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ABSTRACT 

   

This research assessed precipitation increase along a climactic gradient effect on tree and crop root 

length densities and belowground competition in parklands systems of Vitellaria paradoxa C. F Gaertn, Parkia 

biglobosa (Jacq.) Benth with Sorghum bicolor (L.) Moench for formulating parklands management options 

improving crop productivity. Field experiments were conducted at three sites along an increasing rainfall 

gradient. Soil samples were taken, roots were washed and sorted by categories and root length density was 

estimated using the method of Tennant. Belowground competition was assessed using the ratio method. 

Correlation between crop root and aboveground biomass was tested. For topsoil, higher crop root length 

density was at Sokouraba (0.087 ± 0.007 cm.cm-3). For subsoil, crop and tree average root length density was 

higher at Tougouri and were respectively 0.05 ± 0.009 and 0.117 ± 0.021 cm.cm-3. Trees reduce crop root 

length density with precipitation increase and more under P. biglobosa. Belowground competition along a 

climatic gradient and its interaction with zones and tree species was not significantly different. Higher crop 

root length density obtained at topsoil with precipitation increase did not reduce belowground competition. 

Tree management options reducing tree roots should be tested on belowground competition along a climatic 

gradient.  

© 2019 International Formulae Group. All rights reserved. 
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INTRODUCTION 

The agroforestry parklands systems 

which are common in the dry savannas of 

West Africa are defined as landscapes where 

for centuries farmers have cut down forests 

for agricultural purposes while selecting, 

preserving and protecting useful tree species 

known for their contribution in rural 

livelihood (Petit, 2003). In such systems, crop 

performance can be improved under tree 

canopy depending on the species, density, 

management, season characteristics, etc. due 

to the ecosystem services provided by trees 

(Boffa et al., 2000; Adegeye et al., 2011), but 

depending on the tree-crop combination, crop 

performance can also be reduced under tree 
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canopies (Boffa et al., 2000; Bayala et al., 

2002; Teklehaimanot, 2004; Zomboubré et al., 

2005; Sanou et al., 2012; Bazié et al., 2012). 

The reduction of crop performance under the 

tree canopy is associated to the competition 

which occurs at belowground and 

aboveground levels. The reduction of crop 

performance in agroforestry parkland system 

occurs because the layers of the soil are 

exploited by the two components (Bayala et 

al., 2004). In this situation both tree and the 

crop are sharing the same pool for nutrient 

and water, and it has been found that the 

competition for these resources causes the 

poor performance of the less competitive 

component, which in most cases are the 

associated crops (Bayala et al., 2008). Then, at 

belowground level, the distribution of tree and 

crop fine root densities in different soil layers 

determine the degree of competition for water 

and nutrient access in agroforestry systems 

(van Noordwijk et al., 2002). Under Vitellaria 

paradoxa C. F Gaertn an important 

development of associated crop was due to its 

high root density in top soil (Bayala et al., 

2008). The authors reported that this leads to a 

competition for access to water because of the 

high rate of evapotranspiration under V. 

paradoxa due to its canopy architecture. The 

root distribution in different soil layers is 

modified by environmental conditions and 

tree management in agroforestry systems (van 

Noordwijk et al., 2003). Changes in tree and 

associated crop fine root densities in different 

soil layers and zones under trees were 

reported by Sanou (2010) due to the variations 

of Photosynthetically Active Radiation, soil 

moisture and temperature. Logbo et al. (2011) 

reported a decrease and increase of root 

biomass according to the species as an 

adaptation mechanism when water becomes 

limiting. Tree canopy pruning reduces 

competition for light and for water as tree root 

densities are temporarily reduced (Bayala et 

al., 2004). The objective of this research was 

assessing the effect of precipitation increase 

along a climatic gradient on tree and crop root 

length densities distribution, belowground 

competition and relationship between crop 

root length density and aboveground biomass 

in agroforestry parkland systems consisting of 

Sorghum bicolor (L.) Moench in association 

with V. paradoxa and Parkia biglobosa 

(Jacq.) Benth. The findings of this study 

should provide a better insight into 

belowground competition in parklands 

systems, an area that has been little studied, 

for formulating recommendations of 

parklands management options in the aim to 

improve crop productivity.     

 

MATERIALS AND METHODS 

Site description 

Field experiments were conducted at 

three different sites along an increasing 

rainfall gradient: Tougouri located at 13˚ 18' 

59'' latitude North and -3˚ 12' 1'' longitude 

West in the Sahelian zone (northern part); 

Nobere located at 11˚ 33' 29'' latitude North 

and -1˚ 12' 16'' longitude West in the Sudano-

Sahelian savanna (central part) and Sokouraba 

located at 10˚  51' 00'' latitude North and -5˚ 

11' 00'' longitude West in the Sudano-Guinean 

savanna (southern part).  The soils of the three 

sites are generally poor and have low N, MO 

and P contents. In addition, they are weakly 

acidic with low CEC (Table 1). Average 

rainfall and temperature (year 1980-2013) 

were 557 mm and 26.6 
o
C in Tougouri 

respectively, 859 mm and 25.7 
o
C in Nobere, 

and 1061 mm and 25.1 
o
C in Sokouraba 

(DGM, 2013). The average rainfall totaled 

620, 775 and 927 mm, respectively in 

Tougouri, Nobere and Sokouraba during the 

two years (2011 and 2012) of measurements  

 

Experimental design 

The studied parkland systems consisted 

of an association of S. bicolor with two native 

tree species: P. biglobosa and V. paradoxa. S. 

bicolor was cultivated in concentric zones 

from the trunk of each tree species. The area 

around each of the sampled trees was split 

into three concentric tree influence zones and 

a control plot which were:  

 Zone A - from tree trunk to half of the 

crown radius of the tree;  

 Zone B - from half of the crown radius of 

the tree  up to the edge of the crown;  
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 Zone C - from the edge of the tree crown 

up to 3 m away; and 

 Zone H - a control plot for crop in 

monoculture which was an area of 4 x 4 

m situated at least 40 m away from the 

edge of the crown and unshaded by any 

of the surrounding trees at any time of the 

day throughout the cropping season.  

This design was replicated eight times for 

each tree species at each site to give a total of 

sixty four (= 8 reps x (2 species x 4 zones)) 

tree-by-zone roots and biomass measurements 

in Sokouraba, Nobere and Tougouri.  

 

Data collection  

For the measurement of S. bicolor and 

tree root length density, soil sampling was 

conducted randomly at two points in each of 

the concentric zones at 10 cm interval depth 

up to 50 cm near S. bicolor (0-10; 10-20; 20-

30; 30-40 and 40-50 cm) plants using an auger 

of 5 cm diameter with a volume of 250 cm
3
. 

The two soil samples for the same depth were 

mixed to have a composite sample of 500 cm
3
. 

From this composite sample, roots were 

washed using the Root Washer (Delta-T, UK) 

in a laboratory to separate roots from the soil. 

Roots were then classified in two categories: 

trees and S. bicolor. The identification of the 

root colors after washing through visual 

observation were used for the classification. 

Sorghum roots were white, trees roots were 

brown. The weeds roots which diameter is 

under 2 mm were excluded. Only fine roots 

with diameter less than 2 mm were 

considered. The root length of trees and S. 

bicolor in centimeter were estimated using the 

method of Tennant (1975), which implies that 

roots are spread out on a grid of 1cm x 1cm 

and the number of intersections of roots with 

the vertical and horizontal lines are counted. 

The following formula was used for the 

calculation of root length: 

L = ND/4 

With: 

N = number of intersections; D = width 

(cm) of the grid and L = root length (cm) 

When the samples were too small with 

less than 30 intersections for a grid of 1 cm, 

direct measurements of the length were taken 

using a ruler. The root length density in cm 

cm
-3

 was calculated by dividing the root 

length of each category of roots with the 

volume of soil used to extract the roots 

(Bayala et al., 2004). 

The quantitative parameter used to 

assess the degree of belowground competition 

between sorghum and trees was the ratio 

between tree root length density and crop root 

length density in the different soil layers. The 

higher the ratio, the stronger should be the 

competition. This belowground competition 

will be assessed for the topsoil and the subsoil 

layers.  

The relationship between crop root 

length density and its aboveground biomass 

was tested to appreciate the importance of root 

in determining crop performance in 

agroforestry parklands systems in the aim to 

appreciate if a reduction of belowground 

competition through a decrease of tree root 

could improve crop productivity. 

For this study, the topsoil layers 

considered is the layer 0 – 20 cm and the 

subsoil layers considered is the layer 20 – 50 

cm. 

 

Statistical Analysis 

The effect of increase of the 

precipitation along a climatic gradient on tree 

and crop root length density distribution and 

interaction with tree species in the different 

soil layers were tested using the general model 

of ANOVA. The effects of increase of the 

precipitation along a climatic gradient and its 

interaction with tree species and zones under 

trees on belowground competition were tested 

using the general model of ANOVA. The 

analyses have been done using the software 

XLSTAT 2018. When the differences among 

the means were significant with ANOVA, 

they were separated by the test of Student-

Newman Keuils at 5%. The simple linear 

regression was used to test the relationship 

between S. bicolor root length density and its 

aboveground biomass production in zones 

under trees when precipitation increases along 

a climatic gradient using the software 

XLSTAT 2018. 
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Table 1: Soil characteristics in the three study sites representing the northern (Tougouri), central 

(Nobere) and southern (Sokouraba) parts of Burkina Faso in West Africa. The values are the 

average of top 50 cm soil layer. 

 

Parameters Tougouri Nobere Sokouraba 

% clay 42,6 33,8 56,1 

% Silt  25 25,6 23,3 

% Sand  32,4 40,6 20,6 

CEC (meq/100 g) 10,13 5,81 9,34 

Organic matter (%) 0,43 0,39 1,05 

N content (%) 0,03 0,02 0,07 

P content (P-Bray) (ppm) 2,2 9,56 5,38 

pH  5,92 6,43 5,71 

  

 

RESUL TS 

The effects of precipitation increase along a 

climatic gradient on tree and crop root 

length density in topsoil and subsoil layers   

According to the results of ANOVA, 

there was not a significant difference of tree 

root length density with the precipitation 

increase along a climatic gradient at the 

topsoil layers (Table 2). But the difference of 

the tree root length density with the 

precipitation increase along a climatic 

gradient was very and highly significant for 

the subsoil layers (Table 2). The tree root 

length density was significantly smaller at the 

subsoil layers when precipitation increases 

along a climatic gradient (Figure 1A). 

The ANOVA reveals a very and highly 

significant difference of S. bicolor root length 

density with the precipitation increase along a 

climatic gradient at topsoil and subsoil layers 

(Table 3). At the topsoil layers, the root length 

density of S. bicolor was significantly higher 

with the precipitation increase along a 

climatic gradient (Figure 1A). But at the 

subsoil layers, the S. bicolor root length 

density was significantly smaller with 

precipitation increase along a climatic 

gradient (Figure 1A).       

The effect of the interaction between 

tree species and precipitation increase along a 

climatic gradient on the tree root length 

density at the topsoil and subsoil layers was 

not significant (Table 2). However, the effect 

of the interaction between tree species and 

precipitation increase along a climatic 

gradient on S. bicolor root length density was 

significant at the topsoil layers, very and 

highly significant at the subsoil layers (Table 

3). At the topsoil and subsoil layers, under 

both tree species, S. bicolor root length 

density was smaller with the precipitation 

increase along a climatic gradient, and this 

reduction was higher under P. biglobosa than 

V. paradoxa (Figure 1B). 

 

The effect of precipitation increase along a 

climatic gradient on belowground 

competition 

According to the result of ANOVA, 

there was not a significant difference of the 

root length density ratio at the topsoil and 

subsoil layers with the increase of 

precipitation along a climatic gradient (Table 

4).  

According to the result of ANOVA, 

there was not a significant effect of the 

interaction between agroforestry system with 
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P. biglobosa and V. paradoxa and the increase 

of precipitation along a climatic gradient on 

the ratio of the root length density at the 

topsoil and subsoil layers (Table 4).  

The result of the ANOVA did not show 

a significant effect of the interaction between 

zones under trees and precipitation increase 

along a climatic gradient on the ratio of the 

root length density at the topsoil and subsoil 

layers (Table 4).  

 

The effect of precipitation increase along a 

climatic gradient on the relationship 

between crop root length density and its 

aboveground biomass production under 

trees  

The results of the simple linear 

regression between S. bicolor root length 

density and its aboveground biomass 

production was significant in zones B and C 

under P. biglobosa at the two extremes 

precipitation levels along the climatic 

gradient. The relationship between S. bicolor 

root length density and its aboveground 

biomass production was very significant in 

zone B (P < 0.01) and significant in zone C (P 

< 0.05) at the lowest precipitation and 

significant in zones B and C (P < 0.05) at the 

highest precipitation along the climatic 

gradient. Any significant relationship between 

S. bicolor root length density and its 

aboveground biomass production was 

observed in the zones under V. paradoxa with 

precipitation increase along a climatic 

gradient. The highest coefficient of correlation 

in zone B were obtained at the lowest 

precipitation (84%) compared to the highest 

precipitation (70%). For the zone C, the 

coefficient of correlation obtained was quite 

the same at the lowest precipitation (77%) and 

at the highest precipitation (79%).

 

Table 2: Results of ANOVA of the effect of precipitation increase along a climatic gradient on tree 

roots length density (RLD) and interaction with tree species at topsoil and subsoil layers. 

 

Layers Source DDL Sum of squares Mean of squares F Pr > F 

0 10 
Sites 2 0,171 0,086 1,660 0,193 

Sites*Species 2 0,055 0,027 0,546 0,580 

10 20 
Sites 2 0,030 0,015 0,460 0,632 

Sites*Species 2 0,028 0,014 0,423 0,656 

20 30 
Sites 2 0,150 0,075 9,051 0,000 

Sites*Species 2 0,118 0,059 7,908 0,001 

30 40 
Sites 2 0,193 0,096 7,809 0,001 

Sites*Species 2 0,000 0,000 0,008 0,992 

40 50 
Sites 2 0,452 0,226 15,680 < 0,0001 

Sites*Species 2 0,022 0,011 0,744 0,477 
Significant = P < 0.05             very significant = P < 0.01          highly significant = P < 0.001 
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Figure 1: (A) Tree and crop root length density (RLD) variation according to the increase of 

precipitation along a climatic gradient, (B) S. bicolor root length density (RLD) variation according 

to associated tree species and the increase of precipitation along a climatic gradient. 
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Table 3: Results of ANOVA of the effect of precipitation increase along a climatic gradient on 

Sorghum bicolor roots length density (RLD) and interaction with tree species at topsoil and subsoil 

layers. 

 

Layers Source DDL Sum of squares Mean of squares F Pr > F 

0 10 
Sites 2 0,177 0,089 0,496 0,610 

Sites*Species 2 0,213 0,106 0,589 0,556 

10 20 
Sites 2 0,067 0,034 6,383 0,002 

Sites*Species 2 0,045 0,023 4,713 0,010 

20 30 
Sites 2 0,047 0,024 10,292 < 0,0001 

Sites*Species 2 0,026 0,013 5,751 0,004 

30 40 
Sites 2 0,065 0,032 8,256 0,000 

Sites*Species 2 0,070 0,035 11,049 < 0,0001 

40 50 
Sites 2 0,219 0,110 18,850 < 0,0001 

Sites*Species 2 0,151 0,076 13,386 < 0,0001 
Significant = P < 0.05              very significant = P < 0.01             highly significant = P < 0.001 

 

Table 4: Results of ANOVA of the effect of precipitation increase along a climatic gradient on  the 

ratio between tree root length density (RLD) and crop root length density (RLD) and interaction 

with tree species and zones at topsoil and subsoil layers. 

 

Layers Source DDL Sum of squares Mean of squares F Pr > F 

0 10 

Sites 2 13,447 6,724 1,507 0,225 

Sites*Species 2 1,354 0,677 0,152 0,859 

Sites*Zones 6 22,061 3,677 0,838 0,542 

10 20 

Sites 2 3,595 1,797 0,766 0,467 

Sites*Species 2 0,709 0,355 0,151 0,860 

Sites*Zones 6 10,014 1,669 0,845 0,538 

20 30 

Sites 2 68,877 34,438 1,958 0,147 

Sites*Species 2 115,734 57,867 3,290 0,421 

Sites*Zones 6 191,668 31,945 2,153 0,055 

30 40 

Sites 2 129,124 64,562 1,887 0,157 

Sites*Species 2 113,790 56,895 1,663 0,195 

Sites*Zones 6 192,794 32,132 0,995 0,433 

40 50 

Sites 2 55,321 27,661 2,533 0,086 

Sites*Species 2 5,078 2,539 0,232 0,793 

Sites*Zones 6 78,743 13,124 1,185 0,324 
Significant = P < 0.05;     very significant = P < 0.01 ;    highly significant = P < 0.001.                 
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DISCUSSION 

The effects of precipitation increase along a 

climatic gradient on tree and crop root 

length density in topsoil and subsoil layers   

The climatic gradient characterized by 

the precipitation increase from Tougouri, 

Nobere and Sokouraba induced changes on 

trees and S. bicolor root length densities at 

subsoil layers with higher root length density 

of trees and S. bicolor observed at Tougouri 

with the lowest precipitation along a climatic 

gradient. The increase of trees and S. bicolor 

root length density at subsoil layers at 

Tougouri is an adaptation to water deficit. 

Logbo et al. (2011) reported an increase of 

Acacia tortilis (Forsk.) Hayne ssp. raddiana 

(Savi) Brenand root biomass when water 

becomes limiting as an adaptation mechanism. 

 At the topsoil layers, there was not a 

significant difference between trees root 

length density with the precipitation increase 

along a climatic gradient but S. bicolor root 

length density was higher at Sokouraba with 

the highest precipitation along a climatic 

gradient. This was probably due to the soil 

physical and chemical properties improved 

because of the practice of fallow at 

Sokouraba. Traore et al. (2007) reported a 

more stable soil structure under fallows than 

when soils were cultivated. The positive 

effects of an improved soil physical and 

chemical properties on crop root development 

has been reported by Ndiaye et al. (2012). The 

precipitation increase along a climatic 

gradient affected differently at the topsoil and 

subsoil layers tree and crop root length 

density. The effect of precipitation on tree and 

crop fine root growth depends on soil physical 

and chemical properties at topsoil and subsoil 

layers. 

The precipitation amount under trees is 

under the influence of canopy structure due to 

the effect of precipitation interception by the 

canopies. Zomboudre et al. (2005) reported an 

average reduction of precipitation for about 

12% under V. paradoxa with a ball canopy 

while there was an increase of about 10.3% 

under a brush canopy compared to the 

precipitation out of the canopy. The higher 

root length density of S. bicolor observed 

under both tree species canopy at the lowest 

precipitation along a climatic gradient is then 

an adaptation to water deficit as reported by 

Logbo et al. (2011). The interception of 

precipitation by tree canopy leaded to this 

water deficit under tree canopy which is 

severe when the precipitation is low as 

reported by Zomboudre et al. (2005). The low 

development of S. bicolor root length density 

under P. biglobosa compared to V. paradoxa 

when precipitation increases along a climatic 

gradient could be explained by the structure 

and architecture of its canopy which maintains 

more humidity under trees due to the 

reduction of evaporation leading to less root 

development. Zomboudre et al. (2005) 

reported higher soil humidity under V. 

paradoxa with a ball canopy compared to 

brush canopy and out of canopy when 

precipitations are scarce or abundant. The 

important humidity in soil under the canopy of 

P. biglobosa due to the dense and compact 

structure of its canopy (Bayala et al., 2002; 

Bazie et al., 2012; Sanou et al., 2012) and the 

good soil chemical properties (Bayala et al., 

2002) could explain the low root development 

of S. bicolor. Due to the ascendant 

architecture of the branches of V. paradoxa, 

more solar irradiation comes to the soil 

leading to more evaporation in upper soil 

layers as reported by Bayala et al. (2008). 

This could explain the high root length density 

of S. bicolor under V. paradoxa when 

precipitation increases. Trees canopy structure 

is a major factor influencing crop root 

development under trees at topsoil and subsoil 

layers when precipitation increases along a 

climatic gradient through the interception of 

precipitation which influences soil physical 

and chemical properties. S. bicolor in 

association with P. biglobosa with a dense 

and compact canopy showed lower root length 

density and crop root length density decreased 

under both tree species with the increase of 

precipitation along a climatic gradient. It 

could be recommended farmers to promote V. 

paradoxa in the development of new 

agroforestry systems due to the relative high 

root length densities of S. bicolor obtained 

under V. paradoxa at all the precipitation level 
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along a climatic gradient. Several authors 

reported a better crop performance under V. 

paradoxa than P. biglobosa (Bayala et al., 

2002; Bazié et al., 2012; Sanou et al., 2012; 

Coulibaly et al., 2014). 

 

The effect of precipitation increase along a 

climatic gradient on belowground 

competition 

The effect of precipitation increase 

along a climatic gradient and its interaction 

with tree species and zones on the ratio of the 

root length density was not significant at the 

topsoil and subsoil layers. Despite the increase 

observed in crop fine root growth with 

precipitation increase at topsoil layers and at 

subsoil layers when precipitation decreases, it 

was not sufficient to significantly reduce the 

belowground competition probably due to the 

relative importance of tree root length density 

at topsoil and subsoil layers. The results also 

showed that in parklands with V. paradoxa 

and P. biglobosa in association with S. 

bicolor, the belowground competition for 

access to water and nutrient is high due to the 

fact that both tree and crop have their roots in 

the same layers as reported by Bayala et al. 

(2004).    

The belowground competition in 

parklands systems seems to be more under the 

influence of parklands management than 

climate. For reducing tree and crop 

belowground competition in the aim to 

increase crop productivity in agroforestry 

parkland systems, tree crown pruning which 

can reduce trees root length density in topsoil 

soil layer could be tested. Trees crown 

pruning to reduce or stop belowground tree 

and crop competition has been reported by 

Bayala et al. (2004).   

 

The effect of precipitation increase along a 

climatic gradient on the relationship 

between crop root length density and its 

aboveground biomass production under 

trees 

The relationship between crop root 

length density and its aboveground biomass 

production was significant only under P. 

biglobosa at the two extremes of precipitation 

probably because of the high aboveground 

competition under its canopy. Sanou (2010) 

reported that the dense canopy of P. biglobosa 

canopy reduced more light and others 

environmental conditions under its canopy. 

The reduction of light under the canopy of P. 

biglobosa is improved as we go beyond the 

trunk (Sanou, 2010). The improvement of 

light capture   will increase crop 

photosynthesis leading to a better crop root 

development. This increase of root 

development could explain the highest 

correlation coefficient obtained in the zones B 

and C under P. biglobosa at the lowest and 

highest precipitation along a climatic gradient. 

At the lowest precipitation, the water stress 

should be strong leading to higher root 

development as an adaptation mechanism that 

could explain the highest correlation 

coefficient obtained in zone B at the site with 

the lowest precipitation. These results showed 

that crop root could determine biomass 

production and then a reduction of 

belowground competition under trees in 

agroforestry parklands through appropriate 

management options could improve crop 

productivity.  

 

Conclusion 

This study highlighted the effect of 

precipitation increase along a climatic 

gradient on root length density distribution 

and belowground competition in topsoil and 

subsoil layers of an agroforestry parkland 

systems consisted of an association of S. 

bicolor with two native trees, P. biglobosa 

and V. paradoxa. The soil physical and 

chemical properties at the topsoil and subsoil 

layers are major factors affected by the 

increase of precipitation along a climatic 

gradient influencing tree and crop root length 

density distribution. The architecture of the 

tree canopy which intercepts the rainfall 

creating a water stress under trees led to a 

reduction of crop root length density when 

precipitation increases along a climatic 

gradient due to the better conditions for root 

development and this reduction is higher at 

the topsoil and subsoil layers under P. 

biglobosa than V. paradoxa because of its 
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dense canopy. Despite the increase of crop 

root length density at topsoil with 

precipitation increase along a climatic 

gradient, the belowground competition was 

not reduced probably because of the relative 

importance of tree root length density at the 

topsoil and subsoil layers. Belowground 

competition seems to be more under the 

influence of parklands management than 

climate. The study also reveals that root 

length density of S. bicolor in agroforestry 

parklands could determine its aboveground 

biomass productivity. Then, to reduce 

belowground competition and improve crop 

productivity in agroforestry parklands, tree 

management which can reduce tree root 

length density in topsoil layers could be tested 

and V. paradoxa could be recommended in 

the development of agroforestry systems. This 

research confirms that tree root length density 

is a major factor influencing belowground 

competition and crop productivity in 

parklands, suggesting further research 

focusing on the effect of tree management 

which reduces its root length density on 

belowground competition along a climatic 

gradient.  
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