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Irrigation and fertilization are key practices for improving the fruit quality and yield of vegetables
grown in greenhouses. We carried out an experiment in a solar greenhouse spanning three consecutive
growing seasons to evaluate the effects of irrigation and fertilization on the fruit yield and quality, water
use efficiency (WUE) and fertilizer partial factor productivity (PFP) of tomatoes. Interactions between
irrigation and fertilization treatments and individual factors of irrigation and fertilization significantly
(p < 0.01) affected fruit yield, WUE and PFP. WUE and fruit yield and quality were more sensitive to
. changesinirrigation than to changes in fertilizer, but PFP showed the opposite trend. Interestingly, the
: treatment with moderate irrigation (W2: 75% ET,) and high fertilizer level (F1: 240N—120P,0,—150K,0
. kg ha~?) was twice ranked first after a combinational evaluation. In conclusion, the proper application of
. drip fertigation (W2F1) may be a good compromise for solar greenhouse-grown tomatoes with regard
. tofruit yield and quality, WUE, and PFP. The present study sheds light on the contributions of these
. practices, clarifies theirimpacts, and provides a basis for evaluating and selecting better management
practices for growing greenhouse vegetables.

. The management of water and nutrients applied in fertilizers are the two major factors affecting crop growth and
: productivity"2. Indeed, crop yield and quality are very sensitive to appropriate water and nutrient contents in the
: root zone of plants, which can improve the absorbing area and capacity of roots®. Sustainable water and fertilizer
used in agriculture has become a priority, along with the adoption of field management strategies that maintain
satisfactory yields, thus improving both fertilizer and water use efficiency (WUE). In recent years, tomatoes have
rapidly become one of the most popular items of produce in the world, and tomatoes are marketed to consumers
as a healthy food that can help reduce the risk of contracting certain human diseases and developing many forms
of cancer. Tomatoes are one of the most important annual crops in solar greenhouse production systems and
also have a high water demand, requiring irrigation throughout the growing seasons®. However, in areas of water
© scarcity, such as northwest China, maximizing water conservation may be more profitable than maximizing crop
© yield. The WUE in this area is relatively low. Consequently, appropriate irrigation technologies must be selected to
. maximize the WUE and profits®. The process of crop water use has two main components: evaporative losses from
. the soil and the crop, usually called evapotranspiration, and all the losses resulting from the distribution of the
: water to the land®. In this regard, drip irrigation has contributed greatly to improving WUE because of its ability
© to supply frequent and small amounts of water that are applied directly to the plant’s root zone, which significantly
. reduces evapotranspiration and potentially increases production”®. Among the water management practices for
increasing WUE, drip irrigation systems have been widely used in recent years.
Crop productivity is dependent on soil nutrient contents, which usually limit plant yields in agricultural sys-
tems’. However, the relatively low price of chemical fertilizers and the current prevailing attitude toward increas-
. ing fertilizer application to increase crop yield may lead to excessive fertilization. To increase farmers’ incomes,
. the most effective way to save water and reduce fertilizer input is to improve the WUE and fertilizer partial factor
© productivity (PFP). PFP (the ratio of crop yield/amount of nutrient applied) is a more appropriate index than
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other commonly used methods for comparing nutrient use efficiency!®-'2. Specifically, excessive fertilizer input is
a common phenomenon and has become a serious threat to the sustainable development of solar greenhouse veg-
etable production in China, and PFP is an indicator of the degree to which different methods of fertilizer input are
effective in decreasing the pollution of groundwater with fertilizers'!. Water is an important factor in the fate and
transport of soil nutrients and in their absorption and utilization by crops, and appropriate water and fertilizer
application are simultaneously considered in irrigation and fertilization strategies using drip irrigation. Several
studies have investigated the effects of the interactions between irrigation and fertilization on crop production,
WUE, and fertilizer leaching'%-'%. At present, the most common view is that the combined effects of well-managed
water and fertilizer application can sustain crop productivity. Yields are increased by better matching the tempo-
ral and spatial distribution of the water and nutrient supplies during the periods of plant growth with the greatest
demand' 1. Another issue to be addressed in ‘precision agriculture’ is regarding the levels of water and nutrients
that need to be applied. It is also necessary to determine what strategies best synchronize the management of
irrigation and fertilization to improve crop yield and quality, WUE, and fertilizer use efficiency.

Technologies such as drip irrigation can maintain or increase yields while improving WUE and fertilizer use
efficiency and decreasing losses that lead to environmental pollution'®. Ozbahce et al.!” reported that the opti-
mum fertilization rate for maximum crop yield was the same as that for irrigation treatments. Therefore, appro-
priate irrigation and fertilization methods are of the greatest importance in increasing the efficiency of water
and fertilizer use and reducing the risk of environmental pollution'®°. Several studies have been conducted on
how to use irrigation in combination with fertilization as efficiently as possible to maximize profits and reduce
groundwater pollution® 2. The effects of water and fertilizer application on crop yield and related parameters such
as nitrogen use efficiency, WUE and fruit quality have been reported*'-?*. Little information is available on the
best integrated management practices relating to the precise irrigation and fertilization rates needed to achieve
a high yield of tomatoes, a high WUE and better fruit quality, as well as lower levels of water and fertilizer input.

It is unclear how much water and fertilizer must be applied to a sustain tomato productivity and fruit quality
while effectively managing water and fertilizer output and which statistical and analytical methods should be
used to assess the results. Consequently, a more accurate method is needed to estimate the degree of influence of
management practices on the effects of irrigation and fertilization on tomato quality and yield, WUE, and efficient
fertilizer use. The aims of this study were (i) to analyse the effect of the amount of irrigation in combination with
the fertilizer supply on tomato quality and yield, WUE and PFP and (ii) to evaluate and select better management
practices for growing tomatoes in solar greenhouses using a principal component analysis (PCA).

Results

Effects of irrigation and fertilization on the yield, WUE and PFP at different water and fertilizer
input levels.  Figure 1 presents the effect of irrigation and fertilization treatments on the yield, WUE and PFP
in three consecutive growing seasons in 2012—2013. The interactions between the irrigation and fertilization
treatments and the individual factors of irrigation or fertilization significantly affected fruit yield, WUE and PFP
(Supplementary Table S1). The irrigation and fertilization treatments significantly increased yields (Fig. 1A). The
mean fruit yields of the F2 and F3 treatments were 3.57% and 11.37% lower, respectively, than the F1 yields in
both years. The average fruit yields of the W2 and W3 treatments were 6.27% and 12.87% lower, respectively, than
the W1 yields in both years. The highest yield was 95.8 tons ha™! in the W1F1 treatment, which was significantly
higher (6.15% to 25.69%) than the yields from the other treatments (Supplementary Table S2).

WUE was strongly related to the type of irrigation treatment used (Fig. 1B). The ranking of the irriga-
tion treatments, from high to low average WUE, was W3 > W2 > W1. The mean WUE for the W3 treatment
was 43.97 kgm 3, which was 19.36% and 28.51% higher than in the W2 and W1 treatments, respectively
(Supplementary Table S2). However, a positive interaction was observed in the effect of the fertilization treatment
on WUE. The mean WUE for the F1 treatment was 38.96 kg m >, which was 3.13% and 12.33% higher than in the
F2 and F3 treatments, respectively.

The highest PFP was 305.81kgkg ™! in the W1F3 treatment. The mean PFP in the W1 treatment was 6.15% and
13.46% higher than in the W2 and W3 treatments, respectively. The influence of the fertilizer treatment on PFP
was greater than the influence of the irrigation treatment (Supplementary Table S1); the average PFP in the F1
treatment was 26.41% and 42.43% lower than in the F2 and F3 treatments, respectively. For each irrigation level,
PFP significantly decreased as the fertilization level increased from F3 to F2 to F1. In contrast, PFP increased with
increases in the level of irrigation at each fertilization level (Fig. 1C).

Response of fruit quality to irrigation and fertilization at different water and fertilizer input lev-
els. The effects of irrigation and fertilization on the total soluble solid (TSS), organic acid (OA) and lycopene
contents in the three consecutive growing seasons of the experiment are summarized in Fig. 2. The interactions
between irrigation and fertilization were an important factor for the OA and lycopene contents, and the individ-
ual factor of irrigation or fertilizer was significantly related to the TSS, OA and lycopene contents; however, there
was no significant interaction between irrigation and fertilization in relation to TSS content (Supplementary
Table S3). TSS contents also increased with increasing fertilizer levels, but this effect was not significantly different
between the treatment groups (Fig. 2A). The analysis indicates that a moderate water and high fertilizer (W2F1)
input resulted in a relatively high TSS content in both years (Supplementary Fig. S1).

The highest OA content was obtained from the W3F1 treatment, and the F1 treatments had a significantly
higher OA content than the F3 treatments in the three consecutive growing seasons (Fig. 2B). The mean OA con-
tent in the F1 treatment was 7.30% and 21.18% higher than in the F2 and F3 treatments, respectively. Conversely,
the mean OA content increased with reductions in the water supply (Supplementary Fig. S2).

In the three consecutive growing seasons, the lycopene content was significantly higher (p < 0.05) in the W3F1
treatment than in the other treatments (Fig. 2C), showing that a higher fertilizer application rate results in a
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Figure 1. Effects of irrigation and fertilization treatments on fruit yield (A), water use efficiency (WUE) (B)
and partial factor productivity (PFP) (C) in three consecutive growing seasons in 2012—2013. The treatments
are noted as W1, 100% ET; W2, 75% ET,; W3, 50% ET,; F1, N240—P,0,120—K,0150 kg ha; F2, N180—
P,0,90—K,0112.5kg ha~; and F3, N120—P,0,60—K,075 kg ha~!. Boxes show the 25th and 75th percentiles.
Lines in the boxes show the median values. Data are the means of nine replicates: three growing seasons and
three replications per treatment.

higher lycopene content. Under the same fertilization conditions, a higher lycopene content resulted from lower
levels of irrigation (Supplementary Fig. S3).

The effects of irrigation and fertilization on the soluble sugar content (SSC), vitamin C (VC) content, nitrate
concentration (NC) and the sugar/acid ratio (SAR) in the 2012, 2012—2013, and 2013 seasons are given in Fig. 3.
The SSC in the irrigation and fertilization treatments in the three consecutive growing seasons ranged from
2.19% to 3.59% (Fig. 3A), with the lowest levels recorded in the W1F3 treatment and the highest levels recorded
in the W3F1 treatment. A trend of increasing SSC with increasing rates of fertilizer application was observed
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Figure 2. Effects of different irrigation and fertilization treatments on total soluble solids (TSSs) (A), the
organic acid (OA) content (B) and the lycopene content (C) in fruit in three consecutive growing seasons in
2012—2013. Columns with the same letter represent values that are not significantly different at the 0.05 level
of probability according to the LSD test. Each value is the mean & SD (n=3). The treatments are noted as W1,
100% ETy; W2, 75% ET,; W3, 50% ET;; F1, N240—P,05120—K,0150 kg ha~'; F2, N180—P,0,90—K,0112.5kg
ha~%; and F3, N120—P,0,60—K,075kg ha~".

(Supplementary Fig. S4). The individual factors of irrigation or fertilization significantly affected the SSC, but
there was no significant interaction between irrigation and fertilization on the SSC (Supplementary Table S4).

The VC content in the tomatoes in the three consecutive growing seasons decreased significantly as the level
of irrigation increased (Fig. 3B). Mean VC contents ranged from 20.16 to 40.31 mg 100 g~*. The mean VC content
in the F1 treatment was 9.16%, 17.98% higher than in the F2 and F3 treatments, respectively. Conversely, the
mean VC content in the W1 treatment was 2.57%, 6.06% lower than in the W2 and W3 treatments, respectively
(Supplementary Fig. S5). The interactions between the irrigation and fertilizer treatments were important for the
VC content, and the individual factors of irrigation or fertilizer were very significant (p < 0.01) in relation to the
VC content in both years (Supplementary Table S4).

The NC values ranged from 32.80 to 70.13 mgkg ! in the three consecutive growing seasons under different
irrigation and fertilizer treatments (Fig. 3C). The highest mean NC was 64.3 mgkg™"! in the W3F1 treatment,
which was significantly higher (from 11.29% to 41.03%) than in the other treatments (Supplementary Fig. S6).
There was a significant effect of the interaction between irrigation and fertilization on the NC (Supplementary
Table S5).

There was no significant difference between the irrigation and fertilization treatments in the SARs in the 2012
and 2012—2013 seasons (Fig. 3D). The W2F1 treatment resulted in a relatively high mean SAR (Supplementary
Fig. S7). There was no significant effect of the interaction between irrigation and fertilization on SARs
(Supplementary Table S5).

Rankings of fruit quality based on a PCA. Based on all the collected data for the fruit quality parame-
ters in three consecutive growing seasons (Supplementary Table S6), it is theoretically possible to consider the
standardized values as variables representing fruit quality (Supplementary Table S7). A correlation matrix was
calculated from the standardized values (Supplementary Table S8). Then, the total variance explained by the
contribution rate (C,) and the accumulative contribution rate (AC,), based on eigenvalues, which was obtained by
PCA (Supplementary Table S9). In this analysis, two components were extracted from the matrix of fruit quality
parameters (Supplementary Table S10, Supplementary Fig. S8). The comprehensive quality rankings based on the
PCA are shown in Table 1; W2F1 was ranked first, followed by W3F1, and W1F3 was clearly last.
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Figure 3. Effects of different irrigation and fertilization treatments on the soluble sugar content (SSC), vitamin
C (VC) content, nitrate concentration (NC) and sugar/acid ratio (SAR) in fruit in three consecutive growing
seasons in 2012—2013. Columns with the same letter represent values that are not significantly different at the
0.05 level of probability according to the LSD test. Each value is the mean + SD (n = 3). The treatments are noted
as W1, 100% ET,; W2, 75% ETy; W3, 50% ET,; F1, N240—P,0,120—K,0150 kg ha~'; F2, N180—P,090—
K,0112.5kg ha~!; and F3, N120—P,0;60—K,075kg ha .

WIF1 0.305 0.708 1.014 4
WI1E2 —1.335 —0.304 —1.639 7
WIF3 —3.796 0.010 —3.786 9
W2F1 2.158 1.687 3.844 1
W2F2 0.090 —1.195 —1.105 6
W2F3 —2.227 —0.659 —2.886 8
W3F1 3.784 —1.023 2.761 2
W3EF2 1.662 —0.508 1.153 3
W3E3 —0.640 1.284 0.644 5

Table 1. The score and rank of the comprehensive tomato quality parameters calculated in a PCA
of all the treatments. The treatments are noted as W1, 100% ET; W2, 75% ET,; W3, 50% ET,; F1,
240N—120P,0,—150K,0 kg ha~'; F2, 180N—90P,0,—112.5K,0 kg ha~%; and F3, 120N—60P,0,—75K,0 kg
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Treatment Q Q, Q; Q Rank
WIF1 0.448 2.220 0.321 2.990 2
WI1F2 —1.435 1.335 —0.570 —0.670 5
WI1F3 —4.337 —0.185 0.025 —4.498 9
W2F1 2.294 1.152 1.506 4.951 1
W2F2 0.103 0.166 —1.262 —0.993 7
W2F3 —2.622 —0.855 —0.529 —4.006 8
W3F1 4.208 —0.811 —0.870 2.527 3
W3E2 2.027 —1.259 —0.267 0.501 4
W3F3 —1.762 —0.686 1.646 —0.801 6

Table 2. The score and rank of the comprehensive fruit yield and quality, WUE, and PFP values calculated

in a PCA of all the treatments. The treatments are noted as W1, 100% ET,; W2, 75% ET,; W3, 50% ET,; F1,
240N—120P,0,—150K,0 kg ha~'; F2, 180N—90P,0,—112.5K,0 kg ha~'; and F3, 120N—60P,0,—75K,0 kg
ha-L.

Rankings of WUE, PFP, and fruit yield and quality based ona PCA. The means of the original WUE,
PFP, and fruit yield and quality values were calculated for the three consecutive growing seasons in 2012—2013
(Supplementary Table S11). This value was then used in the following steps: (1) the data were converted to stand-
ardized values (Supplementary Table S12), (2) the correlation matrix was calculated using the standardized val-
ues (Supplementary Table S13), and (3) the total variance explained by C, and AC,, based on eigenvalues, was
obtained via a PCA (Supplementary Table S14). In this analysis, three components were extracted from the matrix
of fruit quality parameters (Supplementary Table S15, Supplementary Fig. S9). The comprehensive quality ranks
based on the PCA are shown in Table 2; W2F1 was the first, followed by W1F1, and W1F3 was clearly last.

Discussion

A systematic and quantitative analysis of the effects of irrigation and fertilization levels on tomato fruit yield
and quality, WUE, and PFP was performed using solar greenhouse experiments in three consecutive seasons.
We focused on tomatoes because of their global popularity as a vegetable and their characteristics as a healthy
food that is rich in vitamins, OAs, lycopene, antioxidants and essential amino acids?®-%*. During the analysis, we
emphasized fruit quality because of increasing consumer demand for high quality food with recent rapid eco-
nomic developments®”3!. The results of our study indicate that the interactions between irrigation and fertiliza-
tion significantly affect the yield, WUE, PFP and quality of tomatoes during the growing season.

Fruit yield and WUE were more sensitive to irrigation than to fertilization, and PFP was more sensitive to
fertilization than to irrigation. Both irrigation and fertilization are essential factors for tomato growth, and they
both influence fruit yield and quality!”3*3%. An inadequate irrigation rate could decrease tomato yields to some
extent while improving fruit quality**-*. Fertilization is important for tomato growth, and the proper amount of
fertilizer actively promotes improved tomato fruit quality®’. In this study, the highest yield was 95.8 tons ha™! in
the W1F1 treatment, which improved the fruit yield from 6.15% to 25.69% relative to the yields from the other
treatments. In addition, fruit size was significantly smaller when irrigation was stopped early, and a greater water
deficit during the beginning of the vegetative growth stage also reduced yield. The highest fruit yield was obtained
in the I,y X Nygy (1190, 100% ET,; N 59, 180kg nitrogen fertilizer ha™!) irrigation treatment due to the sufficient
level of irrigation and optimal fertigation, which also resulted in the highest fruit yield* 3> 3738, Tomatoes often
grow during the fruit enlargement period when their water and nutrient demands are high mainly because many
small green fruits are well maintained or do not enlarge under poor conditions with a water shortage. In solar
greenhouses, for example, the yield can more than double under full irrigation compared to yields under very
stressful conditions® .

The effects of irrigation and fertilization on WUE and PFP were evaluated at different water and fertilizer input
levels. WUE and PFP decreased significantly as the irrigation and fertilization levels increased over three con-
secutive seasons. However, WUE increased rapidly as the irrigation level decreased, until it reached 45.3kg m3,
which was similar to the change in PFP, which reached 305.8 kgkg™! when the fertilization input level decreased.
A high level of fertilization also improved the fruit yield in the irrigated treatment with 75% ET, (W2F1), whereas
the same level of irrigation had no or very little influence on fruit yields at lower levels of fertilization. The indi-
vidual factors of irrigation or fertilization and the interactions between the irrigation and fertilization treatments
were very significant (p < 0.001) for fruit yield, WUE and PFP. We can safely conclude that irrigation and fertili-
zation act synergistically in their effects on fruit yield, WUE and PFP, and therefore all must be analysed.

The TSS and OA contents were more sensitive to fertilization than to irrigation, but the changes in the VC
content showed an opposite effect. The interactions between the irrigation and fertilization treatments were sig-
nificant (p < 0.05) for OAs, lycopene, VC and NC. Lycopene and VC are two important antioxidants and repre-
sent the main nutritional qualities of tomatoes*® #!. In the three consecutive years, lycopene and VC contents were
significantly higher (p < 0.05) in the W2F1 and W3F1 treatments than in the other treatments (Figs 2 and 3),
indicating that fruit quality was improved by high fertilizer levels and a low irrigation rate. These results appear to
contradict the assumptions that greater water and fertilizer inputs increase fruit yields. Therefore, we should strive
for a balance between the supply and demand of water and fertilizer in modern management technology in solar
greenhouse grown tomatoes. As mentioned above, with rapid economic development, consumer demands for
higher quality food are increasing. Thus, we should not concentrate on only maximizing fruit yield to the neglect
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of fruit quality. In general, fruit yield and fruit quality cannot simultaneously reach their maximum values. In this
study, we used PCA methods to evaluate a comprehensive index of tomato production (fruit yield, fruit quality,
WUE, PFP), and we identified the optimal combination of irrigation and fertilization, which is the aim of agricul-
tural water and fertilizer management.

Moderate irrigation and high fertilizer levels (W2F1) resulted in the highest quality index scores relative to
the other treatments. The fruit yield of the W2F1 treatment was 10.54% lower than that of the W1F1 treatment,
and the WUE of the W2F1 treatment was 7.25% higher than that of the W1F1 treatment. Among the antioxi-
dant compounds in tomatoes, lycopene and VC are the most important*~**. In particular, the lycopene and VC
contents were significantly higher in the W2F1 treatment than in the W1F1 treatment. The overall scores for an
individual quality, yield, WUE or PFP attribute is determined by the number of individual quality, yield, WUE
and PFP attributes that are included. For example, although yield was the criterion with the greatest weight, the
overall weight of the WUE, PFP, TSS, SSC, lycopene, VC and OA attributes decreased the influence of yield when
all eight single-factor attributes were included. The comprehensive yield, WUE, PFP and quality index ranks
should be as consistent with the single-factor performance ranks as possible.

Full irrigation (100% ET,) and a high fertilizer level (N240—P,0,;120—K,0150kg ha™!) maximized the fruit
yield from solar greenhouse tomatoes when compared with plants cultivated at different water and fertilizer input
levels. However, a 75% ET, irrigation strategy could be adopted, especially in areas where water resources are
increasingly scarce, such as northwest China. In addition, the TSS, OA, lycopene, SSC, VC, NC and SAR values in
the W2F1 treatment were 1.44%, 3.70%, 26.87%, 8.15%, 17.68%, 7.81% and 3.13% higher, respectively, than in the
W1F1 treatment. Meanwhile, the W2F1 treatment resulted in a yield reduction that was less than proportional to
the water savings, and it improved fruit quality. Moreover, the significant positive correlation coefficient between
irrigation and fertilization shows that the rankings of the W2F1 treatment remained stable when the PCA method
was used to calculate the ranks of the individual fruit-quality parameters and when fruit yield and quality, WUE
and PFP were used. Indeed, previous studies have suggested that irrigation should be applied during the whole
growing season, even at a lower rate to reach satisfactory yields® 4.

The results of the present study indicate that the W2F1 treatment ranked first in both analyses (Tables 1 and 2)
after the combinational PCA evaluation. The analysis showed an obvious trade-off among the fruit yield, WUE,
PFP and fruit quality of the tomatoes. Hence, the W2F1 treatment (75% ET,, N240—P,0;120—K,0150kg ha™?)
represents the best water and fertilizer management plan for greenhouse tomato crops in northwest China.

Materials and Methods

Plant material and culture. Tomato (Solanum lycopersicum Mill., cv. Jinpeng 10°) plants were grown in
the greenhouse of the Key Laboratory of Agricultural Soil and Water Conservation Engineering in Arid Areas
(34°20'N, 108°04'E and altitude 521 m), Yang Ling County, Shaanxi Province, China. The atmospheric pressure,
temperature, light and photosynthetically active radiation (PAR), relative humidity and solar radiation inside the
greenhouse were recorded using an automatic weather station (HOBO event logger, USA), which was located
in the centre of the greenhouse (Fig. 4A). The greenhouse was oriented east-west, with an area of 570 m? (7.5m
in width and 76 m in length) at a height of 2.8 m (Fig. 4B). The soil in the solar greenhouse had a heavy loam
texture, according to the USDA texture classification system, and was derived from loess with a deep and even
soil profile. Two rows of tomato plants were transplanted on the bed top on 21-Mar, 3-Sep 2012 and 31-Mar
2013. Furrow-film mulch was cultivated using the local traditional planting patterns and calendars using tomato
ridging in a tube with a two-line layout, spaced 50 cm apart, with a 45-cm planting distance and 78 plants in each
experimental plot.

Experimental design and drip irrigation system. In this experiment, nine treatments were designed
with three different irrigation levels (W1: 100% ET,; W2: 75% ETy; W3: 50% ET,) and fertilizer levels (FI:
240N—120P,0,—150K,0 kg ha~%; F2: 180N—90P,0,—112.5K,0 kg ha~'; F3: 120N—60P,0,—75K,0 kg ha~!).
The experiment was organized using a randomized block design with three replicates; each plot was 6 m long and
3.75m wide (22.5m?) for each treatment (6 m X 3.75 m=22.5m?). There were nine ridged experimental plots,
which were divided by a water barrier sheet.

The drip line consisted of an inserted cylinder head drip irrigation pipe with an inner diameter of 8mm, a
drop head span of 30 cm, a head flow of 2Lh ™!, and a drip irrigation operating pressure of 0.3 MPa (Fig. 5).

Irrigation. The irrigation treatments were initiated using the surface drip irrigation system during trans-
planting, and 40 mm of water was provided. The irrigation treatments were based on the sum of reference crop
evapotranspiration (ET,) rates between two adjacent irrigation times. The FAO 56 Penman-Monteith method,
recommended as the standard method for estimating ET,, was used*’. Fernandez et al.*® reported that the fol-
lowing FAO 56 Penman-Monteith equation with a fixed aerodynamic resistance of 295sm™ can better estimate
daily ET, in a greenhouse:

0.48A(R, — G) + (628 / (T + 273))(e, — ¢,)
A + 628y (1)

ET, =

where R,, is the net radiation (M] m~2d™1), G is the soil heat flux (M] m~=2d™!), A is the slope of the saturated
vapour pressure curve (kPa°C™!), v is the psychometric constant (kPa°C™), e is the saturation vapour pressure
(kPa), e, is the actual vapour pressure (kPa), and e, — e, (VPD) is the vapour pressure deficit (kPa). The calculation
procedures for the parameters R,, G, e, e,, A, v and T are described in the FAO 56 guidelines*”#->!. The average
daily environmental conditions at different growth stages of the tomatoes inside the greenhouse, the seasonal
variation of the daily ET) calculated using equation (1), and the sum of ET in different growth stages are shown
in Table 3.
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2800 mm
*

Figure 4. Photograph of the automatic weather station located in the greenhouses (A), and a schematic
diagram of the arrangement of the greenhouse system (B).
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Figure 5. A drip irrigation system consisting of a rotor metre, check valve, drip fertigation equipment, drip
irrigation tubing, ball valve, and drip irrigation pipe.

Fertilizer. A hydraulic proportional pump was used to determine precisely how much fertilizer to apply. Drip
fertigation was performed with a fertilizer composed of urea (46% N), diammonium phosphate (44% P,O5) and
potassium chloride (60% K,O) that was applied five times (at the recovering stage, blossoming and fruit-bearing
stage, first fruit enlargement period, second fruit enlargement period and third fruit enlargement period) at a fer-
tilization ratio of 1:1:2:2:2. The water metre and hydraulic proportional fertilization pump accurately controlled
the irrigation water and fertilizer application. Drip irrigation fertilization treatments were performed during the
reproductive period for water irrigation and fertilization (Table 3).

Soil Water Balance. Crop evapotranspiration (ET,) was calculated using the water balance method by mon-
itoring the change in the soil water content over a period of time. ET, was estimated using the following water
balance equation®

ET.=1—-AS—R—-D @)

where ET. is the crop water consumption (mm); I is the amount of irrigation water (mm); AS is the change in
soil water storage (mm) before sowing and after harvest, which was measured gravimetrically; the depth interval
spacing was 10 cm; R is the run-off (mm); and D is the drainage (mm). There was no precipitation in the green-
house and no surface runoff from the plots because all furrows were blocked and the surface runoff was negli-
gible; therefore, R = 0. Non-weighting, percolation-type lysimeters (1-mm-thick steel) that were 1.0 m long and
1.2m wide were installed 0.6 m beneath the bottom of the furrow to collect drainage water. However, no drainage
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Recovering
stage (21-Mar- | 99.35 15.86 73.59 0.75 48.40 40.00 40.00 40.00 63.75 47.81 31.88
11-Apr)

Blossoming
and bearing
fruits stage 115.69 |21.70 74.09 0.89 35.60 35.60 26.70 17.80 63.75 47.81 31.88
(12-Apr-23-
Apr)

First fruit
enlargement
period 135.68 |21.44 82.71 1.06 47.20 47.20 35.40 23.60 127.50 |95.63 63.75
2012 (24-Apr-15-
May)

Second fruit
enlargement
period 13232 |21.58 |80.57 |1.22 3190 |31.90 |23.93 15.95 127.50 |95.63 |63.75
(16-May-28-
May)

Third fruit
enlargement
period
(29-May-7-Jul)

Entire season 136.30 | 21.67 76.68 1.17 270.40 |262.00 |206.50 |151.00 |510.00 |382.50 |255.00

163.51 |24.86 74.49 1.51 107.30 | 107.30 | 80.48 53.65 127.50 |95.63 63.75

Recovering
stage (3-Sep- 120.40 |19.32 | 7235 |1.03 54.60 |40.00 |40.00 |40.00 |63.75 |47.81 |31.88
26-Sep)

Blossoming
and bearing
fruits stage 106.57 |18.25 |81.26 |0.61 2592 [25.92 |19.44 |1296 |63.75 |47.81 |31.88
(27-Sep-12-
Oct)

First fruit
enlargement
period 90.27 |17.55 |7536 |0.48 2376 2376 |17.82 |11.88 |127.50 |95.63 |63.75

2012-2013 (13-Oct-31-
Oct)

Second fruit
enlargement
period (1-Nov-
22-Nov)

Third fruit
enlargement
period 74.85 15.98 78.88 0.44 104.53 | 104.53 | 78.40 52.27 127.50 |95.63 63.75
(23-Nov-12-
Feb)

Entire season 89.83 17.20 78.35 0.57 237.41 |222.81 |177.11 |131.41 |510.00 |382.50 |255.00

78.65 16.65 84.01 0.40 28.60 28.60 21.45 14.30 127.50 | 95.63 63.75

Recovering
stage (31-Mar- | 8529 |17.42 |68.74 |0.68 30.30 |40.00 |40.00 |40.00 |63.75 |47.81 |31.88
15-Apr)

Blossoming
and bearing
fruits stage 108.95 |19.26 72.69 0.85 27.10 27.10 20.33 13.55 63.75 47.81 31.88
(16-Apr-25-
Apr)

First fruit
enlargement
period 129.65 2239 |76.41 |0.95 48.70 | 48.70 |36.53 |24.35 127.50 |95.63 |63.75
(26-Apr-14-
2013 May)

Second fruit
enlargement
period 133.58 |22.33 83.79 1.18 45.50 45.50 34.13 22.75 127.50 |95.63 63.75
(15-May-30-
May)

Third fruit
enlargement
period 158.68 |26.21 76.21 1.42 118.50 |118.50 |88.88 59.25 127.50 |95.63 63.75
(31-May-15-
Jul)

Entire season 134.37 |23.00 76.07 1.14 270.10 |279.80 |219.85 |159.90 |510.00 |382.50 |255.00

Table 3. Average daily environmental parameters recorded at different growth stages of tomatoes inside the
greenhouse. R is the solar radiation, T, is the air temperature, RH is the relative humidity, VPD is the vapour
pressure deficit, ET), is the reference evapotranspiration; irrigation treatments (W1, W2 and W3); fertilizer
treatments (F1, F2 and F3).
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was observed from the lysimeters in each of the plots; thus, D=0. The overall soil water balance in two consecu-
tive years is shown in Table 3.

Measurement of fruit yield, WUE and fertilizer PFP. Ripe tomatoes were harvested, and the total fresh
tomato yield from all plants in each plot was measured at each harvesting. The fruit yield was measured through-
out the crop. The fruits were harvested twice a week for a period of nine weeks and determined based on elec-
tronic weighing.

The WUE (in kg m~*) was determined using the following equation®>:

WUE = Y/ET, x 0.1 3)

where Y is the total fruit yield (kg ha™!), and ET. is the crop water consumption (mm).
The PEP of the fertilizer (in kg kg™!) was determined using the following equation®>*>’.

PFP = Y/F (4)

where Y is the total fruit yield (kg ha™?), and F is the fertilizer applied (kg ha™!), i.e., the sum of nitrogen, phos-
phate and potassium fertilizer applied during each crop-growing season.

Measurement of fruit quality. The fruit quality was measured during the third fruit enlargement period.
For each measurement, five fruits of similar size and maturity and with no external defects were chosen from
each plot. The vitamin C (VC) content was measured using the molybdenum blue colorimetric method*®, and
the anthrone and sulfuric acid colorimetric methods were used to determine the soluble sugar content (SSC)>* .
The total soluble solid (TSS) content was measured using a digital refractometer (Link Co. Ltd., Taiwan, China),
the nitrate concentration (NC) was measured using ultraviolet-spectrophotometry, lycopene was measured using
ultraviolet-visible light spectrophotometry®!, and the amount of organic acid (OA) was determined via titration
with NaOH (0.1 mol L™!)%% The sugar-acid ratio (SAR) was calculated as the SSC divided by the OA content.

Statistical analysis. An analysis of variance was conducted on the fruit yield, WUE, PFP, SSC, TSS, NC,
lycopene, VC, OA and SAR using a two—way analysis of variance (GLM procedure in SAS version 9.2, SAS
Institute Ltd., North Carolina, USA). Tukey’s HSD multiple range test results were considered significant at
p<0.05.

PCA of the yield, WUE, PFP and fruit quality of greenhouse tomatoes. PCA is the general name
for a technique that uses sophisticated underlying mathematical principles to transform a number of possibly
correlated variables into a smaller number of variables called principal components®*-°. The process for the anal-
ysis is as follows:

I) Select sample parameters. Normalization seeks to obtain comparable scales, which allow for attribute com-
parisons. The dimensionality reduction approach involves minimizing the squared errors via a vector coordinate
transformation, and the measurement data are defined based on the following equation:

Xy X oo Xy,

X = Xo Xy o Xy,

Xy X an (5)
where 7 is the measured value of the sample number (i.e., yield of tomato fruit, WUE, PFP and fruit quality in this
study), and p is the variable number.

IT) Sample parameters are converted to standardized values. It is convenient to standardize the sample with
the following equation:

i=1,2,..,mj=1,2...,p
(6)

g

wherex, = - X 512 ! %, and 7 is the measured value of the sample number.

I1I) The correlation matrix is calculated fér the different irrigation and fertilization treatments and is defined
based on the following equation:

i Ny = 1y
hy Ty = B
R=|7 7 i
Tor Tpa " Tpp (7)

where r;; is the correlation coefficient of the original variable, r;;=1;, and r; is given by the following equation:
S - D) - )
(S =~ TP Sy - X ®)
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IV) The eigenvalues of the R values and the eigenvectors for each sample number are calculated. A Jacobi
iteration is used to determine the eigenvalues, as defined in the following equation:

[AE = R[ =0 ©)

where ) is the eigenvalue, E is the identity matrix and R is the correlation matrix. Next, these eigenvalues are sized
downas A\; >\, > ... >\, >0, and the respective eigenvector ¢; (i=1,2, ...... ) solved for:
2
el =1 > e =1
1

P
=
where e; is the j-th component of ;.

V) The contribution rate (C,) and accumulative contribution rate (AC,), with eigenvalues, are calculated using

the following equations:

r

A,
L (i=1,2,--p)
2P Ak (10)

DY
C :M(izl,z,...,

r

)
2 g (11)

From the calculation results, the principal components corresponding to the characteristic value were greater
than 1. The sample number of the principal components was selected as #; then, the factor of the former t was used
as the corresponding data object associated with the component matrix S;, S,, -, S,.

VI) The mathematical model is established based on the PCA, as defined in the following equation:

Q = SiXy + SpX, + - 4+ 5K,

Q = $Xi + X, + o+ 85X,
Qt == SﬂXI + St2X2 + + StPXP (12)
where S;;, S, ..., S (i=1, 2, ..., t) are the eigenvectors corresponding to the principal components, and X;, X, ...,

X, are the standardized values, the value of which is converted based on the sample parameters.
VII) The evaluation process is determined based on the comprehensive evaluation index (F). The F value is
defined by the following equation:

Q=XAQ + 2Q + ... + AQ (13)

where A}, A, ... A are the characteristic values corresponding to the principal components, and Q, Q,, ..., Q, are
the evaluation values of the different irrigation and fertilization treatments. A higher comprehensive evaluation
index indicates a better treatment.

Conclusions

A scientific irrigation schedule should involve a compromise that comprehensively considers the effects of water
stress on not only the yield and fruit quality but also the water conservation capacity. Similarly, an optimal fer-
tilizer application level should aim to improve fruit yield and quality, as well as minimize fertilizer waste. The
synergism and interaction of irrigation and fertilization are very important for solar greenhouse crop water and
fertilizer management. The proper application of drip fertigation (W2F1) may help to obtain a good compromise
among the yield, WUE, PFP and fruit quality of solar greenhouse tomatoes, improving fruit quality and saving
large amounts of water. This is particularly important in arid and semiarid areas, such as that of the present
experiment, where water scarcity is an increasing concern and water costs are continuously rising. In addition,
the tomatoes produced in the W2F1 treatment could be of great benefit to human health because of their higher
OA, lycopene and VC contents.

Regardless of the research achievements and promotional activities regarding greenhouse management,
traditional methods of frequent watering and heavy fertilizer use remain common practice, and considerable
efforts will have to be made to achieve the widespread application of water and fertilizer conservation. The W2F1
treatment is recommended because it increased the WUE and lycopene and VC contents by 7.25%, 26.87% and
17.68%, respectively, compared with the W1F1 (irrigation, 100% ET,; fertilization, N240—P,05120—K,0150kg
ha™!) treatment. Moreover, the W2F1 treatment ranked first after both analyses in the combinational evaluation:
first when the PCA methods were used to comprehensively evaluate tomato fruit quality to determine the best
water and fertilizer treatment and second when the comprehensive analysis included the tomato fruit yield and
quality, WUE and PFP.

The present method sheds light on the contributions of these practices, clarifies their impacts, and provides
a basis on which to evaluate and select better management practices in greenhouses. These results have major
implications for improving the management of water and fertilizer inputs to solar greenhouse crops and imple-
menting reasonable drip fertigation systems in northwest China and other parts of the world. Additionally, the
optimization result from this study can be scheduled before sowing. In the future, we will focus on the levels of
irrigation and fertilization, including more graded levels to better estimate the input rate of the W2F1 treatment.
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