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Abstract 17 

Intensive vegetable production in soil is often associated with large N losses to the 18 

environment. To contribute to improved N management of sweet pepper, this work developed 19 

a critical nitrogen curve (CNC). It also developed N recommendations and examined N use 20 

efficiency (NUE) and potential NO3
- leaching loss in relation to increasing total available nitrogen 21 

(TAN). TAN is the sum of the soil mineral N at planting, N mineralized from soil organic material, 22 

and mineral N fertilizer. Three sweet pepper crops were grown in soil with autumn-winter 23 

cropping cycles in greenhouse conditions. Five different N concentrations in the nutrient 24 

solution were applied throughout the crop cycle: very N deficient (N1), N deficient (N2), 25 

conventional N management (N3), excessive N (N4) and very excessive N (N5). A critical N curve 26 
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of %𝑁𝑐 = 4.71 × 𝐷𝑀𝑃−0.22 was determined for sweet pepper. Relative yield of the three crops 27 

had a strong linear-plateau relationship (R2 = 0.66) with integrated nitrogen nutrition index 28 

(NNIi). Maximum yield was associated with an NNIi of 0.86. In the three crops, total yield, dry 29 

matter production (DMP) and crop N uptake were generally strongly related to increasing TAN. 30 

An optimal TAN value (minimum TAN for maximum yield) of 425 kg N ha-1 was determined using 31 

a linear-plateau regression model. N uptake efficiency (NuptE) decreased exponentially with 32 

increasing TAN, from almost 0.90 kg kg-1 in the N1 treatment to 0.30 kg kg-1 in the N5 treatment. 33 

The sum of residual mineral N and leached NO3
-–N was considered to be potential NO3

- leaching 34 

loss. Potential NO3
- leaching loss increased exponentially, with increasing TAN, to 686–1034 kg 35 

N ha-1 in the highest N treatments. For the optimal TAN value, NuptE was 0.63 kg kg-1 and the 36 

potential NO3
- leaching was 125 kg N ha-1. The CNC and derived NNI values provide valuable 37 

information for N management of pepper. Consideration of TAN as the crop N supply enables 38 

maximize yield with less fertilizer N and less risk of N loss. 39 

 40 

Keywords: 41 

Capsicum annuum, crop N status, nitrate leaching, nitrogen nutrition index, NUE, optimal N  42 

management, production, yield.  43 

 44 

1. Introduction 45 

Large amounts of N mineral fertilizer are applied in intensive vegetable production in 46 

greenhouses, and are commonly associated with appreciable N loss and consequent negative 47 

environmental impacts (Thompson et al., 2017a). There is increasing legislative and societal 48 

pressure to reduce the risk of NO3
- contamination of natural water bodies from these and other 49 

intensive agricultural systems (Thompson et al., 2017a).  50 

In the Mediterranean Basin, there are approximately 170,000 ha of greenhouses and large 51 

plastic tunnels (Pardossi et al., 2004). Nearly all of these greenhouses are used for intensive 52 
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vegetable crop production. The 42,000 ha of plastic greenhouses in the coastal regions of 53 

southeast (SE) Spain (Valera et al., 2016) are representative of Mediterranean greenhouses. In 54 

SE Spain, depending on prices, sweet pepper occupies either the largest or second-largest area 55 

of greenhouse cropping surface (Valera et al., 2016). Ninety percent of vegetable crops in 56 

greenhouses in SE Spain are grown in soil, the rest in free-draining soilless systems (García et al., 57 

2016). All soil-grown crops are grown with drip irrigation and fertigation, which occur every 1‒58 

4 days (Thompson et al., 2017a, 2017b). Nutrients are generally applied in all irrigations 59 

throughout a crop (Thompson et al., 2007).  60 

All of the greenhouse production areas in SE Spain have been designated Nitrate Vulnerable 61 

Zones in accordance with the European Union (EU) Nitrates Directive (Anonymous, 1991). 62 

Nitrate (NO3
-) concentrations in underlying aquifers can exceed 200–300 mg NO3

- L-1 63 

(Domínguez, 2014), which is 4–6 times the EU limit (Anonymous, 1991). NO3
- leaching losses 64 

from commercial vegetable production in this system, are often appreciable (Thompson et al., 65 

2013). Research studies have measured NO3
- leaching losses of 100–200 kg N ha-1 from sweet 66 

pepper crops grown with commercial N and irrigation management practices (Gallardo et al., 67 

2006; Granados et al., 2007, 2013; Thompson et al., 2013). There is a strong requirement for 68 

adoption of improved N management practices to reduce these N losses in response to the 69 

applicable regional legislation (Anonymous, 1991; BOJA, 2015) and consumer pressure 70 

(Thompson et al., 2017a, 2017b). 71 

Improved knowledge of crop response to N supply will greatly assist in improving N 72 

management of sweet pepper. A fundamental tool for the development of improved N 73 

management practices is the critical N curve (CNC) (Greenwood et al., 1990; Lemaire and Gastal, 74 

1997). The CNC enables determination of the Nitrogen Nutrition Index (NNI), which is an 75 

effective and widely-used indicator of crop N status (Lemaire and Gastal, 1997). The NNI is used 76 

to develop optimal N management practices (Lemaire and Gastal, 1997; Lemaire et al., 2008) 77 

and to assess methods that monitor crop N status (Tremblay et al., 2011; Peña-Fleitas et al., 78 
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2015; Padilla et al., 2016; Thompson et al., 2017a). Specific CNCs have been determined for 79 

various crop species such as wheat (Justes et al., 1994), rice (Huang et al., 2018), maize (Yue et 80 

al., 2014), potato (Giletto and Echeverría, 2015; Abdallah et al., 2016), tomato (Tei et al., 2002; 81 

Padilla et al., 2015) and cucumber (Padilla et al., 2016). A species-specific CNC is a required tool 82 

for the development of improved N management practices for intensively managed pepper 83 

crops. 84 

Optimal N management of sweet pepper crops requires recommendations of the optimal 85 

N supply, which maximizes fruit production with minimal N supply. To be most effective, this 86 

should consider the amount of total available N (TAN), that is the combined supply of N 87 

mineralized from manure, the mineral N in the root zone at the beginning of the crop and 88 

mineral N fertilizer (Soto et al., 2015; Thompson et al., 2017a). In the greenhouse system of SE 89 

Spain, manure can make a substantial contribution to the total amount of N suppled to a crop 90 

(Thompson et al., 2007; Jadoski et al., 2013), and large amounts of soil mineral N can be present 91 

at planting (Granados et al., 2013). Commercial N management practice in this greenhouse 92 

system is to apply a standard concentration of N, throughout a crop by fertigation, without 93 

considering other sources of N (Thompson et al., 2007). All mineral N fertilizer is applied by 94 

fertigation (Thompson et al., 2007). Studies of N balances of vegetable crops in commercial 95 

greenhouses in SE Spain, have demonstrated that the total N supply, considering all N sources 96 

(manure, soil organic N, soil mineral N, mineral N fertilizer) greatly exceeds crop N uptake 97 

(Thompson et al., 2007; Jadoski et al., 2013). 98 

To fully understand crop response to increasing N supply, a range of parameters must be 99 

considered. Relevant parameters are total yield, dry matter production (DMP), crop N uptake, 100 

residual soil mineral N, N loss, and the various Nitrogen Use Efficiency (NUE) indices. In addition 101 

to Nitrogen Use Efficiency (NUEYield or NUEDMP); (yield or dry matter production per unit of N 102 

supplied), the various component indices of N Uptake Efficiency (NuptE; N uptake per unit of N 103 
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supplied), N Utilization Efficiency (NutEYield or NutEDMP; yield or dry matter production per unit of 104 

N uptake) (Moll et al., 1982; Gastal et al., 2015; Milroy et al., 2019) should also be considered.  105 

The objectives of the present study were to examine the response of sweet pepper to 106 

increasing amounts of TAN, in order to (i) determine the CNC, (ii) determine crop response to 107 

NNI i.e. to crop N status, (iii) determine the minimum amount of TAN required for maximum 108 

yield, (iv) determine the responses of total yield, dry matter production (DMP), crop N uptake, 109 

NUE and component NUE indices to increasing TAN, and (v) assess the risk of NO3
- leaching loss 110 

with increasing TAN. 111 

 112 

2. Material and methods 113 

2.1. Experimental site 114 

Three sweet pepper (Capsicum annuum L. “Melchor”) crops were grown in soil in a 115 

greenhouse, under similar conditions to those of commercial intensive vegetable production, in 116 

southeastern (SE) Spain, at the Experimental Station of the University of Almeria located in 117 

Retamar, Almeria, SE Spain (36°51’ N, 2°16’ W and 92 m elevation). The three crops were grown 118 

with an autumn-winter cropping cycle in 2014–2015 (2014 crop), 2016–2017 (2016 crop) and 119 

2017–2018 (2017 crop).   120 

The greenhouse had a multi-span structure of galvanized steel with polycarbonate walls and 121 

a roof of low-density polyethylene (LDPE) tri-laminated film (200-μm thickness) with 122 

transmittance to photosynthetically active radiation (PAR) of approximately 60% (Padilla et al., 123 

2014). The greenhouse had passive ventilation with lateral side panels and flap roof windows, 124 

an east-west orientation, with crop rows aligned north-south. The cropping area was 1327 m2. 125 

The greenhouse had an artificial layered “enarenado” soil typical of the region (Bretones, 2003; 126 

Thompson et al., 2007; Gázquez et al., 2017) consisting of a 30-cm layer of imported silty loam 127 

textured soil placed over the original loam soil and a 10-cm layer of fine gravel (mostly 2- to 5- 128 

mm diameter) placed on the imported soil as a mulch (Padilla et al., 2014).  129 
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At greenhouse construction in July 2007, before adding the final gravel layer, 200 m3 ha-1 of 130 

sheep manure (63% dry matter, 1.7% N content and 0.7 t m-3 density) was mixed into the top 131 

layer of the imported soil following local practices (Thompson et al., 2007). Above-ground drip 132 

irrigation was used for combined irrigation and mineral fertilizer application (i.e. fertigation). 133 

Drip tape was arranged in paired lines with 0.8-m spacing between lines within each pair, 1.2-m 134 

spacing between adjacent pairs of lines, and 0.5-m spacing between drip emitters within drip 135 

lines, giving an emitter density of 2 emitters m-2. The drip emitters had a discharge rate of 3 L h-136 

1. The coefficient of uniformity of the drip system was >95%.  137 

The greenhouse was organized into 24 plots, each measuring 6 m by 6 m; 20 plots were 138 

used in this study. Each plot contained three paired lines of drip tape with 12 drip emitters in 139 

each line. Sheets of polyethylene film (250-µm thickness) buried to 30-cm depth acted as a 140 

hydraulic barrier between plots. Individual plants were positioned 6 cm from and immediately 141 

adjacent to each emitter, giving a plant density of 2 plants m-2 and 72 plants per replicate plot. 142 

The greenhouse was divided longitudinally into northern and southern plots by a 2-m wide path 143 

along its east-west axis, with two plots of each N treatment in the northern and southern 144 

sectors. There were border areas along the edges of the greenhouse.  145 

 146 

2.2. Pepper crops and experimental N treatments 147 

Plants were transplanted as five-week-old seedlings. Dates of transplanting and of the end 148 

of each pepper crop are given in Table 1. For the first days after transplanting (DAT), seedlings 149 

were irrigated with water (<0.04 mmol N L-1) until the different N treatments commenced at 1, 150 

9, and 10 DAT in 2014, 2016 and 2017 crops, respectively.  151 

In each of the three crops, five experimental treatments of increasing N concentration were 152 

applied by fertigation in every irrigation. The different N concentrations were applied as part of 153 

complete nutrient solutions, the composition of which ensured that all other macronutrients 154 

and micronutrients were not limiting. Before transplanting each crop, a series of large irrigations 155 
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were applied to leach residual NO3
- present in the soil, and to homogenize the soil profile 156 

between plots. The N treatments had increasing N concentration from very N deficient (N1), N 157 

deficient (N2), conventional N management (N3), excessive N (N4) to very excessive N (N5) 158 

(Table 1). The total amounts of irrigation and N applied to each treatment are presented in Table 159 

1. Most of the mineral N was applied as NO3
- (92% of applied), the rest was applied as 160 

ammonium (NH4
+).161 
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Table 1. General description for the three pepper crops and N treatments, including dates of transplanting and end of crop, total irrigation and drainage 162 
volumes, soil mineral N at transplanting, N fertigation treatments defined on the basis of N concentration of the applied nutrient solution, total amount of N 163 
applied and total available N (TAN) supplied to the crop. Apparent N mineralization, included in the calculation of TAN, was 24.3, 43.2 and 1.7 kg N ha-1 in the 164 
2014, 2016 and 2017 crops, respectively. 165 
 166 

Crop year Date of 
transplanting 

Date end of 
the crop 
(duration) 

N 
treatment 

Irrigation 
amount  
(mm)a 

Drainage 
(mm) 

Mineral N at 
planting  
(kg N ha-1) 

N concentration 
in nutrient 
solution  
(mmol L-1)b 

Total N 
applied 
(kg N ha-1)a 

TAN 
(kg N ha-1) 

N leached 
(kg N ha-1) 

2014 12/08/2014 29/01/2015 N1 190 14 16 2.3 64 104 1 
  (170 days) N2 216 18 14 6.0 189 227 4 
   N3 294 45 6 12.3 516 547 18 
   N4 357 97 14 15.8 804 842 90 
   N5 354 113 20 19.6 990 1035 168 
           
 2016 19/07/2016 24/03/2017 N1 319 16 87 2.0 88 218 3 
  (248 days) N2 404 20 81 5.3 302 426 4 
   N3 414 14 85 9.7 561 689 8 
   N4 557 143 74 13.5 1052 1169 165 
   N5 532 144 119 17.7 1320 1483 250 
           
2017 21/07/2017 20/02/2018 N1 304 5 34 2.0 86 122 0 
  (214 days) N2 383 5 46 5.7 304 351 1 
   N3 383 3 51 9.7 519 571 0 
   N4 475 37 49 12.1 870 921 10 
   N5 513 56 85 15.7 1198 1284 46 

a For the complete cropping cycle. 167 
b For the period of N treatments, which commenced 1, 9 and 10 days after transplanting in the 2014, 2016 and 2017 crops, respectively. 168 
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Irrigation was scheduled to maintain the soil matric potential in the root zone, at 15-cm 169 

depth, within -10 to -30 kPa; one tensiometer (Irrometer, Co., Riverside, CA, USA) per plot was 170 

used to measure soil matric potential. Irrigation was applied every 1–4 days, with irrigation being 171 

more frequent during warmer periods, and less frequent during cooler periods. To avoid 172 

excessive accumulation of salinity in the soil solution, additional irrigations were made at 173 

particular times when considered necessary. In the 2014 crop, additional nutrient solution was 174 

applied during 80–103 DAT to treatments N3, N4 and N5, the respective totals of additional 175 

volumes were 23, 44 and 45 mm. In the 2016 crop, additional nutrient solution was applied 176 

during 66–71, 104–111, and 178–180 DAT for treatments N1 to N5; the respective total 177 

additional volumes were 62, 79, 84, 115 and 107 mm. In the 2017 crop, additional irrigation was 178 

applied as water only during 72–110 DAT to the N4 and N5 treatments, and during 129–143, 179 

and 185–208 DAT to the N3 to N5 treatments; the total volumes applied were 31, 39 and 39 180 

mm, respectively. 181 

The crops were managed following local practices. The crops were physically supported 182 

using a system of nylon cords placed horizontally along the side of the crop, a system known 183 

locally as “enfajado”. Periodic pruning was conducted, in the early part of each crop cycle, to 184 

create a more open canopy to reduce the risk of fungal infection. High temperature within the 185 

greenhouse was controlled by white-washing the plastic cladding of the greenhouse with 186 

applications of CaCO3 suspension. CaCO3 suspension was applied in three separate applications 187 

to each crop; at planting and at 8 and 34 days after transplanting (DAT) in the 2014 crop, at 6 188 

days before transplanting and at 10 and 36 DAT in the 2016 crop, and at 8 days before 189 

transplanting and at 12 and 62 DAT in the 2017 crop. The first two applications in the 2014 and 190 

2016 crops were 0.65 kg L-1 and in the 2017 crop were 0.50 kg L-1; the third application was 0.20 191 

kg L-1 in the 2014 crop, and 0.40 kg L-1 in the 2016 and 2017 crops.  Following these CaCO3 192 

suspension applications, PAR transmissivity was 15–50%.193 
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2.3. Measurements  194 

2.3.1. Climatic data 195 

Average values for daily minimum, mean and maximum air temperature and relative 196 

humidity, average values for the duration of the crop of the daily integral of solar radiation and 197 

daily reference evapotranspiration (ET0), inside the greenhouse, for the three crops, are 198 

presented in Table 2. 199 

Air temperature and relative humidity were measured inside the greenhouse with a relative 200 

humidity/temperature probe (Model 41382V, R.M. Young Company, MI, USA) encased in an 201 

aspirated protective radiation shield (Model 43502, R.M. Young Company, MI, USA). Solar 202 

radiation was measured with a pyranometer (Model SKS 1110, Skye Instruments, Llandrindod 203 

Wells, Wales, UK). All data were recorded and stored using a data logger (Model CR10X, 204 

Campbell Scientific Inc., Utah, USA). 205 

The climatic conditions during the three pepper crops were similar and were within the 206 

normal range of values for autumn-winter crops grown in plastic greenhouses on the 207 

Mediterranean coast. 208 
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Table 2. For each pepper crop, means values for the cropping period of 24-h minimum, average and maximum air temperature and relative humidity (RH) 209 
values, and average values for the duration of the crop of the daily integral of solar radiation and of daily reference evapotranspiration (ET0), inside the 210 
greenhouse. 211 
 212 

Crop year  Temperature (°C)  RH (%)  Integral of solar radiation  ET0  

  Minimum Average Maximum  Minimum Average Maximum  (MJ m-2 d-1)  (mm d-1)a 

2014  14.4 19.2 26.3  45.6 73.7 90.9  6.0  1.2 
2016  14.1 19.0 26.0  54.4 75.7 89.9  6.1  1.2 
2017  13.8 18.9 26.3  49.0 72.2 88.1  6.7  1.3 
a Calculated using the modified FAO radiation equation of Fernández et al. (2010, 2011). 

213 
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2.3.2. Soil mineral N   214 

The soil was sampled and analyzed immediately before planting and the end of each crop, 215 

for mineral N (NO3
-–N plus NH4

+–N). To deal with heterogeneity associated with combined drip 216 

irrigation and fertigation, each soil sampling in each plot was made in two associated sampling 217 

positions in relation to a representative emitter and plant; the first at 5 cm from the drip emitter 218 

and the second mid-way between two paired lines.  Soil mineral N was calculated as: (0.65 × 219 

position 1) + (0.35 × position 2). Soil was sampled in each position to a depth of 60 cm relative 220 

to the surface, in four depth intervals (0–15, 15–30, 30–45, 45–60 cm) in the 2014 crop, and at 221 

three depth intervals (0–20, 20–40, 40–60 cm) in the 2016 and 2017 crops. Each depth 222 

increment from each sampling position within each replicate location was treated as a separate 223 

sample. 224 

Soil mineral N content was determined following extraction with potassium chloride (KCl) 225 

solution (40 g moist soil: 200 mL 2 mol L-1 KCl).  NO3
- and NH4

+ concentrations in the extracts 226 

were determined with an automatic continuous segmented flow analyzer (Model SAN++, Skalar 227 

Analytical B.V., Breda, The Netherlands).   228 

 229 

2.3.3. Irrigation volume, drainage, and nitrate leaching 230 

Irrigation volume was measured in each treatment with volume meters. Three times per 231 

week, two replicate samples of applied nutrient solutions for each treatment were collected 232 

from separate drip emitters, to determine the concentration of NO3
- and NH4

+ in the applied 233 

nutrient solution. Drainage was collected from each treatment using two replicate, free draining, 234 

re-packed lysimeters (4 m long × 2 m wide × 0.7 m deep) located in the southern side of each 235 

greenhouse, the bottom and walls of the lysimeters were lined with butyl rubber.  The soil profile 236 

in the lysimeter reproduced that of the outside area described above to a depth of 0.7 m, with 237 

a layer of gravel placed between the butyl rubber sheet and the layered soil.  238 
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Accumulated lysimeter drainage volumes were measured three times per week; 239 

representative sub-samples from each lysimeter were analyzed to measure the NO3
- 240 

concentration using the automatic segmented flow analyzer system described previously; the 241 

concentration of NH4
+ was negligible. NO3

- leaching was calculated for each lysimeter by 242 

multiplying NO3
- concentration by drainage volume. 243 

 244 

2.3.4. Determination of crop dry matter production and N uptake 245 

Above-ground dry matter production (DMP) was measured by sampling approximately 246 

every 21 days, by removing one complete and representative plant in each replicate plot. The 247 

dry matter content of each biomass component (stem, leaf, and fruit) was determined by oven-248 

drying all the material at 65°C until constant weight. At transplanting, dry matter mass was 249 

determined in 100 seedlings. At each pruning during the crop, pruned dry matter mass was 250 

determined as described previously, from eight selected plants marked in each replicate plot. 251 

The same eight plants were used for all prunings. The final biomass sampling at the end of the 252 

crop was conducted by sampling and weighing the eight marked plants, to determine total fresh 253 

weight. The percentage of leaf, stem, and fruit was determined in two representative plants 254 

from these eight plants.  255 

Representative samples (approximately 20% of fresh weight) of each component (leaf, stem 256 

and fruit) from each plant were used to determine the dry matter content by oven-drying at 257 

65°C until constant weight. Dry matter of the whole sample was calculated by multiplying the 258 

fresh weight and dry matter percentage of each component and then summing the mass of dry 259 

matter of the three biomass components. Total dry matter production (DMP), at each biomass 260 

sampling, was calculated as the sum of dry matter mass of leaf, stem and fruit on that sampling 261 

date plus all previously sampled pruned material and harvested fruit. 262 

All fresh fruit were harvested periodically from same eight marked plants that were used 263 

for collection of pruned material, in each replicate plot. Fresh and dry weights were determined 264 
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for all fruit harvested from each plot. Once harvests commenced, they were generally conducted 265 

every 7–14 days. In the 2014, 2016 and 2017 crops, harvests commenced at 98, 101 and 110 266 

DAT, respectively, and there were, respectively seven, sixteen and eleven harvests. Total yield 267 

at the end of each crop was calculated as the cumulative fruit production of all harvests, 268 

including fruit that were not considered suitable for the commercial market because of size and 269 

imperfections. 270 

Representative sub-samples of leaves, stems, and fruit from each biomass sampling, and of 271 

pruned material and harvested fruit, from each replicate plot, were each ground sequentially in 272 

knife and ball mills. Total N content (%N) of each sub-sample was determined using a Dumas-273 

type elemental analyzer system (Model Rapid N, Elementar Analysen systeme GmbH, Hanau, 274 

Germany). The mass of N in each relevant component was calculated from the %N of the sub-275 

sample and corresponding dry matter of the sample. 276 

Total crop N uptake (kg N ha-1) in each replicate plot, at each biomass sampling, was the 277 

sum of N in all relevant components including previous pruned material and harvested fruit as 278 

was done for the calculation of total DMP. Total crop N content (%N) was calculated, for each 279 

replicate, as total crop N uptake divided by total DMP. Harvest index (HI) was calculated as the 280 

ratio between dry matter in fruit and total above-ground biomass, and nitrogen harvest index 281 

(NHI) was calculated as the ratio between N uptake in fruit and total N uptake. 282 

 283 

2.3.5. Determination of the critical N curve (CNC) for sweet pepper 284 

A critical N curve (CNC) that related total crop N content to total crop DMP was calculated 285 

using data of the three crops, following the methodology of Greenwood et al. (1990). For each 286 

biomass sampling date, an analysis of variance was conducted to determine the treatment with 287 

the largest total DMP with the lowest applied N; total crop N content (%N) of the selected 288 

treatment was used for the derivation of the CNC. Where the largest total DMP occurred in more 289 

than one N treatment, the one with the lowest total crop N content was selected. These points 290 
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were used to fit a negative power relationship between critical total crop N content (%Nc) and 291 

total crop dry matter production (DMP): %𝑁𝑐 = 𝑎 × 𝐷𝑀𝑃−𝑏, where 𝑁𝑐 is the minimum total 292 

crop N content (as %N) associated with maximum crop growth (total DMP), coefficient 𝑎 293 

represents the N concentration in the DMP when total crop DMP was 1 t ha-1, and coefficient 𝑏 294 

is a statistical parameter governing the slope of the relationship (Greenwood et al., 1990). The 295 

curve cannot be applied to dry matter biomass of <1 t ha-1 (Justes et al., 1994; Ziadi et al., 2010). 296 

This curve was derived from the DMP of the total crop and the N content of total crop DMP; 297 

total crop DMP being the sum of the dry matter mass of leaves, stems, and fruits. 298 

 299 

2.3.6. Evaluation of the contribution of fruit to the CNC of sweet pepper 300 

To evaluate the contribution of fruit to N dilution in the CNC (in section 3.1.3), two 301 

approaches were used. Firstly, a CNC for only vegetative growth was determined for the three 302 

pepper crops. This vegetative growth CNC was derived from the DMP and N content of the sum 303 

of leaves and stems (vegetative DMP) for the entire crop, excluding DMP from the fruit. The 304 

vegetative DMP CNC was determined using the same criteria as for the whole crop CNC that 305 

included stems, leaves, and fruit. For each biomass sampling date, an analysis of variance was 306 

conducted to determine the treatment with the largest vegetative DMP (of stems and leaves) 307 

with the lowest applied N. 308 

The second approach to evaluate the contribution of fruit to the dilution of N in the whole 309 

crop CNC was to consider the DMP and N content of the whole crop (stems, leaves and fruit) for 310 

two periods, which were before and after the commencement of fruit harvest. This was to 311 

examine whether the large contribution of fruit to total crop DMP during the fruit harvest period 312 

affected the dilution of the whole crop CNC. Natural logarithm (LN) values of the critical values 313 

of DMP and of crop N content of the whole crop (1) for the full duration of the crop, (2) until the 314 

commencement of fruit harvest, and (3) after the commencement of fruit harvest, were used.  315 



16 
 

Linear regression analyses were conducted to examine the relationship of LN of crop N 316 

content to LN of crop DMP, for (i) the entire crop cycle, (ii) the period of vegetative growth 317 

before harvest, and (iii) the fruit harvest period. Combined data from the three crops were used.  318 

The vegetative growth period preceding the first harvest was from 42–84, 43–83 and 39–319 

101 DAT for the 2014, 2016 and 2017 crops, respectively. The harvest period was from the first 320 

fruit harvest to the end of crop, being 98–170, 101–248 and 110–214 DAT the 2014, 2016 and 321 

2017 crops, respectively. The dates referred to here are the dates of the biomass samplings in 322 

vegetative and harvest periods. 323 

The precision of the three linear regression equations was evaluated by the root mean 324 

square error (RMSE). RMSE was calculated as follows: 𝑅𝑀𝑆𝐸 =  √
∑ (𝑌𝑖−𝑂𝑖)2𝑛

𝑖=1

𝑛
, where 𝑛 is the 325 

number of samples, 𝑌𝑖 is the estimated value of the relationship, and 𝑂𝑖 is the observed value. 326 

A value close to zero indicates an excellent fit. 327 

 328 

2.3.7. Calculation of nitrogen nutrition index and critical N uptake amount values 329 

The nitrogen nutrition index (NNI) was used as a measure of crop N status. The NNI values 330 

for each treatment at each biomass sampling date, were determined as: 𝑁𝑁𝐼 =  
𝑁𝑎𝑐𝑡

𝑁𝑐
, where 331 

𝑁𝑎𝑐𝑡 is the total nitrogen content measured and 𝑁𝑐 is the critical N content corresponding to 332 

the amount of shoot dry matter produced (Lemaire and Gastal, 1997).  333 

In addition, NNI values were calculated as an integrated NNI value (NNIi) to characterize the 334 

treatments in terms of crop N status during the entire growing cycle of the crops. Integrated 335 

values were calculated as: NNI𝑖 = 1/𝐷 × ∑ 𝑁𝑁𝐼𝑠 ×  𝑑𝑠, where 𝐷 was the total number of days 336 

of each pepper crop, 𝑁𝑁𝐼𝑠  was the NNI value determined at each biomass sampling 337 

measurement date, and 𝑑𝑠  was the interval between two successive biomass samplings 338 

(Lemaire and Gastal, 1997; Lemaire et al., 2008). 339 
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The CNC for sweet pepper was used to calculate the critical N uptake amount (NCupt). The 340 

NCupt was calculated using the equation: 𝑁𝐶𝑢𝑝𝑡 = 10𝑎 × 𝐷𝑀𝑃(1−𝑏) , where the term 10𝑎 341 

represents the crop N uptake (kg N ha-1), for crop biomass of 1 t DMP ha-1 (Sadras and Lemaire, 342 

2014).  343 

 344 

2.3.8. Total Available Nitrogen 345 

In each crop, total available N (TAN) was calculated as the sum of soil mineral N at planting, 346 

mineral N applied by fertigation, and N mineralized from applied manure and soil organic 347 

matter. Mineralized N was calculated, for each crop cycle using an N balance approach (Feller 348 

and Fink, 2002), from the experimental data of treatment N1, where very little N was applied, 349 

using the equation: 𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑒𝑑 𝑁 = (𝑁 𝑢𝑝𝑡𝑎𝑘𝑒 + 𝑁 𝑙𝑒𝑎𝑐ℎ𝑒𝑑 + 𝑁 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙) − (𝑁 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 +350 

𝑁 𝑓𝑒𝑟𝑡𝑖𝑔𝑎𝑡𝑖𝑜𝑛); where N uptake is the total crop N uptake, N leached is the total NO3
-–N leached 351 

during the crop, and N residual is the residual mineral N at the end of the crop.  352 

For the N balance calculation, it was assumed that gaseous N losses in the N1 treatments 353 

were negligible. It was assumed that N mineralized was equal for all treatments in each pepper 354 

crop. Using this N balance calculation, N mineralized was determined to be a 24.3, 43.2 and 1.7 355 

kg N ha-1 for 2014, 2016 and 2017 crops, respectively. The larger N mineralization during the 356 

2016 crop was likely related to the cultivation of the imported soil to 20 cm depth (after 357 

removing the sand mulch) one month prior to transplanting. This was the first and only 358 

cultivation of the greenhouse soil, since greenhouse construction in 2007.  359 

 360 

2.3.9. Nitrogen use efficiency indices 361 

Nitrogen use efficiency (NUE) was calculated for each treatment in each crop as the ratio 362 

between yield (NUEYield) or DMP (NUEDMP) and total available N (TAN) (Moll et al., 1982; Huggins 363 

and Pan, 1993). The components of NUE, namely N uptake efficiency (NuptE) and N utilization 364 

efficiency (NutE) were calculated following Moll et al. (1982). NuptE was calculated as the ratio 365 
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between crop N uptake and TAN. N utilization efficiency for total yield (NutEYield) was calculated 366 

as the ratio between total yield and crop N uptake, and N utilization efficiency for biomass 367 

(NutEDMP) as the ratio between DMP and crop N uptake (Caviglia et al., 2014).  368 

 369 

2.4. Data analysis  370 

The experimental data of the three crops were examined using analysis of variance (ANOVA) 371 

after verifying assumptions of normality and equal variance. If the main effects or interactions 372 

were significant at P < 0.05, the least significant difference (LSD) test was conducted for multiple 373 

comparisons of means. The results of the analysis of variance are presented as: no significant 374 

difference at P > 0.05 (ns), significant at P < 0.05 (*), very significant at P < 0.01 (**) and highly 375 

significant at P < 0.001 (***). All statistical procedures were performed with Statistica 13 (TIBCO 376 

Software Inc., Palo Alto, CA, USA). 377 

The response of total yield to TAN and NNIi for the 2014, 2016 and 2017 crops was examined 378 

using  the linear-plateau regression model. The linear-plateau regression model was defined by 379 

the equation: 𝑌 = 𝑎 + 𝑏N , if N < N0, and 𝑌 = 𝑃, if N > N0, where 𝑌 was total pepper yield (t ha-380 

1), N was TAN (kg N ha-1), 𝑎 was the minimum yield achieved when no N was applied to the crop 381 

(intercept), and 𝑏 was the increase in yield in response to each kg of TAN (kg N ha-1) (the slope); 382 

N0  was the critical value of TAN, which occurred at the intersection of the inclined linear 383 

segment and the horizontal segment of the linear-plateau regression (Gianquinto et al., 2011; Li 384 

et al., 2015).  385 

To determine the N0 value of TAN in the soil (kg N ha-1), total yield was examined as either 386 

absolute or relative values. N0 values were determined for each of the three pepper crops using 387 

total yield (t ha-1) data. To determine a single N0 value for the three crops, relative yield (%) 388 

values were used; these were calculated as the percentage of the maximum yield of the given 389 

treatment in each crop. The linear-plateau regression model was examined using the software 390 

program RStudio2 (RStudio, Inc., Boston, MA, USA).  391 



19 
 

3. Results 392 

3.1. Determination and evaluation of a critical nitrogen dilution curve for sweet pepper 393 

3.1.1. Crop biomass and crop nitrogen content 394 

The range of total crop DMP (leaves + stems + fruit) data, that fitted the statistical criteria 395 

for determining the Nc dilution curve for sweet pepper (defined in section 2.3.5), using 396 

combined data from the 2014, 2016 and 2017 crops, was 1.0 to 15.8  t ha-1. The corresponding 397 

range for the vegetative DMP (leaves + stems, excluding fruit, see section 2.3.6) for the three 398 

crops was 1.0 to 8.2 t ha-1. Crop N content decreased during the growing season and with 399 

increasing shoot biomass, from 5.0 to 2.6 %N for total crop DMP (leaves + stems + fruit) and 400 

from 5.0 to 2.8 %N for vegetative DMP (leaves + stems).  401 

 402 

3.1.2. Critical N dilution curve for sweet pepper  403 

Generally, throughout the 2014, 2016 and 2017 crops, for each biomass sampling, the N3 404 

treatment was associated with the lowest crop N content required for maximum crop growth 405 

(Supplementary Table 1). Combining the data of the total crop critical N content and associated 406 

total crop DMP for each biomass sampling of the three crops, the following total crop CNC was 407 

obtained for sweet pepper:  %𝑁𝑐 = 4.71 × 𝐷𝑀𝑃−0.22 (R2 = 0.94) (equation 1), where %𝑁𝑐 is the 408 

critical crop N content, 4.71 is the total crop N content (%N) for total DMP of 1 t ha−1, and -0.22 409 

is the value of a dimensionless parameter that describes the slope of the relationship with which 410 

%N declines with increasing DMP, the dilution coefficient.  411 

This total crop CNC for sweet pepper has a notably lower N dilution with increasing biomass 412 

compared to the general CNC for C3 crops (%𝑁𝑐 = 4.80 × 𝐷𝑀𝑃−0.32) of Lemaire and Gastal. 413 

(1997), (Fig. 1a). 414 

 415 

3.1.3. Assessment of N dilution in sweet pepper CNC 416 



20 
 

To examine if fruit production contributed to the lesser dilution of the total crop sweet 417 

pepper CNC compared to the general CNC for C3 crops of Lemaire and Gastal. (1997), an 418 

additional CNC for vegetative DMP of sweet pepper was derived. The CNC for vegetative DMP, 419 

of the three crops, only used leaves and stems (i.e. fruit DMP was excluded) for the duration of 420 

the crops.     421 

The CNC for vegetative DMP was %𝑁𝑐 = 4.82 × 𝐷𝑀𝑃−0.26, (R2 = 0.90) (Fig. 1a). The CNC for 422 

vegetative DMP was very similar to the CNC for total crop DMP (Fig. 1a) and different to the 423 

general CNC for C3 crops of Lemaire and Gastal. (1997) (Fig. 1a). The dilution coefficient of the 424 

vegetative DMP CNC was 0.26 compared to 0.22 of the CNC for total crop DMP determined for 425 

sweet pepper, and to the value of 0.32 of Lemaire and Gastal. (1997). 426 

The possible contribution of fruit production to the relatively limited N dilution of the total 427 

crop CNC (based on total DMP) for sweet pepper was further examined by plotting the natural 428 

logarithm of the critical N content (of the total crop) against the natural logarithm of total DMP 429 

(of the total crop) for (i) the entire duration of the crop, (ii) the vegetative growth period (i.e. 430 

prior to the first harvest), and (iii) the harvest period (when fruit were harvested), for the three 431 

crops considered together (Fig. 1b). For the duration of the entire crop, the vegetative growth 432 

period, and the harvest period, these three relationships were all described by negative linear 433 

regressions (Fig. 1b). The linear regression for the duration of the entire crop had a slope of -434 

0.22 and an RMSE of 1.13, while that for vegetative growth period had a slope of -0.24 and an 435 

RMSE of 0.82, and that for harvest period had a slope of -0.16 and an RMSE of 1.26 (Fig. 1b).  436 

The similarity of the slopes and of the RMSE values indicate that there would be no clear 437 

advantage from separate CNCs for vegetative growth and harvest periods, compared to a single 438 

whole crop CNC, for assessing crop N status of sweet pepper. 439 
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 440 

Fig 1. (a) Critical N curve for pepper using (i) total crop N content and total DMP (red), (ii) 441 
vegetative DMP and vegetative crop N content (black broken line) from the 2014, 2016 and 2017 442 
crops and (iii) CNC for C3 crops of Lemaire and Gastal, (1997) (gray broken line), and (b) 443 
relationship between the natural logarithm (LN) of total crop N content and the LN of total DMP 444 
for (i) the entire crop cycle (red), (ii) until harvest (blue), and (iii) harvest period (green). The CNC 445 
derived for total and vegetative DMP and N content was calculated following the methodology 446 
of Greenwood et al. (1990). Each data point is the critical treatment that maximized the 447 
production with the lowest amount of N. The values represented are means from four replicate 448 
plots. The lines and equations represent the best-fit equations. 449 

 450 

The validity of using a single CNC for sweet pepper was verified by comparing NNI values 451 

derived from a double CNC with those derived from the single CNC obtained from the data of 452 

the three crops. The single CNC was %𝑁𝑐 = 4.71 × 𝐷𝑀𝑃−0.22 (i.e. equation 1), and the double 453 

CNC consisted of %𝑁𝑐 = 4.82 × 𝐷𝑀𝑃−0.24, (R² = 0.90) (equation 2) for the vegetative growth 454 

period; and %𝑁𝑐 = 4.13 × 𝐷𝑀𝑃−0.16,  (R² = 0.61) (equation 3); for fruit harvest period, as 455 

represented in Fig. 1b in an NL-NL form. NNI values from the double CNC were compared to NNI 456 

values from the single CNC for (i) the vegetative growth period, until first fruit harvest, (ii) the 457 

period after first fruit harvest, and (iii) for the duration of the crop. Equation 2 was used for 458 

period (i), and equation 3 for period (ii); for the entire crop, the results of periods (i) and (ii) were 459 

combined. The linear regressions comparing NNI values calculated using the double CNC 460 

compared to using the single CNC were 𝑦 = 1.01𝑥 − 0.02, (R² = 0.99) for the vegetative growth 461 
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period until first harvest; 𝑦 = 0.95𝑥 + 0.05, (R² = 0.99) after first harvest; and 𝑦 = 0.99𝑥 + 0.01, 462 

(R² = 0.99) for the entire crop (Supplementary Figs. 1a, 1b and 1c).  463 

 464 

3.1.4. Nitrogen nutrition index  465 

The NNI values were calculated using Nc values derived from the single CNC for the duration 466 

of the crop. In each of the three pepper crops, there were highly significant (P < 0.001) 467 

differences in integrated nitrogen nutrition index (NNIi) values between the N treatments (Table 468 

3). In the three crops, NNIi increased with increasing N supply (i.e. TAN) from N1 to N4, and 469 

thereafter was relatively constant (Table 3). In the three crops, there were statistically significant 470 

differences between treatments N1, N2, N3 and N4, and no significant differences between 471 

treatments N4 and N5 (Table 3). Treatment N3 had NNIi values that were very close to one in 472 

each of the three pepper crops.  473 

 474 

Table 3. Integrated nitrogen nutrition index (NNIi) values for different N treatments for each of 475 
the three sweet pepper crops. Different letters indicate significant differences (P < 0.05) 476 
between means within each crop year, according to the procedure of least significant difference 477 
(LSD). A summary of the analysis of variance is presented as highly significant at P < 0.001 (***). 478 
The NNIi data are means ± SE over all sampling dates, from four replicate plots.  479 
 480 

Treatment  Integrated NNI  
 2014 crop  2016 crop  2017 crop 

N1  0.56 ± 0.01 a  0.69 ± 0.01 a  0.52 ± 0.01 a 
N2  0.77 ± 0.01 b  0.89 ± 0.01 b  0.80 ± 0.01 b 
N3  1.01 ± 0.01 c  0.96 ± 0.02 c  1.02 ± 0.02 c 

N4  1.05 ± 0.01 d  1.04 ± 0.02 d  1.09 ± 0.01 d 
N5  1.04 ± 0.00 d  1.02 ± 0.01 d  1.10 ± 0.02 d 
Significance  ***  ***  *** 

 481 

The relationship between relative yield and NNIi was described by a linear-plateau regression 482 

model for combined data from the three pepper crops (Fig. 2). The NNIi value for maximum 483 

relative yield, under non-limiting N conditions, was 0.86 (Fig. 2).484 
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 485 

Fig 2. Relationship between relative yield and the integrated nitrogen nutrition index (NNIi) of 486 
sweet pepper from 2014, 2016 and 2017 crops. The inclined line was described by 𝑌 = 𝑎 +487 
𝑏NNI𝑖 (if NNI𝑖 < NNI𝑖0), the horizontal line by 𝑌 = 𝑃 (if NNI𝑖 > NNI𝑖0); a is the intercept, b is 488 
the slope, NNIi0 is the critical NNIi value (the intersection of the inclined and horizontal line). 489 
NNIi data were the NNI over all sampling dates, from four replicate plots. The line and equation 490 
represent the best-fit equation. 491 

 492 

3.1.5. Critical N uptake 493 

The relationships between measured crop N uptake and the estimated critical N uptake 494 

amount (NCupt, the minimum amount of crop N uptake for maximum DMP), for the five N 495 

treatments in each of the three pepper crops are presented in Fig. 3. Measured crop N uptake 496 

and critical N uptake were initially very similar in young plants with crop N uptake of 0–50 kg N 497 

ha-1, for all treatments in the three crops (Fig. 3). Thereafter, as the crops grew, the following 498 

general tendencies were apparent in each crop: in treatment N1, crop N uptake was appreciably 499 

below NCupt; in treatment N2, crop N uptake was below NCupt; in treatment N3, crop N uptake 500 

was consistently very similar to NCupt; and in treatments N4 and N5, crop N uptake was generally 501 

slightly higher than NCupt, particularly in the latter parts of the growing seasons. The very small 502 

difference between crop N uptake and NCupt for treatments N4 and N5 indicates that there was 503 

only a small amount of luxury N consumption with the highest N supply (i.e. TAN). 504 
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 505 

Fig 3. Measured crop N uptake and critical N uptake (NCupt) calculated for DMP values following 506 
the equation 𝑁𝐶𝑢𝑝𝑡 = 47.1𝑎 × 𝐷𝑀𝑃0.78  for the five N treatments in the (a) 2014, (b) 2016, and 507 

(c) 2017 pepper crops. The values represented are the means over all sampling treatment date. 508 
Dashed line represents the 1:1 line.   509 
 510 

3.2. Agronomic response 511 

3.2.1. Effect of N treatments on yield, dry matter production, and N uptake 512 

There were highly significant (P < 0.001) or very significant (P < 0.01) effects of the N 513 

treatments on total yield in the 2014, 2016 and 2017 crops (Table 4). Total yield tended to 514 

increase with increasing N supply (i.e. TAN). In the 2014 and 2016 crops, treatments N2, N3, N4, 515 

and N5 were very similar to each other; treatment N2 had the highest yield with the lowest N 516 

supply (as TAN) in both years. For yield, in the 2017 crop, statistically N4 = N5, and N3 = N4, but 517 

N5 > N3; treatment N3 had the highest yield with the lowest N supply.  518 

Total dry matter production (DMP) increased with increasing N supply (Table 4). However, 519 

there were differences between crops in the DMP response to increasing N. The highest DMP 520 

with minimum N supply occurred with treatment N2 in the 2014, treatment N3 in 2016 crop, 521 

and with treatment N4 in the 2017 crop. The DMP of treatment N1 was significantly lower than 522 

that of the other N treatments, in each crop. There were no significant differences between 523 

treatments in Harvest Index (HI) in the three crops; however, there was a tendency for HI to 524 

decrease with increasing N application (Table 4). 525 
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Total crop N uptake was strongly affected by the N treatments in each of the three pepper 526 

crops (Table 4). Crop N uptake increased from N1 to N4 in 2014 and 2017, and increased from 527 

N1 to N3 in 2016; thereafter, despite additional N, crop N uptake remained relatively constant 528 

or declined. In 2014, the following differences in crop N uptake were significant, N4 > N3 = N5 > 529 

N2 > N1. In 2016, the following differences were significant, N5 = N4 = N3 > N2 > N1. In 2017, 530 

the following differences were significant, N5 = N4 > N3 > N2 > N1.  531 

In the 2014 crop, there was a clear tendency for Nitrogen Harvest Index (NHI) to decrease 532 

with increasing N from N1 to N4, after which it remained constant (Table 4). In the 2016 crop, 533 

there was a tendency for NHI to decrease from N1 to N3, after which it remained relatively 534 

constant. In the 2014 and 2016 crops, the majority of these differences were statistically 535 

significant. In the 2017 crop, the effect of N supply on NHI was not significant. 536 
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Table 4. Total yield, total dry matter production (DMP), total crop N uptake, harvest index (HI) and 537 
nitrogen harvest index (NHI) for each treatment in the 2014, 2016 and 2017 pepper crops. Different 538 
letters indicate significant differences (P < 0.05) between means within each crop year, according to the 539 
procedure of least significant difference (LSD). A summary of the analysis of variance is presented as: no 540 
significant at P > 0.05 (ns), significant at P < 0.05 (*), very significant at P < 0.01 (**) and highly significant 541 
at P < 0.001 (***). Data are means of four replicate plots. 542 
 543 

Crop year/ 
Treatment 

Total yield 
(t ha-1) 

Total DMP  
(t ha-1) 

Total crop N 
uptake  
(kg N ha-1) 

HI NHI 

2014      
N1 38.7 a 5.7 a 95 a 0.64 0.64 a 
N2 52.2 b 7.9 b 172 b 0.63 0.59 ab  
N3 52.9 b  8.6 bd 244 c 0.63 0.56 bd 
N4 51.1 bc 9.7 c 292 d 0.56 0.48 c 
N5 46.4 c 9.3 cd 262 c 0.59 0.52 cd 
Significance *** *** *** n.s ** 
      
2016      
N1 67.2 a 8.8 a 192 a 0.53 0.56 a 
N2 86.4 b 12.6 b 335 b 0.50 0.50 b 
N3 91.5 b 15.2 c 419 c 0.46 0.44 c 
N4 94.2 b 14.4 cd 419 c 0.47 0.45 bc 
N5 89.7 b 13.6 bd 388 c 0.51 0.45 bc 
Significance ** *** *** n.s *** 
      
2017      
N1 33.3 a 5.1 a 88 a 0.54 0.49 
N2 54.4 b 9.3 b 222 b  0.50 0.43 
N3 61.0 c 10.5 c 268 c 0.51 0.44 
N4 65.1 cd 12.6 d 351 d 0.46 0.41 
N5 68.9 d 12.6 d 341 d 0.47 0.44 
Significance *** *** *** n.s n.s 

 544 

3.2.2. Total yield response to total available nitrogen (TAN)  545 

In the three pepper crops, total yield and relative yield responded to increasing TAN (Figs. 4a, 546 

4b). The relationships between total yield (expressed in absolute values) and TAN was described 547 

by the linear-plateau regression model for the 2014, 2016 and 2017 pepper crops (Fig. 4a). Using 548 

relative yield values (expressed as a percentage of maximum total yield), the relationships 549 

between relative yield and TAN for the three crops were described by a single relationship using 550 

the linear-plateau regression model, with a R2 value of 0.57 (Fig. 4b). 551 
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Using the linear-plateau regression model with absolute yield values, the corresponding 552 

values for maximum total yield were 50, 93 and 67 t ha-1 for the 2014, 2016 and 2017 crops, 553 

respectively. The corresponding minimum TAN values associated with these maximum yield 554 

values were 187 kg N ha-1, 492 kg N ha-1 and 457 kg N ha-1, respectively (Fig. 4a).  555 

Using the linear-plateau regression model with relative values of total yield and combined 556 

data from the three crops, the maximum relative yield value was estimated to be 87%, and the 557 

minimum associated TAN value for this yield value was 425 kg N ha-1 (Fig. 4b). The R2 value for 558 

fitting the linear-plateau regression model to these data from the three crops was 0.57 (Fig. 4b). 559 

The TAN value of 425 kg N ha-1 corresponds to TAN values between treatments N2 and N3 in the 560 

three crops (Table 1). 561 

 562 
 563 
Fig 4. Total yield in response to total available nitrogen (TAN) for 2014, 2016 and 2017 pepper 564 
crops applying a linear-plateau regression model with (a) absolute total yield and (b) relative 565 
yield values. The inclined line was described by 𝑌 = 𝑎 + 𝑏N (if N < N0), the horizontal line by 566 
𝑌 = 𝑃 (if N > N0); a is the intercept, b is the slope, N0 is the critical TAN value (the intersection 567 
of the inclined and horizontal lines). The values represented are individual replications. The lines 568 
and equations represent the best-fit equations. 569 
 570 

The relationship between the total N supply, as TAN, and the means NNIi throughout the 571 

crop for all N treatments in the three crops is presented in Fig. 5. It was described by an 572 

exponential equation with a R2 value of 0.73. For the NNIi value of 0.86 for maximum relative 573 

yield (from Section 3.1.4 and Fig. 2), the corresponding TAN value was 463 kg N ha-1 (Fig. 5). This 574 

optimal TAN value is similar to the TAN value of 425 kg N ha-1 obtained from the linear-plateau 575 
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analysis between relative yield and TAN reported in the previous paragraph (Fig. 4b). For the 576 

pepper crops in this study, at NNIi values >0.86, the exponential increase in associated TAN 577 

values suggested a substantial increase in the risk of applying excess N once optical crop N status 578 

has been achieved. 579 

 580 

Fig 5. Relationship between total available nitrogen (TAN) and the integrated nitrogen nutrition 581 
index (NNIi) of pepper from 2014, 2016 and 2017 pepper crops. NNIi0 RY-Max is the maximum value 582 
of NNIi associated with maximum relative yield from Fig. 2. NNIi data were the NNI over all 583 
sampling dates, from four replicate plots for each crop. The line and equation represent the 584 
best-fit equation.  585 
 586 

3.2.3. Nitrogen use efficiency 587 

The nitrogen use efficiency (NUE) values for each of the five N treatments of the 2014, 2016 588 

and 2017 pepper crops are presented in Table 5. In the three crops, NUEYield and NUEDMP 589 

decreased appreciably with increasing N supply. NUEYield values in the 2014, 2016 and 2017 crops 590 

decreased from 372 to 45, 308 to 61, and 274 to 54 kg kg-1 respectively (Table 5). NUEDMP values 591 

decreased from 54 to 9, 40 to 9, and 42 to 10 kg kg-1 for the 2014, 2016 and 2017 crops, 592 

respectively (Table 5). For both NUEYield and NUEDMP, there were highly significant differences (P 593 

< 0.001) between treatments. For both NUEYield and NUEDMP, there were generally the following 594 

significant differences between treatments: N1 > N2 > N3 > N4 = N5 (Table 5). 595 
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Nitrogen utilization efficiency in relation to total yield (NutEYield) and to DMP (NutEDMP) 596 

decreased with increasing crop N uptake (Table 5). In the 2014 and 2016 crops, there were the 597 

following respective statistical differences between treatments: N1 > N2 > N3 = N4 = N5, and N1 598 

> N2 = N3 = N4 = N5. In the 2017 crop, treatments N2 to N5 had generally similar values. A 599 

general observation, for the three crops, is that with increasing crop N uptake, NutEYield decreased 600 

from values of approximately 350–400 kg kg-1 to values of approximately 200 kg kg-1, after which 601 

NutEYield remained relatively constant despite increasing crop N uptake (Table 5, Fig. 6a). The 602 

relatively constant NutEYield values generally coincided with the N3 treatment in each of the three 603 

crops (Table 5). The relationship between NutEYield and crop N uptake was described by an inverse 604 

linear-plateau regression model (Fig. 6a); the corresponding minimum value of crop N uptake at 605 

which the plateau value of NutEYield first occurred was 262 kg N ha-1 (Fig. 6a). 606 

NutEDMP values ranged from 60 to 35, 46 to 35, and 58 to 37 kg kg-1 in the 2014, 2016 and 607 

2017 crops, respectively (Table 5).  As with NutEYield, the relationship of NutEDMP with increasing 608 

crop N uptake, for the three crops, was described by an inverse linear-plateau regression model 609 

(Fig. 6b). The plateau value of NutEDMP to increasing crop N uptake was 35 kg kg-1 (Fig. 6b). The 610 

minimum value of crop N uptake at which the plateau value of NutEDMP occurred was 257 kg N 611 

ha-1 (Fig. 6b). 612 

N uptake efficiency (NuptE) decreased exponentially with increasing TAN, from almost 0.90 613 

kg kg-1 in the N1 treatment to approximately 0.25 kg kg-1 in the N5 treatment Fig. 7; Table 5). For 614 

the minimum TAN value for maximum relative yield of 425 kg N ha-1, the corresponding NuptE 615 

value was 0.63 kg kg-1 (Fig. 7). The relationship of NuptE to TAN was described by an inverse 616 

polynomial equation with a R2 of 0.80 (Fig. 7).617 
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Table 5. Nitrogen use efficiency for total yield (NUEYield) and for dry matter production (NUEDMP), 618 
N uptake efficiency (NuptE), and N utilization efficiency for total yield (NutEYield) and for dry matter 619 
production (NutEDMP) for the different N treatments during the 2014, 2016 and 2017 pepper 620 
crops. Different letters indicate significant differences (P < 0.05) between means within each 621 
crop year according to the procedure of least significant difference (LSD). A summary of the 622 
analysis of variance is presented as highly significant at P < 0.001 (***). Data are means from 623 
four replicate plots. 624 
 625 

Crop year/ 
Treatment  

NUEYield 

(kg kg-1) 
NUEDMP 

(kg kg-1) 
NuptE 
(kg kg-1) 

NutEYield   
(kg kg-1)   

NutEDMP 

(kg kg-1) 

2014      
N1 372 a 54.4 a 0.91 a 409 a 59.8 a 
N2 230 b 34.6 b 0.76 b 304 b 45.8 b 
N3 97 c 15.8 c 0.45 c 217 c 35.4 c 
N4 61 d 11.5 cd 0.35 cd 175 c 33.1 c 
N5 45 d 9.0 d 0.25 d 177 c 35.4 c 
Significance *** *** *** *** *** 
      
2016      
N1 308 a 40.2 a 0.88 a 350 a 45.7 a 
N2 203 b 29.6 b 0.79 a 258 b 37.6 b 
N3 133 c 22.1 c 0.61 b 218 b 36.4 bd 
N4 81 d 12.3 d 0.36 c 225 b 34.3 ce 
N5 61 d 9.2 d 0.26 c 231 b 35.0 de 
Significance *** *** *** *** *** 
      
2017      
N1 274 a 42.1 a 0.72 a 380 a 58.5 a 
N2 155 b 26.6 b 0.63 b 245 b 42.1 b 
N3 107 c 18.4 c 0.47 c 227 bc 39.2 bd 
N4 71 cd 13.7 d 0.38 d 186 cd 35.9 c 
N5 54 d 9.8 d 0.27 e 202 bd 36.9 cd 
Significance *** *** *** *** *** 

626 
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 627 
 628 
Fig 6. Nitrogen utilization efficiency for (a) yield per unit of N uptake (NutEYield), and for (b) dry 629 
matter production per unit of N uptake (NutEDMP), in relation to crop N uptake in the 2014, 2016 630 
and 2017 pepper crops using a combined data set for the 2014, 2016 and 2017 pepper crops. 631 
The inclined line was described by 𝑌 = 𝑎 + 𝑏N (if N < Nupt), the horizontal line by 𝑌 = 𝑃 (if N >632 

Nupt); a is the intercept, b is the slope, Nupt is the critical N uptake value (the intersection of the 633 

inclined and horizontal lines). The values represented are individual replications. The lines and 634 
equations represent the best-fit equations. 635 

 636 

 637 

Fig 7. Relationship between N uptake efficiency (NuptE) and total available N (TAN) for the 638 
different N treatments in the 2014, 2016 and 2017 pepper crops. TANRY-Max is the maximum 639 
amount of TAN associated with maximum relative yield from Fig. 4b.  The values represented 640 
are individual replications. The line and equation represent the best-fit equation.  641 
 642 
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3.2.4. Effect of N treatments on N loss and residual soil mineral N 643 

In the three pepper crops, NO3
- leaching increased with increasing TAN (Table 1), reaching 644 

maximum values of 168, 250 and 46 kg N ha-1 in the N5 treatment in the 2014, 2016 and 2017 645 

crops, respectively. The maximum amounts of NO3
- leached in 2017 were lower than in 2016 646 

and 2014 due to lower drainage volumes, which reflected the combined salinity and irrigation 647 

management practices used (Table 1).  648 

Residual soil mineral N increased with TAN, the relationship being described by a polynomial 649 

equation with a R2 of 0.90 (Fig. 8a). In the N5 treatments with TAN values of 1035, 1483 and 650 

1284 kg N ha-1, the residual N values were 510, 893 and 713 kg N ha-1 for 2014, 2016 and 2017 651 

crops, respectively. For the TAN value of 425 kg N ha-1, which was the minimal TAN value for 652 

maximum relative yield (Fig. 4b), the corresponding residual N was 119 kg N ha-1 (Fig. 8a).  653 

The relationship between residual soil mineral N and NNIi was described by a power 654 

equation with a R2 of 0.60 (Fig. 8b). For optimal crop N status at NNIi = 0.86 (Fig. 2), the 655 

corresponding residual mineral N was 128 kg N ha-1, which represents a relatively small potential 656 

NO3
- leaching loss.657 
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 658 
 659 
Fig 8. Relationship between residual mineral N in the soil at the end of the 2014, 2016 and 2017 660 
crops, and (a) total available nitrogen (TAN) and (b) integrated nitrogen nutrition index (NNIi). 661 
TANRY-Max is the maximum amount of TAN associated with maximum relative yield from Fig. 4b 662 
and NNIi0 RY-Max is the maximum value of NNIi associated with maximum relative yield from Fig. 663 
2. The values represented are individual replications. The lines and equations represent the best-664 
fit equations. 665 

 666 

At the TAN value of 425 kg N ha-1 for maximum production with minimum N supply, the 667 

potential NO3
- leaching loss (i.e. the sum of the amount of N leached and the residual soil mineral 668 

at the end of each crop) was 125 kg N ha-1 (Fig. 9). Thereafter with increasing TAN, the potential 669 

NO3
- leaching loss increased exponentially, reaching values of 757, 1034 and 686 kg N ha-1 in the 670 

2014, 2016 and 2017 crops, respectively.671 
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 672 

Fig 9. Relationship between potential NO3
- leaching loss at the end of the 2014, 2016 and 2017 673 

crops, and total available nitrogen (TAN). TANRY-Max is the maximum amount of TAN associated 674 
with maximum relative yield from Fig. 4b. The values represented are means ± SE of four 675 
replicate plots. The line and equation represent the best-fit equation. 676 

 677 

4. Discussion  678 

4.1. Critical N curve 679 

4.1.1. Critical N dilution in sweet pepper   680 

The critical N curve (CNC) equation of %𝑁𝑐 = 4.71 × 𝐷𝑀𝑃−0.22 determined from the three 681 

sweet pepper crops in the present study has a notably lower dilution of N with increasing dry 682 

matter production (DMP) (Fig. 1a) than the general CNC for C3 crops of Lemaire and Gastal. 683 

(1997). It was demonstrated that the CNC determined for sweet pepper, in the current work, 684 

was valid for the duration of the whole crop, including both the vegetative and fruit production 685 

phases. Two factors may have contributed to the lower N dilution, of these pepper crops, 686 

compared to the general CNC equation for C3 crops of Lemaire and Gastal. (1997). The two 687 

factors are: (1) the indeterminate nature of greenhouse-grown sweet pepper crops, and (2) the 688 

relatively low planting density. Being indeterminate, sweet pepper crops continually produce 689 
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new shoot and fruit tissue, simultaneously. This is in marked contrast to determinate cereal 690 

crops where (i) shoot growth ceases at flowering, (ii) N is remobilized from ageing shoots to 691 

developing grain, and (iii) all grain development is homogenous for a crop. The on-going 692 

production of new green photosynthetically active tissue in indeterminate pepper crops results 693 

in the maintenance of a relatively high N content throughout the crop. In high-density cereal 694 

crops (≥10 plants m-2), there is a rapid reduction in light availability within the canopy, and 695 

consequently in photosynthesis, which contributes to a rapid decline in crop N content 696 

(Greenwood et al., 1990; Lemaire and Gastal, 1997). In low-density crops such as sweet pepper 697 

(2 plants m-2), the greater light availability within the canopy, likely contributes to the relatively 698 

limited dilution of crop N content as the crop grows. In other low-density greenhouse-grown 699 

vegetable crops, relatively limited dilution was also observed in cucumber (Padilla et al., 2016), 700 

but not in tomato (Padilla et al., 2015). Lemaire et al., (2007) and Seginer, (2004) described the 701 

effect of low density on N dilution. 702 

 703 

4.1.2. NNIi – maximum relative yield and luxury N uptake 704 

The linear-plateau analysis of the relationship between relative yield and NNIi established 705 

a critical NNIi value of 0.86 for maximum relative yield. Below this value, relative yield decreased 706 

and, above it, there was no additional increase in relative yield. This NNIi identified situations of 707 

deficient and non-deficient N nutrition; it can be used to evaluate the N status of greenhouse-708 

grown sweet pepper crops in SE Spain and probably throughout the Mediterranean Basin.  709 

For the N3 (conventional N management), N4 (excessive N supply) and the N5 (very 710 

excessive N supply) treatments, NNIi values were close to one, and were very similar. This 711 

indicated that very little luxury N uptake occurred with a high N supply. This was supported by 712 

the generally strong relationship between crop N uptake and critical crop N uptake values 713 

throughout the three crops (Fig. 3). Under conditions of excessive N supply, NNI values 714 

appreciably greater than 1.0 have been reported for crops such as tomato (maximium NNI = 715 
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1.30) (Padilla et al., 2015), and in potato (maximum NNI = 1.40-1.53) (Bélanger et al., 2001; 716 

Abdallah et al., 2016). However, in other crops, excessive N supply did not result in NNI values 717 

appreciably greater than 1.0, for example in cucumber (Padilla et al., 2016). 718 

 719 

4.2. Response of sweet pepper to total available N  720 

The highest yields, of up to 90 t ha-1, were obtained in the 2016 crop. For an equivalent N 721 

supply, yields were lower in the 2014 and 2017 crops, with respective maximum yields of 53 and 722 

69 t ha-1. The durations of the crops and the transplanting dates were presumably influential 723 

contributing factors. The 2014 and 2017 crops were, respectively, 78 and 34 days shorter than 724 

the 2016 crop. The transplanting date of the 2014 crop was notably later than that of the 2016 725 

and 2017 crops.  726 

In indeterminate crops such as sweet pepper, the duration of the crop can appreciably 727 

affect yield. A comparatively late planting in the summer, as in the 2014 crop, further reduces 728 

yield because of reduced growth during the shortened summer-autumn growing period. The 729 

yields in the three crops of the present study were within the range of commercial greenhouse 730 

production in Almeria, where average marketable yield is 68 t ha-1 (MAPAMA, 2019). 731 

 732 

4.2.1. Recommended N supply  733 

The minimum TAN for maximum relative yield (i.e. the optimal TAN value) of sweet pepper, 734 

determined in this study using linear-plateau regression analysis, was 425 kg N ha-1 (Fig. 4). A 735 

similar value of 463 kg N ha-1 was obtained by relating the optimal NNIi value of 0.86 (Fig. 3) to 736 

TAN (Fig. 5). Using these results, the suggested minimum total N supply (as TAN) to maximize 737 

the production of sweet pepper crops in greenhouse production in Almeria is 430 kg N ha-1. 738 

The greenhouse production areas in Almeria have been declared Nitrate Vulnerable Zones 739 

(NVZ; BOJA, 2015) in accordance with the EU Nitrates Directive (Anonymous, 1991). 740 

Recommended N supply for greenhouse-grown sweet pepper crops are for mineral fertilizer N 741 
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(García-Serrano et al., 2010), and not for TAN. However, these current limits and 742 

recommendations for mineral fertilizer N do not consider N supplied by the soil (mineralization 743 

of organic N, residual mineral N from previous crops). These additional amounts supplied by soil 744 

can be considerable. Where mineral N fertilizer rates follow the recommendations and/or are 745 

within the NVZ limit, the additional N supplied by the soil may result in appreciable N loss. To be 746 

most effective, N fertilizer recommendations and limits should also consider the soil N supply. 747 

In commercial greenhouse vegetable production in SE Spain, N is generally applied on the 748 

basis of concentration in the nutrient solution which is applied in each irrigation (Thompson et 749 

al., 2007; 2017b). Consequently, local growers and advisors are more familiar with N 750 

concentrations than with quantities or rates of N. For this reason, the suggested optimal TAN 751 

value was converted to a value of N concentration, by dividing 430 kg N ha-1 by the irrigation 752 

volume applied to the N3 treatments (conventional management), with a respective 753 

concentration of 8.4 mmol L-1. The optimal N concentrations, considered as the total N supply, 754 

were 6.2 mmol L-1 for the 2014 crop, 8.7 mmol L-1 for the 2016 crop and 8.5 mmol L-1 for the 755 

2017 crop. The 2014 value can be considered as being excessively low because of the short and 756 

late growing season in 2014. A typical local recommended N concentration for mineral N 757 

fertilizer for commercial greenhouse production of pepper in SE Spain is 12 mmol L-1 (Fernández 758 

and Camacho, 2008).  759 

The N concentration supplied to crops would be higher than this recommended value if the 760 

soil N supply was included.  Gallardo et al. (2006) reported that applied N concentrations from 761 

mineral fertilizer of 7–9 mmol N L-1 maintained yield and decreased NO3
- leaching when 762 

compared to conventional management of 10–12 mmol N L-1 in soil-grown greenhouse pepper. 763 

The results of the present study and of Gallardo et al. (2006) suggest there is appreciable 764 

potential to reduce the N concentrations routinely applied to pepper crops in greenhouses in SE 765 

Spain, particularly if the soil N supply is considered.  766 
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Tools are required to assist vegetable growers to reduce N application with minimal risk of 767 

yield reductions. The VegSyst-DSS decision support system prepares site and crop-specific N 768 

fertilizer plans for this cropping system and recommends the applied N concentration after 769 

considering both soil mineral N at planting and N mineralized from organic material (Gallardo et 770 

al., 2014, 2016; Giménez et al., 2019). Using the VegSyst-DSS in combination with petiole sap 771 

analysis and soil solution monitoring, the average applied mineral N fertilizer was reduced by 772 

38%, without yield reduction (Magán et al., 2019). Granados et al. (2013) reported that the use 773 

of a prescriptive-corrective management system for both N and irrigation, of greenhouse-grown 774 

sweet pepper, reduced applied fertilizer N by 35% without affecting yield.  775 

 776 

4.2.2. Nitrogen Use Efficiency  777 

In the present study, NUE indices all declined with increasing N supply; similar results for 778 

pepper were reported by Van Eerd. (2007), Candido et al. (2009), and Yasuor et al. (2013). The 779 

relationships of both NutEYield and NutEDMP with crop N uptake demonstrated that the efficiency 780 

of pepper to use absorbed N to produce fruit and dry matter was reduced with increasing crop 781 

N uptake, and was constant above crop N uptake values of approximately 260 kg N ha-1. These 782 

data demonstrate that reductions in NUEYield and NUEDMP with increasing N supply are initially 783 

influenced by reductions in NuptE and in NutEYield or NutEDMP. However, above crop N uptake values 784 

of approximately 260 kg N ha-1, the reductions in NUEYield and NUEDMP are only due to reduction 785 

in NuptE. The relatively larger contribution of NuptE compared to NutE in NUEYield and NUEDMP with 786 

increasing N supply was also reported by Caviglia et al. (2014). Generally, NutE, NUEYield and 787 

NUEDMP are calculated only in relation to mineral fertilizer N, and not TAN as in the present study.  788 

In a thorough review of these parameters in potato, Milroy et al. (2019) considered that 789 

initial soil mineral N and mineralized N appreciably affected the variability in values of NuptE, 790 

NUEYield and NUEDMP reported for mineral N fertilizer. This suggests that using TAN as done in the 791 
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present study, rather than just fertilizer N for calculating these indices, is likely to appreciably 792 

reduce the variability reported for a given species in NUE indices.  793 

 794 

4.2.3. Potential for NO3
- leaching loss to the environment 795 

The potential NO3
- leaching loss increased exponentially as the N supply exceeded the 796 

optimal TAN value. This is consistent with considerable NO3
- leaching loss from this intensive 797 

vegetable production system (Pulido-Bosch, 2005; Peña-Fleitas et al., 2013; Thompson et al., 798 

2013; Domínguez, 2014) and the very excessive N supply in commercial production (Thompson 799 

et al., 2007; Jadoski et al., 2013). Reducing the total amounts of N supplied to crops will 800 

contribute to a substantial reduction in the NO3
- leaching loss associated with this system. 801 

The meta-analysis of Quemada et al. (2013) indicated that the combination of adequate 802 

consideration of TAN with good irrigation management reduced NO3
- leaching losses by 40–80% 803 

without reducing total yield. Combined improved irrigation and N management have resulted in 804 

large reductions in NO3
- leaching loss compared to conventional management in pepper crops 805 

grown in greenhouses in Almeria, without yield reduction (Granados et al., 2013; Magán et al., 806 

2019).  807 

 808 

5. Conclusions 809 

A critical N curve of %𝑁𝑐 = 4.71 × 𝐷𝑀𝑃−0.22 was developed for sweet pepper. This CNC 810 

has appreciably less N dilution, with increasing DMP, than the general C3 CNC of Lemaire and 811 

Gastal, (1997). An NNIi value of 0.86 was associated with maximum relative yield; the associated 812 

amount of total available N (TAN, i.e. the sum of the soil N at planting, N mineralized from 813 

organic material in soil, and mineral N fertilizer) was 463 kg N ha-1. Linear-plateau analysis of 814 

relative yield versus TAN suggested that 425 kg N ha-1 is the minimum amount of TAN required 815 

for maximum yield of sweet pepper crops with an autumn-winter growing cycle, grown in soil, 816 

under SE Spain greenhouse conditions. This value was associated with a NuptE of 0.63 kg kg-1 and 817 
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with a potential NO3
- leaching loss of 125 kg N ha-1. A TAN value of 430 kg N ha-1 was 818 

recommended for sweet pepper in these conditions. With increasing TAN above the 819 

recommended value, NuptE progressively declined and the potential NO3
- leaching loss increased 820 

considerably. The CNC for sweet pepper developed in this work will be very useful for future 821 

work developing and evaluating improved N management practices for sweet pepper. The use 822 

of TAN rather than just fertilizer N is a more comprehensive approach, which will result in N 823 

recommendations that optimize production, reduce N fertilizer use, and reduce N losses to the 824 

environment.  825 
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