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Quinoa (Chenopodium quinoa Willd.) and millet species (including Eleusine coracana,

Panicummiliaceum, and Setaria italica) are nutritionally valuable seed crops with versatile

applications in food production and consumption. Both quinoa and millet have the

potential to provide drought-tolerant, nutritious complementary crops to maize that is

predominantly cultivated in Rwanda. This study evaluated quinoa and millet genotypes

and assessed their agronomic performance in two agroecological zones of Rwanda.

Twenty quinoa and fourteen millet cultivars were evaluated for grain yield, emergence,

days to heading, flowering, andmaturity, and plant height in 2016 and 2017 inMusanze, a

highland region (2,254m above sea level), and Kirehe, in the Eastern lowlands of Rwanda

(1,478m above sea level). Quinoa yield ranged from 189 to 1,855 kg/ha in Musanze and

from 140 to 1,259 kg/ha in Kirehe. Millet yield ranged from 16 to 1,536 kg/ha in Musanze

and from 21 to 159 kg/ha in Kirehe. Mean cultivar plant height was shorter in Kirehe (µ

= 73 and 58 cm for quinoa and millets, respectively), than Musanze (µ = 93 and 76 cm

for quinoa and millets, respectively). There was a genotype × environment interaction for

maturity in quinoa and millet in both years. Across locations, “Titicaca” and “Earlybird”

(Panicum miliaceum) were the earliest maturing quinoa and millet varieties, respectively,

both with an average of 91 days to maturity. The results suggest that quinoa and millet

have potential as regional crops for inclusion in the traditional dryland cropping rotations

in Rwanda, thereby contributing to increased cropping system diversity and food security.

Keywords: Chenopodium quinoa, quinoa in Rwanda, millet production, food security, quinoa adaptation, quinoa

and millet, agro-climatic zones

INTRODUCTION

Agriculture provides the primary economic activity in Rwanda, employing 70% of the total
population, and ∼72% of the working population (RDB-Rwanda Development Board, 2015;
FAO, 2019). Tea and coffee are the principal exports, while plantains, cassava, potatoes, sweet
potatoes, maize, and beans are the most commonly grown staple food crops (FAO, 2019). There
has been a strong decline in poverty in Rwanda over the past decade; however, 63% of the
population still live in extreme poverty, defined by the World Bank as <$1.25 a day, and are
food and nutritionally insecure (NISR, 2012; World Bank, 2013). Thus, increasing agricultural
productivity and diversity are key to the success of Rwanda’s economy and the wellbeing of its
population (FAO, 2015).
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There are ample opportunities to increase agricultural
productivity in Rwanda (Cantore, 2011). For one, the yield
gap (defined as the difference between attainable and actual
yields) is very high (70%) for most cereal and legume crops,
and still considerable for the root and tuber crops (Niyitanga
et al., 2015). While there are theoretically many opportunities
to improve farm productivity and income of smallholder
households, making those opportunities manifest is fraught with
difficulties. Most agricultural land in Rwanda is on hillsides and is
therefore susceptible to nutrient deficiency and soil erosion (Clay
et al., 1998; FAO, 2019). Moreover, all agriculture in Rwanda
is rainfed and subject to the caprice of meteorological patterns
(SEI-Stockholm Environment Institute, 2009; Cantore, 2011;
Rwanyiziri and Rugema, 2013). Climate change and concomitant
increases in climate variability, make agricultural production
unpredictable from one season to another (SEI-Stockholm
Environment Institute, 2009; FAO, 2019). Droughts and extreme
temperatures plague the Eastern province of Rwanda, whereas in
the Northern province, floods are commonplace (SEI-Stockholm
Environment Institute, 2009). As such, these regions are afflicted
with food shortages whenever dramatic changes in climate occur
(MINITERE, 2006; SEI-Stockholm Environment Institute, 2009;
Muhire et al., 2015). Given that future climates are likely to
be more variable, and that climatic events will become more
extreme, the vulnerability of agriculture to such fluctuations is
likely to increase in kind. Farmers rely on the application of
commercial fertilizers which in most cases is outside of their
means to purchase. It is imperative, therefore, that Rwanda
increase its capacity to cope with extreme adverse climatic events
by promoting crops with high biodiversity and adaptability
that do not heavily rely on external inputs (SEI-Stockholm
Environment Institute, 2009; FAO, 2019).

The practice of increasing crop diversity via sustainable crop
intensification can aid in producing more food, more efficiently,
while protecting the environment and promoting positive social
and economic outcomes (Caron et al., 2009; Prasad et al., 2016;
USAID, 2016). Sustainable crop intensification and increased
cropping system diversity will contribute to food security and
a range of developmental goals such as eradicating extreme
poverty, hunger, and malnutrition (FNSMS, 2013; McMahon
and Flowers, 2016). Crop diversity is among the key tenets of
sustainable agriculture (McMahon and Flowers, 2016). Utilizing
multiple crops that fill distinct niches in an agroecosystem
improves farmers’ ability to manage weeds, diseases, and
insect pests as well as potentially improving the environmental
performance of the cropping system (Lin, 2011; McMahon
and Flowers, 2016). Promoting value chains of neglected and
underutilized species and establishing their research needs is
critical for biodiversity conservation and to increase food security
and alleviate poverty among the rural and urban poor (Will,
2008). Neglected and underutilized species were reported to be a
good source of nutrients, household incomes, and substantially
contribute to poverty reduction (Padulosi et al., 2013; Raneri
et al., 2019). Fundamental agronomic research can help overcome
production and market obstacles by mitigating the uncertainty of
growing novel crops, which ultimately, can also enhance food and
nutrition security.

The Rwandan diet is highly diverse in plant foods but
consists primarily of plantains, cassava, beans, potatoes, and
sweet potatoes (FAO, 2015; USAID, 2016). Protein consumption
is insufficient for about a quarter of the population (FNSMS,
2013; FAO, 2015). Micronutrient deficiency—known as “hidden
hunger”—is also prevalent for iron, calcium, and vitamin B12,
which may lead to blindness, stunting, impaired cognitive
development in children, increased susceptibility to infectious
diseases, and even premature death (FNSMS, 2013; USAID,
2016). In Rwanda, of the 1.74 million individuals under age
five, 38% are stunted, and 9% are underweight (USAID, 2016).
Themost pronouncedmicronutrient deficiencies are for calcium,
vitamin A, vitamin B12, vitamin D, selenium, vitamin E, Fe, Zn,
and Ca (FNSMS, 2013; Prasad et al., 2016; USAID, 2016, 2021).
The primary dietary source of calcium in Rwanda are beans, milk,
cassava, and sweet potatoes; and the primary source of vitamin
A comes from plantains, vegetables, palm oil, offal, and sweet
potatoes (Prasad et al., 2016).

An increase in grain and cereal production is necessary to
improve and sustain nutritional security (FNSMS, 2013). Native
varieties of millet—finger millet (Eleusine coracana) have been
used in Rwanda and in this study, we evaluated the adaptability of
other millet species and quinoa in Rwanda. Introducing quinoa
and further incorporating diverse millet species in the existing
diet and cropping system could assuage issues of nutritional
insecurity and the ability to cope with extreme climatic events,
especially drought (Ruiz et al., 2014; Habiyaremye et al., 2017b).
Quinoa and millets are nutritious grains that may be consumed
by humans and have unique agronomic virtues such as drought
and heat tolerance (Jacobsen, 2003; Devi et al., 2014; Wu, 2015;
Habiyaremye et al., 2017a; Nithiyanantham et al., 2019).

Quinoa (Chenopodium quinoaWilld.) is a pseudocereal which
was domesticated in the Peruvian and Bolivian Andes (Murphy
and Matanguihan, 2012; Adolf et al., 2013; Bazile et al., 2015).
Quinoa is a broadly adapted crop with exceptional resilience to
many adverse environmental and climatic conditions including
nutrient-poor and saline soils, and drought-stressed marginal
ecosystems (Vacher, 1998; Aguilar and Jacobsen, 2003; Jacobsen
et al., 2003; Fuentes and Bhargava, 2011; Murphy and
Matanguihan, 2012; Bazile et al., 2015; Hinojosa et al., 2018,
2019a). Quinoa has excellent drought and salinity tolerance and
thrives across a wide range of soil pH (Wilson et al., 2002; Koyro
and Eisa, 2008; Adolf et al., 2013; Peterson and Murphy, 2015;
Hinojosa et al., 2018, 2019b). In South America, quinoa grows
over a broad range of latitudes (spanning nearly 4,828 km from
equatorial Columbia to temperate southern Chile), a wide range
of altitudes, from sea level at the coast to 4,000m above sea level
(m.a.s.l.), and a diverse set of rainfall zones (Galwey et al., 1989;
Jacobsen et al., 2003). In Malawi quinoa has shown the potential
to grow well under varying agro-ecological zones, from warmer
to cooler areas (Maliro et al., 2017, 2021; Gardner et al., 2019).

In the last 30 years, quinoa has garnered considerable
attention worldwide due to its nutritional and health benefits,
as well as its flavorful and high-quality seeds (Wu et al., 2016,
2017; Aluwi et al., 2017; Noratto et al., 2019). Quinoa possesses
a well-balanced complement of amino acids and high mineral
concentration of iron, calcium, and phosphorus (Wu, 2015;
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Navruz-Varli and Sanlier, 2016; Wu et al., 2016; Craine and
Murphy, 2020). In 2013, quinoa was lauded by the FAO as
a food with high nutritive value, impressive biodiversity, and
a singular role to play in the achievement of food security
worldwide (FAO, 2013; Bazile et al., 2015). Quinoa has been
deemed one of humanity’s most promising crops for reliably
providing nutritionally dense food (Jayne et al., 2003; Rojas, 2003;
Rojas et al., 2011; UN, 2012; De Ron et al., 2017). Quinoa has
potential to contribute to food security in multitudes of regions
worldwide, especially in countries where people have limited
access to protein sources or where production conditions are
limited by low humidity, reduced availability of inputs, or aridity
(Jacobsen, 2003; Rojas, 2003;Wu et al., 2016; De Ron et al., 2017).

A number of different species of millet were domesticated in
East Asia, South Asia and Africa in the past (Fuller, 2006; Weber
and Fuller, 2008) and still form important components of the
diet in these regions today. The most commonly cultivated millet
species are proso millet (Panicum miliaceum L.), pearl millet
(Pennisetum glaucum L.R. Br.), finger millet (Eleusine coracana),
kodo millet (Paspalum setaceum), foxtail millet (Setaria italica
L. Beauv.), little millet (Panicum sumatrense), and barnyard
millet (Echinochloa utilis) (Rachie, 1975; Bouis, 2000; Wen et al.,
2014). Millet crops are a major source of energy and protein
for millions of people worldwide, especially those who live in
exceptionally hot, dry environments (Rachie, 1975; Fuller, 2006;
Amadou et al., 2013; Nithiyanantham et al., 2019). According to
Nithiyanantham et al. (2019), millet-based foods are considered
potential prebiotics and probiotics with prospective health
benefits. Grains of millet species are widely consumed for
traditional medicinal purposes and holistic health remedies.
Millets are unique among the cereals because of their high
calcium, iron, potassium, magnesium, phosphorous, zinc, dietary
fiber, polyphenols, and protein content (Hulse et al., 1980; Devi
et al., 2014; Gupta et al., 2014; Habiyaremye et al., 2017b). Millets
are extremely tolerant of arid conditions and can grow with in
areas where average rainfall is often<500mm and soils are sandy
and slightly acidic (Amadou et al., 2013; Changmei and Dorothy,
2014). Millets have been adapted to local climatic conditions
by African farmers over millennia. Millets species, such as
Digitaria exilis, Digitaria iburua, Eleusine coaracana, Eragrostis
tef, Pennisetum glaucum, Setaria sphaceleata were domesticated
in Africa (Fuller, 2006). However, knowledge of these landraces
is being lost as they are being replaced by commodity crops like
wheat, sugar cane and maize (Fuller, 2006; Amadou et al., 2013).

Considering the nutritional promise of quinoa and millets,
their propensity for agronomic adaptability, and resilience to
weather variability, we conducted this research to generate
data to aid in Rwanda’s sustainable crop intensification and
diversification efforts. The objective of this study was to evaluate
the adaptability and agronomic qualities of quinoa (newly
introduced crop) and three millet species including Eleusine
coracana (domesticated in the East African highlands), Panicum
miliaceum (domesticated in East Asia and newly introduced
to Rwanda), and Setaria italica (domesticated in East Asia) in
two contrasting Rwandan environments: Musanze (highland)
and Kirehe (lowland). We aimed to identify quinoa and millet
varieties with high yields and valuable agronomic characteristics

in each location and gather information on the adaptability
and genotype × environment (G × E) interactions of publicly
available varieties.

MATERIALS AND METHODS

Location
A 2-year study (2016 and 2017) was conducted in two
different agroclimatic zones of Rwanda: the Eastern lowland
region, Gahara Sector, Kirehe District, Eastern Province in
a farm situated at 1,478m.a.s.l.; and the highlands region,
Muhoza Sector, Musanze District, Northern Province, situated
at 2,254m.a.s.l. The Eastern lowlands are 1,000–1,500m.a.s.l.,
receive 740–1,000mm annual rainfall, and mean annual
temperatures range between 19 and 22◦C. The highlands—which
include the Congo-Nile Ridge and volcanic chains of Birunga—
are 2,000–4,500m.a.s.l., receive 1,300–1,550mm annual rainfall,
and mean annual temperature range between 10 and 14◦C
(Gotanegre et al., 1974; Ilunga et al., 2004; Ilunga and Muhire,
2010; David et al., 2011; Muhire et al., 2015; REMA-Rwanda
Environment Management Authority, 2015) (Figures 1, 2).

Rwanda has four climatic seasons: the long rainy season
(late February-late May) and the short rainy season (end
September-early December) are interspersed between the long
dry (June–September) and short dry (mid-December–mid-
February) seasons (Kizza et al., 2009; Muhire et al., 2015). The
two rainy seasons correspond with crop production seasons—
season B, and season A, respectively—the latter marking the
beginning of the agricultural year (FAO, 2018). Our field trials
were conducted in season A (Figure 3).

These seasons are dictated mainly by regional atmospheric
circulation (Gotanegre et al., 1974; Ilunga et al., 2004; Kizza et al.,
2009), i.e., the position and intensity of anticyclones (a weather
system with high atmospheric pressure at its center, around
which air slowly circulates in a clockwise (northern hemisphere)
or counterclockwise (southern hemisphere) direction), namely:
Mascarene, Saint Helena, Azores and Siberian (Ilunga et al., 2004;
Anyah and Semazzi, 2007; Kizza et al., 2009). The soil inMusanze
is developed from volcanic parent materials and is therefore
comparatively richer in soil organic matter than that of Kirehe
(Nzeyimana et al., 2014; Uwitonze et al., 2016) (Figure 4).

Experimental Design and Data Collection
Quinoa Variety Trials
Fifteen quinoa varieties and five breeding lines were grown in a
randomized complete block design (RCBD) with four replicates
(Table 1). The treatments were genotypes and locations—
highlands and lowlands. Varieties were control treatments to
compare with breeding lines. Quinoa varieties were obtained
from the Sustainable Seed Systems Lab at Washington State
University (Pullman, Washington, U.S.) and the USDA-
Germplasm Resources Information Network (Table 1) and
chosen based on their diversity in morphological and agronomic
traits and their potential for adaptation to the climate of Rwanda.
Each plot was hand planted into two rows, in 4 × 1.2m plots,
using 5 g seed per plot. The phenotypic data were recorded
according to Sosa-Zuniga et al. (2017) and Stanschewski et al.
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FIGURE 1 | Elevation from mean sea level and spatial variations of mean annual rainfall of locations where quinoa and millet trials were conducted in Rwanda (marked

by black stars). Source (Muhire et al., 2015).

FIGURE 2 | Mean monthly temperature (◦C); and total monthly precipitation (mm) (average for 1950–2000) in Rwanda. Monthly temperature does not change much

over the year, but monthly precipitation follows seasonal pattern with two distinct dry seasons. Source: www.worldclim.org.
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FIGURE 3 | Seasonal calendar of typical year in Rwanda. Source: FEWS NET.

FIGURE 4 | Soil organic matter (%) and soil pH of locations where quinoa and millet trials were conducted in Rwanda (marked by black stars). Source:

www.worldclim.org.

(2021); percent emergence was recorded on a scale of 1–5
with 1 (0% emergence) and 5 (100% emergence). Days to
flowering was recorded as the number of days from when 50%
of leaves surrounding the inflorescence separated, leaving the
inflorescence visible from above. Days to maturity was recorded
as the number of days from sowing to the time when 50% of
the head had senesced. Plant height was measured from the soil
surface to the tip of the panicle at maturity using three randomly
selected plants per plot. Grain yield wasmeasured as the weight of
the grain harvested from the whole plot. The plots were harvested
individually using sickles to cut stems of the plants. All plants
were bundled, and hand threshed. The seeds were processed

by winnowing, using the wind to separate smaller particles and
immature seeds from the mature seeds and for final removal of
any foreign plant material.

Millet Variety Trials
Fourteen millet varieties were grown in a RCBD with four
replicates (Table 2). The 14 millet varieties tested were classified
into three species: Eleusine coracana, Panicum miliaceum,
and Setaria italica (Table 2). The treatments were species
and locations—highlands and lowlands. Eleusine coracana and
Setaria italica species were the control treatment to compare
with Panicum miliaceum. The millet seeds were obtained from
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TABLE 1 | Quinoa germplasm used to assess the adaptability of quinoa in Rwanda in 2016 and 2017.

Seed source Accession name Variety name Origin Collection site

WSU N/A Titicaca Denmark Quinoa Quality

GRIN Ames 13745 Kaslaea NM-USA N/A

GRIN PI 614886 QQ74 Maule-Chile Talca

WSU N/A Black N/A San Luis Valley in Colorado

WSU N/A Blanca N/A San Luis Valley in Colorado

WSU N/A KU-2 Netherland N/A

GRIN Ames 13743 Isluga Chile N/A

WSU N/A Linares N/A Backyard Beans and Grains Project

WSU N/A Puno Denmark Quinoa Quality

WSU N/A Cahuil N/A San Luis Valley in Colorado

WSU N/A Red Head N/A Wild Garden Seeds

WSU N/A NL-6 Netherland N/A

GRIN PI 596293 CO 407 Dave CO-USA N/A

WSU N/A Temuco N/A Bountiful Garden Seeds

WSU N/A Cherry Vanilla N/A Wild Garden Seeds

WSU N/A QuF9P1-20 BYU-USA BYU population

WSU N/A QUF9P40-29 BYU-USA BYU population

WSU N/A QUF9P39-72 BYU-USA BYU population

WSU N/A QUF9P39-64 BYU-USA BYU population

WSU N/A QUF9P39-51 BYU-USA BYU population

WSU, Washington State University; GRIN, Germplasm Resources Information Network; BYU, Brigham Young University; N/A, Not available.

USDA-ARS, Plant Genetic Resources Conservation Unit (Griffin,
GA, USA) andNational Resource Program, Iowa State University
Regional Plant Introduction Station (Ames, IA, USA) (Table 2).
Percent emergence was recorded as an observation on a scale of 1
to 5 with 1 denoting 0% emergence and 5, 100% emergence. Days
to heading was recorded as the number of days from sowing to
the time when in 50% of the ear had emerged from the flag leaf
sheath. Days to maturity was measured as the number of days
from sowing to the time when 50% of the ear had ripened (stage
11.4 on the Feekes scale), according to Wise et al. (2011) and
Miller (1992). Plant height was also measured at stage 11.4 on
the Feekes scale using three randomly selected plants per plot.
GY was measured as the weight of the grain harvested from the
whole plot. Millet was planted, harvested, threshed, and cleaned
similarly to quinoa.

Statistical Analyses
Statistical analysis was performed using the statistical software
SAS 9.4 SAS University Edition (SAS Institute IN., Cary,
NC, USA). The data were analyzed using the mixed-effect
methodology. Analysis of variance, correlation, and regression
analysis was conducted, and ANOVA was performed with all
factors using a mixed model with PROC GLIMIX. Due to yearly
discrepancies (a heavy rain that occurred in Musanze in 2017
that caused flooding which resulted in the replanting of the trial)
analyses were performed for each year, respectively. Fisher’s LSD
test was used to compare means. Pearson correlation analysis
was used to assess the relationship between the agronomic traits
including percent emergence, days to flowering (quinoa), day to
heading (millet), days to maturity, plant height, and grain yield

across all 2 years. The statistical significance level was set at α

= 0.05.

RESULTS

Quinoa Variety Trials
Gain Yield
A significant G × E interaction for grain yield was observed
in 2016 (p < 0.0001) (Table 3). When comparing responses
of varieties across locations, all the varieties were affected by
location for grain yield except for Cahuil, Linares, Temuko, and
QuF9P39-72 (p > 0.05) (Table 4). In Musanze and Kirehe, the
mean quinoa yield was 812 and 422 kg/ha, respectively (Table 4).
QQ74 was the highest yielding variety in Musanze and Kirehe
with 1,580 and 832 kg/ha, respectively (Table 4).

In 2017, grain yield was affected by location (p < 0.0001), and
there was a significant G × E interaction (p < 0.0001) (Table 3).
When comparing responses of varieties across locations, all
varieties were affected by location for grain yield except for
Cahuil, Linares, and QuF9P39-72 (Table 4). The mean yield
in Musanze and Kirehe was 1,118 and 780 kg/ha, respectively
(Table 4). NL-6 (3,004 kg/ha), and QuF19P39-51 (2,089 kg/ha)
were the highest yielding varieties in Musanze and Kirehe,
respectively (Table 4).

Emergence
In 2016, location affected percent plant emergence (p = 0.002)
(Tables 3, 4). Mean emergence rates were 59% in Musanze
and 73% in Kirehe (Table 4). There was a significant G × E
interaction for plant emergence (p < 0.0001) (Table 3). Location
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TABLE 2 | Millet germplasm used to assess the adaptability of millet species in Rwanda.

Entry number Accession number Scientific name Accession name Year collected Origin Latitude Longitude

1 PI 318897 Eleusine coracana 4535 1967 Ethiopia N/A N/A

2 PI 578074 Panicum miliaceum Huntsman 1994 Nebraska, USA 41.23240N 98.41600W

3 PI 517017 Panicum miliaceum GR 658 1986 Ouarzazate, Morocco 30.91670N 6.91670W

4 PI 291363 Panicum miliaceum USSR 1963 China N/A N/A

5 PI 649385 Panicum miliaceum Minsum 1980 Minnesota, USA 46.00000N 94.00000W

6 PI 536011 Panicum miliaceum Sunup 1989 Nebraska, USA 41.23240N 98.41600W

7 PI 649382 Panicum miliaceum Turghai 1961 North Dakota, USA 47.00000N 100.00000W

8 PI 517018 Panicum miliaceum GR 664 1986 Ouarzazate, Morocco 30.93350N 6.93700W

9 PI 578073 Panicum miliaceum Earlybird 1994 Nebraska, USA 41.23240N 98.41600W

10 PI 531431 Panicum miliaceum Unikum 1989 Czechoslovakia 50.08330N 14.41670E

11 PI 517019 Panicum miliaceum GR 665 1986 Ouarzazate, Morocco 30.93350N 6.93700W

12 PI 458626 Setaria italica Bei Huong 1 1981 China N/A N/A

13 PI 458645 Setaria italica Long Gu 14 1981 China N/A N/A

14 PI 464544 Setaria italica I.Se.410-A 1981 Ethiopia N/A N/A

TABLE 3 | Analysis of variance with F-value for percent emergence (PE), days to flowering (DF), days to maturity (DM), plant height (PH), and grain yield GY for quinoa

varieties grown in Musanze and Kirehe over two crop years.

Years Effect DF PE DF DM PH GY

2016 Location 1 10.07** 64.06*** 1.31 71.31*** 17.10***

Variety 18 5.47*** 1.77* 37.16*** 2.38** 2.01*

G × E 19 23.80*** 88.24*** 65.78*** 93.46*** 15.28***

2017 Location 1 113.47*** 115.66*** 129.87*** 114.46*** 39.86***

Variety 18 53.27*** 140.99*** 194.00*** 85.84*** 17.31***

G × E 19 37.46*** 98.07*** 71.79*** 58.32*** 23.00***

DF, degrees of freedom; PE, percent emergence; DF, days to flowering; DM, days to maturity; PH, plant height; GY, grain yield; G × E, genetic × environment interaction. Significant

level at (p < 0.05) while *p < 0.05, **p < 0.01, and ***p < 0.001.

significantly affected the emergence rates of all varieties (Table 4).
The varieties with the highest plant emergence in Musanze were
QuF9P1-20, QQ74 and Kaslaea, with 85, 81, and 80% emergence,
respectively, whereas QQ74, Cahuil, Cherry Vanilla, and Titicaca
had 100, 99, 99, and 96% emergence, respectively, in Kirehe
(Table 4).

In 2017 location affected plant emergence (p < 0.0001)
(Table 3). Mean emergence rates were 69% in Musanze, and 66%
in Kirehe; the differences were not significant (Table 4). There
was a significant G × E interaction for plant emergence (p <

0.0001) (Table 3). Location significantly affected the emergence
rates of all varieties (Table 4). The varieties with the highest plant
emergence in Musanze were Kaslaea, Titicaca, and NL-6 with 89,
87, and 84% emergence, respectively, whereas QQ74, KU-2, and
Cherry Vanilla had 91, 89, and 85% emergence, respectively, in
Kirehe (Table 4).

Days to Flowering
In 2016, location affected days to flowering (0.0001), and G
× E interaction was significant (p <0.0001) (Table 3). Days to
flowering differed between locations; days to flowering were
48 and 43 days in Musanze and Kirehe, respectively (Table 4).
Location significantly affected the days to flowering of all varieties

(p < 0.0001) (Table 4). CO407 Dave, Titicaca, and NL-6 had the
earliest flowering dates in Musanze with 38 days, 43 days, and 45
days; Titicaca, Cahuil, and QQ 74 had the earliest flowering dates
in Kirehe with 41 days each (Table 4).

In 2017, location had an effect on days to flowering (p <

0.0001), and there was a significant G × E interaction (p <

0.0001) (Table 3). Days to flowering differed between locations:
Musanze was 48 days and Kirehe 41 days to flowering (Table 4).
Location significantly affected the days to flowering of all varieties
(p< 0.0001) (Table 4). NL-6, Titicaca, and CO407 Dave flowered
earliest at 42, 43, and 43 days, in Musanze; in Kirehe, NL-6,
Titicaca, and Cahuil were the earliest to flower at 40 days each
(Table 4).

Days to Maturity
Analysis of variance showed a significant G × E interaction for
days to maturity in 2016 (Table 3). Location significantly affected
the days to maturity of all varieties (p < 0.0001) (Table 4).
The early maturing varieties in Musanze included Titicaca, QQ
74, and CO407 Dave with 96, 98, and 110 days respectively,
while Black, QuF19P39-51, and QuF9P39-72 were late-maturing
with 133, 135, and 138 days to maturity respectively. In Kirehe,
Titicaca, QQ 74, and CO407 Dave were there earliest maturing
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TABLE 4 | Mean data of quinoa varieties across the years 2016 and 2017 for percent emergence (PE); days to flowering (DF); days to maturity (DM); plant height (PH);

and grain yield (GY) in Musanze and Kirehe.

Variety PE (%) DF (day) DM (day) PH (cm) GY (kg/ha)

Name/Year Musanze Kirehe Musanze Kirehe Musanze Kirehe Musanze Kirehe Musanze Kirehe

2016

Black 53 72 48 43 133 129 117 70 1,136 307

Blanca 53 78 47 42 131 141 75 54 479 479

C0407 Dave 69 90 38 43 101 91 100 71 1,186 545

Cahuil 76 99 47 41 107 96 69 44 180 332

Cherry Vanilla 75 99 49 42 111 114 108 63 1,308 582

Isluga 43 59 49 44 126 110 90 47 701 254

Kaslaea 80 79 48 43 118 118 98 53 1,317 604

KU-2 73 89 47 42 128 127 68 36 667 351

Linares 20 46 50 44 131 133 80 46 227 142

NL-6 71 84 45 42 123 130 84 55 679 672

Puno 62 81 51 42 111 110 95 43 1,036 532

QQ 74 81 100 48 41 98 90 112 77 1,580 832

QuF19P39-51 36 46 52 45 135 135 89 55 467 429

QuF9839-64 73 70 50 44 101 91 110 60 1,408 498

QuF9839-72 35 50 50 44 138 130 80 57 167 245

QuF9840-29 53 78 49 43 131 125 87 71 529 392

QuF9P1-20 85 33 51 45 111 125 115 98 1,233 50

Temuko 30 40 51 43 133 123 69 35 385 136

Titicaca 62 96 43 41 96 85 75 57 745 629

Mean 59 73 48 43 119 116 90 57 812 422

LSD (p < 0.05) 8 1 5 7 187

2017

Black 60 75 48 44 135 126 122 99 1,308 535

Blanca 68 80 50 42 140 115 69 81 694 891

C0407 Dave 74 79 43 43 104 94 100 97 1,404 691

Cahuil 76 53 44 40 100 100 73 62 470 133

Cherry Vanilla 74 85 50 40 110 110 118 85 1,283 521

Isluga 50 48 47 42 131 110 116 98 804 546

Kaslaea 89 66 47 41 114 116 98 94 2,392 868

KU-2 80 89 47 43 130 126 76 70 1038 1,288

Linares 40 30 55 42 130 130 88 57 414 138

NL-6 84 73 42 40 130 130 93 91 3,004 528

Puno 76 74 51 40 111 110 101 82 1,286 1,065

QQ 74 81 91 48 42 98 88 117 92 1,700 642

QuF19P39-51 55 79 52 46 135 135 86 123 434 2,089

QuF9839-64 74 69 50 45 101 90 115 97 1,412 521

QuF9839-72 54 31 50 42 138 130 82 58 210 89

QuF9840-29 53 75 49 42 131 120 83 112 607 1,078

QuF9P1-20 76 58 51 50 111 117 117 97 1,326 1,208

Temuko 55 53 51 42 133 120 88 80 358 1,171

Titicaca 87 51 43 40 96 85 75 97 1,091 815

Mean 69 66 48 42 120 113 96 88 1,118 780

LSD (p < 0.05) 8 1 5 7 234

LSD, least significant difference. LSD comparisons are significant at the 0.05 level.

varieties with 85, 90, and 91 days to maturity, respectively,
while Linares, QuF19P39-51, and Blanca were the latest maturing
varieties at 133, 135, and 141 days to maturity, respectively
(Table 4).

In 2017, there was a significant G × E interaction for days
to maturity (Table 3). Location significantly affected the days to
maturity of all varieties (p < 0.0001) (Table 4). Titicaca, QQ
74, and Cahuil were the earliest maturing varieties in Musanze
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TABLE 5 | Pearson correlation for percent emergence (PE), days to flowering

(DH), days to maturity (DM), plant height (PH), grain yield (GY) of quinoa in both

Musanze and Kirehe.

Variables PE DF DM PH

PE

DF −0.58*

DM −0.57* 0.46*

PH 0.25 0.22 −0.27

GY 0.71** −0.21 −0.34 0.59*

Significant level at (p < 0.05) while *p < 0.05 and **p < 0.001.

with 96, 98, and 100 days to maturity respectively while Black,
QuF9P39-72, and Blanca were the latest maturing varieties with
135, 138, and 140 days to maturity, respectively. In Kirehe,
Titicaca, QQ 74, and QuF9839-64 were the earliest maturing
varieties with 85, 88, 90 days to maturity, respectively, while
Linares, QuF9P39-72, andQuF19P39-51 were late-maturing with
130, 130, and 135 days to maturity, respectively (Table 4).

Plant Height
There was a significant G × E interaction for plant height in
both 2016 and 2017 (Table 3). Location significantly affected the
plant height of all varieties (p < 0.0001) (Table 4). In 2016, KU-
2, Cahuil, and Temuko were the shortest varieties; in Musanze
with 68, 69, and 69 cm respectively while QQ 74, QuF9P1-20,
and Black were the tallest varieties with 112, 115, and 117 cm
respectively (Table 4). In Kirehe, Temuko, KU-2, and Puno were
the shortest varieties at 35, 36, and 43 cm, respectively, while
QuF9840-29, QQ 74, and QuF9P1-20 were the tallest varieties at
71.77, and 98 cm tall (Table 4).

In 2017, Blanca, Cahuil, and Titicaca were the shortest in
Musanze at 69, 73, and 75 cm, respectively, while Black, Cherry
Vanilla, QQ 74, QuF9P1-20 were the tallest at 122, 118, 117,
and 117 cm, respectively. In Kirehe, Linares, QuF9P39-72, and
Cahuil were the shortest at 58, 58, and 62 cm, respectively, while
QuF19P39-51, QuF9840-29, and Black were the tallest at 123,
112, and 99 cm, respectively (Table 4).

Correlations
In 2016 and 2017, grain yield was strongly correlated with percent
emergence (r = 0.71; p = 0.001) and moderately correlated to
plant height (r = 0.56; p = 0.007) but showed no relationship
with other traits (Table 5). In both Musanze and Kirehe, percent
emergence was negatively correlated with days to flowering (r =
−0.58; p= 0.009) and days to maturity (r=−0.57; p= 0.01), but
was not related to plant height (Table 5). Days to flowering was
moderately correlated with days to maturity (r = 0.46, p = 0.04)
(Table 5).

Millet Variety Trials
Grain Yield
In both 2016 and 2017, there was a significant G × E interaction
for grain yield (p < 0.05) (Table 6). When comparing responses
of varieties across location, results indicated that in both 2016 and
2017, all the varieties’ grain yield were affected by environment

except variety USSR, in 2017 (Table 7). In 2016 Musanze and
Kirehe yielded an average of 699 kg/ha and 23 kg/ha, respectively
(Table 7). Variety GR 664 was the highest yielding variety in
Musanze at 1,748 kg/ha, and variety 4,535, the highest yielding
variety in Kirehe, at 127 kg/ha (Table 7).

In 2017, the millet in Musanze and Kirehe yielded an average
of 521 kg/ha and 110 kg/ha, respectively (Table 7). Variety GR
664 was the highest yielding variety in Musanze at 1,329 kg/ha,
and variety Sunup was the highest yielding variety in Kirehe at
229 kg/ha (Table 7).

When comparing the yield of millet species across locations
in both 2016 and 2017, proso millet species yielded 410 kg/ha on
average, followed by foxtail millet at 184 kg/ha, and finger millet
at 87 kg/ha (Table 8).

Emergence
In 2016, environment had a significant interaction with plant
emergence (p = 0.002) (Table 6). Mean emergence rates were
97% in Musanze and 89% in Kirehe (Table 7). There was a
highly significant G × E interaction for plant emergence (p
= 0.001) (Table 6). The environment significantly affected the
emergence rates of all varieties except 4535, I.Se.410-A, and Long
Gu (Table 7). The varieties with the highest plant emergence
in Musanze were GR 664, Huntsman, Minsum, and Turghai
with 100% emergence rate each, whereas 4,535 and Long Gu
demonstrated the greatest percent emergence at 99%, in Kirehe
(Table 7).

In 2017 location did not have an impact on plant emergence
(Table 6). The mean emergence rates were 90% in Musanze, and
92% in Kirehe and the differences were not significant (Table 7).
There was no G × E interaction for plant emergence (Table 6).
The varieties with the highest plant emergence in Musanze were
GR 664 and USSR with 100% emergence rate each, whereas
Turghai had a higher emergence rate in Kirehe of 98% (Table 7).

Days to Heading
In both 2016 and 2017, location did not affect days to heading.
However, there was a significant G × E interaction (p < 0.0001)
(Table 6). In 2016, mean days to heading were 56 in Musanze
and 53 in Kirehe; differences were not significant (Table 7).
Environment significantly affected the days to heading of all
varieties except I.Se.410-A and Long Gu (Table 7). Earlybird was
earliest to heading in both Musanze and Kirehe at 36 and 34 days
to heading, respectively (Table 7).

In 2017, the mean days to heading were 123 in Musanze
and 121 in Kirehe; the differences were not significant (Table 7).
Environment did not affect days to heading of the varieties GR
658, GR 664, GR 665, Huntsman, Minsum, Turghai, or USSR
(Table 7). Earlybird was earliest to head in both Musanze and
Kirehe at 34 and 40 days to heading, respectively (Table 7).

Days to Maturity
There was a significant G × E interaction for days to maturity
in both 2016 and 2017 (p < 0.0001) (Table 6). The environment
significantly affected the days to maturity of all varieties (p <

0.05) (Table 7). In 2016, mean days to maturity was 121 in
Musanze and 118 in Kirehe; the differences were not significant
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TABLE 6 | Analysis of variance with F-value for percent emergence (PE), days to heading (DH), days to maturity (DM), plant height (PH), and grain yield (GY) for millet

varieties grown in Musanze and Kirehe over two crop years 2016 and 2017.

Years Effect DF PE DH DM PH GY

2016 Location 1 18.31*** 0.89 0.18 8.31** 36.22***

Variety 13 0.8 283.56*** 1392.68*** 57.73*** 1.69

G × E 14 2.94** 44.07*** 55.02*** 51.38*** 3.27***

Species 2 2.08 510.34*** 1764.45*** 174.79*** 1.97*

2017 Location 1 2.19 0.46 0.14 12.99*** 27.47***

Variety 13 1.13 106.42*** 778.31*** 15.74*** 2.24*

G × E 14 1.12 46.76*** 50.18*** 22.51*** 2.92**

Species 2 0.88 245.67*** 458.36*** 47.28*** 2.9*

G × E, genetic × environment interaction. Significant level at (p < 0.05) while *p < 0.05, **p < 0.01, and ***p < 0.001.

(Table 7). Earlybird was the earliest maturing in both Musanze
and Kirehe at 93 and 87 days to maturity, respectively (Table 7).
In 2017, varieties averaged 123 and 121 days to maturity
in Musanze and Kirehe, respectively; differences were not
significant (Table 7). Earlybird was the earliest maturing in both
Musanze and Kirehe at 93 and 87 days to maturity, respectively
(Table 7).

Plant Height
Across all 2 years, there was a significant G × E interaction
for plant height (p < 0.05) (Table 6). Both genotype and
environment effects were significantly different (P < 0.0001).
In 2016, varieties in Musanze and Kirehe were on average 70,
and 53 cm tall, respectively; these differences were significant
(Table 7). Earlybird was the shortest variety in bothMusanze and
Kirehe at 38 cm and 22 cm tall, respectively (Table 7). In 2017,
the environment affected the plant height of all varieties except
4,535, Bei Huong, and Long Gu (Table 7). Plant height differed
between Musanze and Kirehe; varieties in Musanze and Kirehe
were, on average, 81 cm and was 63 cm tall, respectively (Table 7).
Earlybird was the shortest variety in both Musanze and Kirehe at
53 and 26 cm tall, respectively (Table 7).

Correlations
Across years and locations, grain yield and percent emergence
were not correlated with any other traits (Table 9). However,
plant height was strongly correlated with both days to heading
(r = 0.69, p = 0.007) and to maturity (r = 0.88, p = 0.0001)
(Table 9). There was also a strong positive correlation between
days to heading and days to maturity (r = 0.88, p= 0.0001).

DISCUSSION

Grain Yield
Across both years, higher yields for quinoa and millet were
obtained in Musanze than in Kirehe. Quinoa yield in Musanze
ranged between 189 and 1,855 kg/ha, with Kaslaea yielding
the highest, whereas in Kirehe, yield ranged between 140 and
1,259 kg/ ha, with the breeding line QuF19P39-51 exhibiting
the highest yield. However, in 2017, some quinoa plots were
damaged by goats in Musanze, resulting in lower average grain

yield of varieties Ku-2, Temuko, and breeding lines QuF19P39-
51, and QuF9840-29 (Table 4). Millet yield in Musanze ranged
between 16 and 1,536 kg/ha, with G664 yielding the highest, while
in Kirehe, yield ranged between 21 and 159 kg/ha, with 4,535
yielding the highest. Grain yield among millet species revealed
that proso millet species are higher yielding compared to other
millet species with an average of 409 kg/ha (proso millet), 122
kg/ha (finger millet), and 184 kg/ha (foxtail millet) (Table 8).

The higher yields inMusanze are likely the result of the greater
moisture in Musanze compared to Kirehe during the time of
the experiments. Musanze receives, on average, 550mm more
precipitation per year than Kirehe (Ilunga et al., 2004; REMA-
Rwanda Environment Management Authority, 2015) (Figures 1,
2). Musanze is also known for its rich volcanic soil (Figure 3).
Umar (2006) and Schwabe et al. (2013) reported that abiotic
stressors such as extreme temperature and low water availability
are often the most important restricting factors in the growth
and productivity of major crop species. Drought reduces leaf size,
stem extension, and root proliferation, which causes disruption
of photosynthetic pigments and reduced gas exchange, ultimately
leading to a reduction in plant growth and productivity (Richards
et al., 2002; Anjum et al., 2011). This study’s results are consistent
with previous reports, which reported lower grain yield of quinoa
in greater moisture areas than in the dryland of Malawi (Maliro
et al., 2017; Gardner et al., 2019). The study’s results are also
consistent with previous reports, which stated that water stress in
millet reduces seed yield (Mahalakshmi and Bidinger, 1985). In
addition, millet in Kirehe experienced more bird and rat damage
compared to Musanze during the time of the experiments. We
would be remiss to not also mention severe yield loss about
75%, primarily in proso millet and finger millet species, inflicted
by birds.

Quinoa and millet have potential in both the highland
and lowland regions of Rwanda. In the highland regions of
Rwanda, wheat is the fourth most important cereal crop grown.
It is cultivated in the highland regions in the Congo-Nile
crest, and the Buberuka highlands, characterized by volcanic
soils, which include Burera, Musanze, Nyabihu, Rulindo,
Gakenke, Gicumbi, Karongi, Ngororero, Rutsiro, Nyamagabe
and Nyaruguru districts (Miklyaev et al., 2021; FAOSTAT, 2022).
Approximately 40% of children 5 years old and under suffer from
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TABLE 7 | Mean data of millet varieties across the years 2016 and 2017 for percent emergence (PE); days to heading (DH); days to maturity (DM); plant height (PH); grain

yield (GY) in Musanze and Kirehe.

Variety PE (%) DH (day) DM (day) PH (cm) GY (kg/ha)

Name/Year Musanze Kirehe Musanze Kirehe Musanze Kirehe Musanze Kirehe Musanze Kirehe

2016

4,535 93 99 106 101 178 170 75 74 15 127

Bei Huong 96 93 72 70 173 172 108 99 917 25

Earlybird 98 73 36 34 93 87 38 22 81 5

GR 658 95 85 57 50 108 100 60 42 1,296 25

GR 664 100 83 48 50 108 108 77 54 1,748 31

GR 665 94 89 51 49 108 105 60 48 1,418 11

Huntsman 100 88 50 46 105 105 45 25 742 12

I.Se.410-A 100 96 71 58 167 160 138 116 35 19

Long Gu 95 99 63 60 167 167 111 99 177 12

Minsum 100 84 47 47 97 97 44 23 18 2

Sunup 96 93 48 45 97 97 47 29 628 11

Turghai 100 94 47 44 97 92 57 42 774 22

USSR 95 89 47 48 95 97 73 45 1,504 19

Unikum 98 85 44 43 97 97 46 27 428 8

Mean 97 89 56 53 121 118 70 53 699 23

LSD (p < 0.05) 4 6 12 11 222

2017

4,535 85 93 105 97 181 173 76 101 16 190

Bei Huong 88 80 70 69 180 173 102 99 634 51

Earlybird 91 89 34 40 97 85 53 26 101 36

GR 658 88 94 53 47 112 108 70 49 1,062 40

GR 664 100 90 44 47 112 108 108 60 1,329 55

GR 665 84 94 52 47 100 108 70 55 916 48

Huntsman 89 93 45 47 100 108 68 42 501 36

I.Se.410-A 88 96 70 100 170 167 132 112 57 41

Long Gu 88 91 63 65 170 167 106 95 202 31

Minsum 93 89 50 49 100 100 56 37 24 173

Sunup 90 94 42 47 99 100 67 39 423 229

Turghai 85 98 50 47 100 97 67 62 441 217

USSR 100 95 45 50 97 100 88 54 1,278 205

Unikum 88 93 43 47 107 97 74 54 309 186

Mean 90 92 55 57 123 121 81 63 521 110

LSD (p < 0.05) 3 7 12 10 155

LSD, least significant difference. LSD comparisons are significant at the 0.05 level.

stunting in this region due to a lack of dietary diversity [USAID,
2016, 2021; National Institute of Statistics of Rwanda (NISR) et
al., 2020]. In the Northern Province specifically, including where
Musanze is located, climbing beans, cassava, and maize are the
dominant crops while also being the primary area in the country
for growing wheat. In the Western Province, the main crops are
climbing beans, cassava, andmaize, with relatively small amounts
of land used for growing rice, soybean, and wheat [National
Institute of Statistics of Rwanda (NISR), 2020; Miklyaev et al.,
2021]. The Eastern Province of Rwanda, including where Kirehe
is located, is dominated by the cultivation of bush beans,
cassava, and maize. It is also one of the three provinces that
produces rice and soybean. The production system in Eastern

Province lacks diversity of cereals [National Institute of Statistics
of Rwanda (NISR), 2020; Miklyaev et al., 2021; FAOSTAT,
2022]. Adding quinoa and millet into the cropping systems of
these regions should play a vital role in fostering sustainable
crop intensification and diversification efforts fostering socio
economic growth and food and nutrition security.

Emergence and Plant Height
Both quinoa and millet varieties’ height were affected by location
(p < 0.0001) (Tables 3, 7). Plants were significantly shorter in
Kirehe, with an average height of 73 cm compared to 93 cm in
Musanze for quinoa, and an average height of 76 cm and 58 cm
in Musanze and Kirehe, respectively, for millet. Emergence rate
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TABLE 8 | Mean data comparison of millet species across the years 2016 and 2017, and locations, Musanze and Kirehe for each trait percent emergence (PE), days to

heading (DH), days to maturity (DM), plant height (PH) and grain yield (GY).

Scientific name Common name PE (%) DH (days) DM (days) PH (cm) GY (kg/ha)

2016

Eleusine coracana Finger millet 96 a 103 a 174 a 74 b 71 b

Panicum miliaceum Proso millet 92 a 46 c 100 c 45 c 439 a

Setaria italica Foxtail millet 97 a 66 b 168 b 112 a 197 b

LSD (p < 0.05) 6 2 2 5 212

2017

Eleusine coracana Finger millet 89 a 101 a 177 a 88 b 103 b

Panicum miliaceum Proso millet 91 a 47 c 103 b 61 c 380 a

Setaria italica Foxtail millet 89 a 72 b 168 a 106 a 171 b

LSD (p < 0.05) 4 3 4 7 143

LSD, least significant difference. LSD comparisons are significant at the 0.05 level. Dissimilar letters in a column are significantly different at p ≤ 0.05.

TABLE 9 | Pearson correlation for percent emergence (PE), days to heading (DH),

days to maturity (DM), plant height (PH), grain yield (GY) of millet in both Musanze

and Kirehe.

Variables PE DH DM PH

PE

DH 0.20

DM 0.13 0.88**

PH 0.38 0.69* 0.88**

GY 0.12 −0.32 −0.35 −0.12

Significant level at (p < 0.05) while *p < 0.05, and **p < 0.001.

was 5.5% higher in Musanze than in Kirehe for quinoa, and
3% for millet. Less moisture in Kirehe was likely responsible
for the shorter plant height and low percent emergence. Water
deficit is known to cause impaired germination and poor crop
emergence (Harris et al., 2002). Kaya (2009) reported that water
deficit in sunflower severely reduced germination and seedling
stand, and delayed germination by 1–2 days. Drought stress
and water scarcity have been reported to reduce plant height
in switchgrass (Panicum virgatum), channel millet (Echinochloa
turneriana), barnyard millet, and pearl millet (Conover and
Sovonick-Dunford, 1989; Madakadze et al., 1999). Adams et al.
(2001) reported that drought stress and water scarcity slow
enzymatic activity, and by extension, plant growth. Nonami
(1998) also reported that cell elongation of higher plants could
be inhibited by interruption of water flow from xylem to
surrounding elongating cells under water deficit conditions. Plant
height among millet species revealed that proso millet species are
shorter compared to other millet species with an average of 53 cm
(proso millet), 82 cm (finger millet), and 110 cm (foxtail millet)
(Table 8).

Days to Flowering and Maturity
The most significant factors for heat stress-related yield loss
in cereals include high-temperature-induced shortening of
development of vegetative phases, reduced light perception
over the shortened life cycle, and perturbation of the

processes associated with carbon assimilation (transpiration,
photosynthesis, and respiration) (Stone, 2001). The process
of grain filling—the accumulation of reserve nutrients in
the developing and maturing grain—is also sensitive to
environmental conditions, and thus, strongly affect yield (Yang
and Zhang, 2006). When comparing the effect of location on
maturity across all varieties, plants in Kirehe were 2 days earlier
to maturation for quinoa, and 2 days earlier for millet, than
in Musanze. Days to maturity for quinoa in Musanze ranged
between 96 and 138 days, while in Kirehe days to maturity
ranged between 85 and 135 days, with Titicaca being the earliest
maturing variety in both locations. Across all millet varieties,
days to maturity in Musanze ranged between 95 and 180 days,
while in Kirehe days to maturity ranged between 86 and 173
days, with ‘Earlybird’ being the earliest maturing variety in both
locations. The difference between millet species in heading and
maturity were pronounced; days to heading for proso millet
ranged between 36 and 52 days, followed by finger millet at 102
days, and foxtail millet at 63–75 days. Similarly, days to maturity
for proso millet species were the most expedient at 91–109 days,
followed by foxtail millet at 166–175 days, and finger millet at
172 days. These results are in agreement with those reported by
Baltensperger (2002) and Williams et al. (2007) that showed that
proso millet was the earliest maturing of all millet species.

CONCLUSION

These experiments have demonstrated that quinoa and millet
can grow well in a variety of agroecological zones in Rwanda,
from highland to lowlands. Yield data indicates that for both
quinoa and millet, Musanze-like environments promote greater
yield than Kirehe-like environments. The results of this study also
underscore the need to continue evaluating quinoa and millet
cultivars to identify genotypes adapted to specific agro-ecological
zones and growing seasons in Rwanda. The variation in yield
data in this study merit more research, regional variety trials,
and establishment of quinoa and millet breeding programs in
Rwanda, to effectively optimize seed yield in target environments
across the country. Efforts like these will further elucidate the
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potential for quinoa and millet inclusion in the traditional
dryland cropping rotations in Rwanda.
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