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ABSTRACT. Lettuce (Lactuca sativa) is an economically important leafy green
widely grown in greenhouses, yet there are limited data on the interaction
between lettuce cultivar and air temperature for many cultivars currently
marketed for commercial greenhouse production. Even in climate-controlled
greenhouses, internal air temperature can exceed general recommendations,
leading to bolting, excessive stem elongation, bitter flavors, and reduced yields.
This study aimed to generate benchmark yield and morphological data for 20
lettuce cultivars grown hydroponically in a greenhouse during a fall (20 �C mean
air temperature) and summer (28 �C mean air temperature) production cycle,
with harvests at 9 (juvenile stage) and 21 (mature stage) days after transplanting
(DAT). For both fall and summer, lettuce grew in a common nutrient film
technique system with an average pH and EC of 5.6 and 1.5 dS·m21, respectively,
with greenhouse air temperature setpoints of 21 �C (day) and 18 �C (night), and a
target average daily light integral of 17 mol·m22·d21. The experiment was set up
as a randomized complete block design with two blocks. Depending on the
cultivar, air temperature, and harvest time, lettuce yield and top projected canopy
area (TPCA) were significantly different. However, regardless of the cultivar or
harvest time, yield (kg·m22·year21) was almost always greater at 20 �C (fall) than
28 �C (summer). Supraoptimal air temperatures increased TPCA at both 9 and
21 DAT. Supraoptimal air temperatures decreased specific leaf area, resulting in
thicker leaf lamina. Chlorophyll concentration was more affected by cultivar than
harvest date or air temperature, but prolonged supraoptimal air temperatures
decreased chlorophyll concentration at 21 DAT. Benchmarking yield and
morphology across cultivars and seasons provides a tool for growers to improve
crop selection and production strategies, while informing breeding efforts for
improved controlled environment performance with regard to plant architecture
and leaf morphology for greenhouses using automated harvesting and packaging.

The production of leafy greens
in controlled environment ag-
riculture (CEA) systems such

as greenhouses and vertical farms is
becoming increasingly popular in the
United States and globally (Benke and

Tomkins 2017; Dohlman et al. 2024;
Walters et al. 2020). One challenge cul-
tivating leafy greens, particularly lettuce
(Lactuca sativa), is the limited data on
yield benchmarks and morphology for
the numerous cultivars and head types
marketed for CEA production. Im-
proved yield benchmarking can serve as
a resource for growers to assess green-
house productivity, set industry stand-
ards, reduce trial-and-error in cultivar
selection, and assist breeders in identi-
fying traits well suited for CEA.

Although cultivar selection is es-
sential for maximizing yield, environ-
mental factors such as air temperature,
light intensity, vapor pressure deficit
(VPD), and mineral nutrition also play
key roles in determining overall crop
yield and quality. Greenhouses and
high tunnels often allow for precise
control over environmental factors re-
lated to light and fertility but can fail

to manage air temperature effectively.
Light intensity and quality can be
managed either through shading or
with the use of electric lights such as
high-pressure sodium or light-emitting
diode (LED) fixtures. Lettuce grown
in greenhouses is commonly main-
tained at an average daily light inte-
gral (DLI) of 14 to 17 mol·m�2·d�1

and generally grows best in environ-
ments with greater proportions of red
light (600 to 700 nm) compared with
other photosynthetically active wave-
lengths (Albright et al. 2000; Chen
et al. 2021; Faust and Logan 2018;
Stallknecht and Runkle 2025). Simi-
larly, hydroponic nutrient solution EC
(EC) and pH can be managed effec-
tively for hydroponically grown crops
regardless of growing season and even
automated (Catota-Ocapana et al.
2025). Commonly, hydroponic lettuce
is grown with a nutrient solution at an
EC between 1.5 and 2.0 dS·m�1 and a
pH of 5.6 to 6.0 (Bugbee 2004; Hos-
seini et al. 2021). Despite the ability to
accurately regulate light levels and min-
eral nutrition across seasons, maintain-
ing desired internal greenhouse air
temperature can be far more challeng-
ing, especially for less technologically
sophisticated greenhouses and high
tunnels during summer months. Thus,
the selection of lettuce cultivars that
perform better at elevated air tempera-
tures becomes a desirable solution.

Air temperature is a critical factor
influencing lettuce yield. As a cool-
season crop, it is typically recommended
to maintain air temperatures between
�18 and 24 �C (Carotti et al. 2021;
Seginer et al. 1991; Tarr et al. 2023).
Yet determining the best air tempera-
ture for greenhouse lettuce growth pre-
sents several challenges. First, as noted
by Seginer et al. (1991), optimal air
temperature may vary depending on
crop developmental stage. Higher air
temperatures early in the growth cy-
cle can promote leaf and stem elon-
gation and potentially increase light
interception, whereas this effect may
be increasingly diminished later in the
growth cycle. Second, temperature man-
agement has associated costs because
heating and cooling can represent a
significant portion of greenhouse op-
erational expenses, sometimes exceed-
ing 10% of total sales value (Sanford
2011). Thus, models that co-optimize
for yield and profitability are currently
being studied, but these models still
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require robust data sets of cultivar
yield and morphology to make accu-
rate predictions (Petropoulou et al.
2023; Tarr et al. 2023). Third, tem-
perature response is cultivar-specific,
further complicating temperature rec-
ommendations, particularly for green-
houses growing many lettuce cultivars
simultaneously (Brewer et al. 2024;
Tarr et al. 2023). Together, these fac-
tors make air temperature one of the
most important and complex variables
in greenhouse lettuce production and
a major focus of ongoing research.
Notably, supraoptimal air temperatures
can decrease lettuce yield, which creates
an issue during summer months when
greenhouse cooling capacity may be in-
sufficient. Identifying effective strategies
to manage temperature or selecting cul-
tivars better suited to a wider range of
air temperatures is highly desirable, yet
few cultivar trials have evaluated perfor-
mance under elevated air temperatures.

In addition to yield, air tempera-
ture influences overall crop quality by
affecting plant morphology, transi-
tion to the reproductive growth stage
(i.e., bolting), and the development
of physiological disorders such as tip-
burn (Frantz et al. 2004; Jenni and
Yan 2009; Lee et al. 2019). Lettuce
leaf and stem length generally increase
under supraoptimal temperatures (Al-
Said et al. 2018; Fukuda et al. 2012).
Increasing leaf and stem length may
have some benefits earlier in produc-
tion to increase light interception as
noted by Seginer et al. (1991) but pro-
longed supraoptimal temperatures may
diminish the marketability of the crop
(Al-Said et al. 2018). At supraoptimal
temperatures, lettuce transitions more
rapidly from the vegetative to the re-
productive growth stage, leading to an
unmarketable head of lettuce due to
greater concentrations of lactucopicrin
and lactucin resulting in an undesirable
bitter taste (Chen et al. 2018; Liu et al.
2024). Supraoptimal temperatures can
also increase the incidence of the physi-
ological disorder tipburn caused by
localized calcium deficiency in actively
expanding lettuce leaves, which ren-
ders lettuce heads partially or completely
unmarketable (Barta and Tibbitts 2000).

Air temperature plays a critical role
in determining both the yield and mar-
ketability of lettuce by influencing plant
growth and development, flavor, and
the occurrence of physiological disor-
ders. Although limited information

exists on yield performance and crop
quality of many lettuce cultivars at
optimal and supraoptimal tempera-
tures. Thus, the objective of this re-
search was to compare the yield and
morphology of 20 lettuce cultivars
grown during a fall and summer green-
house production cycle. It was hypoth-
esized that lettuce yield would be
greatest during the fall season when
internal greenhouse air temperatures
were closer to the recommended range
for optimal growth. It was also hypothe-
sized that due to elevated air tempera-
tures, lettuce grown during the summer
season would exhibit greater extension
growth, which would increase the area
required for each plant to grow without
substantial overlap with adjacent plants.
The individual area required for each
plant to grow is often quantified as the
top projected canopy area (TPCA),
which not only directly influences the
planting density and thus yield but
can also be used as a proxy for shoot
fresh mass in remote sensing applica-
tions (Kim and van Iersel 2022). De-
spite the relative importance and utility
of TPCA, few studies quantify this
metric across a wide range of lettuce
cultivars.

Materials and methods
LETTUCE CULTIVARS. Twenty

green-leaf lettuce cultivars were selected
based on their targeted marketing for
CEA production and consultation with
seed distributors (Fig. 1). Seeds were
acquired through a combination of
Johnny’s Selected Seeds (Winslow,
ME, USA), Seedway (Hall, NY, USA),
or Paramount Seeds (Stuart, FL, USA).
The selected cultivars represent multiple
head types including batavia, butter-
head, oak leaf, and loose leaf.

SEEDLING PROPAGATION. Lettuce
seedlings germinated in 200-cell rockwool
flats (AO 25/40, 25 � 25 � 40 mm;
Grodan, Milton, ON, Canada) starting
on 30May 2024 and 8 Oct 2024 for the
summer and fall trials, respectively. The
rockwool flats received irrigation with a
mixture of municipal water and a
water-soluble hydroponic fertilizer
(OASIS 16-4-17 Hydroponic FeED;
JR Peters, Inc., Allentown, PA, USA),
that supplied the following nutrients (in
mg·L�1): 150 N, 16 P, 129 K, 37 Ca,
18 Mg, 1.9 Fe, 0.45 Mn, 0.47 Zn,
0.15 B, 0.08 Mo, and 0.08 Cu. Nu-
trient solution pH and EC were
measured using a handheld pH and

electrical conductivity (EC) meter
(HI9814; Hanna Instruments, Woon-
socket, RI, USA), and adjusted to an
EC of 1.2 dS·m�1 and a pH of 5.8.
The pH was adjusted using either po-
tassium bicarbonate or sulfuric acid as
needed. Humidity domes covered the
seedlings for 4 d until cotyledon
emergence and were then removed.
Germination took place in a growth
chamber (32-2067-0301; Darwin Cham-
bers Company, St. Louis, MO, USA)
maintained at 20 �C air temperature,
75% relative humidity, and a photo-
synthetic photon flux density (PPFD;
400 to 700 nm) of 200 mmol·m�2·s�1

provided by broad-spectrum LEDs
with a 16-h photoperiod (Fig. 2). The
LED spectral distribution was mea-
sured with a handheld spectroradiom-
eter (LI-180 Spectrometer; LI-COR,
Inc., Lincoln, NE, USA). Seedlings
grew in the growth chamber for 13 d
before transplanting into the green-
house nutrient film technique (NFT)
system.

NFT SYSTEM. All plants grew in
a single NFT hydroponic system (Crop
king, Inc., Lodi, OH, USA). The sys-
tem included 40 NFT channels (1.5 m
long � 9.5 cm wide), each with eight
individual sites spaced 20.3 cm apart
(320 sites total). The nutrient solution
was stored in a 100-gallon reservoir
aerated with two circular air stones
(13 cm diameter; VIVOSUN, Ontario,
CA, USA) connected to one 40-W air
pump (70 L·min�1; VIVOSUN). A
144 L·min�1 submersible water pump
(Little Giant; Franklin Electric Company,
Inc., Fort Wayne, IN, USA) recirculated
the nutrient solution continuously and
provided a flow rate of 0.49 ± 0.027
L·min�1 (average ± SD) at each channel
inlet. The nutrient solution consisted of
well water mixed with the same water-
soluble hydroponic fertilizer used for
seedling propagation and contained
the following nutrients (in mg·L�1):
188 N, 20 P, 162 K, 47 Ca, 23 Mg,
2.4 Fe, 0.56 Mn, 0.59 Zn, 0.19 B,
0.10 Mo, and 0.10 Cu. The nutrient
solution pH, EC, and temperature
were measured and recorded daily
(Fig. 2A–C, Table 1). Potassium bi-
carbonate or sulfuric acid adjusted
the nutrient solution pH when val-
ues were lower than 5.5 or greater
than 6, respectively. The nutrient solu-
tion EC was adjusted by either adding
well water or additional water-soluble
fertilizer to the stock tank.
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GREENHOUSE ENVIRONMENT. The
experiment took place inside a 9.1 �
12.2 m, glass-glazed greenhouse section
at the Hampton Roads Agricultural
Research and Extension Center (36.9�N
lat.). The internal greenhouse environ-
ment was adjusted with a combination

of steam heat, retractable shade curtain,
exhaust fans, and an evaporative cool-
ing wall. Greenhouse actuation was
controlled with a greenhouse controller
(Wadsworth Control System, Inc.,
Arvada, CO, USA) with tempera-
ture set points of 21 �C during the

day and 18 �C at night for both the
summer and fall growth periods. Sup-
plemental photosynthetic lighting was
provided with broad-spectrum LEDs
(VYPR Duo; Fluence Bioengineer-
ing, Austin, TX, USA) during the fall
growth period to achieve a target av-
erage DLI of 17 mol·m�2·d�1 (Fig. 2).
LEDs provided an average PPFD of
200 mmol·m�2·s�1 at canopy height
and operated from 0300 to 1900 HR,
except when the ambient PPFD exceeded
300 mmol·m�2·s�1. The air tempera-
ture, relative humidity, and instanta-
neous PPFD were measured at canopy
height in each block every minute and
hourly averages were recorded on a data-
logger (CR1000X; Campbell Scientific,
Inc., Logan, UT, USA) (Fig. 2D–F). Air
temperature and relative humidity
were measured with a combination
probe (HygroVue; Campbell Scien-
tific, Inc.) housed in a radiation shield.
Air temperature and relative humidity
measurements were used to calculate
vapor pressure deficit (VPDair). PPFD
was measured with quantum sensors
(SQ-500; Apogee Instrument, Inc.,
Logan, UT, USA). DLI was calculated
from instantaneous PPFDmeasurements.

Fig. 2. Light-emitting diode (LED) spectrum used during seedling germination
in a growth chamber for the summer and fall growth periods. Greenhouse
supplemental lighting with LEDs was not provided during the summer growth
period (21 Jun–21 Jul 2024) but was used during the fall growth period
(21 Oct–11 Nov 2024) when the average daily light integral was lower than
the target 17 mol·m22·d21.

Fig. 1. Representative photographs of each lettuce cultivar evaluated.
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Internal CO2 concentration was not
measured or adjusted during the ex-
periment. Internal greenhouse relative
humidity was not controlled during
the experiment. Lettuce seedlings
were transplanted into the greenhouse
NFT system on 12 Jun 2024 and 21
Oct 2024 for the summer and fall
growth periods, respectively.

EXPERIMENTAL DESIGN. The exper-
iment followed a randomized com-
plete block design with two blocks.
Each block contained eight lettuce
plants per cultivar. The cultivar trial
was conducted once during summer
and once during fall. This created one
growth period with air temperatures
that exceeded those generally recom-
mended for lettuce cultivation, and
one growth period with air tempera-
tures close to recommended values.
Lettuce grew in the common green-
house environment until destructive
measurements were taken nine (juve-
nile stage) and 21 (mature stage) days
after transplant (DAT) for both grow-
ing seasons. Four plants per cultivar per
block were selected for each destructive
harvest. Planting density was 50 and
25 plants per square meter for the ju-
venile and mature stages of growth,
respectively.

DATA COLLECTION. At each de-
structive harvest, shoot fresh mass per
plant was measured using a digital
scale (IPC; Ishida CO., LTD., Sakyo-
ku, Kyoto, Japan). The TPCA of each
plant was determined from top-down
images captured with a digital camera
(RX100 IV; Sony Electronics Corpora-
tion, Tokyo, Japan) and analyzed using
ImageJ software (Schneider et al. 2012).
Lettuce yield (in units of kg·m�2·year�1)
was calculated on a per plant basis as
[planting density � kg of shoot fresh
mass � (365/d between seed sow and
harvest)]. Chlorophyll concentration
was measured using a handheld

chlorophyll meter (MC-100; Apogee
Instruments, Inc.) and was averaged
from three mature leaves per plant. Spe-
cific leaf area (SLA) was calculated using
three 0.79 cm2 leaf excisions taken from
the lamina of mature leaves, then divid-
ing sampled leaf area by the sample dry
mass. Leaf samples used to calculate
SLA were dried for 4 d at 60 �C in a
drying oven (Isotemp Oven; Fisher Sci-
entific, Hampton, NH, USA) and dry
weights were measured using a digital
scale (AGZN120; Scientific Industries
Inc., Bohemia, NY, USA). Destructive
harvest of a subset of lettuce seedlings
was conducted on 12 Jun 2024 before
transplanting into the greenhouse for
the summer trial. Small leaves that did
not fully cover the handheld chlorophyll
meter aperture prevented measurement
of seedling chlorophyll concentration.
Lettuce grown in the greenhouse was
harvested on 21 Jun 2024 and 3 Jul
2024 during the summer growth pe-
riod, and on 30 Oct and 11 Nov 2024
during the fall growth period.

STATISTICAL ANALYSIS. Data from
each block were pooled for the sum-
mer and fall growing seasons because
there was no significant block effect.
Data were analyzed in R software
(Version 4.4.2; R Core Team, Vienna,
Austria) and RStudio (Version 2024.
12.1 1 563; Posit Software, Boston,
MA, USA) using analysis of variance
and Tukey’s honestly significant dif-
ference test (a 5 0.05). The main ef-
fect of cultivar and growth period on
each growth parameter was analyzed
using t tests (a 5 0.05). Linear and
nonlinear regressions were compared
for each growth parameter as a function
of days after seed sow for each growth
period. Statistical tests were conducted
separately for lettuce harvested 9 DAT
or 21 DAT. A nonlinear sigmoid re-
gression was fit to the data where ap-
propriate and expressed as

y5
a

11 expðb�x
c Þ ,

where y 5 response variable, a 5 as-
ymptote, b 5 value at inflection point
of the curve, c 5 scaling parameter,
and x 5 predictor variable (days after
seed sow).

Results
GREENHOUSE ENVIRONMENTAL

CONDITIONS. Table 1 and Fig. 3 pre-
sent daily measurements of the nutrient
solution stock tank and average ambi-
ent greenhouse conditions. Average nu-
trient solution temperature was 22.0
and 27.2 �C (21% difference) during
the fall and summer growth periods, re-
spectively (Fig. 3A). Average nutrient
solution EC and pH were less than 1%
and 2% different between growth peri-
ods, respectively (Fig. 3B and 3C). Air
temperature during the fall and summer
trials was 20.2 �C (henceforth referred
to as 20 �C) and 28.1 �C (henceforth
referred to as 28 �C) (33% difference),
respectively (Fig. 3D). VPDair was 27%
higher in the summer compared with
the fall growth period (Fig. 3E). Al-
though DLI fluctuated more during the
summer growing period, average DLI
differed by less than 5% between fall and
summer growth periods (Fig. 3G).

YIELD. Lettuce cultivar and air
temperature interacted significantly to
affect yield at both 9 and 21 DAT
(Fig. 4). At the juvenile harvest (9 DAT),
yield was greater at 28 �C for all cul-
tivars evaluated compared with 20 �C
(Fig. 4A). By the mature harvest
(21 DAT), the difference in yield
between 20 and 28 �C was notice-
ably reduced, but yield was greater at
20 �C (Fig. 4B). In general, cultivars with
the highest or lowest yield at 9 DAT
maintained similar relative rankings
at 21 DAT. For example, ‘Twist’
and ‘Riptide’ consistently ranked low-
est in yield across both air temperatures
and harvest times, whereas ‘Multigreen
50 F1’ and ‘Lollo Green’ ranked among
the highest. Comparing yield between
season and DAT, yield increased by
119% as air temperature rose from
20 �C to 28 �C at 9 DAT but de-
creased by 13% at 21 DAT (Fig. 4C
and 4D). The same sigmoidal model was
used to describe lettuce yield over time.
Averaging all cultivars within season,
yield approached an upper asymptote
of �23 kg·m�2·year�1 at 28 �C, and
did not reach an upper asymptote at
20 �C (Fig. 4E).

Table 1. The average environmental conditions inside the research greenhouse
(Hampton Roads Agricultural and Extension Center in Virginia Beach, VA,
USA) and the nutrient solution in the summer (21 Jun–21 Jul 2024) and Fall
(21 Oct–11 Nov 2024) growth periods (average ± SD; n 5 21).

Environmental parameter Summer Fall

Air Temperature (�C) 28.1 ± 1.3 20.2 ± 2.0
Relative humidity (%) 70.0 ± 5.64 69.5 ± 7.26
Vapor pressure deficient (kPa) 1.36 ± 0.29 0.80 ± 0.20
Daily light integral (mol·m�2·d�1) 18.1 ± 6.4 17.4 ± 2.7
Nutrient solution electrical conductivity (dS·m�1) 1.49 ± 0.08 1.48 ± 0.06
Nutrient solution pH 5.53 ± 0.37 5.66 ± 0.33
Nutrient solution temperature (�C) 27.3 ± 1.6 22.0 ± 2.3
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TOP PROJECTED CANOPY AREA.
Lettuce cultivar and air temperature
had a significant interactive effect on
TPCA (Fig. 5). TPCA was greater at
28 �C than 20 �C at both harvest
times, although the magnitude of dif-
ference between the two air tempera-
tures was substantially diminished at
21 DAT (Fig. 5A–D). On average,
TPCA increased by 228% when air
temperature increased from 20 to
28 �C at 9 DAT, but only 17% at 21
DAT (Fig. 5C and 5D). As a function
of time, TPCA followed a nonlinear
trend, with the rate of increase acceler-
ating quickly around 13 d after seed
sow at 28 �C and �20 d after seed
sow at 20 �C (Fig. 5E). TPCA began
to reach an upper asymptote at 28 �C
but did not reach an upper asymptote
at 20 �C by 21 DAT.

SPECIFIC LEAF AREA. Air temper-
ature and lettuce cultivar had a signifi-
cant interactive effect on SLA (Fig.
6A and 6B). When pooling all culti-
vars, increasing the air temperature
from 20 to 28 �C decreased SLA by
22% at 9 DAT and by 43% at 21 DAT
(Fig. 6C and 6D). SLA decreased line-
arly from 13 to 34 d after seed sow at
both air temperatures (Fig. 6E), but

the rate at which SLA decreased was
greater at 28 �C than at 20 �C.

CHLOROPHYLL CONCENTRATION.
Air temperature and lettuce cultivar
interactively affected chlorophyll con-
centration (Fig. 7A and 7B). Chloro-
phyll concentration was higher at 28 �C
at 9 DAT, but by 21 DAT, it was
greater at 20 �C (Fig. 7C and 7D).

TIPBURN. At 9 DAT, no tipburn
symptoms were observed on any let-
tuce cultivar at any air temperature. At
21 DAT, no cultivars had tipburn
symptoms at 20 �C, but at 28 �C,
100% of ‘Fusion’, 38% of ‘Green Oak
Leaf’, and 100% of ‘Lollo Green’
plants developed tipburn.

Discussion
VPDair is typically higher in the

summer and lower in the winter as air
temperature and relative humidity
change seasonally (Du et al. 2018).
In the current study, seasonal varia-
tion to VPDair was largely caused by
varying air temperature, evidenced
by average relative humidity being
nearly identical between the sum-
mer and fall growth periods. While
changes to VPDair can be attributed
to air temperature, VPDair can have
independent effects on lettuce growth.

In a study by Amitrano et al. (2025),
at a constant DLI of 15.5 mol·m�2·d�1,
a VPDair of 0.78 and 1.4 kPa, hydro-
ponically grown lettuce had similar
shoot fresh mass, but the TPCA was
generally greater under higher VPDair
conditions. From the data collected, it
is impossible to differentiate effects of
air temperature and VPDair completely,
but this would also be true of many
greenhouses that may lack full control
of air temperature and or the ability to
humidify or dehumidify.

In the current study, lettuce yield
was greatest at the supraoptimal air
temperature of 28 �C when harvested
9 DAT, but the supraoptimal air tem-
perature decreased yield at 21 DAT
(Fig. 5). Wheeler et al. (1993) and Al-
Said et al. (2018) similarly reported
that higher air temperatures increased
shoot fresh mass early in a lettuce
growth cycle but reduced it later in
that same cycle. This shift could be
partially explained by the effects air
temperature has on light interception,
photosynthesis, and possibly carbon
partitioning between the shoots and
roots (Dos Santos et al. 2022; Ya-
mori et al. 2022; Zhu et al. 2021).
Early in production, supraoptimal

Fig. 3. The average chemical properties of the nutrient solution and the environmental conditions inside the research
greenhouse in both growing periods. Averages are displayed in Table 1A–C) Daily measurements of nutrient solution
temperature, electrical conductivity (EC), and pH. (D–G) The daily average air temperature, relative humidity, vapor
pressure deficit (VPDair), and daily light integral (DLI) for each block. Error bars represent the standard deviation between
block one and two (n 5 2).
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air temperatures can increase leaf surface
area, which could increase light inter-
ception and whole-plant photosynthetic
rate because there is a smaller leaf area
index (LAI) (i.e., less leaf overlap per
unit ground area) (Liu and van Iersel
2022; Seginer et al. 1991). As plants
mature and LAI increases, additional
leaf elongation likely contributes less to
light interception (Thomas et al. 2021).
Seginer et al. (1991) proposed that the
optimal temperature for net photosyn-
thesis decreases as lettuce matures,
corresponding to the LAI reaching
an upper asymptote later in a growth
cycle. Prolonged supraoptimal air tem-
peratures can also cause heat stress and
decrease yield by inactivating Rubisco,
decreasing chlorophyll concentration,

and impairing other metabolic pro-
cesses (Dos Santos et al. 2022; Hu
et al. 2020; Zhu et al. 2021). Accord-
ingly, chlorophyll concentration de-
creased over time at 28 �C between 9
and 21 DAT compared with 20 �C
(Fig. 7C and 7D). The additive ef-
fects of prolonged heat stress could
help explain the decreased yield at
21 DAT compared with 9 DAT. Fur-
thermore, as nutrient solution tem-
perature and air temperature increase,
lettuce may also allocate more photo-
synthates to roots than to shoots (i.e.,
lower shoot:root), thereby reducing
yield at later harvests (Levine et al.
2023; Yamori et al. 2022). Based on
the data collected, it was unclear why
yield was lower at elevated temperatures

later in production, but the effect is
consistent with other studies on lettuce
and among the cultivars evaluated. Im-
portantly, none of the cultivars evaluated
showed any meaningful heat tolerance at
28 �C.

These results suggest dynamic,
rather than continuous, average air tem-
perature could benefit lettuce yield. In
theory, instead of maintaining continu-
ous average air temperature setpoints,
average air temperature could be ad-
justed over time based on crop develop-
mental stage, using higher temperatures
for seedlings and young plants and
lower temperatures for maturing plants.
This strategy was previously proposed
by Seginer et al. (1991), who developed
a lettuce growth model that started air

Fig. 4. (A and B) Yield of each lettuce cultivar evaluated during the fall (at 20 �C) and summer (at 28 �C) growth period at
9 and 21 d after transplant (DAT). Cultivars are listed in descending order based on the average yield between fall and summer
growth periods. Lettuce yield (in units of kg·m22·year21) was calculated on a per plant basis as [planting density 3 kg of
shoot fresh mass 3 (365/d between seed sow and harvest)]. Each plant grew in a common greenhouse environment and
nutrient film technique system. Data points represent averages (n 5 8) ± 95% confidence interval. Smaller, unfilled circles are
individual measurements. (C and D) The main effect of air temperature on yield 9 and 21 DAT. Bars represent average yield of all
cultivars ± 95% confidence interval (n 5 160). Asterisks indicate significant differences between treatments for each cultivar.
P < 0.05, 0.01, and 0.001 are designated by *, **, and ***, respectively. (E) Lettuce yield as a function of days after seed sow
for the average seedling, fall, and summer growth periods. Unfilled circles represent average yield for each cultivar evaluated.
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temperature at 30 �C and progressively
decreased to 15 �C as a lettuce crop
matures. Dynamically controlling air
temperature in this fashion could also
reduce the incidence of tipburn, enhance
the accumulation of leaf pigments such
as anthocyanins, and minimize excessive
leaf and stem elongation at mature har-
vest (Al-Said et al. 2018; Brewer et al.
2024). Beyond air temperature, there is
also growing interest in controlling root
zone (i.e., nutrient solution) tempera-
ture in relation to air temperature to in-
crease yield (Carotti et al. 2021; Levine
et al. 2023; Yamori et al. 2022). Based
on the interactive relationship between
air and root zone temperature, and
NFT system root zone temperatures
often being difficult to manage, future

research should also evaluate the ef-
fect of dynamic air and root zone
temperatures on various growth stages
of lettuce.

In addition to yield, quality at-
tributes of lettuce such as leaf texture,
morphology, color, and flavor are im-
portant to the marketability of lettuce.
Generally, leaf thickness and SLA are
negatively correlated, where lower
SLA values correlate to thicker leaves
and vice versa (Clarkson et al. 2003;
Galieni et al. 2016; Vile et al. 2005).
Lettuce leaves were thicker (i.e., had a
lower SLA) at 28 �C compared with
20 �C at both harvest times. This is
consistent with the literature where
abiotic stresses related to salt or ele-
vated air and root zone temperatures

decreased SLA of lettuce (Carotti et al.
2021; Clarkson et al. 2003; Yamori
et al. 2022). Leaf thickness has several
considerations for hydroponic let-
tuce cultivation. First, thinner leaves
(higher SLA) could increase the in-
terception of light and thus increase
shoot fresh mass early in a produc-
tion cycle (Carotti et al. 2021). In
accordance, lettuce harvested at 9
DAT had significantly higher SLA
across all cultivars and a significantly
higher yield at 28 �C compared with
20 �C (Figs. 4C and 5C). How, or if,
purposefully increasing SLA either by
adjusting air temperature or light levels
early in production could improve
greenhouse lettuce cultivation later in
production is not fully understood.

Fig. 5. (A and B) Top projected canopy area (TPCA) of each lettuce cultivar evaluated during the fall (at 20 �C) and summer
(at 28 �C) growth period at 9 and 21 d after transplant (DAT). Cultivars are listed in descending order based on the average
TPCA between fall and summer growth periods. Each plant grew in a common greenhouse environment and nutrient film
technique system. Solid colored circles represent averages (n 5 8) ± 95% confidence interval. Smaller, unfilled circles are
individual measurements. (C and D) The main effect of air temperature on TPCA 9 and 21 DAT. Bars represent average
TPCA of all cultivars ± 95% confidence interval (n 5 160). Asterisks indicate significant differences between treatments for
each cultivar. P < 0.05, 0.01, and 0.001 are designated by *, **, and ***, respectively. (E) Lettuce TPCA as a function of days
after seed sow for the average seedling TPCA and the fall and summer growth periods. Unfilled circles represent average
TPCA for each cultivar evaluated.

� February 2026 36(1) 81

D
ow

nloaded from
 https://journals.ashs.org at 2026-01-27 via O

pen Access. This is an open access article distributed under the C
C

 BY-N
C

 license
(https://creativecom

m
ons.org/licenses/by-nc/4.0/). https://creativecom

m
ons.org/licenses/by-nc/4.0/



Second, leaf thickness could influ-
ence the texture of lettuce leaves and
potentially influence consumer prefer-
ence. Consumer sensory tests corre-
lating leaf thickness to consumer
preference could be informative for
cultivar selection and breeding lettuce
cultivars specifically for CEA. Third,
thicker leaves may be less prone to me-
chanical damage, resulting in fewer dam-
aged leaves during automated harvesting
(Onoda et al. 2011). As the harvesting
of hydroponically grown greenhouse
lettuce becomes increasingly mecha-
nized, leaf thickness may become a
more important consideration for cul-
tivar selection and breeding. Fourth, as
a potential detriment to thicker lettuce
leaves, Chase et al. (2024) reported ro-
maine-type lettuce leaves with thicker

lamella also had shorter postharvest
shelf life compared with thinner leaves.
Due to the potential positive and nega-
tive aspects related to leaf thickness,
future research would benefit from
focusing on lettuce leaf thickness in
relation to light interception, con-
sumer preference, mechanical strength,
and postharvest shelf life.

Chlorophyll concentration influ-
ences photosynthesis and the aesthetic
quality of lettuce. Generally, increas-
ing the average air temperature de-
creases leaf chlorophyll concentration,
but the magnitude of this decrease de-
pended on harvest time and lettuce
cultivar in the current study (Fig. 5C
and 5D) (Gazula et al. 2005; Zhou
et al. 2022). While chlorophyll con-
centration was greater at 28 �C than

20 �C at 9 DAT, the inverse effect was
true at 21 DAT and suggests pro-
longed supraoptimal temperatures re-
duce chlorophyll concentration and
crop yield. Reduced chlorophyll con-
centration would give lettuce leaves a
lighter green color, which could influ-
ence consumer preference, but it is
currently unclear what effect this
would have on consumer purchas-
ing habits, or if they are more or less
important to consumers than other
quality metrics such as flavor and
texture.

Stem length can influence how
effective mechanical harvesting is for
lettuce (Birrell et al. 2020). Mechaniz-
ing repetitive greenhouse tasks such as
excising heads of lettuce from their roots
is not new and benefits greenhouses

Fig. 6. (A and B) Specific leaf area (SLA) of each lettuce cultivar evaluated during the fall (at 20 �C) and summer (at 28 �C)
growth period at 9 and 21 d after transplant (DAT). Cultivars are listed in descending order based on the average SLA
between fall and summer growth periods. SLA was calculated by dividing leaf area by its dry mass. Each plant grew in a
common greenhouse environment and nutrient film technique system. Data points represent averages (n 5 8) ± 95%
confidence interval. Smaller, unfilled circles are individual measurements. (C and D) The main effect of air temperature on
SLA 9 and 21 DAT. Bars represent average SLA of all cultivars ± 95% confidence interval (n 5 160). Asterisks indicate
significant differences between treatments for each cultivar. P < 0.05, 0.01, and 0.001 are designated by *, **, and ***,
respectively. (E) SLA as a function of days after seed sow for the average seedling, fall, and summer growth periods. Unfilled
circles represent average SLA for each cultivar evaluated.
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by reducing labor costs and moving
highly perishable foods into refriger-
ation more quickly (Van Henten
2006). Machines that excise heads of
lettuce typically use rotating or recip-
rocating blades set at a height that
maximizes the harvestable amount of
lettuce (Cui et al. 2021). Particularly
for loose-leaf lettuce used in salad
mixes, increased stem elongation re-
sulting from supraoptimal tempera-
tures at 28 �C would necessitate
raising machine blades further away
from the substrate to avoid harvest-
ing portions of the stem and to fully
separate the leaves. Future research
would benefit from exploring how
lettuce head architecture can be im-
proved or managed to enhance har-
vesting efficiency.

Increased stem elongation is indic-
ative of lettuce transitioning to the re-
productive phase (i.e., bolting), which

can coincide with as much as a 390-
fold increase in the concentration of
lactucin and lactucopicrin depending
on lettuce cultivar (Assefa et al. 2019).
Lactucin and lactucopicrin, two sesqui-
terpene lactones, are attributed to the
undesirable bitter flavor in lettuce
(Chen et al. 2021). While lettuce
breeding has produced cultivars that
are slower to bolt and also more heat
tolerant, thus being less bitter later in
production, sesquiterpene lactones may
have health-promoting effects and are
currently being studied in relation to
their effects on reducing cancer cell
growth or their effect on nonalco-
holic fatty liver disease (Aibaidula et al.
2022; Imam et al. 2022). Yield may be
a primary metric to improve green-
house productivity, but there may be a
tradeoff between breeding to improve
yield and maintaining, if not increasing,
nutritional quality.

Conclusions
This study demonstrates that in-

teractions between lettuce cultivar and
air temperature strongly influence yield,
plant architecture, and leaf morphology
in greenhouse hydroponic production.
Benchmarking 20 green-leaf cultivars
across two growing seasons revealed
that both cultivar selection and air tem-
perature affected crop yield. Supraop-
timal air temperature (28 �C) reduced
yield by up to 15% compared with
20 �C at 21 DAT and accelerated the
transition to the reproductive phase,
promoting stem elongation and in-
creasing the risk of undesirable bitter
flavors, which leave crop unsellable.
The highest yielding cultivars nearly
doubled the yield of the lowest-yielding
cultivars. Despite many cultivars being
described as heat tolerant, none toler-
ated 28 �C average air temperature

Fig. 7. (A and B) Chlorophyll concentration of each lettuce cultivar evaluated during the fall (at 20 �C) and summer (at
28 �C) growth period at 9 and 21 d after transplant (DAT). Cultivars are listed in descending order based on the average
chlorophyll concentration between fall and summer growth periods. Each plant grew in a common greenhouse environment
and nutrient film technique system. Data points represent averages (n 5 8) ± 95% confidence interval. Smaller, unfilled circles
are individual measurements. (C and D) The main effect of air temperature on chlorophyll concentration 9 and 21 DAT.
Bars represent average chlorophyll concentration of all cultivars ± 95% confidence interval (n 5 160). Asterisks indicate
significant differences between treatments for each cultivar. P < 0.05, 0.01, and 0.001 are designated by *, **, and ***,
respectively.
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without adverse effects, highlighting
current opportunities to improve green-
house lettuce heat tolerance and also
emphasizes the critical need for air tem-
perature management during summer
production.
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