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Abstract Traditional agroforestry parkland systems

in Burkina Faso are under threat due to human

pressure and climate variability and change, requiring

a better understanding for planning of adaptation.

Field experiments were conducted in three climatic

zones to assess Sorghum bicolor (L.) Moench (Sor-

ghum) biomass, grain yield and harvest index in

parklands under different rainfall pattern and com-

pared to simulations of sorghum biomass and grain

yield with the Water, Nutrient and Light Capture in

Agroforestry Systems (WaNuLCAS) model for cali-

bration and parametrisation. For planning adaptation,

the model was then used to evaluate the effects of

different management options under current and

future climates on sorghum biomass and grain yield.

Management options studied included tree densities,

tree leaf pruning, mulching and changes in tree root

patterns affecting hydraulic redistribution. The results

revealed that sorghum biomass and grain yield was

more negatively affected by Parkia biglobosa (Jacq.)

Benth. (néré) compared to Vitellaria paradoxa C.

F Gaertn (karité) and Adansonia digitata L. (baobab),

the three main tree species of the agroforestry parkland

system. Sorghum biomass and grain yield in different

influence zones (sub-canopy, outside edge of canopy,

open field) was affected by the amount of precipitation

but also by tree canopy density, the latter depending

itself on the ecological zone. The harvest index (grain

as part of total biomass) was highest under the tree

canopy and in the zone furthest from the tree, an effect

that according to the model reflects relative absence of

stress factors in the later part of the growing season.

While simulating the effects of different management

options under current and future climates still requires

further empirical corroboration and model improve-

ment, the options of tree canopy pruning to reduce

shading while maintaining tree root functions proba-

bly is key to parkland adaptation to a changing

climate.
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Introduction

Parkland agroforestry systems are widely practiced in

the drylands of the western part of Africa, often with

Sorghum bicolor (L.) Moench (Sorghum) as major

crop. In this cropping system with livestock as

important component, trees are preserved in a natu-

rally established, non-systematic pattern with rela-

tively low tree density (Boffa 1999). In Burkina Faso

tree density varies from farm to farm and was usually

between 15 and 30 trees per hectare according to

Kessler and Boni (1991). Farmers use different parts

of the trees for marketed products, for domestic use

and consumption, fodder, and for religious ceremonies

(Bayala et al. 2002; Teklehaimanot 2004).

In these systems trees and crops may compete for

light, water, and nutrients or have complementary

needs (Sanchez 1995). Several research results

showed a decrease of cereal crops yields under trees

such as Parkia biglobosa (Jacq.) Benth. (néré) and

Vitellaria paradoxa C. F. Gaertn (karité or shea tree)

in parklands (Bayala et al. 2002; Boffa et al. 2000;

Kessler 1992; Maiga 1987; Teklehaimanot 2004).

Jonsson et al. (1999), however, found no difference

between millet (Pennisetum glaucum (L.) R.Br.)

yields under néré and karité tree canopies and in open

areas during a good rainfall season. These contradic-

tory results show that there is a need for a better

understanding of the conditions which contribute to

the improvement, depression, or variability of cereal

production under canopies by conducting research in

agroforestry parklands with different tree species and

under different rainfall patterns. The extent of com-

petition between tree roots and crops for soil nutrients

and water in agroforestry parkland systems depends on

the spatial distribution of tree and crop roots systems.

Leaching of highly mobile nutrients is reduced when

trees have a relatively dense root system beneath the

crop root zone, through what is called a safety net

function (Cadisch et al. 2004). Van Noordwijk and

Cadisch (2002) showed such a safety net function for

tree roots below a shallow-rooted maize (Zea mays L.

Kernels) crop in situations with 20 % or more of tree

roots in the subsoil, using the Water, Nutrient and

Light Capture in Agroforestry Systems (WaNuLCAS)

model of tree-soil-crop interactions. Tree shade

reduces both photosynthetically active radiation

(PAR) and temperature which may both have an

effect on the morphology, anatomy and physiology of

crops grown beneath tree crowns. The tree leaf area

index is key to PAR availability under tree crowns

(Bellow and Nair 2003; Breman and Kessler 1995),

but canopy shape matters too for the spatial pattern of

crop performance. Zomboudré et al. (2005) showed

that height and number of leaves of maize were lower

under karité trees compared to open areas. They also

noted a reduction of the number of leaves of maize by

heavy shade under karité trees with a ball shaped

crown compared to trees with a brush shaped crown. In

this regard, it is important to understand how crops

perform in distinct zones of interactions (sub-canopy,

outside edge of canopy, open field) because of spatial

patterns of tree leaf density and tree roots distribution

which itself is influenced by rainfall distribution.

Parkland agroforestry systems have intensified over

time and may have crossed thresholds of natural tree

regeneration, while current climate variability and

climate change may require further adjustment of tree

species selection and tree management. The adapta-

tion of these systems to these contexts is critical if

these systems are to continue playing a major role in

food security and household economy. Pruning of

trees, increase of trees density through assisted tree

regeneration, mulching are some key management

practices recognized to improve crop productivity

under climate variability and change (Bayala et al.

2012). The possibility of increasing solar irradiation

and taking advantage of nutrient enrichment around

trees is a strong argument in favour of pruning

parkland trees (Bayala et al. 2002). Pruning néré trees

resulted in higher sorghum yields relative to unpruned

trees (Bayala et al. 2002; Bazié et al. 2012; Kessler

1992). Several studies reported that the practice of the

assisted tree regeneration on parklands contribute to

an increase of crop production, food security, tree

density and species diversity (Adam et al. 2006;

Barnes and Fagg 2003; Botoni and Reij 2009; Dramé

and Berti 2008; Hadgu 2008; Kaboré and Reij 2004;

Reij et al. 2009; Rhoades 1995). Other authors

reported a negative effect of tree density increase on

crop performance in agroforestry parklands which

make farmers to reduce the density of the trees in their

fields (Boffa 1999; Gijsbers et al. 1994; Kelly et al.

2004; Nikiéma 2005). As dry areas require a balancing

act to optimize the ecological role of trees in

maintaining favourable conditions for crop production

we need more quantitative guidance on where to

encourage farmers to maintain a higher density of trees
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(Bayala et al. 2006; Boffa 1999). It is then necessary to

determine the biophysically-optimal tree densities in

agroforestry parkland systems under different rainfall

conditions. Poor soil fertility is a primary constraint

limiting crop production in semi-arid West Africa,

even outweighing moisture deficiency in the long run.

The application of mulch in crop fields is recognized

as another way of maintaining or enhancing soil

fertility in these systems (Belsky et al. 1989). There is

thus a need to understand how crop residues returning

in the soil as mulch can affect crop performance under

long-term crop cultivation in the agroforestry parkland

systems.

The adaptation of the agroforestry parkland systems

to climate change and variability needs a sufficient

level of understanding of the system, its components,

and their interactions. Beyond direct competition for

water and nutrient, the trees provide shade and

protection from supra-optimal temperatures (temper-

atures above the optimum) for the crop (Jonsson et al.

1999) as well as support the maintenance of soil

organic matter through above- and belowground litter

inputs. Under specific conditions (Bayala et al. 2008a)

hydraulic equilibration of soil layers and zones

connected by tree roots can bring subsoil water into

the reach of crop roots and relieve water stress. This

process was initially called hydraulic lift (Dawson

1993) and defined as a process of transferring water

from wet subsoil to dry surface soil due to the presence

of tree roots. This process depends on the water

potential between the subsoil and the surface soil. The

reverse process, transfers from wet surface layers to

dry subsoil is possible (Burgess et al. 1998; Smith et al.

1998); hence the preference for the more neutral term

of hydraulic redistribution (HR). There is a need to

understand how this process of HR is affected by the

depth of tree rooting system. Due to the complexity of

the interactions in agroforestry systems, modeling has

been thought to be a useful tool to help reaching the

understanding of interactions in these systems faster

and cheaper than a purely empirical approach could do

(Bayala et al. 2008b; Kho 2000; Van Noordwijk and

Lusiana 1999). Modeling helps reducing time, labor,

and funds for establishing experiments to test a

hypothesis about plant growth and performance.

The WaNuLCAS model (van Noordwijk et al. 2011)

has been used for exploring tree-soil-crop interactions

in the parkland systems of Burkina Faso (Bayala et al.

2008b). This model can simulate systems where

sorghum is grown together with multipurpose trees

such as baobab, néré and karité under different

management options and climate scenarios. Further

model validation is needed before model scenarios can

be trusted to reflect the real choices farmers have.

The study was conducted at three sites located in

different climatic zones of Burkina Faso to take into

account the effect of the current climate on sorghum

biomass, grain yield and harvest index in agroforestry

parkland systems. After a validity test of the WaNuLCAS

model against these data, the model was used to explore

the effects of management scenarios that included long-

term cropping with or without mulching and tree density

with or without pruning for the three main tree species

(baobab, néré and karité) on sorghum biomass and grain

yield. Additionally, the effect of climate change scenar-

ios on sorghum biomass were explored under changes in

rainfall amount with a dynamic tree canopy (tree canopy

is growing together with the sorghum) and fixed tree

canopy (tree canopy is not growing and only sorghum

growing) (van Noordwijk et al. 2011), and under tree

with superficial and deeper root systems to test the HR

function. The effect of changes in rainfall distribution

patterns during the growing season on sorghum biomass

has also been tested.

The overall aim of the field and simulation inves-

tigations was to come up with recommendations for

improving agroforestry parkland management leading

to its better adaptation to both the current climate

variability and the future climate change. Specifically,

four hypotheses were tested: (i) Sorghum performance

(biomass, grain yield and harvest index) increases as

precipitations increase, (ii) Néré trees with their dense

canopy affects the performance (biomass, grain yield

and harvest index) of sorghum more severely than

baobab and karité trees, (iii) Sorghum performance

(biomass, grain yield and harvest index) increases as

the distance to the tree trunk increases, and (iv)

Applying an appropriate management regime to the

tree component can help for better adaptation of the

parkland systems to climate change and variability.

Materials and methods

Site description

Field experiments were conducted at three different

sites along an increasing rainfall gradient: Tougouri
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located at 13�1805900 latitude North and -3�120100

longitude West in the Sahelian zone (northern part);

Nobéré located at 11�3302900 latitude North and

-1�1201600 longitude West in the Sudano-Sahelian

savanna (central part) and Sokouraba located at

10�5100000 latitude North and -5�1100000 longitude

West in the Sudano-Guinean savanna (southern part).

Soils at Tougouri were light clay while soils in Nobéré

were sandy. The highest values for soil chemical

properties were observed at Sokouraba, except for

CEC and P (Table 1). Average rainfall (year

1980–2011) and temperature (year 2009–2011) were

557 mm and 26.6 �C in Tougouri, 859 mm and

25.7 �C in Nobéré, and 1,061 mm and 25.1 �C in

Sokouraba (DGM 2011). In the year of measurement,

the rainfall totaled 620, 775 and 927 mm, respectively

in Tougouri, Nobéré and Sokouraba.

Experimental design

The studied parkland systems consisted of an associ-

ation of sorghum and three native tree species: baobab,

néré and karité. Baobab was present with relatively

dense stands only at Nobéré as mentioned by Kindt

et al. (2008). Sorghum was cultivated in concentric

zones under 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 1—from tree trunk to half of the crown radius

of the tree;

• Zone 2—from half of the crown radius of the tree

up to the edge of the crown;

• Zone 3—from the edge of the tree crown up to 3 m

away; and

• Zone 4—a control plot for crop in monoculture for

each sample tree which was an area of 4 9 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 (Bayala et al. 2002).

This design was replicated eight times for each tree

species to give a total of 64 [=8 9 (2 9 4)] tree-by-

zone yield measurements in Sokouraba and Tougouri

(two tree species), and 96 in Nobéré (three tree

species).

Field observations and data collection

for calibrating the model

Tree characteristics, sorghum biomass, grain yield,

harvest index, phenology and management, both tree

and sorghum root length densities and soil properties

were measured in the three study sites and the data

were used to calibrate WaNuLCAS model.

Characteristics of trees

Trees on farm were selected after discussions and with

the agreement of the land owners. Trees were selected

in such a way that they were distant enough to avoid

overlap of shades of the sampled trees. The tree

parameters measured included tree total height, tree

canopy height, tree canopy diameter, stem diameter at

breast height and tree biomass was later calculated.

Tree total height was measured from the soil surface

up to the limit of the crown height using a telescopic

meter. Stem height was measured from the soil surface

up to the beginning of the tree crown. Tree canopy

height was then calculated as the difference between

the total height and the stem height. Tree canopy

diameter has been obtained by making an average of

the values of diameter measured according to the

directions north–south and west-east from the tree

trunk to the edge of the tree crown using a measuring

tape (Table 2).

The functional branch analysis (FBA) method was

applied to determine tree biomass (van Noordwijk and

Mulia 2002). The approach is based on the empirical

allometric scaling equations (Y = aDb) for tree bio-

mass (Y) on the basis of stem diameter (D). The

Table 1 Soil characteristics in the three study sites repre-

senting the northern (Tougouri), central (Nobéré) and southern

(Sokouraba) parts of Burkina Faso in West Africa

Parameter Tougouri Nobere Sokouraba

% Clay 42.6 33.8 56.1

% Silt 25.0 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) 2.20 9.56 5.38

pH 5.92 6.43 5.71

The values are the average of top 50 cm soil layer
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intercepts a and b are generated by the FBA model.

This equation is used to calculate the initial biomass of

the different components of the trees to be integrated

in the WaNuLCAS during the calibration. This

equation also is integrated in the model to calculate

the growth of the trees during the simulations. The

FBA model provides a transparent scheme for deriving

tree-specific scaling rules (especially, the b parameter)

on the basis of easily observable, non-destructive

methods which consist in counting the number of

branching points up to 100 on each sampled tree and to

measure the diameter and length of each link. The

three tree species phenology was assessed by follow-

ing throughout one year the period of flowering,

fructification and maturation of fruits for the three

studied species.

Sorghum biomass, yield, harvest index, phenology

and management

Sorghum biomass was measured in each of the

influence zones associated to each tree species in each

of the study sites. All the stems of sorghum were

harvested at the collar, dried in sun for 1 month and

weighed. For sorghum grain yield, all ears in each of

the influences zones were harvested, dried, winnowed

then weighed using a balance. The harvest index was

measured by dividing the value of the grain yield by

the total biomass value. The sorghum phenology was

monitored during the cropping season by determining

the period of flowering, fructification and maturation

of grains. The management of the sorghum was also

monitored by noting all the mineral and organic inputs

applied to the crop for its growth.

Sorghum and tree root length density

For the measurement of sorghum and tree root length

density, soil sampling was conducted randomly at two

points in each of the concentric tree influence zones at

10 cm interval depth up to 50 cm near sorghum plants

using an auger of 5 cm diameter. The two soil samples

for the same depth were mixed to have a composite

sample of 500 cm3. From this composite sample, the

soil was 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

sorghum. Only fine roots with diameter less than

2 mm were considered. The root length of trees and

sorghum in centimeter were estimated using the

method of Tennant (1975), which implies that roots

are spread out on a grid of 1 9 1 cm 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 ¼ pND=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).

Soil properties

Similar soil sampling procedures, as used for roots

extraction, were used. The composite samples

Table 2 Average dimensions of the sampled trees of Adanso-

nia digitata L. (Baobab), Parkia biglobosa (Jacq.) Benth.

(néré) and Vitellaria paradoxa C. F Gaertn (karité) in each of

three study sites representing the northern (Tougouri), central

(Nobéré), and southern (Sokouraba) parts of Burkina Faso in

West Africa

Site Species Tree height (m) Canopy height (m) Canopy diameter (m) Stem diameter (cm)

Sokouraba Karité 9.14 5.4 10.32 33

Sokouraba Néré 9.92 5.0 10.71 47

Tougouri Karité 9.0 5.0 14.68 40

Tougouri Néré 11.0 9.0 14.45 43

Nobéré Karité 9.5 7.5 11.83 53

Nobéré Néré 11.0 9.0 17.14 69

Nobéré Baobab 15.5 10.0 16.52 188

Baobab trees only exist in Nobéré site. Eight trees were sampled for each species in each site
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obtained were sieved and scanned using the near infra-

red method for the determination of the physical and

chemical properties (Du and Zhou 2009; Shepherd and

Walsh 2002). Wet chemistry analyses in the laboratory

were also done on 10 % of the soil samples and the

results served as a reference to determine soils

characteristics from the data provided by scanning

the samples. Soil properties measured were phospho-

rus content (PBRAY method), percentage of clay,

percentages of silt, sand and organic carbon, pH and

CEC.

Model calibration and validation

The WaNuLCAS model is composed of WaNuLCAS

Excel linked to WaNuLCAS Stella. For the model

calibration the data collected from the field were

integrated in WaNuLCAS Excel file by answering to

the appropriate questions as well as daily climatic data

during the cropping season for each site. The parkland

system studied is also defined by specifying the period

of sorghum cultivation as well as the period of tree

planting. In this study the system defined is that

sorghum is growing with mature trees with no

fertilizer application and no tree pruning. The initial

leaf, twig and stem biomasses generated by WaNuL-

CAS Excel were then copied and pasted into WaNuL-

CAS Stella. In WaNuLCAS Stella, the widths of the 4

successive lateral zones as defined above were defined

and were 4, 4, 2, and 2 m respectively. Sorghum was

cultivated in all zones and a tree was in the first zone.

The studied mature trees in the field displayed 5–9 m

of canopy radius (Table 2), which means that for some

species sorghum in the first two zones were under

complete shading while those of the third zone were

partially shaded (vertical or lateral shading). The

fourth zone represents ‘sorghum control plot’ where

we assume no shading from tree occurs at any time

during the day, and no tree roots exist to influence

belowground resource extraction and growth of the

sorghum. It can also be considered as a ‘pseudo zone’

because with 25 trees ha-1 in the system, the distance

between two trees would in a regular spacing be 20 m

(i.e. that gives only 10 m total zone width according to

the scheme applied in the WaNuLCAS model if the

tree distribution was regular). The use of the pseudo-

zone here is to make the model simulations simpler

and faster (i.e. no separate simulation for sorghum

control plot is required). We assumed the soils in the

system were suitable for growth down to 2 m depth.

The soils were divided into four horizontal layers with

0.1 m (0–10 cm), 0.2 m (10–30 cm), 0.7 m

(30–100 cm), and 1 m thickness (100–200 cm)

respectively from the soil surface. The soil character-

istic of the third layer was estimated based on soil

samples of the 0.3–0.5 m depth; and the characteris-

tics of the fourth were assumed to be similar to those of

the third layer. After the integration of the different

inputs parameters into the WaNuLCAS Excel and

Stella models, it was then used to describe plant-soil-

atmosphere interactions in the three observed sites and

to simulate sorghum biomass and grain yield. The

observed and simulated sorghum biomass and grain

yield were then compared to evaluate the accuracy of

the model prediction. The student t- statistics were

used to test whether the slope of the observed vs.

simulated values is significantly different from a unit

value or not.

Model simulations and scenarios

To simulate model scenarios, parkland system with

Nobéré climate (927 mm in the year 2011) and soil

characteristics and néré tree species at density of 25

trees ha-1 was used as baseline conditions. The

density of 25 trees ha-1 was used as baseline density

because it has been reported to be the maximum value

of néré density in parkland systems in Burkina Faso

(Hall et al. 1997; Ouédraogo 1995; Sina 2006). The

first scenarios simulated were the effect of manage-

ment options on sorghum biomass and yield under

current climate. The management options tested under

current climate was the effect of long-term (10 years)

cropping without inorganic fertilizer and with sor-

ghum residues returning to the soil as organic matter

(mulching). Moreover the effect of reducing and

increasing tree density (9, 16, 25, 36, and 49 trees per

hectare) in association with 20 and 50 % of tree leaf

pruning were tested. The second set of scenarios

simulated were the effect of changes in rainfall regime

in association with tree management as adaptation

strategies to climate change on sorghum biomass. The

rainfall regimes tested were the increase and decrease

in the amount of rainfall as well as changes in rainfall

pattern. The changes in rainfall pattern have been

made by changing the variance of daily rainfall event

compared to baseline using a rain simulator. Then

rainfall distributions with different coefficients of
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variation were generated by a rainfall simulator that is

part of the WaNuLCAS Excel model. Higher values of

the coefficient of variation indicated a distribution

with occasionally more extreme rainfall events in the

rainy season. The associated tree management as

adaptation strategies to climate change tested in

simulating changes of rainfall regimes effect on

sorghum biomass were tree canopy growing

(dynamic) or not (fixed) with tree performing HR

function with deeper and surface root system. In all

scenarios except the simulation of the long-term

cropping, the model was run for 1-year simulation.

Statistical analysis

For the field experiments the effects of tree species,

site, zone and their interactions on sorghum biomass,

grain yield and harvest index parameters were eval-

uated by multifactorial ANOVA using the general

linear model (GLM), with least significance difference

tests for multiple comparisons. Due to incomplete

combination between site and tree species, only

interaction between site and zone was considered.

Results

Field observations

The results indicated that there was significant differ-

ence in sorghum growth between sites, species, and

zones as well as significant interactions between site

and zone for sorghum biomass and grain yield

(Table 3). The sorghum biomass and yield were higher

at Sokouraba compared to the two other sites whereas

the highest harvest index was obtained at Tougouri

which is the driest site (Fig. 1a). Néré displayed more

severe reduction in sorghum biomass and grain yield

while the harvest index was not affected by tree species

(Fig. 1b). Sorghum biomass and grain yield increased

with increasing distance from the tree trunk to the open

area with the largest harvest index values observed in

zone 1 and zone 4 (Fig. 1c). Comparing zones across

sites revealed higher sorghum biomass in zone 1 at

Sokouraba whereas Sokouraba and Nobéré showed

higher values in zones 2, 3 and 4 as opposed to Tougouri

which had lower sorghum biomass in all the zones

(Fig. 1d). Regardless of the zone, sorghum grain yield

was higher at Sokouraba. A clear pattern of sorghum

grain yield increasing with distance from the tree trunk

was observed in Nobéré whereas the opposite was

shown in Tougouri (Fig. 1e). A U-shaped pattern was

observed for harvest index according to zones and sites

(Fig. 1f), with the lowest harvest index in zone 2 or 3.

Model calibration and validation

The dimensions of néré (Height = 9.92 ± 0.36 m;

stem diameter = 47.67 ± 2.91 cm; Canopy height =

7.67 ± 1.33 m; canopy diameter = 14.10 ± 1.86 m)

and karité (Height = 9.14 ± 0.15 m; stem diame-

ter = 42.00 ± 5.86 cm; Canopy height = 5.97 ±

0.78 m; canopy diameter = 12.28 ± 1.28 m) trees

were comparable (Table 2). The sampled trees of néré

and karité were smaller in size in Sokouraba and

Tougouri compared to those selected in Nobéré site.

The morphology and phenology of studied species

were different. Néré has a compound leaf whereas

karité and baobab have a single leaf type and with

apparent differences in specific leaf area and leaf

density as well. Phenologically, néré starts flowering

earlier than the two other tree species while karité is

known to display a longer flowering period. Statistical

analysis revealed no significant difference in tree root

length densities (P values[0.05) despite differences in

sizes of trees, tree species, sites, and zones. In turn, root

density significantly decreased with soil depth regard-

less of the above mentioned factors. Soil physical and

chemical properties measured were different for all the

three studied sites, then for the simulation soil prop-

erties for each site have been integrated in the model

(Table 1). No significant species -site interaction was

observed and, we therefore used a common tree root

distribution profile that represented the average root

Table 3 Probability values of the general linear model (GLM)

procedure for the test of significance of observed site, adjacent

tree species, (Adansonia digitata, Parkia biglobosa and Vitel-

laria paradoxa) and zone to sorghum growth for Tougouri,

Nobéré and Sokouraba sites in Burkina Faso in West Africa

Source GLM test P value

Biomass Grain yield HI

Site 0.000*** 0.000*** 0.014*

Tree 9 species 0.001** 0.001** 0.100

Zone 0.001** 0.001** 0.001**

Zone 9 site 0.003** 0.003** 0.135

* P \ 0.05 ** P \ 0.01 and *** P \ 0.001
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Fig. 1 Average crop biomass and grain yield in the three study

sites and in different cultivated crop zones with different

adjacent tree species (Adansonia digitata L. (Baobab), Parkia

biglobosa (Jacq.) Benth. (néré) and Vitellaria paradoxa C.

F Gaertn (karité)). The harvest index is defined as the ratio

between crop yield and biomass. The error bars are based on

one standard error of the average. Zone 1 from tree trunk to half

of the crown radius of the tree; Zone 2 from half of the crown

radius of the tree up to the edge of the crown; Zone 3 from the

edge of the tree crown up to 3 m away; and Zone 4 a control plot

for crop in monoculture for each sample tree which is an area of

4 9 4 m situated at least 40 m away from the edge of the crown
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length density for all species, all sites, all zones but

different between profile layers. The estimated slope of

linear relation between observed and simulated values

was found to be within the range of 0.939 ± 0.204 for

sorghum biomass and 0.902 ± 0.176 for grain yield

with a equals 0.05. This confirms that the model

simulations can give fair estimations of the observed

sorghum biomass and grain yield (Fig. 2a, b), although

a substantial part of (may be soil related) variation

remains unaccounted for.

Simulation of the effect of management options

on sorghum biomass and grain yield under current

climate

The effect of long-term cropping and mulching

Simulating continuous cropping without external

inputs of late maturing sorghum variety (slow growth

rate) showed stable biomass production both with

and without returning sorghum residues as mulching

to the same plot. A simulation with a medium

maturing variety (maturing twice faster than the late

maturing one) and a fast maturing (maturing four

times faster than the late maturing one) showed

decline in sorghum biomass and grain yield by the

tenth cropping season in comparison with the first

cropping season (Fig. 3a).

The effect of tree density and tree pruning

The simulations with 20 and 50 % tree canopy pruning

showed significant increases in the sorghum biomass

and grain yield even when the tree density increased.

An intriguing observation was that no decrease in

sorghum biomass was observed with tree density

above 25 trees ha-1. In fact, the increase in tree density

from 25 trees ha-1 to 36 or 49 trees ha-1 did not cause

decrease in sorghum biomass (Fig. 3b).

Simulation of the effect of rainfall regime

on sorghum biomass

The effect of rainfall amount on sorghum biomass

with dynamic and fixed tree canopy

With dynamic tree canopy, sorghum showed higher

biomass at Tougouri, the driest site, as a consequence

of poorer growth of the canopy in this site resulting in

lower leaf area index, less shade and less competition

for light. In turn, wetter conditions favored faster

growth and more severe shade in the two other sites.

When no tree growth was simulated, rainfall gradient

(represented by the sites) did not exert a significant

impact on sorghum biomass which was experiencing

the same level of shade in all sites (Fig. 4a).

Simulation of the effect of tree performing HR

with deeper and surface root system on sorghum

biomass

Simulations across a rainfall gradient with and without

inclusion of HR for tree and crop roots revealed that

tree root distribution influences whether HR has a net

positive or negative effect on sorghum growth. For a

relatively shallow tree root system HR positively
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influenced tree leaf area index (Fig. 4b), but nega-

tively affected the crop. For trees with relatively deep

root systems, HR increased sorghum biomass

(Fig. 4c).

Simulation of the effect of rainfall pattern on sorghum

biomass

As shown in Fig. 4d, the changes in rainfall pattern did

not have a strong effect on sorghum biomass espe-

cially when the growth rate is relatively slow (late

maturing variety). This happened at the three sites

despite the differences in soil texture and organic

matter content between the sites (Fig. 4d).

Discussion

Field observations

Sorghum biomass and grain yield were higher at

Sokouraba, the wettest site, compared to the two other

sites while higher values of the harvest index were

obtained at Tougouri, the driest site. This finding

supports the hypothesis of better sorghum perfor-

mance with higher rainfall. However sorghum perfor-

mance cannot be solely explained by rainfall amount

as other factors like soil fertility, rainfall distribution,

crop variety and farmer’s management may play a

role. For instance it is well known that soils from the

northern and central parts of the country have long

been exposed to erosion and to continuous cropping

without external inputs. In turn, the pressure on land is

low in the south where farmers are still able to fallow

their lands, to apply some inputs to some crops like

cotton and maize. Sorghum coming after these crops

in the rotation may benefit from the inputs leftover.

Higher grain production relative to the total biomass

(harvest index) at Tougouri could be due to the more

assimilates allocation for grains development. In fact

when water becomes a limiting factor, some varieties

of sorghum are able to preferentially allocate assim-

ilates to grains at the expense of the biomass as

reported by Wenzel et al. (2000). This result is also in

agreement with that of Bunce (1990) who showed a

reduction of dry matter in soybean due to the

production of abscissic acid under drought conditions

which reduced leaves expansion and enhanced the

export rates of photosynthates from the leaves to the

reproductive organs. These processes of assimilates

allocation between the reproductive and vegetative

compartments of a plant seem to be under the influence

of environmental conditions.

Néré parklands exerted more severe negative

impact on sorghum performance both for biomass

and grain yield confirming our working hypothesis on

differential species effect. This finding agrees with

those of previous studies (Bayala et al. 2002; Bazié

et al. 2012; Jonsson et al. 1999; Kater et al. 1992;

Kessler 1992; Sanou et al. 2012) which have shown

that néré displays more shade associated with more

light reduction. This species was found to reduce light

by 62–80 % (Bayala et al. 2002; Jonsson et al. 1999;

Kessler 1992) compared to 40–65 % by baobab

(Belsky et al. 1989; Sanou et al. 2012), and 53 % by

karité (Bayala et al. 2002). Indeed, light has already

been reported to be the most limiting factor influenc-

ing the development of cereal crop in agroforestry

parkland systems by previous authors (Bayala et al.

2008b; Kater et al. 1992; Kessler 1992; Sanou et al.

2012). To this factor can be added others with more

limited effects like water and nutrients competition

(Bayala et al. 2008b), and canopy rainfall interception

(Ong et al. 1996).

Sorghum biomass and grain yield of all sites

lumped together and for Nobéré site increased with

distance from tree trunk (Fig. 1c, d) whereas lower

values of these two variables were recorded under the

tree compared to the open area without a clear pattern

elsewhere (Fig. 1d). In turn, higher biomass and yield

were observed under the tree in Tougouri site

(Fig. 1d). The result of better performance of cereals

with distance to tree trunk is in accordance with the

findings of Bayala et al. (2002), Boffa et al. (2000) and

Kessler (1992). Sanou et al. (2012) showed that light

reduction under tree crown decreases as soon as one

moves away from the trunk and that may be the

possible cause of the reduction in cereal performance

under tree as observed in Sokouraba and Nobéré.

When environmental conditions are dry, the presence

of tree is more beneficial and favors a better perfor-

mance of sorghum under the tree canopy as illustrated

by the case of Tougouri. This corroborates the results

of a meta-analysis of cereal responses to parklands that

showed yield increased as compared to the control

when annual average rainfall was less than 800 mm

(Bayala et al. 2012). This shows that the effect of

shade can, in some circumstances, be compensated for
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by better microclimatic conditions including but not

limited to higher soil fertility, higher soil water

content, lower temperature (Bayala et al. 2002;

Jonsson et al. 1999).

Model calibration and validation

The results of the estimated slope of linear relation

without intercept between observed and simulated

values were within accepted ranges, confirming that

the WaNuLCAS model can be used for simulations in

the present study. Indeed, the Nash and Sutcliffe

(1970) model efficiency coefficient (sum of squares of

measured minus model, divided by sum of squares of

measured minus mean) was calculated for the mea-

sured versus modelled biomass and yield data. A value

of -0.099 was found for crop biomass (implying that

the measured mean is slightly better than the model in

accounting for the data) and a value of 0.207 for grain

yield. The maximum value this coefficient can reach is

1.0, so the model has scope for improvement, but

accounts for 20 % of the observed variation. The

model had already been parameterized and validated

for néré and karité by Bayala et al. (2008b). The

current model, however, appeared to overestimate the

crop performance with better estimates for biomass

compared to harvestable grain yield.

Simulation of the effect of management options

on sorghum biomass and grain yield under current

climate

The effect of long-term cropping and mulching

With a slow growing (late maturing) sorghum variety

we found no long-term decline in production, which

may be due to the lower demand on growth resources

of such crop variety. As it depletes soil nutrients

slower it allows the recycling process through park-

land trees to be fast enough to support long cropping

phase without external inputs even under total removal

of the sorghum residues. Indeed the woody component

of the parklands has been reported to have larger

contribution to soil carbon pools through its litter

decomposition and its fine roots decay (Bayala et al.

2006; Lufafa et al. 2008). As opposed to a slow

growing variety, medium and early maturing varieties

might be extracting growth resources faster to a pace

that recycling of tree litter and root could no longer

sustain the system leading to a decrease in crop

biomass by the tenth cropping season even when

keeping sorghum residues as mulch. This highlights

the need to supply inorganic or organic fertilizers to

fast growing varieties under parklands especially of

néré.

The effect of tree density and tree pruning

Simulating management options revealed an improve-

ment in sorghum production on applying pruning at all

tree densities. This finding supports the argument of

light being the most limiting factor for cereals in

parklands (Bayala et al. 2008b). Therefore, it can be

recommended to increase the density of néré in

parklands provided crown pruning is tactically applied

to reduce shade during the cropping season. Such

approach has several advantages of diversifying the

production and maintaining the provision of tree

ecosystem services (provisioning, supporting, and

regulating) which are key for the long-term sustain-

ability and offer adaptation possibilities to climate

change.

Simulation of the effect of rainfall regime

on sorghum biomass

The effect of rainfall amount on sorghum growth

with dynamic and fixed tree canopy

The simulations of the effect of reducing or increasing

the amount of the precipitations on sorghum biomass

under fixed and dynamic tree canopy conditions

showed that changes in rainfall amount affect sorghum

biomass if the tree canopy is dynamic. Indeed,

increasing rainfall is associated with increasing can-

opy that will display severe shade. Thus lower rainfall

was found to be associated with less shade and better

cereal performance through better access to light and

better utilization of the island of high fertility associ-

ated with the presence of trees (Bayala et al. 2002,

2006; Buresh and Tian 1998). That might explain why

farmers of the northern part of Burkina Faso, where

Tougouri is located, have been very active since 1980’

in rehabilitating degraded lands which translated into

an increased tree diversity and density. With a tree

density of about 126 trees ha-1 in such dry environ-

ments, cereal production increase by an average of

at least 400 kg ha-1 could be obtained by farmers
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(Reij et al. 2009). In such circumstances, the integra-

tion of trees into annual food crop systems can play an

important role in adapting the agricultural systems to

the droughts as a manifestation of future climate

change. If the tree canopy is fixed, tree shade effect is

predominant compared to the effect of changes in

rainfall amount which practically does not affect

sorghum biomass. Then the adaptation of the parkland

systems to climate change that translates into higher

rainfall should focus on tree crown pruning as an

option to be explored to reduce the shade effect.

Simulation of the effect of HR with dynamic canopy,

deeper and surface tree root system on sorghum

biomass

Simulated sorghum biomass was reduced with a

dynamic tree canopy and root system that performs

hydraulic function. This is due to the fact that when

HR occurs, the trees grow faster and develop larger

crowns and cause more severe shade (Bayala et al.

2008a). Simulations across a rainfall gradient with and

without inclusion of HR for tree and crop roots

revealed that crop growth was inferior when tree root

systems performed HR function with shallow roots.

Shallow tree roots give them access to the richer soil

layers and that lead to better growth for the tree.

Although the crop root system can benefit from the

water transported to topsoil by the tree root system, the

faster growth of trees means more shading and

suppression of crop growth. Indeed, under dry soil

conditions, trees that performed HR function devel-

oped the highest leaf area index. But when the root

system is located in deeper horizons, the trees cannot

exploit the high fertility in the upper soil layers and

therefore grow slowly and display less severe shade

(van Noordwijk et al. 2012). It can be recommended to

pay specific attention to species root architecture when

they are being promoted to reclaim degraded lands.

Tree species which perform this hydraulic function

and have deep rooting system are most recommend-

able for such harsh environment.

Simulation of the effect of rainfall pattern on sorghum

biomass

Variation of rainfall within the growing season can

have little effect on crop growth as long as the

buffering of soil moisture is not exceeded. The

presence of trees can modify the water balance

through interception and evapo-transpiration (Breman

and Kessler 1995; Ong et al. 1996; Ong and Swallow

2004) as well as infiltration and ground water recharge

(Ilstedt et al. 2007), enhancing buffering.

The manifestation of climate change for the Sahel

region and particularly for Burkina Faso is expected to

be an increase in temperature and a decrease or

increase in rainfall amount according to the zones of

the country (MECV 2006). There will also be an

increase of extreme events like droughts and floods.

Based on the results from the above simulations, it can

be recommended to promote tree pruning to cope with

the increase of rainfall amount and this can be

associated with the long cycle sorghum varieties. In

turn, trees with deeper root system should be promoted

in drought prone areas.

Conclusion

In agroforestry parkland systems more water does not

in all cases lead to a better sorghum grain production.

Indeed the sorghum harvest index of the drier site of

the present study was higher than that at the wetter

sites. Sorghum performance, with its C4 photosyn-

thetic pathway, is affected by the intense shading

under néré rather than baobab and karité. Results of

the present study also revealed that lower sorghum

performance was observed under trees in wet sites

(Sokouraba and Nobéré) whereas sorghum biomass

and grain yield were higher under trees than in the

open area in the driest site (Tougouri).

The WaNuLCAS model has been successfully

calibrated for baobab, néré and karité parklands with

sorghum crop. It could be used as a tool for planning

management options for the sustainability of the

system under several scenarios but also to formulate

and test in the field research hypothesis. Scenarios of

management options of the agroforestry system under

current climate and future climate change have been

tested with the WaNuLCAS model. Under the current

climate conditions, increasing the tree density does not

negatively affect sorghum growth if crown pruning is

applied. Then it could be recommended to farmers to

increase tree density on their farms and associated to

that tactical tree crown pruning operations at the

beginning of the rainy season to improve cereal

production. Sorghum with slow growth rate could be
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cultivated on a long-term basis in agroforestry park-

lands without providing any organic or inorganic

fertilizers and the sorghum performance will remain

stable as opposed to fast growing sorghum varieties.

Applying pruning will also be useful when flooding

occurs as a consequence of changing climate as this

operation will reduce shade in situation where tree

growth is accelerated by the availability of water.

Agroforestry practices using tree species with

dynamic canopy and performing hydraulic function

with deep root system is also recommended as an

option to cope with the occurrence of extreme events

like flooding and also drought.

An important limitation of this research is the fact

we have worked on tree individuals of unknown age

and unknown management history. Such information

would have helped better desegregate the contribu-

tions of other factors beyond the ones studied. Longer

term monitoring is also required if we have to come up

with long-term patterns and trends in link with climate

variability and change. Other aspects of parkland

production than only biomass and grain yield need to

be considered to be able to present a full picture of this

very important farming system in the Sahel.
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Sokouraba and Tougouri for their permission to perform the

field experiment, and their participation. We also thank

anonymous reviewers for comments on the manuscript.

References

Adam T, Abdoulaye T, Larwanou M, Yamba B, Reij C, Tappan

G (2006) Plus de gens, plus d’arbres: La transformation des
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