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Highlights 18 

 A stand-alone program to calculate the N, P and K requirements is presented 19 

 The tool also determines the most cost-effective combination of fertilizers 20 

 This decision-making tool is interesting for farmers, students and other users 21 

 Its robustness was successfully tested against real data from field experiments  22 



Abstract 23 

Rational fertilizer management is crucial in the efficient use of resources that are basically 24 

non-renewable and that can have a great environmental impact when used without scientific 25 

basis. The availability of scientifically sound decision-making tools for rational fertilization 26 

is scarce. We have developed a Windows program to calculate the required seasonal N, P 27 

and K rates, and the most cost-effective combination of commercial fertilizers. The tool 28 

also provides estimates of the Ca, Mg and S balances in the field resulting from the 29 

fertilizer program chosen. Novel aspects of the calculations include the development of 30 

stochastic flexible fertilizer programs for N and the calculation of acidification and N 31 

losses.  Regarding P and K, estimations are provided on the grounds of threshold values of 32 

usual availability indexes, something frequently unknown by final users. Also, it allows the 33 

users to determine the best complex fertilizer for pre-plant applications to avoid blending of 34 

simple fertilizers at the farm, a task usually complex for farmers. The application may be 35 

useful both to the fertilizer supply and demand sides. In addition, it may be used for 36 

teaching as it helps understanding the rationale behind this management practice. 37 
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1. Introduction 42 

Fertilizer management is critical for efficient crop production. For instance, N is assumed 43 

to be the second limiting factor in agriculture (Connor et al., 2011), and P is deemed the 44 

second nutrient after N limiting ecosystems productivity (Delgado and Scalenghe, 2008). 45 

N, P, and K are considered non-renewable resources; this is because N fertilizers 46 

production relies on high energy consumption, while that of P and K on finite mineral 47 

reserves (Schröder et al., 2016). In fact, fertilizers are the main energy consumers in many 48 

agroecosystems (Grassini and Cassman, 2012), thus contributing significantly to 49 

agricultural CO2 emissions, and are a major source for pollution in both surface (N, P) and 50 

groundwater (N) when inadequately used. Traditionally, little attention has been paid to the 51 

estimation of accurate fertilizer rates, and the trend was always to over-fertilize crops in 52 

developed countries. Only the environmental concerns ascribed to N and P moved policy 53 

toward stricter control of fertilization since the 1970’s (Delgado and Scalenghe, 2008). 54 

Now, the increasing trend in fertilizer prices is an additional driving-force for more 55 

accurate estimations. Therefore, decision-making tools for improving fertilizer management 56 

may have a huge potential for enhancing the sustainability and productivity of crops, while 57 

allowing farmers to comply with ever stricter regulations. Solutions for sustainable 58 

fertilizer management should take into account that farmers do not always have the 59 

technical skills for estimating accurately fertilization rates. The complex technical 60 

framework for current fertilization, its integration with other management practices, and 61 

specific needs of final users were highlighted by Peragón et al. (2017) as crucial issues in 62 

the development of decision-making tools targeted at fertilizer management. 63 

Specific software has been developed for fertilizer management. For instance, the 64 

International Plant Nutrition Institute developed Nutrient Expert (Xu et al., 2016) which has 65 



different versions for several crops (maize, rice, wheat, and soybean) and regions of the 66 

world. On the other hand, available commercial software is rather expensive and does not 67 

always provide enough information on the basic data and calculation methods. Thus, free 68 

software applications for estimating fertilizer requirement with a solid mechanistic basis are 69 

not available in general for agronomists, farmers and fertilizer dealers. 70 

One specific problem of N management is the partitioning of the total N needs between 71 

pre-plant and post-plant applications under uncertainty of expected yield. That would be the 72 

case of cereals sown in autumn, when most rainfall is expected after sowing so actual 73 

rainfall and thus target yield is unknown at the time of sowing (Quemada et al., 2016a). In 74 

addition, the magnitude of processes affecting N cycle in the soil and thus the efficiency in 75 

the use of applied N by crops, such as losses through leaching or to the atmosphere, range 76 

widely depending on environmental conditions, and consequently are not easy to quantify 77 

(Quemada et al., 2016b). On the other hand, precise P management is constrained by the 78 

complex biogeochemistry of this nutrient in soil (Delgado and Scalenghe, 2008). Only an 79 

unknown fraction, frequently minor, of applied P remains available for crops. As a 80 

consequence, despite applying high P rates, this nutrient remains as a yield limiting factor 81 

when the soil available P before sowing is not able to cover the crop needs. For K, the 82 

management constraints are similar to P, but its dynamics and use efficiency are usually 83 

more predictable.  84 

Although the cost of fertilization using straight fertilizers is lower than that of using 85 

complex fertilizers, additional benefits from using the later have been known for a long 86 

while (e.g. Prummel, 1960). More recently, the advantages of complex over blended 87 

fertilizers in terms of distribution uniformity have been shown (Virk et al., 2013). 88 

Therefore, in many cases the farmer may require a single product including N, P and K for 89 



a single application before sowing and then the additional N is to be applied as topdressing 90 

of a straight fertilizer. Selection of the best nutrient equilibrium in the complex fertilizer is 91 

not a simple issue, particularly for farmers, and requires accurate estimates of rates for 92 

nutrient application.  93 

Other macronutrients (Ca, Mg, S) have never been included in fertilizer calculation 94 

software. However, fertilizer practices may lead to long term excess or deficit in Ca, Mg 95 

and S for specific crops (Scherer, 2001). It should be kept in mind that these are also 96 

essential nutrients for crops, being taken up at relatively high amounts from soil, and some 97 

environmental conditions may be particularly prone to their deficiencies, such as acidic 98 

soils for Ca and Mg. 99 

Therefore, simple decision-making tools are required for rational fertilization management 100 

under the current perspective of increased technical complexity in agricultural systems 101 

management. This is the objective of the system that we describe here: to be a useful tool 102 

for farmers and agronomists in estimating N, P, and K rates for different crops and in the 103 

selection of pre-plant complex fertilizers. This tool has also an educational aim, helping 104 

students to better understand the rational basis behind fertilizer management. 105 

 106 

2. Materials and methods  107 

2.1. Background 108 

2.1.1. Software specifications 109 

The tool (FertiliCalc) is a Windows program, developed with Visual Basic 2015. The 110 

program is a single file of 1.6 Mb which can be downloaded freely at the official web page 111 

of U. Cordoba http://www.uco.es/fitotecnia/fertilicalc.html. Versions in 29 languages have 112 

been developed so far, including English, Spanish, Portuguese, French, German, Persian, 113 

http://www.uco.es/fitotecnia/fertilicalc.html


Arabic, Basque, Catalan, Italian, Japanese, Chinese, Polish, Turkish, Uzbek, Finnish, 114 

Galego, Russian, Dutch, Indonesian, Bengali, Hindi, Greek, Albanian, Urdu, Korean, 115 

Danish, Bulgarian and English-US units which is the only one not using the Metric System.   116 

The program has been tested in computers having Windows 7, 8 and 10 and requires Adobe 117 

Acrobat Reader to display the Manual and Reading Material embedded in the program.  118 

To ensure the integrity of the program the executable file is digitally signed by University 119 

of Cordoba. Tutorials for the main versions of FertiliCalc are available in YouTube 120 

(channel ID UCuKxm6RHrAeLZ8-xvPdr1OQ) 121 

 122 

2.1.2. Calculation of nutrient requirements 123 

The program includes a list of 149 crops. The user picks as many crops for the rotation as 124 

needed. The selected crops are shown along with data on Harvest Index, N, P and K 125 

concentrations in harvested organs and percent of residues remaining in the field after 126 

harvest. These crop data shown in the application are average values from different sources 127 

compiled by Sadras et al. (2016), Quemada et al. (2016a), and Delgado et al. (2016a) and 128 

may be modified by users in order to adapt them to their specific conditions. The user has 129 

to define the expected yield and mark if residues are incorporated and thus can be 130 

considered as nutrient inputs. If the Coefficient of Variation of yield (%) is specified it will 131 

be used to calculate the distribution of expected N requirements between pre-plant and 132 

topdressing applications (see section Flexible N fertilizer programs). 133 

Once the crop input information is filled, the user has to supply soil data, namely P, K, 134 

organic matter, pH, Cation Exchange Capacity (CEC), method of P analysis and soil texture 135 

type (Fig. 1). He is also expected to indicate whether tillage is performed or not. Finally, 136 

the user has to select among 3 strategies of fertilization: 137 



- Sufficiency strategy: apply P or K only when the soil test level (STL) is below the 138 

defined threshold value for fertilizer response for the specific test used to assess the 139 

nutrient availability in soil. This threshold varies depending on environmental 140 

conditions (e.g. soil properties) or land productivity. In addition, it should be taken 141 

into account that there are many soil tests for P adapted to particular soil conditions 142 

since there is not a universal soil P test. The model used in the application is based 143 

on the Olsen P (Olsen et al., 1954), a widely used soil P test which may be useful in 144 

soils with a pH range from slightly acidic to alkaline. The soil K test may also vary 145 

depending on the region, but the difference among different tests is smaller than that 146 

found for P. The reference K test for FertiliCalc is based on exchangeable K 147 

estimation (e.g. neutral ammonium acetate extraction). More information is 148 

available in Delgado et al. (2016a)  149 

- Buildup and maintenance (minimum fertilizer) strategy: Add fertilizer to 150 

compensate for P and K exported from the farm and also to progressively rise the 151 

STLs to the threshold values when the current STL is below the threshold. For more 152 

details, see Delgado et al. (2016a). If any parameter related to the calculation (e.g. 153 

threshold of P) lies in an interval, then the program takes the extreme leading to the 154 

lowest fertilizer rate. 155 

- Buildup and maintenance (maximum yield) strategy: Similar to the previous 156 

strategy but now using the parameters leading to maximum yield, i.e., preventing 157 

the risk of nutrient deficiency at the cost of higher fertilizer input. 158 

If no soil tests are available, the program offers a fourth alternative consisting of adding 159 

fertilizers to compensate for the P and K exported by harvested parts of crops. Here we 160 



assume that the user considers that P and K levels in the soil are not limiting for crop 161 

yields, the approach being a “zero balance”. 162 

The nutrient requirements are then calculated according to Quemada et al. (2016b) and 163 

Delgado et al. (2016a). Briefly, N requirements are calculated from a simple balance that 164 

explicitly considers nitrogen fixation according to Quemada et al. (2016a) (a summary of 165 

the procedure is also presented in Appendix A1). With regard to P, the requirements (P 166 

rate) are proportional to the difference between the current soil P test value (STL) and the 167 

threshold value (STLt):   168 

P rate = A + B x (STLt – STL)  (1) 169 

Where A is a factor related to the exported P, while B is a factor that depends on soil 170 

properties (i.e. those related to P dynamics, such as clay or carbonates). In the sufficiency 171 

strategy, A is neglected. For Olsen P, and for simplicity, we have considered B = 1 when 172 

STL values are expressed in kg ha
-1

 for a given depth of the surface horizon. To avoid 173 

excessive P rates, the model considers a maximum value of 100 kg P ha
-1

. This will not 174 

provide the accurate rate for reaching the STLt in soil, but will be effective in avoiding 175 

excessive P rates. For other soil P tests, the value of B will depend on the equivalence 176 

between P extraction from soil with the Olsen method and the other test. The conversion 177 

factors adopted in FertiliCalc when using soil P tests different from the Olsen method have 178 

been calculated from data reported by Neyroud and Lischer (2003) and are presented in 179 

Appendix A2.  180 

For K, the model is similar to that for P, but considering an efficiency factor fk ranging 181 

from 1.1 to 5 depending on the clay content of soil (increases with increased clay): 182 

K rate = A + (fk x B) x (STLt – STL)  (2) 183 



For this nutrient, it is assumed that B values are the same for different soil K tests. To avoid 184 

excessive K rates, the model considers a maximum value of 275 kg K ha
-1

. 185 

 186 

2.1.3. Calculation of fertilizer requirements 187 

Once the N, P and K requirements are known, a list of available fertilizers (Delgado et al., 188 

2016b) is shown, allowing the user to pick and add products to a list of selected items. 189 

Since fertilizer prices change with time and may be different depending on the region, the 190 

prices considered in the application are only provisional values, and the application allows 191 

the user to update them. The concentrations of N, P, K, Ca, Mg and S are also shown and 192 

are also customizable, making possible the use of fertilizers not included originally in the 193 

program. All this allows a total flexibility in the use of different types of fertilizers. 194 

In order to calculate N fertilizer amounts the rates of volatilization of ammonia, 195 

denitrification and leaching are determined according to Quemada et al. (2016b). 196 

Calculation of potential acidification as a function of the source of N and the export of 197 

nutrients is based on Bolan and Hedley (2003). 198 

After selecting possible fertilizer products, the program will determine the cheapest 199 

combination to satisfy the N, P and K requirements. The application also evaluates the 200 

adequacy of the fertilizer program by indicating the possible excess or deficit of N for each 201 

crop. The excess of P or K is evaluated for the whole rotation. If information is available in 202 

the application database, the Ca, Mg and S balances will be also provided. If no deficit or 203 

excess occurs, no information regarding these balances is shown. 204 

 205 

2.1.4. Using complex NPK fertilizers 206 



The program includes a set of NPK products including straight and complex fertilizers. If 207 

requested by the user, the program will look for the best NPK (available in the full list), i.e. 208 

that fits better the requirements of P and K. To this end, the program first calculates the 209 

required amount for each NPK fertilizer in the list. The required amount (Qx) is that that 210 

provides the P and K quantities closest to those required (Pr, Kr). This is obtained by 211 

minimizing the function: 212 

𝜑 = (𝑃r − 𝑐P 𝑄x)2 + (𝐾r − 𝑐K 𝑄x)2  (3) 213 

Where CP and CK represent the concentration of P and K in the fertilizer, respectively. 214 

Equating the first derivative of φ to zero, we can calculate the required amount that 215 

minimizes the previous equation: 216 

𝑄𝑥 =  
𝑐𝑃 𝑃𝑟+ 𝑐𝐾 𝐾𝑟 

𝑐𝑃
2+ 𝑐𝐾

2  (4) 217 

Note that N is not considered in the process as it can be supplemented after planting using a 218 

straight N fertilizer. 219 

Alternatively, the user may pick a NPK product and a straight N fertilizer so the program 220 

determines the doses of both products that fit best the required N, P and K. If this is the 221 

case, first Eq. 4 is used to calculate the amount of NPK fertilizer and then the N 222 

requirement is completed by using the straight N fertilizer. When dealing with a legume 223 

then the amount of NPK fertilizer is calculated as: 224 

𝑄𝑥 =  
𝑐𝑃 𝑃𝑟+ 𝑐𝐾 𝐾𝑟+ 𝑐𝑁 𝑁𝑟 

𝑐𝑃
2+ 𝑐𝐾

2 + 𝑐𝑁
2  (5) 225 

By using Eq. 5 instead of Eq. 4, an excess of N application is avoided. 226 

 227 

2.1.5. Flexible N fertilizer programs 228 



Nitrogen application has to be as close as possible to N needs to avoid deficit (and yield 229 

loss) or excess (increased cost, pollution risk). This condition is not that tight for P and K as 230 

their concentration in soil changes slowly so we may compensate inputs and outputs on a 231 

longer term (several years). 232 

Adjusting N applied to N required is based on the target yield which may show a large 233 

inter-annual variability. This would be the case of rainfed crops in arid and semiarid areas. 234 

The variability of yield, as characterized by the coefficient of variation (CV, the ratio of 235 

standard deviation and mean), can be used to calculate the cumulative distribution function 236 

of yield by assuming a normal distribution. For yields corresponding to probabilities of 20 237 

% and 80 % of not exceedance, the N fertilizer requirements for bad (N20) and good years 238 

(N80) are calculated by the program. The first marks the maximum advisable amount to be 239 

applied as pre-plant fertilizer. The second marks the maximum total N to be applied when 240 

climatic conditions do not pose a limitation for crop yield. An example for barley is shown 241 

in Table 1. For CV=30 %, which is not uncommon in rainfed Mediterranean areas, the 242 

range in N fertilizer is quite large (i.e. 78–140 kg N ha
-1

). The farmer has to fix a pre-plant 243 

N application below N20. If he applies 50 kg N ha
-1

 then the possible range in post-planting 244 

application of N will be from 28 to 90 kg N ha
-1

, depending on how climatic conditions 245 

along the season may restrict crop yield. If pre-plant N is 78 kg N ha
-1

, then he will have to 246 

apply 62 kg N ha
-1

 as topdressing fertilizer in very good years and no more fertilizer in bad 247 

years. 248 

 249 

Table 1. Minimum and maximum nitrogen fertilizer requirements for barley with 250 

target yield 3000 kg/ha and different values of coefficient of variation (CV). 251 

 252 



CV  Minimum N fertilizer Maximum N fertilizer 

% kg N/ha kg N/ha 

10 98 119 

20 88 129 

30 78 140 

 253 

 254 

The N fertilizer requirement provided by FertiliCalc should be corrected by the soil N 255 

supply, which is the addition of soil mineral N plus the N mineralized during the crop 256 

campaign. Available N can be determined in soil samples taken before planting or before 257 

fertilizer application, and should be subtracted from the fertilizer requirements to obtain the 258 

actual N fertilizer requirements assuming a high efficiency for this available N (i.e. 90%). 259 

The N mineralized during the crop campaign is accounted for in the model, assuming that 260 

the soil stable organic matter is in steady state and that the N supply is equivalent to the 261 

mineralization of residues and roots from the previous crop. If an organic fertilizer is 262 

applied to the field, the mineral N in this fertilizer and N mineralized along the season 263 

should be accounted for and subtracted from the fertilizer requirement to avoid over-264 

fertilization. Two other additional sources of N that might be relevant when calculating 265 

fertilizer requirements are N atmospheric deposition (usually 2-10 kg N ha
-1

 year, but 266 

occasionally >25; the program assumes 10 kg ha
-1

) and N in irrigation water that can attain 267 

high values depending on the water origin. If these additional N contributions can be 268 

estimated reliably, the N fertilizer requirement provided by FertiliCalc should be corrected 269 

assuming that a fraction (i.e. 70%) is absorbed by the crop. More detail on within-season 270 

methods to adjust N management can be found in Quemada et al. (2016b). 271 

 272 



2.1.5. FertiliCalc outputs 273 

The main results (nutrient and fertilizer requirements) are included in a text file that is 274 

created in the folder containing the application. The application also evaluates the adequacy 275 

of the fertilizer program by indicating for each crop the possible excess or deficit of N. The 276 

excess or deficit of P or K is evaluated for the whole rotation. If information is available in 277 

the application database, the Ca, Mg and S balances are also provided.  278 

 279 

2.2. Field trials 280 

Ten field experiments performed during 2003 to 2004 were used to validate results of the 281 

application for N fertilization in bread wheat (Triticum aestivum L.). This crop was selected 282 

for its relevance in terms of planted area and for being a typical rainfed crop with large 283 

yield fluctuations depending on weather conditions. Experiments were established at 10 284 

different locations from North (temperate climate without dry season and warm summer, 285 

Cfb according to Köppen classification) and Central (cold semi-arid climate, BSk) Spain 286 

with different yield potential. Soils in selected sites had a pH between 7.0 and 8.2, soil 287 

organic matter content ranging from 1.2 to 2.2 % and presenting a variety of textures (silt 288 

loam, silty clay loam, loam, and clay loam). Each experiment, sown with winter (Soissons 289 

cv.) or spring (Gazul cv.) wheat, consisted of several N treatments (4 to 6) ranging from 0 290 

to a non-limiting rate, distributed in a completely randomized block design with four 291 

replications. Nitrogen was applied as ammonium nitrate broadcast to plots at the beginning 292 

of tillering and stem elongation. In July, the 1.5 m central fringe was harvested from each 293 

plot with a combiner and the wheat yield was recorded. Grain subsamples were analysed 294 

for N concentration by Kjeldahl´s method. The N fertilizer rate to reach the plateau yield 295 

was determined by fitting a quadratic-plus-plateau model to the wheat yield for each 296 



experiment using R software (R Core team, 2018). Soil mineral N content (NMIN) was 297 

determined in soil samples taken before first fertilizer application at 0.3-0.2 m intervals to 298 

the effective rooting depth (0.9 m or 0.4 m depending on soil characteristics) in each plot. 299 

The samples were extracted with 1 M KCl, centrifuged and in the supernatant nitrate 300 

concentration was determined by spectrophotometry after reduction with a cadmium 301 

column, and ammonium by the salicylate-hypochlorite method. In four of the ten 302 

experimental sites, crops were irrigated. Subsamples of irrigation water were taken 303 

periodically for determination of nitrate concentration, and the N applied in irrigation water 304 

was calculated as the product of water applied and N concentration determined with the 305 

above described method. A detailed description of field experiments and procedures can be 306 

found in Arregui and Quemada (2008) and Quemada (2006).  307 

FertiliCalc was run to obtain the recommended N rate for each experiment, introducing the 308 

plateau yield reached in each experiment and the corresponding grain N concentration. 309 

Other inputs were the precedent crop yield and soil site characteristics. The adjusted N rate 310 

was obtained by correcting the FertiliCalc recommended N rate by discounting 90% of 311 

NMIN and 70% of N applied in irrigation water to account for the irrigation efficiency.  312 

 313 

2.3. Case study 314 

Although FertiliCalc has been conceived as a practical application for agronomists, farmers 315 

and students, it may also be extremely useful for the fertilizer supply sector, allowing the 316 

estimation of nutrient balances at regional scale. To illustrate that, we evaluated the P and 317 

K balances for the Jaen province (Spain). The climate is Mediterranean (temperate semi-318 

arid climate, Csa) and its total agricultural land covers more than 600000 ha, 90 % of which 319 

is occupied by olive trees. Using recent statistics of crop production and use of fertilizers 320 



available on the web (Anuario Estadístico de Andalucía, 2015), we used FertiliCalc to 321 

determine total P and K supplied by fertilizers and total P and K exports in the province in 322 

the year 2015, estimating the imbalances between inputs and outputs of these nutrients. The 323 

statistics on binary and ternary fertilizers grouped the products as N-P, N-K, P-K and N-P-324 

K, rather than showing values for specific fertilizer compounds. In the analysis, such 325 

unspecified products were given the P and K contents of di-ammonium phosphate, 326 

potassium nitrate, potassium phosphate and a 15-15-15 NPK fertilizer. 327 

 328 

3. Results 329 

3.1. Field trials 330 

The optimum N fertilizer rate estimated from the experimental data (i.e. that required to 331 

reach the plateau yield) differed substantially between sites, ranging from 60 to 180 kg ha
-1

. 332 

The adjusted N rate obtained by correcting the FertiliCalc recommended N rate by the 333 

contribution of the NMIN and the N applied in the irrigation water was highly significantly 334 

related to the optimum N fertilizer rate found in the field experiments (Fig. 1A). The 335 

proportion of the variance of the N fertilizer rate in the field experiment explained by 336 

FertiliCalc after this correction was 95 %, whereas explained variance without correction 337 

was 18% (Fig. 1B). 338 



 339 

Figure 1. Plots of N fertilizer rates to reach the plateau yield observed in the field 340 

experiments versus the fertilizer rates recommended by FertiliCal either corrected (A) or 341 

not (B) to account for the contribution of soil mineral N content and N applied in the 342 

irrigation water. 343 

 344 

3.2. Case study 345 

Table 2 shows the estimates of P and K supplied by the different fertilizers applied in 2015 346 

in the province of Jaen. Around 65 % of the P and K inputs came from ternary NPK 347 

fertilizers (assumed as 15-15-15). Overall, the estimated supply of P and K was 3578 and 348 

6676 t, respectively. On the other hand, Table 3 presents the estimated exports of P and K 349 

for different crop categories. Unsurprisingly, olive trees were responsible of the most part 350 

of P and K exports (75 and 83 %, respectively) due to the predominance of this crop in the 351 

studied province, with cereals the first source of P and K outputs (13 and 8 %) after olive 352 

trees. Considering all the crops, total calculated P and K exports were 2331 t and 18171 t, 353 

respectively.  354 
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Comparing the total input and outputs, contrasting results are evident for the two nutrients. 355 

In the case of P, the supply of this nutrient by fertilizers exceeded the estimated crop 356 

exports by around 50 %. On the contrary, the K applied by fertilizers was far below the 357 

calculated exports (K inputs barely covered 37 % of the outputs). 358 

Table 2. Applied P and K fertilizers and their corresponding supply of P and K in 359 

2015 in the Jaen province (Spain). Unspecified fertilizers were given the P and K 360 

concentrations of: dicalcium phosphate1, di-ammonium phosphate2, potassium 361 

nitrate3, potassium phosphate4, N-P-K (15-15-15)5. 362 

 363 

Fertilizer Fertilizer use  P  K  P input  K input  

 t % % t t 

Superphosphate 2 295 8.5 0 195 0 

Triple superphosphate 29 20 0 6 0 

Other straight P 

fertilizers1 

3 420 17 0 581 0 

Potassium chloride 2 370 0 50 0 1 185 

Potassium sulfate 198 0 41.5 0 82 

Binary N-P 2 667 20 0 133 0 

Binary N-K 3 1 650 0 36.5 0 602 

Binary P-K 4 1 518 23 28 349 425 

Ternary N-P-K 5 35 052 6.6 12.5 2 313 4 381 

Total 47 200   3 578 6 676 

 364 

Table 3. Area devoted to different crop groups and P and K exports calculated from 365 

production statistics for 2015 in the Jaen province (Spain). 366 

 367 

Crop group Area  Total P exports  Total K exports  

 ha t t 

Cereals 25 161 313 1 489 

Forages 2 734 168 1 188 

Fruit trees and vines 6 441 13 39 

Horticultural crops 2 533 28 152 

Industrial crops 7 169 46 50 

Legumes 1 683 5 15 



Olive trees 586 074 1 758 15 238 

Total 631 795 2 331 18 171 

 368 

4. Discussion 369 

4.1. Field trials 370 

The results shown in Fig. 1 highlight the predictive capacity of FertiliCalc, but also the 371 

need to include the soil and water N contribution to adjust N fertilizer rate to current crop 372 

requirements. In these field experiments the average NMIN was 50 kg N ha
-1

 and the N 373 

applied with water in the irrigated trials was 19 kg N ha
-1

. If these contributions are not 374 

taken into account, FertiliCalc would predict a higher N rate than that observed in the field 375 

experiments (Fig. 1B).  376 

In practice, it is common to take soil samples for NMIN only from the upper layers because 377 

of labor or economic constraints. Nevertheless, crop extraction from deeper layers should 378 

not be neglected and underestimation of the effective rooting depth could be minimized by 379 

preliminary studies with adequate equipment (Arregui and Quemada, 2006; Gabriel et al. 380 

2010).  Slight underestimation of N supplied by mineralization may occur as FertiliCalc 381 

assumes steady-state for soil organic matter. The program only gives allowance to the N 382 

released by decomposition of the precedent crop residues, therefore, it might underestimate 383 

N mineralization from soil pools that might be occasionally enhanced by soil management 384 

(i.e. tillage) or applied as organic amendments (Quemada and Menacho, 2001). Other 385 

sources of N inputs in the field, like N atmospheric deposition, should also be considered 386 

for correction if they are relevant. In the studied region N atmospheric deposition was low 387 

(2-3 kg N ha
-1

; EMEP, 2019) and fields had not received organic amendments during four 388 

years prior to the beginning of the trials. 389 

 390 



4.2. Case study 391 

The large imbalances found in the case study when comparing the P and K inputs with the 392 

outputs can be ascribed to the differences in the ratio P: K between fertilizer supply (around 393 

1:2, Table 2) and crop exports (almost 1:8, Table 3). In this regard, the preponderant use of 394 

ternary fertilizers over other products makes impossible to simultaneously balance the 395 

supply and demand of P and K. In the light of this, a reduction of complex fertilizers and a 396 

promotion of binary N-K or straight K fertilizers like potassium chloride should favor a 397 

better balance. This is relevant for farmers since K deficiency is deemed a major nutritional 398 

disorder in olive orchards in southern Spain. These results reveal that an inadequate 399 

selection of fertilizer compounds likely contributes to this extensive problem. Similar 400 

analysis using FertiliCalc might be extremely valuable for retailers and other agents of the 401 

fertilizer industry, as the generated information could be used to define commercial 402 

strategies that cope better with the nutrient requirements of specific crops or regions while 403 

maximizing their economic return. 404 

The results of this case study should be taken with care, as some bias might arise from 405 

implicit assumptions such as the choice of unspecified binary and ternary fertilizers or the 406 

fact that only harvested parts are considered in the calculation of crop exports. However, 407 

these assumptions are not expected to make a big impact on our results. With regard to the 408 

latter assumption, according to data provided by Anonymous (2005), fresh pruned wood 409 

from olive trees should be over 400000 t year
-1

. Assuming a water content of 0.53 m
3
 m

-3
 410 

(López-Bernal et al., 2014), and P and K concentrations of 0.05 and 0.32 % in the dry 411 

matter, respectively (Villalobos FJ, unpublished), the potential annual exports of P and K in 412 

the wood of olive trees would be 90 and 580 t, respectively. These values represent a 413 



modest contribution to the total P and K in 2015 shown in Table 3, despite olive trees being 414 

the most important crop in the case study. 415 

 416 

4.3. Further considerations 417 

The reliability of FertiliCalc for providing accurate estimates of P and K requirements is 418 

challenged by the complex dynamics of these nutrients in the soil, particularly in the case of 419 

P. Periodical soil analyses are required since it is difficult to establish how the soil test is 420 

going to evolve in the future on the grounds of the application output provided by the 421 

application. This checking is critical in a sufficiency strategy, since a significant decrease 422 

of the soil test below the threshold value may imply that P or K would be a constraining 423 

factor for yields during a long time. Contrasting with N, which is a mobile nutrient, P and 424 

K are essentially retained in the soil, but its availability is the result of reactions of very 425 

different nature occurring in the soil after fertilization. Frequently, the efficiency of applied 426 

P in increasing the Olsen P level of soil in high P fixing soils such as calcareous soils is less 427 

than 10 % after several months. This efficiency may vary widely depending on fertilizer 428 

management. For example, high fractionation in P fertilization with fertigation, or the 429 

application of P fertilizers with organic matter may increase significantly their efficiency in 430 

increasing the available P status of soil (Delgado et al., 2016a). This problem may also 431 

occur, usually at a lesser extent, with K. However, the so called “interlayer K fixation” 432 

leading to a low efficiency of applied K fertilizer may be very high in clayish soils with 433 

illite as dominant clay mineral. Finally, uncertainties about the accuracy of usual soil tests 434 

should be taken into account, in particular in the case of P (Recena et al., 2016). Taking 435 

into account these facts regarding P and K, and the need of accounting for the mineral N 436 

present in soil for correcting data provided by the application, soil analyses represent an 437 



important aid for efficient fertilization using FertiliCalc. In any case special caution is 438 

recommended when using FertiliCalc for calculating P requirements in soils with high 439 

contents of calcium, organic matter or oxides and hydroxides of iron and aluminum. 440 

The program does not take into account the soil water balance which affects strongly nitrate 441 

leaching and denitrification. This oversimplification is a must for simplicity as no water 442 

balance model (requiring weather data) is required. Tracking the dynamics of soil nitrate 443 

concentration or the dynamics of plant N concentration would require much more complex 444 

crop simulation models. 445 

In addition to its use for providing advice (extensionists, fertilizer dealers) or taking 446 

decisions (farm managers), FertiliCalc may be a learning tool in the class. The student may 447 

be assigned a specific case representative of local conditions (e.g. crop rotation) so first 448 

there is a need for searching data in terms of fertilizer prices and products available, 449 

expected yields, soil types, etc. Depending on the specific teaching/training level, the 450 

student should perform the calculations manually and use the program to check the results 451 

(e.g. basic agronomy class) or do the calculations directly using the software (e.g. 452 

environmental science or agricultural classes in high schools or technical colleges). A more 453 

demanding practical task for deeper training in Fertilizer Management that could be 454 

proposed to students would imply: a) review local recommendations for fertilizer use and 455 

b) contact and interview local farmers about their fertilizer programs to compare them with 456 

the results from FertiliCalc. This will allow students to use this decision tool as an effective 457 

mean of checking the effectiveness of fertilization practices at a regional scale.  458 

The availability of FertiliCalc in 27 versions covering the most important languages and 459 

cultures has been the result of the altruistic contribution of agronomists from many 460 

countries (their names and affiliations are shown in the credits of each version). It allows 461 



not only the sharing of this simple technology but also provides a tool for young 462 

agronomists moving to different countries for extension or cooperation. 463 
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Appendix A1. Calculation of N requirements 477 

N fertilizer requirements (N rate) are calculated from:  478 

𝑁 𝑟𝑎𝑡𝑒 =  
𝑁𝑒𝑛𝑑+(1+𝑓𝑁𝑅)(𝑁𝑦𝑖𝑒𝑙𝑑+𝑁𝑟𝑒𝑠)− 𝑘𝑖𝑚 𝐹𝑟𝑒𝑠 𝑁𝑟𝑒𝑠

′ − 𝑓𝑁𝑅 (𝑁𝑦𝑖𝑒𝑙𝑑
′ +𝑁𝑟𝑒𝑠

′ )− 𝑁𝑜𝑡ℎ𝑒𝑟

(1−𝑛)
  (6) 479 

In this equation, Nend represents the final soil inorganic N (residual N). FertiliCalc uses a 480 

fixed value of 10 kg N ha
-1

 assuming that crops are unable to recover N below that 481 

threshold. fNR is the ratio of N in roots to N in shoots. Nyield and Nres refer to N accumulated 482 

in the harvest organ and residues of the present crop, respectively, while their homologous 483 

N’yield and N’res correspond to the previous crop in the rotation. These values are easily 484 



calculated from the product of concentrations of N in harvested organs and residues and 485 

their biomass (Quemada et al., 2016a). The coefficient kim would have a maximum value of 486 

1 if all the aboveground residues were mineralized with no loss. Lower values are expected 487 

if the residues are not incorporated by tillage or when the N concentration in residues is 488 

low. FertiliCalc adopts different values depending on whether the crop is a legume and 489 

whether it is tilt. Fres is the fraction of residues that are left in the field (user-defined input; 490 

otherwise the application provides default values depending on the crop). Nother is the total N 491 

received by atmospheric deposition, symbiotic fixation and irrigation water. In the case of 492 

non-legume crops, FertiliCalc adopts a default value. For legume crops, the application 493 

calculates Nother as a fraction of the crop N (ffix): 494 

𝑁𝑜𝑡ℎ𝑒𝑟 = 𝑓𝑓𝑖𝑥(1 + 𝑓𝑁𝑅)(𝑁𝑦𝑖𝑒𝑙𝑑 + 𝑁𝑟𝑒𝑠) (7) 495 

Where ffix takes different values depending on the type of legume crop (annual or perennial) 496 

and the percentage of soil organic matter (Quemada et al., 2016a). Finally, the coefficient n 497 

in Equation 6 represents the fraction of applied N that is lost (leaching, volatilization, 498 

denitrification). Depending on soil texture, FertiliCalc assumes that leaching ranges from 499 

20% (sandy) to 2% (clayish). The rates of volatilization of ammonia and denitrification are 500 

determined according to Quemada et al. (2016b). 501 

The model assumes that most of N supplied by mineralization, atmospheric deposition, 502 

symbiotic fixation and contained in the irrigation water, are taken up by crops with no 503 

losses. Table 4 provides a list with the values of the aforementioned parameter used by 504 

FertiliCalc in the calculation of N rate. 505 



Table 4: List of parameter values adopted by FertiliCalc for the calculation of N 506 

requirements. 507 

 508 

Parameter Definition and units Value Restricted to (if any) 

Nend Residual inorganic N at the end of 

the cycle (kg N ha
-1

) 

10  

fNR ratio N in roots/N in shoots 0.2  

kim Coefficient of mineralization 0.9 Legumes with tillage 

0.7 Legumes left on the ground 

and non-legumes with tillage 

0.5 Non-legumes left on the 

ground 

Nother Total N received by atmospheric 

deposition (kg N ha
-1

) 

10  

ffix Fraction of crop N obtained from 

symbiotic fixation in legumes 

0.7 Annual legumes on soils with 

high organic matter (>3%) 

0.8 Perennial legumes on soils with 

high organic matter (>3%) 

0.95 Any legume on soils with low 

organic matter (>3%) 

 509 

 510 

 511 

Appendix A2. Conversion factors for soil P tests 512 

When soil P data available have not been determined by the Olsen method, FertiliCalc 513 

estimates the equivalent Olsen STL (STLOlsen) as: 514 

𝑆𝑇𝐿𝑂𝑙𝑠𝑒𝑛 = 𝑘 𝑆𝑇𝐿𝑖 (8) 515 

Where STLi is the soil test level determined by the method “i” and k a conversion factor that 516 

is method-specific. Values for k have been calculated from data reported in Neyroud and 517 

Lischer (2003) and are presented in Table 5. 518 

 519 



Table 5: Values of the coefficient converting values of a given soil P test into its 520 

equivalent for the Olsen method. 521 

 522 

 523 

Method k 

Ammonium lactate 0.25 

Mehlich III 0.36 

Bray 0.47 

Ammonium acetate + EDTA 0.48 

Calcium lactate 0.49 

Calcium lactate acetate 0.52 

Paper strip 1.50 

Acid ammonium acetate 1.60 

H2O 3.8 

Saturated water 15.0 

Ca Cl2 25.0 

 524 

 525 
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