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Abstract

Soil acidity is one of the main limiting factors for coffee production in Peruvian rainforests.
The objective of this study is to predict the spatial acidity variability for recommending
site-specific liming and phosphorus fertilization treatments. We analyzed thirty-six edapho-
climatic variables, eight methods for estimating liming doses, and three geospatial variables
from 552 soil samples in the Pichanaqui district of Peru. Multivariate statistics, nonparamet-
ric comparison, and geostatistical analysis with Ordinary Kriging interpolation were used
for data analysis. The results showed low coffee yields (0.70 & 0.16 t ha—!) due to soil acidi-
fication. The interquartile ranges (IQR) were found to be 3.80-5.10 for pH, 0.21-0.87 cmol
Kg’1 for Al*3, and 2.55-6.53 mg Kg’1 for available P, which are limiting soil conditions for
coffee plantations. Moreover, pH, Al*3, Ca*?, and organic matter (OM) were the variables
with the highest accuracy and quality in the spatial prediction of soil acidity (R? between
0.77 and 0.85). The estimation method of liming requirements, MPM (integration of pH and
organic material method), obtained the highest correlation with soil acidity-modulating
variables and had a high spatial predictability (R? = 0.79), estimating doses between 1.50
and 3.01 t ha~! in soils with organic matter (OM) > 4.00%. The MAC (potential acidity
method) method (R? = 0.59) estimated liming doses between 0.51 and 0.88 t ha~! in soils
with OM < 4.00% and potential acidity greater than 0.71 cmol Kg~!. Regarding phospho-
rus fertilization (DAP), the results showed high requirements (median = 137.21 kg ha=1,
IQR = 8.28 kg ha~!), with high spatial predictability (R? = 0.74). However, coffee planta-
tions on Ferralsols, with Paleogene parental material, mainly in dry forests, had the lowest
predicted fertilization requirements (between 6.92 and 77.55 kg ha~! of DAP). This research
shows a moderate spatial variation of acidity, the need to optimize phosphorus fertilization,
and an optimal prediction of liming requirements using the MPM and MAC methods, which
indicate high requirements in the southwest of the Pichanaqui district.

Keywords: site-specific nutrient management; acid soil remediation; tropical agroecosystems;
soil pH variability; geostatistical mapping
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1. Introduction

Coffee has been one of the most demanded agricultural products in the world through-
out history [1]. It is considered the second most traded merchandise after oil, generating
an international business due to its cultivation in 80 nations [2]. Countries such as Brazil,
Colombia, and Ethiopia are the largest coffee producers worldwide. Across continents,
Latin America was the largest producing region during the 2021-2022 agricultural season,
despite having suffered its worst drop in production in almost 20 years [3].

In Peru, coffee is one of the most economically important products, ranking fifth in
Arabica coffee production worldwide and third in South America [3]. According to the
latest national agricultural census, this crop represents the largest cultivated area in Peru [4],
with 743,000 hectares distributed across 19 regions, leading in cultivated area by the San
Martin, Junin, Cajamarca, Amazonas, and Cusco departments, representing more than
289,000 Peruvian coffee producers [5]. This highlights the ecosystem diversity that provides
the conditions for coffee production nationwide [6].

In Junin, the Chanchamayo province stands out for its cultivated area and number
of coffee producers; standing out are the districts of Pichanaqui, Perené, and San Luis de
Shuaro, while the former (Pichanaqui) reaches a total of 40,352 hectares cultivated [5]. The
Pichanaqui district is considered a model forest due to its wide variety of natural resources
and ecosystems. However, there is a need to solve problems such as soil acidity and prevent
conflicts over natural resource use [7].

Agriculture worldwide is largely carried out on acidic soils, which involve approx-
imately 40% of the global plowland and 52% in South America [8,9]. Acidic soils are
characterized by a pH value below 5.5 for most of the year, low levels of exchangeable
cations, reduced potential fertility, and high aluminum toxicity [10,11].

Aluminum toxicity is the primary constraint on crop performance in acidic soils [8],
manifesting as a pronounced inhibition of root growth—particularly in the distal transition
zone of the apex—through reduced mitotic activity, cytoskeletal disruption, impaired
plasmodesmatal transport, and decreased cell-wall extensibility [12-17]. In roots, AI**
accumulates in the apoplast via binding to cell-wall exchange sites [18,19], interacts with
the plasma membrane to compromise its stability, permeability, and nutrient uptake [8], and
induces oxidative stress that provokes lipid peroxidation and protein modification [1,20],
ultimately degrading root integrity and diminishing crop yield potential.

Soil pH plays a key role in the element’s solubility, with phosphorous (P) being highly
reactive in different pH ranges [21,22]. In the soil-soil solution—plant system, there are
three phosphorus pools: non-labile P, labile P, and P in solution. Labile P, which is avail-
able for plant uptake in the ionic form of H2PO4- and HPO4-2, must be poured into
the solution for root uptake [23]. The concentration of P in solution, its replenishment
capacity, and its availability to plants are regulated by soil pH, as it affects the degree
and rate of plants physiological reactions [24]. In acidic soils, inorganic phosphorus (P1i)
precipitates as a secondary mineral of Fe and Al and/or is adsorbed onto the surfaces
of 1:1 clay minerals and Fe and Al oxides, which limit its availability to plants [25]. Sur-
face adsorption of P occurs readily at low pH, which increases its fixation. However, the
dissolution of aluminum hydroxide (AIOHj3) reduces the surface area available for P ad-
sorption, although it provides Al*? to the solution, promoting its precipitation in the form of
aluminum phosphate [23,26].

Liming with calcium- and magnesium-rich soil amendments is a common practice to
reduce soil acidity and thus improve the productivity of various crops [27,28]. This practice
lessens the solubility of potentially toxic elements such as aluminum (Al*%) and manganese
(Mn*?) [29-31], increases the availability of essential nutrients such as calcium (Ca), phos-
phorus (P), and molybdenum (Mo), and improves nutrient uptake efficiency [30,32]. It also
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promotes nitrogen fixation [33] and increases the exchangeable Ca*? and MgJr2 contents
of the soil [30,32]. Reducing soil acidity also affects microbial biomass and population, as
well as the production of greenhouse gases such as nitrous oxide (N,O) and carbon dioxide
(CO,) [34-36]. However, liming has contradictory effects on yield, depending on whether
it is applied in excessive amounts [37]. It can lead to the loss of exchangeable ammonium
(NH4*) from the soil through its volatilization [38]. Furthermore, overuse of dolomite can
lead to magnesium toxicity and reduce the availability of other essential nutrients [39,40].
In particular, excessive liming in acidic soils can induce zinc deficiency, as its solubility
decreases 100-fold for each unit increase in pH [41]. Therefore, it is essential to prepare the
right dosage estimation to avoid acidity without negatively affecting nutrient availability.

In this context, soil fertility maps are essential for efficient and localized planning of
agricultural practices. Their elaboration using geostatistical techniques allows modeling
the spatial variability of edaphic properties and defining fertilization and liming doses
more accurately [42]. In particular, the Ordinary Kriging method has proven to be effective
in generating continuous estimates in unsampled areas, assuming a constant but unknown
mean within the study area [43]. This assumption is suitable for heterogeneous agricultural
systems where no global spatial trend is observed, as in the coffee plantations of the
Peruvian rainforest. Moreover, Kriging provides an explicit measure of the prediction
uncertainty, which is critical for informed decision-making in precision agriculture [44].

The present study employs Ordinary Kriging interpolation to model and map the
spatial heterogeneity of liming and phosphorus fertilizer requirements for coffee plan-
tations in Pichanaqui District (Chanchamayo Province, Junin Department), generating
high-resolution characterization maps of soil acidity and plant-available phosphorus. Ad-
ditionally, we seek to identify the edaphic and climatic drivers most strongly associated
with acidity development and phosphorus deficiency by applying multivariate statisti-
cal techniques—including Spearman’s rank correlations, principal component analysis of
32 soil and climate variables, and nonparametric comparisons—to elucidate the key factors
governing nutrient dynamics in these coffee-producing soils.

2. Materials and Methods
2.1. Study Area

The study area was located in Pichanaqui district, province of Chanchamayo, Junin
region-Peru (Figure 1), this zone has an average annual precipitation of 1558.27 mm; a mean
annual relative humidity of 73.24%; minimum temperatures between 14.05 °C (January)
and 11.73 °C (June); and maximum temperatures between 26.72 °C (July) and 28.77 °C
(October) (Figure 2). Historical averages were calculated based on information from the
WorldClim v2.1—Climate Global Data climate database [45].

2.2. Soil Sampling

We adopted the soil sampling model proposed by Havlin et al. [37], in which each
soil sample represents an agricultural unit with similar crop, topographic, and agronomic
management characteristics. The sampling units (SUs) were defined according to different
boundaries. The slope boundary provided a distinction between hillside and flat areas.
The soil boundary divided areas with different textural classes and soil colors. The crop
boundary divided areas with different rootstocks and planting ages. Finally, the area
boundary ensured a maximum of 10 hectares per soil sample. After identifying the SUs,
the sampling design was implemented, considering five coffee trees per homogeneous lot,
with the trees being representative and randomly distributed throughout the plantation.
An approximately 1 Kg sample per homogeneous batch was placed in an impermeable
bag to avoid external contamination. Finally, the collection of the soil samples consisted of
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taking one subsample of soil per tree within the canopy projection at a depth of 0-30 cm. A
total of 552 soil samples were collected from different coffee plantations in the Pichanaqui
district (Figure 1).

74°51W 80°0W 75°0W 70°0W

PERENE

10°57'S

11°6'S

Legend
Soil Samples

| Provincial Boundary
District Boundary

W Chanchamayo Province
1 ? N

75°0W ) 74°51W 74°42W TeoW 750w ZX

Figure 1. Locations of the monitoring soils in Pichanaqui district, Chanchamayo province, Junin, Peru.
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Figure 2. Average temperature and average precipitation in study area.

2.3. Analysis of Soils

Soil samples were analyzed in the network of Soil, Water, and Foliar Laboratories of
the National Institute of Agrarian Innovation (LABSAF-INIA). Before the physical-chemical
analysis, the samples were pretreated, air-dried (temperature < 40 °C), and a fraction
smaller than 2 mm was obtained, according to the procedure of the International Organiza-
tion for Standardization [46]. The variables analyzed as part of the characterization analysis
included the following parameters and reference methodologies: percentage of sand, silt,
and clay, using the Bouyoucos-type densimeter methodology [47]; pH with a soil-water
ratio of 1:1 [48]; electrical conductivity (EC) in aqueous extract with a soil-water ratio of
1:5 [49]; organic matter by Walkey and Black’s method [47]; total N by micro Kjeldahl [50];
available P for neutral and acid soils according to Bray and Kurtz’s method [47]; available
K [51] and the concentration of exchangeable bases (Ca*?, Mg*z, K*, and Na™) with am-
monium acetate as extractant; and exchangeable acidity (H* and Al*3) with potassium
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chloride as extractant [47]. The effective cation exchange capacity (CICe) was obtained by
adding the exchangeable bases plus the exchangeable acidity. Bulk density (BD) and total
CIC at pH 7 were obtained from the system for global digital soil mapping, Soil Grids [52],
with a spatial resolution of 250 m, considering the depth of 15-30 cm, by downloading a
file in TIFF format and extracting the values in QGIS.

2.4. Extraction and Processing of Geospatial Variables

In addition to the physicochemical parameters determined in the laboratory and based
on a literature review and other research, the geological age (GE), obtained at 1:100,000 from
the national geological map (from sheet 21h to 271), was selected as a possible driving factor
related to the spatial pattern of soil acidity and phosphorus. The geological age provides
the level of detail necessary to determine important lithological differences. The soil type
(TS), with a resolution of 250 m (approx. 1:250,000) obtained from Soil Grids [53], reflects
general edaphic conditions well adapted to the regional analysis. The life zone (LZ), at
1:100,000 from the life zone map [54], summarizes broad ecological factors such as climate
and altitude.

2.5. Crop Description

The study area corresponds to 552 coffee plantations with predominant characteristics
according to variety, plantation framework, and altitude (Figure 3). Catimor is the pre-
dominant variety, with a 71% frequency in the Pichanaqui district, followed by Catuai and
Costa Rica 95. In addition, the most frequent planting frame in the installation (68%) is 2 m
between rows and 1 m between plants, equivalent to 5000 plants per hectare. Regarding the
altitudinal location of the plantations, 81% are located between 900 and 1500 m above sea
level. According to the [55], the soils are predominantly classified as Ferralsols, followed by
Cambisols, with a smaller proportion identified as Andosols. Likewise, the average yield
of the sampled plantations was 700.68 + 160.97 kg ha~!.
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= Costa Rica 95

= Limani

= Others

#20mx1.0m
1.8mx1.2m
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Figure 3. (a) Predominant coffee varieties in the district of Pichanaqui. (b) Planting distances in the
area under study. (c) Altitude ranges of the coffee plots. (d) Soil taxonomic categories.



Agriculture 2025, 15, 1632

6 of 28

2.6. Estimation of Liming Requirement of Soils

The liming requirement was determined by the application of 8 different methods,
according to the physical-chemical parameters such as the pH, organic matter, clay, ex-
changeable acidity, exchangeable bases, effective CEC, and total CEC of the soil, which are
described in Table 1:

Table 1. Liming requirement estimation methods based on different formulas that integrate physico-
chemical characteristics of the soil related to acidity.

Method Formula Detail Reference
Combined Method LR =15 x (EAP — PAS) x (ECEC/100) Estimate justaliming doseif EAP >PAS  [56]
M** Method LR = AI™® x 15 Without restriction [57]
Estimate a liming dose when
- EAP > PAS; in addition, when
NuMaSS Method LR = F[(EAP — PAS) x (ECEC/100)] ECEC > 45 Fyalueis 2.5, otherwise [58]
itis 1.3
Method of Bases Saturation LR = (60 — EBP) x (CEC/100) Itis applied when EBP < 60% [59]
o 2 Buffer power is estimated according to
B = (0.0302 + 0.06235 x Clay) — (0.000257 x Clay?) clay porcentage
Itis applied when the EAP is higher
Method of Minas LR = B[0.25 x ECEC] than 25% and Ca*? + Mg*? is higher [60]
Gerais5 A than 3.5 cmol Kg
Itis applied when the PAS is higher
LR = B[0.25 x ECEC] + [3.5 — (Ca™ + Mg™?)] than 25% and Ca*? + Mg*? is less than
3.5cmol Kg~!
pHOM Method LR = 0.16 x (6 — pH) x OM itis applied just when the pHis less [61]
Method of potential acidity LR = —0.086 + 0.7557( Al B4 H ) Without restriction [62]
xg;};}’i‘;&’f potential acidity LR = [(EAP — PAS) x ECEC x TSW x 2.8]/550 Itis applied when EAP is less than 25%  [63]

Note: LR: Liming Requirements in t ha~1; EAP: Exchangeable Acidity Percentage; PAS: Permissible Acid-
ity Saturation; ECEC: Effective Cation Exchange Capacity; CEC: Cation Exchange Capacity (at pH = 7);
EBP: Exchangeable Bases Percentage; B: Buffer Index; OM: Organic Matter Percentage; and TSW: Topsoil Weight.

2.7. Estimation of Phosphorus Fertilization Requirements

The estimation of the required dose of phosphorus was carried out using the nutrient
balance method, which consists of determining the difference between the total extraction
of the crop and the contribution of the soil [64]. The contribution of P,Os (Kg ha~!) of the
soil was estimated according to that proposed by [65,66] using Formulas (1)-(6):

TSWt ha-! = BDtm—S X O.3m X 10, OOOmz (1)
P TSW, ,,-1 X Pbray ,
kgha ! T 1000 (2)
P20550il, p, 1 = Py 1 X Af X Ac x 2.29 3)

where TSW: topsoil weight, BD: bulk density, Af: availability factor, and Ac: assimilation
coefficient. Besides, Af is 0.08 if the pH < 4.5; 0.1 if the pH < 5; 0.15 if the pH < 6; 0.3 if the
pH < 7; and 0.15 if the pH is higher than 7.

Total P extraction from the crop was estimated considering a removal coefficient (Rc)
of 3.29, according to [67], and a phosphorus removal by the harvest (Prem) of 5.18 kg t ! of
almond coffee, according to [68]. Thus, the P,Os requirement in kg ha~! was estimated
using the following formulas for a yield of 1 t ha~! of almond coffee:

P205requ ha-1 = Yield,, 1 % Premkgtfl x Rc x 2.29 4)

P205neckg ha 1 = P205requ ha 1l — P205soilkg ha-1 (5)
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Finally, the dose of diammonium phosphate (DAP) was estimated considering the
crop requirement (P,Osnec), the richness of the fertilizer (R) (46%), and the fertilizer use
efficiency (FUE) (25%), using the following formula:

DAP = (P,Osnecy, p,,1 x 100) /(R x FUE) 6)

kg ha™!

2.8. Multivariate Statistical Analysis

R software version 4.4.1 was used, with various tools and libraries to generate graphs
that facilitate the statistical analysis of soil properties. Nonparametric bivariate correla-
tions between numerical variables were evaluated using Spearman’s correlation coefficient,
using the rcorr function from the Hmisc package (version 5.2-0). Spearman’s correlation
coefficient (r), since it does not assume normality in the distribution of variables or linearity
in the relationships, is particularly appropriate given the typically heterogeneous and
asymmetric nature of soil data. The correlation matrix (r) and the corresponding p-value
matrix were obtained from a matrix transformation of the numerical data. The corrplot
function was used for visualization. Only statistically significant correlations (p < 0.01) were
displayed, while non-significant ones were omitted. To reduce dimensionality and explore
multivariate patterns in the evaluated soil variables, principal component analysis (PCA)
was applied using the FactoMineR package and visualized using factoextra. Categorical
variables were previously eliminated, and only standardized numerical data were used.
Categorical study factors were transformed into factor-type variables for visualization and
grouping purposes. The variances explained by each principal component (eigenvalues)
and the individual contributions of the variables were evaluated. The quality of representa-
tion (cos?) and the distribution of individuals in the factor space were graphed, considering
groupings according to the previously defined factors. Likewise, biplots with confidence
ellipses were generated to explore possible latent structures associated with soil classes and
texture types. All graphical analysis was performed using ggplot2 (version 3.4.3).

2.9. Non-Parametric Comparative Statistical Analysis

Differences in available P concentrations between groups defined by geological age
and life zones were assessed using nonparametric statistical tests, given the absence of
assumptions of normality and homogeneity of variance. First, the Kruskal-Wallis test was
applied to detect overall differences in the median available P content between groups.
In the case of significant results (p < 0.05), multiple comparisons were performed using
Dunn’s test with Bonferroni adjustment to control type I error, using the dunnTest function
from the FSA package (version 0.9.6). These analyses make it possible to specifically
identify which pairs of groups presented significant differences. To represent the detected
differences, letters of significance were assigned to each level of the study factors, using
the multcompLetters function from the multcompView package, based on the adjusted
p-values. The visualization of the distribution of available P by group was performed using
box plots enriched with scatter of individual points (jitter), using ggplot2.

2.10. Geostatistical Interpolation

Understanding spatial variability through the use of the semivariogram geostatistical
model is essential for mapping and delineating the spatial variability of soil fertility and for
optimizing fertilization programs [69]. From georeferencing, soil analysis results from the
Pichanaqui district in Chanchamayo province, corresponding to bulk density, percentage of
sand, silt, and clay, pH, electrical conductivity (EC), organic matter (OM), available P and K,
effective and total cation exchange capacity (CEC), exchangeable cation concentration (H*,
Al*3, Ca*?, Mg*z, K*, and Na%), and P fertilization and liming requirements, were used
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for the geostatistical analysis. Interpolations were performed using the Ordinary Kriging
(OK) method. The spatial and geostatistical tools of SAGA version 9.4 software, such as
variogram (7) evaluation and the implementation of the Ordinary Kriging model (8), were
used to ensure accurate and efficient estimation [70]. Consequently, the interpolation maps
were exported using QGIS version 3.34 software, in order to analyze and visualize the
spatial data [71].

(a) Semivariogram Equation

LY
Y(h) = 5y X (209 = 2(0)P )

where y(h) is the semivariance for lag distance h; Z (x;) and Z (x;) are the observed values
at locations x; and x;, respectively; and N(h) is the number of data point pairs separated by
distance h. This function allows fitting theoretical models (spherical, exponential, Gaussian,
etc.) to characterize the spatial continuity of the variable.

(b) Ordinary Kriging Interpolation

Kriging estimates the value at an unknown location (2(xg)) as a weighted average of

known data points:

N(h)

2(x0) = ) NeZ(xi) (8)

1=1
where 2(x)) is the predicted value at location xy; A; are the Kriging weights assigned to
each known value; and Z(x;) is the value of the attribute at known location x;. The weights
are derived from the spatial structure defined by the semivariogram and the distances
between xy and the sampled points.

2.11. Model Assessment

The nugget (Cp), the sill (Cy + C), the range (R), and the Sill-Nugget ratio (PSV)
(9) are key parameters in the semivariogram analysis, all of which describe the spatial
autocorrelation of the data and are obtained from the adjustment of the semivariogram
model for geostatistical interpolation [72].

Sill - Nugget ~ C
Sill - Co+C

©)

The selection of the semivariogram model is based on criteria such as the root mean
square error (RMSE), mean absolute error (MAE), and the coefficient of determination
(R?) [73]. Ideally, the chosen model should result in values close to zero for RMSE (10)
and MAE (11) and close to one for R? (12) because this indicates the model’s accuracy
and quality, respectively [74]. The Kriging interpolations for each soil property were
cross-validated using the leave-one-out method [75].

RMSE = V LY (21x) - Za)? (10)
1=1
MAE = %iul(xi) — Z5(x)] (11)
1=1

Xy [Zix) - Z5(x:)]?

2
= T o —zp

(12)



Agriculture 2025, 15, 1632 9 of 28

where n represents the number of samples, and Z;(x;) and Z,(x;) show the values observed
and predicted at the i site, respectively.

3. Results
3.1. Analysis Interpretation in the Pichanaqui District

The physicochemical analysis of the soils (Table 2) revealed high variability in acidity-
related parameters across agricultural areas of the Pichanaqui district. Soil pH ranged from
3.40 to 7.30, with a mean of 4.54 &= 0.90 and a leptokurtic, positively skewed distribution
(skewness = 1.08; kurtosis = 0.45), indicating a concentration of values in the acidic range
(3.50-5.00). Exchangeable acidity percentage (EAP) averaged 25.75 & 21.95%, with a high
coefficient of variation (CV = 85.37%), highlighting strong heterogeneity in potential acidity.
The distribution showed moderate positive skewness (0.40) and platykurtosis (—1.14), with
most values falling in the low-to-intermediate range. This distribution pattern supports
the need for localized liming interventions, as no sharp clustering justifies large-scale
homogeneous treatment.

Table 2. Descriptive statistics of the physicochemical properties of the soil in the study area.

Variable Units Mean SD Var Ccv Skewness Kurtosis Min Max P25 Median P75 Shapiro
Sand % 58.94 15.95 254.36 27.06 —0.02 —0.69 8.00 91.50 47.48 58.15 70.55 0.00
Silt % 24.69 12.09 146.05 48.95 0.37 0.34 1.50 84.20 15.70 24.60 32.60 0.00
Clay % 16.37 8.24 67.84 50.31 1.24 1.32 1.80 48.50 10.60 13.80 20.80 0.00
EC dSm~1! 1.02 2.46 6.07 241.53 9.20 91.11 0.01 29.45 0.40 0.63 0.89 0.00
pH unit 4.54 0.90 0.82 19.93 1.08 0.45 3.40 7.30 3.80 4.20 5.10 0.00
oM % 3.62 1.93 3.72 53.33 1.04 0.96 0.40 11.10 2.20 3.20 4.63 0.00
N % 0.18 0.10 0.01 52.72 1.04 0.98 0.02 0.56 0.11 0.16 0.23 0.00
Pav mgkg ! 4.74 3.80 14.46 80.16 6.27 74.71 0.07 57.01 2.55 3.70 6.53 0.00
Kav mg kg ! 76.72 46.91 2200.27 61.14 1.62 4.20 18.90 373.80 42.30 63.75 104.70 0.00
Ca*? cmol kg ! 3.55 425 18.06 119.87 2.35 7.31 0.03 31.97 0.78 1.78 4.96 0.00
Mg*? cmol kg ! 1.01 1.10 1.20 108.57 2.37 8.44 0.02 8.72 0.26 0.64 1.37 0.00
K* cmol kg ! 0.16 0.12 0.01 77.51 1.56 3.95 0.01 0.92 0.07 0.13 0.23 0.00
Na* cmol kg ! 0.01 0.02 0.00 343.71 4.77 26.14 0.00 0.16 0.00 0.00 0.00 0.00
Basicity cmol kg ! 4.72 5.12 26.23 108.56 2.23 6.75 0.25 36.97 1.24 2.66 6.90 0.00
EBP % 74.25 21.99 483.34 29.61 —0.40 -1.14 15.06 100.00 55.33 79.03 94.96 0.00
Al3 cmol kg ! 0.53 043 0.18 80.73 1.61 9.47 0.00 4.23 0.21 0.46 0.87 0.00
H* cmol kg ! 0.21 0.52 0.27 248.69 21.21 478.46 0.00 12.00 0.10 0.18 0.25 0.00
Acidity cmol kg ! 0.74 0.71 0.50 95.84 7.99 123.05 0.00 12.18 0.34 0.71 1.10 0.00
EAP % 25.75 21.99 483.34 85.37 0.40 —1.14 0.00 84.94 5.04 20.98 44.68 0.00
ECEC cmol kg ! 5.46 4.88 23.84 89.49 2.32 7.43 0.81 36.97 2.30 3.47 7.38 0.00
CEC cmol kg ! 16.83 1.56 242 9.24 0.46 —0.17 13.00 22.40 15.68 16.70 17.80 0.00
ECCEISC_ cmol kg ! 11.38 5.38 28.91 47.26 —1.95 5.90 —21.57 20.39 9.24 12.87 14.94 0.00
ECP % 52.41 21.54 464.08 41.10 —0.03 —-1.12 0.62 93.04 33.43 52.33 71.60 0.00
EMP % 17.49 10.74 115.33 61.41 1.70 493 1.21 83.33 10.31 15.00 22.00 0.00
EPP % 4.23 4.01 16.10 94.95 2.40 8.28 0.17 28.84 1.56 3.09 5.47 0.00
ESP % 0.12 0.52 0.27 419.77 6.12 42.31 0.00 4.76 0.00 0.00 0.00 0.00
CMK unit 44.22 61.69 3805.60 139.51 3.46 16.71 1.20 545.50 9.57 22.06 49.12 0.00
M unit 4.32 3.83 14.65 88.63 3.19 14.77 0.01 32.14 2.14 3.35 5.09 0.00
MK unit 10.36 15.05 226.50 145.27 3.50 17.32 0.22 141.50 2.25 471 11.67 0.00
BD gem™? 1.11 0.06 0.00 5.20 —0.04 —0.49 0.95 1.28 1.07 1.11 1.16 0.00

Regarding active acidity, exchangeable H* had a low mean value (0.21 4- 0.52 cmol kg ~!) but
an extremely skewed and peaked distribution (skewness = 21.21; kurtosis = 478.46), suggesting
the presence of highly acidic microenvironments, though not widespread. Similarly, exchangeable
AP¥*—responsible for 71.6% of total soil acidity—showed a mean of 0.53 + 0.43 cmol kg ! and
high variability (CV = 80.73%), with a positively skewed (1.61) and leptokurtic distribution
(kurtosis = 9.47). This indicates that while most samples had low AIP* concentrations, there
were isolated cases exceeding 2.0 cmol kg ™!, which could be toxic to crops and thus warrant
specific attention.

As for fertility indicators, available phosphorus (P) averaged 4.74 + 3.80 mg kg,
classified as low, while effective cation exchange capacity (CEC) also fell into the low
category (5.46 + 4.87 cmol kg 1) according to the Mexican Official Standard. Organic matter
(OM) content was moderate (mean = 3.62 + 1.93%), with values ranging from 0.40 to 11.10%,
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and moderate variability. The exchangeable base percentage (EBP) ranged from 15.06% to
100%, with a mean of 74.20 & 22.04%, indicating wide variability in base saturation and
degradation due to acidity. Together, these results demonstrate significant geochemical and
edaphic heterogeneity, reinforcing the need for site-specific soil management strategies to
improve fertility and mitigate acidification.

3.2. Spearman Correlation Analysis of Soil Physical-Chemical Variables and Their Relationship
with Acidity and Available Phosphorus

The Spearman correlation analysis (Figure 4) revealed strong associations between soil
pH and several base-related variables, including exchangeable base percentage (EBP), ba-
sicity, and exchangeable Ca®* percentage (ECP), all showing positive correlations (R > 0.70).
In contrast, pH had strong negative correlations with variables linked to soil acidity, such
as exchangeable acidity percentage (EAP), exchangeable Al**, and total acidity. EAP also
showed strong negative correlations with basicity, ECP, effective CEC, and exchangeable
Mg?*, indicating that soils with low cation exchange capacity and base saturation tend to
accumulate higher potential acidity. These results support management strategies focused
on increasing Ca?* and Mg?* to reduce acidity stress.

By g O a, & il o, w0 a2 %
R EE M L F L LR TR E
EBP |1.00/0.89 086087 0.7 |0.87 0.7 |0.45 0.43 0.71-0.86 -0.57 -1.00
Basicity 1.000.97/0.7 0.97/0.54 0.88 0.43 0.49|0.3010.50 10,65 [0.64 [ 0.89
Ca |1.00/0.72| 095091 0.77 054/ 0.2510.45 0,63 [0.62 [ 0.56 0.8
pH |1.00]0.66/0.73) 0.68 0.4 0.62-0.540.520.87
CECe 1.00/0.77 085 0.52 0521049 070
ECP 100057 047 310,74 0 87 0.6
Mg 1o004:/0m .46 0.450.5810.57 0.79
Silt 100 -0.87 045 L 0.4
EMP 100
K.disp 1.00 0.99 0.60
Pbray 1m0 o2
K 1w 0.61
Na 100|100
ESP 1w - B
EC |10
BD 1m0 L -0.2
Clay 1m0 0.68
CECt 1m0
N 100100 - 0.4
OM 1m0
EPP 1m —0.6
Sand 100
H |1.00/ 07080 0.1
Al 100098 086 -0.8
Acidity 1.00 0.57
EAP 1w 1

Figure 4. Spearman correlation analysis of 26 physical-chemical variables from 552 soil samples
analyzed in coffee plantations in the district of Pichanaqui; the degree of correlation was determined
with p-value > 0.01.

Phosphorus (P-Bray) exhibited weak and inconsistent correlations with both acidity-
and fertility-related variables (I R| < 0.70), reflecting its complex behavior in tropical soils.
Organic matter (OM) also showed weak correlations but tended to associate positively with
acidity variables and negatively with base saturation. Notably, OM showed a moderate



Agriculture 2025, 15, 1632

11 of 28

—6-

PCA - Biplot

-5.0

positive correlation with sand content, suggesting a potential interaction in regulating soil
acidity. Climate variables played a key role: temperature was positively associated with pH,
clay content, and bulk density, while precipitation and altitude correlated positively with
EAP and OM and negatively with pH and basicity (Figure A1l). These patterns highlight
the significant influence of climatic and textural factors on soil acidity dynamics and the
performance of liming requirement models.

3.3. Principal Component Analysis of Edaphoclimatic Variables of the Coffee Agroecosystem in Pichanaqui

Principal component analysis (PCA) was performed on 17 selected variables. pH, EAP,
Al*3, basicity, and P-bray as variables related to soil acidity hazard. The percentage of sand,
clay, organic matter (OM), and bulk density (BD) as modulating variables of soil acidity.
Likewise, mean temperature (Tme), mean annual precipitation (Pan), and altitude (Alt)
were added as environmental factors with some degree of influence on soil acidity. Finally,
the phosphate fertilization requirement (DAP) and the MG5A, MPM, MAC, and MACM
liming requirement formulas were selected, according to the correlation and collinearity
reduction analysis.

Figure 5 shows that the variance explained by the first two components is 61.9%. The
biplot graph shows that the variables that contribute most to the variance explained by
component I are pH, EAP, Al*3, basicity (Ca*? + Mg*? + K* + Na*), and liming require-
ment determined by the MAC, MACM, and MPM methods. Likewise, the variables that
contribute most to the variance explained by component II are mean temperature (Tme),
altitude (Alt), clay percentage, bulk density (BD), mean annual precipitation (Pan), and
sand percentage.

o © |
Py O ®
BD @ [} @ @
° 1 e
Tme :@_J’\. "92}5“ ®
. o
@
contrib
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[
4
2
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@ Andosols
@ Cambisols

@ Ferralsols

: 5 Alt

‘ i ‘ !
-2.5 00 25 50
Dim1 (42.5%)

Figure 5. Principal component analysis (PCA) of the physicochemical properties of the soil in
Ferralsols, Cambisols, and Andosols of Pichanaqui, Junin, Peru. Tme: mean annual temperature; BD:
bulk density; OM: organic matter percentage; Pan: mean annual precipitation; Alt: altitude; EAP:
exchangeable acidity percentage; MAC: potential acidity method; MACM: modified potential acidity
method; MG5A: Minas Gerais 5A method; and MPM: pH and organic matter integration method.
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3.4. Estimation of Liming Requirements for Coffee Plantation

The statistical analysis of liming requirements using eight different methods across
552 coffee plantation soils in the Pichanaqui district revealed substantial differences in
both the frequency and magnitude of dose estimations (Figure A2; Table 3). Methods
such as MPM, MX, MAC, and MACM provided liming recommendations for over 75% of
samples, while others like NM, MG5A, MC, and MSB generated results for fewer than half.
Most methods exhibited non-normal distributions, characterized by positive skewness
and leptokurtosis, indicating a general concentration of low-dose recommendations but
with sporadic, extreme high-dose outliers. This variability reflects inconsistent spatial
expression of soil acidity and highlights the challenge of establishing standardized lime
recommendations across diverse microenvironments.

Table 3. Estimation of liming requirement (t ha—1) using eight different methods on 552 soil samples
from coffee plantations in Pichanaqui, Peru.

Method Name Mean SD Var cv Skewness  Kurtosis Min P25 Median P75 Max Shapiro
Combined MC 018 028 008 15895 1.56 1.72 000 0.0 0.00 033 14 0.00
Cate and Nelson MX 079 060 036 7592 059 0.07 000 032 0.69 131 323 0.00
NuMaSs NM 029 046 021 15809 1.53 1.61 000  0.00 0.00 055 234 0.00
Bases Saturation MSB 071 138 190 19415 220 458 000  0.00 0.00 078 755 0.00
Minas Gerais 5A MG5A  1.04 136 186  130.89 0.66 -1.37 000  0.00 0.00 258 425 0.00
Integration of pH and MPM 091 076 057  83.03 1.05 0.74 000 033 076 132 369 0.00
organic material
Potential acidity MAC 047 040 014 7875 1.20 5.54 000 017 0.44 075 329 0.00
Modified potential acidity =~ MACM  1.06 083 069 7830 0.86 3.92 000 041 1.04 176 7.16 0.00

Among all methods, MSB showed the highest skewness (2.2) and one of the highest
kurtosis values (4.58), with most values clustered around 0.00 t ha~! but a maximum dose
reaching 7.55 t ha~!. Similarly, MACM and MG5A displayed high dose ranges, though
MGS5A had a platykurtic distribution (—1.37), suggesting a more even spread of data with
fewer extreme values. In contrast, MPM and MX methods showed moderate skewness
and meso- to slightly leptokurtic distributions, yielding more stable and centralized dose
estimates around 0.79-0.91 t ha—!. These findings underscore the need to select lime
recommendation methods not only for accuracy in average dose but also for consistency
and reliability. Avoiding extreme over- or underestimation is critical, as excessive liming
can impair nutrient availability in acid soils.

3.5. Evaluation of the of Phosphorous Fertilization Requirement in Coffee Crops

Figure A3 presents a violin plot with a box-and-whisker plot overlay, which synthe-
sizes the distribution of the diammonium phosphate requirement (DAP) in 552 coffee
soil samples at Pichanaqui. The kernel density estimate (violin) reveals a clear negative
asymmetry (skewness = —2.39), with a narrow central peak and heavy tail to the left of
the distribution, confirming the observed leptokurtosis (kurtosis = 6.50). The box, whose
median stands at 137.21 kg ha~! with an IQR of 8.28 kg ha~!, demonstrates that a large
proportion of soil samples are dispersed in a narrow range between 131.30 (P25) and
139.58 kg ha~! (P75). However, the points beyond the whiskers indicate extreme outliers,
which present edaphological systemic support and are not random results. The mean
(133.30 4 10.64 kg ha~!, CV = 7.98%) is offset from the median (137.21 kg ha~!) due to the
lower tail. The Shapiro-Wilk test (W = 0.72, p < 0.001) corroborates the significant deviation
from normality in the dataset, justifying the use of robust nonparametric statistical metrics
and methods.

The analysis revealed marked spatial variability in available phosphorus across the
study area, indicating the presence of both low and high availability zones. This hetero-
geneity underscores the need to tailor phosphorus fertilization strategies based on local
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soil conditions rather than applying uniform doses. Such site-specific management can
improve nutrient use efficiency and reduce environmental impacts from over-fertilization.

The Kruskal-Wallis test confirmed statistically significant differences in phosphorus
fertilization requirements among soils developed on different geological formations in the
Pichanaqui district (Figure 6). Post hoc Dunn’s test showed that soils derived from Paleo-
gene formations had significantly lower phosphorus requirements (median: 131.05 kg ha™!)
compared to those from Triassic, Jurassic, Devonian, Quaternary, and Cretaceous origins,
which had higher medians ranging from 137.5 to 139.2 kg ha=! (p < 0.05 to p <0.0001).
These findings suggest that younger parent materials may enhance phosphorus cycling and
reduce fertilization needs, while older formations are more prone to phosphorus depletion
or fixation. This supports the implementation of differential fertilization regimes adapted
to the geological background of the soils.

ab ab ab ab abcd ac abed bd

Cretaceous  Quaternary Devonian Jurassic Ordovician Paleogene Permian Triassic

Figure 6. Comparison of the diammonium phosphate requirement (DAP) between different geological
ages of the parent material of soils cultivated with coffee in the district of Pichanaqui. The results are
according to the post hoc Dunn’s test, applied after Kruskal-Wallis, with Bonferroni correction for
multiple comparisons. Different letters indicate statistically significant differences between soil types.

The analysis of phosphorus fertilization requirements across six Holdridge life zones
in the Pichanaqui district revealed highly significant global differences (Figure 7). The
transitional life zone from tropical dry forest to subtropical humid forest exhibited the
lowest phosphorus requirement (median: 117.05 kg ha~!). In contrast, higher requirements
were observed in more humid and cooler zones such as tropical low montane rainforest
(138.47 kg ha™!), tropical premontane rainforest (137.59 kg ha~!), tropical premontane
moist forest (135.30 kg ha!), and tropical premontane very moist forest (136.00 kg ha~1),
with statistical significance ranging from p < 0.05 to p < 0.0001.

These differences suggest that phosphorus availability tends to decrease with elevation
and increasing humidity, consistent with Holdridge’s life zone progression toward colder,
wetter conditions. In warmer, drier environments, higher mineralization rates enhance
phosphorus availability, resulting in lower fertilization needs. This edaphoclimatic inter-
pretation highlights the importance of incorporating both climatic and geological factors
into phosphorus management strategies, ensuring that fertilization practices are properly
adapted to each life zone’s environmental context.
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Figure 7. Comparison of the diammonium phosphate requirement (DAP) between different
Holdridge life zones of soils cultivated with coffee in the district of Pichanaqui. These results
are according to the post hoc Dunn’s test, applied after a Kruskal-Wallis test with Bonferroni correc-
tion for multiple comparisons. Different letters indicate statistically significant differences between
soil types.
3.6. Spatial Variation of Soil Acidity and P Deficiency in the District of Pichanaqui
The spatial modeling of 25 soil physicochemical properties using variogram functions
revealed that the exponential model was the most frequently fitted (14 variables), followed
by spherical, Gaussian, and linear models (Table 4). This indicates that most variables exhib-
ited gradual spatial continuity typical of agricultural soils. The analysis showed a consistent
spatial range (31.8 km) across variables due to the homogeneous land use (coffee planta-
tions). Properties such as bulk density, silt percentage, and exchangeable K* displayed a
high degree of spatial dependence (PSV > 0.70), suggesting they are strongly influenced
by deterministic soil processes and can be reliably predicted through Kriging. In contrast,
variables like available P and exchangeable Mg*? had low spatial dependence (PSV < 0.40),
limiting their spatial predictability and indicating greater microscale heterogeneity.
Table 4. The semivariogram models of soil properties in the Pichanaqui district.
Nugget Sill Range PSV Cross-Validation
Soil Proper Model
perty oce G Co+C m (C/Co +©) 1R? 2 RMSE 3 MAE
Clay (%) Exponential 0.13 0.28 31,826.72 0.54 0.36 041 033
Silt (%) Exponential 0.11 0.46 31,826.72 0.77 0.49 0.50 0.40
Sand (%) Exponential 0.08 0.15 31,826.72 047 0.35 0.09 0.07
pH Spherical 0.32 0.64 31,826.72 0.50 0.85 0.10 0.08
OM (%) Exponential 232 4.56 31,826.72 0.49 0.78 0.40 032
EC(dSm™") Exponential 0.22 0.49 31,826.72 0.55 0.49 0.15 012
P Bray (mg kg ) Linear 5.84 694 31,826.72 0.16 0.63 0.52 041
K(mgkg™) Gaussian 0.73 0.81 31,826.72 0.10 0.62 027 022
N (%) Gaussian 0.01 0.01 31,826.72 0.38 0.78 0.07 0.06
H* (mEq100g " Spherical 0.01 0.02 31,826.72 0.33 0.50 021 017
AI*3 (mEq 100 g™) Spherical 0.09 0.15 31,826.72 0.41 0.81 0.01 0.00
CECe (mEq100g ) Exponential 0.41 0.94 31,826.72 0.56 027 0.68 0.54
Ca™ (mEq100g™") Gaussian 0.37 0.63 31,826.72 0.41 0.77 023 0.18
Mg*2 (mEq 100 g1 Linear 0.53 0.67 31,826.72 0.22 0.63 027 021
K* (mEq 100 g™ Spherical 0.00 0.01 31,826.72 0.73 0.82 0.03 0.03
Na* (mEq100g~") Spherical 0.02 0.03 31,826.72 0.39 054 0.16 013
BD Exponential 0.02 0.18 31,826.72 0.87 0.71 0.04 0.03
Acidity Exponential 0.67 212 31,826.72 0.68 0.35 0.09 0.07
Basicity Exponential 0.13 022 31,826.72 0.41 037 038 031
EAP (%) Exponential 0.66 2.07 31,826.72 0.68 0.50 098 0.79
ECP (%) Exponential 0.18 0.27 31,826.72 0.35 0.26 044 0.36
EMP (%) Exponential 4476 69.23 31,826.72 0.35 0.62 1.67 1.33
EPP (%) Exponential 6.74 9.21 31,826.72 0.27 0.83 1.66 1.33
ESP (%) Exponential 0.03 0.07 31,826.72 0.60 0.22 023 0.18

3

L coefficient of determination; 2 root mean square error; ° mean absolute error.
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Cross-validation results supported these findings, with high spatial prediction accuracy
(R? > 0.70) observed for pH, exchangeable K*, Al*3, OM, Ca*?, and bulk density—these also
had low RMSE and MAE values, further confirming their predictive strength. Conversely,
variables such as available K, available P, and EMP exhibited poor model fit (R2 <0.40) and low
spatial continuity, likely due to local heterogeneity or random variation. The nugget and sill
values revealed marked differences in microscale and total variance among properties, with
EMP showing high spatial heterogeneity. These results justify the application of geostatistical
tools in designing site-specific soil management plans in coffee plantations, prioritizing
variables with strong spatial structure and high predictive accuracy. Spatial variability maps
(Figure 8) provide visual support for precision agriculture interventions.
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Figure 8. Spatial distribution maps of soil pH, exchangeable A1**, K*, Ca?* (cmol-kg~!), bulk density
(g-em~3), and organic matter (%) in coffee plantations of Pichanaqui, Chanchamayo, generated using
Ordinary Kriging.

3.7. Spatial Variation of Liming and Phosphorus Fertilization Requirements in the Coffee Crop
in Pichanaqui

Spatial variation and lime requirements of the Pichanaqui district are shown by
Figures 9 and 10, where MPM and MAC methods have R? values of 0.79 and 0.59, re-
spectively. These R? values present a higher adjustment fit among observed and predicted
values (Table 5). Likewise, the maps of spatial variation of both methods indicate that
the southwestern zone of the district requires the highest doses of liming. In contrast, the
phosphorus fertilization requirement (DAP) shows a total absence of spatial structure; how-
ever, it presents R? = 0.74 and reduced errors (RMSE = 0.60 kg ha~!; MAE = 0.37 kg ha™1),
indicating a high accuracy of the predicted doses (Figure 11).
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Figure 9. Map of spatial variability of soil liming requirement in the Pichanaqui district by the pHOM
method (MPM in t ha™1).
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Figure 10. Soil liming requirement map for the Pichanaqui district by the potential acidity method
(MAC intha™1).

Table 5. Semivariogram models of liming and phosphorus fertilization requirements in coffee
plantations in the district of Pichanaqui.

Lime and DAP del Nugget Sill Range PSV Cross-Validation
Requirement Mode G Co+C m (CICy +©) 1R? 2 RMSE 3 MAE
MC (tha™1) Exponential 0.02 0.07 31,826.72 0.74 0.26 0.25 0.19
MX (tha™') Exponential 0.06 0.12 31,826.72 0.53 0.35 0.27 0.22
NM (tha™t) Exponential 0.09 0.16 31,826.72 0.45 0.32 0.38 0.30
MSB (tha™') Exponential 0.22 0.31 31,826.72 0.27 0.26 0.48 0.38
MG (tha™?) Exponential 0.89 1.73 31,826.72 0.49 0.53 0.93 0.83
MPM (tha™1) Exponential 0.04 0.95 31,826.72 0.96 0.79 0.35 0.41
MAC (tha ') Gaussian 0.05 0.17 31,826.72 0.73 0.59 0.34 0.30
MACM (tha™') Spherical 0.20 1.08 31,826.72 0.81 0.56 0.84 0.60
DAP (Kgha™1) Spherical 0.15 0.15 31,826.72 0.00 0.74 0.37 0.60

3

1 coefficient of determination; 2 root mean square error; ° mean absolute error.
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Figure 11. Phosphorus fertilizer requirement map (Kg ha—!) in the Pichanaqui district.
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4. Discussion
4.1. Critical Acidity Indicators and Their Impact on Coffee Agronomic Management in Pichanaqui Soils

Soil pH in coffee plantations in the Pichanaqui district shows a marked concen-
tration between 3.80 and 5.10 (median = 4.20), with a moderate positive skewness
(skewness = 1.08), i.e., a high concentration of soils is very strongly acidic [76]. This acidity
level is below the optimal pH range for coffee cultivation (5.0 and 5.5) [10,77]. In acidic soils,
Al*3 toxicity is the main stress factor, causing root cell death due to oxidative stress [78].
In Pichanaqui soils, exchangeable Al*> presents a high spatial variability (CV = 80.73%),
with the central 50% between 0.21 and 0.87 cmol kg !, up to a maximum of 4.23 cmol kg~ 1.
These results exceed the tolerance limit for coffee cultivation (1 cmol kg’l) [68,77,79,80].
Al*3 toxicity impairs normal root growth, nutrient uptake, and the overall development of
the plant [81].

However, despite the high variability of pH and exchangeable Al*3, they exhibit a
good spatial structure, are moderately defined (PSV = 0.50 and 0.41, respectively), and have
high-accuracy spatial prediction (R? = 0.85 and 0.81; RMSE = 0.10 and 0.01, respectively),
which makes them key indicators for the agronomic management of acidity in Pichanaqui
coffee plantations.

The exchangeable H* values show high variability (CV = 248.69%), higher than pH
and exchangeable Al*?, indicating different spatial patterns between variables. Likewise,
it presents extreme values of skewness (21.21) and leptokurtosis (478.46), with a central
50% concentration between 0.10 and 0.25 cmol kg1, and the presence of extremes of up
to 12 cmol kg 1. These areas with an excess of exchangeable H+ limit nitrogen availabil-
ity by reducing the nitrification of soils with a pH < 6 and totally inhibiting nitrifying
microorganism activity when the pH < 4.5 [34]. Likewise, ammonification is kept active,
generating NH4" ion accumulation, which acidifies the rhizosphere and competes with
other ions such as K* [34]. Furthermore, high H* concentrations alter ionic transport across
the root, causing loss of K, Ca, and organic matter, as well as the subsequent inhibition of K
uptake [82]. However, H" presented a low spatial structure (PSV = 0.33) and a limited fit
for its prediction (R2 = 0.50).

The exchangeable acidity percentage (EAP) has a median of 20.98%, an interquartile
range between 5.04 and 44.68%, and extreme values up to 84.94%, which justify the tar-
geted intervention of liming requirements. These percentages outnumber the desirable
range for most plants (10-25%) [19], generating toxicity [83], reduced nutrient absorp-
tion, and decreased root growth [84,85], which directly impact the quantity and size of
coffee beans [86].

The high level of soil acidity is due to the fact that 82% of the samples analyzed
correspond to the Ferralsols, highly weathered soils with low base content and high
concentrations of iron and aluminum oxides that naturally favor acidic conditions [87].
Furthermore, 98% of the agricultural area is located in humid or pluvial life zones, ac-
cording to Holdridge [88], where high humidity and constant rainfall favor the leaching
of exchangeable bases and the leaching of essential nutrients such as Ca*2, Mg*?, and
K* [89,90]. Additionally, most of the territory is located in very humid climates (B(r)A” and
B(r)B’, according to SENAMHI), which increases the solubilization of Al**, aggravating
root toxicity and limiting nutrient uptake [84,91,92].

4.2. Pedogenetic and Edaphoclimatic Factors That Limit P Availability in Coffee Plantations
in Pichanaqui

The available P content determined by the Bray method showed a median of
3.70 mg kg~ ! (interquartile range: 2.55-6.53 mg kg~ !), classified as low according to
the Mexican standard (<15 mg kg~!) [47] and below the critical level for coffee (20 and
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30 mg kg~!) [93]. This deficiency can cause chlorosis, leaf necrosis, and a reduction in
photosynthetic area, affecting cup quality [83]. This low availability is attributed to Ferralsols
(82% of the area) and acidic and weathered soils rich in Fe oxides (goethite, lepidocrocite) and Al
(gibbsite), where P is immobilized by sorption, precipitation, and complexation processes [55,94].

The main fixation process is the specific adsorption of phosphates on the goethite
surfaces and in gibbsite, which, at acidic pH (4.5 and 5.5), are protonated as =Fe-OH,*
and =Al-OH," [95]. Regarding the phosphate anions (H,PO,~ and HPO, 2), electrostatic
adsorption occurs (outer-sphere complex), which evolves into an inner-sphere complex
by a ligand-ligand exchange mechanism [16,89]. In this step, phosphate displaces -OH or
H,O groups from the surface of the minerals, forming complexes through covalent stable
(Fe—O-P or AI-O-P) [95]. These can be monodentate or bidentate, the latter being very
stable and responsible for the strong P fixation in Ferralsols [96].

Sequentially, once the inner-sphere adsorption sites in goethite and gibbsite are sat-
urated and a critical P load is exceeded (3-5 mmol P g~'), secondary precipitation of
amorphous aluminum phosphate begins [97]. At an acidic pH (3.0-5.0), the partial disso-
lution of amorphous hydroxide releases Al*> which, upon reaction with HyPO, ~, forms
amorphous AIPO,4-nH,O particles [98]. These phases, which lack a defined crystalline
order, have an extremely low solubility (K ~ 10~'°) and aggregate as nanoparticles that
trap phosphorus, making it difficult to extract by the Bray or Olsen methods [97].

In our results, P showed a negative correlation with exchangeable Al*3 (R = —0.32) and
a positive correlation with pH (R = 0.29), with high significance (p-value < 0.01). Further-
more, the requirement for phosphorus fertilization was significantly higher (p-adj < 0.001)
in soils of older geological age, e.g., of Devonian and Triassic origin, compared to less
evolved soils of Paleogene origin. Less weathered soils keep a more efficient recycling of P
and a lower fixation, in accordance with the transformation model [99]. Likewise, the oldest
geological formations, having suffered prolonged weathering, exhibit mineral depletion,
an increase in the oxides of Fe and Al, and, therefore, greater fixation of inorganic P [23].

The available P shows a positive correlation with the sum of exchangeable bases
(R =0.35), Ca*? (R = 0.31), and Mg*? (R = 0.35). Likewise, the principal component analysis
encloses a strong influence of basicity on the variance explained by component I (42.5%),
which the exchangeable acidity percentage (EAP) and Al*3. This trend suggests that
increasing the exchangeable base content in acidic soils could favor phosphorus availability
by reducing the fixation sites associated with the presence of H* and Al*3, as reported in
different crops and soil types [100-103].

Additionally, the analysis comparing medians between life zones shows that montane
rainforests have a higher requirement than tropical dry forests (p-adj < 0.001). In the drier
and warmer life zones, evaporation exceeds precipitation, reducing base leaching [89].
Otherwise, in humid and cold zones, high precipitation intensifies base loss and promotes
the formation of hydrated Fe and Al oxides that adsorb inorganic P, reducing the Bray
fraction and increasing the required fertilization rates [104]. Furthermore, climate influences
the weathering rate and the ionic balance of the soil [105]. Under the warm and humid
conditions typical of transitional

In tropical dry forests, organic matter mineralization is fast, releasing orthophosphate
ions [99]. In contrast, in montane rainforests, the slow decomposition and the continuous
leaching of cations promote soil acidification.

4.3. Spatial Analysis of Liming Requirement in Pichanaqui Coffee Plantations

The liming requirement—the amount of amendment necessary to raise soil pH from
naturally acidic levels to those optimal for plant growth—has long been estimated by
a spectrum of approaches, from simple empirical base saturation models [59] to more
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elaborate laboratory buffer and incubation techniques [106]. In the heterogeneous soils
of tropical Latin America—including 2:1 clays (montmorillonite, vermiculite, illite), red
Ultisols and Oxisols rich in Fe and Al oxides, and volcanic Andisols—no single method
universally applies [107]. While buffer methods deliver the most precise estimates, their
reagent costs and time demands often relegate practitioners to empirical shortcuts such as
the Base Saturation Method (BSM), despite documented mismatches between its predictions
and field outcomes [108].

To address these complexities, four principal soil-incubation protocols have been
developed [104]. The Shoemaker-McLean—Pratt (SMP) method [109] is particularly well
suited to high-organic-matter Alfisols with 2:1 clay mineralogy, whereas the Adams-Evans
procedure [110] targets low-CEC, kaolinitic soils. The original Ultisol buffer approach [111],
though conceived for moderately to strongly weathered soils, has demonstrated robust
performance across diverse edaphoclimatic contexts. Nevertheless, the logistical burden of
buffer assays means that empirical algorithms retain their appeal for agronomic manage-
ment, provided their limitations are acknowledged.

Additionally, we implemented eight empirical lime-requirement algorithms (Table 1),
each parameterized directly from soil analyses—including pH, organic matter content,
total and effective CEC, aluminum saturation, clay fraction, and base saturation—to com-
pare their predictive outputs. These comprise the Base Saturation Method (BSM), SMP,
Adams-Evans, the classic Ultisol buffer method, the acidity potential (MAC) approach, the
integrated pH-OM model (MPM), and two hybrid formulas that blend physicochemical
parameters. This comprehensive suite allowed us to evaluate how each algorithm responds
to the specific soil profiles of Pichanaqui and to benchmark their spatial prediction quality
under real-world conditions.

In our Pichanaqui dataset, the BSM exhibited the weakest alignment with key acidity
indicators—showing a negative correlation with pH (R = —0.67) and a modest positive
relationship with exchangeable AI** (R = 0.65)—and produced liming recommendations for
fewer than half of the samples, hinting at underestimation in highly acidic, aluminum-rich
soils. By contrast, the SMP method’s pronounced positive skewness (2.20) and leptokurtosis
(4.58) revealed a tendency toward high-dose outliers and overestimation. These findings un-
derscore the necessity of tailoring lime-requirement models to the specific physicochemical
traits of each soil [112].

Recent advances have yielded integrated empirical formulas that combine pH, base
saturation, aluminum saturation, clay content, total and effective CEC, and organic-
matter content [113]. Notably, the pH-organic-matter model (MPM) delivered high spa-
tial predictive accuracy (R2 =0.79; RMSE = 0.35), estimating doses in over 80% of sites
(median = 0.76 t ha~!; IQR 0.33-1.32 t ha_l), though it may over-predict in soils with
<4% OM. In Pichanaqui, where the 75th percentile of OM reaches 4.63% (max 11.10%),
MPM-derived doses (1.50-3.01 t ha~!) exhibited excellent fit. Conversely, the potential
acidity (MAC) method proved ideal for low-OM (<4%) soils with high acidity poten-
tial (>0.71 cmol kg_l), covering more than 75% of samples (median = 0.44 t ha—1; IQR
0.17-0.75 tha—1) and matching incubation-based estimates [113], while maintaining robust
spatial performance (R? = 0.59; RMSE = 0.34) in Al-rich, low-OM contexts.

4.4. Spatial Analysis of Phosphorus Fertilization Requirements in Pichanaquis’ Coffee Plantations

The extractable phosphorus prediction model (Bray-1) achieved a moderate coeffi-
cient of determination (R? = 0.63) with an RMSE (0.51 mg kg~!) higher than the MAE
(0.41 mg kg 1), demonstrating the existence of some atypical predictions with high de-
viations. Meanwhile, the estimation of phosphorus fertilization requirements showed a
more robust fit (R? = 0.74) and shrank errors (RMSE = 0.60 kg ha—!; MAE = 0.37 kg ha™1),
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reflecting high accuracy in the predicted doses. The RMSE/MAE ratio > 1 in both cases
confirms the presence of specific outliers, although the low relative value of the RMSE for
the dose supports its suitability for guiding differentiated fertilization strategies based on
geology and climatic zoning. In this regard, the map of spatial variation in P fertilization
(Figure 11) identified that a large part of the territory can be represented by the average
liming dose, while areas with Paleogene soils (transitional dry forest) require lower doses
(6.92-77.55 kg ha~! DAP).

The variability in P requirements is consistent with previous studies in coffee systems.
Ref. [89] mentions that phosphorus fertilization should be adjusted based on soil analysis,
shade level, and planting density, suggesting the following values: 10-60 kg ha~! of P205
(22-130 kg ha~! of DAP). In addition, Ref. [114] recommend a dose of 30 kg ha~! of P,Os
in soils with levels below 30 mg kg ! of P Mehlich-1. Likewise, Ref. [115] recommend a
dose of 75 kg ha~! of P205 for soils with a pH between 5.5 and 6.5. Our results showed
an average of 133.30 4 10.64 kg ha~! of DAP (CV = 7.98%) in soils with low Bray P
values (P75 = 6.53 mg Kg~!), which supports the need to consider the use of multiple
edaphoclimatic and management factors to define optimal doses.

A combination of P fertilization and liming is a very important practice for coffee
plants. It has been shown to reduce acidity, increase soil CEC, increase the availabil-
ity of Ca*? and Mg*?2, and improve the efficiency of P fertilization under various study
conditions [32,116-119]. Likewise, the technique of applying lime in bands, under the
canopy, improves coffee yield by more than 40% and increases sensory quality [86,120]. In
Ethiopia, this combination increased root biomass by 30% [121]. However, the high spatial
variability detected justifies the adoption of precision liming and phosphorus fertilization,
adjusted to edaphoclimatic maps generated from dense sampling, similar to the studies
carried out by [122].

Finally, it is recommended to integrate co-Kriging to further refine spatial predictions
and to develop interactive digital platforms that can scale and validate this framework
across diverse coffee-growing regions. This would enable the adaptation of intervention
thresholds to local edaphoclimatic conditions. These actions would strengthen the precision
of site-specific management and contribute to resilient and sustainable coffee plots.

5. Conclusions

The present investigation successfully employs Ordinary Kriging to model and map,
at high resolution (R? = 0.77-0.85), the spatial heterogeneity of liming and phosphorus
requirements for coffee plantations in Pichanaqui District. Characterization maps revealed
pronounced acidity (pH 3.8-5.1) and low available phosphorus (2.6-6.5 mg kg~!) micro-
zones, which correlate with the observed low yields (0.70 & 0.16 t ha—!). Comparative
evaluation of eight liming algorithms identified the pH—-organic matter model (MPM) as
the most precise predictor (R? = 0.79; RMSE = 0.35) in high-organic-matter soils (>4%
OM), whereas the acidity potential method (MAC) provided conservative, spatially ro-
bust lime doses (0.51-0.88 t ha~!) in low-OM contexts. Phosphorus demand averaged
137 kg ha~! of diammonium phosphate but decreased to 7-78 kg ha~! in Paleogene-
derived, dry-forest soils, underscoring the importance of edaphoclimatic specificity in
fertilizer recommendations.

Multivariate analyses (Spearman’s correlations and principal component analysis
of 32 soil and climate variables, plus nonparametric comparisons) pinpointed soil pH,
organic matter content, and parent-material attributes as the principal drivers of acidity
development and phosphorus deficiency. Site-specific management informed by these
findings could reduce lime and fertilizer inputs by up to 30% while enhancing coffee bean
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yield and quality and—by minimizing nutrient leaching and associated greenhouse gas
emissions—promote agronomic efficiency and environmental sustainability.
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Figure Al. Spearman correlation analysis of the soil variables with the greatest influence on soil
acidity and phosphorus, climatic variables, and liming requirement using eight methods and the
phosphate fertilization requirement of 552 soil analysis assays in coffee plantations in the district of
Pichanaqui. The degree of correlation was determined by a p-value > 0.01.
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Figure A2. Frequency of estimation of liming doses using eight different methods in 552 coffee

plantations in the district of Pichanaqui.
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Figure A3. Box-and-whisker plot with a violin plot overlay of the estimated diammonium phosphate
requirement (DAP) in kg ha~! in 552 coffee plantations in Pichanaqui. The gray violin shows the
density of the distribution; the box spans the interquartile range (IQR) of 8.28 kg ha~1, with the median
at137.21 kg ha~! (dashed line). The whiskers go up to P25 — (1.5 x IQR) and P75 + (1.5 x IQR). Dots
outside indicate outliers. Statistics: mean = 133.30 + 10.64 kg ha~! (CV = 7.98 %), skewness = —2.39,
kurtosis = 6.50, and Shapiro-Wilk test W = 0.72, p < 0.001.
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