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Abstract
Aim: To evaluate the early growth performance of 18 grafted Adansonia digitata (baobab) clones, in order to identify superior genotypes for cultivar development.
Place and Duration of the Study: The study was conducted in the semi-arid region of sub-Saharan Africa, and growth data were collected during the first three years after grafting.
Methodology: Growth traits assessed were tree survival, tree height, number of primary branches, and annual height increment. Data was recorded annually for three years.
Results: Significant differences (P < 0.05) were observed among clones for all traits, indicating strong genetic influence. At one year of age, tree height ranged from 18.1 to 37.6 cm; at two years, from 28 to 63.7 cm; and at three years, from 42.2 to 78.5 cm, showing a consistent overall growth trend. Mean annual height increment varied from 5.85 cm/year to 24.38 cm/year, reflecting large genetic differences between the tested clones.
Conclusion: The findings highlight the importance of clonal testing and selection for identifying superior baobab clones that farmers can cultivate to improve productivity and household income.
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1. Introduction
Indigenous fruit tree species are of significant ecological, cultural and economic value in agroforestry systems across sub-Saharan Africa. These species provide essential products, including nutrient-rich fruits, vegetable leaf, medicinal extracts, and income, making their domestication, and cultivar development critical for sustainable production and conservation [11,1]. 

[bookmark: _Hlk197333395]In the last two decades, concerted efforts have been made to domesticate indigenous fruit tree species of the Miombo ecoregion including baobab, wild loquat (Uapaca kirkiana, Müll. Arg.) and marula (Sclerocarya birrea, L) following range wide collection of germplasm of the species and subsequent testing in provenance trials. Domestication and development of improved cultivars will enhance fruit yield, consistence in fruit quality and increased income of the farmers who are currently exploiting the resource from the wild [13]. Improved utilization of baobab would greatly contribute towards the attainment of some of the United Nations’ Sustainable Development Goals [3]. A range of traits were identified for improvement [1]. They include high fruit yield, large fruits, taste, small-seeded, early fruiting i.e. precocity, tree height, and branch habit. Observations in Ghana showed that with good agronomic practices such as supplementary irrigation, pest control and manuring, grafted baobab starts to flower and fruit within two years of planting [3]. 

Tree height is a trait associated with growth vigor, competition for light, and overall biomass accumulation. It is often highly heritable, making it a criterion for early selection in breeding programs [7]. In U. kirkiana, height variation has been linked to genetic, soil fertility, and climatic factors [5]. Similarly, in A. digitata, tree height is a critical determinant of survival, water use efficiency, and carbon sequestration, particularly in dryland ecosystems where moisture availability strongly influences growth dynamics [2]. Height for example can enhance the species adaptability, making them more competitive in agroforestry production system while improving their role in ecosystem services, such as carbon storage and soil stabilization.

The number of branches is another key trait influencing tree architecture, canopy structure, and fruiting potential. Branching patterns directly affect how trees capture light, allocate resources, and develop their overall shape, which in turn impacts their productivity and ecological function [15]. While branching is regulated by the tree’s genotype, environmental factors such as light availability, soil nutrients, and competition play a significant role in shaping the final branching pattern [15]. In baobab, branch development is highly influenced by seasonal water availability and hormonal regulation, which in turn affects the tree’s ability to produce fruit and accumulate biomass [10]. Additionally, branching traits offer insights into the overall health and productivity of a tree, making them a critical component of the evaluation process for the selection of superior clones.

The objective of the study was to evaluate clones of baobab for early vegetative growth traits at one site in Malawi.   The findings of this research will contribute to cultivar development efforts, through the selection of best performing clones.

2. Methodology
2.1. Seed Collection and Sowing
Fruits were collected from 30 healthy, mature baobab trees growing in their natural range in Mangochi District, Malawi. The trees were sampled from various microhabitats including homesteads, forests, and agricultural fields.

After breaking the dry fruits, the pulp was washed off and the seeds were air-dried under shade. The seeds were then sown in polytubes filled with a well-draining soil mix of composted pine bark, forest soil, and river sand, and kept under controlled nursery conditions with adequate moisture. 

Seedlings were raised under standard nursery conditions. Shade netting was used to protect seedlings from direct sunlight. Regular monitoring was carried out for pests, diseases, and nutrient deficiencies. Inorganic fertilizer was applied as needed.

When Baobab rootstocks reached graftable size, scions were also collected from the same selected trees and grafted on their respective rootstocks i.e. self-root grafting (using a scion and rootstock from the same tree).

Grafted scions were covered with clear plastic bags (8 cm × 20 cm) to maintain humidity and prevent moisture loss. The plastic covers were removed after 1–2 months once the scions began to shoot. Grafting tapes were removed after observing vigorous growth with at least three leaves above the graft union. All shoots emerging below the graft union were carefully removed to direct resources to the scion.

2.2. Design & Trial Establishment
Prior to planting, the trial site was prepared by clearing vegetation, before planting pits measuring 60 cm × 60 cm × 60 cm were dug.  A spacing of 6 m × 6 m was applied. Each pit was amended with a mixture of organic manure and native soil to enhance fertility and support root development.

Grafts of baobab were planted at Chitala Research Station (elevation 606m a.s.l.; rainfall 800mm; latitude 13°40'S; longitude 34°15'E) in January 2022. The field design was a randomized complete block design with 6 replications, 18 treatments and single tree plots. Eighteen clones out of 30 had enough plantable seedlings.

Seedlings were continuously monitored for survival, growth, pest infestations, and nutrient requirements throughout the establishment phase.

2.3. Data Collection
The following early growth parameters were assessed:
1. Tree survival in percentage
2. Tree Height (cm). Height (at 1, 2 and 3 years) was measured from the base of the tree to the topmost point using a height rod.
3. Number of Branches: The number of primary branches per tree was counted.
4. Mean Annual height increment (cm/year) 

2.4. Data analysis
The data were analyzed using R statistical software. Before performing statistical analyses, a normality test was conducted using the Shapiro-Wilk test (shapiro.test function in R) to determine whether the data followed a normal distribution. The results indicated that for the tree height followed a normal distribution (p > 0.05), but the number of branches did not (p < 0.05). To further confirm the data distribution, histograms were generated using the ggplot2 package. The histograms for number of branches displayed a skewed distribution, which confirmed the results of the Shapiro-Wilk test. Transforming the data did not normalize it, so non-parametric tests were used for the analysis of number of branches. For tree height, which was normally distributed, parametric tests were applied.

For the number of branches, which was not normally distributed, a Generalized Linear Mixed Model (GLMM) was used. GLMM is appropriate for data that violates the assumption of normality, as it accommodates non-Gaussian distributions and allows for the inclusion of both fixed and random effects. In this model, treatment (family) was included as a fixed effect, while replication was treated as a random effect to account for block-level variability. The model fitted to the data was as follows:
[bookmark: _Hlk201948841]           Yij = µ + Fj + (1∣Ri​) + ξij
Where,
Yij is the observed trait value for the ith clone in the jth replication
μ the overall mean 
(1∣Ri​) is the random effect of the ith replication (block), i=1, 1, …10
Fj​ is the fixed effect of the jth clone, j=1, …10
ξij is the residual error term.
The model was fitted using the glmer() function from the lme4 package in R, specifying an appropriate error distribution (e.g., Gamma with a log link) based on the nature and distribution of the yield traits (Bates et al., 2015). The total fruit weight per tree (g), fruit weight of selected fruits (g), pulp weight per fruit (g), and seed weight per selected fruit (g) were continuous and positively skewed variables; hence, they were modeled using a Gamma distribution with a log link. The number of fruits per tree, being a count variable, was analyzed using Poisson GLMM. Similarly, seed count per selected fruit was modeled using a Poisson distribution, given its discrete count nature. Model diagnostics, including residual plots and checks for overdispersion, were performed to validate model assumptions.
In the model output, the parameter μ was interpreted and reported as the overall mean response for each treatment group on the response scale. When significant differences were detected (p < 0.05), Post hoc comparisons among treatments were conducted using pairwise comparisons of estimated marginal means via the emmeans package in R. Tukey-type p-value adjustments were applied to control for multiple comparisons, and significant differences were identified based on non-overlapping 95% confidence intervals. Results were summarized in tables, displaying treatment means, confidence intervals, and significance groupings. All analyses were performed in R version 4.3.1, with significance evaluated at p < 0.05.
For tree height, which followed a normal distribution, a linear mixed-effects model was used to assess significant differences among treatments. The analysis was performed using the lmer function from the lme4 package in R, which allows for a more accurate estimation of variance components under the Restricted Maximum Likelihood (REML) framework. In contrast, survival rate was analyzed using descriptive statistics in R, as these variables represent proportions rather than continuous measurements. The following model was fitted to the data:
	Yijk = µ + Ri + Fj + RFij + ξijk
Where,
Yijk is the observation in the ijkth tree in the ith replication and jth clone,
µ the trial mean
Ri is the random effect of the ith replication, i=1, 1, …10
Fj is the fixed effect of the jth clone, j=1, …10
RFij is the interaction between the ith replication and jth clone (considered random).
ξijk is the experimental error 
Model significance was tested using the Kenward-Roger or Satterthwaite approximation for degrees of freedom via the lmerTest package. When significant family effects were found (p < 0.05), Tukey’s Honest Significant Difference (HSD) test was used for pairwise comparisons, and results were visualized using ggplot2 bar plots with error bars to illustrate treatment differences. 
3. Results
The summary statistics in Table 1 show growth parameters for baobab clones over the three-year period. Survival rates were high in the first two years but declined in the third year. Both height and number of branches increased steadily with age, reflecting good establishment and early development. Mean annual height increment peaked in the second year before declining slightly, suggesting a slowdown in height growth.

Table 1 Summary statistics for growth performance traits of baobab clones 
	Variable
	One year
	
	Two years
	
	Three years

	
	Mean
	Min
	Max
	
	Mean
	Min
	Max
	
	Mean
	Min
	Max

	Tree survival (%)
	96.30
	86.7
	100
	
	96.30
	86.7
	100
	
	92.41
	66.67
	100

	Height (cm)
	29.5
	3.2
	58.9
	
	49.6
	19.1
	130
	
	63.5
	17
	182

	No. of branches
	1.4
	1
	4
	
	2.3
	1
	7
	
	5.5
	1
	16

	Mean annual height increment (cm/year)
	
	
	
	
	19.2
	7.02
	30.1
	
	15.23
	5.85
	24.38



3.1. Tree survival
The survival rates of A. digitata clones were generally high. At one and two years of age, survival ranged from 86.67% to 100%. However, at three years of age, survival rates declined slightly, ranging from 66.67% to 100% (Table 2).

Table 2: Tree survival (percent) of Adansonia digitata Clones. 
	Clone
	Survival Rate (%) for year one after field establishment
	
	Survival Rate (%) for two after field establishment
	
	Survival Rate (%) for year three after field establishment

	1
	100.00
	
	100.00
	
	100.00

	2
	100.00
	
	100.00
	
	100.00

	3
	100.00
	
	100.00
	
	100.00

	4
	100.00
	
	100.00
	
	100.00

	5
	100.00
	
	100.00
	
	100.00

	6
	100.00
	
	100.00
	
	83.33

	7
	100.00
	
	100.00
	
	100.00

	8
	100.00
	
	100.00
	
	100.00

	9
	100.00
	
	100.00
	
	100.00

	10
	83.33
	
	83.33
	
	83.33

	11
	100.00
	
	100.00
	
	80.00

	12
	100.00
	
	100.00
	
	100.00

	13
	100.00
	
	100.00
	
	66.67

	14
	83.33
	
	83.33
	
	83.33

	15
	100.00
	
	100.00
	
	100.00

	16
	83.33
	
	83.33
	
	83.33

	17
	100.00
	
	100.00
	
	100.00

	18
	83.33
	
	83.33
	
	83.33



3.2. Tree height
[bookmark: _Hlk197282084][bookmark: _Hlk196555913][bookmark: _Hlk197853213][bookmark: _Hlk196555424]The results in Table 3 show the mean tree height among baobab clones measured at one, two and at three years of age, respectively. At one year, tree height ranged from 18.1 cm to 37.6 cm; at two years, from 28 cm to 63.7 cm; and at three years, from 42.2 cm to 84.0cm, indicating a consistent overall growth trend. At one year, Clone 12 exhibited the highest mean tree height and was significantly different from several other clones. At two years, Clone 8 recorded the highest mean height, while at three years, Clone 13 showed the highest mean tree height. Conversely, the shortest tree height at one year and at two years of age were recorded in Clone 14, whereas at three years of age, Clone 17 exhibited the lowest mean tree height, significantly differing from other clones. 







[bookmark: _Hlk197518558][bookmark: _Hlk193350022]Table 3. Mean tree height of 18 baobab clones
	Clone
	Mean tree height for year one after field establishment
	
	Mean tree height for year two after field establishment
	
	Mean tree height for year three after field establishment

	1
	31.5 ± 4.65ab
	
	51.6 ± 11.57ab
	
	70.5 ± 13.53a

	2
	29.6 ± 1.54ab
	
	53.4 ± 4.61ab
	
	72.0 ± 2.50a

	3
	36.7 ± 3.63b
	
	57.0 ± 5.66ab
	
	64.2 ± 3.47ab

	4
	29.0 ± 3.25ab
	
	53.9 ± 4.26ab
	
	62.0 ± 5.23ab

	5
	30.3 ± 1.43ab
	
	54.6 ± 5.09ab
	
	75.8 ± 9.40a

	6
	27.7 ± 5.36ab
	
	50.2 ± 4.20ab
	
	77.0 ± 14.71a

	7
	31.6 ± 1.97ab
	
	61.8 ± 5.70b
	
	61.1 ± 11.18ab

	8
	36.0 ± 5.28b
	
	63.7 ± 10.69b
	
	76.2 ± 19.40a

	9
	25.5 ± 2.49ab
	
	38.3 ± 4.27ab
	
	51.3 ± 14.23bc

	10
	28.2 ± 5.21ab
	
	45.3 ± 8.04ab
	
	42.2± 8.24c

	11
	20.4 ± 3.97a
	
	36.5 ± 8.18a
	
	78.5 ± 16.67a

	12
	37.6 ± 4.72b
	
	53.7 ± 4.63ab
	
	67.7 ± 5.41ab

	13
	34.4 ± 7.19ab
	
	59.1 ± 15.53ab
	
	84.0 ± 27.52a

	14
	18.1 ± 3.30a
	
	28.7 ± 5.13a
	
	49.0 ± 9.90c

	15
	23.3 ± 3.49ab
	
	47.1 ± 13.93ab
	
	72.0 ± 16.11a

	16
	32.2 ± 6.36ab
	
	45.3 ± 8.45ab
	
	53.4 ± 9.37bc

	17
	25.1 ± 5.13ab
	
	42.8 ± 4.22ab
	
	42.8 ± 5.75c

	18
	30.8 ± 5.77ab
	
	39.3 ± 11.57ab
	
	46.8 ± 8.36c


[bookmark: _Hlk194145400][bookmark: _Hlk196569312]Means followed by a common letter in the same column do not differ significantly at P<0.05
3.3 Mean annual height increment 
The mean annual height increment among the baobab clones in Figure 1 showed considerable variation. Growth rates ranged from 5.85 cm/year to 24.38 cm/year. Clone 15 exhibited the highest mean annual increment, while Clone 10 recorded the lowest.
[bookmark: _Hlk196569247][image: ]Figure 1. Mean annual height increment of 18 Adansonia digitata Clones. Means followed by a common letter do not differ significantly at P<0.05
3.4. Number of branches
For the number of branches (Table 4), Clone 6 had the highest mean rank at both one year and two years of age, while Clone 12 recorded the highest mean at three years of age. At one year, Clone 6 had an average of 2 branches, which increased to 3.6 branches at two years and 6.4 branches at three years, indicating substantial growth in branching over time.

For the lowest mean rank, Clones 10 and 11 had the fewest branches (1.0), at age 1 year, while at two years of age, Clone 1 had the lowest number of branches (1.0) and clone 14 had lowest at three years of age. This suggests that some clones maintained consistently low branching, while others showed slight variations over time.

Table 4. Mean number of tree branches of 18 baobab clones

	Clone
	Number of tree branches for first year after field establishment
	
	Number of tree branches for second year after field establishment
	
	Number of tree branches for third year after field establishment

	1
	0.29 ± 0.35a
	
	1.33 ± 0.41ab
	
	5.33 ± 0.19abc

	2
	0.41 ± 0.33a
	
	1.50 ± 0.98a
	
	6.00 ± 0.18ab

	3
	0.18 ± 0.41a
	
	1.20 ± 0.79ab
	
	6.67 ± 0.17ab

	4
	0.41 ± 0.33a
	
	1.50 ± 0.92a
	
	4.00 ± 0.21bc

	5
	0.29 ± 0.35a
	
	1.33 ± 0.92a
	
	6.67 ± 0.17ab

	6
	0.69 ± 0.32a
	
	2.00 ± 1.28a
	
	6.40 ± 0.19ab

	7
	0.45 ± 0.30a
	
	1.57 ± 1.05a
	
	6.00 ± 0.17ab

	8
	0.41 ± 0.33a
	
	1.50 ± 1.04a
	
	7.00 ± 0.17ab

	9
	0.34 ± 0.38a
	
	1.40 ± 0.59ab
	
	5.00 ± 0.19abc

	10
	0.00 ± 0.45a
	
	1.00 ± 0.69ab
	
	3.20 ± 0.26c

	11
	0.00 ± 0.45a
	
	1.00 ± 0.47ab
	
	5.25 ± 0.23abc

	12
	0.41 ± 0.33a
	
	1.50 ± 0.85a
	
	7.67 ± 0.16a

	13
	0.34 ± 0.38a
	
	1.40 ± 0.96a
	
	3.75 ± 0.27bc

	14
	0.56 ± 0.38a
	
	1.69 ± 0.81ab
	
	2.80 ± 0.28c

	15
	0.18 ± 0.41a
	
	1.20 ± 0.69ab
	
	6.33 ± 0.17ab

	16
	0.18 ± 0.41a
	
	1.20 ± 0.59ab
	
	5.00 ± 0.21abc

	17
	0.18 ± 0.41a
	
	1.20 ± 0.79ab
	
	4.00 ± 0.21bc

	18
	0.47 ± 0.35a
	
	1.60 ± 0.96a
	
	6.40 ± 0.19ab


Means followed by a common letter do not differ significantly at P<0.05

[bookmark: _Hlk194146066]4. Discussion
The results of this study are consistent with existing literature on the growth patterns of Adansonia digitata, which highlight its variable growth rates influenced by genetic differences. According to Jansen et al. [9], baobab trees exhibit significant variation in growth rates across different ecological zones, with some genotypes displaying faster height increments in favorable conditions. The findings in this study, where clone 12 initially outperformed other clones at year 1 but were later surpassed by Clone 8 and 13 at two years of age and three-years of age respectively, suggest differences in growth rates depending on age.  Barau et al. [4] reported that baobab growth rates can be influenced by soil quality, water availability, and competition for resources. Rahul et al.  [8] indicated that baobab clones exhibit plasticity in height growth, meaning some genotypes may exhibit delayed but sustained height increments over time, as observed in Clones 11 and 13.

The significant differences in height growth underscore the importance of clonal testing to select superior genotypes. These findings provide insights into the early growth performance of baobab clones, emphasizing the need of clonal testing.

[bookmark: _Hlk197853512]The observed variation in mean annual height increment among A. digitata clones, ranging from 5.85 cm/year to 24.38 cm/year, reflects the large genetic differences between the tested clones. Mayne et al. [14] pointed out that baobab trees exhibit significant variability in growth rates depending on genotype, site conditions, and resource availability. Kalinganire et al.  [12] also found notable differences in early growth performance among A. digitata provenances, attributing slower growth rates in some provenances to limited soil fertility or water availability, both of which critically influence seedling and young tree growth. These findings emphasize the importance of testing clones to identify superior ones for on-farm cultivation.

Branch development in A. digitata is influenced by genetic factors, environmental conditions, and management practices [4]. The consistently high ranking of Clone 6 for branching at both one and two years of age, and Clone 12 at three years of age, suggests that these may be influenced by genetic factors. Barau et al. [4] reported that baobab trees exhibit slow but steady branching patterns, with significant variations among individuals and populations.  Barau et al.  [4] indicated that branching plays a crucial role in light interception and photosynthetic efficiency in A. digitata. Trees with more branches may have a competitive advantage in terms of resource capture and overall productivity. These results highlight the importance of testing clones and selection of those genotypes with higher branching potential for on farm cultivation in agroforestry systems, as increased branching influences biomass production and fruit yield.

5. Conclusion and Recommendations
This study provides valuable insights into the early growth performance of clones of baobab. The observed variation among clones highlights opportunities for genetic selection among the tested clones. The large genetic variation among clones and the significant differences in early growth characters of some clones of A. digitata, suggests that clonal selection for these early growth traits is feasible. Furthermore, the significant differences in branching patterns among clones also presence opportunities for clonal selection for trait which determines tree architecture. 

This study was based on 18 clones derived from an equal number of selections from one provenance of Adansonia digitata, which may not fully capture the genetic variability within the species which straddles across the entire African continent. The observed significant variation in growth performance and branching among the clones highlights the potential for clonal selection. Future research should expand the sampling range to include a broader representation of genetic diversity from different ecological zones. Furthermore, there will be a need to investigate genotypic correlations between these early growth traits with fruit parameters (fruit yield, number of fruits).
This study provides important insights into the early growth performance of baobab clones. The observed variation among clones demonstrates the potential for genetic selection, particularly for early growth traits and branching patterns that influence tree architecture. These findings indicate that clonal selection is a feasible approach to improve baobab productivity and form.
However, this study evaluated only 18 clones from a single provenance, which may not capture the full genetic diversity of Adansonia digitata across Africa. Future research should include a wider range of clones from multiple ecological zones to better represent the species’ genetic variability. Additionally, investigating the relationships between early growth traits and fruit characteristics, such as yield and fruit number, will help identify superior clones for both growth and fruit production.
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