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Crop diversification through integration of sweetpotato with legumes such as soybean presents a viable option for achieving food and nutrition security, income generation, soil fertility improvement, and adaptation to climate change in Malawi. However, knowledge regarding the choice of sweetpotato variety specifically adapted to intercropping systems remains a major obstacle to its optimization. The objective of the study was to evaluate three sweetpotato varieties under different intercropping systems. A field experiment was conducted using three Orange- fleshed Sweetpotato varieties (OFSP) with different vine length and growth habits (Kadyaubwerere -long vines, Royal choice-short vines, and Chipika - compact vines) under five spatial arrangements across three different agroecological zones during 2023–2024 cropping season. Five spatial arrangements including i) sole sweetpotato (Sole SP); ii) sole soybean (sole SB); iii) sweetpotato - soybean (1:1); iv) sweetpotato – soybean (2:1); and v) sweetpotato – soybean (2:2) were evaluated using a randomized complete block design in a split-plot arrangement with three replications. Agronomic data were subjected to analysis of variance using R programing. Land equivalent ratios (LERs) and absolute merit effect (AME) were also used to determine the productivity of the intercropping system. Variety architecture, locations, and intercropping systems significantly (P< 0.001) influenced the yields, and other traits of sweetpotato and soybean. Sweetpotato varieties responded differently under diverse spatial arrangements, indicating varietal effects on crop performance. LERs indicate significantly higher yield advantage in intercropping compared to sole cropping. LERs were greater than one (LER>1) in many of the intercrops, indicating higher productivity of intercropping over sole cropping. Across locations, Chipika and Royal choice sweetpotato varieties intercropped in ratios 1:1 and 2:1 gave the highest LERs as compared to Kadyaubwelere. The results suggest the combinations of Chipika-soybean in ratios 2:1 and 2:2 and Royal choice -soybean in ratios 1:1 and 2:2 for sweetpotato-intensification in Malawi due to the less competitiveness of the two varieties under the different intercropping arrangements.
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1 Introduction


Sweetpotato is increasingly becoming one of the most widely grown crops in smallholder farms in Malawi, due to its adaptive capacity to climate change, contributions to food and nutrition security, animal feed, and income generation (Low et al., 2009). The crop is drought tolerant with short harvesting period of 3–5 months, hence provides an alternative crop in the face of unreliable and changing weather patterns (Motsa et al., 2015; Vithu et al., 2019). Its production, consumption, and commercialization have grown steady in recent years and has become more important food crop (Miyazaki et al., 2013). Malawi is the second world’s largest producer of sweetpotato and largest producer in Africa with an estimated annual production of 8.1 million metric tons, covering over 330,000 hectares (FAO, 2023). However, productivity remains low, with average yields estimated at 12 tons/ha, which is still below potential yields (van Vugt et al., 2018). Additionally, production remains at a subsistence level, with sweetpotato plot sizes averaging 0.2ha per household. Low productivity is due to limited access to quality planting material, lack of access to structured markets and limited value addition (Gatto et al., 2021).


Soybean is one of the most important food and cash crops for smallholder farmers in Malawi for income generation, food and nutrition security. It contributes to soil fertility improvement on marginal lands through nitrogen fixation, provision of good ground cover and plant residues. In recent years, the production of soybeans has steadily increased through expansion in the cultivated areas. Its areas of production has increased from 4.4 thousand hectares in 2012 to about 10.0 thousand hectares in 2020 (Omondi et al., 2023). Malawi made more than 17 million USD from soybean exports, ranking as the 38th global soybean exporter country (OECD, 2022). However, despite the potential and growth in production, soybean yields have remained low in Malawi. The national mean yield is around 880 kg/ha, while the attainable yield is between 2000 and 2500 kg/ha (Van Vugt et al., 2016).


In Malawi, intercropping of sweetpotato with legumes, such as soybean and pigeon pea has been identified as one of the innovative cropping systems that can sustainably improve land utilization, food and nutrition security, income generation, soil fertility improvement, variability of food supply, and insurance against crop failure in the face of changing climate and rapidly declining land holding size in Malawi (NAP, 2016; ASWAP, 2010).


Intercropping system involves simultaneous cultivation of two or more crops on a piece of land during a growing season as a way of diversifying agricultural production systems (Mousavi et al., 2011). Intercropping systems have been documented to offer numerous benefits including an increase in total crop yield, more efficient use of land and natural resources, soil health improvement, controlling weeds, insects and diseases (Paul et al., 2023; Katuromunda et al., 2021; Demie et al. (2022). These benefits can be attributed to more efficient use of land and natural resources such as light, water, and nutrients, reduction of pest and disease as companion crops serve as barriers for pest and disease transmission (Stomph et al., 2020; Zhang et al., 2017). It was also reported by Paul et al., 2023 hat intercropping is 17-30% more efficient in using available land than sole cropping Land equivalent ratio (LER) is usually used to measure the productivity of intercropping systems and it indicates the land area required for pure stands in order to produce the same yield as intercropping. An LER greater than one indicates that intercropping uses the land more efficiently than sole cropping to produce the expected outputs (Mead and Willey, 1980). The results of meta-analysis studies encompassing compilation of studies on the effects of cultivars in intercropping indicated that 85% of the LER data points of cereal/legume intercropping were greater than 1, while 15% of the specific cereal/legume cultivar combinations resulted in LER< 1 (Demie et al. (2022). Sweetpotato and legumes are compatible and have limited competition for nutrients, contribute to biological nitrogen fixation, and provide both protein and carbohydrates rich food to the smallholder farmers’ households (Abidin et al., 2015). The intercropping of sweetpotato and legumes on the same piece of land offers numerous benefits as compared to when the two crops are grown separately as sole cropping. The combination of the two crops leads to an increase in yields and total harvests for farmers as it makes better use of land, nutrients and water resources, and reduces damage by pests and diseases (Egbe and Idoko, 2009; Egbe and Moses, 2012). Legumes increase the availability of nitrogen in the soil during and after cultivation which stimulates tuber production in sweetpotato and saves on inputs of nitrogen fertilizer. Additionally, the intercropping of sweetpotato and legumes, especially Orange-fleshed sweetpotato (OFSP) leads to a more nutritional diet for farmers and offers a buffer against seasonal hunger, especially when one of the crops fails due to drought or disease outbreak. The growing awareness of these benefits is leading to increasing intercropping of sweetpotato- legumes in Malawi.


Despite the importance of intercropping in providing higher and stable yields, the knowledge regarding the choice of sweetpotato variety specifically adapted to intercropping systems and the mechanisms involved in genotype × cropping system interactions remain a major obstacle to its productivity (Demie et al. (2022). The selection of crop varieties for specific intercropping systems is very important for designing a productive intercropping system. Generally, intercropping systems use crop varieties selected under monocropping systems, which are not always suitable for intercropping conditions (Lithourgidis et al., 2011; Annicchiarico et al., 2019). According to Annicchiarico et al. (2019) and Baxevanos et al. (2017) the variety grown in pure stand as sole cropping may not perform the same way when it’s grown in a combination with other crops. This could be attributed to the natural selection pressures generated by inter-plant interactions in the mixtures (Annicchiarico et al., 2019). Several studies have also shown that the general performance of intercropping systems in terms of productivity and land use efficiency depends on the varietal combination in the intercrops (Hauggaard-Nielsen and Jensen, 2001). Different crop varieties may have different responses in terms of phenology and morphology when grown as sole crops compared to when grown in mixtures with other crops. The varietal choice within each species is likely to affect canopy traits, intra-plant competition for both above and below resources and performance of the mixtures. In most cases, farmers base their varietal choice on traits and performances of varieties evaluated in sole cropping due to limited information on the varietal effect on the performance of intercropping. This practice may be unproductive, since some of these traits and performances are not always predictive of those observed in intercrops, perhaps the reason for low productivity of some intercropping systems (Hauggaard-Nielsen and Jensen, 2001; Moutier et al., 2018, 2021; Annicchiarico et al., 2019). Accordingly, it is important to examine the suitability of different sweetpotato varieties with contrasting vine length and growth habits across multiple environments to improve the selection of variety for intercropping. We therefore conducted field experiments to evaluate the performance of three sweetpotato varieties with variability in terms of vine length and growth habits for the identification of high-yielding intercrop combinations across three contrasting environments.






2 Materials and methods


This section describes the materials and methods that were used to carry out the study. Specifically, it comprises the description of area where the study was conducted, nature of soils in the experimental plots, materials and experimental design that were used, field preparation and crop management, and the data collection methods and analysis.





2.1 Description of study sites


The field experiments were conducted in three contrasting agroecological zones in the central (Lilongwe and Salima) and southern (Zomba) regions of Malawi. The target sites, namely Chitedze research station in Lilongwe, Chitala research station in Salima and Makoka research station in Zomba represent three contrasting agro-ecological zones (AEZ) as defined in Malawi (Saka et al., 2006): Chitedze represents the mid-elevation upland plateau at 760–1300 masl, and AEZ 3 the highlands at > 1300 masl. Chitala represents lake shore, middle and upper Shire at an elevation of 200–760 m above sea level (masl), while Makoka represents representing low, mid, and high agroecological zones with elevation ranging from 600 to 1400 meters above sea level. At Chitedze research station, the trial was established at longitude 13°59′S, 33°38′E, altitude of 1153m.a.s.l. with an elevation ranging from 760- to 650 meters above sea level. At Chitala, the trial was established at 13°40’S and longitude of 34°15’E, at an elevation ranging from 525 to 650 meters above sea level. In Makoka, the trial was conducted at latitudes 15°50’ - 16°03’ South and longitudes 35°30’ - 35°47’ E at an elevation ranging from 700 to 1400 meters above sea level. In Malawi the mid altitude agroecology lies between 600–1415 meters above sea level (m.a.s.l) with mean annual rainfall of 600–1420 mm. During the cropping season, the effective rainfall exposure period and amount received differ significantly across locations as shown in 
Figure 1
.
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Figure 1 | 
Rainfall during the growing seasons Chitala and Makoka.








2.2 Land preparation, soil sampling and analysis and properties


The three sites were ploughed and ridged with a tractor. The ridges were 6m long, 0.75m wide at the base and 0.4m high. The plot size was 10.0m x 5.0m, and each plot contained ten ridges. At the beginning of the experiment, soil samples were collected from the three sites at the depth of 0-30cm using a soil auger. The soil samples were taken randomly in a W-shaped pattern from the whole experimental plots. From this mixture, sample weighting 1.0kg was taken and replicated three times for analysis. Before analysis, the sample soil was air-dried, sieved through a 2mm sieve mesh. The composite soil sample was analyzed for selected physicochemical properties mainly textural analysis (sand, silt, and clay), soil pH, total nitrogen (N), organic matter content (OM), organic carbon (OC), available phosphorus (P), cation exchangeable (CEE) capacity, and exchangeable potassium using the appropriate laboratory procedures.





2.2.1 Soil properties


Soil analysis results show that soils in all stations are acidic ranging from slightly to strongly acidic and soils were mostly low in N, P and K content (
Table 1
) as regards to the critical values and ratings for Malawi soils (Snapp et al., 1998). Soils pH below 5.2 are considered acidic and SOC, N, P and K levels below 0.8%, 0.1%, 13 mgkg-1 and 0.2 Cmol/Kg are considered low for proper growth of plants. At Chitedze soils were moderately acidic with pH level for top (5.65) and subsoil (6.05) above the critical value, P (3.28 ug/g) and K (0.01 Cmol/Kg) were also low except OC, N, and Ca levels were all above the critical levels with soils being classified sandy loamy. At Chitala, soils were also acidic, pH level for topsoil (5.04) below critical value and K was also low for both top and subsoil, 0.03 Cmol/kg below critical value while the rest of other measured properties were above critical values with the soil texture classified sand loamy (
Table 1
). Soils at Makoka were strongly acidic, with pH of 4.53 for topsoil and 4.44 for subsoil, topsoil OC (1.19%) was above the critical value and topsoil N (0.1%) was just within adequate range while rest of the properties were below critical values with soils classified as sandy loam.



Table 1 | 
Levels of key soil properties for the experimental fields at different research stations.





	Properties

	Depth

	Site

	Critical Value




	Chitedze

	Chitala

	Makoka

	Bembeke






	PH
	0-20
	5.65
	5.04
	4.53
	4.61
	5.2



	20-40
	6.05
	5.23
	4.44
	4.85



	% OC
	0-20
	1.83
	1.53
	1.19
	1.73
	0.8



	20-40
	1.65
	1.55
	0.52
	1.46



	%N
	0-20
	0.16
	0.13
	0.1
	0.15
	0.1



	20-40
	0.14
	0.13
	0.05
	0.13



	P (ug/g)
	0-20
	3.28
	19.56
	3.94
	27.32
	13



	20-40
	1.34
	13.39
	1.34
	7.41



	K (Cmol/Kg)
	0-20
	0.01
	0.03
	0.04
	0.02
	0.2



	20-40
	0.01
	0.03
	0.03
	0.03



	Ca (Cmol/Kg)
	0-21
	0.51
	0.86
	0.69
	0.54
	0.2



	20-41
	0.58
	0.69
	0.58
	0.55



	% Clay
	0-22
	13
	17
	13
	15
	




	20-42
	11
	13
	13
	9
	




	% Silt
	0-23
	12
	12
	10
	4
	




	20-43
	10
	14
	12
	16
	




	Tex. Class
	0-20
	Sandy Loam
	Sandy Loam
	Sandy Loam
	Sandy Loam
	




	20-40
	Sandy Loam
	Sandy Loam
	Sandy Loam
	Sandy Loam
	








Critical soil test values used; pH =5.2, OC=0.8%; N=0.1%, P=13 mg kg-1, K=0.2 Cmol/Kg, CA 0.2 Cmol/Kg.









2.3 Experimental set up


The experiment was laid out using randomized complete block design in a split-plot arrangement with three replications. The main plot consisted of three sweetpotato varieties with different architectures, namely Kadyaubwelere (long vines), Chipika (Compact vines) and Royal choice (medium vines). The subplot consisted of soybean variety (Tikolore) while the sub-sub plot consisted of spatial arrangement at four levels (sole, 1:1, 2:1 and 2:2), making a total of 13 treatments. Each plot consisted of ten ridges of 5.0m length with a spacing of 0.75cm between ridges. The sweetpotato and soybean varieties were planted in November 2023–2024 cropping season across three locations. Vine cuttings of about 30cm long with five nodes of each sweetpotato variety were used. Planting was done by inserting two-thirds length of each vine cutting into the soil inclined at about 45 degrees at a spacing of 0.3m in between plants; whilst two seeds of soybean treated with inoculant were planted at a spacing of 0.1m within plant in a double row arrangement within ridges. Soybean seeds were treated with inoculant at 50g per 10kg of seed to ensure maximum nitrogen fixation. All crops were kept weeds free by hand hoeing, when necessary. No supplemental irrigation was applied, and the experiments were carried out in rainfed conditions without any irrigation. Earthing up sweetpotato ridges with soil was done as deemed necessary. Soybeans were harvested upon attaining physiological maturity (103 days after planting) which was indicated by 85% browning of leaves and yellowing of pods. Sweetpotato harvesting was done 155 days after planting at the point when the vines had started turning yellow. This was done by hand digging with hoes to remove the tubers.







2.4 Data collection and analysis


Sweetpotato was harvested five months after planting whilst soybean was harvested four months after planting. Net plots were harvested for all the treatments. Data collected on sweetpotato were vine length, total biomass, light intersection, number of marketable roots; number of non-marketable roots; weight of marketable roots; weight of non-marketable roots. Roots were harvested and separated into marketable (> 100g) and non-marketable (< 100g) sizes. The number and total weights of marketable and non-marketable roots were recorded separately. Data including plant height, number of pods per five plants, 100 seed weight, and grain yield were collected on soybean. At 60 days after planting, light interception data were taken at leaf level between 09:00 and 11:00 under artificial photosynthetically active radiation using a Fluor Pen FP 100 portable fluorometer. The data collected were subjected to analysis of variance in GenStat Discovery Edition and means were separated by the least significant difference (LSD0.05). Partial Land Equivalent Ratio (PLER) for sweetpotato was used to determine effects of legume intercrops on sweetpotato productivity. The absolute mixture effect (AME) was used to calculate the difference between the observed root and grain yields in the mixture with the average root and grain yield in the monoculture (Elsalahy et al., 2021).






2.5 Land equivalent ratios


Partial land equivalent ratio (pLERs) and total land equivalent ratio (LERs) were used to measure the productivity of various crop combinations (Willey and Rao, 1980). LER is the amount of land needed to grow a sole crop to the amount of land required to intercrop crops at the same level of management to produce the same economic output. The result of dividing each component crop before summing up to get LER is called partial LER (Equation 1). The partial LER indicates which component crop of the intercropping is more competitive than the other in exploiting resources. The component crop with more competitive advantage will have a higher partial LER than the other. To calculate LER, the yields of intercropped crops are divided by the net yield of each component crop, and the results are added together (Deb and Dutta, 2022).
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In this case, Y1 and Y2 are the yields of intercrops of sweetpotato and soybean; M1 and M2 are the yields of monocrops of sweetpotato and soybean. An LER > 1.0 indicates an advantage in intercropping, while an LER< 1.0 indicates a disadvantage of intercropping. A LER >1, intercropping is more efficient than monocropping. LER of 1.0 means that the land area needed to grow a component crop in an intercrop is the same as when growing a component crop in a pure stand.







3 Results





3.1 Combined analysis of sweetpotato parameters across three locations


The combined analysis of variance across locations showed that sweetpotato varieties, cropping systems, locations and their interactions significantly (P< 0.05) influenced sweetpotato vine length, total biomass, number of marketable roots/ha, number of non- marketable roots/ha, weight of marketable roots (kg/ha) and weight of non-marketable roots(t/ha) (
Table 2
). The results also reveal that the performance of sweetpotato varieties differed significantly (P< 0.001) for all the traits measured except at P< 0.05 in the amount of light intercepted. Overall, sweetpotato variety x location x cropping system interactions were highly significant in explaining the variations observed in all the parameters measured except for the quantity of light intercepted that showed non-significant difference (
Table 2
).



Table 2 | 
Variation due to location, variety, spatial arrangement and their interactive effects on light interception (LI), number of marketable roots (NMR), number of non-marketable (NNMR), weight of marketable roots (WMR), weight of non-marketable roots (WNMR), Vine length (VL) and total biomass (TB).





	SOV

	DF

	LI

	VL

	TB

	NMR

	NNMR

	WMR

	WNMR






	Sweetpotato Variety
	2
	0.0097*
	28377.01***
	644.882***
	15626866343.54***
	1790258606.92***
	339.23***
	2.02***



	Cropping system
	2
	0.0004ns
	184.512***
	8.78ns
	179953055.94***
	109708446.88***
	3.85***
	0.15***



	SP Variety X Cropping system
	4
	0.0008ns
	636.59***
	33.23***
	95832415.79***
	158516421.28***
	11.61***
	0.12***



	Location (Loc)
	2
	0.0693***
	47486.4***
	2448.66***
	4542734729.46***
	1864535186.71***
	313.80***
	4.37***



	SP Variety X Location
	4
	0.0051*
	237.59***
	207.61***
	3341975625.67***
	200486316.11***
	93.35***
	0.612***



	Cropping system X location
	4
	0.0006ns
	477.69***
	29.87***
	378200884.01***
	6459064.17***
	16.07***
	0.02***



	Variety X Cropping System X loc
	8
	0.0007ns
	592.16***
	16.82***
	264170778.84***
	37545227.86***
	8.33***
	0.05***



	Residual
	54
	0.0020
	29.64
	5.49
	4227014.18
	330096.02
	0.03
	0.001







*, ***=Significant at 0.05, 0.01, 0.001, respectively, ns, not significant; SOV, Source of variation; DF, Degrees of freedom; NNMR, Number of non-marketable roots/ha; NMR, Number of marketable roots/ha; WNMR, Weight of non-marketable roots (t/ha); WMR, Weight of marketable roots (t/ha); VL, Vine length(cm); LI, Light interception(qy); TB, Total biomass.








3.2 Sweetpotato yields and its components





3.1.1 Light interception of sweetpotato-soybean intercrops across locations


The results of the light interception across the three locations indicate that light interception significantly differed between different crop combinations at Chitedze research station as compared to other locations, where no significant difference was observed among different cropping patterns (Table 7). At Chitedze, the highest light interception percentage was recorded on intercropping, and it varies from 78% for Chipika-soybean (2:1) to 68% in royal choice sole cropping. Comparison among intercrops, Chipika-soybean (2:1) intercepted the highest percentage of light (78%) and closely followed by Chipika- soybean (2:2) with 77% light interception while the lowest value of 68% was recorded on royal choice sole cropping. Generally, among the intercrops involving different varieties, Chipika - soybean (1:1), (2:1) and (2:2) intercepted more light of 78, 77 and 77% respectively than 74% in Kadyaubwelere 1:1 and 72% in Royal Choice (2:2). At Chitala, there was no significant difference in the percentage of light intercepted, however, Chipika-soybean (2:1), (1:1) and (2:2) gave the highest light interception of 78, 76 and 75% respectively. At Makoka, the percentages of light interceptions were generally high across all the cropping systems, however, the differences between intercrops were not significant (
Table 3
).



Table 3 | 
Proportional light intercepted of sweetpotato-soybean intercrops across three locations during the 2023/2024 cropping season.





	Treatment

	Proportional light intercepted




	Intercrops

	Chitedze

	Chitala

	Makoka






	Chipika + Tikolore (1:1)
	0.76c
	0.76
	0.81



	Kadyaubwelere + Tikolore (1:1)
	0.74
	0.73
	0.81



	Royal Choice + Tikolore (1:1)
	0.71
	0.69
	0.82



	Chipika + Tikolore (2:1)
	0.78a
	0.78
	0.81



	Kadyaubwelere + Tikolore (2:1)
	0.69
	0.72
	0.81



	Royal Choice + Tikolore (2:1)
	0.69
	0.68
	0.83



	Chipika + Tikolore (2:2)
	0.77b
	0.75
	0.80



	Kadyaubwelere + Tikolore (2:2)
	0.72
	0.70
	0.83



	Royal Choice + Tikolore (2:2)
	0.72
	0.72
	0.83



	Sole




	Chipika
	0.71
	0.71
	0.83



	Kadyaubwelere
	0.72
	0.72
	0.83



	Royal choice
	0.68
	0.68
	0.81



	Mean
	0.72
	0.72
	0.82



	F. Prob
	<.001
	0.77
	0.993



	CV %
	1.1
	9.1
	4.1







Means followed by the same letter(s) in each column are not significantly different at p ≥ 0.05; within column means with different letters are significantly different (P< 0.05). Means with letters are sorted in descending order.








3.1.2 Sweetpotato vine length(cm) and total biomass(t/ha) across the three locations


The results of analysis of variance show that vine length and total plant biomass were significantly (P< 0.005) affected by cropping systems, sweetpotato varieties and locations (
Table 4
). Interestingly, across locations, vine length, and total biomass were significantly higher in intercrops than in sole cropping. Vine length varies from 226.70cm in Kadyaubwelere sole cropping in Chitala to 49.60cm for Chipika + Tikolore (2:1) in Makoka. In comparison among the intercrops, Kadyaubwelere-soybean (2:2) produced the highest vine length of 214.40cm in Chitala and 141.90cm in Chitedze while ratio (1:1) of the same combination recorded the highest vine length of 129.07cm in Makoka. The lowest vine length of 49.60cm was obtained from Chipika + Tikolore (2:1) at Makoka research station. Across locations, the performance of sweetpotato varieties under different cropping systems indicated that Kadyaubwelere intercrops in ratios (2:2) recorded the highest vine lengths of 214.40, 141.90 and 129.07cm in Chitala, Chitedze and Makoka respectively when compared to the intercrops of other two sweetpotato varieties. Similarly, total biomass ranged from 44.93 t/ha on Royal Choice sole cropping in Chitala to 6.98t/ha on Kadyaubwelere - soybean (1:1) in Makoka. Among the intercrops, royal choice intercrops (2:2) gave the highest total biomass of 40.98t/ha in Chitala and 22.81t/ha in Chitedze.



Table 4 | 
Vine length (cm) and total biomass (t/ha) of sweet potato intercropped with soybean across locations during the 2023/2024 cropping season.





	Treatment

	Vine length (cm)

	Total biomass (t/ha)




	Intercrop

	Chitedze

	Chitala

	Makoka

	Chitedze

	Chitala

	Makoka






	Chipika + Tikolore (1:1)
	60.30 k
	126.10 f
	60.12 k
	11.99g
	21.77h
	13.71g



	Kadyaubwelere + Tikolore (1:1)
	126.80 e
	182.50 bc
	113.33d
	8.35i
	28.87ef
	6.98k



	Royal Choice + Tikolore (1:1)
	140.90 c
	165.50e
	121.47 c
	18.66d
	38.70cd
	15.03d



	Chipika + Tikolore (2:1)
	68.50 j
	142.50 e
	49.60l
	15.52f
	23.02ab
	15.5c



	Kadyaubwelere + Tikolore (2:1)
	115.70g
	181.70d
	102.96 f
	10.51h
	29.33e
	13.49gh



	Royal Choice + Tikolore (2:1)
	129.90 d
	166.50 d
	110.67 e
	20.98c
	35.16d
	14.34f



	Chipika + Tikolore (2:2)
	78.50 i
	110.70g
	64.33 j
	15.67f
	25.68f
	14.44e



	Kadyaubwelere + Tikolore (2:2)
	141.90 b
	214.40 b
	129.07 b
	8.96i
	23.46g
	10.29j



	Royal Choice + Tikolore (2:2)
	125.10f
	193.90bc
	96.80 g
	21.88b
	40.98b
	11.41i



	Sole




	Chipika
	84.40h
	154.80de
	67.54i
	16.64e
	25.7f
	16.89a



	Kadyaubwelere
	144.50a
	226.70a
	130.27a
	15.19f
	39.97c
	13.31h



	Royal choice
	130.30d
	195.60c
	90.52 h
	22.81a
	44.93a
	16.01b



	Mean
	112.24
	171.73
	94.72
	15.6
	31.47
	13.45



	F.Prob
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001



	CV %
	0.5
	4.8
	0.6
	1.2
	14
	1.2







Means followed by the same letter(s) in each column are not significantly different at p ≥ 0.05; within column means with different letters are significantly different (P< 0.05). Means with letters are sorted in descending order.








3.1.3 Total number of roots ha-1 of sweetpotato across the three locations




Figure 2
 present the total number of roots of sweet potato across the three locations. The results show significant variations between cropping systems, varieties and locations. The number of roots was observed to be generally higher in Royal choice sole cropping than in the intercrops. It varies from 168741ha-1 for Royal Choice sole cropping in Chitala to 19200ha-1 for Kadyaubwelere - Tikolore (1:1) in Makoka. Generally, the results show that royal choice sole cropping consistently produced the highest total root number which were significantly higher than those produced by intercropping systems across the three locations. Among the varieties, the results further reveal that the total number of roots were significantly higher in royal choice (medium vine length) than in Kadyaubwelere (long vine length) and Chipika (Compact/short vine length) varieties in all the locations. Comparison among the intercrops, all the Royal Choice intercrops gave the highest total number of roots across the three locations. On the other hand, Kadyaubwelere - Tikolore (1:1) recorded the lowest total number of roots of 19200ha-1 at Makoka. However, the total number of roots was relatively higher in Kadyaubwelere intercrops than in Chipika in Chitedze and Chitala stations. Regardless of the intercropping systems, it was observed that the total number of roots were generally low at Makoka research station as compared to the other two research stations.


[image: Three bar charts compare TNR values across different treatments at three locations: Chitala, Chitedze, and Makoka. Each chart shows varying levels for treatments like Chitala, Kasinje, and RC under different conditions. Error bars are included.]
Figure 2 | 
Showing total number of sweetpotato roots across three locations, Chitedze, Chitala and Makoka.









3.2 Weight of marketable and non-marketable roots (tha-1) of sweetpotato


The results of analysis of variance as shown in 
Table 5
 indicate that the weights of marketable and non-marketable roots were significantly influenced by cropping systems, varieties, and locations. The root weights vary from 22.31 tha-1 for Royal Choice - soybean (1:1) in Chitala to 4.71tha-1 for Kadyaubwelere - soybean (2:2) in Chitedze. Generally, the results demonstrated that intercrops produced the highest root weight (22.31 tha-1) of marketable roots which was significantly greater than those obtained from the sole cropping across the three locations. Among the intercrops, Royal Choice - soybean (1:1) gave the highest root weight (22.31 tha-1) of marketable roots in Chitala research station and was significantly higher than the values obtained from the corresponding intercrops across the locations. The results obtained from the sole cropping show that the weights of marketable root were significantly higher in royal choice (medium vines) than in Kadyaubwelere (long vines) and Chipika (Compact vines) varieties in all the locations. Regardless of intercropping system, it was observed that the weights of marketable roots were generally low at Makoka research station as compared to the other two research stations. Similarly, highly significant differences (p<0.001) were observed in the weight of no-marketable roots between intercropping and sole cropping across the three locations. It varies from 2.82tha-1 for Kadyaubwelere sole cropping in Chitala to 0.12tha-1 for Kadyaubwelere + soybean (1:1 and 2:1) in Makoka. Comparison among the intercrops shows that Royal Choice-soybean (2:1) produced weights (1.75tha-1) of non-marketable roots that were significantly higher than other intercrops in Chitala. Regardless of cropping systems, Kadyaubwelere sole cropping recorded the highest weights of non-marketable roots of 2.82 tha-1 in Chitala research station and closely followed by Royal choice sole cropping with non-marketable root weight of 1.69tha-1. On a general note, intercropping significantly influenced the weight of non-marketable roots in all the three locations.



Table 5 | 
Weight of marketable roots (t/ha) and weight of non-marketable roots (t/ha) of sweet potato intercropped with soybean across locations during the 2023/2024 cropping season.





	Treatment

	Weight of marketable roots (t/ha)

	Weight of non-marketable roots (t/ha)




	Intercrop

	Chitala

	Chitedze

	Makoka

	Chitala

	Chitedze

	Makoka






	Chipika + Tikolore (1:1)
	9.77 h
	5.01 i
	8.67 bc
	0.44 k
	0.18 h
	0.15 cd



	Kadyaubwelere + Tikolore (1:1)
	13.39 e
	4.96 i
	3.67 h
	0.69 i
	0.51 d
	0.12 d



	Royal Choice + Tikolore (1:1)
	22.31 a
	11.26 d
	8.58 c
	1.55 d
	0.68 b
	0.32 b



	Chipika + Tikolore (2:1)
	9.42 h
	9.93 e
	9.56 a
	0.80 g
	0.70 b
	0.30 b



	Kadyaubwelere + Tikolore (2:1)
	12.06 f
	5.54 h
	7.44 e
	0.74 h
	0.25 g
	0.12 d



	Royal Choice + Tikolore (2:1)
	17.80 c
	13.11 c
	8.04 d
	1.75 b
	0.88 a
	0.45 a



	Chipika + Tikolore (2:2)
	8.92 i
	6.33 g
	8.44 c
	0.62 j
	0.69 b
	0.19 c



	Kadyaubwelere + Tikolore (2:2)
	8.62 i
	4.71 j
	5.27 g
	0.95 f
	0.28 g
	0.144 cd



	Royal Choice + Tikolore (2:2)
	21.55 b
	16.4 a
	6.32 f
	1.71 c
	0.56 c
	0.30 b



	Sole




	Chipika
	10.25 g
	7.41 f
	8.55 c
	1.40 e
	0.38 e
	0.29 b



	Kadyaubwelere
	16.03 d
	10.00 e
	6.48 f
	2.82 a
	0.33 f
	0.31 b



	Royal choice
	21.40 b
	13.59 b
	8.89 b
	1.69 c
	0.40 e
	0.49 a



	Mean
	14.29
	8.58
	7.5
	1.26
	0.48
	0.26



	F.Prob
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001
	<0.001



	CV %
	1.7
	1.2
	1.9
	1.3
	4.9
	10.1







Means followed by the same letter(s) in each column are not significantly different at p ≥ 0.05; within column means with different letters are significantly different (P< 0.05). Means with letters are sorted in descending order.








3.3 Soybean yields and its components under the sweetpotato-soybean intercropping





3.3.1 Combined analysis of soyabean parameters across the three locations


The results of the combined analysis of variance across the three locations show that cropping systems, varieties, locations, and their interactions significantly (P< 0.05) affected all the soybean parameters evaluated. The response of soyabean under different cropping systems across locations differed significantly for plant height, number of pods/plants, 100 seed weight and grain yield. On the other hand, Location x Soy.Variety x Cropping systems interactions were only significant for number of pods/plants and grain yields (
Tables 6
).



Table 6 | 
Variation due to location, variety, spatial arrangement and their interactive effects on plant height, number of pods/plants, 100 seed weight and grain weight.





	SOV

	DF

	Plant height

	Number of pods/plants

	100 seed weight

	Grain yield






	Location
	2
	1106.19***
	1195.81***
	36.75***
	1933497.17***



	Variety
	1
	23.47 ns
	265.99***
	1.02*
	439356.09***



	Cropping_system
	3
	157.23***
	133.76*
	0.44 ns
	12127876.59**



	Location x Variety
	4
	58.93***
	171.34*
	0.40 ns
	293018.85***



	Location x Cropping system
	6
	30.96*
	315.55***
	0.68*
	246353.68***



	Variety x Cropping system
	6
	11.84 ns
	114.57*
	0.37 ns
	133679.15*



	Location x Variety x cropping system
	12
	26.47 ns
	299.98***
	0.37 ns
	114045.31*



	Residual
	67
	16.17
	50.25
	0.35
	55589.10







*, **,***=Significant at 0.05, 0.01, 0.001, respectively, ns, not significant; SOV, Source of variation; DF, Degrees of freedom.








3.3.2 Proportional radiation intercepted and plant height (cm) of soybean intercropped with sweet potato across


The results of the light interception across the three locations indicated that light interception significantly differed between different crop combinations at Chitala research station as compared to other locations where no significant difference was observed among different cropping systems. At Chitedze, the highest light interception percentage of 69% was recorded by soybean under Chipika + Tikolore (2:1) and closely followed by Royal choice + Tikolore (1:1), having 56% while Kadyaubwelere + Tikolore (2:1) recorded the least value of 39%. Generally, more lights were intercepted by soybean intercropped with Chipika and Royal choice sweetpotato varieties as compared to Kadyaubwelere variety. Similarly, plant heights differed significantly among different cropping systems. It varies from 67.53cm for Chipika + Tikolore (2:1) at Chitedze to 44.38cm cm on Kadyaubwelere + Tikolore (1:1) at Chitala. Among the intercrops, Chipika + Tikolore (2:1) recorded the highest plant height of 67.53cm and closely followed by Royal choice + Tikolore (2:1) having 65.67cm while the least value of 44.38cm cm was recorded on Kadyaubwelere + Tikolore (1:1). On a general note, soybean intercropped with Chipika, and royal choice were generally taller than those ones intercropped with Kadyaubwelere, the long vine sweetpotato variety. Regardless of cropping systems, soybean plants were generally taller at Chitedze than the other two locations.



Table 7 | 
Proportional radiation intercepted and plant height (cm) of soybean intercropped with sweet potato across locations during the 2023/2024 growing season.





	Treatment

	Radiation intercepted

	Plant height (cm)




	Intercrop

	Chitala

	Chitedze

	Makoka

	Chitala

	Chitedze

	Makoka






	Chipika + Tikolore (1:1)
	0.52abc
	0.76
	0.79
	44.78b
	58.33i
	58.93abc



	Kadyaubwelere + Tikolore (1:1)
	0.51abc
	0.71
	0.82
	44.38b
	55.67l
	55.57bc



	Royal choice + Tikolore (1:1)
	0.56ab
	0.72
	0.84
	48.47ab
	63.87e
	53.47c



	Chipika + Tikolore (2:1)
	0.69a
	0.75
	0.80
	51.68ab
	67.53a
	56.53bc



	Kadyaubwelere + Tikolore (2:1)
	0.39bc
	0.70
	0.83
	53.41ab
	60.27g
	60.35ab



	Royal choice + Tikolore (2:1)
	0.52abc
	0.71
	0.84
	56.3a
	65.67b
	53.6c



	Chipika + Tikolore (2:2)
	0.47bc
	0.74
	0.79
	52.49ab
	56.20k
	56.53bc



	Kadyaubwelere + Tikolore (2:2)
	0.48abc
	0.70
	0.81
	50.56ab
	59.07h
	56.78bc



	Royal choice + Tikolore (2:2)
	0.41bc
	0.71
	0.83
	46.87ab
	64.27d
	58.13abc



	Sole




	Tikolore
	0.41bc
	0.72
	0.82
	52.79ab
	62.36fg
	61.46a



	Mean
	0.48
	0.72
	0.82
	50.61
	61.50
	57.86



	F. Prob
	0.016
	0.97
	0.79
	0.378
	<0.001
	0.047



	CV %
	26.1
	10.7
	4.8
	11.9
	0.4
	6.3







Means followed by the same letter(s) in each column are not significantly different at p ≥ 0.05; within column means with different letters are significantly different (P< 0.05). Means with letters are sorted in descending order.








3.3.3 Number of pods per plant and 100 grain weight(g) of soybean under sweetpotato intercropping




Table 8
 presents the results of the number of pods per plant and 100 grain weights of soybean under different sweetpotato - soybean intercropping arrangements. Number of pods per plant was influenced by cropping systems and varies across locations. The highest numbers of pods per plant of 72 was produced by Chipika - Tikolore (2:1) at Chitedze and closely followed by Chipika + Tikolore (1:1) having 55 pods in Makoka. Surprisingly, Chipika - Tikolore (1:1) recorded the lost value of 31pods at Chitedze. Interestingly, soybean produced more pods in Makoka and Chitedze research stations than in Chitala (
Table 8
). Similarly, 100 grain weights differed significantly among different combinations. It ranges from13.43 g in Chipika - Tikolore (2:1) at Makoka to 10.12g in Kadyaubwelere - Tikolore (2:2). Among the intercrops, Royal choice and Chipika intercrops produced heavier grains across the three locations.



Table 8 | 
Number of pods/plant and 100 seed weight (g) of soybean intercropped with sweet potato across locations during the 2023/2024 growing season.





	Treatment

	Number of pods/plants

	100 seed weight (g)




	Intercrop

	Chitala

	Chitedze

	Makoka

	Chitala

	fonc.2025.1683865Chitedze

	Makoka






	Chipika + Tikolore (1:1)
	44abc
	31h
	55a
	11.73abc
	11.00a
	12.75ab



	Kadyaubwelere + Tikolore (1:1)
	35abc
	43ef
	50ab
	11.07bc
	11.07a
	12.09b



	Royal choice + Tikolore (1:1)
	34abc
	49d
	31e
	11.93abc
	10.73b
	12.90ab



	Chipika + Tikolore (2:1)
	26c
	72a
	36de
	11.93abc
	11.04a
	13.43a



	Kadyaubwelere + Tikolore (2:1)
	45ab
	54c
	53a
	12.03abc
	10.46c
	12.77ab



	Royal choice + Tikolore (2:1)
	40abc
	48d
	38cde
	11.00c
	10.98a
	13.00ab



	Chipika + Tikolore (2:2)
	30bc
	35g
	39cde
	11.87abc
	10.74b
	13.33a



	Kadyaubwelere + Tikolore (2:2)
	52a
	48d
	41bcd
	12.00abc
	10.12d
	12.21b



	Royal choice + Tikolore (2:2)
	34abc
	60b
	32de
	12.37ab
	10.71b
	12.43ab



	Sole




	Tikolore
	32bc
	44f
	48ab
	12.31a
	10.81ab
	12.85ab



	Mean
	36
	48.00
	43.00
	11.91
	10.77
	12.79



	F. Prob
	0.055
	<0.001
	<0.001
	0.038
	<0.001
	0.04



	CV %
	30
	3.8
	13
	6.6
	1.2
	5







Means followed by the same letter(s) in each column are not significantly different at p ≥ 0.05; within column means with different letters are significantly different (P< 0.05). Means with letters are sorted in descending order.








3.3.4 Soybean total grain yield(kgha-1) under sweetpotato intercropping


The results of soyabean grain weights as shown in 
Table 9
 show that soybean grain yields were significantly affected by cropping systems, varieties and locations. The grain yield ranges from 2701.00Kg ha-1 for soybean sole cropping in Makoka to 475.60 Kg ha-1 on Chipika - Tikolore (2:1) at Chitala. Soybean sole cropping consistently recorded the highest grain yield values across the three locations. Among the intercrops, Royal choice + Tikolore (1:1) gave the highest grain yields of 1428.00 Kg ha-1 at Chitedze and closely followed by Chipika + Tikolore (1:1) having a grain yield of 1308.00Kg ha-1. Regardless of cropping system, soybean grain yields were higher in Chitedze than in Chitala and Makoka locations (
Table 9
). Generally, grain yields were higher when soybeans were intercropped with Royal choice and Chipika sweetpotato varieties.



Table 9 | 
Grain weight (kg/ha) of soybean intercropped with sweet potato across locations during the 2023/2024 growing season.





	Treatment

	Grain weight (kg/ha)




	Intercrops

	Chitala

	Chitedze

	Makoka






	Chipika + Tikolore (1:1)
	708.40b
	1308.00c
	985.00b



	Kadyaubwelere + Tikolore (1:1)
	712.00b
	949.00g
	783.00d



	Royal choice + Tikolore (1:1)
	845.30b
	1428.00b
	1026.00b



	Chipika + Tikolore (2:1)
	475.60b
	1074.00e
	669.00b



	Kadyaubwelere + Tikolore (2:1)
	504.70b
	656.00h
	922.00c



	Royal choice + Tikolore (2:1)
	592.90b
	951.00g
	844.00cd



	Chipika + Tikolore (2:2)
	809.80b
	1043.00f
	1121.00b



	Kadyaubwelere + Tikolore (2:2)
	769.60b
	817.00h
	889.00c



	Royal choice + Tikolore (2:2)
	870.20b
	1152.00d
	904.00c



	Sole




	Tikolore
	1886.70a
	2701.00a
	2027.33a



	Mean
	995.7
	1456.81
	1185.51



	F. Prob
	<0.001
	<0.001
	<0.001



	CV %
	25.5
	1.8
	26.9







Means followed by the same letter(s) in each column are not significantly different at p ≥ 0.05; within column means with different letters are significantly different (P< 0.05). Means with letters are sorted in descending order.








3.3.5 Partial and total land equivalent ratio of sweetpotato – pigeon pea intercropping


The results of partial land equivalent ratio (pLER) and Land equivalent ratio (LER) of sweetpotato intercropped with soybean across three locations are shown in 
Table 10
, indicate a significant yield advantage of intercropping over sole cropping except in Chitala and Chitedze research stations where Kadyaubwelere (long spreading vines) - soybean (2:1) and (2:2) recorded land equivalent ratios of less than 1 ((LER<1). In most cases, the LERs were greater than one (LER>1) indicating a significant yield advantage of intercropping over sole cropping. Comparison among intercrops indicates that the highest total LER of 1.83 was recorded on Chipika (compact vines) - soybean (2:1) in Chitedze, followed by Royal Choice (medium vines) + soybean (1:1) with 1.78 in the same location. Interestingly, at Makoka, land equivalent ratios (LERs) were generally greater than one (LER>1) for all the intercrops with Royal Choice + Tikolore (2:2) having the highest values of 1.53. It was also observed that LERs were higher when Royal choice (medium vine length) and Chipika (short vine length) sweetpotato varieties were intercropped with soybean in all the sites. Similarly, the pLER values indicated that in Chitedze, sweetpotato contributed the highest pLER value of 0.90 in Chipika - Tikolore (2:2) to the total productivity while the remaining 0.47came from soybeans. Similarly, at Chitala, sweetpotato contributed the pLER value of 1.03 in Royal Choice + Tikolore (1:1) to the total productivity while the remaining 0.41 were produced by soybeans. A similar trend was also observed at Chitedze. Across the three sites, the pLERs of sweetpotato were always higher than those of soybean, which reflects that sweetpotato as primary crop contributed more to the total productivity than soybean. In most cases, the pLER of sweetpotato exceeded 0.5 in all the intercrops indicating that sweetpotato yield under intercropping is more than half of the sole cropping. PLER values of above 0.4 were also recorded for soybean under Chipika + Tikolore (1:1) and Royal Choice + Tikolore (1:1) intercrop systems across the three locations indicating that soybean is also competitive for crop growth resources under that cropping arrangements.



Table 10 | 
Partial (pLER) and total land equivalent ration (LER) of sweet potato intercropped with soybean across locations during the 2023/2024 cropping season.





	Treatment

	Sweetpotato pLER

	Soybean pLER

	Total LER




	Intercrop

	Chitedze

	Chitala

	Makoka

	Chitedze

	Chitala

	Makoka

	Chitedze

	Chitala

	Makoka






	Chipika + Tikolore (1:1)
	0.667 f
	0.877 b
	0.961 b
	0.45b
	0.53ab
	0.48a
	1.32c
	1.40a
	1.54a



	Kadyaubwelere + Tikolore (1:1)
	0.530 h
	0.747 d
	0.558 e
	0.42c
	0.35bc
	0.51a
	1.07e
	1.09bcd
	1.07e



	Royal Choice + Tikolore (1:1)
	0.860 e
	1.034 a
	0.980 b
	0.54a
	0.41abc
	0.46ab
	1.78a
	1.45a
	1.44ab



	Chipika + Tikolore (2:1)
	1.036 a
	0.877 b
	1.003 a
	0.47b
	0.35bc
	0.42b
	1.83a
	1.23ab
	1.41ab



	Kadyaubwelere + Tikolore (2:1)
	0.560 g
	0.679 e
	1.013 a
	0.27e
	0.25c
	0.34ab
	0.82f
	0.93cd
	1.03f



	Royal Choice + Tikolore (2:1)
	1.008 c
	0.847 bc
	0.934 b
	0.28e
	0.29bc
	0.44ab
	1.29c
	1.14bc
	1.47ab



	Chipika + Tikolore (2:2)
	0.901 d
	0.818 c
	0.941 b
	0.41c
	0.61a
	0.40ab
	1.31c
	1.43a
	1.43ab



	Kadyaubwelere + Tikolore (2:2)
	0.483 i
	0.508 f
	0.796 c
	0.34d
	0.37abc
	0.46ab
	0.83f
	0.88d
	1.26cd



	Royal Choice + Tikolore (2:2)
	1.022 b
	1.007 a
	0.729 d
	0.44d
	0.43abc
	0.50a
	1.56b
	1.43a
	1.53a



	Mean
	0.84
	0.82
	0.9
	0.39
	0.4
	0.44
	1.24
	1.22
	1.34



	F.Prob
	<0.001
	<0.001
	<0.001
	<0.001
	0.126
	0.257
	<0.001
	<0.001
	<0.001



	CV %
	1.8
	2.3
	3.2
	2.3
	35.9
	17.9
	1.7
	11.6
	5.5







Means followed by the same letter(s) in each column are not significantly different at p ≥ 0.05; within column means with different letters are significantly different (P< 0.05). Means with letters are sorted in descending order.








3.3.6 Absolute mixture effect and LER for sweetpotato-soybean across three locations


The Absolute Mixture Effect (AME) in intercropping is a way to quantify how the combined yield of crops in an intercrop system differs from the average yield of the same crops grown separately in monocultures. It essentially measures the total benefit or detriment of growing crops together, compared to their individual yields.


The results of AME in 
Table 11
 shows that sweetpotato – soybean intercrops are more productive than sole cropping as they recorded significant yield increase above the sole cropping except in Kadyaubwelere - Tikolore (2:2) that recorded negative AME (-0.084). Comparing the intercrops, Chipika - Tikolore (2:1) had the highest yield increase of 2.488tha−1, above the sole cropping with the LER of 1.490(
Table 11
). Also, the Royal choice -Tikolore (1:1) was on average 59% more productive than sole cropping and had a yield increase of 1.613tha− 1 than sole cropping (
Figures 3
–
5
). However, Kadyaubwelere - Tikolore (2:2) had a negative yield advantage of -0.044 tha−1 and contributed -0.084%) to the total productivity (
Figures 3
–
5
).



Table 11 | 
Absolute Mixture Effects and LER-Genotypic trial.





	Treatment

	AME t ha-1

	AME (%)

	LER






	Chipika +Tikolore (1:1)
	1.347
	0.349
	1.321



	Chipika +Tikolore (2:1)
	2.488
	0.667
	1.490



	Chipika +Tikolore (2:2)
	1.592
	0.426
	1.355



	Kadyaubwelere +Tikolore (1:1)
	0.527
	0.208
	1.077



	Kadyaubwelere +Tikolore (2:1)
	0.866
	0.258
	1.097



	Kadyaubwelere +Tikolore (2:2)
	-0.044
	-0.084
	0.988



	Royal choice +Tikolore (1:1)
	1.613
	0.591
	1.389



	Royal choice +Tikolore (2:1)
	1.572
	0.587
	1.265



	Royal choice +Tikolore (2:2)
	1.040
	0.467
	1.409










[image: Box plot showing AME in tons per hectare across various treatments. Treatments are CPK + SB 1:1, CPK + SB 2:1, CPK + SB 2:2, KDU + SB 1:1, KDU + SB 2:1, KDU + SB 2:2, RC + SB 1:1, RC + SB 2:1, and RC + SB 2:2. The vertical axis is labeled in tons per hectare ranging from negative two to three. Outliers are present in some categories.]
Figure 3 | 
Boxplots of AME (t ha-1).




[image: Box plot showing AME percentages across various treatments labeled CPK, KDU, and RC combined with SB in ratios 1:1, 2:1, and 2:2. Box heights and whiskers indicate data variability. Outliers are marked with colored Xs.]
Figure 4 | 
Boxplots of AME (%).




[image: Box plot showing the Land Equivalent Ratio (LER) for nine different treatments labeled on the x-axis: CPK + SB ratios 1:1, 2:1, 2:2; KDU + SB ratios 1:1, 2:1, 2:2; RC + SB ratios 1:1, 2:1, 2:2. The y-axis ranges from 0.8 to 1.8. Each box plot represents data distribution with medians and variability, with one outlier marked as red in CPK + SB 2:1.]
Figure 5 | 
Boxplot of LER.










4 Discussion


In this study, the effects of sweetpotato varieties were assessed under different intercropping arrangements across three contrasting environments. Three varieties that vary in growth habits and vine length were used to provide variability in terms of the variety’s effect under intercropping. These traits and others were reported by Demie et al., 2022 as being potentially critical in determining species interactions in intercropping systems. Total land equivalent ratio (LER) and absolute mixture effect (AME) were used to evaluate the potential advantages of intercropping over sole cropping (Bedoussac and Justes, 2011; Yu et al., 2015). The results show that locations, intercropping systems, and variety architecture significantly influenced the yields, and other traits of sweetpotato and soybean, indicating high level of variabilities within the varieties, cropping systems and study sites that represent variation in rainfall, temperature, solar radiation, humidity. These results corroborate the findings of Pankou et al., (2022); Moutier et al. (2022); Naudin et al. (2010) who reported that growing seasons, treatments and their interactions significantly affected most of the characteristics that were measured when they evaluated wheat–pea intercropping systems for high productivity. Munda et al. (2019) also reported similar results when they evaluated the effects of intercropping and phosphorous application on the growth and yield of sweetpotato, groundnut and soybean in Mozambique. Similarly, it was observed that all the sweetpotato varieties produced significantly higher vine length, total biomass and root numbers under the sole cropping system than when they were intercropped with soybean. The vine lengths were longer in sole cropping than in intercropping. These findings also align with the results of many other studies that shown that sweetpotato sole cropping was exposed to maximum sunlight throughout the growth period which enhanced their ability to intercept maximum light for photosynthesis and biomass accumulation as compared to intercropping systems where there was a degree of interplant competition for sunlight, nutrients and water due to the shading effect of component crops which reduced the ability of intercrops to intercept light and other resources required for vegetative growth Pankou et al. (2022), Egbe and Osang (2015). Belehu (2003) had reported that solar radiation and soil nutrients had significant influence in the formation of root primordial in sweet potato. Egbe and Osang (2015) also observed higher folder weight in sole cropping than intercrop when they evaluated intercrop advantage of sweetpotato and soybean in Makurdi, Nigeria. The result also agrees with the findings of Egbe and Idoko (2012), Idoko et al. (2018) who reported high number of marketable roots in sole cropping than intercropping when they evaluated the effect of intercropping orange fleshed sweetpotato varieties with maize in Makurdi. On the contrary, the yields of marketable roots were significantly higher in intercropping than the sole cropping. These results can be attributed to more efficient use of light, water, nutrients, reduction of pests and diseases and better weed control in intercrops than in sole cropping as reported by Stomph et al., 2020; and Pankou et al., 2021; Kammounda et al., 2021. There was a significant interaction effect of the three varieties on the relative performance of the intercrops. Sweetpotato varieties react differently under different cropping systems as yield performance differed from variety to variety, indicating that sweetpotato varieties response differently to different cropping arrangements. Root yield performance was significantly different among varieties as evidenced in the intercrops that involved erect and short vine varieties (Royalchoice and Chipika) which consistently produced significantly higher weights of marketable roots compared to the long vine variety (Kadyaubwelere) across the three locations. The higher root yield recorded by the erect and short vines sweetpotato varieties could be explained by the fact that the erect variety did not spread much and as such was not affected by competition for light as compared to the intercrops of long and spreading variety. The observed variations in the performance of different varieties could be further attributed to the differential response of varieties in the use of natural resources and seasonal variation in weather conditions (Hauggaard-Nielsen and Jensen, 2001). Demie et al., 2022 also reported a trend of shorter cereal cultivars being associated with higher intercropping performance, due to less competitive ability of shorter cereals cultivars that resulted to higher productivity in intercropping systems. These results also align with the earlier findings of Stomph et al., 2020 who reported that differences in plant architecture could affect the interspecific competition and efficient exploration of both the above and below resources. The result implies that the productivity of an intercrop system largely depends on the variety used as well as the environment. This finding reinforces the need to consider variety-specific characteristics, especially vine length and growth habits of sweetpotato during the selection of varieties for intercropping (Ajal et al., 2021; Santalla et al., 2001). Additionally, different growing environments had a highly significant effect on the average performance of different intercrops as they reacted differently under multiple environments. For example, sweetpotato root yields at Chitala were significantly higher than in Makoka and Chitedze research stations. The reason for yield variability across the three growing environments confirmed the influence of weather variations such as the amount of rainfall received, soil water exchange, solar radiation and contrasting soil conditions as reported by several authors such as Paul et al., 2023; Moutier et al., 2022; Naudin et al., 2010; Yu et al., 2016), indicating the influence of environments on the total productivity of intercropping. Similar to the main effect of environment, the interactions between spatial arrangements and sweetpotato varieties were significantly different across the three sites. Among the intercrops, Royal Choice - soybean (1:1) gave the significantly highest root weight of marketable roots than those obtained from Kadyaubwelere and Chipika varieties. One of the reasons for the differential yield performance is that different varieties react differently to resource use under different spatial arrangements (Hauggaard-Nielsen and Jensen, 2001). These findings corroborate the findings of Yu et al., 2016 who indicated the importance of sowing densities on the total productivity of intercropping.


The results of partial land equivalent ratio (pLERs) and Land equivalent ratio (LER) of sweetpotato intercropped with soybean indicate significant higher yield in sweetpotato intercropped with soybean compared to the sole sweetpotato cropping. In all cases, the LERs were greater than one (LER>1) indicating yield advantage of intercropping over sole cropping Our results confirmed the findings of Demie et al. (2022) who reported that 85% of the LER data points of cereal/legume intercropping were greater than 1, while 15% of the specific cereal/legume cultivar combinations resulted in LER< 1 when a compilation of studies on the effects of cultivars intercropping were analyzed. Furthermore, the results LER (1.83) and AME (6.59tha− 1) recorded by Chika- Soybean (2:1) intercrop at Chitedze, indicate that the intercrop was 83% more productive than the sole cropping and had a greater yield increase of 6.59tha− 1 than sole cropping. Similarly, in Chitala, Royal Choice - Tikolore (1:1) recorded the highest yield advantage of 45% over sole cropping and had a greater yield increase of 12.10 tha-1 over the sole cropping. The result is in agreement with the earlier findings of Li et al., 2023; Demie et al., 2022; Paul et al., 2024 who reported that intercropping is a more efficient cropping system than sole cropping. It was also observed that LERs were generally higher when Royal choice (medium vine length) and Chipika (short/compact vine length) sweetpotato varieties were intercropped with soybean in all the sites. On the contrary, Kadyaubwelere (long spreading vines) - soybean (2:2) recorded land equivalent ratios of less than 1 (LER<1) at Chitedze and Chitala and had 0.23 and -0.86 tha-1 respectively. This result could be attributed to the competitiveness of this variety under different intercropping arrangements. This result is in line with the findings of Paul et al., 2023 which indicated importance of variety specific characteristics in intercropping systems.






5 Conclusion


This study has indicated that the productivity of an intercrop system largely depends on the variety selection, spatial arrangements, growing environment, as well as their interactions. Our results suggest that to obtain maximum productivity in sweetpotato - soybean intercropping, key attention should be given to varietal choice, growing conditions, and spatial arrangements. The results further imply the need to consider variety-specific characteristics, especially vine length and growth habits of sweetpotato during the selection of varieties for intercropping. We therefore recommend the intercropping of Chipika-soybean in ratios 2:1 and 2:2 and Royal choice-soybean in ratios 1:1 and 2:2 for farmers in Malawi due to the less competitiveness of the two varieties under the different intercropping arrangements.
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Treatment Grain weight (kg/ha)

Intercrops Chitala Chitedze
Chipika + Tikolore (1:1) 708.40b 1308.00¢ 985.00b
Kadyaubwelere + Tikolore (1:1) | 712.00b 949.00g l 783.00d
Royal choice + Tikolore (1:1) 845.30b 1428.00b 1026.00b
Chipika + Tikolore (2:1) 475.60b 7 1074.00e 669.00b
Kadyaubwelere + Tikolore (2:1) | 504.70b 656.00h 922.00¢
Royal choice + Tikolore (2:1) 592.90b » 951.00g 844.00cd
Chipika + Tikolore (2:2) 809.80b 1043.00f 1121.00b
Kadyaubwelere + Tikolore (2:2) | 769.60b 817.00h 889.00¢
Royal choice + Tikolore (2:2) 870.20b 1152.00d 904.00¢

| Sole
Tikolore 1886.70a 2701.00a ‘ 2027.33a
Mean 995.7 1456.81 1185.51
F. Prob <0.001 <0.001 <0.001
CV % 255 1.8 26.9

Means followed by the same letter(s) in each column are not significantly different at p > 0.05;
within column means with different letters are significantly different (P< 0.05). Means with
letters are sorted in descending order.
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Treatment AME t ha-1 AME (%) LER
Chipika +Tikolore (1:1) 1.347 0.349 1.321
Chipika +Tikolore (2:1) 2.488 0.667 1.490
Chipika +Tikolore (2:2) 1.592 0.426 1.355
Kadyaubwelere +Tikolore (1:1) | 0.527 0.208 1.077
Kadyaubwelere +Tikolore (2:1) | 0.866 0.258 1.097
Kadyaubwelere +Tikolore (2:2) | -0.044 -0.084 0.988
Royal choice +Tikolore (1:1) 1.613 ‘ 0.591 1.389
Royal choice +Tikolore (2:1) V 1.572 | 0.587 1.265
Royal choice +Tikolore (2:2) 1.040 0.467 1.409
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umber of pods/plants

Location 2 1106.19%* 1195.81%% 36754 1933497.174*
Variety 1 23.47 ns 265.99% 1.02* 439356.09***
Cropping_system 3 157.23%% 133.76* 0.44 ns 12127876.59%*
Location x Variety 4 58.93%%¢ 171.34* 0.40 ns 293018.854**
Location x Cropping system 6 30.96* 315.55%% 0.68* 246353.68***
Variety x Cropping system 6 11.84 ns 114.57* 0.37 ns 133679.15*
:;Ct:::’" S Vaniehy cropRing 12 2647 ns 299,987+ 037 ns 114045.31%
Residual 67 16.17 50.25 0.35 ‘ 55589.10

*, #*#*=Significant at 0.05, 0.01, 0.001, respectively, ns, not significant; SOV, Source of variation; DF, Degrees of freedom.
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Sweetpotato Variety 2 0.0097* 28377.01+* 644882+ 15626866343.54°+* 1790258606.92*** 339230 202
Cropping system 2 0.0004ns 184.512*** 8.78ns 179953055.94** 109708446.88*** 385" 015"
P Variety X Cropping system 4 00008ns 63659 3230 9583241579 158516421.28" 161 [RES
Location (Loc) 2 00693 47486.4*** 2448.66™™ 454273472946 1864535186.71*** 313.80"" 437
SP Variety X Location 40,0051 237.59** 207.61%** 3341975625.67*** 200486316.11*** 93.35% 06127
Cropping system X location 4 0.0006ns 477.69* 29.87* 378200884.01** 6459064.17"** 16.07*** 0.027*
Variety X Cropping System X loc 8 0.0007ns 592.16* 16.82** 264170778.84** 37545227.86* 833" 0.05*
Residual 54 0.0020 29.64 549 4227014.18 330096.02 0.03 0.001

*,»=Significant at 0.05,0.01, 0.001, respectively,ns, not significant; SOV, Source of variation; DF, Degrees ofreedom; NNMR, Number of non-marketable roots/ha; NMR, Number of marketable roots/ha; WNMR, Weight of non-marketable roots (t/ha); WMR, Weight
of marketable roots (t/ha); VL, Vine length(cm); LI, Light interception(qy); TB, Total biomass.
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Treatment Vine length (cm) Total biomass (t/ha)

Intercrop Chitedze Chitala Chitedze Chitala Makoka
Chipika + Tikolore (1:1) 60.30 k 126.10 f 60.12 k 11.99g 21.77h 13.71g
Kadyaubwelere + Tikolore (1:1) 126.80 e 182.50 be 113.33d 8.351 28.87ef 6.98k
Royal Choice + Tikolore (1:1) 140.90 ¢ 165.50e 121.47 ¢ 18.66d 38.70cd 15.03d
Chipika + Tikolore (2:1) 68.50 j 142.50 e 49.601 15.52f 23.02ab 15.5¢
Kadyaubwelere + Tikolore (2:1) 115.70g 181.70d 102.96 f 10.51h 29.33e 13.49gh
Royal Choice + Tikolore (2:1) 129.90 d 166.50 d 110.67 e 20.98¢ 35.16d 14.34f
Chipika + Tikolore (2:2) 78.50 i 110.70g 64.33 j 15.67f 25.68f 14.44e
Kadyaubwelere + Tikolore (2:2) 141.90 b 21440 b 129.07 b 8.961 23.46g 10.29j
Royal Choice + Tikolore (2:2) 125.10f 193.90bc 96.80 g 21.88b 40.98b 11.41i
Sole 7

Chipika 84.40h 154.80de 67.541 16.64¢ 25.7f 16.89a
Kadyaubwelere 144.50a 226.70a 130.27a 15.19f 39.97¢ 13.31h
Royal choice 130.30d 195.60c 90.52 h 2281a 44.93a 16.01b
Mean 112.24 17173 94.72 15.6 3147 13.45
E.Prob <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
CV % 0.5 4.8 0.6 12 14 12

Means followed by the same letter(s) in each column are not significantly different at p > 0.05; within column means with different letters are significantly different (P< 0.05). Means with letters
are sorted in descending order.
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Treatment Proportional light intercepted

Intercrops Chitedze Chitala Makoka
Chipika + Tikolore (1:1) 0.76¢ 0.76 0.81
i(la:.(li)yaubwelere + Tikolore 0.74 073 081
Royal Choice + Tikolore (1:1) = 0.71 0.69 ‘ 0.82
Chipika + Tikolore (2:1) 0.78a 0.78 0.81
i(zz:ull)yaubwelere + Tikolore 0.60 072 081
Royal Choice + Tikolore (2:1) = 0.69 0.68 0.83
Chipika + Tikolore (2:2) 0.77b 0.75 0.80
Kadyaubwelere + Tikolore

2:2) 0.72 0.70 0.83
Royal Choice + Tikolore (2:2) = 0.72 0.72 0.83
Sole

Chipika 0.71 0.71 0.83
Kadyaubwelere 0.72 0.72 0.83
Royal choice 0.68 0.68 0.81
Mean 0.72 0.72 0.82
F. Prob <.001 0.77 0.993
CV % 1.1 9.1 4.1

Means followed by the same letter(s) in each column are not significantly different at p > 0.05;
within column means with different letters are significantly different (P< 0.05). Means with
letters are sorted in descending order.
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Treatment

Intercrop

Number of pods/plants

100 seed weight (g)

Chitala

fonc.2025.1683865Chitedze

Chipika + Tikolore (1:1)
Kadyaubwelere + Tikolore (1:1)
Royal choice + Tikolore (1:1)
Chipika + Tikolore (2:1)
Kadyaubwelere + Tikolore (2:1)
Royal choice + Tikolore (2:1)
Chipika + Tikolore (2:2)
Kadyaubwelere + Tikolore (2:2)
Royal choice + Tikolore (2:2)
Sole

Tikolore

Mean

F. Prob

CV %

Chitala Chitedze
44abc 31h
35abc 43ef
34abc 49d
26¢ 72a
45ab 54c
40abc 48d
30bc 35g
52a 48d
34abc 60b
32bc 44f

36 48.00
0.055 <0.001
30 38

55a

50ab

3le

36de

53a

38cde

39cde

41bcd

32de

48ab.

43.00

<0.001

13

11.73abc
11.07bc
11.93abc
11.93abc
12.03abc
11.00¢
11.87abc
12.00abc

12.37ab

12.31a

11.91

0.038

6.6

11.00a 12.75ab
11.07a 12.09b
10.73b 12.90ab
11.04a 13.43a
10.46¢ 12.77ab
10.98a 13.00ab
10.74b 13.33a
10.12d 12.21b
10.71b 12.43ab
10.81ab 12.85ab
10.77 12.79
<0.001 0.04

12 ‘ 5.

Means followed by the same letter(s) in each column are not significantly different at p > 0.05; within column means with different letters are significantly different (P< 0.05). Means with letters

are sorted in descending order.
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Treatment Sweetpotato pLER Soybean pLER Total LER

Intercrop Chitedze Chitala Makoka Chitedze Chitala Makoka Chitedze Chitala
Chipika + Tikolore (1:1) 0.667 f 0.877 b 0.961 b 0.45b 0.53ab 0.48a 1.32¢ 1.40a 1.54a
i Kadyaubwelere + Tikolore (1:1) 0.530 h 0.747 d 0.558 e 0.42¢ 1 0.35bc 0.51a 1.07e 1.09bed 1.07e
Royal Choice + Tikolore (1:1) 0.860 e 1.034a 0.980 b 0.54a 0.41abc 0.46ab 1.78a 1.45a 1.44ab
Chipika + Tikolore (2:1) 1.036 a 0.877 b 1.003 a 0.47b 0.35bc 0.42b 1.83a 1.23ab 1.41ab
Kadyaubwelere + Tikolore (2:1) 0.560 g 0.679 1013 a 0.27e 0.25¢ 0.34ab 0.82f 0.93cd 1.03f
Royal Choice + Tikolore (2:1) 1.008 ¢ 0.847 be 0934 b 0.28¢e 0.29bc 0.44ab 1.29¢ 1.14bc 1.47ab
Chipika + Tikolore (2:2) 0.901 d 0.818 ¢ 0941 b 0.41c 0.6la 0.40ab 131c 1.43a 1.43ab
| Kadyaubwelere + Tikolore (2:2) 0.483 i 0.508 f 0.796 ¢ 0.34d 0.37abc | 0.46ab 0.83f 0.88d 1.26cd
Royal Choice + Tikolore (2:2) 1.022 b 1.007 a 0729d 0.44d 0.43abc 0.50a 1.56b 143a 1.53a
Mean 0.84 0.82 0.9 0.39 0.4 0.44 124 122 1.34
F.Prob <0.001 <0.001 <0.001 <0.001 0.126 0.257 <0.001 <0.001 <0.001
CV % 1.8 23 32 23 359 17.9 17 11.6 5.5

Means followed by the same letter(s) in each column are not significantly different at p > 0.05; within column means with different letters are significantly different (P< 0.05). Means with letters
are sorted in descending order.
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Treatment
Intercrop

Radiation intercepted

Chitala

Chitedze

Plant height (cm)

Chitala

Chitedze

Chipika + Tikolore (1:1) 0.52abc 0.76 0.79 44.78b 58.331 58.93abc
Kadyaubwelere + Tikolore (1:1) 0.51abc 0.71 0.82 44.38b 55.671 55.57bc
Royal choice + Tikolore (1:1) 0.56ab 072 0.84 48.47ab 63.87¢ 53.47¢
Chipika + Tikolore (2:1) 0.69a 0.75 0.80 51.68ab 67.53a 56.53bc
I Kadyaubwelere + Tikolore (2:1) 0.39bc 0.70 0.83 53.41lab 60.27g 60.35ab
Royal choice + Tikolore (2:1) 0.52abc 0.71 0.84 56.3a 65.67b 53.6¢
Chipika + Tikolore (2:2) 0.47bc 0.74 0.79 52.49ab 56.20k 56.53bc
Kadyaubwelere + Tikolore (2:2) 0.48abc 0.70 0.81 50.56ab 59.07h 56.78bc
Royal choice + Tikolore (2:2) 0.41bc 0.71 0.83 46.87ab 64.27d 58.13abc
Sole
Tikolore 0.41bc 0.72 0.82 52.79ab 62.36fg 61.46a
Mean 0.48 0.72 0.82 50.61 61.50 57.86
E. Prob 0.016 0.97 0.79 0.378 <0.001 0.047
CV % 26.1 10.7 4.8 119 04 6.3

Means followed by the same letter(s) in each column are not significantly different at p > 0.05; within column means with different letters are significantly different (P< 0.05). Means with letters

are sorted in descending order.
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NIG

Properties Depth Critical Value
Chitedze

0-20 5.65 5.04 4.53 4.61

PH 52
20-40 6.05 5.23 4.44 4.85
0-20 1.83 153 L19 173

% OC 08
20-40 1.65 1.55 0.52 1.46
0-20 0.16 0.13 0.1 0.15

%N 0.1
20-40 0.14 0.13 0.05 0.13
0-20 3.28 19.56 3.94 27.32

P (ug/g) 13
20-40 1.34 13.39 1.34 741
0-20 0.01 0.03 0.04 0.02

K (Cmol/Kg) 02
20-40 0.01 0.03 0.03 0.03
0-21 0.51 0.86 0.69 0.54

Ca (Cmol/Kg) 102
20-41 0.58 0.69 0.58 0.55
0-22 13 17 13 15

% Clay
20-42 11 13 13 9
0-23 12 12 10 4

% Silt
20-43 10 14 12 16
0-20 Sandy Loam Sandy Loam Sandy Loam Sandy Loam

Tex. Class
20-40 Sandy Loam Sandy Loam Sandy Loam Sandy Loam

Critical soil test values used; pH =5.2, 0C=0.8%; N=0.1%, P=13 mg kg-1, K=0.2 Cmol/Kg, CA 0.2 Cmol/Kg.
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Treatment Weight of marketable roots (t/ha) Weight of non-marketable roots (t/ha)

Intercrop Chitala Chitedze Makoka Chitala Chitedze Makoka
Chipika + Tikolore (1:1) 977 h 501 i 8.67 be 044 k 0.18 h 0.15 cd
Kadyaubwelere + Tikolore (1:1) 1339 e 496 i 367h 0.69 i 051d 0.12d
Royal Choice + Tikolore (1:1) 223la 1126 d 8.58 ¢ 155d 068 b 032b
Chipika + Tikolore (2:1) 942h 993 e 9.56 a 080 g 0.70 b 0.30b
Kadyaubwelere + Tikolore (2:1) 12.06 f 554h 744 e 074 h 025g 0.12d
Royal Choice + Tikolore (2:1) 17.80 ¢ 13.11 ¢ 8.04 d 1.75b 0.88 a 0.45a
Chipika + Tikolore (2:2) 8.92i 633 g 844 c 0.62 j 069 b 0.19¢
Kadyaubwelere + Tikolore (2:2) 8621 471j 527g 095 f 028 g 0.144 cd
Royal Choice + Tikolore (2:2) 2155 b 164 a 6.32f 171 ¢ 0.56 ¢ 0.30b
Sole

Chipika 1025 ¢ 741 f 855¢ 140 e 038 e I 029b
Kadyaubwelere 16.03 d 10.00 e 648 f 282a 033 f 031b
Royal choice 2140 b 1359 b 8.89b 1.69 ¢ 040 e 049 a
Mean 14.29 8.58 7.5 1.26 0.48 0.26
F.Prob <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
CV % 17 12 19 13 4.9 10.1

Means followed by the same letter(s) in each column are not significantly different at p > 0.05; within column means with different letters are significantly different (P< 0.05). Means with letters
are sorted in descending order.





