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ABSTRACT
In intensive hydroponic systems, such vertical and pyramidal 

systems, photosynthetically active radiation (PAR) and integrated 
(IPAR) may be intercepted by the containers and the leaf area of the 
plants grown in the upper strata, decreasing fruit yields and quality. 
The objective of this study was to evaluate the behavior of PAR 
and IPAR at different planting heights and the effect of geographic 
orientation and fruit yield and quality of strawberry produced in 
stair-like containers. The factors were four heights of the container 
(0.20, 0.50, 0.80 and 1.10 m) and two orientations (east and west). 
At each height and orientation of the container, PAR and IPAR, yield 
and fruit total soluble solids were measured. PAR and IPAR were 
statistically different at all heights evaluated and were highest in the 
highest containers. The east and west orientation of the containers was 
significantly different in the morning and in the afternoon for PAR and 
IPAR, while daily average values were equal. Yield on average was 
47% higher in plants cultivated in containers at heights of 0.50, 0.80 
and 1.10 m, relative to those in 0.20 m high containers. Fruits grown 
in the highest containers had higher values of total soluble solids.

Keywords: Fragaria ananassa, fruit quality, soilless culture, 
intensive production.

RESUMO
Radiacão fotossinteticamente ativa em morango produzido 

em recipientes de cultivo escalariformes

Em sistemas de cultivo hidropônico intensivos, como os 
verticais e piramidais, a radiação fotossinteticamente ativa (PAR) e 
integrada (RFAI) podem diminuir ao longo dos recipientes de cultivo 
e do dossel das plantas localizados nos estratos mais inferiores, 
diminuindo a produtividade e a qualidade dos frutos. No presente 
estudo foi avaliado o efeito da altura e da orientação geográfica dos 
recipientes de cultivo hidropônico, em um sistema escalariforme, 
na RFA, na RFAI, e na produção e qualidade de frutos de morango. 
Em cada altura e orientação, as variáveis RFA, RFAI, produtividade 
e qualidade dos frutos foram registrados. A orientação leste-oeste 
dos recipientes de cultivo foi diferente na parte da manhã e da tarde 
para a RFA e RFAI recebidas pelas plantas de morango em todas 
as alturas dos recipientes, enquanto que os valores médios diários 
foram iguais. A produtividade foi, em média, 47% mais elevada 
nas plantas cultivadas a 0.50, 0.80 e 1.10 m de altura do recipiente 
de cultivo, em comparação com as plantas cultivadas a 0.20 m de 
altura. A qualidade de frutos também foi melhor nos três recipientes 
de cultivo mais elevados.
Palavras-chave: Fragaria ananassa, qualidade da fruta, cultivo sem 
solo, produção intensiva.
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this area is field cultivated under full 
sunlight with 4.62 kg m-2 average yield 
(SIAP, 2018), considered low. On the 
rest of the area some sort of technology 
is used, such as mulching and fertigation 
(PRNF, 2012). Of this production, 
70% is exported to Canada, the United 
States, Brazil, Saudi Arabia and the 
United Kingdom (SAGARPA, 2016). 
During the last decade, demand has 
increased so that it has been necessary 
to incorporate new technologies to 
increase yields, such as plastic covering 
in protective structures, drip irrigation 
and hydroponics. Intensive hydroponic 

is not enough light, growth is slow and 
fruit quality decreases, and when there 
is excessive light, photosynthesis does 
not increase, nor does plant grow. In the 
leaf, photosynthetic efficiency is higher 
with low levels of radiation (Norman 
& Arkebauer, 1991) because the leaves 
become saturated with radiation when 
they are exposed to direct sunlight.

Worldwide, Mexico is the third 
producer of strawberry. In 2018, the 
cultivated area was 13,563 ha (SIAP, 
2018). The states with the largest 
cultivated area are Michoacán, Baja 
California and Guanajuato; 69% of 

One of the functions of plant 
leaves is interception of the solar 

radiation necessary for photosynthesis 
and production of carbohydrates. 
Of the radiation the earth receives, 
only the ones between 0.400 and 
0.700 µm are used;  this  is  the 
photosynthetically active radiation 
(PAR) (Oyarzún et al., 2011), which 
affects crop growth and development 
by its effects on photomorphogenesis 
and mutamorphogenesis (Johkan et 
al., 2012). Each plant species has an 
optimal range of PAR that maximizes 
photosynthesis and growth. When there 
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systems have several great advantages 
over the traditional system in soil and 
full sunlight, for example, efficient use of 
water and fertilizers, and optimization of 
crop space and management. Moreover, 
in small areas, vertical or horizontal 
hydroponic systems permit increased 
planting density and, consequently, 
yield, while guaranteeing fruit safety.

To optimize greenhouse area in 
protected and intensive agriculture, 
strawberry cultivation in suspended 
containers or in vertical systems has 
been studied (Fernandes-Junior et 
al., 2002). Using vertical containers 
increased yields up to 100%, relative to 
use of horizontal containers (Fernandes-
Junior et al., 2002). In tall horticultural 
species, such as tomato (L. esculentum), 
pyramid and stair-like systems have 
also been used (Sánchez-del-Castillo et 
al., 2009) with which high yields have 
been obtained. In these systems, plants 
grown in the upper canopies achieved 
higher yields than those grown in the 
lower canopies (Sánchez-del-Castillo 
et al., 2014) because they received 
more PAR. In strawberries grown in 
vertical systems, Calvete et al. (2007) 
found that yield decreased from the 
upper to the lower part and attributed 
the difference to differences in PAR. 
The decrease in PAR was due to the 
shade caused by leaves of the plants in 
the upper part. In vertical systems the 
upper canopies use a part of the incident 
radiation; the rest passes unintercepted 
through the holes in the canopy and 
reaches the ground (López-Lozano 
et al., 2007) or through spaces with 
no leaves or stems. These spaces can 
be up to 40% (España-Boquera et al., 
2015). This space is useful in stair-like 
containers with strawberries since it 
allows direct solar radiation to reach the 
lower canopies, which also make use of 
diffused radiation that can reach up to 
30% (Higashide, 2008).

Plant species require different levels 
of IPAR, ranging from <5, 5-10, 10-20, 
20-30 and >30 mol m-2 d-1. Strawberry 
plants have requirements between 
10 and 20 mol m-2 d-1 (Torres et al., 
2011). IPAR also determines metabolite 
concentration in the plants (Gent, 2014): 
the more the radiation, the higher the 
content of sugars and dry matter (López 

& Runkle, 2008). The objective of this 
study was to evaluate the behavior of 
PAR, IPAR and fertigation at different 
heights and geographic orientation of 
strawberries in stair-like containers and 
their effect on fruit yield and quality.

MATERIAL AND METHODS

Study site
This study was conducted in the 

experimental farm of CIIDIR Oaxaca 
Unit of the Instituto Politécnico Nacional, 
located in Santa Cruz Xoxocotlán, 
Oaxaca,  Mexico (17°01’31’’N, 
96°43’12’’W, altitude 1526 m) from 
January to June 2016.

Stair-like hydroponic modules
In the 20×8×5 m (length × width × 

height) tunnel-type greenhouse covered 
with 200 µm white polyethylene, three 
stair-like modules were constructed to 
cultivate strawberries in hydroponics. 
For each module, eight white PVC 
tubes, 15.24 cm diameter by 6.0 m long, 
were used. The final dimensions of each 
model were 1.4×3.0×1.10 m (width × 
length × height). These modules were 
placed in such a way that four tubes were 
facing east and the other four faced west. 
The tubes were placed 0.20, 0.50, 0.80 
and 1.10 m above soil level (Figure 1).

On the upper part of the tubes 
(containers) 4 cm orifices were made 
every 25 cm and filled with composted 
wood bark shredded to 3 mm; its 
physical properties were 74% moisture 
retention, 1.66 g cm-3 particle density, 
0.46 g cm-3 bulk density, 72.40% total 
pore space, 14.30% aeration capacity 
and 24.20% easily available water. 
In each orifice, a strawberry runner 
(Fragaria ananassa) cv. Camino Real 
was planted.

Treatments
The treatments were four container 

heights (0.20, 0.50, 0.80 and 1.10 m) and 
two orientations (east and west). Each 
treatment was replicated three times 
and the experimental unit was one lot 
of 12 plants. An experimental design of 
complete random blocks was used with 
factorial array.

Fertigation parameters
Plants were fertigated with nutrient 

solution (mg L-1): N (250), P (60), K 
(300), S (200), Mg (75), Fe (3), Mn 
(0.5), B (0.5), Cu (0.1) and Zn (0.1). 
Volume of daily fertigation depended 
on the crop development stage, plus 
an addition between 15 and 25% to 
compensate drainage (Urrestarazu, 
2004). pH and electric conductivity (EC) 
were measured weekly and adjusted to 
5.5-6.5 and 2.0-2.6 dS m-1, respectively. 
Volume of fertigation was measured 
with a graduated cylinder, and pH and 
EC with a potentiometer model 211R 
(Hanna Instruments®, USA).

Temperature, relative humidity 
and overall radiation

Temperature (ºC) and relative 
humidity (%) inside the greenhouse 
were recorded every five minutes with 
a Datalogger U23-001 (HOBO® Pro v2 
Temp/RH, USA). Global radiation (W 
m-1) was obtained with a S-LIB-M003 
sensor (HOBO®, USA). Duration of 
the photoperiod (sunlight in a day) was 
estimated with data on global radiation 
above 1.0 W m-2  (Christiaens et al., 
2014).

Photosynthetically Active and 
Integrated Radiation

PAR (µmol m-2 s-1) was recorded 
every hour from 8:00 to 16:00 h, two 
days a week during the entire crop 
cycle. PAR was measured outside the 
greenhouse 1.10 m above ground level 
and inside above the canopy of the 
plants in each container with a portable 
linear quantum radiation meter MQ-
301 (Apogee Instruments®, Inc. UT. 
USA). IPAR mol m-2 day-1 was obtained 
following Chang et al. (2008) at each 
height and orientation of the crop. 

Fruit yield and quality
Fruits were harvested from January 

to June 2016. Yield was obtained 
following norm NMX-FF-062-1987, 
considering the sum of the weekly fruit 
harvest during the entire productive 
stage of the crop. The content of total 
soluble solids (°Brix) was determined in 
a sub-sample of three fruits per picking, 
with a digital refractometer (HI 96801, 
HANNA Instruments®).

Statistical analysis
The obtained data were subjected 

to analysis of variance and the Tukey 
mult iple comparison of means. 

F Velasco-López et al.
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For the variable yield and IPAR, a 
correlation was performed with a fit to 
a second order polynomial regression 
(Montgomery, 2006). For all analyses, 
the statistical software SAS, version 9.0 
(SAS Institute, 2002) was used. 

RESULTS AND DISCUSSION

Analysis of variance
The analysis of variance shows 

significant statistical difference in 
all evaluated variables for the factor 
height. These differences are due to 
differences in photosynthetically active 
radiation the plants received at different 
heights. For the factor orientation and 
combination of factors, none of the 
variables was statistically different. The 
similarity among variables may be due 
to the similar PAR the plants received 
during the day in the two orientations.

Fertigation parameters
The different container heights 

were significantly different (P≤0.01) 
in the variables pH, EC and percentage 
of fertigation drainage (Table 1). The 
highest values of pH (7.49 and 7.65) 
were obtained in the drainage of the 
containers placed 0.80 and 1.10 m high; 
these containers also had the highest 

values of EC (1.32 and 1.37 dS m-1). 
Only the 1.10 m high container had the 
lowest percentage of drainage (12.33%). 
These differences occurred because the 
highest container received more PAR 
and IPAR, which induced higher water 
uptake, a decrease in drainage and 
an increase in concentration of salts. 
Morales & Urrestarazu (2013) observed 
similar results in a crop of hydroponic 
tomatoes.

Temperature, relative humidity 

and global radiation
During the crop cycle, average 

temperatures inside and outside the 
greenhouse were 27.5 and 18.5°C, while 
average relative humidity inside and 
outside the greenhouse was 45.5 and 
69.7%. According to Kadir & Sidhu 
(2006), these values of temperature 
and relative humidity are suitable and 
favor strawberry development and 
production. Average monthly global 
radiation recorded inside the greenhouse 
from January to June was 11.7, 12.9, 
14.0, 15.7, 16.3 and 14.1 MJ m-2 d-1, 
respectively, and was within the range 
required by strawberries (Torres & 
Lopez, 2011).

P h o t o s y n t h e t i c a l l y  A c t i v e 
Radiation

PAR was significantly different 
(P≤0.01) for the east and west orientation 
and container heights at 09:00, 12:00 
and 16:00 hours (Figure 2a, 2b and 2c, 
respectively), but between orientations, 

Table 1. Fertigation and drainage parameters in containers at different heights and in the 
strawberry crop. Oaxaca, CIIDIR-IPN, 2016.

Container height (m) pH EC (dS m-1) Drainage (%)
0.20 6.92 c* 1.18 b 23.50 a
0.50 7.23 b 1.19 ab 23.67 a
0.80 7.49 ab 1.32 ab 24.67 a
1.10 7.65 a 1.37 a 12.33 b
CV (%) 10.28 8.34 16.40

*Means with different letters in a column are statistically different (Tukey, P≤0.05).

Figure 1. Stair-like hydroponic module for the cultivation of strawberry cv. Camino Real, 
built with PVC containers in a stepped configuration at 0.20, 0.50, 0.80 and 1.10 m from the 
ground and with east-west orientation. Oaxaca, CIIDIR-IPN, 2016.

Photosynthetically active radiation in strawberry produced in stair-like containers

Table 2. Total soluble solids in strawberry fruits produced at different heights in stair-like containers. Oaxaca, CIIDIR-IPN, 2016.

Container height 
(m)

January February March April May June
Total soluble solids (ºBrix)

0.20 6.57 a* 7.21 a 6.38 c 7.31 b 7.81 c 8.33 b
0.50 6.28 a 7.69 a 6.88 bc 7.32 b 8.71 bc 9.26 ab
0.80 6.92 a 7.08 a 7.49 ab 8.82 a 9.42 ab 9.92 ab
1.10 6.22 a 7.10 a 7.84 a 8.65 a 10.80 a 11.45 a
CV (%) 17.20 10.20 11.70 12.20 15.90 25.60

*Means with the same letter are not significantly different (Tukey, P ≤ 0.05).
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The IPAR received by strawberry 
plants cultivated in stair-like containers 
was significantly different among 
heights and different from the exterior 
IPAR, which reached the maximum 
value (49 mol m-2 d-1). The highest IPAR 
was registered on plants in the 1.10 m 
high container with 29.8 mol m-2 d-1. This 
value of IPAR decreased in function of 
lowering heights of the containers to the 
lowest value of 19.0 mol m-2 d-1 in plants 
of the container at 0.20 m high. All the 
plant heights had IPAR values above 
those reported by Bradford et al. (2010), 
Sonsteby & Heide (2006), Verheul et al. 
(2007) and Casierra-Posada et al. (2012) 
in greenhouse strawberries.

Strawberry plants have a low 
IPAR requirement (10-20 mol m-2 d-1), 
unlike other plants such as tomato (S. 

 Figure 2. Photosynthetically Active Radiation registered in the canopy of strawberry plants cultivated in containers on stair-type structure 
with east and west orientation at three times of the day: a) 9:00 h; b) 12:00 h; c) 16:00 h and d) daily average. Ext: PAR recorded outside 
the greenhouse. Oaxaca, CIIDIR-IPN, 2016.

heights captured more PAR than the 400 
µmol m-2 s-1 captured by greenhouse 
strawberries, cultivar Honeoye, reported 
by Bradford et al.(2010), and more 
than the 270 µmol m-2 s-1 reported by 
Sonsteby & Heide (2006) in the cultivars 
“Korona” and “Elsanta”. The PAR 
obtained in this study at different heights 
and orientations of the containers was 
higher than the PAR required by the 
species, which oscilates between 200 
and 400 µmol m-2 s-1 (Torres & Lopez, 
2011). Therefore, with good crop 
management, which includes timely 
irrigation, fertilization, and pest and 
disease control, yields can be higher 
than that of the traditional system in 
soil since PAR is not a limiting factor.

Integrated Photosynthetically 
Active Radiation

average daily PAR received was not 
different. However, it was different from 
the PAR outside the greenhouse (Figure 
2d), whose maximum was 1300 µmol 
m-2 s-1, much higher than the 900 µmol 
m-2 s-1 obtained at midday inside the 
greenhouse and at the highest containers. 
This behavior of PAR is due to a higher 
angle of incidence of the sunrays both 
in the morning (east orientation) and in 
the afternoon (west orientation) and the 
vertical rays at midday. The strawberry 
plants cultivated in the containers 1.10 
m high received an average of 842 µmol 
m-2 s-1 during the day, while those that 
grew 0.20 m above the ground received 
502 µmol m-2 s-1; that is, the higher 
plants received 67% more PAR than 
the lower ones. 

Plants growing in containters at all 

F Velasco-López et al.
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lycopersicum), which needs 30-35 mol 
m-2 d-1 (Hernández & Kubota, 2014). 
Therefore, the IPAR values obtained at 
different plant heights on the stair-like 
system satisfy the requirements for this 
species.

Yield
Total strawberry crop yield in 

the stair-like system had significant 
differences (P≤0.05) among plant 
heights (Figure 3). Yield of plants 
grown in containers placed 0.50, 0.80 
and 1.10 m high were not significantly 
different and were on average 47% 
higher than yield of plants cultivated 
in 0.20 m high containers. The low 
yield of strawberry plants in the lowest 
container was associated with a decrease 
in PAR caused by shading by the upper 
containers at some point in the day, 
coinciding with results with tomato 
(Solanum lycopersicon) reported by 
Sánchez-del-Castillo et al. (2014), who 
indicate that in a stair-like system the 
lower containers receive less radiation 
and produce fewer floral buds and, thus, 
yield is lower.

Total Soluble Solids 
In the months of lower temperature 

and radiation (January and February) 
there were no significant differences 
in total soluble solids in fruit among 
container heights. However, differences 
were found in the three months of 

harvest (Table 2). This is likely due to 
the increase in PAR and temperature. 
The higher content of total soluble solids 
was obtained in fruits produced in the 
containers higher than 0.50 m, achieving 
values of 9.26, 9.92 and 11.45ºBrix, 
respectively. This indicates that higher 

Figure 4. Correlation between IPAR and yield of strawberry produced in stair-like containers at different heights: a) 0.20 m, b) 0.50 m, c) 
0.80 m and d) 1.10 m. Oaxaca, CIIDIR-IPN, 2016.

Photosynthetically active radiation in strawberry produced in stair-like containers

Figure 3. Yield of strawberries produced in containers at different heights in a stair-like 
system. Means with the same letter are not significantly different (Tukey, P≤0.05).Oaxaca, 
CIIDIR-IPN, 2016.
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IPAR increases the content of soluble 
solids in strawberries. Ayub et al. (2016) 
reported values of total soluble solids in 
the range of 6.57 and 7.93ºBrix in the 
cultivar Camino Real, similar to those 
obtained in the lowest container during 
the entire crop cycle, while Cecatto 
et al. (2013), with the same cultivar, 
obtained 5.43ºBrix, which is lower than 
that obtained in fruits produced in the 
0.20 m high container. Casierra-Posada 
et al. (2011) concluded that diffused and 
direct radiation directly affect the sugar 
content in fruits. However, our study 
shows that the content of total soluble 
solids in strawberry fruits produced in 
the stair-like system in a greenhouse did 
not decrease considerably. 

C o r r e l a t i o n  b e t w e e n 
Photosynthetically Active Radiation 
and Yield

Yield of strawberry cultivated in 
containers 0.50, 0.80 and 1.10 m high 
correlated significantly (P≤0.05) with 
IPAR, with high R2: 0.88, 0.96 and 0.81 
(Figure 4b, 4c and 4d), respectively. 
Correlation between yield of plants 
grown in 0.20 m high containers and 
IPAR was low, with an R2= 0.40 (Figure 
4a). These results are similar to those 
obtained by Kjaer et al. (2012), who 
obtained a linear relationship between 
accumulated dry matter and PAR, 
indicating that fresh matter increases 
proportionally with dry matter when 
PAR increases. The high values of R2 
of the three higher containers, relative 
to that of the lowest container, confirm 
the positive relationship between PAR 
and higher yield of strawberries grown 
in stair-like systems.

It is concluded that the Incidence of 
PAR and IPAR received by strawberry 
plants at all heights of the containers in 
the morning was significantly different 
from that received in the afternoon in 
function of geographic orientation. 
However, the daily average values were 
similar. Yield was significantly higher in 
containers at 0.50, 0.80 and 1.10 m high 
than in the 0.20 m high container, 47% 
higher. The higher the container, the 
higher the content of total soluble solids 
in strawberry fruits during the months 
of higher temperature and radiation. 
The strawberry production system of 
stair-like containers is a viable option for 

increasing strawberry yield and quality 
in intensive protected systems. 
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