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a b s t r a c t 
This work aims to evaluate the cultivation of cut flowers irrigated with treated wastewater in a soilless 
cultivation technique such as aeroponics in arid climates. In addition, information about the state of 
water resources in the Atacama Desert, focusing on the wastewater management, is showed to explain 
the context where this study was developed. In this arid environment, two experimental aeroponic 
units were planted with the cut flower Lily Tresor. For irrigation, municipal wastewater treated by 
treatment wetlands was used. Moreover, the water resource information of the Atacama Desert was 
analyzed. Thereby, in the Atacama Desert average annual rainfall is 87 mm/year, and agriculture rep-
resents 72% of the total used water (10.29 m3/s). Furthermore, less than 10% of the treated municipal 
wastewater is reused despite the treatment coverage close to 100%. Meanwhile, the Lily Tresor was 
developed under the experimental conditions, but its commercialization would be limited to national 
markets, because height (stem length) is less than 0.65 m. In this regard, the electrical conductivity 
(>2,300 µs/cm) in irrigation water and luminosity (>38 klux) were factors that affected the growth of 
Lily Tresor. Finally, between 10% and 20% of the water for producing Lily Tresor in comparison with 
other cultivation systems was used. This result shows the efficient water use by the aeroponic cultiva-
tion system. Thus, the cut flowers production in soilless cultivation systems such as aeroponics under 
extreme arid conditions and irrigated with treated municipal wastewater is possible. However, for 
industrial scaling, improvements in water and luminosity management must be done.
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1. Introduction

Freshwater availability worldwide is declining, and there 
is a need for alternative and more efficient use such as reuse of 
treated municipal wastewater [1]. In many parts of the world, 
agricultural irrigation using treated municipal wastewater has 
been practiced for many centuries [2]. In arid areas, such as the 

Atacama Desert, located in northern Chile, the reuse of treated 
municipal wastewater is a possibility [3]. In the Atacama 
Desert and other such arid areas around the world, the scar-
city of water (below 1,000 m3/inhabit-y) is a reality [4]. The 
use of treated wastewater as a new alternative water source 
requires the study of different topics. For example, persistence 
and fate of bacterial indicators is an important topic. In semi-
arid areas, Escherichia coli has showed limited persistence 
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and no relevant accumulation both on the vegetation and in 
the topsoil irrigated with reclaimed water [5]. However, few 
studies have been published focusing on treated municipal 
wastewater reuse that includes irrigation evaluation, cultiva-
tion techniques, technical improvements, government mod-
els, pathogen behavior, for the Atacama Desert [3,6–10].

Taking this into account, the reclaimed wastewater use in 
irrigation for the cultivation of cut flowers is an opportunity to 
the Atacama Desert and other deserts in the world [11,12]. In 
this regard, floriculture contributes significantly, in economic 
terms, to the horticultural sector with a worldwide production 
value of € 37,000 million that involves around 170,000 farms 
[13]. Despite the production, an important aspect of floricul-
ture is water consumption: it is estimated that 0.1–0.35 m3 of 
water are needed to produce 1 kg of plant dry matter, but it 
can vary with species and variety, cultivation system and plant 
growing season [13]. Therefore, water consumption could 
limit the industry potential and development in arid areas. 
However, cultivation techniques such as aeroponics (soilless 
cultivation system where the roots developed in the air are 
subject to an inert medium inside a closed and dark controlled 
environment saturated with moisture and nutrients) has 
shown to be efficient in the use of water resources. For exam-
ple, lettuce culture in soilless cultivation systems uses only 
10% of the water in comparison with the traditional soil-based 
culture [14,15]. Thus, these cultivation techniques would be 
more efficient in the use of water, with the potential to be a via-
ble alternative for the agricultural development in arid zones. 
An additional advantage of soilless culture as a mean for root 
development of plants is the reduction of electrical conductiv-
ities (ECs) toxic effects since soils in the Atacama Desert has 
salinization problems with EC reported up to 65 dS/m [3,16].

Therefore, the aim of this work was to evaluate the cul-
tivation of cut flowers irrigated with treated wastewater in 
a soilless cultivation technique such as aeroponics in arid 
climates. In addition, information about the state of water 
resources in the Atacama Desert, focusing on the wastewa-
ter management, is showed to explain the context where this 
study was developed.

2. Materials and methods

2.1. Water resources into Atacama Desert

The continental Chile is located in South America 
between latitudes 17°30′S and 56°30′S, with a vast length 
of more than 4,000 km, bounding on the east by the Andes 

Mountain Range and on the west by the Pacific Ocean [7,17]. 
This vast length provides to the country a climatic variability. 
Thus, in northern Chile and for more than 1,000 km long, is 
located the Atacama Desert, one of the most arid deserts in 
the world [18,19]. Fig. 1 shows different characteristics of the 
Atacama Desert in the Chilean context [20]. 

In Atacama Desert, the average annual rainfall is only 
87 mm/year (Fig. 1). The general relief of the Atacama Desert 
and longitudinal variations mean that in northern Chile there 
are areas with rainfall of less than 5 mm/year (costal zones and 
intermediate depression) and other areas up 250–600 mm/year 
(The Andes Mountain Range) [17,21]. In this regard, Table 1 
shows the availability of water resources by Chilean regions 
located at Atacama Desert, along with the water use, also 
including data of local municipal wastewater treatment.

The Atacama Desert’s population is concentrated in urban 
areas (>90%) with 100,000–300,000 inhabitants located mainly 
on the shores of the Pacific Ocean [20]. Other important urban 
areas are settlements depending on mining as the main eco-
nomic activity: 78% of the companies in Chile engaged in the 
extraction of different minerals are located at northern [20]. This 
is reflected in the water consumption (Table 1), where mining 
uses 14.5% of the total water. On the other hand, agriculture 
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Fig. 1. Atacama Desert in the Chilean Context (DGA [20]).

Table 1
Water resources and their use in Atacama Desert (DGA [20]; SISS [27])

Chilean regions in 
Atacama Desert

Runoff per capita 
(m3/inhabit-year)

Water resources use by economic activity (m3/s) Municipal 
wastewater treatment 
coverage (%)

Treated municipal 
wastewater 
production (m3/s)

Agricultural Drinking 
water

Industry Mining

Arica and Parinacota 725 3.71 0.96 0.25 0 100 1.11
Tarapacá 599 5.21 0.69 1.43 1.54 100
Antofagasta 47 3.31 1.68 1.29 6.26 100 1.15
Atacama 190 12.03 0.87 0.52 1.9 94.9 0.60
Coquimbo 908 27.19 1.89 0.25 0.71 100 1.09
Average 493.8 10.29 1.22 0.75 2.08 98.98 0.99
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uses 72% of the total water employed for economic activities 
(Table 1). This percentage is similar to global consumption for 
this sector estimated above 60%, and similar to countries with 
semi-arid climatic areas, such as Italy (>50%) and Spain (68%) 
[22]. Therefore, agriculture is the economic activity with the 
greatest use of water resources in Atacama Desert, and the 
reclamation of wastewater for irrigation will be important 
in water resources management. In this regard, Fig. 2 shows 
the municipal wastewater treatment technologies used in the 
Atacama Desert and the effluent´s final destination. Table 2 
presents a summary of raw municipal wastewater characteris-
tics from three wastewater treatment plants (WWTPs) located 
in the Atacama Desert. Table 2 values are similar to other raw 
municipal wastewaters from arid-semiarid climatic areas and 
other locations in Chile [23–26].

Fig. 2 shows that aerobic systems such as different kinds 
of the activated sludge (38%) and aerated lagoons (29%) are 
the most-used municipal wastewater treatment technology in 
the Atacama Desert. In Chile, more than 60% of its WWTPs 
are based on aerobic processes [8]. On the other hand, the high 
participation of marine outfalls stands out (25%), but it high-
lights even more the amount of water that is poured into the 
sea (2.52 m3/s, 64% of the total), and the low amount that is 
reused (<0.3 m3/s, 7.37% of the total) (Fig. 2). In the case of reuse, 
although the treatment coverage is similar to Israel (>90%), in 
the Atacama Desert, the reuse is below 10%, while Israel reuses 
over 70% of its treated municipal wastewaters (Fig. 2) [28]. The 
low reuse in the Atacama Desert could be explained for several 

reasons. First, the main population centers are located around 
the Pacific Ocean coast with the consequent Chile’s decision 
to use in coastal urban centers the “marine outfall” disposal 
technology as the main treatment technology. Second, soils 
and treated wastewaters have a high salinity (soil, EC above 
26.8 dS/m, water, EC above 2 dS/m), explained by the natural 
geological condition [3,9,16,29]. Finally, the social fear of the 
wastewater reuse for irrigation along with the lack of infor-
mation about its benefits lead certainly to a low application of 
reuse. In this sense, the aim of this work is to produce some 
cut flowers for ornamental use reducing the risk of the popula-
tion’s rejection applying a cultivation technique which contrib-
utes in reducing water consumption up to 90% [15].

2.2. Mesocosms

2.2.1. Experimental setup

Experimental units (aeroponic beds) A and B were con-
structed and operated at the CIDERH’s Experimental Unit 
located in Iquique (Chile) on the Atacama Desert coast (lati-
tude, 20°16′15.92″S; Longitude, 70°07′48.57″E). Local rainfall 
is below 5 mm/year, and the average annual evapotranspi-
ration is above 2,000 mm/year, with an aridity index below 
0.05, thus the area where the experimental units were located 
is classified as “coastal desert with abundant cloudiness” 
[21,30]. The experimental units are only isolated from the 
exterior by anti-aphid mesh to protect plants from insects.

Experimental units A and B were built from cubic 96 L 
plastic tanks (dimensions: 0.60 m × 0.4 m × 0.4 m; length × 
width × height). Each experimental unit was fitted with eight 
places to hold planted baskets (plant density: 33 plant/m2). 
Each planted basket was slotted with 232.26 cm3 (height, 8 cm; 
superior diameter, 8 cm; basal diameter, 6 cm) and were filled 
with arlite (diameter 8–16 mm). Arlite was employed as sup-
port material for the plant´s root system since it allows root’s 
aeration and water retention during and after irrigation. The 
aerial part of the plant was allowed to develop freely above 
the experimental unit. The irrigation was carried out with 
micro jets, fed with a pump per each experimental unit. The 
experimentation was performed cultivating Lily Tresor, a cut 
flower plant widely sold in the Chilean market as well as sus-
tainable for soilless culture and salt tolerant (EC, 2.300 µs/cm), 
conditions commonly found in municipal wastewater of arid 
environments [3,11,29]. 

Fig. 2. Municipal wastewater treatment in Atacama Desert. 
(a) Technologies, (b) final destination (SISS [27]). River-1: 
streams without dilution capacity; River-2: streams with dilution 
capacity. WWTP: wastewater treatment plant.

Table 2
Raw municipal wastewater characteristics in Atacama Desert. Data from three WWTP during 2 years

Water quality parameter n Average ± Standard deviation Minimum Maximum

T, °C 82 24.31 ± 2.32 16.50 28.50
pH 82 7.66 ± 0.49 6.59 9.27
BOD5, mg/L 50 262.22 ± 68.06 87 489
COD, mg/L 50 662.36 ± 217.43 412 1,780
TSS, mg/L 50 240.68 ± 103.75 53 610
TKN, mg/L 38 54.87 ± 31.97 0.9 119
TP, mg/L 38 3.18 ± 4.21 0.2 24
FC, log MPN/100 mL 52 7.46 ± 0.71 3.34 8.20

T: Temperature; BOD5: 5-d biological oxygen demand; COD: chemical oxygen demand; TSS: total suspended solids; TKN: total Kjeldahl 
nitrogen; TP: total phosphorus; FC: fecal coliforms; MPN: most probable number.
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2.2.2. Irrigation water

Raw municipal wastewater for feeding treatment wet-
lands was taken from the local WWTP that serves to 100,000 
inhabitants. After filtration by mechanical screening of 
10 mm, four treatment wetlands were used to produce the 
irrigation water. Experimental unit A was irrigated with water 
composed of a blending of 50% of effluents coming from 
two treatment wetlands with native plants (Schoenoplectus 
americanus) operated in parallel with hydraulic retention 
time (HRT) of 3.5 and 7 d. Meanwhile, experimental unit B 
was irrigated with water composed of a blending of 50% of 
effluents coming from two treatment wetlands with foreign 
plants from the Atacama Desert (Cyperus papyrus) operated 
in parallel with HRT of 3.5 and 7 d. The effluents used in 
this work correspond to months 4 through 7 of the operation 
of the treatment wetlands. More details about experimental 
treatment wetland system can be found in Vera et al. [29].

2.2.3. Operation and monitoring strategy

Experimental units A and B were planted in August. The 
cut flower plants were planted after rhizome was disinfected 
for fungi and bacteria (rhizome caliber 12–14). The disinfec-
tion is necessary because the root zone will be developed 
under dark and saturated humid environment [31]. During 
the growth phase, biometric measures such as height (stem 
length) and stem diameter were measured every week for 
the plants in the two experimental units (A and B). Height 
(stem length) was measured from arlite surface to the apex 
of growth. Stem diameter was measured in the middle of 
height. In addition, the number of flower buds was counted 
at the time of harvest. Harvest was made when 50% of the 
flower buds were pigmented.

In experimental units A and B, the water inside the aero-
ponic bed was changed every 7 d. This water change was 
defined according to maximum HRT in the treatment wet-
lands. A volume of 13 L of treated wastewater was placed into 
each aeroponic bed on day 0 as water supply for irrigation. 
The volume was defined according to pump requirements. 
After 7 d, the remaining water was drained and measured. 
The aeroponic beds were completely closed to prevent the 
water evaporation. Previous to water application into aero-
ponic bed, water quality parameters such as COD, TSS, 
NH4

+-N, NO3
–-N, TN, PO4–

3-P, TP and fecal coliforms (FC) 
were measured in effluents to experimental treatment wet-
lands [29]. The irrigation was continuous, with application 
of continuous water during 24 h. The water in the irrigation 
system was monitored for water quality parameters EC and 
pH at day 0, 3 and 7. These two water quality parameters 
were selected because their readings and interpretation are 
simple and traditionally been employed in reclaimed water 
projects and guidelines [3,32,33]. Meteorological information 
(air temperature and relative humidity) was obtained from 
MeteoChile [34] (Diego Aracena weather station).

2.3. Analytical methods

Water used for irrigation in the experimental units A and 
B was analyzed for COD, NH4

+-N, NO3
–-N, TN, PO4–

3-P and 
TP using a multiparameter photometer for municipal waste-
water HANNA HI-83214 and reagents test kits: (a) COD, 

HI 93754B-25; (b) NH4
+-N, HI 93764B-25; (c) NO3

–-N, HI 
93766–50; (d) TN, HI 93767A-50; (e) PO4–

3-P, HI 93763A-50 
and (f) TP, HI 93763B-50. Previous to analysis, the water was 
filtered (fiberglass filters, 0.45 µm pore size). The determi-
nations correspond to standard adaptation procedures from 
APHA-AWWA-WEF [35]. TSS measurement was conducted 
according to procedures in APHA-AWWA-WEF [35]. FC 
measurement was conducted by multiple tube fermentation 
according to INN [36]. EC and pH in experimental units A 
and B were measured by portable multiparameter HANNA 
HI-9829. Biometric measurements of the cut flower plants 
were done with tape measure (height) and caliper (stem 
diameter). The water volume of irrigation (day 0 and 7) was 
measured by graduated cylinder every 7 d.

2.4. Statistical analysis

All statistical tests were performed using INFOSTAT 
[37] with a significance level α = 0.05. The statistical analy-
sis was used to evaluate differences between: (a) cut flower 
plant developments, comparison of height and stem diameter 
between experimental units A and B, taken into account the 
data at harvest time, (b) pH and EC variations in water used 
for experimental units A and B at day 0 and, (c) pH and EC 
variations in water during irrigation at days 0, 3 and 7. For cut 
flower plant development, pH and EC in water at day 0, the 
Wilcoxon test was used. Finally, to compare variation in pH 
and EC during irrigation, the Kruskal–Wallis test was used.

3. Results and discussion

3.1. Development of cut flower plants in aeroponic cultivation

Fig. 3 summarizes the Lily Tresor growth for experi-
mental units A and B. Fig. 3 shows that Lily Tresor’s average 
height (stem length) varied by less than 0.1 m. This height 
is greater in the experimental unit A, in regards to experi-
mental unit B, but this difference is not significant (p > 0.05). 
Height has been defined as one of the most important aspects 
of commercial quality for the Lily Tresor [38,39]. The values 
between 0.5 and 0.6 m of the two experimental units from 
this work (without a significant difference between them, 
p > 0.05), suggest that flowers have commercial quality for 
national markets and not for export, because the height 
must be higher than 0.65 m [31,38]. In addition, the height 
reached would be lower than the work of Rodríguez-Fuentes 
et al. [40] for Lily Longiflorum, who for a planting density of 
35 plant/m2 (similar to this study) achieved 0.72 m. However, 
the height in this work is similar to results of Schiappacasse 
et al. [39], who for Lily Dreamland and Lily Alhambra, in 
the control environment without shading, reached a height 
of 0.59 m.

Regarding to the stem diameter, the two experimental 
units show similarity with average values between 0.6 and 
0.7 cm similar to results of Schiappacasse et al. [39]. On the 
other hand, each plant had between 4 and 5 floral buttons 
similar to results of Schiappacasse et al. [39]. According to 
Auzaque-Rodríguez et al. [38] when a plant has more than 
2.5 flowers per individual, the cut flower has marketing 
characteristics. However, as previously indicated, the Lily 
Tresor flowers from this work would be limited to national 
markets due to the height (<0.65 m) [38,39]. Fig. 4 shows the 
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development of Lily Tresor after harvest on day 0 and day 4. 
Fig. 4 shows a good development of the floral button and its 
possibility to be sold in the local market.

Other parameters such as proline and nitrate reductase 
can be useful to evaluate the plant’s development when 
stressful conditions are present during cultivation [41]. 
Proline is an amino acid that increases in the plant’s tissue 
when plants grow under water deficit, salinity conditions, 

low temperature and heavy metal exposure [42]. Nitrate 
reductase is a key enzyme in nitrogen assimilation and its 
activity gives a good approximation to the nitrogen status 
into plant´s tissue [43]. Galarce [41] for Lily Tresor culti-
vation in the Atacama Desert showed in leafs (previous to 
harvest) average values of 1.66 µmol/gFW-h (fresh weight) 
and 4.0 µmol NO2/gFW-h, for proline and nitrate reductase, 
respectively. Drüge [44] reported proline values between 
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Fig. 3. Growth of Lily Tresor during cultivation time: (a) experimental unit A; (b) experimental unit B. Height (■); diameter (*).
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Fig. 4. Lily Tresor after harvest. (a) Day 0; (b) Day 4.
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1.1 µmol/gFW and 2.6 µmol/gFW when different substrates 
for root development of Chrysanthemum have been used in 
a greenhouse (18°C–20°C). Konnerup and Brix [45] showed 
nitrate reductase values of 22 µmol NO2/gDW-h (dry weight) 
when only NO3 was used as N source for Canna indica (orna-
mental plant) in a growth chamber (20°C–22°C). However, 
these values are indicative and they have to be carefully 
taken into account because each plant responds in different 
ways to stressful cultivation conditions.

3.2. Water quality for reuse and their influence in the development 
of cut flower plants

Table 3 summarizes the physicochemical characteristics 
of the effluents to the treatment system based on treatment 
wetlands. These effluents were used as irrigation water in the 
experimental units (A and B). In addition, Table 3 includes 
standards for water use in cultivation irrigation. COD above 
170 mg/L showed the principal difference in comparison 
with the standards in Table 3. TSS, TN and TP effluent con-
centrations showed similar values to the standards of Table 3. 
However, they would have restrictions regarding the crop 
and soil according to indications in Lavrnić et al. [22]. In 
addition, the NO3

–-N concentration is below 1 mg/L and the 
NH4

+-N is above 15 mg/L; therefore, nitrate reductase con-
centration has not to be expected a problem in plant’s tissue. 
These results show that the treatment wetland system should 
integrate more treatment stages or recirculation in order to 
improve the effluent quality. The treatment system improve-
ment is consistent with other studies in arid zones [23,33,46]. 
Furthermore, although Table 3 shows a reduction between 
2 and 3 log units/100 mL of the FC, in order to achieve the 

effluent’s concentration of Table 3, a disinfection process has 
to be added to the wetland treatment system. On the other 
hand, the water quality standards in Table 3 have been indi-
cated for traditional agriculture and irrigation methods. 
However, the cultivation of this work was developed in a 
non-traditional system such as aeroponics, and in this sys-
tem, the water was handled with minimal contact to the farm-
ers and crops, and in addition, soil was not used. Therefore, 
in the future, an evaluation of the standards’ applicability 
included in Table 3 to alternative farming methods such as 
aeroponics is recommended.

Table 4 shows the pH and EC measurements on day 0, 3 
and 7 for irrigation water. Regarding day 0, the average value 
of pH and EC shows significant differences (p < 0.05) between 
experimental units A and B. In addition, the pH increase of 

Table 3
Effluent concentrations to treatment wetlands (TWs) used for irrigation in aeroponics crops and water quality standards for irrigation 
(average ± standard deviation)

Water quality parameter Effluent for feeding 
experimental unit A

Effluent for feeding 
experimental unit B

Treatment goal in effluent to 
reusea

COD, mg/L 216.5 ± 47.7
(140 – 254)

178.0 ± 35.6
(131 – 218)

<100

TSS, mg/L 58.9 ± 16.0
(32 – 73)

68.1 ± 36.3
(36 – 130)

<10–60

NH4
+-N, mg/L 55.8 ± 4.2

(52.5 – 63)
19.4 ± 3.7
(14.5 – 24)

–

NO3
–-N, mg/L 0.9 ± 0.7

(0.05 – 2.0)
0.7 ± 0.7
(0.0 – 1.9)

<5.5–50

TN, mg/L 57.2 ± 9.0
(45 – 66.6)

23.7 ± 6.6
(15 – 32)

<5–125

PO4–
3-P, mg/L 4.2 ± 2.3

(2.5 – 7.0)
2.2 ± 1.2
(1.1 – 3.5)

–

TP, mg/L 5.4 ± 1.7
(3.8 – 7.3)

2.3 ± 0.7
(1.2 – 3.1)

<0.05–12

FC, log-unit 4.6 ± 0.5
(4.1 – 5.0)

4.2 ± 0.8
(3.3 – 4.8)

<2–4

aTreatment goals showed in Norton-Brandão et al. [32] and Lavrnić et al. [22].
n = 5 for all parameters except FC (fecal coliforms) with n = 3 in experimental unit A and B. Number in parenthesis are minimum and 
maximum. 

Table 4
Electrical conductivity (EC) and pH evolution for water used 
during irrigation in aeroponics crops (average ± standard devi-
ation)

Experimental 
unit

Day Water quality parameter

pH Electrical conductivity, µs/cm

A 0 7.5 ± 0.1 2,358.7 ± 62.1
3 8.0 ± 0.2 2,388.4 ± 369.7
7 8.3 ± 0.4 2,421.8 ± 300.3

B 0 6.9 ± 0.1 3,481.7 ± 436.8
3 8.7 ± 0.1 3,203.6 ± 461.6
7 8.6 + 0.1 3,358.0 ± 551.9

n = 9 for each monitored day.
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up to 0.75 units for average values in the experimental unit A 
and up to 1.7 units on the experimental unit B, between the 
day 0, 3 and 7 was observed. These increases were significant 
(p < 0.05) amongst each other. Despite this, the pH falls in a 
range from 6.0 to 8.0 units recommended for irrigation water, 
and this range can be extended in the upper limit in regula-
tions focused on reuse (as in this case) until 9.5 [8,32]. 

The average values of EC (Table 4) from experimental 
unit A as well as from experimental unit B did not show sig-
nificant differences (p > 0.05) between days 0, 3 and 7. The 
average values of EC in the experimental unit A are in the 
range of 1,500–3,000 µs/cm. These EC values let be classified 
the water for irrigation as “water with adverse effect on most 
crops” [8]. Meanwhile, the average values of EC in the exper-
imental unit B are in the range of 3,000–7,500 µs/cm. These 
EC values let be classified the water for irrigation as “water 
only for salt-tolerant crops” [8]. Therefore, the EC values 
above 2,300 µs/cm could explain the final height of the plant 
(<0.65 m) in the two experimental units.

The EC is a water quality parameter of agriculture impor-
tance because it quickly shows the minerals content in irri-
gation water. EC values above 1,500 µs/cm have an influence 
on the osmotic pressure of water in the soil (in this case the 
inert substrate of arlite). Therefore, the respiration process of 
the plant to extract the water is increased and more energy is 
used in the process affecting the plant’s growth [47]. Authors 
such as Cassaniti et al. [13] and Wu et al. [48] showed that 
salinity (measured as EC) is an important factor that affects 
the growth and development of ornamental plants.

The results of this work do not show significant varia-
tion (p > 0.05) of the height (stem height), the stem diameter 
and number of flowers, between the experimental units A 
and B, despite the EC significant difference (p > 0.05) above 
1,000 µs/cm in the irrigation water at day 0. In this sense, 
Al-Ghawanmeh et al. [11] achieved similar results because 
they showed that variations on EC values below 2,300 µs/cm 
(lower limit in this work) had no effect on plant’s develop-
ment. Thus, the EC variations in Table 4 could be comple-
mentary to the results of Al-Ghawanmeh et al. [11], because 
treated wastewaters with EC between 2,300 and 3,500 µs/cm 
could be used interchangeably in the irrigation of Lily’s aero-
ponic cultivation under arid conditions. This is important 
because EC values between 2,300 and 3,500 µs/cm have 
already been reported for treated municipal wastewater in 
the Atacama Desert [3,29] and for other deserts in the world 
[23,46,49]. However, the irrigation water with EC above 
2,300 µs/cm has an effect on the commercial quality of lily’s 
flower (height < 0.65 m, [38,39]) as mentioned earlier.

3.3. Environmental factors and their influence in the development 
of cut flower plants

Fig. 5 shows a summary of the environmental tempera-
ture (T) and the relative humidity (HR) during the develop-
ment of lily’s cultivation in experimental units A and B. The 
environmental temperature can be considered stable with 
average values between 14°C and 16°C, and average minimal 
about 12°C and maximums below 20°C (Fig. 4). According 
to FIA [31], the ideal environmental temperature for the lily 
cultivation should be a minimum of 8°C–10°C and maxi-
mum of 23°C–25°C. Taking into account these conditions, the 

lily cultivation of this work had optimal temperature for its 
development (Fig. 5).

The HR was not controlled for the lily’s cultivation 
because only one anti-aphid mesh was employed to isolate 
the experimental units A and B from outside. For this rea-
son, the lily’s cultivation was subject to the environmental HR 
of the coastal Atacama Desert. Fig. 5 shows HR minimum, 
average and maximum, between 55% and 85% during crops’ 
development time (August–October), with a maximum of 
15% variation between the weekly average values as inter-
weekly. According to CIBF [50], the optimum HR for the lily 
cultivation should vary between 80% and 85%, keeping it as 
stable as possible. Thus, Fig. 5 shows HRs below this recom-
mendation. In this sense, for another cut flower cultivation 
such as rose, the average HR conditions of up to 70%, with 
daily reductions of up to 40%, did not influence its growth. In 
addition, after harvesting, these HR conditions did influence 
the duration of flower in the postharvest (life in a flower pot), 
with an increase of up to 3 d compared with a cut period with 
higher relative humidity (HR > 80%) [51]. This result indicates 
that the HR of this work (below 80%), in some periods (Fig. 5), 
should not affect the quality of the lily flower. However, post-
harvest data (life in a flower pot) was not addressed in this 
work. Therefore, in future works of cut flower cultivation in 
desert or arid environmental conditions, the study of life in 
flower pot is recommended to be performed.

On the other hand, an additional environmental factor, 
solar radiation or the effect of light, which was not studied 
in this work, could explain lily’s growth problems [39]. To 
evaluate the effect of light, two aspects are important: photo-
period and luminous intensity. Photoperiod has influence on 
flowering, especially in the amount of flower buttons [31,50]. 
During the study period (August–October), the photoperiod 
of the coastal desert of the Atacama has variations between 
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Fig. 5. Evolution of temperature and relative humidity during 
growth of Lily Tresor. (a) Temperature, minimum ( ), average 
( ), maximum ( ). (b) Relative humidity, minimum ( ), average 
( ), maximum ( ), mean value (■).
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11.5 and 12.5 h [52]. However, the stability in hours and the 
quantity of flowers buttons, above 2.5 flowers per individual 
(minimum for lily’s commercial quality, [38]), show that the 
photoperiod was not relevant for the cultivation developed. 
In this sense, in the coastal Atacama Desert where the crop 
was developed, the natural photoperiod (11 h in June – 14 h 
in December [52]) is less oscillating than in temperate zones. 
Therefore, the photoperiod would be a benefit for the cul-
tivation of Lilies in arid zones taking into account that the 
main deserts of the planet are located in latitudes similar to 
the Atacama Desert: in the Northern Hemisphere near to the 
Tropic of Cancer, and in the Southern Hemisphere near to 
the Tropic of Capricorn. This advantage stands out because 
CBIF [50] has suggested the use of artificial light to prolong 
the photoperiod up to 14 h in the final stage of cultivation 
(sprouting – visible inflorescence) during spring seasons in 
temperate zones.

Regarding to the luminous intensity, Schiapaccasse et al. 
[39] showed for lily’s varieties that a shade above 65% could 
significantly increase (p < 0.05) the total height when Lilies 
are planted in spring (September–December). In this sense, 
lily plants of this work did not have shade because they 
were separated from the outside only by anti-aphid mesh. 
Olave et al. [53] showed that for lily plants developed in the 
coastal desert of the Atacama, the height increased from 0.38 
to 0.69 m when brightness was reduced four times from 38 
to 9 klux. Thus, Olave et al. [53] indicated that the luminous 
intensity would be the most important variable to control, 
in order to produce lily flowers with commercial quality for 
export under arid conditions (>0.65 m, [38,39]) such as those 
from the Atacama Desert, where light intensity can exceed 
120 klux [53].

3.4. Water consumption in the production of cut flower lily

Fig. 6 shows the water consumption expressed as the 
percentage of water used for irrigation in each experimental 
unit. For the cultivation of lilies, it has been established that 
the highest water consumption occurs during the growth of 
roots (first 3 weeks), and later, during the formation of flower 
buds (3 weeks before cutting) [31]. Taking this into account, 

the water consumption shows variations regarding to FIA 
[31] (Fig. 6). In the first 4 weeks, the water consumption is 
stable around 5%–15% with a small increment of 5%–15% 
in week 5. This difference with FIA [31] could be explained 
by the values of EC (>2,300 µs/cm) that affected the growth 
(<0.60 m), which caused less water to be used for a normal 
export height (>0.65 m, [38,39]). Furthermore, the water con-
sumption increases in week 5, at the same time that a greater 
pronouncement of growth rate can be found in Fig. 3 (day 
30 to 45, weeks 5 and 6 of growth) in the two experimental 
units, reaffirming that a greater growth, a greater water con-
sumption. In the case of the last 3 weeks, Fig. 6 shows that the 
water consumption increases by almost 20% during the last 
2 weeks in agreement with FIA [31].

According to Fig. 6, the production of one lily flower 
requires between 1.71 L/plant (experimental unit B) and 
2.35 L/plant (experimental unit A) for the cultivation period of 
65 d (Fig. 3). The difference of 0.64 L/plant between experimen-
tal units A and B is explained by average EC increase in irriga-
tion water (Table 4), because the water consumption in soilless 
cultivation systems is reduced when EC in water for irrigation 
increases [54,55]. However, weeks 1, 2, 3 and 4 had different 
behavior. This particular behavior can be explained because 
according to FIA [31], in this period, the roots are developed, 
and EC differences of 1,000 µs/cm (Table 4) could have influ-
enced on its development, and therefore, in the water con-
sumption. For the rest of growing time, with exception of week 
8, the water consumption followed the expected behavior: at 
higher EC, lower water consumption. The difference in water 
consumption for week 8 could be explained by differences in 
the flower buds development between the experimental units 
[31], but this work cannot give conclusions about that, because 
biometric measures were not taken on them.

The water consumptions of this work were above 50% 
higher than the water use efficiency reported by Safi et al. [49], 
who achieved a water consumption between 0.70 and 1.11 L/
plant in an arid environment and a lily cultivation system in 
the soil, when effluents from a WWTP are reused for irriga-
tion. This difference could be explained by the difference in 
the water salinity but mainly in the irrigation way. Safi et al. 
[49] reported an EC of 2,002 µs/cm, whereas in this study, 
the EC values were always above 2,300 µs/cm. However, a 
mathematical relationship between EC and water consump-
tion to produce one lily flower cannot be established in this 
work, because more data would be necessary. Despite that, 
this work can be conclusive regarding EC influence during 
the first 3 weeks of growth, because a difference up to 9% in 
the water consumption can be found between the two exper-
imental units.

Another difference with Safi et al. [49] was the irrigation 
way. Safi et al. [49] adjusted the daily amount of irrigation 
water to the values of the evaporation tank class A, while in 
this study, irrigation was performed continuously during 
24 h. Al-Ghawanmeh et al. [11] for a soilless cultivation sys-
tem at pilot scale under desert conditions achieved an average 
water use of 13.5 L/m2 d (plant density, 25 plant/m2, estimated) 
for the different treatments (EC in water below 2,300 µs/cm; 
irrigation frequency, three times per day). Therefore, a water 
consumption of 0.54 L/plant-d was estimated and for the total 
experiment time (40 d) it was necessary to use 21.6 L/plant. 
Thus Al-Ghawanmeh et al. [11] showed that irrigation 

Fig. 6. Evolution of water consumption for irrigation of Lily 
Tresor expressed as percentage of total water applied into each 
experimental unit at day 0 of each week. Experimental unit A ( ); 
experimental unit B ( ).
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optimization is a topic to be studied for aeroponic cultiva-
tion systems in arid conditions because their results are not in 
agreement to Safi et al. [49]. In addition, the water consump-
tion achieved in this work (1.71–2.35 L/plant) is only 10% of 
those 21.6 L/plant of the study of Al-Ghawanmeh et al. [11]. 
Therefore, the irrigation optimization in aeroponic cultiva-
tions would be an important aspect to be evaluated in future 
studies of this cultivation system in desert conditions, and 
probably, this will be the most important factor in water con-
sumption to produce one lily flower.

Additionally, the water consumptions in this work could 
be compared with CIBF [50]. CIBF [50] shows for dry condi-
tions (environmental conditions assimilated to the desert or 
arid environments) that the water consumption can reach 
up to 9 L/m2 d, in planting densities of 55 plants/m2, hence 
0.163 L/plant could be required daily, and for a growth time 
of 65 d (Fig. 3), the water necessity would be 10.6 L to produce 
one lily flower. Therefore, the water consumption reported in 
this work is only 20% of the 10.6 L, suggesting that the aero-
ponic cultivation system would be more efficient in water use. 
Thus the results are in agreement with Treftz and Omaye [15], 
who for soilless cultivation system of lettuce achieved a reduc-
tion of up to 90% in the water consumption. Despite this, the 
results of this work will need scaling and irrigation optimiza-
tion needs to be more conclusive regarding to water use.

Finally, the cut flower aeroponic cultivation system has 
several advantages for reclaimed water projects when it is 
compared with traditional cultivation techniques [56]: (a) 
protection of public health because water during cultivation 
has a minimal contact with farmers and cut flowers are an 
ornamental product, (b) prevention in damage to soils and 
groundwater because the cultivation system is waterproof to 
prevent percolation, and (c) reduction in water consumption 
because for the production of one cut flower only 10%–20% 
of water is used. However, the aeroponic cultivation system 
has some disadvantages to be taken into account in reclaimed 
water projects [57,58]: (a) the necessity of advanced equip-
ment such as high-pressure pumps, atomization nozzles, EC 
and pH measuring devices, temperature, light intensity and 
humidity sensors and timers to control the system, increas-
ing the construction costs for large-scale production, (b) 
the farmers must need a specific proficiency level to oper-
ate the system, (c) the grower must have the information 
about the appropriate quantity of required nutrient for plant 
growth in the system; and (d) mister spray heads may also 
have a tendency to clog and not produce mist when needed.

4. Conclusions

• The water resources in the Atacama Desert such as other 
arid areas in the world are scarce. However, only 10% 
of the treated municipal wastewater is reused, despite a 
treatment coverage of close to 100%. This situation was 
explained by multiple factors, among which the high dis-
position stands out (2.52 m3/s, 64% of the total) of munici-
pal wastewater through marine outfalls to the sea.

• Lily Tresor as a cut flower could be cultivated under the 
arid condition of the Atacama Desert. However, its qual-
ity would only be for national markets because height 
(<0.65 m) is the biometric factor that would limit its com-
mercialization to international markets.

• The EC (>2,300 µs/cm), and to a greater extent, the lumi-
nous intensity (>38 klux), are responsible for the smaller 
height (stem length) of Lily Tresor.

• The aeroponic cultivation system showed to be efficient 
on the water use with consumptions from 10% to 20% for 
producing Lily Tresor in comparison with other cultiva-
tion systems. Despite this, the water use can be further 
optimized when scaling the implementation of aeroponic 
crops to produce Lily Tresor cut flowers.

• For industrial scaling in arid conditions such as those of 
the Atacama Desert, control over water quality and light 
intensity management is recommended, if improvements 
in height are wanted in the Lily Tresor. This would allow 
its commercialization in international markets.
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