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Abstract: This study was conducted to investigate the effects of various irrigation water (W) and
nitrogen (N) levels on growth, root-shoot morphology, yield, and irrigation water use efficiency of
greenhouse tomatoes in spring—summer and fall-winter. The experiment consisted of three irrigation
water levels (W: 100% of crop evapotranspiration (ETc), 80%, and 60% of full irrigation) and three
N application levels (N: 100%, 75%, and 50% of the standard nitrogen concentration in Hoagland’s
solution treatments equivalent to 15, 11.25, 7.5 mM). All the growth parameters of tomato significantly
decreased (p < 0.05) with the decrease in the amount of irrigation and nitrogen application. Results
depicted that a slight decrease in irrigation and an increase in N supply improved average root
diameter, total root length, and root surface area, while the interaction was observed non-significant
at average diameter of roots. Compared to the control, Wgy Njo9 was statistically non-significant
in photosynthesis and stomatal conductance. The Wgy Ny resulted in a yield decrease of 2.90%
and 8.75% but increased irrigation water use efficiency IWUE) by 21.40% and 14.06%. Among
interactions, the reduction in a single factor at Wgg Njgp and W1gg Ny5 compensated the growth and
yield. Hence, Wgy N1gp was found to be optimal regarding yield and IWUE, with 80% of irrigation
water and 15 mM of N fertilization for soilless tomato production in greenhouses.

Keywords: deficit irrigation; hydroponics; nitrogen; root growth; tomato; water saving

1. Introduction

Tomato is not only one of the world’s most popular vegetable crops in taste but also
a rich source of antioxidant lycopene, vitamins, organic acids, and essential minerals to
keep us healthy [1]. As the leading tomato producer, recent total production of tomato
in China has reached 6.05 million tons per year according to the report of the Food and
Agriculture Organization of the United Nations (FAO) [2]. The tomato growth area in
solar greenhouses is increasing rapidly in China to utilize the land and limited water
resources more efficiently. Greenhouse technology added remarkable profits to farmers’
income with the ease in managing the growth conditions compared to the field. To produce
fresh tomatoes, tomatoes grown in greenhouses need far less water and N per kg of
fresh tomato production than under conventional management but still, there is a large
community of farmers using a high amount of fertilizers and water with the aim to increase
yield [3]. However, the increased supply of water and fertilizers does not increase yield
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proportionally. As nitrogen (N) is a major constituent of fertilizers, the excessive nitrogen
application may increase undesired plant leaf growth affecting the tomato yield instead.
Therefore, it is imperative to optimize the amount of water and N supply for tomato
production to maintain a balance among plant growth (root/shoot) and yield to enhance
the water use efficiency (WUE).

Since water and N are intrinsically linked, suitable irrigation along with considerable
inputs of nitrogen fertilizer is required to regulate plant physiology in results of plant
water and nutrient uptake [4]. In an attempt to save water, deficit irrigation is a promising
technique, and it increases WUE due to reduced transpiration caused by water stress. Some
researchers have reported that deficit irrigation decreases tomato fruit yield [5,6] within an
acceptable range but increased tomato quality [1,7,8].

Nitrogen is another important crop limiting factor for controlling physiological crop
processes promoting plant growth and yield. Many studies reported that increased applica-
tion of N improves plant water use efficiency, increasing leaf photosynthesis by promoting
leaf and root development, and hence enhancing plant biomass production [9,10]. In
contrast, excessive N application in tomato cultivation may result in high nitrate leaching,
representing a high risk of nitrate pollution [3,7,11] and inhibiting crop transpiration [12,13].
Under limited nitrogen availability, root morphology plays an important role, which may
increase root surface area or root elongation for nutrient acquisition. Such improvements
may enhance the resource allocation to root development as a whole, leading to greater
root—shoot ratios under nutrient-limited conditions [14]. This extensive root system pro-
motes water uptake ability when the plant is susceptible to water stress [15]. However,
further investigation on effects of reduced irrigation and nitrogen on root characteristics
and yield of tomato grown in a soilless substrate is needed.

There are numerous studies about tomato yield, water use efficiency, and fruit quality
responses to deficit irrigation [16,17] and nitrogen [18,19] individually. However, few
studies were done on the effects of different amounts of irrigation water and nitrogen
applications under soilless substrate on the shoot and root parameters. Therefore, it
becomes imperative to employ appropriate strategies for the proper supply of nutrients
with a decreased water amount to ensure proper root-shoot growth and enhance water
use efficiency by saving water and nitrogen inputs. The aims of this research were to (i)
explore the effects of various water and N levels on root-shoot morphology, (ii) determine
yield and irrigation water use efficiency IWUE), and (iii) study the relationship between
photosynthetic parameters and water use efficiency under different W and N rates. The
obtained results can recommend an optimal strategy for water and N management for
greenhouse tomatoes.

2. Materials and Methods
2.1. Site Description

The pot experiments were conducted in two growing seasons from March to July
(spring—summer, SS) and September to December (fall-winter, FW) in 2019 in a greenhouse
located at Jiangsu University, Zhenjiang, PR China, (32.20° N, 119.45° E). Average indoor
greenhouse relative humidity and temperature were 70.85%, 22.76 °C, and 77.89%, 20.20 °C,
during growing seasons, respectively.

Tomato (Solanum lycopersicum L.) Hezuo 906 variety was used as crop material for
this experiment. For both seasons (SS and FW), tomato seedlings were transplanted in
pots on 1st March and 5th September, respectively. Plants were supported by a nylon cord
vertically. Pruning was done to maintain the proper growth following the well-managed
agronomic local practices. Plant density was maintained as 3 plants m~2. Pots with height
of 25 cm and diameter of 19 cm were filled with coarse perlite substrate (2—4 mm) to the
height of 22.5 cm from the bottom. Some physical properties of perlite include bulk density
(BD) 0.098 (g-cm~3), effective pore space (EPS) 71.9% (v/v), and conventional container
capacity (CCC) 49.3% (v/v).
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2.2. Experiment Design and Method

The experiment was composed of three irrigation levels and three N levels. Three
levels of irrigation water were applied based on crop evapotranspiration (ETc) in the control
treatment, i.e., 100% ETc (W1qg), 80% of Wygg (Wgp), and 60% of W1gy (Wgpo), and three
levels of N concentration were applied as a fertilization based on percent of the N available
in full strength Hoagland'’s solution, i.e., 100% (N1qg), 75% (N75), and 50% (Nsp). The plants
were watered with Hoagland nutrient solution, which was modified in order to obtain
three different N doses, by means of total or partial substitution of KNO3; and Ca(NO3),
by adding CaCl, and K;SOy if necessary, where the tap water with electrical conductivity
(EC) of 0.003 dSm~! was used to prepare the nutrient solution. The measured EC of the
full-strength Hoagland solution was 1.94 dSm~1, whereas the EC for N5 and N5, were
1.69 dSm~! and 1.44 dSm ™!, respectively. The pH of the nutrient solution was maintained
between 5.5 and 6.5 by adding NaOH or HCl as needed. The treatments consisted of the
application of different doses of N (15, 11.25, 7.5 mM). The experimental plan produced
nine treatments with three replicates in each treatment (3 x 3 x 3), where each treatment
consisted of 3 plants, as shown in Table 1. The randomized complete block design was
used for the given set of pots in this experiment.

Table 1. The treatment detail of the experiment.

Nitrogen (ppm)

Treatments
N1g0 N7s INEN
Wigo W00 N1oo W00 N7s W00 Nso
Wao Wsgo N1go Wgo N7s Wsgo Nsg
Weo Weo N1oo Weo N7s Weo Nsg

Uniform irrigation was applied for the first 10 days after transplanting the seedlings
for proper establishment. The water consumed by plants was calculated based on the
substrate water balance method in the control treatment. The amount of irrigation was
applied and recorded to replace the consumed water in the control treatment (W09 Nigo)
in each irrigation event using the following equation.

ETe=1—L— AS 1)

where [ is the total amount of irrigation water, L is the water leached after irrigation, and
AS is the difference between the amount of substrate water stored before harvesting and
treatment initiation. Moreover, there was no runoff in this experiment; however, a tiny
amount of water leached out after a few irrigation events.

2.3. Measurements
2.3.1. Growth Measurements

Plant growth is defined by morphological measurement that includes the stem di-
ameter, plant height, and plant leaf area. Manual calculation of plant height from each
treatment was performed using a measuring tape (£0.1 mm error). The height of each
selected plant was taken from the base of the stem to the growing tip of the last leaf.
Similarly, stem diameter of all plants was measured from each treatment using a Vernier
caliper at the base of the stem. Leaf area was determined just before the final harvest. The
area of pruned leaves during all growth stages was summed up and added to the measured
leaf area at the time of harvest to get the total leaf area of the plant. The total leaf area of
the tomato plants [7] was calculated based on study of Schwarz and Kléring [20].

Ap =alL}, 2)
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where T.A| reflects the total leaf area of a plant, Ly, is leaf width, a = 0.2031 and b = 1.6738
are the constant of integration and allometry coefficient, respectively, ti and tf are time
limits from the initial time (day) of transplanting to final harvesting. At the end of the
maturation stage, tomato plants from each treatment were selected, and fruit-free plants
were used to assess fresh and dry plant biomass. Upon drying in an oven for 24 h at 105 °C,
dry biomass including earlier collected leaves by pruning was measured to obtain the total
dry biomass of plant from each treatment.

2.3.2. Root Morphology

Root morphological traits such as average diameter (AD, mm), total root length (TRL,
cm), root surface area (RSA, cm?), and root volume (RV, cm?) were measured at the end
of the harvesting. The substrate containing roots of tomato was taken out of the pot and
immersed in water. The substrate clod was rinsed using pressurized tap water after an hour
of immersion in water and live roots were removed after the substrate debris and dead
roots flowed away with water. Live roots were spread evenly in a tray containing deionized
water and scanned using a flatbed scanner (300 dpi). Root images were analyzed after
scanning using WinRhizo image analysis software (Regent Instruments, Quebec, Canada)
and the average diameter (AD) and total root length (TRL), root surface area (RSA) and
root volume (RV) were calculated using this software.

2.3.3. Photosynthesis Parameters/Leaf Gas Exchange

In both seasons, photosynthesis (Pn) and stomatal conductance (gs) were determined
at the fruiting stage, i.e., 57 days after transplantation (DAT) for SS, and 60 DAT in FW 2019,
respectively. Pn and gs of the newly expanded leaves were measured from 9:00 to 11:00
in the morning using a Li-6400 portable photosynthesis system (Li-COR Biosciences Ltd.,
Cambridge, UK). The photosynthetic active radiation (PAR), temperature, and CO, con-
centration during the measurements were 800 umol m~2s~1,28°C, and 500 umol mol 1,
respectively.

2.3.4. Fruit Yield and Irrigation Water Use Efficiency

Tomato fruits were weighed separately from the first harvest until the last harvest
and the total yield of each treatment was calculated at the end of the experiment. The
total water applied as irrigation was determined as the total sum of applied water in each
irrigation event during the whole experiment. Irrigation water use efficiency (IWUE) is the
performance of tomato yield to applied irrigation water and it was calculated as [21]:

Y

IWUE = W 4)

where, Y indicates yield (ton ha=1)and W represents water applied as irrigation (mm).

2.4. Data Analysis

Analysis of variance was attained using Statistix 8.1 statistical software. For means
comparisons, least significant difference (LSD) was applied at p < 0.05 significance level.

3. Results
3.1. Plant Growth Parameter

Morphological traits such as plant height, stem diameter, and leaf area were used to
represent plant growth. Both irrigation and N fertilization levels affected plant growth
significantly, as shown in Table 2. When analyzed across the N fertilization, the plant
height, stem diameter, and leaf area showed a significant decrease with the decrease in
each irrigation level. Analysis across the irrigation levels showed that Nygp and Nys plants



Agronomy 2021, 11, 228

50f15

had significantly higher stem diameter, plant height, and leaf area than did N5y plants.
However, Nigp and Ny5 had no significant difference with each other across irrigation
levels in plant height.

Table 2. Effect of water (W) and N on stem diameter, plant height, and leaf area during spring—summer (SS) and fall-winter

(FW) season.

Stem Diameter (mm) Plant Height (cm) Leaf Area (cm?)
Treatments
SS FW SS FW SS FW
Irrigation
Wioo 1129 a 9.90 a 130.88 a 119.12 a 1496.5 a 1163.2 a
Wago 9.61b 9.38b 112.57 b 108.98 b 1275.7b 1013.6 b
Weo 8.07 c 8.12c¢ 98.06 c 94.04 c 780.6 ¢ 7123 ¢
Fertilizer
Nioo 10.60 a 10.17 a 125.71a 117.81a 1382.4 a 1064.5 a
Nys 9.92 ab 10.11a 111.11 ab 104.42 ab 1200.1b 954.9b
Nsg 8.74 c 811c 104.68 c 9991 ¢ 970.1 ¢ 869.7 ¢
Interaction
Wi00 N1go 12.13 a 11.30 a 153.50 a 130.43 a 1897.8 a 1299.2 a
Wigo N7s 11.37Db 9.53 ¢ 128.23 b 118.60 b 1561.9 b 1160 b
W00 Nsg 10.37 ¢ 8.86 de 110.90 ¢ 108.33 ¢ 1029.7 £ 1030.4 ¢
Wso Ni1go 10.97 be 10.27 b 129.37 b 120.70 b 1432.6 ¢ 11416 b
Wy Nys 9.37d 9.43 cd 107.10d 105.17 cd 1272.6d 1012.5 ¢
Wio N5 850e 840e 101.23 ef 101.07 e 1121.8 e 886.8 d
W50 Ni1go 8.70 e 8.93 cde 9427 g 102.30 de 8169 ¢ 752.8 e
W5 Nys 8.13e 8.36 e 98 f 89.50 f 766 g 6923 e
W50 N5 7.36 f 7.07 £ 101.90 e 90.33 f 7589 ¢g 691.7 e
ANOVA
W L] b %% L *%% *%%
N %% *4% %% *%4% %% *%4%
W X N NS NS %% *3% k%% *%

The data presented in the table are the mean of three replicates. According to the Least significant difference (LSD) test, values with different
letters within the same columns are significantly different at p < 0.05. NS, **, *** are not significant, significant at p < 0.01, significant at

p < 0.001, respectively.

Considering the interaction effect of irrigation and N fertilization, the treatment Wyg
Nigo was significantly higher in stem diameter, plant height, and leaf area than other
interaction levels during both growing seasons, which was one of the treatments with
the largest irrigation amount with maximum nitrogen input. Among the interaction of
irrigation and N fertilization, stem diameter remained non-significant during both growing
seasons, however, the plant height and leaf area were significant at p < 0.05 during SS,
while these were significant at p < 0.01 during the FW season.

Total fresh and dry plant biomass were determined to evaluate the effects of different
irrigation and N fertilization on plant growth, and results are shown in Table 3. Analysis
across the N treatments, fresh plant biomass (PFM) and dry plant biomass (PDM) were
decreased significantly, parallel with a decrease in irrigation level. Considering only N
levels, N75 had no significant difference with Nygg in dry plant biomass, while both were
significantly higher than Nsg. At the interaction effect of irrigation and N fertilization
(W x N), the PFM and PDM showed significant differences during the SS and FW seasons.
The obtained biomass results in this study are quite similar to results obtained by another
study conducted on tomato growth by Rasool et al. [22].
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Table 3. Effect of irrigation and fertilizer levels on plant fresh and dry biomass during spring-summer (SS) and fall-winter

(FW) season.

PFM (g-plant—1) PDM (g-plant—1)
Treatments
SS FW SS FW
Irrigation
Wioo 364.89 a 345.78 a 11526 a 109.11 a
Wsgo 315.11b 305.33 b 109.39 b 105.33 b
Weo 254.89 ¢ 247.67 ¢ 83.78 ¢ 85.96 ¢
Fertilizer
Nioo 357.44 a 315.44 a 106.14 a 102.08 a
Nys 317.78 b 29444 b 106.69 a 100.62 a
N5o 259.67 ¢ 288.89 b 95.59 b 97.70 b
Interaction
Wi00 N1go 410.67 a 378.33 a 125.03 a 112.03 a
Wioo N7s 382.00b 329.00 b 118.23 b 109.73 a
W00 Nso 302.00 e 330.00 b 102.50 ¢ 105.77 b
Wso Nigo 362.67 ¢ 336.00 b 106.33 ¢ 105.57 b
Wsgo Nyg 339.33d 299.33 ¢ 11897 b 101.67 ¢
Wsgo Nsp 243.33 £ 280.67 cd 102.87 ¢ 108.57 ab
W50 Nigo 299.00 e 232.00 e 87.07 d 81.77 e
Wsp Nyg 232.00 f 238.33 e 82.87 de 88.17 d
W5 Nsp 233.67 £ 272.67 d 81.40 e 87.93d
ANOVA
W 4 H4F H%3% H43%
N EE EE EE EE
W X N e e e e

PEM; fresh plant biomass, PDM; dry plant biomass. The data presented in the table are the mean of three replicates. According to the LSD
test, values with different letters within the same columns are significantly different at p < 0.05. *** is significant at p < 0.001.

3.2. Root Morphology

Total root length, total root surface area, average diameter, and total root volume
characteristics are described in Figures 1 and 2 under the results of irrigation and N
fertilization experiments carried out during spring—summer and fall-winter.

Across the N-application rate, the effect of irrigation was significant on root morpho-
logical traits (TRL, RSA, AD, and RV). The TRL, RSA, and RV were significantly higher in
Wygo when compared with full irrigation (W1qp) and severe deficit (Wg), while AD had no
significant difference between W1y and Wgg. Analysis across irrigation showed that Nygg
resulted in higher values of root traits among other N fertilization treatments. However,
TRL, AD, and RV had no significant difference between N1oy and N5, except RSA, which
had a significant difference among all N treatments.

The interaction of irrigation and N fertilization (W x N) was significant at TRL, RSA,
and RV, except for AD which gave a non-significant difference during both seasons. The
interaction of Wgy Nig9 gave highest TRL and RSA, and had a significant difference when
compared with other interactive pairs of irrigation and N during SS and FW. Similarly;,
RV was found almost the same in Wgy N1gg and Wgy Ny75 with slightly higher values in
Wygo Nys, but there was no significant difference between both treatments.
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ANOVA: Wx** N**x WxN***

ANOVA: Ws N**x WxN**

W Factor N Factor W Factor N Factor
Winb Niw a Wiwb Niw a
Wso a N b Weo a N»x b
— We ¢ Nso ¢ Weo ¢ Nso ¢
= a 300
5 60 —— b a
?:D 700 b L b
5 R PO .
3 KN 600 l i
e —L f
Nioo |N7s | Nso ch‘NTS Nso |Nieo ‘N?S Nioo | N7s | Nso Nloc| N7s | Nso N100| N7s
Wioo Wiso Wso Wioo Wso Wao
ANOVA: W% N#*#% TN 05 ANO:}}I TR I\_"’j" WxN***
W Factor N Factor W Ij-actor l\_Factor
Wi b Niw a :;\Vimb i\'mo a
Wi a N= b 'so a A_-E b
“"so c N ¢ 6 We ¢ Nso Ea
o 2 2
a 3 b
0.35 - . . a2
03 4 bc ¢ C
E —1 cd “;'; 1 1 S
025 ) d
% 015 £
% o1
0.05 - i
Nioo| Nos | Nso | Nuoo| N7s [ Nso [Nioo [ s | Nioo | N7s | Nso | Nuoo | N7s | Nso | Nioo | Nos
Wioo Wso Wso Wioo Wso Wso

Figure 1. Effects of irrigation water (W) and nitrogen fertilization (N) on average diameter, total root length, root surface

area, and root volume at the harvesting stage during spring-summer. Bars with different letters are significantly different at
p < 0.05 according to LSD test. ns, *** are not significant at p > 0.05, significant at p < 0.001, respectively.

3.3. Photosynthesis (Pn) and Stomatal Conductance (gs)

Upon analysis across N fertilization, Pn and gs decreased significantly with each
decreased level of irrigation. Pn and gs were found to be higher under full irrigation than
those tomato plants under deficit water during both seasons, as shown in Table 4. Similarly,
Pn and gs of tomato plants under high-N fertilization were higher than those of plants
under low-N fertilization, irrespective of irrigation amount. Considering N fertilization
overall, the pattern of Pn and gs were found to be parallel to irrigation except for gs at Nygg
and Ny5 during both seasons, where both treatments did not show a significant difference.
Whatever the availability of N in the substrate, the increased availability of water in the
rootzone has resulted in increased Pn. Compared to the control, the decrease in Pn was
7.72% and 36.77% in Wgp, and 11.09% and 40.79% in W during SS and FW, respectively.
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W Factor N Factor W Factor N Factor

Wb Niw a Wi b Nim a

W a N b Wz a N= b

We © Na ¢ Weo Nmm ¢

7000 - 800 1 a
b — b

6000 - a ab 500 4 bc
b b ] —
I ——

1000 4
0 H— - - - 0 H= . . -
Nioo [ N7s | Nso | Nigo| N7s Nioo| N7s | Nso NlCOl Nis
Wioo Wso Wi Wioo Wso Wso
Ji '\' THhEE J ¥ & T MW 118
_{_\O_ _-“1-- W :?\_ . Wx=N ANOVA: WHEs N+&s TN+
W Factor N Factor - o
. - W Factor N Factor
Wi b Niw a B -
. - Wb Niw a
Wz a N a . N
Wa o Ne b Wwa N= b
= e e Weao ¢ N:o ¢
0.35 - 6.00
a 3 a
030 1 ab ] 5.00 a 3
] be - T
cd
=025 1 b
£ 400
3 0.0 - - c
= 015 4 E
] 3
3 2 200
Z 010 4
oo | 1.00
NICG|N1'5 Nso | Nioo ‘1\'75 Nso ‘Nloc' N7s N100|NTS Nso I\'1‘30‘1\?75
Wioo Wso Wiso Wioo Wso Wso

Figure 2. Effects of irrigation water (W) and nitrogen fertilization (N) on tomato total root length, root surface area, average
diameter, and root volume at the harvesting stage during fall-winter. Bars with different letters are significantly dif-ferent
at p < 0.05 according to LSD test. ***, ** indicate significance at p < 0.001 and p < 0.01, respectively, and ns indicates
non-significance (p > 0.05).

Considering the interaction of irrigation and nitrogen (W x N), the response of Pn
and gs were recorded statistically significant to irrigation and N fertilization. Conversely,
Wso Njgo did not induce any loss in Pn during SS and FW, and gs during the FW season,
and remain statistically non-significant when compared to treatment W1g9 Nygo, as shown
in Table 4. The highest values of Pn and gs were found to be maximum under the interaction
of the maximum level of water and nitrogen application.
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Table 4. Photosynthetic rate (Pn) and stomatal conductance (gs) across irrigation levels with different nitrogen concentration

applied levels during the spring-summer (SS) and fall-winter (FW) season.

Pn gs
Treatments (umol-(CO;3)-m—2.s~1) mol-(H,O) m—2.s~1
SS FW SS FW
Irrigation
Wioo 17.87 a 15.69 a 0.4533 a 0.2756 a
Wgo 16.49b 13.95b 0.3262 b 0.2345 b
Weo 11.30 ¢ 9.29 ¢ 0.1943 ¢ 0.1234 ¢
Fertilizer
Nigo 16.45 a 14.71a 0.3881 a 0.2419 a
N5 16.25b 1351 b 0.3697 ab 0.2346 ab
N5o 12.95 ¢ 10.71 ¢ 0.2492 ¢ 0.1570 ¢
Interaction
Wi00 N1oo 19.53 a 17.82 a 0.5178 a 0.3294 a
Wi00 N7s 18.52b 17.00 b 0.4419 ¢ 0.2779 ¢
W00 Nsg 1129 ¢ 13.05 ¢ 0.2046 f 01184 g
Wso Niogo 18.95 ab 17.76 ab 0.4839 b 0.3138 ab
Wsgo Nys 16.76 ¢ 12.24d 0.2698 e 0.2557 d
Wsgo Nsg 13.05 f 12.05d 0.2557 e 0.1344 f
W50 Nigo 15.12d 1048 e 0.3582 d 0.1837 e
Wsp Nys 14.18 e 9.54 f 0.2668 e 1699 e
Wiso Nsg 9.54h 785¢g 01224 g 01175 g
ANOVA
W EE EE EE R
N e e e R
W X N X% H%% H4F H4%

The data presented in the table are the mean of three replicates. According to the LSD test, values with different letters within the same
columns are significantly different at p < 0.05. *** is significant at p < 0.001.

3.4. Yield and Irrigation Water Use Efficiency Response to Water and Nitrogen Levels

As shown in Table 5, the tomato consumed a high water amount in the spring—summer
season than in the fall-winter season. The highest tomato yield was observed in treatments
with high water and N fertilization during the SS and FW seasons. The tomato yield
decreased significantly (p < 0.05) with a decrease in irrigation amount, irrespective of N
application. Similarly, when analyzed across the irrigation, the tomato yield increased with
an increase in N-application and reached maximum values at Nygg (p < 0.05).

The interaction effect of irrigation and N fertilization had a significant effect on yield
(p < 0.05) in both seasons. Maximum yield was achieved at Wigy Nygg. The treatments
of interaction, Wiy Ny75 and Wgg Nigg, did not induce significant loss of yield when
compared to Wygg Njgp during SS, while Wyg9 Nygg remained significantly higher than
other interaction treatments.

Considering IWUE, irrespective of N, the highest water use efficiency was recorded
at an irrigation level of Wgy and Wy in SS and FW, respectively. The highest INUE was
achieved in the highest N fertilization (N10p) when compared across the irrigation but there
was no significant difference in the INUE between N1gg and Ny5 in FW.

During SS and FW, there was also a significant interaction between irrigation and
N-fertilizer for IWUE. The interaction of WgyN1py gave maximum irrigation water use
efficiency during both seasons. Davies et al. [23] reported watering strategies to decrease
the transpiration rate in plants, leading to a decrease in leaf area and stomatal openings,
eventually improving IWUE.
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Table 5. Effect of W and N on water used, fruit yield, and irrigation water use efficiency.
Irrigation Water (mm) Fruit Yield (ton-ha—1) Irrigation Water Use Efficiency
Treatments
SS FW SS FW SS FW
Irrigation
Wigo 245.98 222.51 92.23 a 81.03 a 37.50 ¢ 36.41 ¢
Wgo 196.79 178.00 85.21b 72.48 b 4330 a 40.72b
Weo 147.59 133.50 59.38 ¢ 55.89 ¢ 40.24b 41.86 a
Fertilizer
N0 85.95a 76.17 a 43.60 a 42.99 a
N5 83.04 b 7249b 40.49b 41.15ab
N5 67.84 ¢ 60.76 ¢ 34.94 ¢ 34.86 ¢
Interaction
W00 N1oo 245.98 22251 100.82 a 89.71 a 40.98 ¢ 40.32d
W00 N7s 99.42 a 86.75b 4042 ¢ 38.98 de
W00 Nsg 76.47 ¢ 66.62 31.09 e 2994 ¢
Wgo Nigo 196.79 178.00 97.90 a 81.86 ¢ 49.75 a 45.99 a
Wgo N7s 84.90 b 71.52d 43.14b 40.18d
Wgo N5 72.83d 64.07 f 37.01d 36.00 f
Wso N1go 147.59 133.50 59.13 f 56.96 g 40.07 ¢ 42.66 ¢
Wso Nys 64.80 e 59.13 g 4391b 44.29b
Wso N5 5422 g 51.57 h 36.73d 38.63 e
ANOVA
W EE EE EE EE EE EE
N e 3% e H4F e H44
W >< N X434 X Hok% %o HokN %o

The data presented in the table are the mean of three replicates. According to the LSD test, values with different letters within the same
columns are significantly different at p < 0.05. *** is significant at p < 0.001.

3.5. Relationship between Fruit Yield (FY), Photosynthesis (Pn), and Water Used (WU) under the
Effect of Water and N Fertilization

The linear regression relationships of FY with water used, Pn, and gs during SS and
FW are shown in Figure 3. Maximum linear regression (R2) among FY and Pn was observed
as compared to water in use. For FY and Pn, the largest linear regression coefficients (R?)
of 0.97 for SS and 0.98 for FW season were observed. The lowest values of R? were found
to be at linear regression relationships of FY with WU.
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Figure 3. Regression models fitted for SS as (a) water used vs. fruit yield; (c) Pn vs. fruit yield; (e) gs vs. fruit yield, and for
FW as (b) water used vs. fruit yield; (d) Pn vs. fruit yield; (f) gs vs. fruit yield.
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4. Discussion

Increasing growth and yield rely on optimal water and N application [24]. Water
is essential for plant growth and its deficit would impact plant growth and production,
depending on severity and duration of water deficit. It is well recognized that shoot and
root growth have a direct influence on crop yield under an optimal growth environment,
whereas their response can vary under a deficit water condition as well as nitrogen amount.
Water and N fertilization demonstrated significant effects on overall plant growth and
photosynthetic capacity of tomato. Fresh and dry plant biomass, leaf area, and plant height
showed maximum values at treatments without shortage of irrigation and N-application.
Similar findings have been observed by Hou et al. [25] who found that stem diameter and
plant height increased significantly with the increase in irrigation quantity at different
growth stages of tomatoes. Rasool, Guo, Wang, Chen, and Ullah [22] stated comparable
results and indicated that tomato biomass production was improved significantly due
to the sufficient water supply during the crop maturity stage. Leaf area is an important
growth parameter that serves for photosynthesis and gas exchange by allowing the PAR
(photosynthetic active radiation) to fall on its surface area. The decreased leaf area could
be due to stomatal closure and photosynthesis inhibition as a physiological response of
plants to water and nitrogen deficit where flow of abscisic acid from roots to leaves tend to
reduce stomatal aperture ultimately, causing reduction in leaf growth [26].

Being a primary organ, root characteristics are closely related to their water and
nutrient absorption ability [27]. At the highest N-application, the Wg (a water deficit
treatment) gave the maximum root average diameter, length, surface area, and volume,
which is evidence that N-application enhances the root growth, and which can lead to
an increased root biomass. This structural change in roots may have occurred due to
reallocation of assimilates from shoot to root by plants under water stress, which resulted
in decreased shoot growth and increased root system traits such as root length, root surface
area, and root volume under reduced irrigation, as water is the main driver of resource
allocation [28]. Moreover, N provided additive importance under water stress [29]. This
could be because more photosynthetic products become conveyed to the root system under
water stress, which improves root growth and nutrient and water absorption by enhancing
root length, and finer root and deeper root spreading in the rootzone [30]. Changes in the
root system to obtain more water and nutrients, the shoot system (reduced plant growth
and leaf area), and physiology to trigger the underlying mechanisms are possible under
deficit irrigation. However, the mechanisms through which the water deficit level of Wgy
might possibly regulate root growth were not fully revealed by the present study. The
increase in IWUE may be possible due to the decrease in stomatal conductance caused
by the increased signal transduction network of guard cells [31]. Our study was also
supported by Wang et al. [32], who stated that the interaction of medium deficit irrigation
and N-nutrients show a significantly improved root surface area and total root volume, and
could make a plant drought resistant without significant loss of yield. In addition, a better
nutrient and water environment in the root zone can produce abscisic acid in the xylem
by improving root to shoot signals, which can regulate vegetative growth and stomata
switch [33,34].

Pn and gs are affected by water and N-application [35]. In our study, Pn and gs
showed a decline with the increase of water deficit and reducing N-nutrition. Comparable
results were also stated by Chen et al. [36], who revealed that an increase in water stress
increased abscisic acid in roots, resulting in low photosynthesis and stomatal conductivity
with its transportation to canopy causing stomatal closure. Del Amor et al. [37] also found
the reduction in gs was due to a decrease in water availability in tomato plants. In our
findings, an increase in water and N supply resulted in an increase in photosynthesis and
a bigger biomass, which ultimately resulted in increased tomato fruit yield. Moreover,
Garcia et al. [38] observed that the reduction in gs due to water stress is also influenced
by nitrogen application quantity. They stated that applying nitrogen at 60% did not show
a significant reduction in gs, which confirmed the findings of our study that N75 did not
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decrease yield significantly compared to that measured at Njoy. Water stress reduces
photosynthesis in tomato leaves, decreasing dry material accumulation and reducing
tomato growth, which in turn decreases yield [39].

Both irrigation and nitrogen fertilization are essential factors for tomato growth, and
they both influence yield and IWUE, however, nitrogen provided an additive importance
to sustain the yield under certain ranges of deficit irrigation. Yield decrease was observed
more with a decrease in irrigation rather than nitrogen. Patane and Cosentino [40] also
reported that a yield decrease under deficit irrigation was observed nearly twice as low
compared to full irrigation. The non-significant difference in yield at Wioy and Wgy
under Nyq is evidence that N-application improves yield within a specific range of deficit
irrigation [41], whereas further decreases in water or increases in nitrogen may lead to salt
accumulation in the root zone, which could seriously affect the tomato yield [7].

Deficit watering has been described as a beneficial alternative strategy of water saving
under an open field, as well as greenhouse cultivation in arid and semi-arid regions where
water is the most limiting factor for crop cultivation. Traditionally, in situations of frequent
water shortage and drought spells, it has been recommended to alleviate the adverse effects
of water stress on crop yield and increase the efficiency of water efficiency [42]. Water
use efficiency is a critical indicator at all scales, specifically during drought conditions
when irrigation water is scarce. The highest irrigation water use efficiency was recorded
at Wgp N1gp because of a non-significant difference in yield with the control, while water
application was apparently reduced at Wgy compared to Wygy. Considering N-application,
the highest water use efficiency was recorded at a higher nitrogen level. Among interactions,
at the highest N, Wy resulted in the highest water use efficiency and N application reduced
the impact of reduced water on yield and hence resulted in high IWUE. Therefore, it is
very important to optimize nitrogen and irrigation water supplies to improve crop yield,
and water and nitrogen use efficiency in substrate cultivation. Earlier research has also
determined that water use efficiency decreases with a rise in irrigation water amount [43].
The best irrigation rate under three different nitrogen levels for optimum WUE and IWUE
in cucumber is 0.8 Ep [44]. These results indicated that the reasonable application of
nitrogen fertilizer should be emphasized. The highly efficient coordination of irrigation
and nitrogen fertilization should also be stressed.

Along with deficit irrigation and reduced nitrogen application in greenhouses, WUE
can be further improved by providing better climate control, CO;, dosage, and its integration
with other possible techniques like growth-promoting substances, grafting, and with the
use of anti-transpirants. Hence, interactive effects of such potential applications with deficit
irrigation and nitrogen can be studied in future in broader perspectives.

5. Conclusions

Plants grown under deficit irrigation must be well-fertilized to serve as a compensation
factor so as not to suffer from double stress. The increased tomato root length, surface area,
and root volume in Wg( provided more absorption surface for N uptake, which could be
a reason to improve the biomass, yield, and water use efficiency, and provided evidence
for better utilization of high N under moderate water stress. Due to limited availability
of water, relatively small deficit irrigations are found applicable with an acceptable risk
of yield decrease. In the current study, highest tomato yield was found at the highest
irrigation and N application. There was no significant difference in yield upon reducing
one of both inputs, i.e., 20% irrigation reduction from full irrigation or 25% reduction in
N applied in control, but a simultaneous decrease of irrigation and nitrogen could not
maintain the yield and IWUE at its highest level. These findings illustrate the importance
for evaluation of impact on tomato yield under various levels of the interaction between
nitrogen and water for proper management practices for sustainable agro-production. As
there was no significant difference in yield among Wig9 N1go, W1go N7s, and Wgg Ny,
hence, considering optimal tradeoffs between yield, water saving, and water use efficiency,
the Wgg Nygp could be adopted as an optimal strategy where Nygy can be used as a source
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to mitigate the effects of deficit irrigation and reduce the risk of yield loss where scarcity of
water availability exists. Besides a water and nutrient saving strategy, future works can
consider the integration of deficit irrigation and reduced nitrogen with growth promoting
organisms or with the use of anti-transpirants to sustain tomato yield and improve fruit
nutritional quality.
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