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Abstract

Plant needs sufficient nutrients to grow. Sub-Saharan Africa is experiencing a critically
negative nutrient balance, and nutrient input from fertilizer and mineralization of organic
matter is smaller than nutrient output as harvested crops, leaching and erosion. Witch
increasing difficulties in the food production systems, there is a need to adapt management
practices that increase the soils health and fertility. Conservational agriculture (CA) is one
such farming system that uses novel technology and aims to be a sustainable, resource-saving
agricultural production system that intensifies production and produces higher yields through
three main principles. These are minimal soil disturbance (minimum tillage), crop rotation,
and permanent residue cover, together with integrated weed management. Biochar is often
done in addition to CA. This is so that the soils carbon content could potentially increase.
Rotetation with pigeon pea is quite common in easter Africa, wharea as it is a new
management practice in Zambia. Pigeon pea is nitrogen fixating, and there is a hope to

increase both soils nitrogen content and plant available N.

The first cropping season of the farm trials in Chipata and Mambwe, did not give what was
expected of the experiment. There was no significant difference between treatments when it
came to the carbon and nitrogen content. Biochar did not increase the soils content of C as
expected, it could not be seen in SOC, HWEC or SOM. Pigeon pea did not have a significant
effect on the soils content of N or the plant available N. There was also no effect of biochar
on N mineralisation rate. It was surprising that the N mineralisation went down with
increasing HWEC (and tot C and tot N) as it was expected to increase. This could potentially

be due to an error done under incubation of the soil samples.

There were a lot of significant differences between the two districts. Chipata were found to
have lower pH than Mambwe. Both districts experienced increase in pH on the plots where
BC were added. Mambwe had higher content of tot C, and thereby higher C/N rate. SOC/clay
rate were also found to be higher in Mabwe, ass both clay and SOC content were higher for

Mambwe.

None of the hypothesis that this thesis was to answer shown to be correct for the data

collected. There is a need for more data.



Sammendrag

Planter trenger tilstrekkelig naring for a vokse. Afrika ser for Sahara opplever en kritisk
negativ naeringsbalanse, og tilfgrselen av naring fra gjgdsel og mineralisering av organisk
materiale er mindre enn naringsutgangen som hgstede avlinger, lekkasje og erosjon. Med
gkende utfordringer i matproduksjonssystemene er det behov for a tilpasse forvaltningspraksis
som gker jordens helse og fruktbarhet. Conservational agriculture (CA) er et slikt
jordbrukssystem og har som mal & vere et baerekraftig, ressurshesparende
landbruksproduksjonssystem som intensiverer produksjonen og gir hgyere avlinger gjennom
tre hovedprinsipper. Dette er minimal jordforstyrrelse (minimum jordbearbeiding),
vekstrotasjon og permanent dekning av restmateriale, sammen med integrert ugresskontroll.
Tilfarsel av biokull blir ofte gjort i tillegg til CA. Dette er slik at jordens karboninnhold mulig
kan gke. Rotasjon med pigeon pea er ganske vanlig i @st-Afrika, mens det er en ny praksis i
Zambia. Pigeon pea fikserer nitrogen, og det er hap om a gke bade jordens nitrogeninnhold og
tilgjengelige plantenzringsstoffer.

Den farste dyrkingssesongen av gards forsgkene i Chipata og Mambwe, ga ikke det som var
forventet av eksperimentet. Det var ingen betydelig forskjell mellom behandlingene nar det
gjaldt karbon- og nitrogeninnholdet. Biokull gkte ikke jordens C-innhold som forventet, det
kunne ikke sees i SOC, HWEC eller SOM. Pigeon pea hadde ingen betydelig effekt pa
jordens N-innhold eller tilgjengelige plantenzringsstoffer. Det var heller ingen effekt av
biokull pad N-mineraliseringshastigheten. Det var overraskende at N-mineraliseringen gikk
ned med gkende HWEC (og tot C og tot N), da det var forventet & gke. Dette kan mulig
skyldes en feil gjort under inkubasjon av jordprgvene. Det var mange signifikante forskjeller
mellom de to distriktene. Chipata ble funnet & ha lavere pH enn Mambwe. Begge distriktene
opplevde gkt pH pa de parsellene der BC ble lagt til. Mambwe hadde hgyere innhold av tot C,
og dermed hgyere C/N-forhold. SOC/Ieirrate ble ogsa funnet & veere hgyere i Mabwe, siden
bade leire og SOC-innhold var hgyere for Mambwe. Ingen av hypotesene som denne
avhandlingen skulle svare pa viste seg a vare riktig for de innsamlede dataene. Det er behov
for mer data.
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1| Introduction

The world's food systems are experiencing massive challenges, such as the effects of the
climate crisis, conflict, resource scarcity, inequality, food insecurity, malnutrition, and
environmental degradation (Dury et al., 2019). These challenges are essential to tackle as the
world's population grows rapidly. This is particularly true for sub-Saharan Africa (SSA), an
area highly at risk of climate change, with a relatively dry climate and soils largely depleted in
nutrients (Rumley and Ong, 2007). Stewart et al. (2020) reported that nutrient limitation is a
central issue contributing to poor yields in SSA. This may further expand agricultural fields,
thus enhancing soil degradation (Tully et al., 2015). Most of the SSA population's

livelihood is deeply dependent on agriculture (Serdenczny et al., 2016).

Zambia, a country in SSA, with a population of around 21 million people and rapidly
expanding, has serious challenges concerning poverty and food resources (World Population
Review, 2024). A greater part of the population resides in rural communities, and agriculture
is the primary source of income for its rural economy (Ngoma et al., 2017). Smallholder
farmers account for more than 80% of the nation's output, and the majority (83%) have small-
scale maise production, primarily for their own consumption (Mulenga et al., 2017). With the
looming threat of climate change, particularly increasingly erratic rainfall and rapid
population growth, the economy and food security of the rural population are likely to come
under stress (Ngoma et al., 2017). Thus, the issue of soil fertility and soil degradation need

to be addressed to avoid poor productivity (Mapiki and Phiri, 1995). Developing novel

technology for sustainable agriculture production is essential to tackle these challenges.

The conditions for agriculture vary across Zambia, and the country has been divided into three
agroecological zones (figure 1) based on annual rainfall for the region. Region | cover the
valleys in the southern part of the country and receives less than 800 mm of annual rainfall.
Region Il covers the central parts of the country, receives an average of 800-1000 mm rainfall
annually and is the area with the most fertile soils. Region Il covers the northern parts and
receives above 1000 mm of annual rainfall. The soil in Region 111 is also highly leached and

acidic, which results in low-productivity farmland (Chikowo, 2023).

Plants need sufficient nutrients to grow. Especially micronutrients like phosphorus (P),
nitrogen (N) and potassium are essential for growth (Taiz et al., 2015). SSA is experiencing a
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critically negative nutrient balance, and nutrient input from fertiliser and mineralisation of
organic matter (OM) is smaller than nutrient output as harvested crops, leaching and erosion
(Farge and Magid, 2004). In addition, as mineral fertiliser has generally been too expensive
for smallholder farmers (Magnon et al., 2019), management practices need to be adapted

where nutrients are added to the soil through other methods (e.g. manure, N fixing plants).

Nitrogen is an integral component of many essential plant compounds. The plant roots take
nitrogen from the soil as dissolved nitrate (NO3-) and ammonium (NH3+) ions. Most of the N
in terrestrial systems is found in soil. Understanding N is fundamental to solving many
environmental, agricultural, and natural resource-related problems. Deficiencies or excess of
nitrogen have significant impacts on the health and productivity of the world's ecosystem
(Weil and Brady, 2017, p. 601-605). Across the SSA, there is a need to optimise N use for
both nutrient security and to minimise environmental risk (e.g., nitrate leaching and N20
emission). Masso et al. (2017) commented on the challenges of managing N use in SSA and
linked it to both insufficient use and excessive loss. About 80% of the countries in SSA have
N deficiencies, which leads to chronic food insecurities and malnutrition. Masso et al. further
claim that limited research has been conducted to improve N use for food production, and
thereby, adoption remains low. This is particularly true for resource-poor smallholder

farmers.

Another study by Abera et al. (2012) investigated the effect of C and N mineralisation of
organic residues in tropical soil. The residues used were from haricot bean and pigeon pea,
both legumes. Legumes are a viable source of N and could offset N depletion caused by
continued monocropping of, e.g. cereals (Beyene et al., 2004). They are also found to help
sustain soil organic matter (SOM) content, enhance biodiversity, improve physical properties,
increase nutrient availability, improve water infiltration, decrease evaporation, and increase
the water-holding capacity of soils (Kumar and Goh, 2000; Paalm et al., 2001). Pigeon pea
has also been identified as a mobiliser of plant-available P (Ae et al., 1990). Abere et al. found
that there are significantly greater NH4+ -N and NO3--N concentrations in the soil when
treated with the pigeon peas residues, showing that legume residues can be a potential
fertiliser for soil that is depleted in N in tropical soils. They also found that applying legume
residues to an immobilised inorganic N pool could be a good strategy to mitigate NO3 loss
when the C/N ratio was high. This can reduce environmental pollution and offer high C

sequestration as there is little CO2-C loss. The immobilisation of N could also be a



great approach for synchronising the N nutrient release and crop N requirement by adjusting
the C/N ratio (by mixing residues with different qualities) and by utilising microbes as an
ephemeral nutrient pool during the early crop growth period.

Soil organic matter (SOM) is vital for sustainable food production and combat an irreversible
climate crisis. SOM is an incredibly important renewable natural resource that supports
many important ecosystem services, such as providing food and fibre, regulating climate and
water cycles, regenerating fertility, and supporting the immense biodiversity of soils (Smit et
al., 2015). SOM is primarily found in forms of particulate organic matter (POM) and mineral-
associated organic matter (MAOM), and a small portion (1-2%) is found as dissolved organic
matter (DOM). The forms of SOM are defined based on their physical properties, with
MAOM being heavier and/or finer than POM and DOM being water-soluble/extractable
(Lavallee et al., 2020). The depletion of OM causes a loss in water holding capacity, poor
aggregation, acceleration in soil erosion, poor retention of applied nutrients, and reduced soil
biological enzyme activities. Combinations of these factors cause a loss in productivity. Loss
of SOM may also cause poor ground and surface water quality. Therefore, maintaining and
improving SOM in agricultural soils is pivotal to land sustainability (Doran and Parkins,
1994; Gregorich et al., 1994; Campbell et al., 1999).

The conversion of land for agricultural use over millennia, but especially in the past 200
years, humans have consumed large amounts of SOM by accelerating its rate of
mineralisation and erosion, resulting in an estimated global loss of 133 Pg C from the top 2 m
of soil (Sanderman et al., 2017). Soil represents a significant carbon stock and consists of soil
organic carbon (SOC) that is derived from photosynthesis and soil inorganic carbon as
carbonated minerals (Wang et al., 2012). SOC is the main component of SOM,

and it's estimated that there is around 58% C in SOM (Pribyl, 2010). The loss of SOC is one
of the main factors of soil degradation alongside erosion and nutrient loss (Srinivasaraeo et
al., 2015). The loss of SOM and, therefore, the loss of C present the opportunity for
regenerating SOM, accruing the lost C back into the soil. Large-scale soil C sequestration
efforts are needed, and relevant land management practices based on local soil capacities must
be adapted (Amelung et al., 2020). Lal (2004) found that a considerable amount of SOC pool
can be restored by adopting restorative land use combined with recommended management

usage, such as conservation tillage with cover crops and crop residual mulch.



The labile part of SOC is the most readily available fraction for microorganisms and is
responsible for improved nutrient availability due to its easy decomposition. The labile
fraction comprises 2-5% of SOC (Weigel et al., 2011) The quick decomposition of labile SOC
is also associated with the N mineralisation of this fraction. Natural vegetation has higher
SOM than agricultural land, and much of the organic litter returns to the soil (Martinsen et al.,
2017). To maintain a large SOC stock, it is therefore essential in agricultural systems to use
residues from the crop to add nutrients back to the soil.

The passive, complex and stable SOC pool is essential for C sequestration, the soil's water-
holding capacity, soil aggregation, aggregate stability, soil structure, and erodibility (Weigel
etal., 2011). It is also largely bound to clay particles. Therefore, SOC values are highly site-
dependent and strongly correlate with clay content (Weigel et al., 2011). SOC/clay ratio has
been proposed as an indicator of healthy soils, as SOC influences a range of soil properties,
making it a central indicator of soil function and health. Dexter et al. (2008) determined that a
SOCl/clay ratio of 1/10 is an approximate limit for SOC with clay particles. This is based on
Polish and French soil datasets and tested on Danish soil. SOC/clay ratios of 1/8, 1/10 and
1/13 indicate thresholds of structural condition and are better with higher SOC/clay ratios
(Johannes et al., 2017). European Soil Monitoring Law classifies SOC/clay ratio below 1/13
as unhealthy soils.

Soil microbial biomass has been shown to be sensitive to short-term changes in soil
management. However, as determining soil microbial biomass is time-consuming and, in
most cases, must be measured at field moist conditions or pre-incubation at a certain moisture
and temperature, this creates a delay in analysing the changes to SOM content (Ghani et al.,
2003). Past studies have successfully used direct extraction methods for determining the labile
pool of SOC (Burford and Bremner, 1975; Haynes and Francis, 1993; Fisher, 1993). Sparling
et al. (1998) found that hot water extractable C (HWEC) relates well with microbial biomass.
Moreover, Fisher (1993) showed that HWEC content in soils was strongly correlated with
CO2 evolution, which indicates that a portion of HWEC must be readily available for
microbes. The hot water extractable method can also be used to determine a readily available
pool of organic N (Keeney and Bremner, 1996). Ghani et al. (2003) used pre-established trial
sites on allophonic soils to investigate the impact of long to medium-term pastoral
management practices (i.e. fertilisation and grazing intensity) on a range of soil biological

properties (e.g. HWEC, water-soluble C, hot-water extractable total carbohydrates, microbial



biomass-C and N and mineralisable N). HWEC was found to be the most sensitive and
consistent indicator examined at 52 different sites. The impact of different land uses on the
amounts of HWEC in the same soil type was greater than what was observed for SOC.

Changes in the weather pattern across the SSA (Stern and Copper, 2011) have made farmers
more and more aware of the climate changes, and thereby, there is a potential for greater
motivation to adapt to more sustainable and climate-smart agricultural practices among
farmers (Mubaya et al., 2012). Changing to a more climate-smart agricultural solution is
crucial in tackling the agricultural challenges of a changing climate. Moreover, with the
challenges of rising population, there is a need to increase agricultural productivity and
incomes sustainably. Agriculture needs to adopt farming systems that are resilient against the
impact of climate change and contribute to climate change mitigation where possible (FAO,
2017).

Conservational agriculture (CA) is one such farming system that uses novel technology and
aims to be a sustainable, resource-saving agricultural production system that intensifies
production and produces higher yields through three main principles. These are minimal soil
disturbance (minimum tillage), crop rotation, and permanent residue cover, together with

integrated weed management (Farooq and Siddique, 2015).

However, the effect of CA is debatable. A meta-analysis done by Corbeels et al. (2020) of 933
studies across 16 SSA countries reports that CA only causes a 3-4% increase in yield
compared to conventional practices of seven major crops. Their report concluded that CA
may bring soil conservation benefits, but it is not a technology for smallholder farmers to
overcome low crop productivity and food insecurity. Thierfielder et al. (2017) investigated
how climate-smart CA is. Based on analyses of research done in Southern Africa, CA has the
potential to adapt to some negative effects of change in climate, like dry spells, and it is

widely accepted that it increases infiltration, soil water retention, and reduces evaporation.

Other studies have shown the potential of CA in increasing crop yield, through improving
physical, chemical, and biological soil properties (Muchabi et al., 2014). Umar et al. (2011)
also showed that the annual addition of crop residues improved the SOM. However, this is
only sometimes the case, according to a meta-analysis conducted by Powlson et al. (2016).
They found that SOC stocks under CA in SSA increased between 0.28 and 0.96 Mg

C/halyr. Yet, there were greater variations in values, and a significant portion of the cases had



no noticeable increase. In addition, a great number of reported SOC stock increased under
CA are incorrect due to an overestimation based on inappropriate soil sampling methodology:
equal soil depth rather than equal soil mass. It is essential to understand if the significant
increase in SOC stock comes from a net additional transfer of C from the atmosphere to land
(genuine climate change mitigation) or if it is a spatial redistribution of organic C in soil.
Powlson et al. concluded that the SOC increase caused by crop diversification was almost
certainly a genuine mitigation. Powlson et al. also commented that CA adoption by
smallholders in these areas faces social and economic barriers and that it would be unwise to

assume CA to be a large-scale strategy for climate change mitigation.

In addition to CA adaption, the application of biochar (BC) as a soil amendment has been
proposed to enhance soil quality and improve crop productivity in weathered and eroded soils
(Biederman and Harpole, 2013). The International Biochar Initiative defines biochar as an
alkaline carbonaceous solid material derived from the thermochemical conversion of organic
feedstock in an environment limited in oxygen, called pyrolysis (Ghodszad et al., 2021).
Biochar amendments have been shown to result in more developed root systems and higher
yields (Abiven et al., 2015). A study by Yadav et al. (2018) found that amendment of soils
that have potentially higher losses of nutrients through leaching had an increase in fertiliser
use efficiency with the use of biochar.

A meta-study by Singh et al. (2022) investigated the influence of biochar application on
different soil properties and crop productivity. The study distinguished between different
experimental setups, laboratory greenhouse and field experiments; in total, 59 studies

that were published between 2012 and 2021 were analysed. In general, the effect of biochar
application on most of the soil properties was greater for the experiments in the laboratory and
greenhouse than for the field experiments. Biochar may undergo weathering and degradation
(Anderson et al., 2014), while it also may be diluted due to mixing into soil profile due to
tillage (Schatter et al., 2018). Both factors will lead to a decrease in the effect of biochar on
soil properties (Li et al., 2020). The protected conditions in greenhouse or laboratory studies
combined with litter or no dispersion provide less change in biochar concentrations and

properties, thereby having a greater effect on soil quality.

Studies have also shown that the biochar feedstock and pyrolysis temperature influence the
biochar's properties. Li et al. (2019) review earlier reported data from independent studies to
see if biochar's properties could be predicted. As different feedstock is used to produce BC
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under different pyrolysis conditions, the resulting BC would differ in physicochemical
properties, impacting biochar's agricultural and environmental performance in its real-world
applications. Even though other factors might impact BC properties, it was found that many
critical properties, such as biochar yield, pH, CEC, specific surface area, ash content, volatile
matter content, and elemental composition, have been found to correlate significantly with

pyrolysis temperature.

It is common to use agricultural waste material to produce biochar. Cornelissen et al. (2013)
observed that using biochar in combination with CA practice motivated farmers to generate
their own material. The use of agricultural waste material as sole biochar feedstock is
recommended to avoid putting extra pressure on other limited resources (e.g. wood)
(Cornelissen et al., 2013). As maise is one of the major crops in Zambia, it is also

the main agricultural waste material. A study done by Shareef et al. (2018) found that
increasing the pyrolysis temperature from 300°C to 600°C led to an increase in carbon content
for biochar made from maise straw and corn cob. The increase was 67.5 to 76.93% in maise
straw biochar and 71.6 to 80.4% in corn cob biochar. They also found that biochar made from
maise straw increases pH more than corn cob. The higher increase was for biochar made at a
pyrolyse temperature of 600°C. The increase in pH was for maise straw BC 0.21 and 0.53, for
300°C and 600°C, respectively. For corn cob BC, the pH increased by 0.18 to 0.33 for 300°C
and 600°C, respectively. Another study done by Adekanye et al. (2022) also looked at maise
cob BC and found, however, that biochar yield decreased with an increased temperature.
Moreover, BC produced at 300°C had the highest fixed carbon (60.5%).

One feedstock for BC is the woody biomass of pigeon pea (PP). The crop has gained more
interest and has been suggested for rotation with other crops, such as maise, under CA. Maise
is a major staple food in SSA, but low soil fertility, limited resources and drought keep yields
low. Therefore, cultivation of maise intercropped with PP is common in some areas of eastern
and southern Africa (Myaka et al., 2006). Perennial PP may have a greater capacity to
replenish soil fertility than annual grain legumes, as they can exploit the residual water and
subsoil nutrients that crops cannot utilise, withstand drought, and hence produce higher
biomass. They also grow year-round and thereby may lead to higher N fixation (Giller et al.,
1997). It is not only of fertiliser value, but it also provides valuable dry-season animal feed
and seeds for human consumption (Abebe and Diriba, 2002). Other advantages of PP include

no recurring establishment costs, the opportunity to grow crops simultaneously without



sacrificing land, improved soil physical conditions, and higher water infiltration because of
their root activity (Rao et al., 1998). It also offers the benefits of improving long—term soil
quality and fertility when used as green manure, cover crop (Bodner, 2007), or alley crop
(Mapa and Gunasena, 1995). Sogbedji (2006) found that maise yields increased by 32.1% in
West Africa by using PP as a cover crop. This is probably because PP contributes about 40 kg
N/ha through N fixation, leaf litter fall and roots (Rao and Willey, 1981). PP is also known for
its ability to access insoluble P in soils that are low in P and increase the availability of

soluble P from following cash crops in the rotation (Hector and Smith, 2007).

A study done by Myaka et al. (2006) compared maise-pp intercrops to sole maise grown using
farmers' practices. Intercropping maise and PP increased the total system yield compared to
sole maise when looking at biomass, N and P accumulation. The PP planted in maise was not
found to reduce the accumulation of dry matter, N, nor P in the maise grain. There were also
no differences in harvest indices of maise, a total soil C and N content and inorganic N
content, and nitrate and ammonium were not affected by two seasons of intercropping when
compared to sole maise. PP was found to increase the recirculation of dry matter, N and P,
which can have a long-term effect on soil fertility. Dakora and Keya (1997) evaluated
traditional cropping systems in SSA. They found that crop rotation involving legume and
cereal monoculture is more sustainable than intercropping, a more dominant cultural practice.
Abebe et al. (2016) showed that pigeon peas had several agronomic and environmental
benefits when rehabilitating degraded land, high capacity in fixating N and improving the
soil's physical condition. PP have deep taproots, which take nutrients and water from deeper
soil horizons. It is also known for its ability to access insoluble phosphates in soils with low P
and increase the availability of soluble P from following crops in the rotation (Abebe et al.,
2016). Due to its high biomass production, with several harvests on one plant, there is also a
potential for additional income for smallholder farmers. But despite its popularity in eastern
Africa (e.g. Kenya and Uganda), pigeon pea is used little in Zambia.

1.2| The project

This study is a part of the research project NORDPART-2016/10498 (Academic cooperation
on sustainable, climate-smart agriculture between Zambia and Norway) at MINA, funded by

HK-DIR (Norwegian Directorate for International Collaboration in Higher Education). The



aim of the project is to study the effect of maize — pigeon pea rotation under CA with biochar,
under field conditions. And where leftover biomass after harvest can be used as feedstock for
biochar production and applied as soil amendment. And to see the comparison between two

agroecological regions (I and II).

1.3| Research objectives and hypothesis

The aim of this thesis is to assess the effect of planting pigeon pea and the addition of biochar,
on soils content of carbon and nitrogen in two different agroecological regions in Zambia

(agroecological region I and I1), under conservational agriculture.

The research question asked are: What is the effect of planting pigeon pea and adding biochar
to the soil on the soils content of carbon and nitrogen? For carbon, what effect does it have on
soil organic carbon content and hot water extractable carbon? And for nitrogen, what effect
does it have on tot N and mineral N, and what is the effect on N mineralisation rate?

The following hypothesis were tested to address this:

1. Adding biochar will increase SOC and HWEC.
2. Planting pigeon pea will increase nitrogen content and availability.

3. Adding biochar will increase N mineralisation rate.

2| Material and methods

Field work was done in collaboration with another NMBU master student Jostein Reitan
Fyrvik. There will therefore be some similarities in the description of study area, experimental

setup, and soil sampling.

Lab work was done at NMBU, where as background data and some additional data were done
at UNZA by Miyanda Moombe and Gideon Musukwa (unpublished data) and is found in
appx. B.



2.1| Study area

2.1.1| The sites
The field work and soil sampling were done in the Eastern Province of Zambia in the districts

of Chipata and Mambwe, the red arrow in figure 1 shows where Mambwe and Chipata is.

Mambwe is the top arow, and Chipata is the bottom arrow.

Figure 1 illustrate the different agroecological regions in Zambia. Zambia has a rainy season
from around November to May, and the remaining months are dry (Arslan et al., 2014). From
June through November, Zambia experience a long dry season. And there is only on cropping
season per year. Sowing starting around November/December and harvesting happening in
May/June (FAO, 2022).

Agro-Ecological Regions

LEGEND

Regions

;
la
b
n

KEY

—_— District boundary

Decamber 2002

Source: Soll Survey, ML Makulu Chilanga

Figure 1: Zambia’s administrative boundaries, with its agroecological regions I, 1Ib, Ila, IIl. Amount of
precipitation determine the agroecological regions; 1) less than 700mm, I1a/b) 800-1000mm, 111) 1000-1500mm.
The red arrows show the districts of the farm trials; Mambwe is the top red arrow, and Chipata is the bottom red

arrow. Source: FAO (CFA, Zambia Branch Homepage).

In 2022, 18 smallholder farms were selected in Eastern Province. These include ten farms in

the Chipata District and eight in the Mambwe District. Initially, there were ten farms in the
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Mambwe district, but two farmers withdrew. The thesis did not include two other farms in
Mambwe, as they had planted sunflowers on some of the trial plots. Thereby, only six farms

in Mambwe are included.

Agroecological region | is represented by the Mambwe district and is a dryer area, with mean
annual precipitation being between 600-800mm. Mambwe has a relatively dry tropical
savanna climate with warm to hot temperatures and distinct wet and dry seasons. October and
November are the hottest months, while June and July are the coolest months. The wet
season, from November to March, experiences significant rainfall—the dry season, from May
to October, has little precipitation. The soils on the farms in Mambwe are Luvisols. Luvisols
are described by FAO (2015) in World Reference Base for Soils Resources 2014 as “Soils
with a paedogenetic clay differentiation (especially clay migration) between a topsoil with
lower and subsoil with a higher clay content, high-activity clays and a high base saturation at

some depth”.

Agroecological region Il is represented by Chipata district, a wetter area with mean annual
precipitation between 800-1000mm. Chipata has a tropical savanna climate with distinct wet
and dry seasons. Where summers are warm and hot, reaching peak temperatures in
October/November. Winters are milder, with July being the coolest month. The wet

season, from November to March, brings high humidity and significant rainfall. The soils on
the farms in Chipata are Acrisols. Acrisols are described by FAO (2015) in World Reference
Base for Soils Resources 2014 as “very acid. Strongly weathered acid soils with low base

saturation at some depth”.

The farm trial sites were previously under Conservation Agriculture (CA) before they were
used for the research. These fields were primarily used to grow maize, but also groundnuts,
soybean, and cotton. A complete list of former land use can be found in appendix A,

providing a comprehensive understanding of the land's history.

2.1.2| Experimental setup

Each farm was under CA and had four treatments: with and without biochar, where either
pigeon pea or maize is planted. In this thesis, the treatments will be maize (M), maize with

biochar (MB), pigeon pea (PP), and pigeon pea with biochar (PPB). Figure 2 shows the setup
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for the 2022/2023 growing season. Maize cob biochar was added to the two biochar-amended

plots on each farm at a rate of 4 t/ha (i.e. 500kg per 1250 m2).

Planting was done in December 2022, with biochar added to two plots and fertilizer added to
maize plots. The fertilizer rate is 200 kg/ha (Compound D (ratio N-10; P205-20; K20-10; S-
6) and 200 kg/ha Urea (N = 43%).

Chipata had mainly rip lines, whereas Mambwe had mainly basins. Rip lines were 20 cm

deep, and basins were 20 cm, 20 cm wide and 35 cm wide.

The plots with only M could be considered control/background. Most of the fields before farm
trials were established were used to grow maize under CA. Background data from UNZA

used some different lab analyses than lab analyses used in this thesis, e.g., for tot N.

50m
< >
&
CA CA
M P
N
WEST g EAST
CA CA
2022/2023- 2022/2023-
MB PPB
Y
SOUTH

Figure 2: An example of a layout in the farm trials. One each farm a 50m x 50m square was set up in 2022 and
divided into four equally sized quadrants (25m x 25m = 625 m?). Addition of fertilizer to maize plots and
biochar, as well as planting was done in December 2022. All four quadrants were under conservational
agriculture (CA), using basins/rip line. Two of the quadrants were planted with maize (M) and two with pigeon
peas (PP), where one of the maize and one of the pigeon peas were amended with 250kg of maize-cob biochar
each (MB and PPB).
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2.2| Soil sampling

In August 2023, following the crop harvest, soil samples were collected using the composite
sampling method. Altogether, 68 soil samples were collected, and 64 of these soil samples (16
farms) were used in the thesis. 16 samples were taken from each of the treatments: M, MB,
PP, and PPB.

We collected a composite sample from each of the four plots from 8 basins/rip lines at a depth
of 0-20cm. The spots for the soil sampling in each plot were randomly selected. The samples
in the plots with BC were randomly selected but were also selected on the basis that BC was
visible in the sample. The upper few mm of soil was scraped away to avoid influence from
litter, as there was a varying amount of litter on top of the soil. For pigeon pea plots, it varied

if the farmers had removed the litter, and for maize plots, the plant was left after harvest.

The soil samples were collected using a Chaka hoe, a common farming tool in Zambia. It is
quite an efficient tole when the soils are dry and hard, as they were when we collected the
samples. The 8 sub-samples were mixed well in a bucked, and bigger soil pieces were

broken into smaller pieces. After mixing the soil well, it was then sieved in the field using a
2mm mesh sieve. In retrospect, this sieving may have caused the loss of some of the large BC
particles as we did not find back the expected BC-induced increase in SOC (figure 6).

We collected about 5009 of soil into zip-lock bags. As the samples were already quite dry
(dry season), it was decided not to air dry them. At UNZA, the soil was divided between
UNZA and NMBU, and 200g of each sample was brought back to Norway.

2.3| Laboratory analysis
2.3.1| Bulk density

Bulk density was measured using scoop method in the lab. It was done on the 40 samples
used to measure N mineralization rate. The sample was stirred well in the zip-lock bag with a
scoop that had the volume of 10 ml. The scoop where then carefully filed with the soil sample
and filled full of soil. The top of the scoop where then scraped off with a flat object (wooden
ruler), so that the volume of soil was 10 ml. The scoop where then placed on the weight,
which beforehand had been tared for the weight of the scoop, and the soils weight where
measured. The weight of the soil was then used in the calculation of the bulk density with
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regards to the soil texture. The calculation is based on Semb (1985) and modified by @ien
(unpublished). The connection between volume weight in lab (VLag) and volume weight
under natural storage (VOL) is dependent what it is most of; sand, silt, or clay (soil texture).
BD was calculated for VOL in consideration to sand (VOLsanp). The formula is found in

appx. A.

2.3.2| pH

pPHH20 Was measured in a soil-water suspension with 10 ml soil and 25 ml distilled water in
plastic bakers with lids, in accordance with Krogstad and Bgrresen (2019). They were shaken
a few times by hand, before being left overnight to let the soil-water achieve equilibrium. The
morning after the samples were shaken again a few times by hand. The pH was measured with
the pH meter PHM210, calibrated with pH 7 and pH 4 buffer solutions. When measured it
was made sure that the electrode did not touch the soil sediment. In between each

measurement, the electrode was rinsed thoroughly with water.

2.3.3| Total C and total N
Total carbon and total nitrogen were analysed using an element analyser described by Nelson,

D.W. and Sommer (1996) and Bremmer and Mulvaney (1982) respectively. The sample used
for this analysis were crushed with a mortar and dried at 55 °C beforehand to remove the last
of the water remaining. Around 200 mg of soil from each of the samples was weighed in on
tinfoil and analysed by Leco CHN628. Leco CHNG628 limit of detection for both C and N is
0.02 mg.

As an independent analysis of organic C was not included in this thesis total C will be
discusses as total organic carbon (TOC). Results of tot C are almost equal to organic C, due to
low pH of the soil (Martinsen et al., 2017)

C and N stocks were calculated based on volume of soil by multiplying depth of sampling,
BD, and elemental concentration. Mean value of BD for each district were used. Calculation

found in appx. A.
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2.3.4] Mineral N and N mineralization

The mineralization rate of N was determined in a 60-days incubation at room temperature.
The experiment uses the same approach as Munera-Echeverrie et al. (2020). The experiment
contained three parallel sets of the same 40 samples, in total 120 samples (40 samples x 3 set).
Five farms from each district were selected based on total N content found at the farm (low,
middle, and high mean value; appx. C). Set 1, 2 and 3 were removed after 0, 30 and 60 days.
No replica within each set. Of each of the air-dried soil 8 g was added to 50 ml polypropylene
tubes and the moisture content was adjusted to 36% (v/v). Based on the mean bulk density of
Chipata and Mambwe, 2.2 ml and 2.3 ml respectively, distilled water were added to the
samples. The lids were placed loosely on the tube, to allow gas exchange. After water was
added the 40 tubes for day 0 were immediately capped and placed in the freezer for storage (at
-18 °C). Every 10-12 day the water was replenished in the incubated samples after weighing.
It is important to check the samples regularly to see if they are getting to dry, as water needs
to be replenished before the samples dries out. After 30 and 60 days also the samples of the
second and third set, respectively, were removed, capped and frozen at -18 °C. Shortly after
the incubation was finished, the three frozen set of incubated soils were thawed and extracted
with 20 ml 2M KCI. The tubes were shaken horizontally for 1 hour at 200 strokes per minute
and filtered using Whatman filter (589/3). The KCI extract were analysed with respect to the
concentration of mineralised N (NH4" and NO3") by Flow Injection Analysis (FIA tar 5010).
The potential N mineralization rate was calculated by subtracting the initial amount of NH4*
and NOgz™ at day 0 (in mg/kg soil), from the amount determined after 30 days and 60 days (in
mg/kg soil). The concentration of NH4* and NO3™ (expressed in mg NH4-N/kg and mg NO3-
N/kg) at day O, was assumed to represent the concentration of mineral N at the time of
sampling (1 of August to 5" of August). The values may have changed during storage
following sampling. Limit of detection for FIA is >0.32 mg/kg.

2.3.5| Loss on ignition (LOI)

Of each soil sample, 5-10 g (roughly a tablespoon) was weighed into a previously weighed
crucible and dried in a drying cabinet for a night (at least 6 hours) at 105 °C. The crucible
with the sample is then cooled down for around 30 minutes after turning off the drying
cabinet and weighed after 30 minutes to determine dry matter content. Next, the loss on
ignition (LOI) is determined. The crucible with the dried soil was placed in a calcinating oven
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and calcinated overnight (for at least 3 hours) at 550 °C. After the crucible with the samples
had cooled down for at least 30 minutes the weight of the crucible with the sample was
measured. This was done in accordance with Krogstad and Barresen (2019). The calculation
of dry matter content and loss on ignition is found in appx. A. LOI were also correlated for

clay content (Krogstad and Barresen (2019) and is found in appx. A.

2.3.6| Soil organic carbon (SOC) calculation
SOM is assumed to contain 58% C (Pribyl, 2010). This percentage is widely used, and

sometimes credited to research van Bemmelen (Pribyl, 2010). Organic carbon content could
thus be estimated as a mass percentage of bulk soil by multiplying LOI (correlated) by 0.58,
resulting in SOCLoy).

2.3.7| Hot water extractable carbon (HWEC)

The method of HWEC is based on Ghani et al. (2003). HWEC is an estimate of the amount
of labile C (the fraction of easily degraded organic matter). HWEC was determined according
to Dong et al. (2020). 4.5 grams of soil were weighed into 50 ml centrifuge tubes, to which 45
ml of deionized water was added. The samples where then put into a hot water bath at 80 °C
for 17 hours. The tubes where so centrifuged for 10 minutes with 3803 RCF (Relative
Centrifugal Forces) and filtered through 0.45 pm cellulose nitrate membrane filters. The
filtrates were put in a fridge to keep cold until they were analysed for dissolved organic
carbon (DOC) by combustion catalytic oxidation method using the Total Organic Carbon
Analyzer TOC-V CPN.

2.4| Statistical analyses

All statistical analyses were conducted using R software, version 4.3.3 (2024). Linear mixed
effect models (R extension package Ime4 (Bastes et al., 2015)) were used to test all data
against the effect of district and treatment. Differences between variables were analysed by
Tukey test at 0.05 significance. Linear regression was used to find correlation for some
variables. Pearson correlation at 0.05 significance and 95% confidence were used for liner
regression. Plotting was done using ggplot (Wickham, 2014) and Microsoft Excel version
2404.
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3| Results and discussion

Appendix C presents all data that were collected. Unpublished data done at UNZA by
Miyanda Moombe and Gideon Musukwa is found in appendix B.

The data is shared with NMBU master student Jostein Reitan Fyrvik. Some of the data used

will therefore be similar (such as pH, texture, and bulk density).

3.1| pH, texture, and bulk density

There is a significant difference in pH between districts (p = <2e-16) (figure 3), with Chipata
having a more acidic soil compared to Mambwe. The addition of BC is expected to increase
the soil pH, this is supported by earlier studies that indicated BC’s liming effect on acidic
soils (Glaser et al., 2001; Chan et al., 2007; Novak et al., 2009). Figure xx shows a significant
effect of treatments (p = 0.0401). The plots that have BC has higher pH (Figure 3). Less of a
difference between PP and plots with BC (MB and PPB).

The pH adjustment is crucial as it influences nutrient availability for uptake in plants.
Specifically, a pH range of 0.6-0.5 is deemed optimal for enhanced macronutrient availability,
while macronutrients become less available at higher, alkaline pH levels (pH > 7.0) (Ferrarezi
et al., 2022). All the farms in Chipata have soils with a pH under 6.0, thereby adding BC to
the soil could be a great way to increase the pH and ensuring that the nutrients is plant

available.
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Figure 3: pH for both districts and for the treatments; M = maize, MB= maize with biochar, PP= pigeon pea,
PPB = pigeon pea with biochar. Significant difference between districts (p<0.05). pH was higher in treatments
with BC, especially compared to treatment M (p<0.05).

Most of the soils were found to be sandy clay loam (figure 4). This was the case for both

Chipata and Mambwe.

Clay
100 -
5
80 -
-~
> 60~ ; o
& / Z
$ { . , < District
g * Chipata
\ 2 7
\ ~ S * Mambwe
40 3 Ne - -
.. - -
. . o Ve
e %o e .
* NNt s = .o
»-. - -
. e -/
** & o~
- % e )
20 s
.
/
/
\ /
/ S
Sand % % > (2] > Silt

sand (%)

Figure 4: Soil texture triangle (USDA) for both districts. Chipata as the red points and Mambwe as the blue

point. Mainly sandy clay loam for both districts.
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The mean bulk density in Chipata were found to 1.34 g/cm?, and for Mambwe it is 1.27
g/cm?. Although there’s no significant difference observed in bulk density between districts or
in treatments (figure 5), BD is expected to decrease with the addition of BC. BC is lower in
density compared to common agricultural soils (Khademalrasoul et al., 2014). This were
found to be true in a study by Verheijen et al. (2019). It is possible that by living in the field
and potentially losing some of the BC, the expected difference between plots with BC and
plots without BC is lost. This is also evident in the lack of significant increase in SOC content
(figure 6; table 2).

Chipata Mambwe

Bulk density (g/cm?)

BC or no BC

Figure 5: Bulk density for both district and in the plots with BC and without BC. Mean bulk density for Chipata
is 1.34 g/cm® and for Mambwe it is 1.27 g/cmq.

3.2| Carbon and nitrogen

Table 1: Average of different soil properties + standard error (SE) for the different treatment in each of the

districts, Chipata and Mambwe.

DISTRICT TREATMENT TOT TOT C/IN SOC/CLAY
C% SE N% SE SE MEAN SE
MEAN MEAN MEAN
CHIPATA | M 136 =+0.18 0.08 +0.01 175 +0.88 12.1 +1.76
MB 1.60 *1.16 0.08 +0.01 216 #1.71 114 +2.04

‘PP 141 +0.19 0.09 +0.01 18.2  +0.49 13.4 +2.13
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PPB
MAMBWE | M
MB
PP
PPB

1.63
1.83
2.24
1.92
1.74

+0.18
+0.26
+0.53
+0.21
+0.32

0.09 +0.02
0.11 +0.02
0.11 +0.03
0.11 0.01
0.09 +0.02

20.9
18.1
20.9
18.2
19.1

+2.07
+1.08
+1.14
+0.46
+1.63

11.3
18.8
22.3
14.8
214

+1.40
+5.91
+7.35
+4.33
+5.20

Despite expectations, there’s no significant difference between treatments for tot C (~SOC)

content (figure 6). The addition of BC is expected to increase SOC due to residue retention

content with and should improve the build-up of SOM. Similarly, there’s no significant

difference in soil organic matter (SOM) content between plots with and without BC (appX.

D).

This could be due to sieving in field, and thereby potentially having lost some of the bigger

BC particles. But there was also often time observed lite BC in the disturbed soil. Which

could indicate that BC was not fully mixed inside the basins.

There is however a significant difference between districts and tot C content (p = 0.0158),

where higher tot C content is found in Mambwe.

Chipata

Tot C (%)

PPB

M
Treatment

Mambwe

PP

PPB

Figure 6: Tot C (SOC) for both districts and for the treatments; M = maize, MB= maize with biochar, PP=

pigeon pea, PPB = pigeon pea with biochar. No significant differences (p>0.05).
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Difference in total N content did not vary significantly between treatments and districts
(figure 7). As pigeon pea is a nitrogen fixating plant there is an expectation of finding higher
total N in the plots with pigeon pea. However, there doesn’t seem to be any significant
difference between total N found in plots with pigeon pea and total N found in plots with
maize. It is possible that the total pool of N is much greater than the new input derived from

the atmosphere by N fixation.

Chipata Mambae

Tot N (%)
|

Treatment

Figure 7: Tot N for both districts and for the treatments; M = maize, MB= maize with biochar, PP= pigeon pea,

PPB = pigeon pea with biochar. No significant difference between (p>0.05).

There are no significant differences between districts and between treatments on plant
available N (figure 8). There is an expectation of increase in plant available N in plots with
PP. There is a difference between NOs - N and NH4* - N from soil KCI extraction. Higher
NH.4" content is found, which is interesting as when looking at N mineralisation rate, there
were a loss of NH3" (figure 13). This indicate that there is a nitrification process over the 60
days of incubation, and NH4*-N is converted to NO3™ - N. Figure 8 gives an indication for

what the NO3z" and NH4" content was at sampling.
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Note KCI extraction was not done in the field, and some NH4* content was found in the
blanks likely due to contamination in the KCI solution. However, the total concentration of

NH4" - N was very low.
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Figure 8: Mean amount of KCI extractable NOz” and NH4™* in the soil for each treatment in both districts.

Potential NO3 and NH4* content at sampling. Error bars show standard deviation.

Cornelissen et al. (2011) reported higher nitrification rate in Zambia soil with BC, this is
however not visible here (figure 8). Zaman and Nquyen (2010) found that the lime effect by
BC addition can result in increase in NO3™ concentration in soil. This is also not confirmed

here, as there is no significant difference between the treatments.

N content found in topsoil (A horizion) normally range from 0.02-0.5% N by weight and in
cultivated soils it’s expected to find about 0.15% N (Weil and Brady, 2017, p. 604). Tot N
were found to be above 0.02 in all plots, but in a lot of the plots the tot N% were found to be
under 0.15%. This is clear from the mean tot N% per district and treatment found in table 1.
Most soil nitrogen is present as a part of organic molecules, therefore, the distribution of soil
nitrogen closely parallels that of SOM, which typically contains about 5% nitrogen. Except
where large number of chemical fertilizers have been applied, inorganic nitrogen seldom
accounts for more than 1-2% of the tot N in the soil (Weil & Brady, 2017, p. 604). Figure 9
shows that tot N and tot C closely relates (tot C and SOM is highly correlated, appx D).
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The hypothesis that pigeon pea will increase soil N content and plant available N content is

rejected.

y=-00081+0.061x R, =074 Farm
chip.1
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Tot N (%)

*  mamb.10
mamb._2
mamb.5
mamb.6

mamb.7

mamb.9

Tot C (%)
Figure 9: Relationship between tot N and tot C rate for the 10 farms in Chipata and for the 6 farms in Mambw

C/N were found to be higher in plots with BC (figure 10), especially for treatment MB and M.
The C/N data is however highly sensitive as tot N is low, especially for Chipata (figure 7;
appx. C). The C/N ratio is important as microorganism need a good balance of carbon and
nitrogen (25-35) to remain active (Debbarma and Choudhary, 2023). The C/N data is low,
which could indicate a high decomposition rate of SOM by microorganism. As the C/N ratio
is higher in plots with BC (MB), SOM content would be expected to be higher. But as
mentioned above there is no significant increase in SOM in plots with BC (appx. D)
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Figure 10: C/N ratio for both districts and for the treatments; M = maize, MB= maize with biochar, PP= pigeon
pea, PPB = pigeon pea with biochar. Significant difference between treatments (p<0.05) M and MB in Chipata,
and between MB and M and MB and PP in Mambwe.

3.4| Labile fraction and SOC

Tot C can be used as SOC as pH is low (Martinsen et al., 2017). SOCiot ¢ also correlates well
with the calculated SOCLoi (appdx. D).

The measured HWEC did not differ significantly between the two districts or between the
four treatments (figure 11). There is a strong significant correlation between HWEC and SOC
(figure 12), which could indicate that SOC and HWEC can be quite dependent on each other.
Changes to SOC content could be indicated by HWEC. This makes sense as HWEC measure
the labile part of SOC. Ghani et al. (2003) found land use impact HWEC more than SOC.

However, there is no significant differences for treatments for either HWEC or SOC.

Munere-Echeverri et al. (2020) found that data with biochar increased SOC, but it did not
affect HWEC.

The hypothesis that biochar will increase SOC and HWEC is rejected.
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Figure 11: HWEC for both districts and for the treatments; M = maize, MB= maize with biochar, PP= pigeon
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pea, PPB = pigeon pea with biochar. No significant differences (p>0.05).
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Figure 12: Relationship between HWEC and tot C for the 10 farms in Chipata and for the 6 farms in Mambw. p
= 2.654e-05

SOC/clay ratio showed a clear significant difference between districts, with higher SOC/clay
ratio in Mambwe (figure 14). Most of the SOC/clay ratio is above 1/10, which Dexter et al.
(2008) determined is the approximate limit for SOC with clay particles when it comes to
indicating good soil health. The European Soil Monitoring Law use 1/13 as an indicator of
good soil health. Based on 1/10 ratio, most of the soils in Mambwe and about half of the soils
in Chipata could be considered in good soil health. Using a ratio of 1/13 however most of the
soils in Chipata would not be considered in good soil health and for half of the soils in
Mambwe this is also the case. Rabot et al. (2024) found that acidic soils were consistently
classified as healthy. Chipata has an acidic soil (figure 3), and according to Rabot et al. the

soils in Chipata could be expected to be classified as healthy.

It’s the passive, complex and stable SOC that’s largely bound to clay particles. This makes
SOC values highly site-dependent and strongly correlating with clay content as shown in

figure xx.
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Figure 13: Relationship between clay and SOC,o; for the 10 farms in Chipata and for the 6 farms in Mambw (p

=0.02588).
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Figure 14: SOC/clay ratio for both districts and for the treatments; M = maize, MB= maize with biochar, PP=
pigeon pea, PPB = pigeon pea with biochar. Significant difference between districts (p<0.05), Mambwe had

higher SOC/clay ratio. No significant difference between treatments (p>0.05).
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3.3| N mineralisation
There is a net mineralization, primarily due to net nitrification, while some NH4" is lost

(figure 16). It indicates a net immobilization but could also be explained by further conversion
of N to NOz by nitrification. As there is a positive net nitrification. Two of the values (appx.
C) were under the detection level of the instrument (>0.32 mg/kg) and were assigned the

value 0.16 mg/kg.

There are no significant differences between districts and between treatment for N

mineralisation rate (figure 15).
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Figure 15: N mineralisation rate after 60 days of incubation. Treatments; M = maize, MB= maize with biochar,

PP= pigeon pea, PPB = pigeon pea with biochar. No significant difference between treatments (p>0.05).
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Figure 16: Mean amount of NOz™ and NH4* mineralisation rate after 60 days in the soil for each treatment in
both districts. Net NOs™ mineralisation rate, while NH* is lost. Error bars show standard deviation.

N mineralisation rate has negative correlation with HWEC, tot C and tot N (figure 17; figure
18; figure 19). This were a bit unexpected as Munera-Echeverri et al. (2020) found the
correlation of N mineralisation rate and HWEC to be highly positive correlated. The N
mineralization rate in Munera-Echeverria et al. study also had higher N mineralization rate

than found here. The HWEC content is quite similar.

It could be an error source, potentially under incubation. Maybe the soil samples were water
to late and were dryer than what they were observed as. It was important to water the samples,

as it was crucial to ensure activity in the soil samples.

The hypothesis that biochar will increase N mineralisation rate is rejected.
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Figure 17: Relationship between HWEC and potential N mineralisation rate for the 10 farms in Chipata and for
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Figure 18: Relationship between tot C and potential N mineralisation rate for the 10 farms in Chipata and for

the 6 farms in Mambw.
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Figure 19: Relationship between tot N and potential N mineralisation rate for the 10 farms in Chipata and for

the 6 farms in Mambw.

4| Study limitation and future work

In the plots with BC there were on several of the farms difficult to find the BC in the soil and
on some of the farms there were very little BC to find. Combined with this and the sieving in
the field that potential lead to some loss of BC, this could be why there is little rise in C
content in plots with BC. There were also no BC left, so analyses on elemental composition of

the BC could not be done.

There is socioeconomical differences between the districts. Farmers in Mambwe is used to
presence of NGOs, which could be why the discussion of financial help were discussed under
the farm training/meeting, whereas financial help was not discussed at al in Chipata. The
farmers involved in the farm trial do not receive financial aid beyond fertiliser. Also, in
Mambwe, the farmers took some of the fertilizer that were given from the project were used
on fields of the farmers that was not a part of the farm trials. There are however no significant

differences between total N and plant available N between the districts.

As the samples were collected after the first crop season for the farm trial, it will be

interesting to see what future results will show. Especially the effect of pigeon pea rotation, as
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it was not included in this data, due to being the first cropping season. It will also be
interesting to see if the expected increase in C content from the addition of BC will be more

noticeable later.

5| Conclusion

The first cropping season of the farm trials in Chipata and Mambwe, did not give what was
expected of the experiment. There was no significant difference between treatments when it
came to the carbon and nitrogen content. Biochar did not increase the soils content of C as
expected, it could not be seen in SOC, HWEC or SOM. Pigeon pea did not have a significant
effect on the soils content of N or the plant available N. There was also no effect of biochar
on N mineralisation rate. It was surprising that the N mineralisation went down with
increasing HWEC (and tot C and tot N) as it was expected to increase. This could potentially

be due to an error done under incubation of the soil samples.

There were a lot of significant differences between the two districts. Chipata were found to
have lower pH than Mambwe. Both districts experienced increase in pH on the plots where
BC were added. Mambwe had higher content of tot C, and thereby higher C/N rate. SOC/clay
rate were also found to be higher in Mabwe, ass both clay and SOC content were higher for

Mambwe.

None of the hypothesis that this thesis was to answer shown to be correct for the data

collected. There is a need for more data.
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Appendix
Appendix A

Materials and methods

Table: Information about study area

District Farm

Chipata Chip.
Chip.
Chip.
Chip.
Chip.
Chip.
Chip.
Chip.
Chip.
Chip. 10
Mamb. 2
Mamb. 5
Mamb. 6
Mamb. 7
Mamb. 9
Mamb. 10

O© 0O N O O b W N -

Mambwe

Coordinates
long
32.5838265
32.5924220
32.5753135
32.5599424
32.5650302
32.5910456
32.5740254
32.5911332
32.6010915
32.6312238
31.9816578
31.9795080
31.9690236
31.9376200
32.0238788
32.0100275

Bulk density calculation

lat

-13.5456568
-13.5137106
-13.5272931
-13.5256384
-13.5452109
-13.5793261
-13.5636675
-13.5889814
-13.5991617
-13.5638458
-13.2733580
-13.2634423
-13.2522162
-13.2158071
-13.2914854
-13.2813436

Viag(kg/l) = m/10, 10 ml scoop
Sand VOLsanp =0.919 - Viag + 0.231

38

Previous crop  Basine/ripline

Groundnuts
Maize
Maize
Maize
Maize
Groundnuts
Groundnuts
Soybeans
Maize
Maize
Maize
Maize
Maize
Maize
Soybeans
Maize

Ripline
Ripline
Ripline
Ripline
Ripline
Basin
Ripline
Ripline
Ripline
Ripline
Basin
Basin
Basin
Basin
Basin
Ripline



Soil dry matter and loss on ignition calculations

% dry matter = % . 100

(m3-m4) ]
(m3-m1)

% loss on ignition = 100

where m1 = weight of crucible
m2 = weight of soil sample before drying
m3 = weight of crucible with sample after drying
m4 = weight of crucible and sample after calcination

Clay content  Correction figure

5-9% 1
10-24% 2
25-39% 2.5
40-59% 3.5

>59% 4.5
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Appendix B
Unpublished background data done at UNZA.

Table: different soil parameters such as Soil pH, Electrical conductivity (EC), Organic matter content (OM),
Total Nitrogen (N), Available Phosphorus (P) and Particle size distribution. Soil samples collected in July 2022
before imposing Biochar treatments on previously farmed fields. Done by Miyanda Moombe at UNZA.

Treatment Plot

PP
MB

PPB
PP
PPB

MB
PP
MB

PPB
MB
PPB
PP

MB
PPB
PP

PPB
PP
MB
PP

PPB
MB
PPB

MB
PP
PPB
MB
PP

Chip 1.1
Chip1.2
Chip 1.3
Chipl4
Chip2.1
Chip 2.2
Chip2.3
Chip2.4
Chip 3.1
Chip 3.2
Chip 3.3
Chip 3.4
Chip 4.1
Chip 4.2
Chip 4.3
Chip 4.4
Chip5.1
Chip 5.2
Chip 5.3
Chip 5.4
Chip 6.1
Chip 6.2
Chip 6.3
Chip 6.4
Chip7.1
Chip7.2
Chip7.3
Chip7.4
Chip 8.1
Chip 8.2
Chip 8.3
Chip 8.4
Chip9.1
Chip 9.2
Chip 9.3
Chip 9.4
Chip 10.1

pH

1:2.5
H20

5.44
5.63
5.19
4.32
5.06
5.34
4.63
4.77
5.16
5.22
5.08
5.18
5.16
5.25
4.54
5.01
5.07
4.54
5.35

5.5
5.05
5.17
4.86
4.87
5.27

5.2
5.23
5.18
5.26
5.23
5.27
5.34
5.56

5.5
5.53
5.35
5.34

EC

1:5
mS/cm

0.03
0.032
0.019
0.023

0.03
0.031
0.026
0.024
0.023
0.028

0.03
0.023
0.023
0.025
0.028
0.019
0.025
0.025
0.027

0.03

0.01
0.011
0.013
0.008
0.016
0.018

0.02
0.013
0.016
0.013
0.019
0.045
0.031
0.029
0.028
0.024
0.027

OoM

Walkley & Black
%

1.68627451
2.630588235
1.956078431

1.75372549
1.956078431

1.68627451
1.888627451
1.821176471
1.956078431
2.158431373
2.090980392
2.225882353
1.146666667

1.68627451
1.551372549

1.75372549
1.821176471
1.551372549
0.674509804
1.618823529
2.158431373
2.900392157
2.023529412
1.956078431
1.416470588
1.483921569
1.146666667
1.214117647
2.900392157
2.495686275
3.035294118
2.360784314
4.114509804
3.305098039
3.844705882
3.709803922
5.868235294
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N

Kjeldahl
%
0.266
0.2415
0.231
0.3045
0.259
0.2135
0.175
0.2205
0.231
0.196
0.3185
0.1575
0.245
0.301
0.217
0.189
0.3465
0.1785
0.245
0.224
0.245
0.14
0.2135
0.21
0.2275
0.1925
0.2205
0.1715
0.217
0.21
0.259
0.287
0.1995
0.2695
0.119
0.1645
0.168

P

Bray 1

mg/kg
96.25
124.25
875
94.5
26.25
66.5
455
525
136.5
111.125
145.25
186.375
139.125
11.375
77.875
61.25
98.875
147
88.375
117.25
11.9
39.375
22.225
8.435
71.75
82.25
125.125
110.25
63.875
123.375
152.25
109.375
125.125
303.625
106.75
110.25
9.065

Sand Clay
Hydrometer
method
% %
54 15.6
56 13.6
50 17.6
56 13.6
54 13.6
52 17.6
60 17.6
54 15.6
50 17.6
56 13.6
50 19.6
54 15.6
56 13.6
58 17.6
56 17.6
60 19.6
54 15.6
56 216
52 17.6
50 19.6
56 13.6
52 15.6
60 13.6
50 17.6
54 17.6
49.6 18.4
58 17.6
56 23.6
53.6 18.4
47.6 18.4
33.6 304
43.6 18.4
23.6 424
43.6 24.4
19.6 46.4
45.6 24.4
57.6 16.4

Silt

%

304
30.4
324
30.4
324
30.4
224
30.4
324
30.4
30.4
30.4
30.4
24.4
26.4
204
30.4
224
30.4
30.4
30.4
324
26.4
324
28.4

32
244
204

28

34

36

38

34

32

34

30

26



PPB
PP

MB
PPB

MB
PP
MB

PPB
PP

PPB
PP
MB

PP
PPB
MB

PP
PPB
MB
PPB
MB

PP

MB

PPB

PP

Chip 10.2
Chip 10.3
Chip 104
Mamb 2.1
Mamb 2.2
Mamb 2.3
Mamb 2.4
Mamb 3.1
Mamb 3.2
Mamb 3.3
Mamb 3.4
Mamb 5.1
Mamb 5.2
Mamb 5.3
Mamb 5.4
Mamb 6.1
Mamb 6.2
Mamb 6.3
Mamb 6.4
Mamb 7.1
Mamb 7.2
Mamb 7.3
Mamb 7.4
Mamb 9.1
Mamb 9.2
Mamb 9.3
Mamb 9.4
Mamb 10.1
Mamb 10.2
Mamb 10.3
Mamb 10.4

6.12
5.36
5.58
6.01
6.23
6.77
5.76
6.15
6.07
6.42
6.36
6.21
6.33
6.26
6.46

6.3

5.8
6.11
6.16
6.14
5.92
6.17
6.07
6.35
6.44
6.45
6.24
6.22
5.89
5.38
5.74

0.09
0.013

0.03
0.026
0.062
0.117

0.02
0.036
0.051
0.052

0.11
0.037
0.049
0.033
0.047
0.064
0.032
0.043
0.058
0.039
0.032
0.046
0.045
0.044
0.066
0.055
0.038
0.033
0.052

0.12
0.058

5.12627451
4.519215686
4.519215686
4.384313725
4.721568627
3.305098039
4.181960784
2.360784314
2.495686275
3.305098039
3.102745098
4.114509804
6.070588235
6.272941176
5.868235294
4.451764706
4.721568627

5.19372549
4.721568627
4.181960784
2.765490196
3.170196078
4.114509804
1.618823529
2.563137255
1.821176471
2.158431373

3.50745098
2.495686275
2.495686275
2.293333333
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0.147
0.161
0.154
0.1225
0.1435
0.1225
0.14
0.1211
0.119
0.21
0.161
0.1505
0.231
0.056
0.168
0.147
0.14
0.1645
0.1785
0.14
0.161
0.1295
0.133
0.091
0.098
0.1085
0.0945
0.14
0.112
0.126
0.1435

1.855
1.33
7.595
39.375
54.25
34.125
29.75
41.125
125.125
62.125
59.5
63.875
59.5
96.25
735
75.25
136.5
57.75
79.625
32.375
14
315
62.125
170.625
53.375
46.375
46.375
21.875
1155
117.25
67.375

59.6
53.6
29.6
45.6
53.6
33.6
27.6
43.6
33.6
53.6
51.6
55.6
37.6
45.6
35.6
37.6
46
56
60
56
60
54
56
56
60
38
48
48
56
40
46

18.4
224
26.4
184
16.4
28.4
18.4
204
26.4
224
18.4
204
324
26.4
30.4
26.4
22
20
22
16
16
26
22
22
14
24
22
26
20
30
24

22
24
44
36
30
38
54
36
40
24
30
24
30
28
34
36
32
24
18
28
24
20
22
22
26
38
30
26
24
30
30



Table: different soil parameters such as pH, organic matter (OM), nitrogen (N), phosphorus (P), potassium (K)
and cation exchange capacity (CEC). Soil analysis results done in July 0f2023 by Gideon Musukwa at UNZA.

oM N CEC
Lab Sample pH (%) (%) P (mg/kg) K (cmol/kg) (cmol/kg)
1:25
IN
no. Id H20 Walkley-Black  Kjeldahl Bray 1 NH40Ac Leaching method
2023372  Chip1l 5.81 0.48 0.19 25.57 0.88 7.6
2023373  Chip2 5.45 0.88 0.09 61.71 0.52 19.9
2023374  Chip 3 5.44 2.32 0.12 51.83 0.57 23.4
2023375 Chip 4 5.52 24 0.1 49.37 0.52 11.6
2023376  Chip5 5.37 2.08 0.09 49.37 0.31 17.8
2023377  Chip6 5.18 0.56 0.09 33.07 0.19 214
2023378  Chip7 5.4 5.52 0.04 34.06 0.52 19
2023379  Chip 8 5.47 1.36 0.14 54.3 0.67 145
2023380 Chip9 5.72 1.52 0.12 54.3 1.6 17.7
2023381 Chip 10 5.53 1.28 0.14 24.19 0.87 15.8
2023382 Mamb 1 6.16 1.76 0.07 51.83 0.85 20.9
2023383 Mamb 2 6.81 1.76 0.08 313 0.51 17.6
2023384 Mamb 3 6.36 1.92 0.03 31.79 0.77 18
2023385 Mamb 4 6.22 272 0.07 15.8 1.99 39
2023386 Mamb 5 6.5 0.72 0.09 32.93 1.72 24
2023387 Mamb 6 6.46 4.56 0.13 20.78 8.3 37
2023388 Mamb 7 6.35 1.92 0.12 27.15 0.82 45
2023389 Mamb 8 6.55 3.36 0.04 32.58 0.42 30.5
2023390 Mamb 9 6.63 1.36 0.09 30.61 1.19 29.3
2023391 Mamb 10 6.16 1.68 0.13 28.63 0.84 26.5
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Appendix C
Data from analyses done at NMBU.

Table: soil data for the 64 samples. Analyses done at NMBU.

sample

© 00 N O O b~ W N PP

N N NN P B R R R R R R R
W N P O © 0 N O Ol h W N P O

1D

chipl.1
chipl.2
chipl.3
chipl.4
chip2.1
chip2.2
chip2.3
chip2.4
chip3.1
chip3.2
chip3.3
chip3.4
chip4.1
chip4.2
chip4.3
chip4.4
chip5.1
chip5.2
chip5.3
chip5.4
chip6.1
chip6.2
chip6.3

District
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata

Farm
chip.1
chip.1
chip.1
chip.1
chip.2
chip.2
chip.2
chip.2
chip.3
chip.3
chip.3
chip.3
chip.4
chip.4
chip.4
chip.4
chip.5
chip.5
chip.5
chip.5
chip.6
chip.6
chip.6

Treatment
PP
MB
M
PPB
PP
PPB
M
MB
PP
MB
M
PPB
MB
PPB
PP
M
MB
PPB
PP
M
M
PPB
PP

5.05
5.37
4.77

5.2
5.26
5.03
5.13
4.99
4.85
5.09
4.65
4.94
4.73
4.66
4.33

45
5.15
5.13
5.02
4.46
5.07
6.14
5.75

pH_H20 pH_CaCl2

5.28
5.23
5.22
5.61

53
5.42
4.96
5.22
4.89
4.82
4.58
5.17
5.08
511
5.17
4.75
5.14
5.36
5.33

4.8

5.2
6.22
5.75

totC totN
% %
1.03 0.06
1.35 0.06
1.00 0.06
1.08 0.05
1.11 0.06
1.04 0.03
1.08 0.04
0.97 0.03
1.18 0.06
145 0.08
1.37  0.07
131 0.07
1.47 0.05
141 0.05
1.00 0.06
0.96 0.06
1.92 0.07
2.18 0.08
1.01 0.06
0.89 0.05
164 0.11
183 0.11
1.79 0.12
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CIN

16.0
209
16.6
231
19.3
30.6
244
294
18.4
18.8
19.0
19.6
30.1
258
16.8
16.3
26.6
271
15.8
16.4
15.1
16.2
155

LOI
%

2.29
2.94
241
2.64
2.02
1.82

24
1.95
2.65
3.09
3.11
2.77

2.5
2.72
1.77
1.85
3.01
3.49
1.92
2.16
2.82
2.78
3.18

SOCLoi
%

1.3282
1.7052
1.3978
1.5312
1.1716
1.0556
1.392
1.131
1.537
1.7922
1.8038
1.6066
1.45
1.5776
1.0266
1.073
1.7458
2.0242
1.1136
1.2528
1.6356
1.6124
1.8444

11.745219

7.975604
12.591215
8.8819227
11.608057
16.672982
12.643678
13.793103
11.450878
7.5884388

10.86595
9.7099465
9.3793103
11.156187

17.14397
18.266542
8.9357315
10.670882
15.804598
15.644955
8.3149914
9.6750186
7.3736717

HWEC

SOC/Clay C/kg)

380
340
320
340
340
360
320
340
320
360
360
320
260
280
240
220
280
320
280
300
400
360
440



24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
47
48
49
50
51
52
53
54
55

chip6.4
chip7.1
chip7.2
chip7.3
chip7.4
chip8.1
chip8.2
chip8.3
chip8.4
chip9.1
chip9.2
chip9.3
chip9.4
chip10.1
chip10.2
chip10.3
chip10.4
mamb2.1
mamb2.2
mamb2.3
mamb2.4
mamb5.1
mamb5.2
mamb5.3
mamb5.4
mamb6.1
mamb6.2
mamb6.3
mamb6.4
mamb7.1

Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Chipata
Mambwe
Mambwe
Mambwe
Mambwe
Mambwe
Mambwe
Mambwe
Mambwe
Mambwe
Mambwe
Mambwe
Mambwe
Mambwe

chip.6
chip.7
chip.7
chip.7
chip.7
chip.8
chip.8
chip.8
chip.8
chip.9
chip.9
chip.9
chip.9
chip.10
chip.10
chip.10
chip.10
mamb.2
mamb.2
mamb.2
mamb.2
mamb.5
mamb.5
mamb.5
mamb.5
mamb.6
mamb.6
mamb.6
mamb.6

mamb.7

MB
PP

PPB
MB
PPB

MB
PP
PPB
MB
PP

PPB
PP

MB
PPB

MB
PP

PPB
PP
MB

PP
PPB
MB

4.98
5.01

45
5.09
5.02
5.22
4.56
5.07
4.34
5.28
4.85
4.88
4.88
4.76

4.7
4.75

4.6
5.48
531
5.48

5.6
5.39
5.95
5.69
5.42
5.46
6.17
6.26
6.11
6.18

5.36
5.39
4.76

5.1
4.88
541
4.89
5.18
5.32
5.44
5.07
5.18
5.06
5.04

5.2
5.22

5.2
6.39
5.45
6.31
5.53
591
6.06
6.26
5.85

5.7
6.24
6.58
5.97
6.09

1.84
0.81
0.88
1.04
0.88
1.37
1.25
1.48
1.42
2.47
2.15
1.80
1.96
2.61
2.53
2.90
2.50
1.26
1.59
1.36
2.57
2.45
3.12
2.14
4.52
2.76
211
2.16
2.89
1.63
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0.10
0.04
0.05
0.04
0.04
0.08
0.07
0.10
0.09
0.29
0.13
0.12
0.13
0.17
0.15
0.17
0.14
0.06
0.07
0.06
0.14
0.16
0.18
0.12
0.20
0.17
0.12
0.15
0.17
0.11

17.9
19.3
19.1
245
225
16.3
16.7
153
15.9

8.4
16.4
15.0
15.3
15.8
17.3
16.6
17.7
22.0
21.6
22.7
19.0
15.8
175
17.2
230
16.5
17.7
142
16.6
15.2

3.36
1.09
1.41
1.54
1.44
3.77
3.76
3.74
4.21
5.15
5.19
4.36
5.47
7.82
7.39
8.27
6.97
1.42
2.46
111
4.95
5.04
6.07
3.48
7.71
5.43
4.28

5.63
2.43

1.9488
0.6322
0.8178
0.8932
0.8352
2.1866
2.1808
2.1692
24418
2.987
3.0102
2.5288
3.1726
4.5356
4.2862
4.7966
4.0426
0.8236
1.4268
0.6438
2.871
2.9232
3.5206
2.0184
4.4718
3.1494
2.4824
2.32
3.2654
1.4094

9.0311987
27.839291
22.499389
19.704433
28.256705
8.4148907
8.4372707
14.014383
7.5354247
14.194844
8.1057737
18.348624
7.6908529
3.6158391
4.2928468
4.6699746
6.5304507
22.340942
11.494253
44113079
6.4089168
6.9786535
9.2029768
13.079667
6.7981573
8.3825491
8.8623912
8.6206897
6.7373063
11.352349

360
260
260
240
240
300
240
280
280
520
360
340
380
400
340
400
320
280
320
300
400
440
300
300
360
300
300
380
360
340



56
57
58
61
62
63
64
65
66
67
68

mamb7.2
mamb7.3
mamb7.4
mamb9.1
mamb9.2
mamb9.3
mamb9.4
mamb10.1
mamb10.2
mamb10.3
mamb10.4

Mambwe
Mambwe
Mambwe
Mambwe
Mambwe
Mambwe
Mambwe
Mambwe
Mambwe
Mambwe
Mambwe

mamb.7
mamb.7
mamb.7
mamb.9
mamb.9
mamb.9
mamb.9
mamb.10
mamb.10
mamb.10
mamb.10

PP
PPB
MB
PPB
MB

PP

MB

PPB

PP

6.12
6.23
6.34
6.36
6.79
6.22

6.5
6.16
6.22
6.17
6.42

59
6.21
6.11
6.25
6.72
5.53
6.45
5.46
6.07
5.87
6.31

2.05
1.46
2.23
1.00
1.14
1.07
1.08
131
1.47
1.47
1.58

45

0.12
0.09
0.12
0.05
0.05
0.05
0.06
0.06
0.06
0.08
0.08

17.1
15.9
18.6
20.2
235
205
18.2
214
248
18.8
20.0

3.87
1.51

35
0.91
121
1.08
111
0.99
2.03
1.42
2.15

2.2446
0.8758
2.03
0.5278
0.7018
0.6264
0.6438
0.5742
1.1774
0.8236
1.247

7.1282188
29.687143
10.837438
41.682455
19.948703
38.314176
34.172103

45.28039
16.986581
36.425449
19.246191

320
280
380
260
240
260
280
300
300
320
340



Table: N mineralisation analysis done for 40 samples in three sets. * under limit of detection for FIA (>0.32 mg/kg), were given 0.16 mg/kg)

id

chip 1.1
chip 1.2
chip 1.3
chipl.4
chip2.1
chip 2.2
chip 2.3
chip2.4
chip 3.1
chip 3.2
chip 3.3
chip3.4
chip 6.1
chip 6.2
chip 6.3
chip 6.4
chip 9.1
chip 9.2
chip 9.3
chip9.4
mamb 2.1
mamb 2.2
mamb 2.3
mamb 2.4
mamb 5.1
mamb 5.2

NO3-N
NO3-N day 30
treatment mg/kg mg/kg
PP 0.16* 8.44
MB 1.9 9.1
M 0.58 11.42
PPB 0.16 8.54
PP 1.9 9.1
PPB 15 10.5
M 3.7 4.9
MB 2.6 8.4
PP 1.8 10.2
MB 48 38
M 5.4 5.6
PPB 2.6 9.4
M 74 12
PPB 0.87 10.13
PP 16 10.4
MB 5.3 33
PPB 5.7 5.3
MB 6.7 5.3
PP 31 5.5
M 6.5 4.5
PPB 0.36 11.64
M 7.7 0.9
MB 0.49 1051
PP 3.3 8.7
M 10 -1.4
PPB 6.0 5

NO3-N
day 60
mg/kg
16.84
17.1
16.42
14.84
15.1
175
133
16.4
15.2
14.2
11.6
16.4
9.6
18.13
154
13.7
11.3
12.3
13.9
125
16.64
11.3
16.51
15.7
7
13

NO3-N rate

mg/kg/day
0.28067
0.285
0.27367
0.24733
0.25167
0.29167
0.22167
0.27333
0.25333
0.23667
0.19333
0.27333
0.16
0.30217
0.25667
0.22833
0.18833
0.205
0.23167
0.20833
0.27733
0.18833
0.27517
0.26167
0.11667
0.21667

NO3-N
ug/kg/day
280.667

285
273.667
247.333
251.667
291.667
221.667
273.333
253.333
236.667
193.333
273.333

160
302.167
256.667
228.333
188.333

205
231.667
208.333
277.333
188.333
275.167
261.667
116.667
216.667

NH4-N
mg/kg
16.84
17.1
16.42
14.84
15.1
175
133
16.4
15.2
14.2
11.6
16.4
9.6
18.13
154
13.7
11.3
12.3
13.9
125
16.64
11.3
16.51
15.7
7
13

46

NH4-N

day 30

mg/kg
-0.8
-2.8
-1.1
-3
-1.9
-2.8
-14
-3.2
-2.4
-6.3
-3
-3.2
-6.1
-2.3
-2.3
-4.3
-5
-4.9
-1.2
-5.8
-0.8
-6.3
-1.8
-6.6
0.6
-34

NH4-N

day 60

mg/kg
-3.3
-3.6
-3.6
3.8
-4.4
-3.6
-3.9
-4
-4.9
7.1
-5.5
-4
-8.6
-3.1
-4.8
-5.1
-7.5
-5.7
-3.7
-6.6
-3.3
-7.1
-4.3
-7.4
-1.9
-4.2

NH4-N
min.rate
mg/kg/day

-0.055
-0.06
-0.06

-0.06333
-0.07333
-0.06
-0.065
-0.06667
-0.08167
-0.11833
-0.09167
-0.06667
-0.14333
-0.05167
-0.08

-0.085

-0.125

-0.095

-0.06167
-0.11
-0.055
-0.11833
-0.07167
-0.12333
-0.03167
-0.07

NH4-N
min.rate
Hg/kg/day

-63.3333
-73.3333
-60
-65
-66.6667
-81.6667
-118.333
-91.6667
-66.6667
-143.333
-51.6667
-80
-85
-125
-95
-61.6667
-110
-55
-118.333
-71.6667
-123.333
-31.6667
-70

N.min. rate

mg/kg/day
0.22567
0.225
0.21367
0.184
0.17833
0.23167
0.15667
0.20667
0.17167
0.11833
0.10167
0.20667
0.01667
0.2505
0.17667
0.14333
0.06333
0.11
0.17
0.09833
0.22233
0.07
0.2035
0.13833
0.085
0.14667

N.min.rate
ug/kg/day

225.667
225
213.667
184
178.333
231.667
156.667
206.667
171.667
118.333
101.667
206.667
16.6667
250.5
176.667
143.333
63.3333
110
170
98.3333
222.333
70
203.5
138.333
85
146.667



mamb 5.3
mamb 5.4
mamb 6.1
mamb 6.2
mamb 6.3
mamb 6.4
mamb 7.1
mamb 7.2
mamb 7.3
mamb 7.4
mamb 9.1
mamb 9.2
mamb 9.3
mamb 9.4

PP
MB

PP
PPB
MB

PP
PPB
MB
PPB
MB

PP

5.0
11
3.5
3.6
4.7
5.1
0.16*
3.6
1.3
3.3
0.66
0.88
0.88
1.9

7
-2.4
7.5
8.4
3.9
5.9
11.84

9.7
8.7
7.94
10.12
11.12
6.7

12
8
135
154
12.3
13.9
15.84
154
15.7
15.7
16.34
18.12
16.12
171

0.2
0.13333
0.225
0.25667
0.205
0.23167
0.264
0.25667
0.26167
0.26167
0.27233
0.302
0.26867
0.285

200
133.333
225
256.667
205
231.667
264
256.667
261.667
261.667
272.333
302
268.667
285

12

13.5
154
12.3
13.9
15.84
154
15.7
15.7
16.34
18.12
16.12
17.1

47

-1.2
-0.9
-0.6
-2.6
-6
-3.6
-0.2

-1.8
-3.1

-0.7
-0.6
-5.8

-3.7
-1.7
-3.1
-3.4
-8.5
-4.4
-2.7
-4.8
-4.3
-3.9
-55
-15
-3.1
-6.6

-0.06167
-0.02833
-0.05167
-0.05667
-0.14167
-0.07333
-0.045
-0.08
-0.07167
-0.065
-0.09167
-0.025
-0.05167
-0.11

-61.6667
-28.3333
-51.6667
-56.6667
-141.667
-73.3333
-45
-80
-71.6667
-65
-91.6667
-25
-51.6667
-110

0.13833
0.105
0.17333
0.2
0.06333
0.15833
0.219
0.17667
0.19
0.19667
0.18067
0.277
0.217
0.175

138.333
105
173.333
200
63.3333
158.333
219
176.667
190
196.667
180.667
277
217
175



Table: To show contamination of NH4* in the blanks.

259-2023 FIA
14.02.2024 2MKCI
LOD in w/W 0,095164332 0,07739186
LOQ in w/W 0,317214439 0,257972867
NO3-N NH4-N
mg/kg mg/kg
BLANK <LD 0,52
BLANK <LD 0,57
BLANK <LD 0,57
BLANK <LD 0,53
1 <0,32 4,4
2 1,9 5,1
3 0,58 4,7
4 <0,32 5,3
5 1,9 5,5
6 1,5 5,1
7 3,7 5,0
8 2,6 5,5
9 1,8 6,0
10 4,8 8,6
11 5,4 6,6
12 2,6 5,5
13 7,4 9,7
14 0,87 4,6
15 1,6 5,9
16 5,3 6,6
17 5,7 8,6
18 6,7 7,2
19 3,1 4,8
20 6,5 8,1
21 0,36 4,4
22 7,7 8,6
23 0,49 5,4
24 3,3 8,9
25 10 3,0
26 6,0 5,7
27 5,0 4,8
28 11 3,2
29 3,5 4,2
30 3,6 4,9
31 4,7 9,6
32 5,1 5,9
33 <0,32 3,8
34 3,6 6,3



35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

1,3
3,3
0,66
0,88
0,88
1,9
8,6
11
12
8,7
8,0
7,5
9,9
8,1
17
23
13
17
17
10
12
14
25
22
15
23
8,0
23
8,6
23
25
19
15
22
14
12
19
19
12
16
12
15
8,1
7,3
8,7
9,4

5,4
5,4
6,6
3,0
4,2
8,1
3,6
2,3
3,0
3,9
2,7
1,1

0,98
1,4
1,4
1,2
3,9

0,84
1,4
1,3

0,92
1,1
1,2
1,0
1,3
1,1

0,94
1,3

0,97
2,5
1,1

0,72

0,57
1,0

0,62

0,74

0,60

0,89

0,68

0,69

0,58

0,65

0,65

0,67
1,1

0,63
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81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

kontroll jord "B"
kontroll jord "B"
kontroll jord "A"
kontroll jord "A"

17
19
20
15
15
14
14
13
20
26
26
22
23
12
14
21
28
25
19
28
11
26
14
23
17
21
20
23
14
16
20
21
16
17
15
17
12
9,2
12
12

7,5
7,5
7,7
7,2

1,1
1,5
1,3
1,4
1,1
2,9
1,1
1,2
0,9

0,73

0,95
1,2
1,3
2,6

0,82
1,1

0,66

0,96

0,96

0,77

0,63
1,2

0,67
1,7

0,61

0,56

0,79

0,99
1,4
1,2

0,69
1,2

0,66

0,59

0,57

0,53

0,61

0,61

0,77

0,57

25
25
7,6
7,8

50



Appendix D

Other figures not included in results.

6 Farm

* chip1
*  chip.10
* chip.2

- hil 3
y=-03+13x R =074 e
* chip4

* chip5

NN

* chip6
* chip.7
* chip.8

sOC LO1 I:%:l

* chip9
*  mamb.10

*  mamb.2

(5]
'

mamb.5
*  mamb.6
*  mamb.7

* mamb.8

1 2 3 4
Tot C (%)

Figure: Relationship between SOC_ o1 and SOCi c. Strongly correlated. Model explained 74%.

Chipata Mambwe

LOI (%)

M MB PP FPB T} MB PP PPB
Treatment

Figure: SOM in each district and for each treatment. Treatments; M = maize, MB= maize with biochar, PP=
pigeon pea, PPB = pigeon pea with biochar. No significant difference between treatments (p>0.05).
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y=-052+23x RZ, =074

LOI (%)

Tot C (%)

Figure: Relationship between SOM and tot C. Strongly correlated.
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Farm
* chip.1
* chip.10
* chip2
* chip.3
* chipd
* chip5
* chip.6
*  chip.7
* chip8
* chip9
* mamb.10
* mamb.2
*  mamb5
* mambs
*  mamb.7

* mamb.9






