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Abstract: Quinoa (Chenopodium quinoa Willd.) is gaining recognition as a pseudocereal due to its
nutritional attributes and adaptability to challenging conditions and marginal soils. However, under-
standing the optimal fertilization for quinoa growth remains a challenge. This study investigates the
effects of nitrogen fertilization (0, 90, 120, and 150 kg using urea) on quinoa phenology, growth, and
photosynthesis in the Loess Plateau region of China, a critical area facing soil erosion and ecological
degradation. The results showed that nitrogen fertilization significantly influenced quinoa phenology,
prompting early flowering and shorter growth at an optimum rate of 120 kg ha−1. Nitrogen applica-
tion enhanced growth traits such as plant height, stem diameter, and chlorophyll content, particularly
at the heading and flowering stages. Photosynthesis-related parameters, including net photosynthesis
rate, transpiration rate, stomatal conductance, and intercellular CO2 concentration, were affected by
nitrogen application, with higher values observed at 120 kg ha−1. Non-photochemical quenching was
significantly increased by nitrogen application, indicating the efficient dissipation of excess energy.
The study demonstrated a positive correlation between grain yield and growth traits, photosynthesis-
related traits, and chlorophyll content. In conclusion, quinoa yield could be significantly improved at
the Loess Plateau region under rainfed conditions by an optimal nitrogen fertilizer rate of 120 kg ha−1,
which reduces the growth duration while increasing photosynthesis traits.

Keywords: quinoa; nitrogen fertilizer; phenology; photosynthetic fluorescence; yield and yield component

1. Introduction

Quinoa (Chenopodium quinoa Willd.) has gained recognition as a pseudocereal, owing
to its exceptional nutritional profile, high protein content, and well-balanced amino acid
composition [1,2]. Quinoa was initially cultivated around 5000 years ago by indigenous
peoples in the Andean region of South America, particularly in present-day Peru, Bolivia,
Ecuador, and Colombia. The designation of 2013 as the International Year of Quinoa by
the United Nations brought global attention to this crop, emphasizing its nutritional value,
diversity, and resilience to adverse environmental conditions [3]. Today, quinoa cultivation
extends to China, Europe, and North America [4].

Quinoa’s potential as an alternative to conventional crops under climate change is
evident, attributed to its ability to flourish in adverse conditions [5]. The plant has shown
a remarkable ability to thrive in marginal soils and shown resistance to various stresses
such as salt, droughts, and frost resistance [6–8]. In Andean regions, quinoa cope with
harsh environmental factors like salinity, drought, frost, wind, flooding, and heat stress.
Nevertheless, quinoa has shown the ability to tolerate salt levels up to 40 dS m−1 and can
thrive in regions with as little as 200 mm of annual rainfall [6]. Given its adaptability, quinoa
is increasingly recognized as a potential crop for enhancing global food security, particularly
in regions facing protein scarcity or environmental constraints. Consequently, ongoing
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research endeavours focus on improving quinoa varieties and cultivation techniques to
facilitate its expansion to new regions.

The expansive Loess Plateau region in China, extending from central areas to the
north, grapples with severe soil erosion, promoting a shift towards resilient crop cultivation
to bolster both food production and soil conservation efforts [9,10]. Nearly 17% of the
Loess Plateau’s land remains uncultivated, offering opportunities for ecological restoration
through crop plantation, particularly for resilient species like quinoa [9,11]. Despite being
low-maintenance and drought-tolerant [12], quinoa faces challenges in the plateau’s soil
which is characterized by low organic matter and nitrogen content, hindering optimal
plant growth [11,13]. Consequently, the average yield of quinoa on the Loess Plateau
(3000 kg ha−1) falls below China’s overall average (3000–7000 kg ha−1) [12,14,15]. To
address this, the addition of nitrogen fertilizer has been explored to improve quinoa yields,
particularly in areas with rainfed conditions [16].

A systematic review by Cárdenas-Castillo et al. [16] supported the hypothesis that
quinoa can thrive and produce grains, even in soils with lower nitrogen content in the
Bolivian Altiplano. The study observed a positive response to fertilization, with higher
yields achieved under irrigated conditions, and a grain yield of 3600 kg ha−1 was obtained
with 240 kg ha−1 of nitrogen. Bahrami et al. [17] observed variable optimal nitrogen levels
depending on irrigation conditions in the Mediterranean region. While full irrigation
allowed for increased yields with nitrogen levels up to 375 kg ha−1, water deficit conditions
showed no significant yield increase beyond 250 kg ha−1 of nitrogen.

Quinoa possesses a moderate protein content, higher than that of cereals but lower
than that of legumes. The protein content in quinoa grains varies depending on varietal
distinctions and soil compositions, reaching up to 23%. This substantial protein concentra-
tion underscores the importance of adequate nitrogen supply, essential not only for optimal
grain development but also for overall plant growth [16].

Among fertilizers, nitrogen is the most extensively used due to its ample require-
ment. In agricultural ecosystems, accessible nitrogen reservoirs become gradually depleted
as crops and soil microbes absorb ammonium and nitrate ions, necessitating fertilizer
applications [11]. Insufficient nitrogen leads to reduced chlorophyll levels, resulting in
pale leaves and slow, stunted growth [12,18]. However, their excessive or inefficient use
can decrease nitrogen utilization efficiency [19], induce lodging [15,20], and contribute to
environmental issues like nutrient runoff, groundwater contamination, and greenhouse
gas emissions [21,22]. Wang et al. [23] reported that applying 80–160 kg ha−1 of nitrogen
fertilizer reduced the risk of lodging in quinoa without compromising yield. Thus, judi-
cious nitrogen fertilizer application becomes imperative, considering crop demands, soil
conditions, and sustainable farming practices.

Phenology encompasses the periodic events in plant lifecycles, such as the onset and
duration of growth stages [24]. Influenced by environmental factors, particularly nutrient
availability and temperature, phenology serves as an indicator of ecological changes [25,26].
Nitrogen fertilizers exert diverse effects on crop phenology, stimulating the development
of leaves, stems, and roots, thereby promoting vegetative growth. Consequently, crops
may undergo accelerated phenological stages like early emergence, expanded leaf area,
and rapid canopy closure [27]. However, excessive nitrogen levels can delay flowering in
certain crops and disrupt hormonal balance, favouring vegetative growth over reproductive
development. This delay in flowering reverberates across the phenological cycle, elongating
both vegetative and growth periods, including the interval from planting to maturity [28].
An adequate nitrogen supply extends photosynthesis and biomass accumulation periods,
delaying senescence and maturation, thereby extending the phenological cycle. The timing
of sowing can further modulate quinoa’s phenological development [29]. Notably, the
influence of nitrogen variations on quinoa’s phenological stages remains inadequately
studied. Despite its appealing nutritional and agronomic traits, quinoa’s study remains
fragmented, with isolated efforts to determine optimal conditions and fertilization strategies
across diverse environments, lacking global consensus [30].
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Differences in nitrogen requirements may arise due to variations in irrigation, soil
types, and climate conditions [17,31]. Excessive fertilization represents a significant cause of
low fertilizer use efficiency and associated problems in the Loess Plateau and other regions
of China [32]. The soils of the Loess Plateau exhibit a low nutrient retention capacity,
rendering them more susceptible to nutrient leaching, including nitrogen [33–35]. However,
studies indicate that reducing fertilization rates by 30–60% can enhance nitrogen use
efficiency without compromising yields [36,37]. Furthermore, quinoa’s resilience enables it
to thrive under varying nutrient conditions, soil types, and environmental circumstances,
including low-nitrogen soils [11]. Applying less nitrogen fertilizer due to the sandy-type
loess soil and quinoa’s resilience represents a prudent strategy for mitigating nitrogen
leaching and ensuring sustainable crop production. This approach could lead to reduced
nutrient loss through leaching while promoting more efficient nutrient utilization by the
quinoa crop. By optimizing nitrogen fertilizer application to meet the crop’s specific needs
without overapplication, resources are conserved, and nutrient uptake efficiency by quinoa
plants is maximized.

Based on these studies, we postulated that nitrogen management could enhance
quinoa yield on the Loess Plateau, exerting influence over different phenological stages
(emergence, branching stage, heading, flowering, and maturity stage) of quinoa and pho-
tosynthesis traits during these stages. Furthermore, we aimed to screen and select low
nitrogen doses that could enhance yield without yield reduction. Consequently, a two-year
field experiment was conducted in the Loess Plateau region, employing various fertilizer
rates to assess phenology, growth, physiology, and yield dynamics.

2. Materials and Methods
2.1. Experimental Area and Soil Condition

The experiment was conducted in a field at the experimental site in Jingle County,
Xinzhou City, Shanxi Province, China. The area is a basically Loess Plateau region located
at an altitude of over 2000 m and has a temperate monsoon climate with little rainfall in
spring, warm and hot summers with large daily temperature differences, and cold winters,
with an average annual rainfall of 415.8 mm, an average annual temperature of 7.2 ◦C,
an annual sunshine duration of more than 2500 h, and an average frost-free season of
120–135 days. Figure 1 shows the minimum and maximum temperature at the site during
the quinoa growth period in 2020 and 2021.

The soil in the test site is yellow clay. On 28 May 2020, the 0–20 cm soil was taken
to measure the basic nutrients. The soil organic matter content was 7.5 g kg−1, the total
nitrogen content was 89 mg kg−1, the available phosphorus content was 20.1 mg kg−1, the
available potassium content was 132.0 mg kg−1, and the pH value was 8.18.

2.2. Application of Fertilizers and Seed Sowing

Urea containing 46% nitrogen content was used as a fertilizer. The four N fertilizer
levels, N0 (0 kg ha−1), N1 (90 kg ha−1), N2 (120 kg ha−1), and N3 (150 kg ha−1) were
applied in a randomized complete block design, and each N level was replicated thrice. The
above fertilizer rates were selected based on previous studies [17,23]. Nitrogen fertilizers
were applied as base fertilizers before seed sowing. The seeds of the Huaqing No. 1
variety of quinoa (Chenopodium quinoa Willd.) were sown on 3 June 2020, and 3 June 2021,
with 3–5 seeds per hole. The row spacings were 50 cm, and plant-to-plant spacings were
29.6 cm, with a plating density of 67,500 plants ha−1. At the 4–6 leaf stage of seedlings, one
seedling per hole was left. Other field management was carried out according to the local
high-yielding fields, including timely weeding, pest control, etc. There were twelve plots,
and the area of each plot was 60 m2.
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Figure 1. Maximum and minimum temperature data at the experimental site during quinoa growth
period in (a) 2020 and (b) 2021.

2.3. Measurements
2.3.1. Observation of Growth Period

The specific dates of quinoa’s growth, i.e., emergence stage (BBCH 0), branching
stage (BBCH 2), heading stage (inflorescence emergence, BBCH 5), flowering stage (50%
flowering, BBCH 6), and harvest maturity stage (ripened grains, when it becomes difficult
to put a dent in by a fingernail, BBCH 8), were recorded according to the BBCH scale [30].
Twenty plants were used for each replicate, and a specific growth stage was considered
when 50% of the plants (at least 10 plants) reached the growth process of that specific period.

2.3.2. Plant Height and Stem Thickness

To record plant height and stem diameters, three plants were randomly selected from
each plot (each replicate) at the branching, heading, flowering, and harvest maturity stages.
Plant height was measured from the ground to the top growth point with a tape measure.
The diameter of the second internode aboveground was measured with vernier callipers.

2.3.3. Photosynthesis

The net photosynthetic rate (A), transpiration rate (E), stomatal conductance (Gs), and
intercellular CO2 concentration (Ci) of leaves were measured with a CIRAS-3 photosynthe-
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sis system (PP-Systems, Amesbury, MA, USA) between 8:00 am and 12:00 pm on a clear
day at the branching, heading, flowering, and maturity stages.

2.3.4. SPAD Measurements (Chlorophyll Content)

The same selected plants were used to measure the SPAD at the branching, heading,
flowering, and maturity stages. The SPAD value of the fourth fully expanded leaf from
the top [38] was determined using a Japanese-made SPAD-502 chlorophyll meter (Konica
Minolta, Tokyo, Japan).

2.3.5. Chlorophyll Fluorescence Parameters

At the flowering stage of quinoa, chlorophyll fluorescence parameters were deter-
mined by a chlorophyll fluorometer (Handy PEA chlorophyll fluorometer, Hansatech
Instruments Ltd., Norfolk, UK). The initial fluorescence (F0) was taken after the dark adap-
tation of leaves for 20 min. Maximum fluorescence (Fm) value was taken after 3 s of light
pulse saturation, and the maximum and photochemical efficiency of PSII (Fv/Fm) and the
potential activity of PSII (Fv/F0) were measured.

Fv/Fm = (Fm − F0)/Fm

The variable fluorescence (Fv) and non-photochemical quenching (NPQ) of the satu-
rated light-adapted leaf were measured as follows:

Fv = Fm − F0

NPQ = Fm − Fm
′/Fm

′

where Fm
′ is the maximum fluorescence of the saturated light-adapted leaf.

2.3.6. Yield Traits

The yield was measured at maturity when 80% of the quinoa leaves were yellowed.
Five plants were taken from each plot to determine the number of branches. The panicles
were threshed, and the weight of a thousand grains was taken from each plot. The remain-
ing plants were harvested and threshed, and grain yield was taken and converted to yield
per hectare.

2.3.7. Economic Gain

The economic gain was calculated by the formula suggested by He et al. [39].

Economic gain = Gross gain − Total cost

Gross gain was calculated by multiplying grain yield with the commercial price of
yield. The total cost was calculated by summing up the fertilizer cost and other management
costs including seeds, labor, fuel, etc.

2.4. Statistical Analysis

Analysis of variance was applied to the collected data using Statistix 8. The difference
among the N rates was determined by Tukey’s HSD test. A correlation was graphed using
the PerformanceAnalytics package of RStudio (Version: 2023.03.1+446).

3. Results
3.1. Phenology and Growth Rate of Quinoa

The effect of different nitrogen fertilizer rates was observed on the number of days
taken to reach a specific stage (emergence, branching, heading, flowering, and maturity)
and the duration of that stage in 2021 and 2022. Nitrogen fertilizer rates affected the
onset of different phenological stages of quinoa by 1–3 d (Table 1). The seedling, branching,
flowering, and maturity stages of plants fertilized with nitrogen were shortened by 1–3 days
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compared to unfertilized plants, reducing the total duration of quinoa growth time by
5 d. The minimum crop growth duration of 112 d was recorded for plants treated with
120 kg N ha−1 in both years, which was significantly less than under the control and
90 kg N ha−1, while the maximum duration (117 and 118 d) was recorded for unfertilized
plants. Increasing the N fertilizer rate from 120 to 150 kg ha−1 increased the total crop
duration by 2 days. These results showed that the application of N fertilizer shortened the
crop growth time by 5–6 days, and the effect on different phenological stages was not very
prominent and similar in both years.

Table 1. Phenological stages of quinoa under different N levels.

Sowing Date N Levels Seedling
Emergence (d)

Branching
Stage (d)

Heading Stage
(d)

Flowering
Stage (d) Maturity Stage (d)

3 June 2020 N0 9 a 19 (28 a) 29 (57 a) 29 (86 a) 32 (118 a)
N1 8 a 19 (27 a) 27 (54 b) 27 (81 b) 35 (116 ab)
N2 8 a 18 (26 a) 26 (52 b) 26 (78 c) 34 (112 c)
N3 8 a 18 (26 a) 27 (53 b) 27 (80 bc) 34 (114 bc)

3 June 2021 N0 8 a 21 (29 a) 27 (56 a) 30 (86 a) 31 (117 a)
N1 8 a 19 (27 b) 27 (54 b) 27 (81 b) 34 (115 b)
N2 7 a 18 (25 c) 26 (51 c) 26 (77 c) 35 (112 c)
N3 8 a 18 (26 bc) 27 (53 b) 27 (80 b) 34 (114 b)

Anova Year ns ns ns ns ns
N levels ** *** *** *** ***

N0: 0 kg ha−1; N1: 90 kg ha−1; N2: 120 kg ha−1; and N3: 150 kg ha−1. The seedling emergence, branching,
heading, flowering, and maturity stages were BBCH 0, BBCH 2, BBCH 5, BBCH 6, and BBCH 8, respectively,
according to the BBCH scale of quinoa [30]. The numbers in brackets showed days after sowing followed by
different letters indicating significant differences by Tukey HSD test (p ≤ 0.05). ** and *** indicate significance at
p < 0.01 and p < 0.001, respectively; ns: not significant.

3.2. Plant Height and Diameter at Branching, Heading, Flowering, and Maturity Stages

Plant height and stem diameter were measured at various growth stages of quinoa
throughout 2021 and 2022. It was observed that plant height exhibited significant variations
across different growth stages and N levels, while their interaction did not show significant
effects in either year (Table S1). During the first year (2020), plant height at the branching
stage remained unaffected by N levels. However, in the subsequent year (2021), there was
a notable increase of 21% in plant height at N3 compared to N0 (Figure 2). At the heading
stage, plant height showed a 5.2 and 9.3% increase at N3 in 2020 and 2021, respectively,
compared to N0. Plant height at the flowering stage did not exhibit any significant variations
across the nitrogen levels. At maturity, plant height was not affected by nitrogen in 2020,
while in 2021, there was a 4% increase observed at N3 compared to N0.

Stem diameter exhibited variations solely in response to the progression of the growth
stage, with no significant impact from nitrogen levels or their interactions across the stages
and nitrogen observed. However, a noteworthy effect of nitrogen was identified at the
heading stage in 2020, as well as at the branching and heading stages in 2021 at N3. The
stem diameter was increased by 13% at the branching stage in 2020 and by 18 and 9% at
the branching and heading stages, respectively, in 2021 at N3 compared to N0.

3.3. SPAD Value at Branching, Heading, Flowering, and Maturity Stages

The chlorophyll content was estimated using a SPAD meter at the branching, heading,
flowering, and maturity stages of quinoa in both 2021 and 2022. The SPAD value was found
to be significantly influenced by both the growth stages and nitrogen levels (Table S1). In
2021, the application of N3 had a discernible impact only at the heading stage, resulting in
a noteworthy 22.6% increase in SPAD value compared to N0 (Figure 3). Additionally, in
the same year, the application of N2 and N3 led to increases of 19 and 27.5% at the heading
stage and 13 and 12% at the flowering stage, respectively, in comparison to N0.
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Figure 2. Plant height in 2021 (a) and 2022 (b) and stem diameter in 2021 (c) and 2022 (d) of
quinoa under different N fertilizer levels. N0: 0 kg ha−1; N1: 90 kg ha−1; N2: 120 kg ha−1; and
N3: 150 kg ha−1. The branching, heading, flowering, and maturity stages were BBCH 2, BBCH 5,
BBCH6, and BBCH 8, respectively, according to the BBCH scale of quinoa [30]. Error bars indicate
standard deviations (n = 3). Different letters indicate significant differences among N levels within a
growth stage calculated using Tukey’s HSD test (p ≤ 0.05).

3.4. Photosynthesis and Related Traits at Branching, Heading, Flowering, and Maturity Stages

The impact of different nitrogen fertilizer rates on net photosynthesis (Pn), transpi-
ration (Tr) rate, and intercellular CO2 concentration (Ci) were assessed at the branching,
heading, flowering, and maturity stages during the years 2021 and 2022. It was observed
that all these traits were significantly influenced by both the growth stages and nitrogen
rates, while their interactions did not show significant effects (Table S1). Across the stages,
the highest Pn was recorded at the flowering stage in both years, whereas the lowest was ob-
served at maturity (Figure 4a,b). Pn at the heading and maturity stages remained unaffected
by nitrogen rates. However, Pn at the heading stage showed a significant enhancement of
16% at N2 in 2020 and 13% at N3 in 2021, compared to N0. At the flowering stage, there
was a notable increase of 24% at N2 and 19.2% at N3 in 2020 and an 18% increase at N2 in
2021 compared to N0.
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Figure 3. SPAD values of quinoa in 2021 (a) and 2022 (b) under different N fertilizer levels.
N0: 0 kg ha−1; N1: 90 kg ha−1; N2: 120 kg ha−1; and N3: 150 kg ha−1. The branching, heading,
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The E was significantly influenced by both the growth stages and nitrogen rates
(Figure 4c,d). The highest E was consistently observed at the flowering stage, while
the lowest was recorded at maturity. At the branching stage, there were no significant
differences in E among the nitrogen rates. However, at both the heading and maturity
stages, E was significantly higher at N2 compared to N0 in both years. At the flowering
stage, E at N2 was 15% higher in 2020, and N1, N2, and N3 exhibited 9.4, 16.5, and 9.5%
higher E, respectively, compared to N0 in 2021.

The gs was significantly affected by nitrogen levels in 2021 but not in 2020 (Figure 4e,f).
At the branching stage in 2020, the gs remained unaffected by nitrogen rates, whereas it
increased by 6.1% in 2021. At the heading stage, the N2 application resulted in a 5.8%
and 3.5% increase in 2020 and 2021, respectively. At the flowering stage, both N2 and N3
significantly increased gs in both years, with a greater increase observed at N2.
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3.4. Photosynthesis and Related Traits at Branching, Heading, Flowering, and Maturity Stages 
The impact of different nitrogen fertilizer rates on net photosynthesis (Pn), transpi-

ration (Tr) rate, and intercellular CO2 concentration (Ci) were assessed at the branching, 
heading, flowering, and maturity stages during the years 2021 and 2022. It was observed 
that all these traits were significantly influenced by both the growth stages and nitrogen 
rates, while their interactions did not show significant effects (Table S1). Across the stages, 
the highest Pn was recorded at the flowering stage in both years, whereas the lowest was 
observed at maturity (Figure 4a,b). Pn at the heading and maturity stages remained unaf-
fected by nitrogen rates. However, Pn at the heading stage showed a significant enhance-
ment of 16% at N2 in 2020 and 13% at N3 in 2021, compared to N0. At the flowering stage, 
there was a notable increase of 24% at N2 and 19.2% at N3 in 2020 and an 18% increase at 
N2 in 2021 compared to N0. 
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N fertilizer levels. N0: 0 kg ha−1; N1: 90 kg ha−1; N2: 120 kg ha−1; and N3: 150 kg ha−1. The branching, 
heading, flowering, and maturity stages were BBCH 2, BBCH 5, BBCH 6, and BBCH 8, respectively, 
according to the BBCH scale of quinoa [30]. Error bars indicate standard deviations (n = 3). Different 
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The E was significantly influenced by both the growth stages and nitrogen rates (Fig-
ure 4c,d). The highest E was consistently observed at the flowering stage, while the lowest 
was recorded at maturity. At the branching stage, there were no significant differences in 
E among the nitrogen rates. However, at both the heading and maturity stages, E was 
significantly higher at N2 compared to N0 in both years. At the flowering stage, E at N2 was 
15% higher in 2020, and N1, N2, and N3 exhibited 9.4, 16.5, and 9.5% higher E, respectively, 
compared to N0 in 2021. 

Figure 4. Photosynthesis rate (a,b), transpiration rate (c,d), stomatal conductance (e,f), and intercellu-
lar CO2 concentration (g,h) of quinoa genotypes in 2021 (a,c,e,g) and 2022 (b,d,f,h) under different N
fertilizer levels. N0: 0 kg ha−1; N1: 90 kg ha−1; N2: 120 kg ha−1; and N3: 150 kg ha−1. The branching,
heading, flowering, and maturity stages were BBCH 2, BBCH 5, BBCH 6, and BBCH 8, respectively,
according to the BBCH scale of quinoa [30]. Error bars indicate standard deviations (n = 3). Different
letters indicate significant differences among N levels within a growth stage calculated using Tukey’s
HSD test (p ≤ 0.05).

The Ci exhibited a decrease with the application of nitrogen fertilizer (Figure 4g,h).
In 2020, Ci decreased by 9.4%, 8.7%, and 9.7% at the branching, heading, and flowering
stages, respectively, compared to N0. Similarly, in 2021, Ci decreased by 8.7%, 7.6%, and
11.1% at the same stages compared to N0. Notably, N3 application significantly decreased
Ci at the flowering stage by 6.1% in 2020 and at the branching and flowering stage by 7.5%
and 5.9% in 2021, respectively, compared to N0.
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3.5. Chlorophyll Fluorescence at the Flowering Stage

The effect of different nitrogen fertilizer rates on chlorophyll fluorescence parameters at
the flowering stage of quinoa was assessed. Minimum ground fluorescence (F0), maximum
fluorescence (Fm), the Fv/Fm ratio, and the non-photochemical quenching (NPQ) values of
quinoa leaves exhibited an increase with the nitrogen fertilizer rate, with maximum values
recorded at N2, followed by a decrease at N3 (Table 2). Conversely, the minimum values of
these traits were observed at N0.

The maximum photosynthetic efficiency (Fv/Fm) showed a linear increase with the
nitrogen fertilizer rate. However, differences among the treatments in all traits except NPQ
were found to be non-significant. Notably, at N2 and N3, there were a 2.6-fold and 2.3-fold
increase in NPQ, respectively, compared to N0.

Table 2. Chlorophyll fluorescence traits at the flowering stage of quinoa plants grown under different
N fertilizer rates.

N Levels F0 Fm Fv/Fm Fv/F0 NPQ

N0 1081.1 A 3560.2 A 0.691 A 2.172 A 0.28 B

N1 1219.3 A 3986.1 A 0.739 A 2.793 A 0.45 B

N2 1430.5 A 4323.4 A 0.824 A 2.947 A 0.73 A

N3 1375.9 A 4211.6 A 0.850 A 2.608 A 0.66 A

ANOVA 2.94 ns 1.36 ns 1.74 ns 3.10 ns 26.48 ***

N0: 0 kg ha−1; N1: 90 kg ha−1; N2: 120 kg ha−1; and N3: 150 kg ha−1. Different letters indicate significant
differences among N levels calculated using Tukey’s HSD test (p ≤ 0.05). ns and *** on F-value indicate non-
significant and significance at p < 0.01 using ANOVA.

3.6. Number of Branches and Yield Traits at Maturity

At maturity, the data on the number of branches, weight of 1000 grains, and grain yield
were recorded for the years 2021 and 2022. The average number of branches increased from
21 at N0 to 23 at N2 and further to 24 at N3 (Figure 5a,b). However, the impact of nitrogen
fertilizer was found to be statistically non-significant. The 1000-grain weight (Figure 5c,d)
and grain yield (Figure 5e,f) were significantly influenced by nitrogen fertilizer rates. At N1,
the 1000-grain weight and grain yield showed a slight increase compared to N0, although
this difference was not statistically significant. At N2, there was a significant increase of
16 and 30% in the 1000-grain weight and a 19.7 and 20.5% increase in grain yield in 2020
and 2021, respectively, compared to N0. At N3, the 1000-grain weight and grain yield were
found to be statistically similar to those at N1.

3.7. Economic Benefit of Quinoa Yield

The impact of different nitrogen fertilizer rates was assessed on the economic benefit
of quinoa production (Table 3). When no nitrogen fertilizer was applied, the total cost
was 3500 CNY per hectare after considering other costs such as pesticide, machinery, and
seeds, with an economic benefit of 50,088.4 CNY per hectare. The application of nitrogen
fertilizers has increased the economic benefit compared to no fertilizer. After deducting the
fertilizer cost and other costs, the economic benefit was 3810.8, 10,062.7, and 5264.1 CNY
higher than using no fertilizer and was 7.6, 20.1, and 10.5% increased at N1, N2, and N3.
Overall, the highest economic benefits were attained at N2.

3.8. Correlation of Biomass, Photosynthesis-Related, Chlorophyll Fluorescence, and Yield Traits
of Quinoa

The correlation matrix indicates that the grain yield of quinoa was significantly pos-
itively related to stem diameter, SPAD value, Pn, E, gs, Ci, Fv/Fm, Fv/F0, and 1000-grain
weight, while negatively related to Ci (Figure 6). The plant height was the only trait
with most of non-significant relations with yield, grain weight, E, and Ci, while Ci was
significant negatively related with all traits (except plant height).
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Figure 5. Number of branches (a,b), the weight of 1000 grains (c,d), and grain weight (e,f) of
quinoa genotypes in 2021 (a,c,e) and 2022 (b,d,f), under different N fertilizer levels. N0: 0 kg ha−1;
N1: 90 kg ha−1; N2: 120 kg ha−1; and N3: 150 kg ha−1. Different letters indicate significant differences
among N levels calculated using Tukey’s HSD test (p ≤ 0.05).

Table 3. Economic benefit of quinoa production per hectare under different N fertilizer rates.

N Levels
Cost (CNY per ha)

Yield
(kg ha−1)

Grain Price
(CNY kg−1)

Gross Gain
(CNY)

Economic
BenefitFertilizer Cost Other Costs Total Cost

(CNY)

N0 0 3500 3500 2734.1 19.6 53,588.36 50,088.36
N1 513 3500 4013 2954.7 19.6 57,912.12 53,899.12
N2 684 3500 4184 3282.4 19.6 64,335.04 60,151.04
N3 855 3500 4355 3046.3 19.6 59,707.48 55,352.48

Other costs include pesticides, machinery fuel, labour cost, and other costs. CNY: Chinese yuan. The yield and
cost are averaged across two years.
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Figure 6. Correlation of biomass, photosynthesis-related, chlorophyll fluorescence, and yield traits
of quinoa. PH: plant height; SD: stem diameter; Pn: photosynthesis rate; E: transpiration rate; gs:
stomatal conductance; Ci: intercellular CO2 concentration; F0: initial fluorescence; Fm: maximum
fluorescence; Fv/Fm: maximum photosynthetic efficiency; GW: weight of 1000 grains; GY: grain yield.
*, **, and *** indicate significance at 0.05, 0.01, and 0.001 probability levels using Pearson correlation.

4. Discussion

Nitrogen, an indispensable nutrient for plant growth, can be supplied through fertil-
izers to enhance crop development. It stimulates the growth of leaves, stems, and roots,
fostering increased vegetative growth [19]. Consequently, crops can experience accelerated
phenological stages, manifesting in earlier emergence, expanded leaf area, and quicker
canopy closure [26–28,40]. In our study, nitrogen fertilization induced changes in quinoa’s
growth duration, notably shortening it. Specifically, at a rate of 120 kg ha−1, nitrogen
fertilizers shortened the overall growth duration by 6–7 days compared to unfertilized
plants. This reduction primarily stemmed from earlier branching, flowering, and maturity
stages in nitrogen-fertilized quinoa, advancing by 1–3 days. Despite a 2–4 day elongation
in maturity duration due to fertilizer application, the earlier onset of vegetative stages had
a more pronounced impact. This consistent effect of nitrogen fertilizer was observed in
both experimental years.

Examining quinoa’s phenology elucidates the influence of nitrogen fertilization on
specific growth and developmental stages across the annual cycle, yielding insights crucial
for optimizing fertilizer rates. The existing literature indicates that nitrogen fertilizers
can impact the overall duration of the crop cycle [26,28]. The period from sowing or
planting to harvest can either shrink or extend, contingent on factors like crop species,
timing, nitrogen form, and amount [40]. This underscores the necessity of fine-tuning
nitrogen application to attain the desired crop duration and maximize yields. In the Loess
Plateau context, the quinoa growth duration was optimally reduced at a nitrogen fertilizer
rate of 120 kg ha−1. This finding signifies that this dose fosters optimal growth, whereas
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the extended growth period at the higher dose (150 kg ha−1) is attributed to substantial
vegetative growth support.

In contrast to some studies on crops indicating delayed flowering, our study’s optimal
nitrogen dose triggered early flowering. This may be attributed to quinoa’s short-day na-
ture [41], aiding in light competition avoidance during peak growing periods [40]. Lin and
Tsay [42] reported a U-shaped curve response of flowering by increasing nitrogen (nitrate)
availability, suggesting that both limited and excessive nitrogen supply can delay flowering.
Similarly, other studies using ammonium nitrogen showed that while high ammonium
inhibited flowering, low ammonium caused earlier flowering in Arabidopsis [43], and
ammonium was more effective in promoting flowering than ammonium. This concept
implies that an optimal range of nitrogen concentration promotes flowering, while both
nitrogen deficiency and excess can disrupt the flowering process. This finding underscores
the importance of a balanced nitrogen supply in plant nutrition management to ensure
optimal flowering performance.

This early flowering response could be a beneficial mechanism for quinoa, offering
mitigation against intensified light competition and affording an extended grain-filling
period before maturity. As quinoa seed growth commences with flowering [24], earlier
flowering and a prolonged flowering-to-maturity duration could enhance yields [44].
Ebrahimika et al. [27] also observed an extended grain-filling period with a 150 kg ha−1

nitrogen application. Additionally, the longer growth duration of unfertilized quinoa might
be attributed to a slower growth rate due to deficient nitrogen, causing pale leaves and
slow, stunted growth [12,13,18].

Nitrogen stands as a pivotal nutrient for attaining high crop yields, and its application
through fertilizers can significantly amplify crop productivity. Previous studies have used
a higher concentration of nitrogen fertilizers (≥200 kg ha−1). The excessive use of nitrogen
fertilizer, especially in soluble nitrate form, can lead to environmental issues such as
groundwater pollution and greenhouse gas emissions [21,22]. It is critical to consider these
potential environmental impacts when determining the optimal nitrogen dose. Keeping
this in view, we aimed to improve quinoa yield within a nitrogen-deficient soil of the
Loess Plateau, utilizing the minimum optimized low concentration of nitrogen fertilizer.
Therefore, we used a narrow range (90–150 kg ha−1) of fertilizer. The maximum grain
yield was observed at 120 kg ha−1, signifying the optimal rate for rainfed Loess Plateau
conditions, offering a feasible window for optimal production. Cárdenas-Castillo et al. [16]
also reported a similar nitrogen concentration as optimum for quinoa yield in the Andean
Plateau of South America. Likewise, Geren [13] and Ebrahimikia et al. [27] identified
150 mg kg−1 of nitrogen as optimal for quinoa yield in Mediterranean climates, while Ullah
et al. [28] proposed 120-150 kg ha−1 as the optimum nitrogen dose for semi-arid East Asian
climates. Similarly, Erley et al. [45], Wang et al. [46], Kakabouki et al. [47], Wali et al. [48]
and others reported an increase in quinoa yield at a range of 120–200 kg ha−1.

Nitrogen fertilizers bolster yields by fostering robust growth and optimizing pho-
tosynthesis [11]. The growth-promoting impact of nitrogen fertilizer was particularly
pronounced during the heading stage, evident in significantly greater plant height, stem
diameter, and SPAD values at 120 and 150 kg ha−1 compared to no fertilizer. Improved
growth is linked to enhanced photosynthesis, especially during heading and flowering
stages, where nitrogen at 120 and 150 kg ha−1 amplified net photosynthesis. While the
transpiration rate showed minor variation, it peaked at 120 kg ha−1 during flowering.
Moreover, elevated stomatal conductance and lowered CO2 concentration indicated active
CO2 fixation during flowering, supporting grain-filling. With a recorded total nitrogen
content of less than 0.01%, the nitrogen-poor Loess Plateau soil benefitted from medium to
high nitrogen fertilizer levels.

Notably, higher SPAD values during heading were attributed to nitrogen fertilizer,
underscoring its chlorophyll content assessment utility and an indirect indication of plant
nitrogen status [38]. Nitrogen fertilizer not only serves as a nitrogen source but also fosters
resilience under stressful conditions by increasing growth-promoting endophytic fungi
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in roots [49]. Furthermore, microorganisms convert organic nitrogen into inorganic forms
accessible to roots.

Chlorophyll fluorescence parameters unveil changes in photosynthetic apparatus
efficiency [50]. Non-significant impact on ground fluorescence (F0), maximum fluorescence
(Fm), photosystem II efficiency (Fv/Fm), and Fv/F0 suggests that nitrogen levels used in our
experiment did not disrupt photosynthetic processes and light-dependent reactions [51].
Fv/Fm, a widely employed fluorescence ratio, typically ranges between 0.74 and 0.85. In our
study, it increased from 0.69 without fertilizer to 0.85 at 150 kg ha−1, indicating an enhanced
quantum yield of PSII photochemistry. While a decline in Fv/Fm reflects a reduction in
PSII photochemistry quantum yield and photosynthetic apparatus damage [52], Deng
et al. [11] similarly reported higher Fv/Fm under sufficient nitrogen, and Fv/F0 values
remained within the normal range, signifying unchanged chlorophyll fluorescence and
PSII water-splitting efficiency [53].

Non-photochemical quenching reflects the conversion of excess energy into harmless
heat energy, linearly associated with dissipated heat. It typically ranges from 0.5 to 3.5
under saturating light intensities [54]. Among fluorescence factors, this was the only one
significantly affected by nitrogen fertilizer. Elevated non-photochemical quenching at 120
and 150 kg ha−1 indicated efficient heat energy dissipation [54], preventing photodamage
by effective heat energy dissipation [50].

In conclusion, varying nitrogen fertilizer levels exerted influence over quinoa’s phe-
nological, physiological, growth, and yield parameters. The most prominent impact was
observed during the heading stage. Although chlorophyll fluorescence was unaffected,
significantly increased non-photochemical quenching denoted efficient energy dissipation.
The maximum grain yield and economic benefit were achieved with 120 kg ha−1 fertilizer,
while further increases failed to enhance yield, and the economic benefit was decreased.
Future large-scale experiments could further confirm the yield and economic gains from
nitrogen fertilizer use.

5. Conclusions

In conclusion, the application of nitrogen fertilizer significantly influenced various
aspects of quinoa’s phenology, physiology, growth, and yield parameters. Specifically, ni-
trogen fertilization at 120 kg ha−1 induced earlier branching and flowering while increasing
the seed filling duration. The overall growth duration was shortened by 6–7 days. Addition-
ally, it led to increased plant height, stem diameter, and SPAD values during the heading
stage, indicative of enhanced growth and photosynthetic activity. Chlorophyll fluorescence
parameters remained largely unaffected, while significantly increased non-photochemical
quenching denoted efficient energy dissipation. The optimal grain yield was achieved with
120 kg ha−1 fertilizer, highlighting the importance of fine-tuning nitrogen application rates
for maximizing quinoa productivity. These findings underscore the potential for achieving
sustainable quinoa cultivation practices through judicious nitrogen management.
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different N levels.
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