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In the context of climate change, quinoa represents a potential alternative crop
for increasing crops diversity, agricultural productivity, and farmer’'s income in
semi-arid regions. However, appropriate crop management practices under
limited water supply are still poorly documented. Quinoa, like other cultivated
crops, needs optimum quantities of nutrients, especially nitrogen (N),
phosphorus (P), and potassium (K), for better growth and high grain yield. To
determine the adequate levels of nutrient requirements and their effect on
quinoa growth and productivity, a field experiment was conducted during two
growing seasons (2020-2021 and 2021-2022). The experiment was conducted
in Ben Guerir region, north-central Morocco, and consisted of a randomized
complete block design (RCBD) with three replications. The treatments studied
consist of a combination of four N rates (0, 40, 80, and 120 kg ha™), three P rates
(0, 30, and 60 kg P,Os ha™), and three K rates (0, 60, and 120 kg K,O ha™). The
physiological, nutritional, and production parameters of quinoa were collected
and analyzed. The results showed that the highest total biomass (3.9 t ha™) and
grain yield (0.8 t ha™) under semi-arid conditions were obtained with 40 kg N
ha™*, 60 kg P,Os ha™, and 120 kg K,O ha™*. The application of 40-60-120 kg
ha™ of N=P,05—K,O increased plant height by 44%, chlorophyll content index
by 96%, total biomass by 134%, grain yield by 112%, and seed weight by 118%.
Among the three macronutrients, N was the most limiting factor, followed by K
and P. Nutrients uptake data showed that quinoa needs 60 kg N, 26 kg P,Os, and
205 kg K;O to produce 1 t of grain yield. Our field results provide future
recommendations for improving the agronomic and environmental
sustainability of quinoa cultivation in dryland areas in Morocco.
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1 Introduction

Quinoa (Chenopodium quinoa Willd.) originated from the
Andean region of South America (Adolf et al., 2013). This crop
has received much attention because of its high nutritional value
and its high tolerance to frost, drought, and salinity (Jensen et al.,
2000; Jacobsen, 2003; Jacobsen et al., 2005; Adolf et al., 2013).
Quinoa is considered a potential novel crop in other locations
across the globe because of its high adaptation to climate change
and its high economic value (Bazile et al., 2016).

Quinoa was introduced in Morocco in 1999 (Benlhabib, 2005).
Nevertheless, much information is needed about its production
techniques and its response to different environments for better
adaptation under dryland farming in arid and semi-arid areas of
Morocco. Quinoa is well adapted to marginal soils (Choukr-Allah
et al.,, 2016). However, nutrients deficiency limits crop production
(Aquino et al., 2013). Determining quinoa macronutrient
requirements is crucial to maintain the crop metabolism for
optimal growth and development (Sales et al., 2021). Unlike the
cultivation of major crops, literature reference about quinoa
nutrient needs and management in arid regions is still lacking.

Plants need nitrogen (N) for optimal growth and development
(Sales et al,, 2021). Because of its structural role in chlorophyll and
in nucleic and amino acids composition, insufficient quantities of N
result in very slow growth, stunted plant, and light green to yellow
foliage color (Benton Jones, 2012). N application has been reported
to enhance crop growth, productivity, and quality. Moreover, it was
found that N improves quinoa drought tolerance and improves seed
yield and quality (Alandia et al., 2016). Studies evaluating the N
effect on quinoa recorded a positive response to N application up to
120 kg N ha™', with 96% yield increase compared to the control
(Schulte auf'm Erley et al., 2005). However, the yield increase was
smaller when N application rate increased from 120 to 160 kg N
ha™!, achieving only 2.7% (Jacobsen et al., 1994). When quinoa was
cultivated with drip irrigation under arid conditions, 90 kg N ha™"
was recommended for optimum yields (4.5 t ha™"), while higher
rates favored vegetative growth and increased the incidence of
mildew (Quispe, 2018). Quinoa seemed to respond to high N
levels up to 225 kg ha™!, with a grain yield of 2.3 and 3.6 t ha™’
for two cultivars Faro and UDECI10, respectively (Berti et al., 2000).
Shams (2012) also evaluated the response of quinoa to higher N
rates in sandy soils. He found that the maximum economic yield,
1.1 t ha™!, was achieved with 360 kg N ha™!, being almost 11 times
over control.

Unlike the N, studies on phosphorus (P) nutrition of quinoa are
still scarce. Optimal levels of P enhance the growth and productivity
in a sustainable agricultural system (Schroder et al., 2011).
However, adequate quantities of this nutrient for optimal growth
and productivity of quinoa under semi-arid conditions are still
lacking. Thus, evaluating P response and optimizing P application
rate will provide future recommendations for improving the
agronomic and environmental sustainability of quinoa cultivation
in dryland areas. Under P-deficient conditions, quinoa plants
display necrosis of the lower leaves, and the upper leaves become
pale green (Sales et al, 2021). This deficiency affects the
photosynthetic activity due to the negative effect on ATP
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synthesis and Rubisco regeneration, which limit the plant
metabolism, the formation of the phospholipids, and,
consequently, new cells for the growth and development of
quinoa plants (Sales et al., 2021). P also promotes root growth
and activity, increases the area of contact between the root and soil,
and therefore enhances the drought resistance of quinoa (Pang
et al,, 2017). The application of P has been reported to enhance the
growth and development of quinoa. Llaca Ninaja (2014) studied the
effect of four P rates of 0, 40, 80, and 120 kg P,0s ha™! and found
that 88 kg P,O5 ha™' was needed for an optimal yield of 2.9 t ha™".
Higher P rates resulted in lower yields. In another study (Quispe,
2018), increasing P rate from 90 to 180 kg ha™" did not significantly
affect the growth characteristics and yield of quinoa, with an average
of 4.1 t ha™". Likewise, Tapia (1997) recommended the application
of 60-80 kg ha™" of P when annual precipitations exceeded 600 mm.
Under saline conditions, P application at 60 and 70 kg P,Os ha™"
has been found to minimize the salt stress effect and increase the
yield by 29% and 51% at low salinity level (5 dS m™") and by 13%
and 8% at high salinity level (12 dS m™') (Bouras et al., 2021).

In addition, K is an important nutrient that ensures plant
growth even under abiotic stress (Turcios et al., 2021). The
response of quinoa to K fertilization is still misunderstood. This is
due to the great availability of this element in its area of cultivation
(Mujica et al, 2001). Thus, research studying the effect of K on
quinoa crop are scarce. According to Mujica et al. (2001), quinoa is
very demanding in K. When available in insufficient quantities,
chlorosis appears at the margins of older leaves, followed by
necrosis (Sales et al, 2021). In Central Highlands of Vietnam,
application of 105 kg K,O ha™' was found to be the optimum
rate of K for quinoa production in ferralsols and acrisols (Minh
et al,, 2022).

Plants’ nutrient requirements differ according to the crop,
cultivar, potential yield, soil composition, and environmental
conditions (Cottenie, 1980; Shand et al., 2006). Under water-
limited conditions, quinoa nutrient requirements are supposed to
be lower than optimal conditions. To our knowledge, no work has
attempted to optimize macronutrient fertilization for maximum
yield of quinoa in semi-arid regions of Morocco, and literature on
combined application of N, P, K, and their uptake by quinoa crop in
semi-arid regions of Morocco is still limited. We hypothesize that N,
P, and K fertilization enhances quinoa physiological, growth, and
productivity parameters. To test this hypothesis, we conducted the
present study with the aim to (1) evaluate the effect of macronutrient
on quinoa morphological and physiological parameters; (2) optimize
N, P, and K application for high productivity and nutrient use
efficiency; and (3) study the effect of macronutrients on quinoa
nutritional status and determine N, P, and K uptake for maximum
quinoa grain yield under semi-arid conditions.

2 Materials and methods
2.1 Experimental site

The field experiment was conducted at the experimental farm
of Mohamed VT Polytechnic University in Benguerir (32°13.0800 N,
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7°53.230 W), Morocco. This region is characterized by an arid
climate with an average annual precipitation of 190 mm and
an average annual temperature of 19.5°C (40 years of data)
(Taaime et al,, 2022b). The experiment was conducted during two
cropping seasons 2020-2021 and 2021-2022, between December
and May.

A composite soil sampling, with 18 soil subsamples collected
from the 20 cm topsoil, was analyzed for chemical properties. The
soil was dried, crushed, and sieved to 2 mm. The pH and electrical
conductivity (ECe) were measured in a 1:5 soil:water extract. Soil
organic matter (OM) was determined using sulfochromic oxidation
of carbon in a mixture of potassium dichromate and sulfuric acid at
135°C according to Walkley and Black (1934). P was measured
using the Olsen method (Olsen et al.,, 1954) and calcium carbonate
using chlorohydric acid (Allison, 1960). Sodium (Na), K, and
magnesium (Mg) were extracted by the ammonium acetate at pH
= 7 and determined by atomic absorption spectroscopy (Agilent
Technologies. 200 Series AA). Calcium oxide was measured using
hydrochloric acid (Sparks et al., 1996), and total N was determined
using the Kjeldahl method (Weaver et al, 1994). Nitrate and
ammoniacal N were measured by extraction with KCl using a
continuous flow analyzer (Skalar Analytical), and zinc (Zn), iron
(Fe), manganese (Mn), and copper (Cu) were determined using the
DTPA extraction at pH = 7.3 (Lindsay and Norvell, 1978).

The result showed that the soil has a loamy texture, with 1.86%
of organic matter, a pH of 8.1, and an EC, of 0.19 dS m L During
both growing seasons, the soil has a high content of K and P. Other
chemical parameters of the soils are presented in Table 1.

2.2 Experimental set-up

To determine the optimal fertilizers rate for quinoa growth and
productivity, four nitrogen rates (0, 40, 80, and 120 kg N hafl)
combined with three P rates (0, 30, and 60 kg P,O5 ha™') and three
K rates (0, 60, and 120 kg K,0O hafl) were used. For each treatment,
half of the amount of N was applied before sowing as ammonium
sulfate, and the other half was applied 50 days after sowing as
ammonium nitrate, as recommended by Spehar et al. (2015). The
total amounts of P and K were applied before planting as triple
superphosphate and potassium sulfate, respectively. The
experiment layout was a randomized complete block design
(RCBD) with three replicates. The experimental plots were 7.5 m
long and 3.5 m wide (seven rows at a 0.5 m inter-row distance). The
quinoa genotype used was ICBA-Q5 because of its adaptation to
arid Moroccan conditions (Hirich et al., 2021).

10.3389/fpls.2023.1146658

2.3 Agronomic practices

Chisel plow followed by disk harrow were used for seedbed
preparation. Quinoa was cultivated in virgin soil during 2020-2021
and after the quinoa crop during 2021-2022 growing season. Quinoa
was sown mechanically with a seed drill (Sembradoras GIL, SAX-19-
M), at the rate of 8 kg ha™! and tinned at the ramification stage to 20~
25 plants per m”>. Weeding was done manually 1 month after the
planting, and fungicide application (3.88% metalaxyl-M + 64%
mancozeb) was done at a rate of 500 g ha™' to control the mildew.

Supplemental irrigation (SI) was applied by a drip irrigation
system during the early vegetative growth, flowering, and seed-
filling stages to ensure grain production because drought occurred
during the experiment years. The drip lines were spaced by 50 cm,
with 1.2 L h™" integral drippers spaced 30 cm apart. During the

prementioned development stages, daily water volumes were
(Ke*ET0)
2

the quinoa crop coefficient factor being 0.5 at plant establishment

estimated using the standard formula: SI = , where Kc is
and 1 during flowering and seed filling (Garcia et al., 2003), ETj is
the reference evapotranspiration obtained from the weather station

« »

at the UM6P experimental farm, and “e” is the irrigation system
efficiency being equal to 80%. The total amount of irrigation water
was estimated to be 129 and 122 mm during the first and second
cropping seasons, respectively. We represent in Table 2 the
characteristics of the irrigation water applied during the plant

establishment, flowering, and seed filling.

2.4 Growth and yield parameters measured

2.4.1 Plant height

Before the flowering stage, 10 plants were randomly selected
from each plot after eliminating the borders from measurements,
and the plant height (cm) was measured from the ground level to
the top of quinoa panicle of the mean stem (Hussain et al., 2020).

2.4.2 Chlorophyll content index

Similarly, 10 quinoa plants were randomly selected in each
experimental unit before the flowering stage. The CCI was
measured for the two youngest fully expanded leaves of the main
stem using a chlorophyllometer (Opti-Sciences, CCM-200) (Amjad
et al., 2015).

2.4.3 Grain yield and its components
In each experimental unit, three quadrates of 1 m?> were
harvested, air-dried, and weighted to determine the total biomass

TABLE 1 Chemical characteristic of the experiment soils during the 2020-2021 and 2021-2022 cropping seasons.

CaCO; TotalN NHf NO3 P05 KO
%
2020-2021 0.1 0.11 24 432 40 456
2021-2022 0.1 0.12 52 72.2 47 377
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TABLE 2 Characteristics of irrigation water of the experiment.

Ec P,04
(mScm™)  (mg ™)

NO3
(mg 17"

NH,

Parameter pH (mg ")

10.3389/fpls.2023.1146658

4 SO,
(mg ™) (mgl™)

9
(mg 17"

Values 8.5 3.3 6.98 22.0 14.8

345 378.8 80.6 66.2 529.7 199.9

(g m™?). Afterward, quinoa plants were threshed, and grains were
separated from the straw part and weighed to determine the grain
yield (g m™). Harvest Index (HL; %) was calculated as the ratio
between the grain yield and total above ground biomass. Thousand
seed weight (TSW; g) was measured for each treatment.

2.5 Nutrient use efficiency

N use efficiency (NUE; kg/kg) is defined as the amount of grain
produced for each kilogram of N applied. The same definition was
followed for P use efficiency (PUE) and K use efficiency (KUE).
NUE was measured following Belete et al. (2018), using the formula:

Grain yield in the fertilized plots (kg) — Grain yield in the unfertilized plot (kg)

NUE(kg/kg) = Quantity of fertilizer applied (kg)

2.6 Nutrient uptake

Total plant biomass at physiological maturity was used to
determine the N, P, and K content. Samples were ground to pass
through a screen with 225-um openings. Two grams of the ground
material, for each treatment’s replication, was digested with salicylic
acid and sulfuric acid, and N content was determined colorimetrically
on a Skalar San++. Concerning P and K contents, 0.5 g of the ground
material was digested with nitric acid. Then, the digested material was
analyzed, after filtration, for P and K using inductively coupled
plasma-optical emission spectrometry (ICP-OES).

2.7 Statistical analysis

Quinoa height, CCI, total biomass, grain yield, TSW, and
nutrient uptake and use efficiency were used to evaluate the effect
of N, P, and K rates and their interaction using three-way ANOVA
test. When ANOVA test was significant, means were compared
using Student-Newman-Keuls (S-N-K) test, and all statistical
differences were tested at 5% probability level or lower (o < 0.05).
Statistical analyses were performed using the SPSS program
(Version 20, IBM SPSS Inc., Chicago, IL, USA).

3 Results

3.1 Climatic conditions of the
experimental site

The experiment was conducted under Mediterranean arid
climate. The winter season goes from November to March. The

Frontiers in Plant Science

crop received 116 and 88 mm of rain during 2020-2021 and 2021-
2022 cropping seasons, respectively (Figure 1). The maximum
amount of rain received was 56 and 43 mm in February 2021 and
March 2022, respectively. The average temperature ranged from
13.1°C to 21.4°C during 2020-2021 and from 12.9°C to 18.1°C
during 2021-2022 cropping season. The first year of the experiment
(2020-2021) was characterized by high temperatures at the end of
the growing cycle. The absolute maximum temperature was 46°C
(data not presented in the graph) and was recorded in May 2021.
The total amount of water received by the crop (rainwater +
irrigation) was estimated to be 245 and 210 mm during 2020-
2021 and 2021-2022 cropping seasons, respectively.

3.2 Effect of fertilization on plant height

There was a significant combined effect of N, P, and K
fertilization on quinoa plant height (Figure 2). This parameter
increased from 45.6 cm with no fertilizer application to 81.4 ¢cm
with 80-60-120 kg ha™" of N-P,05-K,0, with a 79% increase over
the control. Individual effects of N, P, and K fertilization were also
observed. Among the three nutrients, N had the highest effect on
quinoa plant height. This parameter increased from 45.57 cm with
no fertilizer application to 61.52 cm with the application of 120 kg N
ha™?%, being 35% over the control. K and P had lower effect on
quinoa plant height. K at 120 kg K,0 ha™' and P at 60 kg P,Os ha™'
increased plant height by 28% and 17%, respectively.

3.3 Effect of fertilization on CCI

The statistical analysis of the plant CCI showed that there was
an interaction between N, P, and K fertilization (Figure 3).
Application of 40-60-120 kg of N-P,05-K,0 were the optimal
N, P, and K rates for increasing the CCI, with 94% higher than the
control. Similarly to the plant height, the individual effect of N, P,
and K fertilization was recorded. Marginal means showed that the
plant CCI increased by 32% from 0 to 120 kg N ha™". P has a lower
effect than N on plant CCIL The application of 60 kg P,Os ha™*
increased this parameter by 10% compared to the control.
Concerning the K, the plant CCI recorded a high response to the
application of this nutrient, with the maximum increase (38%)
observed at 120 kg K,O ha™".

3.4 Effect of fertilization on total biomass

The effect of N, P, and K fertilizers on quinoa total biomass is
presented in Figure 4. No interaction between the three nutrients on
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FIGURE 1

Precipitations and average temperature during the two growing seasons of quinoa

total plant biomass was recorded. However, the effect of the growing
season was highly significant. The response of total biomass to N
application differed between 2020-2021 and 2021-2022 cropping
seasons. The first growing season (2020-2021) was characterized by
temperatures higher than the second growing season (2021-2022).
The addition of N during 2020-2021 slightly increased the plant
total biomass, but the difference between N rates was not significant
(Figure 4A). However, during the second growing season, when the
climate was cooler, the application of N significantly increased total
plant biomass. This parameter increased by 29% from 2.4 t ha™'
with no N application to 3.4 t ha™' with 120 kg N ha™'. However, it
was observed that the optimal N rate was 40 N kg ha™", since no
significant difference was recorded with higher N application rates.

The application of P significantly enhanced the plant’s total
biomass (Figure 4B). The effect of the growing season was also
significant, and higher total biomass was recorded during the second
growing season. The optimal rate was 60 kg P,Os ha™", resulting in
the highest plant biomass of 2.5 and 3.3 t ha™' during 2020-2021 and
2021-2022 growing seasons, respectively. The P at the rate of 60 kg
P,05 ha ! increased the plant’s total biomass by 18% in both seasons.
K application and growing season also significantly affected the total
crop biomass (Figure 4C). The application of 120 kg K,O ha™’
resulted in the highest plant biomass, 2.7 and 3.5 t ha™', during
2020-2021 and 2021-2022 growing seasons, respectively. When
comparing the three nutrients, N application has the highest effect
on plant total biomass, followed by K and P applications.
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- 85
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80 80 80 - 80
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FIGURE 2

Plant height in response to N, P and fertilizers (A. N=0 kg N/ha, B. N=40 kg/ha, C. N=80 kg/ha, and D. N=120 kg/ha). Data are presented by the mean of the
two growing seasons 2020-2021 and 2021-2022. For each P rate, means followed by the same letters are not significantly different at p <0.05
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FIGURE 3

Chlorophyll content index (CCI) in response to N. P and K fertilizers. (A. =0 kg N/ha, B. =40 kg/ha, C. =80 kg/ha, and D. =120 kg/ha) Data are
presented by the mean of the two growing seasons 2020-2021 and 2021-2022. For each P rate, means followed by the same letters are not

significantly different at p <0.05.

3.5 Effect of fertilization on grain yield

The effect of N, P, and K rates on quinoa grain yield is presented
in Figure 5. The grain yield of quinoa followed the same trends as
total biomass. There was no interaction between N, P, and K on
quinoa grain yield. However, the growing season highly affected this
parameter. There was a significant interaction between N
application and the growing season. N did not significantly affect
the quinoa grain yield during the first growing season (Figure 5A),

1

with a slight increase from 0 to 120 kg N ha™". This effect was

significant during the second growing season, and the optimal N

rate was 40 kg N ha™, with a grain yield increase of 30% compared
to the control. The high temperatures (up to 46°C) that occurred at
the end of the first growing season affected the pollination and grain
filling of quinoa, which was translated in low yields. The application
of P was significant for both growing seasons (Figure 5B). The P
applied at 60 kg P,Os ha™' was the optimal level to attain the highest
quinoa grain yield with an increase of 16% compared to the control.
A high difference between the grain yields of 2020-2021 and 2021-
2022 growing seasons was recorded. High temperatures during the
first growing season negatively affected the quinoa flowering and
seed filling, which resulted in low grain yields. For the K application,

A B c
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3500 b b b 3500 Aa = 3500 Aa
= B Ab < Ab
< 3000 > 3000 Ab 5 8 3000 Ac Ba
o o a =
= 2500 a4 a ? % 2500 Ba 8 2500 Bb
@ a a Bb g
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[ 20202021 [ 2021-2022 @ 20202021 [@ 2021-2022 [ 20202021 [ 2021-2022
FIGURE 4

Plant total biomass as affected by N (A), P (B) and K (C) application during the two cropping seasons 2020-2021 and 2021-2022. For (A) means followed

by the same small letters are not significantly different at p <0.05. For (B, C) for each P and Krate, means followed by the same capital letters are not
significantly different at p <0.05. For each growing season, means followed by the same small letters are not significantly different at p <0.05.
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Grain yield as affected by N (A), P (B) and K (C) application during the two cropping seasons 2020- 2021 and 2021-2022. For (A) means followed by
the same small letters are not significantly different at p 30.05 for (B, C) for each P and K rate, means followed by the same capital letters are not

significantly different at p <0.05 For each growing season, means followed

quinoa highly responded to this nutrient addition. The amount of
120 kg K,0 ha™" increased the grain yield in both cropping seasons,
being 25% higher than the control. Similarly to the other nutrients,
grain yield differed highly between the two growing seasons. Again,
the application of N resulted in the highest grain yield increase,
followed by the K and P applications.

3.6 Effect of fertilization on harvest index
and seed weight

The HI was significantly affected by N, P, and K applications
(Figure 6). However, no interaction between these nutrients was

by the same small letters are not significantly different at p s0.05.

recorded. N effect significantly differed between the growing
seasons. During the first growing season (2020-2021), the
application of N enhanced the HI but not significantly. Higher HI
values were recorded during the second cropping season (2021-
2022) and the application of 120 kg N ha™' resulted in the highest
value (28%). P and K addition significantly enhanced the HI. The
effect of the year was also highly significant. Application of P at
60 kg P,Os ha™" increased the HI by 29% and 16% during the first
and second growing seasons, respectively. Similarly, the application
of Kincreased the HI by 43% and 27% during 2020-2021 and 2021~
2022 growing seasons, respectively.

N, P, and K fertilization significantly enhanced the quinoa
TSW. There was also an interaction between these three nutrients
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FIGURE 6
Harvest Index as affected by N (A), P (B) and K (C) application during the two

cropping seasons 2020-2021 and 2021-2022. For (A, B) means followed by

the same small letters are not significantly different at p <0.05 For (C) for each N rate, means followed by the same capital letters are not significantly
different at p <0.05. For each growing season, means followed by the same small letters are not significantly different at p <0.05.
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and the two growing seasons (Figure 7). N application did not
significantly affect the TSW during the first growing season.
However, the effect was significant during the second season, and
40 kg N ha™' was optimal to increase TSW under the conditions of
the present experiment. Although the environmental conditions of
the two growing seasons were different, the same tendency of TSW
increase following P and K application was observed. TSW
increased with increasing P and K levels, and the application of
60 kg P,05 ha™" and 120 kg K,0 ha™" resulted in the highest values
in both growing seasons.

3.7 N, P, and K uptake

The optimal quinoa nutrient requirements were considered as
the minimum quantity at which optimal yield was attained. The
crop N, P, and K uptake with response to N, P, and K application
are presented in Table 3.

We only considered quinoa nutrients uptake during the second
growing season, where the temperature was not a limiting factor for
growth and yield production. Results showed that 65.2 kg N ha™'
was the quinoa N uptake to produce optimal yield (1.1 t ha™'). The
control treatment recorded the lowest nitrogen uptake, 26.3 kg N
ha™' (Table 3). Adding P at 30 kg P,Os ha™' and 60 kg ha™'
increased N uptake to the optimal level with lower N rates. This
would be explained by the fact that P positively affected quinoa root
system and enhanced N uptake from the soil. Total plant chemical
analysis at physiological maturity showed that 27.6 kg P,Os ha™'
was the optimal P uptake to attain the optimal grain yield (1.1 t
ha™') in this experiment. However, there was no significant
difference between the P uptake of the different treatments.
Compared to N and P, quinoa needed the K at high quantities.
The optimal K uptake to attain optimal yield (1.1 t ha™') was
estimated to be approximately 220 kg ha™".

10.3389/fpls.2023.1146658

3.8 Nutrient use efficiency

N use efficiency (NUE) was significantly affected by both N
application and growing season (Table 4). The highest value was
obtained with the application of 40 kg N ha™'. For both growing
seasons, N rates higher than 40 kg N ha™' decreased quinoa NUE.
High difference between the growing seasons was also recorded,
essentially due to high temperatures during the flowering and seed-
filling stages that reduced the grain yield.

In the case of P, a significant difference was noticed between P
application rates (Table 4). The effect of the growing season was also
significant. However, a similar tendency was observed following P
application during 2020-2021 and 2021-2022. The highest PUE
values, 5.1 and 29.5, were recorded at 30 kg P,Os ha ' at the two
growing seasons, respectively. In addition, the difference in PUE
between the two growing seasons was highly significant and
resulted in the highest values.

KUE was significantly affected by K application and growing
season (Table 4). The application of K at 60 kg K,O ha™'
significantly enhanced the KUE, whereas higher rates (120 kg
K,O ha™!) decreased this parameter. Similarly to NUE and PUE,
lower values of KUE were recorded during the first growing season.

4 Discussion

Quinoa positively responded to macronutrient under semi-arid
conditions in the present study. Among the three nutrients, N
fertilization recorded the highest increase in plant height, total
biomass, TSW, and grain yield. Similar responses were found in
Pakistan by Imran et al. (2021) and Zahid et al. (2021), where N
enhanced plant height and yield and its components. The role of N
in promoting metabolic activity resulted in internode elongation
and increased plant height with high N rates. N also has a structural
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FIGURE 7

TSW as affected by N (A), P (B) and K (C) application during the two cropping seasons 2020-2021 and 2021- 2022. Means followed by the same

letters are not significantly different at p <0.05.
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TABLE 3 Quinoa N uptake (a), P uptake (b), and K uptake (c) as affected by N, P, and K application during 2021-2022 growing season.

NPK (kg N-P>05-K,0 ha™") N uptake (kg N ha™) P uptake (kg P,Os ha™") K uptake (kg K;O ha™)
0-0-0 26338 b 105+ 1.7 a 866+ 7.9 a
0-0-60 352+ 128 b 135+ 72 a 1241 £ 554 a

0-0-120 410 + 129 ab 17.9 + 6.9 a 1334+ 237 a
0-30-0 335+ 19 b 122417 a 1106 +17.0 a a
0-30-60 341+25 b 162 + 1.1 a 1191 £ 6.5 a
0-30-120 423+ 103 ab 179+ 7.1 a 147.6 + 5437 a
0-60-0 44055 ab 17.9 £ 2.0 a 1560 £ 31.0 a
0-60-60 517 + 129 ab 247+ 64 a 1931 + 413 a
0-60-120 603 + 325 ab 146 + 3.1 a 2226 £ 1150 a
40-0-0 405+ 46 ab 119 + 23 a 1131 + 6.4 a
40-0-60 123+82 ab 144 + 40 a 157.9 + 689 a
40-0-120 556+ 12.6 ab 144 %29 a 1738 £ 316 a
40-30-0 2656 ab 164+ 16 a 1544 £ 190 a
40-30-60 428+ 145 ab 159 £ 6.3 a 1412212 a
40-30-120 62.0 + 168 ab 19.8 + 5.8 a 2347 + 535 a
40-60-0 403 + 1038 ab 14.1 + 3.1 a 1574 + 438 a
40-60-60 722+ 116 ab 24+52 a 197.7 + 49.4 a
40-60-120 65292 ab 276457 a 2208 + 182 a
80-0-0 549 6.9 ab 143 £ 23 a 159.8 + 5.7 a
80-0-60 57.4 155 ab 137 £ 356 a 186.4 + 37.4 a
80-0-120 655+95 ab 164+ 12 a 1910 + 7.2 a
80-30-0 765 + 6.2 ab 233+28 a 181.8 + 12.1 a
80-30-60 554+ 19.4 ab 193 +2.0 a 191.1 £ 60.6 a
80-30-120 520 +103 ab 214+25 a 185.0 + 332 a
80-60-0 465+95 ab 142+ 42 a 1502 £ 112 a
80-60-60 514+ 152 ab 20173 a 1745 + 49.0 a
80-60-120 706 + 133 ab 260 + 4.2 a 2433 + 313 a
120-0-0 566 + 12.8 ab 135 +39 a 1735+ 112 a
120-0-60 62093 ab 185 + 19 a 183.6 + 27.4 a
120-0-120 716 + 245 ab 201+ 64 a 2007 + 82.0 a
120-30-0 567 + 202 ab 16.5 £ 53 a 1712255 a
120-30-60 571 + 182 ab 174+ 37 a 2147 + 402 a
120-30-120 962 + 22.6 a 19.9 + 3.6 a 328.1 + 56.5 a
120-60-0 737 +95 ab 193 + 1.6 a 1922 + 288 a
120-60-60 663+ 193 ab 218 +48 a 225.0 +78.8 a
120-60-120 60.9 + 24.0 ab 206+7.3 a 206.3 + 49.7 a

Data followed by the same letters are not significantly different at p <0.05.
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TABLE 4 Nutrient use efficiency during 2020-2021 and 2021-2022 growing seasons.

Nutrient rates 2020-2021 2021-2022

0kg N ha™' 0 0
40 kg N ha™! 3.79 + 0.59 Ba 22.54 + 1.03 Aa

NUE (kg/kg N)

80 kg N ha™" 2.18 + 0.37 Bb 11.76 + 0.66 Ab
120 kg N ha™ 1.53 + 0.26 Bb 8.16 + 0.60 Ac

0 kg P,Os ha™* 0 0
PUE (kg/kg P,05) 30 kg P,Os ha™* 5.05 + 0.69 Ba 29.47 + 1.69 Aa
60 kg P,O5 ha™* 3.49 + 0.47 Bb 15.36 + 0.82 Ab

0 kg K,0 ha™' 0 0
KUE (kg/kg K,0) 60 kg K,0 ha™' 2.69 + 0.35 Ba 1452 + 0.73 Aa
120 kg K,0 ha™ 1.89 + 0.23 Bb 8.25 + 0.45 Ab

For each nutrient use efficiency and rate, means followed by the same capital letters are not significantly different at p <0.05. For each nutrient use efficiency and growing season, means followed

by the same small letters are not significantly different.

role in the chlorophyll molecule. N fertilizer increased the leaf CCI,
which enabled the plant to capture more sunlight energy by
photosynthesis, enhancing plant growth and grain yield. Similar
results were reported by various authors (Shams, 2012; Llaca
Ninaja, 2014; Geren, 2015; Almadini et al., 2019).

Nevertheless, quinoa seems to be well adapted to poor soil
conditions and is considered a crop with low input requirements.
In this experiment, the optimal grain yield was obtained by 40 kg N
ha™'. Calculating the C/N of the soil resulted in a value of 10, which
characterizes an organic matter rapidly mineralized and released
nutrients were available to the plant. We admit that the other part of
quinoa N requirement was taken from soil organic matter

! was

decomposition and irrigation water. Thus, 40 kg N ha~
sufficient to attain optimal yield in this experiment (0.8 t ha™"). In
addition, the application of nutrients in the 2020-2021 growing
season might affect quinoa response in 2021-2022 growing season
and enhanced the crop performance. The recommended fertilization
is influenced by soil, water, and climatic conditions. Under drought
and heat stress conditions of the Sahel, application of 25 kg N ha™"
with progressive drought resulted in the highest grain yield (Alvar-
Beltran et al., 2019). Wang et al. (2020) tested the response of quinoa
to N rates under different water regimes, and they found that under
rainfed conditions, N treatments from 37 to 50 kg ha™' enhanced the
grain yield and differed significantly from the control treatment, but
not within themselves. Under the moderate temperate condition of
Denmark, a slight increase in quinoa yield of 24.1% was achieved
when the N supply increased from 40 to 160 kg N ha™' and an
increase of only 2.7% from 120 to 160 kg N ha™' (Jacobsen et al,
1994). They suggest that the lack of response to increased N
application could be relative to the high plantation density in the
experimental site. Basra et al. (2014) compared the response of two
quinoa cultivars to N rates from 0 to 125 kg ha™" in a sandy loam soil
with NPK levels of 0.042%, 11.52 mg kg ', and 90 mg kg™". Results
showed that 75 kg N ha™' gave the maximum grain yield of quinoa.
Furthermore, Rivero (1985) showed that the highest yield was
obtained with the variety Yanamarca at 120 kg N ha™'. These
results were further confirmed by Leonardo (1985). Under
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Mediterranean climatic conditions of Turkey, N application at
150 kg ha™' to a silty-clay loam soil, having an initial total N of
0.123%, was proved to be the best level for optimal grain yield (2.95 t
ha™), with 357% increase compared to the control (Geren, 2015).
Similar results were obtained by Almadini et al. (2019) when
evaluating the response of quinoa to N fertilization levels from 0 to
160 kg N ha™'. N at 160 kg ha™" enhanced vegetative growth and
increased yield by more than 750% compared to the control. Quinoa
seemed to be well adapted to Pakistan’s environmental conditions
(Akram et al., 2021). When quinoa was cultivated in heavy metals
polluted soil using sewage water, a high grain yield (3.4 t ha™") was
recorded with the application of 75-50-50 of N-P,0s-K,O ha™
(Ghous et al., 2022). Water availability and adequate temperature are
two major environmental factors that control quinoa growth and
yield (Taaime et al, 2022a). In our experiment, drought and high
temperature were limiting factors for crop growth. Thus, quinoa’s
potential yield was low, and quinoa did not respond to higher N
application levels. This was observed during the first cropping season,
where high temperatures occurring at the end of the growing cycle
negatively affected the grain yield. As a result, the crop did not
respond to different levels of N application. However, when irrigated
with high salinity irrigation water in sandy soil, quinoa responded to
higher levels of N up to 360 kg ha™" (Shams, 2012). High N supply
increased the N uptake and water root uptake and other nutrients
essential for plant growth, which resulted in high yields (Ding et al,,
2018). In addition, high N fertilization rates are recommended for
high-potential varieties, and 300 kg N ha™" was needed to produce 6-
7 t ha™' of grain yield (Gomez and Aguilar, 2016). In west-central
Morocco (Agadir region), Hirich (2014) studied the combined effect
of water stress and N supply. Results of this experiment showed that
N application enhanced the grain yield under water stressed
conditions, with the highest increase recorded at 240 kg N ha™'
under 25% of full water requirement. In our experiment, we believe
that the positive effect of N on quinoa grain yield was attributed to its
effect on TSW. N application increased the chlorophyll content, and
more assimilates were directed to the grain formation. In another
experiment, the same agronomic parameters were enhanced by

frontiersin.org


https://doi.org/10.3389/fpls.2023.1146658
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Taaime et al.

higher N application rates (240 kg ha™") with increased quinoa plant’s
height, seed weight, and biomass (Fawy et al., 2017).

Generally, high N fertilization negatively affected the NUE. N
rates higher than 40 kg N ha™" decreased the NUE in the present
experiment. Similar results were reported by Kakabouki et al.
(2019), where N fertilization above 100 kg N ha™' decreased the
NUE of quinoa. However, our results showed that the NUE values
were higher than other values found in the literature. Berti et al.
(2000) found that 13.9 kg kg™' was the highest NUE value reached
with 75 kg N ha™'. In agreement with that, Almadini et al. (2019)
reported an inverse relationship between N fertilization and NUE,
with best value recorded at the 80 kg N ha™'. Related results were
found by Shams (2012), where application of 90 kg N ha™'
corresponded to maximum NUE. This parameter also differs
according to quinoa cultivars. Deza (2018) recorded that LM 89-
77 genotype had the highest NUE with 46 kg of grain per kg of
applied N. However, NUE in cereals averages 33%, indicating
higher potential for improvement for quinoa crop (Quintero and
Boschetti, 2009).

Based on total plant analysis at physiological maturity, it was
found that quinoa absorbed 65.2 kg N ha™" to produce 1.1 t ha™" of
grain yield and 4.1 t ha™'
(2005) reported that quinoa absorbed 161.3 kg N ha™' to produce
3.5 t ha™' of grain yield.

K application also significantly affected the growth and yield of

of biomass. Schulte auf'm Erley et al.

quinoa. Unlike N, quinoa responded to K up to the highest
application rate (120 kg ha™"). Other work reported that quinoa
responded to K application up to 120 kg ha " (Salim et al, 2019).
The increase in the yield and its components recorded with high K
rates could be attributed to the role the K plays in improving the
weight and size of grain, which are important traits for quinoa
quality (El-Sayed et al, 2023). This nutrient has been found to
reduce the negative effect of drought by regulating root morphology
and exudates and microbial community (Xu et al., 2021). However,
grain yield decreased when K was applied at rates higher than
180 kg ha™" (Salim et al, 2019). In addition, K application was
proved to increase quinoa yield under normal and stressed saline
conditions (Turcios et al., 2021). Our results showed that quinoa
has a large requirement for K, with an uptake of 220 kg K ha™' to
produce 1.1 t of grain yield. Under irrigation in Burkina Faso,
quinoa absorbed 42.8 kg K,O to produce 1 t of quinoa biomass
(Alvar-Beltran et al., 2021). A value that was similar to our results in
this experiment, where quinoa needed 42.2 kg K,O to produce 1 t of
total biomass. Under the conditions of the present experiment, KUE
values were lower than those reported in the literature, where KUE
reached 16.75 g g (Rekaby et al,, 2021).

Compared to N and K, the P was needed in lower quantities.
Similar results were found by Alvar-Beltran et al. (2021). They
found that quinoa needs 3.7 kg of P,Os to produce 1 t of quinoa
biomass. In our experiment, quinoa responded positively to P
application up to the highest level (60 kg P,Os ha™'). In line with
this, 88 kg P,Os ha™! was the optimum rate in sandy loam soil
! grain yield (Llaca Ninaja, 2014). In the
present study, increasing P rates affected negatively the PUE. Our
results were confirmed by Jorfi et al. (2022), where the highest PUE

producing a 2.9 t ha”
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was obtained with the lowest P rate (50 kg P,Os ha™"). However, the
PUE values obtained in the present study were higher than other
studies where quinoa PUE ranged from 5.9 to 14.9 g g '(Lata-
Tenesaca et al., 2021; Rekaby et al., 2021). Nutrients interaction was
recorded for the plant height and CCI. The response of quinoa plant
height to the highest rates of P and K decreased with increasing N
levels, with an increase over the control of 31%, 20%, and 16% at 40,
80, and 120 kg N ha™!. Thus, the combination of N, P, and K for
optimal plant height was 80 kg N ha™!, 60 kg P,Os ha™', and 120 kg
K,O ha™'. Unlike the plant height, no significant effect of K was
recorded for the CCI at the highest N and P rates. However, the K
significantly affected the CCI when P was not applied. This may be
attributed to the fact that at high levels of N and P, the plant
developed deep root system able to explore the nutrients necessary
for the CCI synthesis, and no significant effect was recorded with
the addition of the K fertilizer.

In Peru, N, P, and K fertilization enhanced plant height, panicle
length, number of branches, and quinoa yield (Chavez Melgarejo,
2018). When testing the response of quinoa to the application of
different N, P, and K rates, it was found that 160 kg ha™! of N,
100 kg ha™! of P,0s, and 160 kg ha™'of K,O resulted in the highest
grain yield (6.6 t ha™") (Chavez Melgarejo, 2018). In another study,
applying fertilizers at 80 kg N ha™', 80 kg P,Os ha™, and 90 kg K,O
ha™! resulted in the highest yield, 4.3 t ha™
141% compared to the control.

, with an increase of

From the literature discussed, it was concluded that quinoa
response to fertilization varied according to cultivars, soil types,
climatic conditions, and agronomic management practices. This
highlights the importance of evaluating quinoa nutrient
requirements under different environmental conditions to develop
adequate recommendations for the sustainable cultivation of quinoa
and increasing agronomic productivity in arid regions.

5 Conclusion

The finding of our experiment showed that quinoa responded
positively to N, P, and K applications under semi-arid conditions in
Morocco. The optimal fertilizer combination was 40-60-120 kg
ha™! of N-P,05-K,0O and resulted in high plant height (81.6 cm),
CCI (46.41), and grain yield (0.8 t ha™"). Our results showed that N
rates higher than 40 kg ha™' did not significantly enhance quinoa
grain yield. However, this parameter continued to increase with
higher P rates up to 60 kg P,Os ha™' and K rates up to 120 kg K,0
ha™'. Thus, further experiments should be conducted to evaluate
quinoa response to P and K rates higher than those tested in our
experiment. Regarding quinoa nutrients uptake, quinoa needed
60 kg N, 26 kg P,0s, and 205 kg K,O to produce 1 t of grain yield.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1146658
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Taaime et al.

Author contributions

NT, ME, and KE contributed to the conception and design of the
study. NT organized the database and performed the statistical analysis.
NT wrote the first draft of the manuscript. RB, AO, KE, ME, and RC-A
contributed to the manuscript revision and correction. All authors
contributed to the article and approved the submitted version.

Funding

This research was supported by the Agricultural Innovation and
Technology Transfer Center and the Plant Stress Physiology
Laboratory, Mohammed VI polytechnic University.

References

Adolf, V. L, Jacobsen, S.-E., and Shabala, S. (2013). Salt tolerance mechanisms in
quinoa (Chenopodium quinoa willd.). Environ. Exp. Bot. 92, 43-54. doi: 10.1016/
j.envexpbot.2012.07.004

Akram, M. Z., Basra, S. M. A, Hafeez, M. B., Khan, S., Nazeer, S, Igbal, S, et al (2021).
Adaptability and yield potential of new quinoa lines under agro-ecological conditions
of faisalabad-Pakistan. Asian J. Agric. Biol. 2, 1-8. doi: 10.35495/ajab.2020.05.301

Alandia, G., Jacobsen, S.-E., Kyvsgaard, N. C., Condori, B., and Liu, F. (2016).
Nitrogen sustains seed yield of quinoa under intermediate drought. J. Agron. Crop Sci.
202 (4), 281-291. doi: 10.1111/jac.12155

Allison, L. E. (1960). Wet-combustion apparatus and procedure for organic and
inorganic carbon in soil. Soil Sci. Soc Am. ]J. 24, 36-40. doi: 10.2136/
5552j1960.03615995002400010018x

Almadini, A. M., Badran, A. E., and Algosaibi, A. M. (2019). Evaluation of efficiency
and response of quinoa plant to nitrogen fertilization levels. Middle East J. Appl. Sci. 9,
839-849. doi: 10.36632/mejas/2019.9.4.1

Alvar-Beltran, J., Dao, A., Dalla Marta, A., Saturnin, C., Casini, P., Sanou, J., et al.
(2019). Effect of drought, nitrogen fertilization, temperature and photoperiodicity on
quinoa plant growth and development in the sahel. Agronomy 9 (10), 607. doi: 10.3390/
agronomy9100607

Alvar-Beltran, J., Napoli, M., Dao, A., Ouattara, A., Verdi, L., Orlandini, S., et al.
(2021). Nitrogen, phosphorus and potassium mass balances in an irrigated quinoa field.
Ital. J. Agron. 16 (3), 1788. doi: 10.4081/ija.2021.1788

Amjad, M., Akhtar, S. S., Yang, A., Akhtar, J., and Jacobsen, S.-E. (2015).
Antioxidative response of quinoa exposed to iso-osmotic, ionic and non-ionic salt
stress. J.f Agron. Crop Sci. 201, 452-460. doi: 10.1111/jac.12140

Aquino, L. A, Silva, F. D. B., and Berger, P. G. (2013). Caracteristicas agronémicas e
o estado nutricional de cultivares de girassol irrigado. Rev. Bras. Eng. Agric. Ambient 17
(5), 551-557. doi: 10.1590/S1415-43662013000500013

Basra, S. M. A,, Igbal, S., and Afzal, I. (2014). Evaluating the Response of Nitrogen
Application on Growth, Development and Yield of Quinoa Genotypes. Int. J. Agric.
Biol. 16, 886-892.

Bazile, D., Jacobsen, S.-E., and Verniau, A. (2016). The global expansion of quinoa:
trends and limits. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.00622

Belete, F., Dechassa, N., Molla, A., and Tamado, X. X. X. T. (2018). Effect of nitrogen
fertilizer rates on grain yield and nitrogen uptake and use efficiency of bread wheat
(Triticum aestivum 1.) varieties on the vertisols of central highlands of Ethiopia. Agric.
Food Secur 7, 78. doi: 10.1186/s40066-018-0231-z

Benlhabib, O. (2005). Les Cultures alternatives: quinoa, amarante et épeautre.
Transfert De Technol. En Agric. 133, 1-4.

Benton Jones, J. Jr. (2012). Plant nutrition and soil fertility manual. Boca Raton: CRC
Press.

Berti, M., Wilckens, R., Hevia, F., Serri, H., Vidal, 1., and Mendez, C. (2000).
Nitrogen fertilization in quinoan(Chenopodium quinoa willd.). Cienc. Investig. Agrar.
27 (2), 81-90. doi: 10.7764/rcia.v27i2.999

Bouras, H., Bouaziz, A., Choukr-Allah, R., Hirich, A., Devkota, K. P., and Bouazzama,
B. (2021). Phosphorus fertilization enhances productivity of forage corn (Zea mays 1.)
irrigated with saline water. Plants 10 (12), 2608. doi: 10.3390/plants10122608

Chavez Melgarejo, J. B. (2018). Dosis de nitrogeno, fosforo y potasio en el rendimiento
de la quinua en acopalca - huari (Hyacho, Peru: Universidad Nacional José Faustino
Sanchez Carrion).

Frontiers in Plant Science

12

10.3389/fpls.2023.1146658

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Choukr-Allah, R., Rao, N. K., Hirich, A., Shahid, M., Alshankiti, A., Toderich, K.,
et al. (2016). Quinoa for marginal environments: toward future food and nutritional
security in MENA and central Asia regions. Front. Plant Sci. 7. doi: 10.3389/
pls.2016.00346

Cottenie, A. (1980). Soil and plant testing as a basic fertilizer recommendation
(Rome: Food and Agriculture Organization of the United Nations).

Deza, M. (2018). Rendimiento y calidad de la quinua (Chenopodium quinoa willd)
con dos densidades de siembra y dos sistemas de fertilizacion en condiciones de la Molina
(Peru: Universidad Nacional Agraria La Molina).

Ding, L., Lu, Z., Gao, L., Guo, S., and Shen, Q. (2018). Is nitrogen a key determinant
of water transport and photosynthesis in higher plants upon drought stress? Front.
Plant Sci. 9. doi: 10.3389/fpls.2018.01143

El-Sayed, E. E., Abd El-Samad E, E. H., Ahmed, H. A. A,, and Abou Sekken, M. S. M.
(2023). Enhancement of quinoa grain yield and nutritional quality by potassium
fertilization combined with foliar spraying of seaweed extract. J. Ecol. Eng. 24 (3),
341-356. doi: 10.12911/22998993/158384

Fawy, H., Attia, M., and Hagab, R. (2017). Effect of nitrogen fertilization and organic
acids on grains productivity and biochemical contents of quinoa plant grown under soil
conditions of ras sader-sinai. Egypt. J. Desert Res. 67 (1), 169-183. doi: 10.21608/
€jdr.2017.5851

Garcia, M., Raes, D., and Jacobsen, S.-E. (2003). ). evapotranspiration analysis and
irrigation requirements of quinoa (Chenopodium quinoa) in the Bolivian highlands.
Agric. Water Manage. 60 (2), 119-134. doi: 10.1016/S0378-3774(02)00162-2

Geren, H. (2015). Effects of different nitrogen levels on the grain yield and some yield
components of quinoa (Chenopodium quinoa willd.) under Mediterranean climatic
conditions. Turk. J. Field Crops 20 (1), 59-64. doi: 10.17557/.39586

Ghous, M., Igbal, S., Bakhtavar, M. A., Nawaz, F., Haq, T., and Khan, S. (2022). ).
halophyte quinoa: a potential hyperaccumulator of heavy metals forphytoremediation.
Asian J. Agric. Biol. 4, 1-9. doi: 10.35495/ajab.2021.444

Gomez, L., and Aguilar, E. (2016). Guia de cultivo de la quinua. Lima. Peru:
Universidad Nacional Agraria La Molina y FAO.

Hirich, A. (2014). Effects of deficit irrigation using treated wastewater and irrigation
with saline water on legumes, corn and quinoa crops (Morocco: Hassan II Institue of
Agronomy and Veterinary Medicine).

Hirich, A., Rafik, S., Rahmani, M., Fetouab, A., Azaykou, F., Filali, K., et al. (2021).
Development of quinoa value chain to improve food and nutritional security in rural
communities in rehamna, Morocco: lessons learned and perspectives. Plants 10 (2),
301. doi: 10.3390/plants10020301

Hussain, M. L, Muscolo, A., Ahmed, M., Asghar, M. A., and Al-Dakheel, A. J. (2020).
Agro-morphological, yield and quality traits and interrelationship with yield stability in
quinoa (Chenopodium quinoa willd.) genotypes under saline marginal environment.
Plants 9 (12), 1763. doi: 10.3390/plants9121763

Imran, M., Ali, A, and Safdar., (2021). The impact of different levels of nitrogen
fertilizer on maize hybrids performance under two different environments. Asian J.
Agric. Biol. 2021 (4), 1-10. doi: 10.35495/ajab.2020.10.527

Jacobsen, S.-E. (2003). The worldwide potential for quinoa (Chenopodium quinoa
willd.). Food Rev. Int. 19 (1-2), 167-177. doi: 10.1081/FRI-120018883

Jacobsen, S.-E., Jorgensen, I, and Stolen, O. (1994). Cultivation of quinoa
(Chenopodium quinoa ) under temperate climatic conditions in Denmark. J. Agric.
Sci. 122 (1), 47-52. doi: 10.1017/S0021859600065783

frontiersin.org


https://doi.org/10.1016/j.envexpbot.2012.07.004
https://doi.org/10.1016/j.envexpbot.2012.07.004
https://doi.org/10.35495/ajab.2020.05.301
https://doi.org/10.1111/jac.12155
https://doi.org/10.2136/sssaj1960.03615995002400010018x
https://doi.org/10.2136/sssaj1960.03615995002400010018x
https://doi.org/10.36632/mejas/2019.9.4.1
https://doi.org/10.3390/agronomy9100607
https://doi.org/10.3390/agronomy9100607
https://doi.org/10.4081/ija.2021.1788
https://doi.org/10.1111/jac.12140
https://doi.org/10.1590/S1415-43662013000500013
https://doi.org/10.3389/fpls.2016.00622
https://doi.org/10.1186/s40066-018-0231-z
https://doi.org/10.7764/rcia.v27i2.999
https://doi.org/10.3390/plants10122608
https://doi.org/10.3389/fpls.2016.00346
https://doi.org/10.3389/fpls.2016.00346
https://doi.org/10.3389/fpls.2018.01143
https://doi.org/10.12911/22998993/158384
https://doi.org/10.21608/ejdr.2017.5851
https://doi.org/10.21608/ejdr.2017.5851
https://doi.org/10.1016/S0378-3774(02)00162-2
https://doi.org/10.17557/.39586
https://doi.org/10.35495/ajab.2021.444
https://doi.org/10.3390/plants10020301
https://doi.org/10.3390/plants9121763
https://doi.org/10.35495/ajab.2020.10.527
https://doi.org/10.1081/FRI-120018883
https://doi.org/10.1017/S0021859600065783
https://doi.org/10.3389/fpls.2023.1146658
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Taaime et al.

Jacobsen, S.-E., Monteros, C., Christiansen, J. L., Bravo, L. A., Corcuera, L. J., and
Mujica, A. (2005). Plant responses of quinoa (Chenopodium quinoa willd.) to frost at
various phenological stages. Eur. J. Agron. 22 (2), 131-139. doi: 10.1016/
j.€j2.2004.01.003

Jensen, C. R., Jacobsen, S.-E., Andersen, M. N., Nufez, N., Andersen, S. D.,
Rasmussen, L., et al. (2000). Leaf gas exchange and water relation characteristics of
field quinoa (Chenopodium quinoa willd.) during soil drying. Eur. J. Agron. 13 (1), 11-
25. doi: 10.1016/S1161-0301(00)00055-1

Jorfi, A., Alavifazel, M., Gilani, A., Ardakani, M. R., and Lak, S. (2022). Yield and
morpho-physiological performance of quinoa (Chenopodium quinoa) genotypes as
affected by phosphorus and zinc. J. Plant Sci. 45 16), 2432-2446. doi: 10.1080/
01904167.2022.2035756

Kakabouki, I, Roussis, I. E., Papastylianou, P., Kanatas, P., Hela, D., Katsenios, N.,
et al. (2019). Growth analysis of quinoa (Chenopodium quinoa willd.) in response to
fertilization and soil tillage. Not. Bot. Horti Agrobot. 47 (4), 1025-1036. doi: 10.15835/
nbha47411657

Lata-Tenesaca, L. F., de Mello Prado, R., de Cassia, P. M., da Silva, D. L., and da Silva,
J. L. F. (2021). Silicon modifies C:N:P stoichiometry, and increases nutrient use
efficiency and productivity of quinoa. Sci. Rep. 11, 9893. doi: 10.1038/s41598-021-
89416-9

Leonardo, L. (1985). Estudio de cuatro densidades de siembra y tres niveles de
abonamiento en el cultivo de la quinua (Chenopodium quinoa willd) (Peru: Universidad
Nacional Agraria La Molina).

Lindsay, W. L., and Norvell, W. A. (1978). Development of DTPA soil test for zinc,
iron, manganese and copper. Soil Sci. Soc. Am. ]. 42, 421-428. doi: 10.2136/
5552j1978.03615995004200030009x

Llaca Ninaja, S. A. (2014). Influencia de la fertilizacion nitrogenada y fosforica en el
rendimiento de quinua (Chenopodium quinoa willd) en el proter sama, region
tacnauniversidad nacional jorge basadre grohmann-tacna (Panama: Universidad de
Panama).

Minh, N., Hoang, D., Anh, D., and Long, N. (2022). Effect of nitrogen and potassium
on growth, yield, and seed quality of quinoa in ferralsols and acrisols under rainfed
conditions. J. Ecol. Eng. 23 (4), 164-172. doi: 10.12911/22998993/146515

Mujica, A., Canahua, A., and Saravia, R. (2001). “Agronomia del cultivo de la
quinua,” in Quinua (chenopodium quinoa Willd.): Ancestral cultivo andino, alimento
del presente y futuro, eds.A. Mujica, S. E. Jacobsen, J. Izquierdo and J. P. Marathee
(Santiago, Chile: FAO), 197.

Olsen, S. R, Cole, C. V., Watanabe, F. S., and Dean, L. A. (1954). Estimation of available
phosphorus in soils by extraction with sodium bicarbonate. USDA Circ, 19. No. 939.

Pang, C., Zhang, Z., and Zhang, Y. (2017). Effects of water and phosphorus coupling
on root growth, biomass allocation and yield of quinoa. Sci. Agric. Sin. 50 (21), 4107-
4117. doi: 10.3864/j.issn.0578-1752.2017.21.005

Quintero, C., and Boschetti, G. (2009). Eficiencia de uso del nitrogeno en trigo y maiz en
la region pampeana Argentina (Argentina: Facultad de Ciencias Agropecuarias UNER).

Quispe, L. H. (2018). Fertilizacion nitrogenada y fosforica en quinua (chenopodium
quinoa willd.) CV. "Salcedo INIA" bajo riego a goteo en zona arida (Peru: Universidad
Nacional De San Agustin De Arequipa).

Rekaby, S. A., Awad, M., Majrashi, A., Ali, E. F.,, and Eissa, M. A. (2021). Corn cob-
derived biochar improves the growth of saline-irrigated quinoa in different orders of
Egyptian soils. Horticulturae 7 (8), 221. doi: 10.3390/horticulturae7080221

Rivero, L. (1985). Efecto del distanciamiento entre surcos y entre plantas sobre el
rendimiento y otros caracteres de dos ecotipos de quinua (Chenopodium quinoa w.) bajo
diferentes dosis de fertilizacion nitrogenada (Peru: Universidad Nacional Agraria La Molina).

Sales, A. C., Campos, C. N. S., de Souza Junior, J. P., da Silva, D. L., Oliveira, K. S., de
Mello, P. R,, et al. (2021). Silicon mitigates nutritional stress in quinoa (Chenopodium
quinoa willd.). Sci. Rep. 11 (1), 14665. doi: 10.1038/s41598-021-94287-1

Frontiers in Plant Science

13

10.3389/fpls.2023.1146658

Salim, S. A., Al-Hadeethi, I. K, and Alobaydi, S. A. J. (2019). Role of irrigation
scheduling and potassium fertilization on soil moisture depletion and distribution of
quinoa root (irrigation scheduling fertilization and their effect on moisture depletion
and yield). Plant Arch. 19 (2), 9.

Schroder, J. J., Smit, A. L., Cordell, D., and Rosemarin, A. (2011). Improved
phosphorus use efficiency in agriculture: a key requirement for its sustainable use.
Chemosphere 84 (6), 822-831. doi: 10.1016/j.chemosphere.2011.01.065

Schulte aufm Erley, G., Kaul, H.-P., Kruse, M., and Authammer, W. (2005). Yield
and nitrogen utilization efficiency of the pseudocereals amaranth, quinoa, and
buckwheat under differing nitrogen fertilization. Eur. J. Agron. 22 (1), 95-100.
doi: 10.1016/j.€ja.2003.11.002

Shams, A. S. (2012). Response of quinoa to nitrogen fertilizer rates under sandy soil
conditions. proc. 13th international conf. agron. 2022 September 9-10. Fac. Agic. Benha
Univ. Egypt., 1-10.

Shand, C,, Finck, A,, Blair, G., and Tandon, (2006). Plant nutrition for food security:
a guide for integrated nutrient management. exp. Agric 43, 134. doi: 10.1017/
S0014479706394537

Sparks, D. L., Page, A. L., Helmke, P. A., Loeppert, R. H., Soltanpour, P. N,
Tabatabai, M. A., et al. (1996). Methods of soil analysis: part 3 chemical methods
(Madison, W1, USA: Soil Science Society of America, American Society of Agronomy).

Spehar, C,, Silva-Rocha J., S., Ribeiro, W., de Barros Santos, R., Ascheri, J., and Jesus
Souza, F. (2015). “Chapter 6.4.2. advances and challenges for quinoa production and
utilization in Brazil,” in State of the art report on quinoa around the world in 2013. Eds.
D. Bazile, H. D. Bertero and C. Nieto (Santiago de Chile: FAO, CIRAD), 562.

Taaime, N., El Mejahed, K., Moussafir, M., Bouabid, R., Oukarroum, A., Choukr-
Allah, R, et al. (2022a). Early sowing of quinoa to enhance water use efficiency and
yield under arid conditions in Morocco. LAFOBAZ2: Environ. Sci. Proceeding 2022a June
27. Morocco, 1-4. doi: 10.3390/environsciproc2022016066

Taaime, N., El Mejahed, K., Moussafir, M., Bouabid, R., Oukarroum, A., Choukr-
Allah, R., et al. (2022b). Early sowing of quinoa cultivars, benefits from rainy season and
enhances quinoa development, growth, and yield under arid condition in Morocco.
Sustainability 14 (7), 4010. doi: 10.3390/su14074010

Tapia, M. (1997). Cultivos andinos subexplotados y su aporte a la alimentacion. 2a.
edicion. Santiago, Chile: FAO.

Turcios, A. E., Papenbrock, J., and Trinkner, M. (2021). Potassium, an important
element to improve water use efficiency and growth parameters in quinoa
(Chenopodium quinoa) under saline conditions. J. Agron. Crop Sci. 207 (4), 618-630.
doi: 10.1111/jac.12477

Walkley, A., and Black, I. A. (1934). An examination of the degtjareff method for
determining soil organic matter, and a proposed modification of the chromic acid
titration method. Soil Sci. 37, 29-38. doi: 10.1097/00010694-193401000-00003

Wang, B., Nie, D., Zhao, Y., Huo, X., Huang, G., and Zhang, Q. (2020). The effects of
water-nitrogen coupling on yield, nitrogen and water use efficiency of quinoa. J. Irrig.
Drain. 39 (9), 87-94. doi: 10.13522/j.cnki.ggps.2020212

Weaver, R. W., Angle, S., Bottomley, P. J., Smith, S., Tabatabai, A., Wollum, A, et al.
(1994). Methods of soil analysis part 2 microbiological and biochemical properties soil
science society of America book series (Madison, WI, USA: Soil Science Society of
America, Inc).

Xu, Q., Fu, H,, Zhu, B., Hussain, H. A., Zhang, K., Tian, X,, et al. (2021). Potassium
improves drought stress tolerance in plants by affecting root morphology, root
exudates, and microbial diversity. Metabolites 11 (3), 131. doi: 10.3390/
metabo11030131

Zahid, N., Ahmed, M. J., Tahir, M. M., Magbool, M., Shah, S. Z. A., Hussain, S. J.,
et al. (2021). Integrated effect of urea and poultry manure on growth, yield and
postharvest quality of cucumber (Cucumis sativus 1.). Asian J. Agric. Biol. 2021 (1), 1-9.
doi: 10.35495/ajab.2020.07.381

frontiersin.org


https://doi.org/10.1016/j.eja.2004.01.003
https://doi.org/10.1016/j.eja.2004.01.003
https://doi.org/10.1016/S1161-0301(00)00055-1
https://doi.org/10.1080/01904167.2022.2035756
https://doi.org/10.1080/01904167.2022.2035756
https://doi.org/10.15835/nbha47411657
https://doi.org/10.15835/nbha47411657
https://doi.org/10.1038/s41598-021-89416-9
https://doi.org/10.1038/s41598-021-89416-9
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://doi.org/10.12911/22998993/146515
https://doi.org/10.3864/j.issn.0578-1752.2017.21.005
https://doi.org/10.3390/horticulturae7080221
https://doi.org/10.1038/s41598-021-94287-1
https://doi.org/10.1016/j.chemosphere.2011.01.065
https://doi.org/10.1016/j.eja.2003.11.002
https://doi.org/10.1017/S0014479706394537
https://doi.org/10.1017/S0014479706394537
https://doi.org/10.3390/environsciproc2022016066
https://doi.org/10.3390/su14074010
https://doi.org/10.1111/jac.12477
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.13522/j.cnki.ggps.2020212
https://doi.org/10.3390/metabo11030131
https://doi.org/10.3390/metabo11030131
https://doi.org/10.35495/ajab.2020.07.381
https://doi.org/10.3389/fpls.2023.1146658
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Optimization of macronutrients for improved grain yield of quinoa (Chenopodium quinoa Wild.) crop under semi-arid conditions of Morocco
	1 Introduction
	2 Materials and methods
	2.1 Experimental site
	2.2 Experimental set-up
	2.3 Agronomic practices
	2.4 Growth and yield parameters measured
	2.4.1 Plant height
	2.4.2 Chlorophyll content index
	2.4.3 Grain yield and its components

	2.5 Nutrient use efficiency
	2.6 Nutrient uptake
	2.7 Statistical analysis

	3 Results
	3.1 Climatic conditions of the experimental site
	3.2 Effect of fertilization on plant height
	3.3 Effect of fertilization on CCI
	3.4 Effect of fertilization on total biomass
	3.5 Effect of fertilization on grain yield
	3.6 Effect of fertilization on harvest index and seed weight
	3.7 N, P, and K uptake
	3.8 Nutrient use efficiency

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


