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Abstract: The increasing water scarcity affects the agricultural sector, and it is a significant constrain-
ing factor for crop production in many areas of the world. Water resource management and use
related to crop productivity is the most important factor in many crops. Since consumer demands
healthy food, the nutritive quality and the active ingredient need to be considered within the produc-
tive issue. The objective of this study was to determine water technical efficiency related to seed yield
and seed protein content and composition in quinoa (Chenopodium quinoa Willd.) under water stress
using data envelopment analysis (DEA). The study was conducted in Chillan, Chile in two growing
seasons. As water availability increased, seed yield, globulin, and albumin yield increased, particu-
larly in the genotype Cahuil. The higher average efficiency levels for the DEA were 46.7% and 39.2%
in Cahuil in both seasons at 20% available water (AW). The highest average efficiency of globulin
yield was recorded in the same genotype (Cahuil). The highest multi-product technical efficiency
levels in all input and output included in this study were observed in Cahuil, Regalona, and Morado
under water scarcity in both seasons. In future studies related to crop management, DEA provides a
good framework for estimating efficiency under restricted factors and multi-product results.

Keywords: water stress; quinoa; production efficiency; globulins; albumins

1. Introduction

In recent years, agricultural regions around the globe have been subjected to extensive
and increasing water constraints and scarcity, resulting in negative impacts to the environ-
ment, economy, and society [1–3]. Climate change is projected to increase fluctuations in
precipitation and surface water supplies, affecting crops’ water requirements [4,5]. This
poses challenges to agriculture around the world, which will adapt farming practices to
cope with water stress limiting crop yield, growth, and plant’s bioactive content. This
while minimizing negative environmental impact; and feeding an ever-growing population
efficiently by supplying healthy food [6,7].

Special attention has been given to the development of functional foods rich in bioac-
tive ingredients, due to their role in disease prevention, particularly of chronic degenerative
diseases such as diabetes Type 2 [8–10]. A wide range of new food products are emerging,
particularly those related to protein sources. Protein deficiency is one of the major nutri-
tional problems in developing word [11]. Protein derived from plant sources represent
approximately 65% of the world’s supply of edible protein [12–14], pseudocereals and
most of the legumes have important impact in the food and pharmaceutical industries due
to their high nutritional value, mainly connected to their protein and allergens fraction
compared with cereals [15].

Quinoa is an Andean pseudocereal that has been cultivated since ancient times by
the Incas and Mapuches [16,17]. Quinoa proteins are mainly composed of globulins (37%)
and albumins (35%) and a lower percentage of prolamin (0.5–7.0%), making it appropriate
for celiac diets [18–21]. Furthermore, the protein content in this pseudocereal is higher
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than in most cereal grains, but less than in legume seeds [20,22], ranging between 130
and 200 g kg−1, and being particularly rich in histidine and lysine, two essential amino
acids deficient in most cereals [23]. Quinoa phenology easily adapts to overcome several
adverse abiotic factors [24–27] offering a clear potential to flourish under salt-prone area
and limited water resources [28,29].

Improving water use and productivity in quinoa has been the subject of research by
many [30–32]. Nevertheless, current water changes are expected to impact agriculture,
making necessary to focus on efforts that increase overall water use efficiency to reduce
the sector’s impact on freshwater resources [33,34]. Therefore, optimization of agronomic
management and selection of water stress-resistant genotypes with high seed yield and
quality are becoming key issues for sustainable agricultural production [18,35,36].

There are several techniques to measure efficiency in agricultural production by
parametric and non-parametric methods [37–45]. Data envelopment analysis is a non-
parametric linear programming-based technique of frontier estimation for measuring
the efficiency of several decision-making units (DMUs) based on multiple inputs and
outputs [46]. Efficiency is an input-output-revenue measure, which relates the maximum
number of outputs or revenue reachable given the used input vector. The efficiency is
estimated for each DMU comparing among DMUs according to the most efficient, and
therefore this can be measured regardless of the inputs, outputs, and revenues of the
production system [46,47]. The main advantage of a non-parametric method, like DEA,
compared with parametric approaches, is that it does not require any prior assumption
on the underlying functional relationships between inputs and outputs [35,48,49] and it is
flexible enough to be used in different areas and contexts [40]. Resti [50] and Zhang [51]
used a DEA model to estimate efficiency based on a multi-output. They noticed that DEA
could achieve satisfactory results across measurement techniques. Llyas et al. [44] used
DEA for analyzing dairy farms efficiency to identify management systems that used energy
inputs more efficiently. Gamboa et al. [43] calculated eco-efficiency using environmental
input and net revenue as the product in 367 quinoa farms. They noticed that 5% of the
farms were eco-efficient using DEA. Laso et al. [42] assessed efficiency for the Spanish
agri-food system to reduce emission and energy and noticed that energy consumption
could be reduced up to 70% and reach efficient levels. Hosseinzadeh-Bandbafha et al. [52]
estimated efficiency using DEA in dairy farms, and they found that half of the farms were
using energy efficiently and reducing greenhouse gases (GHG) emissions. Most DEA
researches are focused on farms and crop levels, and none measures efficiency of a plant in
terms of nutritional content and seed yield.

Due to this, our work proposes the use of this technique as a methodology to adjust
water supply to reach productive efficiency in quinoa protein content and composition,
since ANOVA measurements only allow estimating significant differences and not a rela-
tionship of inputs use with productivity and efficiency. The objective of this study was to
determine water technical efficiency related to seed yield and total seed protein content in
quinoa under water stress using DEA.

2. Materials and Methods
2.1. Field Establishment and Experimental Design

The experiments were conducted in Chillán, at “El Nogal” Experimental Station
(−36◦35′43.2” S, −72◦04′39.9” W, and 140 m.a.s.l.), Diguillín Province, Ñuble Region,
Chile, during two consecutive seasons (2014/2015 and 2015/2016). The soil belongs to
the Arrayán series (medial, thermic, humid Haploxerand), with a leveled topography
and good drainage, and an annual average rainfall of 1000 mm [53]. The climate of this
location is classified as temperate Mediterranean [54]. Measurements of daily temperature,
and rainfall were made at the meteorological station (Datalogger ThiesClima model DLx-
Met, AdolfThies GmbH & Co., Göttingen, Deutschland) located at experimental station
“El Nogal” in Chillán. Figure 1 shows maximum and minimum T◦ in both seasons, the
maximum T◦ during crop season were 34.0 ◦C and 34.5 ◦C in the summer of 2014/2015
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and 2015/2016, respectively. The minimum temperatures were 0.8 ◦C and 0.5 ◦C in the
spring of 2014/2015 and 2015/2016. Soil samples were taken prior to the sowing date in
each replicate both years. Soil analysis that was performed on 0–20 cm depth samples
included pH, organic matter, P, K, and NO3-N in both seasons (Table 1).

Figure 1. Daily rainfall (PP), maximum and minimum temperature (T◦ Max, T◦ Min) at experimental station “El Nogal” in
Chillán, Chile.

Table 1. Initial soil analysis for experimental sites in Chillán, Ñuble, Chile in the 2014 to 2015 and
2015 to 2016 growing season.

Season pH OM
g kg−1

Pm
g kg−1

Km
g kg−1

NO3-N
mg kg−1

2014–2015 6.6 6.2 39.5 398.6 21.8
2015–2016 6.6 6.2 36.2 378.4 19.5

OM = Organic matter.

In both years, soil samples had an average bulk density of 1.28 mg m−3, field capacity
(FC) on the surface was 0.33 m3 m−3, varying at 0.39 m3 m−3 at 0.6 m depth. Permanent
wilting point (PWP) on the surface was 0.17 m3 m−3, varying at 0.21 m3 m−3 in 0.6 m
depth, determined by the pressure plate method [55]. Additionally, previous crop at the
experimental site was oat (Avena sativa L.).

The field experimental design, for both seasons, was a randomized complete block
design (RCBD) with a split-plot arrangement and four replicates. The main plot was
the level of available water (AW) at 0.6-m soil depth, once 50% of the grains were in the
grain filling stage. Treatments applied in the main plot were five irrigation soil water
content- levels, (95%, 70%, 40%, 20% and 0% of AW). The following equation was used to
determine AW:

AW = (θfc − θpwp) × Z (1)

where θfc is soil water content at FC and θpwp is soil water content at PWP, representing soil
water potential at −30 and −1500 J kg−1 respectively, and Z is root zone depth (0.6 m) [56].
Both field capacity and permanent wilting point were measured with a neutron probe
(CPN, 503-DR Hydroprobe, Campbell Pacific Nuclear International, Concord, CA, USA),
previously calibrated according to the conditions of the study site (FC = 0.52 m3 m−3 and
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PWP = 0.25 m3 m−3). Water irrigation in the treatments 0%, 20%, 40%, 70% and 95% of AW
were 0 mm, 142.2 mm, 196.6 mm, 254.9 mm and 320 mm in season 2014/2015, respectively,
and precipitation during cultivation was 24.9 mm. In season 2015/2016, water irrigation
in the treatments 0%, 20%, 40%, 70% and 95% of AW were 0 mm, 255.5 mm, 333.3 mm,
391.6 mm and 424 mm respectively; and precipitation during cultivation was 113.3 mm.

The sub-plot consisted of four quinoa genotypes (lowland Mediterranean ecotype):
Regalona (official variety recorded in the national catalog of the Agriculture and Livestock
Service (SAG) of the Chilean Ministry of Agriculture), the breeding line AG 2010 (obtained
from Agrogen E-I-R-L, Temuco, Chile), and the local landraces Cahuil and Morado.

Experimental units under both seasonal experiments consisted of four rows, 5-m
long, and spaced 0.45-m apart. Seeding dates at each experiment were 5 October 2014
(2014/2015 season) and 20 September 2015 (2015/2016 season). Sowing was made by hand,
seeding rate was 15 kg pure live seed ha−1 and target sowing depth was 5-mm. Once
the 4–6-true leaf stage was reached, seedlings were thinned, leaving 12 plants per linear
meter. Phosphorus was applied and incorporated at the moment of soil preparation at
4-cm deep in the last tilling before planting, in doses of 100 kg of P2O5 in the form of
monocalcium phosphate monohydrate, Ca(H2PO4)2·2H2O and 50 kg of K2O ha−1 using
potassium sulfate, K2SO4. The application of nitrogen was 160 kg N ha−1, applied as urea,
CO(NH2)2, split in two applications, 50% at the second true-leaf stage, and the other 50%
at the beginning of the reproductive stage.

Broadleaved weeds and grasses were controlled with glyphosate (N-phosphonomethyl
glycine) in pre-emergence, applying 0.96 a.i. L ha−1. After the emergence of the quinoa
plants, all the weeds were manually controlled.

The irrigation system was installed after the emergence of the plants, using an irriga-
tion tape with drippers incorporated every 10 cm, and an average flow rate of 5 L m−1 h−1

throughout the season. From planting until the beginning of the grain filling phenological
state, the experiment was irrigated each time the soil moisture reached 70% of the AW at
the 60-cm soil root depth [57]. To homogenize soil water content before starting with the
differential irrigation treatments, the trial was irrigated until reaching field capacity.

Quinoa was harvested in the summer on 2014/2015 and 2015/2016 seasons, once 50%
of the panicles had reached physiological maturity [58]; plants from 4-m in length, from
the center-two rows (3.6 m2) of each experimental unit were cut at the soil surface and then
placed in a paper bag to dry in the field. Seven days later, plants were threshed with a
stationary plot combine (Bill’s Welding Pullman, WA, USA). Once seeds were dried and
impurities removed, seed yield was determined.

Total protein quantification was conducted using the official method described by [59],
which is based on the quantification of total nitrogen content in the sample as described by
Kjedahl (Method 981.10) using the conversion factor of total nitrogen to protein content
determined by [60] in quinoa, equivalent to a value of 5.39. Extraction of albumin and
globulin protein fractions was conducted according to the protocols described by [61,62],
with some modifications [17].

2.2. Input and Output Indicators

One input and three outputs were used to measure technical efficiency. Technical
efficiency is estimated comparing the relationship between water availability and output
levels across genotype with a production frontier, which represents the maximum outputs
attainable from each water availability level and replicate [46,47]. The outputs represent
seed yield and the amount of protein (either globulins or albumins) produced by each
genotype and replicate. For each replicate, the level of efficiency was measured between
all repetitions, regardless of the irrigation regime or genotype. The studied input was the
quantity of water supplied to the soil in each irrigation regime. In this research, AW is
the only input for the model; hence, technical efficiency is related to water use efficiency.
If there were more inputs, an overall technical efficiency would be estimated. Data was
collected in 2014/2015 and 2015/2016 seasons.
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2.3. The Model

This study assumes that production exhibits variable returns to scale, and it is input
oriented with slack-based measure. Outputs are seed yield, and globulins or albumins in
kg per hectare, while the main input component is available water throughout the season
in m3 per hectare.

Based on a DEA oriented to inputs, the model is structured to determine how much an
input level can be reduced while maintaining the same level of output. Data Envelopment
Analysis (DEA) models can also include slack variables as proposed by [63] to approach
and assign relative importance of inputs and outputs. The model used to measure technical
efficiency was the following:

min
θ0λ

θ0 − ε
(
∑I

i S−i + ∑K
k S+

i

)
(2)

Subject to:

θ X0
gwri −∑G

g ∑W
w ∑R

r λgwrXgwri − S−i = 0, ∀ i = 1, . . . , I
Q0

gwrk −∑G
g ∑W

w ∑R
r λgwrQgwrk − S+

k = 0, ∀ k = 1, . . . , K
λgwr, S−i , S+

k ≥ 0, θ f ree

where, ε is a infinitesimal constant, S+ and S− are slack variables between input/output of
each DMU, i is type of input, k is type of output, g is genotype, w is field capacity (water
level), and r is replicate; θ is efficiency measurement, and 1 indicates total efficiency; λgwr is
weight assigned to gth genotype; Xgwri is input (water level) used in genotype m, water
level r, and n replicate; and Qqwrk is output k, i.e., yield, kg ha−1; globulins, kg ha−1; or
albumins, kg ha−1.

2.4. Statistical Analysis

Statistical analysis was performed using standard procedures for a randomized com-
plete block design with a split-plot arrangement, in each season, by analysis of variance
(ANOVA). Seasons were considered a random effect, and genotypes and irrigation were
considered fixed effects in the statistical analysis. Residual mean squares were tested for
homogeneity among seasons. As they were heterogeneous, a combined analysis across
seasons was not conducted. Means separation was performed by applying F-protected
least square differences (LSD) comparisons at p ≤ 0.05 level of significance. The SAS
University Edition software was used to process the data [64].

3. Results
3.1. Seed Yield

A decrease in seed yield of two genotypes and a significant interaction (p ≤ 0.05)
between water restriction and genotypes was observed in 2014/2015 season, when plants
were submitted to water-restriction. In particular, an increase in seed yield of Regalona and
Morado were observed, when plants were submitted to increasing available water. Seed
yield increased from 557 to 2475 kg ha−1 (Regalona) and from 409 to 1794 kg ha−1 (Morado)
under increasing water availability (95, 70, 40, and 20% AW). The genotype with the highest
seed yield was Cahuil with 2135 and 2806 kg ha−1 at 20 and 95% AW, respectively (Table 2).
However, in the 2015/2016 season, the highest seed yield was observed in genotypes
Cahuil and Morado (3348 and 3288 kg ha−1, respectively) with significant differences
between Regalona and Ag2010, with 2875 and 2357 kg ha−1, respectively. Regarding water
treatments in the 2015/2016 season, the highest seed yield was in the treatment with 95%
AW, averaged across genotypes. Significant differences (p≤ 0.05) were determined between
the 95% AW treatment and no irrigation and 20% AW treatment (Table 3). However, there
were no significant differences among 95, 70, and 40% AW treatments (p > 0.05) in the
2015/2016 season. It should be noted that the seed yield obtained with the 95% AW
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treatment was 23.7% and 20.6% higher than the 20% AW and no irrigation treatments,
respectively.

Table 2. Mean square values for seed yield, protein, globulins, and albumins for the analysis of
variance in seasons 2014/2015 and 2015/2016.

Source of Variation df Seed Yield Total Protein Globulin Albumin

2014/2015
Rep 3 146,989 3.5 5.1 1.8
AW 4 6,506,713 309.8 71.1 * 77.2

AWx Rep 12 214,418 89.5 4.9 1.6
Genotype 3 1,969,361 440.4 * 30.2 * 19.8

Genotype × AW 12 367,172 * 141.9 7.0 6.9 *
Error 45 130,449 91.9 4.4 2.4
CV, % 24 7.15 43.8 33.2

2015/2016
Rep 3 367,931 11.3 2.3 7.2
AW 4 1,675,102 * 103.9 16.1 * 9.8 *

AWx Rep 12 308,874 75.5 3.8 2.4
Genotype 3 4,195,026 * 83.8 22.9 * 4.4 *

Genotype × AW 12 144,262 30.4 1.1 1.6
Error 164,946 48.6 1.5 1.5
CV, % 14 6.4 21.9 38.9

* = Significant difference (p ≤ 0.05); available water = AW.

Table 3. Summary of average technical efficiencies under no-irrigation and 20% AW in the 2014/2015
and 2015/2016 seasons.

Available
Water (AW) Regalona AG 2010 Cahuil Morado Total Average

2014/2015
Seed yield efficiency (%)

No irrigation 33.5 ± 10.5 29.9 ± 12.4 48.7 ± 22.4 24.6 ± 6.4 34.2 ± 15.7
20 44.6 ± 21.2 40.8 ± 1.1 72.2 ± 20.9 22.4 ± 9.3 45.0 ± 23.1

Globulin production efficiency (%)
No irrigation 24.4 ± 8.9 22.5 ± 4.0 39.4 ± 26.4 19.7 ± 7.8 26.5 ± 15.3

20 51.2 ± 35.8 31.3 ± 11.0 50.0 ± 19.4 14.3 ± 6.9 36.7 ± 24.7
Albumin production efficiency (%)

No irrigation 28.4 ± 8.8 30.1 ± 14.6 45.1 ± 24.0 25.3 ± 8.3 32.2 ± 15.8
20 51.1 ± 20.8 34.9 ± 4.1 67.5 ± 22.3 19.0 ± 8.1 43.1 ± 23.5

Multiproducts efficiency (%)
No irrigation 34.7 ± 10.9 33.0 ± 12.5 52.5 ± 26.7 29.0 ± 8.5 37.3 ± 17.3

20 59.6 ± 29.8 43.7 ± 4.8 73.8 ± 19.1 22.4 ± 9.3 49.9 ± 25.7
2015/2016

Seed yield efficiency (%)
No irrigation 78.6 ± 6.8 57.6 ± 2.9 84.6 ± 15.8 81.0 ± 14.8 75.4 ± 14.9

20 26.2 ± 5.2 22.6 ± 6.4 32.6 ± 4.9 32.2 ± 5.1 28.4 ± 6.5
Globulin production efficiency (%)

No irrigation 62.4 ± 7.1 43.6 ± 11.6 74.1 ± 23.2 67.9 ± 12.7 62.0 ± 17.8
20 26.2 ± 7.1 23.4 ± 3.3 35.2 ± 5.7 37.7 ± 8.9 30.6 ± 8.5

Albumin production efficiency (%)
No irrigation 63.2 ± 34.9 44.5 ± 20.1 40.1 ± 22.2 79.4 ± 16.9 56.8 ± 27.2

20 32.2 ± 14.6 17.7 ± 9.6 32.4 ± 10.5 21.3 ± 14.6 25.9 ± 13.1
Multiproducts efficiency (%)

No irrigation 83.0 ± 12.4 60.6 ± 4.0 88.2 ± 13.9 90.7 ± 12.3 80.6 ± 15.9
20 28.4 ± 6.2 22.8 ± 6.3 34.6 ± 3.1 32.9 ± 4.9 29.7 ± 6.7

3.2. Total Protein Content

Total protein content varied among genotypes in 2014/2015 season, where the highest
protein content was in seeds of Morado, Regalona, and Cahuil. These genotypes were
significantly different (p≤ 0.05) with AG 2010 (Figure 2). However, in the 2015/2016 season
there were no differences (p > 0.05) among genotypes.
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Figure 2. Seed yield and total protein content in four quinoa genotypes subjected to different water deficit conditions. Different lowercase letters indicate significant difference between
water deficit conditions (p ≤ 0.05). Different capital letters are significant difference between genotype (p ≤ 0.05).
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In the 2015/2016 season, total protein ranged between 107 and 112 g kg−1 in Cahuil
and Morado, respectively. In this season, the 95% AW treatment had the highest protein
content averaged across genotypes. No significant differences (p > 0.05) in total protein
were determined among 0, 40, 70 and 95% AW treatments (Figure 2).

3.3. Globulin and Albumin Yield

Globulin yield was different (p ≤ 0.05) in both seasons, reaching higher content in
Cahuil seed with a value of 6.3 kg ha−1, which was not different (p > 0.05) than that
of Regalona (5.1 kg ha−1) in the 2014/2015 season (Figure 3). However, in the season
2015/2016, Regalona’s globulin yield was 5.26 kg ha−1 and different (p ≤ 0.05) of that
of ‘Cahuil’ (6.3 kg ha−1). Globulin yield in Morado was 3.4 kg ha−1 (season 2014/2015).
However, Morado had greater globulin yield (6.6 kg ha−1) in the 2015/2016 season. Both
Morado and Cahuil had less globulin yield (p≤ 0.05) compared with Regalona and AG 2010,
of which both had the highest average globulin yield in the 2015/2016 season. Globulins
were the major fraction in mature quinoa seeds, except in AG2010 in the 2014/2015 season,
where globulin yield was less than albumins (Figure 3). In all genotypes, globulins yield
increased with greater water availability.

In the 2014/2015 season, the 95% AW treatment averaged the highest total globulin
yield (6.9 kg ha−1), followed by the 70% AW treatment with 6.6 kg ha−1, but without
significant differences between them (p > 0.05). The no irrigation treatment had the lowest
globulin content (1.7 kg ha−1). In the 2015/2016 season, the 95% AW treatment also had
the highest globulin yield (7.1 kg ha−1), while the lowest values were recorded with 20%
AW and no irrigation treatments, with 4.4 kg ha−1 and 5.0 kg ha−1, respectively.

For albumin yield, there was a significant interaction between genotype and AW
treatment. Regalona and Morado increased their albumin content from non irrigation to
95% AW, while AG 2010 had a less albumin yield at 95% AW. In the 2015/2016 season, the
highest albumin yield was recorded in Regalona, Cahuil and Morado, with albumin yields
of 3.5; 3.3 and 3.2 kg ha−1, respectively (Figure 3). In turn, total albumin yield averaged
4.4 kg ha−1 in the 95% AW treatment and was different (p ≤ 0.05) than the 40%, 20% AW
and non irrigated treatments. The lowest albumin yield was observed in the no irrigation
and 20% AW treatments in the 2014/2015 and 2015/2016 seasons, respectively.

3.4. Seeds Yield Efficiency

The ANOVA showed significant differences (p≤ 0.05) between the treatments as water
availability increased, resulting in higher seed yield, and greater globulin and albumin
yield, particularly in Cahuil, which showed significant differences compared with the other
genotypes. These results would indicate that the selected genotype for highest seed yield
efficiency would be Cahuil at 95% AW (Figure 4).

The highest average efficiency scores for DEA were 46.7% and 39.2% in Cahuil in the
2014/2015 and 2015/2016 seasons, respectively. The 20% AW treatment recorded a higher
average efficiency value compared with the rest of the AW treatments in terms of seed yield
per hectare (Figure 4). It is important to note that the genotype and water regime applied is
technically efficient if and only if θ is equal to 100%, otherwise it is inefficient as higher
efficiency levels would be reached with a different water regime and use of resources. This
was observed in Cahuil, which had the highest efficiency score under 20% AW and no
irrigation in the 2014/2015 and 2015/2016 seasons, respectively.



Agriculture 2021, 11, 1089 9 of 18

Figure 3. Globulin (Globu) and albumin (Album) yield in quinoa seeds subjected to different water deficit conditions in the 2014/2015 and 2015/2016 seasons. Different lowercase letters
indicate significant difference between water deficit conditions (p ≤ 0.05). Different capital letters are significant difference between genotype (p ≤ 0.05).
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Figure 4. Average technical efficiency in seed yield in quinoa genotypes subjected to different water deficit conditions in
2014/2015 and 2015/2016 seasons.

3.5. Technical Efficiency in Globulin and Albumin Yield

With respect to globulin yield, efficiency levels varied between genotypes, and be-
tween irrigation treatments in both seasons (Figure 5). In the 2014/2015 season, the highest
average efficiency levels were recorded by Cahuil (40%), followed by Regalona (33.3%). In
the 2015/2016 season, Cahuil and Morado reached the highest levels, with average values
of 38.1% and 38.3% respectively. Maximum efficiency levels were recorded by ‘Regalona’
(100%), followed by Cahuil (78.9%) in the 2014/2015 season, and Cahuil (100%) in the
2015/2016 season.

Regarding the different water regime and soil available water, the highest average
efficiency level was reached at 20% AW and no irrigation with 36.7% and 62%, in the
2014/2015 and 2015/2016 seasons, respectively (Figure 5).

Similar to globulin, the highest albumin production efficiency was observed in Cahuil
and Regalona, with values of 100% and 79.2% in the 2014/2015 season, and 71.9% and 100%
in the 2015/2016 season, respectively (Figure 6). In turn, the 20% AW and no irrigation
treatments reached higher levels than the rest of the treatments, with values of 43.1% and
56.8% in the 2014/2015 and 2015/2016 seasons, respectively. In the 2014/2015 season, the
maximum efficiency levels were observed in Cahuil and Regalona, followed by AG 2010,
and the highest efficiency level was in Cahuil under 20% AW (67.5%).

In the following season, as it was observed in seed yield and globulin yield, the highest
average efficiency levels in terms of irrigation regime were with no irrigation, followed
by the 20% AW treatment. Whereas, in terms of quinoa genotypes, Regalona had the
highest levels, with 33.6% efficiency, followed by Morado and Cahuil. Maximum efficiency
levels were observed in Regalona and Morado with values of 100% and 94.9%, respectively
(Figures 5 and 6).
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Figure 5. Average technical efficiency in globulin production in quinoa genotypes subjected to different water deficit
conditions in 2014/2015 and 2015/2016 seasons.

Figure 6. Average technical efficiency in albumin production in quinoa genotypes subjected to different water deficit
conditions in the 2014/2015 and 2015/2016 seasons.

In the first season, the highest average value of field components was recorded by
Cahuil, with 53.7%, and in the 2015/2016 season, the highest levels were recorded by
Cahuil and Morado, with values of 41.8% and 42.1%, respectively (Figure 7).
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Figure 7. Average technical efficiency in multiproduct in quinoa genotypes subjected to different water deficit conditions in
the 2014/2015 and 2015/2016 seasons.

Maximum efficiency levels were obtained in Cahuil and Regalona under 20% AW
in the 2014/2015 season. These two genotypes, along with Morado, reached maximum
efficiency levels under no irrigation in the 2015/2016 season.

4. Discussion

Agronomic management applies to agriculture needs to adapt to climate change
effects, like water scarcity. Water use efficiency and efficient plant outputs like seed yield
and nutritional quality need to be reevaluated to use energy inputs efficiently. Multi-
product analysis was used to answer the questions, “How much productive are quinoa
genotypes under different water input?” and “How much is gained in total protein content,
globulins, and albumins yield?” Quinoa exhibits a strong variability to genotype-specific
responses affecting crop seed yield and nutritional quality, according to the environment in
which it grows [28,65]. These results showed potential improvement of technical efficiency
when there is water restriction.

4.1. Seed Yield and Seeds Yield Efficiency

The low seed yield observed in the 2014/2015 season may be related to high tem-
perature (average temperature of 30.2 ◦C) and solar radiation during the reproductive
development of quinoa in the experiment (maximum PAR of 1218.5 µmol m−2 s−1). In this
regard, the result could be attributed to heat events around anthesis, even if they are of
short duration, causes a drastic reduction in seed yield in cool-season cereals [66–68], and
in biomass yield in quinoa [69,70], and not a decrease of the photosynthetic capacity of the
leaf by photoinhibition effect [48–50,57,70]. In addition, a higher air temperature promotes
the closure of stomata and an increase in abscisic acid (ABA) concentration, especially in
conditions of water restriction, which promotes rapid crop development, reducing the
accumulation of dry matter in the seeds and the seed yield [57].

However, the water restriction applied after anthesis affected the yield of Regalona,
Cahuil, and Morado in the 2025/2016 season. It has been shown that at flowering and milk
stage seeds are sensitive to hydric stress [30].
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Similar behavior was observed by Hirich et al. [71] in quinoa in Morocco with yield re-
ductions of up to 36% if water availability was reduced to 50%. Garcia et al. [72] conducted
a study in the irrigation requirements of quinoa and reported that 95% AW resulted in seed
yield of about 3.7 Mg ha−1. Janssen et al. [18] found that water deficit in various crops
improves water use productivity and does not necessarily cause reductions in seed yield.
The latter could be explained that even though a lower foliar water potential decreased
the Fv/Fm index, its value was close to the normal range, and photosynthetic activity was
not affected [57]. In addition, other authors [73,74] mention that foliar photosynthesis is
insensitive to water stress. Naana et al. [70] mention that quinoa plants exposed to water
stress would be able to avoid the damage of PSII core complex, due to the recovery of the
D1, D2, and CP47 proteins after rehydration.

In the specific case of quinoa, the plant can adapt to drought conditions developing
different strategies [57,75,76]; for instance, deeper roots (for desiccation avoidance) and
faster elongation, abundant and longer external branching of the roots (morphological
strategy); accumulation of antioxidants [17], stomatal conductance [57], osmotic adjustment
(physiological strategies); and synthesis of osmoprotectants (molecular strategies).

Our analysis was able to determine which genotype and water regime would either
lead to higher efficiency level or be the most efficient to use under water scarcity. Our
findings confirm that highest efficiency levels were observed under 20% AW and no
irrigation treatments. Although seed yield of Cahuil increased as water supply increased,
plant response to different water regimes resulted in a decrease in productivity (diminishing
returns), while the relationship between seed yield and water unit (kg m−3) increased.

4.2. Total Protein Content, Globulins, and Albumins Yield Efficiency

The protein concentration obtained in this experiment were less than those reported
for quinoa (140 a 160 g kg−1) in Chile [77], in Bolivia [78], and USA [79]. This difference
could be partly explained by the high genetic variability observed in C. quinoa [16,79–81].
The increase in total protein content in the first season could be attributed to a plant-strategy
in which low-molecular weight peptides and free amino acids sequester reactive species
of oxygen (ROS) and osmotically active compounds, stabilizing the structure of cellular
components under water stress conditions, e.g., high temperature, as it occurred in the
2014/2015 season [81,82]. However, this increased accumulation of metabolites in seeds
is an ecophysiological compensation mechanism since other parameters may be affected,
including seed yield [83,84].

Our results (Figure 3) are in agreement with those reported by Lindeboom [85] and
Janssen et al. [18], who conducted a study in quinoa seeds and reported that albumins
and globulins are the major protein fractions (44–77% of the total protein), with a higher
globulin yield. The mature quinoa seed predominantly consists of 11S-type globulin,
comprising about 37% of the total protein, and 2S albumin (35% of the seed protein) [18,19].
Since three novel peptides derived from 11S seed storage globulin were detected in the
gastrointestinal digestion, showing ability to inhibit enzymes involved in degradation and
digestion of dietary carbohydrates. Therefore, quinoa globulins could be applied for the
management of diabetes [86,87].

The storage albumins in seeds of other species (Plukenetia volubilis L., Pisum sativum L.,
Morinda citrifolia) are not only a source of protein for nutrition but also have applications in
the cosmetic, pharmaceutical, and food industries [88], as well having as anti-inflammatory
effect [89,90].

In our research, Cahuil presented the higher average efficiency level in globulin yield
(40%) followed by Regalona (33.3%) in the first season; while Cahuil and Morado (38.1%
and 38.3%), were followed by Regalona in the second season. Similar to total protein
concentration, water regime led to the highest efficiency under water scarcity. However,
a trend across available water treatments in both seasons in terms of efficiency was not
observed (Figure 5), compared with the positive trend observed in globulins yield under
water availability in the first season (Figure 3). The TP content observed in the 2015/2016
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season was 19% lower than that registered for the 2014/2015 season. Similarly, results have
been described in wheat (Triticum aestivum L.) as globulins from mature endosperms play a
key role in defensive responses to environmental stress [91]

Comparing wheat with quinoa seed/grain development, the accumulation of albu-
mins and globulins occurs between anthesis and approximately 20 days after anthesis and
does not vary later [92]. Therefore, if the milky-grain stage in quinoa is reached approxi-
mately 30 days after flowering [93], it could be assumed that albumins and globulins were
synthesized in this period and that the irrigation deficit treatments applied during this
growth stage no longer affected the accumulation of albumins and globulins in the seed. It
is known that environmental factors affect protein content and composition, and, therefore,
these results are relevant in food science related to health quality. Quinoa protein has
potential uses such as a novel bioactive peptide with anti-diabetic property [86]. In addi-
tion, peptide inhibitors of interaction of spike protein SARS-CoV-2 angiotensin converting
enzyme-2, can be used as an effective strategy to treat patients with COVID-19 [94,95].

The genotype Cahuil reached the highest efficiency level for albumin yield (Figure 6),
similar to seed yield efficiency, with less water availability plants had higher efficiency
(Figure 3), and on average efficiency increased with less water availability regime. The
major seed storage proteins of quinoa are the 2S albumin, which is characterized by its
high content of cysteine (15.6 mol%), arginine, histidine and lysine, with a relatively low
content of methionine (0.6 mol%) [20].

While the main globulin 11S or chenopodin, is rich in glutamine/glutamic acid,
asparagine/aspartic acid, arginine, serine, leucine, and glycine, but low in methionine and
cysteine [96,97]. Valdivia-Cea et al. [57] suggest that in response to adverse environmental
conditions, metabolites can accumulate in seeds, in order to improve the nutrients available
at the time of embryo germination. While Liu et al. [98] observed that under conditions of
hydric stress, the genic expression of HSP70 proteins (heat shock proteins) is modified.

In Table 3, it is shown an average summary of technical efficiency of the genotypes
under different efficiency products measures in no-irrigation and 20% AW. For all yield
parameters included in this study, i.e., seed yield, albumins, and globulins yield, the highest
multiproduct technical efficiency levels were observed in Cahuil, Regalona, and Morado
genotypes, under low soil water availability in both seasons.

5. Conclusions

In quinoa under conditions of water stress, the multi-product analysis and use of
DEA allowed us to determine the production efficiency in terms of seed yield, protein
concentration, and total globulin and albumin yield. The trend was that the efficiency
increased with a lower water level regime in both seasons. In terms of seed yield, the
highest average efficiency was observed with 20% AW in the first season, while in the
second season it was achieved with no-irrigation. The highest average efficiency was
observed for both globulins and albumin within the most restrictive irrigation (20% AW)
in the first season and no-irrigation in the second season. Determining the efficiency for
the optimal water use, especially in environments with water availability restrictions, is
relevant to the albumin and globulins production under climate change scenarios. The
albumin and globulins productions are of interest as input for the cosmetic, pharmaceutical,
and food industries. The genotype efficiency response was variable in both seasons;
however, Cahuil was the genotype that had the best performance regarding seed yield and
globulin content.

Therefore, our study provides background regarding better decision making in crop
management that should be considered under water scarcity and using DEA as a frame-
work for estimating technical efficiency under water availability restriction and a multi-
product analysis. This allows for achieving the aim to improve agriculture techniques and
efficiency uses.
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