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Abstract

Sustainable agriculture allows the efficient use of natural resources, particularly water. This study
aimed to compare the water footprint of the lettuce (Lactuca sativa L.) cultivation in two production
systems: aquaponic and hydroponic, in order to understand its impact on water resources. Both
production systems were established in a shade house in the state of Sonora, Mexico. The
experiment was conducted from May 20 to July 29, 2020. The estimation of the WF,, was
calculated by adding the blue water footprints, consumption of water sheet in the development of the
crop and of the inputs and materials used in each system (based on information from the scientific
literature). The results indicated an average harvested lettuce weight of 0.056 kg (+0.005 kg) in
the aguaponic system and 0.097 kg (x0.007 kg) in the hydroponic system. The statistical analysis
was evaluated with the Student’s t-test with a significance level of 5%. The estimated BWFs were
0.2941 and 0.1721 m® kg™, the WF Were 2.6841 m® kg™ and 0.1821 m® kg™ for the aquaponic
system and hydroponic system, respectively, for 19 plants in each system. The values of the WF
were high since they represent the sum of the blue water footprints and the WFiyous and materiais: 1€
results of this research confirmed the hypothesis proposed as the aquaponic system registered a
greater water footprint. However, it is advisable to generate more knowledge on the subject.
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Introduction

The water footprint (WF) is an indicator of the total volume of freshwater that is used directly and
indirectly to produce a good or service (Oltra and Melgarejo, 2020) and expresses the pressure
and environmental impacts that productive activities exert on water resources. WF is a tool for
biodiversity conservation and analysis for sustainability (Shi et al., 2017) driven by increasing
demand, scarcity, and degradation of water quality.

The WF of the agricultural sector establishes guidelines for the use and integrated management of
water (Zarate et al., 2017) in public policy and in scientific research. Agricultural WF represents
86%o0f humanity’s WF (Hoekstra and Chapagain, 2008) and measures the WF of the product’s
supply chain: cultivation, processing, manufacturing, transportation, and sale of the product
(Martinez, 2013).

WEF is made up of: blue WF (BWF), which is the volume of fresh water for crop irrigation, it is
associated with water deficit and quality; green WF (GWF), itis the volume of rainfall that plants store
and consume (evapotranspiration), so it is used by the crop; grey WF (GrWF), it is the volume of
water needed to dilute pollutants (agrochemicals) until they are harmless (Hoekstra and Mekonnen,
2011), only considers the waste stream of the most critical pollutant to water bodies, and values
part of the agrochemicals used (Hoekstra et al., 2011).

Aquaponic (AS) and hydroponic (HS) systems represent new forms of production with a lower
environmental impact (Wilson, 2018). AS combines aquaculture with hydroponics and has
advantages (low operating costs, less use of agrochemicals, reuse of water in the system and value-
added plant productivity) over traditional agricultural systems (TAS), although it has limitations, it
depends on electricity for the operation of water and aeration pumps and the ecological complexity
that risks the system in the event of any failure (such as the correct density of microorganisms,
fish, and plants).

On the other hand, the vegetable HS uses two techniques: floating root and NFT (Nutrient Film
Technique): in the first, the vegetable grows directly on water, with the nutrient solution dissolved in
it and without substrate, with the NFT technique, the plant grows on a sheet of water in continuous
movement enriched with nutrient solutions. The HS requires 82 times more energy than a TAS, but
92% less water and produces 11 times more yield per area (Barbosa et al., 2015).

Lettuce is a popular vegetable on a global scale; Mexico was the ninth producer in 2019 and 2020
(SADER, 2019) with 516 000 and 539 000 t, respectively (SIAP, 2021). In 2019, Baja California,
Puebla and Sonora were the states with the largest harvested area, but Sonora had the highest
yield (SIAP, 2019). In 2017, this crop became one of Sonora’s main agricultural export products
with 10 241 t (SAGARHPA, 2018).

The objective of the research was to estimate the water footprint of lettuce (Lactuca sativa L.)
cultivation in aquaponic and hydroponic systems to determine the impact on water resources
compared to the conventional production system and to generate knowledge on the subject. The
hypothesis was that the aquaponic system has a larger water footprint than the hydroponic system.

Materials and methods

The study was carried out in the nursery of the Department of Agriculture and Livestock of the
University of Sonora, Mexico, at the geographical coordinates 29° 00’ 47" north latitude and 111°
08’ 13” west longitude, at an altitude of 151 m. The climate of the region is BW(h’) hw (x) (e’),
characterized by an average annual temperature of 25 °C and an annual rainfall of 246.4 mm
(Garcia, 2004). The experiment was conducted from May 20 to July 29, 2020, and comprised the

following stages.
b |
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Stage I: establishment of aguaponic and hydroponic systems

The work was carried out in a shade house covered with a woven mesh of 20 x 10 threads in 1
cm’ (300 microns) of crystal color. Two holes, 70 cm in diameter and 80 cm deep, were made in
the ground inside the shade house. A 250 L capacity Rotoplas® water tank was introduced in each
of them, one for the AS and one for the HS. The ground around the water tank was covered with
white gravel in order to reflect the beams and prevent the absorption of heat. For water recycling,
an 800 L h™ Airon® pump and a 1 HP 110 V 11.6 A single-phase blower were used in each of the
production systems.

A biofilter made of 1 m of high-density polyethylene (HDPE) material, corrugated, cut into pieces,
and stored in a 20 L bucket, was placed in the AS. Then, the nitrifying microorganisms were
integrated, and the recycling of the water began on May 20. Concentrations (ppm) of ammonium
(NHs,), nitrites (NO, ) and nitrates (NO; ) were measured daily (in triplicate) with an API master test
kit according to the kit's instructions, from 5 ml samples.

Once the maturity of the biofilter with the presence of the nitrifying bacteria was determined, three
Nile tilapia (Oreochromis niloticus L.) with an initial weight of 500 g each were introduced, which
were fed with commercial kibble for developing fish, 3.5 mm (Nutripec brand) enriched with proteins
(32%) and fats (6%).

Stage Il: lettuce crop development and yield

This stage began on May 20, 2020. The germination of the seed took place in an agricultural growing
room under controlled environmental conditions: temperature of 25 °C, relative humidity of 51%
(measured with a Taylor thermohygrometer), artificial lighting provided by a 1.2 m long blue (470
nm) and red (625 nm) horticultural lamp of the Arize™ life brand.

The seed was sown in a rockwool substrate in an extra rigid flat tray with an area of 55 x 28 cm
(GLL brand, model CHOO). The seeds were hydrated with a dosed irrigation of 2.47 L in total, for
the following 37 days (time needed for germination) from sowing. On June 26, 19 lettuce seedlings
were transplanted into the PVC pipes of each of the systems. The infrastructure of the AS and HS
had dimensions 3.0 x 0.5 m, the cultivation area was 1.5 m’ (Figures 1 and 2).

Figure 1. Hydroponic lettuce production system.
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Figure 2. Aquaponic system in lettuce production.

During the development of the crop in the HS, a hydroponic fertilizer of the Hort Americas brand
(9-7-37 ratio N-P,05-K,0) and nitric acid (HNO; at 3%) were used to maintain the pH in a range of
6.5-7.6, which is an adequate range (between 6.5 and 8.5) according to Somerville et al. (2022).
The lettuce harvest took place on July 29, 2020. In the production of AS and HS, plant weight (kg)
and yield (kg m®) were considered. Their average values were compared with the Student’s t-test
with a significance level of 5% in the Excel program of Windows, Version 10.

Stage lll: water footprint of lettuce cultivation in aquaponic and hydroponic
systems

The total WF was calculated using the ‘Step-wise accumulative’ approach, this means that the WF
of a product was determined according to the WF of the inputs of each production activity, plus the
WEF of the whole process (Hoekstra et al., 2011). Therefore, the WF of lettuce cultivation in the AS
and HS were determined:

WFtotaI: WF

installation

+ WFyield

1). In order to obtain the environmental impact expressed in the WF; siaion, & list of all the inputs and
materials used in each system was previously made. These were weighed with a Ohaus defender
3000 digital scale (sensitivity 58 - 0.09 kg). The WF;saiaion Was calculated using equation 2.

WFinputs and materials * w
WFinstallation:Z [ { yield >kFls

2). Where: the WF s and maeriais (M° kg™) refers to the WF of the inputs and materials used in each
system (values consulted in the scientific literature); w= is the weight (kg) of the materials; yield=
is the total weight of the lettuce; and F= (one-dimensional) is the lifespan factor of materials (such
as PVC pipes and HDPE water tank), which relates their lifespan (or service time) to the cultivation
period from transplanting to harvest (34 days). Thus, the WF;saiaion related to the lettuce cultivation
cycle was obtained.

The WF,q includes the volumes of water from: rainfall in the open field, water contaminated in the
production process and those used by the crop (equation 3):

WFyielg= GWF+ GrWF+BWF
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3). Where: GWF= green water footprint; GrWF= grey water footprint; and BWF= blue water
footprint. However, GWF (no rainfall beyond the shadow house) and GrWF (without evaluations of
agrochemical WF at the beginning and end of the experiment) were excluded in the calculation of
WEF,ieq Of the present study.

Therefore, WF;e4 in this study was similar to BWF. This was assessed for non-conventional systems
according to equation 4:

BWF=WG+C¥V+AW

4). Where: BWF= is the blue WF: aguaponic and hydroponic; WG= water for germination; CW=
is the circulating water in the system; AW= is the added water (irrigation sheet, m); (= is the
mass produced per surface area (kg m'z). Once the WFypus and materiais and the WFq (= BWF) were
obtained, the WF, was calculated using equation 1.

Results and discussion

Lettuce crop development and yield (stage Il

In each production system, 12 heads of lettuce were harvested per m” of planting, the yield obtained
was double compared to the TAS, where six to eight lettuces are produced in 1 m” due to the spaces
between the irrigation canals. The total weight of the crop (in 1.5 m’= 19 heads of lettuce) was 1.08
kg in the AS and 1.85 kg in the HS, while the average plant weights were 0.056 kg (+0.005) and
0.097 kg (£0.007), respectively.

The Student’s t-test showed a significant difference (p< 0.05) between the average weights
recorded in each system. Yields were 0.72 and 1.23 kg m? in the AS and HS, respectively, which
represented a higher yield (58.37%) in the HS than in the AS. The HS produced plants with a weight
higher than the AS (97 and 56 g plant™), contrary to what was reported by Delaide et al. (2016),
who indicated a weight in the AS plants higher than those in the HS.

This was attributed to the fact that this study was carried out under elevated room temperature (30
to 40 °C) and water conditions (30 to 37 °C), higher than the ranges managed by Delaide et al.
(2016) and those suggested by Portillo et al. (2020) for the optimal development of the crop (15 to
20 °C). It was estimated that the high water temperature in the AS affected the metabolism of the
fish and reduced their feeding rate, which provided less nutrients for plant growth and production
in the AS compared to the HS.

Monsees et al. (2019) recorded a yield 32% lower than the average value due to water temperature
(29 °C): they reported differences in lettuce weight, leaf number and head leaf area between HS and
AS. Lennard and Ward (2019) highlighted that high temperatures (>2 °C) and NFT systems have
low levels of oxygen dissolved in water (<5 ppm), this affects tilapia feeding as they stop eating and
producing nitrogenous compounds (necessary for the development of lettuce). Therefore, it was
estimated that the water temperature recorded in the present study (30 and 37 °C) was a limiting
factor in the nutrient absorption yield of plants.

A nitrate concentration of 80 ppm was detected in this study. NO; is the end product of ammonium
oxidation by nitrifying bacteria and is less toxic than NO, and ammonium that risk the health,
survival, and zootechnical performance of fish (Gonzéalez et al., 2021). Although NOj is present in
low levels in ASs because it is the main source of N from plants, Kubitza (2017) suggests amounts
between 100 and 200 mg L™ for optimal tilapia growth.

Flores-Aguilar et al. (2020) suggest changing water to remove excess nutrients, avoid toxicity, and
not risk the health of nitrifying bacteria and tilapia (Valenzuela et al., 2017). Somerville et al. (2022)
noted that the water quality parameters recommended in ASs for optimal fish development are:
total ammonia nitrogen, < 2 mg L™ (=1 ppm), nitrite, < 1 mg L™, dissolved oxygen, > 4 mg L™, pH
between 6.5 and 8.5, temperatures of optimal water 27-30 °C and vital water 14-36 °C.
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In the development of the crop, 0.0675 m® of water was added in both systems: in the AS it was
to decrease the nitrate content and in the HS it was to counteract the increase generated in the
electrical conductivity (2.9 dS m™) and thus, avoid adverse conditions in the lettuce crop since the
roots stop absorbing macro and micronutrients when the water has a high content of mineral salts
(Monsees et al., 2019).

Water footprint of lettuce cultivation in aguaponic and hydroponic systems
(stage 1ll)

The WFyq (FBWF) of AS (0.2941 m® kg™) was higher than that of HS (0.1721 m® kg™) (Table
1), WFinputs and maeriats (€XCluding Fis) had the same ratio (8.1429 and 1.98 m® kg'l, respectively)
(Table 2). WFiqpus ana materiais WeEre considered as the ‘investment water footprints’ of the infrastructure
establishment for AS and HS, the values of which included the entire lifespan of inputs and
materials. In these cases, the WF,., of lettuce cultivation in the AS was 8.437 m° kg'l and in the HS,
2.15 m® kg™. However, materials and inputs will be used in more production cycles, so that, when
considering the Fs, the WF . Of the AS was 2.6841 m*> kg™ and in the HS 0f 0.1821 m* kg™ (Table 2).

Table 1. Blue water footprint of aquaponic and hydroponic systems.

Process Sheet (m) BWF AS (m®kg™) Sheet (m) BWF HS (m®kg™)
Germination stage 0.0008 0.001111 0.0008 0.00065
Crop development 0.045 0.0625 0.045 0.0365
Recirculating water 0.166 0.2305 0.166 0.1349

in the system
BWF 0.2941 0.1721

BWF= blue water footprint; AS= aguaponic system; HS= hydroponic system.

Table 2. Water footprint of inputs and materials of aquaponic and hydroponic systems.

Material Water footprint Lifespan Fis Aquaponic system’ Hydroponic system’
(m*kg™) Source Years Source Material CV (m®)  WF WF  Material” cv(m®)  WF WF
without with F g without with Fig
FLS FLS
(m’kg™) (m’kg™)
Fish food 2.25 (Pérez- NA 1.14 2.56 2.38 2.38 NA NA NA NA
Rincén et
al., 2017)
Bucket 0.12° (Haghighi 10 (Sendanayake).0066 2 0.24 0.23 0 NA NA NA NA
and etal., 2016)
biofilter 2018)
(HDPE)
Metal 0.7 (Kluender, 40 (Hernandez,0.0016 6.9 4.86 4.5 0.01 3.6 2.53 1.37 0
structures 2013) 2019)
Fertilizer 0.00018 (Tolon et NA NA NA NA NA 0.19 0.034 1.85E%® 0.18
al., 2013
Air 0.12° (Haghighi 10 (Sendanayake).0066  0.06 0 0.01 0 0.06 0 0 0
injection etal., 2016)
hose 2018)
(HDPE)
elocation-id: €3304 6
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Material Water footprint Lifespan Fis Aquaponic system' Hydroponic system'
(m*kg™) Source Years Source Material CV(m®)  WF WF  Material" cv(m®  WF WF
without with F g without with Fig
FLS FLS
(m°kg™) (m°kg™)
PVC 0.01 (Wanget 5 (Zamany 0.0132 8.2 0.13 0.13 0 8.2 0.13 0.07 0
al., 2019) Newman,
2021)
Polyethylene 0.12° (Haghighi 10 (Sendanayake).0066 7.9 0.97 0.9 0.01 7.9 0.97 0.53 0

water etal, 2016)

tank 2018)

250 L
(HDPE)

WFinputs 8.14 2.39 1.98 0.01
and materials
Total WF 8.43 2.68 215 0.1821
F.s= lifespan factor (dimensionless); WF with F = water footprint calculated with lifespan fagtor; WEF without F &=
water footprint calculated without lifespan factor; NA= not applicable; CV= calculated volume; = the estimation of the

water footprint per kg considered the total production of 1.07 and 1.85 kg for the aguaponic and hydroponic systems,

respectively; 5= average value of global data; "= weight of the material used.

The topic of WF of lettuce crops in AS and HS is under development, so there is little scientific
literature that allows us to compare the results obtained in this work. Some theses, such as that
of Blandén and Benavides (2020), record the WF of the AS (NFT) of 6.77 L (0.0067 m®) and the
WF with TAS (and daily irrigation) of 63 L (0.063 m®), in both cases to produce a lettuce plant in
a 30-day cycle. The same authors pointed out that in the AS, the weight of lettuce was different:
the Auvona variety was valued between 45.4 and 54.06 g, the Batavia variety, between 22.26 and
43.86 g, with no report of lettuce weight in TAS.

Based on the above data, if we consider an average weight of 49.73 g for the Auvona variety and
33.06 g for the Batavia variety, one kg is made up of 20 and 30 heads of lettuce, respectively. If
these quantities are multiplied by the WF obtained in that study (6.77 L), WFs of 135.4 L kg™ (0.1354
m® kg™?) and 203.1 L kg™ (0.2031 m® kg™) are generated, respectively. This means that the WF
obtained in the present study (2.6841 m® kg™) is 19.82 and 13.22 times higher (Table 3).

Table 3. Water footprint of lettuce cultivation in aquaponic, hydroponic, and traditional systems.

Production Country BWF GrwF GWF TWF Source
system (m°kg™)
AS/I India 0.038 (Biswas et
al., 2023)
AS/ Var. Auvona Nicaragua 0.213 (Blandén and
Benavides, 2020)
AS/Var. Impulsora Nicaragua 0.0948 (Blando and
Benavides, 2020)
HS/Baby size Chile 0.017 0.0008 0 0.018 (Caro, 2014)
TAS/running India 0.077 (Biswas et
water/| al., 2023)
TAS/ running India 0.026 (Biswas et
water/| al., 2023)
TAS Malaysia 0.0511 0.1865 0.2376 (Harun and

Hanafiah, 2018)
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Production Country BWF GrwF GWF TWF Source
system (m*kg™)
TAS 0.1332 0.0758 0.028 0.237 (Mekonnen and
Hoekstra, 2011)
TAS/summer South Africa 0.0313 (le Roux et
al., 2018)
TAS/autumn South Africa 0.0512 (le Roux et
al., 2018)
TAS/winter South Africa 0.0926 (le Roux et
al., 2018)
TAS/spring South Africa 0.0562 (le Roux et
al., 2018)
TAS Colombia 0.0884 0.0815 0.105 0.2749 (Orjuela and
Vargas, 2016)

AS = aquaponic system; HS= hydroponic system; TAS= traditional agricultural system.

This was attributed to the fact that in the present study, the WFi,ous and materiais Was considered, while
Blandén and Benavides (2020) did not specify the procedure for calculating the WF. The WF of the
Auvona variety of the TAS was lower than the WFs obtained in this study (BWF of the AS= 0.2941
m® kg™, BWF of the HS= 0.1721 m® kg™), while the WF of the Batavia variety was higher than the
BWF of the HS, but lower than the BWF of the AS.

On the other hand, Caro (2014) determined the WF of 18 m® t* (0.018 m® kg™) of the ‘baby’ size
Levistro variety (Rijk Zwaan) produced in HS in a greenhouse (BWF= 95.4%, GrWF= 4.6%) when
comparing the WF,, of said research with the present one (0.1821 m® kg™ ), it was observed that
this was 10 times lower. The author highlighted that the values obtained are underestimated due to
omissions of water consumption, which would generate an increase in WF (in nursery plantations
and WFiqputs and materiaiss @Mong others). However, the BWF (0.017 m’ kg'l) reported by Caro (2014)
is similar to that of the present study (0.1721m’ kg™).

For their part, Biswas et al. (2023) determined the WF of lettuce cultivation under AS and in TAS.
In the AS, the WF was 38 cm® g™ (0.038 m® kg™), which was 70 times lower than the WF g
of the present study (2.6841 m® kg™), in the TAS, the WFs with running water and wastewater
management were 0.077 and 0.026 m® kg™, respectively. The authors indicated that the reported
WFs represent the measure of the total volume of water required to produce a crop, without
specifying whether the values correspond only to the BWF.

Other studies in TAS, such as that of Orjuela and Vargas (2016), indicated a WFy of 274.9 m®t*
(0.2749 m’ kg'l) for lettuce (38.2% GWF, 32.2% BWF, and 29.6% GrWF) (Table 3). The WF, of
the present study was 9.8 times higher than the previous one, and 3.3 and 1.9 times higher than
the BWF of AS and HS, respectively. This was attributed to the fact that the WFi,us and materiais in
this study accounted for 89% of the WF,,, in the AS and 52.5% of the HS. On the other hand,
Orjuela and Vargas (2016) only considered the WF of inputs (= GrWF; related to contamination
from agrochemicals) and did not consider the WF of materials.

Authors such as Harun and Hanafiah (2018) determined a WF, of 0.2376 m® kg'1 and an BWF of
0.0511 m® kg'1 in lettuce in TAS: the WF, of that study is 11 times lower in contrast to the WFy, of
this research, as well as the BWFs of AS and HS (5.7 and 3.37 times, respectively). For their part,
le Roux et al. (2018) reported the BWFs in TAS with extreme values, 0.0313 (summer) and 0.0926
m® kg™ (winter) (Table 3), the BWFs are lower than those corresponding to the present study.

When comparing the WF,, of AS and HS obtained in this study with the previous studies, it was
found that these indicated lower values with respect to the present study, in which the ‘Step-wise
accumulative’ approach was used and which integrated the WFi,us and mareriais iN the calculation of
the WF,y,. Although some of those studies included WF;,,s (agrochemicals), they excluded the
calculation of WF.eiais required in AS and HS facilities. These factors, when considered in this
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study, substantially increased the Wk, of the AS and HS, since they constituted 89% and 52.5%
(respectively) of their value. Baptist et al. (2020); Hoekstra and Mekonnen (2011) recorded an WF
of 237 m* t* (0.237 m® kg™) for this vegetable in the TAS, which is considered the global average
value (Water Foodprint Network, 2016).

When contrasting that WF with the BWF of AS (0.2941 m® kg™) and HS (0.1721 m® kg™
of this work, it was found that these are 1.24 times higher and 0.726 times lower than the
former, correspondingly. The BWF of AS is lower than the BWF of other vegetables in the TAS,
such as spinach (0.014 m® kg™), broccoli (0.021 m® kg™) and onion (0.044 m® kg™) (Mekonnen
and Hoekstra, 2011).

Conclusions

This research determined the water footprint of lettuce (Lactuca sativa L.) cultivation in aquaponic
and hydroponic systems. The results confirmed the hypothesis proposed as there was a greater
water footprint in the aquaponic system. The estimated water footprints were higher compared to
similar studies, which is justified by the inclusion of the water footprints of materials and inputs used
in the construction of the systems, as part of the chain of the crop’s production process. This study
contributed to the generation of knowledge on the subject, which is scarce on a global scale.
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