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Farming in Sub-Saharan Africa is expected to be faced with more frequent droughts and storms. 
Most farming systems lack the infrastructure to cope with such extreme events, and rely on soil 
water retention and soil hydraulic conductivity to store water while allowing stormwater to infiltrate. 
However, research on improving soil hydraulic properties in this region has been limited due to 
scarce funding and resources. Pedotransfer functions (PTFs), which use easily measurable and more 
often readily available parameters to predict hydraulic characteristics, offer potential solutions, but 
only limited numbers of PTF have been developed or tested for Sub-Saharan Africa specifically. 
This study aims to evaluate soil hydraulic properties of agricultural soils using PTFs in Zambia 
(southern Africa). Twelve existing PTFs were tested on their accuracy to predict field-saturated 
hydraulic conductivity (Kfs) and water retention. Therefore, 32 fields in 3 districts and 2 farming 
systems (small-scale and commercial farms) were sampled for soil texture, organic matter, bulk 
density, water retention and Kfs in top and subsoil. 

The results revealed higher and more spatially varying infiltration rates on commercial farms 
(about twice the rate), while showing signigficantly higher clay content (mean= 40%). A reason 
might be the formation of cracks and different soil management practices like tillage, impacting soil 
structure and determining Kfs. Further robust driving factors were difficult to determine. PTFs 
predicting Kfs were scarce and the ones existing failed to adequately predict Kfs. Obtained 
agreements of PTF estimated and field measured field capacity (-10kPa) ranged between -0.21 
<R<0.41 (top-soil) and -0.71<R<0.40 (sub-soil), while permanent wilting point (-1500kPa) varied 
within ranges of -0.45<R<0.49 (top-soil) and -0.69<R<0.42 (sub-soil). Notably, permanent wilting 
points at >0.15 vol% were performing poorly possibly due to lab analysis errors at high pressures. 
My results highlight the need to go beyond basic soil parameters for determining hydraulic soil 
properties, and a need to further build soil data from field sampling to improve PTFs applicability 
for agricultural soils in Zambia. 
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Water scarcity is a pressing issue in Sub-Saharan Africa, putting the well-being of 
roughly 90 million Africans at immediate risk in 2022 (EM-DAT & CRED 2024). 
Driven by a combination of factors including rainfall deficits, population growth 
and poor infrastructure, governments have struggled to find adequate solutions 
despite being on the international agenda for decades (Nkiaka et al. 2021). The 
increase of global temperatures adds to the fragile situation. Temperature shocks, 
changes in precipitation patterns and more intense weather events causes irregular 
water availability and increased stress on crops and soils (IPCC 2022). Sub-Saharan 
Africa is projected to be the region most affected by climate change impacts 
globally, with the largest number of water-stressed countries (Adepoju 2021). 

In Zambia, a country located in Sub-Sahara Africa, agricultural productivity 
directly determines economic performance and social stability. Twenty-two percent 
of Zambians were working in the agricultural sector in 2022 and around 85% of 
Zambians depended on farming for their livelihoods (Zambia Statistics Agency 
2023; Chikowo 2024; World Bank 2024a). The vast majority are smallholder 
farmers who conduct rain-fed agriculture and, as such, are particularly vulnerable 
to droughts (Silva et al. 2023). Smallholder farmers in Zambia typically employ 
traditional farming practices: labour intensive, small-scale and the usage of harvest 
for food, feed, energy and as building material. Limited financial capacities, poor 
knowledge and insecure land tenure often do not allow for adequate fertilization, 
application of pesticides and herbicides and the installation of irrigation 
infrastructure (Ngoma et al. 2019). 

Numerous studies have highlighted the role of soils and soil health in storing 
rainwater and in providing plant-available water over dry periods (Rockström et al. 
2010; Jägermeyr et al. 2016; Lehmann et al. 2020). Sandy soils for example drain 
quickly and hold little water while clay soils retain water beyond the plants 
retrieving capacities. Loamy soils provide a balance between good water retention 
and drainage for plant roots but adjusting soil texture is very costly in practice. 
Furthermore, by increasing the content of soil organic carbon, water content at 
various soil moisture levels improves, particularly in sandy soils, though the overall 
effect on available water capacity is modest (Minasny & McBratney 2018). 
However, implementing soil organic carbon promoting practices requires the input 
of biomass to the soil, which may compete against other usages of biomass in 

1. Introduction 
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smallholder farming. Other important properties are soil bulk density and aggregate 
stability, both significantly affected by tillage and crop management. Moderate 
density and stable aggregates form structures allowing water to infiltrate and be 
stored in the pores while maintaining resistance to soil erosion (Basset et al. 2023). 
Farming practices with heavy machinery and regular tillage are prone to compact 
soils and degrade aggregates. Therefore, applying the right farming practice for the 
right environment and soil is a difficult task especially given the limited knowledge 
on smallholder farming in Sub-Saharan Africa (Bargués-Tobella et al. 2024). 

Soil moisture dynamics in agricultural soils are governed by hydraulic 
parameters such as hydraulic conductivity and soil water retention. Soil field-
saturated hydraulic conductivity (Kfs) describes the rate with which water can move 
through soil pores at saturation measured in the field (contrary to the more disturbed 
measurements in the laboratory) and is governed by factors such as soil texture, soil 
structure and organic matter content. It is a key variable for determining rainwater 
infiltration, runoff and sub-surface water recharge (Vereecken et al. 2010). Soil 
water retention measures the soil's ability to retain water against the force of gravity, 
affecting plant-available water (soil moisture) in the rootzone. However, both 
parameters are notorious for being time consuming to measure, expensive and often 
depend on the scale of the sampling and of the analysis. Open data on soil related 
hydraulic properties for Zambia are scarce, especially data directly measured in the 
fields. This is further complicated by the lack of standardized sampling methods, 
decreasing the liability of old data (Mukumbuta et al. 2021). Therefore, many 
studies apply prediction tools to estimate Kfs and soil water retention (Van Looy et 
al. 2017). Pedotransfer functions (PTFs) are commonly used for that purpose. They 
link easily measurable and more often readily available soil properties like texture, 
bulk density and carbon content to hydraulic characteristics. The drawback of PTFs 
comes in the application for different soil classes and climatic zones: since they are 
trained on soil parameter of certain areas, their estimation accuracy significantly 
decreases when applied elsewhere. Globally, more soil research has been conducted 
in temperate regions (Hartemink 2002). Sub-Saharan Africa has seen little PTF 
development (Young et al. 1999; Miti et al. 2023). Several attempts have been made 
in the past but lacked the sampling numbers for broad application (Pidgeon 1972; 
Lal 1978; Karlsson 1982; Aina & Periaswamy 1985). Recent PTFs compensate the 
sampling issues by including open data, however, given the size and variability of 
the continent, are still limited to sections of countries and few selected areas of 
interest (Kalumba et al. 2021; Myeni et al. 2021; Teferi et al. 2023). Another option 
would be to apply PTFs from other continents with the same agro-ecological zones 
or soils. Miti et al. (2023) has found correlations between selected tropical PTFs 
and legacy data (legacy data refers to peer-reviewed publications, MSc and PhD 
theses, internal reports and the World Soil Information Service database) in 
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Zambia. Yet, it remains open to what extent existing PTFs are applicable for 
agricultural soils in Zambia and if they can differentiate between types of farming. 

This study aims to determine whether PTFs can be used to develop soil hydraulic 
properties for agricutural (crop) land in Zambia using easily available soil 
properties such as texure, bulk density and organic carbon. To do this, I sampled 32 
farms at 3 clusters and 2 soil depths, measured in-situ Kfs following the Land 
Degradation Surveillance Framework, a standardized sampling method used across 
Africa, measured field capacity and permanent wilting point for water retention 
properties, and measured texture, bulk density, and organic matter. Furthermore, I 
identified a number of PTFs potentially relevant for Zambia’s soil conditions and 
explored the sensitivity in the PTF input variables for the soil sample range. 

 
 

Two lead research questions were determined: 
 

1. What are driving factors for soil field-saturated hydraulic conductivity 
(Kfs) on agricultural soils in Zambia? (RQ1) 
 

2. Which existing pedotransfer functions (PTF) for Kfs and water retention 
are suitable for agricultural soils in Zambia and how sensitive are they to 
changes? (RQ2) 
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A graphic overview of the methodical workflow is depicted in Figure 1. In the 
following, details on the material and applied methods are provided. 

  

Figure 1: Graphic overview of the material and applied methods. RQ1 represents the regression 
analysis of research question 1 and RQ2 the regression analysis, model validation and sensitivity 
analysis of research question 2. Kfs: field-saturated hydraulic conductivity, ME: mean error, RMSE: 
root mean square error. 

 

2.1 Sampling design & data collection 

The methods applied in the field are determined by the sampling design. In this 
study, the sampling design follows the Land Degradation Surveillance Framework 
(LDSF), a standardized approach to ensure representative and comparable results 
across the world (Tamene et al. 2019; Vågen & Winowiecki 2023; Bargués-Tobella 
et al. 2024). While it was initially created for assessing soil and land health, its 

2. Material & Methods 
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inexpensive and simple to use methods can be applied individually for many 
situations. According to the LDSF sampling procedure, the site is divided into 16 
2.5km by 2.5km tiles. Within each tile, an area of 1km2 is selected and 10 random 
sampling plots generated, each divided into 4 circular sub-plots of 100m2 size. The 
sub-plots are positioned in a triangular way, hence 1 sub-plot forms the centre and 
3 surround the centre sub-plot by a 120 degree angle. For this study, this procedure 
had to be abbreviated due to time and resource constraints: instead of 16 tiles and 
areas, only 1 area in each district (of 25km2) in Kalomo and 150km2 in Lusaka and 
Katete) was selected. Furthermore, each sampling plot was not randomly placed but 
pre-selected in such a way, that most of the area was covered. It should be noted 
however, that the location of the areas and plots was largely influenced by the 
availability of agricultural fields, willingness of the farmers to participate and 
accessibility. In total, I positioned 32 plots: 10 in Kalomo, 12 in Lusaka (2 
additional plots had to be added due to varieties in the fields) and 10 in Katete (see 
Figure 2). These regions were chosen because they collectively accounted for over 
half of the agricultural yields in 2019 (Teschemacher et al. 2024). Sampling took 
place between February and April 2024. 

General information on the field was partly gathered from the farmers and partly 
measured. Information provided by farmers included: crop variety and management 
related information such as crop rotation application, irrigation regime, fertilization 
regime, weeding and pest management. Information measured in the field included: 
field coordinates. Horizons were determined in the field by analysing soil color and 
by determining texture using the feel method. By that, the highly management-
affected top-soil was differentiated from sub-soil. 

Chemical data was collected following the LDSF guide on composite soil 
sampling. At the centre of each sub-plot a sample was taken using an auger (see 
Figure 3). All sub-plot samples were then mixed, creating one composite sample 
per plot. This process was repeated for each horizon, hence at the depth 0-10cm and 
30-40cm for soils with 2 horizons (28 fields showed 2 horizons) and 0-10cm, 20-
30cm and 40-50cm for soils with 3 horizons (4 fields in Lusaka showed 3 horizons). 
Notably, in 2 instances an error was made and instead of sampling 0-10cm it was 
sampled 0-30cm. The composite samples were then taken to the Zambian 
Agriculture Research Institute (ZARI), a government funded laboratory, for further 
processing. Each sample was air-dried and sieved through a 2 mm mesh to remove 
debris and larger particles. The prepared samples were then stored in labelled, 
airtight containers until further analysis. Organic carbon was determined using the 
Walkley-Black method (GLOSOLAN 2019), a procedure where organic carbon is 
oxidized and calculated from the amount of chromate ions formed using a 
colorimetric procedure. Texture was measured using a hydrometer, which uses the 
difference in specific gravity of the particle size. It involves dispersing a soil sample 
in a sodium hexametaphosphate solution to break apart aggregates, shaking the 
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Figure 2: Map of the 3 study areas Kalomo, Lusaka and Katete and the sample locations in the area. 
Adopted from Emmanuel Ngonga. 

 

 

Figure 3: Images of some sampling process in the field. Left: loose soil sampling with an auger for 
chemical analysis, centre: soil cylinders halfway inserted for bulk density, right: infiltration rate 
measurement with an inserted infiltration tube, a fixed rule. 
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solution in a sediment cylinder filled with distilled water to ensure uniform 
distribution and to measure the concentration of suspened material which 
correspond to the settling velocities of sand, silt and clay particles. The available 
equipment at ZARI allowed increments of 5% texture content, thus measurements 
were recorded as 0%, 5%, 10% and so on up tot 100%. For the texture classes the 
United States Department of Agriculture (USDA) classification was applied, which 
defines the size of sand (2-0.05mm), silt (0.05-0.002mm) and clay (<0.002mm). pH 
was determined using CaCl, cation exchange capacity (CEC) was measured with 
the ammonium acetate method of Schollenberg and Drelbelbis (Schollenberger & 
Simon 1945) and nitrogen (N) was determined using the Kjeldahl method (Kjeldahl 
1883). 

Bulk density data was determined using the core sample method (see Figure 3). 
Thereby, a steel cylinder of pre-defined volume (98.17cm3) was placed on the soil, 
covered with a wooded plank, inserted in the soil by gently hammering on the 
wooden plank with a mallet until the cylinder top reached the soil surface, the sides 
dug out, sealed on the bottom with a trowel by pushing the trowel in the soil from 
the side, pulled out, cleaned and put into a labelled plastic bag. This procedure was 
repeated 4 times per horizon and field and was always located on the centre sub-
plot. The following depths were sampled: 0-5cm and 30-35cm for soils with 2 
horizons (horizon A and B) and 0-5cm, 20-25cm, 40-45cm for soils with 3 horizons 
(horizon A, Bint, B). Afterwards the samples were taken to ZARI for drying in the 
oven and for determining the mass. By dividing the mass with the cylinder volume, 
the soil bulk density per sub-plot was expressed. In the following dry bulk density 
is refered to as bulk density (BD). Average bulk density per field was calculated as 
mean value of the 4 sub-plots. 

Climate and geology 
Kalomo, Katete and Lusaka are located in the humid subtropical climate, an area 
with dry winter and hot summer (Beck et al. 2018). During winter, temperatures are 
high with almost no rainfall between May and August (World Bank 2024b). The 
wet season between September and April brings intense rainfall controlled by the 
passage of the tropical rain belt which oscillates between the northern and southern 
tropics. Annual mean precipitation is lowest in Kalomo (700-750mm), closely 
followed by Lusaka (750-800mm). Katete receives around 900-1000mm rain per 
year. 

Kalomo’s area is generally flat with sandstone as parent material, resulting in 
sandy Ortic Ferralosol soils (Glynn et al. 2017). Lusaka’s fields, located on the 
Lusaka plateau, are close to the Ngwerere and Chalimbana streams which brings 
water and fine material (Japan International Cooperation Agency (JICA) 2009). 
This has resulted into local textural variations according to the farmers, however, 
the general soil type was classified as Ferric Luvisols. The sample area in Katete is 
located around rocky hills of carbonatites and agglomerates rocks (Lee 1974). 
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Erosion, intense weathering and micro-climates formed diverse soils, generally 
classified as Ortic Ferralosol. 

2.2 Determination of hydraulic properties 

Two hydraulic properties were measured: field-saturated hydraulic conductivity 
(Kfs) and water retention (θψ) as field capacity (at -10kPa) and permanent wilting 
point (at -1500kPa). To determine Kfs, I adopted the approach used by Bargués‐
Tobella et al. (2024). In the field, water infiltration rate was measured following the 
LDSF by applying single-ring infiltration testing under falling-head conditions (see 
Figure 3). For this, a single-ring infiltrometer consisting of a plastic tube of 120mm 
diameter and 210mm height with sharpened edges was placed in the centre of each 
sub-plot, gently pushed into the soil until it entered 20mm in the soil and a ruler 
was placed vertically in the tube so that it showed the height from the soil surface. 
Next, water was poured into the tube to pre-wet the soil to get closer to steady-state 
conditions. After 15 minutes, the tube was re-filled to 18cm above the soil surface 
and the timer started. In an interval of 5 minutes (and after some time 10 and 20 
minutes) the water surface level was recorded and the tube re-filled to 180mm 
above the soil surface. If the water fully drained before the interval ended, the time 
was noted and the tube re-filled. In total, a run lasted between 90-180 minutes 
depending on the rate at which constant infiltration was reached. Infiltration was 
measured mid-season, hence in February-March. 

Infiltration rate measurement points were used to estimate the Kfs, following the 
methodology demonstrated in Figure 4. To begin, Nimmo et al. (2009)’s formula 
was applied to account for non-constant falling head and subsurface radial 
spreading typical of single-ring infiltrometers: 

𝐾𝐾𝑓𝑓𝑓𝑓𝑖𝑖 =
𝐿𝐿𝐺𝐺
𝛿𝛿𝛿𝛿

ln �
𝐿𝐿𝐺𝐺 + 𝛼𝛼 + 𝐷𝐷𝑓𝑓
𝐿𝐿𝐺𝐺 + 𝛼𝛼 + 𝐷𝐷𝑑𝑑

�, 

where 𝐾𝐾𝑓𝑓𝑓𝑓𝑖𝑖  represents an intermediate Kfs still influenced by the suction of soil 
particles and thus not at full saturation. Furthermore, 𝛿𝛿𝛿𝛿 denotes the duration of the 
time interval (5, 10, or 20 minutes), 𝛼𝛼 represents the soil macroscopic capillary 
length (83.33mm (Reynolds & Elrick 1990; Reynolds et al. 2002)), 𝐷𝐷𝑓𝑓 is the 
ponding depth of the filled tube (180mm), 𝐷𝐷𝑑𝑑 is the drained ponding depth after the 
interval (as recorded) and 𝐿𝐿𝐺𝐺  the ring-installation scaling length defined by the 
formula: 

𝐿𝐿𝐺𝐺 = 𝐶𝐶1𝑑𝑑 + 𝐶𝐶2𝑏𝑏, 
where 𝐶𝐶1 and 𝐶𝐶2 are empirically determined constants (0.316 π and 0.184 π, 

respectively (Reynolds et al. 2002)), 𝑑𝑑 is the ring insertion depth (20mm) and 𝑏𝑏 the 
inner tube radius (60mm). The formula by Nimmo et al. (2009) was applied to all 
recorded infiltration measurements which resulted in a series of decreasing values 
over time rather than one Kfs per repetition. To determine a final value for Kfs, a 
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curve was fitted to these points and the asymptotic values were extracted. This task 
was accomplished using the Python package "lmfit" (Newville et al. 2014) which 
employs non-linear least squares regression with the Levenberg-Marquardt 
algorithm, similar to the R code described by Bargués‐Tobella et al. (2024). The 
fitting function was configured to ensure a decreasing trend over time without 
reaching negative values. An advantage of the "lmfit" model is its ability 
automatically terminate the fitting process if the specified criteria mentioned above 
are not met and its ability to compute metrics such as R² and χ² (chi-square). R² 
determines if the data points are randomly distributed or on a trend, typically a value 
between 0-1 (0: indicating no trend, 1: indicating perfect fit). χ² determines the 
absolute error compared to the standard deviation (Newville et al. 2014). R² and χ² 
values are computed for each fitted curve per field resulting in 3-4 R² and χ² values 
per field. Finally, the mean steady-state Kfs values per field were calculated as 
median of all sub-plot values. In total, 107 Kfs values were generated on 32 fields. 
It should be noted that on 21 fields only 3 out of 4 sub-plots were sampled for 
infiltration due to resource constraints. 

 

Figure 4: Example of field-saturated hydraulic conductivity (Kfs) determination. Ki
fs represents an 

intermediate value where saturation has not fully occured. Kfs represents the final value used for 
further assessments. Kfs: field-saturated hydraulic conductivity. 

To determine θψ, undisturbed soil samples were gathered in the field using soil 
cylinders. For this, soil cylinders (72mm diameter) were manufactured by cutting 
and sharpening plastic tubes. Due to manufacturing inaccuracies, dimensions of 
cylinders varied between 50-70mm depth. The cylinders were then placed on the 
soil, covered with a wooded plank, inserted in the soil by gently hammering on the 
wooden plank with a mallet until the cylinder top reached the soil surface, sealed 
on the bottom with a trowel by pushing the trowel in the soil from the side, carefully 
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pulled out, cleaned and sealed with lids. This procedure was repeated 4 times per 
horizon per field and was always located on the centre sub-plot. The following 
depths were sampled: 0-5cm and 30-35cm for soils with 2 horizons (horizon A and 
B) and 0-5cm, 20-25cm, 40-45cm for soils with 3 horizons (horizon A, Bint and B). 
Afterwards the samples were taken to the University of Zambia (UNZA) and θψ 
was determined using a pressure plate assembly. Water content at the following 
suction pressures was tested: -10 kPa, correlating with the field capacity (FC) for 
sandy soils (Richards & Weaver 1944) and -1500 kPa, representing the permanent 
wilting point (PWP). Further pressure points were not included in this study as they 
were not predicted by most selected PTFs. 

2.3 Pedotransfer function selection 

Several selection criteria were established for PTF. The primary requirement was 
that the training data must originate from tropical and humid to arid regions, 
specifically from Africa, Australia, South America and India. Additionally, the 
USDA texture classification had to be used for the PTF to be considered and the 
training dataset for the PTF needed to include at least 100 samples. If the PTF input 
included organic substances (or fraction thereof), only organic carbon was 
acceptable, excluding other classes such as organic matter. Finally, in the creation 
process, PTFs were trained on a specific set of input parameters. I verified that the 
majority of our results fell within the parameter range. 

To identify suitable PTFs, peer-reviewed literature from Clarivate (Web of 
Science n.d.), Elsevier (Elsevier n.d.), Scopus (Scopus n.d.), Springer publishing 
(Springer Publishing n.d.) and Wiley (Wiley n.d.) was examined. The search 
criteria for these databases included keywords, publication time limits (with a 
preference for functions published after the year 2000) and the criteria mentioned 
above: geographic region, texture classification, sample-size, class of organic 
substances and parameter range of training data. The keywords used in the search 
comprised a combination of terms: pedotransfer function, tropics, Africa, Sub-
Sahara, Australia, Brazil, India, Southern Africa, Zambia, saturated hydraulic 
conductivity and water retention.  

In total, 12 PTFs were selected: 3 which return Kfs predictions and 9 which return 
θψ, of which, 2 predict the full curve and 7 predict points on the curve at the pressure 
levels -10kPa and -1500kPa (-33kPa represents FC and -1500kPa the PWP). Table 
1 gives an overview on the selected PTFs. It can be seen, that most of the PTFs use 
texture and organic carbon as main predictor. Bulk density is a less often used 
predictor (5 out of 12 times) while CEC and pH are only used twice and always in 
combination with many other variables. Exceptional predictors are N, stoniness and 
porosity (P). Stoniness in particular was not sampled in this study but, on a 
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subjective basis from the field excursions, it can be assumed to be low or 0. 
Similarly, P was not sampled, but it has been calculated using the formula:  

P = 1 − �
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝛿𝛿𝑑𝑑

𝑝𝑝𝑝𝑝𝑝𝑝𝛿𝛿𝑑𝑑𝑝𝑝𝑏𝑏𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝛿𝛿𝑑𝑑
�, 

where particle density is equal 2.65. 
 

Table 1: Selected pedotransfer functions to be tested with the Zambian agricultural soils. θψ: water 
retention curve (as soil water content θm at a certain negative pressure m (unit: kPa)), θ-10, -1500 water 
content at negative pressure levels -10 and -1500, Kfs: field-saturated hydraulic conductivity, cl: 
clay, si: silt, sa: sand, OC: organic carbon, BD: bulk density, CEC: cation exchange capacity and 
EP: effective porosity. 

Author Year Region Country Input Output 
Adhikary et al. (θ) 2008 tropics India cl, si, sa θ-10, -1500 
Adhikary et al. (Kfs) 2008 tropics India cl, si Kfs 
Dijkerman (θ) 1988 tropics Sierra Leone cl, sa θ-1500 
Gunarathna et al. (θ) 2019 tropics Sri Lanka si, sa, OC θ-10, -1500 
Hodnett & Tomasella 
(θ) 

2002 tropics world 
cl, si, sa, OC, 
BD, CEC, pH 

θm 

Kalumba et al. (Kfs) 2020 tropics Zambia sa, BD, N, stone Kfs 
Minasny & 
Hartemink (θ) 

2011 tropics world cl, sa, OC, BD θ-10, -1500 

Myeni et al. (θ) 2021 - South Africa cl, si, SOC θ-1500 
Ottoni et al. (Kfs) 2019 tropics Brazil & US cl, si, EP Kfs 
Santra et al. (θ) 2018 arid India cl, sa OC θ-1500 

Teferi et al. (θ) 2023 tropics Ethiopia 
cl, si, sa, OC, 
BD, CEC, pH 

θm 

van den Berg et al. (θ) 1997 tropics 
world 
Oxisols 

cl, si, OC, BD θ-10, -1500 

Table 2 and Figure 5 depict the range of the training data. Sand has the highest 
range, followed by clay and thereby can fit the data easily. Similarly, most of the 
bulk density ranges allow for loose soils as well as compacted soils. The range for 
organic carbon is relatively diverse. Regarding CEC, pH and N, they showed a high 
range (CEC: 0-94 cmol kg-1 for Hodnett and Tomase (2002) and 2-85 cmol kg-1 for 
Teferi et al. (2023), pH: 3.6-9.6 for Hodnett and Tomase (2002) and 4.2-8.4 for 
Teferi et al. 2023, N: 0.00-0.37% for Kalumba et al. (2020)). 

Table 2: Range of the pedotransfer function training data-set for texture variables. x: no data given 
in the literature, -: variable not in the function. 
Author clay silt sand OC Dry BD  

in % % % % g cm-3 
Adhikary et al. (θ) 3-69 1-52 2-99 - - 
Adhikary et al. (Kfs) 3-69 1-52 - - - 
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Dijkerman (θ) 0-70 - 0-100 - - 
Gunarathna et al. (θ) - 0-39 5-99 0.0-4.5 - 
Hodnett and Tomase (θ) 0-95 0-77 0-99 0.0-30.8 0.3-1.9 
Kalumba et al. (Kfs) - - 3-97 - 0.8-2.0 
Minasny and Hartemink (θ) 0-100 - x x 0.5-2.0 
Myeni et al. (θ) 1-83 1-68 - 0.0-11.7 - 
Ottoni et al. (Kfs) 0-96 0-82 - 0.5-2.0 - 
Santra et al. (θ) 1-68 - 4-97 0.1-11.0 - 
Teferi et al. (θ) 4-95 0-70 5-70 0.1-4.9 0.5-1.8 
van den Berg et al. (θ) 10-95 x - 0.1-5.2 0.8-1.6 

 

 

Figure 5: Boundaries of the selected PTF texture input parameters in a texture triangle. If no 
boundary was given, a boundary of 100% was assumed for the respective value. “Adhikary_pF”: 
Adhikary et al. (θ). 

2.4 Statistical validation 

Whether a district had significantly different soil properties compared to another 
district was determined using a one-way ANOVA analysis. P-values below 0.05 
signal significant differences. 

To explore the relationships of soil properties with Kfs, a linear regression 
analysis was conducted. This method connects a single explanatory variable to an 
independent variable assuming a casual relationship and fits a linear function. The 
linear relation is expressed numerically with the coefficient of determination (R²) 
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as described above. It is important to note that this method measures only linear 
correlations and, as such, cannot detect non-linear relationships. 

Validation of the PTF performance was performed using 3 statistical parameters: 
Pearson correlation coefficient (R), mean error (ME) and the root mean square error 
(RMSE). R determines the relationship between measured and predicted variable, 
ME gives information on the bias of the relationship and RMSE shows mean 
absolute deviation. Similar statistics were used in (Stumpp et al. 2009). All 
statistical parameters in this thesis were computed in Python using the "SciPy" 
package (Virtanen et al. 2020). 

Sensitivity of functions were determined by the simple one-at-a-time (OAT) 
sensitivity analysis. The OAT analysis plots the change of single input-parameter 
against the change in output, depicting the sensitivity as rate of change (Pianosi et 
al. 2016). However, soil parameters are interdependent and changing one parameter 
affects others. For example, altering the sand content influences the clay and silt 
content. To account for such cases, 3 scenarios were generated based on the 
parameters measured in the field: “texture 1”, “texture 2” and “OC”, all of which 
are depicted in Figure 6. In the first scenario "texture 1", the silt content is set to 
0%, while clay and sand contents are inversive varied between 0-100%. Other 
required input parameters (e.g. OC) are kept constant at the median of the sampled 
results from this study. The scenario "texture 2" takes into account variations in silt 
content between 0-30%. Depending on the silt content, the sand and clay parameter 
vary between 0-100% and 100-0% respectively, resulting in a quadratic function 
where: 

𝑝𝑝𝑏𝑏𝑝𝑝𝑑𝑑 = 0.006 ∗ 𝑥𝑥2 − 1.6 ∗ 𝑥𝑥 + 100 
and 

𝑑𝑑𝑑𝑑𝑏𝑏𝛿𝛿 = −0.012 ∗ 𝑥𝑥2 + 1.2 ∗ 𝑥𝑥 
where:  

𝑥𝑥 =
−0.4 + �0.42 − 4 ∗ 0.006 ∗ (−𝑑𝑑𝑝𝑝𝑑𝑑𝑑𝑑)

2 ∗ 0.006
 

where 𝑑𝑑𝑝𝑝𝑑𝑑𝑑𝑑 is any number between 0-100. 
In the last scenario "OC" the texture is fixed at sand=42.5%, silt=15% and 

clay=42.5%, while the OC content is varied between 0-8%. The sensitivity analysis 
was plotted in Python using the "seaborn" package (Waskom 2021). 

2.5 Missing data 
Due to issues in the lab and communication difficulties, not all samples were 

available by the time this thesis was written. The final number of received results 
is listed in Table 3 and Table 4 under the column “n”. The missing data was mostly 
from Lusaka, where only 5 out of 12 fields were fully evaluated, but also from 
Katete, where 7 out of 10 fields were fully evaluated except for CEC which was not 
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measured at all by the lab. Additionally, the physical and chemical samples from 
Katete were evaluated in a different lab in Malawi. Due to the missing data on the 
intermediate B horizon (Bint), it was not included in the following anaylsis.  

 

 

Figure 6: 3 scenarios for the sensitivity analysis, showing the extent of variations on a texture 
triangle. In scenario “texture 1” and “texture 2” only the texture content is varied while all other 
variables are kept constant. In scenario “OC” only the organic carbon (OC) content is varied. 
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3.1 Site description 

Farm management 
Typical smallholder farming practices dominated at Kalomo and Katete sites.  
Through interviews with farmers at time of sampling, I was informed that fields 
were exclusively rain-fed with no irrigation regime or soil water management 
installed or planned. Farmers tilled the fields by hand with garden hoes before 
seeding, affecting the top 20cm soil. Crop-residues from harvest were removed 
from the fields leaving them bare throughout the dry season while fertilization was 
only done for maize due to the high cost of fertilizer. Many fields were cultivated 
for less than 20 years and cleared using the slash-and-burn method. In Kalomo, the 
predominant crop was maize with little to no crop rotation employed according to 
farmers. In Katete, crops were rotated more often with maize, soy, sunflower, 
groundnut and other crops, however maize was still the dominante crop. In Lusaka, 
soils were managed intensively on large scale farms - so called commercial farms. 
All sampled fields had overhead sprinkler pivots in combination with soil moisture 
sensor equipment, modern crop management (including crop-rotation, fertilization, 
pesticides and herbicides), field soil analyses through commercial laboratories (not 
available for this study)  availability of heavy farm equipment for cultivation, 
ploughing and other tasks and recovery of crop-residues to the soil. 

Soil characteristics and analysis of three sites 
The distribution of soil characteristics per location and depth is depicted in Figure 
7. A detailed numerical overview is given in Table 3 and Table 4. 

Across all measured fields, clay content varied between 0-94%. Lusaka’s site 
had a significantly higher clay fraction compared to the other fields while also 
showing high variations between the different fields. This could be related to local 
texture variations (some owners informed us about natural clay hotspots in their 
field. There is also effort to adjust field texture by manually introducing sand from 
other places). With the transition to B horizons, clay content increased in Lusaka 
and Kalomo while Katete depicted consistently low clay content around 10%. 

3. Results 
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Silt content remained below 20%, with the exception of some elevated values in 
horizon A in Lusaka.  

The sand fraction dominated the soil composition throughout all horizons at 
most small-scale farms. Average sand content ranged around 80% in Kalomo and 
Katete in the horizon A. At deeper layers this value dropped to 60% in Kalomo 
while remaining at the same level in Katete. In Lusaka average sand content was 
around 35% and 10% in the horizon A and B, respectively. An outlier in Lusaka 
showed 100% sand content – an extreme condition that differs greatly from the 
authors observations in the field and is most likely a measurement error. 

OC content varied between 0.11-1.77% across all sampled fields. Average OC 
content was around 1% for horizon A in Lusaka and Katete and around 0.5% in 
Kalomo. In horizon B OC generally decreased, however this decrease was more 
pronounced in Lusaka than in the other locations. Regardless of OC content, a more 
diverse soil organism population was observed in Lusaka, while soils in Kalomo 
and Katete showed mostly termite activity at the time of sampling. 

Soils in Katete and Kalomo had average BD values of around 1.4g cm-3 in the 
horizon A which decreased with depth. In Kalomo the decrease was much more 
moderate but in Katete the variations between the fields ranged from 1.1-1.7g cm-3 
making it difficult to determine a trend. Soils in Lusaka had a different pattern. 
While the median BD values at the horizon A were between 1.2-1.3g cm-3, they 
increased in depth to around 1.4g cm-3. 

 

Figure 7: Graphical disaggregation of selected soil properties per district (Kalomo, Lusaka and 
Katete) and horizon (A and B). OC: organic carbon, BD: bulk density. 
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Table 3: Chemical and physical data of the sampling sites per A horizon as well as the p-values to 
determine significant differences between districts (Kalomo, Lusaka and Katete). n: number of 
samples, OC: organic carbon, BD: bulk density, CEC: cation exchange capacity, N: nitrogen, θ: 
water content at pressure level -10 kPa or -1500 kPa, x: insufficient data of all districts. 

Horizon: 
 

A 
Variable in min median mean max p-value n 
clay % 0 16 26 85 0.003 22 
silt % 0 8 11 35 0.001 22 
sand % 10 75 68 95 2.4E-5 22 
OC % 0.25 0.85 0.84 1.62 0.013 27 
BD g cm-3 1.1 1.4 1.4 1.7 0.004 32 
CEC cmol kg-1 0.05 0.21 6.47 39.24 X 20 
pH - 4.04 5.94 5.76 6.94 0.762 27 
N % 0.01 0.06 0.06 0.14 8.272 27 
θ-10 cm3 cm-3 0.12 0.28 0.27 0.38 0.001 32 
θ-1500 cm3 cm-3 0.02 0.08 0.09 0.40 0.024 32 

Table 4: Chemical and physical data of the sampling sites per B horizon as well as the p-values to 
determine significant differences between districts (Kalomo, Lusaka and Katete). n: number of 
samples, OC: organic carbon, BD: bulk density, CEC: cation exchange capacity, N: nitrogen, θ: 
water content at pressure level -10 kPa or -1500 kPa, x: insufficient data of all districts. 

Horizon: 
 

B 
Variable in min median mean max p-value n 
clay % 0 31 33 94 0.002 22 
silt % 0 9 10 25 0.607 22 
sand % 0 64 57 100 0.003 22 
OC % 0.11 0.62 0.71 1.77 0.032 27 
BD g cm-3 1.1 1.4 1.4 1.7 0.509 32 
CEC cmol kg-1 0.03 0.10 5.43 30.77 X 20 
pH - 4.10 6.01 5.66 6.79 7.0E-8 27 
N % 0.01 0.04 0.05 0.15 0.002 27 
θ-10 cm3 cm-3 0.13 0.29 0.30 0.52 2.0E-4 32 
θ-1500 cm3 cm-3 0.05 0.09 0.13 0.24 1.0E-4 32 

 

Soil water retention 
The most water was retained in Lusaka with an average water content of 0.3 cm3 
cm-3 at FC and 0.1 cm3 cm-3 at PWP in horizon A, increasing to 0.4 cm3 cm-3 and 
0.2 cm3 cm-3 in horizon B at FC and PWP, respectively (see Figure 8). Similar 
trends were observed across the other districts, with a significant difference 
between districts. Nevertheless, the relative difference between districts declined. 
At horizon A, the water content at the PWP was almost identical between Lusaka 
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and Katete although texture was remarkably different (with clay content of 40% 
and13% respectively). 

 

Figure 8: Graphical disaggregation of hydraulic properties per district (Kalomo, Lusaka and 
Katete) and horizon (A and B). -10 kPA: field capacity, -1500 kPa: permanent wilting point. 

 

Field infiltration measurement and field-saturated hydraulic conductivity 
Unsaturated infiltration rates were lowest in Katete and Kalomo. Top-Figure 9 
depicts this observation, whereas each colour represents one field with 3-4 
repetitions (by running several measurements at the same time) and the solid lines 
represent the average. At both sites, the infiltration rate remained relatively constant 
and did not decrease strongly since the first measurement point. This might be 
related to some rainfall occurring shortly before the sampling in Katete, while no 
rain was recorded prior to the other districts. The exception were 2 sites in Katete 
which displayed fast infiltration over time, however there is no visible difference 
in texture, OC or BD. This decline might be explained by the presence of earth 
channels (e.g., from termites), which could have enhanced water flow. In Lusaka 
the infiltration rate was even stronger with large decreases over time and major 
differences between each repetition. 

Regarding the curve fitting procedure of 𝐾𝐾𝑓𝑓𝑓𝑓𝑖𝑖  points, R² values were low at some 
Kalomo sites, indicating that no trend of measurement over time emerged but rather 
that measurement points were randomly distributed (see centre Figure 9). In Katete, 
R² values scored better while the best R² values can be found in Lusaka. Chi-square 
values were lowest in Kalomo, followed by Katete, indicating that the points were 
close to the curve. Lusaka’s soils showed higher fluctuation in the measurement 
points, which can be partly attributed to the generally higher values. 

Finally, median Kfs per field ranged from 3 to 210 mm h-1 (see bottom Figure 9). 
Katete’s soils showed the lowest median Kfs with 7 soils being below 50 mm h-1, 
except for 2 sites which had median Kfs of 121 and 189 mm h-1. In Kalomo, 
measured values were moderately rapid to rapid from 33 to 141 mm h-1. In Lusaka 
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the soils had the highest median Kfs but also the highest variation within a field. In 
5 instances the variation within a field reached over 150 mm h-1 with the maximum 
variation being 243 mm h-1. The overall median per district differed significantly 
between districts (p-value = 0.002), with lowest values in Katete (46 mm h-1), likely 
due to wet sampling conditions, followed by Kalomo (72 mm h-1) and Lusaka (134 
mm h-1). 

 

 

 

Figure 9: Field-saturated hydraulic conductivity (Kfs) results per location (Katete, Kalomo and 
Lusaka). Top: Mean infiltration rates with 95% confidence interval of the 3-4 repeated infiltration 
measurements per sampled field . Centre: statistical results from the curve fitting procedure to 
estimate the randomness of measured points. Bottom: final Kfs distribution per field and per district. 
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3.2 Predictors for field-saturated hydraulic conductivity  

Simple linear regression analysis results for horizon A are depicted in Figure 10. In 
the instances of silt and sand content, the resulting linear function was close to 
diagonal, indicating a correlation between these parameters and Kfs. This was 
confirmed by the R2, which was 0.40 and 0.28 for the silt and the sand correlation 
respectively. Other variables, such as clay content, OC content and BD, both the 
regression analysis and the R2 showed poor predicting capabilities. 

 

 

 

Figure 10: Simple linear regression plots of selected variables and field-saturated hydraulic 
conductivity (Kfs) at horizon A. The regression line shown in the plots was calculated across all 
districts but only for horizon A. OC: organic carbon, BD: bulk density. 

3.3 Accuracy of selected pedotransfer functions 

The statistical comparison of the Kfs prediction via PTFs and the observation are 
presented in Table 5 and graphically depicted in Figure 11. All 3 Kfs-predicting 
PTFs had R values below 0 demonstrating little predicting capabilities. Adhikary et 
al. (2008) and Ottoni et al. (2019) returned values below roughly 50 mm h-1 
although more than half of the observed values exceeded this threshold. Such low 
values can be attributed to their PTFs, which were calibrated primarily with Kfs 
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values below 50 mm h-1 and only predict higher values at very high sand 
concentrations (roughly at 90% and more). Kalumba et al. (2020) predicted values 
of high Kfs however, with no overall correlation. The PTF’s high dependency on 
stone and sand content made it prone to high infiltration rates, whereas the only 
reducing factors in the function are bulk density and N. The weak correlation is also 
visible when plotting the observed data against the predicted data: the scatter plot 
reveals a random distribution of points, with no discernible pattern or trend. The 
lack of alignment along any line indicates that the predictions do not correspond 
well with the actual observations. Consequently, ME and RMSE values were high 
for all cases. 

Table 5: Evaluation of the predicted field-saturated hydraulic conductivity (Kfs) for top-soil (horizon 
A). 

Author R RMSE ME 
Adhikary (Kfs) -0.23 101.49 61.14 
Kalumba (Kfs) -0.15 105.17 -74.57 
Ottoni (Kfs) -0.28 84.11 61.13 

 

Figure 11: Performance of pedotransfer functions which return field-saturated hydraulic 
conductivity (Kfs) for top-soil (horizon A) conditions. The grey line represents the 1:1 agreement 
where points would lie if the predictions exactly matched the observations. 

PTFs on water content were also tested on their predictability. The results are shown 
in Table 6 and Figure 12. Generally, all PTFs except the one from Teferi et al. 
(2023) showed a positive R value, ranging from 0.19 to 0.49, suggesting that the 
PTFs were able to reproduce the observations to some extent. The best R value was 
achieved by Gunarathna et al. (2019), followed by van den Berg (1997) and Hodnett 
and Tomase (2002). Most PTFs performed better at horizon A than horizon B, while 
the difference between FC (-10 kPa) and PWP (-1500 kPa) varied between the 
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functions. At FC, most of the predicted values ranged from 0.1 to 0.4 cm3 cm-3, the 
same range as the observation. At PWP, a noticeable outlier-cluster between 0.15 
and 0.35 cm3 cm-3 formed, although most observations didn’t exceed                        
0.15 cm3 cm-3. This cluster represented farms with elevated clay content. A closer 
analysis of the PTFs revealed a clear trend: as expected, soils with a greater 
proportion of fine particles tend to retain more water at PWP. 

Table 6: Evaluation of the predicted water retention at field capacity (-10 kPa) and permanent 
wilting point (-1500 kPa) per horizon A and B. 
Author pressure 

(in -kPa) 
A B  

R RMSE ME R RMSE ME 
Adhikary (θ) 10 0.41 0.12 0.04 0.40 0.13 0.01 
Adhikary (θ) 1500 0.27 0.10 -0.02 0.29 0.10 -0.03 
Dijkerman (θ) 1500 0.31 0.08 -0.03 0.26 0.10 -0.06 
Gunarathna (θ) 10 0.37 0.09 0.02 0.37 0.09 0.02 
Gunarathna (θ) 1500 0.49 0.09 -0.06 0.36 0.09 -0.06 
Hodnett and Tomase(θ) 10 0.41 0.13 0.10 0.24 0.11 0.08 
Hodnett and Tomase(θ) 1500 0.40 0.11 -0.05 0.42 0.11 -0.08 
Minasny and 
Hartemink(θ) 

10 0.38 0.08 -0.02 0.35 0.09 -0.02 

Minasny and 
Hartemink(θ) 

1500 0.34 0.11 -0.06 0.19 0.12 -0.08 

Myeni (θ) 1500 0.40 0.07 -0.02 0.31 0.08 -0.04 
Santra (θ) 1500 0.33 0.06 -0.01 0.31 0.08 -0.03 
Teferi (θ) 10 -0.22 0.15 -0.10 -0.71 0.14 -0.01 
Teferi (θ) 1500 -0.45 0.24 -0.17 -0.69 0.17 -0.11 
van den Berg (θ) 10 0.41 0.08 0.03 0.43 0.09 0.03 
van den Berg (θ) 1500 0.44 0.08 -0.03 0.32 0.08 -0.03 

 

Figure 12: Performance of pedotransfer functions which return the water content (θ) for top-soil 
(horizon A) conditions. The grey line represents the 1:1 line agreement where points would lie if the 
predictions exactly matched the observations. 
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3.4 Sensitivity of selected pedotransfer functions 

Sensitivity of PTFs was determined based on the 3 scenarios "texture 1", "texture 
2" and "OC", calculated as change compared to 50% sand or OC content and 
depicted in Figure 13 and Figure 14. Adhikary et al. (2008)’s function for predicting 
Kfs was increasingly sensitive with higher sand content especially at sand content 
exceeding 80%. This is related to low Kfs values at 50% sand content. Since silt and 
OC were no input variables, the scenario "texture 2" was identical to "texture 1" 
and the scenario "OC" was not relevant. Kalumba et al. (2020) showed a simple 
linear increase with ±60% change compared to the 50% sand content. Ottoni et al. 
(2019) had a similar behaviour with little difference between the texture scenarios, 
indicating that silt and clay behave similar according to the function. All Kfs-
predicting PTFs predicted increasing Kfs with higher sand content. 

The majority of water retention predicting PTFs demonstrated a high sensitivity 
towards sand content. The higher the sand content, the lower the water retention 
capacity. Inversely, the higher the clay content, the higher the water retention. For 
scenario "texture 1", in 8 out of 9 PTFs the change in output was linear or close to 
linear with the change in sand content. In 3 PTFs, the output decreased significantly 
at sand content close to 100% reaching below a tenth of retention at 50% sand 
content. In 3 other PTFs the change was only moderate. The difference in output 
between FC (-10 kPa) and PWP (-1500 kPa) was little for 7 PTFs with a difference 
of around 10%, showing low sensitivity on the applied suction pressure. If silt 
content was present (as in scenario “texture 2”), water retention decreased 
compared to no silt. The silt replaced the clay fraction, which itself had a 
significantly higher water retention capacity. In 6 out of 9 PTFs the change in output 
was strong when silt content reached its maximum. More than half the change in 
output was visible when silt reached 30% compared to no silt. In 4 PTFs, water 
retention decreased stronger with higher negative pressures compared to no silt, 
indicating that silt has a higher impact at higher negative pressures. For the last 
scenario “OC”, which varies the OC content between 0-8%, the change in output 
was modest. In 6 out of 7 PTFs (only 7 PTFs used OC as input parameter) output 
changed between ±25% at 0 or 8% OC content compared to 4% OC content. 
Differences between negative pressures were only visible for 3 PTFs, where higher 
OC content improved water retention at stronger negative pressures. It should be 
mentioned however, that this scenario assumes that the other parameters are 
constant. The sensitivity of OC might change when assuming other constant input 
parameters. 
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Figure 13: Sensitivity analysis of pedotransfer functions which return field-saturated hydraulic 
conductivity values. The y-axis represents the variation in field-saturated hydraulic conductivity. 

 



33 
 

 

 

 

 



34 
 

 

Figure 14: Sensitivity analysis of pedotransfer functions which return water retention values. The 
y-axis represents the variation in water content given by the functions. OC: organic carbon. 
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Limitations in methods and material 
The methods employed in this study (including the LDSF) were effective in 
capturing soil characteristics, nevertheless certain limitations became apparent 
during the sampling process and subsequent data analysis. 

The prolonged dry weather conditions complicated sampling with the cylinders 
and the auger. In sandy soils, the lack of moisture caused particles to become loose, 
making cohesive sample collection difficult. In contrast, clay and silty soils 
clumped and broke apart when stressed. Future studies should pre-wet soils, even 
just slightly, to stabilize structure and improve measurement reliability. 

The sampling sessions were conducted several months and years apart. Over this 
period, chemical properties were prone to variations and follow-up sampling was 
complicated due to difficulties in locating previous sites. This turned out to be 
important in fields with high spatial variabilities of texture like Lusaka and Katete, 
increasing uncertainties in the correlation between measured variables. Timely 
sampling for consistent samples and recording of geo-coordinates is recommended. 

An advantage of conducting field work is, to compare lab data with the 
impressions in the field to identify outliers and explain certain behaviours. In this 
study, a larger number of discrepancies between in-field observations and lab data 
were observed: soils in Kalomo appeared significantly more sandy than in Katete 
during the fieldwork, while it was the other way around according to the lab results. 
Lusaka’s soils appeared to have high OC content in horizon A and elevated fine 
particle content in sub horizons. Bulk density appeared homogeneous in Katete. 
These discrepancies likely reduced correlations between variables and decreased 
performance of predictive functions. However, even with these issues, the data 
gives a first impression on the soils behaviour in the area. 

 

Results and comparison to literature 
Estimated Kfs in Kalomo, Katete and Lusaka are consistent with the values 
presented in other studies (Gupta et al. 2021; Bargués-Tobella et al. 2024; Falk et 
al. 2024). Bargués-Tobella et al. (2024) recorded median Kfs values between 6-161 
mm h-1 with higher Kfs values exhibiting higher variability in general. However, 
identified Kfs predictors differed between this study and certain literature. Gupta et 

4. Discussion 
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al. (2021) and Bargués-Tobella et al. (2024) found a positive relationship between 
Kfs, sand content and OC content, while my findings suggested the opposite: higher 
sand and silt content reduced infiltration while OC and BD had little impact. Other 
literature suggested that clay particles tend to form cracks when drying, improving 
infiltration initially, until the cracks are closed, which however takes some time 
(Dudal 1989; Mavimbela & van Rensburg 2017). For this study Kfs is likely more 
related to different weather conditions during sampling resulting in the presence of 
cracks, to soil management and to crust formation, rather than texture. 

The second research question focused on evaluating existing PTFs. The selected 
PTFs demonstrated little ability in predicting observed Kfs and modest prediction 
capacities for water retention. A possible explanation is that the selected PTFs were 
not developed for agricultural soils. Báťková et al. (2023), demonstrated that some 
commonly used and well developed PTFs were unable to give a satisfactory 
prediction of Kfs on agricultural soils compared to PTFs specifically developed for 
agriculture. The changes in the pore system due to tillage operations and, thus, the 
great temporal variability, made it difficult to determine predictors. Differing 
results could also be related to field-saturation. The selected PTFs determined 
saturated hydraulic conductivity in the lab which can yield significantly different 
results (Gupta et al. 2021). It should be mentioned, that water retention estimation 
in clay rich soils (mainly Lusaka) at PWP underperformed. At 40% clay a water 
content of 0.2 cm3 cm-3 and above is expected at PWP (Rab et al. 2009; O’Geen 
2013). This increased the difficulties in accurately measuring the PTF prediction 
capacities. The question arises whether PTFs from different continents can be used 
for the given setting. However, several studies have done well in predicting water 
retention in Sub-Sahara African countries with foreign PTFs (Botula et al. 2012; 
Myeni et al. 2021; Miti et al. 2023).  

 

Implications for farming and future science 
This research has shown the complexities in determining hydraulic predictors on 
agricultural soils. Basic soil properties, such as texture, were insufficient for 
accurate prediction, implying the existence of other major driving factors. 
Introducing perennials, tillage and crop management are among the factors which 
impact infiltration rates the most (Basche & DeLonge 2019; Basset et al. 2023). 
These factor should not be neglected by farmers and should be taken into account 
in future studies, while also taking note of spatial and annual variabilities. 

Existing PTFs performed questionably, nevertheless they remain a cost effective 
tool. PTF improvements could be obtained from the inclusion of parameters such 
as land-use, farming type and crop development stage. Nevertheless, more 
development of PTFs for agricultural soils in Sub-Saharan Africa is necessary. 
Transdisciplinary work between farmers and scientists will help to advance soil 
research and management practices. 
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In future, farmers in Africa will have less usable water due to climate change. Most 
farmers do not have the tools and money to handle the big weather changes and 
instead depend on soil to soak up rain and keep the water for the crops to grow. 
Scientists have developed Pedotransfer functions (PTFs) to estimate how much 
water soils can retain, but they do not work for all soils. Only few of such PTFs 
have actually been tested for African soils. In this work, I tested twelve PTFs on 
their accuracy for agricultural soils in Zambia, Africa. Therefore, 32 fields in 3 
districts and 2 farming systems (“traditional” small-scale farms and commercial 
farms) were sampled for soil texture, organic matter, bulk density, water retention 
and for field-saturated hydraulic conductivity (Kfs) in top and subsoil. 

I found, that water infiltrated the soil faster on commercial farms compared to 
small-scale farms (about twice the rate), while the soil on commercial farms also 
had finer texture (mean clay content= 40%). A reason might be that there were 
cracks in the soil due to the texture and management practices and that the water 
flowed into the cracks, infiltrating the soil quicker. 

When looking for PTFs to estimate soil water flow (Kfs), I found few that worked 
well. The PTFs, I tried gave very different results from what was measured in the 
field, they did not predict Kfs accurately.  

For estimating soil water retention, I found more PTFs that seemed suitable, but 
their accuracy was inconsistent. For field capacity, the accuracy range was -
0.21<R<0.41 for topsoil and -0.71<R<0.40 for subsoil. For the wilting point, it was 
-0.45<R<0.49 (topsoil) and -0.69<R<0.42 (subsoil). Errors were particularly high 
for wilting points above 0.15 vol%, possibly due to lab errors at high pressures. 

These results show a need to look beyond basic soil tests for better water flow 
estimates. More field data is needed to improve PTF accuracy for Zambian farms. 
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