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ABSTRACT

High-Andean forage systems are characterized by extensive management of cultivated forages, primarily through rotation of for-
age oats (Avena sativa) and alfalfa (Medicago sativa), under marginal edaphoclimatic conditions. Within this context, soil sodicity
severely constrains the productivity of these systems in the districts of Ayaviri and Macari, Melgar Province, Peru. However, spa-
tially explicit information on gypsum requirements (GR) for sodic-soil reclamation remains unavailable. To address this gap, this
study aimed to: (i) develop a weighted Soil Quality Index (SQIw) for sodic soils, (ii) delineate sodicity-affected areas across districts,
soil classes and environmental conditions and (iii) generate high-resolution maps of gypsum requirements using regression krig-
ing (RK). A total of 1273 soil samples were analysed in high-altitude areas of Ayaviri and Macari. Key sodicity-related variables
included exchangeable sodium percentage (ESP), clay flocculating charge and Modified Soil-Adjusted Vegetation Index (MSAVT)
selected through Pearson correlation and principal component analysis to construct the SQIw, while regression kriging was used to
generate spatially explicit gypsum requirement maps. Results showed wide variability in pH and ESP, reflecting heterogeneous so-
dicity conditions across the study area, with Macari presenting higher soil quality (SQIw =0.61) than Ayaviri (SQIw =0.44). Sandy
loam soils and acid saline-sodic soils exhibited the greatest vulnerability. Regression kriging achieved high predictive accuracy for
GR estimation (R?=0.97 in Ayaviri; R?=0.85 in Macari), enabling precise delineation of priority intervention zones. The resulting
GR maps provide a robust basis for site-specific gypsum application, improving amendment efficiency, reducing unnecessary costs
and supporting sustainable sodicity management in vulnerable High-Andean agroecosystems.

1 | Introduction economy; between 2018 and 2022 livestock numbers and milk

production increased notably (INEI 2023). These systems are

Soil quality underpins the sustainability of High-Andean for-
age systems, where marginal edaphoclimatic conditions and
limited resources constrain production. In Melgar Province
(Puno, Peru), forage production based on oat (Avena sativa) and
alfalfa (Medicago sativa) sustains livestock feeding and the local

predominantly managed under extensive and semi-extensive
regimes, relying upon natural pastures and cultivated forages
to maintain productivity and local food security. Rotation of
forage oat with alfalfa enhances soil structure, nutrient reten-
tion and erosion control at elevations above 3000 ma.s.l., while
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alfalfa additionally contributes nitrogen fixation and high feed
value (Bernal 2013; Programa de Desarrollo Productivo Agrario
Rural 2018; Xu et al. 2024).

Notwithstanding these benefits, establishment and produc-
tivity of forage species are frequently limited by soil salinity
and, in particular, sodicity. Sodic soils—commonly defined by
elevated exchangeable sodium percentage (ESP>15%) and so-
dium adsorption ratio (SAR>13)—promote clay dispersion,
weaken aggregate stability and reduce infiltration and plant-
available water and nutrients (Daba and Qureshi 2021). Such
physico-chemical constraints impose both osmotic and ionic
stresses on crops, with documented yield penalties in sensi-
tive species including alfalfa (Anderson et al. 2023; Bai et al.
2024). Global assessments point to an extensive and growing
area affected by sodium accumulation (FAO 2024), while in the
Peruvian Altiplano sodicity is frequently associated with poor
drainage, saline groundwater and irrigation regimes that favour
salt accumulation in fine-textured layers (Revollo 2001; Banks
et al. 2004; Hervé et al. 2002).

In the High-Andean Altiplano, soils frequently exhibit com-
plex acid-sodic conditions, where sodicity can develop even at
relatively low exchangeable sodium percentage (ESP) values
(~6%), particularly under conditions of low base saturation,
limited buffering capacity and episodic salinization (Cuellar-
Condori et al. 2026). Acid-sodic soils are of increasing con-
cern because structural degradation, clay dispersion and
reduced hydraulic conductivity may occur before classical
sodicity thresholds are reached, thereby complicating their di-
agnosis and management. Despite their agronomic relevance,
studies on acid-sodic soils remain limited both in the Andes
and globally, particularly regarding their spatial variability
and management thresholds (Rengasamy 2002; Qadir and
Schubert 2002; Hengl et al. 2017).

Crucially, labelling a soil as ‘sodic’ using a single chemical
indicator does not capture the spatial heterogeneity nor the
functional degree of degradation that constrain management
decisions. The agronomic consequences of sodicity stem from
interacting chemical, physical and climatic controls; soils with
similar ESP or SAR may nevertheless differ markedly in ag-
gregate stability, hydraulic conductivity and biological perfor-
mance. In this regard, composite, multivariate assessments
provide a more informative characterization of soil condition
(Poma-Chamana et al. 2025). The Soil Quality Index for Sodicity
(SQIw) proposed here synthesizes structural (texture and bulk
density), chemical (ESP, ECEC, exchangeable Ca?*, and Mg?*)
and, where available, biological indicators (vegetation indices)
into a single interpretable metric that reflects both severity and
resilience. By integrating these attributes, the SQIw furnishes
a consistent framework for linking sodicity severity to gypsum
requirement (GR) at spatial scales relevant for management and
prioritisation. Previous studies indicate that weighted multivari-
ate soil quality indices can effectively discriminate recovery fol-
lowing reclamation and are useful for monitoring temporal and
spatial changes in degraded soils (Bedolla-Rivera et al. 2022).

The spatial variability of sodicity poses a major challenge for
sustainable pasture management because zones of contrasting
severity demand different amendment rates and management

strategies (Yang et al. 2016). Geographic information systems
(GIS) and geostatistical techniques are therefore essential for
characterising this variability and for producing spatially explicit
decision-support products (Quispe et al. 2025). Regression krig-
ing (RK), which couples deterministic regression on ancillary co-
variates (remote sensing, topography, and soil maps) with kriging
of residuals, is particularly effective when relevant auxiliary data
are available; RK typically improves prediction accuracy and re-
duces estimation error relative to purely interpolation-based ap-
proaches (Hengl et al. 2007; Burrough et al. 2015). Applied studies
have used geostatistical methods to map ESP, SAR and gypsum
requirement and to delineate management zones, demonstrating
that spatially explicit GR maps can substantially reduce over- and
under-application of amendments compared with blanket treat-
ments (Roberton et al. 2020). Nevertheless, the joint application
of geostatistics and multivariate soil quality indices for sodicity
assessment remains under-explored in cold, semi-arid mountain
systems such as the Andean Altiplano.

Gypsum (CaSO,-2H,0) is widely recommended for reclamation
of sodic soils because Ca?* replaces Na* on the exchange complex,
thereby reducing clay dispersion and promoting aggregation and
hydraulic recovery. The relative effectiveness of gypsum derives
from the higher selectivity and smaller hydrated radius of Ca?*
compared with Nat, and from gypsum's solubility characteristics
that facilitate sodium displacement under leaching conditions
(Havlin et al. 2016; Bello et al. 2021). Despite this, robust, spatially
explicit estimates of gypsum requirement and of the production
losses attributable to sodicity are limited for High-Andean pas-
tures, constraining evidence-based prioritisation and the design
of locally adapted reclamation policies at district scale.

We hypothesized that: (i) acid-sodic conditions in the High-
Andean Altiplano develop at lower ESP thresholds than tradi-
tionally recognized, driven by low base saturation and limited
buffering capacity; (ii) a weighted, multivariate Soil Quality
Index (SQIw) can effectively differentiate functional degrada-
tion levels across heterogeneous landscapes; and (iii) regression
kriging, integrated with edaphic and remote-sensing covari-
ates, will yield spatially explicit gypsum requirement maps that
outperform uniform blanket recommendations. This study ad-
dresses a critical knowledge gap, as diagnostic frameworks and
spatially explicit management tools for acidic sodic soils remain
severely underrepresented globally, particularly in cold, semi-
arid mountain systems.

Accordingly, this study aims to: (i) develop a Soil Quality Index
oriented to sodicity (SQIw); (ii) delineate the spatial extent of
sodicity-affected areas across districts, soil classes and land-
scape units; and (iii) generate high-resolution maps of gypsum
requirement (GR) using regression-kriging to provide a quanti-
tative basis for site-specific management in High-Andean forage
systems.

2 | Materials and Methods
2.1 | Study Area

The study was conducted in the districts of Ayaviri and
Macari, Melgar Province, Puno Region, within the Peruvian
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FIGURE 1 | Geographic location of the study area and spatial distribution of the 1,273 soil sampling sites across the districts of Ayaviri and

Macari, Melgar Province, Puno, Peru.

highlands (Figure 1). The total study area covers 1381.08 km?,
comprising 855.79km? in Ayaviri and 525.29 km? in Macari.
The area has an average annual precipitation of 791.5mm,
mean relative humidity of 60.9%, and temperatures ranging
from —5.3°C (minimum) to 20.5°C (maximum) (Figure S1; Fick
and Hijmans 2017). Alluvial slopes predominate (58%), with
life zones corresponding to Subtropical Lower Montane Moist
Forest (64%) and Subtropical Subalpine Very Humid Paramo
(36%). Soils are mainly Cambisols, followed by Chernozems
and Phaeozems (IUSS Working Group WRB 2024). The prin-
cipal crops are alfalfa ‘Medicago sativa’ and oats ‘Avena sativa’
(Figure S2).

2.2 | Soil Sampling

Soil sampling followed the model of Havlin et al. (2016), where
each sample represented a homogeneous area defined by slope,
soil texture/colour, crop type/monoculture age and a maximum
area of 10ha. Within each area, 10 subsamples were randomly
collected at 0-30cm depth. In total, 1273 representative sam-
ples were obtained from alfalfa and oat pastures in Ayaviri and
Macari, Melgar Province (Figure 1), comprising 880 samples
in Ayaviri and 393 in Macari. The sampling network covered
84.16% of Ayaviri and 75.95% of Macari, providing adequate

spatial coverage to characterise soil variability within the study
region.

2.3 | Soil Analysis

Soil samples were analysed at the Soil, Water, and Foliar
Laboratories Network of the National Institute of Agricultural
Innovation (LABSAF-INIA). Samples were pretreated, air-dried
(<40°C), and sieved to <2mm following ISO (2006). Analysed
variables included texture (sand, silt and clay; NOM-021-
RECNAT-2000 2002), pH (soil-water 1:1; EPA 2004), electrical
conductivity (soil-water 1:5; ISO 1994); to convert EC measured
in diluted soil-water extracts to the electrical conductivity of the
saturated paste extract (ECe), we followed the procedure pro-
posed by Kargas et al. (2022):

283.4
49.699 + 0.524 x Clay % — 0.339 x Sand %

EC, = <1.054+ ) X EC, 5

Equivalent calcium carbonates (NOM-021-
RECNAT-2000 2002), organic matter, organic carbon and total
carbon (NOM-021-RECNAT-2000 2002). Available phospho-
rus was determined using method AS-11 for acidic to neutral
soils (NOM-021-RECNAT-2000 2002). Exchangeable bases
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TABLE1 | Environmental predictor variables used for spatial modelling of the weighted Soil Quality Index (SQIw).

Variable group Variable

Description

Topographic variables Digital Elevation Model (DEM)

Slope
Topographic indices Topographic Position Index (TPI)

Terrain Ruggedness Index (TRI)

Topographic Wetness Index (TWT)

Elevation above sea level (derived from a DEM);
used as a primary descriptor of topography and
driver of soil formation and hydrology.

Local gradient (degrees or %); controls runoff,
erosion risk and soil depth distribution.

Relative position of a cell within the landscape (ridge, valley,
slope position); useful for mapping depositional/erosional zones.

Metric of surface heterogeneity/roughness;
related to soil redistribution processes.

Proxy for spatial variation in soil moisture
accumulation and saturation tendency (function
of slope and upstream contributing area).

(Ca?*, Mg+, K* and Na*) were extracted with ammonium ac-
etate, while exchangeable acidity and Al3* were determined
with potassium chloride (NOM-021-RECNAT-2000 2002).
Effective cation exchange capacity (ECEC) was calculated as
the sum of cations (Quispe et al. 2024). Bulk density (BD) and
cation exchange capacity at pH 7 were obtained from SoilGrids
(ISRIC-World Soil 2025) at 250 m resolution, averaging depths
of 0-15 and 15-30cm in QGIS. The exchangeable sodium per-
centage (ESP) is calculated as:

Na* exchangeable
ESP=| ——— | X100
ECEC

where Na+ and ECEC are expressed in cmolc kg™!. This calcula-
tion allows soils to be classified according to functional sodicity
in the context of international standards.

2.4 | Extraction and Processing of Geospatial
Variables

Potential drivers of the spatial distribution of soil properties were
compiled and selected as follows: landform (LF), derived from the
geomorphological map at a scale of 1:250,000 INGEMMET 2016);
parent material (PM) and geological age (GA), from the na-
tional geological map at a scale of 1:100,000; soil type (ST), from
SoilGrids with a 250m resolution (ISRIC-World Soil 2025); life
zone (LZ), at 1:100,000 (Aybar et al. 2017); and climate classifica-
tion (CLI), at 1:400,000 (IDESEP 2020). These regionally scaled
layers capture the principal environmental drivers—topography,
lithology, pedology and climate—that govern the distribution of
soil properties. Although the input datasets differ in thematic
and positional accuracy, the selected resolutions are appropriate
for detecting broad fertility patterns and for minimizing spatial
inconsistencies.

For spatial prediction, the methodology employed environmen-
tal predictors that provide continuous spatial coverage across
the study area, derived from remote sensing products and dig-
ital elevation models. The complete set of predictors and their
sources are summarized in Table 1.

2.5 | Estimation of the Net Dispersive Clay Charge
and the Gypsum Requirement

The net dispersive charge (NDC) was estimated as the difference
between the dispersive charge (DC) and the flocculant charge
(FC), both determined according to the effect of the ionicity of
exchangeable cations (cmol kg™!) on clay dispersion (Rengasamy
et al. 2016).

DC = (Ca) + 1.7(Mg) + 25(K) + 45(Na)
FC = 45(Ca) + 27(Mg) + 1.8(K) + (Na)

NDC =DC -FC

The agricultural gypsum requirement is normally calculated ac-
cording to the amount of exchangeable sodium to be neutralised
with Ca at a given depth (Oster et al. 2015).

GR = 0.00086 x BD x D x ECEC X (ESPi — ESPf)

where ECEC (cmol kg™) is the effective cation exchange capacity
obtained as the sum of exchangeable bases; BD (gcm™) is the soil
bulk density; D (cm) is the sampling depth; ESP; (%) is the current
exchangeable sodium percentage of the soil; and ESP, is the target
value (5%) to be achieved with the application of agricultural gyp-
sum. Finally, GR is the gypsum requirement expressed in tha=.

2.6 | Exploratory Statistical Analyses for Variable
Selection

Descriptive statistics (mean, variance, skewness, kurtosis, quar-
tiles, etc.) were calculated for all variables, and normality was
tested using the Shapiro-Wilk test. When necessary, data were
transformed to approximate normal distributions. Pearson cor-
relations (p <0.001) were computed to identify variables related
to plant health and detect multicollinearity. Principal component
analysis (PCA) was then performed on standardized variables
(z-scores) using the FactoMineR package, with visualization
carried out using factoextra and ggplot2. Outputs included
eigenvalues, variable contributions, cos? values, and sample
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TABLE2 | Edaphological classification of saline and sodic soils and their main functional effects, according to pH, EC and ESP (Rengasamy 2010).

Class Soil type pH EC,(dSm™) ESP (%) Main characteristics
0 Non-salt-affected soil 6-8 <4 <6 Normal soil; limitations not related
to salinity or sodicity
1 Acidic saline soil <6 >4 <6 Osmotic stress; toxicity of micronutrients
(Fe, Al and Mn) and dominant anions
2 Neutral saline soil 6-8 >4 <6 Osmotic stress dominant; possible
toxicity of prevailing anion or cation
3 Alkaline saline soil >8 >4 <6 Osmotic stress; HCO,™ and CO,~ toxicity;
micronutrient toxicity at high pH
4 Acidic saline-sodic soil <6 >4 >6 Osmotic stress; Na* toxicity; micronutrient toxicity
5 Neutral saline-sodic soil 6-8 >4 >6 Osmotic stress; Na* toxicity; dominant
anion toxicity (C1~ or SO,*)
6 Alkaline saline-sodic soil >8 >4 >6 Osmotic stress; HCO,~ and CO32‘ toxicity;
micronutrient toxicity at high pH
7 Acidic sodic soil <6 <4 >6 Indirect effects via soil structural
degradation; seasonal waterlogging
8 Neutral sodic soil 6-8 <4 >6 Structural problems; reduced
infiltration; possible Na* toxicity
9 Alkaline sodic soil >8 <4 >6 Severe structural degradation; dispersion;

HCO,™ and CO," toxicity

distribution in factorial space. Biplots with confidence ellipses
were generated to reveal latent structures. Although categorical
variables were excluded from the PCA computation, the salin-
ity-sodicity soil classification proposed by Rengasamy (2010)
was used as a grouping variable to construct confidence ellipses
in the space defined by the first two principal components, as
described in Table 2.

2.7 | Development of a Soil-Quality Index
for Saline and Sodic Soils (SQIw)

A soil quality index for saline-sodic soils (SQIw) was constructed
using PCA-based multivariate weighting (Poma-Chamana
et al. 2025). Twelve standardized indicators were analysed, with
components explaining >60% of variance retained. Variable
contributions were combined into normalized weights, and indi-
cators were rescaled to 0-1, inverting negatively associated ones
(EC and ESP). Sensitivity was tested with alternative variance
cutoffs (50%-80%).

2.8 | Comparative Analysis of SQIw Across
Environmental and Soil Classes

Differences in SQIw across districts, textural classes, climate
types and saline-sodic soil groups were assessed with non-
parametric tests. A Kruskal-Wallis test identified overall ef-
fects (p <0.05), followed by Dunn's pairwise comparisons with
Bonferroni adjustment. Significant group differences were de-
noted with letters using multcompLetters from multcompView,

and results were visualised with boxplots and jittered points in
ggplot2 (Wickham 2016).

2.9 | Geostatistical Interpolation

The spatial variability of soil fertility supports optimised fer-
tilisation through geostatistical modelling (Perez-Zapata
et al. 2024). Using georeferenced soil analyses from Ayaviri and
Macari (BD, texture, pH, EC, OM, available P and K, CEC, ex-
changeable cations and lime requirement), Regression Kriging
(RK) was applied for interpolation. Variogram analysis and RK
modelling were conducted in SAGA v9.4 (Pasztor et al. 2016),
and resulting maps were exported to QGIS v3.34 for spatial vi-
sualisation (Martinez 2020).

2.10 | Regression Kriging

Regression kriging is a hybrid technique in geospatial analysis
that combines multiple linear regression with kriging to im-
prove the prediction of spatial variables. A dependent variable is
modelled against predictor variables, with kriging applied to the
regression residuals. These predictor variables may be derived
from remote sensing, digital elevation models, and other sources
(Estrada-Godoy et al. 2023).

Y nz(s) ®)

i=0

Z(8,) =

where Z(S;) tends towards the measure value at location i; S;
is an unknown estimate for the measured value at point i; N
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corresponds to the measured values; and i denotes the predic-
tion location (unidentified point) (Esri 2020).

2.11 | Model Validation

The nugget (C0), the sill (C0+C), the range (R) and the Sill-
Nugget ratio (PSV) (Equation 6) are key parameters in semivar-
iogram analysis, which describe the spatial autocorrelation of
the data and are obtained from fitting the semivariogram model
for geostatistical interpolation (Villatoro et al. 2008).

PSV = Sill — Nugget __¢C
Sill Cy+C

©)

The selection of the semivariogram model is based on criteria such
as the root mean square error (RMSE), the coefficient of determi-
nation (R?), and the mean absolute error (MAE) (Bromberg and
Pérez 2012). The optimal model should yield RMSE (Equation 7)
and MAE (Equation 8) values close to zero, and R? (Equation 9)
values close to one, as these indicate the accuracy and quality of
the model, respectively (Fu et al. 2024). Kriging interpolations for
each soil property were cross-validated using the leave-one-out
method (Ferndndez Villafafiez 2022).

RMSE = \/% PR EACIEFACAI§ @
MAE = % 27:1 |Zl () _ZZ(xi)| ®)

T [Z0(x) -2 (x)]
> [2(x) -2

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

R*=1- ©)

3 | Results

3.1 | Descriptive Statistics of the Physicochemical
Properties of Soils in Ayaviri and Macari

Descriptive statistics of 29 edaphoclimatic variables derived
from 1273 soil samples are summarized in Table 3. Soil pH ex-
hibited a wide range, from strongly acidic to alkaline conditions
(4.50-9.70), with most values concentrated between slightly
acidic and neutral ranges (interquartile range: 5.50-6.60).
Electrical conductivity also showed marked variability (0.10-
35.76 dS m™!), indicating the coexistence of non-saline and
highly saline soils within the study area. Calcium carbonation
content ranged from 0% to 42.60%, reflecting heterogeneous
degrees of carbonatation, while organic matter varied between
0.50% and 12.10%, consistent with contrasting land use and
management conditions, consistent with predominantly loam
textures.

Cation base analysis revealed flocculant charge (822.8 cmol
kg™) exceeded dispersive charge (197.7 cmol kg™), yielding a
negative net dispersive charge (—625.2 cmol kg™'), though some

soils showed severe dispersion (max. 654.1). The exchangeable
sodium percentage (ESP) ranged from 0.12% to 86.76%, with
a substantial proportion of samples exceeding commonly ac-
cepted sodicity thresholds. This wide ESP range, together with
low Ca?* and Mg?* contents and reduced ECEC in several soils,
indicates the presence of sodicity risk even under acidic to near-
neutral pH conditions, highlighting the occurrence of acid-
sodic and saline-sodic soil environments.

Bulk density was homogeneous (1.27+0.08 gcm ™), gypsum re-
quirement was highly variable (0-82.7 tha!, mean 8.30 +5.45),
and both mean temperature (8.55°C) and MSAVI (0.58 £0.14)
followed near-normal distributions. Overall, these statistics
demonstrate marked edaphoclimatic heterogeneity, justifying
multivariate analyses to identify and weight key drivers of sodic
soil quality.

3.2 | Pearson Correlations Between Gypsum
Requirement (GR), Salt-Affected Soil Properties
and Environmental Covariates in the Districts
of Ayaviri and Macari, Puno

Pearson correlation analysis (p<0.001) revealed significant
associations between ESP, NDC, GR, and edaphoclimatic vari-
ables in soils from Macari and Ayaviri (Figure 2). ESP correlated
positively with NDC (0.53) and GR (0.52), but negatively with
FC (-0.52), ECEC (-0.52), Ca?* (—0.51) and Mg?* (—0.43).
NDC showed strong negative correlations with FC (-1.00),
Ca?* (-1.00) and ECEC (-0.99). GR was positively related to
Na (0.87), DC (0.66) and ESP (0.52), but negatively to FC (—0.31)
and Ca?* (—0.31), indicating that higher sodicity and dispersion
increase gypsum requirements, while flocculation and calcium
mitigate them.

For PCA and SQI development (Figure 2), 10 representative vari-
ables covering chemical (pH, OM, ESP and CM), physical (clay
percentage and bulk density), structural (DC and FC), climatic
(Tmean) and biological (MSAVI) dimensions were selected,
excluding highly collinear pairs (Irl>0.80). This approach cap-
tured key variability of sodic soils, linking structural stability,
vegetation response and environmental conditions to a robust
soil quality index.

3.3 | Edaphic Gradients Associated With the Soil
Quality Index (SQIw) Revealed Through Principal
Component Analysis

The SQIw was derived from a subset of non-collinear edaphic
indicators, selected for their mechanistic relevance to soil
acidity, salinity and sodicity processes. The variables con-
sidered comprised exchangeable sodium percentage (ESP),
exchangeable Nat, the Ca?*/Mg?* ratio, electrical conduc-
tivity (EC), dispersive and flocculant clay charges (DC, FC),
organic matter (OM), mean annual temperature (Tmean)
and the Modified Soil-Adjusted Vegetation Index (MSAVI).
Collectively, these indicators enable the SQIw to synthesize
sodicity severity, structural stability and the functional re-
sponse of the soil-plant system. To examine fertility gradients
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Mean SD Var CcVv Skewness Kurtosis Min Max P25 Median P75

Units

(Continued)

Variable

TABLE 3

0.09 47.00 1.24 2.69 5.33

4.62 21.31 110.33 3.05 14.72

4.18

Ratio

M g+2/ K+

1.27 0.08 0.01 6.05 -14.18 231.00 0.00 1.34 1.26 1.28 1.30

gem™3

BD

4.48 43.27 0.00 82.72 6.47 8.55 9.85

65.72

5.45 29.73

8.30

tha™!

GR

associated with the SQIw and their relationship with gypsum
requirement (GR), a principal component analysis (PCA) was
subsequently performed, with sample distributions inter-
preted against chemical classes of saline and sodic soils as de-
fined by Rengasamy (2010).

The PCA identified two main components explaining 46.04%
of the total variance (Figure 3). The first principal compo-
nent (PC1; 27.60%) represented a structural stability-salinity
gradient, contrasting soils characterized by high flocculant
charge (contribution: 21.96%) and greater structural stabil-
ity with soils exhibiting elevated sodicity (ESP: 14.80%) and
dispersive charge (5.26%), which are associated with reduced
porosity and aggregate stability. Electrical conductivity (EC;
13.18%) and the Ca/Mg ratio (12.20%) further reinforced the
influence of salinity and cation balance on this gradient. The
second principal component (PC2; 18.44%) captured vari-
ability related to sodicity mitigation and soil physical condi-
tion. Gypsum requirement (22.98%) reflected the intensity of
amendment demand, while dispersive charge (18.68%) high-
lighted clay instability under limited Ca* availability. Organic
matter (9.29%) contributed positively through organo-mineral
interactions that enhance aggregation, whereas bulk density
(4.08%) reflected compaction effects on aeration and hydrau-
lic properties. Mean temperature (15.65%) further modulated
these processes by influencing organic matter turnover and
amendment efficiency.

Taken together, PC1 and PC2 describe complementary
edaphic gradients: PC1 reflects trade-offs between structural
stability and salinity-sodicity stress, whereas PC2 integrates
amendment requirements, organic matter, and climatic ef-
fects regulating sodicity dynamics. These results underscore
the usefulness of the SQIw as a synthetic indicator integrat-
ing sodicity, structural stability and porosity for assessing
soil health under heterogeneous acid-sodic and saline-sodic
conditions.

3.4 | A Non-Parametric Assessment

of the Weighted Soil Quality Index (SQIw) Among
Districts, Soil Textural Classes, Salinity-Sodicity
Classifications and Climate Types

Significant differences in SQIw were observed across dis-
tricts, soil textures, salinity—sodicity classes, and climate types
(Figure 4). Soils in Macari (0.61) had higher SQIw than those
in Ayaviri (0.44; p.adj <0.001), mainly due to lower gypsum re-
quirements and bulk density, which favoured Ca?*+ accessibility
and structural recovery. Regarding texture, clay-rich soils (e.g.,
Clay, Silty Clay Loam and Clay Loam) showed higher SQIw
than Sandy Loam (0.36; p.adj <0.01), reflecting the stabilizing
role of clay content. By salinity-sodicity type, acid-saline-sodic
(0.38) and acid-sodic soils (0.40) had significantly lower SQIw
than neutral and alkaline categories (p.adj <0.01), confirming
the penalizing effect of combined acidity and sodicity. Finally,
under SENAMHI climate classes, soils in B(0,i)C’ (cold-humid,
0.61) outperformed those in C(0,i)C’ (cold-semiarid, 0.46; p.adj
<0.0001), as higher water availability and OM stabilization en-
hanced aggregate formation, effective CEC, and resilience to
sodicity.
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FIGURE 2 | Pearson correlation matrix of bivariate parametric correlations between Gypsum Requirement (GR) and 28 soil physicochemical

variables, complemented with climatic variables and vegetation spectral indices. Only statistically significant correlations (p <0.001) are presented.
CMK =(Ca?* + Mg?*)/K*+; CM = Ca?*/Mg?*; MK = Mg?*/K*; ESP, EPP, ECP, BD, bulk density; EMP, exchangeable sodium, potassium, calcium and

magnesium percentages; ECEC, effective cation exchange capacity.

3.5 | Spatial Variation of Soil Sodicity
and Agricultural Gypsum Requirement in
the Districts of Ayaviri and Macari

Pearson correlations combined with PCA enabled the refine-
ment of predictors for gypsum requirement (GR), selecting ESP,
FC, Na* and MSAVI as the most representative edaphic and
spectral variables (Figures 5 and 6). Semivariogram analysis
(Table 4) indicated that the exponential model best described
GR variability, with moderate spatial dependence in Ayaviri
(PSV=0.49) and strong dependence in Macari (PSV=0.23).
Autocorrelation ranges exceeding 19km confirmed a regional-
scale spatial structure.

Model performance was evaluated using complementary sta-
tistical indicators (Table 4). The coefficient of determination
(R?) quantified the proportion of GR variability explained by
the model, indicating high explanatory power in both districts
(0.97 in Ayaviri and 0.85 in Macari). RMSE assessed the mag-
nitude of prediction errors and its sensitivity to large deviations,
while MAE represented the average absolute error, providing
a more robust measure less influenced by extreme values. The
combined use of these indicators allows a comprehensive eval-
uation of predictive accuracy and model reliability. The low
RMSE (1.01 and 1.74tha~!) and MAE (0.41 and 1.06tha™!) val-
ues confirm the robustness of the Regression Kriging approach.
Consequently, the generated GR maps constitute reliable tools

Soil Use and Management, 2026
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FIGURE 3 | Principal Component Analysis [PCA] of edaphic variables: Multivariate distribution across different saline and sodic soil classes on

axes Dim1 (27.6%) and Dim4 (18.4%), with 44% confidence ellipses.

for guiding amendment planning and site-specific sodicity
management.

Regression Kriging maps (Table 5; Figure 7) revealed marked
spatial contrasts between districts. In Ayaviri (85,580.2ha),
59.6% of land required <9.53tha™! gypsum, while 40.4% ex-
ceeded this threshold, indicating substantial high-dose de-
mand. In contrast, in Macari (52,506.2 ha), most land required
moderate to low doses (<9.6tha™' in 92.2% of the area). These
patterns support differentiated zoning: in Ayaviri, large-scale
interventions should focus on central and southern lowlands
with high ESP and low FC (~2756 ha of priority land), whereas
in Macari, localized applications in the southeast and northwest
are more cost-effective and reduce the risk of over-application.

4 | Discussion

4.1 | Development and Validation of the Weighted
Soil Quality Index (SQIw)

The construction of a Soil Quality Index oriented towards sodic-
ity (SQIw) represents a significant methodological contribution.
Unlike generic soil quality indices (Doran and Parkin 2015), the
SQIw developed in this study is specific to acid-saline-sodic

soils, integrating chemical variables (ESP, pH and ECEC), phys-
ical variables (BD, % clay), structural variables (DC and FC), and
climatic variables (Tmean), selected through correlation analy-
sis and multicollinearity control.

Principal component analysis (PCA) revealed that PC1 and
PC2 together explained 46.04% of the total variance, delineat-
ing two key functional gradients: (i) structural stability and
salinity (PC1), and (ii) the interaction between texture, organic
matter, and climatic conditions (PC2). This duality reflects the
complexity of sodic soils, where recovery depends not only on
cation exchange processes but also on factors such as porosity,
temperature and the availability of organic binding agents.

The systematic reduction in SQIw observed in acid-saline-
sodic soils (median =0.38), relative to neutral or alkaline soils
(0.61-0.74), indicates a pronounced negative synergy between
acidity and sodicity that constrains the vegetative develop-
ment of cultivated pasture. Moreover, in the soils analysed, Ca
saturation was markedly lower (mean=58.84+18.98%; me-
dian=45.85%), which diminishes clay flocculation and aggre-
gate stability (Quispe et al. 2024). Under these conditions, even
low amounts of exchangeable Na (6%) can provoke substantial
clay dispersion in acidic soils, owing to the substantially greater
dispersive potency of Na relative to Ca (Rengasamy 2002, 2010).
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FIGURE 4 | Weighted Soil Quality Index (SQIw) according to different factors. (a) Comparison of SQIw between the districts of Ayaviri and
Macari; (b) comparison of SQIw among different soil textural classes; (c) comparison of SQIw among saline and sodic soil types; and (d) comparison

of SQIw among climate types. Dunn's post hoc test following Kruskal-Wallis, with Bonferroni correction for multiple comparisons, was applied.

Different letters denote statistically significant differences.

This phenomenon is exacerbated by low pH, which reduces the
efficacy of flocculating cations and promotes structural insta-
bility, as widely documented for acidic sodic soils (Rengasamy
et al. 2016; Bello et al. 2021; Noonari et al. 2025). In addition,
acidity restricts microbial activity and the decomposition of soil
organic matter, thereby limiting the formation of stable aggre-
gates (Vista et al. 2024; Mitsuta et al. 2025).

The inclusion of the Modified Soil-Adjusted Vegetation Index
(MSAVI) as a biological indicator within the SQIw reinforces
its validity, since MSAVI is sensitive to vegetation cover in
areas with high background reflectance, such as High-Andean
pastures. The negative correlation between GR and MSAVI
(Figure 2) suggests that soils with higher gypsum requirements
exhibit lower vegetation vigour, thereby supporting the use of
the SQIw as a diagnostic tool for ecosystem health. Nevertheless,
the SQIw requires supervision through calibrations or crop
monitoring to ensure that it continues to reflect changes under
different agricultural conditions (Ozlu et al. 2022).

4.2 | Edaphoclimatic Controls on Sodicity
and Gypsum Requirement

The zoning analysis revealed marked differences between
Ayaviri and Macari in both sodicity risk intensity and the areal

extent of agricultural land affected. Soils in Ayaviri exhibited
significantly lower SQIw values (median=0.44) than those in
Macari (0.61), principally attributable to higher gypsum require-
ment (GR), greater bulk density (BD) and elevated exchangeable
sodium percentage (ESP). This increased level of degradation is
likely associated with poor drainage, intensive irrigation prac-
tices that promote upward Na* flux via surface evaporation, and
potentially reduced inputs of organic matter (Stavi et al. 2021).

From a textural standpoint, sandy loam soils (median
SQIw=0.36) were the most vulnerable, whereas loam and clay-
loam soils demonstrated greater resilience. Higher clay contents
(13.3%-22.7%) foster aggregate stability and enhanced cation-
exchange capacity (CEC), thereby mitigating Na-induced colloi-
dal dispersion (Bi et al. 2023; Niaz et al. 2023). Classification by
salinity and sodicity further confirmed that acid-saline-sodic
soils represent the most advanced state of degradation, under-
scoring the need for integrated management strategies that si-
multaneously address sodicity, acidity (via liming) and salinity
(via leaching) (Daba 2025).

The mean GR (8.30tha™!), with maxima reaching 82.72tha-,
may appear paradoxical in soils with an average pH of 6.15,
given that high gypsum requirements are conventionally asso-
ciated with alkaline soils. However, in acid-sodic soils elevated
GR values arise from the concurrence of several processes: (i)

Soil Use and Management, 2026
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FIGURE 5 | Spatial maps of vegetation and soil predictor variables in the Ayaviri district: (a) Exchangeable sodium percentage, (b) Flocculant

charge, (c) Exchangeable sodium concentration and (d) Soil-adjusted vegetation index.

high ESP (23.9%), which necessitates substantial Ca?* inputs
to displace Nat from the exchange complex; (ii) reduced gyp-
sum efficacy under acidic conditions owing to interactions of
Ca?* with AI’* and acidic fractions of organic matter; and (iii)
diminished hydraulic conductivity driven by dispersion, which
limits Na* leaching (Ahmad et al. 2016). Collectively, these
mechanisms render the remediation of acid-sodic soils more
input-intensive than that of alkali-sodic counterparts (Bello
et al. 2021; Daba 2025).

A limitation of the present study is the absence of soluble anion
analyses, which constrains a full appraisal of ionic balance and
potential Ca precipitation processes. Nevertheless, the occur-
rence of soils with pH < 5.5 and ESP > 30% suggests that sodicity
within the Peruvian Altiplano is predominantly driven by Na*
inputs from saline groundwater—potentially associated with
Ayaviri River tributaries—combined with acidic parent materi-
als that limit base saturation. Comparable conditions have been
documented in volcanic terrains of Ethiopia and Indonesia,
where sodicity develops under acidic regimes with strong hydro-
geological control, emphasizing the need for diagnostic frame-
works tailored to acid-sodic environments.

Gypsum effectiveness is additionally conditioned by soil struc-
tural and biological factors such as porosity, organic-matter con-
tent and the prevailing leaching regime. Combined applications
of gypsum and organic amendments have been shown to im-
prove flocculation, aggregate stability and soil biological activity

(Niaz et al. 2022; Tian et al. 2024). While this strategy is well
established for alkali soils (Singh et al. 2023), it may confer even
greater benefits under acidic conditions.

Finally, the C(0,i)C’ (cold-semi-arid) climatic class exhibited
lower SQIw values than the B(0,i)C’ (cold-humid) class, indi-
cating that moisture deficits constrain natural leaching of salts
and the stabilization of organic matter, thereby exacerbating
degradation processes (Shi 2022). Although shallow ground-
water, microdepressions and textural variability appear to
account for much of the spatial distribution of sodicity, these
hypotheses warrant validation through direct groundwater
level measurements or local hydrological modelling. Based on
the zoning results, priority intervention areas include the cen-
tral and southern lowlands of Ayaviri and the south-eastern and
north-western sectors of Macari, where gypsum requirements
exceed 9.6tha=l,

4.3 | Spatial Prediction of Agricultural Gypsum
Requirement

There is strong evidence of synergy when applying regression
kriging in combination with edaphic and vegetation covariates
for the spatial prediction of gypsum requirement (GR) in the
reclamation of sodic soils (Jalane et al. 2024). This approach
achieved high predictive performance, with coefficients of de-
termination (R?) of 0.97 in Ayaviri and 0.85 in Macari, and mean
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TABLE 4 | Semivariogram models of soil liming requirement in the districts of Macari and Ayaviri.

Nugget Sill Range PSV Cross validation
District Model C, C,+C m C/Cy+C R RMSEP MAE®
Ayaviri Exponential 12.02 23.41 24446.05 0.49 0.97 1.01 0.41
Macari Exponential 11.43 14.81 19839.02 0.23 0.85 1.74 1.06

2Coefficient of determination.
bRoot-mean-square error.
“Mean absolute error.

absolute errors (MAE) consistently below 1.1tha~!. Such accu-
racy clearly exceeds that reported in previous studies on gyp-
sum application and sodic soil management (Gashi et al. 2025;
Green et al. 2023), reinforcing the reliability of the predictive
models for soil management in the Peruvian Altiplano.

The GR maps generated through regression kriging constitute
a high-value operational tool for extension services, farmers,
and decision-makers. In Ayaviri, 95.77% of the agricultural area
requires between 9.53 and 19.05tha=! of gypsum, implying
substantial input demand and application logistics. In Macari,
78.90% of the area requires between 5.6 and 9.6tha~!, indicat-
ing a less critical but still significant scenario. These rates are
comparable to those reported in sodic regions of the United
States, India, and Australia, where GR typically ranges from 5
to 25tha=! (Morsy et al. 2022; Oster et al. 2015).

In addition, the availability and cost of agricultural gypsum in
the region must be considered. In the absence of local sources,
transportation may render large-scale amendment economically

unfeasible. Therefore, alternative calcium sources, such as steel
slag or construction gypsum, should be explored, provided their
agronomic effectiveness and environmental safety are properly
evaluated.

This study addresses a critical yet underexplored issue in High-
Andean agroecosystems: the spatial variability of sodicity and
its implications for calcium amendment requirements, specifi-
cally agricultural gypsum (CaSO,-2H,0). By integrating multi-
variate analysis, advanced geostatistics (regression kriging) and
GIS tools, we achieved highly accurate modelling of the spatial
distribution of GR, providing a solid technical basis for site-
specific management in forage systems.

Regression kriging (RK) models demonstrated exceptional pre-
dictive capacity, with coefficients of determination (R?) of 0.97
in Ayaviri and 0.85 in Macari, and MAE values below 1.1tha™!.
These values substantially exceed the accuracy standards recom-
mended for digital soil mapping studies (Hengl et al. 2017; Odeha
et al. 1994), validating the robustness of the models and their

Soil Use and Management, 2026

13 of 17

85U80]7 SUOWILIOD BAIIERD) 8]qedt|dde ayy Aq peusenoh aJe sse YO ‘8sn Jo se|ni 1oy Ariqi]8UIIUO AB|IA UO (SUORIPUOD-PUB-SWBILI0D A8 |IMAeIq Ul UO//SANY) SUORIPUOD PuUe SWie | 8u 88S *[9202/20/¢T] uo AriqiTauljuo A8|IM ‘Nied 8ueIyo0D Aq G520/ WNS/TTTT'OT/I0pAL0D A8 1w Arelq Ul |UO'S euIN0 KSsay/:SAny Woly pepeoiumod ‘€ ‘9202 ‘ev.2SLYT



applicability in agronomic decision-making. The high predictive
performance is largely attributable to the selection of optimal co-
variates (ESP, flocculant charge, exchangeable Nat and MSAVI),
which capture both key soil processes and vegetation responses,
thereby reducing the uncertainty inherent in spatial interpolation.

TABLE 5 | Zones of agricultural gypsum requirement in soils of the
districts of Ayaviri and Macari.

Percentage
of total
GR class Agricultural  agricultural
District (tha™) area (ha) area (%)
Ayaviri <9.53 50976.45 59.57
9.53-19.05 31847.76 37.21
19.05-28.58 1989.07 2.32
28.58-38.11 619.09 0.72
>38.11 147.83 0.17
Total 85580.20 100
affected
area
Macari <9.53 769.08 1.46
9.53-19.05 6199.22 11.81
19.05-28.58 26428.31 50.33
28.58-38.11 14998.84 28.57
>38.11 4110.77 7.83
Total 52506.22 100
affected
area

945,000 960,000 990,000
~ =

8,370,000
000°0££'8

000°55€'8

(=
S
5
W
o
9
<

8,340,000
000'0pE'8

®  District Capital
[ Study Area
[ Province Boundary
. District Boundary

Requeriment Interpolation TER\ PUCARA

19.05 - 28.58
28.58 - 38.11
Il >38.11

8,325,000
000°52¢°8

VaiEA

945,000 960,000 975,000 990,000

Moderate spatial dependence in Ayaviri (PSV=0.49) and
strong dependence in Macari (PSV =0.23) reflect differences in
edaphic heterogeneity between districts, possibly linked to geo-
logical, hydrological and land-use factors. The large autocor-
relation ranges (19-24km) indicate that sodicity processes are
not localized but operate at a regional scale, justifying water-
shed- or district-level management interventions. This finding
is consistent with studies in arid and semi-arid regions where
sodicity exhibits spatial patterns structured by drainage, tex-
ture and irrigation water use (Mohanavelu et al. 2021; Shahid
et al. 2018).

These results contrast with traditional approaches that apply
uniform gypsum rates without considering spatial variability,
leading to risks of overdosing (economic and environmental in-
efficiency) or underdosing (insufficient reclamation). This study
demonstrates that site-specific management is not only feasible
but necessary in heterogeneous landscapes such as the Peruvian
Altiplano, where small variations in topography, texture or hy-
drological regime can generate large differences in soil condition.

From a methodological perspective, the high predictive per-
formance achieved through regression kriging (R>=0.97 in
Ayaviri; R?=0.85 in Macari) and the observed autocorrela-
tion ranges (~19-24km) validate the usefulness of combining
edaphic and vegetation covariates to map gypsum require-
ments at the district scale. These results support the applicabil-
ity of digital approaches (RK+ GIS) in mountainous regions,
where separating deterministic and spatial components fa-
cilitates mapping in complex terrain (De Caires et al. 2025).
Nevertheless, the practical robustness of the maps critically
depends on sampling density and covariate representativeness,
as highlighted by Dash et al. (2024). Therefore, uncertainty
analysis and spatial validation are recommended prior to large-
scale implementation.
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FIGURE7 | Agricultural gypsum requirement (tha=") of soils in the districts of (a) Ayaviri and (b) Macari.
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4.4 | Limitations

The present assessment is based predominantly on surface
samples (0-30cm) and on indirect hydrological indicators;
subsequent work should therefore incorporate deeper soil pro-
files, groundwater-table depth and irrigation-water quality to
elucidate mechanisms of sodium accumulation and transport
in acid soils. Equally, the routine omission of anion analyses
(CI, SO,*~, HCO,") from standard diagnostic protocols limits
characterization of ionic equilibria and reduces the capacity to
predict soil responses to calcium-based amendments. The lim-
ited availability of local gypsum sources further emphasizes the
need to evaluate alternative calcium-rich materials and to as-
sess their agronomic efficacy and logistical feasibility. Finally,
field-scale validation trials are required to quantify crop and
pasture responses to spatially differentiated gypsum rates and
to determine the outcomes of combined amendment strategies
(gypsum, liming and organic matter additions) under prevailing
acid-sodic conditions.

5 | Conclusions

This study developed an integrated framework for assessing soil
sodicity and agricultural gypsum requirement in High-Andean
forage systems through the combination of soil quality indica-
tors, geostatistical modelling and spatial analysis. The proposed
Sodicity-oriented Soil Quality Index (SQIw), based on struc-
tural, chemical, physical and climatic variables, proved useful
for identifying vulnerable soils and supporting the spatial diag-
nosis of sodicity-related processes.

The application of regression-kriging and spatial modelling
highlighted the importance of considering the spatial variability
of sodicity when planning gypsum application strategies. The
resulting maps provide a basis for identifying priority interven-
tion areas and improving site-specific soil management in High-
Andean environments.

From a management and policy perspective, the SQIw and spa-
tially explicit GR outputs provide practical decision-support
tools for prioritising interventions, improving gypsum applica-
tion strategies and supporting sustainable soil management in
High-Andean agroecosystems. The methodological framework
presented is transferable to other Andean catchments and com-
parable mountain agroecosystems and can inform the design
of local policy instruments that respond to increasing climatic
variability and land-use pressure.

Overall, the findings underscore the relevance of integrating
soil quality indices with spatially explicit modelling frameworks
to enhance the diagnosis of sodicity processes and optimise
gypsum requirement estimation in vulnerable High-Andean
agroecosystems.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: (a) Average Temperature
and (b) Average Precipitation in Ayaviri District, (c) Average
Temperature and (d) Average Precipitation in Macari District. Figure
S2: (a) Predominant geomorphology, (b) Soil taxonomic categories, (c)
Classification of life zones and (d) Predominant crops in the districts of
Ayaviri and Macari.
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