improve crop productivity (Arifin et
al., 2019; Chaireni et al., 2020; Salasa, 2021). In response
to this demand, intensive agricultural practices have been
widely adopted, particularly through the continuous
application of inorganic fertilizers and pesticides. Although
these practices enhance short-term vyields, long-term
agricultural intensification through excessive fertilizer and
pesticide use can degrade soil health, alter soil chemical
balance, and leave persistent residues, thereby necessitating
careful evaluation and sustainable management to support
long-term agricultural sustainability (Al-Busaidi et al.,
2022; Sahara et al., 2025). Brebes Regency is one of the
major agricultural production centers in Indonesia,
especially for shallots and other food crops. To achieve high
yields, farmers in this region commonly apply large
amounts of nitrogen (N), phosphorus (P), and potassium (K)
fertilizers, often exceeding recommended rates, combined
with frequent pesticide applications (Basuki, 2009;
Susilawati et al., 2019). According to BPS (2019), shallots
dominate agricultural prodution in Brebes Regency,
followed by rice, maize, chili, cassava, and other food crops.
This intensive cropping system has been maintained for
long periods under contrasting regional conditions, where
the northern part of Brebes Regency is characterized by
lowland areas, while the southern part consists of highland
regions. Most intensive farming systems are practiced in the
northern of Brebes Regency.

Continuous and excessive application of N, P, and
K fertilizers can significantly alter soil chemical properties
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and nutrient interactions. High rates of P fertilization are
known to reduce the availability of essential micronutrients
such as Zn, Fe, Mn, and Cu through precipitation reactions,
competitive adsorption, and the formation of insoluble
complexes in the soil (Ali et al., 2014; Mondal dan Hazra,
2018). Similarly, excessive N fertilization may affect soil
pH and organic matter dynamics, indirectly influencing
micronutrient solubility and uptake by plants (Liu et al.,
2023; Zhang et al., 2024). As a result, soils under long-term
intensive fertilization may exhibit sufficient or even
excessive macronutrient status while simultaneously
experiencing micronutrient deficiency, particularly Zn
(Puniya et al., 2019).

In addition to its effect on micronutrient
availability, prolonged and intensive use of inorganic
fertilizers and agrochemicals may contribute to the
accumulation of potentially toxic heavy metals in
agricultural soils. Phosphate fertilizers, in particular, are
known to contain trace amounts of heavy metals such as Cd
and Pb, which can gradually accumulate in soil with
repeated application. Pesticide use in shallot farming in
Brebes Regency is widely reported to be intensive,
including frequent spraying with short intervals and the
common practice of mixing multiple insecticides in a single
application, a pattern often associated with efforts to
maintain efficacy under high pest pressure and resistance
issues (Basuki, 2009; Adiyoga et al., 2022). Under certain
soil conditions, including low organic matter content and
specific pH ranges, these metals may become more
bioavailable and pose risks to crop quality, environmental
health, and food safety. The impact of intensive fertilization
on soil micronutrients and heavy metals may be further
modified by regional soil characteristics and land
management practices. Differences in parent material, soil
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pH, cation exchange capacity (CEC), topography, soil
texture, and organic matter content between northern and
southern regions of Brebes Regency are expected to
influence nutrient retention, metal mobility, and
bioavailability. Soils in the northern region generally
develop from alluvial deposits with fine to medium textures
and relatively low organic matter due to intensive land
management. In contrast, the southern region, dominated by
volcanic parent material, has a more varied texture and
higher organic metter. Therefore, a comprehensive
assessment of essential micronutrient availability and toxic
heavy metal content is necessary to understand soil quality
conditions under intensive agricultural management.

This study aimed to evaluate the essential
micronutrients availability (Fe, Mn, Cu, and Zn) and the
content of toxic heavy metals (Pb and Cd) in soils of the
northern and southern regions of Brebes Regency. The
results are expected to provide scientific evidence for soil
quality evaluation and to support balanced fertilization
strategies as part of sustainable agricultural management in
intensively cultivated areas.

MATERIALS AND METHODS
Study Area

The study was conducted in shallot-growing areas
of Brebes Regency, Central Java, Indonesia. Soil sampling
was carried out at 39 locations distributed across 36 villages
in 17 sub-districts, representing contrasting agroecological
conditions between the northern and southern regions of
Brebes Regency. Soil samples was taken on agricultural
land with shallot, corn, mung beans, rice, and cassava
commodities intercropped with bananas, as well as forest
land with teak and pine commodities by purposive random
sampling by considering land with potential for shallot
cultivation, while outside agricultural land as a comparison.
The sampling sites were located at altitudes ranging from 4
to 1000 meters above sea level and at slopes of 0 to 39%. A
total of 32 sampling points were located in the northern
region and 7 sampling points were located in the southern
region (Figure 1). The northern region, which represents the
main intensive agricultural zone, required a higher sampling
density to capture spatial variability in soil properties. In
contrast, the southern region has more limited and
heterogeneous agricultural land, resulting in fewer sampling
points.  Thus, the sampling design prioritized
representativeness of soil variability. Inceptisols were the
dominant soil type in both the northern and southern regions
of the study area, although in the southern region there is an
area with Andisols.

Soil Sampling and Analysis
Soil samples were collected using a composite

sampling method, in which each composite sample
consisted of 5-10 subsamples taken randomly within each
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sampling plot. Soil samples were taken at a depth of 0-20
cm. In total, 39 sampling points were established. Soil
samples collected from the field were air-dried to a constant
moisture condition, then ground using a mortar and pestle,
and sieved to obtain particle fractions passing through 2 mm
and 0.5 mm sieves. The prepared soil samples were
subsequently analyzed to determine the available
concentrations of micronutrients (Fe, Mn, Cu, and Zn), the
available and total concentrations of toxic heavy metals (Pb
and Cd), as well as selected soil chemical properties.
Detailed analytical methods are presented in Table 1.
Determination of exchangeable bases, toxic heavy metal
and micronutrient concentrations was performed using an
Atomic Absorption Spectrophotometer (AAS).

Measurements of micronutrients, Pb, Cd, and
selected soil chemical properties were conducted at the Soil
Chemistry and Fertility Laboratory, Department of Soil
Science and Land Resources, Faculty of Agriculture, IPB
University. The criteria for assessing soil chemical
properties and micronutrients are based on the criteria of the
Eviati et al. (2023). The total toxic heavy metal
concentrations measured in study area were subsequently
compared with established critical threshold values for
heavy metals in soils refers to Alloway (1995).
Bioavailability of heavy metals was calculated by dividing
the concentration of extracted metals by total metals and
multiplying by 100% (Mahendra et al., 2018).

Table 1. Soil Chemical Analysis Methods

No. Parameters Methods

1 pH H,0 1:5

2 Organic Carbon Walkey and Black

3 CEC NH,OAc 1 N pH 7.0 Extraction

4 Exchangeable Bases -
(Ca, Mg, K, and Na) NH4OAc 1 N pH 7.0 Extraction

5 Available .
Micronutrients (Fe, DTPA Extract_lon_ .

(Diethylenetriaminepentaacetic

Mn, Cu, and Zn) Acid)

6 Available Pb and Cd

7 Total Pb dan Cd Wet digestion using HNO3-HCIO,

Data Analysis

Data analysis was carried out with the help of
microsoft office software, namely microsoft excel and
microsoft word. Pearson correlation tests were conducted
on the SAS On Demand Academic Studio website to see the
relationship between soil chemical properties and the
availability of essential micronutrients and toxic heavy
metals. To compare the availability of micronutrients, Pb,
and Cd between the northern and southern regions, an
independent t-test was used at a 5% significance level. For
parameters with a p-value > 0.05, HO is accepted (the
parameter values in the two regions are not significantly
different), while for p-value < 0.05, H1 is accepted (the
parameter values in the two regions are significantly
different). Independent t-test was conducted on the R studio.
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Figure 1. Map of soil sampling locations on several farms in Brebes District (Nadalia et al., 2025)

RESULTS AND DISCUSSION
The Soil Chemical Properties in Study Area

Soil chemical properties differed markedly
between the northern and southern regions of Brebes
Regency (Table 2), reflecting contrasting agroecological
conditions and long-term management intensity. Soils in the
northern region were generally neutral (mean pH 6.9),
whereas soils in the southern region were slightly acidic
(mean pH 5.9). Soil reaction is a primary factor controlling
nutrient availability and metal mobility in soils. Neutral to
slightly alkaline conditions may decrease the solubility of
micronutrients such as Fe, Mn, and particularly Zn due to
precipitation reactions and stronger adsorption onto soil
colloids. High phosphate availability under intensive
fertilization can further promote the formation of less
soluble Zn compounds (Alloway, 1995; Ahmed et al.,
2024). Conversely, slightly acidic conditions generally
enhance micronutrient solubility, as demonstrated in
tropical acid soils where extractable Fe, Mn, Zn, and Cu
closely follow soil acidity and sorption dynamics (Supriatin
dan Salam, 2024).

Organic carbon content was low in the northern
region (mean 1.31%) but moderate in the southern region

(mean 2.54%). Soil organic matter plays a crucial role in
nutrient retention and metal complexation through organo-
metal interactions. Lower organic carbon in the northern
lowlands is likely related to intensive cropping and limited
residue return, whereas higher carbon levels in the southern
uplands may enhance nutrient buffering capacity. Recent
evidence suggests that carbon availability interacts with
exchangeable base cations and nutrient dynamics under
long-term intensive fertilization systems (Jiang et al., 2024).

Cation exchange capacity (CEC) was very high in
the northern region (44.2 cmol(+)/kg) and moderate in the
southern region (22.1 cmol(+)/kg). This condition is
influenced by the relatively higher proportion of 2:1 clay
minerals in the northern region compared to the southern
region. Exchangeable Ca, Mg, and K were substantially
higher in the northern soils, indicating prolonged
accumulation of base cations under intensive fertilization.
While high CEC improves macronutrient retention,
excessive base cation saturation may alter micronutrient
balance through competitive adsorption processes (Fageria,
2016). These contrasting soil chemical characteristics
provide a mechanistic framework for understanding
regional differences in micronutrient distribution and
behavior.
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Table 2. Soil chemical properties in study area

Soil Chemical Properties Min Max Mean Criteria
North Brebes (n=32)
pHH,0 1.5 5.1 8.1 6.9 Neutral
Organic C (%) 0.5 2.7 131 Low
CEC (cmol(+)/kg) 17.6 56.5 44.2 Very High
Exchangeable Ca (cmol(+)/kg) 22.7 79.5 44.3 Very High
Exchangeable Mg (cmol(+)/kg) 2.06 12.9 7.19 High
Exchangeable Na (cmol(+)/kg) 0.07 4.07 0.63 Medium
Exchangeable K (cmol(+)/kg) 0.13 2.33 0.56 High
South Brebes (n=7)
pH H,0 1:5 5.3 6.2 5.9 Slightly Acid
Organic C (%) 1.80 3.18 2.54 Medium
CEC (cmol(+)/kg) 111 27.0 221 Medium
Exchangeable Ca (cmol(+)/kg) 1.94 19.1 141 High
Exchangeable Mg (cmol(+)/kg) 0.37 5.35 3.63 High
Exchangeable Na (cmol(+)/kg) 0.06 0.39 0.22 Low
Exchangeable K (cmol(+)/kg) 0.10 1.16 0.39 Low

Source: Nadalia et al. (2025)
Essential Micronutrients

The levels of Fe, Mn, Cu, and Zn available in the
research locations in both the northern and southern regions
are in the sufficient category. The availability of soil Fe,
Mn, Cu and Zn in the northern region of Brebes Regency is
relatively lower than that in the southern region. The t-test
results showed that the availability of Fe, Cu, and Zn in the
northern region was significantly lower than in the southern
region, while Mn did not show a significant difference
(Table 3). This is due to different soil management practices
and land use between the two regions. The northern region
of Brebes Regency, which is in the form of lowlands area,
is dominated by shallot and rice agricultural land use with
land management systems that experience periodic
flooding. Repeated flooding-drying cycles cause
fluctuations in soil redox conditions. Under flooding
(anaerobic) conditions, Fe* and Mn** are reduced to the
more soluble Fe?* and Mn?*, whereas under dry (aerobic)
conditions, these nutrients are re-oxidized and precipitated
as oxides or hydroxides. In addition, available nutrients can
also be absorbed by plants for plant growth. Nutrient loss
from surface soil can also occur through leaching,
especially if it gets a large water flow discharge such as high
rainfall, heavy irrigation, or erosion so that nutrients
become lower.

Table 3. Essential micronutrient status in northern and southern
Brebes Regency

Essential micronutrient Brebes Regency p-value
North South
63.7+339 152+344  0.000
6.62+276 10.6+2.00 0.001
Auvailable Zn (ppm) 212+105 339116 0.027
Available Mn (ppm) 62.1+642 86.2+88.8 0516
The values expressed are mean + SD. p-value < 0.05 significant

value

Available Fe (ppm)
Available Cu (ppm)

The southern region is dominated by highland or
mountainous areas with pine forest land use and agricultural
land use of shallots, rice, cassava intercropped with
bananas, and corn. Differences in the availability of
micronutrients Fe, Mn, Cu, and Zn are caused by soil
properties, topography, climatic factors, and vegetation
(Zhu et al., 2021). In general, higher elevations tend to be
associated with greater soil organic carbon and modified
nutrient dynamics due to cooler temperatures, reduced
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decomposition rates, and changes in vegetation and
microclimate (Sun et al., 2025).

Zn showed the clearest regional contrast, with
consistently lower mean values in the northern region. Zn
availability is strongly controlled by soil pH and sorption
precipitation processes; as soil pH approaches neutral to
alkaline conditions, Zn becomes less soluble due to stronger
adsorption onto soil surfaces and the formation of less
available. Recent syntheses confirm the dominant role of
soil physicochemical properties, particularly pH and
reactive surfaces in regulating Zn retention and release (Yu
et al., 2023). Moreover, long-term intensive systems
characterized by high phosphorus inputs may intensify P-
Zn antagonism through the formation of less soluble Zn-
phosphate compounds and reduced plant uptake efficiency
(Nadeem et al., 2024). These mechanism explain why Zn
concentrations were relatively lower in the northern soils
despite adequate macronutrient status. In contrast, higher
extractable Fe in the southern region is consistent with
slightly acidic conditions and greater organic matter, which
promote micronutrient solubility and complexation rather
than precipitation.

Mn exhibited the widest variability, reflecting its
strong dependence on both pH and redox dynamics. This is
indicated by the high standard deviation of Mn, likely
driven by redox dynamics and differences in environmental
conditions among locations. Periodic saturation and
drainage cycles can shift Mn between oxidized and reduced
forms, substantially altering its soluble fraction (Wang et
al., 2022; Khoshru et al., 2023). Cu availability, meanwhile,
appears closely linked to organic matter content, as Cu
forms stable complexes with organic functional groups that
regulate its mobility and extractability (Eduah et al., 2024).
Although all micronutrients were classified as sufficient, the
consistent lower Zn and generally lower micronutrient
means in the northern region suggests a potential risk of
nutrient imbalance under continued macronutrient
dominated fertilization. Therefore, periodic monitoring of
plant available Zn and implementation of balanced
fertilization strategies are essential to sustain long-term
productivity in intensive shallot systems.

Toxic Heavy Metals

The levels of total-Pb and Cd, and available Pb and
Cd in the study areas in both the northern and southern
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regions are in the normal category. Soil total-Pb, total-Cd,
and available Cd levels in the northern region of Brebes
Regency are relatively lower than those in the southern
region. The t-test results indicated that available Pb was
significantly higher in the northern soils, whereas total-Cd
was significantly lower compared to the southern soils
(Table 4). Lead is typically retained in relatively stable
fractions through strong sorption to clay minerals, Fe-Mn
oxides, and organic matter, particularly under neutral to
slightly alkaline conditions. However, high base saturation
and competitive cation interactions may influence Pb
exchange equilibria and redistribute Pb into weakly
adsorbed fractions. Bradl (2004) emphasized that even in
soils with low total Pb concentrations, changes in pH, ionic
strength, and cation competition can modify Pb lability
without substantially altering total content. Therefore, the
higher extractable Pb in the northern region may reflect
shifts in surface binding equilibria rather than external
contamination sources.

Table 4. Toxic heavy metal status of soil in the northern and
southern regions of Brebes Regency

Toxic heavy metal Brebes Regency p-value
North South
Total-Pb (ppm) 6.10+1.16 655+1.72 0524

0.67+0.68 0.13+0.16 0.000
Total-Cd (ppm) 0.21+0.17 0.44+020 0.020
Available Cd (ppm) 0.07+0.05 0.10+0.05 0.130

The values expressed are mean = SD. p-value < 0.05 significant

value

Auvailable Pb (ppm)

The threshold value of Pb normal soil is 2-300
mg/kg, critical is 100-400 mg/kg (Alloway, 1995). Based on
this, the results of the analysis of total-Pb and available Pb
content in all soils in the northern and southern regions of
Brebes Regency are below the maximum allowable
threshold or normal criteria so there is a tendency not to
cause pollution. Soils in the northern region have higher
available Pb values compared to soils in the southern region.
This is due to the most influential factor on the presence of
toxic heavy metals in the soil, namely differences in
intensive land management such as the excessive
application of inorganic synthetic fertilizers that allows
heavy metal Pb to settle and accumulate in the soil. Long-
term intensive fertilization has been identified as one of the
key drivers of heavy metal accumulation, including Pb, in
agricultural soils under high input production systems (Liu
etal., 2023). It is feared that toxic heavy metals in fertilizers
will accumulate in the soil and be transported by crops

through the harvest and enter the human food chain. In
addition, excessive use of synthetic pesticides also affects
the concentration of Pb in the soil.

According to Alloway (1995), the maximum
threshold value of Cd set is 3-8 ppm. Based on this, the
results of the analysis of total-Cd and available Cd content
in all soils in the northern and southern regions of Brebes
Regency are below the maximum allowable threshold or
normal criteria so that they do not indicate heavy metal
pollution. Cd inputs in agricultural soils are often associated
with long-term application of phosphate fertilizers (Herrero
dan Martin, 1993). Cd behavior in soils is strongly
influenced by its relatively weak sorption affinity compared
to Pb, resulting in higher mobility and bioavailability across
a wide range of soil pH conditions (Nungula et al., 2024).
The low Cd heavy metal content in this study may also be
related to moderate to high CEC, which can contribute to
Cd retention. However, due to its weaker sorption affinity,
Cd remains more mobile than Pb, and its environmental risk
should be evaluated not only based on total concentration
but also on its bioavailable fraction.

Correlation of Soil Chemical Properties with
Micronutrient Availability and Toxic Heavy Metal

The correlation analysis (Table 5) indicates that
soil pH plays an important role in controlling micronutrient
availability. Available Fe showed a highly significant
negative correlation with pH, while available Cu and
available Mn exhibited significant negative correlations.
These results suggest that increasing soil pH reduces the
availability of Fe, Cu, and Mn. The negative relationship
implies that under higher pH conditions, micronutrients
tend to precipitate or become strongly adsorbed, forming
less soluble hydroxide or oxide.

Soil organic carbon showed a contrasting pattern.
Available Fe and available Cu were very significantly
positively correlated with organic C, while available Zn
showed a significant positive correlation. Similar results
were also shown by Nisab et al. (2020), who stated that the
relationship between micronutrients extracted with DTPA
showed a positive correlation with organic C. The positive
association suggests the formation of soluble organo-
mineral complexes (chelates), which increase micronutrient
mobility and extractability. A strong positive correlation
with Cu and Zn is determined by the decomposition of
organic matter.

Table 5. Correlation of soil chemical properties with micronutrient availability (Fe, Mn, Cu, and Zn)

Correlation pH H,0 Organic C CEC Egac Exc Mg Exc Na Eéc
Available Fe -0.62 ** 0.68 ** -0.52 ** -0.74 ** -0.12 0.07 -0.12
Auvailable Cu -0.36* 0.54 ** -0.42 ** -0.56 ** 0.06 0.16 -0.06
Available Zn -0.29 0.37* -0.43 ** -0.47 ** -0.01 0.44 ** 0.23
Available Mn -0.37* 0.06 -0.06 -0.26 0.10 -0.19 -0.26

Total-Pb 0.10 -0.06 -0.12 0.03 -0.32* -0.02 0.15
Available Pb -0.04 -0.24 0.39* 0.16 0.22 -0.31 -0.13
Total-Cd -0.10 0.23 -0.35* -0.27 -0.42 ** -0.25 0.04
Auvailable Cd -0.03 0.18 -0.16 -0.11 -0.40* -0.31 0.07

Notes: Pearson Correlation Test * (Significant P<0.05); ** (Highly Significant P<0.01); pH H20 1:5); Exc Ca = Exchangeable Ca; Exc
Mg = Exchangeable Mg; Exc Na = Exchangeable Na; Exc K = Exchangeable K
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CEC showed a significant negative correlation
with several micronutrients, including Fe, Cu, and Zn. This
relationship suggests that soils with higher CEC, which are
typically associated with greater clay content and reactive
surfaces, tend to retain micronutrients more strongly
through adsorption and complexation processes, thereby
reducing their extractable fraction. However, the effect of
CEC on micronutrient availability depends on soil
conditions, particularly pH and base saturation. Under
neutral to alkaline conditions with high Ca levels, as
observed in the northern soils, competitive interactions and
precipitation processes may further reduce the availability
of micronutrients. A similar pattern was observed with
exchangeable Ca, which exhibited highly significant
negative correlations with Fe, Cu, and Zn. These results
indicate that increasing Ca saturation may enhance
competitive adsorption or precipitation processes, thereby
decreasing micronutrient availability. Available Zn also
showed a significant positive correlation with exchangeable
Na, suggesting that ionic interactions may influence Zn
mobility under certain soil conditions.

Regarding heavy metals, total-Cd exhibited a
highly significant negative correlation with exchangeable
Mg, and available Cd showed a significant negative
correlation with exchangeable Mg. These findings indicate
that higher Mg concentrations are associated with lower
total and available Cd levels in soil. Research by Matos et
al. (2001) mentioned that, soil characteristics that are
significantly correlated on retention and mobility with Cd
are base saturation and exchangeable Mg. This relationship
suggests that Mg may influence Cd retention through
competitive adsorption mechanisms or by enhancing Cd
stabilization in less labile forms. Overall, the correlation
analysis highlights that soil pH, organic C, CEC, and
exchangeable base cations collectively  regulate
micronutrient availability and Cd behavior in the studied
soils. The dominant controls appear to be pH and Ca
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saturation for micronutrients, and Mg content for Cd
dynamics.

Bioavailability of Toxic Heavy Metals

Bioavailability of Pb and Cd can be expressed by
the percentage of DTPA-extracted metals. The percentage
of Pb and Cd bioavailability extracted by DTPA at the study
site based on the grouping of locations in the northern and
southern regions of Brebes Regency is presented in Figure
2. Pb bioavailability in the northern region of Brebes
Regency is around 10.9% and the southern region of Brebes
Regency is around 5.07%. Soils in the northern region have
higher Pb bioavailability values compared to the southern
region. Cd bioavailability in the northern area of Brebes
Regency is around 35.5% and the southern area of Brebes
Regency is around 30.5%. Soils in the northern region have
higher Cd bioavailability values compared to the southern
region.

The high bioavailability of toxic heavy metals is
caused by agrochemical activities including fertilization and
excessive use of pesticides. This causes the accumulation of
toxic heavy metal residues in the soil which causes
agricultural soil to become saturated, thus reducing the level
of productivity of the crops planted (Karyadi, 2008).
Variations in biovailability levels on each land in the
northern and southern regions of Brebes Regency can be
caused by metal binding and solubility in acidic soils.
Metals with a high enough percentage will be absorbed into
plants that grow on that land compared to other lands with
different absorption capacity of each plant (Mahendra et al.,
2018). Extracted metals are bioavailable metals while
unextracted metals can be non-bioavailable. Metals are
potentially bioavailable when metals bind to Fe or Mn
oxides and non-bioavailable metals when metals bind to
silicates (Siaka et al., 2021). The higher the percentage of
extracted metals, the greater the potential for metals to be
absorbed by plants (Reeder et al., 2006).

35,5

30,5

m North

South

10 5,07
5
0

Pb

Cd

Bioavailability of Heavy Metals

Figure 2. Bioavailability of toxic heavy metals (Pb and Cd) in soil by clustering locations in the northern and southern regions of Brebes

Regency
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Based on the analysis, the bioavailability of Cd
metal is higher than Pb metal. Cd’s higher bioavailability
has important agronomic and food safety implications; Cd
is more readily uptake by crops than Pb and tends to
accumulate in edible tissues even at relatively low soil
concentrations, posing significant risk to human health in
vegetable production systems (Alhaj Hamoud et al., 2024;
Chenet al., 2024; Yu et al., 2024). Although current values
remain within normal concentration ranges, the relatively
high percentage of bioavailable Cd suggests that these soils
are chemically dynamic and responsive to management
practices. Therefore, assessment of heavy metal risk in
intensive agricultural systems should prioritize bioavailable
fractions rather than total concentrations alone.

The findings of this study highlight the need to
shift from input-oriented fertilization toward chemically
informed soil management in the intensive shallot
production systems of Brebes Regency. Although total
concentrations of micronutrients and heavy metals remain
within acceptable limits, the interaction between neutral pH,
high base saturation, and repeated NPK fertlization may
progressively suppress Zn availability and increase Cd
lability. Therefore, sustainable nutrient management should
incorporate balanced fertilization strategies that include
periodic micronutrient assessment particularly Zn alongside
routine monitoring of bioavailable Cd fractions rather than
relying solely on total metal concentrations. Optimizing
phosphorus application rates, promoting organic matter
inputs, and integrating soil testing based fertilization
recommendations could help stabilize micronutrient
dynamics and minimize potential trace metal risks.
Implementing such science-based soil management
practices is essential to maintain long-term productivity,
soil health, and food safety in this nationally strategic
shallot-producing region.

CONCLUSION

The availability of Fe, Cu, and Zn in the northern
region was significantly lower than in the southern region,
while Mn did not differ significantly. These differences
were significantly influenced by soil pH, organic carbon,
CEC, and exchangeable bases. Total Pb, Cd, and available
Cd were generally lower in the northern soils; however,
available Pb was significantly higher, whereas total-Cd was
significantly lower compared to the southern soils. In
contrast, the bioavailability of both Pb and Cd was higher in
the northern region, with Cd showing greater bioavailability
than Pb. The results provide important information for soil
quality evaluation and balanced nutrient management to
support sustainable agricultural practices in Brebes
Regency.
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