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Abstract We studied the effects of Acacia seyalDel.

intercropping and biochar soil amendment on soil

physico-chemical properties and sorghum (Sorghum

bicolor L.) yields in a two-year field experiment

conducted on a silt loam site near Renk in South

Sudan. A split-plot design with three replications was

used. The main factor was tree-cropping system (dense

acacia ? sorghum, scattered acacia ? sorghum, and

sole sorghum) and biochar (0 and 10 Mg ha-1) was the

subplot factor. The two acacia systems had lower soil

pH, N and higher C/N ratios compared to the sole

sorghum system. Biochar significantly increased soil C,

exchangeable K? contents, field capacity and available

water content, but reduced soil exchangeable Ca2? and

effective CEC, and had no effect on soil pH. Acacia

intercropping significantly reduced sorghum grain

yields while biochar had no significant effect on

sorghum yields. The land equivalent ratio (LER) for

sorghum yield was 0.3 for both acacia systems in 2011,

with or without biochar, but increased in 2012 to 0.6

for the scattered acacia system when combined with

biochar. The reduction in sorghum yields by the A.

seyal trees was probably due to a combination of

competition for water and nutrients and shading. The

lack of a yield response to biochar maybe due to

insufficient time or too low a dosage. Further research is

needed to test for the effects of tree intercropping and

biochar and their interactions on soil properties and

crop yields in drylands.

Keywords Acacia seyal � Biochar � Land equivalent
ratio (LER) � Savanna � Tree intercropping

Introduction

Sorghum (Sorghum bicolor (L.) Moench) is the fifth

most important cereal globally and an essential food

crop in semi-arid areas of sub-Saharan Africa (FAO

and ICRISAT 1996; Olembo et al. 2010). Rainfed

agriculture provides the bulk of grain production in

South Sudan and sorghum is the staple grain for much

of the country (IITA 2007; FAO/WFP 2011). How-

ever, sorghum yields are declining in the main

production areas in the north of the country due to

mono-cropping, depletion of soil fertility and erratic

climatic conditions (UNEP 2007). Semi-mechanized

rainfed agriculture is the major land-use in the study

area, but it often lacks appropriate management and is

reduced to a sort of shifting cultivation with sorghum
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and/or sesame as the main crops. Traditional rainfed

agriculture and irrigated farming are also practised in

the area, but crop yields are poor (UNEP 2007).

Although some trees are often kept on farms for shade,

fruit or gum production, intercropping of annual crops

with trees is not widely practiced.

The role and promotion of trees in drylands to

restore soil fertility and productivity in Sub-Saharan

countries has been the focus of much recent work

(Nair and Garrity 2012). The inclusion of trees in

tropical agriculture systems is done because they are

considered to provide a wide range of facilitative

benefits and services, including increased infiltration

of rainfall, reduced bare soil evaporation and storm

runoff, increased soil moisture, stabilization and

protection of soil against wind erosion (due to

permanent and deeper rooting), shading, and increased

soil organic matter (carbon) contents from pruning and

litterfall production (Young 1989; Nair 1993; Gaafar

et al. 2006). Increasing soil organic matter (carbon)

contents results in increased cation exchange capacity

(mineral nutrient retention) and moisture retention of

the soil (Raddad et al. 2006; Ong and Leakey 1999).

As a result land equivalent ratios (LER; the ratio of

intercrop land area to that required to produce the

same yield as with the sole crop) are increased, or at

least maintained, compared to sole crops (Palm 1995;

Hauggaard-Nielsen and Jensen 2005). Although the

presence of trees in agroforestry systems is widely

assumed to have facilitative effects on crop produc-

tion, some dryland agroforestry studies have found

reduced crop yields and have attributed the reduction

to competition for nutrients, water and light (Kessler

1992; Suresh and Rao 1999; Nair and Garrity 2012).

Whether the interactions between woody plants and

understorey vegetation in savannas is facilitative or

competitive has been shown to depend mainly on

rainfall (Dohn et al. 2013) but also on the growth form

of the woody plants and their capacity to fix N (Blaser

et al. 2013), and the same limitations may be expected

for agroforestry in semi-arid regions. Studies of

intercropping trees in tropical drylands have focused

on Acacia senegal (L.) Willd. and Faidherbia albida

Del. Acacia tree-based intercropping has the advan-

tages of producing gum arabic (an economically

important product), charcoal and firewood, fodder,

and of fixing atmospheric nitrogen into the soil, and

both increased (facilitation; LER[ 1) and reduced

(competition; LER\ 1) sorghum crop yields have

been reported. For example, in studies carried out in

Sudan, Raddad et al. (2006) and Raddad and Luukka-

nen (2007) did not find any difference in sorghum

yield when grown as a sole crop and when inter-

cropped with of 4-year-old A. senegal trees at stocking

densities of either 100 or 400 trees per hectare. Gaafar

et al. (2006) reported a reduction in sorghum yield

with increasing tree density (266–433 trees per

hectare), while Fadl (2013) reported increased sor-

ghum yields when intercropped with A. senegal trees.

However, little is known about sorghum yields when

intercropped with A. seyal. A. seyal is known as a well

performing species in semi-arid conditions, it nodu-

lates well and has high rates of nitrogen fixing in

certain soils (Abebe 1994, Ganry and Dommergues

1995), making it a good candidate for inclusion in

agroforestry systems (Masutha et al. 1997).

Biochar is carbonized biomass produced by pyrol-

ysis under controlled anaerobic conditions and is

used to improve soil physico-chemical, particularly

increasing nutrient availability, cation exchange

capacity and soil moisture and decreasing bulk density

(Liang et al. 2006; Major et al. 2010; Peng et al. 2011;

Liu et al. 2013; Tammeorg et al. 2014a, c). Depending

on biomass source and production conditions, biochar

is, however, heterogeneous in composition, texture

and properties. Although the use of biochar to improve

the soil has recently received considerable attention

(Enders et al. 2012), little attention has been paid to its

use in drylands (Gwenzi et al. 2015). Significant

increases in crop yield when biochar is applied to soil

have been widely reported, even in subsistence

agriculture practiced in drylands (Lehmann and

Rondon 2006; Lehmann and Joseph 2009; Major

et al. 2010; Cornelissen et al. 2013). Furthermore,

biochar can significantly add to soil carbon sequestra-

tion as it is biochemically more stable than the organic

matter from which it is made (Cheng et al. 2008) and

decomposes more slowly (Woolf et al. 2010; Stavi and

Lal 2013). Nevertheless, some studies have reported

that amendment of soils with biochar has reduced crop

yields (Van Zwieten et al. 2010; Lentz and Ippolito

2012; Nelissen et al. 2014). Negative effects of

biochar on crop yields have been attributed to the

microbial immobilization of nitrogen (Novak et al.

2010; Nelissen et al. 2014), priming of soil organic

matter decomposition (Sohi et al. 2010; Lentz and

Ippolito 2012), and contamination of soil with toxic

organic compounds and heavy metals (Chan and Xu
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2009; Jeffery et al. 2015). Biochar has also been found

to have no significant effect on soil water availability

or soil moisture content in some field studies (Hardie

et al. 2014).

In this study the effects of A. seyal and biochar,

either alone or in combination, on the physico-

chemical properties of the soil and yield of sorghum

grain were investigated in a field experiment carried

out in South Sudan. To our knowledge, this is the first

study that has been carried out into the combined

effects of tree intercropping and use of biochar on soil

properties and agricultural crop yields in semi-arid

regions. Given the widely perceived benefits of

intercropping with trees and use of biochar on soil

properties and crop yields (Steiner et al. 2007; Major

et al. 2010), having both trees and biochar might be

expected to increase sorghum yields and LER values,

perhaps even with synergistic interaction (facilita-

tion[ competition and increased soil fertility). How-

ever, as has been found in some tree intercropping and

biochar studies, it is also possible that sorghum yields

and LER values would be reduced in the presence of

the A. seyal trees (competition[ facilitation) and/or

biochar treatment. Our aim was therefore to determine

if either A. seyal trees or biochar have (1) significant

effects on soil properties, (2) have facilitative or

competitive effects on sorghum yield, and (3) whether

there was any interaction between the A. seyal tree

intercropping and biochar treatments on sorghum

yields.

Materials and methods

Study area

The experiment was conducted on a 0.63 ha aban-

doned agricultural field (11.97�N, 32.76�E, 380 m

a.s.l.) near to Magara village, 15 km north of Renk

town in South Sudan (Fig. 1). The field has a long

history of cropping cotton, sorghum and vegeta-

bles when it was part of the Magara Irrigated

Agricultural Scheme (cancelled by the central gov-

ernment of Sudan in late 1990s). At the time of this

study the field had scattered, naturally regenerated

acacia (A. seyal Del., variety seyal (Brenan)) trees

growing. A. seyal is the dominant acacia species in the

study area (Mohammed and Röhle 2011). The climate

is semi-arid with a wet (June-October) and a dry

season (November–May). However, rainfall is highly

variable in time and space, and dry spells during the

wet season are common. Monthly rainfall and tem-

perature during the study period (2011–2012) at the

study site and the long-term mean (1998–2010) values

at Renk meteorological station are shown in Fig. 2.

The long-term mean annual precipitation is 587 mm

and the mean annual temperature is 27.9 �C. The

dominant soil type in the area is Vertisol and

developed in alluvial sediments. However, the clay

at the experiment site is overlain by an approximately

30 cm thick layer of alluvial silt-loam.

Experimental design and treatments

The abandoned field was cleared of shrubs and tree

species other than Acacia seyal, chisel ploughed to a

depth of 30 cm and then harrowed according to local

practice to produce long ridges. A split-plot experi-

ment with two factors (tree-cropping system and

biochar treatments) arranged in three blocks was then

laid out (Fig. 1). There were 3 replicates of each

combination of tree-cropping and biochar treatment.

The main plots (tree-cropping system) were

10 m 9 10 m and each was divided into two subplots

(10 m 9 5 m) and biochar applied to one of them

(randomly selected). After the plots had been laid out

the lower branches of the remaining A. seyal trees

were pruned and removed from the site. Tree height,

diameter at breast height (dbh), and canopy diameter

were then measured (Table 1). The uneven distribu-

tion of the A. seyal trees allowed two tree density

treatments to be defined: dense (plot mean: 400 trees

ha-1) and scattered (plot mean: 100 trees ha-1). The

tree-cropping treatments (plot factor) were therefore:

dense Acacia seyal ? sorghum intercropping, scat-

tered Acacia seyal ? sorghum intercropping, and sole

Sorghum (no trees) (Fig. 3). Biochar, in the form of

crushed Acacia seyal charcoal produced in traditional

mound kilns (Schenkel et al. 1998), was spread evenly

over the surface of the selected subplots and mixed

into soil to a depth of approximately 10 cm using hand

hoes. The biochar was applied only once, at the

beginning of the experiment (30/7/2011), with each

50 m2 biochar subplot receiving 50 kg biochar. The

biochar treatments (subplot factor) were therefore: no

biochar (0 Mg ha-1) and biochar (10 Mg ha-1). The

chemical properties of the biochar are presented in

Table 2. Liming effect and volatile matter were

Agroforest Syst (2017) 91:137–148 139

123



determined as described by Tammeorg et al. (2014b),

otherwise the properties of the biochar were deter-

mined as described for the soils samples (n = 5).

Certified seeds of the local variety of sorghum

(‘Wad Ahmed’) were sown on the ridges on 3/8/2011

and 5/8/2012. Sowing was made with 5 seeds per hole,

which in the third week of germination were thinned to

one seedling per hole, resulting in a spacing of 0.7 m

between rows and 0.3 m between plants. With 14 rows

for each subplot, there were thus about 234 plants per

subplot (i.e. 46,800 plants ha-1). The small size and

density of the trees (Table 1) meant that the density of

sorghum plants was not significantly affected by the

tree-cropping treatments. No chemical fertilizer or

insecticides were applied to the experiment, but 2,4-

Dichlorophenoxyacetic acid (commercially known as

2,4-D) herbicide was applied once (29/8/2011) to

control broadleaved weeds. Gramineae weeds were

manually removed twice during the growing season in

both years.

Sampling and analysis

Three replicate soil samples from the 0–30 cm layer of

each subplot were taken at the end of the second

cropping season (20/11/2012) using a soil auger. After

drying the soil samples at 60 �C for 72 h, they were

sieved and the weight of [2 and\2 mm fractions

recorded. The\2 mm fraction was saved for analyses

and the following properties determined: pH, total and

plant available contents of Ca, Mg and K, cation

exchange capacity (CEC) and base saturation, ash,

total carbon (C) and nitrogen (N) contents, and particle

size distribution.

Soil acidity (pH) was measured in a suspension

(1:5) of soil and distilled/deionised water using a

Fig. 1 Map showing location of study site (close to Renk) in

South Sudan (inset shows location of South Sudan within Africa)

and the design of the split-block experiment. DAs ? Sorg =

dense Acacia seyal ? sorghum, SAs ? Sorg = scatteredAcacia

seyal ? sorghum, and Sole sorg = sole sorghum cropping

systems; No biochar and Biochar refer to the biochar treatments,

0 and 10 Mg ha-1
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standard pHmeter. Ash content was determined by dry

combustion in a muffle furnace at a temperature of

500 �C for 2 h. Plant available contents of Ca, Mg and

K were determined from a 0.1 M BaCl2 extraction by

ICP-OES (Thermo Scientific iCAP 6000 Series,

Thermo Scientific, Waltham, USA). CEC was calcu-

lated as the sum of 0.1 M BaCl2 extractable Ca, Mg, K

and exchangeable acidity; the latter being determined

by titration of the 0.1 M BaCl2 extraction to a pH

endpoint of 8.2 using 0.01 M NaOH. Total C and N

contents were determined using a VarioMax elemental

analyzer (Elementar Analysensysteme GmbH, Hanau,

Germany) and total elemental composition deter-

mined from a concentrated HNO3 acid microwaved

digestion using ICP-OES. Particle size distribution of

the \2 mm fraction was determined using a laser

diffraction device (Coulter LS230, Coulter Corpora-

tion, Miami, USA) and the contents of clay, silt and

sand fractions calculated. The soil hydraulic properties

field capacity (FC, vol/vol), permanent wilting point

(PWP, vol/vol) and available water capacity (AWC,

vol/vol) were calculated using the measured sand, clay

and organic matter contents and the pedotransfer

functions developed by Saxton and Rawls (2006).

Before applying the pedotransfer functions, measured

zero sand and clay contents were substituted with a

value of 0.1 % and organic matter contents were taken

to be double the measured C% contents.
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Fig. 2 Monthly mean air

temperature (�C) and
rainfall (mm) in 2011 and

2012 recorded at the

research site and the long-

term (1998–2010) average

values recorded at Renk

meteorological station

Table 1 Mean characteristics of the Acacia seyal trees in the field experiment by tree-cropping system and biochar treatment

Tree-cropping system Biochar treatment Stems (ha-1) DBH (cm) Height (m) Canopy cover (%)

Dense Acacia No biochar 467 4.3 4.2 18

Biochar 333 3.8 3.3 9

Scattered Acacia No biochar 67 5.2 2.9 14

Biochar 133 6.6 4.3 38
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Sorghum plant height, stem diameter and panicle

length of ten randomly selected plants from each

subplot were recorded at the harvest time, 6/11/2011

and 10/11/2012. Height was measured from the base

of the plant to the tip of the tallest leaf with a scaled

ruler. Plant stem diameter was measured using Vernier

calipers and panicle length measured using a ruler.

Sorghum dry weight (stems and leaves) was deter-

mined by sun drying to constant weight. Sorghum

yield (Mg ha-1) was calculated from the combined

weight of the seed grain collected from another ten

sorghum plants sampled from each subplot and the

number of plants per hectare. Land Equivalent Ratios

(LER) was calculated as the ratio of the intercrop land

area to that required to produce the same yield as in the

sole crop (Hauggaard-Nielsen and Jensen 2005; Fadl

and El sheikh 2010). A LER value of\1.0 indicates

that the intercropping is disadvantageous for crop

yield (competition by trees) while a value [1.0

indicates tree intercropping is advantageous for crop

yields (facilitation dominates over competitive

interference).

Statistical analysis

The characteristics of the trees, soil and sorghum by

cropping system and biochar treatment are described

by the mean and standard deviation. The effects of

tree-cropping system, biochar treatment, year (in the

case of sorghum yield) and their interactions on soil

properties and sorghum yield were tested for using

univariate analysis of variance (ANOVA). Tree-crop-

ping system, biochar treatment, and year (2011 and

2012) were considered as fixed effect factors. Homo-

geneity of variances were tested for using Levene’s

test, post hoc tests for the effect of cropping system

Fig. 3 Photographs of the a Dense Acacia ? Sorghum inter-

cropping, b Scattered Acacia ? Sorghum intercropping, and

c Sole Sorghum intercropping systems at the Magara study site.

(Photos taken by Biar Deng 2011)

Table 2 Composition and properties of the biochar used in the

field experiment

Property Value Unit

pH (in water) 7.3 –

Liming effect 0.5 mol kg-1

Effective CEC 20.6 cmol(?) kg
-1

Ash 24.0 %

Volatile matter 32.8 %

C 69.4 %

N 0.08 %

C/N 86.8 –

Ca 22.9 g kg-1

Mg 13.5 g kg-1

K 95.8 g kg-1

P 16.8 g kg-1
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were conducted using Tukey’s HSD test, and the effect

of biochar treatment and year was tested for using the

t test. SPSS software version 22.0 0 (SPSS Corp.,

Chicago, USA) was used.

Results

Effects of trees and biochar on soil properties

The intercropping systems with acacia trees had lower

soil pH, N, total and exchangeable Ca2? contents, and

higher C/N ratios compared to the sole sorghum

system, but otherwise there no other significant

(p[ 0.05) differences in soil properties between

cropping systems (Table 3; Fig. 4a).

The biochar application significantly increased soil

C and exchangeable K? contents as well as the soil

hydraulic properties of field capacity and plant avail-

able water capacity, and significantly decreased con-

tents of exchangeable Ca2? and CEC (Table 3).

However, the biochar treatment had no significant

effect on soil pH (Table 3) or on total mineral nutrient

and sulphur contents (Fig. 4b).

Effects of trees and biochar on sorghum yield

As sorghum above-ground biomass, stem height and

stem diameter were all highly correlated to yield

(Spearman correlations from 0.77 to 0.86, p\ 0.01,

n = 36), only the results for grain yield (Mg ha-1) and

LER are discussed further. There was no significant

interaction between cropping system and biochar

treatment so that the effects of these two main factors

could be evaluated separately. The tree intercropping

systems had a highly significant effect on sorghum

grain yield, with yields being greatly reduced by the

presence of trees (F = 837, p\ 0.001, Fig. 5a). The

difference between the cropping systems was more

pronounced in the first year when sorghum yields when

grown alone were about 400 % of the yields in the

dense Acacia ? sorghum cropping system, compared

to about 300 % better in the second year (interaction

between cropping system and year, p\ 0.001, Fig. 5a).

In the first year (2011) sorghum grain yields were only

about half of what was obtained in the second year

(2012) and the difference between years was signifi-

cantly different (p\ 0.001). In contrast to the cropping

system, the biochar treatment did not have a significant

main effect (p = 0.593) or interaction with cropping

system (p = 0.144) or year (p = 0.562) on sorghum

grain yield (Fig. 5b).

Compared to the sole sorghum system, LER values

were 0.3 for the dense A. seyal intercropped treatment

in both years and with both biochar treatments. For the

scattered A. seyal intercropping system the LER value

was 0.3 in 2011 for both biochar treatments, but

increased to 0.6 in 2012.

Discussion

The presence of the A. seyal trees had a significant

effect on soil pH, N and C/N ratio but not on soil C,

Table 3 Soil properties (mean values) of the 0–30 cm layer by tree-cropping system and biochar treatment

Treatment pH

(water)

C

(%)

N

(%)

C/N K?

cmol(?)

kg-1

Ca2?

cmol(?)

kg-1

Mg2?

cmol(?)

kg-1

CEC

cmol(?)

kg-1

FC*

v/v%

AWC*

v/v%

Tree-cropping system

Dense Acacia ? Sorghum 7.98ab 0.81a 0.05a 14.2a 0.50a 28.7a 10.1a 39.3a 26a 23a

Scattered Acacia ? Sorghum 7.93a 0.92a 0.22a 5.9b 0.61a 30.8b 10.5a 42.0a 25a 22a

Sole Sorghum 8.06b 1.02a 0.95b 1.3c 0.52a 28.9a 10.8a 40.3a 25a 22a

Biochar

No biochar 8.00A 0.58A 0.27A 6.9A 0.47A 30.5A 10.7A 41.7A 21A 20A

Biochar 7.98A 1.25B 0.54A 7.3A 0.62B 28.4B 10.2A 39.3B 29B 26B

Differences between tree-cropping systems (ANOVA and Tukey HSD multiple comparisons) and biochar treatments (t test; variances

assumed not equal) are included. Values followed by the same letter indicate no significant difference (a = 0.05)

* Field capacity (FC) and available water capacity (AWC) are estimates calculated using the pedotransfer functions developed by

Saxton and Rawls (2006)
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total and exchangeable mineral nutrient contents, CEC

or soil hydraulic properties (Fig. 4 and Table 3).

Because litterfall from the acacia trees would have

increased input of organic matter to the soil and

because of the relatively low rate of decomposition of

acacia litterfall (Bernhard-Reversat 2002), we had

expected higher soil C contents and related increases

in nutrient contents, CEC and water retention capacity

under the two tree-cropping treatments compared to

the pure sorghum treatment as has been found in other

dryland agroforestry studies concerning the effects of

trees on soil properties. For example, El-Tahir et al.

(2004) reported increased P, N and C contents under A.

seyal growing on sandy soils in North Kordofan

compared to bare soil and under A. senegal and Acacia

tortilis, and Belsky et al. (1989), Buresh and Tian

(1998) and Abdallah and Chaieb (2012) all reported

higher contents of organic matter, N, P, K and Ca

under dryland (savanna) trees canopies compared to

open areas.

Although soil N contents in our study did signif-

icantly differ among the cropping treatments, they

were the lowest under the two tree intercropping

treatments compared to the sole sorghum treatment.

We had expected soil N contents to be higher under the

tree intercropping treatments because of N-fixation by

the acacia trees (Buresh and Tian 1998). Evidently,

any addition of N to the soil resulting from N-fixation

by the acacia trees had been more than offset by the

mineralization of organic N and subsequent loss of N

through uptake by the trees or leaching, leaving behind

soil organic matter depleted in N. The observed

differences in soil C/N ratios among the cropping

treatments was therefore due to differences in the N

content of the soil organic matter rather than to

Fig. 4 Total elemental concentrations (g kg-1) of mineral

nutrients (Ca,Mg, K and P) and sulphur (S) in the soil (0–30 cm)

by a tree-cropping system and by b biochar treatment at the

Magara study site. Columns are means and error bars are

standard deviations. For each element, the same lower case

letters above each bar indicates a non-significant difference

while different letters indicates a significant difference

(a = 0.05) (ANOVA, post hoc Tukey HSB test)

Fig. 5 Mean (error bars are standard deviations) sorghum

grain yield (Mg ha-1) by a Tree-cropping system and b Biochar

treatment in 2011 and 2012. Non-significant differences

between tree-cropping system and between biochar treatment

are indicated by the same letter, lower case letters for 2011 and

upper case letters for 2012 (a = 0.05; ANOVA post hoc Tukey

HSB test)
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differences in C content. The lower soil pH in the

acacia intercropping treatments compared to sole

sorghum, which was significant in the case of the

scattered acacia treatment, is probably due to the

known high phenolic content of acacia, especially A.

seyal, litterfall (Bernhard-Reversat 1987).

Several studies have shown that biochar increases

nutrient retention in soils, especially in highly weath-

ered, acidic and sandy soils with low initial C content

(Cornelissen et al. 2013; Liu et al. 2013). There is also

evidence that biochar can also improve the physico-

chemical properties of clayey soils (De Melo Car-

valho et al. 2013, Ouyang et al. 2013, Tammeorg et al.

2014a). In our study the biochar treatment had a

significant effect on the C content, exchangeable

chemistry and hydraulic properties of the soil, but

not on total nutrient contents (Table 3). As expected,

soil C contents, field capacity and available water

capacity increased as the result of the biochar

application. However, CEC, contrary to what had

been expected, decreased as result of the biochar

treatment. While the contents of exchangeable K?

increased, these were offset by reductions in the

contents of exchangeable Ca2? and Mg2? resulting in

the reduced CEC values. Increased soil K contents

after biochar treatment have been attributed to the

direct fertilization effect of woody biochar, which is

rich in K (Glaser et al. 2002). Several studies from the

tropics (Liang et al. 2006;Major et al. 2010; Peng et al.

2011) have shown that soil Ca contents are also

increased by biochar. A possible explanation for the

reduced soil contents of Ca2? and Mg2? found in our

study could be through exchangewithK? and leaching

(Tammeorg et al. 2014c). Besides the reduction in

exchangeable Ca2? and Mg2? contents, the reduced

CEC values could be due to a dilution effect. As the

CEC of the biochar (Table 2) was half that of the

untreated soil (Table 3), the addition of biochar may

have diluted the CEC of the soil. Biochar had no

significant effect on soil pH, which is not surprising

considering its low liming effect and that the soil pH in

our study was slightly more alkaline than that of the

biochar (Tables 2, 3). Although soil N contents were

higher in the biochar treated subplots compared to

the no biochar subplots, the difference was not

significant (Table 3). This contrasts with other studies

that found biochar increases soil N contents when

intercropping with N-fixing plants (Rondon et al.

2007; Van Zwieten et al. 2015).

The A. seyal trees clearly had a negative (i.e.

competitive) effect on sorghum yield (LER\ 1.0).

There are no studies dealing with A. seyal intercrop-

ping, however, our results are in agreement with results

reported from A. senegal–sorghum intercropping

experiments. Gaafar et al. (2006) reported a significant

decrease in sorghum and karkadeh (Hibiscus sabdar-

iffa) yields when intercropped with 6-year-old A.

senegal trees (266 and 433 trees ha-1) in North

Kordofan, Sudan. They attributed this decrease in

yields to competition between the tree and crop roots

for water. Fadl and El Sheikh (2010), also working in

North Kordfan, reported reduced yields of groundnut

(Arachis hypogaea), karkadeh and sesame (Sesamum

indicum) when intercropped with 15-year-old A. sene-

gal trees (375 trees ha-1). However, these results

contrast with those reported by Raddad et al. (2006),

who found no significant effect on sorghum yieldswhen

intercropped with A. senegal, and by Fadl (2013), who

reported significant increases (i.e. facilitation) in the

yields of sorghum, karkadeh and sesame yield when

intercropped with 11-year-old A. senegal trees. This

variation in crop yields when intercropped with trees,

would suggest that the effect of trees on crop yields

depends on the age, size and density of trees and on the

year to year variation in environmental conditions,

particularly precipitation (Danso et al.1992).

Acacia, having taproots and small lateral roots, was

expected to extract water from deeper soil layers and

so not be in competition with the shallow rooting

sorghum (Adams 1967; Gaafar et al. 2006). However,

the acacia trees in our study were small (young) and

therefore their roots may not yet have penetrated

deeper into soil and thereby have been in competition

with the sorghum roots for water and nutrients. In

addition, the roots of the acacia trees may not have

been able to penetrate the underlying clay at our site,

accentuating the competition between the acacia tree

and sorghum roots for water and nutrients. Further-

more, A. seyal has a dense canopy cover (cf. A.

senegal) and sorghum does not grow well in shade

(Wilson et al. 1998; Gnanglè et al. 2013). The

reduction in intercropped sorghum yields was there-

fore probably also a result of shading (Belsky 1994).

The smaller size of the sorghum plants under the

acacia canopy is clearly seen in the photographs of the

intercropping systems (Fig. 3). Even though sorghum

is drought-hardy the lower sorghum yield in 2011

compared to 2012 yields is probably because 2011 was
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drier than 2012 (August-November rainfall 221 vs.

373 mm).

The effects of biochar on crop yield and growth are

known to differ greatly due to variability in biochar

type, application rates and time since application, soil

type and climate (Blackwell et al. 2009; Major et al.

2010). However, most studies report neutral to positive

(facultative) effects of biochar on crop yields (Bieder-

man and Harpole 2013; Liu et al. 2013).We had

therefore expected the biochar treatment in our exper-

iment, by improving soil moisture and retention

capacities, would increase sorghum yields, especially

when combinedwith the expected facilitative effects of

the acacia trees. However, we found that biochar had

no significant effect on sorghum yields in spite of the

improvements in soil properties we found, that the

presence of the A. seyal trees significantly reduced

sorghum yields, and that there was no significant

interaction between biochar and trees on sorghum

yields. Cornelissen et al. (2013) observed that the

effects of biochar on maize yield in Zambia depended

on soil type.While they found no detectable increase in

maize grown in acidic and neutral clay-loams and silty-

clay sites, significantly higher yields were recorded

from a coarse acidic sandy site even when having a

lower biochar dose. De Melo Carvalho et al. (2013)

also did not observe any effect of biochar on rice grain

yields grown on a Brazilian savanna clay soil. The

effects of biochar on crop yields have been shown to

become only significant in the long-term and to have a

cumulative effect on crop yields, possibly via the slow

release of nutrients and changes in soil microbiological

community (Steiner et al. 2007; Kimetu et al. 2008;

Major et al. 2010). For immediate effects on crop

yields, higher doses of biochar than the 10 Mg ha-1

used in our experiment may be needed (Major et al.

2010; Tammeorg et al. 2014b). Thus the failure of

biochar to increase sorghum yields in our studymay be

because of the soil type, the short duration of the study,

and the relatively low dosage of biochar used. How-

ever, very little is known about the effects of biochar in

drylands, especially in sub-Saharan Africa, and more

research is needed (Gwenzi et al. 2015).

Conclusions

The present study showed that intercropping sorghum

with A. seyal rather than having a facultative effect and

increasing sorghumyields, as expected, had theopposite

effect and significantly reduced sorghum yields. Other

than increasing C/N ratios, the presence of the acacia

trees had little effect on soil properties. We concluded

that the reduction in sorghum yields was due to a

combination of competition for water and nutrients and

shading by the A. seyal. However, further research is

needed to see how representative this competition is of

A. seyal intercropping. The application of biochar had

no significant effect on sorghum yields even though a

number of soil properties were changed (increased soil

C and exchangeable K? contents and water retention)

indicating improved soil fertility. Furthermore, there

was no interaction between the presence of trees and

biochar treatment on sorghum yields. It may be that

more time is needed before the benefits of biochar on

soil properties are transferred to increases in crop yield.

Clearly, further research is needed to test for the effects

of tree intercropping and biochar and their interactions

on soil properties and crop yields in drylands, especially

in the long-term.
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