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Adaptation and Agronomic Characterization Trials of 14 Rice Genotypes in Contrasting High-Altitude Marshes of Gisha and Akagoma, Ngozi Province, Burundi

ABSTRACT  
	Rice is a strategic crop for food security and sustainable development in Burundi, yet its productivity in high-altitude marshes remains severely constrained by low nighttime temperatures (<15°C), which induce spikelet sterility during reproductive stages. Despite breeding efforts by ISABU, FACAGRO, and IRRI, the availability of high-yielding, stable varieties adapted to these medium-altitude ecological conditions remains limited. Understanding genotype × environment (G×E) interaction is essential for identifying superior genotypes that combine high yield potential with stability across diverse environments, thereby supporting targeted breeding programs. This study evaluated the agronomic performance and stability of 14 rice varieties, 11 from ISABU preliminary trials and 3 locally cultivated, in the high-altitude marshes of Gisha and Akagoma (Ngozi Province) during the 2013–2014 growing season. Using a randomized complete block design with three replications, nine agronomic and yield-related traits were analyzed through two-way ANOVA, multiple regression, and the AMMI model to dissect G×E interaction. Multiple regression analysis revealed that effective tillering, thousand-grain weight, spikelet sterility rate, and total grains per panicle significantly influenced paddy yield (R² = 0.512; p < 0.001), highlighting these components as key selection criteria for direct breeding improvement. ANOVA demonstrated highly significant differences between sites and varieties for plant height, grains per panicle, thousand grain weight, sterility rate, and yield (p < 0.001). The AMMI analysis identified varieties UNG, 74, 71, and 46 as exhibiting general adaptation across both sites, with UNG combining the highest mean yield (6.4 t/ha) with superior stability. Varieties 54 and 12 achieved exceptional yields (7.58 and 6.02 t/ha, respectively) but displayed specific adaptation to Akagoma conditions. These findings provide evidence-based recommendations for varietal dissemination and selection criteria to enhance rice productivity in Burundi's high-altitude zones. Multi-season and multi-location testing is recommended to further validate stability patterns and support breeding strategies for climate-resilient rice varieties.
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I. INTRODUCTION 
Rice (Oryza sativa L.) remains a cornerstone of global food security, serving as the staple food for over half of the world's population (FAO, 2023). In Sub-Saharan Africa, rice consumption has grown at 4.2% annually over the past decade, driven by rapid urbanization and dietary transitions (Africa Rice Center, 2022; Andriatsiorimanana et al., 2023). In Burundi, a small landlocked country in the Great Lakes region, agriculture employs more than 90% of the population and contributes approximately 35% to the Gross Domestic Product (GDP) (World Bank, 2023). Despite this agricultural dominance, the sector faces structural constraints including land fragmentation (<0.8 ha/household), low input use, and population growth (2.9%/year) that continues to outpace agricultural productivity gains (PARM, 2024).
Rice occupies a strategic position in Burundi's food system, particularly in urban centers where it is considered a festive crop with significant sociological value (Gahiro, 2011). However, domestic production remains insufficient to meet demand. While paddy production increased from 26,800 tons in 1995 to an estimated 369,000 tons annually (2019–2023 average) on approximately 192,000 hectares, the country continues to rely on imports to bridge the deficit (FAO, 2024). This dependency highlights the urgent need to exploit the country's untapped agricultural potential. Burundi possesses approximately 112,000 hectares of marshlands, of which 95,000 hectares are located at altitudes above 1,300 meters (Goyens, 2005). Yet, a significant portion of this potential remains underexploited due to biotic and abiotic constraints exacerbated by climate variability.
High-altitude rice cultivation in Burundi is constrained by a syndrome of abiotic stresses centered on low nighttime temperatures (≤15°C) during the reproductive phase. Physiological studies confirm that temperatures <15°C during primordia differentiation and anthesis disrupt carbohydrate partitioning to developing anthers, impair pollen germination, and reduce fertilization success, leading to spikelet sterility and yield losses of 40–50% (Zhao et al., 2020). These thermal stresses are compounded by low solar radiation and fog frequency during the rainy season, which reduce photosynthetic efficiency (Ndayiragije, 2006); cool water temperatures in marsh soils (<18°C), which slow root metabolism and nutrient uptake (Nizigiyimana, 1993); and high relative humidity (>85%), which favors the proliferation of Magnaporthe oryzae and Pseudomonas fuscovaginae. While bird damage (Ploceidae, Passeridae) during grain filling is reported across monitored sites (Nasasagare, 2011), its impact is secondary to cold-induced sterility in yield determination. This study therefore prioritizes thermal stress responses and genotype × environment interaction as primary determinants of yield stability.
Although research institutions such as ISABU, FACAGRO, and IRRI have developed varieties adapted to medium-altitude conditions since the 1980s (Nizigiyimana & Nimenya, 2002), the number of high-yielding, stable varieties remains limited. Furthermore, continuous cultivation without proper seed renewal has led to varietal degeneration and genetic erosion, reducing the performance of previously recommended cultivars (Uwobikundiye, 2008 ; Mizero, 2009). Consequently, there is a critical need for continuous evaluation of new genotypes to identify those combining high yield potential with stability across diverse environments. Understanding Genotype × Environment (G×E) interaction is essential for recommending varieties that perform consistently across different agro-ecological zones (Brancourt-Hulmel et al., 1997). The Additive Main Effects and Multiplicative Interaction (AMMI) model has proven effective in dissecting these interactions and identifying stable genotypes (Mahnaz et al., 2013). This study aims to evaluate the agronomic performance and stability of 14 rice varieties in the high-altitude marshes of Gisha and Akagoma (Ngozi Province). Specifically, it seeks to: (i) identify varieties with high yield potential adapted to medium-altitude conditions; (ii) analyze the G×E interaction using the AMMI model; and (iii) provide evidence-based recommendations for varietal dissemination to enhance rice productivity in Burundi.
2. Materials and Methods
2.1. Study Sites
This study was conducted in Ngozi Province, specifically at the Akagoma and Gisha sites, located in the Ngozi and Tangara communes, respectively. Located in northern Burundi, this province extends between 2°39'19" and 3°5' South latitude and between 29°37'57" and 30°11'35" East longitude. Its average altitude is 1,800 m, ranging from 1,900 m on the ridges to 1,500 m in the valleys of Kanyaru and Nyamusagwa. The region receives annual rainfall ranging from 1,200 to 1,700 mm, with an average temperature oscillating between 17 and 20 °C. During the 2013–2014 period, rainfall amounted to approximately 1,308.8 mm. The average temperature was 19.8 °C, with maxima near 27.8 °C and minima around 11.9 °C. Soils in this zone are primarily sandy, with a tendency towards acidity in the Ngozi and Tangara communes. The experiment was conducted during the 2013-2014 growing season.

2.2. Plant Material
A total of 14 rice genotypes were evaluated, selected based on complementary criteria to contrast formal breeding outcomes with traditional farmer varieties. The panel comprised 11 advanced breeding lines from ISABU (12, 46, 52, 54, 64, 71, 74, 79, K10SHUSHAMAZI, F904, UNG) and three farmer-preferred local landraces (V46, V307, 1057). The local landraces are traditional varieties maintained through informal farmer seed selection systems in Ngozi Province marshes. They represent multi-generational on-farm selection for adaptation to local edaphic conditions and low-input management practices.
2.3. Experimental Design
A randomized complete block design (RCBD) was used for establishing the experimental plots. Fourteen plots, arranged in three replications, were established at each site. Transplanting was carried out using 28-day-old seedlings at Akagoma and 33-day-old seedlings at Gisha, with one seedling per hill and a spacing of 20 cm × 20 cm between rows and between plants within rows. Each elementary plot, of measuring 8 m² , contained 152 plants transplanted at 20x20 cm spacing. Alleys between plots and between replications were spaced at 60 cm and 70 cm, respectively. A mineral fertilizer formula (NPK: 75-30-30) was applied in three splits. A basal mineral fertilization (NPK: 25-30-30) was applied at both Akagoma and Gisha immediately after transplanting. The first manual weeding was performed on January 7, 2014, at Akagoma and on January 10, 2014, at Gisha, followed by a top-dressing application of mineral fertilizer (NPK: 25-0-0). Similarly, a third split of mineral fertilizer (NPK: 25-0-0) was applied after the second weeding operation at Akagoma on February 10, 2014, and at Gisha on February 20, 2014. Identification labels were placed along each plot to facilitate observation and comparison operations throughout the trial period.
2.4. Observed Parameters
Nine quantitative parameters were analyzed: recovery rate, total tillering, effective tillering, plant height, total grains per panicle (NTG/P), straw weight, thousand-grain weight (PMGP), spikelet sterility rate (TS), and paddy rice yield (t/ha at 14% moisture).
2.5. Statistical Analysis
Data were analyzed using SPSS Statistics 21 software. Two-way ANOVA (site × variety) was performed, followed by Duncan's test (α=5%) for mean separation. Multiple regression identified yield determinants. Genotype × Environment interaction was studied using the AMMI model (Zobel et al., 1988).








3. Results
3.1. Characterization of varieties (Key table)
Table 1 : Synthesis of observation for the 14 rice varieties at Gisha and Akagoma sites
	Variety
	Site
	Height (cm)
	Total Tillering
	Effective Tillering
	Straw Weight (kg)
	PMGP (g)
	Sterility (%)
	Recovery (%)
	Grains/Panicle
	Yield (t/ha)
	Cycle (days)
	Grain Shape

	12
	Akagoma
	73.4
	19.7
	18.4
	9.3
	23.2
	14.9
	98.8
	138
	7.1
	157
	Medium

	12
	Gisha
	66.9
	17.9
	16.8
	10.1
	21.2
	26.1
	88.5
	112
	4.8
	155
	Medium

	46
	Akagoma
	70.5
	18.8
	16.3
	9.8
	22.7
	18.1
	98.0
	132
	5.8
	160
	Long

	46
	Gisha
	67.9
	18.7
	17.6
	11.3
	20.4
	31.7
	91.1
	111
	4.8
	156
	Long

	52
	Akagoma
	69.9
	19.3
	17.4
	9.3
	22.4
	19.9
	98.8
	142
	5.8
	159
	Medium

	52
	Gisha
	66.3
	18.4
	16.8
	10.0
	20.3
	28.0
	90.5
	117
	4.9
	157
	Medium

	54
	Akagoma
	103.8
	16.2
	15.7
	13.8
	29.5
	31.6
	99.5
	167
	9.2
	161
	Long

	54
	Gisha
	93.9
	15.7
	15.1
	6.8
	27.2
	25.6
	85.2
	131
	5.9
	159
	Long

	64
	Akagoma
	70.6
	16.5
	14.4
	9.3
	22.5
	20.6
	99.6
	140
	6.0
	161
	Medium

	64
	Gisha
	68.8
	18.4
	16.6
	10.7
	20.0
	38.5
	89.6
	123
	4.1
	157
	Medium

	71
	Akagoma
	71.7
	18.6
	17.3
	10.5
	22.9
	18.5
	99.7
	128
	6.6
	158
	Long

	71
	Gisha
	65.7
	19.5
	17.8
	10.4
	19.9
	26.3
	91.2
	4.3
	4.3
	156
	Long

	74
	Akagoma
	82.8
	18.5
	16.9
	11.1
	26.2
	34.5
	99.7
	116
	5.2
	167
	Long

	74
	Gisha
	79.8
	18.0
	16.3
	11.6
	23.1
	38.1
	91.1
	105
	3.8
	163
	Long

	79
	Akagoma
	87.4
	17.9
	16.1
	14.1
	26.5
	30.3
	99.7
	131
	6.4
	167
	Medium

	79
	Gisha
	78.7
	20.4
	14.6
	14.7
	24.2
	56.0
	90.9
	101
	2.8
	163
	Medium

	K10
	Akagoma
	83.2
	12.7
	12.4
	9.6
	24.3
	26.6
	100.0
	169
	5.9
	158
	Medium

	K10
	Gisha
	73.1
	15.5
	14.2
	11.2
	22.4
	36.9
	96.0
	139
	4.0
	156
	Medium

	V46
	Akagoma
	104.4
	8.9
	8.6
	8.3
	29.3
	21.2
	99.1
	222
	4.8
	162
	Short

	V46
	Gisha
	96.8
	10.9
	10.5
	6.7
	27.7
	21.1
	91.8
	174
	5.8
	160
	Short

	V307
	Akagoma
	100.5
	8.7
	8.2
	5.8
	31.8
	23.4
	97.9
	249
	3.4
	166
	Short

	V307
	Gisha
	95.9
	10.5
	10.4
	5.7
	29.9
	29.0
	85.0
	235
	6.2
	162
	Short

	1057
	Akagoma
	116.3
	9.7
	9.1
	8.0
	27.4
	13.0
	99.3
	170
	4.7
	159
	Medium

	1057
	Gisha
	106.1
	10.7
	10.3
	6.6
	25.9
	17.9
	93.1
	151
	4.2
	155
	Medium

	F904
	Akagoma
	85.7
	16.7
	15.7
	12.1
	26.2
	31.3
	99.5
	134
	5.8
	169
	Medium

	F904
	Gisha
	87.4
	18.3
	16.5
	16.5
	25.8
	42.1
	93.5
	120
	4.7
	165
	Medium

	UNG
	Akagoma
	108.8
	14.5
	14.3
	10.3
	26.3
	36.0
	99.5
	192
	7.2
	161
	Long

	UNG
	Gisha
	94.5
	14.0
	13.2
	8.5
	26.1
	35.8
	93.1
	154
	5.6
	157
	Long

	General Mean
	
	84.6
	15.8
	12.2
	10.0
	24.8

	28.3
	94.9
	146.9
	5.3
	160.2
	


Note : PMGP = Thousand filled grain weight; NTG/P = Total grains per panicle



3.2. Grain Size Characterization
Table 2: Mean grain size of the 14 tested rice varieties
	Variety
	Akagoma Length (mm)
	Akagoma Width (mm)
	Gisha Length (mm)
	Gisha Width (mm)
	Mean Length (mm)
	Mean Width (mm)
	Length/Width Ratio

	71
	7.0
	2.0
	6.5
	2.0
	6.75
	2.0
	3.3

	F904
	6.0
	2.0
	6.5
	2.0
	6.25
	2.0
	3.1

	54
	7.5
	2.0
	7.0
	2.5
	7.25
	2.2
	3.2

	64
	6.0
	1.5
	6.5
	2.0
	6.25
	1.7
	3.5

	12
	6.0
	2.0
	6.5
	2.0
	6.25
	2.0
	3.1

	K10
	6.5
	2.0
	6.6
	2.0
	6.55
	2.0
	3.2

	74
	7.0
	2.0
	6.5
	2.0
	6.75
	2.0
	3.3

	46
	7.0
	1.5
	6.5
	2.0
	6.75
	1.7
	3.9

	79
	6.5
	2.0
	6.5
	2.0
	6.50
	2.0
	3.2

	52
	6.0
	2.0
	6.5
	2.0
	6.25
	2.0
	3.1

	1057
	6.0
	3.0
	5.5
	2.5
	5.75
	2.75
	2.0

	V46
	5.0
	3.0
	5.5
	3.0
	5.25
	3.0
	1.7

	UNG
	7.0
	2.5
	7.5
	2.5
	7.25
	2.5
	2.9

	V307
	5.0
	2.5
	5.0
	3.0
	5.00
	2.75
	1.8


Classification (IRRI scale): Long grain >6.60 mm; Medium 5.51-6.60 mm; Short <5.50 mm. Shape: Slender >3.0; Medium 2.1-3.0; Broad 1.1-2.
3.3. Correlations Between Parameters
Table 3: Pearson correlation matrix between observed parameters
	Parameter
	Height
	Total Tillering
	Effective Tillering
	Straw Weight
	PMGP
	Sterility
	Recovery
	Grains/Panicle
	Yield

	Height
	1.000
	
	
	
	
	
	
	
	

	Total Tillering
	-0.624**
	1.000
	
	
	
	
	
	
	

	Effective Tillering
	-0.593**
	0.923**
	1.000
	
	
	
	
	
	

	Straw Weight
	-0.170
	0.632**
	0.546**
	1.000
	
	
	
	
	

	PMGP
	0.818**
	-0.616**
	-0.586**
	-0.227*
	1.000
	
	
	
	

	Sterility
	-0.067
	0.329**
	0.175
	0.560**
	-0.084
	1.000
	
	
	

	Recovery
	0.150
	-0.062
	-0.060
	0.207
	0.166
	-0.208
	1.000
	
	

	Grains/Panicle
	0.661**
	-0.681**
	-0.625**
	-0.397**
	0.718**
	-0.259*
	0.152
	1.000
	

	Yield
	0.180
	0.170
	0.318**
	0.202
	0.198
	-0.265*
	0.293**
	0.197
	1.000


** p<0.01; * p<0.05. Key finding: Significant negative correlation between yield and spikelet sterility (r = -0.265; p<0.05), confirming sterility as a major yield-limiting factor in high-altitude rice cultivation. 
3.4. Multiple Regression Analysis: Yield Determinants
Table 4: Multiple regression results for paddy rice yield
	Predictor
	Unstandardized Coefficient (B)
	Std. Error
	Standardized Coefficient (Beta)
	t-value
	p-value

	Constant
	-5.763
	3.001
	-
	-1.920
	0.059

	Recovery Rate
	0.020
	0.027
	0.072
	0.745
	0.458

	Effective Tillering
	0.262
	0.053
	0.620
	4.977
	<0.001

	Straw Weight
	0.120
	0.063
	0.259
	1.918
	0.059

	Thousand Filled Grain Weight
	0.154
	0.056
	0.328
	2.761
	0.007

	Spikelet Sterility
	-0.063
	0.017
	-0.420
	-3.790
	<0.001

	Grains per Panicle
	0.013
	0.005
	0.326
	2.619
	0.011


Model summary: R = 0.716; R² = 0.512; Adjusted R² = 0.474; F(6,77) = 13.482; p<0.001
Regression equation: Yield = -5.763 + 0.020(Recovery) + 0.262(Effective Tillering) + 0.120(Straw) + 0.154(PMGP) - 0.063(Sterility) + 0.013(Grains/Panicle) + ε
The model explains 51.2% of yield variance. Four parameters significantly influence yield: effective tillering (+), thousand filled grain weight (+), spikelet sterility (-), and total grains per panicle (+).
3.5. Analysis of Variance for Yield
Table 5 : Two-way ANOVA for paddy rice yield
	Source of Variation
	df
	Sum of Squares
	Mean Square
	F-value
	p-value

	Site
	1
	35.490
	35.490
	37.593
	<0.001

	Variety
	13
	54.245
	4.173
	4.420
	<0.001

	Site × Variety
	13
	51.607
	3.970
	4.205
	<0.001

	Error
	56
	52.867
	0.944
	-
	-

	Total
	83
	194.208
	-
	-
	-


Highly significant differences for site, variety, and their interaction (p<0.001), indicating that yield performance depends on both genetic factors and environmental conditions, with significant G×E interaction.
3.6. AMMI Analysis of Genotype × Environment Interaction
Table 6: AMMI model analysis for paddy rice yield
	Source of Variation
	df
	Sum of Squares
	% of Total SS
	Mean Square
	p-value

	Treatments
	27
	141.341
	72.77%
	5.235
	<0.001

	Genotype
	13
	54.245
	27.93%
	4.173
	<0.001

	Environment (Site)
	1
	35.490
	18.27%
	35.490
	<0.001

	G × E Interaction
	13
	51.607
	26.57%
	3.970
	<0.001

	IPCA1
	13
	51.607
	100% of G×E SS
	3.970
	<0.001

	Error
	56
	52.867
	27.23%
	0.944
	-

	Total
	83
	194.208
	100%
	-
	-


IPCA1 (First Interaction Principal Component Axis) captures 100% of the G×E interaction sum of squares, indicating complete explanation of interaction by the first axis.
3.7. AMMI Biplot Interpretation (Key Figure Description)
Figure 1 : AMMI1 Biplot for Genotype × Environment Interaction on Rice Yield
General adaptation (IPCA1 scores near zero): Varieties UNG, 74, 71, and 46 show stable performance across both sites. Among these, UNG combines high mean yield (6.4 t/ha) with high stability, making it the most recommended for broad dissemination. Specific adaptation to Akagoma (positive IPCA1 scores): Varieties 54 and 12 exhibit high yields (7.58 and 6.02 t/ha, respectively) but are specifically adapted to Akagoma conditions. Specific adaptation to Gisha (negative IPCA1 scores): Varieties V46 and F904 perform better under Gisha conditions. Low-yielding genotypes: Variety 1057 shows the lowest mean yield (4.46 t/ha) across sites.
[image: ]
The ideal genotype combines high productivity with IPCA1 scores close to zero. Undesirable genotypes show both low stability and low productivity.
4. Discussion
 4.1. Impact of Environmental Constraints on Yield and Sterility
The results confirm that spikelet sterility induced by cold stress remains the major limiting factor in high-altitude rice cultivation in Burundi, corroborating the foundational findings of Nizigiyimana (1993) and recent climate impact assessments (Zhao et al., 2020). In this study, sterility rates varied significantly between sites, with Gisha generally exhibiting higher sterility percentages than Akagoma (e.g., Variety 79 showed 56.0% sterility in Gisha vs. 30.3% in Akagoma; Table 1). This site-specific variation aligns with physiological studies indicating that temperatures below 15°C during panicle initiation and flowering disrupt pollen viability, leading to yield losses of 40–50% (Yoshida, 1981; Ndayiragije, 2006). Recent meteorological data confirms that nighttime minima in Ngozi Province frequently drop to 11.9°C during the reproductive phase, validating the thermal stress conditions observed (IGEBU, 2023). The significant negative correlation between sterility and yield (r = -0.265; p<0.05; Table 3) underscores the importance of this trait in varietal selection for altitude zones. Consequently, breeding programs targeting high-altitude marshes must prioritize cold tolerance at the reproductive stage to minimize yield gaps caused by abiotic stress (Africa Rice Center, 2022). Sterility assessments were conducted at physiological maturity, but the critical thermal sensitivity window corresponds to panicle initiation through anthesis (approximately 10 days before to 3 days after flowering), when microsporogenesis and pollen tube growth are most vulnerable to low temperatures (Zhao et al., 2020).
4.2. Determinants of Yield Performance
The multiple regression model identified four key yield determinants: effective tillering, thousand filled grain weight (PMGP), spikelet sterility, and total grains per panicle, collectively explaining 51.2% of yield variance (Table 4). Among these, effective tillering showed the strongest positive influence (Standardized Beta = 0.620; Table 4), suggesting that canopy establishment and productive tiller count are critical drivers of productivity in these ecosystems. This finding supports the observation that varieties with higher effective tillering rates, such as varieties 12 and 54, achieved superior yields. Conversely, the negative coefficient for spikelet sterility (-0.063) reinforces the notion that yield stability depends on minimizing reproductive failure. While PMGP and grains per panicle were significant, their lower beta coefficients compared to effective tillering suggest that tillering capacity may be a more reliable selection criterion for early-generation screening in high-altitude environments (FAO, 2023).
4.3. Genotype × Environment Interaction and Stability
The Analysis of Variance revealed highly significant differences for site, variety, and their interaction (p<0.001; Table 5), indicating that yield performance depends on both genetic factors and environmental conditions. The AMMI model provided further resolution, with IPCA1 capturing 100% of the G×E interaction sum of squares (Table 6). While this high percentage may reflect the limited number of environments (n=2), it clearly distinguishes between stable and specifically adapted genotypes. However, it is acknowledged that with only two data points, the AMMI model is sensitive to extreme variations at a single site, and these findings should be interpreted as preliminary indicators requiring multi-location validation (Gauch, 1988).
· General Adaptation : Varieties UNG, 74, 71, and 46 exhibited IPCA1 scores near zero, indicating stability across both Gisha and Akagoma. Among these, UNG is particularly promising, combining a high mean yield (6.4 t/ha) with high stability. This suggests UNG possesses genetic buffering mechanisms against the micro-climatic variations between the two sites, making it the most recommended candidate for broad dissemination.
· Specific Adaptation : Varieties 54 and 12 exhibited positive IPCA1 scores and achieved the highest yields (7.58 and 6.02 t/ha, respectively), but only under Akagoma conditions. Table 1 shows that Variety 54 reached 9.2 t/ha in Akagoma compared to 5.9 t/ha in Gisha. This specific adaptation suggests these genotypes may require warmer micro-climates or specific soil conditions found in Akagoma to express their full yield potential.
· Local Checks : The locally cultivated varieties (V46, V307, 1057) generally showed lower stability or yield potential compared to the promising ISABU lines. For instance, Variety 1057 showed the lowest mean yield (4.46 t/ha), highlighting the need for varietal renewal to combat genetic erosion (Mizero, 2009; PARM, 2024).
4.4. Agronomic Traits and Grain Quality
Plant height among the tested varieties was predominantly semi-dwarf (80–110 cm), which is favorable for lodging resistance and nutrient use efficiency (FAO, 2023). Taller varieties like 1057 (116.3 cm in Akagoma) did not necessarily translate to higher yields, reinforcing that height alone is not a yield predictor. Regarding grain quality, the tested varieties displayed diverse grain shapes (Table 2). Varieties such as 54 and UNG produced long grains (Length/Width ratio > 3.0), which often command higher market preference in urban centers where rice is considered a festive crop (Gahiro, 2011). Therefore, the recommendation of UNG is further strengthened by its combination of yield stability and favorable grain morphology.
4.5. Implications for Breeding and Dissemination
These observations align with Zobel et al. (1988) on the utility of the AMMI model for discriminating between general and specific adaptation. The identification of UNG as a stable, high-yielding variety provides a concrete solution to the limited number of adapted varieties noted by ISABU and FACAGRO. However, the high yield potential of Variety 54 in Akagoma suggests that zone-specific recommendations could also maximize productivity where conditions allow. To address the limitations of this study (single season, two sites), future work should focus on multi-season testing to confirm stability patterns and include farmer participatory evaluation to ensure end-user acceptance. Additionally, while disease pressure was not quantified here, the known prevalence of blast and bacterial blight in medium-altitude zones suggests that future screening should integrate disease resistance traits alongside yield stability (PARM, 2024).
5. Study Limitations
This study presents several limitations that should be considered when interpreting the results:
· Single-season evaluation: The experiment was conducted during only one growing season (2013-2014). Multi-season trials are necessary to confirm the stability of varietal performance across different climatic conditions.
· Limited geographic scope: Testing was restricted to two sites (Gisha and Akagoma) within Ngozi Province. Results may not be fully extrapolatable to other high-altitude zones in Burundi or the broader Great Lakes region without additional multi-location testing.
· Disease pressure not quantified: While blast and bacterial blight are recognized constraints in high-altitude rice cultivation, disease incidence and severity were not systematically recorded during this trial, limiting conclusions about varietal resistance.
· Statistical model assumptions: The AMMI model assumes additive main effects and multiplicative interaction. While IPCA1 explained 100% of interaction variance in this dataset, this may reflect the limited number of environments (n=2) rather than true biological patterns.
· Farmer participatory evaluation: The study did not include farmer preferences or on-farm testing, which are essential for ensuring that recommended varieties meet end-user needs and agronomic practices.
6. Conclusion
This study provides preliminary evidence for varietal adaptation in Burundi's high-altitude marshes:
· Varieties UNG, 74, 71, and 46 exhibited general adaptation (stable yields across sites) and are recommended for broad dissemination pending multi-season validation.
· Varieties 54 and 12 demonstrated high yield potential under Akagoma-like conditions, warranting targeted testing in warmer micro-zones.
· Key selection criteria for high-altitude breeding should prioritize: (i) effective tillering capacity, (ii) low spikelet sterility under cool nights, and (iii) filled grain percentage >75%.
· Local landraces (V46, V307, 1057) showed limited yield potential but may harbor adaptive alleles for participatory breeding initiatives.
Future work must integrate multi-season, multi-location trials; farmer participatory evaluation; and physiological screening for cold tolerance to accelerate development of climate-resilient rice varieties for Burundi's high-altitude food systems.
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    Original Research Article    Adaptation and Agronomic Characterization Trials of 14 Rice  Genotypes in Contrasting High - Altitude Marshes of Gisha and  Akagoma, Ngozi Province, Burundi     ABSTRACT     

Rice is a strategic crop for food security and sustainable development in Burundi, yet its productivity  in high - altitude marshes remains severely constrained by low nighttime temperatures (<15°C) ,  which  induce spikelet sterility during reproductive stages. Despite breeding efforts by ISABU, FACAGRO,  and IRRI, the availability of high - yielding, stable varieties adapted to these medium - altitude ecological  conditions remains limited. Understanding genotype ×   environment (G×E) interaction is essential for  identifying superior genotypes that combine high yield potential with stability across diverse  environments, thereby supporting targeted breeding programs. This study evaluated the agronomic  performance and s tability of 14 rice varieties ,  11 from ISABU preliminary trials and 3 locally cultivated ,  in the high - altitude marshes of Gisha and Akagoma (Ngozi Province) during the 2013 – 2014 growing  season. Using a randomized complete block design with three replications, nine agronomic and yield - related traits were analyzed through two - way ANOVA, multiple  regression, and the AMMI model to  dissect G×E interaction.   Multiple regression  analysis  revealed that effective tillering, thousand - grain   weight, spikelet sterility rate, and total grains per panicle   significant ly influenced paddy yie ld   (R² =  0.512; p < 0.001), highlighting these components as key selection criteria for direct breeding  improvement.   ANOVA demonstrated highly significant differences between sites and varieties for plant  height, grains per panicle, thousand grain weight, sterility rate, and yield (p < 0.001). The AMMI  analysis identified varieties UNG, 74, 71, and 46 as exhibiting gener al adaptation across both sites,  with UNG combining the highest mean yield (6.4 t/ha) with superior stability. Varieties 54 and 12  achieved exceptional yields (7.58 and 6.02 t/ha, respectively) but displayed specific adaptation to  Akagoma conditions. These   findings provide evidence - based recommendations for varietal  dissemination and selection criteria to enhance rice productivity in Burundi's high - altitude zones. Multi - season and multi - location testing is recommended to further validate stability patterns  and support  breeding strategies for climate - resilient rice varieties.  

Keywords:   Oryza sativa , high - altitude marshes, genotype × environment interaction, AMMI model, yield  stability     I. INTRODUCTION    Rice ( Oryza sativa   L.) remains a cornerstone of global food security, serving as the staple food for over  half of the world's population (FAO, 2023 ). In Sub - Saharan Africa, rice consumption has grown at 4.2%  annually over the past decade, driven by rapid urbanization and dietary transitions (Africa Rice Center,  2022; Andriatsiorimanana et al., 2023). In Burundi, a small landlocked country in the Grea t Lakes region,  agriculture employs more than 90% of the population and contributes approximately 35% to the Gross  Domestic Product (GDP) (World Bank,  2023 ).   Despite this agricultural dominance, the sector faces  structural constraints including land fragmentation (<0.8 ha/household), low input use, and population  growth (2.9%/year) that continues to outpace agricultural productivity gains (PARM, 2024 ).  

