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ABSTRACT

A study was conducted under a high tunnel during the
spring season of 2014 at the University of Wyoming
Research and Extension Center located in Powell, WY,
USA, to investigate the effect of nitrogen (N) fertilization
on growth, yield, and quality of spinach. Four N
fertilization rates (56, 112, 168 and 224 kg N ha as urea)
were used in a completely randomized design with three
replications. Eight weeks after planting, the spinach were
harvested. The results indicated that increasing N
fertilization rates up to 224 kg N ha’ increased plant
growth (fresh and dry plant weight, leaf area and leaf area
index) and yield (fresh and dry weight as ton ha™).
Increasing N fertilization rates significantly decreased
spinach quality parameters (moisture and dry matter
contents and nitrate content). The nitrogen utilization and
use efficiency were decreased significantly with increasing
N fertilization rates. Increasing N fertilization rates
generally increased the spinach content of N, P, K, Fe, and
Cu and decreased the contents of Mn, and did not affect
the contents of S, Ca, Mg, and Zn. The results suggest that
increasing N fertilization rates up to 224 kg N ha™ under a
high tunnel conditions has positive effects on spinach yield
and adverse effect on spinach quality.

Keywords: Spinacia oleracea L., N fertilization, hoop
houses, N uptake and N use efficiency, mineral content.

INTRODUCTION

Spinach (Spinacia oleracea L.) is one of the major
leafy vegetables, which is widely cultivated in spring,
autumn, and winter seasons. Spinach is a good source of
vitamins A, B1, B2, and C, as well as minerals such as
calcium, iron, and magnesium (Kawazu et al., 2003).
The global planting area for spinach is reported to reach
893,494 ha with 14,044,816 tons of spinach production
in 2007 (FAO Statistical Yearbook, 2008).

High tunnels, also referred to as hoop houses, are
simple plastic-covered and passive solar-heated
structures in which crops are grown in the ground or in
raised beds. They have become an important tool in
commercial vegetable and small fruit production in the
Midwest USA

(http://www.extension.iastate.edu/agdm/crops/pdf/al-

23.pdf), and have become increasingly popular in
locations such as Wyoming, USA where they are used
as a method to protect tender plants from unpredictable
early and late weather-related risks (frost days, wind,
and hail) (http://www.wyomingextension.org).
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Additionally, producers are able to double the length of
the growing season for the production of a wide variety
of specialty crops (Bachmann, 2005). Usually, high
tunnels are wunheated structures for producing
vegetables beyond the normal growing season (Gent,
1991; Wells, 1996). The environment variations under
these structures are wider as compared to the
heated/cooled greenhouses. This may have serious
consequences on crop production due to the response of
plants to such variations. For example, when tomatoes
are planted in high tunnels too early in the spring, the
plants develop severe nutrient deficiency due to cold
soil (Gent, 1992), evidencing the need for a better
understanding of factors affecting crop production in
protected environments.

Nitrogen (N) is one of the most important nutrients
limiting plant growth (Mengel and Kirkby, 1987),
which is evidenced by its high demand for vegetable
production. Although the application of N fertilizer can
improve the yield of leafy vegetables, its oversupply
may cause economic loss and environmental
degradation as well as a reduction in food quality
(Mozafar, 1993; Peng et al., 1996; Darwish et al. 2006;
Zhang et al. 2012). In addition, the over use of N could
also increase nitrate concentration in spinach, which
may be noxious to both animals and humans (Citak and
Sonmez, 2010) as it could lead to the production of
potentially  carcinogenic compounds called N-
nitrosamines (van Velzen et al., 2008). The high intake
of nitrate through drinking water and food may cause a
number of health problems, such as gastrointestinal
cancer and methaemoglobinaemia (Bruning-Fann and
Kaneene, 1993a, 1993b). Certain vegetables tend to
accumulate more nitrates (NO; ) than others due to a
very efficient uptake system, an inefficient reductive
system, or an unfavorable combination of both
(Maynard et al., 1976). For instance, spinach is listed as
being nitrate accumulator (Maynard et al., 1976). This
is confirmed by the National Food Administration
(NFA) of Sweden, which categorizes vegetable crops
based on their nitrate concentration as high (>1000 mg
kg'; fresh lettuce and spinach), intermediate (350 -
1000 mg kg'l; Chinese cabbage, iceberg lettuce, leek,
beetroot, and white cabbage), and low (< 350 mg kg™;
broccoli, cucumbers, carrot, cauliflower, potato, and
tomato). Because of its high nitrate accumulation
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capacity, spinach is of interest from the perspective of
human health.

Consumption of vegetables, together with drinking
water, is one of the main sources of dietary nitrate
(NO3) intake (Speijers, 1998; Santamaria et al., 1999).
Alone, our consumption of vegetables represents about
75% of our dietary nitrate intake (Forman et al., 1985;
MAFF, 1987). The highest nitrate levels in crops have
been found in leafy vegetables, with about 500-1000
mg NO; kg™ of fresh leaves (Karlowski, 1990). These
levels are above the reference intake of 420 mg per day
for a 60 kg person (7.0 mg kg' body weight)
established by the US-Environmental Protection
Agency (Liu et al., 2014) and far above the reference
daily intake of 222 mg (3.7 mg kg' body weight)
established by the World Health Organization.
Reducing such nitrate levels is highly recommended for
human health. Maximum admissible levels of nitrate in
leafy vegetables have been set up by European
authorities (European Commission, 2002) at 2500 and
3000 mg NO;kg' for fresh summer and winter
spinach, respectively.

Correct N fertilization rates under high tunnels
conditions are extremely important since they will
ensure an optimum level of yield and quality while
maintaining a balance in the agroecosystem. Nitrogen
fertilizer application rates are often difficult to
determine because of soil moisture (leaching),
decomposition (e.g.: denitrification), and volatilization,
which is also influenced by the presence of N and its
mobility in the soil (Montemurro et al., 2007b). As
suggested by Montemurro et al.,, (2007a), our
understanding of soil factors, crop N requirement, N
uptake, and N utilization efficiency may help to
minimize uncertainties associated with such a complex
system. This would allow for the development of
strategies to maximize the yield response to N fertilizer.
Enhancing the N uptake efficiency of horticultural crops
is possible but wide variation have been reported due to
either differences in environmental conditions or
differences in the yield response to N fertilizer (Novoa
and Loomis, 1981). As a result, an efficient use of N is
a critical goal in horticultural crop production
management.

The objectives of this study were to (a) evaluate the
effects of nitrogen fertilization rates on growth, yield,
and quality of spinach grown under high tunnels, and
(b) determine the nitrogen efficiency of spinach grown
under high tunnels.

MATERIALS AND METHODS
During 2014 growing season, Spinach (Spinacia
oleracea L., cv. ‘Bloomsdale Savoy’) seeds were
manually sown on April 16™ in the soil of an unheated
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high tunnel located at the University of Wyoming
Research and Extension Center (44° 45° lat. N, 108"
450 long. W, and 1333 m above sea level), Powell,
WY, USA. The high tunnel (7.3%x19.5x2.5 m) was
constructed of PVC hoops covered with a single layer
of SOLARIG™ 140 woven polyethylene film. Large
doors located at each end and windows powered by an
automated system which were used for ventilation
when the inside air temperature reached 24°C. The
maximum and minimum air temperature and mean
relative humidity inside and outside the high tunnel
used in the study were 41.2°C, -0.8°C, 54.3%, 32.5°C, -
1.3°C, and 55.9%, respectively.

The soil in the high tunnel was characterized as
loamy (sand 37%, silt 36% and clay 27%) with slightly
alkaline reaction (pH 7.9), EC of 1.94 dSm™ and
containing 1.6% organic matter, 55.5 ppm nitrate
nitrogen, 42 ppm available phosphorus and 595 ppm
available potassium. An organic compost was mixed
into the soil at depth of about 15 ¢cm at a 1:3 ratio. The
analysis of the compost was 48.08% moisture, 34.4:1
C:N ratio, 9.01 pH, EC of 13.68 dSm™, 1.09% total
nitrogen, 0.33% total phosphorus and 1.51% total
potassium.

The experiment was set in a completely randomized
design with three replications. The N fertilization rates
were 56, 112, 168 and 224 kg N ha™ as urea (46-0-0).
The N fertilization was top-dressed on two applications
after 38 and 51 days from planting. The plants were
drip irrigated and fertilized by topdressing with 84 and
56 kg ha of P,0s as monoammonium phosphate (11-
52-0) and K,O as potassium sulfate (0-0-46),
respectively after 38 days from planting. Each plot was
1.5 x 3 m and the spinach was planted in rows spaced
30 cm apart at the rate of 10 seeds per 30 cm

A 0.3 m* area from the middle of each plot was
harvested 56 days after planting and weighed. The leaf
area index (LAI) was derived from the leaf area of one
plant obtained with a LI-3100 Area Meter (LI-COR;
Lincoln, NE - USA). Plant samples were collected,
washed with tap water then by distilled water and were
oven dried for 48 h at 65°C to determine their dry
weight. The plant fresh, dry weight, the moisture
content, and dry matter content of plant were
calculated. The yields (fresh and dry matter weights in t
ha') were also calculated. The oven-dried plant
samples were analyzed for total P, K, S, Ca, Mg, Fe,
Zn, Cu and Mn contents according toCampbell and
Plank (1991); Kovar (2003) and Wolf et al. (2003).
Furthermore, the determination of total N (Gavlak et
al., 1996) and nitrate (Lachat Instruments, 1992)
contents were carried out, allowing the calculation of
total N uptake (N content X dry matter yield). On the
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basis of these measurements and according to
procedures from Delogu et al., (1998), Lopez-Bellido et
al., (2005), and Montemurro et al., (2006), the N
utilization efficiency (NUtE; ratio of dry matter yield to
N uptake, in kg kg') and the N use efficiency (NUSE;
ratio of dry matter yield to N applied, in kg kg™) were
calculated.

The obtained data were subjected to analysis of
variance using the PROC GLM procedure of SAS (SAS
Institute, Inc., 2002). The Least significant difference
(LSD) test at alpha = 0.05 level of significance was used
to separate mean differences (SAS Institute, Inc., 2002).
Regression analyses were conducted with SigmaPlot
(Systat Software Inc., San Jose, CA).

RESULTS AND DISCUSSIONS
Effect of N fertilization on growth of spinach

Increasing N fertilization rates significantly (p <
0.01) increased plant fresh weightin general but there
were no significant differences on plant fresh weight
when 112 and 168 kg N ha™ were used (Table 1). Also,
increasing N fertilization rates significantly (p < 0.05)
increased plant dry weight but no significant differences
were observed in plant dry weight when comparing the
effects of N rates 56 and 112, 112 and 168, and 168 and
224 kg N ha'. The relative increases in plant fresh
weight with increasing N fertilization rates were 63.5,
104.7, and 164.8 % at 112, 168, and 224 kg N ha™,
respectively as compared to that of the lowest N
fertilization rate (56 kg N ha™). On the other hand, the
relative increases in plant dry weight were 7.5, 36.2 and
55.2 % at 112, 168, and 224 kg N ha™, respectively as
compared to that of the lowest N rate (56 kg N ha™).

Significant differences (p < 0.01) in leaf area were
recorded with increasing N fertilization rates. However,
N rates of 112 and 168 kg N ha" provided similar leaf
area (Table 1). The relative increases in leaf area with
increasing N fertilization rates were 49.7, 69.1, and
119.1 % at 112, 168, and 224 kg N ha™', respectively as
compared to that produced by 56 kg N ha'. The
biomass accumulation has been increased, with
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increasing nitrogen fertilization rate, mainly due to the
increase in leaf area.

Increasing N fertilization rates significantly (p <
0.01) increased leaf area index (Table 1) from 1.26 m’
m™? with N rate of 56 kg N ha™' to 4.06 m* m? at the
highest N rate of 224 kg N ha™' while no differences
between values of LAI were observed at N rates of 112
and 168 kg N ha™'. The relative increases in leaf area
index with increasing N fertilization rates were 93.4,
127.0, and 222.0 % at rates of 112, 168, and 224 kg N
ha™, respectively as compared to that of 56 kg N ha™.
Similar results were obtained by Zhang et al. (2014)
who found that increasing nitrogen fertilizer rates
increased leaf number, leaf area, plant height, and total
above ground biomass of spinach. Kavvadias et al.
(2013) found that nitrogen application had significant
and positive effects on height and fresh- and dry-matter
accumulation in spinach. Gutiérrez-Rodriguez et al.
(2013) reported that the total mass, leaf area and dry
weight were correlated with changes in total N.

Effect of N fertilization on yield of spinach

Increasing N fertilization rates significantly (p <
0.01) increased fresh yield of spinach (Table 2 and
Figure 1), but there were no significant differences
between 112 and 168 kg N ha' rates. The relative
increase in fresh yield with increasing N fertilization
rates were 115.4, 174.1, and 293.5 % at 112, 168, and
224 kg N ha™', respectively as compared to that of 56 kg
N ha. The dry yield of spinach increased significantly
(p < 0.01) with increasing N fertilization rate (Table 2
and Figure 2), but there were no significant differences
between 56 and 112 kg N ha™' rates and between 112
and 168 kg N ha rates. The relative increases in dry
yield with increasing N fertilization rates were 39.4,
81.8, and 128.9 % at rates of 112, 168, and 224 kg N
ha™, respectively as compared to that of 56 kg N ha™.

It is clear in this study that the fresh yield of spinach
is strongly influenced by the rate of N fertilizer applied.
Thus, increasing application of N fertilization up to 224
kg N ha' significantly (p < 0.01) increased the fresh
and dry yield of spinach.

Table 1. Effect of nitrogen fertilization rates on growth of spinach under high tunnel

conditions
. . -1
x;rlovglt::_ll;ates FI; :;Et weight (g plar;)tr; Leaf area (cm” plant™) (mLZI?nI_z)
56 31.39¢ 393 ¢ 354.1c¢ 1.26 ¢
112 51.31b 4.22 be 530.2b 244 b
168 64.28 b 5.35ab 598.8b 2.86b
224 83.14 a 6.10 a 7759 a 4.06 a

"Within column, means with the same letter are not significantly different according to LSD comparison at the P < 0.05 probability

level.
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Table 2. Effects of nitrogen rates on yield, moisture, dry matter, and nitrate content of

spinach
Nitrogen rates Fresh Yield Dry Yield Plant Moisture Plant Dry Matter NOs-N
(kg N ha™) (tha™) (%) (mg kg™
56 10.55¢" 1.39¢ 86.86 b 1247 a 268 ¢
112 22.73b 1.94 be 91.30a 832D 3888 b
168 28.92b 2.52b 91.27a 835D 3187b
224 4151 a 3.18a 9233 a 7.35b 11294 a

*Within column, means with the same letter are not significantly different according to LSD comparison at the P < 0.05 probability
level.
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Fig. 1. The relation between N fertilization rates and the fresh yields of spinach grown
under high tunnel conditions (vertical lines are standard deviation)

4 —
y=0.0106x+ 0.7668
3 R2 =0.9984
'_‘/'\
E:
T 2
%
1 .
0

0 56 112 168 224

N fertilization rate (Kg N ha” 1)

Fig. 2. The relation between N fertilization rates and the dry yields of spinach under high
tunnel conditions (vertical lines are standard deviation)
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Wang and Li (2004) found that application of
ammonium chloride, ammonium nitrate, sodium nitrate,
and urea significantly increased the yield of Peking
cabbage and spinach. They reported that the vegetable
yields were not increased continuously with increasing
N application rate and an excess input of N fertilizer,
more or less, reduced plant growth thereby leading to
yield decline for the earlier harvests. Zhang et al (2014)
reported that spinach yields were higher when grown
under the condition of soil water content of 16.5%
combined with 170 kg ha of nitrogen fertilizer.

Effect of N fertilization rates on quality of spinach

Table 2 showed significant differences (p < 0.01) in
plant moisture content with increasing N fertilization
rates. These differences, however, occurred between the
lowest N rate and the other N rates, since there were no
significant differences between moisture content in
plants grown with 112, 168, and 224 kg N ha rates.
The opposite was observed for dry matter, which
showed significant differences (p < 0.01) with
increasing N fertilization rates (Table 2) between the
lowest N rate and the other rates but no significant
differences were observed between 112, 168, and 224
kg N ha™ rates. It has been reported that the dry matter
of spinach is influenced by genetic, environmental, and
agronomic factors such as N supply, which has been

shown that it adversely affects this parameter (Muller
and Hippe, 1987; Elia et al., 1998; Gruda, 2005).

Increasing N fertilization rates significantly (p <
0.01) increased NO;™ content of spinach plants (Table 2
and Figure 3). The highest N fertilization rate (224 kg N
ha) showed the highest NO;™ concentration (11294 mg
kg™), confirming that N fertilization strongly affects the
concentration of NOj in the tissue of leafy vegetables
(Elia et al., 1998; Santamaria, 2006). The nitrate
concentrations in spinach plants were positively
correlated with N fertilization rates, where the Pearson’s
coefficient of correlation (r) of 0.86 was significant at =
0.1%, indicating that the addition of N fertilizer was the
major cause for nitrate accumulation in spinach. While
N is a key input to increase spinach yield, the dilemma
is that nitrate content increases with increasing N-
fertilization and therefore N-content. Therefore,
maximum spinach yield cannot be achieved without
increasing its nitrate content, which is considered a
quality-depressing factor (Bassioni et al. 1980) due to
its potential effect on human health. In our study, except
for the low N rate (56 kg N ha™'), nitrate content of
spinach exceeded by far the recommended limit of 3000
mg NO; kg for fresh winter spinach at harvest (Table
2) imposed by the Regulation of European Commission
(EC) No 563/2002.

14 -
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y=0.0578x - 3.4345
~ 10 R2=10.7934
'an
%)
20 g
|5
S 6-
S
Z 4
2 .
0
0 56

112 168 224

N fertilization rate (Kg N ha” 1)

Fig. 3. The relation between N fertilization rates and nitrate content of spinach under high
tunnel conditions (vertical lines are standard deviation)
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Our results are confirmed by research results in
environments where this limit is exceeded in both
winter and summer spinach cultivation when a high N
fertilization occurs (Kaminishi and Kita, 2006). Similar
results were found by Gutiérrez-Rodriguez et al. (2013)
who reported a gain in leaf nitrate as the total N supply
increased. Mondal and Nad (2012) reported that NO5-N
was increased with increasing N levels but was reduced
with phosphorus and sulfur applications and also with
advancement in growth.

The high nitrate concentration in spinach may be
avoided by delaying the second application of N
fertilization to five days before harvest. Applying
nitrogen once at the beginning of the cropping cycle is
effective at controlling nitrate accumulation, since the
plant and soil nitrate concentrations decrease as plants
reach a marketable size (Vieira et al., 1998). Some
researchers have suggested that the nitrate concentration
of leafy vegetables can be lowered to an edible level
when harvested within 7 to 8 days after N fertilization
(Ren et al., 1997).

Nitrogen uptake and utilization efficiency of spinach

Increasing N fertilization rates significantly
(p < 0.01) increased the total nitrogen content of
spinach (Table 3). The highest total nitrogen content
was observed with N rate of 224 kg N ha™ (6 g 100g™),
but there were no significant differences between 112
and 168 kg N ha™' rates. The N uptake was increased
significantly (p < 0.01) with increasing N fertilization
rate but there were no significant differences between N
rates of 112 and 168 kg N ha'. As compared to 56 kg N
ha™', the relative increases in N uptake with increasing
N fertilization rates were 134, 166, and 353 % at 112,
168, and 224 kg N ha™, respectively (Table 3).

Muchow (1998) indicated that maximizing N
efficiency parameters requires knowledge of the
maximum N requirements for a given yield level, which
in turn depends on yield expectation, environmental
conditions, management, and cultivars. Our results
showed that increasing N fertilizer rates significantly
decreased (p < 0.01) NUtE and NUSE (Table 3).
However, our results showed a higher spinach
efficiency in terms of yield when a lower N fertilizer
rate (56 kg N ha™) was applied. These findings are in
agreement with those observed by Canali et al. (2011)
and Zhang et al. (2014).

It has been reported that increases in N fertilizer rate
could lead to increased nitrogen accumulation in
spinach and decreased NUtE and NUSE. Nitrogen can
be lost through nitrate leaching, denitrification, and
ammonia volatilization. Nitrate leaching is the main
process through which loss of nitrogen fertilizers
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occurs. Nitrate leaching losses from soil into water not
only reduces soil fertility, but also poses a threat to
human health and the environment (Cameron et al.,
2013). Reducing nitrate leaching and enhancing NUE
are major goals in the development of sustainable
agricultural systems. It has been revealed that there is a
strong relationship between nitrate leaching and
nitrogen fertilizer applications. Therefore, it is
necessary to improve nitrogen uptake by plants in order
to reduce nitrate leaching (Hu et al., 2010; Min et al.,
2011).

Effect of N on minerals content of spinach

The results of the mineral contents in the spinach
(Table 4) showed that increasing N fertilization rate
generally increased phosphorous content of spinach, but
there were no significant differences between N rates;
112 and 224 kg N ha and between 56, 112 and 168 kg
N ha" on phosphorous content. The potassium content
generally increased with increasing N fertilization rate,
but there were no significant differences between N
rates of 112 and 224 kg N ha and between 112 and
168 kg N ha' on potassium content in spinach. The
highest value of iron content was recorded with N rate
of 112 kg N ha', but there were no significant
differences between 112, 168 and 224 kg N ha™ on iron
content in spinach. The manganese content generally
decreased with increasing N fertilization rate but there
were no significant differences between 112, 168 and
224 kg N ha' rates on manganese content in spinach.
The copper content generally increased with increasing
N fertilization rate, but there were no significant
differences between N rates of 56 and 168 kg N ha' and
between 112, 168 and 224 kg N ha™ on copper content
in spinach. Nitrogen fertilization rates had no significant
effect on sulfur, calcium, magnesium and zinc contents
in spinach (Table 4).

The Pearson’s coefficients of correlation between N
fertilization rates and phosphorous, potassium, sulfur,
calcium, magnesium, iron, zinc, manganese and copper
contents in spinach were 0.54, 0.78, 0.32, 0.64, 0.07, -
0.34, 0.52, -0.82 and 0.58, respectively, while between
N content in spinach and the same elements were 0.70,
0.93, 0.61, 0.74, 0.37, 0.07, 0.82, -0.83 and 0.84,

respectively.

It is clear from these data that N fertilization
modified the macro- and micro-nutrient composition of
spinach plants and these differences were generally
consistent across all experiments. Very close results
were found by Gutiérrez-Rodriguez et al. (2013) and
Abdel-Razzak et al. (2008). Mondal and Nad (2012)
found that the total N, P, K, Ca, Mg, and S uptake were
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Table 3. Effect of nitrogen rates on leaf N content, N uptake and N efficiency indices

Nitrogen rates Total N N uptake NUtE NUSE
(kg N ha™) (2 1002 DM) (kg ha™) (kg kg™

3.1c¢ 429¢ 32.8a 24.8 a

5.1b 98.5b 19.8b 17.3b

45b 111.5b 22.6b 150b

6.0a 190.9 a 16.7b 14.2b

*Within column, means with the same letter are not significantly different according to LSD comparison at the P < 0.05 probability
level.

Table 4. Effect of nitrogen fertilization rates on leaf mineral contents

Nitrogen rates P K S Ca Mg Fe Zn Mn Cu
(kg N ha™) (2 100g™) (mg kg™
0.64b" 742 ¢ 036 0.78 0.83 100.5b 1047 100.5a 5.7b
0.76 ab 10.59ab 047 096 0.83 2033 a 139.0 59.0b 8.7a
0.67b 9.66 b 042 099 0.78 157.0a 89.0 623b 7.0ab
0.81a 1149a 043 1.02 0.87 184.0 a 86.0 420D 9.1a

"Within column, means with the same letter are not significantly different according to LSD comparison at the P < 0.05 probability

level.

increased with increasing N application rates as well as
with application of sulfur and phosphorus.

CONCLUSION

Increasing application rate of N fertilization up to
224 kg N ha™ increased growth and yield of spinach
grown under high tunnel conditions. The nitrate
concentrations were noticeably increased by N
fertilization, and a positive correlation was found
between nitrate concentrations and N fertilization rates.
Increasing N fertilizer rates could lead to increased
nitrogen accumulation in spinach and a decrease in both
nitrogen utilization efficiency and nitrogen use
efficiency. It was also found that N fertilization rates
modified the concentrations of nitrogen, phosphorous,
potassium, iron, copper, manganese, but had no
significant effect on the concentrations of sulfur,
calcium and magnesium of spinach.

REFERENCES

Abdel-Razzak, H.S., T.H. Gamel, and A.B. El-Nasharty.
2008. Efficiency of inorganic and organic nitrogen
fertilization on cauliflower (Brassica oleraceae var.
botrytis, L.) curds quality. Alex. Sci. Exch. J. 29 (4): 283-
297

Bachmann, J. 2005. Season extension techniques for market
gardeners. Revised. ATTRA publication. 28 p.

Bassioni, N., N. Allam, and Y. Abaido. 1980. Effect of
nitrogen fertilization and season of growth on nitrate
content of spinach plants (Spinacia oleracea, L.). Z.
Pflanzenernaehr. Bodenkd 143: 652-658.

Bruning-Fann, C.S., and J.B. Kanneene. 1993a. The effects of
nitrate, nitrite and N-nitroso compounds on human health:
A review. Veterinary and Human Toxicology, 35: 521-
538.

Bruning-Fann, C.S., and J.B. Kanneene. 1993b. The effects of
nitrate, nitrite, and N-nitroso compounds on animal health.
Veterinary and Human Toxicology 35: 237-253.

Cameron, K., H. Di, and J. Moir. 2013. Nitrogen losses from
the soil/plant system: A review. Ann. Appl. Biol. 162:
145-173.

Campbell, C.R., and C.O. Plank. 1991. Sample Preparation. P.
1- 11. In C. O. Plank (ed.) Plant Analysis Reference
Procedures for the Southern Region of the United States.
Southern Cooperative Series Bulletin #368.

Canali, S., F. Montemurro, F. Tittarelli, and O. Masetti. 2011.
Is it possible to reduce nitrogen fertilization in processing
spinach? J. Plant Nutr. 34: 534-546.

Citak, S, and S. Sonmez. 2010. Effects of conventional and
organic fertilization on spinach (Spinacea oleracea L.)
growth, yield, vitamin C and nitrate concentration during
two successive seasons. Sci. Hortic. 126: 415-420.

Darwish, T.M., T.W. Atallah, S. Hajhasan, and A. Haidar.
2006. Nitrogen and water use efficiency of fertigated
processing potato. Agric. Water Manag. 85: 95 - 104.

Delogu, G., L. Cattivelli, N. Secchioni, D. De Falcis, T.
Maggiore, and A.M. Stanca. 1998. Uptake and agronomic
efficiency of nitrogen in winter barley and winter wheat.
European J. Agron. 9: 11-20.

Elia, A., P. Santamaria, and F. Serio. 1998. Nitrogen nutrition
on yield and quality of spinach. J. Sci. Food Agric. 76:
341-346.

European Commission. 2002. EC Regulation 563/2002
amending Regulation (EC) No 466/2001 setting maximum
levels for certain contaminants in foodstuffs. Official J.
the European Communities L 86: 5-6.

FAO Statistical Yearbook. 2008. Rome: Food and Agriculture
Organization of the United Nations. [cited 2013 June 20].
Available from: http://www.fao.org



Elsayed A. A. Abdelraouf.: The Effects of Nitrogen Fertilization on Yield and Quality of Spinach Grown in High Tunnels

Forman, D., S. Al-Dabbagh, and R. Doll. 1985. Nitrates,
nitrites and gastric cancer in Great Britain. Nature 313:
620-625.

Gavlak, R.G., D.A. Horneck, and R.O. Miller. 1996. Total
Nitrogen in Botanical Materials - Automated Combustion
Method.  p. 71-72. In Western States Laboratory
Proficiency Testing Program. Soil and Plant Analytical
Methods. Version 3.00.

Gent, M.P.N. 1991. High tunnels extend tomato and pepper
production in Connecticut, Bulletin 893. New Haven, CT:
Connecticut Agric. Experiment Station.

Gent, M.P.N. 1992. Effect of planting date, ventilation and
soil temperature on growth and nutrition of tomato in high
tunnels. Plant Soil 145: 81-91.

Gruda, N. 2005. Impact of environmental factors on product
quality of greenhouse vegetable for fresh consumption.
Critical Reviews Plant Sci. 24: 227-247.

Gutiérrez-Rodriguez, E., H.J. Lieth, J.A. Jernstedt, J.M.
Labavitch, T.V. Suslow, and M.l. Cantwell. 2013.
Texture, composition and anatomy of spinach leaves in
relation to nitrogen fertilization. J Sci. Food Agric. 93:
227-237.

.http://www.wyomingextension.org/whhin/wp-
content/uploads/2013/05/UW-Extension-Bulletin-B-1240-
Edwards-HSHT.pdf

http://www.extension.iastate.edu/agdm/crops/pdf/al-23.pdf

Hu, K.L., Y. Li, W.P. Chen, D.L. Chen, Y.P. Wei, R. Edis,
B.G. Li, Y.F. Huang, and Y.P. Zhang. 2010. Modeling
nitrate leaching and optimizing water and nitrogen
management under irrigated maize in desert oases in
Northwestern China. J Environ Qual. 39: 667-677.

Jansen, H., K.A. Beauchemin, Y. Bruinsma, C.A. Cambell,
R.L. Desjardins, B.L. Ellert, and E.G. Smith. 2003. The
fate of nitrogen in agroecosystems: An illustration using
Canadian estimates. Nutrient Cycling in Agroecosystems.
67: 85-102.

Kaminishi, A., and N. Kita. 2006. Seasonal change of nitrate
and oxalate concentration in relation to the growth rate of
spinach cultivars. Hort. Sci. 41: 1589-1595.

Karlowski, K. 1990. Nitrates in vegetables proposals for their
limitation in Poland. Poczniki, Panstwowego, Zakladu,
Higieny 41: 1-9

Kavvadias, V., C. Paschalidis, A. Koriki, and L. Bougiura.
2013. Effects of Zinc and Nitrogen on Growth, Yield, and
Nutrient Composition of Spinach Grown in Calcareous
Soil. Communications Soil Sci. Plant Analysis 44: 610-
622.

Kawazu, Y., M. Okimura, Y. Ishii, and S. Yui. 2003. Varietal
and seasonal differences in oxalate content of spinach.
Scientia Hort. 97: 203-210.

Kovar, J.L. 2003. Method 6.3 Inductively coupled plasma
spectroscopy, p. 41-43. In John Peters (ed) Recommended
Methods of Manure Analysis. University of Wisconsin-
Extension, Madison, WI publication A3769.

495

Lachat Instruments, INC. 1992. “53218-1239. Quik Chem
Method 13-107-04-1-A”. 6645 West Mill Road,
Milwaukee, WI.

Liu, C.W., Y. Sung, B.C. Chen, and H.Y. Lai. 2014. Effects of
nitrogen fertilizers on the growth and nitrate content of
lettuce (Lactuca sativa L.). Inte. J. Environ. Res. Public
Health 11: 4427-4440.

Lopez-Bellido, L., R.J. Lopez-Bellido, and R. Redondo. 2005.
Nitrogen efficiency in wheat under rainfed Mediterranean
conditions as affected by split nitrogen application. Field
Crop Res. 94: 86-97.

MAFF. 1987. Nitrate, nitrite and N-nitroso compounds in
food. Twentieth report of the Steering Group on Food
Surveillance. In The Working Party on Nitrate and
Related Compounds in Food, Food Surveillance Paper No.
20. London: HMSO.

Maynard, D.N., A.V. Barker, P.L. Minotti, and H. Peck. 1976.
Nitrate accumulation in vegetables. Adv. Agron. 28: 71-
118.

Mengel, K., and E. A. Kirkby. 1987. Principles of plant
nutrition, 4th edition. Bern, Switzerland: International
Potash Institute.

Min, J., X. Zhao, W.M. Shi, G.X. Xing, and Z.L. Zhu. 2011.
Nitrogen balance and loss in a greenhouse vegetable
system in Southeastern China. Pedosphere. 21: 464-472.

Mondal, S., and B.K. Nad. 2012. Nitrate accumulation in
spinach as influenced by sulfur and phosphorous
application under increasing nitrogen levels. J. Plant Nutr.
35:2081-2088.

Montemurro, F., G. Convertini, and D. Ferri. 2007a. Nitrogen
application in winter wheat grown in Mediterranean
conditions: Effects on nitrogen uptake, utilization
efficiency and soil nitrogen deficit. J. Plant Nutr. 30:
1681-1703.

Montemurro, F., M. Maiorana, and G. Lacertosa. 2007b. Plant
and soil nitrogen indicators and performance of tomato
grown at different nitrogen fertilization levels. J. Food
Agric. Environ. 5: 143-148.

Montemurro, F., M. Maiorana, D. Ferri, and G. Convertini.
2006. Nitrogen indicators, uptake and utilization
efficiency in a maize and barley rotation cropped at
different levels and sources of N fertilization. Field Crop
Res. 99: 114-124.

Mozafar, K. 1993. Nitrogen fertilizers and the amount of
vitamins in plants: A review. J. Plant Nutr. 16: 2479-2506.

Muchow, R.C. 1998. Nitrogen utilization efficiency in maize
and grain sorghum. Field Crop Res. 56: 209-216.

Muller, K., and J. Hippe. 1987. Influence of differences in
nutrition on important quality characteristics of some
agricultural crops. Plant Soil 100: 35-45.

Novoa, R., and R.S. Loomis. 1981. Nitrogen and plant
production. Plant Soil 58: 177-204.

Peng, S., F.W. Garcia, R.C. Laza, A.L. Sanico, R.M. Visperas,
and K.G. Cassman. 1996. Increased N-use efficiency

using a chlorophyll meter and high yielding irrigated rice.
Field Crop Res. 47: 243-252.



496 ALEXANDRIA SCIENCE EXCHANGE JOURNAL, VOL. 37, No. 3 JULY- SEPTEMBER 2016

Ren, Z.G., X. X. Qiu, Y. C. Cai, Z. H. Li, and L. Wang. 1997.
Studies on the effect of chemical nitrogen fertilizer on the
nitrate concentration in vegetables. China Environ. Sci.,
17 (4): 327-3209.

Santamaria, P. 2006. Nitrate in vegetables: Toxicity, content,
intake and EC regulation. J. Sci. Food Agric. 86: 10-17.

Santamaria, P., A. Elia, F. Serio, and E. Todaro. 1999. A
survey of nitrate and oxalate content in retail fresh
vegetables. J. Sci. Food Agric. 79: 1882—-1888.

SAS Institute Inc. 2002. SAS® User’s Guide: Statistic,
Version 9.3. SAS Institute Inc., Cary, NC, USA.

Speijers, G.J.A. 1998. Nitrate and nitrite. In: Guidelines for
Drinking-Water Quality, 2nd ed., pp. 64-80. Geneva:
Word Health Organization.

Van Velzen, A.G., A.J. A. M. Sips, R.C. Schothorst, A.C.
Lambers, and J. Meulenbelt. 2008. The oral availability of
nitrate from nitrate-rich vegetables in humans. Toxicology
Letters. 181: 177-181.

Vieira, 1.S., E.P. Vasconselos, and A.A. Monteiro. 1998.
Nitrate accumulation, yield and leaf quality of turnip

greens in response to nitrogen fertilisation, Nutr. Cycl.
Agroecosys. 51: 249-258.

Wang, D., Z.Z. Xu, J.Y. Zhao, Y.F. Wang, and Z.W. Yu.
2011. Excessive nitrogen application decreases grain yield
and increases nitrogen loss in a wheat soil system. Acta
Agric. Scand. Sect. B- Soil Plant Sci. 61: 681-692.

Wang, Z., and S. Li. 2004. Effects of nitrogen and phosphorus
fertilization on plant growth and nitrate accumulation in
vegetables. J. Plant Nutr. 27(3): 539-556.

Wells, O. H. 1996. Row cover and high tunnel growing
systems in the United States. Hort. Technology. 6: 172—
175.

Wolf, A., M. Watson, and N. Wolf. 2003. Method 5.4 Nitric
and Hydrochloric acid digestion with peroxide, p. 35-36.
In John Peters (ed) Recommended Methods of Manure
Analysis. University of Wisconsin-Extension, Madison,
WI publication A3769.

Zhang, L.D., L.H. Gao, L.X. Zhang, S.Z. Wang, X.L. Sui, and
Z.X. Zhang. 2012. Alternate furrow irrigation and
nitrogen level effects on migration of water and nitrate-
nitrogen in soil and root growth of cucumber in solar-
greenhouse. Sci. Hortic. 138: 43-49.

Zhang, J., Y. Yue, Z. Sha, G. Kirumba, Y. Zhang, Z. Bei, and
L. Cao. 2014. Spinach-irrigating and fertilizing for

optimum quality, quantity, and economy. Acta Agric.
Scand. Sect. B Soil Plant Sci. 64(7): 590-598.



