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Abstract 

An increased global food demand requires an increase in agricultural land use, which in turn 

affects the hydrologic cycle. A central process in this regard is infiltration of rainfall through the 

land surface. While there are standard values available for different soil types, land cover also 

has a documented influence on infiltration rates. This makes infiltration highly variable across 

spatiotemporal scales and as such, difficult to measure in field, thus selection of an appropriate 

measurement technique is important to consider. Therefore, this study aimed to establish a 

method for robust infiltration measurements and compare rates from various crops (rice and 

maize) and soils (sand and clay) to see if there is consistency between physical controls on 

infiltration and farming practices. The study area is located near the town of Ifakara in south-

central Tanzania. Data were gathered during eight weeks (October- November) using various 

ring infiltrometer set-ups. The results from 12 comparative infiltration measurements indicated 

that a smaller ring implies less measurement precision. Precision was improved by using a double 

ring setup and/or a larger single ring. Infiltration measurements from the nine agricultural fields 

corresponded well to estimations from the Horton infiltration equation (correlation coefficient > 

0.98). The results from all 36 measurements indicated a statistically significant difference 

between crop types as well as between soil types. The significance was, however, higher for soils 

compared to crops. Part of the inconsistency of infiltration rates could be explained by the cultural 

factor where traditions are important for crop choice and farming. Further, the measured 

infiltration confirmed the large spatial variations of infiltration rates both within and across fields, 

with implications for large scale agricultural development. 
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1. Introduction 
Water and food are fundamental to human life. This is true not only for each separately but also 

when considering the linkage between them. Water availability is vital for agriculture and thus 

for food security. To meet the demands of a growing population and per capita consumption, the 

FAO (2009) estimates an increase of 70 % in necessary agricultural production by 2050. This 

increase can be gained by agricultural expansion and/or intensification, both of which affect the 

hydrologic cycle in different ways, from a local to global scale (Rockström et al., 2014). 

Conversion of natural ecosystems to agricultural land can increase runoff and decrease 

evapotranspiration (Rost et al., 2008) as well as change the temporal distribution of these 

processes (Kashaigili, 2008). The consequences are erosion, sediment and nutrient loss, changes 

in atmospheric moisture recycling (Rockström et al., 2014) and alteration of groundwater 

recharge (Le Maitre et al., 1999). As such, it is important to consider the underlying hydrological 

processes, and their connection to land cover and soils, within issues of land-water resource 

management and planning. 

A central process in this regard is soil infiltration. It defines the fractionation of rainfall between 

surface runoff and groundwater recharge in many environments (Mishra et al., 2003). Infiltration 

is affected by both physical processes and human actions (Perrolf & Sandström, 1995). Despite 

being such an important part of the hydrologic cycle, infiltration is difficult to capture as rates 

are highly variable in space and measurement techniques typically have a limited spatial footprint 

(Perrolf & Sandström, 1995). Standard literature values of infiltration rates for various soil types 

are available from databases (e.g., FAO). Nevertheless, land use has been suggested as a more 

important influence on infiltration compared to soil texture (Granit & Karlsson, 1992; Dingman, 

2008; Osuji et al., 2010; Fischer, 2014). Still, there is usually a connection between these factors 

since different crops tend to require different soil conditions (Critchley et al., 1991; FAO, 2013). 

Due to the documented importance of vegetation and the spatial variability, local values of 

infiltration can differ from the general values reported in databases. To assess representative 

values and regional variability, as these can impact hydrological cycling, in situ observations are 

necessary.  

The understanding of hydrological processes, infiltration included, is becoming increasingly 

important since they have an indirect influence on the viability of resource development 

programs. For example, food security is the main goal of the national agricultural policy of 

Tanzania (ERM, 2012). It has been estimated that only 15 % (6.3 million out of 43 million 

hectares) of the arable land is currently cultivated. Development projects such as the public 

private partnership SAGCOT (Southern Agricultural Growth Corridor of Tanzania) aim at 

turning 350 000 ha of farmland into commercial production over the next 20 years. 

Environmental impacts on water and land are expected (ERM, 2012). The pathway of the 

SAGCOT covers the Kilombero Valley that is the focal point of this thesis. As in the rest of 

Tanzania (Byers et al., 2012) a majority of the farmers in the valley are smallholders and the 

agriculture is mainly rain fed with rice and maize as the dominant crops. The agricultural 

potential of this wetland region was identified as early as in 1909 (Beck, 1964). Still, little is 

known about the landscape, owing to its remoteness and general lack of development (at least to 

date). Analyzing the infiltration variability as it relates to soils and crops in Kilombero provides 

some base information relevant for the regional ecosystems. This may provide a basis for 

modeling and estimation of future changes. By extension, the results provided here can be used 

for analyzing the general suitability for agricultural development in the region. 



2 

 

1.1. Main objectives 

This study aims to establish a method for robust infiltration measurements in a remote Tanzanian 

landscape to compare rates from various crops and soils to see if there is consistency between 

physical controls on infiltration and farming practices. In order to do this, following background 

questions were investigated:  

 How does the soil infiltration rate vary with crop type and with soil type? 

 How do the measured rates compare to literature reported values? 

 How do measured data compare to estimated values following the Horton 

infiltration equation? 

The precision and ability of different ring infiltrometer set-ups for estimating the infiltration rates 

were first investigated to answer the following question: 

 What is a suitable infiltration measurement set-up for the Kilombero Valley? 

2. Theory and previous research 
Infiltration is the process of water moving downwards through the soil surface (Schwartz & 

Zhang, 2003; Dingman, 2008). It divides rainfall into surface and subsurface runoff. Infiltration 

is therefore considered one of the most important processes in the hydrologic cycle (e.g., Brouwer 

et al., 1988; Dingman 2008; Jones, 2014). In this thesis, it is the stable infiltration rate that has 

been measured. The stable infiltration rate is the constant rate obtained after a certain amount of 

time, depending on prevailing field conditions (Johnson, 1963). The measured dimension is 

length over time typically expressed in units of mm/h. There are several factors that affect the 

infiltration process, other than the forces of gravity (determined by the mass of water) and 

capillarity (determined by soil pore distribution). To facilitate a better overview these could be 

divided into surface and subsurface conditions.  

2.1. Controls on stable infiltration rates 

Casenave & Valentin (1992) suggested that 84 % of the infiltration variations are due to surface 

conditions. Initially, infiltration is affected by the rate at which the water arrives from above or 

the depth of ponding at the surface (Johnson, 1963; Freeze & Cherry, 1979). Once the water 

reaches the ground, slope and geomorphic location are important (Dingman, 2008) as well as 

surface roughness (Freeze & Cherry, 1979) and previous moisture content (Schwartz & Zhang, 

2003). Vegetation has been identified as an important factor by Tricker (1981) and Loague & 

Gander (1990) as it helps preserve water in the soil (Le Maitre et al., 1999). Open fields, as in 

cultivated soils, implicate lower (Breman and Kessler, 1995; Giertz et al., 2005) and more 

variable infiltration rates (Nord, 2008) compared to native vegetation or even land with different 

degrees of canopy and litter cover. Boparai et al. (1992) found indications of crop type influence 

as higher initial cumulative infiltration was observed in fields after rice cropping compared to 

the fields after maize cropping (both in loamy sand). The rates, however, became higher in the 

maize field towards the end of the measurement, as soil cracks field filled up in the rice field. 

Thompson, et al. (2010) stated that further investigation is needed on how specific species of 

plants affect infiltration. 

Different surface covers are also caused by different management practices (Jones, 2014). Tillage 

in rice fields, for example, causes different infiltration rates depending on plow depth (Chen & 

Liu, 2002). Lal & Vandoren Jr. (1990), Prieksat et al. (1994) and Lal (1997) found the stable 
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infiltration rates in maize fields to be higher in no till systems compared to different tillage 

practices. On the other hand, Meek et al. (1992) suggested that tillage can improve infiltration in 

trafficked soils. Also, field treatments like burning, which are common practice in many parts of 

the world, can alter infiltration rates (Wuest et al., 2005; Baiyeri, 2014). Another surface 

condition affecting the soil and the infiltration rate is the climate under which a soil has 

developed. According to Greenland (1977), infiltration is faster in tropical soils compared to 

temperate soils due to increased soil aggregation. 

Among the subsurface conditions, soil texture seems to be the strongest influencing factor 

according to the literature (Horton, 1933; Johnson, 1963). The stable infiltration rates (Mousavi 

et al., 2011) as well as the ranges in rates (Horton, 1933) increase with coarser soils. Soil texture 

also influences the entire infiltration process. As explained by Gilli et al. (2012) clay soils have 

high initial rates that rapidly decrease when the material swells and cracks are closed. Compared 

to the clay infiltration process, sandy soils display a less dramatic decline over time (Gilli et al., 

2012). As well as these horizontal variations of soil types in a study area, the vertical soil 

differences are also important to consider, preferably previous to measurements (Youngs, 1991). 

Underlying impermeable layers can cause high infiltration rates due to increased lateral flow as 

observed by Lal (1997) and Wu et al. (1997). Furthermore, infiltration should be studied in 

relation to other connected soil parameters such as bulk density, soil organic matter and total 

porosity (Dingman, 2008; Dušek et al., 2009; Osuji et al., 2010).  

Instead of explaining infiltration rates solely by surface or subsurface influences, Tricker (1981) 

argues that interactions and relationships between these factors is probably closest to the truth. It 

is therefore difficult to separate and assess the extent of influence of each factor affecting the 

local infiltration rate (Perrolf & Sandström, 1995; Green et al., 2003). 

2.2. Spatial and temporal variability 
All factors that affect infiltration are spatially and temporally heterogeneous, which makes 

infiltration highly variable (Freeze & Cherry, 1979). According to Loague and Gander (1990), 

the scale of spatial homogeneity of infiltration is typically less than 20 m. Sometimes it is not 

possible to define a spatial correlation, neither from the location of the catchment nor from the 

soil type (Sharma et al., 1980). At a larger scale, Chen & Liu (2002) observed that rates were 

higher toward the borders of the field and lowest in the center. Horton (1933), Achouri & Gifford 

(1984) and Logsdon et al. (1993) found infiltration variability due to seasonality. Logsdon et al. 

(1993) concluded that even the time scale of management impacts on infiltration could differ. 

The impacts could be detected several years later (Radke & Berry, 1993) or have disappeared 

within a short time (Green et al., 2003). This spatiotemporal distribution of management impacts 

was documented by Prieksat et al. (1994). For example, the infiltration rate between plants and 

under plants within the row increased with the growing season in a chisel-plowed maize field. 

The highest infiltration rate at the end of the growing season was found directly under the plants. 

The no tillage field had smaller variation in infiltration rate over the season as well as spatially, 

such that rates were the same at different locations within the row but still higher compared to 

the inter row locations.  
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2.3. Infiltration rates for different crops and soils 
Farmers select the crop type based on several criteria of which the most common are labor, 

experience, seed availability, prices, government policy and environmental conditions such as 

climate and soil (Kurukulasuriya & Mendelsohn, 2007). Crop type could thus be defined as a 

consequence of both human and environmental factors, since it is not simply physical conditions 

explaining which crops are grown where. Nevertheless, there are recommendations on preferable 

soil conditions for different crop types. For example, consider rice and maize which are the two 

focus crops in this study. Rice is recommended on clay, preferably on almost impermeable soil. 

If the soil is sandy, the water table needs to be high in order to maintain the favorable conditions; 

this can be the case in valley bottoms (Critchley et al., 1991). According to FAO (2013) the most 

important consideration for maize, on the other hand, is that the soil is well drained and aerated 

with no risk for water logging. Counter to cropping, the connection between infiltration and soils 

can be explained based on physical properties. However, this does not guarantee a simple 

relationship between soil type and infiltration rate. Johnson (1963) for example argued that there 

are no specific values of infiltration rate for particular type of sediment. 

Altogether, this means it is difficult to generalize infiltration rates by crop type or soil type given 

the range of values found in nature and reported in the literature. To demonstrate this to some 

extent, Table 1 presents the summarized infiltration rates for soils and crops selected from the 

literature. Note that if an average value was not reported explicitly, the value in the middle of 

minimum and maximum of the specific study was selected. The values based on soil type (clay 

and sand) were summarized corresponding to the rough soil classifications of the study (see 

following sections). For example, clay loam was considered as clay and sandy loam as sand. A 

complete list of the values and sources is found in Table A 1 (see appendix). The infiltration rates 

based on crop type (maize and rice) originate from measurements in different environments, 

ranging from tropical to temperate and dry to humid. They also differ in agricultural practices as 

well as measurement techniques. A complete list of the values and sources is found in Table A 3 

(see appendix). Clearly, there are wide ranges of infiltration rates to be found in nature and these 

are determined by local-scale factors. This motivates a detailed field investigation into site-

specific infiltration rates, and their local variability, rather than the use of general values from 

literature.  

Table 1: Summarized literature values of stable infiltration rates, based on soils (clay and sand) and 

crops (rice and maize). 

Soil / Crop Average (mm/h) Minimum (mm/h) Maximum (mm/h) 

Clay 4 < 0.1 10 

Sand 26 2 250 

Rice 4 0.004 18 

Maize 204 12 925 
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3. Methods 
3.1. Study site: Ifakara, Kilombero Valley 

This study focuses on infiltration rates around Ifakara town (08o06'S, 36o41'E) which is situated 

in the Morogoro Region, about 400 km from Dar es Salaam. It is located in the valley bottom of 

the Kilombero River basin that has an area of around 40 000 km2 (Figure 1) (RBWO, 2010). The 

Kilombero basin forms part of a Rift valley oriented southwest to northeast (RIS, 2002) with 

elevation differences between 200 and 2500 m.a.s.l. (Bonarius, 1975). The surrounding 

mountains supply the valley’s river system with water (Bonarius, 1975). Groundwater recharge 

comes mostly from rainwater infiltration, thus water table levels and precipitation are highly 

correlated (RBWO, 2010). The climate in Kilombero varies between the highlands and lowlands 

as well as throughout the year. In Ifakara the temperature has an annual mean of 24 o C. Wet 

season average rainfall in Kilombero is 198 mm/month compared to the dry season average of 

21 mm/month. Increasing temperatures and changing precipitation patterns are expected to cause 

increased evapotranspiration, reduced runoff and reduced groundwater recharge (RBWO, 2010).  

 
Figure 1: The geographical location of Ifakara. Source: Koutsouris et al., (2015) 

Bonarius (1975) used landscape characteristics such as soil and vegetation to divide the valley 

into different zones. According to this classification Ifakara is situated on the border between the 

Kilombero river zone and the alluvial plain, probably on one of the alluvial fans. The soils around 

Ifakara belong mostly to Gleyic fluvisols groups (FAO, 2003). They are young soils conditioned 

by topography. New sediments deposited during periodical floods are visible as grey layers of 

clay in the stratification (FAO- UNESCO, 1997). The layering is locally confirmed by the data 

set of MSABI (2013). The soil textures around Ifakara are mostly sandy loams and clays (Beck, 
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1964), originating from a bedrock primarily composed of gneiss and granulites (FAO, 1961). 

However, there is a large spatial variation of the top soils (0.5 m) in the area ranging from sand 

and gravel to clay (MSABI, 2013). Fluvisols are naturally fertile (FAO- UNESCO, 1997) and 

according to Beck (1964) Ifakara is situated in an area with the most suitable soils for agriculture 

in the Kilombero Valley. The average infiltration rates in the study area according to a 

classification of physiographic units range between 62 mm/h (Kilombero river zone) and 250 - 

400 mm/h (alluvial fans) (Bonarius, 1975) with a large variety of rates within the different soil 

and land cover classes. The mean values exceeded 100 mm/h although areas with clay soils had 

considerably lower rates. In lands for rice and intercropping, infiltration rate values were 

typically lower than 100 mm/h. The hydraulic conductivity ranged between 19 mm/h (Kilombero 

river zone) and 42 mm/h (alluvial fans) (Bonarius, 1975).   

The valley bottom wetland has its outlet at Ifakara (RBWO, 2010). It is one of the largest 

freshwater wetlands in East Africa (RBWO, 2010) and the floodplain covers about 700 000 ha. 

The wetland is of both local and regional importance - leading to its designation as a Ramsar site 

in 2002 (RIS, 2002). It regulates streamflow and supply of sediment and nutrients downstream, 

especially during the dry season (RBWO, 2010). These wetlands are threatened by the population 

increase and the aim for food security (RIS, 2002; Ntongani et al., 2014) since they are, at least 

in the short term, suitable for agriculture development (Dixon & Wood, 2003). The population 

in the Kilombero District has increased from around 74 000 in 1967 (URT, 1997) to around 

408 000 in 2012 (WREM, 2012). Ifakara and its rural surroundings where the infiltration 

measurements were conducted can be considered a representative study area of the valley. This 

accounts for both processes of population increase and land use change as well as the physical 

characteristics of the alluvial plain.  

3.2. Experiment locations 
Considering the large spatial variability of infiltration rates, this study intended to keep the 

experiment locations as similar as possible but still representative for the study area. As a first 

step to identify suitable measurement locations, agricultural land around Ifakara town was 

identified in Google Earth. A grid, similar to that in Wopereis et al. (1992), with 2 x 2 kilometers 

cells was applied to the satellite image. The time frame of eight weeks and transport limitations 

allowed for experiments at nine different locations, three for each crop type combination. To 

make sure the conditions were as similar as possible, for example restricted to rain fed agriculture, 

and to keep a closeness to water sources, exact positions were adjusted in the field. The 

adjustment was also made to guarantee a spatial distribution of the crop types across the study 

area. The latter was important in order to avoid influence of distance to the Lumemo River, the 

mountains and the valley bottom. Figure 2 displays the final sites selected for the infiltration 

experiments, spread out over an area of about 8 x 8 km. Figure A 1 in Appendix illustrates 

examples of the three different agricultural land covers; rice, mixed and maize. The experiments 

were carried out in October- November, just at the end of the dry season. Therefore, the fields 

were not in use and they were covered to a varying degree by crop residues. Soil cracks were 

present in the fields with higher clay content and/or less vegetative cover. The rather flat shapes 

of the soil surface were in general similar across the fields- except from number five which had 

distinctive rows. The crops had in general been planted without a specific spatial structure, apart 

from field number five (maize), with plants organized in the plowed rows. The amount of maize 

in the measured mixed fields never exceeded 50 %.  
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Figure 2: The experiment locations around Ifakara town. Source: USGS (Accessed 2014-02-06) 
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3.3. Equipment 
There are several suggestions to be found in the literature on equipment for infiltration 

measurements. Infiltration rings were chosen since they are relatively cheap and easy to transport 

(Johnson, 1963). Most importantly, they are documented as producing reliable data if used in a 

correct way (Youngs, 1991). There are however no consistent recommendations on the exact 

setup (Youngs, 1991) and should be adjusted as suggested by Johnson (1963) for each specific 

case.  

The two principal considerations to make are (1) whether to use a single or double ring and (2) 

the ring sizes. Chowdary et al. (2006), Dingman (2008) and Hendriks (2010) argued that double 

ring infiltrometers improve the measurements by avoiding lateral flow. This would be proven by 

faster infiltration rate in the outer ring (Burgy & Luthin, 1956). Conversely, Burgy & Luthin 

(1956) argued that a double ring does not help, however, based on results from a uniform soil. 

The area around Ifakara has soils that are far from uniform (see section 3.1). Bouwer (1986) was 

also critical to the double ring and argued that lateral flow can only be avoided by increasing ring 

diameter to at least 1 m. The ring size is the other important consideration to make prior to 

measuring infiltration rate. Bouwer (1986), Chowdary et al. (2006) and Dušek, et al. (2009) 

argued that ring diameters that were too small could show overly high infiltration rates. Several 

studies proposed double rings with an inner ring size of 15 cm in diameter and the outer of 30 

cm to perform measurements of sufficient quality (Burgy & Luthin, 1956; Berndtsson, 1987; 

Gregory et al., 2005). Additionally, Tricker (1978) observed that error decreases rapidly with 

increase in ring diameter until 15 cm. A further advantage of a relatively small but still reliable 

ring size is the smaller water requirements (Tricker, 1978). This is an important advantage 

considering the limitations in this study to transport and carry large amounts of water.  

Due to the contrasting recommendations of equipment, a brief trial of different recommended 

ring set ups relevant for this study was conducted as a first experiment. The material restrictions 

and the field conditions for this study, with extremely hard soil surfaces in some locations, 

excluded the possibility of ring sizes larger than 30 cm in diameter. The experiment thus focused 

on a double ring (15 cm and 30 cm) and two different single rings (15 cm and 30 cm). A complete 

version of the results is presented in the results section but the conclusions suggested a double 

ring infiltrometer (Figure 3) as the best option for the second and principal experiment of this 

study. The time frame and measurement conditions allowed for two sets of double rings. The 

inner and outer ring sizes were 15 cm and 30 cm in diameter respectively as suggested by Burgy 

& Luthin (1956), Berndtsson (1987) and Gregory et al. (2005), with a height of 27 cm as 

suggested by Brouwer et al. (1988). The lower edge of the cylinders was sharpened to minimize 

disturbance to the soil (Bouwer, 1986). Additional equipment comprised two rulers for 

measurements, a cloth to protect the soil surface at first water application, two buckets to fetch 

the water, a liter measure to scope and a plastic film to avoid evaporation during measurements.  

Finally, it should be considered that infiltration rate is highest when the soil surface is ponded 

(Youngs, 1991), as in the case of ring infiltrometers. Therefore they do not measure rainfall 

infiltration. Ring infiltrometer data thus serve as ranges rather than absolute values (Abdulkadir 

et al., 2011) and a way to compare different sites (Johnson, 1963; Bouwer, 1986 and Perrolf & 

Sandström, 1995). Johnson (1963) argued that rings capture the infiltration rate over an area less 

than 1 m2. Thus, the measurement uncertainties and the high variability of infiltration make 

generalization of point data to larger areas dubious (Youngs, 1991). 
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Figure 3: Double ring infiltrometer used in the study. 

3.4. Procedure 
There are several considerations to make when conducting infiltration measurements. The first 

thing is to keep the measurement conditions as similar as possible across the locations to control 

the influencing parameters (Bouwer, 1986). This was partly accounted for already through the 

identification of experiment sites, but was also considered in the actual experiment procedures 

explained below.  

As already stated, infiltration rates are highly variable, both spatially and temporally across 

seasons (Brouwer, et al., 1988; Chowdary et al., 2006). Within the framework of this study, the 

temporal variability could not be accounted for. The spatial variability was on the other hand 

considered throughout the measurement procedure. To obtain data as close to the real values as 

possible, several infiltration measurements were conducted at each site. Burgy & Luthin (1956) 

concluded that six measurements were needed to be within 30 % of the true mean. The time 

frame of this study however set the feasible limit to four tests in each field as two tests could be 

conducted simultaneously. The ring positions formed a square that was selected to represent the 

field but also to capture the variability within the field. Nord (2008) used a distance of 10 m 

between each ring. This was adopted here as a reasonable distance considering that the setup 

should be the same in every field and the sizes of the fields varied. For the precision test of 

different ring setups, the rings were instead placed with a distance of two meters from each other 

in order to decrease the influence of spatial variability. 

The rings were inserted using a sledgehammer on a resistant piece of wood covering large part 

of the ring surface. This was done to avoid uneven installation and a disturbed soil surface 

(Bouwer, 1986). The risk due to not inserting the rings evenly and vertically is overestimation of 

the rates caused by space along the edges (Perrolf & Sandström, 1995). The hammering method 

used in this study might still have caused some disturbance on the soil within the ring. In the case 

of more advanced equipment, the rings can be driven down into the soil by a screwing mechanism 

that further decreases disturbance. Greater installation depth decreases lateral flow, according to 

Youngs (1991). For this study, an insertion depth of 15 cm suggested in Brouwer et al. (1988) 

seemed reasonable in comparison of the 5 cm used in several studies e.g. (Lai & Ren, 2007). 
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Falling head, a common measurement technique, applied in for example Bouwer (1986) and 

Nord (2008), was adapted to the conditions of this study. According to Dušek et al. (2009), a 

higher constant water level gives faster infiltration due to increased pressure gradient and thus 

increased lateral flow. For this study, a constant head of 60 mm was used, similar to the method 

in for example Chowdary et al. (2006). The refilling stopped every 20 minutes. The decrease of 

the water surface was then measured during enough time to capture a decrease in head, depending 

on the soil conditions. The adaption of the reading time was important to avoid a drop of the 

water column over several centimeters, which can result in underestimation, especially in coarse 

soil types (Wu et al., 1997). The precision of the readings might have been lower in some tests 

where it was difficult to define the exact millimeter decline due to the ruler itself, sun reflections, 

the angle of viewing, and water surface fluctuations. The aim of the measurements was to capture 

the stable infiltration rate. The expected time period to reach a stable infiltration rates varies in 

the available literature. According to Berndtsson (1987) it is reached within 40- 60 minutes, 

within a minimum of 270 minutes according to Dashtaki et al., (2009) and within six hours 

according to Johnson (1963). Since four tests were conducted in each field, two at a time, the 

reasonable measurement length was approximately 180 minutes, due to field limitations and 

length of daylight. 

A cloth was used to protect the soil surface when applying water (Bouwer, 1986) but was 

removed after the first filling. The water used for the infiltration measurements was taken from 

nearby wells. The rings were covered by a plastic film in order to avoid evapotranspiration as 

suggested by Johnson (1963). After measurement completion, the rings were cleaned in 

accordance with recommendations by Bouwer (1986).  

Measurements were conducted at nine locations in total (Table 2), three fields for each crop type. 

Four double ring infiltrometer measurements were conducted in each field. Eight additional 

measurements, four by the single ring of 15 cm in diameter and four by the single ring of 30 cm, 

were conducted in field number six (rice) and seven (maize). Together with two of the double 

ring measurements from field number six and seven, these served to evaluate the precision of 

different ring infiltrometer set-ups.  

Table 2: Outline of the various measurements and ring infiltrometer setups. 

Field number 

Number of measurements Crop types 

Double ring Single 15 Single 30 Rice Maize Mixed 

1 4   x   

2 4     x 

3 4    x  

4 4   x   

5 4    x  

6 4 2 2 x   

7 4 2 2  x  

8 4     x 

9 4     x 

Further, the soil texture was roughly classified in all fields as either sandy or clayey. The 

classification was based mainly on the clay content that could be estimated just by trying to shape 

the soil. This was combined with observations such as the degree of soil cracks, difficulties to 

take the rings out of the soil and the quantity of soil that had stuck on to the metal. The 

documented influence on infiltration by vegetation on the soil surface (Tricker, 1981; Loague & 

Gander, 1990) was also intended to be assessed by estimating the vegetative cover in percentage 
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at each ring and for the entire field. It should be noted however that both soil classification and 

estimation of surface vegetation were made in relative terms, in comparison between sites rather 

than absolute values.  

Previous studies have concluded that local knowledge is important to complement the research 

(Ntongani et al., 2014). In order to achieve a general understanding of the field and the 

surrounding area, the land owner or farmer at each site was asked a number of brief questions 

(Table A 5 in Appendix). They were not regular interviews such that interesting and useful 

comments from farmers were not always answers on specific question. The conversations related 

to the amount of time the fields had been in use, what crops that had been cultivated on the field 

during this time, the flood frequency and the soil preparation methods. This knowledge is 

incorporated throughout the thesis.  

3.5. Data processing 
The resulting data set consisted of 44 total infiltration measurements from nine different 

locations. Twelve of these were the foundation for comparison of the different ring infiltrometer 

set-ups. The data were sorted according to the template for infiltration measurements suggested 

by Brouwer et al. (1988) together with information obtained from the conversations and in situ 

observations. The stable infiltration rates were represented by the readings that had a small 

change in infiltration, normally towards the end of the measurement. In 25 of the 44 

measurements, the stable infiltration rates were easy to identify, while there were still fluctuations 

for the other 19 measurements, probably due to the time limitation for the experiment. An 

approximation of a reasonable stable rate was thus made based on the last readings.  

The stable infiltration rate values were organized into two different categories based on crop type 

(rice, maize, mixed) and soil type (clay and sand). The consistency between agricultural practices 

and soil infiltration rates was then evaluated using these classifications. A spatial comparison 

within fields and across the fields, as well an analysis of the precision of different ring 

infiltrometer setups, was also made. Basic statistics such as calculation of average values and 

standard deviations were applied to each grouping. Of course, it should be noted that the sample 

size for statistical operations is small. 

Student’s t-tests were performed to assess whether the differences between crop type, soil type 

and infiltration rates were statistically significant. In order to obtain samples of equal size, a 

common solution would have been to randomly select and exclude four measurements. However, 

the four highest measurements in the sand category, representing the outlier, were excluded. The 

results of the t-test is thus a conservative estimate of the statistical significance of the difference 

in infiltration rates between the two soil classes. The t-tests resulted in probability values that 

were compared to the significance level of p = 0.05. The samples however, were not normally 

distributed as the t-test requires. Therefore, an additional significance test that does not require a 

normal distribution, the Mann-Whitney U-Test, was considered (Mann & Whitney, 1947). The 

significance level at p = 0.05 in the U-test is represented by a critical value that depends on each 

sample size.  
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3.5.1. Horton’s Infiltration Equation 

The measurements were tested using Horton’s Infiltration Equation. Despite being one of the 

earliest infiltration equations, Horton’s infiltration model (Horton, 1939) remains widely used 

(Abdulkadir et al., 2011). The equation is empirical and is calculated as:   

𝑓(𝑡) = 𝑓𝑐 + (𝑓0 − 𝑓𝑐)𝑒
−𝑘𝑡 

f(t) = infiltration capacity at time t 

fc = constant infiltration rate 

f0 = initial infiltration capacity 

e-kt = exponential decrease of rate f0 with the decay constant k. 

When an infiltration test is performed, infiltration begins at rate (f0) and decreases exponentially 

until it reaches a constant rate (fc), (k) is the decay constant for a given curve (Horton, 1939). The 

constant is based on the hydraulic properties of the soil (Verma, 1982). The Horton equation is 

applicable only when rainfall intensity, or water application, is greater than the constant 

infiltration rate. The correlation of measured rates and Horton’s infiltration equation has 

previously been evaluated several times using different curve fitting techniques. Although the 

correlation with Horton has proved better compared to other models (Návar & Synnott, 2000) 

there are a couple of observations that should be considered. Návar & Synnott (2000) and Mishra 

et al. (2003) found that the correspondence between measured data and Horton is worse on sandy 

soils. Horton has also been found to not describe the initial and early infiltration rates well (Collis-

George, 1977).  

One of the four measurement results from each field was randomly picked for the curve fitting 

to Horton’s infiltration equation. The optimization of the model fitting was done by maximizing 

the correlation coefficient as it is the statistical measure most sensitive to variations among the 

low values. The low values represent the stable infiltration rates and are therefore the focus.  

4. Results  

4.1. The farmers’ view of the landscape 

Results from the conversations with farmers together with field details are presented in Table A 

6 (see appendix). Conversations revealed that soil preparation methods differed from year to year 

depending on the farmer’s current economy. Tractor was used when financing was sufficient and 

hand hoe was the cheaper alternative. Burning practices were not possible to map out in detail 

for the different fields but fires were commonly used on agricultural land in the area. The field 

observations suggested macro pore differences depending on crop type, with larger pores by 

maize roots compared to rice. Other than being related to clay content and vegetation at the soil 

surface, the degree of soil cracks did not show any pattern across different crop types. The 

conversations revealed that all fields had been in use for more than 10 years and the average was 

26 years across the fields. The same crop as the current one had been planted every year for all 

fields except from number seven (maize) where the farmer had switched to maize from rice about 

20 years ago as the floods decreased. Other observations and conversations in the field suggested 

that rice does not require continuous waterlogging. The most important is timing of planting with 

the arrival of the rain season to assure sufficient water access at sensitive development stages 

such as the germination. Regarding maize on the other hand, the farmer at field number five 

mentioned that they had to stop maize cropping in the surrounding fields due to floods. The 
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farmer at field number six, exclusively, said that the field usually became flooded during parts 

of the rain season. In general, floods were said to vary across the years and not last for more than 

a couple of days or a week. Field conversations highlighted cultural reasons behind crop choice. 

While the soil and water conditions as well as profit might favor other crops, people prefer to 

grow rice because there is a strong tradition to do so. 

4.2. Precision of ring infiltrometers 
Based on the 12 experimental measurements, the single ring of 15 cm gave the largest range 

between measurements in both fields (Figure 4). In comparison, the single ring of 30 cm resulted 

in less variation at both test sites. The double rings gave measurements of higher precision in 

both cases compared to the single ring of 15 cm, the same size as the inner ring of the double 

ring infiltrometer. The rates were considerably lower in the rice field compared to the maize field. 

In the rice field, results presented a smaller range with the larger 30 cm ring and even less with 

the double ring. That was different from the maize field where rates had the smallest range using 

a single ring of 30 cm in diameter. Standard deviation for the measurements in the rice field was 

8 mm/h and was 35 mm/h for the maize field. The coefficient of variation showed higher relative 

measurement variation within the rice field (93 %) compared to the corn field (52 %).  Across all 

measurements in the study, the initial infiltration rates in the double ring suggested a lateral flow 

by a faster declining water surface in the outer ring. Yet in most cases the rate stabilized to 

become similar in outer and inner ring. Based on these results the double ring setup was 

determined to be optimal and used for the remainder of the measurements.  

 

Figure 4: Measured stable infiltration rates for different ring infiltrometer set-ups. 
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4.3. Stable infiltration rates 

Table 3 provides an overview of the results. The average stable infiltration rate across all 36 

measurements was 51 mm/h, ranging between 3 – 300 mm/h, with a standard deviation of 61 

mm/h. Presented within brackets are the literature values of infiltration, summarized from Table 

A 2 and Table A 3 (see appendix). A detailed presentation of results at the field scale (see Table 

A 7, appendix), shows that rice was in general more connected to clay soils and maize to sandy 

soils. Two of the mixed fields (10 % and 50 % of maize) were found in clay. Overall, this is 

consistent with the farmers’ view of the landscape. Considering this connection between soil and 

crop, Table 3 shows that average, standard deviation and coefficient of variation were higher for 

maize compared to sand and for rice compared to clay. 

Table 3: An overview of the measured stable infiltration rates, for each soil and crop type as well as the 

entire study area. Presented in italic are summarized literature values from Table A 2 and Table A 3 (see 

appendix). *Literature values for the study area (Kilombero river zone and the alluvial fans) originate 

from Bonarius (1975)   

Class Number 

of fields 

Average rate 

(mm/h) 

Minimum and 

maximum range 

(mm/h) 

Standard 

deviation 

(mm/h) 

Coefficient 

of variation 

(%) 

Study area 9 51 (62- 250/400)* 3 – 300 61 120 

Clay 4 14 (4) 3 – 54 (< 0.1 – 10) 14 102 

Sand 5 81 (26) 12 – 300 (2 – 250) 68 84 

Rice 3 31 (4) 3 – 150 (0.004 – 18) 44 141 

Maize 3 92 (204) 12 – 300 (12 – 925) 82 89 

Mixed 3 30 3 – 80 23 78 

The results in Table A 7 (see appendix) present large spatial variations in infiltration rate both 

within each agricultural field as well as across fields. There was a range of 176 mm/h across the 

study area comparing the highest and the lowest field average infiltration rate. At the field scale, 

the highest range detected was 180 mm/h (number five, maize). Figure A 2 (see appendix) 

illustrates the spatial distribution of the average stable infiltration rates for each field. Based on 

a visual interpretation, there was no obvious spatial pattern of rates in distance from the 

mountains in the north, the wetland in the south or to the Lumemo River (north-south). As for 

the entire area, there were no consistent indications of spatial pattern of infiltration rates at the 

field scale. The only field (number five, maize) in the sample that was plowed in rows did not 

show indications on differences between in-row and between-rows infiltration rates. There were 

no consistent indications of surface vegetation influence on the infiltration rates, neither within 

the fields nor across the fields. 
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4.4. Infiltration rates and crop types 

Figure 5 illustrates the possible connection between crop type and infiltration rate. The focus 

should be on the classes as there was no grading within the crop type except from the mixed 

fields where percentage of maize was considered. While there was not an obvious connection, 

infiltration rates tended to increase from rice to maize fields. There was one outlier in maize (field 

number five), which did not differ from the other maize fields apart from the ploughed and 

planted row structure and the seemingly high soil porosity/ low compaction. There was also one 

outlier among the rice fields, which differed from the other rice fields because of its sandy soil 

type. Calculated from the 12 measurements within each category and presented in Table 3, maize 

fields had the highest average infiltration rate while the rice fields and mixed fields had similar 

average rates. The mixed fields had smaller range between maximum and minimum 

measurements compared to the other categories of rice and maize. Other than the highest average 

infiltration rate, the maize fields also had the largest standard deviation, compared to rice and 

mix. The coefficient of variation however gave a different perspective suggesting that the highest 

relative variation was found in rice compared to maize and mix. Overall, this is consistent with 

the observations in the first experiment of different ring set-ups. 

 

Figure 5: Crop type plotted against infiltration rate. Each point represents the average stable infiltration 

rate of the field (numbered above). The error bars present the maximum and minimum measurements.  

At the significance level of p = 0.05, the t-test showed that maize had a significantly higher 

infiltration rate compared to rice (p = 0.04) and that maize had a significantly higher infiltration 

rate compared to the mix (p = 0.03). There was no significant difference between mix and rice 

(p = 0.9). The U-test gave similar results to the t-test suggesting a statistically significant 

difference of infiltration rates between maize and rice and maize and mix while the difference 

between mix and rice were not statistically significant. 
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4.5. Infiltration rates and soil types 

Figure 6 illustrates the possible connection between soil type and infiltration rate. As for the crop 

type comparison, focus should be on the classes rather than singular fields. There was a relative 

grading of texture within each soil classification, presented in Table A 6 (see appendix). The 

classification was however an approximation such that the interpretation of the connection is 

limited. Nevertheless, infiltration rates were exclusively higher in sand compared to clay. There 

was one outlier in sand, the same field as the outlier in the maize seen in Figure 5. Calculated 

from 16 measurements for clay and 20 measurements for sand and presented in Table 3, the 

average rates were higher in sandy soils compared to clayey soils. There was also a larger range 

between maximum and minimum measurements in the sandy soils compared to clayey. 

Furthermore, sandy soils had higher standard deviation but lower coefficient of variation, 

compared to clay. 

 

Figure 6: Soil type plotted against infiltration rate. Each point represents the average infiltration rate of 

the field (numbered above). The error bars present the maximum and minimum measurements. 

At the significance level of p = 0.05, the t-test showed that sandy soils had significantly higher 

infiltration rates compared to clayey soils (p = < 0.01). The U-test gave similar results to the t-

test suggesting a statistically significant difference of infiltration rates between sand and clay.  
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4.6. Measured data in Horton’s infiltration equation 

Overall, there was a good fit between the Horton model and the observed infiltration rates. As 

presented by Table A 8 (see appendix), seven out of nine field examples had a correlation 

coefficient greater than 0.99. The other two had a correlation coefficient of 0.98 and the measured 

data came from sandy soils. Figure 7 illustrates an example of a good fit (field number eight) and 

a less good fit (field number four). Figure 7 also illustrates how the initial infiltration rate in the 

measured data was higher compared to the Horton curve, which was the case for every 

measurement tested. The correspondence between the measured data and Horton however 

improved with time. 

 

 

Figure 7: Example of a good curve fit (field 8, above) and a less good curve fit (field 4, 

below). 

  

 



18 

 

Table 4 presents the ranges of the initial rates (f0), the stable rates (fc) and the curve fitted decay 

constants (k) for each type of crop and soil. The standard estimations of the Horton parameters 

are presented in italic. Across the fields, the k-values ranged from a minimum of 0.04 to a 

maximum of 0.16 with an average of 0.1 and a standard deviation of 0.04. The ranges in k were 

smaller in clay compared to sandy soils and the average values differed marginally between clay 

(0.096) and sand (0.095). The ranges in k were also smaller in rice compared to maize fields but 

the difference was higher than for the comparison between soils. This accounted as well for the 

average k values when comparing maize (0.11) and rice (0.083).  

Table 4: The Horton parameter values for the tested measurements, with field details in Table A 8 (see 

appendix). Presented in italic are the literature values of the Horton parameter estimations from Table A 

4 (see appendix). 

Crop/Soil f0 min- max (mm/h)  fc min- max (mm/h)  k (t-1) 

All 120 - 2100 3 - 300 0.04 – 0.16 

Rice 120 - 480 3 - 48 0.05 - 0.14 

Mix 120 - 480 12 - 50 0.09 - 0.10 

Maize 636 - 2100 60 - 300 0.04 - 0.16 

Standard agricultural (bare) 290 6 - 220 1.6 

Standard agricultural (turfed) 900 20 - 290 0.8 

Clay 120 - 480 3 - 18 0.07 - 0.14 

Sand 180 - 2100 48 - 300 0.04 - 0.16 

Fine sandy clay (bare) 210 2 - 25 2 

Fine sandy clay (turfed) 670 10 - 30 1.4 

5. Discussion 

5.1. On the precision of ring infiltrometers 
The results of this study supported previous work suggesting that smaller ring size gives less 

repeatable measurements (Tricker, 1978; Chowdary et al., 2006; Dušek et al., 2009). Similarly, 

precision was found to improve with increases in ring size, as suggested by Tricker (1978). The 

double ring measurements did not increase the precision as suggested by Dingman (2008), at 

least not in all cases. Still, the considerable variability in the corn field makes it difficult to say 

if the 30 cm single ring or the double is the best. Selecting the double ring avoids the extreme 

variability of the small single ring due to small-scale heterogeneity. Selecting the double ring 

also avoids potentially high estimates of the large single ring, due to lateral flows. A faster 

declining water surface in the outer ring indicating lateral flow (Burgy & Luthin, 1956) was only 

observed for initial rates. That might be an indication on the improvement of double rings 

measuring initial infiltration in the tested soils but that they make no difference once the rates 

have stabilized. As the inner ring in the double ring set was 15 cm in diameter, its results should 

be compared to the single 15 cm rather than the single 30 cm. That comparison did indicate more 

repeatable measurements with the double ring. Thus, the increased precision from small (15 cm) 

single to double ring along with recommendations from the literature (Burgy & Luthin, 1956; 

Berndtsson, 1987; Gregory et al., 2005) was large enough to motivate the final ring setup used 

for the measurements in this study.  
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The overall measurement precision for rice (mostly in clay) was, according to the standard 

deviation, higher compared to maize (mostly in sand). This supported Horton (1933) who argued 

that infiltration variability is higher in coarse soils. Therefore, the results suggest that in places 

with higher infiltration rates such as the maize field, the appropriate ring infiltrometer setup is 

more important to avoid a large spread. The maximum difference in measurements made by the 

double ring (40 mm/h) was found in the maize field. Considering the sample size and the large 

variability in maize/sand, it could not be justified to use this number as a quantification of 

measurement error. Nevertheless, variations around this value could apparently be expected, even 

though experiment conditions were kept as similar as possible accordingly to Bouwer (1986).  

While standard variation indicated less precision in maize, the coefficient of variation indicated 

higher relative differences for rice. Since the rates in rice in general were low, the high coefficient 

of variation meant that a deviation of a single millimeter had a considerable impact on the 

precision. As discussed in the methods, several factors reduced the precision of the readings. A 

common way to solve this would be to remove a decimal and discuss the rates in cm/h, which on 

the other hand would complicate comparison with the literature values, masking the low rates in 

rice. Therefore, it is more appropriate to still compare at the mm scale and instead be sure to 

highlight the uncertainties. The higher coefficient of variation for rice/clay would also motivate 

the consideration of a more exact method, such as automated readings. However, due to spatial 

heterogeneity of rates, infiltration ring measurements have already been recommended only for 

comparative use or with values presented in ranges (Perrolf & Sandström, 1995; Abdulkadir et 

al., 2011). The question is then whether precision at a high level of detail is worth the struggle to 

improve ring infiltration measurements only. Nevertheless, the equipment is apparently an 

important factor, as observed in the literature values in Table A 3 (see appendix). The study that 

used a rainfall simulator (Thierfelder & Wall, 2009) resulted in considerably lower infiltration 

values compared to the other maize fields. This confirmed Youngs (1991) who argued that ring 

infiltrometer tests result in high rates while rainfall simulation gives rates that are closer to the 

realistic rainfall infiltration rates.  

The question whether size or double versus single ring is the most important for high precision 

measurements still remains. The test would have needed a double ring setup with the inner ring 

of 30 cm to obtain stronger results. This was not possible because of the instability of available 

material and the compacted soil surface. Anyway, considering the large variability of infiltration 

rates, the results of this study indicated the benefits of testing several ring setups before the actual 

experiment. 

5.2. Controls on stable infiltration rates  
The infiltration variability already observed in the first experiment of different ring infiltrometer 

set-ups, at a distance of merely two meters, characterized the rest of the measurements as well. 

Not even the scale of 20 m mentioned by Loague & Gander (1990) would be a valid limit for 

spatial autocorrelation in this study. The variability of infiltration rates was not a new 

observation, rather, it confirmed the findings of previous studies e.g. (Freeze & Cherry, 1979; 

Sharma, et al., 1980; Loague and Gander, 1990). As discussed in the theory section, the factors 

affecting infiltration are found both at the soil surface and below it. Thus, the field observations 

gave indications on how the surface and subsurface appeared to be connected with relation to 

agricultural practices. The observations were mostly in line with the literature saying that rice is 

generally grown in clayey soils (Critchley et al., 1991) and maize in well drained soils (FAO, 

2013). One of the rice fields was encountered in sandy soil, indicating the cultural factor of crop 
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choice as well as a higher tolerance of rice to different soil conditions. Still, environmental 

conditions had an influence on crop choice since rice had been exchanged for crop as floods 

decreased. The mixed fields were more homogenous, as reflected by the rates.  

If the conclusions by Casenave & Valentin (1992) were valid in this study area, the surface 

factors, would thus be the most important influence on the infiltration rates. The results did 

present a statistically significant difference between crop type and infiltration rate. As suggested 

by Boparai et al. (1992) the rates indicated higher infiltration after maize cropping compared to 

rice cropping. The difference was that the soils in this study were generally not the same across 

crop types. Therefore, it was not possible to directly identify an obvious crop influence. From 

that perspective, the results did not agree with Granit & Karlsson (1992) and Osuji et al. (2010), 

who found significant infiltration differences for similar soils under different land covers. Macro 

pores created by plant roots were detected in the field. Lal & Vandoren Jr (1990) suggested them 

as a factor that could affect infiltration. The results nevertheless confirmed that maize would only 

grow on soils that are already well-drained and porous (Critchley, et al., 1991). Additionally, the 

sandy rice field did not have lower rates than two of the maize fields. The actual influence of 

crop type on macro pores, if present, could thus not be isolated and assessed. Other than a direct 

influence of the crop type itself, there might be indirect factors connected to a specific crop that 

affect the infiltration. Management practices are one example suggested by Jones (2014). Some 

kind of tillage practice was usually applied in all fields, either mechanized or manual. This is 

according to Lal & Vandoren Jr. (1990), Prieksat et al. (1994) and Lal (1997) a factor that would 

lead to lower infiltration rates, in comparison with no-tillage practices. However, it turned out to 

be a complicated parameter to assess as the preparation methods differed across the years 

depending on the farmer’s economy. 

The presence and degree of soil cracks is an example of the interaction between surface and 

subsurface factors mentioned by Tricker (1981). Other than related to clay content, the cracks 

were also more common in locations with little or no vegetation cover. In line with observations 

by Le Maitre et al. (1999), the vegetation seemed to retain the soil moisture. At the same time, 

since soils were different across the fields in this study, no relation was found between crop type 

and higher initial rates due to soil cracks. These findings oppose the observations by Boparai et 

al. (1992). Furthermore, no consistent indication of infiltration rate variability depending on the 

degree of surface vegetation was found, neither within nor across fields. These observations 

contrasts with previous studies such as Breman and Kessler (1995). However, the amount of 

vegetative surface cover was assessed only in relative terms and 19 of the 44 measurements did 

not reach a clear stable rate in this study. 

The stable infiltration rates indicated a stronger relationship between soil types and infiltration, 

compared to crop types and infiltration. As suggested by (Mousavi et al., 2011) among others, 

there was a clear connection between higher rates and coarser material. The soil texture could 

partially explain the outlier in rice as the field was located in sand instead of clay, indicating a 

major influence of soil texture. Other than being faster, the ranges of infiltration rates in coarser 

soils are also inherently larger, as suggested by Horton (1933). The large ranges of infiltration 

rates in coarse soils were observed throughout the entire data-set as well as in the curve fitting to 

Horton and in the ring precision test. Thus, the outlier in maize (field number five) could also be 

related to soil texture. Concerning the documented influence of underlying clay layers on 

infiltration rates (Youngs, 1991; Lal, 1997), their presence was confirmed by (MSABI, 2013). 

The measurement times were, however, not enough to detect possible changes. If the connection 

between soil texture and infiltration rate is actually as strong as indicated in this study, a more 
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detailed spatial correlation of rates with surface layer soils (records from MSABI, 2013) could 

comprise a further analysis. Relating infiltration to other soil hydraulic properties within the study 

area such as bulk density, soil organic matter and porosity (Osuji et al., 2010) was out of the time 

frame of this study. Nevertheless, the hydraulic conductivity would be especially interesting to 

investigate further as such values from the Kilombero Valley already exist (Bonarius, 1975). 

In perspective of the entire area, neither average rates (Figure A 2, see appendix) nor 

conversations (Table A 6, see appendix) gave any consistent indication on a specific flooding 

pattern that would explain the observed waterlogging in the lower parts of the fan by Bonarius 

(1975). A structured spatial pattern of infiltration rates as observed by for example Prieksat et 

al., (1994) and Liu et al. (2003) was not detected at the field scale either. Due to infiltration 

heterogeneity, different localization of the experiment locations would probably not have 

improved the results. Nevertheless, a grid with closer distance between measurements would 

have increased the level of detail, spatially as well as through the larger sample size. The validity 

of the statistical calculations should be questioned in the data analysis here since the classes 

compared contained at the smallest 12 measurements. Nevertheless, the statistics did provide a 

first order estimate of infiltration rates and the results did indicate a connection between crop 

type and soil type. However, the actual influences on infiltration (difference in root structure, 

tillage practices, soil texture), could not be clearly established within the framework of this thesis.  

5.3. Correspondence to literature values 

The infiltration rates of this study were overall lower compared to the infiltration rates previously 

measured in the Kilombero Valley by Bonarius (1975). Even though exact ring sizes were 

unknown this study used the same type of equipment as Bonarius (1975), leaving the different 

land uses as a possible explanation. The focus of this study was agricultural land, which according 

to Giertz et al., (2005) has relatively low rates. Bonarius (1975) on the other hand, included all 

different land covers present in the area. Since Ifakara is situated on the border between these 

two physiographic definitions, the real value should logically be somewhere in the middle. The 

variation of 40 mm/h for the double ring observed in the first experiment of different ring set-

ups in this study could also be considered for the comparison, rates thus differ around the normal 

variability for the area. Despite the differences, the large variety of rates within the different 

classes of soil types and land uses observed in this study corresponded to the findings of Bonarius 

(1975).  

The overall higher stable infiltration rates and larger ranges in maize cropping compared to rice 

observed in this study corroborated to the literature values in Table A 3 (see appendix). This 

accounted as well for the general association of rice with clay and maize with sand. That 

infiltration rates would be higher in tropical compared to temperate soils, as suggested by 

Greenland (1977), could not be detected in the literature values. Although literature values 

originate from a wide geographical spectrum with a large variety of soils, climates and field 

types, similar trends can be observed in comparison with the measured data. This general 

relationship between maize, rice and infiltration rate might thus be valid in other parts of the 

world. Again, spatial generalization should be done with caution. The overall uncertainty with 

interpretation of point data to larger areas argued by Youngs (1991) was proved by Bonarius 

(1975) at regional scale in the study area.  

None of the rice fields in this study was a typical paddy field and one of them was even located 

in sandy soil. In comparison with the literature values, the majority originated from paddy rice 

in clay soils and probably large scale agriculture even though it was not mentioned explicitly. 
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The only field that was not paddy rice (Selim, 2011) was also the only field with considerably 

higher infiltration rate compared to the rest. Including the stronger similarity to the previous rice 

field measurements in the valley by Bonarius (1975), this could be an indication of management 

practices that is mentioned in the literature as an important surface factor Jones (2014). 

Comparing literature and measured maize infiltration values, there is an opposite situation to the 

one of rice. The measured values were overall lower compared to the summarized literature 

values, in terms of average and range between minimum and maximum values. Considering the 

literature values for each study, however, ranges are similar to this study. As seen throughout this 

study, maize fields are more variable. It was not possible to compare the standard deviations of 

the relative differences through coefficients of variations with the literature values. These were 

generally not mentioned in the studies and it was not relevant to calculate them since the entire 

data sets were not accessible.  

Comparing the soil type infiltration measurements to the compiled and grouped literature values 

for soil types (Table A 2, see appendix), sand presented a larger range in this study. The situation 

was however the opposite for clay. Part of the explanation could be the rough soil classification 

made both in the field and with the literature values. Moreover, soil type infiltration rate could 

not be assessed separately from the influence of land cover in this study. As suggested in the 

report for USGS by Johnson (1963), there are no specific values of infiltration rate for particular 

type of sediment. Based on literature as well as measured values, local infiltration tend to differ 

from standard infiltration rates for soils. Whether this is caused by land cover as suggested by 

Osuji et al. (2010) and Rockström et al. (2014), was not possible to answer within the framework 

of this study.  

5.4. Correspondence to Horton’s equation 

The overall successful curve fitting of measured data and the Horton equation indicated a data 

set with relatively high precision. Apart from that, these tests also enabled a more thorough 

analysis and understanding of the entire infiltration process. A weak correspondence of the initial 

rates between measured data and Horton’s equation was observed, similar to suggestions by 

Berndtsson (1987). In this case, the very low previous soil moisture in Ifakara for the time of the 

measurements might be part of the explanation. This condition implied fast initial rates, further 

enhanced in fields by soil cracks (Gilli et al., 2012). The fast initial rates could also be connected 

to the lateral flow observed in the outer rings and discussed in previous sections. The observation 

of outliers was confirmed in the curve fitting of measurements from field number four and five. 

The initial and stable infiltration rates of the study were within the same ranges as the standard 

estimations of the Horton parameters in Table A 4 (see appendix). However, the categories are 

not entirely comparable. The standard estimations were divided in turfed and bare surfaces, 

which could not be analyzed in this study. The values of the decay constant were considerably 

lower in this study compared to the general parameter estimations (Table A 4, see appendix), 

which is an indication on that local infiltration conditions differ from the standard values. In this 

specific case, the end of the dry season might be part of an explanation. The average k values as 

well as its ranges suggest that farming practices (crop type) not always followed the pattern of 

physical control (soil type) on infiltration, as observed throughout this study.  
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6. Concluding remarks and suggestions in a 
changing world 

This study has characterized the interactions between agricultural land cover and infiltration rates 

in the Kilombero Valley. It provides a first order estimate and increased understanding of the 

local soil infiltration and its variability. Measurements suggested that farming practices do not 

necessarily follow soil infiltration rates. This was indicated by significant differences that were 

higher for soil type and infiltration compared to crop type and infiltration. Additionally, the 

standard deviations and the coefficients of variation indicated more variability in crop type 

infiltration measurements compared to soil type infiltration measurements. The average rates 

were commonly higher for crops compared to the related soil type. The inconsistency between 

physical controls on infiltration and crop type relates to the criteria on which farmers make 

management decisions (Kurukulasuriya & Mendelsohn, 2007). The field conversations 

suggested cultural reasons to be important. The tradition to grow rice in the area is strong and 

people might not always be aware of the optimal soil conditions for different crops. As concluded 

by Ntongani et al. (2014), this study shows that local perception and knowledge adds an 

important perspective to the research and could be considered to facilitate management decisions.  

In perspective of the planned large scale agricultural expansion (SAGCOT) in the Kilombero 

Valley, the observed spatial variability of infiltration rates at the field scale should be considered. 

The adaption of appropriate crop type according to the infiltration rates becomes more complex 

when considering the establishment of large fields across a large range of infiltration rates for 

one specific crop. Although observations in this study indicate varying tolerance of different crop 

types. The infiltration variability would also have implications for the irrigation development that 

is part of the SAGCOT plan for transition to commercial production. To achieve a holistic 

analysis, the temporal variability should preferably be included (Horton, 1933; Achouri & 

Gifford, 1984; Logsdon et al., 1993). Ifakara and the Kilombero Valley are highly conditioned 

by seasonality and as suggested by Radke & Berry (1993), Prieksat et al. (1994) and Green et al. 

(2003), the influence of different factors on infiltration can depend on the time scale. In a future 

time perspective, it would also be important to include the expected increasing temperatures and 

changing precipitation patterns in the area (RBWO, 2010). 

This study indicated that local infiltration rates differ from standard literature values for soil 

types, which is an important consideration for modeling and estimation of hydrologic response. 

Compared to native vegetation, agricultural fields have lower (Rockström et al., 2014) and more 

variable infiltration rates (Nord, 2008). The same accounts for any land cover with a higher 

degree of canopy and surface litter than cultivated soils (Breman and Kessler, 1995). In the 

context of agricultural expansion, increased over land flow and evaporation can be expected, with 

floods, soil erosion and sediment transport as a surface consequence and less groundwater 

recharge and plant water access as a subsurface consequence. Hence, further studies on the local 

differences between agricultural and native vegetation are necessary. In the end, the side effects 

attributed to changed infiltration rates would have to be weighed against the benefits of improved 

food security. 
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 Appendix 

  

 

 
Figure A 1:  Example of rice, mixed and maize fields 
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Table A 2: Literature values of stable infiltration rates for clay and sandy soils. 

Basic infiltration 

rates mm/h 

FAO (Brouwer, 1988) 

 

FAO (Critchley, et al., 

1991) 

(Israelsen & Hansen, 

1962) 

Sandy soil - 50 (sandy soil) 50, 20-

250 

Sand < 30 - 20, 10-80 

Sandy loam 20-30 25 8, 2-15 

Clay loam 5-10 7.5 0.5, <0.1-8 

Clay  1-5 - 0.5, <0.1-8 

 
Table A 3: Literature values of stable infiltration rates for rice and maize fields. 

Crop 

type 

Infiltration 

rate 

(mm/h) 

Description Equipment Soil type Location Source 

Rice 0.03- 0.09 

0.17- 1.15 

paddy rice, 

irrigated, end 

of growing 

season 

Steel cylinder, 

10-15 cm,  with 

reservoir 

apparatus 

Clay 

Loam 

Iran (Mousavi, et 

al., 2011) 

Rice 0.014- 

0.035 

paddy rice, 

irrigated, after 

growing season 

Double ring , 

60 + 30 cm, 

mini 

tensiometer 

Clayey-sandy 

silt 

Taiwan (Chen & 

Liu, 2002) 

Rice 0.004 – 5.4 Puddled, paddy 

rice 

Double ring 80 

+ 20 cm, 

tensiometer 

within 

Clay Philippines (Wopereis, 

et al., 1992) 

Rice 3.3 - 6.7  paddy rice, 

irrigated 

Double ring, 60 

+ 30 cm, 

marriott burette 

Kaolinit, 

Montmorillonite 

Taiwan (Liu, et al., 

2003) 

Rice 18  irrigated Double- ring , 

60 + 30 cm 

Clay Egypt (Selim, 

2011) 

Maize 12-20, 70-

100 

25 yrs maize. 

Different 

tillage 

techniques 

Double-ring 

20 + 30 

Silt loam Ohio, USA (Lal & 

Vandoren 

Jr, 1990) 

 

Maize 32 – 52 Conventional 

ploughing 

maize.  

Rainfall 

simulator 

Arenosols, 

Luvisols 

Zambia, 

Zimbabwe 

(Thierfelder 

& Wall, 

2009) 

Maize 36-240 Maize field, 

manual 

ploughing 

Double ring, 30 

+ 10 cm 

Latosol,  

sandy silty clay 

 

Tanzania (Granit & 

Karlsson, 

1992) 

Maize 160-400 Continous 

maize, 

previously 

uncultivated. 

Different 

tillage 

techniques 

Double ring, 30 

+ 20 cm 

Alfisol,  

sand surface 

 

Nigeria (Lal, 1997) 

Maize 327 Different 

tillage and 

rotation 

techniques, 

maize and 

soybean.  

Tensiometers, 

7.6 cm 

Kenyon loam 

 

Iowa, USA (Logsdon, et 

al., 1993) 

Maize 155 - 925 Positional, 

temporal and 

management 

technique 

differences  

Ponded 

infiltration 

 

Silty clay loam Iowa, USA (Prieksat, et 

al., 1994) 
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Table A 4: Generalized literature estimations of the Horton parameters.  

Land cover/Soil type f0 (mm/h) fc (mm/h) k (t-1) Source 

Standard agricultural (bare) 290 6-220 1.6 (Maidment, 1993) 

standard agricultural (turfed) 900 20-290 0.8 (Maidment, 1993) 

fine sandy clay (bare) 210 2 - 25 2 (Maidment, 1993) 

fine sandy clay (turfed) 670 10 - 30 1.4 (Maidment, 1993) 

 

Table A 5: Principal questions to farmers/ land owners  

1.  For how long has the field been used for agriculture? 

2.  For how long has the field been used for this crop? 

3.  Are crops mixed or changed across years or seasons? 

4.  How is the soil prepared? (Manually/tractor?) 

5.  What is the flood frequency? 

 

Table A 6: Conversation results and field details 

Field 

nr 
X Y Land use Soil Size (m) 

Soil preparation 

1 36.65783 -8.14015 Rice Silty clay 100 x 100 mixed 

2 36.66997 -8.11127 Mix 10 % Sandy clay 50 x 50 mixed 

3 36.68793 -8.10537 Corn Clayey sand 100 x 100 tractor 

4 36.65053 -8.09081 Rice Sand 70 x 70 tractor 

5 36.64979 -8.12199 Corn Clayey sand 20 x 40 mixed 

6 36.70125 -8.14062 Rice Clay 15 x 30 manually 

7 36.67402 -8.17439 Corn Clayey sand 20 x 50 manually 

8 
36.71097 -8.11479 

Mixed 50 

% Sandy clay 20 x 60 tractor 

9 
36.67587 -8.14897 

Mixed 30 

% Clayey sand 30 x 50 manually 

 

Continue: 

Field nr Years in use Crop type across time Flood frequency 
1 16 Same maximum a week, every 8-9 years 
2 30 Same not since 2010 
3 40 Same only at heavy rains 
4 15 Same no 
5 10 Same generally not 
6 10 Same yes 
7 40 Rice but later maize due to less 

floods 
a few days, decreased floods since 

1994 
8 25 Same no 
9 45 Same generally not 
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Field Crop 

type 

Soil 

type 

Average field rate + all 

measurements (mm/h) 

Minimum and maximum 

rates (mm/h) 

1 Rice Clay 10 4 – 24 

4, 6, 6, 24 

4 Rice Sand 80 48 – 150 

48, 48, 72, 150 

6 Rice Clay 4 3 – 6 

3, 4, 4, 6 

3 Maize Sand 34 12 – 84 

12, 15, 24, 84 

5 Maize Sand 180 120 – 300 

120, 150, 150, 300 

7 Maize Sand 62 30 – 96 

30, 60, 60, 96 

2 Mixed Clay 15 3 – 30 

3, 8, 18, 30 

8 Mixed Clay 26 12 – 54 

12, 12, 24, 54 

9 Mixed Sand 49 18 – 80 

18, 48, 50, 80 

 

 

Table A 8: The values of the Horton parameters for the tested measurements at the field scale. 

Crop Soil f0 (mm/h) fc (mm/h) k (t-1) CC Field Nr 

Rice Clay 120 6 0.14 0.99780 1 

Rice Sand 180 48 0.05 0.98138 4 

Rice Clay 480 3 0.07 0.99980 6 

Mix  Clay 360 18 0.09 0.99985 2 

Mix  Sand 480 50 0.10 0.99990 9 

Mix  Clay 120 12 0.09 0.99990 8 

Maize Sand 636 84 0.13 0.99830 3 

Maize Sand 2100 300 0.04 0.98210 5 

Maize Sand 660 60 0.16 0.99999 7 

 

  

Table A 7: Infiltration measurement results at the field scale 
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Figure A 2: Average infiltration rate at each experiment site. Source: USGS (Accessed 2014-02-06) 
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