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Abstract. Commercial lettuce production requires adequate levels of nitrogen (N),
phosphorus (P), and potassium (K) to provide high-quality postharvest attributes needed
for longer shelf life. Factorial experiments were conducted in Salinas, CA, to evaluate yield
and postharvest quality of both romaine and iceberg lettuce using fertilizers containing
various levels of N, P, and K. Lettuce was evaluated for yield and postharvest quality
parameters, including color, wilt, turgidity, glossiness, decay, brittleness, fringe burn, and
salt burn. Uptake ofN, P,K, calcium, and silicon by plants was also determined. Regardless
of fertilizer treatment, shelf life and visual quality were better in the iceberg lettuce than
romaine lettuce when cold-stored at 1 8C for 14 d. Yield increased with increased N
application rate, but post-harvest quality fell at high levels of N (337 kg�ha–1) and P (225
kg�ha–1). The most economical treatment providing the highest yield and best post-harvest
quality was the combination of 225 kg�ha–1 N and 112 kg�ha–1 P.

Chemical fertilizers have made substan-
tial contributions to increased crop yields and
food nutrition (Fageria, 2009; Wang et al.,
2008). However, excessive fertilizer applica-
tion can have adverse environmental effects on
water quality, leaching, and runoff (Heckman,
2007; Heckman et al., 2003; Manotti et al.,
1994; Sims, 1998; Sims et al., 1998). Therefore,
it is important to determine fertilizer appli-
cation rates that maximize yields while min-
imizing environmental pollution (Fontes
et al., 1997; Heckman et al., 2003).

The Salinas Valley, located in the Central
Coast region of California, has a severe prob-
lem with nitrate-N (NO3-N) contamination
of groundwater related to intensive vegetable
production typically using more than 150 kg
nitrogen (N)/ha/crop (Jackson et al., 1994).
Similarly, the excessive accumulation of soil
phosphorus (P) has raised water quality con-
cerns (Sims, 1998). Salinas Valley soils often
contain more than 30 to 40 mg�kg–1 of bi-
carbonate extractable P (Olsen test), which is
the recommended soil P level for cool-season
vegetables (Smith et al., 2006).

Optimal fertilizermanagement and efficient
use of N, P, and potassium (K) are necessary to
improve yield and quality and to reduce pro-
duction cost (Fageria, 2009). Although some
studies indicate that adequate lettuce yield can
be achieved with low N application rates

(Soundy and Smith, 1992), others suggest that
high rates of N might be required to achieve
maximum yields (Carling et al., 1987). Al-
though high nitrate uptake generates higher
nitrite accumulation and improved leaf mor-
phology (e.g., leaf length andwidth), leaf thick-
ness can be significantly reduced (Tittonell
et al., 2001). Therefore, nitrate content in leaf
tissues at harvest affects lettuce quality. High
N in lettuce generally leads to storage disor-
ders and the potential for rapid postharvest
decay (David et al., 1992).

Postharvest decay in lettuce and other
vegetable crops is a major source of financial
loss for producers. Consumers evaluate lettuce
based on its taste, texture, and appearance
(Morris et al., 1974). Although studies indi-
cate that N availability in the soil can affect
lettuce quality (Tittonell et al., 2001), there is
no information about the effect of various
levels of N, P, andK on the postharvest quality
of lettuce. With desirable quality at harvest,
careful handling, and continuous control of the
postharvest environment, lettuce can be suc-
cessfully marketed to the consumer as long as
2 to 3 weeks postharvest (Morris, 1974).

Lettuce shows a pronounced yield and
quality response to P fertilizer under most
conditions (Alt, 1987; Johnstone et al., 2005;
Sanchez and Burdine, 1988; Sanchez et al.,
1988). Soundy and Smith (1992) report a sig-
nificant positive linear correlation between
soil P and head tissue P. Lettuce was reported
to have higher P fertilizer requirements than
most other vegetables across a range of soils
(Cleaver and Greenwood, 1975). A subopti-
mal supply of N and P causes slower leaf

growth and a lower leaf area index by limiting
photosynthesis and cell expansion (Marschner,
1995). Scarce information is available regard-
ing lettuce cultivar response to P fertilizer. Be-
cause lettuce produced on organic soils requires
a relatively large amount of plant-available P
for optimal yield and quality (Sanchez and
Burdine, 1988), it is imperative that P fertilizer
management strategies be evaluated. In addi-
tion, factors other than soil type and residual P
status of soil such as planting season, variety,
and fertilizer placement may change the P
fertilizer requirement.

Studies report varied reactions of vege-
table crops to K application (Alt, 1987).
Soundy andSmith (1992) reported a quadratic
lettuce yield model with soil K but that
applied N and P did not affect K availability.
Other studies suggest there may be some
yield and quality benefit to N and P fertilizer
application because of their role in modulat-
ing disease resistance and because of the
metabolic functions of K (Marschner, 1995).

Silicon (Si) and calcium (Ca) play a role
in lettuce yield and quality. Some studies
have found a weak correlation between let-
tuce yield and soil Ca (Soundy and Smith,
1992). Although not required for plant me-
tabolism, Si was found to relieve phosphate
deficiency and improve resistance to patho-
gens (Bidwell, 1974). Improved resistance to
fungal diseases was linked to increased Si
content in leaves.

Limited studies are available on the effect
of nutrients on lettuce postharvest quality.
This study was conducted to determine the
best possible combination of N, P, and K
fertilizers for optimum yield and postharvest
quality of lettuce and to identify the physio-
logical attributes that affect the storage life of
lettuce.

Materials and Methods

Field sites and fertility treatments. Field
experiments were conducted at the U.S. De-
partment of Agriculture–Agricultural Re-
search Service research facilities in Salinas,
CA, in 2002 (June through September) and in
2003 (April through August). The fine loamy
sand had 75.5% sand, 19.1% silt, 5.5% clay,
a pH of 6.5, and 1.1% organic matter content.
The soil was disked, chiseled to a depth of
20 to 30 cm, and tilled into raised beds. After
pre-plant fertilizer application of N and P
only, the soil in the beds was rototilled and
pressed into firm flat beds. Potassium sulfate
was applied while forming the beds and in-
corporated by rotovation to a depth of 15 cm
during seed bed preparation. Triple super-
phosphate was banded into two lines per beds
at pre-plant to a depth of 10 cm. N fertilizer
was applied as pre-plant and as two side-
dressed applications, one at 30 d after sowing
and the other at 45 d after sowing. N fer-
tilizers were applied 5 cm to the side and 5 cm
below the seed row.

Experimental design. The experiment was
conducted as a split plot design with the
lettuce cultivars in the main plot and fertilizer
treatments in the subplots. Fertilizer treatments

Received for publication 24 May 2010. Accepted
for publication 16 Aug. 2010.
1To whom reprint requests should be addressed;
e-mail haajwa@ucdavis.edu.

HORTSCIENCE VOL. 45(10) OCTOBER 2010 1539



were arranged in a 4 · 3 · 2 factorial design
with four levels of N, three levels of P, and two
levels of K fertilizer treatment combinations.
Each treatment was replicated four times.
Two types of lettuce, Lactuca sativa L., ro-
maine var. ‘Green Tower’ and head lettuce var
‘Sharp Shooter’ (HarrisMoran Seed Company,
Modesto, CA), were used. Each treatment was
assigned to three plots of 24 m · 1-m beds. N
treatments were 0, 112, 225, and 337 kg�ha–1; P
treatments were 0, 112, 168, and 225 kg�ha–1;
and K treatments were: 0 and 112 kg�ha–1.
Lettuce seeds were mechanically seeded into
two rows on the bed with 40 cm between
rows, and plants were thinned to a final
spacing of 25 cm for romaine and 30 cm for
head lettuce giving a plant density of 120 and
150 per plot, respectively. N applications were
basal, side-dress one, and side-dress two as
follows: 22, 45, and 45 kg�ha–1 for the 112-
kg�ha–1 rate; 22, 45, and 157 kg�ha–1 for the 225-
kg�ha–1 rate; and 22, 157, and 157 kg�ha–1 for
the 337-kg�ha–1 rate.

Lettuce was irrigated with a solid-set sprin-
kler irrigation system based on estimated po-
tential evapotranspiration reported by the
California Irrigation Management Information
System weather station. Irrigation water was
applied at 2- to 3-d intervals for 3 to 4 h�d–1 and
irrigation was discontinued a few days before
harvest. The standard pre-emergence herbicide
(Kerb 50W at 3.4 kg�ha–1; Dow AgroSciences
LLC, Indianapolis, IN) was applied to suppress
the weeds.Weeding and pesticide applications
followed commercial production practices.

Soil sampling and analysis. Pre-fertilization
soil samples (five cores from each subplot) (0 to
15 cm depth) were taken with a soil probe. Soil
was dried, sieved (2-mm mesh), and analyzed
for total Kjeldahl nitrogen, NO3-N, Olsen-P,
and extractable K. Soil samples were collected
before each side-dressed application of N
fertilizer and immediately after the final harvest
of both cultivars. Soil fertility analyses were
conducted by the University of California–
Davis, Department of Agriculture and Natural
Resources (DANR), as described on theDANR
web site: http://danranlab.ucanr.org.

Agronomic and yield parameters. Ro-
maine lettuce was harvested 78 d after plant-
ing and iceberg lettuce was harvested 83 d
after planting. A total of 30 plants was sampled
from the center four seed rows by selecting
every eighthmarketable plant in a row.Whole-
plant weight from a composite sample of 10
plants was determined. Leaves from the whole
plant were stripped to obtain a marketable size
and the plant was reweighed. Subsampleswere
retained for tissue analysis. Tissue samples
were dried at 60 �C for 48 h and reweighed to
determine moisture content. Oven-dried sam-
ples were ground to pass through a 40-mesh
screen and analyzed for NH4-N, NO3-N, and
total N, P, K, Ca, and Si according to pro-
cedures described on the DANR web site
(http://danranlab.ucanr.org).

For marketable yield, commercial lettuce
harvest crews harvested plants from the center
four rows of plots in all treatments. Except the
control N treatments, heads were packed into
three boxes. Iceberg lettuce was packed in a

plastic sheet and stored in a commercial box
for cooling. Romaine was packed in waxed
boxes. Commercial sizes of 24s or 30s (ac-
commodated no. in box) were packed de-
pending on availability. Each packed box was
weighed on a field scale. The boxeswere placed
on pallets. Iceberg lettuce was vacuum-cooled
and romaine was hydrocooled before storing
in the cooler at 1 to 2 �C. Lettuce was stored
according to color in a commercial cooling
facility (American Cooler, Salinas, CA) for
evaluation of postharvest quality.

Postharvest quality evaluations. For the
postharvest quality evaluations, the following
postharvest parameters were evaluated for
romaine lettuce: wilting, decay, brittleness,
glossiness, and salt burn. For iceberg, the
following parameters were evaluated: defects,
fringe burn, turgidity, firmness, and color. Five
heads from each box in the cooler were
randomly chosen for visual evaluation. Each
of the parameters were assigned a value of 0 to
4 in which 0 = excellent, 1 = very good, 2 =
average, 3 = poor, and 4 = unacceptable (Kader
et al., 1973). A combined rating index was
calculated by summing the differences be-
tween 7 and 21 d for all rating scores of the

postharvest parameter. Sugar content of lettuce
was determined by spectrophotometer as de-
scribed by Buysse and Merckx (1993).

Statistical analysis. As a result of differ-
ences in the initial soil P levels between the
years, data for the two seasons were analyzed
separately. Each year’s results were analyzed
using a factorial analysis of variance (ANOVA,
PROCMIXED) and Duncan’s least significant
difference to examine differences among the
treatment levels for each lettuce type. The Sta-
tistical Analysis System (SAS Institute, 1996)
was used for the analyses. SAS was also used
for non-linear regression analyses of the effect
of fertilizer levels on lettuce yields (quadratic
equation).

Results and Discussion

Soil and lettuce tissue analysis. Soil N, P,
and K concentrations at final harvest are shown
in Tables 1 and 2 for romaine and iceberg
lettuce, respectively. Although a large amount
ofN (225 and 337 kg�ha–1) was applied to some
treatments during the growing season, the
residual N concentrations in the root zone were
small at harvest as a result of plant uptake,

Table 1. Soil sample analysis at the final harvest of romaine lettuce.

Treatmentz
TKN

(mg�kg–1)
NO3-N

(mg�kg–1)
Phosphorus
(mg�kg–1)

Potassium
(mg�kg–1)

N0P0K0 578 1.13 30.3 110.0
N0P0K112 520 0.55 26.0 139.3
N0P112K112 575 1.63 37.6 144.5
N0P225K112 537 0.70 35.2 148.8
N112P112K0 567 1.33 23.3 115.5
N112P0K112 540 1.45 39.6 94.5
N112P112K112 602 0.75 43.3 142.3
N112P225K112 573 1.25 40.0 110.8
N225P112K0 580 4.35 21.4 141.0
N225P0K112 605 2.05 39.5 100.8
N225P112K112 590 4.30 30.4 121.5
N225P225K112 560 10.20 41.8 101.8
N337P112K0 627 16.30 22.6 116.5
N337P0K112 600 8.98 38.1 101.3
N337P112K112 565 5.63 25.8 122.8
N337P225K112 577 3.45 45.5 142.5
LSD(0.05) 65 11.60 21.5 35.9
zSubscripts correspond to fertilizer application rates (kg�ha–1).
TKN = total Kjeldahl nitrogen.

Table 2. Soil sample analysis at the final harvest of iceberg lettuce.

Treatment
TKN

(mg�kg–1)
NO3-N

(mg�kg–1)
Phosphorus
(mg�kg–1)

Potassium
(mg�kg–1)

N0P0K0 573 0.83 24.1 105.5
N0P0K112 595 0.65 22.4 98.5
N0P112K112 573 0.78 26.9 113.5
N0P225K112 545 0.55 26.2 116.0
N112P112K0 575 11.6 21.0 96.3
N112P0K112 613 2.90 24.2 100.8
N112P112K112 575 2.40 23.7 100.0
N112P225K112 590 3.15 26.6 99.0
N225P112K0 567 4.80 24.0 117.8
N225P0K112 610 8.20 24.8 109.5
N225P112K112 578 2.20 25.2 109.5
N225P225K112 565 1.50 23.0 91.0
N337P112K0 708 40.8 23.9 94.3
N337P0K112 670 47.8 24.3 108.8
N337P112K112 588 11.5 23.5 113.0
N337P225K1 625 23.3 24.7 101.5
LSD(0.05) 76 17.9 5.2 25.2

TKN = total Kjeldahl nitrogen; LSD = least significant difference.
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microbial immobilization, and leaching out of
the root zone. The extractable P concentrations
(Olsen-P) were high after high P application;
however, P levels in all plots at harvest were
similar to pre-application concentrations, in-
dicating that the applied excess P fertilizer was
converted into less available, non-extractable
forms.

Lettuce tissue concentrations of N, P, K,
Ca, and Si at final harvest are shown in Tables
3 and 4 for romaine and iceberg lettuce,
respectively. Higher N fertilizer application
rates increased the tissue N concentrations.
High NO3-N accumulation in leafy vegetables
is expected because lettuce is harvested at the
vegetative growth stage (Wang et al., 2008).
Increasing N, P, and K fertilizer application
rate did not have a significant effect on tissue P
or K (Tables 3 and 4). A study by Soundy and
Smith (1992) found that application of N and
P did not affect K availability and uptake by
plants. However, the nutrient concentrations
in lettuce tissues were considerably different
in the N fertilization treatments than in plots
that did not receive N fertilizer.

High Ca and Si in romaine tissues grown
without N fertilizers could be the result of N
deficiency. In addition to Ca, Si was evalu-
ated in our study because it is speculated that
increased Si concentration in leaves would
increase plant disease resistance and enhance
yield (Marschner, 1995). In general, the
effect of fertilizers on nutrient content in
lettuce tissues was similar in both years.

Lettuce yield. Yields from plots that did
not receive N fertilizer were very small and
lettuce did not attain a marketable size as
previously shown by Nagda and Chauhan
(1991). The results of this study reflect the
fact that the soil chosen for this test was low
in residual N. Generally, sandy soils that have
been leached by irrigation, intensively crop-
ped, and contain low organic matter have low
plant-available N (Fageria, 2009).

The application of N fertilizer signifi-
cantly increased yield for both types of lettuce
(Figs. 1 and 2). The interaction between N and
P rates and yields was also significant (P <
0.05). This study revealed that optimum yields
can be achievedwith 225 kg�ha–1 of N and 112
kg�ha–1 of P. Yield responses to the fertility
treatments were similar in both growing sea-
sons (2002 and 2003).

In 2002, there was a slight increase in
lettuce yield with increasing P application
rate, but this increase was not statistically
significant. In 2003, there was no yield re-
sponse to increased P fertilization rate. Yield
in treatments that received N fertilizer was
significantly (P < 0.05) greater than yields that
did not receive N fertilizer regardless of the P
or K application rates (Fig. 3). Some plants
wilted in soils treated with a high N applica-
tion rate (337 kg�ha–1), whereas others were
unaffected. This was probably the result of
high N causing luxurious leaf growth and
therefore a higher demand for water (Soundy
and Smith, 1992).

In our study, application of K (as potas-
sium sulfate at 67 kg�ha–1) did not significantly
affect the yield for either type of lettuce,

Table 4. Plant sample analysis for iceberg lettuce at the final harvest.

Treatment
NH4-N

(mg�kg–1)
NO3-N

(mg�kg–1)
TKN
(%)

Phosphorus
(%)

Potassium
(%)

Calcium
(%)

Silicon
(%)

N0P0K0 12.5 45 1.58 0.54 3.89 0.44 0.12
N0P0K112 10.0 103 1.54 0.53 3.68 0.40 0.07
N0P112K112 10.0 73 1.53 0.52 3.74 0.37 0.08
N0P225K112 65.0 473 1.55 0.52 3.68 0.40 0.06
N112P112K0 15.0 501 2.46 0.55 3.94 0.42 0.06
N112P0K112 10.0 1390 1.97 0.54 3.35 0.40 0.06
N112P112K112 180 1590 2.82 0.61 4.14 0.45 0.04
N112P225K112 52.5 1020 2.41 0.58 3.79 0.39 0.05
N225P112K0 97.5 2758 3.34 0.52 3.55 0.39 0.04
N225P0K112 120 2686 3.44 0.62 3.19 0.44 0.04
N225P112K112 85.0 1520 3.26 0.63 3.77 0.42 0.06
N225P225K112 45.0 2788 3.25 0.58 3.28 0.40 0.06
N337P112K0 70.0 2973 3.31 0.52 3.51 0.37 0.03
N337P0K112 37.5 2683 3.28 0.56 2.99 0.39 0.04
N337P112K112 95.0 2728 3.21 0.58 3.27 0.44 0.03
N337P225K112 168.0 2103 3.43 0.58 3.42 0.44 0.04
LSD(0.05) 137.0 1217 0.57 0.07 0.57 0.06 0.02

TKN = total Kjeldahl nitrogen; LSD = least significant difference.

Fig. 1. Effect of application of various levels of nitrogen (N), phosphorus (P), and potassium (K) fertilizers
on the yield of romaine lettuce. Yield from the unfertilized control plots was 9.0 t�ha–1. Yields from
plots that did not receive K fertilizer were 39.3, 47.6, and 57.0 t�ha–1 for N application rates of 112, 225,
and 337 t�ha–1, respectively.

Table 3. Plant sample analysis for romaine lettuce at the final harvest.

Treatment
NH4-N

(mg�kg–1)
NO3-N

(mg�kg–1)
TKN
(%)

Phosphorus
(%)

Potassium
(%)

Calcium
(%)

Silicon
(%)

N0P0K0 190 25 1.80 0.51 4.06 0.73 0.28
N0P0K112 183 18 1.53 0.47 3.89 0.62 0.36
N0P112K112 130 15 1.77 0.51 4.17 0.68 0.32
N0P225K112 198 18 2.12 0.50 3.82 0.60 0.41
N112P112K0 175 495 2.83 0.65 4.66 0.60 0.15
N112P0K112 243 378 2.98 0.72 4.06 0.56 0.13
N112P112K112 175 205 2.52 0.66 4.41 0.61 0.14
N112P225K112 375 800 2.87 0.61 3.72 0.45 0.08
N225P112K0 228 1593 3.54 0.64 3.63 0.39 0.07
N225P0K112 290 1700 3.66 0.73 3.28 0.50 0.07
N225P112K112 165 1570 3.50 0.67 3.87 0.55 0.14
N225P225K112 538 1580 3.90 0.74 3.55 0.48 0.09
N337P112K0 155 1365 2.91 0.57 3.53 0.43 0.12
N337P0K112 413 2108 3.96 0.70 3.19 0.42 0.06
N337P112K112 295 1523 3.95 0.72 3.50 0.46 0.08
N337P225K112 290 2168 3.72 0.68 3.69 0.51 0.12
LSD(0.05) 260 832 0.75 0.11 0.75 0.12 0.09

TKN = total Kjeldahl nitrogen; LSD = least significant difference.
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possibly as a result of the high soil K content
(Tables 1 and 2).

Lettuce postharvest quality. Lettuce is
subject to many defects that can occur during
growing, harvesting, handling, and transpor-
tation (Morris, 1974). Lettuce is also very
sensitive to microbial attack, which reduces
quality (Martinez-Romero et al., 2008).

Lettuce grown in soils without N fertilizer
did not produce mature lettuce heads. There-
fore, it was not possible to include these
treatments in the postharvest evaluations.
Application of K fertilizer did not affect the
postharvest quality of stored lettuce (at 1 �C).
Rates of N and P significantly influenced the

postharvest quality of both types of lettuce.
For romaine lettuce, postharvest quality was
mainly affected by decay (Fig. 4). For iceberg
lettuce, the postharvest quality was mostly
affected by defects (Fig. 5). The least ro-
maine decay and iceberg defects were found
in the medium fertilizer rates of N and P (225
kg�ha–1 of N plus 112 kg�ha–1 of P) and the
maximum decay and defects were found in
the high rates of N and P (337 kg�ha–1 of N
plus 225 kg�ha–1 of P).

Regardless of the fertilizer treatment,
iceberg lettuce was more turgid and had less
fringe burn than romaine lettuce after 21 d of
cold storage. Change in wilt and decay for

romaine lettuce are shown in Table 5 and
changes in defect and fringe burn for iceberg
are shown in Table 6. Except for the highest N
and P application rate, changes in postharvest
quality were similar for all treatments after
2 weeks of cold storage. However, quality
declined rapidly with increased storage time
from 2 to 3 weeks. Heimdal et al. (1995) stated
that lettuce should be stored no longer than
10 d to avoid the loss of color and nutritional
value. In our study, loss of green color was
mainly observed in romaine lettuce after 3
weeks of cold storage.

The combined index for all postharvest
quality indices of romaine and iceberg lettuce

Fig. 3. Yield response to nitrogen (N) fertilizer application for romaine and
iceberg lettuce. Yields were averaged for the two growing seasons, 2002
and 2003.

Fig. 2. Effect of application of various levels of nitrogen (N), phosphorus
(P), and potassium (K) fertilizers on the yield of iceberg lettuce. Yield
from the unfertilized control plots was 9.7 t�ha–1. Yields from plots that
did not receive K fertilizer were 40.8, 51.3, and 60.2 t�ha–1 for N
application rates of 112, 225, and 337 t�ha–1, respectively.

Fig. 4. Effect of application of various levels of nitrogen (N), phosphorus
(P), and potassium (K) fertilizers on the decay index of stored romaine
lettuce. The decay indices for plots that did not receive K fertilizer were
1.60, 1.45, and 1.65 for N application rates of 112, 225, and 337 t�ha–1,
respectively.

Fig. 5. Effect of application of various levels of nitrogen (N), phosphorus (P),
and potassium (K) fertilizers on the defect index of stored iceberg lettuce.
The defect indices for plots that did not receive K fertilizer were 1.55, 1.60,
and 1.65 for N application rates of 112, 225, and 337 t�ha–1, respectively.
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after 3 weeks of cold storage are shown in
Figures 6 and 7, respectively. The combined
quality index varied widely among the differ-
ent N and P fertilization rates, but the highest
P and N fertilizer application rate resulted in

the worst postharvest quality of stored lettuce.
Also, a high application rate of N (337 kg�ha–1)
without sufficient P (less than 112 kg�ha–1)
had a negative effect on the overall postharvest
quality of romaine lettuce. Ryder (1999) spec-

ulated that moderate reduction of applied
P mitigates the effects of high nitrate, whereas
adequate growth is maintained. However, high
rates of N supply may increase the severity of
infections by obligate parasites, which in turn
affect the yield and quality.

Other studies found that high rates of N
can reduce the soluble sugar and increase the
acid to sugar ratio and may lower the sugar
content of lettuce, which can accelerate the
deterioration of postharvest quality of stored
lettuce as a result of lower respiration (Wang
et al., 2008; Yuji et al., 1980). However, Yuji
et al. (1980) speculated that higher sugar
content could help bring about better respi-
ration and a lower degradation rate of chlo-
rophyll during storage. In our study, the high
rate of P combined with high N produced the
worst overall postharvest quality (the highest
combined index) for both lettuce types. High
P concentrations can inhibit starch synthesis
mainly by decreasing the incorporation of the
fixed carbon into starch in the leaf (Marsch-
ner, 1995) and simple sugar can accumulate
in cells. Glucose content in fresh lettuce
tissues (Figs. 8 and 9) resembles the com-
bined postharvest quality index (Figs. 6 and
7), supporting the fact that high P and N ap-
plication rates will increase the sugar content,
which, in turn, can increase the severity of
bacterial infestation. The strong correlation
(R2 = 0.84) between lettuce leaf glucose
content and the postharvest quality index sug-
gests that glucose can be an excellent indicator
of the shelf life of cold-stored lettuce.

Conclusions

Application of moderate rates of N and P
increased romaine and iceberg lettuce yield
and enhanced postharvest quality. Applica-
tion of N, P, and K is recommended in soils

Table 6. Time change differences in postharvest quality parameters for iceberg lettuce.

Treatment

Change in defect index Change in fringe burn index

Week 2 Week 3 Week 2 Week 3

N112P112K0 0.20 0.45 0.20 0.55
N112P0K112 0.25 0.45 0.30 0.50
N112P112K112 0.20 0.40 0.15 0.50
N112P225K112 0.10 0.45 0.25 0.55
N225P112K0 0.10 0.40 0.20 0.45
N225P0K112 0.25 0.50 0.25 0.45
N225P112K112 0.25 0.50 0.25 0.60
N225P225K112 0.25 0.50 0.30 0.40
N337P112K0 0.15 0.30 0.50 0.40
N337P0K112 0.20 0.45 0.25 0.50
N337P112K112 0.20 0.45 0.25 0.50
N337P225K112 0.35 0.85 0.30 0.75
LSD(0.05) 0.05 0.05 0.05 0.05

LSD = least significant difference.

Table 5. Time change differences in postharvest quality parameters for romaine lettuce.

Treatment

Change in wilt index Change in decay index

Week 2 Week 3 Week 2 Week 3

N112P112K0 0.20 0.45 0.15 0.45
N112P0K112 0.15 0.50 0.15 0.50
N112P112K112 0.20 0.45 0.20 0.55
N112P225K112 0.25 0.55 0.15 0.50
N225P112K0 0.25 0.50 0.20 0.45
N225P0K112 0.20 0.50 0.15 0.45
N225P112K112 0.20 0.45 0.20 0.40
N225P225K112 0.20 0.45 0.25 0.50
N337P112K0 0.20 0.45 0.25 0.55
N337P0K112 0.25 0.45 0.25 0.50
N337P112K112 0.15 0.50 0.15 0.55
N337P225K112 0.30 0.65 0.35 0.70
LSD(0.05) 0.05 0.05 0.05 0.05

LSD = least significant difference.

Fig. 6. Effect of application of various levels of nitrogen (N), phosphorus
(P), and potassium (K) fertilizers on the combined postharvest quality
index of stored romaine lettuce. The combined indices for plots that did
not receive K fertilizer were 2.0, 2.2, and 2.9 for N application rates of
112, 225, and 337 t�ha–1, respectively.

Fig. 7. Effect of application of various levels of nitrogen (N), phosphorus
(P), and potassium (K) fertilizers on the combined postharvest quality
index of stored iceberg lettuce. The combined indices for plots that did
not receive K fertilizer were 1.8, 2.1, and 2.2 for N application rates of
112, 225, and 337 t�ha–1, respectively.
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that are deficient in theses nutrients. There
were positive effects of applying moderate
rates of N and P fertilization and there were
negative effects of applying high rates of N
and P on postharvest quality parameters for
both iceberg and romaine lettuce. Weight and
visual quality parameters during the storage
time in this study increased as a result of the
application of N and P. However, based on our
study, a proper balance of N and P fertilizers
improved the marketable yield and posthar-
vest quality of cold storage lettuce.
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Fig. 9. Effect of application of various levels of nitrogen (N), phosphorus
(P), and potassium (K) fertilizers on leaf glucose content of fresh
iceberg lettuce. The leaf glucose content in plots that did not receive
K fertilizer was 1.8, 3.0, and 3.8 g�kg–1 for N application rates of 112,
225, and 337 t�ha–1, respectively.

Fig. 8. Effect of application of various levels of nitrogen (N), phosphorus
(P), and potassium (K) fertilizers on leaf glucose content of fresh
romaine lettuce. The leaf glucose content in plots that did not receive
K fertilizer was 2.6, 3.9, and 4.6 g�kg–1 for N application rates of 112,
225, and 337 t�ha–1, respectively.
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