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Abstract: The rapid development of greenhouse horticulture has brought about a dramatic increase 

in the nitrate pollution of aquifers. The optimization of nitrogen application is an important tool to 

minimize nitrogen losses. The objective of this research was to assess the effect of different fertiga-

tion strategies, based on the reduction of the nitrogen applied and the use of a percentage of NH4+ 

as a nitrogen source, on the decrease in the environmental impact caused by the traditional system, 

as well as to evaluate if this is compatible with a high fruit yield (considering quantity and quality). 

Lycopersicum esculentum Mill cv. Forteza plants were grown in a polyethylene greenhouse. Tomato 

yield and quality were evaluated, along with leachates, which were collected by means of rigid 

plastic lysimeters. The proposed strategies did not reduce fruit yield. However, the reduction in the 

nitrate applied caused firmness and °Brix decrease, together with a diminution in titratable acidity 

until 124 days after transplanting. Nevertheless, these effects were not observed with the replace-

ment of some of the NO3− by NH4+. The reduction in fertilizer inputs significantly improved water 

and nutrient (N, P and K) use efficiency. The treatment with NH4+ improved K use efficiency, com-

pared to the conventional treatment, but P decreased. The highest NO3− and K leaching was detected 

in the traditional treatment. 
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1. Introduction 

Almeria is located in the south-east of Spain (36°50’ N 02°23’ W); this province sup-

plies vegetables to Europe throughout the winter season due to intensive greenhouse hor-

ticulture production [1]. Almeria boasts a greenhouse land surface of 31,614 ha, and it is 

the area with the highest concentration of protected crop surface (greenhouses) both in 

Spain and the world [2]. This province has experienced vast changes over the last 40 years, 

and it has become one of the most efficient agro-industrial complexes in the world. This 

rapid growth has generated sustainability problems, such as water pollution, water over-

use, or inadequate waste management [3]. This rapid development of greenhouse horti-

culture has brought about a dramatic increase in the nitrate (NO3−) pollution of aquifers 

[1]. Most of the areas where the greenhouses are concentrated have been classified as Ni-

trate Vulnerable Zones, in accordance with the EU Nitrate Directive and, consequently, 

producers are required to develop and implement crop management practices to reduce 

NO3− contamination [4,5].  

The use efficiency of the applied nitrogen (N) is estimated, typically, to be <50% in 

most crops. Synthetic N fertilizer is a relatively low-cost input, resulting in potential ex-

cessive application [6]. The overapplication of nutrients and water is common in intensive 

greenhouse systems [7]. The unused N fertilizer may remain in the soil or be subject to 

denitrification, volatilization and leaching to groundwater [8]. Optimizing applications of 
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nutrients and water, and their use efficiencies is, therefore, important to minimize poten-

tial losses of nutrients to the environment, particularly N [6]. The type of N applied, and 

the timing of fertilizer applications are important to reduce losses due to volatilization 

and leaching [9]. A study conducted by Wang et al. [7] revealed that this strategy has great 

potential to reduce nutrient and water use while maintaining the same yield in green-

house production.  

The advantage conferred by the use of ammonium (NH4+) is related to its fixation and 

release, and it can play a crucial role in the efficiency of fertilizer N [10], as it impacts the 

indigenous soil N supply towards crop N uptake. Nitrogen contributions from soil, in-

cluding defixation of NH4+ in a given year/season, can greatly alter the recovery efficiency 

of the applied N, because a large fertilizer N substitution of soil N [11] occurs. In soils with 

a high NH4+ fixation capacity, a part of the NH4+ supplied through NH4+-forming or NH4+-

containing fertilizers may be bound in clay mineral interlayers. Increasing NH4+ fixation 

can be a way of building up an available N pool in soils to optimize crop recovery and 

minimize N losses into the environment [12], as the NH4+ ions after penetration into the 

clay mineral interlayers are excluded from nitrification [13] and are thus protected against 

leaching. The fixed NH4+ pool can thus function as a kind of buffer which could influence 

N losses from soils and mineral N availability to crops [11]. Ammonium nitrate and 

Ca(NO3)2 treatments applied to “Penncross” creeping bentgrass, resulted in NO3− leachate 

concentrations which did not exceed 1.5 mg L−1 [14]. When application levels were 19.52 

Kg N ha−1, N applied lost (%) was 0.2, and 0.12 for Ca(NO3)2 and NH4NO3, respectively.  

Fertilizers containing NH4+ and/or urea could induce soil acidification in fertigated 

orchards [15]; their acidifying effects result mainly from the generation of hydrogen cati-

ons (H+) resulting from the biological oxidation of NH4+ into NO3− ions [16]. Decreased pH 

in the rhizosphere may be beneficial for crops in basic soils; it would also alleviate the 

negative effects of salinity on growth and improve N and P uptake efficiency of drip-

irrigated crops in salt-affected soils, by increasing the rhizosphere P availability and re-

ducing the area of root–salt interaction [17]. Additionally, under saline conditions, N ex-

traction by plants increases because of avoidance of NO3−/Cl− competition for uptake. On 

the other hand, higher supplies of NH4+ on basic soils (pH > 8) could produce toxicity, 

because NH4+ is transformed into NH3, which generates plant toxicity [18]. The sources 

and doses of nitrogen fertilizers can influence tomato quality. Rebouças et al. [19] have 

verified the effect of nitrogen fertilization on pH, soluble solid content, titratable acidity, 

and vitamin C content. These authors suggest that fertilization practices using NO3− and 

NH4+ are recommended in order to improve quality. Assunção et al. [20] found an increase 

in °Brix and the longitudinal diameter of fruits as a function of the N dose. The objective 

of this research was the improvement of fertilizer use efficiency in greenhouse areas in the 

Mediterranean region, through the assessment of the effect of several fertigation strategies 

based on the reduction of the total nitrogen applied, as well as on the use of a percentage 

of NH4+ as a nitrogen source, on the decrease in the environmental impacts caused by the 

traditional system, and if they are compatible with a high fruit yield (quantity and qual-

ity). 

2. Materials and Methods  

2.1. Experimental Site 

The trial was conducted in a polyethylene greenhouse located in Almeria (Spain), 

with a total area of 1700 m2. Lycopersicum esculentum Mill cv. Forteza plants were grown 

from 20 August to 20 April, in a plantation frame measuring 0.5 × 1.7 m2.  

The soil was a traditional mulched sandy soil, which is quite common in the Medi-

terranean area; it consisted of two layers: (1) the bottom layer was a 0.3 m thick clay loam 

soil, according to US soil taxonomy, and (2) the top layer was 0.1 m of sand [21].  

Drip irrigation was adopted, with one dripper (3 L h−1) per plant. Irrigation frequency 

was controlled by tensiometers. The water characterization is shown in Table 1; it was 
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classified as C4-S3, following the Riverside classification system. Irrigation frequency was 

based on Kc [22].  

Table 1. Chemical composition of the water irrigation and nutrient solutions. 

 EC (dS m−1) pH 
 Macronutrients (mmol L−1) 

NO3− NH4+ H2PO4− SO42− Cl− K+ Ca2+ Mg2+ Na+ 

Water 0.65 8.06 0.51 0.00 0.00 0.84 2.06 0.37 2.16 2.79 1.74 

NS 1.87 7.50 10.44 0.30 0.65 1.36 2.54 5.37 3.02 1.79 2.03 

NS65% 1.46 7.83 7.00 0.08 0.59 1.54 2.50 3.33 2.31 1.91 2.16 

NSNH4+ 1.85 7.00 9.2 1.44 0.73 1.51 2.61 4.48 2.22 1.81 2.03 

* The treatments were: (i) conventional fertigation (NS); (ii) 65% of the fertilizers applied in conventional fertigation 

(NS65%); and (iii) with 20% of the total N applied in conventional fertigation being NH4+ (NSNH4+) (n = 4). 

2.2. Treatment Details 

Three treatments were established: (i) Conventional fertigation, total N applied 10.74 

mmol L−1 (NS); (ii) 65 % of the fertilizers applied in conventional fertigation, total N ap-

plied 7.08 mmol L−1 (NS65%); and (iii) with 20% of the total N applied in conventional fer-

tigation being NH4+, total N applied 10.64 mmol L−1 (NSNH4+) (Table 1). Since fertilizers are 

salts, to balance ions in the nutrient solution other nutrients in the nutrient solutions were 

changed. 

2.3. Production: Yield and Quality 

The tomato fruit production was evaluated according to the following parameters: 

marketable yield, ranked by categories, and unmarketable fruit. Calibration was carried 

out according to the maximum diameter of the equatorial section [23], according to the 

following sizing scale: unmarketable (fruit diameter less than 40 mm), MMM (40–46 mm), 

MM (47–56 mm), M (57–66 mmm), G (67–80 mm), and GG (over 81 mm). Once the fruit 

was classified, the next step was to determine the fruit fresh weight by means of a COBOS 

C-400-CS scale. The harvest period started 100 days after transplanting (DAT) and it 

ended 131 DAT. Data were recorded 107, 117, 124 and 131 DAT. For each date, 10 plants 

per experimental replication plot were collected to determine yield parameters, and 4 

fruits for quality parameters. 

Tomato fruit quality was evaluated taking into account: firmness, expressed in kg, 

total soluble solids content (SSC), expressed in °Brix at 20 °C, electrical conductivity (E.C.), 

expressed in dS m−1, pH, and titratable acidity (TA), expressed as meq citric acid L−1 of 

juice. For this purpose, two opposite slices from each fruit were homogenized, and the 

filtered juice was used for soluble-solids content (SSC), measured by an Atago N1 refrac-

tometer (Atago Co. Ltd., Tokyo, Japan). Total titratable acidity (TA) was determined fol-

lowing the AOAC methodology (1990). The pH value in the tomato juice was determined 

with a pH meter, and firmness was determined with a penetrometer [24].  

2.4. Leachates 

Leachates were collected by means of rigid plastic lysimeters (one per treatment and 

block); the dimensions were 1.260 m × 0.815 m × 0.50 m. In order to facilitate drainage, 

polyethylene balls, which are chemically inert, were placed at the bottom, below the lower 

soil level, which was rebuilt on this base, keeping the structure of the soil layer by layer. 

The nutrient solutions applied, and leachates obtained, were stored continuously; their 

volumes were measured weekly, with samples analyzed for the following parameters: 

NO3−, H2PO4− and K+ [25].  
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2.5. Water and Nutrient Use Efficiency 

Water use efficiencies (WUE) were estimated as g of marketable tomato fresh weight 

per liter of water applied (g L−1). Nitrogen, phosphorous and potassium use efficiencies 

(NUE, PUE and KUE, respectively) were estimated as g of marketable tomato fresh weight 

per g of nutrient applied (g g−1).  

2.6. Experimental Design and Statistical Analysis  

The experiment used a randomized block design, where each parameter assessed in 

each plant was considered as an independent replicate. The experimental design consisted 

of three treatments and four plots, with one1repetition per block and treatment. Each rep-

lication consisted of three rows; the outer rows were considered as the borders. Data and 

samples were collected from the middle row.  

In order to assess the differences among treatments, a One-way Analysis of Variance 

(ANOVA) and a Least Significant Difference (LSD) test (p < 0.05) were used, represented 

by lower case letters. All the statistical analyses were performed using the Statgraphics 

Centurion 18 software (Statpoint Technologies Inc., Warrenton, VA, USA). 

3. Results 

Production and Quality 

In spite of the fact that there were no significant differences in the marketable yield 

of GG fruits (Table 2) at 107 and 117 DAT between the treatments NS65% and NSNH4+, as 

well as in G at 107 and 117 DAT, in M at 107 DAT, and in total marketable yield at 107 

DAT, no significant differences were found at the end of the cultivation, so neither of the 

two strategies modified tomato yields, with values of 1.62–1.63, 7.48–7.75, 0.69–0.82, 0.10–

0.15, 0.04–0.05, and 10.24–10.60 Kg m−2 for GG, G, M, MM, MMM and total marketable 

yield, respectively, at 131 DAT. 

Table 2. Accumulated marketable yield by categories (kg m−2) and unmarketable fruits (kg m−2) at 

different dates of yield period. The treatments were: (i) conventional fertigation (NS); (ii) 65 % of 

the fertilizers applied in conventional fertigation (NS65%); and (iii) with 20% of the total N applied 

in conventional fertigation being NH4+ (NSNH4+). Unmarketable means a fruit diameter less than 40 

mm, MMM between 40–46 mm, MM 47–56 mm, M 57–66 mm, G 67–80 mm, and GG over 81 mm. 

Data are the means ± standard deviation of the samples (n = 120) at the end of the trial. Means with 

different letters indicate significant differences among treatments at the p < 0.05 level by LSD test. 

No letters mean no differences among treatments. 

DAT  GG G M MM MMM Total Unmarketable 

100 

NS 0.08 ± 0.06 0.36 ± 0.06 0.08 ± 0.03 0.03 ± 0.03 0.01 ± 0.01 0.56 ± 0.11 0.00 ± 0.00 

NS65% 0.11 ± 0.07 0.31 ± 0.08 0.05 ± 0.01 0.02 ± 0.01 0.00 ± 0.01 0.50 ± 0.13 0.00 ± 0.00 

NSNH4+ 0.12 ± 0.08 0.31 ± 0.04 0.04 ± 0.02 0.02 ± 0.02 0.01 ± 0.01 0.49 ± 0.10 0.00 ± 0.00 

107 

NS 0.18 ± 0.12 b 1.34 ± 0.08 a 0.23 ± 0.03 a 0.07 ± 0.03 0.02 ± 0.01 1.85 ± 0.14 a 0.01 ± 0.01 

NS65% 0.36 ± 0.10 ab 1.26 ± 0.09 a 0.22 ± 0.01 a 0.05 ± 0.03 0.02 ± 0.01 1.91 ± 0.16 a 0.01 ± 0.00 

NSNH4+ 0.43 ± 0.11 a 0.93 ± 0.08 b 0.13 ± 0.02 b 0.07 ± 0.04 0.01 ± 0.01 1.56 ± 0.13 b 0.01 ± 0.01 

117 

NS 0.53 ± 0.09 b 4.68 ± 0.16 a 0.34 ± 0.12 0.11 ± 0.03 0.04 ± 0.01 5.69 ± 0.19 0.03 ± 0.01 a 

NS65% 0.79 ± 0.10 a 4.64 ± 0.14 ab 0.36 ± 0.09 0.08 ± 0.03 0.03 ± 0.01 5.89 ± 0.17 0.01 ± 0.01 b 

NSNH4+ 0.78 ± 0.12 a 4.31 ± 0.19 b 0.36 ± 0.13 0.09 ± 0.04 0.03 ± 0.03 5.57 ± 0.15 0.01 ± 0.01 b 

124 

NS 1.17 ± 0.11 6.03 ± 0.21 0.52 ± 0.04 0.12 ± 0.03 0.12 ± 0.01 7.88 ± 0.16 0.03 ± 0.01 

NS65% 1.33 ± 0.13 6.19 ± 0.23 0.49 ± 0.07 0.09 ± 0.04 0.09 ± 0.01 8.12 ± 0.12 0.02 ± 0.01 

NSNH4+ 1.17 ± 0.14 6.17 ± 0.19 0.53 ± 0.05 0.11 ± 0.02 0.04 ± 0.03 8.01 ± 0.15 0.01 ± 0.01 

131 

NS 1.75 ± 0.14 7.48 ± 0.36 0.82 ± 0.18 0.15 ± 0.03 0.05 ± 0.01 10.24 ± 0.18 0.03 ± 0.01 

NS65% 1.93 ± 0.19 7.84 ± 0.29 0.69 ± 0.16 0.10 ± 0.04 0.04 ± 0.01 10.60 ± 0.13 0.02 ± 0.01 

NSNH4+ 1.62 ± 0.18 7.75 ± 0.35 0.79 ± 0.15 0.14 ± 0.02 0.04 ± 0.01 10.39 ± 0.10 0.01 ± 0.01 
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Plants under NS and NSNH4+, presented a firmness and SSC significantly higher at 107 

and 131 DAT (Table 3). Electrical conductivity (E.C.) was significantly higher under the 

NS65% and NSNH4+ treatments at 107, 117 and 131 DAT. Titratable acidity was significantly 

higher under NS and NSNH4+ at 124 DAT and under NS at 107 and 117 DAT, but there were 

no significant differences at the end of the cultivation. pH was also unaffected (Table 3). 

Table 3. Firmness (kg), EC (dS m−1) total soluble solids content (SSC) (°Brix), juice pH, and titrata-

ble acidity (TA) (meq of citric acid L−1 juice) in marketable fruits. The treatments were: (i) conven-

tional fertigation (NS); (ii) 65 % of the fertilizers applied in conventional fertigation (NS65%); and 

(iii) with 20% of the total N applied in conventional fertigation being NH4+ (NSNH4+). SSC means 

total soluble solids content and TA titratable acidity. Data are the means ± standard deviation of 

the samples (n = 28) per treatment at the end of the trial. Means with different letters indicate sig-

nificant differences among treatments at the p < 0.05 level by LSD test. 

DAT  Firmness E.C. pH SSC TA 

107 

NS 22.80 ± 1.30 a 3.25 ± 0.11 b 4.36 ± 0.06 4.25 ± 0.20 a 0.77 ± 0.05 a 

NS65% 19.80 ± 1.38 b 3.36 ± 0.10 ab 4.42 ± 0.03 3.75 ± 0.15 b 0.63 ± 0.03 b 

NSNH4+ 23.00 ± 1.19 a 3.44 ± 0.12 a 4.33 ± 0.08 4.20 ± 0.22 a 0.62 ± 0.02 b 

117 

NS 19.50 ± 1.73 2.26 ± 0.15 b 4.49 ± 0.09 3.94 ± 0.13 b 0.76 ± 0.11 a 

NS65% 19.00 ± 1.82 3.24 ± 0.15 a 4.48 ± 0.06 4.13 ± 0.14 b 0.64 ± 0.10 b 

NSNH4+ 20.00 ± 1.41 3.41 ± 0.17 a 4.53 ± 0.07 4.58 ± 0.12 a 0.62 ± 0.02 b 

124 

NS 23.00 ± 1.41 3.03 ± 0.13 4.45 ± 0.09 4.06 ± 0.13 b 1.04 ± 0.15 a 

NS65% 22.40 ± 1.50 3.32 ± 0.24 4.52 ± 0.09 4.00 ± 0.07 b 0.80 ± 0.08 b 

NSNH4+ 25.50 ± 1.73 3.22 ± 0.12 4.46 ± 0.02 4.75 ± 0.20 a 1.07 ± 0.11 a 

131 

NS 24.75 ± 1.19 a 2.70 ± 0.28 b 4.47 ± 0.07 4.50 ± 0.21 a 1.35 ± 0.15 

NS65% 19.60 ± 1.23 b 3.87 ± 0.16 a 4.41 ± 0.13 3.81 ± 0.23 b 1.34 ± 0.05 

NSNH4+ 25.60 ± 1.98 a 3.72 ± 0.27 a 4.40 ± 0.04 4.67 ± 0.27 a 1.45 ± 0.14 

Water use efficiency was significantly higher in NS65% and NSNH4+, with values of 

160.97 and 157.78 g L−1, respectively, but there were no significant differences between 

NS65% and the control treatment NS (Table 4). The NS65% treatment led to the highest nu-

trient use efficiencies, these being 390.65 g g−1 for N, 678.99 g g−1 for P and 298.16 g g−1 for 

K (1.57, 1.14 and 1.67-fold with respect to the control, respectively). The NSNH4+ treatment 

improved K use efficiency compared to the control, but PUE decreased.  

Table 4. Water and nutrient use efficiencies (WUE, expressed as g of marketable tomato fresh 

weight per liter of water applied, g L−1) (NUE, PUE and KUE, expressed as g of marketable tomato 

fresh weight per g of nutrient applied, g g−1). The treatments were: (i) conventional fertigation 

(NS); (ii) 65 % of the fertilizers applied in conventional fertigation (NS65%); and (iii) with 20 % of 

the total N applied in conventional fertigation being NH4+ (NSNH4+). Data are the means ± standard 

deviation of the samples (n = 12) per treatment at the end of the trial. Means with different letters 

indicate significant differences among treatments at the p < 0.05 level by LSD test. 

 WUE NUE PUE KUE 

NS 155.50 ± 1.15 b 248.78 ± 2.83 b 595.38 ± 6.01 b 178.61 ± 1.34 c 

NS65% 160.97 ± 1.12 a 390.65 ± 2.84 a 678.99 ± 7.02 a 298.16 ± 3.04 a 

NSNH4+ 157.78 ± 1.56 ab 254.80 ± 3.80 b 537.90 ± 4.53 c 217.23 ± 1.95 b 

At the beginning of the growing period, leaching of N, P and K was very high for all 

treatments, and it decreased by the end of the cultivation (Figures 1–3). The N, P and K 

dynamics in leaching in NS65% and NSNH4+ were similar during the whole cycle. The 

amounts of NO3−, P and K leached were affected by the treatment. The highest NO3− and 

K leaching was detected in the NS treatment. Leaching in the NS65% and NSNH4+ treatments 
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was 79 and 72% of NO3−, and 80 and 71% of K of the control treatment, respectively. Treat-

ment NS exhibited the lowest P leaching, showing significant differences with respect to 

NSNH4+.  

4. Discussion 

Nitrogen is the most limiting nutrient for plant growth and potential yield [26]. Par-

dossi [27] identified the usual range (14 to 15 mM) for greenhouse vegetable cultivation 

in southern European countries. The concentration of N 11 mM is frequently applied in 

protected vegetable cultivation in the Maresme region, located near Barcelona, Spain [28]. 

In Southeastern Spain, the usual NO3− concentration applied in the nutrient solution is 

between 12–14 mM [29]. Similar values have been used in our trial. It is important to point 

out that the proposed strategies (NO3− reduction and substitution of part of the NO3− used 

with NH4+) did not reduce the yield obtained. These results agree with those obtained in 

other studies. Wang et al. [30] reported that high N input for vegetables grown in green-

houses did not increase yield significantly. Soto et al. [29] studied four different mineral 

N fertilizer rates (N1: 0.6–1.1 mM; N2: 4.4–5.2 mM; N3: 13.4–13.6 mM; N4 20.5–21.7 mM) 

and observed that the highest total and marketable fresh fruit production was obtained 

with the N2 treatment in the autumn-winter crop. Du et al. [26] also found that the appli-

cation of 250 kg N ha−1 (intermediate level) produced the highest yield, but an application 

above this level did not continue to increase yield, which was likely because the higher N 

application extended the crop vegetative growth and decreased the transport of photo-

synthates to the fruit, eventually decreasing the harvest index. However, Segura et al. [31] 

found that the fertigation level (from 3.6 to 14.2 mM NO3−) increased yield, fruit number, 

and number of trusses of the marketable tomato “Pitenza” under fertigation during all the 

stages of cultivation, with yields from 3.31 to 4.92 g m−2, respectively, but there was no 

effect on unmarketable yield.  

In the present study, Lycopersicum esculentum Mill. cv. Forteza plants under the NH4+ 

treatment did not reduce yield. Plants may save energy by taking up organic N or NH4+ 

instead of NO3−, which may lead to a better carbohydrate status in the plant tissues, and 

the yield of marketable red tomatoes (Lycopersicon esculentum Mill. cv “Armada”, Enza 

Zaden) showed no significant differences between different NO3−:NH4+ ratios in the nutri-

ent solution [32]. In general, NH4+ would be the preferred N source for plants, as it requires 

less energy to absorb and is a key intermediate in many metabolic reactions, with plants 

shown to assimilate NH4+ efficiently under a moderate NH4+ concentration [33]. Neverthe-

less, most species develop toxicity symptoms when grown under moderate to high levels 

of NH4+ [34]. Navarro et al. [35] found that the applications of NH4+ produced the lowest 

marketable yield in tomato grown in a hydroponic culture in a greenhouse, by reducing 

the size and number of marketable fruits compared to the control treatment. This reduc-

tion was due to an increase in the number of fruits with blossom-end rot, probably caused 

by a low Ca2+ concentration in the fruits. Flores et al. [36] also observed that increasing the 

NH4+ concentration in the nutrient solutions decreased tomato yield. 

Applied fertilizer regimes aim to determine fruit quality parameters [37]. According 

to our results, significant differences related to the quality parameters were observed ac-

cording to the applied fertilizer treatments. The increase in the fertilization level did not 

affect the tomato juice pH, but it affected the firmness, EC, SSC and TA. An increase in the 

nitrogen level increased firmness 107 and 131 DAT, SSC 107 and 131 DAT and TA 107,117 

and 124 DAT. According to the literature, the effect of the nitrogen level has shown con-

tradictory results. Davies and Winsor [38] and Thakur et al. [39] reported a positive rela-

tionship between N concentration and fruit acidity. Ferreira et al. [40] reported a mean 

value of 3.93 °Brix, lower than that found in this study, although it did not change with 

increasing doses. N. Soto et al. (2015) did not find a significant effect on firmness under 

increasing N treatments. On the other hand, increasing levels of N negatively influenced 

the levels of ascorbic acid and titrate acidity [19], but the values of soluble solids and the 

pH did not change. Nevertheless, Segura et al. [31] found that firmness and SSC increased 
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throughout the time cycle, independently of the fertilization level. In the study by Porto 

et al. [41], nitrogen fertilization levels did not influence tomato fruit firmness nor the SSC 

content. Contrarily, the supply of N reduced titratable acidity, increasing the SSC/TA ratio 

and changing the flavor of the fruit. In a study conducted by Bénard et al. [42], it was 

found that an increase of N fertilization can affect total TA, contributing to a reduction in 

the citric acid content in tomato fruits. The use of 20% NH4+ as an N source increased EC 

(107, 117, 131 DAT) and SSC (117 and 124 DAT) and decreased TA (107 and 117 DAT) 

compared to the control. Navarro et al. [35] also observed that, in tomato fruits, some 

quality parameters, such as firmness, pH, TSS, TSS/acidity ratio and glucose content were 

affected by the addition of NH4+.  

Water use efficiency decreased with the increasing N level. These results disagreed 

with those obtained by Al-Khader et al. [43], who found an improvement in WUE at high 

levels of N in watermelon. Likewise, Badr et al. [44] found the same results in tomato 

plants cultivated with drip irrigation, with WUE being greater at the highest N rate. Sim-

ilarly, in tomato plants cultivated in the open-field in fall, iWUE was lower (21.88 kg m−3) 

with 134 kg ha–1 N, due to a lower yield, compared with that occurring with application 

rates of 179–269 kg ha–1 N (29.83–32.85 kg m−3); nevertheless, in spring there were no sig-

nificant differences [45]. Optimizing N supplies is very important in order to improve 

NUE. According to our results, NUE decreased with increasing N levels [6,44], which was 

perhaps due to the limitation of N uptake by the plants and the sink capacity, resulting in 

plant saturation [26]. Excessive N uptake no longer contributed to yield increase and pro-

duction efficiency, but N instead accumulated in store organs, which might also be as-

cribed to the lowest NUE of the high N applied [26]. Wang and Xing [46] found a negative 

correlation between N use efficiency and levels of N fertilizer application, showing that 

the N recovery efficiency decreased with the increase in N fertilizer. Nevertheless, the 

results obtained by Cheng et al. [47] in tomato plants cultivated in soil must be considered. 

They applied high (250 kg ha−1), middle (175 kg ha−1) and low (125 kg ha−1) levels of N-

fertilizer and found NUE values of 0.49–0.55, 0.51–0.59 and 0.46–0.51, respectively. These 

results imply that there is a range of N application which optimizes the NUE. 

Moreover, the NS65% treatment improved both PUE and KUE. These results agree 

with those obtained by Lajtha and Klein [48], who found a decrease in P use efficiency 

when increasing N availability in Larrea tridentata, and Wu et al. [49] found similar results 

in Sophora davidii seedlings. Likewise, Martí and Mills [50] found a decreased in K-use 

efficiency with increments in the N rate application. Contrary to our results, ammonium 

sulfate (NH4)2SO4 proved advantageous in terms of N use efficiency in wheat due to the 

higher crop N uptake and lower N loss [51]. 20 % of total N applied in conventional ferti-

gation as NH4+ decreased PUE and increased KUE compared to the control. Roberts and 

Johnston [52] considered that fertilizers containing ammoniacal N, N and P interact, en-

hancing P uptake and improving nutrient use efficiency for both nutrients. This statement 

disagrees with our results. On the other hand, Xu et al. [53] found an increase in KUE in 

sweet pepper under N fertilization with 15-30% of NH4+ related to NO3- fertilization; this 

is similar to the results obtained in our study.  

In our trial, the volume of leachate was 716 m3 ha−1 (24% of applied water). This value 

is lower than the value estimated by Van Widen [54] in hydroponic crops in the Mediter-

ranean area (2000 and 3000 m3 ha−1), and similar to those found by Ramos [55] in the same 

area. The leaching volume in a tomato crop in the winter period, from September to April, 

was 1250 m3 ha−1 in a cultivation cycle of 246 days [56]. Nitrate, P and K leaching were 

higher from the beginning of cultivation to 75 DAT compared to the leaching of these 

elements at the end of the cycle (Figures 1a, 2a and 3a); this fact could be related to the 

imbalance between the hydric and nutritive demand of the plants from the transplanting 

to the full production stage. 

Comparing the total amount of nutrients leached with the control (Figures 1b, 2b and 

3b), NO3− and K leaching were lower with the NS65% and NSNH4+ strategies. Nevertheless, 

P leaching was higher with the NSNH4+ strategy. Nitrate leachates, from protected and 
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open-field horticulture, are important contributors to groundwater pollution and eu-

trophication. The standard treatment leached 798 kg ha−1 of NO3−, lower than the value 

found by Lao and Jiménez [56]. Nevertheless, an important reduction of NO3− losses of 79 

and 72% compared to NS (100%) in the NS65% and NSNH4+ treatments, respectively, have 

been estimated (Figure 1b). There are several reports indicating the positive effects of re-

duced N applied on N leaching. According to life cycle assessment, Muñoz et al. [57] 

found that a reduction of 36% in N fertilizers leads to a 60% decrease in the potential 

impact of eutrophication, a 50% decrease in the potential impact of climate change, and a 

45% decrease in the potential impact of photochemical oxidants; moreover, a reduction in 

NO3− concentration applied from 11 mol L-1 to 7 mmol L−1, with a drainage volume of 

30%, caused a 70% decrease in NO3− leaching, a value which is 2.5 times greater than our 

results. In general, when N input is greater than the optimal rate, yield may not increase 

further, but nutrient leaching may increase linearly or exponentially [30]. Moreover, the 

amount of nitrogen supplied to the crop by irrigation water, which was shown to be strik-

ing, also needs to be taken into account [58]. If the rate of NO3− uptake by the crop is not 

great enough, it accumulates in the root zone and is easily leached by irrigation water and 

rainwater into the deeper soil layers, finally reaching the groundwater [59]. Nitrate is 

highly mobile and easily leaches, due to its negative charge. Thus, excessive applications 

of N might lead to NO3− contamination of surface water and groundwater [60]. However, 

NH4+ is fixed by the mineral fraction of the soil and it is relatively difficult to leach. Li et 

al. [51] reported that the (NH4)2SO4 supply proves advantageous in terms of grain yield 

and N use efficiency in wheat, due to the higher crop N uptake and lower N loss. 

 

Figure 1. (a) Evolution of NO3− leaching during the cultivation, (b) Total amount of NO3− leached by the tomato crop, with 

the percentage of contamination reduction of the fertigation strategies assayed compared to standard fertigation. The col-

umns show the mean values, and the bars the standard deviation of each treatment (n = 12) at the end of the trial. Different 

letters indicate significant differences among treatments at the p < 0.05 level, based on the LSD test. 
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Figure 2. (a) Evolution of P leaching during the cultivation, (b) Total amount of P leached by the tomato crop, with the 

percentage of contamination reduction of the fertigation strategies assayed compared to standard fertigation. The columns 

show the mean values, and the bars the standard deviation of each treatment (n = 12) at the end of the trial. Different letters 

indicate the significant differences among treatments at the p < 0.05 level, based on the LSD test. 

 

Figure 3. (a) Evolution of K leaching during the cultivation, (b) Total amount of K leached by the tomato crop, with the 

percentage of contamination reduction of the fertigation strategies assayed compared to the standard fertigation. The col-

umns show the mean values, and the bars the standard deviation of each treatment (n = 12) at the end of the trial. Different 

letters indicate the significant differences among treatments at the p < 0.05 level, based on the LSD test. 

However, leaching of K and P was rather scant compared to NO3−. The standard treat-

ment caused 30.4 kg ha−1 of P losses; this may be due to phosphate precipitation in the soil 

[56], a typical response under higher soil solution pH [61]. Nevertheless, an important 

increase in P losses of 111 and 123% compared to the NS treatment (100%) in the NS65% and 

NSNH4+ treatments, respectively, have been estimated (Figure 1b), but there were no sig-

nificant differences between NS65% and the control. This greater loss of P under the NSNH4+ 

treatment may be due to the nitrification of NH4+ at the root-zone level, which is associated 

with the acidification of the medium which can increase the solubility of phosphates, and 

these can be carried away by the draining solution flow [18]. In strongly acidic soils, the 

formation of iron and aluminum phosphate minerals results in the reduced solubility of 

P, improving as the pH approaches close to neutral [62]. However, this maximum solu-

bility and plant availability of P at pH 6.5 declines again as the pH increases into the alka-

line range [62].  

The standard treatment presented 59.2 kg ha−1 of K losses, which could be due to the 

blockage of K in the exchangeable bases [56]. The high fixation and low leaching of K have 

also been referred to earlier [63]. Therefore, the intensive use of fertilizers may increase N 

and K concentrations in groundwater [64,65].  

5. Conclusions 

The strategies tested did not modify the tomato fruit yield. Nitrate reduction caused 

firmness and a °Brix reduction, as well as a diminution of the titratable acidity up to 124 

DAT. Nevertheless, these effects were not found with the replacement of NO3− by NH4+. 

However, the reduction in fertilizer inputs significantly improved water and nutrient (N, 

P and K) use efficiency. Contamination was greatly reduced from 90 DAT on in the strat-

egies tested as well as in the control, following the same pattern during cultivation. Nev-

ertheless, both strategies caused a reduction in NO3− and K contamination, but P pollution 

increased. The strategies proposed are a useful tool for more sustainable fertigation man-

agement. 
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