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Highlights

- 12.7, 1.6 and 35.5 kg ha ' of N, P and K, respectively, are required to produce I ton of quinoa biomass.
- Seed yields of 1380 kg ha ' can be attainded under full irrigation and 100 kg ha™' of N.
- MAPE values of —7.5, +4.3 and + 3.3 between N, P, K mass balance calculations and observed values in the field.

Abstract

Sub-Saharan Africa (SSA) needs to increase food productivity
to alleviate food insecurity exacerbated by climate variability and
increasing food demand. Balancing macronutrient inputs is essen-
tial for sustaining yields, increasing farmer’s income and minimiz-
ing environmental costs deriving from fertilizer misuse. The pre-
sent study calculates the nitrogen (N), phosphorus (P) and potas-
sium (K) mass balances and estimates macronutrient inputs and
outputs of a quinoa field cultivated under full and deficit irrigation
conditions (100 and 50% crop evapotranspiration - ETc), in either
the presence or absence of N fertilizer (100 and 0 kg ha™! of N).
The emerging findings show that to produce one ton of quinoa
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biomass (including seeds, stems and leaves) 12.7, 1.6 and 35.5 kg
ha! of N, P and K, respectively, need to be added into the soil.
While N and K are required at medium to fairly high amounts, P
is needed in lower amounts. Hence, fertilizers in the form of potas-
sium nitrate (KNO;) are more suitable than those with higher
phosphorus concentrations, for example phosphate (PO.*).
Overall, evidences from field experimentations are necessary for
integrating farming input recommendations on crop agronomic
guidelines, driven by national agricultural research institutions,
and for promoting sustainable agriculture in SSA.

Introduction

The monitoring of macronutrient concentration in the soil is
fundamental, providing useful information about soil nutrient
deficiencies and surpluses affecting plant development.
Information on soil macronutrient content is necessary to support
agricultural systems and for better understanding biogeochemical
cycles between the soil, plant and atmosphere. Soil fertility
dynamics in land use systems are governed by input and output
factors known as mass balances. The N, P, K mass balances are
used in agricultural systems for determining the environmental
performance of agricultural management strategies and nutrient
fluxes. Mass balances are also important towards attaining an
effective and sustainable management of fertilizers, as application
rates in agricultural systems often exceed plant N, P, K require-
ments (Robertson and Vitousek, 2009). Excessive fertilizer inputs
can result in water and air pollution, which in turn can cause
eutrophication and acid rain (USEPA, 2004). This generally
occurs when applying inorganic fertilizers with a higher macronu-
trient concentration than organic fertilizers (Sheaffer and
Moncada, 2012). For example, most of the N uptake from urea-
CO(NH,), occurs when hydrolysis converts CO(NH,), into NH4"
and NOs~ (IPNI, 2019). However, during this process, NO;™ losses
(leaching) can happen, as well as N,O losses in the form of green-
house gas emissions (volatilization) from denitrification (IPNI,
2019).

Over the past century, N has played a key role on world food
production and increasing N applications have been responsible
for a 30 to 50% yield enhancement worldwide (Eickhout et al.,
2006; Erisman, 2008). Although at a slower pace than elsewhere,
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cereal production has continued to increase in Sub-Saharan Africa
(SSA). During this period, conservation agriculture (e.g. minimum
tillage, permanent organic soil cover, crop rotation and intercrop-
ping) has been promoted to sustainably manage cropping systems
and to enhance agricultural productivity within SSA (FAO, 2011;
Vanlauwe et al., 2014). The accomplishment of the previous is the
result of a good balance of macronutrients, and to a frequent
assessment of crop uptake dynamics and determination of suitable
timing for nutrient application (Zingore et al., 2014).

For quinoa (Chenopodium quinoa Willd.), there is a positive
relationship between N application and yield, with a 96 % yield
increase between 0 and 120 kg ha™! of N (Kaul et al, 2005).
However, the effective physiological use of N in seed production
(N use efficiency-NUE- as the ratio of grain yield to N in the plant)
does not decline with increasing N rates, with an average of 22.2
kg of seed produced per kg of N uptake by aboveground biomass
(Kaul et al., 2005). While some studies report yield losses of 24 %
when reducing N rates from 160 to 40 kg ha! of N (Jacobsen et al.,
1994), others suggest that quinoa responds differently to N fertil-
ization depending on the location (Denmark and The Netherlands)
as well as from year to year (Moreale ef al., 1993). Moreover, dif-
ferent N, P and K concentrations are required for either seed or
aerial biomass production. Quinoa seeds are of interest giving its
nutritional properties, where biomass is used for feeding ruminants
and non-ruminating animals (Blanco, 2016). For instance, Moreale
et al. (1993) report an average demand of 18.8, 5.0 and 13.8 kg of
N, P and K, respectively, per ton of seed produced; whereas
biomass requires on average 5.0, 1.8 and 32.5 kg of N, P and K,
respectively, per ton of stems and leaves produced. Additional
studies suggest that P and K content in quinoa seeds is higher to
that of other grains (4570 mg kg! of P and 5630 mg kg! of K),
and silage analysis show P seed concentrations of 0.22% (USDA,
2013; Blanco, 2016). Unlike N, the amount of research assessing
the effect of increasing P and K rates on quinoa growth is still lim-
ited. Some studies affirm that 80 kg ha! of P,Osand 100 kg ha™!
of K,O are the optimal P and K concentrations for producing two
tons of seed in tropical environments (Spehar, 2015). Instead, the
N supply in these environments is recommended at 20-30 kg ha™!
of N at sowing, and 40-50 kg ha™! of N at 30-50 days after sowing
(DAS) (Spehar, 2010). However, the timing of fertilization in the
Sahel varies according to the sowing date and genotype in study
(Alvar-Beltran et al., 2019; Dao et al., 2020).

Given that N plays a key role on plant growth and crop yield,
and the limited literature on N, P, K removal by quinoa from dif-
ferent levels of water supply and N fertilization, the present study
promotes sustainable agriculture in SSA by estimating N, P, K con-
tent in quinoa seeds and aerial biomass. Our study uses a simple
mass balance approach to calculate the removal of N, P, K by seeds
and biomass, and investigates the combined effect of water and N
fertilizer on crop growth and development. Therefore, by conduct-
ing a comprehensive study on the N, P, K mass balances and sur-
pluses from fertilizer application farming systems in SSA are
improved. To conclude, both the drawbacks and recommendations
on soil-plant nutrient dynamics, from fertilizer applications under
different irrigation schedules, are a useful source of information
for national agricultural research institutions.
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Materials and methods

Site description

This experiment was conducted during the dry season, from 25
October 2018 to 17 January 2019 (sowing and harvesting dates,
respectively), at Institut de 1’Environnement et de Recherches
Agricoles (INERA) Farako-Ba research station (11° 05’N and 4°
20’W; 405 m.a.s.l.), Burkina Faso. The agroclimatic conditions of
the experimental site were characterized by a tropical savannah
(wet and hot) climate. Although the rainy season lasts from May to
October, with a total amount of rainfall exceeding 900 mm year!
and an average annual temperature of 28°C, the total precipitation
observed during the present experiment (October-January corre-
sponding to the dry season) was 8.1 mm and an average tempera-
ture of 26.2°C. Meteorological information was retrieved from a
weather station belonging to the National Hydro-Meteorological
Service (ANAM) and placed within INERA’s research station
(Figure 1).

Experimental set-up and irrigation system

This research was performed using a randomized split-block
experimental design, with a multiple factor analysis of variance
(ANOVA) as follows: two levels of irrigation according to the esti-
mated ETc (full irrigation, FI: 100% ETc; deficit irrigation, DI:
50% ETc) and two levels of N fertilization (100 and 0 kg ha™! of
N, hereafter N1 and NO, respectively) each with four replicates
(Figure 2). In total, 16 plots sizing 12.5 m?, with a 0.50 m distance
between rows and 0.10 m space between plants. The selected
quinoa genotype, cv. Titicaca, was characterized by a short grow-
ing cycle (85 days). The field was irrigated using a drip-irrigation
system and the amount of irrigation was measured using a water
counter placed at the entry of each irrigation block (FI and DI). The
daily ET was calculated using Hargreaves & Samani’s (1985)
equation and computed as follows:

ET, = 0.0023 " (Tynean + 17.8) Trnaz — Trnin)®® W

where: R, = extra-terrestrial solar radiation (1 MJ m2 day!) at a
given month and latitude (Allen et al, 1998); A = latent heat of
water vaporization at 20°C (2.45 MJ kg ), changing the extra-ter-
restrial radiation units into mm day ! of evaporation; 7 mean =
mean daily temperature (°C); 7' max = daily maximum temperature
(°C); T min = daily minimum temperature (°C).
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Figure 1. Observed maximum and minimum temperatures (°C),
precipitation (mm) and estimated crop evapotranspiration (ETc
in mm) during the growing season (25/10/2018 to 17/01/2019).
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Agronomic practices

A handheld mechanical plough (0.20 m depth) was used during
field preparation. Afterwards, the experimental field was equally
amended with 5000 kg ha™! of compost and fertilized with 400 kg
ha™! of Burkina phosphate rock (BPR) (26.8% phosphoric anhy-
dride, P,Os) (Table 1). To determine the N, P and K concentrations,
three and 16 soil samples were collected before sowing and after

harvesting, respectively, at both 0-0.20 m and 0.20-0.40 m depth
(Figure 2). These samples were collected before sowing and linear-
ly interpolated to estimate the physic-chemical properties of the
soil for all 16 plots. The N fertilization was performed twice (at 15
and 30 DAS) by broadcasting urea (46.2% N) at a rate of 217 kg
ha~!, corresponding to a total of 100 kg ha™! of N (N1). The total
amount of N applied during the growing cycle was equivalent to

Deficit irrigation Full irrigation
(D) (FI)
1 |

i ] 1
OkgNha' 100kgNha' OkgNha' 100kgN ha'

! 50m

R ad - -
0.5m 25m 1.5m
x 4 replicates

Figure 2. Satellite image (left) showing the experimental field and location of soil samples (o) prior to sowing and plant/soil (x) samples
at harvest, as well as the experimental design (right).

Table 1. Chemical characteristics of the different fertilizers used during the experimentation: compost, urea (CO(NH,),) and Burkina
phosphate rock (BPR).

~\V
pH (Hzo) - 73
C % 29.1
Organic matter % 50.2 -
N % 1.1 46.2
CN - 27 - -
P total % 0.2 - 11.7
K total % 2.4
Ca total % 14

Table 2. Average physic-chemical characteristics of the soil at different depths (0-0.20 and 0.20-0.40 m) before sowing (average of three
samples) and after harvesting (average of 16 samples).

A
Sand % 75.1 58.3
Silt % 14.2 124
Clay % 10.7 293
Texture Loamy-Sandy Sandy-Clay-Loam - -
pH (H;0) 6.3 6.3 6.7 6.7
© kg ha! 7788.0 6634.6 8986.3 7200.3
Organic matter kg ha! 13426.5 11438.0 15492.3 124134
N total kg ha! 814.2 621.9 826.3 659.0
CN 9.7 10.7 109 11.0
P total kg ha! 472.8 365.1 545.8 460.4
Py 1 kg ha! 84.6 51.6 85.6 60.2
K total kg ha! 1427.7 2834.9 1542.5 2778.1
K available kg ha'! 220.1 324.5 322.5 178.9
Bulk density kg m3 1120 -
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54.5 kg ha! of N (from compost in non-N fertilized treatments)
and 154.5 kg ha™! of N (from CO(NH,), and compost in N-fertil-
ized treatments). The total P and K application before sowing was
56.1 kg ha! of P (46.7 kg ha™! of P from BPR and 9.6 kg ha™! of
P from compost) and 111.7 kg ha™! of K from compost, respective-
ly. To calculate the total amount of carbon (C), N, P and K content
in the top-soil layer (0-0.20 m), the bulk density was measured
(1.12 t m3) and estimated at 2240 t ha! (Table 2).

Nitrogen, phosphorus and potassium mass balances
and surpluses

The removal of N, P and K per experimental plot was calculat-
ed using 12 seed samples and three stem and leaf samples. The
entire N cycle, including values of atmospheric N deposition (wet
and dry) and N emissions, was determined using the data provided
by Delon et al. (2010). The latter experiment was conducted under
similar agroclimatic conditions to those of this study (Katibougou-
Mali at 12° 54°N and 7° 31°’W; 307 m.a.s.l). The amount of N
deposition (both wet and dry) between November-January was
estimated at 2.8 kg ha™! of N and the N emissions at 9.7 kg ha™! of
N. As our experiment was conducted during the dry season using
a drip-irrigation system, losses from leaching were not considered.

The gross N balance (NB) was computed as follows:

NB = (]Vmil before sowing + N, urea T N compost + N, atmospheric deposition (wet & dry)) -
( N, uptake plant + N, uptake seeds + M’ail emis‘sions) (2)

The gross P balance (PB) was computed as follows:

PB = (P soil before sowing+ P, phosphate+ P compost ) - (P uptake plant + P, uptake seeds)
©)

The gross K balance (KB) was computed as follows:

KB = (Ksoil before A‘owing+ Kphoxphare+ K L'ompust) - (Kuptake plant + Kuptake A‘(f(fd)
“)
The N surplus (NS) was computed as follows:

NS = ]Vurea +N compost + Natmospheric deposition (wet & dry)) - (Nuptake plant +
N, uptake seed) (5 )

The P surplus (PS) was computed as follows:

PS = (Pphosphate T Peompost) — (Puptae plant + Puprake seeds) (6)
The K surplus (KB) was computed as follows:

KS = (Kphosphate t K compost) — (Kuptake piant + Kuprake seeds) @)
The N, P, K requirements per one ton of seeds and one ton of stems

and leaves were computed as follows (as reported by Gebrelibanos
and Dereje, 2015):

seed yield (2)x seed total N (L2)
100 (8)

N uptake =

The total N, P, K requirements per one ton of total dry biomass
(seeds, stems and leaves) was calculated from the harvest index
(HI) as follows:
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(N,P,K.veen‘s X Hi seedsy | (N,P,R‘smm and leaves x HI stems and leave:
5 +

Weighted sum = od 2 )

Statistical analysis

Data were examined by analysis of variance (ANOVA) and by
pairwise comparison of means using the Tukey HSD test with crit-
ical value P<0.05. All the statistics were conducted using the R
software (version 5.3.3). To estimate the differences between
observed and simulated values, the mean absolute percentage error
(MAPE) was used and computed as follows:

i=N |0i-Pi
MAPE =~ Ei;f%x 100 (10)

Where: O;is the observed value, P;is the simulated value.

Results

Physic-chemical characteristics of the experimental site

The experimental field was characterized for having a loam-
sandy texture at 0-0.20 m, and a sandy-clay-loam texture at 0.20-
0.40 m, respectively (Table 2). The total amount of N found in the
top layer was 814.2 and 826.3 kg ha™! before sowing and after har-
vesting, respectively. The total amount of organic matter (OM), C,
P and K found in the soil at sowing was significantly lower to that
observed at harvest (Table 2). The reported increase in OM, C, P,
K, and, to a lesser extent, of N between sowing and harvesting was
due to compost (5000 kg ha™!), urea (100 kg ha™! of N) and BPR
application (400 kg ha™! of N). The Pp.y 1 (method displaying the P
availability in the soil) and K availability at 0-0.20 m was 84.6 and
85.6 kg ha™! of P and 220.1 and 322.5 kg ha™! of K before sowing
and after harvesting, respectively.

Nitrogen, phosphorus and potassium uptake

The ANOVA and Tukey HSD post-hoc test for N, P, K uptake
showed significant differences between treatments and for differ-
ent parts of the plant (Table 3). N was the macronutrient of greatest
interest, as P and K fertilization was only provided at the time of
sowing and not throughout the experiment as in the case of N. For
the treatment FI-N1, the total N uptake (seeds, stems and leaves)
was of 50.6 kg ha! of N, and for the opposite treatment, DI-NO,
10.2 kg ha™! of N (Table 3). The main effect between factors
showed that quinoa was more reactive to irrigation than to N fer-
tilization. However, for both factors significant differences were
reported (P<0.05). Differences in the response of plants to N fertil-
ization and irrigation was reflected in the dry biomass at harvest
(seeds, stems and leaves). For instance, the seed yields from the
FI-N1 treatment were significantly (P<0.05) higher than those
found in DI-NO (Table 3). Although significant differences were
observed when irrigation and N fertilization acted as a main factor
effect, larger differences in terms of yield were reported between
irrigation treatments (1127.7 and 276.3 kg ha™! of seed under FI
and DI, respectively) when compared to N fertilization treatments
(838.5 and 565.4 kg ha™! of N under N1 and NO, respectively).

Furthermore, statistical differences (P<0.05) were also depict-
ed when testing the ANOVA for P and K. The total P uptake was
strongly influenced by changes in irrigation and N fertilization,
with a positive relationship between higher water inputs and
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increasing N fertilization rates (FI-N1). For instance, for the FI-N1
treatment the total P uptake was of 6.3 kg ha™! of P; whereas for
the treatment DI-NO, the P uptake was as low as 1.2 kg ha™! of P
(Table 3). For P, both irrigation and N fertilization had a similar
main effect on total P uptake, displaying significant differences
(P<0.05) in both cases. Nonetheless, greater differences (P<0.05)
were observed under FI, with a P uptake of 4.8 kg ha™! of P than
under DI, 1.4 kg ha™! of P. A similar trend was reported for total K
uptake of seeds, stems and leaves, with a positive relationship
between higher irrigation and increasing N fertilization. As for P,
total K uptake was also significantly higher under the FI-N1 treat-
ment (P<0.05) than for the DI-NO treatment (Table 3). However,
no significant differences were noted when DI interacted either
with N1 and NO, or between FI-NO. Regarding the effect of main
factors, the largest differences (P<0.05) on total K uptake were dis-
played under irrigation (total K uptake of 99.7 and 42.4 kg ha™! of
K for FI and DI, respectively) when compared to N fertilization
(total K uptake of 91.0 and 51.1 kg ha™! of K for N1 and NO,
respectively).

The total amount of N, P and K requirements was calculated to
assess the macronutrient uptake by the plant per unit of biomass
(Eq. 8-9, Table 4). The N requirements were of 20.4 and 7.6 kg ha™! of

N per ton of seeds and per ton of stems and leaves produced,
respectively. Additionally, the total amount of N required to pro-
duce one ton of total dry biomass was of 12.7 kg of N (weighted
sum of seeds, stems and leaves). In addition, in order to produce
one ton of seeds and one ton of stems and leaves, the K require-
ments were of 16.0 and 42.9 kg of K, respectively. These findings
implied that for producing one ton of total dry biomass, quinoa
required a total amount of 35.5 kg ha™! of K (weighted sum of
seeds, stems and leaves). Of all macronutrients in study, quinoa
demonstrated a lower requirement of P. In order to produce one ton
of seeds and one ton of stems and leaves, the P requirements were
of 2.8 and 0.8 kg ha™! of P, respectively. Overall, quinoa required
1.6 kg ha™! of P (weighted sum of seeds, stems and leaves) to pro-
duce one ton of total dry biomass.

Nitrogen, phosphorus and potassium mass balances
and surpluses in the soil at harvest

The effect of the different management strategies, including
quinoa genotype, fertilization and irrigation, was evaluated using
the N, P and K mass balances (Eq. 2-4) as well as through
macronutrient surpluses (Eq. 5-7) found in the soil at harvest
(Table 5). In general, much of the differences in mass balances

Table 3. ANOVA Tukey HSD post-hoc test for N, P and K uptake (kg ha!) for different irrigation schedules (100 and 50% ETc) and
N fertilization levels (100 and 0 kg N ha!).

Treatment Nitrogen (N) (kg ha™!) Phosphorus (P) (kg ha™!) Potassium (K) (kg ha!) Dry biomass (kg ha™!)
IrrigationNitrogen Seed  Stem and Total Seed  Stem and Total Seed Stem and Total Yield Stems
uptake leaf uptake uptake leaf uptake uptake leaf uptake and leaves
uptake uptake uptake
FI NI 29.0+4.00  216+123°  506+12.8* 39«09 23+13 6.3+1.8 206+372  127+7072  133.3+72.00  1380.0+2514*  3096.7£1893.62
DI NI 614400 774420 13.9+5.9¢ 0.8+0.6c 08403 17404 4.8+2.7¢ 43942480 487+25.1 297.1£207.2¢  982.9+632.8>
FI NO 181290 91+1.0P 212300 242030 1.0£0.3 34+0.1b 138+33>  523+1050  66.1+12.6° 875449860 1129.6+79.20
DI N0 49428 53«15 10.2+4.2¢ 0.7+04¢ 054020 1.2+0.6¢ 43+2.8¢ 31941210 3624149 2554+1533¢  T17.9+186.5
NI 176+12.12 47«15 323+209°  24+17  16+12 4.0£2.72 12.7+8.52 7834632  91.0+68.6 838558842 2039.8£1763.5
NO 115720 72423 18.7+9.3b 16409  0.7+03 2.3+1.1b 9.0+5.6> 2.1+153  51.1+203 5654433570 923.8+250.8
FI 2354657 1541072 38941500 32+1.08  17+122 48+1.9 172449 85+589* 99746162  1127.7+316.42  2113.1+1662.3*
DI 554350 654340 12.045.4> 0805 07403 14050 46+2.8> 37942040 4244200 2163+183.4>  850.4+484.9°

#cMeans that do not share a letter were significant different at 5 % probability level using Tukey HSD post-hoc test.

Table 4. N, P and K (kg ha™!) requirements to produce one ton of quinoa seeds, one ton of aboveground biomass (stems and leaves)
and sum of dry biomass (seeds, stems and leaves) for different irrigation schedules (100 and 50% ETc) and N fertilization levels (100
and 0 kg ha™! of N).

Treatment Stems and leaves Harvest  Harvest Total requirements
index of index of to produce one ton of
(seeds) stems and seeds, stems

leaves and leaves

Irrigation Fertilizer N % % N P K

FI N1 21.0£2.9  2.9+06  14.9+2.7 7.0+4.0 08+04 364+22.8 30.8 69.2 253 3.1 66.7

DI N1 207136 28«19  16.2+9.1 7.9+4.3 08+1.0 44.6+25.2 43.7 56.3 13.6 1.7 33.0

FI NO 207433 2.7+03  15.7+3.7 8.1+0.8 0.9+03  46.3+9.3 232 76.8 6.9 0.8 24.3

DI NO 191+11.0 29+18  16.9+11.0 74+2.1 0.7+0.2  444+16.9 26.2 73.8 5.1 0.6 18.1

Mean 204+08  2.8+0.1  16.0+0.7 7.6+04 0.8+0.1 42.9+38 - - 12.7 1.6 35.5
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were displayed for K, implying that K was more influenced by irri-
gation and N fertilization than when compared to N and P. In
regards to the K mass balance (KB), there was a negative relation-
ship (P<0.05) with lower and higher values under the FI-N1 and
DI-NO treatments, respectively. However, no significant differ-
ences were reported when N fertilization nor irrigation were the
main factor effect. Additionally, K surpluses (KS) showed a similar
behaviour to that of KB, with negative surpluses under the FI-N1
treatment (P<0.05). This was explained by the fact that quinoa
required more K (133.3 kg ha™! of K under FI-N1 as reported in
Table 3) to that provided by compost (111.7 kg ha! of K). These
results confirmed that quinoa removed K previously found in the
soil, and therefore mass balances were negative. The opposite
trend occurred for the DI-NO treatments, with a K surplus of 81.5
kg ha™! (P<0.05). These values were in harmony to those reported
in Table 3, where K uptake (36.2 kg ha! of K) was lower under
DI-NO.

For the N mass balance (NB), no significant differences
(P>0.05) were described for the interactions between irrigation and
N fertilization. Even though the highest values were observed
under FI-N1 (911.1 kg ha™! of N) than under DI-NO (823.0 kg ha™! of
N), these differences were too low to render the treatments statisti-
cally different. However, there were significant differences
(P<0.05) between treatments in terms of N surpluses (NS) in the
soil at harvest. For instance, NS were higher under DI-N1. Under
DI-N1, the lack of water inhibited the N from dissolving and,
therefore, diminished the N uptake by the plant (as reported in
Table 3 for DI-N1 and NO). On the contrary, treatments with higher
irrigation and lower N fertilization (FI-NO) had a minor effect on
N surpluses in the soil at harvest (30.1 kg ha™! of N). The analysis
of the main factor effect showed significant differences (P<0.05)
among N fertilization rates, with NS of 125.0 and 38.6 kg ha™! of
N under N1 and NO, respectively. However, no differences were
reported when irrigation was the main factor. For the P mass bal-
ance (PB), there were no significant differences either between the
main factors or amongst treatments. The results showed that when
N fertilizer was the main factor, PB was higher under NO (Table 5).
On the contrary, higher PB values were reported under FI. As P
uptake was similar among treatments, P surpluses at harvest
showed no significant differences.

press

Furthermore, the differences between total N, P and K mass
balance estimations and actual values at harvest were calculated
using the MAPE (Eq. 10, Figure 3). The MAPE showed that esti-
mated NB underestimated actual N values (7.5 %); whereas the
PB and KB were slightly overestimating actual values (+4.3 and
+3.3%, respectively). Nevertheless, these differences between
observed and estimated values were generally low, implying that
mass balance equations for N, P and K performed well.

Discussion

The sections of this study on macronutrient requirements and
mass balances were crucial to better understand the needs of
quinoa under a tropical savannah (wet and hot) climate and to min-
imize N, P, K losses into the environment.

The first objective of this study was to fill the gap in literature
by examining macronutrient requirements of different parts of the
plant. Our research reported an average of 2.08 and 1.63% of N
and K in seeds, respectively; hence corroborating the results of
Gomez-Ramirez et al. (2017) who reported similar concentrations

2000 4 MAPE (N). -7.5 %

MAPE (P): +4.3 %
1800 4 MAPE (K): +3.3 %
1600 4 x
x % x ¢ % x x % %
= 1400 1 % X
2 x
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]
& 1000 H
% . .
z . . =
5 . . :
£ 800 =
&
600 4
A A a A - - . a
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Number of observations

Figure 3. Differences (using MAPE) between observed N, P and
K (kg ha™) soil content at harvest and estimated values from N,
P and K mass balance equations (NB, PB, KB).

Table 5. ANOVA and Tukey HSD test for N, P, K mass balances and N, P, K surpluses in the soil for different irrigation schedules (100
and 50% ETc) and N fertilization levels (100 and 0 kg ha™! of N). While N values refer to the concentration in the soil, P and K refer

to its availability in the soil.

FI N1 911.1+12.8 106.7+12.8° 526.1£1.3 534+13 1412.1£72.0b  —15.6+72.0°
DI N1 922.3+40.3 143.4+5.92 485.7+69.9 93.2+1.7 14724+29.3ab  69.0:£25.720
FI NO 888.8£92.5 30.1+3.0¢ 576.3+89.0 52.3+34 14733+13.1ab ~ 51.6+12.62°
DI NO 823.0+51.6 47.1+4.2¢ 514.8+18.6 53.0+18 1539.6+46.5a  81.5+14.9
N1 916.7+30.4 125.0+20.9¢ 505.9£53.4 53.3x1.5 1442.2+62.7 26.7+68.6
NO 855.9+81.8 38.6+9.3° 545.5+71.3 52.1£2.7 1506.5+47.6 66.6£20.3
FI 900.0+66.9 68.4+39.4 951.2+67.8 52.8+2.6 1442.7+60.1 18.0+61.6
DI 872.6+67.9 95.3+48.4 500.2£53.1 53.1+1.7 1506.0+51.4 75.3+22.0

#cMeans that do not share a letter were significant different at 5% probability level using the Tukey HSD post-hoc test.

[Italian Journal of Agronomy 2021; 16:1788]

OPEN 8ACCESS



press

(2.36 and 1.79% of N and K content in seeds, respectively) in treat-
ments subjected to low pressure radiofrequency plasma-LPRF (RF
10 s). In addition, the average N seed content measured in our
research (2.08%) was slightly lower to that measured by
Kakabouki et al. (2018), ranging from 2.6-2.8%. In respects to K
and P seed content, our work measured 16352 mg kg™! of K and
2845 mg kg! of P (equivalent to 1.63% K and 0.28% P, average of
all treatments). The latter were in harmony to those reported in lit-
erature, with a P concentration in quinoa seeds of 0.22% (Blanco,
2016). In comparison with other crops, the K content in seeds were
in line to those observed in soybean (15,800 mg kg~! of K) (Parve;j,
2015); but differed, were higher for K (16,352 mg kg! of K) and
lower for P (2845 mg kg™! of P), to those observed in quinoa by
Fuentes and Paredes-Gonzalez (2015), reporting 5630 mg kg™! of
K and 4570 mg kg! of P. These differences on P concentrations
were explained by a downregulation of phosphorylated protein in
crops exposed to water deficits, as reported by Luo et al. (2018) for
maize. It was likely that phosphorylated protein played a key role
on regulating the photosystem and metabolism of plants (Cheng et
al., 2014). Other studies suggested similar responses on quinoa,
where the phosphorylated protein modified key physiological pro-
cesses such as photosynthesis, respiration, and water relations,
among others (Zurita-Silva, 2015). Other authors affirm that pro-
tein and lipid (in the form of phospholipids) content in cv. Titicaca
was higher after the abrasion of the pericarp, particularly of the
linoleic omega fatty acid (Troisi e al., 2015). All of these possible
physiological responses support the differences on P concentra-
tions between our study and those conducted under different agro-
climatic conditions.

The second main objective of this study on N, P, K mass bal-
ances and its responses to the combined effect of irrigation and fer-
tilizer application was successfully addressed and the gap in liter-
ature fulfilled. Regarding N, P, K uptake and mass balances, we
observed that irrigation was the main factor determining seed yield
and biomass at harvest. Increasing N fertilization had a minimal
effect on seed yields and dry biomass. This was observed when
comparing different N fertilization rates; for instance, DI-N1 and
DI-NO (297 and 255 kg ha! of seed, respectively). Various studies
suggest that the low effectiveness of N fertilization in maize was
due to a nutrient imbalance caused by the application of high rates
of P and K (Adediran and Banjoko, 1995). Hence, the high PO~
application rates of this study, from BPR and compost, might have
resulted in a nutrient imbalance and consequently the vain effect of
N on crop growth and development. Another reason supporting the
low effect of N on yields at harvest was the competition between
bacterial community and the crop for N in the soil, thus reducing
the efficiency of increasing N fertilization rates (N1). The previous
statement supports the idea that quinoa yields did not significantly
increase with higher N fertilization rates, unlike other experiments
(Jacobsen et al., 1994; Kaul et al., 2005).

Thirdly, sustainable farming systems in SSA are now better
understood for this crop thanks to a comprehensive evaluation of
surpluses from fertilizer application. The N, P, K applications, in
the form of CO(NH,),, compost and BPR, were higher to those
required by quinoa and consequently in the results of mass bal-
ances and macronutrient surpluses found in the soil. In particular,
N and P, and to a lesser extent K, received higher macronutrient
inputs to those required by quinoa (surpluses of 81.8, 53.0 and 46.0
kg ha! of N, P, K, respectively, average of all treatments).
Additionally, in all treatments, similar N, P, K uptake values (20.4,
2.8 and 16.0 kg N, P, K per ton of seed produced, respectively)
were observed to those reported in literature (18.7, 5.0 and 13.8 kg
N, P, K per ton of seed produced, respectively) under optimal
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growing conditions in The Netherlands and Denmark (Moreale,
1993). While the present study measured 7.6, 0.8 and 42.9 kg N, P,
K per ton of stems and leaves produced, Moreale’s (1993) study
recorded 5.0, 1.8 and 32.5 kg N, P, K per ton of stems and leaves
produced. Regarding the N, P and K requirements per ton of total
biomass, including seeds, stems and leaves, few differences were
depicted between these two studies; particularly, under optimal
irrigation and N fertilization conditions. For instance, under FI-N1,
an agreement was observed between our study and Moreale’s
(1993) in terms of N, P and K requirements, respectively with 25.3
and 23.8 kg ha™! of N, 3.1 and 6.8 kg ha! of P, 66.7 and 46.3 kg
ha~! of K for one ton of total biomass produced. However, the pre-
sent findings on P requirements (3.1 kg ha™! of P per one ton of
total biomass) were slightly lower to those (120 kg ha™! of P,05)
cited in literature for a production of 4.0-7.0 ton ha™! (equivalent to
4.8-8.4 kg ha! of P per one ton of total biomass) (Mujica, 2015).
Others (Sephar and Rocha, 2010) suggest a P application rate of 80
kg ha™! of P,Os for seed yields over 2.0 ton ha™! (equivalent to 10.8
kg ha! of P per ton of seeds produced). In contrast, the present
showed that only 2.8 kg of P were required to produce one ton of
seeds. Also, this study demonstrated that the most required
macronutrient was K (35.5 kg of K per one ton of total biomass
produced, average of all treatments), with very similar K applica-
tion rates observed by Gonzalez et al. (2015) and Spehar et al.
(2015) (100 kg of K,O for yields over 2.0 ton ha™!, equivalent to
41.5 kg of K per one ton of total biomass produced). Finally, the
emerging findings support the sustainable management of quinoa
in other regions with similar agroclimatic conditions, e.g.
Mediterranean region, where quinoa is rapidly expanding
(Pulvento et al., 2010; De Santis et al., 2016, 2018; Alvar-Beltran
et al., 2020).

Conclusions

The N, P, K mass balances of quinoa were useful for determin-
ing both the input requirements and outputs from crop removal and
losses. Overall, the N and K requirements of quinoa were moderate
to high (35.5 and 12.7 kg of K and N per one ton of total biomass
produced, average of all treatments). The N, P and K mass bal-
ances were positive, notably for N and P, and to a minor extent for
K. This confirmed that crop N, P, K requirements were lower to
those estimated during the experimental design. For this reason,
macronutrient surpluses were found in the field at harvest. For the
optimal observed yields (1380 kg ha~! under FI-N1, with a fertil-
ization of 56.1 kg ha™! of P and 111.7 kg ha™! of K in the form of
compost and BPR), the N and P surpluses were considerably high
at 106.7 kg ha™! of N and 53.4 kg ha™! of P, respectively, but low
for K (-15.6 kg ha! of K). In order to attain the highest yields
while maintaining nutrient balance, the present results indicate that
P needs to be applied at lower rates, and therefore 5000 kg ha! of
compost (10 kg ha™! of) should suffice quinoa’s P demand. Hence,
it is not necessary to provide additional P in the form of phosphate
(BPR). Also, reducing P fertilization rates could be beneficial in
terms of yield besides of increasing N efficacy. In this experiment,
5000 kg ha! of compost provided the field with 111.7 kg ha™! of
K, which was lower to that required by the crop under optimal
growing conditions, FI-N1 (-15.6 kg ha™! of K). A recommenda-
tion for providing the field with the necessary macronutrients is to
fertilize with chemical compounds that have higher concentration
of K and N, e.g. potassium nitrate (KNOs) with 13% N and 37%
K, respectively. Combined fertilizers can be cost-effective and
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approximately 400 kg of KNO; are sufficient for satisfying
quinoa’s N and K requirements for producing one ton of total
biomass (including seeds, stems and leaves). Considering the typ-
ical sandy-loam texture of the experimental field, the use of organ-
ic matter can be promoted for increasing the water holding capac-
ity of the soil. Overall, agronomic efficiency through fertilizer
management practices, including those related with planting densi-
ty, time of sowing, weeding, split of fertilizer and application rates
need to be further explored. We then therefore expect higher yields
besides minimizing the environmental costs associated with fertil-
izer misuse in SSA.
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