



Root Biomass Distribution in Shea Tree (Vitellaria paradoxa C. F. Gaertn) Parklands of the Southern Sudanian Zone, Burkina Faso 
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ABSTRACT 

	Background and aims: Agroforestry is identified as a system that could contribute to mitigating climate change in sub-Saharan countries. Vitellaria paradoxa C. F. Gaertn parks are widespread in Burkina Faso and are recognized for their significant socio-economic and environmental value. The aim of this study was to assess the distribution of root biomass in Vitellaria paradoxa parks. 
Methods: The research was conducted in four locations in the southern Sudanese zone, where three trees per site were selected. For each tree, pits were dug in two separate areas: under the canopy and outside the canopy (halfway between the tree and its nearest neighbour), for a total of 24 pits. Root sampling was carried out at five depths (0-100 cm) with manual separation of roots by species and category (fine and coarse). 
Results: The results reveal a significantly higher biomass of coarse roots under the canopy (5.21 ± 0.32 t ha-1) than outside (2.18 ± 0.32 t ha-1). The biomass of fine roots was highest in the topsoil layer (0–20 cm) (2.06 ± 0.12 t ha-1), with higher values under the canopy (1.27 ± 0.08 t ha-1). The highest density of fine roots belonged to herbaceous plants (Sorghum bicolor (L.) Moench and weeds, 0.79 ± 0.09 t ha-1), while those of V. paradoxa were found in deeper layers. 
Conclusions: This differential root distribution confirms the low underground competition between V. paradoxa trees and crops, validating the sustainable potential of these agroforestry parks. Furthermore, the significant root biomass highlights their role as a significant carbon sink. Appropriate management of these systems therefore represents a promising solution for national climate change mitigation strategies.



Keywords: Roots carbon pool, Vitellaria paradoxa, Agroforestry systems, Roots biomass, Burkina Faso

1. INTRODUCTION 

Agroforestry, defined as a land use system that deliberately combines perennial woody plants with crops and/or livestock, is based on ecological and economic interactions between its various components (Boffa, 2000; Jose, 2009; Raj et al., 2023). It is a traditional land use system that is still used today by local populations. It is a method of farming that involves combining trees (or shrubs) with agricultural crops and/or livestock on the same plot of land, with the aim of obtaining products or services that are useful to humans (Santoro et al., 2020). It is a science, technology and practice of natural resource management that aims to integrate ecology with agricultural and/or forestry production, seeking to optimize the environmental benefits and services resulting from biophysical interactions between the components.  It is considered a sustainable system because it helps to combat land degradation (Garity et al 2010). Its contribution to improving agricultural productivity is well recognised today (Montagnini and Nair, 2004). The improvement in productivity is due to the increase in organic matter and the recycling of nutrients in the system through litter and the decomposition of fine roots (Phillips et al., 2012). Trees improve soil fertility by increasing organic matter and biological activity (Garity et al 2010), combat erosion (Lee and Jose, 2003), and recycle nutrients deep into the soil for crops (JOSE, 2009). They also constitute a significant carbon sink, thereby mitigating the effects of climate change (Jackson et al, 1996; Nair, 2012). However, while the aerial benefits of agroforestry are increasingly well documented, the root component, often referred to as the ‘hidden half’ of the plant, remains poorly understood. Yet roots, which act as interfaces between the plant and the soil, play a fundamental role. Their biomass is a major source of soil organic carbon (Lal, 2004), and understanding its distribution is essential for optimising the productivity and sustainability of agroforestry systems (Bayala et al., 2004). Previous studies on the root systems of woody species in semi-arid areas have highlighted their ability to develop deep growth and accumulate significant root biomass (Gning et al., 2025; Massaoudou et al., 2025; Muhammad et al., 2024). However, few studies have specifically focused on the roots of agroforestry tree species, with most concentrating mainly on root biomass and distribution (Koala et al., 2021; Gning et al.,2025).
In Burkina Faso, in agroforestry parks dominated by Vitellaria paradoxa C.F.Gaerthn (shea tree) – an emblematic species of the Sudanian zone (Boffa, 2000) – research has mainly focused on the aerial impact of trees. Studies have examined shading, yields of underlying crops (Kessler, 1992), and carbon sequestration in above-ground biomass (Sanou et al, 2025). However, the distribution of root biomass and its role in underground interactions between trees and crops have been little investigated (Bayala et al., 2004), despite their crucial importance.
Consequently, this work aims to fill this gap by studying the root distribution of V. paradoxa and their interactions with a cereal crop, Sorghum bicolor (L.) Moench. The objective is to make a key scientific contribution to the informed and sustainable management of agroforestry parks in West Africa

2. Methodology

2.1. Study area description

The study was conducted in four (04) villages located in two (02) different provinces (Tuy and Ioba). These are the villages of Djuie (11.198418°, -3.781958°) and Gombélédougou (11.185946°, -3.555146°) in the municipality of Koumbia and in the province of Tuy, and the villages of Lofing (11.1915998459°, -3.0529999733) and Guéguéré (11.125016°, -3.178171°) in the municipalities of Dano and Guéguéré in the province of Ioba.
The municipalities of Dano, Koumbia and Guéguéré are located in a South Sudanese climate zone (Fontès & Guinko, 1995), characterised by two distinct seasons. The rainy season lasts from June to October. The long dry season (November to May) is divided into a dry and cold period (November to January) and a dry and hot period (February to May). The area is among the wettest in the country, with rainfall considered good, ranging between 900 and 1,200 mm. Temperature variations are low, with temperatures generally ranging between 20°C and 25°C (Thiombiano & Kampmann, 2010). The Province of Tuy (Koumbia): The terrain consists mainly of plains, plateaus, hills and hillocks (e.g. Kongolikan, Sébédougou), interspersed with valleys. In the Province of Ioba (Dano and Guéguéré), the terrain is more rugged, dominated by chains of hills and slopes, alternating with vast plains (Thiombiano & Kampmann, 2010). Ferruginous leached soils (ferralitic), accompanied by poorly developed soils, eutrophic brown (brownified) soils and vertisols. Chemical analyses reveal poor soil fertility: the soils are acidic and generally low in organic matter. They also have low cation exchange capacity and low levels of major elements (N, P, K) (Bationo et al., 2007).
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Figure 1 : Location of study sites

2.2. Sampling design  
The data was collected in V. paradoxa parks after the associated cereal crop (S. bicolor) had been harvested. The study was conducted in four localities in southern Sudan along a Dano-Koumbia transect, which is the programme's area of intervention. The criteria in the choice of sites were the presence and abundance of populations of the species Vitellaria paradoxa. It is a wild Sapotaceae tree that is very common in the Sudanian savannahs of Africa. V. paradoxa is a tree that provides food, healing and protection, promotes sociability and is a source of significant potential income (Diarassouba et al., 2008). Its wood is excellent for firewood. The timber from this tree is strong, hard, heavy, durable and resilient. This plant also plays an important ecological role by contributing to soil conservation and contributes to rural economic development through the local consumption of its fruit and the commercialisation of its almonds, which are very rich in fatty acids and produce shea butter, whose nutritional, cosmetic and medicinal properties are appreciated worldwide (Diarassouba et al., 2008). The pulp of the fruit is consumed by humans and animals. In addition, in Burkina Faso, shea has been identified by many traditional healers as a plant with several therapeutic properties. Several parts of the plant are used for medicinal purposes.
In each locality, three plots were selected for the study and in each plot, one tree was selected for root measurement using purposive sampling techniques. The trees selected are those that are sufficiently isolated to avoid the influence of other trees on the sampling points outside the tree crown. For each of the selected trees, two (2) areas were taken into account: an area under the canopy (Z1) located 1 m from the tree trunk; an area outside the canopy (Z3), located 3 m beyond the edge of the canopy (Marone, 2015; Yameogo, 2004). Each of these two zones constituted a sampling point. At each sampling point, two pits were carefully dug (Figure 2). A total of 24 pits were dug in the four locations, i.e. 12 pits under the canopy (Z1) and 12 others outside the canopy (Z3).
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Figure 2: Arrangement of measurement points for tree root biomass at depth
.
2.3. Data collection.
The assessment of root biomass using the destructive method is the benchmark approach for accurately quantifying underground carbon stocks (Picard et al., 2012; Koala et al., 2015). In this study, the protocol was based on the excavation of soil pits with a volume of 0,49 m3 (0.7 m x 0.7 m x 1 m) (figure A&B). Each pit was positioned under the tree canopy, precisely halfway between the trunk and the outer edge of the crown, in order to ensure that the sampling was representative. The soil was extracted in successive 05 layers (0-20; 20-30; 30-50; 50-80; 80-100 cm) (figure 3E), thus enabling the distribution of root biomass to be characterized according to depth. For each horizon, the roots were collected and sorted manually by size category: fine roots (diameter < 2 mm) were systematically separated from coarse roots (diameter > 2 mm). This distinction is essential in order to differentiate between rapidly renewing carbon pools and long-term storage compartments. The soil excavation depth was standardized at 100 cm, a threshold supported by established literature as the zone containing the vast majority of functional root biomass (Cornelissen et al., 2003). In tropical and semi-arid ecosystems, while some taproots may penetrate deeper, research by Bouttier (2013) indicates that over 80–90% of the lateral and fine root networks responsible for carbon cycling are concentrated within the first meter of the soil profile.. A total of 120 soil samples (5 depths/pit x 24 pits) were collected in the field.  
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Figure 3: Overview of sampling pits (A ; B), root sorting (C ; D) and the Diagram showing the location of the pit and depth levels considered for soil collection and root assessment (E).
The root sorting procedure was carried out as follows: all of this soil was placed on a 5 mm mesh sieve laid on a tarpaulin (Figure 3C&D). The roots were sorted manually and packed in plastic bags, labelled, and the fresh weight (FW) in g was measured using a precision electronic balance accurate to 0.1 g. The labels indicated the date the roots were harvested, the name of the village, the plot number, the area where the pit was located, and the depth. The roots of the different species were identified (based on their colour and morphology). Due to ambiguous definitions of roots (Ping et al., 2010; Norby and Jackson, 2000), root diameter was used in this study as the criterion for defining the different root classes. Thus, all roots with a diameter of less than 2 mm (d ≤ 2 mm) are considered fine roots, and all those with a diameter greater than 2 mm (d > 2 mm) are considered coarse roots (Defrenet, 2012). We considered the total biomass of coarse roots and fine roots in each layer. Very fine roots that escaped sorting were captured as follows: At each depth level considered, before disturbing the soil, a sub-sample was taken using cylindrical steel tubes with an internal diameter of 4 cm and a height of 10 cm. This sample was transported to the laboratory for washing in order to sort out the very fine roots that would not have been sorted in the field.
The most commonly used washing procedure is washing with water. For this purpose, we have developed equipment that is also used by Pucheta et al. (2004) and Klumpp et al. (2007) to wash and separate the roots efficiently. The equipment consists of two containers (50 cm in diameter) covered respectively by 5 mm and 2 mm mesh sieves and connected vertically.
The fine roots extracted after washing were weighed and the weight extrapolated for the volume of soil blocks taken at each depth. The weight found was added to that of the fine roots sorted in the field. The dry mass (DM) of the fine and coarse roots was measured separately after drying the roots collected by layer in an oven at 80°C until a constant weight was reached. 
In order to compare our results with those of previous studies, the mass of coarse and fine roots per layer estimated in grams over an area of 0.49 m² was converted to tonnes per hectare (t ha⁻¹) using the following formula:.


Where Bmci = biomass of fine roots or coarse roots per layer and 0.49 m² = pit area.
The biomass per layer of fine roots (BmCF) and coarse roots (BmCG) obtained in this way was combined to determine the total root biomass per layer (BmCT)



2.4. Data analysis
All data obtained on root biomass were organised and compiled using EXCEL 2013 spreadsheets, then statistically processed using XLSTAT software version 2014.2.07. Analysis of variance (ANOVA) and Tukey's multiple comparison test were used to compare the effects of factors (site, depth, canopy and species) on root dry biomass. For all factors, a P-value of less than 0.05 was accepted as statistically significant.

3. RESULTS AND DISCUSSION

3.1. Characteristics of studied trees

There were no significant differences between the trees selected for the study (table 1). They had an average diameter of 36.5 ± 7.7 cm, a height of 11.2 ± 1.5 m and a crown area of 76.4 ± 20.5 m².  
Table 1: Characteristics of the trees covered by the study
	Sites
	
	Diameter at 1,30m/DBH (cm)
	Height (m)
	Crown area (m2)

	
	
	Mean
	IC à 95 %
	Mean
	IC à 95 %
	Mean
	IC à 95 %

	
	
	
	LL
	[bookmark: _Hlk213609880]UL
	
	LL
	UL
	
	LL
	UL

	Djuié
	
	30.6
	20
	41.2
	11.4
	8.7
	14.1
	74.9
	37.9
	112

	Gombélédougou
	
	30.2
	19.6
	40.8
	10.3
	7.6
	13.1
	76.7
	39.7
	113.8

	Guéguéré
	
	49.7
	39.1
	60.3
	10.7
	7.9
	13.4
	94.6
	57.6
	131.7

	Lofing
	
	35.8
	25.2
	46.4
	12.3
	9.6
	15
	59.5
	22.5
	96.6

	F
	
	3.918
	0.537
	0.801

	P
	
	0.054
	0.67
	0.528


IC à 95%= Confidence Interval at 95% ; LL = Lower Limit   ; UL = Upper Limit

3.2. Densities of fine and coarse roots at study sites

In relation to the site, fine roots andcoarse roots had contrasting distributions. Fine roots were distributed evenly across all sites. Theydid not differ significantly between sites (P = 0.363) (Figure4). However, the density of thick roots was significantlydifferent between sites (P = 0.018) (Figure 4). The density of large roots (5.25± 0.56 t ha-1) at the Djuie site was higher than at all other sites, which were virtually similar. They were 2.92 ± 0.56 t ha-1; 3.48 ± 0.56 t ha-1; and 3.13 ± 0.56 t ha-1 at Gombledougou, Guéguéré, and Lofing, respectively. The absence of significant differences between fine root densities could be explained by the homogeneity of the trees between sites (Table 1). These observations may also be linked to the fact that all sites belong to the same climate zone. Similar results were reported by Ouedraogo et al., (2019). However, this root density result is lower than those obtained by Fortier et al., 2011, who obtained root biomass ranging from 1.86 to 2.62 t ha-1 in hybrid poplar strips in southern Quebec. This difference in root density could be explained by the fact that these authors worked on agrosystems that were different from those in this study
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Figure 4: Density of fine roots and coarse roots at study sites
3.3. Distribution of fine root biomass according to soil depth and crown area at each study site
Figure 5 shows the distribution of fine roots according to depth and crown area. Analysis of this figure shows that depth (P < 0.0001) and crown area (P < 0.0001) had a significant effect on fine roots. The interaction between these two factors was also statistically significant. For the soil layer ranging from 0 to 1 m, the highest density of fine root biomass was located at a depth of 0-20 cm (2.06 ± 0.12 t ha-1), followed by the 20-30 cm layer (1.31 ± 0.12 t ha-1). However, the lowest value was recorded in the 80-100 cm layer (0.03 ± 0.12 tDM ha-1). In general, the area under the canopy showed the highest fine biomass (1.27 ± 0.08 t ha-1) compared to 0.43 ± 0.08 t ha-1 outside the canopy. The 0-50 cm layer contains 92% of fine biomass. Our results are similar to those of Koala et al, (2021), who found a proportion of 91% at a depth of 0–50 cm in Prosopis africana (Guill. et Rich.) Taub parks in the northern Sudanese zone of Burkina Faso. Diatta (2015) found the same result in the semi-arid Niayes zone in Senegal, with proportions ranging from 71% to 100% in the first 60 cm of depth for species such as Acacia raddiana (73%), Euphorbia balsamifera (100%), Balanites aegyptiaca (71%) and Nauclea macrophylla (74%). These results confirm that root biomass density is high in the top few centimetres of soil in tropical ecosystems (Jackson et al., 1996). Research conducted by Monti and Zatta (2009) on species such as Sorghum bicolor yielded similar results. Root biomass is more concentrated in horizons that are chemically richer and moister (Gning et al, 2025). Therefore, the accumulation of root biomass in the 0-50 cm layer could mean that this is the most humid and fertile layer (Mou et al., 1995; Vogt et al., (1993); Lambers and Posthumus, (1980).
The estimated root biomass density in the 0–20 cm layer is 2.06 ± 0.12 t ha⁻¹ (48%). This root density result is lower than those reported by Koala et al., 2015, in the classified forests of Tiogo and Laba in the Sudanian zone, which obtained 55.70% biomass in this layer. This relatively low root density in V. paradoxa parks could be explained by soil disturbance and low tree density (Dodd et al., 2011). Indeed, we obtained an average tree density ranging from 16 to 21 trees per hectare, whereas in Tiogo and Laba, it was over 25 trees per hectare.
The ANOVA results indicate that the density of fine roots in herbaceous plants is greater in the 0-20 cm layer. This result corroborates those of Wu and Deng., 2011. They report that the root biomass of herbaceous plants is greater in the top few centimetres of soil. In contrast, the fine roots of V. paradoxa are less abundant in the anchorage zone of herbaceous plants. Similar results were revealed by Bayala et al., 2004 in V. paradoxa and Parkia biglobosa parks in the Sudano-Sahelian zone in Saponé and by Soumare et al., (1994) in Acacia seyal  and Sclerocarya birrea parks in Mali. Numerous authors have shown that competition for soil resources is lower in V. paradoxa parks (Massaoudou et al, 2025, Clermont-Dauhin et al. 2019).
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Figure 5: Density of fine roots according to crown and depth at study sites
3.4. Distribution of coarse roots biomass according to soil depth by crown area
Coarse roots vary significantly depending on depth (P < 0.0001) and crown (P < 0.0001). However, the interaction between depth and crown (P = 0.226) has no significant effect on large root biomass. It varies between 5.06 ± 0.5 t ha-1 and 1.23 ± 0.5 t ha-1 for depth and 5.21 ± 0.32 t ha-1 to 2.18 ± 0.32 t ha-1 for crown. Analysis of the results shows a high proportion of roots under the canopy and in the 0-20, 20-30 and 30-50 cm layers. The low root biomass is located at a depth of 80-100 cm and outside the canopy (Figure 6). This is consistent with the results of work carried out by Soumare et al. (1994), who found that the area under the canopy has the highest root biomass in Acacia seyal parks in Mali. This could be explained firstly by the greater availability of water and essential mineral salts under the canopy, thus promoting root development. Indeed, the efficient decomposition of fine roots and the fall of litter contribute to improving the organic carbon content of the soil, and therefore the fertility under the canopy (Kaur et al., 2000). In addition, soil permeability also plays a role in root distribution. Water infiltration under tree canopies in V. paradoxa parks is higher than outside the canopy (Bayala et al., 2006). Indeed, under the canopy, improved soil structure would lead to a higher density of large roots under the canopy. 
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Figure 6: Density of coarse roots according to crown and depth at study sites
3.5. Distribution of fine roots of Vitellaria paradoxa versus those of Sorghum bicolor and adventitious according to depth

3.5.1. Outside of the crown of V. paradoxa

The general trend for the fine roots of V. paradoxa and those of S. bicolor and weeds is a drastic decrease in fine root biomass with increasing depth. The surface layer (0–20 cm) contains the highest biomass for both groups (Fitter, 1987). V. paradoxa has a biomass of approximately 0.8 t ha-1. S. bicolor & Weeds has the highest biomass (figure 7), reaching approximately 1.15 t ha-1. This high surface concentration is typical of fine roots, which are responsible for absorbing water and nutrients, and is exacerbated by the presence of cultivated plants (S. bicolor), which often have a shallow root system (Bayala et al., 2008). This suggests intense competition for water and nutrients in the surface layer outside the canopy, where the fine roots of V. paradoxa are outcompeted by the root systems of cultivated plants and weeds (Bayala et al., 2008; Fitter, 1987). Biomass in the middle layer (20–30 cm) falls significantly for both categories, but this decrease is more pronounced for S. bicolor and weeds. However, the biomass of S. bicolor and weeds remains about four times higher than that of V. paradoxa (approximately 0.4 t ha-1 versus 0.1 t ha-1). In the 30-50 cm layer, the values are similar, with almost equal biomass (around 0.15 t ha-1), indicating that the impact of annual plants (S. bicolor and weeds) decreases more rapidly than that of trees (Bayala et al., 2008). In the deep layer (50-100 cm), fine root biomass becomes very low (less than 0.2 t ha-1 and tends towards zero at a depth of 80-100 cm for both groups, indicating very limited root activity in these layers. The results show that most of the fine root activity in the agroforestry system takes place in the top 20 centimeters of soil (Bayala et al., 2008; Clermont-Dauphin et al., 2019). Outside the canopy, V. paradoxa trees face intense root competition from cultivated plants and weeds, particularly in the surface layer (0-20 cm), which could potentially affect their access to nutrients and water in this area.
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Figure 7: Distribution of fine root density according to depth Outside the crown of v. paradoxa

3.5.2. Under the crown of V. paradoxa

Unlike the ‘Outside the Crown’ zone (previous figure), the biomass of fine V. paradoxa roots is extremely low in the 0-20 cm layer (less than 0.1 t ha-1), indicating a virtual absence of fine root activity at the surface directly beneath the tree. V. paradoxa biomass reaches its maximum, approximately 1.2 t ha-1 in the 20-30 cm layer. Beyond 30 cm, biomass decreases steadily but remains significantly higher than that of S. bicolor and weeds. For example, at 50–80 cm, V. paradoxa still has a fine biomass of around 0.4 t ha-1, while S. bicolor and weeds have fallen to 0.05 t ha-1. Comparison of the two curves reveals a strategy of avoidance or spatial segregation on the part of V. paradoxa to minimise competition with crops and weeds under their own canopy (Bayala et al., 2004). V. paradoxa appear to intentionally reduce the density of their fine roots in the 0-20 cm layer, where the root activity of S. bicolor and weeds is overwhelming (more than 25 times greater than that of V. paradoxa in this layer). This absence of fine roots on the surface beneath the crown may be a response to root competition or toxicity/allelopathy linked to V. paradoxa litter, or even to the shade itself, which alters root phenology (Dossa et al., 2008; Bayala et al., 2006). The peak biomass of V. paradoxa in the 20-30 cm layer suggests that they shift their main absorption to a slightly deeper level, allowing them to access resources below the area of maximum activity of annual crops (Bayala et al., 2008). The continued presence of fine roots in deeper layers (50-80 cm) confirms its role as a deep-rooted crop, ensuring its survival during periods of water stress, unlike annual crops. Despite spatial segregation, there is strong competition in the 20-30 cm zone, where S. bicolor and weeds maintain very high biomass (around 2.2 t ha-1) compared to the peak activity of V. paradoxa (1.2 t ha-1). This is the main point of competition for the tree under its canopy. The root distribution under the canopy highlights a clear vertical segregation. S. bicolor and weeds dominate the surface layer (0-20 cm), while V. paradoxa shift their main fine root activity (their peak) to the sub-layer (20-30 cm) and maintain a more pronounced presence at greater depths (Bayala et al., 2008). This is an adaptation that allows V. paradoxa to coexist with crops by reducing direct competition for resources, although there is still significant overlap (and therefore competition) in the middle layer (20–30 cm).
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Figure 8: Distribution of fine root density according to depth under the crown of v. paradoxa
4. Conclusion and Recommendations

The study successfully characterized the architecture and spatial distribution of Vitellaria paradoxa root system in the agroforestry parklands and quantified the below-ground competition with associated annual crops (S. bicolor) and weeds. Fine root biomass is highly concentrated in the superficial layers, with approximately 92% found in the 0-50 cm depth, confirming the general pattern of high root activity in the most fertile and humid topsoil of tropical ecosystems. Outside the canopy, V. paradoxa face intense competition, particularly in the 0-20 cm layer, where the fine roots of annuals (S. bicolor and weeds) are overwhelmingly dominant. Under the canopy, V. paradoxa exhibits a clear spatial segregation strategy (avoidance) by drastically reducing its fine root density in the highly competitive 0-20 cm surface layer. The trees shift their main absorptive activity, demonstrated by the peak fine root biomass (1.2 t ha-1), to the deeper 20-30 cm layer, allowing them to access resources below the area of maximum annual crop activity. The continued presence of V. paradoxa fine roots in the deep layers (50-80 cm) confirms its role as a deep-rooted species, securing access to resources, especially water, during dry periods and conferring a distinct survival advantage over shallow-rooted annual crops. Despite this effective vertical segregation, significant competition persists in the 20-30 cm layer, which represents the main interaction zone where the peak activity of the V. paradoxa overlaps with substantial root biomass from sorghum and weeds which should be the focus of future research and management interventions aimed at optimizing resource use efficiency and maximizing the productivity of both the V. paradoxa and the associated crops
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