Haufiku et al. Discover Agriculture (2025) 3:215 Discover Ag riculture
https://doi.org/10.1007/s44279-025-00383-5

REVIEW Open Access

®

Check for
updates

The role of organic and inorganic soil
amendments on soil physicochemical
properties and wheat (Triticum aestivum L.)
agronomic performance in Semi-arid North-
Central Namibia: A Review

Anna Maria Haufiku'", Petrus Ausiku Ausiku' and Sanna Huttunen?

*Correspondence:

Anna Maria Haufiku Abstract

annamariahaufikus@gmail.com Poor soil fertility in semi-arid and arid regions has been identified as a major
'Department of Crop Production hall ffecti icultural ductivity leadi t t di food it
& Agricultural Technologies, challenge affecting agricultural productivity, leading to poverty and low food security
University of Namibia, Windhoek, among smallholder farmers. Soil amendments, especially organic, have gained

Namibia popularity in recent years because they improve soil fertility, reduce greenhouse

“Biodiversity Unit, University of

Turku. Turkus Finland gas emissions and improve crop production. In Namibia, wheat is an important

cereal crop that substantially contributes to developing the agricultural sector and
improving farm household food security, particularly. The literature review was
undertaken to assess the effects of soil amendments on soil physical and chemical
properties, wheat growth, and yield across various agro-climatic conditions, with

a particular emphasis on evaluating the potential of biochar and compost to
enhance wheat production in the semi-arid Namibia. Most of the literature search
with keywords “soil amendments, biochar, compost, soil fertility, soil management,
sustainable agriculture, wheat, semi-arid” was conducted on online databases

such as Google Scholar, Wiley, Scopus, and Science Direct (mostly with the range
of years from 2010 to 2024). The selection of scientific articles was based on title,
abstract and content. Based on published research articles, the conversion of locally
available feedstocks, such as crop residues, forest biomass, and kitchen and animal
wastes, into organic soil amendments like biochar, compost and vermicompost
may also be necessary in smallholder farming systems. Additionally, biochar use
may have applications in tree nursery production and speciality-crop management.
Thus, biochar can make a substantial contribution to sustainable agriculture. The
review concluded that organic soil amendments can be effective components of
chemical fertilizers, contributing to lower nutrient losses in the soil and reducing
environmental impacts in a sustainable manner.

Keywords Semi-arid, Food security, Sustainable agriculture, Soil amendments, Biochar,
Compost

. ©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

D I S Cove r License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material.

You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party

material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material

is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted

use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licens
es/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1007/s44279-025-00383-5
http://crossmark.crossref.org/dialog/?doi=10.1007/s44279-025-00383-5&domain=pdf&date_stamp=2025-10-17

Haufiku et al. Discover Agriculture (2025) 3:215 Page 2 of 29

1 Introduction

Soil degradation is recognized as one of the factors contributing to stagnant productivity
growth and low crop yields, often linked to continuous cultivation, nutrient depletion,
decline of soil organic matter, and imbalances, and the overuse of chemical fertilizers [1,
2]. In addition, changes in climatic patterns significantly challenge agricultural produc-
tivity particularly in semi-arid and arid zones [3-5]. Poor land practice leads to high soil
nutrient depletion, a major issue that affects food security while increasing production
costs and lowering farm income [5-7].

Small holder farmers across Sub-Saharan Africa, often experience low productivity
due to low and erratic rainfall, reliance on traditional cultivation methods, insufficient
nutrient application and low input use [8]. Many tropical and sub-tropical soils depend
heavily on nutrient recycling through organic matter inputs to maintain fertility, but this
is often inadequate. Overuse of chemical fertilizers without proper soil management has
led to long-term soil quality decline in several regions [9]. As a result, there is growing
interest in sustainable soil fertility management practices, such as the use of compost,
manure, and biochar, which offer promising alternatives to improve soil health, restore
fertility, and enhance crop yields in a more resilient and environmentally friendly man-
ner [7, 10].

In many parts of Africa, the adoption of inorganic fertilizer is considered low in Africa
[11] due to high costs, limited or untimely availability of the input and inadequate
farmer agronomic knowledge [11]. Inorganic fertilizers have played a significant role in
increasing crop production since the Green Revolution. However, long-term overuse of
mineral fertilizers may accelerate soil acidification, causing soil erosion at some points
affecting both the soil biota and biochemical processes, thus posing environmental risk
and decreasing crop production [12]. There is a need for more sustainable solutions to
sustain crop yields. In order to address these challenges, it is essential to transition from
the reliance on chemical fertilizers to the incorporation of organic fertilizers [13, 14].

Maintaining sufficient soil organic matter and ensuring efficient nutrient cycling in the
soil are fundamental to sustainable soil management and agricultural production. The
techniques for incorporating soil amendments into the soil are designed to enhance the
agronomic use efficiency of the given nutrients and boost crop yield [15]. Soil amend-
ments involve the application of both organic and inorganic fertilizers and knowing how
to tailor these practices to local conditions. The natural mineralization of organic matter
limits the use of organic fertilizer in tropical regions. Co-composed biochar products
have gained attention and being recognized for their role in the carbon sequestration,
soil fertility improvement and mitigation of greenhouse gas emissions, especially in
acidic or saline soils [4].

Agronomic yield is greatly affected by the quality of the soil. The increase in popula-
tion, limited agricultural resources and climate variability threatens food and nutritional
security in the world, particularly in developing countries. Therefore, ensuring sustain-
able agronomic methods and enhancing production is essential for increasing the food
supply. This article aims to review the potential for increasing wheat production in arid
and semi-arid regions of Namibia and Africa by using compost and biochar as amend-
ments. Soil organic matter is crucial in maintaining soil productivity and mitigating the
effects of uncertain climate conditions. Adding organic wastes can enhance soil organic
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carbon, which helps retain water and nutrients, improves soil structure, and supports
soil biota [3, 16].

1.1 Global wheat importance

Wheat species are believed to have originated in various localities in the area adjoin-
ing southern Turkey, Iraq, and in some areas of Iran and Syria [17, 18]. From its origi-
nal domestication, wheat cultivation spread to eastward into Asia and westwards across
the Mediterranean countries and European [19]. Globally, wheat is one of the key sta-
ple crops for food security [19, 20]. Currently, wheat cultivation is widespread due to
its economic value and nutritional importance, especially in the world’s drought-prone
and semi-arid tropical regions [21]. On average, wheat provides roughly 21% of the daily
dietary protein intake making it the leading protein source among cereal crops [22, 23].
Wheat contributes to total cereal consumption, and constitutes approximately 41% of
the caloric intake and 50% of the proteins [19]. Wheat grains are nutritionally rich con-
sisting mainly 70% carbohydrate, 11.5%, 1.5% ash, protein 8—15%, 2% fat, 2% fibre, and
13% water [24-26]. In milling wheat flour, the pericarp and germ, which are rich in pro-
tein, are removed from the grain, and the resulting flour is less nutritious than the whole
grain. Unlike other cereal crops, wheat is mainly a food rather than a feed crop. After
processing, it is usually consumed directly in the form of a flour product [27].

Wheat grows in temperate regions worldwide, which are climatically more suitable for
cultivation. It requires specific climatic conditions for successful cultivation. In the trop-
ics, wheat is grown at higher altitudes or in areas with suitable conditions in the low-
lands. It is grown only during the winter season in the tropics and subtropics. Wheat can
be grown successfully under various rainfall conditions with an optimum temperature of
4 -35°C[28].

1.1.1 Global wheat production

As a central food crop, wheat plays a vital role in sustaining global food and nutri-
tion security [29]. Its production spans vast agricultural landscapes, from the plains of
North America to the steppes of Russia and the fertile fields of India and China. On
the production front (Fig. 1), the global wheat production volume reached almost 785
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Fig. 1 Global wheat production from 2015-2024. (Source: fas.usda.gov/data/production)
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million metric tons, with an estimated production area of 220.7 million hectares [30, 31].
Major wheat producers include China, which contributes 134.3 million tons per year;
India, with 109.6 million tons; Russia, contributing 76.1 million tons; and countries in
the North America and European Union, which together account for most of the global
output. Other producers, such as Ukraine, Australia, Pakistan, Argentina, and several
European countries, contribute substantially to global wheat production [31]. These
countries have advanced agricultural techniques, including mechanization, irrigation,
and improved seed varieties, to enhance yields and meet increasing demand.

1.1.2 Wheat consumption worldwide

Regarding consumption (Fig. 2), it forms a substantial part in diets worldwide, particu-
larly in areas where it serves as a staple food crop. Wheat consumption has increased
gradually globally from 2018/2019 to 2023/2024, rising from 735.31 to 796.44 million
metric tons. Population growth, and urbanization trends, and dietary shifts towards pro-
cessed foods are the primary drivers of increasing global wheat demand. The top con-
sumers remain China, Europe, India, Russia, and the United States [32].

1.1.3 Global wheat trade

Global trade in wheat further underscores its importance, with surplus-producing coun-
tries exporting to deficit regions, ensuring food security and price stability on interna-
tional markets [30]. As populations grow and incomes rise, particularly in developing
countries, the demand for wheat is expected to continue its upward trajectory, neces-
sitating sustained investment in agricultural infrastructure and research to meet future
needs in a sustainable manner. Thus, the future of global wheat production and con-
sumption hinges on innovation, resilience, and strategic international cooperation to
ensure food security and economic stability worldwide.

1.2 Status of wheat production in Africa

During the 2020/2021 season, wheat was cultivated on an estimated area of 10.1 mil-
lion hectares, producing approximately 25.7 million metric tons [33, 34]. The majority
of wheat production in Africa comes from northern regions, which contribute over 60%

Total wheat consumption worldwide from 2017/2018 to
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Fig. 2 Total wheat consumption worldwide from 2017-2024. (Source: Statista)
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of African wheat production [35]. Countries such as Ethiopia, Kenya, Tanzania, South
Africa, and Uganda are among the leading wheat producers in Africa. These nations ben-
efit from varying degrees of suitable climatic conditions, irrigation infrastructure, and
government support for agriculture [35]. Wheat is a significant dietary staple in many
African countries, particularly in North Africa and those with urbanized populations.
It ranks first in terms of per capita consumption and accounts for approximately 30%
of cereal consumption on the continent [35, 36]. The crop cultivation in Africa varies
significantly depending on climate, soil conditions, and agricultural practices in differ-
ent regions. Wheat is consumed in various forms, including bread, pasta, couscous, and
other traditional dishes. The demand for wheat in Africa is growing at a rate of 2.6% per
annum [27, 35]. Despite the importance of wheat in addressing food insecurity issues
and serving as an input for agro-industries, the continent imports a high amount of
wheat each year to bridge the widening gap between consumption and production [35,
37]. In 2021, Africa imported close to 46.5 million tons, which decreased to 44.0 million
tons in 2022 [38].

1.3 Current wheat production and consumption in Sub-Saharan Africa

Sub-Saharan Africa (SSA) contributes nearly 30% of Africa’s wheat cultivation area
and production [20]. In SSA, Ethiopia is the largest wheat producer [20], with an aver-
age annual production of 5.2 million tons on an average area of 1.8 million hectares
from 2018 to 2021 [39, 40]. South Africa is the second-largest producer, with an aver-
age annual wheat production of 1.9 million tonnes per hectare from 2018 to 2021 [20],
covering an area of 519,000 hectares [41]. In Sudan during 2018-2021, about 0.70 tons
were produced annually on an average production area of 292,991 hectares [38]. Kenya
has grown wheat on 134,689 hectares, achieving an average production level of 2.5 to
3.2 tons per hectare [42, 43]. The total wheat production countries, such as Zambia,
Uganda, Mozambique, Rwanda, Namibia, Niger, Lesotho, Angola, Botswana, Malawi,
and Cameroon, for the period of 2018-2021 is minimal, ranging from 165,954 tons in
Zambia to 567 tons in Cameroon [35]. Wheat consumption has been highest in North-
ern Africa and lowest in West and Central Africa. However, the gap between production

and consumption has widened in all African regions over the past years [35].

1.4 Wheat production and consumption in Namibia

In Namibia, wheat is the main winter cereal grain and ranks second after maize in terms
of consumption [44]. The crop is planted during winter (May to mid-June) and har-
vested annually from October to January [45]. It is mainly produced under irrigation in
Kavango, Karstland, Central, and South production areas. Small portions are produced
at irrigation farms in the Maize Triangle [45, 46]. During the 2020/2021 planting sea-
son, a total area of 1,806 hectares was cultivated, with Hardap distinguishing itself as the
leader in total hectares planted, at 1,200 hectares. Kavango followed this with 402 hect-
ares, Karst with 168 hectares, and Central with 37 hectares [47, 48]. The average yield per
hectare of wheat in the country is 3.8 metric tons per hectare [45]. The most significant
portion of wheat production occurs at the commercial level under irrigation, primarily
in the Hardap and Kavango regions, with an estimated cultivation area of approximately
4,286 hectares and a corresponding yield of 5.7 tonnes per hectare [48]. In 2022/2023,
Namibia produced 24,696 metric tons per hectare from 19,117 metric tons in 2021 [49].
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The growth of the plant depends on temperature, as it needs a certain amount of heat
to progress through different stages of development [50]. The optimum temperature
range for wheat growth and development ranges from 17 to 25 °C with a minimum and
maximum of 0 and 37 °C [51, 52]. In North-Central Namibia, where most of smallholder
farmers reside [53], the adoption of wheat cultivation remains low despite the favourable
agronomic conditions. The areas experience moderate winter temperatures during May-
August, ranging from 7 to 25 °C, which are suitable for growing winter wheat. These
cooler months provide an ideal thermal environment for wheat growth and develop-
ment, particularly during the vegetative and reproductive stages. Moreover, the mean
monthly temperatures in northern central Namibia range from about 11 °C in winter to
25 °C in summer [54], for grain development, the optimal temperature ranges between
12 °C and 22 °C [55] which is ideal for wheat. The high temperature affects the phe-
nology, growth, development, and productivity of wheat in tropical, subtropical, arid,
and semi-arid regions worldwide [56]. Furthermore, seasonal rainfall and the increas-
ing availability of supplementary irrigation from small-scale water infrastructures could
support wheat production.

Soil chemical properties in northern central Namibia varied widely from sandy to
loamy sand [57]. The characteristics of the sandy soils in the area are supported by oth-
ers [58—62], which, with proper soil fertility management, can provide suitable drainage
and fertility conditions required for wheat. These soils are generally low in organic mat-
ter but can be improved through integrated soil fertility practices like the addition of
compost, manure, biochar and many others. Numerous methods have been devised to
improve the retention of moisture and nutrients in these soils, thereby ensuring optimal
wheat productivity in sandy soils [63, 64]. The application of biochar has been demon-
strated to enhance the hydro-physical characteristics of sandy soil, thereby supporting
water conservation efforts in arid and semi-arid regions [65]. Most of the soils in these
regions are slightly alkaline, with a pH ranging from 7.1 to 8.5 [60] and well drained,
which aligns well with wheat tolerance. There are fewer studies about the relationship
between wheat yield and soil properties [66]. Therefore, with appropriate agronomic
support, wheat cultivation holds significant potential for diversification and food secu-
rity in North-Central Namibia.

Because domestic production is insufficient; Namibia relies heavily on wheat imports
to meet its national demand [67]. Only 10% of domestic production is done commer-
cially in irrigation schemes. Thus, Namibia remains a net importer of wheat grain
from countries such as Russia, Poland, and its neighbouring South Africa, and imports
cover approximately 90% of its wheat requirement annually [45]. The country imports
raw grains and processed wheat products such as flour, pasta, snacks, and cereals. The
imports are essential for Namibia’s food security, ensuring a steady supply of wheat-
based products. From 2010 to 2021, Namibia imported 1,090,409 tons of wheat valued
at N$ 6,172,227,432.23. A total of 112,020 tons of wheat were produced locally dur-
ing the review period from 2010 to 2021 (Fig. 3). The most significant wheat produc-
tion was recorded during the 2012/2013 season at 14,819 tons [47, 68], and production
has declined significantly over the years. Therefore, this presents an opportunity for
increased local wheat production in Namibia. Factors attributed to low wheat produc-
tion in Namibia include high production costs, poor, infertile sandy soils, and unfavour-
able climatic conditions.
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Namibia wheat production from 2010 to 2022
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Fig. 3 Namibia wheat production from 2010-2023. (Source: FAOSTAT)

In Namibia, wheat consumption is exceedingly high, nearly matching that of pearl
millet, which serves as a staple food for over 60% of the population [69]. Recent figures
indicate that Namibia’s total domestic wheat demand is 137,000 tonnes per annum, with
90-92% of this being imported [47]. Figure 3 indicates a huge deficit and the oppor-
tunity to increase locally produced wheat volumes, thereby enhancing household and
national food security. According to the production and statistics for the 2019/2020
financial year, the total domestic demand for wheat grain amounts to 118,824 tonnes per
annum [68]. Although Namibia has a potential to produce more wheat, yields are lim-
ited by several factors, including insufficient soil fertility, drought, inefficient application
of organic and mineral fertilizers, and inadequate agronomic practices. Addressing the
low adoption of wheat cultivation, particularly in small-scale agricultural communities,
is essential to unlocking Namibia’s potential for fully increasing wheat output. Therefore,
improved seeds that are better suited to semi-arid and arid regions, along with fertiliz-
ers, water availability, and training, are essential for enhancing local wheat production.

Farmers should adopt wheat cultivation which is far less dependent on rainfall and
thus more resilient in the face of severe drought. Climate variability represents one of
the predominant factors influencing wheat production on a global scale, and Namibia
exemplifies this phenomenon. Namibia should engage in research trials involving vari-
ous wheat varieties to identify those that exhibit superior performance in the Namib-
ian climate [46]. However, there is a notable lack of peer-reviewed scientific literature
on these topics in the Namibian context, which underscores the urgent need for locally
driven research. These studies would support the development of sustainable agronomic
practices tailored to Namibia’s environmental conditions, thereby enhancing productiv-

ity and long—term soil health.

2 Challenges to wheat production in the semi-arid regions

2.1 Abiotic and biotic stresses

Numerous abiotic and biotic stresses at different levels in rainfed and irrigation envi-
ronments worldwide limit wheat production. Climate change is making sustainable food
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production more challenging, and its consequences are predicted to be comparatively
greater in semi-arid and arid regions than in any other areas [69]. The increasing inci-
dence of rising temperatures (heat) and low and irregular dry periods increases the risk
of drought stress on crops, which also affects wheat yield and quality. When associated
with highly infectious pests and diseases, climate change also reduces the predictabil-
ity of agriculture. In rain-fed environments, the most significant abiotic stresses are
drought, soil acidity, erosion, low soil fertility, waterlogging, and pre-harvest sprouting.
High temperatures during wheat’s reproductive stages are linked to climate change and
significantly reduce grain quality and yield. These effects are primarily caused by shorter
developmental stages, lower biomass, early leaf senescence, and unfavourable physiolog-
ical and biochemical changes [70].

Weeds, insects, and diseases are the three main biotic constraints affecting wheat pro-
duction in the SSA, causing a significant loss. As evidenced by the recent epidemics, new
diseases and pests are expected to arise due to the current effects of climate change. Rus-
sian wheat aphids and wheat stem sawflies are the two insects that harm wheat crops the
most economically in Sub-Saharan Africa [20].

2.2 Limited availability of resources and other inputs

Subsistence farmers in Sub-Saharan Africa, facing low productivity due to limited avail-
ability and affordability of agricultural inputs including fertilizers, pesticides, improved
seeds, water, and equipment [71-73]. Many regions have poor soil quality, which lim-
its wheat productivity unless proper soil management practices are implemented. The
cost of fertilizer is increasing over time in farming communities. In addition, indirect
increases in transportation costs are contributing to this trend. The inability of farmers
to obtain financing, roads, and transportation further limits their access to fertilizers,
seeds, and agrochemicals at the right moment. The cost of installing irrigation and water
availability restrict the potential to increase wheat production in irrigated areas.

3 Organic soil amendments in improving soil productivity and fertility

Organic farming is one of the fastest-growing agricultural sectors in the world driven in
part by the increased use of organic amendments like compost, biochar, and vermicom-
post which improve soil health and long—term agroecosystem sustainability [74, 75]. A
variety of organic amendments are applied to agricultural soils, including animal—based
inputs such as manure, plant—based materials like compost and vermicompost, micro-
bial-based products such as compost teas, and carbon-rich substances like biochar [5].
These organic amendments provide nutrients for sustainable agricultural production,
and when combined with soil microorganisms, they may help to enhance the soil’s struc-
ture and, consequently, the plant’s environment. Applications of compost—derived mate-
rials are attracting research interest, although they are not widely adopted in cropping
systems. However, most organic soil amendment formulations have received relatively
less scientific scrutiny compared to inorganic fertilizers [76]. Organic amendments such
as biochar and compost could serve as a sustainable way to enhance growth and pro-
ductivity in drought-stressed environments [77]. Compared to inorganic amendments,
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organic amendments have been shown in numerous studies to offer several benefits. The
application of organic amendments in the highlands of central Ethiopia has significantly
enhanced soil fertility and barley yield [78]. In order to increase SOC levels and improve
soil fertility, compost and biochar have been suggested as the best soil amendments [78].

3.1 Biochar technology in wheat production

Biochar is a soil amendment produced from organic feedstocks that has recently
attracted considerable attention due to its unique properties compared to other organic
soil conditioners [5, 79]. It is a carbon-rich product obtained by heating agricultural resi-
dues, green waste, seaweed, animal manure, and woody biomass in an oxygen-limited
conditions [16, 80—83]. Biochar is an organic material characterised by its resistance to
decomposition [32] and stabilises through chemical interactions, thereby limiting its
spatial accessibility to soil microorganisms [5]. This thermal process, which produces
biochar, removes a significant amount of oxygen, resulting in a blackened material pri-
marily composed of carbon. Studies indicated that biochar remains more stable in soils
than amendments such as compost or manure, sometimes up to several centuries [78].
Evidence from the literature also reported that animal-sourced biochar, such as manure,
can supply nutrients to plants more than agricultural residue and forest biomass-derived
biochar [84, 85].

Current research highlights biochar as a promising soil amendment capable of improv-
ing agricultural productivity and contributing to long—term soil sustainability [83]. Due
to its stability and carbon sequestration potential, biochar his increasingly recognized
as a tool for mitigating greenhouse gas emissions [79, 86—88]. Incorporated biochar
can sequester carbon from the atmosphere—biosphere pool and transfer it to the soil.
Biochar is an effective tool to combat climate change. Organic materials release green-
house gases, including carbon dioxide, into the atmosphere during decomposition. A
significant portion of carbon is converted into a more stable form through heating of
the organic material, and the carbon is effectively sequestered when biochar is applied
to soils, because biochar is highly stable. Accordingly, this process is estimated to lower
global carbon emissions by over 10% [88]. Thus, biochar can be applied as a stand-alone
amendment or in blended products, such as biochar—compost blends, serving as a strat-
egy for greenhouse gas mitigation [3].

When incorporated into soils, biochar positively impacts both physical and chemical
characteristics, by improving porosity, water retention, aeration and nutrient retention
due to its high cation exchange capacity and surface area [89, 90]. Furthermore, its alka-
line nature contributes to pH buffering, mitigating soil acidity and influencing microbial
activity and nutrient availability [91, 92] Although biochar is responsible for altering soil
physical, biological and chemical properties, the extent of its impact depends on various
factors such as soil texture, moisture content, biochar rate, and particle size [93].

One of the promising uses of biochar is as an additive to organic composting [94]. The
benefits of biochar addition in composting processes have been documented by different
studies [95, 96]. Adding biochar into the composting pile provides a habitat for microor-
ganisms and enhances the environmental conditions for microbial growth. In addition,
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adding biochar to composting has been reported to increase the abundance of bacte-
rial communities colonizing the composting matrix [96]. Similarly, the change in com-
post microbiology has a crucial impact on the overall composting process by reducing
its length and interacting with critical nutrient cycles that lead to an enhanced product
[94].

Biochar could be an alternative soil amendment for improving soil fertility and crop
productivity [5]. Despite the growing number of biochar scientific studies, there is still
a need for field experiments to confirm the results from lab and pot trial experiments
[86]. Little scientific literature exists on the effect of biochar on biological, physical, and
chemical properties in semi-arid regions like Namibia, where it remains a relatively
new concept for smallholder farmers. Moreover, studies conducted in labs and green-
houses are typically short-term; however, long-term data are vital to facilitate a more
comprehensive understanding of the ultimate impact of biochar within cropping system
conditions.

3.1.1 Influence of Biochar on soil properties

Application of biochar into soil has received positive attention for its beneficial contribu-
tions to the agroecosystem from both agricultural and environmental perspectives [94].
Evidence from multiple studies suggests that biochar improves soil quality by enhancing
nutrient retention and reducing nutrient loss [10, 90, 97-99]. Different soil types and
management systems have shown different reactions to the effects of biochar on crop
productivity and soil health. The kind of feedstock and the production process also affect
the quality of biochar [100].

Biochar application can neutralize soil acidity, increasing cation exchange capac-
ity [90], and thereby enhance nutrient availability [101, 102]. Compared to other soil
amendments, the application of biochar to soils reduces fertilizer leaching into the sur-
face and groundwater, thereby increasing soil fertility management. Biochar has a large
surface area and porosity, which allows it to absorb water and nutrients, making them
available for plants [3], increase water holding capacity [78, 103, 104], increase soil bulk
density and soil organic carbon content [90, 104], and some nutrient content (total N, P,
K, Mg, Cu and Zn) [83, 105, 106].

Dong et al. [90] found that the SOC contents of the 0 to 10 cm and 10 to 20 cm soil
layers treated with biochar were significantly higher than those without biochar. Addi-
tionally, increasing the application of biochar was more conducive to the improvement
of SOC. Similar findings are reported by Zhang et al. [107], Zhao et al. [105], Bian et
al. [99], El-Naggar et al. [108], and Rombola et al. [109], who found an increase in soil
organic carbon after biochar application.

A study evaluated the beneficial impact of compost and biochar on the nutritional
profile of the soil and maize productivity. The results indicated that biochar application
showed no-significant effect on the pH of the soil [110]. These results are in line with
those of Tammeorg et al. [104], who found that biochar had no effect on soil pH and
moisture content. On the contrary, Zhang et al. [111] and Rombola et al. [109] observed
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increased soil pH after biochar application. Unlike all the aforementioned observations,
Nelissen et al. [86] investigated the effect of biochar on a temperate agricultural soil on
soil chemical, physical and biological properties, and crop growth and nutrient uptake.
The authors reported that biochar application had no significant effects on soil chemi-
cal and physical properties except for an increase in organic carbon content. However,
a meta-analysis by Dai et al. [112], highlighted that biochar properties must be selected
based on the needs of the targeted soils and specific issues to maximize its effective use
in agriculture.

3.1.2 Impact of Biochar on crop growth and productivity

One of the main reasons for biochar application is its potential to enhance crop bio-
mass and yield [113-116]. Over the past years, investigations on the effects of biochar
amendment on crop growth and yield have increased in agro-climatic conditions [117].
Both positive and negative yield responses have been reported for various crops due to
biochar application to soils, provided in Appendix A (Table 1). However, meta-analyses
reported that biochar application typically increases crop yields ranging between 10%
and 13%, although outcomes vary with soil characteristics, application rates and biochar
properties [118—121]. The authors added that this yield increase suggests that biochar
acts as a matrix to increase fertilizer use efficiency to a greater extent. Yang et al. [122]
reported that increasing the biochar application rate from 10 to 40 t ha™ ! resulted in
a significant reduction in total rice yield. Tammeorg et al. [104] revealed that biochar
application had no significant effects on leaf area index (LAI), Soil Plant Analysis Devel-
opment (SPAD), above-ground biomass (AGB), grain yield, or wheat quality, possibly
due to its high organic matter content and low nutrient availability in the soil. These
results are similar with other findings that the addition of biochar to soil does not affect
crop yield [86]. The results of an experiment by Enguwa et al. [58] showed that biochar
produced the highest marketable cabbage heads (24, 884 heads ha™), largest head girth,
and water use efficiency.

Yield responses to biochar differ by crop type, with strong benefits reported on veg-
etables, legumes, and grasses [123]. With the application of biochar, the globally cru-
cial commercial cereal crops such as rice, wheat, and maize increased productivity by
approximately 16, 19, and 22% [119]. Biochar made from different feedstock had a sig-
nificant effect on the yield. Dai [112] indicates that biochar from crop residues, straws,
manure, and sewage sludge increased yield effects than biochar from woody biomass
when not integrated with fertilizers. Additionally, the relatively poor performance of
woody biochar could be attributed to its high lignin content and inherently low nutri-
ent profile. High lignin slows down decomposition, limiting microbial activity in the
soil, while low levels of essential nutrients, such as nitrogen and phosphorus, reduce its
immediate benefit as a soil amendment [74, 124].

3.2 Compost as a soil amendment on wheat production
Composting is an aerobic process in which organic materials are broken down by
microorganisms into a humus-like end product under controlled conditions [2, 76,
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125]. Feedstock for composting include agricultural wastes (e.g., crop residues, animal
manure), municipal and urban wastes (e.g., food scraps, municipal solid waste, garden
trimmings), and industrial organic—products [79]. Composting proceeds through three
key microbial phases: the mesophilic phase, where microorganisms initiate the break-
down of readily degradable organic matter; the thermophilic phase, dominated by
heat—tolerant microbes that accelerate the decomposition of complex compounds and
eliminate pathogens; and the maturation phase, during which mesophilic organisms fur-
ther stabilize the material into a humified and biologically stable compost [126—128].
Similar to biochar, composting contributes to circular economy practices by converting
organic wastes into valuable soil amendments that support sustainable agriculture [125,
129].

Compost can be mature but the quality may vary depending on nutrient composition
and feedstock type [130]. However, the type of material or feedstock utilized affects the
nutrient value. Because of this, compost cannot be used as an organic fertilizer until it is
mature. Plants may burn, grow stunted, or even die if applied too soon. Immature com-
post smells poorly and has a wide range of carbon and nitrogen ration [131]. However,
the decomposition process continues after it is absorbed into the soil. Compost has been
shown to positively affect the environment, fertility, and soil quality [132].

3.2.1 Theinfluence of compost on soil properties

Adding compost to the soil helps improve physical properties, increases aggregate sta-
bility, stimulates microbial activities, enhances nutrient cycling and support crop growth
[5, 133]. A review by Viaene et al. [132] found that compost incorporation generally
reduced bulk density, enhanced infiltration and hydraulic conductivity, and increased
water content and plant available water compared to unamended controls. The improve-
ment in infiltration following compost addition is generally linked to reduced bulk den-
sity and increase porosity and [134].

Field experiments were conducted, and the results showed that compost and vermi-
composting treatments significantly influenced soil physical and chemical properties,
such as electrical conductivity (EC), pH, organic matter, as well as macro and micro-
nutrient content [135]. Liu et al. [136] studied biochar and compost’s short—term effect
on soil fertility and water status under field conditions. The results indicated that high
rates of compost application (e.g. 32.5 Mg ha™!) had minimal short—term impact on
soil organic carbon and that a high quantity of mature compost is required for a long-
term increase in SOC. Kranz et al. [133] reviewed twenty-five papers where compost
was incorporated in urban soils. Compared to unamended controls, compost incorpora-
tion reduced bulk density, enhanced water infiltration and hydraulic conductivity, and
increased water content and plant available water. Research indicates that higher com-
post application rate are associated with significant increases in soil porosity [137]. Both
positive and negative soil properties responses have been reported for various crops due
to compost application to soils, provided in Appendix A (Table 2).
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3.2.2 Effect of compost on crop growth and productivity

Farmers’ adoption of soil amendments is strongly influenced by their potential to
enhance crop yields. However, most research to date has focused on the effects of com-
post on soil physical properties in agricultural systems rather than on crop establish-
ment and yields [133]. However, improving soil physical and chemical properties can
improve crop productivity. Application of compost from different feedstock such as
date-palm, stover compost, straw compost, composted pineapple residues, and some
combinations of compost increased yield and yield components of rice, sorghum, mel-
ons, and maize, respectively [5, 123, 138, 139]. By improving soil structure and aeration,
compost enhances root penetration and plant growth compared to unfertilized soils.
Additionally, humic compounds in compost act as natural growth stimulants, encourag-
ing root elongation and development [138, 140]. Bezabeh et al. [137] found that compost
with effective microorganisms and vermicompost significantly increased wheat grain
yield compared to traditional compost and mineral fertilizer in year one.

Integrating compost and mineral fertilizers or biochar often produces synergistic
effects, leading to greater yield improvements than sole application [113]. Compost,
when applied alone, causes modest increases in yields, primarily due to the slow release
of nutrients and low availability of nitrogen and phosphorus [141]. However, when com-
post is combined with mineral fertilizers, crop yields often improve substantially. This
is due to the fact that mineral fertilizers provide immediate nutrient availability to the
crops, while compost enhances nutrient retention and uptake, which has a synergistic
effect on plant growth and productivity [142, 143]. Combined application of compost
and inorganic fertilizers is better than the sole application of organic manure or inor-
ganic chemical fertilizers in terms of improve soil health, crop growth and yield [144].
Shah et al. [143] observed an increase in grain weight of wheat through combined appli-
cation of compost and mineral fertilizer.

Similarly, combining compost with biochar can also lead to yield improvement, though
often more gradually compared with their sole application [4, 113, 141, 145]. Biochar
increases water retention and nutrient holding capacity, and compost provides organic
nutrients and microbial stimulation. The combined application of biochar and compost
yield response tends to be moderate in the short term but increases with successive
growing seasons, especially where soils are degraded or low in nutrients [141].

3.3 Vermicompost as a soil amendment on wheat production

Vermicompost is an amendment generated through the biological activity of earth-
worms, which decompose organic wastes into a nutrient-rich, humus-like substance
[146—-148]. The most commonly used Epigenic species include Eisenia fetida, E. andrei,
Eudrilus eugeniae, and Perionyx excavates. Furthermore, there are a few species; how-
ever, they exhibit limited potential for vermicomposting. These include Anaeic species
such as Lumbricus terrestris, L. polyphemus, Lampito mauritii, Apporrectodea trap-
ezoids, and A. longac; Endogenic species such as Octochaetona thurstoni, Aporrectodea
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caliginosa, Allolobophora rosea, and A. caliginosa [146, 147, 149]. Vermicompost is pro-
duced by preaparing a suitable substrate, such as crop residues, animal manure, kitchen
waste, or other biodegradable materials. Earthworms are then introduced into a sub-
strate under controlled conditions of moisture (60—70%), aeration, and temperature
(20-30 °C), to decompose the organic matter [150]. The end product is a dark—coloured
and stable organic fertilizer with essential macro- and micronutrients, plant growth
regulators, and advantageous microbial populations [151]. Although the technology is
economically viable, environmentally sustainable, and socially acceptable, this practice
in Namibia remains at its initial stage, with only a few businesses venturing into vermi-
composting and limited unpublished research work [152].

3.3.1 Influence of vermicompost on soil properties, growth and yield

Vermicompost plays a crucial role in sustainable agriculture by enhancing soil fertility
and crop growth without dependence on chemical fertilizers [153]. It provides essential
nutrients such as nitrogen, phosphorus, potassium, and trace elements, in forms that
plants can readily absorb along with trace elements [146, 151, 154]. Furthermore, ver-
micompost includes humic substances and phytohormones such as auxins and gibberel-
lins, which stimulate root growth and plant development [153, 155]. Its application has
been demonstrated to enhance germination rates [156, 157], improve crop quality, and
increase the resistance of plants to pests and diseases, thereby decreasing input costs
and promoting environmentally sustainable farming practices [158-160].

It enhances soil properties by improving structure, porosity, and water retention,
increasing drought resistance. Furthermore, it enhances the cation exchange capacity
(CEC), organic matter content, nutrient retention, and soil pH buffering capacity [16—
162]. It boosts microbial diversity and activity, supporting beneficial organisms that sup-
press soil-borne pathogens, enhance nutrient cycling, and reduce heavy metals in the
soil [151]. These combined effects enhance soil health and long-term productivity, mak-
ing vermicomposting a crucial practice in sustainable agriculture and land management.
The results from research review have been reported for various crops as affected by
vermicompost application to soils, provided in Appendix A (Table 3).

3.3.2 Impacts of combined application of organic fertilizers on soil properties, crop growth,
and yield
Combining biochar and compost as a soil amendment is a promising approach to benefit
crop growth and nutrient cycling [16]. There is an increasing interest in the combined
application of biochar and compost within the agricultural sector [125]. Together, the
two components could synergistically enhance each other’s properties [16]. Combined
application of the two soil amendments increased maize grain yield by 2% more than
sole applications. The combined application of the two amendments increased yield by
26% in a maize field trial [163].

Compared with the sole application, the combined application of biochar and com-
post improved all growth and yield characteristics in maize. Soil organic carbon, total
N, available P, and available K increased. However, soil pH decreased with biochar and
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compost application [113]. Different studies in showed that the combination of biochar
and compost application on soil showed a synergistic effect on soil nutrient contents
under field conditions, enhanced soil quality, increased plant growth, and improved
water retention capacity [12]. Applying biochar with compost can enhance compost
properties, leading to a higher added value and a much better carbon sequestration
potential than mixing biochar and compost with soil [8]. Agegnehu et al. [97] concluded
their findings on biochar and biochar-compost effects on peanut, soil properties, and
greenhouse gas emissions. The application positively impacts soil fertility through its
effect on SOC, CEC, and plant-available nutrients.

3.4 Inorganic/chemical fertilizer on crop production

Fertilizers like urea, NPK, potassium chloride, ammonium nitrate, and others are
examples of inorganic fertilizers that are widely used. In agriculture, they are applied
to increase soil fertility. The benefits of using inorganic fertilizers include faster plant
development, increased yield, and quickly accessible crop nutrients. Despite their many
advantages, chemical fertilizers are known for being expensive. Conversely, the extensive
use of inorganic fertilizers results in numerous health issues and degrades soil. Further-
more, the fact that inorganic fertilizers are made up of simple chemical compounds with
known compositions sets them apart from organic fertilizers. Farmers combine organic
and artificial fertilizers for their crops due to the issue above [164].

Nitrogen is crucial for vegetative growth, chlorophyll production and protein syn-
thesis. It is fast acting and results in vigorous crop growth, making it suitable for crops
like maize, rice and wheat [165]. It is a major element that boosts the potential of yield
and quality components of crops [165, 166]. Phosphorus is the second most important
macronutrient after nitrogen, responsible for energy transfer and root development
[167, 168]. Despite its significance, phosphorus availability in tropical soils is frequently
restricted due to the presence of iron and aluminium oxides, a characteristic feature in
numerous regions of sub-Saharan Africa, including certain areas of Namibia. This cir-
cumstance highlights the need for meticulous phosphorus management and the poten-
tial inclusion of organic amendments to improve bioavailability. Abera [24] found that
the combined use of nitrogen and phosphorus increased the yield of bread wheat while
maintaining acceptable economic benefits. Meanwhile, potassium regulates enzyme acti-
vation and assimilate translocation. This nutrient is vital for stress tolerance, especially
under drought and salinity conditions, and improves crop quality traits like grain fill-
ing [169, 170]. EI-Mageed [170] reported that wheat yield and yield characters improved
with higher potassium fertilizer rates. Potassium deficiency can limit crop productivity
in poor, sandy soils, which are common in Namibia’s northern regions [171, 172].

3.4.1 Organic amendments and nitrogen fertilizer effects on soil properties and crop
productivity

The effects of organic amendments and nitrogen fertilizer on yield and nitrogen use effi-
ciency on barley were investigated by Agegnehu et al. [141] in central Ethiopian high-
lands. The experiment showed high uptake, agronomic, and apparent recovery efficiency
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of applied N with biochar, compost, and their combination. The highest yield (60%) was
obtained using organic amendments with moderate rates of N fertilizer. Organic amend-
ments and N fertilizer significantly increased grain and straw N content. Thus, biochar
can be mixed with inorganic fertilizer and yield well. Khan et al. [21] studied how bio-
char optimizes wheat quality, yield, and nitrogen acquisition in low fertile calcareous
soil treated with organic and mineral nitrogen fertilizers for two years and found that
grain yield showed significant differences (P < 0.05) in response to the application of bio-
char. Wang et al. [173] displayed that the combination of organic and nitrogen fertilizer
reduced root (39.3%), shoot (31.3%), and total biomass (31.6%) compared to control with
fertilizer.

A meta-analysis by Ye et al. [174] observed decreased crop productivity on biochar
sole application. However, biochar increased crop productivity by 15% compared to
inorganic fertilizer when combined with inorganic fertilizer. A study by Elfeel and Abo-
hassan [175] revealed that the combined application of compost and NPK increased the
leaf area of the leguminous trees. However, the increase was more significant with NPK
fertilizer only. Basir et al. [142] reported that the application of compost and NPK sig-
nificantly increased plant height and improved wheat grain yield. They further explained
that one of the reasons for influencing plant height by enriching the compost applied as
an organic source of nutrients is the slow release of nutrients that may have supported
crop growth throughout the growing season.

Zhang et al. [111] reported a decrease in soil bulk density at 40 t ha™! of biochar by 0.1
g cm™ and by 0.12 g cm™ and an increase in soil pH by 0.24 and 0.46 with and without
N fertilization, as compared to the treatment with no biochar. In another study by Zhang
et al. [107], biochar reduced soil bulk density and boosted soil total N contents but did
not affect soil mineral N.

4 Conclusion

Wheat production in the semi-arid conditions of Namibia faces considerable challenges
due to nutrient depletion and soil degradation. Both organic and inorganic soil amend-
ments such as biochar and compost, present promising strategies to restore soil health,
increase crop production, and contribute to climate change mitigation as carbon sinks.
Even with extensive global studies, considerable knowledge gaps remain, particularly
regarding field-level trials on cereal crops in developing countries, including Namibia.
Critical factors such as optimum incorporation rates, depth of application, and particle
size, particularly for biochar, are either irregularly reported or poorly studied.

The combination of organic and inorganic amendments can provide a more affordable
and sustainable alternative for resource-constrained farmers. However, it needs to be
confirmed by locally relevant field studies. To fully exploit the potential offered by these
amendments to wheat farming under semi-arid conditions in Namibia, long-term field
trials that resolve such pragmatic uncertainties must be prioritized in future research.
This will offer empirical guidance to agricultural stakeholders and policymakers seeking
to optimize productivity, soil fertility, and environmental sustainability under challeng-

ing environments.

Appendix 1
See Tables 1, 2 and 3
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