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Abstract 16 

Vegetable production requires improved nitrogen (N) management practices. Monitoring 17 

petiole sap nitrate concentration ([NO3
−–N]) is a simple and cheap method to evaluate crop N 18 

status. The sensitivity of petiole sap [NO3
−–N] to assess crop N status of sweet pepper was 19 

evaluated. Three sweet pepper crops were grown in different cropping seasons, each with an 20 

autumn-winter growing period. The crops commenced in 2014, 2016, and 2017. Combined 21 

fertigation and drip irrigation frequently applied (every 1–4 days) complete nutrient solution 22 

throughout each crop. The crops were grown in a greenhouse in soil. Five N treatments as N 23 

concentrations were applied throughout each crop: N1 (2.0–2.4 mmol L−1); N2 (5.3–6.2 mmol 24 

L−1); N3 (9.7–12.6 mmol L−1); N4 (13.1–16.1 mmol L−1); N5 (16.7–20.0 mmol L−1). These 25 

corresponded to very deficient, deficient, conventional, excessive and very excessive N supply. 26 

Petiole sap [NO3
−–N] was determined every 1–2 weeks and related to Nitrogen Nutrition Index 27 

(NNI), which was used as an indicator of crop N status. For each of the N treatments in each 28 

crop, petiole sap [NO3
−–N] was relatively constant throughout the crop. The relationship 29 

between petiole sap [NO3
−–N] and NNI, for pooled data from the three pepper crops, was 30 

described by (a) the polynomial equation NNI = −1.10E − 07 × 𝑆𝑎𝑝2 + 0.000473 ×  𝑆𝑎𝑝 +31 

0.5514 with an R2 of 0.84, and (b) the segmented linear equations NNI = 0.00034 × 𝑆𝑎𝑝 + 0.572 32 

and NNI = 1.04, with an R2 of 0.83. Sufficiency values for maximum growth of sweet pepper were 33 

obtained by (a) solving the polynomial equation for NNI = 1.0, and (b) using the intercept value 34 

of the horizontal line of the segmented linear regression. The corresponding sufficiency values 35 

for the duration of a complete crop cycle were 1441 and 1367 mg NO3
−–N L−1, respectively. A 36 

sufficiency value of 1400 mg NO3
−–N L−1 was rounded-off and suggested for the duration of a 37 

complete crop cycle of greenhouse-grown sweet pepper in SE Spain. The relationships between 38 

petiole sap [NO3
−–N] and NNI, and the derived sufficiency values for the flowering and early fruit 39 

growth, and harvest phenological stages were similar to those determined for the entire crop. 40 
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Petiole sap [NO3
−–N] is a sensitive and effective method to monitor crop N status of sweet 41 

pepper. 42 

 43 

Keywords: Capsicum annuum L; crop N status; N fertilizer management; NNI; petiole sap 44 

analysis; sufficiency values; vegetable crop. 45 

 46 

1. Introduction 47 

Intensive vegetable production in plastic greenhouses and large plastic tunnels is an 48 

important industry throughout the Mediterranean Basin (Pardossi et al., 2004). On the 49 

southeast (SE) coast of Spain, vegetable production takes place in 42,000 ha of plastic 50 

greenhouses (Valera et al., 2016), of which 32,000 ha are in Almeria province (Junta de 51 

Andalucía., 2019a). In the greenhouses of Almeria, 90% of cropping is in soil (García et al., 2016). 52 

The crops grown in soil are produced with combined fertigation and drip irrigation, with which 53 

N is frequently applied in nutrient solution throughout the crop (Thompson et al., 2007, 2017a, 54 

2020a). 55 

For intensive production of greenhouse vegetable crops, excessive amounts of mineral 56 

nitrogen (N) fertilizer are commonly applied (Soto et al., 2015; Thompson et al., 2007). 57 

Additionally, appreciable amounts of N are supplied by the soil as mineral N or through N 58 

mineralization from organic N in soil organic matter and/or applied manure (Granados et al., 59 

2013; Jadoski et al., 2013; Thompson et al., 2007). The consequent excessive N supply (Jadoski 60 

et al., 2013) often results in appreciable nitrate (NO3
−) leaching loss (Gallardo et al., 2006; 61 

Granados et al., 2013; Thompson et al., 2013, 2020a). These N losses have resulted in NO3
− 62 

contamination of associated groundwater and the eutrophication of adjoining natural surface 63 

water bodies (Thompson et al., 2020a, 2020b). In Almeria, there is substantial NO3
− 64 

contamination of aquifers from greenhouse vegetable production (Pulido-Bosch et al., 2018). 65 
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Given the extent of aquifer NO3
− contamination, nearly all of the greenhouse growing areas 66 

of Almeria have been identified as being Nitrate Vulnerable Zones (NVZ) (BOJA., 2015) as 67 

required by the European Union (EU) Nitrate Directive (Anonymous., 1991). Being in NVZs, 68 

vegetable growers in Almeria greenhouses are required to adopt management practices that 69 

appreciably improve crop N management to considerably decrease aquifer NO3
− contamination. 70 

The management of N of soil-grown vegetable crops inside greenhouses in Almeria is 71 

complicated by the likely occurrence of appreciable quantities of N supplied by the soil as 72 

residual soil mineral N (Granados et al., 2013; Thompson et al., 2020a) and mineralized N from 73 

periodic manure applications (Thompson et al., 2020a, 2007). Generally, growers apply standard 74 

concentrations of N, throughout crops, without taking into account N supplied by the soil, which 75 

can be substantial (Jadoski et al., 2013; Thompson et al., 2020a, 2007). 76 

Monitoring approaches that provide assessment of crop N status will greatly assist growers, 77 

in this and other systems, to make decisions and adjustments to optimize crop N management 78 

(Thompson et al., 2017b). Petiole sap nitrate concentration ([NO3
−–N]) is a sensitive indicator of 79 

crop N status of various vegetable species (Farneselli et al., 2014; Goffart et al., 2008; Hochmuth, 80 

1994). It is substantially more responsive to crop N nutrition than leaf total N analysis (Majić et 81 

al., 2008; Olsen and Lyons, 1994). Petiole sap [NO3
−–N] is particularly sensitive to changes in crop 82 

N status (Goffart et al., 2008; Olfs et al., 2005; Villeneuve et al., 2002). This makes it an 83 

interesting option for vegetable production in greenhouses in Almeria where frequent N 84 

application would enable rapid correction of detected deficient crop N status. 85 

A recent study with drip irrigated/fertigated tomato, receiving frequent N application, 86 

suggested that there was a strong and consistent linear relationship, throughout the crop, 87 

between petiole sap [NO3
−–N] and crop N status, measured as Nitrogen Nutrition Index (NNI) 88 

(Peña-Fleitas et al., 2015). The NNI is an established quantitative indicator of crop N status 89 

(Lemaire et al., 2008; Ziadi et al., 2010); it is the ratio between the actual crop N concentration 90 

and the critical N concentration of the crop (i.e. the minimum crop N concentration required for 91 
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maximum growth; Greenwood et al., 1990). An NNI value of one indicates N sufficiency for 92 

growth (dry matter production, values <1 indicate N deficiency, and values >1 indicate N excess; 93 

Lemaire et al., 2008). 94 

Sweet pepper is an important crop in Almeria greenhouses (Valera et al., 2016). 95 

Approximately, 10,000 ha of the greenhouse surface area is cropped annually with sweet pepper 96 

(Junta de Andalucía, 2019b). Given the considerable importance of pepper in this system, and 97 

the severity of the N problem of this system, it is necessary to develop tools that will improve 98 

the management of N of sweet pepper crops. 99 

Petiole sap [NO3
−–N] is an approach that could be used to assess sweet pepper N status 100 

within this vegetable production system. The general sensitivity of sweet pepper petiole sap 101 

[NO3
−–N] to N supply was demonstrated by Olsen and Lyons, (1994). The critical N curve 102 

developed by Rodríguez et al., (2020a) enables the calculation of NNI values that facilitate 103 

quantitative evaluation of the capacity of petiole sap [NO3
−–N] to indicate crop N status and for 104 

the derivation of sufficiency values for crop growth. 105 

The objectives of the present work were for sweet pepper, grown in soil in a greenhouse, 106 

to: (i) evaluate the response of petiole sap [NO3
−–N] to different nutrient solution N 107 

concentrations applied by fertigation, (ii) assess the use of petiole sap [NO3
−–N] to evaluate crop 108 

N status, and (iii) derive sufficiency values of petiole sap [NO3
−–N] for maximum crop growth for 109 

the duration of the crop, and also for three different phenological stages. 110 

 111 

2. Material and methods 112 

2.1. Experimental site 113 

Three sweet pepper (Capsicum annuum L. cv. “Melchor”) crops, each in a different autumn-114 

winter growing season, were grown in a greenhouse at the research farm of the University of 115 

Almeria, Retamar, Almeria, SE Spain (36°51’ N, 2°16’ W). Cropping conditions were equivalent 116 
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to local commercial production. The crops were grown in an artificial soil, known locally as 117 

“enarenado” that is characteristic in the region (Thompson et al., 2007; Gázquez et al., 2017). 118 

The soil consisted of sandy loamy soil of natural origin covered with a 30 cm layer of 119 

imported loam textured soil, with 10 cm layer of a fine gravel (mostly 2–5 mm diameter) placed 120 

on the imported soil as a mulch (Padilla et al., 2014). Some relevant physical and chemical 121 

characteristics (0–10 cm), from a 2011 analysis, are soil pH (1:2.5, soil:water) of 8.2, bulk density 122 

(Mg m−3) of 1.2, total N of 0.20%, and organic C of 2.8%. More details of the soil are available in 123 

Padilla et al., (2014) and Soto et al., (2014). 124 

The greenhouse had a multi-tunnel type structure (Valera et al., 2016) with walls of 125 

polycarbonate. The roof was low-density polyethylene (LDPE), tri-laminated film (200-μm thick) 126 

that had approximately 60% transmittance of Photosynthetically Active Radiation (PAR) (Padilla 127 

et al., 2014). The greenhouse was passively ventilated through flap roof windows and lateral 128 

side panels. The orientation of the greenhouse was east-west, and that of the crop rows was 129 

north-south. The area that was cropped was 1327 m2. 130 

The irrigation system was above-ground drip tape. The tape was organized in pairs of lines 131 

with a separation 0.8 m between lines in each pair, and a 1.2 m separation between pairs of 132 

lines. There was a 0.5 m separation between emitters in each drip line. The discharge rate of the 133 

drip emitters was 3 L h−1, and the coefficient of uniformity of the irrigation system was >95%. 134 

Fertigation was used to apply mineral fertilizer. 135 

The greenhouse was arranged as 24 experimental plots of 6 × 6 m; twenty plots were used. 136 

In every plot there were three paired lines of drip tape, with 12 emitters in each line. Individual 137 

plots were hydraulically separated from one another by vertically positioning polyethylene film 138 

(250 μm thick) to 30 cm soil depth. The plants were located 6 cm to the side of an emitter. Plant 139 

density was 2 plants m−2, for a total of 72 plants in each plot. 140 

 141 

2.2. Pepper crops and N treatments 142 
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The three sweet pepper crops were grown in different autumn-winter growing seasons, in 143 

2014–2015 (2014 crop), 2016–2017 (2016 crop) and 2017–2018 (2017 crop). The 2014 crop was 144 

from 12 August 2014 to 29 January 2015 (170 days), the 2016 crop from 19 July 2016 to 24 145 

March 2017 (248 days), and the 2017 crop from 21 July 2017 to 20 February 2018 (214 days) 146 

(Table 1). Plants were transplanted as five-week-old seedlings. Following transplanting, 147 

seedlings were irrigated with water (<0.04 mmol N L−1) from the first day after transplanting 148 

(DAT) until the N treatments started. The same three pepper crops were used in the studies of 149 

Rodríguez et al., (2020a, 2020b). 150 

 151 

Table 1. General information of the three pepper crops, and of each N treatment. Provided are 152 
the dates of the crops, and of the N treatments expressed as the average nutrient solution N 153 
concentration, and total quantity of N applied. Total dry matter production (DMP) and total yield 154 
(TY; fresh weight) data are presented. 155 
 156 

Crop 
year 

Date of 
transplanting 

Date end of 
the crop 
(duration) 

N 
treatmenta 

[N] in 
nutrient 
solution  
(mmol L−1)b 

Total N 
applied 
(kg N ha−1)c 

DMP 
(t ha−1) 

TY 
(t ha−1) 

2014 12/08/2014 29/01/2015 N1 2.4 64 5.7 38.7 
  (170 days) N2 6.2 189 7.9 52.2 
   N3 12.6 516 8.6 52.9 
   N4 16.1 804 9.7 51.1 
   N5 20.0 990 9.3 46.4 
        
2016 19/07/2016 24/03/2017 N1 2.0 88 8.8 67.2 
  (248 days) N2 5.3 302 12.6 86.4 
   N3 9.7 561 15.2 91.5 
   N4 13.5 1052 14.4 94.2 
   N5 17.7 1320 13.6 89.7 
        
2017 21/07/2017 20/02/2018 N1 2.0 86 5.1 33.3 
  (214 days) N2 5.7 304 9.3 54.4 
   N3 9.7 519 10.5 61.0 
   N4 13.1 870 12.6 65.1 
   N5 16.7 1198 12.6 68.9 
a N1: very N deficient; N2: N deficient; N3: conventional N; N4: excessive N; N5: very excessive N. 
b For the period in which the N treatments were applied. 

c For the complete cropping cycle. 

 157 

158 



8 
 

Five treatments of different N concentration were applied to each crop. They were applied 159 

in each irrigation event, throughout the crops, from 1, 9 and 10 DAT in the 2014, 2016 and 2017 160 

crops, respectively. The different N treatments were: very N deficient (N1), N deficient (N2), 161 

conventional N management (N3), excessive N (N4) and very excessive N (N5). There were minor 162 

differences between the N concentrations applied as equivalent treatments in the three pepper 163 

crops (Table 1). The total quantities of mineral N applied are provided in Table 1. More than 90% 164 

of applied mineral N was in the form of NO3
−, the rest as ammonium (NH4

+). 165 

Other than the different N concentrations, the nutrient solution supplied all other macro 166 

and micronutrients to ensure that they were not limiting. The composition of the nutrient 167 

solution applied to the N3 treatments in the three pepper crops are presented in Supplementary 168 

Table 1.  169 

Irrigation was conducted to maintain the soil matric potential of the root zone in the range 170 

‒10 to ‒30 kPa. Soil matric potential was measured with one tensiometer (Irrometer, Co., 171 

Riverside, CA, USA) per plot, at 0.15 m depth. Irrigation frequency was one irrigation every 1–4 172 

days, with irrigation being more frequent in warm conditions. To reduce the build-up of soil 173 

salinity, additional irrigation as nutrient solution or water was applied, to certain treatments 174 

during the crops, for short periods. These additional irrigations are described in Rodríguez et al., 175 

(2020b). 176 

Local crop management practices were used; crop management practices in this system are 177 

described in detail by Valera et al. (2016). For the three pepper crops in the current study, nylon 178 

cords were placed horizontally along the crop rows to physically support the crops. This is a local 179 

system known as “enfajado”. To control high temperature in the greenhouse, the plastic 180 

cladding was white-washed with applications of CaCO3 suspension, prior to transplanting the 181 

seedlings. The whitewash was removed by hosing in early Autumn. Otherwise, climate control 182 

was based on the opening and closing of side panels and roof windows. Pest and pathogen 183 

control was mostly with biological control; when necessary, chemical agents were used. To 184 
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prevent insect entry, all side panels and roof windows had fine mesh, and entry was through 185 

chambers with doors on each side. All crop management operations, apart from irrigation and 186 

fertilizer application, such as transplanting, pest treatments, pruning, harvesting, etc., were 187 

conducted manually. 188 

 189 

2.3. Petiole sap [NO3
−–N] measurements 190 

Petiole sap [NO3
−–N] was determined every week in the 2014 crop, and every two weeks in 191 

the 2016 and 2017 crops. Sap measurements commenced at 21, 22 and 19 DAT for the 2014, 192 

2016 and 2017 crops, respectively, and continued throughout the crops. 193 

For each sampling of petiole sap [NO3
−–N], the most recently fully expanded leaf was 194 

removed from sixteen different plants, in each replicate plot, between 07:00 and 09:00 h on 195 

each sampling date. Immediately after sampling, each sampled leaf was placed in a sealed plastic 196 

bag, from which air was pressed, and which was then placed in a chilled cooler box. At the 197 

completion of sampling, petioles were separated from leaf blades in a laboratory adjacent to 198 

the greenhouse. The petioles were then immediately placed in individual sealed plastic bags 199 

from which air was pressed out. The bags were then placed in a chilled cooler box in which they 200 

were promptly transported to a laboratory at the University of Almeria (UAL). 201 

In the laboratory at UAL, they were stored at 5°C prior to being cut into 1 cm long sections 202 

that were immediately pressed with a domestic garlic press. The extracted liquid was diluted 203 

(1:10) and centrifuged at 1900 g (4500 rpm) for 15 minutes, at a temperature of 4°C. The [NO3
−–204 

N] was measured with a SAN++ segmented flow analyzer (Skalar Analytical B.V., Breda, The 205 

Netherlands). Analysis was conducted within 6 h after sampling the petioles. 206 

 207 

2.4. Determination of crop dry matter production, crop N concentration, crop N uptake, and yield  208 

Crop above-ground dry matter production (DMP) was measured at approximately three 209 

weekly intervals. In each replicate plot, one complete and representative plant was removed, 210 
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which was separated into stem, leaf, and fruit material. For each biomass component (leaf, stem, 211 

fruit), dry matter content was assessed by oven-drying at 65°C until constant weight. The dry 212 

matter of the transplanted seedlings was determined in 100 seedlings. The amount of dry matter 213 

of pruned material was assessed at each pruning in each crop, from eight selected marked plants 214 

in each plot. At the end of the crop, the final biomass was determined by removing and 215 

measuring the fresh weight of the eight marked plants. The fractions of leaf, stem, and fruit were 216 

assessed in two representative plants. The dry matter contents of these components were 217 

determined by oven-drying at 65°C, until constant weight. 218 

In all biomass samplings, the dry matter mass of each biomass component was calculated 219 

as the product of dry matter percentage and fresh weight. Total DMP at each biomass sampling, 220 

was the sum of the mass of dry matter of leaf, stem and fruit, plus the dry matter mass of all 221 

previously-sampled harvested fruit and pruned material. 222 

Sub-samples of leaf, stem and fruit from all biomass samplings, and of pruned material and 223 

of harvested fruit, from each plot, were ground in a knife mill. The total N concentration (%N) of 224 

all sub-samples was analyzed with a Rapid N elemental analyzer system (Elementar 225 

Analysensysteme GmbH, Hanau, Germany). The mass of N in each plant component was the 226 

product of the dry matter mass and the N concentration. 227 

For all biomass samplings, total crop N uptake (kg N ha−1), in each plot, was the sum of N in 228 

all components (leaf, stem, immature fruit, previously pruned material and previously harvested 229 

fruit). Total crop N concentration (%N) for each plot was total crop N uptake divided by total 230 

DMP. 231 

Fresh fruit were regularly harvested from the same eight marked plants, in each plot, used 232 

to collect pruned material. For harvested fruit from each plot, fresh and dry weights were 233 

assessed. Harvests took place every 7–14 days. They commenced at 98, 101 and 110 DAT for the 234 

2014, 2016 and 2017 crops, respectively. There were seven, sixteen and eleven harvests, 235 
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respectively. Total yield, for each treatment in each crop, was the sum of all harvested fresh 236 

fruit. 237 

 238 

2.5. Determination of crop Nitrogen Nutrition Index (NNI) 239 

To relate petiole sap [NO3
−–N] values to NNI, NNI was estimated for each date of petiole 240 

sap sampling. NNI was calculated as: 241 

𝑁𝑁𝐼 =  
𝑁𝑎𝑐𝑡

𝑁𝑐
,                                                                     (1) 242 

where 𝑁𝑎𝑐𝑡 is the actual crop N concentration and 𝑁𝑐 is the critical crop N concentration. 𝑁𝑎𝑐𝑡 243 

values were obtained by interpolating from measured crop N concentration values, which were 244 

determined approximately every 21 days, for each treatment, during each of the three individual 245 

pepper crops, as described in section 2.4. The 𝑁𝑐 values, for each date of petiole sap sampling, 246 

were obtained using the critical N curve %𝑁𝑐 = 4.71 × 𝐷𝑀𝑃−0.22 for greenhouse-grown sweet 247 

pepper (Rodríguez et al., 2020a). This critical N curve was derived from the same three pepper 248 

crops that were used in the present work. The DMP values used to derive 𝑁𝑐  values, for each 249 

treatment in each crop, were interpolated from measured DMP values from the periodic 250 

biomass samplings. 251 

 252 

2.6. Data analysis 253 

2.6.1. Relationship between crop NNI and petiole sap [NO3
−–N] 254 

NNI was used as an indicator of crop N status. For each date of sap sampling, the 255 

corresponding NNI values were interpolated, for each N treatment. The relationships between 256 

NNI and petiole sap [NO3
−–N] were examined using regression analysis. Two different types of 257 

regression were used to compare the relationship, being: (i) polynomial regression, and (ii) 258 

segmented linear regression analysis. 259 

The polynomial regression was defined by the equation NNI = 𝑎 × 𝑆𝑎𝑝2 + 𝑏 ×  𝑆𝑎𝑝 + 𝑐; 260 

where 𝑎, 𝑏 and 𝑐 are the quadratic, linear and independent parameters determined by the 261 
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equation, and 𝑆𝑎𝑝 is the petiole sap [NO3
−–N] (mg L−1). The regression equations were fitted, 262 

and the coefficient of determination (R2) and standard error (SE) values were obtained using 263 

CurveExpert Professional 2.2.0 software (D. Hyams, Madison, AL, USA). 264 

Segmented linear regression analysis consisted of fitting two linear regression lines, a 265 

sloped lined described by NNI = 𝑎 × 𝑆𝑎𝑝 + 𝑏 (𝑖𝑓 𝑆𝑎𝑝 < 𝑆𝑎𝑝0) and a horizontal line described 266 

by NNI = 𝑐 (𝑖𝑓 𝑆𝑎𝑝 ≥ 𝑆𝑎𝑝0), where 𝑎 is the slope of the sloped segment, 𝑏 and 𝑐 are intercept 267 

values, and 𝑆𝑎𝑝0 is the petiole sap [NO3
−–N] value where the two lines intersect. The sloped line 268 

implies a linear increase in NNI with increasing petiole sap [NO3
−–N]. The horizontal line implies 269 

that NNI remains constant at higher petiole sap [NO3
−–N]. The value 𝑆𝑎𝑝0 is the petiole sap 270 

[NO3
−–N] that maximizes NNI, below which NNI is reduced, and above which NNI is constant. 271 

The segmented line analysis was conducted using RStudio2 software (RStudio Inc., Boston, MA, 272 

USA). 273 

 274 

2.6.2. Determination of integrated petiole sap [NO3
−–N] and NNI values 275 

For each pepper crop, integrated values of petiole sap [NO3
−–N] (Sap𝑖) and NNI values 276 

(NNI𝑖) were calculated as single integrated values, for each treatment, to evaluate how different 277 

N treatments affected petiole sap [NO3
−–N] for the complete crop and for each phenological 278 

stage. Integrated values, for each treatment, were calculated as: NNI𝑖 = ∑  (NNI𝑚 × 𝑑𝑚 /𝐷) 279 

and Sap𝑖 = ∑  (Sap𝑚 × 𝑑𝑚 /𝐷), where NNI𝑚 and Sap𝑚 were the values at each date of sap 280 

measurement, 𝑑𝑚 was the number of days since the previous measurement (from two 281 

consecutive measurements), and 𝐷 was the total number of days from first to the last 282 

measurement. For the initial measurement, for which there was no previous measurement, a 283 

7–day interval was used for the 2014 crop, and a 14–day interval for the 2016 and 2017 crops, 284 

which was consistent with the sampling frequency. 285 

For the calculation of the integrated values, when the beginning of a phenological stage 286 

occurred between two sap sampling dates, the number of days to the first sap sampling, in the 287 
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stage, was considered. Similarly, when the end of the phenological stage occurred between two 288 

sampling dates, the number of days from the last sap sampling, in the stage, was considered. 289 

Three different phenological stages were examined, being (i) vegetative, (ii) flowering and 290 

early fruit growth, and (iii) harvest. The vegetative stage started at transplanting and continued 291 

until the commencement of flowering, it corresponsed to 0 to 41 DAT in the three cropping 292 

cycles. The flowering and early fruit growth stage started at the commencement of flowering (at 293 

42 DAT in the three crops) and continued until the first fruit harvest at 97, 100 and 109 DAT in 294 

the 2014, 2016 and 2017 crops, respectively. The harvest stage, which was the longest stage, 295 

commenced with the initial harvest of fruit and continued until the end of the crop, being 98–296 

170, 101–248, and 110–214 DAT, in the 2014, 2016 and 2017 crops, respectively. 297 

Treatment effects on integrated NNI and integrated petiole sap [NO3
−–N] values were 298 

evaluated with analysis of variance (ANOVA) and least significant difference (LSD) tests. ANOVA 299 

was conducted following verification of assumptions of equal variance and normality. The LSD 300 

test compared multiple means when treatment effects were significant at P <0.05. ANOVA 301 

results will be indicated as: no significant difference at P ≥0.05 (ns), significant at P <0.05 (*), 302 

very significant at P <0.01 (**), and highly significant at P <0.001 (***). The Statistica 13 software 303 

(TIBCO Software Inc., Palo Alto, CA, USA) was used for these statistical analyses. 304 

 305 

2.6.3. Determination of petiole sap [NO3
−–N] sufficiency values for maximum growth 306 

Sufficiency values were obtained from the relationships between petiole sap [NO3
−–N] and 307 

NNI. The calculation of sufficiency values for maximum growth (i.e. of DMP) was determined 308 

using two approaches: (1) by solving the polynomial equation that related NNI to petiole sap for 309 

NNI = 1.0, and (2) by determining the intersection of the sloped and horizontal lines of the 310 

segmented line analysis, i.e. the 𝑆𝑎𝑝0 value defined in section 2.6.1. 311 

Using both approaches, sufficiency values were derived for the duration of each of the 312 

three pepper crops, and for each phenological stage of each crop. Also, using both approaches 313 
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with pooled data from throughout the three crops, a single sufficiency value was determined for 314 

sweet pepper, and single sufficiency values were determined for each of three phenological 315 

stages, which were the vegetative stage, the combined flowering and early fruit growth stage, 316 

and the harvest stage. 317 

 318 

3. Results 319 

3.1. Effect of N on petiole sap [NO3
−–N] of sweet pepper crops 320 

3.1.1. Petiole sap [NO3
−–N] throughout the crops 321 

Petiole sap [NO3
−–N] was influenced by the N treatments, at all sampling dates, in each of 322 

the 2014, 2016 and 2017 pepper crops (Fig. 1). With very few exceptions, there were consistent 323 

differences in petiole sap [NO3
−–N] between N treatments, with the order N5 > N4 > N3 > N2 > 324 

N1 being maintained throughout each of the three pepper crops (Fig. 1). Petiole sap [NO3
−–N] 325 

for each treatment was relatively constant throughout each crop, particularly after the first 40–326 

60 days when some fluctuation occurred in some treatments. There were consistent appreciable 327 

differences between the N1, N2 and N3 treatments in each of the three pepper crops. The 328 

average differences, between petiole sap [NO3
−–N] of treatments N1 and N2 and between 329 

treatments N2 and N3, were 475 and 979 mg NO3
−–N L-1, respectively (Fig. 1). The differences 330 

between the N4 and N3 treatments were generally consistently notable in each of the three 331 

pepper crops; the average difference being 348 mg NO3
−–N L-1. There were generally small, but 332 

consistent, differences between the N4 and N5 treatments; the average difference in the three 333 

pepper crops being 103 mg NO3
−–N L-1. 334 
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 335 

Fig. 1. Effect of increasing N concentration in nutrient solution, on petiole sap [NO3
−–N] values 336 

throughout the (a) 2014, (b) 2016 and (c) 2017 pepper crops. The data presented are means (n 337 
= 4) ± standard error (SE). 338 
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3.1.2. Integrated petiole sap [NO3
−–N] values 339 

For the integrated petiole sap [NO3
−–N] (Sap𝑖) values, there were the following significant 340 

differences (P <0.05) between N treatments for the duration of the crop and in each of the three 341 

phenological stages, for each of the 2014, 2016 and 2017 crops: N4 > N3 > N2 > N1 (Table 2). 342 

The N5 treatment had significantly (P <0.05) higher integrated petiole sap [NO3
−–N] values than 343 

the N4 treatment for the duration of the 2014 and 2017 crops, and in five of the nine 344 

phenological stages evaluated in the three pepper crops (Table 2). 345 

 346 

Table 2. Integrated petiole sap [NO3
−–N] (Sap𝑖) (mg L−1) values for each treatment, the entire 347 

crop and phenological stage for the 2014, 2106 and 2017 crops. Different letters indicate 348 
significant differences (P <0.05) between treatments in each crop, using LSD. A summary of the 349 
significance of the N treatments in the ANOVA is presented, with highly significant differences 350 
indicated by P <0.001 (***). Values are means (n = 4) ± standard error (SE). 351 

 352 

Crop 
 
Treatment 
 

Sap𝑖 [NO3
−–N] (mg L−1) 

 
Entire crop 
 

Phenological Stage 

Vegetative Flowering and 
early fruit growth  

Harvest 

2014 N1 (Very N deficient) 172 ± 23 a 481 ± 61 a 47 ± 4 a 149 ± 29 a 

 N2 (N deficient) 595 ± 22 b 988 ± 72 b 465 ± 15 b 537 ± 49 b 

 N3 (Conventional) 1736 ± 19 c 1600 ± 31 c 1611 ± 25 c  1922 ± 24 c 

 N4 (Excessive N) 1918 ± 25 d 1873 ± 26 d 1837 ± 39 d 2042 ± 13 d 

 N5 (Very excessive N) 2006 ± 25 e 1928 ± 28 d 1911 ± 57 d 2136 ± 31 e 

 Significance *** *** *** *** 

      

2016 N1 (Very N deficient) 350 ± 35 a 389 ± 10 a 211 ± 39 a 408 ± 61 a 

 N2 (N deficient) 957 ± 23 b 1121 ± 117 b 892 ± 54 b 944 ± 16 b 

 N3 (Conventional) 1687 ± 34 c 1470 ± 31 c 1644 ± 56 c 1752 ± 45 c 

 N4 (Excessive N) 2044 ± 12 d 1892 ± 33 d 2110 ± 15 d 2049 ± 26 d 

 N5 (Very excessive N) 2101 ± 34 d 2084 ± 68 e 2251 ± 36 e 2030 ± 48 d 

 Significance *** *** *** *** 

      

2017 N1 (Very N deficient) 56 ± 24 a 78 ± 26 a 25 ± 12 a 72 ± 41 a 

 N2 (N deficient) 413 ± 49 b 398 ± 59 b 446 ± 81 b 391 ± 87 b 

 N3 (Conventional) 1568 ± 31 c 1245 ± 32 c 1585 ± 49 c 1701 ± 59 c 

 N4 (Excessive N) 2038 ± 32 d 1823 ± 23 d 2037 ± 16 d 2135 ± 58 d 

 N5 (Very excessive N) 2222 ± 41 e 1938 ± 30 e 2233 ± 36 e 2341 ± 70 d 

 Significance *** *** *** *** 

 353 
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3.2. Effect of N on NNI of sweet pepper crops 354 

3.2.1. NNI throughout the crops 355 

NNI was influenced by the N treatments, at all sampling dates, in the 2014, 2016 and 2017 356 

pepper crops (Fig. 2). In general, there were consistent differences, in the order of N5 = N4 > N3 357 

> N2 > N1, throughout the three pepper crops (Fig. 2). Despite some fluctuations in a minority 358 

of treatments, the general tendency was of relatively constant NNI values for all treatments. 359 

There were generally consistent and clear differences in NNI between the N1, N2 and N3 360 

treatments in each of the three pepper crops. In general, there were relatively small and 361 

consistent differences in NNI between the N3 and N4 treatments. The NNI values of the N4 and 362 

N5 treatments were generally very similar. 363 

NNI values of the N1 and N2 treatments were mostly in the ranges of 0.47–0.88, and 0.68–364 

0.99, respectively (Fig. 2). Those of the N3 treatment were consistently close to 1.0, and those 365 

of the N4 and N5 treatments were generally 0.92–1.14. 366 



18 
 

 367 

Fig. 2. NNI values throughout the (a) 2014, (b) 2016, and (c) 2017 pepper crops. Presented values 368 
are means (n = 4) ± standard error (SE). The horizontal dotted line represents NNI = 1.0. Modified 369 
from de Souza et al. (2019). The use of chlorophyll meters to assess crop N status and derivation 370 
of sufficiency values for sweet pepper. Sensors 19, 2949, published by MDPI and distributed as 371 
open access under the Creative Commons Attribution (CC BY) license. 372 
 373 
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3.2.2. Effect of N on integrated NNI values 374 

For the integrated NNI (NNI𝑖) values, there were the following significant differences (P 375 

<0.05) between treatments for the duration of the crop and in each phenological stage, for each 376 

of the 2014, 2016 and 2017 pepper crops: N5 = N4 > N3 > N2 > N1 (Table 3). There were no 377 

significant differences (P <0.05) in NNI𝑖 values between the N5 and N4 treatments. 378 

 379 

Table 3. Integrated Nitrogen Nutrition Index (NNI𝑖) values for each treatment for the complete 380 
crop and for phenological stage for the 2014, 2106 and 2017 crops. Different letters indicate 381 
significant differences (P <0.05) between means in each crop year according to LSD. A summary 382 
of the significance of the N treatments in the ANOVA is presented, with highly significant 383 
differences indicated by P <0.001 (***). Values are means (n = 4) ± standard error (SE). 384 
 385 

Crop 
 
Treatment 
 

 
Entire crop 
 

Phenological Stage 

Vegetative Flowering and 
early fruit 
growth  

Harvest 

2014 N1 (Very N deficient) 0.60 ± 0.01 a 0.76 ± 0.02 a 0.56 ± 0.01 a 0.55 ± 0.02 a 

 N2 (N deficient) 0.80 ± 0.01 b 0.90 ± 0.02 b 0.79 ± 0.01 b 0.76 ± 0.01 b 

 N3 (Conventional) 1.02 ± 0.01 c 1.06 ± 0.02 c 1.04 ± 0.02 c 0.99 ± 0.00 c 

 N4 (Excessive N) 1.07 ± 0.01 d 1.11 ± 0.02 d 1.10 ± 0.01 d 1.03 ± 0.01 d 

 N5 (Very excessive N) 1.07 ± 0.00 d 1.10 ± 0.01 d 1.08 ± 0.01 d 1.03 ± 0.00 d 

 Significance *** *** *** *** 

      

2016 N1 (Very N deficient) 0.69 ± 0.02 a 0.62 ± 0.04 a 0.61 ± 0.04 a 0.75 ± 0.01 a 

 N2 (N deficient) 0.89 ± 0.02 b 0.76 ± 0.04 b 0.85 ± 0.02 b 0.94 ± 0.01 b 

 N3 (Conventional) 0.97 ± 0.02 c 0.84 ± 0.02 c 0.94 ± 0.02 c 1.02 ± 0.02 c 

 N4 (Excessive N) 1.05 ± 0.02 d 0.94 ± 0.01 d 1.07 ± 0.03 d 1.07 ± 0.02 d 

 N5 (Very excessive N) 1.04 ± 0.01 d 0.97± 0.02 d 1.08 ± 0.02 d 1.04 ± 0.01 cd 

 Significance *** *** *** *** 

      

2017 N1 (Very N deficient) 0.53 ± 0.01 a 0.60 ± 0.03 a 0.51 ± 0.01 a 0.50 ± 0.03 a 

 N2 (N deficient) 0.76 ± 0.01 b 0.76 ± 0.03 b 0.74 ± 0.01 b 0.78 ± 0.01 b 

 N3 (Conventional) 0.97 ± 0.01 c 0.89 ± 0.02 c 1.02 ± 0.01 c 0.97 ± 0.02 c 

 N4 (Excessive N) 1.05 ± 0.01 d 1.00 ± 0.02 d 1.07 ± 0.01 d 1.05 ± 0.01 d 

 N5 (Very excessive N) 1.06 ± 0.01 d 1.00 ± 0.01 d 1.09 ± 0.01 d 1.05 ± 0.02 d 

 Significance *** *** *** *** 

  386 
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3.3. Relationship between NNI and petiole sap [NO3
−–N] for entire crop 387 

Nitrogen nutrition index (NNI) was strongly related to petiole sap [NO3
−–N] in the three 388 

pepper crops. Using pooled data from the duration of the three crops, the relationship between 389 

NNI and sap [NO3
−–N] was best described by (a) a polynomial regression of NNI = −1.10E −390 

07 × 𝑆𝑎𝑝2 + 0.000473 ×  𝑆𝑎𝑝 + 0.5514 with an R2 of 0.84 (Fig. 3; Table 4a), and (b) a segmented 391 

linear regression of NNI = 0.00034 × 𝑆𝑎𝑝 + 0.572 (𝑖𝑓 𝑆𝑎𝑝 < 𝑆𝑎𝑝0) and NNI = 1.04 (𝑖𝑓 𝑆𝑎𝑝 ≥392 

𝑆𝑎𝑝0) with an R2 of 0.83 (Fig. 3; Table 4b). In the segmented linear regression, the horizontal 393 

linear regression corresponds to the “maximum NNI value”. 394 

The sufficiency value for maximum DMP, derived from the polynomial equation that 395 

corresponded to an NNI value of 1.0, was 1441 mg NO3
−–N L−1 (Fig. 3; Table 4a). The sufficiency 396 

value for maximum DMP, determined as the intersection of the inclined linear and horizontal 397 

segments (𝑆𝑎𝑝0 in Fig. 3), was 1367 mg NO3
−–N L−1 (Fig. 3; Table 4b). The sufficiency values for 398 

maximum DMP calculated using the two approaches were very similar, the difference being only 399 

74 mg NO3
−–N L−1.400 
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 401 
Fig. 3. Relationship between N nutrition index (NNI) and petiole sap [NO3

−–N] for pooled data 402 
from the three different pepper crops. The red line is the polynomial regression of 403 
NNI = −1.10E − 07 × 𝑆𝑎𝑝2 + 0.000473 ×  𝑆𝑎𝑝 + 0.5514 (R2 = 0.84) and the blue dotted lines 404 
are the linear segmented regression described by the sloped line of NNI = 0.00034 × 𝑆𝑎𝑝 +405 
0.572 (𝑖𝑓 𝑆𝑎𝑝 < 𝑆𝑎𝑝0) and  the horizontal line described by NNI = 1.04 (𝑖𝑓 𝑆𝑎𝑝 ≥ 𝑆𝑎𝑝0) (R2 = 406 
0.83). The values are from five different N treatments with four replications from the 2014, 2016 407 
and 2017 pepper crops (n = 878); n is the number of data points. 408 
 409 

For the duration of each of the three individual pepper crops, individual polynomial 410 

equations described the relationship between NNI and petiole sap [NO3
−–N] with R2 values of 411 

0.91, 0.66 and 0.89 for the 2014, 2016 and 2017 crops, respectively (Table 4a). Using these three 412 

polynomial equations, sufficiency values for maximum DMP, estimated by solving for NNI = 1.0, 413 

were 1256, 1706 and 1415 mg NO3
−–N L−1 for the 2014, 2016 and 2017 crops, respectively (Table 414 

4a). 415 

The segmented linear regression relationships derived between NNI and petiole sap [NO3
−–416 

N] had R2 values of 0.91, 0.64 and 0.88 for the 2014, 2016 and 2017 crops, respectively (Table 417 

4b). The sufficiency values for maximum DMP determined from the segmented linear regression 418 

analysis (𝑆𝑎𝑝0), were 1278, 1875 and 1380 mg NO3
−–N L−1 for 2014, 2016 and 2017, respectively. 419 

The maximum NNI values, corresponding to the horizontal line segment, were 1.05 for the 2014 420 

crop, and 1.04 for the 2016 and 2017 crops (Table 4b). 421 
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The polynomial equations and the equations of the segmented linear regression analysis 422 

were similar for the duration of each of the three pepper crops, and for the pooled data set from 423 

the three pepper crops (Tables 4a and 4b). The DMP sufficiency values calculated, for each of 424 

the three pepper crop, using the polynomial equation and the segmented linear regression 425 

analysis were similar (Tables 4a and 4b). The differences between the sufficiency values 426 

determined using the two statistical approaches were 22, 169 and 35 mg NO3
−–N L−1 for the 427 

2014, 2016 and 2017 crops, respectively. 428 

There were very strong relationships between NNI and petiole sap [NO3
−–N], using either 429 

polynomial equations or segmented linear regression relationships (R2 of 0.88–0.91; Tables 4a 430 

and 4b), in the 2014 and 2017 crops. For both types of relationship, the relationships were 431 

noticeably weaker in the 2016 crop (R2 of 0.64–0.66; Tables 4a and 4b).432 
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Table 4 (a). Polynomial regression analysis relating NNI to petiole sap [NO3
−–N] for 2014 (n = 433 

359), 2016 (n = 299) and 2017 (n = 220) pepper crops, and using pooled data for the duration of 434 

the three crops (n = 878); n is the number of data points. The fitted equations and coefficients 435 

of determination (R2) are shown. SE is standard error of the estimation. The values of petiole 436 

sap [NO3
−–N] (mg L−1) that correspond to NNI values of 1.0 are presented.  437 

 438 

Crop year Polynomial equation 

Petiole sap 
[NO3

−–N] 
(mg L−1) for 
NNI = 1.0 

R2 SE 

2014 NNI = ‒1.50E‒07 × 𝑆𝑎𝑝2 + 0.000567 × 𝑆𝑎𝑝 + 0.5248 1256 0.91 0.06 

2016 NNI = ‒6.60E‒08 × 𝑆𝑎𝑝2 + 0.000340 × 𝑆𝑎𝑝 + 0.6109 1706 0.66 0.09 

2017 NNI = ‒1.10E‒07 × 𝑆𝑎𝑝2 + 0.000475 × 𝑆𝑎𝑝 + 0.5469 1415 0.89 0.07 

Combined crops NNI = ‒1.10E‒07 × 𝑆𝑎𝑝2 + 0.000473 × 𝑆𝑎𝑝 + 0.5514 1441 0.84 0.08 

 439 

Table 4 (b). Segmented linear regression analysis relating NNI to petiole sap [NO3
−–N] for 2014 440 

(n = 359), 2016 (n = 299) and 2017 (n = 220) pepper crops, and using pooled data for the duration 441 
of the three crops (n = 878); n is the number of data points. The fitted equations and coefficients 442 
of determination (R2) are shown. SE is standard error of the estimation. The two linear equations 443 
of the segmented analysis are presented as (i) the sloped equation and (ii) the horizontal 444 
equation, which is presented as the maximum NNI value. The values of petiole sap [NO3

−–N] (mg 445 
L−1) that correspond to 𝑆𝑎𝑝0, which is the petiole sap [NO3

−–N] value associated with the 446 
maximum NNI value, are presented. 447 
 448 

Crop year 
Inclined linear equation of 
segmented linear regression  

Maximum 
NNI value 

𝑆𝑎𝑝0 value 
(mg NO3

−–N L−1) 
R2 SE 

2014 NNI = 0.00039 × 𝑆𝑎𝑝 + 0.551 1.05 1278 0.91 0.06 

2016 NNI = 0.00020 × 𝑆𝑎𝑝 + 0.660 1.04 1875 0.64 0.09 

2017 NNI = 0.00035 × 𝑆𝑎𝑝 + 0.561 1.04 1380 0.88 0.07 

Combined crops NNI = 0.00034 × 𝑆𝑎𝑝 + 0.572 1.04 1367 0.83 0.08 

 449 

3.4. Relationships between NNI and petiole sap [NO3
−–N], and derivation of sufficiency values, 450 

for each phenological stage 451 

Polynomial equations and segmented linear regression equations were derived for each of 452 

the three phenological stages of vegetative, flowering and early fruit growth, and harvest, using 453 

pooled data, for each phenological stage, of the 2014, 2016 and 2017 crops (Tables 5a and 5b). 454 

For the polynomial equations for the vegetative, flowering and early fruit growth, and harvest 455 

stages, using pooled data from the three crops, the R2 values were 0.66, 0.89, 0.86, respectively 456 
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(Table 5a). For the segmented regression analyses, the respective R2 values were 0.67, 0.88 and 457 

0.86 (Table 5b). 458 

Sufficiency values for maximum DMP were derived for the three phenological stages using 459 

the pooled data set from the three crops. Sufficiency values corresponding to NNI values of one, 460 

derived from the polynomial equations, were 1747, 1327 and 1403 mg NO3
−–N L−1 for the 461 

vegetative, flowering and early fruit growth and harvest stages, respectively (Table 5a). Using 462 

the segmented linear regression analysis, the sufficiency values (i.e. 𝑆𝑎𝑝0 values) were 1817, 463 

1335 and 1230 mg NO3
−–N L−1 for the vegetative, flowering and early fruit growth, and harvest 464 

stages, respectively (Table 5b). The maximum NNI values were 1.03‒1.05 (Table 5b). 465 

The estimated sufficiency values for maximum DMP for each phenological stage, calculated 466 

with the two different approaches were very similar (Tables 5a and 5b). The differences between 467 

equivalent sufficiency values calculated with the two methods were 70, 8 and 173 mg NO3
−–N 468 

L−1 for the vegetative, flowering and early fruit growth and harvest stages, respectively. Using 469 

both approaches, the sufficiency values for the vegetative stage were appreciably higher than 470 

the other two stages, which were very similar to one another (Tables 5a and 5b). 471 

 472 

Table 5 (a). Polynomial regression analysis relating NNI to petiole sap [NO3
−–N] for vegetative (n 473 

= 139), flowering and early fruit growth (n = 320) and harvest (n = 419) stages using combined 474 
data from the 2014, 2016, and 2017 pepper crops; n is the number of data points. The fitted 475 
equations and coefficients of determination (R2) are shown. SE is the standard error of the 476 
estimation. The values of petiole sap [NO3

−–N] (mg L−1) that correspond to NNI values of 1.0 are 477 
presented.  478 
 479 

Phenological 
stage 

Polynomial equation 

Petiole sap  
[NO3

−–N]  
(mg L−1) for 
NNI = 1.0 

R2 SE 

Vegetative NNI = ‒5.90E‒08 × 𝑆𝑎𝑝2 + 0.000333 ×  𝑆𝑎𝑝 + 0.5992 1747 0.66 0.09 

Flowering 
and early 
fruit growth 

NNI = ‒1.20E‒07 × 𝑆𝑎𝑝2 + 0.000504 ×  𝑆𝑎𝑝 + 0.5435 1327 0.89 0.07 

Harvest NNI = ‒1.24E‒07 × 𝑆𝑎𝑝2 + 0.000498 ×  𝑆𝑎𝑝 + 0.5452 1403 0.86 0.07 

480 
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Table 5 (b). Segmented linear regression analysis relating NNI to petiole sap [NO3
−–N] for 481 

vegetative (n = 139), flowering and early fruit growth (n = 320) and harvest (n = 419) stages using 482 
combined data from the 2014, 2016, and 2017 pepper crops; n is the number of data points. The 483 
fitted equations and coefficients of determination (R2) are shown. SE is the standard error of the 484 
estimation. The two linear equations of the segmented analysis are presented as (i) the sloped 485 
equation, and (ii) the horizontal equation, which is presented as the maximum NNI value. The 486 
values of petiole sap [NO3

−–N] (mg L−1) that correspond to maximum NNI (i.e. 𝑆𝑎𝑝0 value) are 487 
presented. 488 
 489 

Phenological 
stage 

Inclined linear equation of 
segmented linear regression  

Maximum 
NNI value 

𝑆𝑎𝑝0 value 
(mg NO3

−–N L−1) 
R2 SE 

Vegetative NNI = 0.00022 × 𝑆𝑎𝑝 + 0.630 1.03 1817 0.67 0.09 

Flowering 
and early 
fruit growth 

NNI = 0.00037 × 𝑆𝑎𝑝 + 0.560 1.05 1335 0.88 0.07 

Harvest NNI = 0.00038 × 𝑆𝑎𝑝 + 0.559 1.03 1230 0.86 0.07 

 490 

4. Discussion 491 

4.1. Petiole sap [NO3
−–N] during the crop 492 

In general, in each of the three sweet pepper crops, petiole sap [NO3
−–N] for a given 493 

treatment, remained relatively constant throughout the crop. In some cases, during the first 40–494 

60 DAT there were fluctuations attributable to the establishment of the N treatments. Relative 495 

constancy of petiole sap [NO3
−–N] throughout the duration of a crop has been observed with 496 

greenhouse-grown pepper (Magán et al., 2019), tomato (Peña-Fleitas et al., 2015), and 497 

muskmelon (Peña-Fleitas et al., 2015) crops, and in open field tomato (Farneselli et al., 2010), 498 

that all received frequent N addition (at least every week) through combined fertigation and 499 

drip irrigation. 500 

Numerous studies have reported on-going reductions in petiole sap [NO3
−–N] during 501 

vegetable crops e.g. in cabbage, onion, carrot (Westerveld et al., 2004) and during potato crops 502 

(Vitosh and Silva, 1996; Zhang et al., 1996). The recommended petiole sap [NO3
−–N] values for 503 

numerous vegetable species declined with on-going phenological development (Hochmuth, 504 

1994, 2012). 505 
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Generally, in studies where petiole sap [NO3
−–N] declined during the crop, there were a 506 

small number (e.g. 2–3) of N fertilizer applications; commonly, a pre-plant application and 1–2 507 

sidedress applications (Vitosh and Silva, 1996; Westerveld et al., 2004). In these studies, an 508 

appreciable portion of the fertilizer N was applied prior to planting. In the current study, for the 509 

conventional N treatments (N3) that supplied sufficient N, there were 72, 108, and 94 separate 510 

N fertilizer applications throughout the 2014, 2016 and 2017 crops, respectively. The respective 511 

average amounts and ranges of N applied in each application were 7.1 (1.9–21.1), 5.2 (1.2–11.9), 512 

and 5.6 (0.6–18.1) kg N ha−1. In the 2014, 2016 and 2017 crops, 83, 99 and 94%, respectively, of 513 

the individual N applications each supplied <10 kg N ha−1. The larger N applications were 514 

generally because of larger nutrient solution applications to control soil salinity as described in 515 

section 2.2. 516 

It appears that very frequent small applications of N (mostly <10 kg N ha−1, every 1–4 days) 517 

through combined fertigation and drip irrigation systems contribute to relatively constant 518 

petiole sap [NO3
−–N] throughout the crop. The application of N throughout each crop was very 519 

strongly related to dry matter production. The relationship between cumulative N addition (kg 520 

N ha−1) and cumulative dry matter production (t ha−1), throughout the three crops, considered 521 

together, was described by the linear regresion equation 𝑦 = 39.6𝑥 + 37.2 with R² = 0.93. 522 

Hochmuth (1994) reported that petiole sap [NO3
−–N] of greenhouse crops tended to 523 

decrease less when compared to crops grown in open field conditions. The indeterminate 524 

growth of many greenhouse-grown vegetable crops, with the constant growth of new shoot 525 

material may be a contributing factor to the relatively constant petiole sap [NO3
−–N] values 526 

observed with greenhouse-grown vegetable crops. 527 

 528 

4.2. Relationship of petiole sap [NO3
−–N] to crop NNI 529 

The strong asymptotic relationships between petiole sap [NO3
−–N] and NNI, for pooled data 530 

from throughout the three sweet pepper crops, and throughout each of the three crops 531 
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considered separately, were described by either polynomial or segmented linear regression 532 

equations. A very small number of previous studies have established linear relationships 533 

between petiole sap [NO3
−–N] and NNI (Bélanger et al., 2003; Peña-Fleitas et al., 2015). Peña-534 

Fleitas et al., (2015) obtained R2 values of 0.77 for combined data of three tomato crops, and 535 

also for a muskmelon crop. Bélanger et al., (2003) obtained R2 values of 0.29–0.62 for three 536 

different periods of two potato cultivars. Other studies have reported that petiole sap [NO3
−–N] 537 

was strongly related to apparent crop N status in various vegetable species such as broccoli 538 

(Villeneuve et al., 2002), potato (Poljak et al., 2008), cauliflower (Kubota et al., 1996), and 539 

processing tomato (Farneselli et al., 2010). 540 

The steep linear relationships between petiole sap [NO3
−–N] and NNI at NNI values of <1 541 

indicated that petiole sap [NO3
−–N] is a sensitive measure of crop N deficiency in sweet pepper. 542 

The plateau response at NNI values close to 1.0 demonstrated that sap [NO3
−–N] continued to 543 

accumulate, with increasing N supply, even though there was very limited luxury uptake of N 544 

(Rodríguez et al., 2020a). This suggests that maximum values of a sufficiency range could be 545 

identfied, above which petiole sap [NO3
−–N] could be used to identify excessive N supply. It 546 

appears that the relationships between NNI and petiole sap [NO3
−–N] are asymptotic in species 547 

with little luxury N uptake, and that relationships may be linear where luxury N uptake occurs 548 

(e.g. Peña-Fleitas et al., 2015). There appears to be variation between vegetable species in the 549 

ocurrence and degree of luxury N uptake (Rahn et al., 2010; Thompson et al., 2017b). 550 

For both the polynomial and segmented linear analyses, the equation coefficients and R2 551 

values were very similar both for the flowering and early fruit growth stage, and for the harvest 552 

stage. The R2 values for both types of analysis in these two stages were very high, being 0.88–553 

0.91. In contrast, for the earlier vegetative stage, the equation coefficients were notably 554 

different, and the R2 values were clearly lower. These differences, between the earlier 555 

vegetative stage and the two later phenological stages, are likely due to the relatively large 556 

fluctuations in petiole sap [NO3
−–N] during the earlier vegetative stage, when the N treatments 557 
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were being established. The equation coefficients for the flowering and early fruit growth stage 558 

and for the harvest stage, for the three crops considered together, were very similar to the 559 

equivalent values for the duration of the 2014 and 2017 crops, for each type of equation. The 560 

similarity of the equation coefficients and the R2 values for these two phenological phases, and 561 

for the 2014 and 2017 crops, demonstrates the strength and consistency of these relationships 562 

throughout the crops and between different crops. 563 

 564 

4.3. Petiole sap [NO3
−–N] sufficiency values 565 

Using the polynomial relationship for the duration of the crop cycle of the three crops 566 

considered together, a sufficiency value of 1441 mg NO3
−–N L−1 was derived for a NNI = 1.0, that 567 

is the minimum petiole sap [NO3
−–N] for maximum dry matter production. Using the segmented 568 

linear regression relationship, the sufficiency value was 1367 mg NO3
−–N L−1, which 569 

corresponded to the maximum NNI value of 1.04 for the duration of the crop cycle. Using both 570 

types of equations, the sufficiency values derived for the duration of the individual 2014 and 571 

2017 crops were very similar. The complete crop cycle sufficiency values derived for the 572 

individual 2016 crop, using both approaches were notably higher being 1706 and 1875 mg NO3
−–573 

N L−1. The appreciably lower R2 values for the 2016 crop, and the clear differences in equation 574 

coefficients, compared to both the 2014 and 2017 crops, suggest that the equations and whole 575 

crop sufficiency values of the 2016 crop were anomalous. Considering these observations, a 576 

rounded-off sufficiency value, for growth (i.e. maximum dry matter production), of 1400 mg 577 

NO3
−–N L−1 is proposed for greenhouse-grown sweet pepper in SE Spain. This sufficiency value 578 

may be applicable for the greenhouse-grown sweet pepper throughout the Mediterranean 579 

Basin; however, validation is recommended for use outside of SE Spain. 580 

This proposed whole crop sufficiency value is consistent with the sufficiency values 581 

reported by Hochmuth (1994, 2012) for outdoor pepper of 1400–1600 mg NO3
−–N L−1 for the 582 
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first two stages of first flower buds and first open flowers. However, as previously stated, the 583 

sufficiency values proposed by Hochmuth (1994, 2012) declined as the crop developed. 584 

Using polynomial and segmented linear regression analysis, the sufficiency values derived 585 

for the combined flowering and early fruit growth stage were 1327 mg and 1335 mg NO3
−–N L−1, 586 

and for the harvest stage were 1403 and 1230 mg NO3
−–N L−1. These values are very similar to 587 

proposed whole crop sufficiency value of 1400 mg NO3
−–N L−1, confirming the constancy of the 588 

the sufficiency value throughout the crop. As previously explained, the vegetative stage was 589 

anomalous because of the establishment of the N treatments. The proposed sufficiency value 590 

derived in the current study is for dry matter production, i.e. growth. Further work is required 591 

to determine whether this value also applies to yield. 592 

 593 

4.4. General observations 594 

Possible effects of different cropping systems and of cultivar will need to be considered 595 

when using petiole sap [NO3
−–N] as a management tool. Peña-Fleitas et al. (2015) described the 596 

relationship of petiole sap [NO3
−–N] to NNI, and the derived sufficiency value, being very similar 597 

for two different types of tomato grown in different conditions. Future work is required to 598 

examine how factors such as crop type and cultivar, production system and location affect the 599 

relationships and suggested sufficiency value reported here for sweet pepper. 600 

 601 

5. Conclusions 602 

The strong relationship between petiole sap [NO3
−–N] and NNI suggests that petiole sap 603 

[NO3
−–N] can be used to improve N management of greenhouse-grown sweet pepper. In each 604 

N treatment of the three pepper crops, which received frequent N application, petiole sap 605 

[NO3
−–N] was relatively constant throughout the crops. Using the pooled data from the three 606 

cropping cycles, a sufficiency value for maximum crop growth of 1400 mg NO3
−–N L−1 was derived 607 

for an entire crop. For two of the three different phenological stages (for the flowering and early 608 
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fruit growth stage, and the harvest stage) the derived sufficiency values were similar to the 609 

derived sufficiency value for the duration of the crop. This sufficiency value can be a guide to 610 

vegetable growers and advisors to achieve optimal N fertilization. However, in each region and 611 

cropping system, verification is recommended. Petiole sap [NO3
−–N] analysis is a practical and 612 

effective tool to assess crop N status of sweet pepper grown in greenhouses. 613 
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