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Abstract 
 
Lettuce is an annual herbaceous plant, native to the mild climate regions of the northern Mediterranean. Lettuce varieties can likely 
be developed well in mild temperatures, but the cold and frosty winds of the autumn/winter season may damage the leaves. Their 
cultivation under low tunnels is an alternative to reduce this problem. This study was carried out with the aim of evaluating the 
influence of different cropping systems on the productive performance of lettuce in the autumn/winter cropping season. The 
experiments were installed following a split plot scheme with three cropping systems: (i) Open field with black polyethylene 
mulching (BPM); (ii) low tunnel (LT); (iii) Open field cropping (OFC) system without BPM. Three lettuce varieties of different groups 
were used in the subplots, with a total of nine treatments. The experimental design was of randomized blocks with four 
replications, at two altitudes (700 and 950 m). The number of leaves per plant, stem length, head diameter, fresh and dry matter 
mass per plant, leaf area index, and specific leaf area were evaluated. LT should be used for lettuce cultivation at an altitude of 950 
m, as it provided higher productive performance in the autumn season. The use of the low tunnel provided for the production of 
lettuce plants with thinner leaves and better visual appearance, at an altitude of 700 m.  
 
Keywords: low tunnel; mulching; varieties; lactuca sativa; polyethylene. 
Abbreviations: BPM_ black polyethylene mulching; LT_ low tunnel; OFC_ open field cropping system without black polyethylene 
mulching; LAI_ leaf area index; PC_ principal components 
 
Introduction 
 
Protected environments have been used for plant cultivation 
and have become increasingly necessary in agriculture to 
obtain better quality “in natura” foods. 
This type of crop system has shown great development in its 
cultivated area in Brazil, mainly for vegetables and flowers 
(Gualberto et al., 2009; Silva et al., 2014). Commercial 
cultivation of vegetables in protected environments is a 
consolidated activity, mainly in the vicinity of a large urban 
population. These environments have indicated the capacity 
for high production in small areas and can supply the high 
demand for food quality and quantity (Fao, 2018). 
Worldwide, including in Brazil, lettuce, cucumber, sweet 
pepper, and tomatoes are among the most cultivated 
vegetables in protected environments. However, lettuce is 
the most widespread of the leafy vegetables and is grown 
almost everywhere in the world. Its worldwide planted area 
was 1.2 million ha with a production of 26.8 million tons in 

2017 (Fao, 2017). This is the sixth most valuable vegetable in 
economic importance, and the eighth most produced in 
Brazil. In addition to the economic and food value, its 
cultivation has a great social importance because of the 
large number of stakeholders involved in its production and 
marketing chain (Prohort, 2019). 
Despite its cultivation in all Brazilian regions, its cultivated 
area is restricted because of its sensitivity to higher or lower 
temperature, air humidity, and rainfall conditions (Hatfield 
and Prueger, 2015), such as, temperatures below 10°C and 
longer periods of rainfall. On the other hand, temperatures 
above 20°C and intense solar radiation induce their early 
floral tassel issue, and cause burning of the edges of the 
outer leaves, induce formation of compact heads, and 
contribute to the occurrence of calcium deficiency (e.g., 
tipburn) (Ilić et  al., 2017). 
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The productive performance was always found to be higher 
for lettuce cultivation in protected environments than in 
open fields, due to temperature, relative humidity, solar 
radiation, and wind speed is more appropriate in the 
protected environment (Golzar et al., 2018). However, the 
success of this system depends on the choice of the variety 
to be used, which has to be accurate, as lettuce depends on 
the interaction of genotype x environment (Kerbiriou et al., 
2016). Moreover, each region of lettuce production has a 
better adaptation to regional climatic conditions, such as, 
temperature, and photoperiod required for its development 
(Graamans et al., 2018). 
Due to the importance of vegetables in our daily food intake 
and the cost of their production and high economic value, 
particularly in the off-season, research is needed on their 
development and/or to adopt technologies at regional 
levels, with the aim of increasing yield and reducing risks. 
Thus, this study aims to evaluate the influence of different 
cropping systems on the productive performance of lettuce 
cultivation in the autumn/winter cropping season, at 
different altitudes. 
 
Results and discussion 
 
Fresh and dry matter mass  
 
The cultivation systems in LT using BPM, provided the 
greatest fresh matter mass for the varieties of 'Vanda' (leaf 
lettuce), 'Regina' (butterhead), and 'Lucy Brown' (iceberg 
lettuce), when compared to OFC. It was necessary to use LT 
to obtain the best performance of the American variety, 
where a mean weight of ~ 540 g per plant was obtained. 
However, in the experiment at 950 m, only the American 
variety showed a difference between the cultivation 
systems, and the largest weights (> 500 g per plant) were 
obtained using LT (Figure 3). Lettuce varieties of the 
American group had the potential for a production of up to 
550 g per plant at higher altitudes (Cardoso et al., 2018), 
which could reduce these values to 400 g per plant at 
altitudes of 700 m, similar to that used in the second 
experiment  (Maggi et al., 2006). Thus, it could be assumed 
that the experiments might express a high productive 
potential for the cultivars tested. The higher mass 
production of fresh matter obtained in the LT system may be 
related to the increase of the nutrient absorption due to the 
stimulation of root activity, maintenance at adequate levels 
of humidity, and reduction of the fluctuations in daily 
temperature (Kosterna et al., 2014), as both environments 
used had the soil covered. 
Similarly, Meneses et al. (2016) and Tosta et al. (2010) 
verified a significant increase in the fresh matter mass of 
lettuce using different soil coverings with BPM and straw. 
The highest yields were obtained with soil cover using BPM 
in the OFC system. There was no difference between the 
cropping systems when the dry matter mass was evaluated 
(Figure 4) within each variety in the experiment conducted 
at 700 m. However, the yield of curly lettuce was higher in 
the OFC system in the experiment at 950 m. 
 
Number of leaves 
 
Cropping systems influenced the number of leaves in lettuce 
varieties, smooth and American, at both altitudes used 
(Figure 5). For both, there was an increase (17%) in the 

number of leaves in the LT system when compared to OFC. 
Smooth lettuce showed great potential for leaf production 
at both altitudes, with ~ 20 leaves, greater than the 
American variety. Lettuce cultivated in a protected 
environment tends to show a greater number of leaves than 
that grown in the OFC (Brzezinski et al., 2017; Gent, 2017). 
The increase in the number of leaves may be related to the 
highest number of degree-days in a protected environment, 
due to lower thermal variation (Reyes et al., 2017). The more 
constant temperature in this environment may have 
stimulated and increased the speed of the biochemical 
reactions and the sap flow, promoting greater plant growth 
(Bisbis et al., 2018). 
 
Head diameter and stem length 
 
The head diameter and fresh matter mass showed the 
highest vigor and best commercial appearance of lettuce 
plants grown under a protected environment. All varieties 
grown under LT had head diameter ~ 25% higher than those 
grown under OFC at 700 m. Only the American variety 
showed difference at 950 m, with higher values observed in 
LT (Figure 6). 
Production of American lettuce heads was found to be larger 
(~ 14%) under LT than in OFC (Brzezinski et al., 2017), similar 
to that observed in the present study for this same lettuce 
group at 950 m (Figure 6). The difference observed may be a 
function of the thermal amplitude of the different cropping 
systems, and this effect may have been minimized for the 
plants produced in LT. In conditions of drastic oscillations in 
air temperature, as can occur in the OFC, there is a reduction 
of the culture cycle, and consequently, a smaller head 
diameter may be observed (Silva et al., 2017). 
The influence of the cultivation environments on stem 
length at 950 m was observed, and higher values for the 
three lettuce varieties tested in LT were obtained (Figure 7). 
However, all varieties were within the marketing standard. 
Stems up to 6.0 cm was the most adequate, however, stems 
up to 9.0 cm could be acceptable (Yuri et al., 2004). The 
largest stem length observed could be indicative of the 
highest sensitivity to early tillage, an undesirable trait for 
lettuce. 
The American variety showed a lower stem length (3.1 cm to 
5.3 cm), independent of the cropping environment. Similar 
values were found by Yuri et al. (2002), emphasizing that this 
characteristic is of great importance, mainly when the 
lettuce is destined to reach the processing industry. 
Moreover, it can impair the compactness of the head and 
negatively influence the final quality of the product. The 
stem length should be greatly reduced, with the aim to 
lower processing losses. 
 
Leaf area index and specific area 
 
The leaf area index (LAI) of the smooth lettuce variety at 700 
m asl, and the smooth and American varieties at 950 m were 
influenced by the different cropping systems (Figure 8). A 
higher leaf area index value was observed in the smooth 
cultivar in LT at 700 m, indicating a larger leaf expansion, and 
this may be related to the reduction in the incident solar 
radiation provided by this environment (Gent, 2017). 
A higher leaf area index was found in the BPM and OFC 
environments, in the smooth variety, and in the BPM to the 
American cultivar at 950 m. Light is one of the main factors  
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Table 1. Principal components, their respective eigenvalues, and simple and cumulative percentages of the total variance at 
altitudes of 700 m and 950 m. 

 700 m 950 m 

Principal components PC1 PC2 PC1 PC2 
Eigenvalues 8.79 0.15 8.85 0.09 
Simple percentage (%) 97.76 1.63 98.35 1.08 
Accumulated percentage (%) 97.76 99.39 98.35 99.43 

 

 
Experiment Elevation (m) Annual rainfall 

(mm) 
Average annual 
temperature (°C) 

Daily Average Solar 
Radiation (Wh/m2) 

1 700 1,500 22.7 1,332 
2 950 1,800 17.6 1,204 

 
Fig 1. Location of the study area, elevation, average annual temperature and incidence of solar radiation for the two experiments. 
 

 
 

 
Fig 2. Performance of lettuce at Open field cropping system (OFC) with (A) without black polyethylene mulching (BPM) (B) and low 
tunnel (C). 
 
 
 

A B 

C 
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Fig 3. Mean values of fresh matter mass per plants of lettuce varieties grown in different cropping systems at two altitudes. Bars 
followed by the same lowercase letters do not show significant differences between cropping systems within each variety. Bars 
followed by the same capital letters did not show significant differences among varieties within the same cropping system (p ≤ 
0.05). 
 

 
Fig 4. Mean values of dry matter mass per plant of lettuce varieties grown in different cropping systems at two altitudes. Bars 
followed by the same lowercase letters do not show significant differences between cropping systems within each variety. Bars 
followed by the same capital letters did not show significant differences among varieties within the same cropping system (p ≤ 
0.05). 
 

 
Fig 5. Mean values of the number of leaves per plant of lettuce varieties grown in different cropping systems at two altitudes. Bars 
followed by the same lowercase letters do not show significant differences between cropping systems within each variety. Bars 
followed by the same capital letters did not show significant differences among varieties within the same cropping system (p ≤ 
0.05). 
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Fig 6. Mean values of plant head diameter of lettuce varieties grown in different cropping systems at two altitudes. Bars followed 
by the same lowercase letters do not show significant differences between cropping systems within each variety. Bars followed by 
the same capital letters did not show significant differences among varieties within the same cropping system (p ≤ 0.05). 
 
 

 
Fig 7. Mean values of stem length of lettuce varieties grown in different cropping systems at two altitudes. Bars followed by the 
same lowercase letters do not show significant differences between cropping systems within each variety. Bars followed by the 
same capital letters did not show significant differences among varieties within the same cropping system (p ≤ 0.05). 
 
 

 
Fig 8. Mean values of leaf area index of lettuce varieties grown in different cropping systems at two altitudes. Bars followed by the 
same lowercase letters do not show significant differences between cropping systems within each variety. Bars followed by the 
same capital letters did not show significant differences among varieties within the same cropping system (p ≤ 0.05). 
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Fig 9. Mean values of specific leaf area of lettuce varieties grown in different cropping systems at two altitudes. Bars followed by 
the same lowercase letters do not show significant differences between cropping systems within each variety. Bars followed by the 
same capital letters did not show significant differences among varieties within the same cropping system (p ≤ 0.05). 
 
 
 

 

 
Fig 10. Dispersion diagram in relation to the first two main components of the lower tunnel (LT), black plastic mulching (BPM) and 
open field cropping (OFC) environments, at altitudes of 700 m (A) and 950 m (B). 
 
limiting plant development and leaf is the main 
photosynthetic organ of plants, and light directly interferes 
with its growth (Taiz and Zeiger, 2010). 
Thus, environments with a lower degree of shading (950 m) 
provided a more favorable condition for lettuce plants to 
express their genetic potential. The LT provided a specific 
leaf area 50% higher than OFC for smooth and curly varieties 
at 700 m (Figure 9). In this environment the leaves are 
thinner, a fact attributed mainly to the higher relative air 
humidity found in the greenhouse during the nychthemeron 
(twenty-four hours or a day and a night) (Tibbits and 

Bottemberg, 1976), in addition to the effect of lower 
availability of incident solar radiation (Gent, 2017). 
Leaves that have had their cellular expansion under 
conditions of low availability of solar radiation are thinner 
and have a larger leaf surface than those that have 
expanded under conditions of high availability of solar 
radiation (Charles-edwards, 1986). This feature may favor 
the visual presentation of lettuce, but may be a negative 
characteristic for resistance to transportation and post 
harvest conservation. The management of air humidity, and 
mainly the soil inside protected environments, may be of 
extreme importance in the pre-harvest period, as it should 

B 

A 
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aim to increase the resistance of leaves for transport 
(Favarato et al, 2017). 
 
Principal components 
 
The analysis of the main components pointed out that LT 
provided better productive performance for lettuce 
cultivation than OFC, at 700 m (Figure 10A). The BPM and 
OFC environments formed a separate group from the LT 
group, and the two components (PC1 and PC2) absorbed 
99.39% of the variation from the original characteristics 
(Table 1). 
This fact was probably due to the favorable microclimate 
that modified the temperature and relative air humidity, 
solar radiation, and wind speed, influencing the 
development and growth of lettuce inside LT (Rebouças et 
al., 2015) in the autumn/winter crop season. The cultivation 
of lettuce at 950 m was favored by the use of LT and BPM, as 
observed in the principal component analysis (Figure 10B). 
LT and BPM formed a separate group from the OFC and 
these two components absorbed 99.43% of the variation 
from the original characteristics (Table 1). This may be 
related to the higher air temperature that LT and BPM tend 
to induce. The BPM has physical characteristics that allow 
the absorption and irradiation of a greater amount of heat 
than the uncovered soil. LT has the ability to promote the 
greenhouse effect and raise the temperature of the 
environment by modifying the microclimate, altering 
temperature, and relative air humidity, and this influences 
the development and growth of lettuce. 
 
Materials and methods 
 
Location and treatments 
 
The experiments were carried out at two different altitudes 
(700 and 950 m) in the highlands of the state of Espírito 
Santo, Brazil, representing the main lettuce-producing 
regions of this Brazilian state (Figure 1). 
The planting was initialized in both experiments in July 2016, 
in a split-plot scheme with three cropping systems in the 
plots and three lettuce varieties in the subplots, totaling nine 
treatments, arranged in a randomized complete block design 
with four replicates. 
The open field cropping system (OFC) with and without 
mulching with 25 μ black polyethylene (BPM) and low tunnel 
systems (LT) (Figure 2) were compared in the plots. 'Vanda' 
(leaf lettuce), 'Lucy Brown' (iceberg lettuce), and 'Regina' 
(butterhead), were the three varieties of lettuce evaluated. 
 
Seedling production and cultures 
 
Seedlings were produced in polypropylene trays with 288 
cells, using a substrate based on pine bark. Transplanting to 
the field was done when the seedling had three to five 
definitive leaves. The experimental plots consisted of beds 
1.2 m wide, 3 m long, and 0.3 m high, with four plant lines, 
with a space of 0.3 x 0.3 m between plants. A total of forty 
plants were used per plot, and 12 of these plants from the 
two central rows were used for the evaluation procedures. 
Beds were prepared using a rotating hoe and 6.0 g N, 21,0 g 
P2O5, 12.0 g K2O m

-2 
+ 1.5 kg m

-2
 of the organic fertilizer 

Visafertil
® 

were used. The BPM used was drilled in the 
spacing previously determined and was placed just after the 

placement of the drip irrigation system in the plots that 
received this luxury. 
The LT was supported by PVC tubes (3/4”), covered with 
transparent polyethylene film of low density (150 μ) and 
placed just after planting the seedlings. One drip tube/row 
was used, and irrigation was done daily. Three 
complementary fertilizations were done 10, 20, and 30 days 
after planting, using drip fertigation, with 6.75 g N m

-2
 in 

each one. 
 
Evaluations and statistical analysis 
 
Evaluation of the development indices of lettuce plants was 
carried out 46 days after planting, when those 12 plants 
from the central rows of the plot were harvested. Harvesting 
was performed from 8 a.m. to 10 a.m. to obtain plants with 
the same potential hydration. 
The number of leaves per plant (> 15 mm in length), stem 
length (mm), head diameter (mm), and leaf area index (LAI) 
were measured. LAI was determined by the ratio between 
leaf area (mm

2
) and surface area (mm

2
) projected on the 

soil. Also, the specific leaf area, obtained by the ratio 
between leaf area (mm

2
) and dry matter mass (g) per plant 

was determined. Leaf area determination was performed 
using the leaf disc method (Fernandes 2000). 
The mass of the fresh matter (g) and dry matter (g) were 
evaluated for the productive performance of the varieties, 
and the dry mass was obtained by drying the plants in an 
oven with forced circulation, at 65°C, until reaching constant 
weight. 
Data were submitted to analysis of variance and the means 
were compared by the Tukey test (p = 0.05). The principal 
component analyses were performed aiming to group the 
treatments, using visual exams in graphic dispersions. 
Cumulative variability above 70% was considered adequate 
for its accomplishment. The SAEG program (RIBEIRO JÚNIOR 
and MELO, 2008) was used for statistical analyses. 
 
Conclusion 
 
Low tunnel must be used to obtain higher productivity in the 
autumn/winter lettuce crop season at an altitude of 950 m. 
Lettuce quality has improved in low tunnel cultivation at an 
altitude of 700 m, showing plants with more tender leaves 
and better visual appearance. Smooth, curly, and American 
varieties of lettuce grown under low tunnel and black 
polyethylene mulching have better productive performance 
than those in the conventional system used by producers. 
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