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Abstract Smallholder farmers in the South Ari
District of southern Ethiopia retain natural forest
remnants of Terminalia brownii trees in their crop
fields. However, little is known about their percep-
tions of its management in crop fields and its impacts
on soil properties. Therefore, we investigated farm-
ers’ perceptions and the impacts of scattered Termi-
nalia brownii trees on soil physicochemical proper-
ties. For this purpose, we collected household survey
data from 80 farmers and 54 composite soil samples
from four directions at three radial distances and two
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soil depths. A randomized complete block design
was used with three independent random field rep-
lications for the treatments within factorial arrange-
ments, including the three radial distances and two
soil depths. Based on the survey data, 90% of the
respondents manage scattered Terminalia brow-
nii trees in their crop fields. Among them, 63% use
pollarding, while 49% use pruning techniques to
enhance the impact on crops grown beneath trees.
Our results revealed that soil organic carbon, total
nitrogen, plant-available potassium and phosphorus,
and bulk density were significantly higher (P <0.05)
under the tree canopy. However, soil texture, pH,
electrical conductivity, cation exchange capacity,
and exchangeable bases depicted no significant dif-
ferences between the tree canopy and open fields.
Hence, retaining Terminalia brownii trees on the crop
field is crucial for farmers to improve the soil phys-
icochemical properties. However, sustained long-term
studies are essential to gain a comprehensive under-
standing of the diverse functions of Terminalia brow-
nii and its impact on microclimate dynamics and crop
productivity.

Keywords Canopy - Combretaceae - Crop fields -
Organic matter - Pollarding - Pruning
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Introduction

Ethiopia has the second-most inhabitants, with more
than 125 million people, in Africa, and its economy
is hardly based on agriculture, which generates up
to 40% of its GDP, 80% of its export revenue, and
employs 75% of its labor force (Gebre-Selassie
2004; Neglo et al. 2021). Hence, the socio-politico-
economic stability of the country is tightly linked to
agricultural production (Dawid & Mohammed 2021;
Mekuria 2018; Yadessa et al. 2009). However, it is
adversely affected by declining soil fertility due to
high rates of soil erosion, land degradation, rapid
population growth, deforestation, climate change, and
continuous cultivation of the land without adequate
management of organic matter inputs (Gebre-Selas-
sie 2004; Demelash and Stahr 2010; Bekele 2018).
To combat those and related problems in Ethiopian
agriculture, traditionally practiced agroforestry park-
land systems or integrating selected indigenous mul-
tipurpose trees in the agricultural field is one of the
options as climate-smart agriculture (Kassa et al.
2010; Bekele 2018; Muchane, et al. 2020)
Traditionally, different tree species have been man-
aged in the Ethiopian agroforestry parkland system,
including Acacia tortilis, Acacia seyal, Albizia gum-
mifera, Vitex doniana, Balanites aegyptiaca, Cordia
africana, Croton macrostachyus, Faidherbia albida,
and Terminalia brownii (Bekele 2018; Anbessa and
Utaile 2024). Those multipurpose trees have grown
on crop fields, which characterize a large portion of
the Ethiopian agricultural landscape, and they are
the most dominant agroforestry trees in the coun-
try’s semi-arid and sub-humid zones (Tscharntke
et al. 2011). Trees are an integral part of the system
that improves the soil physicochemical properties
and crop yield by providing favorable microclimates
and shelter, reducing environmental degradation,
and improving water infiltration under changed cli-
matic conditions as a climate-smart agriculture
practice (Ayres et al. 2009; Ogunkunle et al. 2013).
Some studies of the Ethiopian agroforestry parkland
system revealed a soil fertility gradient, i.e., fertility
decreasing from a tree base to the edge of its crown
or beyond (Asfaw 2007; Tolera et al. 2008; Anbessa
and Utaile 2024). Thus, yield improvement and soil
fertility enhancement are obtained under a scattered
tree canopy. For instance, sorghum grain yields under
the canopy of Cordia africana increased by 14%
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compared to those grown on crop fields without trees
(Boffa 2000).

In the study area (South Omo zone, Fig. 1), some
farmers maintain different shrubs and tree species on
their crop fields for various purposes, especially for
soil fertility improvement and crop yield enhance-
ment. It was assumed that local people’s perceptions
about the effect of Terminalia brownii management
were significantly influenced by the economic condi-
tion of the farmers. Among those trees, Terminalia
brownii is the most dominant one. Terminalia brow-
nii Fresen belongs to the family Combretaceae, a
semi-deciduous tree that grows up to 13 m high with
a rounded, flat-topped, and spreading crown. It is an
important tree growing in semi-arid areas utilized for
firewood, charcoal, timber, mulch, soil improvement,
traditional medicine, and fodder (Tesemma Bekele
et al. 1993). However, little is known on the percep-
tions of smallholder farmers about Terminalia brow-
nii management techniques and their impacts on soil
properties. Therefore, the present study was initiated
to assess smallholder farmers’ perceptions of scat-
tered Terminalia brownii management and its impacts
on soil physicochemical properties.

Material and methods
Description of the study area

The study was conducted in the South Ari District
of the South Omo Zone, Southern Ethiopia (Fig. 1)
geographically situated at 05°51’-05°88" N and
36°32°-36°58" E, with an elevation ranging between
500 m asl and 3500 m asl (Handiso et al. 2023). It is
located 770 km southwest of Addis Ababa, the capital
city of Ethiopia.

Topography and climate

Topographically, the South Ari District is divided
into highland areas ranging from 2500 to 3500 m
asl with cold weather (locally called Dega), mid-
land areas with relatively warm conditions (locally
called Weyna Dega) ranging from 1500 to 2500 m
asl, and lowland terrain with semi-arid weather
(locally called Kolla) ranging from 500 to 1500 m
asl., which comprises 24%, 65%, and 11% of the
land area, respectively. Like other eastern African
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Fig. 1 The study area’s map displays Ethiopia at the top left
A in light green, emphasizing the South Ethiopia region B,
South Omo Zone C at the top right and South Ari District D
at the bottom right. Source: Esri, HERE, Garmin, Intermap,

climates, the rainfall in the study area is influenced
by the seasonal oscillation of the Inter-Tropical
Convergence Zone (ITCZ). It has a bi-modal rain-
fall pattern, with a shorter rainy season from March
to May and the longest rainy season from August
to October (Lemma et al. 2020). The mean annual
rainfall is 1272 mm. The mean monthly mini-
mum and maximum temperatures are 16.3 °C and
27.7 °C, respectively (Handiso et al. 2023). Our
actual study location is situated in the midland
region with soil characterized as Cambisols, having
a dark reddish brown to very dark brown color. The
soil has a fine clay texture, low to medium organic
carbon and phosphorus, and is slightly acidic, with

Increment P Corp., GEBCO, USGS, FAO, NPS, NRCAN,
GeoBase, IGN, Kadaster NL, Ordnance Survey, Esri Japan,
METI, Esri China (Hong Kong) and OpenStreetMap Contribu-
tors and the GIS User Community

a pH value ranging from 4.87 to 6.18 (Mesfin et al.
2017).

Tree management strategies

In the study area, farmers cultivate various shrubs and
trees in their fields for multiple benefits. The most
common tree is Terminalia brownii. Farmers con-
duct pruning, pollarding, and lopping annually dur-
ing the field preparation season, typically at least one
month before planting. This practice helps to reduce
shading from the trees and aligns with local farm-
ing schedules. Pollarding involves cutting back the
upper branches of a tree to encourage a dense head of
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foliage. This technique reduces shading and improves
the balance between light availability and canopy
structure. Pruning is selective removal of specific
branches or stems, mainly from the sides, to shape the
tree and enhance light penetration. Lopping focuses
on the selective removal of medium-sized branches,
allowing the tree to maintain its overall structure
while improving light distribution to the crops grow-
ing beneath its canopy (Harmer 2004; Harris 1994).

Household survey data

To assess farmers’ perceptions of Terminalia brownii
tree management, household survey data were col-
lected. Out of 28 rural and three urban lower admin-
istrative levels of the district (locally called Kebeles),
only two Kebeles, namely Alga, and Beytsemal, were
purposefully selected due to the extensive presence
of Terminalia brownii. From 563 and 438 household
heads in Alga and Beytsemal, respectively, sample
households were stratified based on their wealth cat-
egories (poor, middle class, and rich) by the selected
key informants (SI 1). Based on this, eight percent
of the households from each wealth category in
each Kebele were randomly selected for the survey
by using the proportional sample size determination
method by considering three criteria, such as the level
of precision (+5%), the level of confidence or risk
(95%), and the expected degree of variability in the
information (Adam 2020; Gelan et al. 2016). Accord-
ingly, 45 and 35 households from Alga and Beytse-
mal, respectively, making a total of 80 household
respondents, were randomly selected (SI 2).

In this survey, structured questionnaires with both
closed and open-ended questions were prepared and
used (SI 3). Before implementing the actual survey,
the questionnaire was tested and then organized to
make the questions easy for the participants and
enumerators, so to that they can capture all relevant
information by employing face-to-face data collection
techniques. Enumerators from the Jinka Agricultural
Research Center, who know the local areas and speak
the local language (Arigna), participated.

Sampling

Twenty key informants practicing agroforestry park-
land and associated tree management were selected
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by local farmers randomly using snowball sampling
techniques. To ensure consistency in the data Termi-
nalia brownii were selected based on visual evidence
that showed similarities in their diameters at breast
height (DBH at 1.3 m), the spread of their canopies
(crown diameter), their maturity level, and the crop-
ping history of the farmland (SI 4).

Treatments and experimental design

Distances from the tree trunk and soil depth were
considered in the present study as factors of the soil’s
physicochemical properties.

Factor I: Distances from the tree trunk

In four directions, three radial transects were drawn
under the selected tree canopy extending from the
tree trunk to the open field (Fig. 2) according to the
procedure used by Agena et al. (2014) and Berhe
et al. (2013). Briefly, D, (the radial distance from tree
trunk to %2 crown radius or 0—4.1 m), D, (the radial
distance from Y2 crown radius to edge of the tree can-
opy or 4.1-8.2 m), and D5 (open field or out of the
tree canopy coverage at 15 m far from the tree trunk).

Factor II: Soil depth

Under each radial distance from four directions and
two soil depths (0-20 and 20-40 cm deep), the soil
was sampled to represent the surface and subsur-
face soil layers. The sampling was laid out in a ran-
domized complete block design (RCBD) in three
blocks (crop fields) with two soil depths under three
radial distances and nine independent field replicates
(trees, three in each block), resulting in 54 composite
soil samples (3*%9%2 =54) in total.

Soil chemical analysis

A composite soil sample of 150 g was air-dried,
ground, sieved (particle size<2 mm diameter) and
subjected to analysis for soil texture, pH, electrical
conductivity (EC), soil organic carbon (SOC), total
nitrogen (TN), plant-available phosphorus (P,,), cat-
ion exchange capacity (CEC), exchangeable cations
(Ca**, Na®, Mg*") and plant-available potassium
(K,,) at the laboratory of the soil biogeochemistry
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Fig. 2 Schematic drawing
of experimental design

for sampling under the
Terminalia brownii tree in a
crop field

department, Martin Luther University Halle-Witten-
berg, Germany. Soil pH was measured with a com-
bination electrode in a 1:2.5 (volume/volume) soil-
to-water suspension. Plant-available P was analyzed
by sodium bicarbonate (NaHCO;) extract according
to the standard method described by Olsen (1954).
SOC and TN were determined by means of catalytic

high-temperature combustion and thermal conduc-
tivity detection using an elementar vario MAX cube
(Elementar Analysensysteme GmbH, Germany).
Exchangeable base cations and CEC were extracted
at pH 7 according to the ammonium acetate method
proposed by Lavkulich (1981) and then quanti-
fied by inductively coupled plasma optical emission
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spectroscopy (ICP-OES, Ultima 2, HORIBA Europe
GmbH, Germany). Percentage base saturation was
calculated by dividing the sum of the mole of the base
cations (Ca®*, Mg?*, K* and Na™) by the effective
CEC of the soil and multiplying by 100.

Soil texture was determined quantitatively by using
the hydrometer method. For soil bulk density, a core
sampler was taken from each undisturbed plot at two
depths (0-20 cm and 2040 cm) before field prepa-
ration. Then, it was analyzed by gravimetric methods
and then changed to a volumetric base. Initially, fresh
soil was weighed and oven-dried at 105 °C for 24 h,
and then dry soil was weighed. Afterward, the bulk
density of the soil was calculated by the following
formula.

Bp = 25W
%

where: BD is the bulk density (g/cm?), DSW is the
dry soil weight (g) and SV is the soil volume (cm?).

Data evaluation

The household survey data were analyzed using SPSS
software (version 21.0) to know the farmers’ percep-
tions about the effects of Terminalia brownii man-
agement. All other collected data from experimental
designs were subjected to the statistical analyses using
parametric methods, specifically Factorial Analysis of
Variance (ANOVA) for normally distributed data, as
determined by tests for normality like Shapiro—Wilk
test. Where data deviated from normality, non-para-
metric methods, such as the Kruskal-Wallis test, were
employed. Least Significant Difference (LSD) was
used to separate mean differences at p-value <0.05
levels of significance using R software version 4.2.1
(R Core Team, 2022). A factorial ANOVA tested the
independent variables, such as radial distances from
tree trunks and their interactions, and dependent vari-
ables, such as soil depth and indicator parameters of
the soil physicochemical property.
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Results and discussion

Farmers’ perception of Terminalia brownii
management

In the study area, approximately 90% of farmers
retain remnants of natural forest trees in their crop
fields, demonstrating their intentional integration of
these trees for multiple purposes (Table 1). Among
the agroforestry trees, Terminalia brownii was iden-
tified as the most dominant species (86%), followed
by Vitex doniana (81%) and Cordia africana (76%).
These trees are particularly valued for their ecologi-
cal, economic, and social benefits, including improv-
ing soil fertility through leaf litter deposition and
nutrient turnover, which are highly preferred by farm-
ers (Lemage and Hido 2021; Lemage and Anmaw
2022). The high percentage of farmers retaining Ter-
minalia brownii highlights its perceived importance
in enhancing agricultural sustainability and meeting
household needs. Farmers’ preference for Termina-
lia brownii as a soil fertility enhancer (93%) further
supports its critical role in nutrient cycling through
litterfall and decomposition. The preference of trees
like Acacia albida and Acacia abyssinica (95%) for
similar purposes demonstrates the general value of
agroforestry trees in improving soil health in semi-
arid regions.

Farmers cultivate crops at varying distances from
Terminalia brownii. Specifically, 50% of farmers
prefer to plant their crops at the edge of the tree
canopy, while 35% choose the area near the tree
trunk, and 15% opt for open fields (Table 2). The
highest crop yield was reported at the edge of the
tree canopy by 76% of respondents, likely due to
optimal light conditions and nutrient availability.
In contrast, lower yields near the tree trunk were
attributed to excessive shading, while lower fertil-
ity levels in open fields resulted in reduced yields
in those areas. To minimize the adverse effect of
shading, farmers in the study area exercised dif-
ferent tree management practices, including prun-
ing (67%), pollarding (66%), and lopping (45%)
(Table 2). According to farmers’ responses, pruning
(63%) is the most often used canopy management
method for Terminalia brownii followed by pollard-
ing (49%). Of the 80 farmers, 55% managed their
trees at least one month before plowing. The pruned
or pollarded branches were trodden to leave the leaf
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Table 1 Summarized information about the presence, sources, uses, and preference of agroforestry trees by farmers in Alga (N =45)

and Beytsemal (N =35) Kebeles, in South Ari district (N =80)

Items Response

Kebele Total Rank

Alga (freq (%)) Beytsemal Freq (%)

(freq (%))

Crop field trees presence Yes 40 (89) 3291 72(90) 1
No 5(11) 309 8 (10) 2

Dominant trees Terminalia brownii 38 (84) 31 (89) 69 (86) 1
Vitex doniana 35 (78) 30 (86) 65@81) 2

Cordia africana 29 (78) 3291 61(76) 3

Croton macrostachyus 29 (64) 26 (74) 55(69) 4

Acacia albida 19 (42) 11 (35) 3037) 5

Acacia abyssinica 17 (38) 11 (31) 28((35) 6

Sources Natural forest 39 (87) 28 (80) 6784) 1
Plantation 3(7) 2 (6) 5(6) 3

Both 49 309 709) 2

Others (soil seed bank, bird disper- 1(2) - 1(1) 1

sal, and other natural regeneration
processes)

Major use categories of all species Improving soil fertility 42 (93) 31 (89) 73(91) 1
Shading for livestock 41 (91) 29 (83) 70 (87) 2

Keeping crops 34 (76) 19 (54) 53(66) 6

Charcoal 38 (84) 22 (83) 60(75) 4

Poles 35(78) 26 (74) 56(70) 5

Medicine 29 (64) 18 (51) 47059 7

Others 38 (84) 30 (86) 68(85) 3

Best preferred trees for improving soil Terminalia brownii 42 (93) 3291 74(92) 2
fertility Vitex doniana 41 (91) 30(86) 71(89) 4
Cordia africana 37 (82) 29 (83) 66(82) 3

Croton macrostachyus 43 (95) 29 (83) 72(90) 3

Acacia albida 42 (93) 34 (97) 76 (95) 1

Acacia abyssinica 43 (96) 33 (94) 76 95) 1

biomass in the soil, and the woody parts were taken
for different purposes. Proper pruning maintains
tree structures that provide shade, which benefits
livestock during the hot season (Badrulhisham and
Othman 2016). In most semi-arid parts of Ethiopia,
farmers maintain and manage trees on crop fields
mainly to protect animals from heat stress (Muthuri
et al. 2014; Mamo and Asfaw 2017). This effect is
often mentioned as a strategy for mitigating climate
stress because temperatures under tree canopies can
be substantially lower than in an open field, poten-
tially reducing heat stress for plants at temperature-
sensitive crop development stages (Lin et al. 2015).

Likewise, reduced wind speeds and increased air
humidity beneath tree canopies can lessen crop
transpiration and plant water stress (Cleugh and
Hughes 2002) and decrease mechanical damage to
crops, like leaf tearing and crop lodging (Luedeling
et al. 2016; Lemage et al. 2022). Overall, the inte-
gration of Terminalia brownii and other trees into
farmland demonstrates the multifunctional role of
agroforestry systems as a climate-smart agriculture
solution in improving soil fertility, supporting crop
and livestock productivity, and mitigating climate
stress in the study area.

Pollarding involves cutting back the tree’s
upper branches to promote dense foliage, reduc-
ing shading, and improving light balance. Pruning

@ Springer
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Table 2 Local farmers’ perception on Terminalia brownii tree management under parkland agroforestry practice at Alga (N=45)
and Beytsemal (N =35) Kebeles, in South Ari district (N =80)

Items Response Kebele Total Rank
alga (freq (%)) Beytsemal freq (%)
(freq (%))
Do you have Terminalia brownii in the agro-  Yes 41 91) 31 (89) 72(90) 1
forestry parkland? No 4(9) 4(11) 8(10) 2
If yes, how far do you plant these crops? Near the tree trunk 17 (38) 11 (31 28(35) 2
At the edge of the tree canopy 24 (53) 16 (46) 40 (50) 1
Open field 8 (18) 4(11) 12(15) 3
In which zone was, the highest crop yield Near the tree trunk 5(11) 3(8.6) 8 (1) 3
observed At the edge of the tree trunk 39 (87) 22(63) 61(76) 1
Open field 7 (16) 4(11) 11(23) 2
To mitigate shading effects on crop yield, Pruning 33 (73) 21 (60) 54 (67) 1
how can you manage the canopies of these Pollarding 32 (71) 21 (60) 53 (66) 2
trees? Lopping 24 (53) 12(34) 3645 3
Which management practice is relevant for Pruning 28 (62) 22 (63) 50(62) 1
Terminalia brownii? Pollarding 19 (42) 20(57) 39(49) 2
Lopping 12 (27) 10 (29) 22(12) 3
Which time is relevant to manage Terminalia At least one month before crop planting 23 (51) 21 (60) 44 (55) 1
brownii tree canopy? At plowing start 19 (42) 1131 3037 2
At any time 14 (31) 8 (23) 2227 3
Table 3 The effects of Terminalia brownii on soil bulk density (BD), electric conductivity (EC) and on soil pH
Soil properties Soil depth (cm)  Distance from a tree trunk (m)+SD Overall depth (0-40)  P-Value
D, (0-4.1) D, (4.1-8.2) D; (15)
BD (g cm™) 0-20 1.0°+£0.04 1.39+0.04 1.5°+0.04 1.3+0.023 0.000 of dep*dist
2040 1.4°+0.04 1.6*+0.04 1.6°+0.04 1.54+0.023 0.000 of depth
Overall distance 1.2€4+0.03 1.48+0.03 1.6*+£0.03 - 0.000 of distance
EC (dS/m) 0-20 84.7%°+42.7 118.5%°+42.7 72.2°+42.7 91.88+24.7 0.106 of dep*dist
2040 164.5%+42.7 123.0°+42.7  107.6%+42.7 131.74+24.7 0.007 of depth
Overall distance 124.6* +0.03 120.74+0.03  89.9°+0.03 - 0.104 of distance
pH 0-20 5.7+0.12 5.78+0.12 5.6%+0.12 5.74+0.07 0.667 of dep*dist
(H,0) 20-40 5.8*+0.12 5.7+0.12 5.6%+0.12 5.74+0.07 0.856 of depth
Overall distance 5.7%+0.09 5.74+0.09 5.6%+0.09 — 0.333 of distance

Note that the superscript of the same letter indicates no significant difference at (p <0.05), SD: standard deviation

selectively removes specific branches to shape the

tree and enhance light penetration, while lopping

targets medium-sized branches to maintain structure

and improve light distribution for crops beneath the

canopy.
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Bulk density

Soil physicochemical properties

The results revealed a significant difference (p <0.05)
in soil bulk density (BD) across radial distances and
soil depths (Table 3). Bulk density increased from
the tree trunk (D,) to the open field (Ds) and from
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surface (0-20 cm) to subsurface soil (2040 cm).
The mean bulk density ranged from 1.0 g cm™ at
the surface near the tree trunk to 1.6 g cm™ in the
subsurface open field. Trees enhance soil structure
by lowering bulk density, increasing macro-poros-
ity, and raising carbon content through root activity
and organic matter inputs, especially near the trunk
where root density is higher (Bargués Tobella et al.
2014). In addition to root activity, the incorporation
of organic matter plays a significant role in reducing
bulk density. Pruned or pollarded branches that are
trodden and left as leaf biomass on the soil surface
decompose over time, contributing to increased SOC
levels. This organic matter improves soil structure by
binding soil particles, increasing porosity, and reduc-
ing compaction near the tree canopy. These properties
make agroforestry systems with Terminalia brownii a
valuable component of climate-smart agriculture, as
they enhance soil physical resilience under changing
climatic conditions.

In line with our results, significantly lower soil
bulk density under different tree canopies as com-
pared to an open field and soil depths were reported
for Combretum apiculatum and Peltophorum afri-
canum (Aweto and Dikinya 2003), Millettia ferrug-
inea (Hailu et al. 2000), Acacia nilotica, and Ficus
thonningii (Berhe et al. 2013). The loosening of the
soil and consequent decrease in soil bulk density
could be influenced by the increased abundance of
tree roots and organic matter around the trunk. Tree
root density and organic matter correlated negatively
with bulk density (Xie et al. 2020). This indicates that
trees play a crucial role in loosening soil, enhanc-
ing water infiltration, and reducing soil compaction.
This is essential for improving crop productivity,
especially in semi-arid climates where soil compac-
tion can be a limiting factor. By integrating Termina-
lia brownii into farmlands, farmers can improve the
physical properties of the soil, supporting climate
resilience by enhancing soil structure and reducing
the risk of erosion (Fahad et al. 2022).

Electrical conductivity (EC)

The mean values of soil electrical conductivity (EC)
showed no significant differences (p <0.05) across
various radial distances and between soil depths.
Hence, the influence of the presence of Terminalia
brownii on EC is minimal (Table 3). However, the

average EC values decreased with increasing radial
distance from the tree trunk, while they increased
with soil depth. Surface soils closest to the tree trunk
(D,) had higher median EC values (84.7 dS/m) com-
pared to those in open fields (72.2 dS/m). In con-
trast, subsurface soils near the tree trunk exhibited
even higher EC values (164.5 dS/m). This indicates
that the surface soil is less saline than the subsurface
soil. Moreover, the microbial association and lower
leaching of base-forming cations around a tree might
contribute to higher values around the tree trunk.
Our results are in good agreement with Kassa et al.
(2010), who reported non-significant effects of Bal-
anites aegyptiaca and Ziziphus spina-christi over
EC in the arid areas of Humera and Hibru districts
of Ethiopia, respectively. In line with this study, sub-
surface soil prevailed with a higher EC under trees,
for instance, for Faidherbia albida (Abdella et al.
2020), Cordia africana, and Croton macrostachyus
(Mohammed et al. 2018). The role of Terminalia
brownii in moderating EC levels under its canopy
contributes significantly to maintaining soil fertil-
ity, particularly in degraded landscapes where salin-
ity and nutrient leaching are major concerns. By
enhancing the availability of nutrients and reducing
the risk of salinity stress, Terminalia brownii sup-
ports sustainable agricultural practices aligned with
climate-smart agriculture. These findings underscore
the importance of integrating Terminalia brownii into
agroforestry systems to ensure soil health and produc-
tivity under changing climatic conditions (Lemage &
Anmaw 2022; Muchane et al. 2020).

Soil pH

No significant differences (p<0.05) in soil pH
were observed across radial distances or soil depths
(Table 3). However, mean values of soil pH exhib-
ited a slightly decreasing trend as it went from tree
trunk to open field, with the highest mean value (5.8)
at D, within subsurface soil (20—40 cm) and the low-
est (5.6) at Dy within surface soil (0-20 cm). This
might be due to higher litter deposition, decomposi-
tion, and subsequent mineralization that release cati-
ons to the soil system under the canopy than on open
fields. Similar to this finding, Aweto and Dikinya
(2003) reported no significant difference in soil pH
under the canopy of scattered Combretum apicula-
tum and Peltophorum africanum compared to the
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open field. However, soil pH was significantly higher
under the tree trunks of Cordia africana and Croton
macrostachyus and decreased with increasing radial
distances (Anbessa and Utaile 2024). The moder-
ately acidic pH levels observed in this study (5.6-5.8)
are favorable for most crops and microbial activities,
which support nutrient cycling and overall soil health
(Zhalnina et al. 2015). By maintaining these condi-
tions through agroforestry practices, it is possible to
buffer soils against acidification—a common conse-
quence of climate changes—thus ensuring sustain-
able agricultural productivity.

Soil texture

The particle size distribution of the soils in the inves-
tigated samples was categorized as clay loam. There
was no significant (p <0.05) difference in the soil
texture, i.e., the contribution of sand, silt, and clay
fractions within the samples along the concentric
radial distances and soil depths (Table 4). The high-
est (25%) mean values of the sand fraction were
found in the open field at the subsurface (2040 cm)
soil depth, whereas the lowest (21%) were found near
the tree trunk at the top surface (0-20 cm). Even if
it is not statistically significant, the average contents
of silt and clay fractions were slightly higher near
the tree trunk on the surface (0-20 cm) and slightly
lower at the open field in the subsurface (2040 cm).
The mean value of sand exhibited a slightly increas-
ing trend, whereas silt and clay showed a slightly
decreasing trend within the radial distance and soil
depths. Thus, our results show that the effect of trees

is not significant in changing the texture of the par-
ent soil materials, which is in line with the findings
of Hailu et al. (2000). As noted by Mohammed et al.
(2018), several mechanisms can explain the observed
trends. Trees affect soil properties through their can-
opies and root systems. The canopy mitigates the
direct impact of raindrops, which helps minimize soil
erosion, especially of finer particles like clay and silt
that are more easily displaced in open fields. Also,
tree roots contribute organic matter and enhance soil
aggregation, which assists in retaining finer particles
near the tree trunk. Over time, these processes may
result in a lower sand fraction and a higher clay con-
tent under the tree canopy when compared to open
fields. While these mechanisms could account for the
trends reported in the literature, they were not statisti-
cally significant in our study.

Soil organic carbon (SOC) and total nitrogen (TN)

The SOC and TN contents exhibited statistically sig-
nificant differences (P <0.05) across radial distances
and soil depths (Table 5). Generally, the SOC and TN
showed a decreasing trend with increasing radial dis-
tances in both surface and subsurface soil depth. This
pattern is attributed to the accumulation of organic
matter around the tree trunk due to litterfall, root bio-
mass, and microbial activity. The higher SOC and TN
near the canopy zone highlight the vital role of Termi-
nalia brownii in nutrient cycling and soil enrichment.
Similarly, in southeastern Botswana, SOC is higher
by 47% and 55% under the canopy of C. apiculatum

Table 4 The effects of Terminalia brownii on soil texture. Note that the superscript of the same letter indicates no significant differ-

ence at (p<0.05)
Soil properties (%)  Soil depth (cm)  Distance from tree trunk (m)+ SD Overall depth (0-40)  P-Value
D, (0-4.1) D, (4.1-8.2) D; (15)
Clay 0-20 56.82+0.03  56.2*+0.03 55.5*+0.03  56.1*+0.01 0.000 of dep*dist
20-40 55.4*+0.03  55.3*+0.03 55.1*+0.03  55.6*+0.01 0.000 of depth
Overall distance 56.1*+0.02  56.2*+0.02 55.3*+0.02 0.000 of distance
Silt 0-20 23.9°+0.04 22.5*+0.04 21.3*+0.04  22.6*+0.02 0.000 of dep*dist
20-40 23.3*+0.04 22.1*+0.04 22.1+0.04  22.5*+0.02 0.001 of depth
Overall distance 23.6*+0.01 22.3*+0.01 21.7*+0.01 0.000 of distance
Sand 0-20 21.0°+0.01  23.0*+0.01 23.9*+0.01 22.6*+0.01 0.000 of dep*dist
20-40 22.9*+0.01  23.9°+0.01 25.0°+0.01  23.9*+0.01 0.000 of depth
Overall distance 21.9*+0.01 23.4*+0.01 24.4*+0.01 0.000 of distance
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Table 5 Effects of Terminalia brownii on SOC, TN, K, and P,,. Note that the superscript of the same letter indicates no significant

difference at (p <0.05)
Soil properties Soil depth Distance from tree trunk (m)+ SDE Overall depth P-Value
D,(0-4.1) D, (4.1-8.2) D, (15)
TN (%) 0-20 0.28+0.01 0.2*+0.01 0.2°+0.012 0.24+0.08 0.012 of dep*dista
20-40 0.2°+0.01 0.2°+0.01 0.1°+£0.012 0.18+0.08 0.000 of depth
Overall distance 0.214+0.008  0.20*+0.008 0.16°+0.008 0.000 of distance
SOC (%) 0-20 3.3+0.22 3.39+0.22 2.7°40.22 3.104+0.13 0.016 of dep*dista
2040 2.6°+0.22 2.7°+0.22 1.5°+0.22 2384013 0.000 of depth
Overall distance 3.04+0.16 3.04+0.16 2.18+0.16 0.000 of distance
Kavppm) 0-20 49®+1.13 6.6°+1.13 5.1%+1.13 5.64+0.65 0.485 of dep*dista
20-40 3.5%+1.13 3.5%+1.13 2.0°¢1.13 3.08+0.65 0.000 of depth
Overall distance 4.28+0.80 5.0%+0.80 3.65+0.80 0.199 of distance
Py opm) 0-20 2.6°+0.32 1.9°+0.32 0.8°+0.32 1.84+0.18 0.001 of dep*dista
20-40 0.6°+0.32 0.5°+0.32 0.5°+0.32 0.58+0.18 0.000 of depth
Overall distance 1.6+0.22 1.2440.22 0.78+0.22 0.000 of distance

C

and P. africanum than in open fields (Aweto and
Dikinya 2003). Furthermore, results from different
tree species such as F. albida, O. abyssinica, D. mel-
anoxylon, A. seyal, C. africana, and C. macrostach-
yus showed significantly higher SOC and TN under
the canopy than outside the canopy zone (Gebrewa-
hid et al. 2018; Mohammed et al. 2018; Tsegu 2019;
Abdella et al. 2020; Anbessa and Utaile 2024).

These findings are crucial for agricultural pro-
ductivity, particularly in semi-arid regions where
nutrient-depleted soils restrict crop yields. Retain-
ing Terminalia brownii in crop fields can enhance
soil organic matter, which supports water retention,
microbial activity, and nutrient availability, especially
under changing climatic conditions. Such practices
not only improve soil fertility but also contribute to
carbon sequestration, an essential strategy for mitigat-
ing climate change.

Plant-available potassium (K,,) and phosphorus
(Py)

The mean values of K, and P,, depict a significant
difference (P <0.05) across various radial distances
and soil depths (Table 5). The K,, and P,, on the soil
surface and under the canopy of Terminalia brownii
were higher as compared to subsurface soil and open
fields. K,, was highest in the surface soil under the
tree canopy at D,, measuring 6.6 ppm, and decreased

to 2.0 ppm in the subsurface soil of the open field at
D;. Similarly, P,, was notably higher in the surface
soils near the canopy, with a value of 2.6 ppm at D,
compared to 0.8 ppm at D5 in the open field. Subsur-
face P,, values remained consistently low, averag-
ing 0.5 ppm across all distances. The enrichment of
K,, and P,, under the canopy of Terminalia brownii
can be attributed to the accumulation of above- and
below-ground biomass, including leaf litter and
root turnover, which undergo microbial decompo-
sition and release nutrients into the soil. The higher
biological activity around the tree canopy acceler-
ates the mineralization of organic matter, making
potassium and phosphorus more available to plants.
These findings are consistent with previous studies
showing higher concentrations of K, and P,, under
agroforestry tree species like A. fortilis, A. seyal,
C. africana, C. macrostachyus, D. melanoxylon, F.
albida, M. ferruginea, O. abyssinica, and V. doniana
exhibited a higher amount of K,, and P,, (Yadessa
et al. 2009; Berhe et al. 2013; Agena et al. 2014;
Gebrewahid et al. 2018; Mohammed et al. 2018;
Tsegu 2019; Abdella et al. 2020; Lemage and Anmaw
2022; Anbessa and Utaile 2024). The role of potas-
sium and phosphorus in maintaining soil fertility is
crucial, especially in the context of changing climatic
conditions. Potassium helps regulate water uptake
and improves crop resistance to drought, while phos-
phorus is essential for root development and energy
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transfer. The ability of Terminalia brownii to enhance
these nutrients beneath its canopy plays a significant
role in creating climate-resilient agroforestry systems.
These nutrient-rich soils decrease the reliance on
synthetic fertilizers, which can be less accessible and
more expensive for rural farmers, particularly during
climate variability and economic challenges.

In contrast to our results, the mean values of K,
between radial distance from the canopy of B. aegyp-
tiaca and soil depths did not show significant differ-
ences (Kassa et al. 2010). This discrepancy might
have occurred due to differences like species, age
variation, and site dissimilarity that affect nutrient
release and cycling. By enhancing soil fertility and
supporting nutrient availability, Terminalia brownii
plays a pivotal role in sustainable agriculture. Its inte-
gration into agroforestry systems supports climate-
smart agriculture by lowering input costs, reducing
nutrient loss due to heavy rains, and improving soil
resilience during prolonged droughts. Additionally,
these trees promote nutrient cycling and buffer soils
against degradation, ensuring sustained agricultural
productivity in the face of climate variability.

Cation exchange capacity (CEC) and exchangeable
cations (Na*, Ca**, Mg** and K.*)

Figure 3a-e illustrates the cation exchange capacity
(CEC) and levels of exchangeable cations—sodium
(Na*), calcium (Ca?*), magnesium (Mg?*), and potas-
sium (K*)—at various radial distances and soil depths
beneath the canopy of Terminalia brownii. Our
results revealed no statistically significant differences
(P>0.05) in CEC and exchangeable cations (EC)
across radial distances (D,, D,, and D3) or soil depths
(020 cm and 20-40 cm). However, median values
for CEC and EC were generally higher under the tree
canopy when compared to open fields, suggesting
improved soil fertility in these areas, which is benefi-
cial for agroforestry systems (Fig. 3 a-e). The higher
CEC values observed under the canopy of Terminalia
brownii can be attributed to the accumulation of litter
and organic matter, which decomposes and releases
cations into the soil. This increases the soil’s capac-
ity to retain positively charged ions, thereby enhanc-
ing nutrient availability. Exchangeable cations such as
Na*, Ca?*, Mg?*, and K* contribute to improved soil
structure, water retention, and nutrient cycling. These
processes are crucial for maintaining soil fertility

@ Springer

and resilience under changing climatic conditions.
CEC tended to increase with depth, likely due to the
higher clay content in subsurface soils, which inher-
ently have a greater capacity to retain cations. How-
ever, variable patterns in Mg®* and K* could result
from leaching, differential root uptake, or site-specific
soil properties. In line with our results, high values
of CEC under the canopy of A. senegal, C. macros-
tachyus, and C. africana report (Aweto and Dikinya
2003; Yadessa et al. 2009; Anbessa and Utaile 2024).
Similarly, high exchangeable cations were recorded
under the canopy of native tree species such as F.
vasta (Berhe et al. 2013), F. albida, and C. africana
(Mohammed et al. 2018). Overall, the enhancement
of CEC and exchangeable cations under the canopy
of Terminalia brownii supports the principles of cli-
mate-smart agriculture by improving soil quality in
degraded landscapes. Higher cation levels ensure that
essential nutrients remain available for crops, reduc-
ing the need for chemical fertilizers, which are often
costly and environmentally damaging. These find-
ings highlight the potential of Terminalia brownii in
addressing soil degradation and enhancing agricul-
tural sustainability. Its role in improving soil fertil-
ity through increased CEC and exchangeable cations
underscores its value as a cornerstone of climate-
smart agroforestry practices.

Conclusions

Farmers consider Terminalia brownii essential in
agroforestry due to its potential for soil fertility, its
ability to regulate microclimates, and its provision
of fodder, fuelwood, and timber. However, there are
challenges associated with its cultivation, including
competition with crops for resources and insufficient
management practices. To address these issues, pol-
larding and pruning are preferred management meth-
ods by farmers. These techniques help maintain tree
biomass over time, maximize the multifunctional ben-
efits of the tree, and minimize shading effects on the
crops growing beneath it. The soil’s physical proper-
ties, like soil textural fractions (sand, silt, and clay),
were not considerably influenced by the presence
of Terminalia brownii. However, soil bulk density
was notably lower under the canopy and increased
with increasing radial distances and soil depth. The
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Fig. 3 a—e The effect of
Terminalia brownii on
soil CEC and EC (Na*,
Ca”*, Mg?" and K*). The
notched box plots indicate
the median (solid lines
between the boxes), and
interquartile range (IQR)
with upper (75%) and
lower (25%) quartiles as
well as a 95% confidence
interval of the median
within + 1.57*IQR/4/n.
The scattered circles also
indicate the outlier
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soil chemical properties such as SOC, TN, P,,, and
K,, were higher near the tree trunk than in the open
field. Soil pH, CEC, EC and exchangeable bases were
not significantly influenced by Terminalia brownii.
Hence, retaining Terminalia brownii on crop fields is
crucial for farmers to benefit from the multipurpose
uses of the tree. The present study investigated the
role of Terminalia brownii in soil physicochemical
properties; however, its significance in crop yield and
conditioning of the microclimate needs to be studied
in the future.
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