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Abstract: The Herrera township (86.0 km?), located in La Chorrera, is Panama’s leading
pineapple production area. Ensuring sustainable agricultural management in this region is
crucial for long-term productivity, resource conservation, and environmental protection.
This study evaluates soil and irrigation water quality to provide insights into improved
management practices. Soil samples were analyzed for pH, EC, OM, SM, CEC, texture, and
content of Al, Ca, Cu, Fe, K, Mg, Mn, N, P, Si, Sr, and Zn. Water samples, including surface
water and groundwater, were assessed for Ca, Fe, K, Mg, Mn, Na, N, HCO3, SOy, POy,
NOs3-N, and salinity. Soil quality was evaluated using the Igeo, and geospatial techniques
were applied to map the soil parameter distribution. The water quality analysis confirmed
its suitability for irrigation, though groundwater in the central area requires caution due
to elevated Na levels and a moderate risk of salinization. Soil maps indicate adequate
levels of essential nutrients but highlight the need for N amendments. This study is the
first comprehensive assessment of an agricultural township in Panama, providing critical
data for decision-making and the adoption of sustainable agricultural practices that enhance
resource management and mitigate climate change impacts.

Keywords: agricultural soil; irrigation water; nutrient mapping; Panama Oeste; smart
amendments

1. Introduction

Agricultural activity is of great importance and a pillar of the primary economic sector.
Panama launched the National Plan for Food and Nutritional Security in response to Sustain-
able Development Goal (SDG) two, “zero hunger”, and to promote sustainable agriculture [1].
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Today, the optimization of agricultural processes represents one of the most impor-
tant aspects related to food security worldwide. The development of an optimization
tool ensures the proper use of soils, maximizing the gain in agricultural production [2].
Crucial elements such as market and production growth rates, governmental regula-
tions, weather prediction, soil category, and crop type ensure effective agricultural
planning and the maximization of net crop yield with limited resources [3]. Precision
agriculture technologies have emerged as essential tools to achieve these goals, using
data-driven approaches to improve soil and crop management, resource efficiency, and
environmental sustainability [4].

Agricultural activities in many regions of the world are carried out using traditional
and empirical methods, mainly due to limited access to applied technologies and financial
constraints [5]. Despite the benefits of precision agriculture, the high investment cost
and farm size constraints hinder its adoption [6]. However, advances such as visible and
near-infrared (V-NIR) spectroscopy have made it possible to predict soil properties quickly
and cost-effectively, contributing to accurate soil management [7]. Moreover, regular soil
testing remains crucial in determining nutrient content and soil composition, facilitating
decision-making regarding fertilizer and soil amendment applications [8].

Crop selection plays a crucial role in enhancing agricultural yields and optimizing
resource allocation by determining the most suitable crops for specific soil types and
weather conditions [9].

The chemical properties of farm soils limit the development of productive pro-
cesses [10]. Although soils have potential fertility and a good nutrient content, the re-
lationship between the different elements causes them to be retained in forms that crops
cannot absorb. Therefore, it is important to evaluate the chemical properties of soils such
as pH, OM (organic matter), SM (soil moisture), CEC (cation exchange capacity), texture,
and EC (electrical conductivity), as these influence soil fertility and nutrient availability
for crops [11-14].

Soil pH is a fundamental chemical parameter that regulates nutrient availability
and plant uptake. Most nutrients are available to plants within a specific pH range,
typically between 6.0 and 7.0, where microbial activity and chemical equilibria favor
nutrient exchange [15]. A study employing an IoT (Internet of Things)-based soil pH
management system demonstrated that maintaining the soil pH within crop-specific ranges
significantly improved nutrient uptake and crop production [16]. Macronutrients like
N (nitrogen), P (phosphorous), and K (potassium) exhibit higher solubility and plant
accessibility at optimal pH levels, while micronutrients such Zn (zinc) and Fe (iron) tend to
precipitate or become less bioavailable under highly alkaline or acidic conditions [16].

Despite soils often having a high base saturation and CEC, the high presence of Al (alu-
minum) and Na (sodium) in the colloids of these soils, together with an increase in drought
(increasingly frequent), means that many of the elements present are not assimilable by
plants, and therefore they will not be able to express their maximum yield potential [10].

The presence of certain ions like K in the soil can interfere with the uptake of other
nutrients like Mg (magnesium) due to ion competition or antagonism [17]. The use of ISEs
(ion-selective electrodes) allows the measurement of individual ion content in soil, enabling
precise fertilizer application and minimizing ion interference effects [17,18]. Automated
fertilization systems can maintain an optimal nutrient composition by supplying only the
deficient ions, thereby preventing nutrient imbalances and improving plant uptake [17].

Organic amendments, such as compost and alfalfa pellets, can enhance soil fertil-
ity by providing slow-release nutrients and improving the soil structure and microbial
activity [15,19]. A study on organic crop production demonstrated that the application of
these amendments significantly improved nutrient uptake efficiency in wheat and barley,
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preventing deficiencies in N (nitrogen) and other nutrients [19]. Additionally, the soil OM
plays a crucial role in microbial-driven nutrient cycling, fostering conditions that enhance
biological processes essential for plant growth. Notably, mycorrhizal fungi form symbiotic
associations with plant roots, facilitating P solubilization and uptake, thereby improving
plant nutrient acquisition and resilience under nutrient-limited conditions [20].

Despite the advancements in soil chemical property management, challenges such
as ion interference, nutrient imbalances, and environmental pollution persist [17]. Ad-
dressing these issues requires the development of integrated nutrient management systems
that synergistically incorporate organic amendments, microbial inoculants, and precision
agriculture technologies to enhance nutrient availability and soil health [15,19]. The imple-
mentation of technologies such as soil sensors, GPS, and variable-rate application systems
enables site-specific nutrient management, optimizing fertilizer use and minimizing en-
vironmental impacts [21,22]. Policy and education programs are needed to promote the
adoption of sustainable soil management practices, particularly in smallholder farming
systems, where resource constraints often hinder technological adoption [15].

Understanding soil structural behavior at different scales is crucial for optimizing
precision agriculture practices, particularly in soil management and irrigation efficiency.
Recent studies utilizing X-ray computed tomography have demonstrated how soil modifi-
cations, such as incorporating glass powder and straw fibers, can alter the pore structure,
permeability, and water retention capacity [23]. These findings are relevant for precision
irrigation strategies, as controlling the soil porosity and permeability can improve water
distribution, nutrient availability, and crop productivity in heterogeneous agricultural soils.

In the township of Herrera, pineapple is produced in export quality, the Panamanian
pineapple being one of the most appreciated fruits in Europe and the world; in 2023,
Spanish consumers chose it as the “Flavor of the Year” [24,25]. The investment for pineapple
production in Panama is high, and about 50% is spent on inputs and irrigation, but even so,
production is profitable [26]. Among the inputs required are nutrients such as Ca (calcium),
K, Mg, Zn, N, P, and soil pH levels, which must be present in certain content ranges for
optimal crop development [27]. Updated geochemical nutrient maps that include major
and minor elements, as well as key soil properties, are critical for precision agriculture
and efficient fertilizer application [28-30], which can translate into economic benefits for
small and medium producers in rural sectors; therefore, this issue requires a Research,
Development, and Innovation (R&D-+i) approach.

Most producers prepare the soil before planting to achieve the best conditions for the
development of the pineapple crop. The practices of plowing and planting in favor of the
slope facilitate planting and harvesting, in turn causing rapid soil erosion, decreasing pro-
ductivity, which leads to the implementation of living barriers as conservationist practices,
representing a high investment, where 50% are inputs and irrigation [31].

Soil quality is assessed by indicators that reflect changes in soil capacity and function,
which depend on soil type, use, function, and soil-forming factors. The progressive ac-
cumulation of salt in the soil’s surface layer, due to insufficient leaching, can reach levels
that severely impact crop growth. This issue affects not only the soil but also the quality of
irrigation water [32].

Tools like the Igeo (geo-accumulation index) help to assess soil pollution by comparing
the current metal content to background values, guiding environmental management and
informing scientific decision-making regarding soil quality in agricultural areas [33].

The water sources used for irrigation are influenced by physical and chemical com-
ponents affecting nutrient solubility and availability [34]. The primary physicochemical
components of irrigation water affecting crop growth include Cl (chloride), HCOj3 (bicar-
bonate), Na, Ca, TH (total hardness), TDS (total dissolved solids), EC, pH, SAR (sodium
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adsorption ratio), and the percentage of Na [35]. SAR is a water quality parameter for
evaluating the alkalinization hazard of irrigation waters, influencing both soil and water
quality assessments [36].

PCA (principal component analysis) is a multivariate statistical method of data mining
used to reduce the data size, while preserving as many changes in the dataset as possible,
for faster and more efficient data processing, thus allowing us to identify data patterns and
express them to highlight their similarities and differences [37]. In this study, PCA was
used to identify relationships between soil nutrients and edaphic parameters, as well as to
analyze the correlations between physicochemical parameters in irrigation water.

Updated geochemical nutrient maps of major and minor soil elements and other edaphic
properties would help to make scientific and rational use of soil nutrient amendments. These
maps could be the basis for the implementation of precision agriculture measures [28-30].

Geochemical maps introduce the concept of sustainability in the agricultural process,
satisfying human food needs by making efficient use of non-renewable resources, sustaining
the economic viability of agricultural operations, and improving the quality of life of small
and medium-scale producers in rural areas.

The availability of geochemical data makes it possible to determine the areas most
suitable for agricultural development, which makes it possible to use techniques such as
sustainable intensification, reducing the use of land, labor, energy, nutrients, pesticides,
and water in crops.

To contribute to the management of agricultural resources, this study seeks to evaluate
the chemical quality of agricultural soils and irrigation water through geochemical analysis
for the generation of nutrient maps, to provide them as support tools for small and medium
farmers so that they can make efficient use of these inputs and increase their productivity.

2. Materials and Methods
2.1. Study Area

In the central area of the district of La Chorrera is the Herrera township, which
represents the area with the highest pineapple production in the country (Figure 1). It
has an area of 86.0 km?, with an estimated population of 23,424 inhabitants, indicating a
growth of approximately 89% between 2010 and 2023 [38]. Herrera has a tropical climate
with a prolonged dry season [39]. It is a warm climate with average temperatures of 27
to 28 °C; annual rainfall is the lowest in the country, less than 2500 mm, resulting in low
relative humidity and high evaporation.

The study area is comprised of two watersheds, the lower part of the Panama Canal
watershed and the upper part of the Caimito River watershed. These watersheds are of
great importance for the operation of the Panama Canal and for supplying water to the
surrounding populations.

The Panama Canal watershed has a great biological diversity influenced by its ge-
ological, geographic, and climatic characteristics; the Chagres River is the main river of
the watershed; it has a high rainfall, which according to [40] has recently been affected by
climatic variations, conditioning the availability of water for the proper functioning of the
canal and human supply.

The Caimito River basin has shown a marked human influence, where the most
developed sectors are agriculture and livestock; this is a basin that flows into the Pacific,
with a topography that ranges from mountainous relief in the upper part to plains in the
lower part; the basin shows changes in groundwater in the upper, middle, and lower parts
as a result of climate change [41].

This area is characterized by the predominant presence of the Miocene Tucue (TM-
CATu) volcanic geological formation. The volcanic rocks in the region are andesitic, basaltic,
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and tuffaceous in nature. These rocks provide a representative mineralogical content of
clay minerals, feldspars, silica, and mafic minerals such as olivine and pyroxene [42].
The mineralogical composition of these rocks directly influences the soil geochemistry
and texture of the region through physical and chemical weathering processes that are
influenced by environmental factors such as temperature and precipitation [42—44].
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Figure 1. Study area and sampling sites.

The hydrogeology of the study area is controlled by the geological units present, mainly
basalts and andesites that, when influenced by weathering and fracturing processes, create
the necessary conditions of permeability and secondary porosity that allow groundwater
storage [45]. Having a variable permeability, these aquifers are restricted to local fracture
zones and are considered moderately productive [46]. This hydrogeological context is
fundamental to understanding both the availability and quality of groundwater used for
agricultural and domestic activities in the study area.

2.2. Sample Collection

Accessible areas within the Herrera township that are used for agricultural activities
were considered for soil sampling. This approach made it possible to cover the main
production areas of the region, ensuring that the samples adequately represented the
edaphic characteristics of the soils used in local agriculture. As for water sampling, priority
was given to rivers, streams, and wells used for crop irrigation. Samples were collected
during the months of May through July 2024.

Soil samples were taken near the crops, where approximately 1 to 2 kg of soil was
sampled using hand augers at a standard depth of 20 cm and stored in airtight plastic
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bags [47]. Each sample was georeferenced for subsequent spatial analysis, giving a total of
102 soil samples (see Figure 1 and Supplementary Table S1).

A total of 16 water samples were taken, 13 corresponding to surface sources (rivers and
streams) used for crop irrigation and 4 well samples to evaluate groundwater conditions
and identify a possible relationship between groundwater and agricultural activity (see
Supplementary Table S2).

Physicochemical parameters such as pH, EC, salinity, temperature, DO (dissolved
oxygen), and TDS were measured in the water samples with a multiparametric field probe
(YSI, Professional Plus, Xylem Inc., Brannum Lane Yellow Springs, OH, USA), according
to the instructions for in situ sampling of the Standard Methods for Examination of Water
and Wastewater, 23rd Edition [48-50]. Each water sample was taken in plastic containers
for the laboratory analysis of metals (preservative, HNOj3 at pH < 2), NOs-N (nitrate) and
504 (sulfates) (refrigeration, < 6.00 °C), total N (total nitrogen) (preservative, HySOy at
pH <2.00), and POy (phosphate) (refrigeration, < 6.00 °C).

2.3. Sample Preparation

Soil and water samples were taken to the laboratory of the Faculty of Civil Engineering
of the Universidad Tecnolégica de Panama. The soil samples were dried in an oven at
60 °C for 24 h, then were disaggregated with a wooden roller and passed through a 2 mm
sieve for further analysis. Twenty grams of the sieved samples was taken to a particle
size of 74 um using an agate roller for X-ray fluorescence metal testing at Laboratorio de
Rayos X y Espectroscopia Mossbauer, at the Universidad de Panama. Water samples for
sulfate analysis were filtered using 125 mm/diam ash-free filter paper for rapid quantitative
analysis. For total N analysis, the pH of the samples was adjusted to 7 with 5 N NaOH
solution. For metal analysis, water samples were digested at the Laboratorio de Anélisis
Industriales y Ciencias Ambientales (LABAICA) del Centro Experimental de Ingenieria
of the Universidad Tecnoldgica de Panamd, where a volume of 3 mL of 65% HNO3; was
added to 100 mL of sample, followed by heating in a hotplate to reduce the volume of the
solution; the solution obtained was filtered using 125 mm/diam ash-free filter paper for
rapid quantitative analysis and adjusted to a final volume of 100 mL with distilled water,
which was stored in plastic bottles, ensuring the homogeneity of the sample for analysis.

2.4. Laboratory Analysis
2.4.1. Soil Analysis

Soil samples were taken to the laboratory of the Faculty of Civil Engineering of the
Universidad Tecnolégica de Panamd. Physicochemical parameters of pH, EC, TDS, and
salinity were measured on the sieved samples at a 1:5 (w/v) suspension [51] with an
OHAUSS T20M-C multiparameter. Soil texture tests were performed using the Bouy-
oucos densimeter method [52]. OM was determined by mass loss at 440 °C in a Hobersal
HD150 furnace, according to ASTM D2974 [53]. CEC tests were carried out based on the
potentiometer method [54].

Out of the 102 total soil samples collected for laboratory analysis, twenty were selected
for soluble N (soluble nitrogen) analysis. These selected samples were homogeneously
distributed across the study area and analyzed at the Laboratorio de Analisis Industriales y
Ciencias Ambientales (LABAICA) of the Centro Experimental de Ingenieria at the Universi-
dad Tecnolégica de Panam4, following the persulfate digestion method (HACH 10072) [55],
adapted for soil samples.

The sieved samples were sent to Laboratorio de Rayos X y Espectroscopia Mossbauer,
at the Universidad de Panama for the analysis of Al, Ca, Cu (copper), Fe, K, Mg, Mn (man-
ganese), soluble N, P, Si (silicon), Sr (strontium), and Zn content by energy-dispersive X-ray



Agriculture 2025, 15, 702

7 of 36

fluorescence spectroscopy (ED-XRF) [4,56,57] with Epsilon4 equipment (Malvern Panalytical,
Almelo, the Netherlands), with Omnian software, a pre-calibration routine for all elements
based on a calibration curve, and a fundamental parameter (standardless) approach. Certified
reference material was used to check both precision and accuracy: NIST 2710A (Montana soil),
with recovery percentages between 95.0-100%. In terms of precision, the relative standard de-
viation (RSD) for all replicates was <10.0%. The limits of detection (LDs) for the different tests
were pH =1.00 x 1072, EC =1.00 x 1073 dSm~!, OM = 1.00 x 1072%, SM = 1.00 x 10~2%,
CEC =4.40 x 107! cmol kg™ !, Al = 1.00 x 10~%%, Ca = 1.00 mg kg~ !, Cu = 1.00 mg kg !,
Fe = 1.00 x 107%%, K = 1.00 mg kg~!, Mg=1.00mgkg~!, Mn = 1.00 mg kg~ !,
soluble N = 2.00 mg kg1, P = 1.00 mg kg1, Si = 1.00 x 10 ~*%, Sr = 1.00 mg kg~!, and
Zn = 1.00 mg kg~ !. Uncertainties were estimated with a 95.0% confidence interval where
k =2, using the bottom-up approach, described in the Eurachem Guide [58], which consists of
identifying and quantifying the sources of uncertainty, and then combining them, where the ex-
panded uncertainties (U exps) are as follows: pH = +1.00 x 1072, EC = +:3.50 x 1074 dSm™!,
OM = £150 x 1072%, SM = £1.00 x 1072%, CEC=42.10 x 10~!cmolkg!,
Al=+1.00 x 107°%, Ca = +£1.00 x 10~! mg kg~!, Cu = +1.00 x 10! mg kg !,
Fe = +£1.00 x 107°%, K = £1.00 x 107! mg kg~!, Mg= +£1.00 x 10! mg kg !,
Mn = 41.00 x 10~! mg kg~?, soluble N = +-2.40 x 102 mgkg~!, P = 41.00 x 10~ ! mgkg~!,
Si=41.00 x 1075%, Sr = +1.00 x 107! mg kg~!, and Zn = £1.00 x 10~ ! mg kg~!. These
quality controls ensured the quality of the measured results, making the overall results and
conclusions of this study reliable.

2.4.2. Water Analysis

SO, concentrations in water samples were analyzed following the SulfaVer 4
method (HACH 10248) [59] with certified reference material HC20362013 (Sigma Aldrich,
St. Louis, MO, USA). Total N was quantified using the persulfate digestion method
(HACH 10208) [60] with certified reference material Cat 15349 (Hach); NO3-N analysis was
performed using the cadmium reduction method (HACH 8039) [61] with certified reference
material HC17263711 (Sigma Aldrich); PO, concentrations were determined following
the PhosVer 3 Ascorbic Acid method (HACH 8048) [62] with certified reference material
HC27970898 (Sigma Aldrich, St. Louis, MO, USA); and HCOj analysis was performed
using the phenolphthalein and total alkalinity method (HACH 8203) [63] with certified
reference material 1427810 (Hach, Ames, IA, USA).

The metals Ca, Fe, K, Mg, Mn, and Na were analyzed in the Laboratorio de Andlisis
Industriales y Ciencias Ambientales (LABAICA) del Centro Experimental de Ingenieria of
the Universidad Tecnoldgica de Panamad by flame atomic absorption spectrometry with AA-
7000 equipment (Shimadzu, Kyoto, Japan), using the direct air-acetylene flame method [48]
with certified reference material VHG-SM24-100, having a recovery percentages of
90.0-100%. In terms of precision, the relative standard deviation (RSD) for all replicates
was <10.0%. The limits of detection (LDs) for the different tests were pH = 1.00 x 1072,
TDS = 1.00 x 1072 mg L=}, DO = 1.00 x 1072 mg L~!, Saturation = 1.00 x 1072 %,
Salinity = 1.00 x 1072 mg L~!, NO3-N = 3.00 x 107! mg L™!, PO; = 1.50 mg L™},
HCO; = 10.0 mg L1, SO4 = 2.00 mg L1, total N = 1.00 mg L™}, Ca=1.08 mgL~},
Fe = 710 x 107! mg L™}, K =800 x 102 mg L™!, Mg = 1.30 x 107! mg L},
Mn =590 x 107! mg L™!, Na = 8.00 x 1072 mg L~!. Uncertainties were estimated
with a 95% confidence interval where k = 2, using the bottom-up approach, described in
the Eurachem Guide [58], which consists of identifying and quantifying the sources of
uncertainty and then combining them, where the expanded uncertainties (U exp) are as
follows: pH = +1.00 x 102, TDS = +1.75 x 107! mg L1, DO = £2.50 x 10~ ! mg L™},
Saturation = +2.34 %, Salinity = £2.00 x 1072 mg L', NO3-N = £2.40 x 102 mg L},
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PO; = £2.80 x 1072 mg L~!, HCO; = £3.20 x 107! mg L=}, SO = £1.36 mg L™},
total N = £7.60 x 1072 mg L™}, Ca=£591 x 10 ! mg L}, Fe = £3.84 x 10 ! mg L},
K==4131 x 10! mgL™!, Mg=+385x 10! mgL!, Mn = +3.96 x 10"! mg L™},
Na = +£2.70 x 107! mg L. These quality controls ensured the quality of the measured
results, making the overall results and conclusions of this study reliable.

2.5. Methods
2.5.1. Geo-Accumulation Index (Igeo)

The geo-accumulation index quantifies soil contamination using geochemical back-
ground values as a base to assess the content of metals in soil samples [64]. The Igeo is
measured using Muller’s Equation (1).

Cn
Igeo - logz @ (1)

where Cn is the measured content of the metal, Bn is the geochemical background value,
and there is a figure of 1.5 for potential fluctuations in background values caused by
lithogenic influences. In this study, the geochemical background values (Bns) used
were Al = 13.7%, Ca = 2.00 x 10°> mg kg~!, Cu = 1.38 x 10> mg kg~ !, Fe = 10.2 %,
K =313 x 10> mg kg!, Mg = 955 x 10> mg kg~!, Mn = 247 x 10° mg kg !,
P =1.03 x 103> mg kg1, Si = 19.4 %, Sr = 1.22 x 10> mg kg !, and Zn = 92.1 mg kg '.
These values correspond to a sample collected from the central region of the study area
(code, 06-77; Table S1), characterized by belonging to the proximity of small patches of
forest within the township, with low agricultural activity. This limited anthropogenic
influence reduces the likelihood of artificial soil enrichment, rendering the sample more
representative for evaluating soil contamination.

The Igeo scale, according to Miiller [65], is divided into seven grades that indicate the
quality of the soils, the definitions for which are listed in Table 1.

Table 1. Muller’s geo-accumulation index (Igeo) classification [65].

Igeo Class Soil Quality
<0 0 Uncontaminated
0-1 1 Uncontaminated to moderately contaminated
1-2 2 Moderately contaminated
2-3 3 Moderate to heavily contaminated
34 4 Heavily contaminated
4-5 5 Heavily to extremely contaminated
>5 6 Extremely contaminated

2.5.2. Sodium Adsorption Ratio

The SAR is a critical parameter used to assess the suitability of water for agricultural
irrigation, as it helps in understanding the potential impact of soil sodium on the soil
structure and crop health [66,67]. The SAR is calculated using the concentrations of Na,
Ca, and Mg ions in water. The SAR is calculated according to Equation (2) proposed by
Lorenzo A. Richards [68], where the concentrations are in milliequivalents per liter.

Na (meq L_l)

\/Ca (meq L’1)+Mg (meq Lil)
2

SAR =
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2.6. Spatial Interpolation Methods for Soil Nutrient Mapping

Interpolation methods are essential in soil nutrient mapping, enabling the estimation
of values at unsampled locations based on spatial patterns. This study selected Kriging and
Inverse Distance Weighted (IDW) due to their distinct advantages in modeling soil nutrient
distribution. Kriging, a geostatistical method, was chosen for its ability to incorporate spa-
tial autocorrelation, ensuring unbiased predictions with minimal estimation variance. By
analyzing semivariograms, Kriging assigns weights based on spatial dependence, allowing
for a more accurate representation of nutrient distributions across heterogeneous land-
scapes [69]. Additionally, Kriging provides an estimation variance metric, which quantifies
the reliability of interpolated values, making it a robust choice for applications requiring
uncertainty assessment [70]. On the other hand, IDW was selected for its computational
efficiency and simplicity, offering a practical alternative for generating soil nutrient maps
without the need for complex statistical modeling. Unlike Kriging, IDW directly assigns
weights based on inverse distance relationships, making it particularly effective in cap-
turing localized variations in nutrient content, especially in datasets with a strong spatial
heterogeneity [71]. Furthermore, IDW does not rely on assumptions of stationarity, making
it a flexible approach for irregularly distributed soil samples.

Despite its strengths, Kriging has notable limitations that must be considered. Its
accuracy is highly dependent on semivariogram modeling, meaning that an incorrect
semivariogram can lead to biased predictions [69]. Additionally, Kriging assumes station-
arity, which is often unrealistic in soil science, as nutrient distributions are influenced by
factors such as topography, land use, and soil type variations [72]. Another key limitation
is its reliance on high-density sampling, as sparse datasets may fail to capture the true
spatial correlation, resulting in unreliable interpolations [73,74]. Similarly, IDW has its
own constraints, including its tendency to produce over-smoothed surfaces, which can
obscure critical spatial trends in soil nutrient variation [71]. Unlike Kriging, IDW does not
provide an uncertainty estimation, limiting its applicability in decision-making processes
where error quantification is necessary. Furthermore, IDW assumes that the influence of
surrounding points decreases uniformly with distance, which may not accurately reflect
the complex interactions governing soil nutrient dynamics [21].

Numerous authors, such as Munyati and Sinthumule [75], have discussed the chal-
lenge of selecting between Kriging and IDW for spatial interpolation. Their findings suggest
that Ordinary Kriging is more suitable for mapping tree density in dense forests, whereas
IDW performs better in scattered tree savannah woodlands. Similarly, in this study, IDW
was found to be more effective for capturing localized variations in soil nutrients. By
integrating both methods, this study leverages Kriging’s ability to provide statistically
sound estimations with an uncertainty assessment and IDW’s practicality in handling
spatial heterogeneity. This combined approach enhances the reliability of soil nutrient
assessments, supporting more informed agricultural decision-making.

2.7. Data Processing

Data wrangling, statistical analysis, principal component analysis (PCA), and visual-
ization were performed using Microsoft 365 Excel (version 2412, Build 16.0.18324.20092)
and JupyterLab 4.0.7 with Python 3.10.14. The Riverside diagram for SAR was generated
using Diagrammes 8.6. Spatial analysis and map generation were conducted in ArcGIS Pro
3.3.0, utilizing Kriging and Inverse Distance Weighted (IDW) interpolation methods for
soil nutrient content mapping. Model validation was ensured by maintaining a Root Mean
Square Standardized (RMSS) within the range of 0.8-1.2 and a Root Mean Square Error
(RMS) approximating the standard deviations of nutrient content.
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3. Results

3.1. Soil Caracterization
3.1.1. Physicochemical Analysis in Soils

Table 2 shows a statistical summary of the content of the physicochemical parameters
analyzed in the soil samples from the Herrera township in Panama Oeste; the sample data
are presented in Table S1. The mean value pH of the soil is 5.00, being very strongly acid
according to the classification of the United States Department of Agricultural National
Resources Conservation Service groups [13]. The mean EC is 1.54 x 101 dSm™1, corre-
sponding to non-saline soils [12]. The average soil organic matter is 8.43%, which is a high
value, indicating that the soil is enriched with organic residues [14]. Humidity is moderate,
with a mean value of 27.0% [76]. The area is dominated by a clay type soil (mean value of
65.0%, see soil texture Table 3) with a moderate cation exchange capacity (12.6 cmol kg !
mean value), which is influenced by the acid pH of the soil [77].

The most abundant elements in these soil samples are Si, with a mean value of
22.9 %; Al, with 15.2%; and Fe, with 9.09%. In terms of lower content, we have mean values
of Ca>Mg>Mn>P>K (1.58 x 10° mg kg~! > 1.57 x 10 mg kg~! > 1.38 x 10° mg kg~! >
9.99 x 10> mg kg~ ! > 6.01 x 10°> mg kg~!, respectively). At an even lower content, we
have mean values of Cu>Zn>Sr>soluble N (1.25 x 10> mg kg~! > 8.50 x 10! mg kg~! >
4.25 x 10! mg kg=! > 3.08 x 10! mg kg~!, respectively).

Table 4 shows the Panama soil quality standard values, recommended as the
maximum permissible for agricultural use, and values from other studies on agri-
cultural soils. The mean value of Zn (85.0 mg kg~ ') exceeds that established by
the Panamanian standard [78] for agricultural soils and the value of other studies in
Chorrera [79] and Colombia [80]. The mean values of this study for OM (8.43 %),
Ca (158 x 103mgkg™!), Cu (1.25x10°mgkg™!), Fe (9.09 % mg kg,
K (6.01 x 10> mg kg~ !), Mn (1.38 x 10> mg kg '), and P (9.99 x 10?> mg kg~!) were higher
than those of other agricultural soil studies in La Chorrera [79] and Colombia [80]; and
they were lower for CEC (12.6 cmol kg~1), Mg (1.57 x 10°> mg kg~!), and soluble N
(30.8 mg kg’l) than Costa Rican soils [81].

3.1.2. Spatial Variability in Soils

The study of the spatial variability in the content of elements in the soil through
geostatistics, to know the distribution and mapping of their content in the soil, is a very
useful tool in agriculture for the management of this natural resource [4]. Comparisons
will be made between the maps generated by Kriging and IDW interpolation [12].

Edaphic Parameters

Figure 2 shows the interpolation maps for soil parameters of pH, electrical conductivity,
and soil moisture; on the left, the maps were generated using the Kriging method; on the
right, using the IDW method. According to the spatial distribution map of soil pH for
Kriging and IDW, the northwestern zone of the township of Herrera has a very strong acid
pH between 4.50 and 5.09, while the rest of the township has a strong acid pH (5.10 to 5.59);
the area with a very strong acid pH is mainly dedicated to intensive pineapple agriculture;
the other area corresponds to pastures dedicated to livestock and forest patches, with the
exception of the area that is currently urbanized in the southeastern part of the township,
where no samples were taken. Soil EC maps in both Kriging and IDW are non-saline
(<2.00 dS m~1) throughout the study area; the same trend is found in SM, which is of
moderate moisture (20.0-40.0%) throughout the study area.
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Table 2. Statistical overview of the content of physicochemical parameters measured in soil samples. Abbreviations: SD, standard deviation.

pH EC OM SM CEC Al Ca Cu Fe K Mg Mn Soluble N P Si Sr Zn
dSm-1 % f:g?} % mg kg1 % mg kg1 % mg kg1
Mean 5.00 154 x 1071 843 270 126 152 158x10° 1.25x 10> 9.09  6.01 x 10? 1.57 x 103 1.38 x 103 30.8 9.99 x 102 229 425 85.0
Min 3.90 288 x 1073 299 932 363 959 446 x 102 <1.00 439  1.33 x 102 <1.00 1.54 x 102 <2.00 5.54 x 102 15.0 <1.00 <1.00
p95 5.93 3.60 x 1071 144 322 187 175 418 x10®° 166 x 10> 122 116 x 10> 467 x 10>  3.23 x 10° 76.4 126 x 10> 29.0 1.25x 10>  1.56 x 10
Max 6.76 881 x10°! 163 700 221 184 787 x10°> 203x10> 136 250 x 103 8.78 x 103 6.28 x 10° 1.52 x 102 1.29 x 103 321 187 x 102 3.37 x 102
SD 5.40 x 107! 126 x 1071 287 571 353 186 1.37x10° 252x100 175  4.09 x 102 1.57 x 10° 1.06 x 10° 35.5 1.34 x 102 413 39.2 39.1
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Table 3. Texture of soil samples.

Clay % Silt % Sand %
Mean 65.0 20.7 14.3
Min <1.00 <1.00 <1.00
p95 84.1 34.1 33.4
Max 90.1 74.1 53.9
SD 17.0 10.5 114
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Figure 2. Interpolation maps for soil parameters of pH, EC, and SM. On the (left), the maps were
generated using the Kriging method; on the (right), using the IDW method.
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Table 4. Comparison of nutrient standards and reported agricultural soil values.
Parameter St::g:i;‘?m] La Chorrera[79]  Costa Rica [81] Colombia [80]
CEC (cmol kg™ 1) - 25.0 16.7 5.66
EC (dSm™1) - 9.00 x 1072 - -
OM (%) - 4.85 - 7.83
Al (%) - 2.20 x 1072 - 3.90 x 1072
Ca (mgkg™) - 7.24 x 10% 9.80 x 102 2.02 x 102
Cu (mgkg™) - 10.0 - 1.18
Fe (%) - 8.00 x 1073 - 2.00 x 1073
K (mgkg™) - 52.0 5.00 x 102 6.24 x 10!
Mg (mg kg 1) - 1.88 x 10° 4.81 x 10° 2.16 x 10!
Mn (mg kg™!) - 81.0 - 3.34
Soluble N (mg kg™1) - - 1.50 x 103 -
P (mg kg™ - 4.00 2.16 x 10* 12.1
Si (%) - - - -
Sr (mgkg™") - - - -
Zn (mg kg™ 3.00 13.0 - 2.48

Figure 3 shows the interpolation maps for soil parameters of soil organic matter and

cation exchange capacity; on the left, the maps were generated using the Kriging method;
on the right, using the IDW method. Soil OM maps in both Kriging and IDW are very high
(>6.00%) in the western part of the township, and high (4.00-6.00%) in the rest of the study
area. According to the CEC map, the CEC is moderate throughout the entire township,

being higher in the northern and eastern parts, between 12.8 and 14.1 cmol kg !, and in

the rest of the study area, between 11.2 and 12.7 cmol kg_1 ; in the IDW, some points with
CEC > 17.3 cmol kg ! are observed.
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Figure 3. Interpolation maps for soil parameters of OM and CEC. On the (left), the maps were

generated using the Kriging method; on the (right), using the IDW method.
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Figure 4 shows a soil texture map of the agricultural area generated using the Thiessen
polygon method; this map classifies the soil textures present in the region according to the
data of the collected samples. According to the texture map, the texture is generally of the
clay type in the study area, with certain exceptions, in which clay loam areas stand out in
the northern and central part and areas of silty loam and silty clay in the southeastern part.

[ Agricultural Area
Urbanized Area
Soil Texture
|Classification
= Clay

Sandy Clay Loam

Silt Loam

' Clay Loam

B Silty Clay

987,000 990,000 993,000

984,000

0051 2km
L liaal CRS: WGS 1984 UTM Zone 17N

618,000 621,000 624,000 627,000 630,000 633,000

Figure 4. Soil texture map of the agricultural area generated using the Thiessen polygon method. This
map classifies the soil textures present in the region according to the data of the collected samples.

Primary Nutrients

Figure 5 shows the spatial distribution of the major nutrients for soluble N, P, and K in
the agricultural soils of the study area: left maps generated using the Kriging interpolation
method; right maps generated using the IDW interpolation method. The soluble N map
shows a difference between the Kriging and IDW maps, Kriging shows a central zone
with a content between 18.1 and 22.0 mg kg~! and an external zone between 22.1 and
29.6 mg kg~ !; IDW shows the northwestern part with a content higher than 29.6 mg kg !,
and the rest of the zone with a content lower than this, coinciding with the intensive
cultivation zone with the highest amounts of soluble N.

The Kriging-generated map for soluble N produced suboptimal results due to the
method’s sensitivity to data density. With only 20 sample points, the sparsity of the dataset
prevented the semivariogram from accurately capturing the true spatial autocorrelation,
leading to less reliable predictions. In contrast, IDW did not require semivariogram mod-
eling, making it less susceptible to errors related to spatial structure estimation. This
characteristic allowed IDW to be more robust in interpolating soluble N concentrations,
particularly in situations where the spatial dependence structure was unknown. Its ro-
bustness stemmed from the stronger weighting of nearby sample points, following the
principle that a point’s influence on the prediction decreases with distance. Consequently,
IDW provided a more reliable spatial representation of soluble N distribution under the
given sampling constraints.

The P map is similar in Kriging and IDW, with higher content in the northern part
(>1.05 x 10° mg kg~ !), progressively decreasing towards the south (8.42 x 10? mg kg~1). For
the K map in Kriging and IDW, the highest content is in the western part (>7.01 x 10> mg kg™!),
progressively decreasing towards the eastern part (2.32 x 10> mg kg™ 1).
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Figure 5. Spatial distribution of the major nutrients for soluble N, P, and K in the agricultural soils of
the study area. (Left) Maps generated using the Kriging interpolation method; (right) maps generated
using IDW interpolation method.

Secondary Nutrients

Figure 6 shows a spatial distribution of secondary nutrients for Ca and Mg in the
agricultural soils of the study area: left maps generated using the Kriging interpolation
method; right maps generated using the IDW interpolation method. The Ca map is
similar in Kriging and IDW, with the highest content in the right half of the township
(1.49 x 10?-3.21 x 103 mg kg~!), an area corresponding mostly to pastures and livestock,
and lower content in the western part dedicated to crops (8.31 x 10?~1.48 x 10° mg kg1),
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and within this area there is a region with high values (1.49 x 103-3.21 x 10> mg kg™ !).
The Mg map is similar in Kriging and IDW, with a central strip from north to south with
higher content (1.92 x 103-3.91 x 10°> mg kg~ !) and lower values on both sides.
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Figure 6. Spatial distribution of secondary nutrients for Ca and Mg in agricultural soils of the study
area. (Left) Maps generated using the Kriging interpolation method; (right) maps generated using
the IDW interpolation method.

Micronutrients

Figure 7 shows a spatial distribution of micronutrients for Cu, Fe, Mn, and Zn in the
agricultural soils of the study area: left maps generated using the Kriging interpolation
method; right maps generated using the IDW interpolation method. The Cu map is similar
in Kriging and IDW, with the highest content (1.35 x 10?-1.57 x 10?> mg kg~!) in the
southern part, decreasing progressively towards the northern part. The high Cu content in
the central part of the study area can be attributed to the volcanic geology, characterized
by basalts, andesites, and tuffs, which may contain Cu-bearing minerals released through
weathering [82,83]. Additionally, the relief and drainage could be promoting Cu accumula-
tion in lower areas due to sediment transport and deposition. Furthermore, agricultural
activities, such as the use of Cu-based fungicides, may be contributing to its content in the
soil, reinforcing the elevated values observed in the area.

The Fe and Zn maps are similar to each other, and similar in Kriging and IDW,
with the highest values in the eastern hemisphere, decreasing progressively towards the
western hemisphere. The IDW Mn map shows the southern part with the highest content
(1.66 x 103-2.60 x 103 mg kg '), decreasing progressively towards the northwestern part;
unlike Kriging, which shows a smaller area of high content in the southern part.
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Figure 7. Spatial distribution of micronutrients for Cu, Fe, Mn, and Zn in the agricultural soils of the
study area. (Left) Maps generated using the Kriging interpolation method; (right) maps generated
using the IDW interpolation method.
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The Mn Kriging map was affected by data non-stationarity, leading to suboptimal
predictions due to Kriging’s assumption of a uniform spatial dependence structure. This
non-stationarity is attributed to geological and land use factors. The study area consists of
volcanic rocks (andesite, basalt, and tuff) rich in Mn-containing minerals, which vary in
solubility and reactivity, influencing Mn release into the soil [82,83]. Additionally, redox
conditions play a key role in Mn mobility, with reducing environments increasing Mn
availability, while oxidizing conditions promote the formation of insoluble Mn oxides,
limiting its bioavailability [84,85]. Furthermore, livestock activity contributes to localized
Mn enrichment through organic matter deposition and soil acidification, enhancing Mn
solubility [86]. Given these strong spatial variations, IDW proved to be more effective.

Other Elements Present in the Soil

Figure 8 shows a spatial distribution of other elements like Si and Sr in the agricultural
soils of the study area: left maps generated using the Kriging interpolation method, right
maps generated using the IDW interpolation method. The Si map is similar in Kriging and
IDW, with the highest content in the western part (25.2-28.0%), decreasing progressively
towards the east (17.2-20.9%); the Sr map in Kriging and IDW has a higher content in
the northeastern part (46.3-98.7 mg kg~!), decreasing towards the southwestern part
(191 mg kg_l).
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Figure 8. Spatial distribution of other elements like Si and Sr in the agricultural soils of the study
area. (Left) Maps generated using the Kriging interpolation method; (right) maps generated using
the IDW interpolation method.

3.1.3. Multi-Element Analysis in Soils

Figure 9 shows a PCA plot of the relationships of the edaphic parameters and soil
nutrients. According to the table of the strength of the relationships (Table 5), the most
significant relationships are as follows: PC1 explains most of the variability in the data
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with a 28.4% contribution, followed by PC2 with 14.9% and PC3 with 11.7%. PC1 explains
variations in OM (0.350), Fe (0.355), Mg (0.278), and Zn (0.261), which are predominant in
the soils of the eastern area of the township that is in pasture for livestock and the forest
patch; this explains that in this area that is in rest, and where there are contributions by
organic matter from livestock, there is less demand for these nutrients; in this same factor,
there is a negative contribution of Al (—0.431) and Si (—0.340), which are predominant
in the more acid soils of the northwestern part of the township dedicated to intensive
pineapple cultivation.

0.800

Crops
@ PFineapple

> ® i
0.475 ‘® \

0.150

PC2 (%14.92)

-0.175

_0'598,650 —-0.287 0.075 0.438 0.800

PC1 (%28.41)

Figure 9. PCA of relationship between edaphic parameters and soil nutrients.

Table 5. PCA matrix for relationship between edaphic parameters and soil nutrients. Bold numbers
correspond to PC1 or PC2 or PC3 and are more significant.

Variable PC1 PC2 PC3
pH 0.248 3.60 x 1072 0.236
SM 0.137 0.246 0.376
OM 0.350 —2.10 x 102 —0.112
CEC 3.20 x 1072 —0.107 —0.373
EC —0.147 0.117 —0.299
Al —0.431 2.70 x 1072 9.30 x 1072
Ca 0.231 0.454 0.185
Cu 3.00 x 1072 —0.220 0.294
Fe 0.355 —0.321 —0.183

K —7.90 x 1072 0.520 —0.221
Mg 0.278 0.234 0.377
Mn 0.222 —0.029 —0.155
P 0.186 0.290 —0.323
Si —0.340 0.323 8.20 x 102
Sr 0.241 0.201 —0.269
Zn 0.261 1.00 x 1072 1.70 x 1072
Eigenvalues 4.61 242 1.90
Loadings 28.4 14.9 11.7

Cumulative Loadings 28.4 43.3 55.0
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Igeo Value

PC2 is dominated by Ca (0.454) and K (0.520), which indicates the influence of the
fertilization of agricultural soils with these nutrients on this component. And PC3, with
main contributions from SM (0.376), pH (0.236), Mg (0.377), and Cu (0.294), indicates the
relationship of these edaphic parameters (SM, pH) with the availability of these nutrients.

The PCA graph shows clusters, corroborating that in the group of soils dedicated to
intensive pineapple cultivation the presence of Al predominates, which makes these soils
the most acidic in the township, while in the soils that are kept in pasture the presence of
Ca, Fe, Mg, and Zn predominates, due to the lower demand for these nutrients.

3.1.4. Geo-Accumulation Index

The Igeo has been used to observe which elements may be influenced by anthropogenic
activities and which are found in natural content. Figure 10 shows the box plot for the
elements of this study. The elements that are naturally occurring, since they had an
Igeo <0, are P, Ca, Mn, Fe, Cu, Zn, Al, 5i, and Sr; some of them had certain outliers above
zero, such as Ca, Mn, Zn, and Si. The elements that have an Igeo < 1, and where some
fraction of their presence may be linked to anthropogenic activities such as agricultural
amendments, are K and Mg and some anomalous values of Ca and Zn.

G O Outliers

T

8 )
= 7 i o
e 8 e _
% e
—1.42
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i —2.74
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—5 = o
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P K Ca Mg Mn Fe Cu Zn Al Si Sr

Figure 10. Box plot of the Igeo values for the elements analyzed in soil samples. Black lines indicate
sediment quality categories: <0 uncontaminated, <1 uncontaminated to moderately contaminated,
<2 moderately contaminated.

3.2. Irrigation Water Quality
3.2.1. Physicochemical Analysis in Water

Table 6 shows the summary statistics of physicochemical parameter concentrations
measured in surface water and groundwater; the sample data are presented in Table S2.
The pH has a mean of 6.49 in surface water, which helps to reduce carbonate concentrations
and prevents the gradual increase of pH in the soil [87]; groundwater has a mean pH
of 7.26, which optimizes the absorption of nutrients in crops, optimizing the solubility
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of essential nutrients. The mean EC in surface and groundwater is 7.00 x 1072 dSm™!
and 2.40 x 107! mg L1, respectively, being low enough to promote crop growth and
health [88]. In surface water, the mean TDS is 44.8 mg L. =1, and in groundwater there
is a considerably higher mean TDS of 1.43 x 10> mg L~!; both mean levels are below
5.00 x 102 mg L~!, which is not considered a risk to crop health [89]. For DO, the mean
of surface water and groundwater was 3.57 mg L~! and 4.17 mg L~ respectively; for the
water body to be considered healthy the DO should be at least 6.50 mg L~ [90]. Surface
water had a mean saturation percentage of 44.6%, while groundwater had a mean of 53.9%;
these percentages indicate the presence of clay soils [91]. For salinity, the mean levels
of surface water and groundwater were 4.00 x 1072 mg L' and 1.10 x 107! mg L1,
respectively; these values are significantly below 4.50 x 10 mg L~!, which indicates an
excellent quality for agricultural use [92].

The mean NO3-N levels for surface water were 4.00 x 1072 mg L~! and for ground-
water 1.10 x 10~! mg L~; both levels are considered low, indicating no significant risk for
agricultural growth [93]. PO, had concentration levels of 1.30 x 10~! mg L~! in surface
water and 3.60 x 107! mg L~! in groundwater, concentrations considered insufficient to
cover the POy needs of crops [94]. HCO3; had mean values of 18.0 mg L1 for surface
water and 1.05 x 10> mg L~! for groundwater; the ideal range of HCOj3 in risk waters is
60.0-1.00 x 10> mg L~! [95]; concentrations below the range can cause instability in the
pH of the water, and concentrations above the range greatly increase the pH, causing the
removal of vital nutrients. The mean SOy concentrations were 2.83 mg L~! and 2.00 mg L~!
in surface water and groundwater, respectively; these concentrations are within the de-
sirable range [96]. Total N had concentrations of 3.92 mg L~! and 3.00 mg L~! in surface
water and groundwater, respectively; these concentrations are within the acceptable range,
without affecting crops [97].

The most abundant elements in surface water were Na (8.27 mg L7, Mg (3.25 mg L7,
Fe (3.03 mg L~1), Ca (2.05 mg L), and K (1.56 mg L~1). For groundwater, the elements with
the most abundant means were Na (42.3 mg L1, Ca (5.13 mg L7, Mg (4.17 mg L1, and
K (1.87 mg L™1).

Table 7 shows the guideline values of the irrigation water standard in Panama for
reused water [98] and international standards for irrigation water from The Texas A&M
University [99], University of Massachusetts Amherst [100], and Food and Agriculture
Organization of the United Nations (FAO) [101].

The pH of the surface and groundwater samples comply with the range recommended
by the FAO [101]; however, some of the samples are slightly above the limit of 7.00 estab-
lished by the University of Massachusetts Amherst [100], with values of 7.26 in surface
water and 8.80 in groundwater.

As for EC, all the samples presented values significantly below the limits mentioned
in the Panama [98] and FAO [101] standards. The maximum TDS measured in surface and
groundwater samples was 119 mg L~! and 321 mg L™}, respectively; both values comply
with the standard established by the University of Massachusetts Amherst [100].

The NO3-N concentrations comply with the standards established by the regulations
of the University of Massachusetts Amherst [100] and FAO [101], with limits of 5.00 mg L1
and 15.0 mg L™}, respectively, with the highest concentration of 3.20 mg L~! belonging to
surface water.

The SO, concentrations for surface and groundwater are considerably below the limit
of 3.50 x 10° mg L~ of the Panama standard [98] and 500 mg L1 according to FAO [101].

The maximum Ca concentrations for surface water were 4.49 mg L~! and 10.0 mg L~!
in groundwater, both below the range established by the University of Massachusetts
Amberst [100] (40.0 to 100 mg L™ 1).
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Table 6. Statistical overview of the concentrations of physicochemical parameters measured in water samples.
Source pH EC TDS DO Saturation  Salinity NO3-N PO, HCO3; SO, T‘;\?al Ca Fe K Mg Mn Na Cu Zn
dSm-1 mgL-1 % mgL-1
Mean 6.49 700 x 1072 4438 3.57 44.6 400x1072  590x107'  130x10°! 181 120 392 205 3.03 1.56 3.25 <590 x 1071 827 <240x107'  <1.40x 107!
Min  5.89 4.00x 1072 264 1.30 16.4 3.00x 1072 <3.00x 107! 4.00x 1072 <100 <200 <100 <1.08 71'%0,1X 3i%91X ‘%Of <590 x 107! 333 <240 x 107! <1.40x 10!
Superficial p%5 715 1.30 x 107! 84.0 5.44 68.9 7.00 x 1072 1.94 420x 1071 309 <200 790 377 5.53 3.03 5.48 <590 x 1071 208 <240x107! <140x 107!
Max 7.26 1.9 x 107! ;%32 592 73.8 9.00 x 1072 3.20 430 x 1071 32.9 12.0 9.00 4.49 6.83 3.53 5.79 1.15 216 <240 x 107! <1.40 x 107!
SD 4i%91X 4.00 x 1072 244 1.58 20.0 2.00 x 1072 8.40 x 1071 1.40 x 107! 6.74 <200 227 1.19 1.60 9{2')0,? 141 <590 x10°1 597 <240x107' <1.40x 107!
Mean 7.26 240 x 107! 143 4.17 53.9 1.10 x 107! 730 x 107! 3.60 x 107! 105 <2.00 3.00 513 <0.71 1.87 417 <590 x 1071 423 <240 x 107! <1.40 x 1071
Min  6.20 700 x 1072 394 3.86 50.4 400x1072  600x107'  500x1072 199 <200 100 277 <071 4i%)91x 91%9? <590 x 1071 562 <240 x 107" <1.40x 107!
Groundwater p95  8.54 4.80 x 107 291 444 57.8 220x 1071 890x 107! 850x 107! 226 <200 485 924 <071 3.65 8.34 <590 x 107! 128 <240 x 107! <1.40x 107!
Max  8.80 5.30 x 10~ 321 447 58.5 240 x 1071 9.00x 107! 950x 107! 251 <200 500 1001 <071 3.98 9.20 <590 x 107! 149 <240 x 107! <1.40x 107!
SD 1.10 2.00 x 10~* 123 2.60 x 3.40 9.00 x 1072 1.50 x 107! 4.00 x 107! 101 <200 1.83 3.39 <0.71 1.52 3.53 <590 x 1071 709 <240 x 107! <140 x 107!




Agriculture 2025, 15, 702 23 of 36
Table 7. Comparison of irrigation water quality standards.
Parameter Panama Standard [98]  Texas A&M University [99] Umverity of Massachusetts FAO [101]
mbherst [100]

pH - - 5.00 to 7.00 5.00 to 9.00
EC(dSm™1) 3.00 x 103 - - 2.00 x 103
TDS (mg L) - - 9.60 x 102 -
NO3-N (mg L) - - 5.00 1.50 x 101
PO, (mgL™1) - - - -
HCO; (mg L~1) - - - -

SOy (mg L71) 3.50 x 10° - - 5.00 x 102
Soluble N (mg L1 - - - -
Ca(mgL™1 - - 4.00 x 10! to 1.00 x 102 -

Fe (mg L) 5.00 x 103 5.00 5.00 5.00

K (mg LD - - - -

Mg (mg L) - - >2.50 x 10! -

Mn (mg L™ 1) 2.00 x 1071 2.00 x 1071 2.00 2.00 x 1071
Na (mg L~1) 3.50 x 10% - 5.00 x 10! -

For Fe concentrations, the groundwater meets all standards. Surface water complies
with the Panama standard [98]; however, it presents concentrations above the limit of
5.00 mg L~! established by the Texas A&M University [99], University of Massachusetts
Ambherst [100], and FAO [101] with a maximum concentration of 6.83 mg L1

Regarding Mg, none of the samples complies with the minimum limit of 25.0 mg L~
established by the University of Massachusetts Amherst [100], since all of them present
lower concentrations.

For Na, the concentrations in surface water and groundwater comply with Panama’s
standards [98]. However, for the University of Massachusetts Amherst standard [100],
which establishes a limit of 50.0 mg L™}, only surface water meets this threshold, while
groundwater has maximum concentrations of 149 mg L1

3.2.2. Sodium Adsorption Ratio (SAR)

The Riverside diagram in Figure 11 uses Wilcox classification [102] to identify the
quality of irrigation water considering the SAR and EC of the samples, which are divided
into surface and groundwater.

It is observed that most of the samples are below class 1, considered to have a low
salinity risk, indicating that the water can be used for irrigation without salinization
problems; equally, these samples have a low alkalinization level, indicating little danger of
developing harmful levels of exchangeable sodium.

Surface water sample 06-70 (see Supplemental Table S2) is in class 1, indicating low
salinization and alkalinization, being a safe irrigation source for crops and soils.

Groundwater sample 06-10C (see Supplementary Table S2) is in class 2, presenting a
medium salinization and alkalinization risk, not suitable for crops with a low salinization
tolerance and fine-textured soils with a high CEC.

3.2.3. Spatial Variability in Water

The spatial distribution of element concentrations in irrigation water is influenced by
anthropogenic actions such as agricultural practice and the prolonged use of fertilizers [103].
Irrigation water facilitates the infiltration of metals from surface water to groundwater by
rainfall and runoff, resulting in similar concentration patterns in both water sources [104].

Figure 12 shows spatial distribution maps of Ca, Fe, K, Mg, Mn, and Na concentrations
in surface water and groundwater.
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Figure 11. Riverside diagram of irrigation water classification according to sodium and salinity risks
for crops.

The Ca map presents a heterogeneous distribution in the study area. The maxi-
mum values of Ca (10.0 mg L), which predominates in groundwater, are located to the
northwest, while the lowest concentrations (1.18 mg L~1) are distributed in the western
region. To the south, a surface water sample shows higher than average concentrations of
4.98 mg L1, likely due to domestic wastewater influence. This is attributed to the high
level of urbanization in the southern part of the township, where an adequate wastewater
treatment system is lacking.

Fe concentrations are high in surface waters due to the low velocity of the water bodies,
which causes them to have a low DO, so that under these conditions Fe is converted to
soluble forms [105]. The highest value of Fe (6.83 mg L~! Fe) was found in a water body
with very low flow. In groundwater, Fe concentrations are low (<1.43 mg L~ Fe).

The K map shows a clear high concentration (>1.64 mg L) in the northwest of the
study area as a sign of strong agricultural activity; these high concentrations are present
in surface and groundwater sources, suggesting an interaction of agricultural activities
with surface water bodies and K infiltration into aquifers. The lowest concentrations
(5.80 x 10~! mg L ') are distributed at the limits of the region where agricultural activity
is beginning to cease. Concentrations of 2.69 mg L~! higher than average are found in the
south, where surface water is influenced by domestic wastewater activity.

High concentrations (>5.51 mg L~!) in the Mg map are observed in the southeast of
the study region, which corresponds to a zone of livestock and crops activity; medium Mg
concentrations (3.48 mg L) are present in the west of the study area in zones of intense
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agricultural activity. Concentrations of 5.51 mg L~! higher than average are observed in
the south, where surface water is influenced by domestic wastewater activity.
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Figure 12. Spatial distribution of Ca, Fe, K, Mg, Mn, and Na concentrations in surface and groundwa-
ter of the study area.

Mn in surface and groundwater was not detected, except in the water body
(1.15 mg L~! Mn) with low velocity and a low DO in the crop zone, whose anoxic condition
allowed solubilization. In the map, the maximum concentrations (1.49 x 102 mg L~1) of Na
are found in the middle region in both surface and groundwater sources, which indicates
that the activities that take place in this region contribute to Na concentrations in nearby
surface water bodies and that soil conditions allow infiltration into aquifers. This maximum
concentration is also found in the southern part of the territory, where surface water is
influenced by domestic wastewater activity.
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3.2.4. Multi-Element Analysis in Water

Figure 13 shows a PCA of relationships between physicochemical parameters for
surface and groundwater irrigation. According to Table 8 of relationship strengths, the
most significant relationships are as follows: PC1 explains most of the variability in the
data with a 41.0% contribution, and on the other hand, PC2 and PC3 explain 21.5% and
12.5%, respectively. With respect to PC1, this component could be related to natural sources
by the dissolution of minerals from rocks and by the contributions of pH (0.418) and EC
(0.428), related to the concentrations of HCOj3 (0.409) and Na (0.370) present in groundwater,
especially the well located in the central part of the township, which has the highest values
of Na and HCOj3. With respect to PC2, it seems to be related to agricultural activities of
crops and livestock due to its contribution of DO (0.402), which favors the presence of PO,
(0.337) and Mg (0.427), which are incorporated with synthetic nutrient applications. Finally,
PC3 seems to be related to sources of domestic wastewater and agricultural activities
contamination by the contribution of NO3-N (0.460) and K (0.389), while Fe contributions
(0.357) present in the hematite of the reddish soils of the tropical climate zone [106,107] are
dissolved in water bodies with a low DO (—0.384).
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Figure 13. PCA of relationships between physicochemical parameters for surface and
groundwater irrigation.

The PCA diagram shows that surface water samples are mostly grouped in the western
hemisphere: one group is in the lower left quadrant, where its Fe concentration and low
DO concentration prevail; and another group is in the upper left quadrant. Groundwater
samples are scattered, not following a trend, which evidences the difference in chemical
composition between them.

From the principal component analysis, we observed that DO is a very important
parameter in irrigation water, since it conditions the availability of major nutrients such as
N and P, which is a very important consideration when selecting water for crop applications.
While high EC concentrations are associated with high amounts of Na, this parameter
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should also be monitored, since Na can salinize soils and is not advisable for crops with a
low salinization tolerance.

Table 8. Principal component analysis matrix for the relationship between physicochemical parame-
ters for surface and groundwater irrigation. Bold numbers correspond to PC1 or PC2 or PC3 and are
more significant.

Variables PC1 PC2 PC3
pH 0.418 7.00 x 1073 —0.195
EC 0.428 —0.180 2.00 x 102
DO 0.165 0.402 —0.384
HCO;3 0.409 —0.213 —8.30 x 1072
NO;-N 0.180 0.246 0.460
PO, 0.198 0.337 0.302
Total N 0.158 0.232 0.318
Ca 0.255 —5.70 x 1072 —0.210
Fe —0.287 —0.315 0.357

K 0.212 —0.410 0.389
Mg 0.147 0.427 0.282
Na 0.370 —0.284 2.60 x 1072
Eigenvalues 5.24 2.76 1.59
Loadings 41.0 21.5 124
Cumulative Loadings 41.0 62.5 75.0

4. Discussion
4.1. Occurrence of Nutrients in Soil and Water According to Land Use

Regarding the occurrence of nutrients in the soil, the northwestern part of the township
of Herrera in Panama Oeste, which is dedicated to pineapple-planting activity in greater
intensity, was found to have the most acid pH and the highest content of OM, 5i, N, and
K; this can be explained by the application of fertilizer amendments with N and K [108]
and the application of organic amendments, as well as the decomposition of residual plant
material from the crops [109,110].

In the eastern hemisphere of the township, where there are mostly rangelands ded-
icated to livestock and patches of forests, a higher content of Ca, Fe, Mg, Sr and Zn was
found, which could be explained by the fact that this area has a lower demand for nutrients
and that the land use rests on pasture and forests [111,112].

In the northern part of the township, we found the highest amounts of P and in the
southern part the highest amounts of Cu and Mn; it is possible that these are geochemical
anomalies of the area, since these correspond to areas of rangelands and forest patches [113].
Mn is specific to the geology of the site where mafic volcanic rocks, rich in pyroxenes and
olivine, can decompose and release Mn in soil-available forms [114]. Similarly, Cu can be
derived from the alteration of accessory minerals present in volcanic rocks, such as Cu
sulfides or secondary minerals formed during weathering processes [115]. Therefore, the
high content of Cu and Mn in the soils of the region may be related to the mineralogical
composition of the parent volcanic rocks and their subsequent transformation by geological
and edaphic alteration processes.

Soil properties such as EC, CEC, moisture, and texture were homogeneous throughout
the study area, giving us an idea of the aptitudes of the area, which in general can be used
for agricultural work. Because the soil moisture is good, it is a non-saline soil, with a clayey
texture and moderate CEC, which is conducive to agricultural activities [116].

Regarding the water used for irrigation in the northwestern part of the township
dedicated to the most intense agricultural activity, K and Na are generally found in higher
concentrations in both surface and groundwater, indicating that part of these may come
from anthropogenic activities such as agriculture and the application of amendments [117].



Agriculture 2025, 15, 702

28 of 36

In this same area, Fe and Mn were found in higher concentrations in surface water, which
may be associated with their oxidation and dissolution on the surface, since the water
has a slightly acid pH and less oxygen [118]. Ca was higher in the groundwater of the
area, indicating that its presence is linked to the dissolution of material from the rocks of
this aquifer [119].

For groundwater and surface water, Mg was found to have the highest concentration
in the eastern part of the township; it is possible that this comes from the dissolution of the
rocks of the site. The surface water sample taken in the southern part of the township near
the urbanized area showed high values of Na and Ca and average values of K, Mg, and
Mn, even higher or equal to the most active agricultural zone, which indicates the tainting
of these waters with domestic wastewater [120] and prompts the warning that this source
should not be used for irrigation or agricultural applications [100].

Although the waters are generally suitable for irrigation according to the
standards [87-90], around the greatest agricultural activity certain points exceed the value
of Fe (5.00 mg L) and Mn (2.00 x 10~! mg L~!), again linked to the slightly acidic pH of
the waters and low oxygenation. The groundwater in the central zone exceeds the Na value
(50.0 mg L) according to the University of Massachusetts standard [100], thus presenting
a medium salinization and alkalinization risk for crops. This presence of Na is due to
the solubilization of the rocks at this depth (52.0 m). This source is not regularly used for
irrigation due to the rainfall in the area, and its use is considered only in cases where the
dry season is longer than usual.

In general terms, relating water quality and its influence on the soil and crops, we can
say that the data provided do not lead us to think that water can salinize the soil, since
waters with values lower than 7.00 x 10~ dS m™! are considered non-saline [121], and in
this study this value is not reached, so the use of these waters has no risk of salinizing the
soil or affecting crop growth.

4.2. Evaluation of Soil Suitability for Pineapple Cultivation

Our study area has clay soils (mean value 65.0% clay) of an oxisols type typical of
tropical climates; these are acid soils with H" and Al, Ca, Mg, and K content, which,
although they are of low fertility for other types of crops (needing limestone amendments
to adjust the pH and fertilizers to be productive), are recommended soils for pineapple
cultivation [122]. The pineapple crop adapts well to acid soils with a pH between 4.50 and
5.50 [122], and with average pH values of 5.00 in our study area making it suitable for this
crop. The pineapple plant is tolerant to soils with an acid pH, since it tolerates the exchange
of Al and Mg that acidifies the soil [122,123].

It favors well-drained and aerated soils to reduce the risk of the pathogenic fungus
Phytophthora, and it is recommended that slopes do not exceed 5% to facilitate mechanical
tillage and avoid soil loss due to erosion [122]. Most of the areas dedicated to intensive
pineapple cultivation have these conditions.

Regarding the requirements of the primary and secondary nutrients that the soil must
have to support the pineapple crop, the optimum soluble N is 27.0 mg kg ~1; P > 20.0 mg kg~ %;
the optimum K is 150 mg kg ~!; Ca > 100 mg kg ~!; and the optimum Mg is 50.0 mg kg ! [124].
For the Herrera township, we have an average soluble N of 30.8 mg kg ! and minimum
of 2.00 mg kg, so depending on the site and its content it will be necessary to apply N
amendments; for P, the mean value is 999 mg kg~ ! and the minimum 554 mg kg~?, so in
all the corregimiento the recommended value is met; for K, the mean value is 999 mg kg !
and the minimum 133 mg kg ™!, which, according to the maps generated, in almost all of
the township complies with the optimum value (150 mg kg!); for Ca, the minimum value
is 446 mg kg~ !, and the whole township complies with the recommended value; and for
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Mg, the mean value is 1.57 x 10° mg kg~ !, and the minimum is 53.7 mg kg ! in some small
areas, which means that the township complies with the optimum value. According to this
evaluation, N amendments would be mostly required, and the monitoring of those nutrients
whose content is close to the optimum would be necessary to know the right moment to make
the amendment with the necessary nutrient.

The micronutrients Cu, Fe, Mn, and Zn are required to a lesser extent and are easily
absorbed at an acid pH [124], such as is the pH of the soil of the Herrera township (a mean
pH of 5.00). A deficiency in these nutrients can occur if the soil pH becomes higher than
6.00 [124]. Therefore, under current conditions no amendments of these micronutrients
are required.

As for the evaluation of nutrients (Ca, Fe, K, Mg, Mn, NO3) in the water for irrigation, in
general it is suitable according to the evaluated standards [87-90] in the entire corregimiento.

Regarding the use of groundwater for irrigation, which is an option for use during the
dry season, it is not advisable to use the well in the central zone of the township (06-10C) as
a source due to its high EC and Na concentrations, which represents a medium risk of the
salinization and alkalinization of the soil, which would affect crops with a low tolerance
to salinization [91].

4.3. Implications for Sustainable Natural Resource Management and Public Policy

The study of soil and irrigation water quality and its representation through nutrient
maps is a very useful tool for the producer, since it will allow him to make intelligent
amendments that in turn will allow him to maximize his economic benefits and reduce the
impact on the environment [125]. Thus, this research seeks to innovate and contribute to
the sustainable management of soil and water resources in the township of Herrera, which
is known to produce export-quality pineapple, so that with this contribution farmers can
implement the application of intelligent amendments and not ones based only on their
traditional knowledge.

For the sustainable management of agricultural soils, practices such as soil health im-
provement, water management, and a reduction in pesticide use must be implemented [126],
contributing to climate change adaptation.

As for the management, maintenance, and improvement of soil health, it is a topic
for extensive research that needs to be implemented in the township of Herrera, since the
agricultural zone is currently dedicated mainly to pineapple cultivation and the pasture
zone to cattle raising. Practices such as reducing tillage, crop rotation, intercropping,
polyculture, cover crops, and mulching [126] could be implemented, as these practices have
been shown to increase crop yields by improving soil water retention, especially in times of
drought; this also reduces soil erosion and thus the loss of nutrients through runoff during
the rainy season.

Water management is very important; although Panama is a tropical country with
abundant rainfall, it is necessary to make appropriate use of the resource in the dry season
and when climatic phenomena such as El Nifio occur, in which drought is widespread,
causing great concern for farmers [127]. In these cases, measures such as smart irrigation
and water harvesting can be implemented as measures against climate change [128].

Producers need to be accompanied by the State in the process of the sustainable
management of the natural resources, water and soil, even more so in current climate
change scenarios. Among Panama’s public policies is Law 352 of 2023, which establishes
the State Agrifood Policy [91]; Article 72, paragraph 5 speaks of ensuring the sustainability
and rational use of natural resources, water, soil, and biotic resources in general, within
the framework of efforts to increase the productivity and competitiveness of the agrifood
sector and its resilience to climate change.
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5. Conclusions

This study has been developed to contribute to the sustainable management of the
natural resources, water and soil, in the agricultural township of Herrera, Panama Oeste,
as a support tool for small and medium farmers. In this context, maps of nutrients in soil
and nutrient concentrations in water used for irrigation have been generated. This study is
the first to characterize the soil resource of a complete agricultural township in Panama.

In general, the water resource complies with the standards for irrigation water in
relation to the nutrients Ca, Fe, Mg, and Mn evaluated. As for Na, it complies with
the irrigation water standards of the University of Massachusetts, except in the central
agricultural area, where groundwater can be influenced by rock salts; so this source must
be used with care, since it represents a risk of salinization and medium alkalinity for the
soil and can affect crops with a low tolerance to salinity.

In terms of edaphic properties, the soil is non-saline, with moderate humidity, a high
OM content, and moderate CEC, which gives it good properties for agricultural activity.

Depending on the crop to be grown, pH amendments would be required, since the soil
is very acidic (a mean value pH of 5.00) in the area dedicated to crops; also, with respect to
the other nutrients, depending on the crop, intelligent amendments could be made, taking
the nutrient maps of this research as a reference line.

As for the evaluation of the soil and its suitability for pineapple cultivation, it is a
well-drained clayey soil, with an average acid pH of 5.00, and it meets the required levels of
P K, Ca, Mg, Fe, Zn, Mn, and Cu. It does require N amendments, for which the soluble N
map is a guide to make intelligent amendments of this primary nutrient, which is essential
for good crop development.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agriculture15070702/s1, Table S1: Assay data measured on soil
samples for Herrera, Panama Oeste; and Table S2: Assay data measured in water samples for Herrera,
Panama Oeste.
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