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Abstract. Yield reduction resulting from high temperatures and tipburn are common
issues during the summer for hydroponically grown lettuce using the nutrient–film
technique (NFT). We investigated the yield and degree of tipburn of lettuce ‘Red Butter’,
‘Green Butter’, and ‘Red Oakleaf’ of the Salanova� series under different-solution
electrical conductivity (EC) and pH levels. We also quantified the effect of foliar spray
application of calcium chloride (CaCl2) on the yield and degree of tipburn using the
lettuce cultivar Green Butter. For the EC experiment, the plants were grown at four EC
levels (1.4, 1.6, 1.8, or 2.0 mS·cm–1) and a constant pH of 5.8. For the pH experiment, the
plants were grown at and four pH levels (5.8, 6.0, 6.2, or 6.4) and a constant EC of 1.8
mS·cm–1. For the foliar spray experiment, CaCl2 was applied 1 week after transplanting
into NFT channels at three different concentrations: 0, 200, 400, or 800 mg·L calcium
(Ca). During the EC trial, the maximum yields were observed at or more than 1.8
mS·cm–1 for ‘Green Butter’ (263 ± 14 g/head) and ‘Red Butter’ (202 ± 8 g), andmore than
1.6 mS·cm–1 for ‘Red Oakleaf’ (183 ± 6 g). The yield of ‘Green Butter’ was 75 g less at 1.4
mS·cm–1 compared with 1.8 mS·cm–1. Tipburn symptoms were less at 1.4 mS·cm–1 for
‘Green Butter’ whereas other cultivars were not highly susceptible. In pH trials, the
maximum yield for all cultivars was found at pH 6.0 and 6.2. There were no differences in
tipburn symptoms among all pH levels. The foliar spray treatment, twice a week at 400 or
800 mg·L–1 Ca, provided improved tipburn control, as the tipburn symptoms were
minimal and the impact on yield was minor compared with reducing EC. This series of
experiments found evidence in proper EC and pH management for optimum yield and
tipburn control in NFT lettuce grown in summer conditions.

Hydroponic greenhouse vegetable pro-
duction is growing rapidly (Walters et al.,
2020) with the increased interest in consump-
tion of fresh, high-quality, local food year-
round. Among differe nt hydroponic systems,

leafy green production using NFT is the most
common practice (Walters et al., 2020). With
this system, nutrient solution is recirculated
continuously, replenishing the nutrients
and dissolved oxygen during the production
cycle. Commercial hydroponic fertilizer
formulations consist of all the macro- and
micronutrients required for plant growth.
Nutritional recommendations for hydroponic
crops are given based on EC levels and
acidity or basicity (pH) of the nutrient solu-
tion (Brechner et al., 2013). EC indicates the
total ion concentration in the solution and not
individual nutrients. However, EC levels can
be measured rapidly with inexpensive equip-
ment, making it easier for growers to manage
their nutrient supply. As plants use nutrients,
EC levels are reduced, or as water evaporates
from the solution, EC levels increase. To

maintain a desired EC level, the solution is
adjusted periodically with the addition of
fertilizer mixtures or dilution with water to
maintain a constant EC level throughout the
production period. Regardless of how much
nutrients are added to the nutrient solution
with proper EC management, pH level can
affect macro- and micronutrient availability
in the solution (De Rijck and Schrevens,
1999; Whipker et al., 2001). Solution pH
can affect the solubility of some nutrients,
which determines those nutrients available
for plant uptake. Solution pH adjustments are
conducted by adding acids or bases to the
solution (Brechner et al., 2013). Solution EC
and pH management are therefore key for
successful nutrient management in a hydro-
ponic system.

Climatic conditions such as temperature
and humidity vary within a greenhouse
during the growing seasons. Recommended
day- and nighttime temperature set points for
hydroponic lettuce in a greenhouse is 24 �C
day and 19 �C night (Brechner et al., 2013).
Based on our greenhouse temperature rec-
ords and as reported by others (Watson
et al., 2019), although the greenhouse air
temperature is 24 �C or less from fall to
spring, summer air temperature can reach
32 �C or more even with cooling systems
running at full capacity. Therefore, the
temperature difference between summer
months and the rest of the production sea-
son (fall to spring) can be 20 �C or more in
northern U.S. greenhouses. Lower yields as
well as physiological disorders such as
tipburn often result from growing lettuce
under such conditions (Frantz et al., 2004).
Researchers have found the general trend of
lowering EC to improve lettuce growth in a
high-temperature environment because
high transpiration rates can lead to a
buildup of EC (Samarakoon et al., 2006).
A reduction in EC levels from 1.8 to 1.0
mS·cm–1 (Abou-Hadid et al., 1995) and
from 3.5 to 1.5 mS·cm–1 (Serio et al.,
2000) increased the fresh weight of lettuce
in soilless culture.

Tipburn in lettuce is characterized by
necrotic tips and margins on younger leaves,
and can render crops unsalable. Tipburn is a
common issue in hydroponically grown let-
tuce in NFT during the summer and under
supplemental lighting during other seasons,
as observed in commercial greenhouses and
previous investigations (Samarakoon et al.,
2019). Inner leaf tipburn is caused by an
inadequate Ca supply to the younger leaf
tissues (Barta and Tibbitts, 2000) because Ca
cannot be mobilized from older tissues via
phloem (White and Broadley, 2003). Cli-
matic conditions that lead to faster growth
rates such as high temperature and high light
levels can induce this disorder. Although Ca
is abundantly available in the nutrient solu-
tion, high humidity can reduce transpiration
rates and affect water flow through the xylem,
and therefore limit Ca uptake (Gilliham et al.,
2011). Vertical airflow fans to circulate air
and increase transpiration around the meri-
stem can eliminate tipburn (Frantz et al.,
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2004). The aim of our study was to use a
nutrient management approach to alleviate
tipburn.

Both EC and pH are important parameters
in nutrient management. Based on previous
investigations with lettuce (Samarakoon
et al., 2019), yields were the greatest at EC
levels of 1.8 mS·cm–1, and yield reduction
was associated with low (0.8–1.2 mS·cm–1)
and high (2.4 mS·cm–1) EC levels. In ‘Green
Butter’ lettuce, tipburn was associated with a
greater yield resulting from an adequate fer-
tilizer supply at an EC of 1.8 and 2.4 mS·cm–1

(Samarakoon et al., 2019). The association of
growth rate and tipburn occurrence in lettuce
has been noted previously (Cox et al., 1976)
and occurs because the Ca supply cannot
compensate for the demand from the fast-
growing younger tissues in the plant (White
and Broadley, 2003). An important tradeoff
for using EC management as a method to
control tipburn is that yields might also be
reduced. In our study, therefore, we investi-
gated an EC range closer to the recommended
level. On the other hand, current recommen-
dations are to use a pH of 5.6 to 6.0 (Brechner
et al., 2013). The availability of Ca in a
solution can vary with changes in pH
(Whipker et al., 2001) and can influence the
availability for uptake.

In addition to root-zone nutrient manage-
ment, direct foliar nutrient application can be
used to increase Ca content in the leaf tissues
(Samarakoon et al., 2017). High humidity can
reduce transpiration and limit Ca uptake from
the root-zone nutrient solution even if a high
concentration of Ca is available (Kuo et al.,
1981). Foliar application might allow nutri-
ents to be absorbed directly into leaves.
CaCl2 has been used as a foliar spray to
provide Ca as a nutrient source (Samarakoon
et al., 2017) and disease control (Samarakoon
et al., 2016; Starkey and Pedersen, 1997).

Hydroponic solution EC and pH, as well
as Ca uptake are all related and affect lettuce
yield and tipburn occurrence. Therefore, we
investigated the yield and degree of tipburn
of three lettuce cultivars (Red Butter, Green
Butter, and Red Oakleaf) of the Salanova�

series in response to varying EC, pH, and
foliar Ca application under summer green-
house growing conditions.

Materials and Methods

Three experiments were carried out with
lettuce grown in NFT systems to quantify the
effects of EC, pH, and foliar application of
CaCl2 on tipburn and yield. Expt. 1 examined
the responses of growing lettuce under four
different EC levels (1.4, 1.6, 1.8, or 2.0
mS·cm–1) at a pH of 5.8. Expt. 2 examined
the responses of growing lettuce under four
different pH levels (5.8, 6, 6.2, or 6.4) at a
constant EC of 1.8 mS·cm–1. Expt. 3 exam-
ined the effect following foliar application of
CaCl2 treatments (Ca at 0, 200, 400, or 800
mg·L–1) twice a week of lettuce grown at an
EC of 1.8 mS·cm–1 and a pH of 5.8.

Crop management. The experiments were
conducted using the NFT systems established

in a double polyethylene-plastic covered
greenhouse at The Ohio State University,
Wooster Campus, OH (lat. 40.78�N, long.
81.93� W). The greenhouse was covered
with a black woven curtain with 40% shade
during the experiments. Average light in-
tensities were measured with a quantum
sensor (SQ-110; Apogee Instruments,
Logan, UT), and air temperature and rela-
tive humidity was measured with a combi-
nation probe (HMP50; Vaisala, Woburn,
MA) and logged every 30 min via a data
logger (CR3000; Campbell Scientific,
Logan, UT). Macronutrients [nitrogen
(N), phosphorus (P), potassium (K), Ca,
magnesium (Mg), and sulfur (S)] and
micronutrients [boron (B), copper (Cu),
iron (Fe), manganese (Mn), molybdenum
(Mo), and zinc (Zn)] were provided using a
two-part fertilizer mixture (Crop King
Lodi, OH) consisting of Hydro-Gro Leafy
Green [4.3N–9.3P–35K: 3.9 Mg: 0.0002 B,
0.0001 Cu, 0.0021 Fe (diethylene triamine
pentaacetic acid chelate)], 0.0001 Mn,
0.00004 Mo, 0.0002 Zn] and greenhouse-
grade calcium nitrate 15.5N–19Ca (Crop
King) was used for all experiments. Con-
centrated stock solutions were prepared
according to manufacturer recommenda-
tions from the two fertilizers (Hydro-Gro
Leafy Green 97.4 g·L–1 and calcium nitrate
80 g·L–1), and equal quantities of each
solution were mixed with water in the
NFT solution tank to achieve the desired
EC level. Expt. 1 was conducted May
to July; Expt. 2, from July to August.
Three types of lettuce of the Salanova
series�—‘Green Butter’, ‘Red Butter’,
and ‘Red Oakleaf’ (Johnny’s Selected
Seeds, Albion, ME)—were used for Expts.
1 and 2. For Expt. 3, conducted from July to
August, ‘Green Butter’ of the Salanova
series� (Johnny’s Selected Seeds), a culti-
var susceptible to tipburn, was used.

Seedlings were germinated on 276-cell
phenolic foam cubes (Horticubes�; Smith-
ers Oasis, Kent, OH) using a subirrigated
propagation system with nutrient circula-
tion for hydroponic crop production (aver-
age temperature, 18.3 �C). A diluted
solution with an EC of 1.0 to 1.2 mS·cm–1

and a pH of 5.8 was used as the first leaves
appeared, per the recommendation on the
fertilizer label. Lettuce seedlings were
transplanted at 3 weeks from germination;
the time from transplanting to harvest was 4
weeks. Supplemental lighting was used
during crop production to achieve similar
lighting conditions throughout the duration
of the experiments. High-pressure sodium
lamps were set up above the bench to
provide 250 ± 50 mmol·m–2·s–1 photosyn-
thetically active radiation at plant height
from 0600 to 1000 HR in the morning. The
daily light integral received during the
experiments at bench height was 12.3 ±
4.3 mol·m–2·d–1. Lower and upper temper-
ature set points in the greenhouse were 21.1
to 23.8 �C for both day and night. The
average temperature for the duration of the
experiments was 24 ± 0.8 �C, with a max-

imum recorded temperature of 37.0 �C.
Average relative humidity was 72 ± 2%,
with maximum relative humidity recorded
at 96.5%.

Expt. 1: Effect of EC on yield and tipburn.
The NFT channel system (Crop King), con-
sisted of 18 channels and eight separate
solution tanks. The channels were connected
randomly to the 75.7-L nutrient solution
tanks. Each channel held 18 plants. ‘Red
Butter’, ‘Green Butter’, and ‘Red Oakleaf’
were transplanted alternately (six plants of
each cultivar per channel). Lettuce was
grown at four different EC levels (1.4, 1.6,
1.8, or 2.0 ± 0.05 mS·cm–1). EC levels were
modified to the required level by adding
nutrient stock solution to increase the EC
and by adding water to decrease the EC. The
border plants on the two outside channels
were excluded from the data collection,
resulting in 16 channels with four channels
per treatment (each EC level), with each
channel containing five to six plants from
each cultivar. EC and pH levels in the stock
tanks were monitored three times a week
using EC (COM-100: Waterproof Profes-
sional Series EC/TDS Meter; HM Digital,
Inc., Redondo Beach, CA) and pH (PH-200:
Waterproof Professional Series pH/Temp
Meter, HM Digital, Inc.) meters. Solution
pH was maintained at a constant of 5.8 ± 0.05
in all tanks using either phosphoric acid (pH
Down; General Hydroponics, Sebastopol,
CA) or potassium hydroxide and potassium
carbonate (pH Up, General Hydroponics).
The average preadjusted pH was 5.86 ±
0.02 for all stock tanks.

Expt. 2: Effect of pH on yield and tipburn.
‘Green Butter’, ‘Red Butter’, and ‘Red
Oakleaf’ were grown at different pH levels
(5.8, 6, 6.2, or 6.4 ± 0.05) in the NFT system
as described in Expt. 1 (six plants of each
cultivar and three cultivars per channel).
Corresponding average pH levels before each
adjustment were 5.90 ± 0.02, 6.04 ± 0.02,
6.26 ± 0.01, and 6.43 ± 0.03. Solution ECwas
maintained at a constant EC of 1.8 ± 0.05
mS·cm–1 in all tanks. Other cultural practices
during the experiment were as described in
Expt. 1.

Expt. 3: Effect of foliar application of
CaCl2 on yield and tipburn. Lettuce cul-
tivar Green Butter, susceptible to tipburn,
was grown in four NFT systems with
individual solution tanks. Each system
consisted of six channels and each chan-
nel held nine plants. The border plants of
each NFT system were excluded from data
collection and analysis. A constant EC of
1.8 ± 0.05 mS·cm–1 and pH of 5.8 ± 0.05
were maintained in all solution tanks.
CaCl2 (anhydrous 96%; Thermo Fisher
Scientific, Waltham, MA) solutions were
prepared to provide Ca at 0, 200, 400, or
800 mg·L–1 after being dissolved in
reverse-osmosis water. All treatments
were applied twice a week as a foliar
spray between 0800 and 1100 HR, starting
a week after transplanting. Spray volume
per plant during the crop growth ranged
from�2 mL after transplanting to�15 mL
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before harvest, based on increasing can-
opy size and interception. The experiment
was repeated once.

Yield and dry weight. Harvesting
started 4 weeks after transplanting for all
experiments. For Expts. 1 and 2, data were
collected from plants excluding two bor-
der channels (four channels per treatment)
and boundary plants in the center chan-
nels. For Expt. 3, data were collected from
plants other than those on the two border
channels on each side and the boundary
plants in the center channels. Whole let-
tuce heads were harvested, and fresh
weight per head and fresh root weight
were determined at harvest. Shoots and

roots were air-dried for 48 h and then
placed in an oven at 60 �C until the weight
was constant before measuring shoot and
root dry weights.

Tissue analysis. For Expts. 1 and 2, the
top half of the lettuce plant, consisting of
leaves and stem of ‘Green Butter’ lettuce
was used for tissue analysis (six plants per
treatment). Although regular tissue analy-
sis is done using the most recent mature
leaf (Campbell, 2000), for our research,
focus was on tipburn, which is visible in
younger leaves. To have more representa-
tive samples, therefore, the top half of the
lettuce head—including actively growing
leaf tissues—was used for analysis. Oven-
dried samples were ground in a mill (Teca-
tor Cyclotec AB, Hogenas, Sweden)
through a 0.5-mm screen. Analysis of
macro- and micronutrients of leaves was
done using inductively coupled plasma
optical emission spectrometry (iCAP
6300; Thermo Scientific, Schaumburg, IL)
and a CN analyzer (Vario MICRO cube
CHNS; Elementar, Mt. Laurel, NJ) at the
U.S. Department of Agriculture–
Agriculture Research Service laboratory
in Toledo, OH. Results of tissue analyses
were used to investigate the variations in
nutrient uptake at different EC and pH
levels.

Tipburn evaluation. A scale 0 to 4 was
developed for the evaluation of tipburn
symptoms based on those leaves that are
visible on the top of the head and in the
center closer to the apical meristem (average,
30 leaves/plant): 0 = no symptoms; 1 = few
patches in the margins of some leaves; 2 =
patches on the margins of more than 50% of
the leaves; 3 = continuous necrotic patches on
the margins of some leaves; and 4 = contin-
uous necrotic patches on the margins of more
than 50% of the leaves.

Data analysis. Data were subjected to
analyses of variance using JMP Pro 10
(SAS Institute, Cary, NC). Expts. 1 and 2
were arranged as a completely randomized
design with a factorial arrangement of treat-
ments. Fresh weight, dry weight, and tipburn
were analyzed with EC or pH levels, and
lettuce cultivar as main effects. Macro- and
micronutrients were analyzed with EC or pH
levels as the independent variable using the
tissue analysis of cultivar Green Butter. Re-
gression analyses were performed to interpret
the relationship between EC or pH and the
parameters measured. For the tipburn evalu-

ation, only data from ‘Green Butter’ were
presented because it is the most susceptible
cultivar and provided a better evaluation of
symptoms because of the color contrast.
Expt. 3 was arranged as a completely ran-
domized design. For Expt. 3, analyses of
variance were performed with the concentra-
tion of Ca as the independent variable and
fresh weight, dry weight, and tipburn as
dependent variables. Regression plots are
presented in the figures to display the signif-
icant responses to CaCl2 sprays. Pairwise
comparison of means was conducted using
Tukey’s honestly significant difference test at
P # 0.05.

Results

Effect of EC. During Expt. 1 with varying
EC levels, cultivar differences in fresh weight
were evident (P < 0.001); however, there
were no interactions between cultivars and
EC (Table 1). The maximum fresh weights
were in treatments at or more than 1.8
mS·cm–1 for ‘Green Butter’ (263 ± 14 g/
head) and ‘Red Butter’ (202 ± 8 g), and at or
more than 1.6 mS·cm–1 for ‘Red Oakleaf’
(183 ± 6 g). Fresh weight remained the same
in treatments between 1.8 and 2.0 mS·cm–1

for all cultivars, and therefore increasing EC
beyond 1.8 mS·cm–1 did not contribute to
increasing yields (P < 0.001; Fig. 1A). Shoot
dry weight was greater at or more than 1.8
mS·cm–1 for ‘Green Butter’ and ‘Red Butter’,
and remained similar across EC treatments
for ‘Red Oakleaf’ (P < 0.001; Fig. 1B). Root
dry weight reduced slightly with increasing
EC (P < 0.001) in all cultivars (data not
shown). The greatest root weight was in
‘Green Butter’ (1.73 ± 0.27 g), followed by
‘Red Butter’ (1.57 ± 0.33 g) and ‘Red
Oakleaf’ (1.48 ± 0.30 g).

Tipburn symptoms were visible in ‘Green
Butter’ whereas other cultivars were not
highly susceptible (Table 1); therefore, only
data for ‘Green Butter’ are presented
(Fig. 1C). Tipburn was at a minimum at 1.4
mS·cm–1, with a rating of 1.2. The yield of
‘Green Butter’, however, was 75 g less at 1.4
mS·cm–1 compared with 1.8 mS·cm–1, which
had a tipburn rating of 2.7. Dry weight was 2
g less at 1.4 mS·cm–1 compared with 1.8
mS·cm–1.

Based on the tissue nutrient analysis of
‘Green Butter’, macronutrients N (P < 0.001)
and P (P < 0.001) reached the maximum
uptake at or near 1.8 mS·cm–1 (Fig. 2).

Table 1. Analysis of variance for shoot freshweight, shoot dry weight, root dry weight, and tipburn rating at harvest for Lactuca sativa (‘Green Butter’, ‘Oak Leaf’,
and ‘Red Butter’) grown under four different electrical conductivity (EC) levels (Expt. 1: EC at 1.4, 1.6, 1.8, or 2.0 mS·cm–1) at a constant pH of 5.8 and four
different pH levels (Expt. 2: pH at 5.8, 6, 6.2, or 6.4) at a constant EC of 1.8 mS·cm–1.

Parameter

Treatment Shoot fresh wt Shoot dry wt Root dry wt Tipburn rating

Expt. 1 EC *** *** *** NS

Cultivar *** *** *** ***
EC · cultivar NS NS NS ***

Expt. 2 pH NS NS NS NS

Cultivar *** *** ** ***
pH · cultivar NS NS NS NS

NS, *, **, ***Nonsignificant or significant at P # 0.05, 0.01, or 0.001, respectively.

Fig. 1. (A) Fresh weight and (B) dry weight of the
shoots of three cultivars of Lactuca sativa
(‘Green Butter’, ‘Oak Leaf’, and ‘Red Butter’),
and (C) tipburn rating measured at harvest on
‘Green Butter’, grown under four different
electrical conductivity (EC) levels (1.4, 1.6,
1.8, or 2.0 mS·cm–1) at a constant pH of 5.8
(Expt. 1). Vertical bars represent SE (n = 22–
24). Mean separation by Tukey’s honestly sig-
nificant difference test at P # 0.05.
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Potassium (P < 0.001), Ca (P < 0.05), and S
(P < 0.001) concentrations increased up to
1.6 mS·cm–1, but remained the same thereaf-
ter with the increasing EC. Concentrations of
P, K, and S remained the same at 2.0 mS·cm–1

compared with 1.8 mS·cm–1, although the
nutrient levels increased in the solution. Ni-
trogen concentration, however, increased
with increasing EC (P < 0.001). Magnesium
concentration was similar across EC treat-
ments (P > 0. 05). Based on a sufficiency
range of nutrients for greenhouse lettuce
(Campbell, 2000), N was sufficient at and
more than 1.8 mS·cm–1. Phosphorus was
sufficient at all EC ranges. Potassium, Ca,
and S were sufficient at greater than 1.6
mS·cm–1. Magnesium reached the lower end
of the sufficiency range near 2.0 mS·cm–1.
Micronutrients Mn (P < 0.02), Mo (P <
0.001), and Zn (P < 0.001) changed in a
similar pattern to some of the macronutrients,
where uptake increased and was at a similar
concentration beyond 1.6 mS·cm–1 (Fig. 3).
There was no influence on B as a result of
changing EC levels. In contrast, Cu (P <
0.001) and Fe (P < 0.001) concentration
increased with increasing EC. All micronu-
trients were within the sufficiency range for
lettuce (Campbell, 2000).

Effect of pH. During Expt. 2 with varying
pH levels, yield was affected by cultivar (P <
0.001) but not pH or its interaction with

cultivar (Table 1). ‘Green Butter’ had the
greatest fresh weight (320 ± 9 g), followed by
‘Red Oakleaf’ (268 ± 6 g) and ‘Red Butter’
(234 ± 9 g). Compared with the recom-
mended pH of 5.8, the increase in fresh
weight at higher pH levels was minimal, with
47 g for ‘Green Butter’, 28 g for ‘Red
Oakleaf’, and 22 g for ‘Red Butter’
(Fig. 4A). Yield at pH 6.4 was less than pH
5.8 for ‘Red Oakleaf’ and ‘Red Butter’. Shoot
dry weight varied with cultivars in pattern
similar to fresh weight (P < 0.001; Fig. 4B);
however, the response to pH was not signif-
icant (Table 1). Root dry weight also varied
based on the cultivar (P < 0.01)—‘Green
Butter’ (3.70 ± 0.04 g), ‘Red Butter’ (3.52 ±
0.04 g), and ‘Red Oakleaf’ (3.48 ± 0.04 g)—
but not because of the pH changes (data not
shown).

There was no variation in tipburn symp-
toms for ‘Green Butter’ across pH levels,
with an average tipburn rating of 1.6
(Table 1). For ‘Red Oakleaf’ and ‘Red But-
ter’, tipburn symptoms were marginal com-
pared with ‘Green Butter’, and therefore data
for ‘Green Butter’ only are presented
(Fig. 4C).

Based on tissue nutrient analysis of
‘Green Butter’ lettuce, N and S concentra-
tions increased with increasing pH up to 6.0
and reduce after 6.2, indicating N (P <
0.0001) and S (P < 0.001) uptake patterns

change significantly across these ranges, with
the lowest at 6.4 (Fig. 5). Phosphorus uptake
levels remained similar from 5.8 to 6.2 and
decreased at 6.4 (P < 0.01). Leaf tissue
concentration of K (P < 0.001) and Ca (P <
0.001) reduced linearly with increasing pH.
Magnesium uptake was not different among
treatments (P > 0.05). Nitrogen was within
the sufficiency range (Campbell, 2000) ex-
cept at pH 6.4. Phosphorus, K, Mg, and S
were sufficient at all pH treatments. Calcium,
however, was deficient at a pH of more than
6.2. B did not vary with changing pH levels
within the range of 5.8 to 6.4 (P > 0.05).
Iron(P < 0.0001), Mn (P < 0.0001), Zn (P <
0.0001), and Mo (P < 0.001) uptake de-
creased gradually with increasing pH
(Fig. 6). Copper levels increased and reached
the maximum at a pH of 6.0, then decreased
gradually thereafter (P < 0.001). All micro-
nutrients remained within their sufficiency
range at all pH levels; however, they reached
the lower limit of their sufficiency range at
pH 6.4 (Campbell, 2000). Boron remained at
the lower end of the sufficiency range at all
pH levels.

Effect of foliar application of CaCl2.
Fresh weight decreased with the increased
application rate of CaCl2 (P < 0.001;
Fig. 7A). Fresh weight was 25 g less at 800
mg·L–1 than at 0 and 200 mg·L–1 CaCl2. Dry
weight also reduced with the increased con-
centration of CaCl2 at 800 mg·L–1, and was
2 g less than at 0 and 200 mg·L–1 (P < 0.0001;
Fig. 7B). At 400 mg·L–1 CaCl2, the fresh
weight reduction was 30 g and the dry weight
reduction was 1 g compared with the control.
Applications twice per week of 400 and 800
mg·L–1 Ca, however, reduced tipburn com-
pared with other treatments (P < 0.0001;
Fig. 7C). Tipburn rating was reduced from
2.5 to 0.75 with the increased application of
CaCl2. No phytotoxicity symptoms were ob-
served from CaCl2 application (data not
shown).

Discussion

Production of lettuce at the recommended
EC produced the greatest yield but not the
highest quality, because tipburn symptoms
were greater in some cultivars. The greatest
yield was at an EC of 1.8 mS·cm–1 compared
with 1.4 and 2.2 mS·cm–1, and that was
previously recorded for lettuce production
in fall and winter (Samarakoon et al., 2019).
Our study confirms that growing at 1.8
mS·cm–1 in summer is better than 1.6 and
2.0 mS·cm–1 in terms of yield. In addition,
growing at 2.0 mS·cm–1 did not contribute to
additional uptake of most of the essential
elements. Therefore, nutrients remain in the
solution, leading to fertilizer waste if the
nutrient solution is not reused. Reducing EC
level to less than the recommended levels did
not increase yield in lettuce in the summer
growing conditions in our study, although it
this has been reported for other types of
hydroponic systems (Abou-Hadid et al.,
1995; Samarakoon et al., 2006; Serio et al.,
2000). The differences between hydroponic

Fig. 2. Concentration of (A) nitrogen (N), (B) phosphorus (P), (C) potassium (K), (D) calcium (Ca), (E)
magnesium (Mg), and (F) sulfur (S) as a percentage of dry matter (DM) in leaves of the top half of the
Lactuca sativa ‘Green Butter’ head grown under four different electrical conductivity (EC) levels (1.4,
1.6, 1.8, or 2.0 mS·cm–1) at a constant pH of 5.8 (Expt. 1). Vertical bars represent SE (n = 6). Mean
separation by Tukey’s honestly significant difference test at P # 0.05. n.s., nonsignificant.
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systems in response to EC optimization re-
quires further investigation because the vol-
ume of nutrient solution in contact with the
root systems affects water and nutrient up-
take directly.

Macronutrients N, K, Ca, and S were less
than the sufficiency range at EC levels less
than 1.6 mS·cm–1. Reduced macronutrients
have contributed to reduced growth at EC
levels, as reported previously in hydroponics
lettuce (Fallovo et al., 2009; Samarakoon
et al., 2019). In herbs (Ocimum spp., Corian-
drum sativum, Anethum graveolens, and Pet-
roselinum crispum) grown in NFT systems,
yield was not influenced by EC changes
between 0.5 to 4.0 mS·cm–1 (Currey et al.,
2019; Walters and Currey, 2018). In those
studies, EC adjustments were done every day
or automatically, and the tank size for the
nutrient solution was double compared with
our study. Under such condition, nutrients
may be sufficiently available even at low EC
levels. Therefore, yield response to EC ad-
justment may also vary with the plant spe-
cies, frequency of EC adjustment, and tank
size in hydroponics.

To reduce tipburn symptoms in suscepti-
ble cultivars, growers may need to use a
lower EC of 1.4 mS·cm–1, where tipburn
symptoms were minimum. At an EC of 1.4
mS·cm–1, some macronutrients became defi-

cient; however, micronutrients were in suffi-
cient quantities. As evident by fresh weight,
lower growth rates associated with low EC
levels reduce the need for high levels of Ca
and therefore alleviate tipburn. Calcium con-
centration in the leaf tissue did not increase
after 1.6 mS·cm–1, although the levels in-
creased in the nutrient solution, indicating Ca
is not taken up to support increased plant
growth at high EC levels. Thus, the faster
growth rates at high EC levels demanded
more Ca and led to inadequate Ca in leaf
tissues and subsequent development of tip-
burn.

Addition of Ca to the nutrient solution,
therefore, may not to be helpful and could
lead to a further increase of EC in the solu-
tion. Although there is a reduction of 75 g
fresh head weight at 1.4 mS·cm–1, hydroponic
lettuce is sold in many ways. When sold in
clear plastic containers, a head size that fills
the container is important compared with the
weight. The Salanova� cultivars consist of
many small leaves and, therefore, most are
used in formulating salad mixes. Although
the salad mixes are sold by weight, multiple
plant species or cultivars can be added to
formulate the mix. Therefore, if growers can
identify such strategies, a reduced weight will
likely not influence sales. Therefore, in terms
of cultivars susceptible to tipburn, growing at

a low EC (1.4 mS·cm–1) will benefit in pro-
ducing a marketable product compared with
unsaleable products grown at a high EC (1.8
mS·cm–1).

The yield variations were considerably
less under different pH levels. Therefore,
significant growth changes did not occur
among the pH levels tested based on shoot
or root dry weight. The yield was greater at
pH 6.0, which was slightly greater than the
recommendation of pH 5.8. Based on the
nutrient uptake pattern, tissue N was great-
er at pH 6.0, which may have caused the
increased yield; however, there was no
difference in uptake of other macro- or
micronutrients between pH 5.8 and 6.0.
Changing pH levels from the recom-
mended level did not reduce the tipburn
symptoms because all treatments dis-
played similar tipburn ratings. Adjusting
pH, therefore, cannot be used as a strategy
to control tipburn in lettuce.

Based on our results, yield can be com-
parable across a pH range of 5.8 to 6.2;
however, significant reductions can occur at
a pH greater than 6.4, with many macro- and
micronutrients becoming deficient. At a high
pH, some of the micronutrients lose solubility
and therefore are not available for uptake in
the solution (Tyson et al., 2008). Growing at a
high pH can happen when growers use

Fig. 3. (A) Concentration of boron (B), (B) copper (Cu), (C) iron (Fe), (D) manganese (Mn), (E)
molybdenum (Mo), and (F) zinc (Zn) in leaves of top half of the Lactuca sativa ‘Green Butter’ head
grown under four different electrical conductivity (EC) levels (1.4, 1.6, 1.8, or 2.0 mS·cm–1) at a
constant pH of 5.8 (Expt. 1). Vertical bars represent SE (n = 6). Mean separation by Tukey’s honestly
significant difference test at P # 0.05. n.s., nonsignificant.

Fig. 4. (A) Freshweight and (B) dryweightof the shoots
of three cultivars of Lactuca sativa (‘Green Butter’,
‘OakLeaf’, and ‘RedButter’), and (C) tipburn rating
measured at harvest on ‘Green Butter’, grown under
four different pH levels (5.8, 6, 6.2, or 6.4) at a
constant electrical conductivity of 1.8 mS·cm–1

(Expt. 2). Vertical bars represent SE (n = 22–24).
Mean separation by Tukey’s honestly significant
difference test at P# 0.05. n.s., nonsignificant.
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alkaline water that acts as a buffer that resists
pH change. Growers who adjust ECmanually
also encounter high pH levels between ad-
justments. As evident in our study, yield
variations are marginal across pH 5.8 to 6.2.
Therefore, our study also provides some
guidance to growers who experience high
pH levels resulting from the initial water
quality.

Application of CaCl2 controlled tipburn
effectively at the recommended pH of 5.8 and
the EC of 1.8 mS·cm–1. Growers can apply
CaCl2 as a routine application, twice a week
after transplanting, because a one-time appli-
cation was not sufficient. Application of Ca
directly to shoots can increase Ca deposition
in leaves, as noted by increased Ca in leaf
tissues. Therefore, Ca is readily available to
young leaf tissues without the reliance on
transportation from older leaf leaves and
roots (White and Broadley, 2003). As a
result, even if environmental conditions such
as transpiration rates are not optimal for Ca
mobilization from the root during the sum-
mer, Ca can be taken up readily by the leaves
directly to alleviate tipburn. The yield reduc-
tion after application of CaCl2 was minimal
compared with reducing the EC to 1.4
mS·cm–1 to control tipburn. Yield reduction
at a high CaCl2 level has not been reported for
lettuce; however, reduced shoot dry weight
was reported for Nardus stricta L. and Sie-
glingia decumbens L., with increased CaCl2
concentration in the root zone (White and
Broadley, 2003). Further investigations are
underway to understand the growth response
to foliar applications of CaCl2.

Foliar Ca application was found to in-
crease the mechanical strength of the leaves
and therefore was beneficial in reducing
postharvest loses (Li et al., 2012; Samara-
koon et al., 2017). In addition, CaCl2 was
found to be effective in controlling fungal
diseases (Bennett et al., 2020; Samarakoon
et al., 2016; Starkey and Pedersen, 1997).
Therefore, it is possible that growers may get
additional benefits related to disease control,
and further investigations are underway to
confirm them. Based on our study, 400 to 800
mg·L–1 Ca in the form CaCl2 is recommended
for ‘Green Butter’ lettuce. The morphology
of the cultivar in our study, was a leafy lettuce
cultivar that allows young leaf tissues to
receive the spray solution effectively. How-
ever, other cultivars with different morphol-
ogies, such as enclosed leaves, may respond
to Ca foliar applications differently.

Conclusion

Our investigation provides guidelines for
optimum EC and pH management for NFT
lettuce under summer growing conditions.
Our investigation also provides evidence for
two potential nutrient management strategies
to control tipburn. One is reducing the EC of
the nutrient solution to less than 1.4 mS·cm–1

and the other is a twice-a-week application of
CaCl2 at rates of 400 or 800mg·L–1 Ca. Of the
two techniques, application of CaCl2 pro-
vided a better control as the symptom of

Fig. 5. (A) Concentration of nitrogen (N), (B) phosphorus (P), (C) potassium (K), (D) calcium (Ca), (E)
magnesium (Mg), and (F) sulfur (S) as a percentage of dry matter (DM) in leaves of top half of the head
of Lactuca sativa ‘Green Butter’ at four different pH levels (5.8, 6, 6.2, or 6.4) at constant electrical
conductivity of 1.8 mS·cm–1 (Expt. 2). Vertical bars represent SE (n = 6). Mean separation by Tukey’s
honestly significant difference test at P # 0.05. n.s., nonsignificant.

Fig. 6. (A) Concentration of boron (B), (B) copper (Cu), (C) iron (Fe), (D) manganese (Mn), (E) molybdenum
(Mo), and (F) zinc (Zn) in leaves of the top half of the head of Lactuca sativa ‘Green Butter’ at four different
pH levels (5.8, 6, 6.2, or 6.4) at constant electrical conductivity of 1.8 mS·cm–1 (Expt. 2). Vertical bars
represent SE (n = 6). Mean separation by Tukey’s honestly significant difference test at P # 0.05.
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tipburn was minimal and the impact on yield
was minor compared with reducing the EC.
Growers can choose an appropriate strategy
based on the convenience of integration into
existing management practices.
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Fig. 7. (A) Fresh weight, (B) dry weight, (C) and
tipburn rating of Lactuca sativa ‘Green Butter’ at
harvest after twice-a-week foliar spray applica-
tions of calcium chloride (CaCl2) to provide
calcium (Ca) at 0, 200, 400, or 800 mg·L–1, and
at a constant electrical conductivity and pH of 1.8
mS·cm–1 and 5.8, respectively. Vertical bars rep-
resent SE (n = 16). Mean separation by Tukey’s
honestly significant difference test at P # 0.05.
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