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Abstract 24 

Soils occupied by dryland pastures usually have low fertility but can exhibit a high spatial 25 

variability. Consequently, logical application of fertilisers should be based on an appropriate 26 

knowledge of spatial variability of the main soil properties that can affect pasture yield and quality. 27 

Delineation of zones with similar soil fertility is necessary to implement site-specific management, 28 

reinforcing the interest of methods to identify these homogeneous zones. Thus, the formulation of 29 

the objective Rasch model constitutes a new approach in pasture fields. 30 

A case study was performed in a pasture field located in a montado (agrosilvopastoral) ecosystem. 31 

Measurements of some soil properties (texture, organic matter, nitrogen, phosphorus, potassium, 32 

cation exchange capacity and soil apparent electrical conductivity) at 24 sampling locations were 33 

integrated in the Rasch model. A classification of all sampling locations according to pasture soil 34 

fertility was established. Moreover, the influence of each soil property on the soil fertility was 35 

highlighted, with the clay content the most influential property in this sandy soil. Then, a clustering 36 

process was undertaken to delimit the homogeneous zones, considering soil pasture fertility, 37 

elevation and slope as the input layers. Three zones were delineated and vegetation indices 38 

(normalized difference vegetation index, NDVI, and normalized difference water index, NDWI) 39 

and pasture yield data at sampling locations were employed to check their differences. Results 40 

showed that vegetation indices were not suitable to detect the spatial variability between zones. 41 

However, differences in pasture yield and quality were evident, besides some key soil properties, 42 

such as clay content and organic matter. 43 

Keywords: Pasture; Rasch model; Soil fertility; Homogeneous zones. 44 

Introduction 45 

The agrosilvopastoral ecosystem in the southwestern part of the Iberian peninsula, called dehesa in 46 

Spain or montado in Portugal, constitutes a unique Mediterranean evergreen oak woodland, where 47 

the trees are mainly holm (Quercus ilex) and cork (Quercus suber). It is an anthropogenic system in 48 

which endangered species, such as the Iberian lynx, live and, at the same time, many goods are 49 

produced (cork, mushrooms, firewood, etc.). However, the main use is for grazing. The understory 50 
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vegetation of shrubs and pastures are the principal source of animal feed in extensive production 51 

systems. Despite these woodlands being anthropogenic ecosystems of high socio-economic and 52 

conservation value, during the last years they have declined mainly due to environmental 53 

constraints and inappropriate management (Godinho et al., 2016). 54 

Usually, soils in these areas have low fertility but spatial variability in some soil properties is 55 

very important. The degraded, shallow, acidic and stony soils, due to intense erosion and soil 56 

transport, have a low nutrients and organic matter content (Serrano et al., 2019). Moreover, the 57 

existence of different vegetation types and their annual dynamics introduce more variability, which 58 

is even more complicated when grazing animals are incorporated (Schellberg et al., 2008).  59 

Differences in the main soil properties lead to differences in soil fertility and, in turn, this fact 60 

determines pasture yield and quality. In consequence, the implementation of strategies for a suitable 61 

management of this ecosystem requires the determination of zones with similar permanent soil 62 

properties, often referred to as  management zones (MZ), which are sub-fields of similar production 63 

potential (e.g. Peralta et al., 2015). These MZ are the basis for implementing site-specific 64 

management strategies, that will culminate in the application of fertilisers with variable rate 65 

technology. However, it is difficult to accurately define MZ in pasture soils because of the complex 66 

interactions of all factors that could affect pasture yield and quality. Any approach to delineate MZ 67 

must consider the main physical and chemical properties of soil, since these factors affect pasture 68 

biomass the most (Serrano et al., 2010) and the spatial variability of biomass productivity is highly 69 

related to the spatial patterns of soil nutrients (Stefanski and Simpson, 2010). 70 

The delineation of MZ requires collecting and analysing data throughout the field. Data can be 71 

generated from traditional soil sampling of the field and the subsequent laboratory work to obtain 72 

the information of the main soil properties. The use of remote or proximal sensing constitutes 73 

another source of intensive information of some soil and plant properties. Moreover, topographic 74 

attributes and yield data can also be used. However, delineating zones based on soil physical 75 

properties most often captures yield variability due to differences in plant available water and, 76 

consequently, pasture production potential. The information obtained from different types of data 77 

have to allow management decisions to vary in different locations within the field. Several 78 
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approaches have been proposed to delineate MZ at the field level. One approach is based on 79 

obtaining soil information, such as sampling for soil physical and chemical properties, sampling the 80 

soil utilising an electrical conductivity sensor or using remotely sensed images for estimating soil 81 

properties (e.g., Arshad et al., 2019; Moral and Serrano, 2019, Fortes et al., 2015). Another 82 

alternative approach utilises remotely sensed images or yield maps to estimate crop growth 83 

variability (e.g., Maestrini and Basso, 2018). The use of both soil landscape and crop information to 84 

define MZ has been also reported elsewhere (e.g., Miao et al., 2018).  85 

Most of the studies to evaluate different techniques to delineate MZ have been performed in 86 

agricultural fields. Little research has been conducted in pasture systems (Trotter et al., 2014), but 87 

the same approaches can be used in pasture soils to define MZ. Some layers of information can be 88 

combined using different algorithms, such as a cluster procedure using c-means methods, principal 89 

component analysis or the simple use of the coefficient of variation of each data layer (e.g., Xin-90 

Zhong et al. 2009; Morari et al, 2009; Ortega and Santibáñez, 2007). More recently, the use of the 91 

Rasch model to consolidate some soil properties and, later, define MZ has been proposed with 92 

promising results (Moral et al., 2011; Rebollo et al., 2017), even in pasture soils (Moral et al., 93 

2019). Results from the Rasch model can be more easily understood that those generated by using 94 

other approaches. Furthermore, there is no need to define any kind of weight and there are no initial 95 

constraints about the variables, that is, original variables can be related or unrelated (Tristán, 2002). 96 

The objectives of this study were to: (1) analyse the suitability of the Rasch model as a 97 

measurement tool to determine the pasture soil fertility in sandy soils; and (2) generate MZ using a 98 

multivariate algorithm after identifying the spatial distribution of the pasture soil fertility. 99 

 100 

Materials and methods  101 

Site description 102 

The experimental field was a farm located about 8 km Southwest of Evora, in Southern Portugal 103 

(38º 32.1’ N; 7º 59.8’ W). An overview of the boundary of the site is given in Figure 1. The area of 104 

study was approximately 25 ha. This field has been cultivated with permanent pastures for more 105 
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than 30 years and used for sheep grazing. The tree density is 8-10 trees ha-1, mainly Quercus ilex 106 

ssp. Rotundifolia Lam. 107 

 108 

 109 

Fig. 1. Study site. Sampling locations are indicated as dots. 110 

 111 

The climate of this area is Mediterranean. According to the Köppen-Geiger classification, it is a 112 

climate type Csa (Peel et al., 2007). Temperature ranges between 0ºC, minimum in winter, and 113 

more than 40°C, maximum in summer. Mean annual precipitation reaches less than 600 mm, 114 

mainly between October and March and practically non-existent during the summer, but its inter-115 

annual variability is very high. 116 

The predominant soil is classified as a Cambisol derived from granite (FAO, 2006). Cambisols 117 

are characterised by slight or moderate weathering of parent material and by absence of appreciable 118 

quantities of illuviated clay, organic matter, aluminium and/or iron compounds. Acid Cambisols are 119 

not very fertile and are mainly used for mixed arable farming and as grazing and forest land. The 120 

soil in this area is mainly sandy and in this field sand content can reach up to 80%. 121 

 122 
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Soil sample collection and analysis 123 

Twenty-four sampling locations (Figure 1) were georeferenced with a Trimble 4700 GPS-RTK 124 

receiver (Trimble Navigation Limited, Sunnyvale, California, USA), each with an area of 900 m2 125 

(30 m x 30 m). They were selected from tree-free zones to avoid interference from satellite images. 126 

Composite soil samples comprised nine sub-samples, that is, around the main point there were 9-127 

sub-samples for a total of 216 samples. They were collected in November 2017. The soil samples 128 

were taken using a gouge auger and a hammer in a depth range of 0–0.30 m, considering the 129 

maximum depth of the roots in the pasture, approximately 0.2–0.3 m. The soil samples were kept in 130 

plastic bags, air-dried and analysed for their particle-size distributions (using a Sedigraph 5100, 131 

Micrometritics, Norcross, GA 30093-2901, USA), after passing the fine components through a 2 132 

mm sieve. Later, the fine components were analysed using standard methods (Egner et al. 1960): 133 

pH in a 1:2.5 (soil:water) suspension using the potentiometric method; the total nitrogen (TN) 134 

content was determined by the Kjeldahl method; P2O5 and K2O were extracted by the Egner–Riehm 135 

method, being measured by the colorimetric method and a flame photometer, respectively; the 136 

organic matter (OM) was measured by combustion and CO2 measurement using an infrared 137 

detection cell; and the cation exchange capacicty (CEC) was measured by the neutral ammonium 138 

acetate method. 139 

A soil apparent electrical conductivity (ECa) survey was performed in November 2017 using a 140 

Veris 2000 XA contact sensor (Veris Technologies, Salina, KS, USA). This sensor is equipped with 141 

a global navigation satellite system (GNSS) instrument (Trimble RTK/PP-4700 GPS, Trimble 142 

Navigation Limited, Sunnyvale, California, USA) and was pulled by an all-terrain vehicle at an 143 

average speed of 2 m s-1, with successive passages across the field. Thus, a set of topsoil 144 

georeferenced data, weighted depth readings, from 0 to 0.30 m depths, was generated. The average 145 

value of ECa in each sampling location was obtained with the values registered in each square. 146 

Using the aforementioned GNSS instrument, a topographic survey of the area was also 147 

performed. The elevation data were sampled in the field with the GNSS assembled on the all-terrain 148 

vehicle and the digital elevation model surface was generated with the triangulated irregular 149 

network (TIN) interpolation tool from ArcGIS (version 10.3, ESRI Inc, Redlands, California, USA). 150 
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Later, this vector information was converted into a grid surface using the Spatial Analyst Tools in 151 

ArcGIS. 152 

 153 

Pasture sample collection and analysis 154 

At the peak of pasture production, during two days, on 11 and 12 May 2018, a pasture sample 155 

was taken at each sampling point using a portable electric grass shear, cutting at 10-20 mm above 156 

ground level. Composite pasture samples were collected at nine representative points within each 157 

sampling location, each with 0.25 m2 area. Immediately, each pasture sample was weighed to 158 

determine the green matter production (GM, kg ha-1), then dehydrated after being placed in an oven 159 

at 65ºC for 72 h to determine the moisture content, which was used to calculate dry matter yield 160 

(DM, kg ha-1). The dehydrated samples were also analysed to determine the content of crude protein 161 

(CP, %) and neutral detergent fiber (NDF, %), according to standard techniques (AOAC, 2005). 162 

 163 

NDVI and NDWI survey 164 

The Copernicus data hub was used to obtain satellite images through the electronic platform 165 

“http://agromap.agroinsider360.com” from the “AgroInsider” enterprise (a spin-off from the 166 

University of Évora). Consequently, Sentinel-2 band 4 (B4, 10 m spatial resolution, 665 nm), band 167 

8 (B8, 10 m spatial resolution, 842 nm), band 8A (B8A, 20 m spatial resolution, 865 nm), and band 168 

11 (B11, 20 m spatial resolution, 1610 nm), were extracted and atmospherically corrected to 169 

compute NDVI and NDWI as: 170 

NDVI = (B8 – B4)/(B8 + B4)                      (1) 171 

NDWI = (B8A – B11)/(B8A + B11)          (2) 172 

These Sentinel-2 optical images were obtained for the 24 sampling locations. Images were 173 

without clouds and taken in May 2018, the same days when the pasture samples were collected. 174 

Multispectral information was collected before cutting the pasture. NDVI of each sampling location 175 

resulted from the average of the nine 10 × 10 m pixels that constitute this area and NDWI resulted 176 

from reading the 20 × 20 m pixels that contain the centre point of the sampling location. 177 

 178 
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The Rasch model 179 

As a measuring tool, the Rasch model is an innovative tool to estimate pasture soil fertility 180 

considering that the potential yield of pasture biomass is related to soil fertility. It is a latent variable 181 

model with one measurement parameter (Álvarez, 2004), corresponding to a single dimension to 182 

measure the ranking of both the subject and items (soil locations and soil properties, respectively, in 183 

this case study). Heterogeneous measures of different soil properties can be integrated into an 184 

overall variable, facilitating the interpretation of pasture soil fertility. 185 

The Rasch model is often seen as a special case of the item response theory (IRT) models, since 186 

the mathematical theory underlying the Rasch model is in some respects the same as IRT 187 

(Hambleton et al., 1991). However, there are important differences because, in the IRT paradigm, 188 

one model is chosen over another if it accounts better for the data, that is,  the data are given and the 189 

model is chosen. In contrast, when the Rasch model is employed, the model is given and then the 190 

data should fit the model; so misfitting items require diagnosis and may be excluded. 191 

Let n be the different locations in the experimental field where measurements of each soil 192 

property, i, were carried out. A latent variable, pasture soil fertility, Xni, is defined in which n refers 193 

to the location where the measurement is conducted and i refers to the soil property. In this case 194 

study, Bn (n = 1, 2, …, 24) refers to the 24 locations where the measurements of the soil properties 195 

were carried out, and di (i = 1, 2, 3, 4, ..., 9) refers to the nine soil properties (Clay -1-, Sand -2-, Silt 196 

-3-, TN -4-, P2O5 -5-, K2O -6-, OM -7-, CEC -8- and EC -9-). For example, X12,4 means the 197 

measurement of the property i = 4 (TN) at the location, sample point, n = 12. According to Figure 2, 198 

if at a sampling location B1 all the soil properties did not exert an important influence on pasture 199 

soil fertility, then B1 would be placed to the left of these items di (diagram 1). On the contrary, if all 200 

the properties are exerting an important influence, then the sampling location B2 will be located on 201 

the right of all di (diagram 2). If there are different sampling points, their difference in terms of 202 

pasture soil fertility would be given by their relative positions with respect to the number of soil 203 

properties which favors fertility. For instance, in the diagram 3, location B3 surpasses no soil 204 

property; location B4 only surpasses soil property d9; location B5 surpasses property d9 and d10; and 205 

location B6 surpasses all three soil properties, that is, d9, d10 and d11. Consequently, B3 is the 206 
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location with least soil fertility, and B6 has the most. Soil property d9 does not exert an influence on 207 

the location B3 and influences on the locations B4, B5 and B6. The property d10 does not influence on 208 

the locations B3 and B4, and influences on the locations B5 and B6. Finally, property d11 does not 209 

exert an influence on the locations B3, B4 and B5, and influences on the location B6. In this example, 210 

B6 is the location where pasture soil fertility is greater since it is influenced by all the soil 211 

properties, d9, d10 and d11; B3 is the location  where pasture soil fertility is lower since it is not 212 

influenced by any property. On the other hand, d9 is the soil property which more frequently 213 

influences on pasture soil fertility and d11 is the soil property which less frequently influences on 214 

pasture soil fertility. 215 

Fig. 2. Representation of the latent variable, pasture soil fertility, as a straight line. Bn is the 216 

location n; di is the soil property i. In the diagram 1, the location B1 is not influenced by any soil 217 

property. In the diagram 2, the location B2 is influenced by all soil properties. Diagram 3 shows a 218 

generalization for some locations and soil properties; B3 is not influenced by any soil property; B4 is 219 

influenced by the soil property d9; B5 is influenced by the soil properties d9 and d10; B6 is influenced 220 

by all soil properties, d9, d10 and d11. 221 

 222 

The probability that location n has the influence of the soil property corresponding to item i, given 223 

the parameters Bn and di is: 224 
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                                                  (3) 225 

which was obtained by Rasch (1980) in his treatise on latent variables. The parameters Bn and di are 226 

defined in the same measurement unit of an interval scale and the difference (Bn - di) is gauged 227 

according to the same measurement unit. The greater is the difference (Bn - di), the greater is the 228 

probability to be 1. Although expression (3) corresponds to the Rasch dichotomous model, it has 229 

been extended to the case of more than two categories, polytomous models (e.g., Ferrari and Salini, 230 

2011). 231 

In this case study, measures related to some soil properties taken at different locations should be 232 

consolidated into a global variable which highlighted the interpretation of pasture soil fertility. The 233 

latent variable, pasture soil fertility, can be regarded as a straight line along which soil properties 234 

and sample locations are located. The Rasch model uses a logit scale for Bn and di. To explain how 235 

this scale works, by taking logarithms of Eq. (3), Eq. (4) can be obtained: 236 

log (P / (1-P)) = Bn - di                                                         (4) 237 

being P = P[Xni = 1; Bn,di] 238 

The logit of P is log (P / (1-P)). Direct comparisons between different values of Bn and di can be 239 

made more easily when expressed in logits. An item with lower influence on the pasture soil 240 

fertility or a sampling location where soil fertility is higher are associated with larger positive 241 

numbers and, on the contrary, an item with higher influence on soil fertility or a sampling location 242 

where soil ferility is lower will have larger negative values. Usually, almost all sample locations are 243 

expected to have a probability between 0.05 and 0.95 for each soil property to be influential on 244 

them; in consequence, according to Eq. (3), Bn - di values are between -3 and 3 logits. 245 

The Rasch model is based on the simple idea that some items are more important to subjects 246 

than other items. Thus, the Rasch model constructs a line of measurement with the items located 247 

hierarchically on this line according to their importance to subjects. The validity of a given test is 248 

carried out by assessing whether all items work together to measure a single variable. Chi-square fit 249 

statistics, known as Infit and Outfit Mean-Square (Infit and Outfit MNSQ), are computed to 250 

determine how well each soil property contributes to pasture soil fertility measurement (i.e., the 251 
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basic fit statistics is a ratio of observed residual variance to expected residual variance, and is near 252 

1.00 when observed variance is comparable to expected); usually, items should obtain Infit and 253 

Outfit MNSQ values between 0.6 and 1.5 (Bond and Fox, 2007) to be accepted, removing those 254 

with values beyond these thresholds. In addition, the mean standardised (ZSTD) infit and outfit 255 

values, sum of squares standardised residuals given as Z-statistics, are expected to be 0; values for 256 

both between -3 and 2 are considered acceptable (Edwards and Alcock 2010). 257 

A key characteristic of the Rasch model is the transformation of raw data to linear units that 258 

operationally define a latent variable or theoretical construct, which is the combination of non-259 

categorical measures that are conceptually related to a latent feature. Their unrelated independent 260 

units are then categorised with uniform rating scales and transformed to common logit units with 261 

Rasch measurements. By describing soil properties in terms of uniform rating categories, 262 

independent scale quantities can be expressed as common ratings ranging from low to high. 263 

Andrews et al. (2004) considered a similar approach in their soil quality assessment tool, in which 264 

some indicators are taken into account and their measurements are transformed using scoring 265 

curves. 266 

The probabilistic Rasch model is well known for its effciency and precision of transforming 267 

categorical item responses to objective scale measures (Ferrari and Salini, 2011). Initially, the data 268 

are arranged in matrix form, where the rows are the soil locations and the columns the soil 269 

properties, and each cell reflects the category. In consequence, the soil property measures were 270 

coded on a scale between 1 and 5 for each property at each sampling location. As was performed in 271 

other similar studies (e.g., Moral and Rebollo, 2017; Moral et al., 2019), the maximum categorical 272 

value, 5, was assigned for an interval around 33% of clay, silt, or sand content considering that the 273 

ideal percentage of each texture class was about one-third of the total. The other soil properties were 274 

coded taking into account that the highest categorical values correspond to the classes with highest 275 

measures and the rest of categories were associated with classes in which their amplitude depends 276 

on the maximum and minimum values. The use of the proposed categories was checked before 277 

processing the categorical matrix in the Rasch model; all categories were utilised for the data. 278 

The Winsteps v. 4.0 computer program (Linacre, 2009) was utilised to implement the Rasch 279 
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model. The mathematical formulation of this model can be revised, for example, in Tristán (2002), 280 

Ferrari and Salini (2011), and Edwards and Alcock (2010). Figure 3 shows the stages to formulate 281 

the Rasch model. Taking into account the different contribution of the soil properties, a measure of 282 

pasture soil fertility at each sample location was achieved. Consequently, considering the sampling 283 

locations and choosing the soil properties which exert influence on the latent variable, pasture soil 284 

fertility, values of all soil properties at each sampling location were measured and, later, this 285 

information was processed with the previously mentioned software to obtain the Rasch measures, as 286 

well as some fit measures. 287 

 288 

 289 

Fig. 3. Schematic diagram of the stages involved in the formulation of the Rasch model. 290 

 291 

Mapping of pasture soil fertility and management zones 292 

The formulation of the Rasch model allowed to obtain values of the pasture soil fertility, 293 

expressed as the Rasch measure, for all locations in which a soil sample was taken, considering 294 

information from six soil properties. Then, estimates of pasture soil fertility at other locations where 295 

they are unavailable have to be obtained throughout the field. 296 

Although there are many algorithms to interpolate from known data, radial basis function (RBF) 297 

interpolation is a very efficient technique to be used for scattered data (e.g., Kindelan et al., 2016). 298 

RBFs constitute a series of exact interpolation techniques, each of them defined by a different 299 

function which captures global trends and local variations. A single RBF is any function defined in 300 
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terms of distance from a point. The family of polyharmonic splines is usually used for interpolation. 301 

The completely regularised spline is in this group and was selected in this case study after trying 302 

several functions and a validation process (data not shown). More information about the RBFs can 303 

be found in Buhmann (2003). 304 

The extension Geostatistical Analyst of ArcGIS was utilised to perform the interpolation process 305 

and a map of estimates was generated with the ArcMap module in ArcGIS to visualise the spatial 306 

pattern of the pasture soil fertility in the field. Then, homogeneous zones can be delimited using a 307 

classification technique in ArcGIS. However, as topography is an important factor that can affect 308 

the potential zones, as was found in another similar study (Moral et al., 2019), it was also 309 

considered. In consequence, the final classified map was produced using an unsupervised 310 

classification technique on two sets of input data: the pasture soil fertility (as the Rasch measure) 311 

and topography (elevation and slope). Unsupervised classification was performed using the ISO 312 

Cluster algorithm in ArcGIS. This approach organises the data in the input raster into a user-313 

defined number of groups to produce signatures which are then utilised to classify the data 314 

using the Maximum Likelihood Classifier (MLC) function. From a practical perspective, few 315 

homogeneous zones should be delineated. Thus, the number of groups was fixed at three in this 316 

study. 317 

Finally, the proposed delimitation was evaluated computing the differences on the mean values for 318 

the pasture yield variables (GM, DM, CP and NDF) and vegetation indices (NDVI and NDWI) in 319 

each zone, using the Kruskal-Wallis nonparametric test and the Dunn test as a post hoc analysis in 320 

the IBM SPSS statistical package (version 24, IBM Corp, Armonk, NY, USA). These tests were 321 

chosen as the normality in the data cannot be assumed. The Kruskal-Wallis test is a rank-based non-322 

parametric test that can be used to determine if there are statistically significant differences between 323 

two or more groups of an independent variable on a continuous or ordinal dependent variable. The 324 

Kruskal-Wallis test tells that at least two groups were different but cannot tell which specific groups 325 

of the independent variable are statistically significantly different from each other. Consequently, 326 

since more than two groups can be defined, determining which of these groups differ from each 327 
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other were performed by means of the Dunn test as a post hoc non-parametric test.  328 

 329 

Results and discussion 330 

Analysis of the Rasch measure: pasture soil fertility 331 

The first output to be analysed after processing the matrix of categorical values by the Winsteps 332 

program was the overall information about how the data fit the model as was provided by some 333 

statistics. The values of the reliability statistics for the samples and items were 0.55 and 0.32, 334 

respectively, much lower than the acceptable limit, 0.70 (Sekaran, 2000). In consequence, it was 335 

necessary to revise mainly the items, that is, how soil properties were distributed. When the variable 336 

map was visualised (Figure 4), the coincidence of textural variables on the straight line was evident, 337 

so two of them were redundant and had to be removed. Furthermore, Infit and Outfit MNSQ values 338 

for ECa were higher than 1.5, indicating that it should also be removed. Thus, without ECa, the 339 

sand and silt contents, the data were processed again and an improvement of the reliability statistics 340 

was apparent. The values for samples and items were close to 0.70. Moreover, the remaining soil 341 

properties gave place to acceptable values of the fitting statistics: the Infit and Outfit MNSQ were 342 

between 0.6 and 1.5, and the infit and outfit ZSTD between -3 and 2, so each soil property fits the 343 

general pattern of the model and contributes to support the underlying latent variable, pasture soil 344 

fertility. 345 

Table 1 shows the sum of points of all categories (raw score) for each soil property at each 346 

sampling location. The measured values, obtained with the Winsteps programme from the raw 347 

scores, are also shown and the sampling locations are displayed in measure order from the site with 348 

the highest pasture soil fertility, highest measure, to the location with the lowest pasture soil 349 

fertility, lowest measure. 350 

 351 
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 352 

Fig. 4. a) Straight line that represents the latent variable: pasture soil fertility. Distribution of soil 353 

samples (points) is above the line: to the right those more fertile; to the left less those less fertile. 354 

Soil properties are below the line: to the right less common (rare) properties, with lower influence 355 

on pasture soil fertility; to the left more common (frequent) properties, with higher influence on 356 

pasture soil fertility; ms and mp are the mean values of the Rasch measure for soil samples and 357 

properties, respectively. b) Final latent variable, after removing the soil properties that are 358 

redundant or do not fit the model (sand and silt content and EC). 359 

 360 

Another interesting output of the programme was the relative influence of each soil property  on 361 

the pasture soil fertility. According to Table 2, the clay content had the highest raw score, which 362 

corresponds to the lowest measure. Consequently, the clay content was the most influential property 363 

on the soil fertility in this field. OM, CEC and TN were also very influential, which could be 364 

expected as they are related to the clay content. In other pasture soils (e.g., Moral et al., 2019) 365 

where the sand content is not so high, the influence of texture on soil fertility is not as important as 366 

in sandy soils. The clay content determines the fertility level at each location across the field. Water 367 

drains quickly through this sandy soil, washing away most of the nutrients and the OM, so only in 368 
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these locations with higher clay content, moisture content and the nutrient levels are also higher, 369 

leading to a higher soil fertility. Some research in agricultural fields with higher clay content 370 

showed its important influence on the soil fertility (e.g., Moral and Rebollo, 2017; Rebollo et al., 371 

2017). 372 

 373 

Table 1 

Results obtained after applying the Rasch model: sum of 
points of the common scale for all individual soil properties 
(raw score) and pasture soil fertility (measure). Only some 
sampling points are shown. In total there are 24 samples. 

Sampling location 
number  

Raw score Measure 

23 23 0.79 

5 21 0.49 

19 20 0.36 

8 19 0.22 

10 19 0.22 

18 19 0.22 

… … … 

20 14 -0.51 

13 13 -0.68 

24 13 -0.68 

11 10 -1.37 

2 9 -1.71 

4 8 -2.16 

 374 

Unlike the other soil properties, K2O and P2O5 had the highest measure and the lowest score. 375 

This denotes their low influence on the soil variability. Of course, both soil properties are essential 376 

for the pasture and, in fact, the low levels of both nutrients make necessary their increase with the 377 

aim of contributing to optimise the pasture soil fertility. 378 

 379 

 380 
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Table 2 

Item fit statistics. Influence of each soil property on the pasture soil fertility in the 

experimental field (10 soil properties are considered). Total score, sum of points of the 

common scale for each soil property considering all samples (24); Measure, position of 

each soil property along the straight line that represents the latent variable, soil fertility 

potential; Infit and Outfit MNSQ, mean-square fit statistics to verify if items fit the 

model; Infit and Outfit ZSTD, standardized fit statistics to verify if items fit the model 

Item 
Total 
Score 

Measure 
Infit 

MNSQ 
Infit 

ZSTD 
Outfit 

MNSQ 
Outfit 
ZSTD 

P2O5 52 0.44 1.47 1.81 1.38 1.75 

K2O 55 0.30 1.02 0.32 1.07 0.32 

CEC 65 -0.11 0.79 -0.79 0.76 -0.89 

TN 66 -0.15 0.61 -2.73 0.65 -2.23 

OM 68 -0.23 0.62 -2.02 0.73 -1.75 

Clay 69 -0.26 1.39 1.67 1.43 1.69 

 381 

Figure 4 shows the relative distribution of both sampling locations and soil properties in the 382 

same scale according to the pasture soil fertility. As mentioned above, K2O and P2O5 were the 383 

properties with the highest measure, and their position is located more to the right in the straight 384 

line. The other soil properties are situated to the left, having lowest measures. CEC and TN are 385 

almost at the same position on the continuum. Although one of them could be dropped as 386 

redundant, they were maintained because they do not alter the fitting to the model. The relationships 387 

between the soil properties grouped to the left in the straight line, particularly between the clay 388 

content, OM and CEC, can explain this result (Moral et al., 2010). 389 

The sampling locations distributed across the continuum are shown in Figure 4. Thus, a ranking 390 

of the sampling locations according to their Rasch measure was obtained. Those samples located to 391 

the left in the straight line had very low pasture soil fertility, but those located to the right 392 

correspond to sites where soil fertility was higher. Since all samples were georeferenced, those 393 

locations in which a higher pasture yield can be expected were visualised (Figure 5). Considering 394 

all sampling locations, the highest score was 23, less than the half of the possible maximum score 395 
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(60 points) and around 87% of all sampling locations reached less than 20 points. Moreover, the 396 

mean Rasch measure for the samples was more to the left that the mean Rasch measure for the soil 397 

properties, which indicates the existence of many locations where the soil fertility was not optimum. 398 

These are additional evidences about the low overall soil fertility of the experimental field. 399 

However, differences between zones are evident and, according to the potential for pasture yield, 400 

site-specific management could be conducted. Using the same method, important spatial variability 401 

was also found in other agricultural and pasture fields (Moral et al., 2019; Moral and Rebollo, 2017) 402 

and MZ were delineated. 403 

 404 

 405 

Fig. 5. a) Values of Rasch measures at each sampling location. b) Spatial distribution of the pasture 406 

soil fertility, as the Rasch measures. Classification is based on quantiles of the Rasch measures. 407 

 408 

Delineation of homogeneous zones 409 

The estimates of pasture soil fertility at any unsampled location were conducted using the RBF 410 

technique, considering the data from all measures at the sampling locations (Table 2) obtained after 411 

the formulation of the Rasch model. As was previously mentioned, the completely regularised 412 

spline function was chosen, computing estimated values across the experimental field. Finally, the 413 

spatial distribution of pasture soil fertility was visualised (Figure 5). Three zones were delineated 414 
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according to a classification based on the corresponding quantiles. It is known how the presence of 415 

trees tends to improve soil properties, generating areas of higher soil quality where the levels of 416 

macro-nutrients and OM are higher (e.g., Serrano et al., 2017). Thus, in this case study, tree density 417 

was higher in the most fertile zone, 14,52 trees ha-1, than in the intermediate, 13,72 trees ha-1 or less 418 

fertile zone, 9,21 trees ha-1 (Figure 5). 419 

As was shown in previous studies (e.g., Moral et al., 2019), topographical variables can also be 420 

very important to explain the spatial variablity of pasture yield because they determine the level of 421 

some soil properties, such as textural components (Ceddia et al., 2009). In consequence, elevation 422 

and slope were considered and, from the digital elevation model, the slope map was derived (Figure 423 

6). Then, the pasture soil fertily map and both the elevation and slope maps, were taken as inputs of 424 

the clustering analysis. After considering three zones, the MZ map was generated in ArcGIS (Figure 425 

7). It is apparent that pasture soil fertility and MZ maps showed similar patterns due to the fact 426 

that there are no excessively steep areas and elevation differences in the field, so they have a 427 

limited effect on the definition of different zones. Thus, in this case study, pasture soil fertility 428 

map could be considered as the only layer to delineate the MZ. Although the zones are divided 429 

into separate parts, most of the areas are concentrated and can be easily treated. The small spots 430 

within each zone could be removed from a practical site-specific management perspective. 431 

 432 

Fig. 6. a) Elevation map. b) Slope map. 433 
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 434 

 435 

Fig.7. Management zones based on the pasture soil fertility, elevation and slope maps. 436 

 437 

The proposed approach to delineate MZ are based on three simple steps: the integration of some 438 

soil properties at the sampling locations using the formulation of the Rasch model, the mapping of 439 

pasture soil fertility (Rasch measures) and other important variables (mainly related to topography), 440 

and, finally, the clustering process of all input surfaces to delineate MZ. One important advantage 441 

of the Rasch model is its capacity to generate results without defining weights or other constraints 442 

about the variables taken into account. Other approaches are based on analysis where some initial 443 

parameters have to be defined and the input layers are weighted (e.g., Mokarram and Hojati, 2017; 444 

Chen et al. 2013), which are usually more difficult to properly implement and require more initial 445 

information. 446 

With the aim of verifying whether the MZ were significantly different, NDVI and NDWI 447 

data at each sampling location were utilised. The median values of both vegetation indices in 448 

each zone were very similar, as the Kruskal-Wallis non-parametric test and the Dunn test as a 449 

post hoc analysis showed (Table 3). Therefore, the spatial variability detected by optical 450 



 
 

21

sensors at vegetation level is not related to the spatial pattern of soil fertility. The use of 451 

vegetation indices is suitable to monitor pasture development status, that is pasture vegetative 452 

vigour: NDVI and NDWI reflect chlorophyll content and water content, respectively.  453 

 454 

Table 3 

Median values of the vegetation indices and pasture variables in each management zone (the 
less productive zone is Zone_less, the intermediate productive zone is Zone_medium, and the
most productive zone is Zone_more). Within each column, different letters indicate 
significant differences (P < 0.05) according to the Dunn test. 

 NDVI NDWI Green matter 
(kg ha-1) 

Dry 
matter 

(kg ha-1) 

Crude 
protein 

(%) 

Neutral 
detergent 
fiber (%) 

Zone_less 0.62 a 0.31 a 24677 a 3800 a 12.68 a  50.80 a 

Zone_medium 0.65 a 0.33 a 25228 b 4114 b 11.46 b 50.23 a 

Zone_more 0.64 a 0.33 a 25752 b 3962 b 11.95 b 53.23 b 

 455 

When the pasture variables were analysed, differences in yield and quality were apparent, 456 

but only between the zones with higher and intermediate pasture soil fertility and the zone with 457 

lower soil fertility (Table 3). However, the proposed zoning was able to explain variations in 458 

some key soil properties which are related to soil fertility, such as clay content, OM or CEC 459 

(Table 4). In contrast with other similar studies (e.g., Moral et al., 2019) in which the sand 460 

content in the soil was not so high, the low values of ECa in the three MZ, around 2 mS m-1 461 

(Table 4), made useless its consideration. Peralta and Costa (2013) suggested that the 462 

application of ECa for site-specific management might not be feasible due to its inconsistent 463 

relationship with other soil properties, as occurred in this study, besides the low values 464 

throughout the field. The low levels of some other important soil properties, such as P2O5 or 465 

TN, which are the main limitations of this soil, made that their differences between MZ were 466 

insignificant (Table 4). However, the low values of P2O5 in the most productive MZ reflected 467 

the higher extractions in these areas, highlighting the need to take into account the spatial 468 

variability in the field. 469 

 470 
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Table 4  

Median values of soil properties in each management zone (the less productive zone is Zone_less, the 
intermediate productive zone is Zone_medium, and the most productive zone is Zone_more). Within each 
column, different letters indicate significant differences (P < 0.05) according to the Dunn test. 

 
Clay content 

(%) 
TN 

(g kg-1) 
P2O5 

(mg kg-1) 
K2O 

(mg kg-1) 
OM 
(%) 

CEC 
(cmol kg-1) 

ECa 
(mS m-

1) 

Zone_less 9.56 a 0.09 a 40.78 a 93.55 a 1.51 a  10.74 a 2.06 a 

Zone_medium 10.47 b 0.07 a 26.28 b 77.43 b 1.24 b 8.49 b 2.52 a 

Zone_more 11.26 c 0.10 a 28.96 b 109.02 c 1.65 c 12.84 c 2.34 a 

 471 

Conclusions 472 

The usual practice in pasture systems is to apply the same rate of fertiliser over the whole field, 473 

leading to incorrect applications of fertiliser at different places in the field and, in turn, involving 474 

economic, environmental and energy drawbacks. Site-specific management is a rational way to 475 

improve the fertiliser use efficiency by adjusting the fertiliser rates to the soil and pasture 476 

variability. 477 

The delineation of MZ in pasture fields is the first stage to implement a site-specific 478 

management. Soil information is essential to calculate the requeriments throughout the field and, in 479 

this sense, the formulation of the Rasch model is an interesting tool to estimate a measure of pasture 480 

soil fertility, integrating different soil variables (in this study, clay content, OM, P2O5, K2O, TN and 481 

CEC). Data reasonably fit the model and the considered soil properties have an important influence 482 

on the latent variable, pasture soil fertility. However, in sandy soils, clay content is the key soil 483 

property to determine soil fertility at any location, probably due to the close relationship between 484 

this textural class and other important soil properties, such as OM or CEC. 485 

Besides soil pasture fertility, as the Rasch measure, topography has also to be considered 486 

because it could alter the level of the soil properties. However, due to the characteristics of the 487 

experimental field, after the clustering process considering both topography (elevation and slope) 488 

and soil pasture fertility, the spatial pattern of the MZ was similar to the distribution of the soil 489 

pasture fertility, that is, the influence of topography was not important. 490 

The proposed approach constitutes an objective and logical technique to map soil spatial 491 
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variability, making it possible to generate high spatial resolution maps, necessary for implementing 492 

site-specific soil management. Thus, variable-rate applications of inputs can be performed, and 493 

fertilisation can be decreased in less fertile and less productive areas; consequently, the application 494 

of chemical substances can be minimised with the aim of obtaining more cost-effective field 495 

management, besides environmental and energy benefits. 496 

 497 

Acknowledgements 498 

This research was funded by the Junta de Extremadura and the European Regional Development 499 

Fund (ERDF) through the Project GR18086 (Research Group TIC008). 500 

It was also funded by National Funds through FCT (Foundation for Science and Technology) 501 

under the Project UIDB/05183/2020, by the project INNOACE—Innovación abierta e inteligente en 502 

la EUROACE (Tarea 2.1.3) and by the projects PDR2020−101-030693 and PDR2020−101-031244 503 

(“Programa 1.0.1-Grupos Operacionais”). 504 

 505 

References 506 

Álvarez, P. (2004). Transforming non categorical data for Rasch analysis. Rasch Measurement in 507 

health sciences. Maple Grove, Minnesota, USA: JAM Press 508 

Andrews, S.S., Karlen, D.L., & Cambardella, C.A. (2004). The Soil Management Assessment 509 

Framework: a quantitative soil quality evaluation method.Soil Science Society of America 510 

Journal 68,1945-1962. 511 

AOAC (2005). Official Method of Analysis of AOAC International, 18th ed., AOAC International, 512 

Arlington, AT, USA. 513 

Arshad, M., Li, N., Zhao, D., Sefton, M., & Triantafilis, J. (2019). Comparing management zone 514 

maps to address infertility and sodicity in sugarcane fields. Soil & Tillage Research 193,122-515 

132. 516 

Bond, T.G., & Fox, C.M. (2007). Applying the Rasch Model: Fundamental Measurement in the 517 

Human Sciences, 2nd ed., Mahwah, NJ, USA: Lawrence Erlbaum Associates Inc 518 



 
 

24

Buhmann, M.D. (2003). Radial basis functions: theory and implementations, Cambridge, UK: 519 

Cambridge University Press 520 

Ceddia, M.B., Vieira, S.R., Villela, A.L.O., Mota, L.S., Anjos, L.H.C., & Carvalho, D.F. (2009). 521 

Topography and spatial variability of soil physical properties. Scientia Agricola 66(3),338-352. 522 

Chen, Y., Yu, J., & Khan, S. (2013). The spatial framework for weight sensitivity analysis in AHP-523 

based multi-criteria decision making. EnvironmentalModelling &Software 48,129–140. 524 

Edwards, A., & Alcock, L. (2010). Using Rasch analysis to identify uncharacteristic responses to 525 

undergraduate assessments. Teaching Mathematics and Its Applications 29,165-75. 526 

Egner, H., Riehm, H., & Domingo, W. R. (1960). “Utersuchungeniiber die chemische 527 

Bodenanalyse als Grudlagefiir die Beurteilung des Nahrstoff-zunstandes der Boden. II” (Studies 528 

on chemical soil analysis as a basis for assessing the nutrient status of the soil). K. Lantbrhogsk. 529 

Annlr 20: 199–216 (in German). 530 

FAO (2006). World reference base for soil resources. World Soil Resources Reports N. 103. Food 531 

and Agriculture Organization of the United Nations, Rome, Italy. 532 

Ferrari, P.A., & Salini, S. (2011). Complementary use of Rasch Models and Nonlinear Principal 533 

Component Analysis in the Assessment of the Opinion of European About Utilities. Journal of 534 

Classification 28, 53-69. 535 

Fortes, R., Millán, S., Prieto, M.H., & Campillo, C. (2015). A methodology based on apparent 536 

electrical conductivity and guided soil samples to improve irrigation zoning. Precision 537 

Agriculture 16, 441–454. 538 

Godinho, S., Guiomar, N., Machado, R., Santos, P., Sá-Sousa, P., Fernandes, J.P., et al. (2016). 539 

Assessment of environment, land management, and spatial variables on recent changes in 540 

montado land cover in southern Portugal. Agroforestry Systems 90,177-192. 541 

Hambleton, R.K., Swaminathan, H., & Rogers, H.J. (1991). Fundamentals of Item Response 542 

Theory, Newbury Park, CA, USA: Sage Publishing 543 

Kindelan, M., Moscoso, M., & González-Rodríguez, P. (2016). Radial basis function interpolation 544 

in the limit of increasingly flat basis functions. Journal of Computational Physics 307,225-242. 545 

Linacre, J.M. (2009). Winsteps (Computer program and manual), Chicago, USA: MESA Press 546 



 
 

25

Maestrini, B., & Basso, B. (2018). Predicting spatial patterns of within-field crop yield variability. 547 

Field Crops Research 219,106-112. 548 

Miao, Y., Mulla, D.J., & Robert, P.C. (2018). An integrated approach to site-specific management 549 

zone delineation. Frontiers of Agricultural Science and Engineering 5(4),432-441. 550 

Mokarram, M., & Hojati, M. (2017). Using ordered weight averaging (OWA) aggregation for 551 

multi-criteria soil fertility evaluation by GIS (case study: southeast Iran). Computers and 552 

Electronics in Agriculture 132, 1-13. 553 

Moral, F.J., & Serrano, J. (2019). Using low‑cost geophysical survey to map soil properties and 554 

delineate management zones on grazed permanent pastures. Precision Agriculture 20,1000-555 

1014. 556 

Moral, F.J., Rebollo, F.J., & Serrano, J. (2019). Estimating and mapping pasture soil fertility in a 557 

portuguese montado based on a objective model and geostatistical techniques. Computers and 558 

Electronics in Agriculture 157,500-508. 559 

Moral, F.J., & Rebollo, F.J. (2017). Characterization of soil fertility using the Rasch model. Journal 560 

of Soil Science and Plant Nutrition, 17 (2), 486-498. 561 

Moral, F.J., Terrón, J.M., & Rebollo, F.J. (2011). Site-specific management zones based on the 562 

Rasch model and geostatistical techniques. Computers and Electronics in Agriculture 75, 223-563 

230. 564 

Moral, F.J., Terrón, J.M., & Marques da Silva, J.R. (2010). Delineation of management zones using 565 

mobile measurements of soil apparent electrical conductivity and multivariate geostatistical 566 

techniques. Soil & Tillage Research 106,335-343. 567 

Morari, F., Castrignanò, A., & Pagliarin, C. (2009). Application of multivariate geostatistics in 568 

delineating management zones within a gravelly vineyard using geo-electrical sensors. 569 

Computers and Electronics in Agriculture 68, 97-107. 570 

Ortega, R.A., & Santibáñez, O.A. (2007). Determination of management zones in corn (Zea mays 571 

L.) based on soil fertility. Computers and Electronics in Agriculture 58, 49-59. 572 

Peel, M.C., Finlayson, B.L., & McMahon, T.A. (2007). Updated world map of the Köppen-Geiger 573 

climate classification. Hydrology and Earth System Sciences 11,1633-1644. 574 



 
 

26

Peralta, N.R., Cicore, P.L., Marino, M.A., Marques da Silva, J.R., & Costa, J.L. (2015). Use of 575 

geophysical survey as a predictor of the edaphic properties variability in soils used for livestock 576 

production. Spanish Journal of Agricultural Research. 13(4), e1103. 577 

Peralta, N. R., & Costa, J. L. (2013). Delineation of management zones with soil apparent electrical 578 

conductivity to improve nutrient management. Computers and Electronics in Agriculture 579 

99,218–226. 580 

Rasch, G. (1980). Probabilistic models for some intelligence and attainment tests. Revised and 581 

expanded ed. Chicago, USA: University of Chicago Press., (1960, Danmarks Paedagogiske 582 

Institut) 583 

Rebollo, F.J., Moral, F.J., Campillo, C., Marques da Silva, J.R., Serrano, J.M., & Pérez-Rodríguez, 584 

J.M., 2017. Delineation of management zones based on the Rasch model in an olive orchard. In 585 

J A Taylor, D Cammarano, A Prashar, A Hamilton (Eds.) Proceedings of the 11th European 586 

Conference on Precision Agriculture. Advances in Animal Biosciences: 8 (2), 610–614. 587 

Schellberg, J., Hill, M. J., Gerhards, R., Rothmund, M., & Braun, M. (2008). Precision agriculture 588 

on grassland: Applications, perspectives and constraints. European Journal of Agronomy 29 (2–589 

3), 59-71. 590 

Sekaran, U. (2000). Research methods for business: A skill building approach, New York, USA: 591 

Wiley, John Wiley & Sons Ltd 592 

Serrano, J., Shahidian, S., Marques da Silva, J., Paixao, L., Calado, J., & de Carvalho, M. (2019). 593 

Integration of soil electrical conductivity and indices obtained through satellite imagery for 594 

differential management of pasture fertilization. AgriEngineering, 1, 567-585. 595 

Serrano, J., Shahidian, S., Marques da Silva, J., Sales-Baptista, E., Ferraz De Oliveira, I., Lopes De 596 

Castro, J., et al. (2017). Tree influence on soil and pasture: Contribution of proximal sensing to 597 

pasture productivity and quality estimation in montado ecosystems. International Journal of 598 

Remote Sensing 14 (6), 10024–10041. 599 

Serrano, J., Peça, J., Marques da Silva, J., & Shahidian, S. (2010). Mapping soil and pasture 600 

variability with an electromagnetic induction sensor. Computers and Electronics in Agriculture 601 

73, 7–16. 602 



 
 

27

Stefanski, A., & Simpson, R.J. (2010). Uneven nurient distributionin hillside paddocks indicate 603 

potential need for variable rate fertiliser application to pastures. In: Dove, H., Culvenor, R. 604 

(Eds.), Food security from sustainable agriculture. Proceedings 15th Australian agronomy 605 

conference. Australian Society of Agronomy/The Regional Institute Ltd.: Gosford, NSW. 606 

Tristán, A. (2002). Análisis de Rasch para todos (Rasch analysis for everyone), Mexico city, 607 

Mexico: Ceneval (in Spanish). 608 

Trotter, M., Guppy, C., Haling, R., Trotter, T., Edwards, C., & Lamb, D. (2014). Spatial variability 609 

in pH and key soil nutrients: Is this an opportunity to increase fertiliser and lime-use efficiency 610 

in grazing systems? Crop and Pasture Science 65, 817-827. 611 

Xin-Zhong W., Guo-Shun, L., Hong-Chao, H., Zhen-Hai, W., Qing-Hua, L., Xu-Feng L., et al. 612 

(2009). Determination of management zones for a tobacco field based on soil fertility. 613 

Computers and Electronics in Agriculture 65, 168-175 614 

 615 

681 



 
 

28

FIGURE CAPTIONS 682 

 683 

Fig. 1. Study site. Sampling locations are indicated as dots. 684 

 685 

Fig. 2. Representation of the latent variable, pasture soil fertility, as a straight line. Bn is the 686 

location n; di is the soil property i. In the diagram 1, the location B1 is not influenced by any soil 687 

property. In the diagram 2, the location B2 is influenced by all soil properties. Diagram 3 shows a 688 

generalization for some locations and soil properties; B3 is not influenced by any soil property; B4 is 689 

influenced by the soil property d9; B5 is influenced by the soil properties d9 and d10; B6 is influenced 690 

by all soil properties, d9, d10 and d11. 691 

 692 

Fig. 3. Schematic diagram of the stages involved in the formulation of the Rasch model. 693 

 694 

Fig. 4. a) Straight line that represents the latent variable: pasture soil fertility. Distribution of soil 695 

samples (points) is above the line: to the right those more fertile; to the left less those less fertile. 696 

Soil properties are below the line: to the right less common (rare) properties, with lower influence 697 

on pasture soil fertility; to the left more common (frequent) properties, with higher influence on 698 

pasture soil fertility; ms and mp are the mean values of the Rasch measure for soil samples and 699 

properties, respectively. b) Final latent variable, after removing the soil properties that are 700 

redundant or do not fit the model (sand and silt content and EC). 701 

 702 

Fig. 5. a) Values of Rasch measures at each sampling location. b) Spatial distribution of the pasture 703 

soil fertility, as the Rasch measures. Classification is based on quantiles of the Rasch measures. 704 

 705 

Fig. 6. a) Elevation map. b) Slope map. 706 

 707 

Fig.7. Management zones based on the pasture soil fertility, elevation and slope maps. 708 


