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Abstract: Excessive N application occurs in greenhouse vegetable production. Monitoring methods of
immediately available soil N are required. [NO3

−] in soil solution, sampled with ceramic cup samplers,
and [NO3

−] in the 1:2 soil to water (v/v) extract were evaluated. Five increasing [N], from very N
deficient (N1) to very N excessive (N5) were applied throughout three fertigated pepper crops by
combined fertigation/drip irrigation. The crops were grown in soil in a greenhouse. Soil solution
[NO3

−] was measured every 1–2 weeks, and extract [NO3
−] every 4 weeks. Generally, for treatments

N1 and N2, both soil solution and extract [NO3
−] were continually close to zero, and increased

with applied [N] for treatments N3–5. The relationships of both methods to the nitrogen nutrition
index (NNI), an indicator of crop N status, were assessed. Segmented linear analysis gave R2 values
of 0.68–0.70 for combined data from entire crops, for both methods. NNI was strongly related to
increasing [NO3

−] up to 3.1 and 0.9 mmol L−1 in soil solution and extracts, respectively. Thereafter,
NNI was constant at 1.04–1.05, with increasing [NO3

−]. Suggested sufficiency ranges were derived.
Soil solution [NO3

−] is effective to monitor immediately available soil N for sweet pepper crops in SE
Spain. The extract method is promising.

Keywords: Capsicum annuum L.; ceramic suction cups; greenhouse; nitrate leaching; NNI; soil solution;
soil testing; soil-water extracts; sufficiency values; vegetable crops

1. Introduction

Approximately 170,000 ha of greenhouses and plastic tunnels [1] are used for intensive production
of vegetables in the Mediterranean Basin. These greenhouse production systems are commonly
associated with N applications that appreciably exceed what is required to ensure high yields [2,3].
Additionally, irrigation is often excessive to crop water requirements [3–5]. Consequently, large nitrate
(NO3

−) leaching losses [5–7], and associated aquifer NO3
− contamination occur [8].

In southeast (SE) Spain, there are 42,000 ha of highly concentrated plastic greenhouses [9], of which
32,000 ha are located in the province of Almeria [10]. In approximately 90% of these greenhouses,
crops are grown in soil [11]. Nearly all of the greenhouse production areas in Almeria have been
declared nitrate vulnerable zones (NVZ) [12] in accordance with the EU Nitrates Directive [13].
Nitrate concentrations as high as 400 mg NO3

− L−1 have been reported [14], and there is a general
tendency to increase [8,14].
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Given that most greenhouses in Almeria are within NVZs, there is an obligation to adopt
management practices that reduce aquifer NO3

− contamination [15,16]. These improved practices
must ensure optimal, or at least considerably improved, crop N management. All growers have
combined drip irrigation and fertigation systems that frequently apply small amounts of N [6,11,17].
Tools/systems that monitor crop N status or the immediate supply of crop available N will enable
frequent N applications to be adjusted to ensure optimal crop N status [18,19]. The assessment of crop
N status of greenhouse-grown vegetable crops has suggested that generally crop/plant monitoring
approaches (proximal optical sensors, petiole sap analysis) are sensitive to crop N deficiency, but less
sensitive to excessive N supply [18,19].

Previous studies in Almeria greenhouses have suggested that monitoring the immediately
available soil N supply, as the NO3

− concentration ([NO3
−]) of a root-zone soil solution can indicate an

excessive N supply [20,21]. In these studies, ceramic cup soil solution suction samplers were used.
However, until now, suggested quantitative lower and upper limits have been tentative, being based on
observation rather than on objective criteria [6,21]. A number of studies have examined various practical
aspects of determining the [NO3

−] of soil solution, such as minimizing spatial variability [19,21],
their use with rapid analysis systems [22], and providing general recommendations on their use [18,19].
However, only one study has quantitatively assessed sensitivity in relation to crop N status [20]. In that
study, simple linear regression analysis was used. No studies have assessed sensitivity in relation to
crop N status using the more comprehensive approach of segmented line analysis. No studies have
quantitatively determined lower and upper sufficiency limits.

Another soil-based approach to assess the immediately available soil N supply is the 1:2 soil
to water (v/v) extract method, which is routinely used in commercial greenhouse production in
The Netherlands [18,23,24]. This method involves taking a composite soil sample and extracting one
volume of fresh soil with two volumes of water. The [NO3

−] is determined in the decanted solution
from the suspension [23,25]. Good agreement between N determined with the 1:2 soil to water (v/v)
extract method and N extracted from mineral soils has been reported [26].

Lower and upper and sufficiency values are available for the 1:2 soil to water (v/v) extract method
for vegetable and ornamental crops grown in soil in Dutch greenhouses [18,24,27]. Some work with
this method has been conducted in Greek and Italian greenhouses [27,28]. However, sufficiency values
for those conditions have not been published, although suggested unpublished sufficiency values are
lower than those used in The Netherlands [29]. The 1:2 soil to water (v/v) extract method has not been
evaluated in greenhouses in SE Spain. There is no available information as to its effectiveness or of
sufficiency values for these conditions.

Quantitative evaluation of the sensitivity and quantitative determination of sufficiency values,
for the [NO3

−] in soil solution and in the extract from the 1:2 soil to water (v/v) extract method, can be
done by relating these [NO3

−] to an indicator of crop N status. The nitrogen nutrition index (NNI) is a
reliable and established indicator of crop N status [30,31]. The NNI is the ratio between the actual crop
N content and the critical N content of the crop [32]. An NNI value of 1.0 indicates N sufficiency for
maximum dry matter production (DMP) (i.e., maximum growth), values of <1.0 indicate N deficiency,
and values of >1.0 indicate N excess [30]. The relationship of soil solution [NO3

−] to NNI of fertigated
tomato and melon was examined in one study [20]. These authors observed a tendency for increasing
NNI with increasing soil solution [NO3

−] in melon, but little relationship in tomato. No studies have
reported quantitative assessment of the 1:2 soil to water (v/v) extract method using NNI.

In Almeria greenhouses, sweet pepper is one of the main crops, being grown annually on
approximately 10,000 ha [10]. While various crop monitoring tools have been thoroughly evaluated
to determine N deficiency of sweet pepper (e.g., [33–35]), complementary soil monitoring tools are
required that can also inform of excessive N supply.

The objectives of this study were, in the context of greenhouse-grown sweet pepper crops in
SE Spain, to: (i) determine the response of [NO3

−] in soil solution and the 1:2 soil to water (v/v)
extract to increasing N supply, (ii) evaluate the sensitivity of [NO3

−] in soil solution and the 1:2 soil to
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water (v/v) extract to assess crop N status, (iii) derive lower sufficiency values for maximum growth,
and (iv) derive upper sufficiency values to identify excessive N supply. Objectives (ii) to (iv) used NNI.
Additional objectives were to determine: (a) the relationships of [NO3

−] in soil solution and in the
1:2 soil to water (v/v) extract to the applied N concentration, and (b) the relationship between [NO3

−]
in soil solution and [NO3

−] in the 1:2 soil to water (v/v) extract.

2. Materials and Methods

2.1. Experimental Site and Crops

Three sweet pepper (Capsicum annuum L. “Melchor”) crops were grown, in soil, in a plastic
greenhouse at the Experimental Farm of the University of Almeria, in Retamar, Almeria (36◦51′ N,
2◦16′ W, 92 m elevation) in SE Spain. The crops were grown with autumn-winter growing periods in
2014–2015 (2014 crop), 2016–2017 (2016 crop), and 2017–2018 (2017 crop) (Table 1). Cropping conditions
were very similar to those of local commercial production [9].

The greenhouse had a multi-tunnel structure with a galvanized steel frame. The roof consisted of
low-density polyethylene (LDPE) tri-laminated film, and walls of polycarbonate. It was ventilated
passively through flap roof windows and lateral side panels. Total cropped area within the greenhouse
was 1327 m2. The soil was an artificial layered “enarenado” soil that is commonly used in this
region [3,36]. It consisted of a 30-cm layer of imported silty loam textured soil placed on the original
loam soil; a 10-cm layer of fine gravel was placed on the imported soil as a mulch. Details of the soil
are available in [37].

Irrigation was applied through above-ground drip tape. The drip tape was organized in paired
lines, with 0.8 m separation between the lines of each pair, 1.2 m separation between adjacent pairs
of lines, and 0.5 m spacing between drip emitters in the drip tape. The density of emitters was
2 emitters m−2. The discharge rate was 3 L h−1. The drip system had a coefficient of uniformity of
>95%. Complete nutrient solutions were applied through the drip irrigation system in each irrigation,
consistent with local fertigation practice [3,9,17].

The cropped area was divided into 24 experimental plots measuring 6 m by 6 m. In this study,
20 of the plots were used. In each plot, there were three paired lines of drip tape with 12 emitters in
each line. The plots were hydraulically separated from one another, by 30 cm deep vertical barriers
of polyethylene sheet (250 µm thickness). Individual plants were positioned 6 cm from and adjacent
to each emitter. The plant density was two plants m−2; there were 72 plants per plot. Plants were
transplanted as five-week-old seedlings. Additional information of the layout is provided in [38].

2.2. Experimental Design and Treatments

The 20 experimental plots were allocated to five different irrigation/fertigation sectors using a
randomized block design. Each sector received a different N treatment. Prior to each crop, the soil was
leached, with large irrigation volumes, to homogenize the plots with respect to residual soil NO3

−

and salinity.
Throughout each crop, five different N treatments, of increasing N concentration, were applied

in each irrigation. The five N treatments were: very N deficient (N1), N deficient (N2), conventional
N management (N3), excessive N (N4), and very excessive N (N5), applied in the nutrient solution.
The concentrations and amounts of N applied to each treatment in each crop are provided in
Table 1. More than 90% of the mineral N was applied as NO3

−, the rest as ammonium (NH4
+).

Other macronutrients and micronutrients were applied to the nutrient solution in concentrations
that were sufficient to ensure they were not deficient. For several days after transplanting (DAT),
the transplanted seedlings received only water (<0.04 mmol N L−1). The different N treatments
commenced at 1 DAT, 9 DAT, and 10 DAT in the 2014, 2016, and 2017 crops, respectively.
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Table 1. Information of the three pepper crops and N treatments. Duration of the crops, total mineral N applied, irrigation amount, the average applied N concentration
by nutrient solution, total dry matter production (DMP), and total yield (TY).

Crop Year Date of
Transplanting

Date End of the
Crop (Duration) N Treatment a Mineral N Applied

(kg N ha−1) b
Irrigation Amount

(mm) c
[N] in Nutrient Solution

(mmol L−1) b
DMP

(t ha−1)
TY

(t ha−1)

2014 12 August 2014 29 January 2015 N1 64 190 2.4 5.7 38.7
(170 days) N2 189 216 6.2 7.9 52.2

N3 516 294 12.6 8.6 52.9
N4 804 357 16.1 9.7 51.1
N5 990 354 20.0 9.3 46.4

2016 19 July 2016 24 March 2017 N1 88 319 2.0 8.8 67.2
(248 days) N2 302 404 5.3 12.6 86.4

N3 561 414 9.7 15.2 91.5
N4 1052 557 13.5 14.4 94.2
N5 1320 532 17.7 13.6 89.7

2017 21 July 2017 20 February 2018 N1 86 304 2.0 5.1 33.3
(214 days) N2 304 383 5.7 9.3 54.4

N3 519 383 9.7 10.5 61.0
N4 870 475 13.1 12.6 65.1
N5 1198 513 16.7 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 of N treatments, which commenced 1, 9 and 10 DAT in the 2014,
2016 and 2017 crops, respectively. c For the complete cropping cycle.
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Irrigation/fertigation was conducted every 1–4 days to maintain the soil matric potential between
−10 to −30 kPa. One tensiometer (Irrometer, Co., Riverside, CA, USA) was installed per plot at 12
cm depth where roots were most concentrated. Total irrigation volumes are presented in Table 1.
During the crops, additional irrigation as nutrient solution or water was applied, to certain treatments,
to reduce the build-up of soil salinity. In the 2014 crop, additional nutrient solution was applied to
the N3, N4, and N5 treatments during 80–103 DAT; the total additional volumes were 23 mm, 44 mm,
and 45 mm, respectively. In the 2016 crop, additional nutrient solution was applied for 66–71 DAT,
104–111 DAT, and 178–180 DAT for treatments N1 to N5 with total volumes of 62 m, 79 mm, 84 mm,
115 mm, and 107 mm, respectively. In the 2017 crop, additional irrigation was applied as water to the
N3 to N5 treatments (72–110 DAT, 129–143 DAT, and 185–208 DAT); the total extra volumes applied
were 31 mm, 39 mm, and 39 mm, respectively.

Crop management followed local commercial practice. The crops were physically supported
with nylon cords placed horizontally along the side of the crop, using a local system known as
“enfajado”. Excessive greenhouse temperature was prevented by applications of CaCO3 suspension to
the greenhouse roof. Details of the timing and applied concentrations of CaCO3 suspension, and of the
resultant transmissivity of photosynthetically active radiation (PAR) are reported in [38].

2.3. Obtaining and Analysis of Samples of Soil Solution and 1:2 Soil to Water (v/v) Extract

2.3.1. Soil Solution

Soil solution [NO3
−] was determined in samples collected every 1–2 weeks using ceramic cup

suction samplers that were 3.1 cm in diameter and 35 cm long (Model SPS200 3, SDEC, Reignac Sur
Indre, France). Sampling was weekly in the 2014 crop and every 2 weeks in the 2016 and 2017 crops.
The suction samplers were placed within the drip irrigation bulb where most roots are located, 8 cm to
the side of a plant, and 5 cm from the drip line, at 12 cm depth from the surface of the imported soil.
One sampler was installed in each plot of each treatment. The locations of the suction samplers were
carefully chosen to reduce spatial variability, by avoiding non-representative plants, the edges of plots,
localized zones of rainwater infiltration, and shading.

Soil solution was collected after applying vacuum of −70 kPa for 24 h. No irrigation/fertigation
was applied during the 24 h period of sample collection, nor during the 24 h before application
of vacuum. The [NO3

−] were analyzed using an automatic continuous segmented flow analyzer
(model SAN++, Skalar Analytical B.V., Breda, The Netherlands). In the 2014, 2016, and 2017 pepper
crops, sampling commenced at 14 DAT, 9 DAT, and 19 DAT, respectively. In these crops, there were
nineteen, twenty-six, and sixteen samplings, respectively.

2.3.2. The 1:2 Soil to Water (v/v) Extract Method

The 1:2 soil to water (v/v) extract [18,24,25] was obtained from composite soil samples taken every
four weeks, in the 2016 and 2017 crops. The composite samples were from the 0–20 cm soil depth of
the imported soil. In each replicate plot of each treatment, the composite soil sample was obtained
by mixing four 0–20 cm depth soil samples of equal volume; two samples were taken at both 8 cm
and 20 cm adjacent to the plant. As with the location of suction samplers, care was taken to choose
locations for soil sampling that minimized spatial variability. Immediately after sampling, the soil
samples were mixed, and a 100 mL sub-sample of the composite soil sample was placed in a sealed
plastic bag and refrigerated at 5 ◦C.

Within 24 h of sampling, the refrigerated sub-samples were extracted, following the method
of [23]. Forty mL of soil was placed in a transparent container filled with 80 mL of demineralized water;
field-moist soil was added until the total volume increased to 120 mL to obtain the 1:2 (v/v) soil to
water combination. The mixture of soil and water was gently mixed in an agitator for 20 min at 48 rpm.
The suspension obtained was allowed to sediment for 24 h while refrigerated at 5 ◦C, after which the
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supernatant was filtered. The [NO3
−] of the filtered supernatant was analyzed using the automatic

continuous segmented flow analyzer described in Section 2.3.1.
In the 2016 and 2017 pepper crops, the sampling commenced at 21 DAT in both crops. There were

eight and seven samplings in the 2016 and 2017 crops, respectively.

2.4. Determination of Crop Nitrogen Nutrition Index (NNI)

Crop N status was determined as:

NNI =
Nact

Nc
, (1)

where Nact is the measured N content of all shoot dry matter [31]. Nact values for the dates of soil
solution and soil sampling were obtained by interpolating from measured crop N content values that
were determined in biomass samplings conducted approximately every 21 days, for each N treatment
in each crop [38]. Nc is the critical N content, for each sampling date, calculated using the critical
N curve (CNC): %Nc = 4.71 ×DMP−0.22 (DMP is dry matter production) for greenhouse-grown
sweet pepper determined by [38]. The DMP values for each sampling date, that were required to
calculate the corresponding %Nc values, were interpolated from measured DMP from the regular
biomass samplings.

To determine the amount of dry matter at transplanting, 100 seedlings were sampled.
Subsequent biomass sampling, conducted approximately every 21 days, involved sampling one
representative plant of each replicate plot, and dividing the plant into leaf, stem, and fruit. The dry
matter content, of each component, was determined by oven-drying all material at 65 ◦C until constant
dry weight. In each crop, eight plants were marked in each replicate plot; these were used to determine
fruit production and the amount of pruned material. Total DMP, at each biomass sampling, was
calculated as the sum of dry matter of leaf, stem, and fruit on that sampling date, plus that of all
previously sampled pruned material and harvested fruit.

To determine the total crop N content (Nact as %N), representative sub-samples of leaves, stems,
fruit, pruned material, and harvested fruit from each replicate plot were sequentially ground using
knife and ball mills. The N content of each component was determined using a Dumas-type elemental
analyzer system (Model Rapid N, Elementar Analysen systeme GmbH, Hanau, Germany). Total crop N
content was calculated, for each replicate plot, as total crop N uptake divided by total DMP. Total crop
N uptake (kg N ha−1) in each replicate plot, at each biomass sampling, was the sum of N in all relevant
components (leaf, stem, and fruit), including previously pruned material and harvested fruit, as was
done for the calculation of total DMP.

2.5. Data Analysis

The relationships between soil solution [NO3
−] and NNI were analyzed using data from individual

entire crops, pooled entire crop data from the three crops, and pooled data for each phenological stage
of the three crops. The relationships between [NO3

−] in the 1:2 soil to water (v/v) extract and NNI were
analyzed using data from individual entire crops, pooled entire crop data from the 2016 and 2017 crops,
and pooled data for each phenological stage of the two crops. Three different phenological stages were
considered, being (i) vegetative; (ii) flowering and early fruit growth; and (iii) harvest. For the three
pepper crops, the vegetative stage was from 0 to 41 DAT. The flowering and early fruit growth stage
included fruit set and development, from 42 to 97 DAT, 100 DAT, and 109 DAT in 2014, 2016, and 2017
crops, respectively. The harvest stage was from 98 to 170 DAT in 2014, from 101 to 248 DAT in 2016,
and from 110 to 214 DAT in 2017.

Segmented linear regression analysis was used to analyze the relationships between NNI and soil
solution or extract [NO3

−]. The segmented linear regressions consisted of an inclined and a horizontal
segment. The inclined segment was described by y = ax + b (i f x < x0) and the horizontal segment
by y = c (i f x ≥ x0), where y is NNI value, x is the [NO3

−] in the soil solution or 1:2 soil to water
(v/v) extract, a is the slope, b is the intercept of the inclined segment, and x0 is the [NO3

−] where
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the two segments intersect. The x0 value is the [NO3
−] in the soil solution or 1:2 soil to water (v/v)

extract value that provides c, the maximum NNI value. Once the maximum NNI value is obtained,
the response is constant. The segmented linear regression analysis was conducted using RStudio2
software (RStudio Inc., Boston, MA, USA).

To assess the spatial variability of the [NO3
−] determined in soil solution and the 1:2 soil to water

(v/v) extract, the coefficient of variation (CV) of these measurements was calculated. The CV was
determined as:

CV =
σ

x
× 100, (2)

where σ is the standard deviation and x is the average from the replicates (n = 4) of each treatment
calculated for each sampling date. Average CV values were calculated for each crop for each soil NO3

−

monitoring method.

3. Results

3.1. Soil Solution [NO3
−]

3.1.1. Responses of Soil Solution [NO3
−] to N Treatments

The response of soil solution [NO3
−] to the different N treatments was similar in each of the three

pepper crops (Figure 1a,c,e). Immediately after transplanting, soil solution [NO3
−] was similarly low

(<5 mmol L−1) in all of the different N treatments (Figure 1a,c,e). After 30 DAT, when the crops had
received the N treatments for approximately 20 days, soil solution [NO3

−] in the N1 and N2 treatments
remained low with values of 0.0–2.2 mmol L−1 until the end of the crops. In contrast, after 30 DAT,
soil solution [NO3

−] progressively increased in treatments N3, N4, and N5, with the degree of increase
being related to the applied [N].

In treatment N3, soil solution [NO3
−] increased slowly and progressively, generally reaching

approximately 15 mmol L−1 by the end of the crops (Figure 1a,c,e). In treatments N4 and N5,
soil solution [NO3

−] increased rapidly, with some fluctuations during crop growth (Figure 1a,c,e),
reaching maximum values of 34–46 mmol L−1 (Figure 1a,c,e). The relative differences in soil solution
[NO3

−] between treatments N3–5, of N3 < N4 < N5, were consistently maintained throughout the
three crops.

3.1.2. Response of NNI to N Treatments

The response of NNI to the different N treatments was similar during each of the three pepper
crops (Figure 1b,d,f). There were consistent and clear differences between N1, N2, and N3 treatments,
with N1 < N2 < N3 (Figure 1b,d,f). The ranges of NNI values for these treatments were 0.47–0.88,
0.68–0.99, and 0.80–1.11 for the N1, N2, and N3 treatments, respectively. The N3 treatment had NNI
values that were consistently close to 1.0 during the three crops (Figure 1b,d,f). The N4 and N5
treatments had very similar values to each other throughout the crop with NNI values of 0.85–1.14,
which were consistently slightly higher than the NNI values of the N3 treatment (Figure 1b,d,f).
Generally, the NNI values from treatments N4 and N5 were slightly and consistently higher than 1.0.

The evolution of the NNI values during the crops indicated that the crops grown in the N1 and
N2 treatment were, respectively, consistently very N deficient and slightly N deficient, given their
consistent relative differences in relation to NNI of 1.0 (Figure 1b,d,f). The N3 treatment was generally
N sufficient, with NNI values that were consistently very close to 1.0. The N4 and N5 treatments were
very similar in that for both treatments there was continuously slight luxury N uptake, indicated by
NNI values that were consistently slightly >1.0.
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Figure 1. Evolution of the soil solution [NO3
−] and nitrogen nutrition index (NNI) values as a function

of time (days after transplanting (DAT)) during the 2014 (a,b), 2016 (c,d), and 2017 (e,f) pepper crops,
each with five N treatments. Values are means (n = 4) ± standard error (SE). The horizontal dotted
lines (Figure a,c,e) represent the sufficiency values of 5.0 mmol L−1 and 15.0 mmol L−1 determined in
this work. Arrows (Figure a,c,e) indicate the date of the commencement of the additional irrigation or
fertigation during 80–103 DAT (N3, N4, and N5) in the 2014 crop, during 66–71 DAT, 104–111 DAT,
and 178–180 DAT (N1 to N5) in the 2016 crop, and during 72–110 DAT, 129–143 DAT, and 185–208 DAT
(N3 to N5) in the 2017 crop. The horizontal long dashed lines (Figure b,d,f) represent NNI = 1.0.
The NNI figures (b,d,f) were modified from [33]. The use of chlorophyll meters to assess crop N status
and derivation of sufficiency values for sweet pepper. Sensors 19: 2949, published by MDPI and
distributed as open access under the Creative Commons Attribution (CC BY) license.

3.1.3. Relationship between NNI and Soil Solution [NO3
−]

The relationships between NNI and soil solution [NO3
−], for the entire crop were described by

segmented linear regression analysis, using data for the combined set of data from the three crops
(Figure 2a; Table 2). There were similar strong relationships using segmented linear regression analysis
for each phenological stage (Figure 2b; Table 2). In all of these segmented linear regression analyses,
NNI increased rapidly to values of approximately 1.05 as soil solution [NO3

−] increased from 0.0 to
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3.1 mmol L−1 (Figure 2a,b). Thereafter, as soil solution [NO3
−] further increased to values as high as

45.6 mmol L−1, NNI remained constant at NNI = 1.05 (Figure 2a).

agronomy 2020, 10, x FOR PEER REVIEW 10 of 21 
 

 

 
Figure 2. Relationships of NNI values with soil solution [NO3−] for (a) the entire 2014, 2016, 
and 2017 pepper crops considered together, and (b) the vegetative, flowering and early fruit 
growth, and harvest phenological stages using combined data from the three pepper crops. 
The vertical dotted lines represent the sufficiency values of 5.0 mmol L−1 and 15.0 mmol L−1 
determined in this work. The segmented linear regression was represented by an inclined 
segment defined by 𝑦 = 𝑎𝑥 + 𝑏 ሺ𝑖𝑓 𝑥 < 𝑥ሻ and the horizontal segment by 𝑦 = 𝑐 ሺ𝑖𝑓 𝑥 ≥ 𝑥ሻ, 
where 𝑦  is NNI value, 𝑥  is soil solution [NO3−], 𝑎  is the slope, 𝑏  is the intercept of the 
inclined segment and 𝑥 is the intersection of the two segments. The 𝑥 is the soil solution 
[NO3−] required to reached 𝑐, the maximum NNI value. After reaching the maximum NNI 
value, the response is constant. The equations of the segmented regression are presented in 
Table 2. 

  

Figure 2. Relationships of NNI values with soil solution [NO3
−] for (a) the entire 2014, 2016, and 2017

pepper crops considered together, and (b) the vegetative, flowering and early fruit growth, and harvest
phenological stages using combined data from the three pepper crops. The vertical dotted lines represent
the sufficiency values of 5.0 mmol L−1 and 15.0 mmol L−1 determined in this work. The segmented
linear regression was represented by an inclined segment defined by y = ax + b (i f x < x0) and the
horizontal segment by y = c (i f x ≥ x0), where y is NNI value, x is soil solution [NO3

−], a is the slope,
b is the intercept of the inclined segment and x0 is the intersection of the two segments. The x0 is the
soil solution [NO3

−] required to reached c, the maximum NNI value. After reaching the maximum NNI
value, the response is constant. The equations of the segmented regression are presented in Table 2.

The relationship for the combined entire crop data of the three crops was described by
y = 0.1116x + 0.7029 (i f x < x0) and y = 1.05 (i f x ≥ x0), with an R2 of 0.70 (Figure 2a; Table 2).
The segmented linear regression analyses for the 2014, 2016, and 2017 crops had R2 values of 0.81, 0.66,
and 0.81, respectively (Table 2). The R2 values for the vegetative, flowering and early fruit growth,
and harvest stages, for the three crops considered together, were 0.72, 0.76, and 0.68, respectively
(Table 2). These results showed that the strong relationship between NNI and soil solution [NO3

−] was
consistent for each of the three crops, and was maintained throughout the three crops.
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Table 2. Inclined linear equation of segmented linear regression relating NNI values to soil solution
[NO3

−] (mmol L−1) for each and combined dataset of the three pepper crops and for combined dataset
of the three pepper crops for each phenological stage. Equation, x0 value, maximum NNI value reached,
coefficients of determination (R2), standard error (±SE) and the number of data points (n) are shown.

Data Segmented Equation x0 Value
[NO3−] (mmol L−1)

Maximum
NNI Value R2 SE n

Pepper crop
2014 y = 0.1408x + 0.6602 2.8 1.05 0.81 0.09 93
2016 y = 0.0302x + 0.7999 8.4 1.05 0.66 0.10 130
2017 y = 0.1915x + 0.5868 2.3 1.03 0.81 0.09 80

Combined crops y = 0.1116x + 0.7029 3.1 1.05 0.70 0.10 303
Phenological stage

Vegetative y = 0.1412x + 0.6264 2.9 1.04 0.72 0.10 45
Flowering and

early fruit
growth

y = 0.1723x + 0.6804 2.3 1.08 0.76 0.09 95

Harvest y = 0.1034x + 0.7229 3.0 1.03 0.68 0.09 163

3.1.4. Sufficiency Values of Soil Solution [NO3
−] for Optimal N Nutrition

The x0 values represented the minimum soil solution [NO3
−] to obtain NNI values very close to 1.0

(Table 2), which corresponded to the minimum supply of N that ensured maximum crop DMP. For the
combined entire crop data set, for two of the three entire individual crops, and for each of the three
phenological stages, x0 was ≤3.1 mmol NO3

− L−1 (Table 2). Above this soil solution [NO3
−] value, NNI

remained constant indicating that crop N status did not change with increasing soil solution [NO3
−]

(Figure 2a,b). These data suggest that soil solution [NO3
−] values somewhat larger than 3.1 mmol

L−1 will ensure maximum DMP, i.e., a minimum sufficiency value, and that an appreciably larger soil
solution [NO3

−] value can be used as a maximum sufficiency value.
It is proposed that 5.0 mmol NO3

− L−1 be a minimum recommended value for soil solution
[NO3

−] for greenhouse-grown sweet pepper in SE Spain. This value will ensure both DMP production
and a margin of comfort to avoid N deficiency. The data of the N3 treatments in the three crops
provide a framework for determining a maximum recommended value. Throughout much of the
crops, the NNI values of N3 treatments were very close to 1.0 (Figure 1b,d,f), when soil solution [NO3

−]
was <15.0 mmol NO3

− L−1 (Figure 1a,c,e). Therefore, a maximum recommended value of 15.0 mmol
NO3

− L−1 is proposed. The proposed sufficiency range of 5.0–15.0 mmol NO3
− L−1 provides a range of

soil solution [NO3
−] that ensures growth is not limiting (Figure 2a,b; Table 2). Additionally, this range

can be maintained in farming practice. Above this range (i.e., >15.0 mmol NO3
− L−1), the immediately

available soil N supply is excessive and wasteful.

3.2. [NO3
−] in the 1:2 Soil to Water (v/v) Extract

3.2.1. Response of [NO3
−] in the 1:2 Soil to Water (v/v) Extract to N Treatments

The [NO3
−] values in the 1:2 soil to water (v/v) extract were generally similar in each of the

2016 and 2017 pepper crops for the different N treatments (Figure 3a,c). At approximately 20 DAT,
all N treatments had similar values of <1.0 mmol NO3

− L−1. Thereafter, there were clear differences
between the N2, N3, N4, and N5 treatments in both crops (Figure 3a,c). In the N1 and N2 treatments,
in both crops, the extract [NO3

−] was constantly 0.0–0.8 mmol L−1. Extract [NO3
−] for the N3

treatment increased slowly and consistently during the crops, reaching values of 0.3–2.0 mmol L−1.
Extract [NO3

−] in the N4 and N5 treatments increased more rapidly over time, reaching maximum
values of 2.7–4.4 mmol L−1. The relative differences in extract [NO3

−] of N3 < N4 < N5 were maintained
consistently throughout the two crops (Figure 3a,c).
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Figure 3. Evolution of the [NO3
−] in the 1:2 soil to water (v/v) extract and NNI values as a function

of time (days after transplanting (DAT)) during 2016 (a,b) and 2017 (c,d) pepper crops, each with
five N treatments. Values are means (n = 4) ± standard error (SE). The horizontal dotted lines
(Figure a,c) represent the sufficiency values of 1.0 mmol L−1 and 2.5 mmol L−1 determined in this
work. Arrows (Figure a,c) indicate the date of the commencement of the additional irrigation or
fertigation during 66–71 DAT, 104–111 DAT, and 178–180 DAT (N1 to N5) in the 2016 crop, and during
72–110 DAT, 129–143 DAT, and 185–208 DAT (N3 to N5) in the 2017 crop. The horizontal long dashed
lines (Figure b,d) represent NNI = 1.0. The NNI figures (b,d) were modified from [33]. The use
of chlorophyll meters to assess crop N status and derivation of sufficiency values for sweet pepper.
Sensors 19: 2949, published by MDPI and distributed as open access under the Creative Commons
Attribution (CC BY) license.

3.2.2. Response of NNI to N Treatments

The responses of NNI to the N treatments for the 2016 and 2017 crops are described in Section 3.1.2.

3.2.3. Relationship between NNI and [NO3
−] of the 1:2 Soil to Water (v/v) Extract

There were strong relationship between NNI and [NO3
−] of the 1:2 soil to water (v/v) extract, described

by segmented linear regression equations for the two crops, considered together and separately, and for
each phenological stage (Figure 4a,b; Table 3). The segmented linear regression, for the combined entire
crop data set, was described by y = 0.4132x+ 0.6588 (i f x < x0) and y = 1.04 (i f x ≥ x0), with a value
of R2 of 0.68 (Figure 4a; Table 3). For the 2016 and 2017 crops considered separately, the corresponding
R2 values were 0.64 and 0.83, respectively (Table 3). NNI values increased rapidly to 1.04 as [NO3

−] of
the 1:2 soil to water (v/v) extract increased from 0 to 0.93 mmol L−1 (Figure 4a; Table 3). With increasing
extract [NO3

−] from 0.93 mmol L−1 to 4.4 mmol L−1, NNI remained constant at 1.04 (Figure 4a).
The results for the segmented linear regression for the combined vegetative, flowering, and early fruit
growth, and harvest phenological stages were generally very similar in terms of x0, c and R2 values
(Figure 4b; Table 3).
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Figure 4. Relationships of NNI values with the [NO3
−] of the 1:2 soil to water (v/v) extract for (a) the entire

2016 and 2017 pepper crops considered together, and (b) the vegetative, flowering and early fruit growth
and harvest stage using combined data from the two pepper crops. The vertical dotted lines represent
the sufficiency values of 1.0 mmol L−1 and 2.5 mmol L−1 determined in this work. The segmented
linear regression was represented by an inclined segment defined by y = ax + b (i f x < x0) and the
horizontal segment by y = c (i f x ≥ x0), where y is NNI value, x is the [NO3

−] of the 1:2 soil to water
(v/v) extract, a is the slope, b is the intercept of the inclined segment and x0 is the intersection of the two
segments. The x0 is the [NO3

−] of the 1:2 soil to water (v/v) extract required to reached c, the maximum
NNI value. After reaching the maximum NNI value, the response is constant. The equations of the
segmented regression are presented in Table 3.

3.2.4. Sufficiency Values of [NO3
−] of the 1:2 Soil to Water (v/v) Extract for Optimal N Nutrition

Using the same approach, as used in Section 3.1.4, the proposed sufficiency range for [NO3
−] in

the 1:2 soil to water (v/v) extract, for greenhouse-grown pepper is 1.0–2.5 mmol L−1.
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Table 3. Inclined linear equation of segmented linear regression relating NNI values to 1:2 soil to water
(v/v) [NO3

−] (mmol L−1) extract method for each and combined dataset of the two pepper crops and for
combined dataset of the two pepper crops for each phenological stage. Equation, x0 value, maximum
NNI value reached, coefficients of determination (R2), standard error (±SE), and the number of data
points (n) are shown.

Data Segmented Equation x0 Value
[NO3−] (mmol L−1)

Maximum
NNI Value R2 SE n

Pepper crop
2016 y = 0.2056x + 0.7471 1.55 1.07 0.64 0.09 40
2017 y = 1.0310x + 0.5278 0.49 1.03 0.83 0.09 35

Combined crops y = 0.4132x + 0.6588 0.93 1.04 0.68 0.10 75
Phenological stage

Vegetative y = 0.7659x + 0.4835 0.60 0.94 0.42 0.12 10
Flowering and

early fruit
growth

y = 0.6619x + 0.6005 0.67 1.04 0.74 0.10 20

Harvest y = 0.2452x + 0.7079 1.42 1.06 0.68 0.10 45

3.3. Relationship between Soil Solution [NO3
−] and Applied Nutrient Solution [NO3

−]

Soil solution [NO3
−] was linearly related to the applied nutrient solution [NO3

−] (Figure 5a,b).
These relationships were determined for combined data sets of the three crops and for the three
crops considered individually, for (1) the entire crop, from transplanting to final harvest (Figure 5a),
and (2) from 70 DAT (Figure 5b) onwards when the effects were more stable (Figure 1a,c,e). For the
combined data set of the three entire crops, the relationship was described by y = 1.7146x− 3.6156
with an R2 value of 0.62. For the 2014, 2016, and 2017 entire crops, the R2 values were 0.71, 0.56,
and 0.77, respectively (Table 4). For the three entire crops considered together or individually, the slope,
intercept and R2 values were generally similar (Figure 5a; Table 4).

agronomy 2020, 10, x FOR PEER REVIEW 14 of 21 
 

 

3.2.4. Sufficiency Values of [NO3−] of the 1:2 Soil to Water (v/v) Extract for Optimal N 
Nutrition 

Using the same approach, as used in Section 3.1.4, the proposed sufficiency range for 
[NO3−] in the 1:2 soil to water (v/v) extract, for greenhouse-grown pepper is 1.0‒2.5 mmol 
L−1. 

3.3. Relationship between Soil Solution [NO3−] and Applied Nutrient Solution [NO3−] 
Soil solution [NO3−] was linearly related to the applied nutrient solution [NO3−] 

(Figure 5a,b). These relationships were determined for combined data sets of the three 
crops and for the three crops considered individually, for (1) the entire crop, from 
transplanting to final harvest (Figure 5a), and (2) from 70 DAT (Figure 5b) onwards when 
the effects were more stable (Figure 1a, c and e). For the combined data set of the three 
entire crops, the relationship was described by 𝑦 = 1.7146𝑥 − 3.6156 with an R2 value of 
0.62. For the 2014, 2016, and 2017 entire crops, the R2 values were 0.71, 0.56, and 0.77, 
respectively (Table 4). For the three entire crops considered together or individually, the 
slope, intercept and R2 values were generally similar (Figure 5a; Table 4).  

 
Figure 5. Linear relationship between soil solution [NO3−] and the applied nutrient solution 
[NO3−] during (a) the entire crop, considering the entire crops and the (b) crops after 70 days 
after transplanting (DAT). The linear regression of all dataset combining the three pepper 
crops of the soil solution [NO3−] is presented as a black solid line, the linear regression for 2014 
(dotted line), 2016 (short dash) and 2017 (long dash) crops is shown. The equations of the linear 
regressions are presented in Table 4. 

Table 4. Linear relationship relating soil solution [NO3−] and to the applied nutrient solution [NO3−] for sweet pepper 
crops, considering the entire crops and crops after 70 days after transplanting (DAT). The equation, coefficients of 
determination (R2), standard error (±SE), and the number of data points (𝑛) are presented. 

Crop Year Entire Crop R2 ±SE   𝒏   Crop after 70 DAT R2 ±SE   𝒏   
2014 y = 1.6565x − 6.3849 0.71 6.2 93 y = 1.9555x − 6.6405 0.86 4.8 48 
2016 y = 1.6959x − 1.5405 0.56 8.0 130 y = 1.8308x − 1.5868 0.61 7.6 110 
2017 y = 2.2113x − 7.2355 0.77 6.8 80 y = 2.4963x − 8.3451 0.85 5.7 60 

Combined crops y = 1.7146x − 3.6156 0.62 7.6 303 y = 1.9800x − 3.8567 0.72 6.9 218 

For the first 70 DAT, it appeared that the leaching of residual mineral N prior to each 
crop influenced the relationship between applied [NO3−] and soil solution [NO3−]. 
Compared to the entire crop relationships (Figure 5a; Table 4), for the equivalent data after 
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Figure 5. Linear relationship between soil solution [NO3
−] and the applied nutrient solution [NO3

−]
during (a) the entire crop, considering the entire crops and the (b) crops after 70 days after transplanting
(DAT). The linear regression of all dataset combining the three pepper crops of the soil solution [NO3

−]
is presented as a black solid line, the linear regression for 2014 (dotted line), 2016 (short dash) and 2017
(long dash) crops is shown. The equations of the linear regressions are presented in Table 4.
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Table 4. Linear relationship relating soil solution [NO3
−] and to the applied nutrient solution [NO3

−]
for sweet pepper crops, considering the entire crops and crops after 70 days after transplanting (DAT).
The equation, coefficients of determination (R2), standard error (±SE), and the number of data points
(n) are presented.

Crop Year Entire Crop R2 ±SE n Crop after 70 DAT R2 ±SE n

2014 y = 1.6565x − 6.3849 0.71 6.2 93 y = 1.9555x − 6.6405 0.86 4.8 48
2016 y = 1.6959x − 1.5405 0.56 8.0 130 y = 1.8308x − 1.5868 0.61 7.6 110
2017 y = 2.2113x − 7.2355 0.77 6.8 80 y = 2.4963x − 8.3451 0.85 5.7 60

Combined crops y = 1.7146x − 3.6156 0.62 7.6 303 y = 1.9800x − 3.8567 0.72 6.9 218

For the first 70 DAT, it appeared that the leaching of residual mineral N prior to each crop
influenced the relationship between applied [NO3

−] and soil solution [NO3
−]. Compared to the entire

crop relationships (Figure 5a; Table 4), for the equivalent data after 70 DAT (n = 218) there was an
appreciable difference in the slope of the linear relationship between soil solution [NO3

−] and nutrient
solution [NO3

−] and in the R2 values (Figure 4b; Table 4). For the period after 70 DAT, the slope values
increased by approximately 0.3 and the R2 values by 0.05–0.15 (Table 4). After 70 DAT, the soil solution
[NO3

−] was approximately twice that applied in the nutrient solution.

3.4. Relationship between [NO3
−] of the 1:2 Soil to Water (v/v) Extract and the Applied Nutrient

Solution [NO3
−]

The [NO3
−] in the 1:2 soil to water (v/v) extract was linearly related to the applied nutrient solution

[NO3
−] (Figure 6a,b). The relationship was determined for data sets of the 2016 and 2017 crops,

together and separately, for the entire crop (Figure 6a) and for the crop after 70 DAT (Figure 6b), as was
done in Section 3.3.
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Figure 6. Linear relationship between 1:2 soil to water (v/v) extract method [NO3
−] and the applied

nutrient solution [NO3
−] during (a) the entire crop, considering the entire crops and the (b) crops

after 70 days after transplanting (DAT). The linear regression of all dataset combining the two pepper
crops of the 1:2 soil to water (v/v) extract method [NO3

−] is presented as a black solid line, the linear
regression for 2016 (short dash) and 2017 (long dash) crops is shown. The equations of the linear
regressions are presented in Table 5.

Using the combined data from the two entire pepper crops, the relationship was y = 0.1923x− 0.3819,
with an R2 value of 0.74 (Figure 6a; Table 5). For each of the entire 2016 and 2017 crops, the linear
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relationship had R2 values of 0.66 and 0.82, respectively (Figure 6a; Table 5). For the two entire crops
considered individually, the slope and intercept values were generally similar.

Table 5. Linear relationship relating 1:2 soil to water (v/v) extract method [NO3
−] to the applied nutrient

solution [NO3
−] for sweet pepper crops, considering the entire crops and crops after 70 days after

transplanting (DAT). The equation, coefficients of determination (R2), standard error (±SE), and the
number of data points (n) are presented.

Crop Year Entire Crop R2 ±SE n Crop after 70 DAT R2 ±SE n

2016 y = 0.1591x − 0.0773 0.66 0.5 40 y = 0.1899x − 0.1338 0.82 0.4 30
2017 y = 0.2226x − 0.7094 0.82 0.6 35 y = 0.2576x − 1.0090 0.87 0.5 25

Combined crops y = 0.1923x − 0.3819 0.74 0.6 75 y = 0.2185x − 0.4792 0.82 0.5 55

After 70 DAT, the relationship between extract [NO3
−] and applied [NO3

−] was described by
y = 0.2185x − 0.4792, with an improved R2 value of 0.82. Compared to linear regressions for the
entire crop, the slope values increased by approximately 0.03 mmol L−1 and the R2 values by 0.05–0.16
(Table 5). After 70 DAT, the [NO3

−] in the 1:2 extract was approximately 0.22 of that applied in the
nutrient solution.

3.5. Relationship between Soil Solution [NO3
−] and [NO3

−] of the 1:2 Soil to Water (v/v) Extract

Combining data from the entire 2016 and 2017 crops, a single linear relationship y = 0.0824x+ 0.2408
was derived relating the soil solution [NO3

−] and the [NO3
−] in the 1:2 soil to water (v/v) extract, with an

R2 value of 0.89 (Figure 7; Table 6).
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−] and soil solution

[NO3
−] during the cropping cycle. The linear regression for combining the 2016 and 2017 pepper crops

is presented as a black solid line, the linear regression for 2016 (short dash) and 2017 (long dash) crops
is shown. The equations of the linear regressions are presented in Table 6.

The linear relationship between the soil solution [NO3
−] and the [NO3

−] in the 1:2 soil to water
(v/v) extract derived for each of the 2016 and 2017 crops was similar in terms of slope and intercept
(Table 6). In the 2016 and 2017 crops, the R2 values were 0.84 and 0.93, respectively, indicating strong
relationships. These data suggest that the [NO3

−] in the 1:2 soil to water (v/v) extract was approximately
0.08 that in the soil solution.
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Table 6. Linear regressions analysis relating 1:2 soil to water (v/v) extract method [NO3
−] and soil

solution [NO3
−] for 2016 and 2017 pepper crops and combined all dataset of the two pepper crops.

The equation, coefficients of determination (R2), standard error (±SE), and the number of data points
(n) are presented.

Crop Year Entire Crop R2 ±SE n

2016 y = 0.0705x + 0.3621 0.84 0.4 40
2017 y = 0.0917x + 0.1337 0.93 0.3 35

Combined crops y = 0.0824x + 0.2408 0.89 0.4 75

3.6. Variability of the Measurements of the Soil Solution [NO3
−] and [NO3

−] of the 1:2 Soil to Water
(v/v) Extract

The average coefficient of variation (CV) values determined for both [NO3
−] extraction methods,

for the individual crops were similar (Table 7). The average CV values calculated for soil solution
[NO3

−] were 11.4, 13.7, and 18.0% for 2014, 2016, and 2017 crops, respectively. For the [NO3
−] of the

1:2 soil to water (v/v) extract, the average CVs were 17.0 and 11.0% for 2016 and 2017 crops, respectively.
For both extraction methods, it is considered that the calculated CVs were relatively low.

Table 7. Coefficient of variation (CV) of the measurements of [NO3
−] extract method of soil solution

and 1:2 soil to water (v/v) for each pepper crop.

[NO3−] Extract Method
Coefficient of Variation (CV)

Average (%) Range (%)

Soil solution
2014 crop 11.4 1.6–49.3
2016 crop 13.7 0.2–65.2
2017 crop 18.0 0.1–51.4

1:2 soil to water (v/v)
2016 crop 17.0 2.7–49.1
2017 crop 11.0 2.1–33.7

4. Discussion

4.1. Relationships of [NO3
−] in Soil Solution and 1:2 Soil to Water (v/v) Extract, to N Supply and NNI

When assessing the response of the [NO3
−] of the two soil N monitoring approaches in the present

study, the leaching of soil NO3
− prior to each crop must be considered, because all values for all

N treatments were initially close to zero. Thereafter, the general responses of the two approaches,
to different [N] applied throughout the crop, were similar. With both approaches, [NO3

−] of the
deficient treatments (N1 and N2) remained close to zero throughout the crops. With the conventional
treatment (N3) and the two increasingly excessive treatments (N4 and N5), there were consistent
tendencies, with both approaches, to increase during the crops; the degree of increase was positively
related to the applied [N]. For the excessive treatments (N4 and N5), the increases occurred immediately.
For the conventional treatments (N3), the increase was delayed until approximately 70–100 DAT.
There were some fluctuations in the increasing tendencies of soil solution and extract [NO3

−] in
treatments N3–5 during the crop, because of the additional irrigations applied to reduce salinity during
the crop.

In treatments N1 and N2, the very low soil solution and extract [NO3
−] indicated that the crops

absorbed all N applied throughout the crops, which was consistent with the deficient crop N status
indicated by the corresponding NNI values. In treatment N3, the initial lack of soil NO3

− accumulation
until approximately 70–100 DAT, and subsequent on-going increase, were consistent with the NNI
data. The NNI data of treatment 3 indicated a N deficiency until 30–90 DAT; subsequent NNI values
were close to 1.0, indicating adequate crop N status. Treatments N4 and N5 accumulated soil NO3

−
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throughout, which was consistent with the corresponding NNI data that indicated consistent slight
luxury N uptake.

The general tendencies in soil solution [NO3
−] observed throughout the crops, in the present

study, of no increase with deficient N supply, a slight increase with a sufficient N supply, and a rapid
increase with excess N supply, are consistent with other studies in this system [20,21,39]. In these
studies, as in the current study, irrigation was well-managed using decision support systems and/or
tensiometers, and there was generally little drainage.

Segmented linear analysis effectively described the nature of the relationship between [NO3
−]

and NNI, for both soil solution [NO3
−] and extract [NO3

−]. Using combined data from the three entire
pepper crops, soil solution [NO3

−], and NNI were positively related until 3.1 mmol L–1 at NNI = 1.0;
thereafter, NNI was close to 1.0 (average value of 1.05 mmol L–1) despite the soil solution [NO3

−]
increasing to values of 45.6 mmol L–1. Similarly, for the 1:2 soil to water (v/v) extract [NO3

−], there was
a positive relationship until 0.93 mmol L–1 at NNI = 1.0; thereafter, NNI was close to 1.0 (average value
of 1.05 mmol L–1), despite extract [NO3

−] increasing to 4.4 mmol L–1.
The authors of [20] were unable to strongly relate soil solution [NO3

−] to NNI for greenhouse-grown
melon and tomato. However, they only used simple regression analysis and not segmented linear
analysis, as in the current study, and they had relatively small data sets from only one crop per species.

4.2. Sufficiency Values

A sufficiency range of 5.0–15.0 mmol L−1 for soil solution [NO3
−] was proposed for greenhouse

pepper crops in SE Spain. This lower value is consistent with the minimum soil solution [NO3
−] values

suggested by other authors. For vegetable crops in California, sufficiency values of 4.0–5.0 mmol
L−1 were proposed by [40]. Reference [41] proposed 5.0 mmol L−1 as a general minimum value,
but suggested with frequent N application using combined drip irrigation/fertigation systems that
values <5.0 mmol L−1 may be sufficient. Similarly, minimum values of <5.0 mmol L−1 have been
reported that could be used with well-managed, combined drip irrigation/fertigation systems [42].
The minimum value of 5.0 mmol L−1, proposed here is a conservative value. A value of 4.0 mmol L−1

probably could be used. However, to avoid risk, 5.0 mmol L−1 is the proposed minimum sufficiency
value, until further studies support a lower recommended minimum value. The suggested maximum
sufficiency value of 15.0 mmol L−1 is consistent with values of 12.0–15.0 mmol L−1 suggested by [21,42]
for greenhouse pepper crops in Almeria.

The present study proposed a sufficiency range of 1.0–2.5 mmol L−1 for the [NO3
−] in the 1:2 extract

for greenhouse pepper crops in SE Spain. These values are considerably less than the minimum value
4.5 mmol L−1 used in The Netherlands [24,27]. In the Mediterranean Basin, this method has been
investigated in Italy [24] and Greece [28]. Minimum sufficiency values for Italy were less than those in
The Netherlands [29], but not as low as in the present study. Additional work is required to validate
the proposed sufficiency values for this method, obtained in the present study.

Appreciable spatial variability of soil solution [NO3
−] has been reported [43], and could be

a limitation for its use in practical management. Through careful placement and management,
and replication, ref. [21] were able to reduce the coefficient of variation (CV) of soil solution [NO3

−]
measurement to 16%. The CVs in the current work of 11.4–18.0% were consistent with those reported
by [21]. These CV values suggest that with careful placement and management that the spatial
variability of soil solution [NO3

−] is sufficiently low so as not to limit its use for N management.
The 1:2 soil to water (v/v) extract method should reduce spatial variability, because of the use of

composite soil samples [18]. In the current work, the CVs for this method of 11.0–17.0% were similar to
those for soil solution [NO3

−].

4.3. General Considerations of the Use of the Soil Solution and 1:2 Soil to Water (v/v) Extract Methods

Greenhouse vegetable production is a suitable cropping system for the use of ceramic soil
solution suction samplers. Frequent irrigation and N addition ensure constantly moist soil and
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reduce fluctuations in root zone NO3
− content. Soil solution [NO3

−] is an option for monitoring the
readily available soil N supply in these systems. However, in other cropping systems, particularly
outdoor systems with more infrequent irrigation and N application, it is probably less well suited.
For this method to be most effective, considerable care should be taken to ensure that samples are as
representative as possible and to minimize spatial variation. Relevant procedures are described in
detail by [19,21]. Analysis of [NO3

−] can be conducted on the farm using rapid analysis systems [19,22].
The variable water content in the soil samples for the extraction of [NO3

−] in the 1:2 extract is
not a limitation for the interpretation of the results. The variation in the water content of the soil did
not affect the interpretation of results, for the ranges of soil water content commonly encountered in
intensive vegetable production [28]. Practical advantages of the extract method are that it only requires
a single visit to the greenhouse for each measurement, and that taking soil samples can be done rapidly.

4.4. General Application of Results

The soil solution [NO3
−] effectively monitored the readily available soil N supply for greenhouse

pepper crops in SE Spain. This method will likely be suitable for other species in this vegetable
production system and in greenhouses throughout the Mediterranean Basin. Although, ideally,
sufficiency values should be determined for each species and location, it is likely that the sufficiency
values obtained in the present work will be applicable to other species in this and similar systems.
The 1:2 soil to water (v/v) extract method is a promising and versatile method; however, more work is
required before it can be recommended for use in vegetable production in SE Spanish greenhouses.

5. Conclusions

[NO3
−] in soil solution and in the extract from the 1:2 soil to water (v/v) method were both

sensitive to excess N application, in greenhouse pepper crops. Excess N application was indicated by
increasing tendencies and clear differences between adequate, excessive, and very excessive N supply.
Both methods were sensitive to deficient N application, which was apparent as values very close to
zero. For both methods, segmented linear regression analysis described the relationship with NNI
which was used a measure of crop N status. The results of the segmented linear regression analysis
were generally consistent between phenological stages and between crops. A range of sufficiency
values, for the entire crop, were determined for each method.

Soil solution [NO3
−] effectively monitored the supply of readily available soil N for pepper grown

in SE Spanish greenhouses. This method and the associated sufficiency range values are likely to
be applicable to other vegetable species grown in this system. The 1:2 soil to water (v/v) extract is a
promising method, but requires further assessment in this system.
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