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ABSTRACT 

 

To date, most studies on the effectiveness of geotextiles on soil erosion rates were 

conducted in laboratory experiments for <1 h. Hence, at Hilton, East Shropshire, UK, 

this study investigated the effectiveness of palm-mat geotextiles (Borassus and Buriti 

mats) in reducing rainsplash erosion, runoff and soil loss and changing selected soil 

properties under field conditions over two years (January 2007-January 2009).  

 

Mat-cover effects on rainsplash erosion were studied in two sets on a loamy sand soil 

(0o slope). In both sets, six randomly-selected plots (each 1 m2) were completely mat-

covered and six were bare. Unlike Buriti mats, Borassus mat-cover on bare soil 

significantly (P<0.001) decreased rainsplash erosion (by ~89%).  

 

Duplicate runoff plots (10 x 1 m on a 15o slope) had five treatments (bare, permanent 

grass, Borassus completely-cover, Borassus buffer strip and Buriti buffer strip). Using 

Borassus buffer strips (area coverage ~10%) on bare soil decreased runoff by ~71% 

(P>0.05) and soil erosion by ~92% (P<0.001). Borassus buffer strip, Buriti buffer 

strip and Borassus completely-covered plots had similar effects in decreasing runoff 

and soil loss. However, the longevity of Borassus mats was ~twice that of Buriti mats. 

Despite physical protection, runoff control and sediment entrapment, biomat buffer 

zones may considerably alter and protect flow direction by presenting barriers and 

creating several cross-drains. Except Borassus completely-covered plots, all plots had 

significant (P<0.05) increases in topsoil (0-5 cm) bulk density and decreased 

aggregate stability. However, buffer strips were more effective in trapping fine 

particles than Borassus completely-covered plots. No treatments had significant 

(P>0.05) effects on changes in pH, soil organic matter, total soil carbon or N. Plots 

with Borassus mats significantly (P<0.05) increased total P and decreased total Ca. 

Treatments had no significant effects on changes in total S, Mg, Zn, Cu, Fe, Mn, Mo 

or Cl concentrations.  

    

Borassus buffer strips can effectively conserve soil and water and improve and 

maintain selected soil properties, with results similar to Borassus completely-covered 

plots. The mechanisms explaining the effectiveness of buffer zones require further 

studies under varied pedo-climatic conditions.     
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CHAPTER 1: INTRODUCTION 

Soil erosion has been recognized as a problem for centuries, and is a hazard not only 

on agricultural soils, but also on land used for forestry, transport and recreation 

(Morgan, 2005). Erosion by water contributes to landslides, endangering life and 

property (Hudson, 2001). Inappropriate land management, including the lack of 

maintenance of vegetation cover, is one of the causes of severe erosion by water 

(Casal et al., 1999). By removing vegetation cover the erosion resisting capacity of 

the soil becomes disturbed. Soil detachment by water occurs primarily via the 

processes of splash from raindrop impact and scour by shallow flow from surface 

runoff. The increased kinetic energy of raindrop splash increases soil detachment 

(Salles and Poesen, 2000). Rainsplash erosion and shallow flow from surface runoff 

is a serious problem on agricultural land in many regions of the world. About, ~80% 

of the world's agricultural land suffers moderate to severe erosion, while only ~10% 

experiences relatively slight erosion (Pimentel, 1993; Lal, 1994). Worldwide, erosion 

on cropland averages ~30 t ha-1 yr-1 and ranges from 0.5-400 t ha-1 yr-1 (Pimentel et 

al., 1995). As a result of erosion, during 1950-1990, ~30% of the world's arable land 

has become unproductive and, therefore, has been abandoned for agricultural use 

(WRI, 1994). For instance, the ~1.5 billion hectares of arable land that are now under 

cultivation for crop production are almost equal in area to the amount of arable land 

(2 billion ha) that has been abandoned by humans since farming began (Lal, 1990, 

1994). 

 

The lowest erosion rates on cropland occur in the USA and Europe, where they 

average ~13 t ha-1 yr-1 (Barrow, 1991; USDA, 1995). Even the relatively low erosion 
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rates, typical of the USA and Europe, greatly exceed the average rate of natural soil 

formation that ranges from 0.5-1 t ha-1 yr-1 (Troeh and Thompson, 1993; Lal, 1994; 

Pimentel et al., 1995). Worldwide, average soil erosion rates are highest for 

agroecosystems in Asia, Africa and Latin America, averaging 30-40 t ha-1 yr-1. In 

developing countries, soil erosion is particularly severe on small farms because they 

often occupy marginal lands, where soil quality is poor and the topography is steep 

and hilly (Lal, 1993). The extent and severity of erosion on European soils have 

markedly increased over the last 50 years, particularly on arable land (Davies et al., 

2006). There is now sufficient evidence to make reasonable inferences about 

sediment yield in catchments in England and Wales (Evans, 2006). Suspended 

sediment yields in some larger English and Welsh catchments range from 0.1-1 t ha-1 

yr-1 (Collins et al., 1998). Thus, the need for soil conservation in Britain was 

primarily interpreted as a need for protection against erosion by water (Evans, 1971; 

Morgan, 1986). In certain European countries, soil erosion on croplands can be 

severe. For example, in Lithuania on winter rye, spring barley, and potato fields, soil 

erosion rates average 55 t ha-1 yr-1 and range from 5.4-186 t ha-1 yr-1 (Jankauskas and 

Jankauskiene, 1998). With projected global climate changes, the likelihood is soil 

erosion rate will further increase. 

 

Global climate change is the most serious environmental problem of the 21st century 

(IPCC, 2007). Impacts of global climate change on soil erosion and surface runoff 

have been evaluated by considering changes in precipitation intensity or frequency. 

The change in mean precipitation has been assumed to take place by a change in 

storm frequency, intensity, or a combination of the two (Savabi et al., 1993; Pruski 

and Nearing, 2002). All general circulation models considered in the US Soil and 
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Water Conservation Society report have projected that global average temperature, 

precipitation and intensity of rainfall events will increase in the future with increased 

greenhouse gas emissions (IPCC, 2001; U.S. NAST, 2001). Pruski and Nearing 

(2002) found that changes in precipitation amount and intensity had direct effects on 

soil erosion and runoff generation. Specifically, a 1% change in precipitation resulted 

in, on average, a 2.4% change in soil loss and a 2.5% change in runoff amount, if a 

change in precipitation amount and intensity accounted for all of the change. Other 

studies conducted in the USA (Savabi et al., 1993) and UK. (Favis-Mortlock et al., 

1991) showed that average soil erosion increased by ~2-4% for a 1% increase in 

precipitation, if changes in storm intensity accounted for all the increase.     

 

The carbon cycle plays a significant role in global climate change both in its causes 

and in its remediation. C-sequestration can offset the projected climate change and, 

thus, soil erosion (Lal, 2004; Chaplota et al., 2009). Being located in the vicinity of 

the soil surface, soil organic carbon (SOC) is drastically impacted by erosion 

processes. Many studies on soil erosion-C relationships have reported high losses of 

SOC on eroding sites (Lal, 2004; Eynard et al., 2005; Chaplota et al., 2009). Soil 

erosion is, therefore, usually associated with a decline in SOC content. Soil organic 

carbon influences many soil properties, such as water retention capacity, extractable 

bases, capacity to supply macro- and micro-nutrients and soil aggregate stability 

(Fullen and Catt, 2004). Soil organic matter (SOM) has been increasingly recognized 

as an indicator of soil quality, that is, a component of biosphere sustainability and 

stability (Kogut and Frid, 1993). Land management of pedogenic carbon is 

recognized as a means of improving soil fertility, decreasing soil erosion rates, 

enhancing soil structural stability and promoting carbon-sequestration (Fullen, 1991; 
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Powlson et al., 1998). Impacts of SOM enrichment (by innovative management 

practices and specific land use) on soil carbon dynamics are well documented 

(Hagedorn et al., 2001). Increased grass production will increase SOC and SOM and, 

thus, help ameliorate global warming by sequestering carbon from atmospheric CO2 

into the soil store (Lal, 1999). Results from a number of field experiments repeatedly 

suggested that increased SOC content improved soil aggregation (Milne and Haynes, 

2004; Bhattacharyya et al., 2007; Shrestha et al., 2007). Increase in aggregation and 

aggregate stability decreases soil’s vulnerability to erosion and, therefore, soil 

erodibility (Yan et al., 2005; Cantón et al., 2009). However, effects of erosion-

reducing management practices on SOC dynamics have not been studied widely.  

 

Erosion by water has several ill consequences. Erosion adversely affects crop 

productivity by reducing water availability, water-holding capacity of the soil, 

nutrient levels, SOM and soil depth (Pimentel et al., 1995). Estimates are that 

agricultural land degradation alone can be expected to depress world food production 

between 15-30% during the next 25-years (Buringh, 1989), emphasizing the need to 

implement soil conservation techniques. Erosion control is a better policy than 

sediment removal and cost studies indicate that controlling erosion is only about 1/5th 

as expensive as sediment removal (Henderson, 1982). A best management practice 

(BMP) is a physical, chemical, structural or managerial practice that prevents, reduces 

or treats contamination of water or which prevents or reduces soil erosion. Erosion 

prevention BMPs mainly are: surface roughening, permanent vegetative cover, 

mulching and using erosion control blankets. All these techniques basically require 

keeping land protected from rainfall-energy effects by some form of vegetative cover 

(Pimentel, 2000). As covering arable land completely with palm-mat geotextiles 
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would not be economically viable, it is imperative to study the effects of using these 

mats as buffer strips. Interest in vegetated buffer strips developed in the 1960s with 

respect to control of sediment discharge from agricultural fields (Lee et al., 1999). 

However, a literature search did not reveal any reports on the effects of non-vegetated 

buffer strips as a barrier to the transmission of sediments.  

 

Considerable efforts have been extended into studying and controlling erosion by 

water (Lyle and Smerdon, 1965; Pimentel et al., 1987; Poesen et al., 1994; Brooks 

and Brierley, 1997; Renard et al., 1997; Jeffrey et al., 2001; Lu et al., 2001). 

However, there remains the need for efficient, environmentally-friendly and 

economically-viable options. Management strategies to control soil erosion should 

aim to develop sustainable methods of soil conservation to improve soil physical and 

hydrological properties along with improvement in SOM content (Fitzgerald et al., 

1998). Geotextiles or erosion control mats can offer immediate soil protection on 

steep slopes (Hann and Morgan, 2006). Geotextiles have contributed to the erosion 

control industry for over 50 years (Mitchell et al., 2003) and are mainly used in civil 

engineering projects, such as dam retaining walls, bases for roads and reservoir slope 

stabilization (Davies, 2000). Geotextiles are defined as “permeable textiles used in 

conjunction with soil, foundation, rock, earth or any geotechnical engineering-

related material” (John, 1987). Erosion control geotextiles are made from natural or 

synthetic materials, including jute, coir, sisal, cereal straw, nylon, palm leaves, 

polypropylene, polyester and polyethylene (Rickson, 2006). Despite synthetic 

geotextiles dominating the commercial market, geotextiles constructed from organic 

materials are highly effective in erosion control and vegetation establishment 

(Langford and Coleman, 1996). Studies have shown that natural fibres are more 
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effective than synthetic materials in controlling erosion (Sutherland and Ziegler, 

1996) and were the preferred method because of their 100% biodegradability and 

better adherence to the soil (Langford and Coleman, 1996). Geotextiles constructed 

from Borassus aethiopum (black rhun palm of West Africa) and Mauritia flexuosa 

(Buriti palm of Latin America) leaves are termed Borassus and Buriti mats, 

respectively. They meet selected criteria (readily available, simple and cost-effective 

to manufacture, provides immediate erosion control) (Davies et al., 2006) and may 

also increase soil fertility and SOM content. 

 

Preliminary investigations suggest palm-mat geotextiles could be an effective and 

cheap soil conservation method, with enormous global potential (Booth et al., 2005; 

Davies et al., 2006). This could decrease erosion rates and, potentially, increase SOM 

content, with concomitant decreases in soil erodibility. Potential benefits for palm-

mat geotextiles for developing countries include poverty alleviation, engagement of 

disadvantaged groups as stakeholders, employment for disadvantaged groups, small 

and medium enterprise (SME) development, earning hard currency, environmental 

education and local community involvement in reclamation and environmental 

improvement programmes (Borassus Project, 2007).  

 

Although palm-mat geotextiles have the potential to advance soil conservation, field 

studies on quantification on the effectiveness of palm-mat geotextiles in reducing 

rates of soil erosion by water and in improving soil properties are scanty. In many of 

the existing studies, reviewed by Rickson and Vella (1992) and Sutherland (1998a,b), 

results are difficult to interpret because very few treatment replications were 
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conducted and often-influencing variables were not controlled between experiments 

(Smets et al., 2007). A literature search did not reveal any reports on the effects of 

palm-mat geotextiles on SOC sequestration, soil aggregate stability, soil texture, pH 

and the changes in selected nutrients (total P, K, Ca, Mg, S, Zn, Cu, Fe, Mn, Mo and 

Cl).  

 

Splash erosion mainly represents the detachment of particles from clods and 

reworking of the breakdown products. The importance of splash in making particles 

available for erosion should not be underestimated (Ekern, 1950). After rills form, 

wash flow and splash combine to move breakdown products to the rills from where 

they are carried away. Therefore, it is imperative to evaluate soil detachment (splash 

erosion) rates along with change in soil aggregate stability, especially after addition 

of palm-mat geotextiles. Hence, the aim of this study was to evaluate the 

effectiveness of palm-mat geotextiles on soil and water conservation and the specific 

objectives were to:  

(i) Assess the effectiveness of these mats in reducing splash height and soil 

splash erosion at the Hilton Experimental Site, Shropshire, U.K. 

(ii)  Study the effects of Borassus and Buriti palm mats on runoff and soil loss.  

(iii)  Investigate the effects of these mats on selected soil physical (bulk 

density, aggregate stability and texture) and chemical (pH, SOM, total 

SOC and total soil nitrogen) properties after two years of experimentation. 

(iv) Quantify the impact of using these mats on variations in selected nutrient 

concentrations in soil (total P, K, Ca, Mg, S, Zn, Cu, Fe, Mn, Mo and Cl).   



 8 

Changes in selected soil properties after using palm-mat geotextiles in existing soils 

will be discussed. The hypotheses tested in this study were:  

(i) Application of palm-mat geotextiles as cover on agricultural soils will 

reduce soil erosion and improve soil fertility (SOM and total soil N 

content), soil structural properties (reduce soil bulk density and improve 

aggregate stability) and selected nutrient concentrations. 

(ii)  Buffer strips of Borassus mats would be as effective as complete cover of 

the same mats in conserving soils. 

(iii)  Buffer strips of Borassus mats would be more effective than buffer strips 

of Buriti mats in erosion control and improving selected soil properties.  

The logic behind this hypothesis is that the Borassus mats possess better 

physical properties like thickness, mass per unit area and cover percentage 

than those of the Buriti mats.  
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CHAPTER 2: LITERATURE REVIEW  

2.1. The process of soil erosion 

Soil erosion has been defined as the process of detachment and transportation of soil 

material by erosive agents (Ellison, 1947). In simple terms, erosion is the removal 

and loss of soil by the action of water, ice, gravity or wind. Interrill and rill erosion 

constitute the major source of soil lost from most upland areas of sloping land 

(Lattanzi et al., 1974). Soil erosion proceeds in three stages: (i) separation of soil 

particles by the energy of raindrop impact; (ii) transport of these particles by surface 

runoff along the slope and (iii) deposition of erosional drift when transport energy 

reaches a low level (Römkens et al., 2002). Each of these types of erosion involves 

the detachment, transportation and downstream/downwind deposition of sediment. 

Erosion occurs when soil is exposed to rainfall energy. Raindrops hit exposed soil 

with great energy and launch soil particles along with the water into the air. Raindrop 

splash and resulting sheet erosion, even at slopes of 1-2%, remove a thin film of soil 

from the land surface. 

  

2.2. Soil erosion-an environmental problem  

2.2.1. Effect on soil erosion on land degradation 

Soil erosion is a major environmental problem. The problems associated with erosion 

are both environmental and economic. Soil erosion from land areas is widespread and 

adversely affects all natural human-managed ecosystems, including agriculture and 

forestry. Detachment and movement of soil means a loss of topsoil on many sites. 

Gullies created by erosion lead to very high sediment losses, unsightly landscapes 

and, in time, the potential of structural instability. Deposition of resulting sediment 
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can clog drains and reservoirs and destroy streams and lakes (Henderson, 1982). 

Erosion reduces the overall productivity of terrestrial ecosystems in several ways.  

 

Worldwide, erosion rates range from 0.001-2 t ha-1 yr-1 on relatively flat land with 

grass and/or forest cover to rates ranging from 1-5 t ha-1 yr-1 on mountainous regions 

with normal vegetation cover (Pimentel and Kounang, 1998). Over a period of 100 

years at an erosion rate of ~2 t ha-1 yr-1 on 10 ha, erosion is responsible for deposition 

of soil equivalent to ~1 ha of land with a soil depth of 15 cm (Pimentel and Kounang, 

1998). Thus, soil erosion ranks as one of the most serious global environmental 

problems. An abandoned land, once biologically and economically productive, 

produces little biomass after long-term soil loss (Pimentel et al., 1992; Heywood, 

1995).  

 

Soil erosion causes extensive loss of cultivated and potentially productive soil and 

crop yields (Fullen and Catt, 2004; Morgan, 2005). While erosion represents the 

major agent of soil degradation worldwide, the amounts of erosion and the damage 

that it causes are difficult to precisely quantify (Lal, 1990). Erosion by water is one of 

the main soil degradation processes in agricultural areas. It endangers 56% of global 

arable land and has already eliminated an estimated 430 million ha from agricultural 

production, or 30% of total available arable land (Djorovic, 1999). Cropland is more 

susceptible to erosion because it is repeatedly tilled. In addition, cropland often is left 

bare between plantings for several months of the year. Approximately, 75 billion 

tonnes of fertile soils are lost annually from the world’s agricultural systems (Myers, 

1993). In developing countries, soil erosion is particularly severe on small farms, 
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because they often occupy marginal lands with steep and hilly topography and poor 

soil quality. Lal and Stewart (1990) and Wen (1997) reported that 6.6 and 5.5 billion 

tonnes of soils are lost annually in India and in China, respectively. Soil erosion by 

rainfall or wind, or by a combination, on cropland is often ≤100-200 t ha-1 yr-1 (Maass 

and Garcia-Oliva, 1990). Erosion on agricultural land is intense and estimated to be 

75-times greater than that occurring in natural forest areas (Myers, 1993). In extreme 

circumstances, erosion may be >450 t ha-1 yr-1 (Lal and Stewart, 1990; Huang et al., 

1996).  

 

One of the main problems in assessing the erosion-productivity relationship is the 

difficulty in detecting the decline in productivity that results from erosion (Oyedele 

and Aina, 2006). Yield reduction often occurs slowly and improved technology often 

masks the reduction in soil productivity by soil erosion, leading to increased, rather 

than decreased yields. This, therefore, makes it impossible to directly monitor the 

effects of erosion on soil productivity by monitoring the evolution of yields on 

eroding sites through time (Bakker et al., 2004). Consequently, various indirect 

methods have been proposed to assess the erosion-productivity relationship (Oyedele 

and Aina, 2006). The cumulative effects of agricultural soil erosion ultimately reduce 

crop productivity. For instance, erosion reduces maize (Zea mays) productivity by 12-

21% in Kentucky, 0-24% in Illinois and Indiana, 25-65% in the southern Piedmont of 

Georgia, ~80% in The Philippines and 21% in Michigan (Frye et al., 1982; 

Nizeyimana and Olson, 1988; Mokma and Sietz, 1992; Dregne, 1992). These data are 

especially important today with a human population of over 6 billion and with more 

than 3 billion malnourished people (WHO, 1996).          

 



 12 

2.2.2. Effect of soil erosion on soil properties 

A higher content of clay and silt particles in sediment than the plot soil, regardless of 

the management practices (tillage system and crop cover) was observed by Kisic et 

al. (2002). Several investigations (Wagger and Denton, 1989; Govers et al., 1994; 

Frielinghaus et al., 1998; Lindstrom et al., 2000) were conducted under different 

agroecological conditions, on different soil types, in different climatic conditions and 

under different tillage systems. They all suggest that more clay and silt particles and 

fewer fine or coarse sand particles were measured in eroded sediments.  

 

Silt and clay particles, because of their large active area, adsorb more nutrients 

(Brady and Weil, 1996). Hence, it can be assumed that sediments have higher 

contents of nutrients and organic matter, and that sediment possesses a higher cation 

exchange capacity (CEC) than native soil (Kisic et al., 2002). As a result of selective 

removal of soil particles, as mentioned above, soil erosion by water gradually leads to 

a selective distribution of plant nutrients. This causes accumulation of plant nutrients 

in the zone of sedimentation at the base of the slope, in valleys along watercourses 

and in water accumulations (Kisic et al., 2002). Soil transported by erosion typically 

contains about three times more nutrients than the soil left behind on the eroded land 

(Lal, 1981; Young, 1989). A tonne of fertile topsoil typically contains 1-6 kg of 

nitrogen, 1-3 kg of phosphorus, and 2-30 kg of potassium; whereas, soil on eroded 

land frequently has nitrogen levels of only 0.1-0.5 kg per tonne (Alexander, 1977; 

Troeh et al., 1991). Because most organic matter is close to the soil surface in the 

form of decaying leaves and stems, topsoil erosion significantly decreases SOM. 

Studies have demonstrated that the soil removed by either wind or erosion by water is 
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1.3-5-times richer in organic matter than the soil in situ (Allison, 1973; Frye et al., 

1982). 

 

2.3. Factors affecting soil erosion 

Soil erosion is not always due to hostile climate, but can result from land 

mismanagement and inappropriate policies (Boardman et al., 2003; Fullen, 2003). It 

depends on many factors, including climate, soil, topography, cropping and land 

management practices, control practises, antecedent conditions and the size of the 

area under consideration (Römkens et al., 2002). Raindrop impact has long been 

recognized as a major erosive agent (Ellison, 1944; Ekern, 1950; Free, 1952). The 

impact of raindrops on the soil surface leads to soil surface restructuring; for example, 

by aggregate breakdown and crust formation (e.g., McIntyre, 1958; Moss, 1991; Le 

Bissonnais, 1996). The impact can also detach and transport soil fragments (e.g. 

Ellison, 1944; Moss and Green, 1983; Bradford and Huang, 1994). These two 

phenomena correspond to a splash event, that is, the simultaneous splatter of water 

and soil fragments following the impact of raindrops on the soil surface. The 

detachment and transport of soil particles ensuing from the impact of raindrops, or 

splash for short, is usually considered an important first step in the chain of processes 

leading to loss of soil and subsequent sediment transport. Falling raindrops are able to 

detach much larger amounts of soil particles than un-concentrated overland flow, after 

which the detached particles may be entrained and transported by flowing water 

(Hudson, 1995). In addition, splash may result in significant net transport of sediment 

on sloping soils (Moeyersons and de Ploey, 1976; Wan, 1996). 
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Splash detachment rate has been related to rainfall kinetic energy, soil type, grain size 

(De Ploey and Savat, 1968; Quansah, 1981; Sharma et al., 1991) and the thickness of 

the water layer at the soil surface (Moss and Green, 1983; Kinnell, 1991). Splash 

transport has also been related to slope gradient (Savat, 1981; Planchon et al., 2000), 

grain size (Poesen and Savat, 1981) and raindrop characteristics (Riezebos and 

Epema, 1985). The kinetic energy of raindrop splash increases, resulting in increases 

in soil detachment. Lack of vegetation cover increases soil susceptibility to rainsplash 

erosion, by reducing cohesion and shear strength (Rickson, 2001).  

Smith and Wischmeier (1962) pointed-out that soil properties, which influence soil 

erodibility by water, may be grouped into two types: (i) those properties that affect 

infiltration rate and permeability, and (ii) those properties that resist the dispersion, 

splashing, abrasion, and transporting forces of rainfall and runoff. The significance of 

surface sealing caused by raindrop impact in reducing infiltration has been discussed 

by Ellison and Slater (1945). Infiltration into a tilled layer is initially very rapid. 

Then, as high-intensity rains fall, the clods begin to break down. The breakdown 

products fill the pores and reduce the infiltration rate until water begins to accumulate 

on the surface and runoff occurs. Eventually, these breakdown products become small 

enough that they can be carried-off with runoff water.  

 

Soil organic matter and erosion by water often relate inversely (Fullen et al., 2006; 

Jankauskas et al., 2007). Soil organic matter in agricultural topsoils, derived from 

crop residues, organic manures, microbial biomass and soil microflora and fauna, 

plays an important role in maintaining soil quality and structural stability. The loss of 

SOM leads to decreased structural stability and associated increases in erodibility. In 
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the UK, SOM levels decreased in 904 arable or ley-arable soils by a mean of 0.49% 

between 1980 and 1995 (Harrod, 1998). Furthermore, projected climate change might 

favour global soil erosion. If steps are not taken to slow the release of greenhouse 

gases into the atmosphere, global air temperatures can be expected to rise 0.3°C per 

decade and sea level to rise by 6 cm per decade (Clarke, 1991; IPCC, 2001).  

 

2.4. Selected management options  

Agricultural land degradation alone was expected to depress world food production 

between 15-30% during 1990-2015 (Buringh, 1989), emphasizing the need to 

implement soil conservation techniques. Erosion control is a better policy than 

sediment removal and cost benefit analyses indicate that controlling erosion is only  

~20% as expensive as sediment removal (Henderson, 1982). Pimentel et al. (1995) 

stated that the benefit-cost ratio for erosion control is 5.2:1.       

 

The key to erosion control is preventing soil particle detachment and reducing runoff 

volume. Hence, despite physical protection, management strategies should also aim to 

improve soil physical and hydrological properties (Fitzgerald et al., 1998). For a long 

time, the standard recommended erosion control practices included rotating row crops 

with sod crops, biomass mulching, terracing, contouring, strip cropping and 

combinations of these (McGregor et al., 1988). The former Ministry of Agriculture, 

Fisheries and Food (MAFF) recognised that set-aside schemes may contribute to soil 

conservation in the UK (MAFF, 1991, 1994, 1999). Morgan (1992) suggested that 

grassland protection of riparian zones would decrease sediment delivery to streams 

and rivers. Grass strips on arable slopes and buffer strips in riparian zones were 

emphasized (MAFF, 1999). Grass strips were recommended to be 5-15 m wide and 
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every 50-150 m downslope, with the width of the strip increasing and the gap 

between strips decreasing as erosion risk increased. All of these techniques basically 

require keeping land protected from rainfall effects by some form of vegetative cover 

(Pimentel et al., 1995).  

 

2.4.1. Mulching 

Even combinations of the above mentioned practices are still not always adequate to 

control soil erosion on moderately to steeply sloping soils (McGregor et al., 1988). 

On a near-vertical slope, to provide protection at the foot of a steep shale slope, 

engineers used cellular confinement to promote vegetation cover to prevent erosion 

(Hogan and Zeinert, 1998). An entire mulch cover usually gives excellent erosion 

control, but much smaller rates of mulch also may reduce soil loss to a great extent. 

Meyer et al. (1970) reported that a small amount of straw mulch, of the order of 0.5 t 

ha-1, can reduce soil loss to around one-third of that with no mulch cover, and that a 

rate of nearly 5 t ha-1 can reduce soil loss by 95%. Lattanzi et al. (1974) showed that 

interrill erosion was reduced ~40% by wheat straw mulch applied at a rate of 0.5 t ha-

1 and ~80% by a rate of 2 t ha-1. Morgan (1996) stated that soil loss decreased 

exponentially with increased cover, and that essentially no erosion was simulated 

when cover >60% on loamy sand plots.  

 

The effectiveness of a mulch cover in reducing soil erosion by water is variable, 

depending on many factors, including slope gradient, soil type, rainfall erosivity and 

mulch application rate (Poesen and Lavee, 1991). Reviewing data from 41 available 

studies on the impact of mulch cover on erosion by water, Smets et al. (2008) 

observed on short plots a mulch cover is significantly (P<0.05) less effective in 
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reducing relative soil loss by compared to longer plots. They also found that the 

effectiveness of mulch cover in reducing relative soil loss is also controlled by slope 

gradient (for splash, interrill and rill and interrill erosion), soil texture (for splash, 

interrill, rill and interrill and rill erosion) and mulch type (for interrill, rill and interrill 

and rill erosion) (Smets et al., 2008).  

 

2.4.2. Vegetative filter strips (VFS) 

Concentrated flow erosion in farmlands is a common problem. Field topography often 

causes runoff to concentrate in natural swales as runoff moves downslope. Erosion 

occurring in these channels is known as concentrated flow or ephemeral rill erosion, 

because it continues to erode in the same locations for several years. Grass barriers 

are narrow strips (<1.2 m) of stiff-stemmed tall grass planted for controlling 

concentrated flow erosion. Barriers differ from VFS in that VFS are wider areas of 

vegetation (>5 m) established between agricultural fields and streams for reducing 

transport of nonpoint-source (NPS) pollutants in runoff. While VFS are well studied 

and often used as part of conservation systems, research on barriers for controlling 

erosion is limited (Eghball et al., 2002; Gilley et al., 2000). Filter strips are successful 

in reducing runoff sediment and nutrient loss (Schmitt et al., 1999; Abu-Zreig et al., 

2003). However, their effectiveness for concentrated flow is uncertain (Dabney et al., 

1995; Dosskey et al., 2002). In fact, Dillaha et al. (1989) recommended that VFS 

should not be used in concentrated flow areas.  
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2.4.3. Use of chemical materials  

New approaches to effectively decrease soil erosion rates from disturbed lands are 

urgently required to decrease NPS pollution. One way of limiting seal formation, soil 

erosion and improving the aggregate stability of the soil surface is the use of organic 

polymers. Abu-Zreig (2006) reported polyacrylamide (PAM, superfluc 836) 

applications at 2, 5, 10 and 20 kg ha-1 significantly (P<0.05) reduced sediment loss by 

12, 25, 52 and 85%, respectively, compared to the control. However, the high 

application rates recommended in past studies made their use in agriculture 

economically unfeasible (Marsh and Groenevelt, 1992). Studies showed that a small 

application of PAM, in the range of 20 kg ha-1, can improve soil structure and 

aggregate stability (Terry and Nelson, 1986), decrease soil crusting (Fox and Bryan, 

1992) and increase infiltration; thus, reducing runoff and soil erosion (Peterson et al., 

2002; Flanagan et al., 2002).  

 

2.4.4. Erosion control systems  

Although ephemeral rills can be smoothed over by tillage, their contribution to soil 

erosion may account for >30% of total erosion (Spomer and Hjelmfelt, 1986). 

Conventional methods of bench terracing, coupled with dry rubble-packed bunds, are 

being used on steep slopes to reduce surface soil erosion. However, these 

conventional methods will not yield vegetation growth on steep slopes, which are 

denuded by erosion by water. Natural vegetation for sustainable erosion control and 

slope protection is a proven choice of soil conservation along hilly terrain. Vegetation 

growth on an erodible slope is occasionally met with problems, such as absence of 

initial binding material in the soil and washing away by runoff. In such conditions, 
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agro-based erosion control systems serve the purpose of protecting soil and seeds in 

the initial stage of vegetative growth.  

 

The role of erosion control systems is to prevent sheet and gully erosion by any, or 

all, of the following strategies: reducing raindrop impact energy and amount of soil 

splash, reducing overland flow velocities, protection of the bare soil to prevent the 

surface layer from being washed away, containment and reinforcement of the topsoil, 

maintaining or restoring SOM and retainment of moisture to create a saturated surface 

zone (Ruston and Wegget, 1993). Erosion control systems exist on a continuum from 

natural vegetative cover, to hybrid natural/synthetic systems, to entirely synthetic 

systems. Selection of erosion control systems are based on various factors, including 

soil type, slope, flow conditions, climatic conditions (mainly normal rainfall intensity 

and duration) and socio-economic conditions.    

 

There are four main agro-based erosion control systems. They are geotextiles, hydro-

mulches, silt fences and biodegradable paper membranes. Commercially, there is a 

good variety of geotextiles available that contain mainly agro-based materials. The 

agro-based materials are used because of their low cost, biodegradability, moisture-

holding ability and because they are environmentally friendly (English, 1997). Most 

are used in erosion control where they serve to stabilize soil surfaces, while natural 

vegetation is established. Some contain seeds to accelerate re-growth.  
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2.4.4.1. Hydromulch 

Hydromulch is a method of using water to form a biodegradable mat in situ. Straw, 

recycled wood fibre and recycled waste paper are used in hydromulching applications 

(English, 1997). To apply hydromulch, agrobased materials, seeds and water are 

blended together and sprayed onto the site using a water cannon. Fertilizers, moisture 

retention agents, pH adjusters, and herbicides can be applied simultaneously with the 

seed and mulch. Tackifiers (such as guar gum, seaweed extractives and synthetic 

polymers) are often added or post-applied to the hydromulch to increase erosion 

resistance and windblown movement of the dried mulch (Wolf et al., 1981). 

Hydromulching is especially suitable for steep and irregular slopes where erosion 

control mat installation would be dangerous or nearly impossible (Salkever, 1994). 

They are often applied to slopes much >1:1. They are generally considered to remain 

useful for one season. 

    

2.4.4.2. Silt fences  

Silt fences are temporary porous ‘dams’ designed to catch sediment around 

construction sites. Almost all commercial silt fences are made from woven 

polypropylene fabric. Effective silt fences could probably be made from woven jute 

fabric (English, 1997).   

 

2.4.4.3. Bio-degradable paper membrane 

In the UK, development has been pursued with a membrane, which consists of a 

knitted yarn netting interwoven with strips of bio-degradable paper. It was intended to 

protect exposed or disturbed soils with the paper membrane until the sites are 

permanently stabilized with vegetation cover. It was developed in the USA in 1978 

and was used there extensively as a means of establishing permanent vegetation, 
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particularly on slopes subject to erosion (Henderson, 1982). By providing a physical 

barrier between the soil surface and rain, the membrane prevents detachment and 

splashing of soil particles and seeds. 

 

2.4.4.4. Geotextiles or rolled erosion control systems (RECSs) 

In soil erosion control, it is desirable to control erosion permanently by replanting the 

exposed soil area that is eroding. However, until the soil is stabilized, replanting is 

impractical, due to the continued soil erosion and unsuitability for replanting without 

being reworked to facilitate plant germination and growth. One method of controlling 

soil erosion to enable replanting is by utilizing erosion control mats or geotextiles. 

Geotextiles create a stable, non-eroding environment and, if constructed using 

indigenous materials, they could be effective, affordable and compatible with 

sustainable land management. One of the BMPs combines the application of 

geotextiles, composed of either natural or synthetic fibres, with seeding of hillslopes 

to enhance biomass production (Sutherland, 1998a). They offer technically superior 

performance to blown straw, spray-on mulches and tackifiers, yet are more 

economical and aesthetically attractive than hard armour systems (Allen, 1996).   

 

Geotextiles are any textile-like material (include various mats, blankets or nets), 

either woven, non-woven, or extruded, used earlier mainly in civil engineering 

applications to increase soil structural performance. The main structural performances 

geotextiles provide are aggregate separation, soil reinforcement and stabilization, 

filtration, drainage and moisture or liquid barriers (Dewey, 1993). They are also used 

for separation of two distinct ground layers, slope stabilization, vegetation 

management and soil erosion control. Geotextiles are supplied as roll goods and are 
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installed in the field with various anchoring materials/schemes. The role of agro-

based biodegradable geotextiles is to provide erosion control, while vegetation is 

established to perform the erosion control function. Geotextiles serve the purpose of 

protecting soil and seeds in the initial stage. The salient properties of erosion control 

geotextiles are: percentage cover, geotextile-induced roughness, geotextile-water 

holding capacity, weight of geotextile when wet and ability to pond flow and increase 

flow depth (Rickson, 2006).  

 

Geotextiles have contributed to the erosion control industry for over 50 years (Dayte 

and Gore, 1994; Mitchell et al., 2003) and are mainly used in civil engineering 

projects, such as dam retaining walls, bases for roads and reservoir slope stabilization 

(Davies, 2000). Woven and nonwoven geosynthetics are used in applications such as 

soil stabilization, turf reinforcement, erosion control, separation, filtration and 

drainage.  

 

Geotextiles are widely used to control on-site and off-site soil erosion on human- 

disturbed lands (Sutherland, 1998a). A variety of temporary degradable and long-term 

non-degradable materials are manufactured or fabricated into rolls designed to reduce 

soil erosion and assist in the growth, establishment and protection of vegetation 

(Allen, 1996). This includes such previously used terms as erosion control meshes 

and nets (ECMNs), geosynthetic mattings, geotextiles, erosion control blankets 

(ECBs), erosion control re-vegetation mats (ECRMs) and turf reinforcement mats 

(TRMs) (Theisen, 1992; Gray and Sotir, 1996).  
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Natural fibres can be sourced from plants (vegetable fibres). Vegetable fibres can be 

grouped into three classes, namely, bast fibres, leaf fibres and seed/fruit fibres. Bast 

fibres are extracted from stems. A fibre material would be suitable for geotextiles 

when: (i) it has reasonably good mechanical properties, and (ii) it is reasonably 

resistant to microbial attack (Banerjee, 1996). The bast fibres include jute, flax, hemp 

and ramie and have very high tenacity values and low extension at break (1.6-3.8%) 

(Banerjee, 1996). In tenacity, the leaf fibres (such as sisal, abace and henequen) are 

slightly stronger than jute, but weaker than the other three bast fibres. However, in 

extension at break they behave similarly to the bast fibres. The growth of micro-

organisms on vegetable fibres depends on their chemical composition. Lignin content 

plays an important role. In this respect alone, coir fibre with >35% lignin content 

stands out as extremely resistant, followed by jute (lignin content ~12%) and leaf 

fibres (lignin content ~10%).  

 

Erosion control geotextile markets are expanding rapidly. Typical applications 

include roadbank stabilization, reinforcement of waterways, construction site slope 

stabilization and silt fences. Proper installation of the matting-including trenching in, 

overlaps, and staple placement-is critical to the successful utilization of geotextile 

mats (CASQA, 2003). Seeding should be performed prior to installation of 

geotextiles, or blankets with seed imbedded and can be purchased to accomplish 

seeding and erosion control simultaneously. Geotextiles are especially effective at 

controlling erosion from concentrated flows and, hence, are a preferred practise 

where concentrated flows occur.  
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2.4.4.4.1. Types of geotextiles      

There are two primary categories of geotextiles, temporary degradable and long-term 

non-degradable (Allen, 1996). A temporary degradable geotextile is composed of 

biologically, photochemically or otherwise degradable materials that momentarily 

reduce soil erosion and enhance vegetation establishment. Synthetic geotextiles are 

composed of non-degradable materials that furnish erosion protection and extend the 

erosion control limits of vegetation for the design life of a project. Jute netting was 

the first rolled system used to protect hillslopes from accelerated erosion (Sutherland, 

1998b). One of the earliest published studies of jute application for erosion control 

and vegetation propagation was in Georgia (USA) in the late 1950s on highway 

cutslopes (Diseker and Richardson, 1962). Several other manufacturers introduced 

stitched products with fibres, such as straw, coconut (coir) and various mixtures of 

both in the 1970s. The first stitched rolled system was introduced in 1975 by the Gulf 

States Paper Corporation (Alabama) under the tradename Hold-Gro®, which 

consisted of wide paper strips interwoven in a synthetic yarn matrix (Anonymous, 

1997). These products were introduced at an opportune time, and several studies with 

these products showed that erosion control is cost effective (Sutherland, 1998a). In 

terms of the materials they constituted, there are three types of geotextiles, namely, 

synthetic, natural and composite geotextiles. 

       

(i) Synthetic geotextiles 

Geotextiles, manufactured from synthetic polymeric materials are termed synthetic 

geotextiles. These materials are, in turn, manufactured from by-products of 

petroleum. The ‘polymer’ that forms the basis for the chemical structure of the 

geosynthetic is the repetition of many chains of monomers. The polymers used in the 
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manufacture of geotextile fibres are made from the following polymeric materials, 

listed in the order of decreasing use (Koerner, 1994): 1. Polypropylene (83%); 2. 

Polyester (14%); 3. Polyethylene (2%) and 4. Polyamide (1%). Geotextiles used for 

temporary or permanent methods of erosion control can be made from high density 

polyethylene (HDPE) or polypropylene (PP) in net form, produced by a single 

extrusion process.  

 

Most research has focused on geosynthetics made from synthetic materials, such as 

polyolefins and polyesters (Ogbobe et al., 1998). A list of selected synthetic 

geotextiles with their selected properties is reported (Table 2.1). In an age of growing 

environmental awareness, synthetic geotextiles have some disadvantages. They are 

non-biodegradable and may cause soil pollution. Furthermore, their production 

process may cause air and water pollution. Synthetic geotextiles can cost over 10 

times as much per unit area as natural ones (Ingold, 1996). The material composition 

of geotextiles determines their longevity in the field: natural products last about two 

to five years; whereas, synthetic products last over 25 years (Schürholz, 1992; 

Oosthuizen and Kruger, 1994). However, it is argued that once vegetation is 

established on-site, geotextiles become redundant in terms of erosion control.  
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Table 2.1. Some commonly used synthetic geotextiles and their selected properties to reduce 
soil erosion [data abstracted from Sutherland (1998a, b)]. 

 
a Physical properties include: LT = light transmission for photo-synthetically active radiation 
(%); M/A = mass per area (g m-2); T = thickness (mm), NA indicates not available. 
 

 
 

(ii) Natural geotextiles 

As mentioned before, ecological considerations do raise doubts about the long-term 

effect of indiscriminate application of synthetic materials (Banerjee, 1996). Hence, 

use of natural geotextiles made of materials such as coir and jute is preferred over 

synthetic fibres because the material is environmentally friendly and ecologically 

compatible. The ‘drapability’ (adherence to surface micro topography) factor of 

natural geotextiles (due to their flexibility) allows them to conform closely to the 

terrain, i.e. the ability to follow slope contours and stay in intimate contact with the 

soil (Thompson and Ingold, 1986).  

Name of geotextile Description Physical properties a 
PEC-MAT  Non-woven UV stabilized blanket of 

randomly oriented PVC monofilaments 
thermally welded (synthetic). 

LT = 43.9 ± 1.5; M/A = 
1260 ± 42; T = 2.74 ± 0.23  

P300 100% UV stabilized polypropylene fibre 
matrix sewn between two nets. 

LT =  8.6 ± 3.4; M/A = 426 
± 70; T = 4.52 ±  0.67  

Terra Jute 
(POLYJUTETM  407 
GT) 
 

Open-weave photodegradable 
polypropylene geotextiles. 

LT = 69.2 ± 2.3; M/A = 88 
± 1.0; T =  0.76 ± 0.12  

TB1000 (SFB12TM) Polyolefin fibres bound together by high 
strength nettings.  

LT = 12.8 ± 3.0; M/A = 366 
± 38; T = 4.95 ± 0.97 

TM3000 3-D, multi-layered polyethylene 
geotextile with four layers bound by spot 
heat bonding (topsoil to be added to 
mat). 

M/A = 407; T = 12.7  

Enkamat 7010 3-D geomatrix of Nylon 6 
monofilaments fused at their 
intersections. 

M/A = 247; T =  8.9 

Miramat 2400 3-D flexible mat of bonded PVC 
monofilament fibres (discontinued). 

M/A = 813; T = 6.4  

Miramat TM 8TM Flexible 3-D structure composed of 
monofilament yarns tufted into an open-
woven fabric, UV stabilized 
polypropylene.  

M/A = 431; T = 12.7  

TRM 1060 3-D polypropylene mat (discontinued). M/A = 431; T = 12.7 
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Natural geotextiles can be used where vegetation is considered to be the long-term 

answer to slope protection and erosion control (Balan, 1996). They have several 

inherent advantages: i) they give protection against rainsplash erosion; (ii) they have 

the capacity to absorb water even up to 5 times their own weight; (iii) they reduce the 

velocity and, thus, the erosivity of runoff and (iv) they are biodegrade, adding useful 

mulch to the soil. Additionally, mats might help to reduce intense solar radiation, 

suppress extreme fluctuations of soil temperature, reduce water loss through 

evaporation and increase soil moisture. All these could assist in creating ideal 

conditions for plant growth in many circumstances (Sprague and Paulson, 1996). As 

they degrade, natural products add organic matter and nutrients to the soil. This may 

enhance soil microbiological activity and promote soil health, fertility and aggregate 

stability (Rickson, 2006). The ability of natural fibres to absorb water and degrade 

with time is its prime property that gives it an edge over synthetic geotextiles for 

slope stability applications.  

 

Jute is fast becoming the market leader in natural geotextiles and is being promoted 

for its economic advantages in terms of cheaper costs and availability compared with 

other natural fibres (Ranganathan, 1992). Even in the field of erosion control, geojute 

has many limitations, primarily because its strength and durability are too limited for 

harsh applications, such as steep slopes, higher altitude slopes or waterways. Coir, 

made from coconut (Cocos nucifera) husk, has the highest tensile strength of any 

natural fibre and retains much of its tensile strength when wet. Jute fibres exhibit 

moderately high modulus of rupture as well as high tenacity and very low elongation 

at break. Coir fibres behave exactly in the opposite manner, namely moderately low 

modulus of rupture, low tenacity and very high elongation at break (Banerjee, 1996). 
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Logically, then they form ideal partners for a blended product. Banerjee (1996) 

presented blended natural fibre geotextiles using coir and jute and found it to be a 

very versatile material. Using coir, jute and other natural fibres, there are wide 

varieties of commercial products available in the global market (Western Excelsior 

Corporation, 2009).  

 

Palm-mat geotextiles constructed from the leaf of Borassus aethiopum (Black Rhun 

Palm of West Africa; Plate 2.1) are termed Borassus mats (Plate 2.2). Palmae have 

been used extensively for over 6,000 years, providing over 800 resources for human 

use (Davis and Johnson, 1987). The genus Borassus is one of the most widely 

distributed of the Palmae, with a range extending from Western Africa to Indonesia; it 

is a genus of tropical wet/dry climates (Davis and Johnson, 1987). The centre of 

origin of this plant is Niger, Nigeria and Senegal. Seeds of the genus Borassus take 

two-four weeks to germinate. The seed first emit a long tap root (often >60 cm), 

requiring a deep pot. The three most important economic species are: B. aethiopum 

Mart., occurring in Africa; B. flabellifer L., found in coastal areas of India, northern 

Sri Lanka, and mainland south-east Asia; and B. sundaicus Becc., restricted to 

Indonesia. The trunk of B. aethiopum grows to 30-35 m height and with ~30-40 

palmate fronds. Palmate leaves are induplicate and strongly costal palmate and 

measure 1-1.5 m in length. One leaf is produced each month and they naturally shed 

12-14 fronds annually (Davis and Arulpragasam, 1986). They are suitable to grow 

along highways and are recommended for strategic localities, such as Government 

buildings, libraries, schools and museums.  
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                                Plate 2.1. Borassus palm (Borassus aethiopum). 

 

                               
                        Plate 2.2. A Borassus mat manufactured at The Gambia.         

 

A small cottage workshop was established in The Gambia, West Africa, in May 2001, 

to harvest and manufacture Borassus mats (Plate 2.3). The detailed process of mat 

manufacture was reported by Davies et al. (2006). The Borassus mats could be 

constructed at an economically viable price of £0.20-0.35 per square metre, which is 

comparable in price to other geotextiles (Davies et al., 2006). These mats are 

biodegradable and provide organic matter and their permeability makes them suitable 

for use with cohesive soils. There is no high-energy production procedure needed in 

the manufacturing process. When used in their natural environment, they may provide 
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a cost-effective technical method of reducing soil erosion in poorer regions of the 

world, where farming techniques are scaled to low levels of disposable income. 

Compared with the cost of unproductive land and removal of sediments, a financial 

appraisal of date-frond mats found there was a general decrease in cost over time 

(Gumaa et al., 1998). 

 

 

                Plate 2.3. Manufacture of Borassus mats in The Gambia, in 2001. 

 

Geotextile palm-mats constructed from the leaf of Mauritia flexuosa (Buriti Palm of 

South America; Plate 2.4) are called Buriti mats (Fullen et al., 2006). The Buriti mats 

can be manufactured from fibres (Plates 2.5 & 2.6). One square metre of Buriti mat 

manufacture would cost ~£2.20-2.50 (A. Guerra, Personal Communication). The 

centre of origin of this plant is north-eastern South America (western Amazon and 

Orinoco), in hydromorphic soils. They are dispersed now in the entire Amazon 

basin. The natural habitats are swamps; nevertheless, with sufficient water supply, it 

can grow in other soils. It is a dioecious palm, single trunk, growing to 25-30 m. The 

plants are propagated by seeds (Martin et al., 1987; Villachica et al., 1996). Buriti 

palm prefers full sun and can grow in sandy loam to poor soils. It is an excellent 
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source of carotenes. Buriti is the richest natural source of beta carotene known 

(152,000 µg RAE/100g in the oil) (Santos, 2005).  

 

     Plate 2.4. Buriti palm                                Plate 2.5. Manufacture of Buriti mats in Brazil. 

      (Mauritia flexuosa).                               

 

                                   

                             Plate 2.6. Buriti mats after their manufacture in Brazil.         

 

The Buriti fibre is known as ‘hemp’ in Barreirinhas Municipality (Maranhão State, 

Brazil), and for its attainment the sprouts are collected from young leaves-called 

‘eye’. The collection of the ‘eyes’ is usually carried-out by all family members in 

Brazil. Women and children generally collect the ‘eyes’ from young palm trees, while 
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those from high palm trees are made exclusively by men. Withdrawal of the ‘eye’ 

does not harm Buriti growth and development, as within a few weeks, palm trees 

produce new sprouts. The first task is to take out different types of staple fibres, 

straps and ribbons from the Buriti ‘eye'. Each one is used to make different materials. 

Ribbons are the most delicate part. These materials form the basis for making hats, 

ropes and nets. The hardest stem serves to make baskets and broom handles, while the 

thickest and coarsest leftovers are used in mat production. A list of selected natural 

geotextiles with their selected properties is presented (Table 2.2).  
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Table 2.2. Some commonly used natural geotextiles and their selected properties to reduce 
soil erosion [data abstracted from Sutherland (1998a, b), Ogbobe et al. (1998); Sutherland 
and Zeigler (2007) and BORASSUS Project analysed data by the author]. 

 ¶Physical properties include: LT = light transmission for photo-synthetically active radiation 
(%); M/A = mass per area (g m-2); T = thickness (mm); C = cover percentage. NA indicates 
not available. OWCL is an open weave coir system of relatively low mass per area. OWCH is 
an open weave coir system of relatively high mass per area. NA indicates not available. 

Name of 
geotextile 

Description Physical properties¶ 

BioD-MatTM 40 100% open-weave biodegradable bristle coconut 
fibres. 

LT = 45.2 ±1.7; M/A = 
467 ± 7.3; T = 7.35 ± 0.63 

BioD-MatTM 70 100% open-weave biodegradable bristle coconut 
fibres. 

LT =  22.6 ± 3.3; M/A = 
705 ± 41; T = 7.64 ± 1.10  

BioD-MeshTM 60 100% biodegradable system woven from spun 
mattress coir yarns. 

LT = 13.0 ± 0.84; M/A = 
538 ± 10 ; T = 7.34 ± 1.22 

CS2 70% agricultural wheat straw and 30% coconut 
fibre, netting two sides. 

M/A = 271; T = 6.4  

CurlexR I 
(Standard) 

100% aspen excelsior, 80% of the fibres >15 cm 
long, net one side. 

LT = 24.6 ± 0.8; M/A = 
489 ± 74; T = 9.07 ± 1.98 

CurlexR II 100% aspen excelsior, 80% of the fibres >15 cm 
long, net two sides. 

M/A = 532  

DeKoWeR 900 100% spun coir with an open-weave 
construction. 

M/A = 900   

GeojuteR 
(Regular)* 

Coarsely woven open-mesh fabric of natural jute. LT = 41.7 ± 5.3; M/A = 
497 ± 11; T = 1.93 ± 0.25 

OWCL Woven from machine-spun bristle coir twines, 
and has openings of 1.9×1.9 cm (3.6 cm2). 

M/A = 470; T = 7.4  

OWCH Woven from machine-spun bristle coir twines, 
and has openings of 1.3×1.3 cm (1.6 cm2). 

M/A = 710; T = 7.6  

Malvac- 
eae mats 

Manufactured from leaves of Malvac- 
eae plant 

M/A =  390; T = 12.5  

Penducul- 
ata mats 

Manufactured from leaves of Penducul- 
ata plant. 

M/A = 450; T = 11.3 

Borassus mats Manufactured from leaves of Borassus 
aethiopum (palm tree of The Gambia), stiff, 
deformable. 

M/A =  950; T = 18; C = 
76%  

Buriti mats Manufactured from fibres of Mauritia flexuosa 
(of South America), flexible, deformable. 

M/A = 520; T = 10; C = 
41% 

Lala mats Manufactured from leaves of Hyphaene coriacea  
(palm tree of South Africa), stiff, deformable. 

M/A = 1330; T = 16 

Bamboo mats Manufactured from strips of Bamboo 
(Arundinaria gigantea) stiff in South Asia, not 
deformable 

M/A = 600; T = 7; C = 
56% 

Rice straw mats Manufactured from rice (Oryza sativa) straw 
from South Asia, flexible, deformable 

M/A = 800; T = 13; C = 
43% 

C125 100% coconut fibre matrix sewn between two 
heavy-weight UV stabilized nets. 

LT = 6.8 ±0.8; M/A = 273 
± 46; T = 4.68 ± 1.00  

S150 100% straw matrix and a lightweight 
photodegradable top net. 

M/A = 270; T = 7.5  

S75 and S75BN 100% straw matrix and a lightweight 
photodegradable top net (BN series 
biodegradable jute yarn nets). 

M/A = 270 (S75); M/A = 
320 (S75 BN)  

SC150 and SC 
150BN 

70% agricultural straw and 30% coconut mattress 
fibre sewn between two UV stabilized nets. 

M/A = 270 (S150); M/A = 
360 (BN); T = 7.5 
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(iii) Composite geotextiles      

Composite geotextiles are permanent three-dimensional synthetic mats combined 

with decomposable natural material. These mats help to enhance the shear stress 

resistance of vegetation by promoting root and shoot reinforcement. Thus, their 

longevity becomes a critical factor for their efficiency. Tensile strength is the 

property that can help the material stay in place when subjected to storm water and 

ultraviolet solar radiation. A strength loss of ~50% shows a reasonably good 

performance by the blankets of synthetic and composite nature. It can also be 

speculated that their longevity is sufficient to accommodate vegetation growth for 

erosion control. A list of selected composite geotextiles is given (Table 2.3).  

 
Table 2.3. Commonly used composite geotextiles and their selected properties to reduce soil 
erosion [data abstracted from Sutherland (1998a, b), Ziegler et al. (1997)]. 
 
Name of 
geotextile 

Description Physical properties¶ 

SuperGroTM A geocomposite consisting of a rapidly 
degradable scrim and thin web of 
polypropylene fibre on one side. 

LT = 26.3 ± 1.4 
M/A = 40 ± 3.7 
T = 0.40 ± 0.09 

Futerra Pure wood fibre hydromulch bonded to 
photodegradable netting (top side) with a small 
percentage of recycled synthetic fibres. 

LT = 4.6 ± 
0.9  
M/A = 214 ±  10 
T = 2.27 ± 0.35 

¶Physical properties include: LT = light transmission for photo-synthetically active radiation 
(%); M/A = mass per area (g m-2); T = thickness (mm). 
 

 

2.4.4.4.2. Experimental results with various types of geotextiles 

The objective of this section is to detail the important contributions to the field of soil 

conservation using geotextiles and to collate published data and critically analyse 

them. To aid the presentation, this section will be divided into the following topics: 

(i) data compilation; (ii) data analysis; (iii) results of collected data and discussion 

and (iv) limitations of earlier studies on geotextiles. 
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 (i) Data compilation 

The objective of this section is to collate reported experimental results related to 

erosion control by geotextile cover. Thirty studies (peer-reviewed journal articles, 

book chapters, technical reports and review articles) related to the effects of various 

geotextiles (synthetic, natural and composite geotextiles) on soil erosion by water 

have been collated. Out of these, 14 and 16 studies investigated effectiveness of 

several geotextiles under field and laboratory conditions, respectively. Major 

geotextiles used in several studies were Geojute, fine Geojute, Enviromat, SC150BN, 

PEC-MAT, C125, Borassus, Curlex, SC150, S150, and P300. To aid in the 

presentation, the collected data were grouped according to the type of erosion 

processes studied and are presented alphabetically (Table 2.4). Studies under different 

experimental conditions, such as varied slope, rainfall intensities and soil types in the 

same publications are reported separately (where precise data sets were available) in 

Table 2.4 to compare data effectively. To compare runoff and soil loss data from 

different environmental conditions and to compare spatial effects, soil loss ratio 

(SLR) and runoff ratio (RR) were calculated from selected reported studies. Runoff 

ratio and SLR are the ratios of runoff depth (R) and soil loss rate (SL), respectively, 

from a geotextile covered soil surface compared to that of an uncovered bare soil 

surface. A RR or SLR value of 1 represents the runoff or SL from bare soil surface. 

Hence, studies that clearly reported results of soil loss from bare plots along with 

geotextile covered plots were selected.   

     

As geotextiles act as mulching materials (Smets et al., 2007), cover effects of 

geotextiles can be treated as mulch cover effects. Various mulch cover effects on SLR 

have been combined and expressed by many authors in the following equation: 
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SLR = e(-bC)                                                                                                                                                                     (2.1) 

 

where C is the mulch cover percentage (C, %) and in this review is the geotextile 

cover percentage, b is a coefficient that describes the effectiveness of a given 

geotextile cover in reducing SLR (Kainz, 1989; Poesen et al., 1994; Smets et al., 

2008). Likewise, the effectiveness of organic mulches or geotextiles in reducing 

runoff was represented by Smets et al. (2008) as the expression: 

RR = 1-a*C                                                                                                            (2.2) 

where, a is the coefficient describing the effectiveness of an organic mulch or 

geotextile in reducing the runoff ratio (RR).   

      

For a given cover level, the effectiveness of a geotextile in reducing erosion by water 

depends on many factors, e.g. rainfall erosivity, soil type (texture), slope gradient (S), 

geotextile type and their physical properties and plot area (Sutherland, 1998a; 

Rickson, 2006). A geotextile parameter considered most important for soil and water 

conservation is the cover percentage (C, %) (Sutherland, 1998a; Rickson, 2006). 

Studies investigating the effects of C (%) on soil erosion have reported geotextile 

light transmission (LT) values (Sutherland, 1998a). Light transmission values were 

estimated using a Sunfleck (Decagon, Pullman, WA) photosynthetically-active 

radiation Ceptometer and intense light source. Light transmission (%) for geotextiles 

was defined using the equation: 

 

                       GeoPAR (µmol m-2 s-1) 
LT = 100 x                                                                                                               (2.3) 
                      SourcePAR (µmol m-2 s-1) 
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where PAR is photosynthetically-active radiation in the 400-700 nm waveband. 

GeoPAR is PAR passing through a geotextile, and SourcePAR is PAR output from the 

intense light source (Ziegler et al., 1997). The potential range of LT values is 0-

100%.    

Cover percentage was defined as (Sutherland, 1998a): 

C (%) = 1-LT (%)                                                                                                 (2.4)                                                                                               

 

Thus, the lower the LT, the greater the surface area covered by the system. In some 

studies (Rickson, 2006; Bhattacharyya et al., 2009a), C (%) values of several 

geotextiles were directly given.  If not, Ć (%) was calculated using LT and equation 

2.3. 

      

According to the dominant soil erosion processes, all 56 experiments (from 30 

studies) were subdivided into three classes; namely, splash erosion, interrill erosion 

and rill and interrill erosion. The plot size of each soil erosion process was different 

and for each size, thus, different soil erosion processes became dominant. Splash 

detachment alone occurred in small plots (area 0.005-0.18 m2; number of experiments 

= 7). Splash cups and splash slots were used to measure soil loss by splash erosion for 

different environmental conditions. The slope gradient used by Rickson (2000, 2006) 

and Bhattacharyya et al. (2008a) was 0o, as rainsplash erosion can occur even on flat 

surfaces (Morgan, 2005). The selected geotextiles were cut to fit on top of the soil in 

the splash cups in the laboratory (Rickson, 2006). Soil splash was measured by 

collecting splashed particles in a centrally-positioned trap (Bhattacharyya et al., 

2008a). The translucent splash containers (surface area = 0.0166 m2) were used by 

Ziegler et al. (1997). Soil was filled to within ~0.005 m of the splash cup lip to reduce 
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wash over by rainflow. The soil-filled container was set within a second container to 

form a two-tiered system. This design allowed free drainage into the open space 

between the two cups and prevented the generation of saturation overland flow 

(Ziegler et al., 1997). 

      

On larger interrill plots, where the development of rills is limited because of their 

limited size, sheet erosion is more important than splash detachment. Soil loss by 

interrill erosion was measured using interrill plots under laboratory conditions and by 

simulating interrill flow using rainfall simulators. The plot areas of the 20 interrill 

experiments ranged from 0.21-3.8 m2. In the laboratory, interrill soil erosion by 

overland flow created by simulated rainfall was measured. Runoff samples were 

collected in bottles or buckets.    

      

A combination of rill and interrill erosion caused most soil loss in the largest plot 

areas (Smets et al., 2008). The combination of rill and interrill erosion represents the 

soil loss measured on plots in 29 reported experiments, ranging from 0.18-150 m2. In 

many studies simulated rainfall was used to measure soil and water loss by rill and 

interrill erosion. However, in some studies, natural rainfall was used to measure the 

effectiveness of geotextiles to conserve soil and water for several months (Table 2.4). 

Total precipitation values for those experiments are given (Table 2.4). Bounded plots 

(by wood) were generally used under field conditions. Mostly geotextiles were placed 

over the soil without cutting. Some geotextile mats were cut very carefully at one end 

and placed over the soil surface and attached with metal pegs (Bhattacharyya et al., 

2008a). A metal collecting trough was fixed at the outlet of each subplot to funnel 

flow into separate collecting bottles located in a recessed trench (Sutherland and 



 39 

Ziegler, 2007). The soil was excavated after each simulated event and replaced with 

fresh sieved soil.      
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Table 2.4. Overview of all studies, investigating the effects of geotextile cover on soil erosion by water. The studies are subdivided into three dominant soil 
erosion processes (i.e. splash, interrill, rill and interrill erosion). 
 

No Authors Plot size 
(m x m) 
(m2) 

Geotextile/cover type Soil type (sand, 
%-silt, %-clay, 
%) and SOM 
content (%) 

Slope (o/%) Simulated rainfall 
intensity  
(mm h-1)/ total 
precipitation during 
experimentation 
[mm]a 
 

Simulated  
rainfall 
duration (h)/ 
duration of 
field expt. 
[months] 

Erosion 
process  

Field/
Lab.c 
 

1 Bhattacharyya et 
al. (2008a) 

(0.018) Borassus Loamy sand 
(54.4-41.9-3.7); 
SOM = 3.8% 

15o [1319.8/ 
1038.3b] 

- Splash Field 

2 Bhattacharyya et 
al. (2009a) 

(0.018) Borassus, Buriti Loamy sand 
(54.4-41.9-3.7); 
SOM = 3.74% 

15o - [12] Splash Field 

3 Rickson (2000) (0.005) Geojute, Fine Geojute, 
Enviromat, Enkamat (S), 
Enkamat (B), Tensarmat, 
Bachbett-gewebe. 

Sandy loam 
(68.1-22.1-9.8) 

0o 35 0.25/0.17 Splash  Lab. 

4 Rickson (2000) (0.005) Geojute, Fine Geojute, 
Enviromat, Enkamat (S), 
Enkamat (B), Tensarmat, 
Bachbett-gewebe. 

Clay loam 0o 115 0.25/0.17 Splash  Lab 

5 Rickson (2000) (0.005) Geojute, Fine Geojute, 
Enviromat, Enkamat (S), 
Enkamat (B), Tensarmat, 
Bachbett-gewebe. 

Sandy loam 
(68.1-22.1-9.8) 

0o 115 0.25/0.17 Splash  Lab. 

6 Ziegler and 
Sutherland 
(1998) 

0.3 x 0.6 
(0.18) 

C125, Curlex I, Geojute, 
SC 150BN, P300, PEC-
MAT, TB1000.   

Clay vertisol 
(2.8-37.2-60), 
SOM = 0.87% 

20o 100 3.00 Splash Lab. 
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7 Ziegler et al. 
(1997) 

 (0.0166) C125, Curlex I, Geojute, 
SC 150BN, P300, 
PECMAT, TB1000, 
TerraJute, Futerra, BioD-
Mat 70, BioD-Mesh 60, 
SuperGro, Multimat 100. 

Clay  vertisol 
(2.8-37.2-60), 
SOM = 0.87% 

0o 120  1.0 Splash Lab. 

8 Cazzuffi et al. 
(1994) 

(1.5) Geojute, 
Enkamat,Tensarmat 

Sandy loam NA NA NA Interrill Lab. 

9 Ingold (1996) (2) Geojute, Fine Geojute, 
Enkamat (B), Bachbett-
gewebe. 

Sandy loam NA 35 NA Interrill Lab. 

10 Ingold (1996) (2) Geojute, Fine Geojute, 
Enkamat (B), Bachbett-
gewebe. 

Sandy loam NA 75 NA Interrill Lab. 

11 Harding (1988) (3.8) SC150, C125, S75, 
Curlex II, Hold-Gro, 
Enkamat 

Silt loam 5.1o 147 1.00 Interrill Lab. 

12 Harding (1988) (3.8) P300, S150, Jute, Curlex 
I, Miramat 

Silt loam 5.1o 107 1.00 Interrill Lab. 

13 Ingold and 
Thomson (1986) 

(0.90) Geojute, Enviromat, 
Enkamat (B), Tensarmat, 
Geoweb 

Silt loam 26.6o 40 1.00 Interrill Lab. 

14 Ingold and 
Thomson (1986) 

(0.90) Geojute, Enviromat, 
Enkamat (B), Tensarmat, 
Geoweb 

Silt loam 26.6o 75 0.33 Interrill Lab. 

15 Ingold and 
Thomson (1986) 

(0.90) Geojute, Enviromat, 
Enkamat (B), Tensarmat, 
Geoweb 

Silt loam 26.6o 75 1.00 Interrill Lab. 

16 Jennings and 
Jarrett (1985) 

(0.21) Jute net (woven net of 4 
mm diameter strands). 

Silty clay loam 2% (1.1o) 135 0.17 Interrill Lab. 

17 Rickson (2000) (2.0) Geojute, Fine Geojute, 
Enviromat, Enkamat (S), 

Sandy loam 
(68.1-22.1-9.8) 

10o 95 0.17 Interrill Lab. 
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Enkamat (B), Tensarmat, 
Bachbett-gewebe, 
Tensarmat 

18 Rickson (2000) (2.0) Geojute, Fine Geojute, 
Enviromat, Enkamat (S), 
Enkamat (B), Tensarmat, 
Bachbett-gewebe. 

Clay loam 10o 35 0.17 Interrill Lab. 

19 Rickson (2006) (2.0) Geojute, Fine Geojute, 
Enviromat, Enkamat (S), 
Enkamat (B), Tensarmat, 
Bachbett-gewebe. 

Sandy loam 
(68.1-22.1-9.8) 

10o 72 0.17 Interrill Lab. 

20 Rustom (1993) (1.06) C125, Geojute, S150, 
Xcel Superior, 
DeKoWe900, SuperGro, 
P300, TRM 1060, 
Enkamat, Miramat, 
TM3000, PEC-MAT 

Sandy loam 14o/22o 50/125/200 0.67 Interrill Lab. 

21 Smets et al. 
(2007) 

0.60  x 
0.94 
(0.564) 

Borassus, Buriti, 
Simulated geotextiles 1, 2 
and 3 

Sandy loam 
(63-24-13), 
SOM = 1.8%) 

15% (8.5o) 45 1.50 Interrill Lab. 

22 Smets et al. 
(2007) 

0.60  x 
0.94 
(0.564) 

Borassus, Buriti, 
Simulated geotextiles 1, 2 
and 3 

Sandy loam 63-
24-13), SOM = 
1.8%) 

45% 
(24.2o) 

45 1.50 Interrill Lab. 

23 Smets et al. 
(2007) 

0.60  x 
0.94 
(0.564) 

Borassus, Buriti, 
Simulated geotextiles 1, 2 
and 3 

Sandy loam 63-
24-13), SOM = 
1.8%) 

15% (8.5o) 67 1.50 Interrill Lab. 

24 Smets et al. 
(2007) 

0.60  x 
0.94 
(0.564) 

Borassus, Buriti, 
Simulated geotextiles 1, 2 
and 3 

Sandy loam 63-
24-13), SOM = 
1.8%) 

45% 
(24.2o) 

67 1.50 Interrill Lab. 

25 Sutherland and 
Ziegler (1996) 

(0.18) Geojute, Enviromat. Clay Vertisol 
(2.8-37.2-60), 
SOM = 0.87% 

20o 102 3.00 Interrill  Lab. 
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26 Urroz  and 
Israelsen (1993) 

(3.7) SC150BN, S150BN, 
SC150, S150, S75 

Sandy loam 
(56-29-15); 
SOM = 1.87% 

2:1 (26.5o) 102 1.00 Interrill Lab. 

27 Ziegler and  
Sutherland 
(1998) 

(0.18) SC150BN, TB1000, 
Geojute, Curlex I, P300, 
C125, Terrajute, PEC-
MAT 

Clay vertisol 
(2.8-37.2-60), 
SOM = 0.87% 

0o 120 1.00 Interrill  Lab. 

28 Armstrong 
(1991) 

(1.5) Excelsior Blanket with 
Plastic Net,  Excelsior 
Blanket 

Loam (27.8-
47.4-24.8), 
SOM = 3.2% 

26.5o 160 [80] (1.00) Interrill 
and rill 

Field 

29 Bhattacharyya et 
al. (2009b) 

10 x 1 
(10) 

Borassus, Borassus as 
buffer strip (area 
coverage = 10% by mats) 

Loamy sand 
(54.4-41.9-3.7); 
SOM = 3.74% 

15o [1319.8/ 
1038.3**] 

- Splash Field 

30 Bhattacharyya et 
al. (2009b) 

10 x 1 
(10) 

Buriti Sandy laom 
(69-10-21); 
SOM = 0.5% 

12o [1086.7] [5] Interrill 
and rill 

Field 

31 Bhattacharyya et 
al. (2009b) 

(55) Lala Sandy loam 
(65-21.7-13.3); 
SOM = 0.9% 

~5% (2.9o) [812.0] [7] Interrill 
and rill 

Field 

32 Bhattacharyya et 
al. (2009b) 

(14) Borassus, Buriti Sandy loam 
(67.6-12.7-
13.2); SOM = 
2.45% 

23o [341.6] [3] Interrill 
and rill 

Field 

33 Bhattacharyya et 
al. (2009b) 

28 (for 
20o) and 
24 (for 
30o)  

Rice straw mats, Rice 
straw mats as 50% cover 
(by mats) 

Loam (SOM = 
3%) 

20o and 30o [844.3 and 1550.0] [10 and 10] Interrill 
and rill 

Field 

34 Bhattacharyya et 
al. (2009b) 

(20) Borassus as 50% cover 
(by mats) in different 
land use systems 

Silt loam ~20% 
(11.3o) 

[243.9] [10] Interrill 
and rill 

Field 

35 Bhattacharyya et 
al. (2009b) 

30 x 5 
(150) 

Bamboo mats  Sandy clay 
loam 

70% (35o) [1550.0] [6] Interrill 
and rill 

Field 
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36 Bhattacharyya et 
al. (2008a) 

10 x 1 
(10) 

Borassus, Borassus as 
buffer strip (area 
coverage = 10% by 
mats), Buriti  as buffer 
strip (area coverage = 
10% by mats) 

Loamy sand 
(54.4-41.9-3.7); 
SOM = 3.74% 

15o [/**] [12] Splash, 
interrill 
and rill 

Field 

37 Buxton and 
Caruccio (1979) 

(14.2) Jute, Hold-Gro, Excelsior Silt loam 7.4 NA [6] Interrill 
and rill 

Field 

38 Davies et al. 
(2006) 

10 x 1 
(10) 

Borassus, Borassus as 
buffer strip (~10% 
coverage) 

Loamy sand 15o  [12] Interrill 
and rill 

Field 

39 Fifield et al. 
(1988) 

(28) Polyethylene Net, Tensar 
NS 3000, Tensar NS 
3100, GeojuteR, 
MiramatR2400, Biofabric 
Mat, C125, SC150, 
MiramatR1800, Tenamat, 
S150, Trevira 1112 

Sandy loam 1.5:1 (33o) NA NA Interrill 
and rill 

Field 

40 Godfrey and 
Curry (1995) 

91.14 Curlex I, SC150, S150, 
Polyjute, PEC-MAT, 
Geojute, Xcel Superior 

Sandy loam 2:1 (26.5o) 30, 145, 184 (0.17 for 
each rain 
intensity) 

Interrill 
and rill 

Field 

41 Godfrey and 
Curry (1995) 

91.14 Curlex I, SC150, 
DeKoWe 700, S150, 
Polyjute, PEC-MAT, 
Geojute, Xcel Superior 

Clay 2:1 (26.5o) 30, 145, 184 (0.17 for 
each rain 
intensity) 

Interrill 
and rill 

Field 

42 Godfrey and 
Curry (1995) 

91.14 Curlex I, Curlex II, Ero-
mat,  PEC-MAT, S75, 
Xcel Regular 

Clay 3:1 (18o) 30, 145, 184 (0.17 for 
each rain 
intensity) 

Interrill 
and rill 

Field 

43 Godfrey and 
Curry (1995) 

91.14 Curlex I, Curlex II, Ero-
mat,  PEC-MAT, S75, 
Xcel Regular 

Sandy loam 3:1 (18o) 30, 145, 184 (0.17 for 
each rain 
intensity) 

Interrill 
and rill 

Field 

44 Krenitsky et al. 6.1 x 2.4 Jute, Wood Excelsior, Loamy sand 8% 96 (0.58) Interrill Field 
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(1998) (14.64) Coconut mat, Coconut 
Blanket 

(80-14-6);  
SOM = 1.7% 

(4.6o)/14 
(8.0o)-21 % 
(11.9o) 

and rill 

45 Krenitsky and 
Carroll (1994) 

6.1 x 2.4 
(14.64) 

Geojute, Curlex I, C 125, 
DeKoWe 700 

Sandy clay 
loam (58-18-
24); SOM = 
2.9% 

8o 96  (0.58) Interrill 
and rill 

Field 

46 Krenitsky and 
Carroll (1994) 

6.1 x 2.4 
(14.64) 

Geojute, Curlex I, C 125, 
DeKoWe 700 

Loamy sand 
(80-14-6);  
SOM = 1.7% 

4.6o [100]   Field 

47 Krenitsky and 
Carroll (1994) 

6.1 x 2.4 
(14.64) 

Geojute, Curlex I, C 125, 
DeKoWe 700 

Sandy clay 
loam (58-18-
24); SOM = 
2.9% 

8o [200]  Interrill 
and rill 

Field 

48 Lekha (2004) (50.4) Coir Sandy loam 26o    Field 
49 Northcut (1993) 6.2 x 

6.75 
(41.85) 

Ero-mat, PEC-MAT,  
Curlex,  S75, S150,   
SC150,  Polyjute,  
Geojute, Xcel Superior, 
Xcel Regular  
 

Clay 3:1 (18o) 30.2, 145.5, 183.6 (0.17) Interrill 
and rill 

Field 

50 Northcut (1993) 6.2 x 
6.75 
(41.85) 

PEC-MAT,  Ero-mat,  
Curlex,  S75, Xcel 
Superior 

Clay 3:1 (18o) 30.2, 145.5, 183.6 (0.17) Interrill 
and rill 

Field 

51 Northcut (1993) 6.2 x 
6.75 
(41.85) 

PEC-MAT,  Geojute,  
Curlex,  S150,   SC150,  
Polyjute,  Xcel Superior 

Sand 2:1 (26.5o) 30.2, 145.5, 183.6 (0.17) Interrill 
and rill 

Field 

52 Northcut (1993) 6.2 x 
6.75 
(41.85) 

Ero-mat, PEC-MAT,  
Curlex,  S75, S150,   
SC150,  Polyjute,  
Geojute, Xcel Superior, 
Xcel Regular 

Sand 3:1 (18o) 30.2, 145.5, 183.6 (0.17) Interrill 
and rill 

Field 
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53 Ogbobe et al. 
(1998) 

3.25 x 
1.20 (3.9) 

Penduculata Mat, 
Malvaceae Mat, 
Polypropylene Mat 

Sand (92-6-2)  45o 264 NA Interrill 
and rill 

Field 

54 Sutherland  and 
Ziegler (1997) 

0.3 x 0.6 
(0.18) 

Futerra, C125, Curlex I, 
Terrajute, Geojute, SC 
150BN, P300, PEC-
MAT, BioD-Mat 70, 
BioD-Mat 40.   

Clay vertisol 
(2.8-37.2-60), 
SOM = 0.87% 

9% (5.14o) 35 2.00 Interrill 
and rill 

Field 

55 Sutherland and 
Ziegler (2007) 

4.87 x 
0.65 
(3.17) 

Random Fibre Coir, Open 
Weave Coir system of 
High mass, Open Weave 
Coir system of Low mass 

Clay (24-34-
42); SOM = 
3.46% 

9% (5.14o) 35 2.33 Interrill 
and rill 

Field 

56 Thomson and 
Ingold (1986) 

(0.9) Geojute, Enviromat, 
Bachbettgewebe, 
Enkamat-B, Fine Geojute 

Silty sandy 
loam 

26o NA NA Interrill 
and rill 

Field 

a In case of studies with no simulated rainfall. b Total precipitation for the splash erosion experiment, c Lab. indicates laboratory. 
SOM represents soil organic matter and NA represents not available.  
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(ii) Data analysis   

The effects of plot length (L; calculated from plot area of all data) on mean b values 

were studied. Then, mean b values were related to L of individual soil erosion process 

(splash, interrill and rill and interrill erosion) separately. Summary statistics of the 

variables affecting runoff and soil loss for all collected data are reported (Table 2.5). 

Pearson correlation coefficients were calculated between SLR and the variables 

affecting soil erosion for all data combined and for each soil erosion process 

separately (i.e. splash, interrill, and rill and interrill erosion). The impacts of L, C (%), 

S, duration of the experiments (D), rainfall intensities of simulated experiments (I), 

soil texture and SOM on the effectiveness of geotextile cover in reducing SLR and 

RR (for interrill and rill and interrill processes) for each soil erosion process and all 

data of SLR have also been analysed.  

 
Table 2.5. Summary statistics of the variables affecting soil erosion for all data combined (SD 
= standard deviation, n = number of observations). 
 

Variables Mean SD Min Max n 

Plot length (L, m) 3.06 3.14 0.07 12.25 320 

Cover (C, %) 55.20 30.55 0.00 100.00 317 

Slope (S, %) 28.20 20.94 0.00 100.00 305 

Rain intensity (I, mm h-1) 95.00 39.47 35.00 264.00 248 

Rain duration (D, min) 57.00 47.53 10.00 180.00 236 

Clay content (%) 25.79 22.43 2.00 60.00 151 

Silt content (%) 27.52 9.81 6.00 47.40 151 

Sand content (%) 46.56 29.28 2.80 92.00 151 

Soil organic matter (%) 1.82 0.92 0.50 3.80 121 
 
 
 
(iii) Results 

Effectiveness of geotextiles-effects of cover percentage and other variables 

Generally, with increasing C (%), SLR-values decreased linearly (Table 2.6). A linear 

equation best fits the relation between SLR and C (%) for all data (data collected from 

the splash, interrill, and rill and interrill erosion studies) and for the relation between 
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SLR and C (%) for the splash erosion. In contrast, an exponential equation best fits the 

relation between SLR and C (%) for data collected from the interrill, and rill and 

interrill erosion studies. It can be seen from Figure 2.1 that there is considerable 

variability among SLR data from different soil erosion processes. However, most data 

have SLR values <1.0, indicating geotextile cover is effective in reducing soil loss by 

erosion by water. 

 
Figure 2.1. Soil loss ratio (SLR) as a function of geotextile cover percentage (C, %) for each 
soil erosion process (i.e. splash, interrill, rill and interrill erosion). 
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Table 2.6. Linear and exponential relation between soil loss ratio (SLR) and geotextile cover 
percentage (C, %) for the data corresponding to erosion processes. R2 is coefficient of 
determination, n is number of observations. 
 

Erosion Process Equation R2 n 
SLR = 1-0.0111* C -0.29 278 Erosion by water (all 

data) SLR = e-0.0351* C 0.12 278 
SLR = 1-0.0104* C 0.33 45 Splash erosion 
SLR = e-0.0408* C 0.28 45 
SLR = 1-0.0115*C -0.11 104 Interrill erosion 
SLR = e-0.0379*C 0.31 104 
SLR = 1-0.0111*C -2.16 129 Rill and interrill erosion 
SLR = e-0.0313* C -0.24 129 
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Correlation coefficients indicate C (%) is the most important variable determining the 

effectiveness of geotextile cover in reducing SLR (Table 2.7). Rainfall duration and 

intensity, soil texture (represented by sand, silt and clay percentage) and SOM content 

are also significantly correlated with SLR (Table 2.7). Significant negative correlation 

coefficient of the relationship between all SLR and clay content indicated that 

sediment loss is significantly less on a clay (%) rich soil compared with a sandy soil. 

Similarly, Godfrey and Curry (1995) observed that soil loss is significantly (P<0.05) 

higher on the erodible sandy loam soil than the erosion resistant clay soil, regardless 

of the slope condition (2:1 or 3:1). 

 
Table 2.7. Pearson correlation coefficients between soil loss ratios (SLR) and the variables 
affecting soil erosion for all data combined and for each soil erosion process separately (i.e. 
splash, interrill, and rill and interrill erosion); n is number of observations.  
 

Variables 
All data  
(n = 278) 

Splash 
erosion  
(n = 45) 

Interrill 
erosion  

( n = 104) 

Rill & interrill 
erosion  

( n = 129) 

Plot length (L, m) -0.031 -0.397** -0.116 0.082 

Cover (C, %) -0.673*** -0.656*** -0.711*** -0.676*** 

Slope (S, %) -0.009 -0.342* 0.181 0.044 

Rain intensity (I, mm h-1) -0.116** -0.184 -0.320** 0.215* 

Rain duration (D, min) -0.213*** -0.447** -0.121 -0.196* 

Clay content (%) -0.339*** -0.547*** -0.182 -0.299*** 

Silt content (%) -0.203*** -0.289 -0.240* -0.206* 

Sand content (%) 0.325*** 0.529*** 0.197 0.296*** 

Soil organic matter (%) 0.241*** 0.712*** -0.000 0.264** 
*Significant at P<0.05, **Significant at P<0.01; ***Significant at P<0.001. 
 
 
 It is attempted to explore in this review whether spatial scale effects on the 

effectiveness of geotextile cover in reducing soil erosion appear from the overall 

trends. The calculated b values range between -0.0169 to 0.230 (Figure 2.2) and L 

values range between 0.07 to 12.25 m (Table 2.5; Figure 2.2). The relationship 

between L (m) and calculated mean b-values indicates that b-values of all reported 

studies were independent of the L (Figure 2.2; Table 2.7). However, b values of the 



 50 

splash plots were significantly (P<0.05) related to the collected splash area and, 

hence, L (Table 2.7). However, that significant relationship might not be practically 

relevant, due to the very small range of splash cup sizes. Buffer strip plots (area 

coverage ~10%) with Borassus and Buriti mats (Bhattacharyya et al., 2008a) had the 

highest b-values.   

 
 
Figure 2.2. b-value of the mulch factor equation as a function of plot length (L) for all 
collated data. 
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Effects of cover percentage and other variables on splash erosion      

Splash soil loss ratios (SLR_Splash) (n = 45) indicate that a geotextile cover >50% is 

very effective in reducing soil loss (Figure 2.3). There are only seven published 

documents from the experiments that used geotextiles to reduce rainsplash erosion. 

The ability of the geotextiles to control rainsplash erosion is significantly (P<0.05) 

correlated with L (m), C (%), S (%), D (min), and sand (%), clay (%) and SOM (%) 

(Table 2.7). Thus, I and silt content were not related to SLR. Plot length (ranging from 

0.07-0.42 m), S (0-36%), D (15-180 min), soil texture and SOM content (0.87-2.8%) 
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are important factors determining the variability of the effectiveness of geotextile 

cover in reducing SLR_Splash.  

 

This review compares the effects of all natural versus all synthetic geotextiles on 

SLR_Splash due to less available data on individual geotextiles. Results suggest that 

both natural and synthetic geotextiles had similar effects in determining the 

effectiveness of geotextile cover in reducing rainsplash erosion by water.  Apart from 

the above-mentioned factors, SLR_Splash also depends upon the method of 

application of geotextile materials. Rickson (1988) was the earliest to study the 

influence of method of geotextile application on interrill rainsplash erosion on two 

soil types (clay loam and sandy loam) under two rainfall intensities (35 and 115 mm 

h-1). Rickson (2000) found that geotextiles that were buried with soil (TM3000 and 

Enkamat 7010) prior to simulation had splash rates in excess of bare soil. When 

Enkamat was surface-applied, its overall effectiveness value increased to 38%, which 

was substantially less than the natural geotextiles with values ranging from 69% 

(Enviromat) to 85% (Geojute). Rickson (2000) explained that these results indicate 

that if a substantial vegetation cover did not have sufficient time to develop with 

buried geotextiles, splash production and availability of easily transported sediment 

might be excessive during intense natural rainfall.  

 
Figure 2.3. Splash soil loss ratio (SLR_Splash) as a function of geotextile cover percentage 
(C, %). Symbol numbers correspond to data listed in Table 2.4. 
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Effects of cover percentage and other variables on interrill erosion    

Only C (%), I (mm h-1) and silt content (%) are significantly (P<0.05) correlated with 

SLR_Interrill (Table 2.7). Previous experiments indicate that there was considerable 

reduction in SLR values for interrill soil erosion (SLR_Interrill) (n = 104) even at 

50% geotextile cover (Figure 2.4). To facilitate comparison, if a reference line is 

drawn from SLR = 1.0 at C = 0% to SLR =1.0 at C = 100%, it can be seen that most 

data of SLR_Interrill are located on or below this reference line. Only two 

observations have a SLR-Interrill value >1.0, indicating more interrill soil loss 

occurred on a geotextile covered soil surface than a bare soil surface.  

   

Statistical analyses reveal C (%) was the most significant (P<0.05) variable 

determining SLR_Interrill and the exponential relationship between SLR_Interrill and 

C (%) was significant (P<0.05) (Table 2.6). Individual studies with mulch cover on 

bare soil also reported an exponential relationship between SLR and C (Gilley et al., 

1986; Khan et al., 1988; Haider, 1989; Adekalu et al., 2007). Similar to this study, 

several authors reported in their individual studies that, along with C (%), S and I also 

play major roles in determining infiltration rates (Poesen, 1984; Janeau et al., 2003; 

Smets et al., 2007) and the effectiveness of geotextiles.  
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Figure 2.4. Interrill soil loss ratio (SLR_Interrill) as a function of geotextile cover (C, %). 

Symbol numbers correspond to data listed in Table 2.4. 
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Effects of cover percentage and other variables on rill and interrill erosion    

Rill and interrill soil loss ratios (SLR_Rill and interrill) (n = 129) are plotted as a 

function of geotextile cover in Figure 2.5. Cover percentage, I, D, clay, silt and sand 

contents and SOM are the variables that are significantly (P<0.05) correlated with 

SLR_Rill and interrill (Table 2.7). According to Ingold (1996), the effectiveness of 

geotextiles largely depends on I. During a rainstorm, water ponding on the surface of 

geotextile cells flows over the geotextile edge and down the gap between the soil and 

the backwall of the geotextile cell. Even though this encourages infiltration, the gaps 

overflow under high intensity rainfall producing virtually continuous runoff over the 

whole plot. Soil washed from one cell to another fills in the gaps and eventually is 

transported to longer distance. Thus, the effectiveness of geotextiles depends upon the 

rate at which gaps fill-up and, hence, on I.   
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Figure 2.5. Rill and interrill soil loss ratio (SLR_Rill and interrill) as a function of geotextile 
cover (C, %). Symbol numbers correspond to data listed in Table 2.4. 
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Statistical analyses of all data again indicate that C (%) was the single most important 

variable that affects SLR_Rill and interrill. The benefit of a geotextile with greater C 

(%) is the proportion of the hillslope area open to raindrop impact was low, therefore, 

less sediment is available for detachment and transport. Geotextile cover is more 

effective in reducing SLR_Rill and interrill on shorter plot lengths compared to longer 

ones and lower rainfall intensities compared to higher ones. In contrast, Smets et al. 

(2008) found mulch cover was more effective in reducing SLR_rill and interrill on 

longer plot lengths compared to shorter ones. Some individual studies with mulching 

materials indicate more interrill soil loss occurred on mulch-covered soil surfaces 

compared to bare soils (Singer and Blackard, 1978; McGregor et al., 1988). The 

contrasting effect of L on mulch and geotextile cover is not obvious at present, apart 

from the fact that geotextiles are woven materials that include both natural and 

synthetic materials, unlike mulching materials that are usually natural. Geotextile 

cover was less effective in reducing SLR_rill and interrill on larger plot lengths, 
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probably due to less drapability of geotextiles compared with mulching materials. 

Most concentrated flow occurs below the biogeotextile materials (Smets et al., 2007), 

due to their poorer adherence to the soil surface.  

 

Since biological geotextiles offer an immediate protection like organic mulching 

materials, it can be hypothesized that palm-mat geotextiles will behave like biological 

mulching materials in reducing runoff depths. However, (Smets et al., 2007) found 

that for interrill erosion on a medium slope (15%), palm-mat geotextiles were more 

effective in reducing interrill soil compared with mulch treatments. Higher 

effectiveness of palm-mat geotextiles was probably due to smaller sediment 

connectivity between bare patches for a palm- mat geotextile covered soil surface, 

whereas mulches normally cover soil surface completely. In contrast, organic mulches 

also create bare soil patches, but these are not completely surrounded by mulch 

elements leading to a pattern of connected bare patches. Hence, sediment connectivity 

is smaller with biological geotextiles compared with that in commonly used mulching 

materials (Smets et al., 2007). Another reason could be natural geotextiles provide 

better and uniform coverage during long period of time, unlike mulching materials 

that generally displace and accumulate after a certain time period, leading to less 

cover percentage compared with the initial condition.   

 

As geotextiles were ineffective on longer plot lengths, buffer strips of natural 

geotextile mats might be effective in increasing b values under rill and interrill soil 

erosion. In recent studies, Davies et al. (2006) and Bhattacharyya et al. (2008a) 

reported buffer strip plots of Borassus mats were as effective as complete-cover of the 

same mats. Davies et al. (2006) and Bhattacharyya et al. (2008a) used non-vegetated 

buffer strips (1 m geotextile cover at the lower end of 10 m long bare plots) as barriers 
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to the transmission of sediments. Calculated b values (from these studies) for buffer 

strip plots of Borassus and Buriti mats are highest among all studies.  

  

Apart from C (%), rainfall erosivity and soil and plot related properties, the 

effectiveness of geotextiles are reported to be also affected by geotextiles mass per 

unit area. The benefits of a geotextile with a higher mass per unit area are: (i) more 

kinetic energy is dissipated directly on the geotextile fibres; and (ii) the higher mass 

reduces the likelihood of a geotextile strand bevelling and detachment of the 

geotextile from the soil surface, and this decreases the potential for flow concentration 

and rill initiation.  

 

Effectiveness of natural versus synthetic geotextiles in reducing erosion by water  

As no study to date shows b-values of different geotextiles for major soil erosion 

processes, calculated b-values (from Eq. 2.2) for several geotextiles along with their C 

(%) values are presented in Figures 2.6-2.8. Random data (n = 88 sets) from all 

erosion processes reveal that mean C (%) values for all natural geotextiles is 

significantly (P<0.05) higher than all synthetic geotextiles (Figure 2.6a). However, b-

values of all natural and synthetic geotextiles for those data are similar (Figure 2.6b). 

Among natural geotextiles, mean C (%) values are highest in splash erosion studies 

(Figure 2.7a); whereas, C (%) is highest under rill and interrill erosion studies with 

synthetic ones (Figure 2.7b). Among natural geotextiles, Buriti, SC150BN and 

Borassus mats have higher mean b values than all other natural geotextiles. Among 

soil erosion processes, all natural geotextiles have highest mean b values for interrill 

soil erosion (Figure 2.8a), whereas highest mean b-values for all synthetic geotextiles 

was observed for rill and interrill soil erosion (Figure 2.8b). Terrajute/Polyjute had the 

maximum mean b value (followed by P300) among all synthetic geotextiles that were 



 57 

used to reduce erosion by water. Very few composite geotextiles have been used to 

reduce soil erosion by water and, hence, those data are not presented.  

 

Individual studies showed that the organic/natural geotextiles reduced the amount of 

sediment loss significantly (P<0.05) greater than the synthetic geotextiles (Godfrey 

and Curry, 1995; Ingold, 1996). Ingold (1996) observed that Enviromat and Geojute 

performed better than Enkamat and Tensarmat in reducing soil loss on both dry and 

wet slopes. In Texas, Godfrey and Curry (1995) found that Xcel Superior®, SC150, 

S150 and Curlex® (the natural geotextiles) performed similarly and retained 

significantly (P<0.05) more sediment than Polyfelt® and Pecmat® (the synthetic 

geotextiles). Godfrey and Curry (1995) explained that this difference might be a result 

of formation of a soil-material bond (by natural geotextiles) that was not apparent 

with the synthetic geotextiles. In contrary, the synthetic geotextiles tended to span the 

surface of any rill formations that developed, instead of conforming to the shape of 

the slope (Godfrey and Curry, 1995).      
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Figure 2.6. Range of: (a) geotextile cover (C, %) and (b) calculated b values (from Eq. 2.1) 
for all natural (n = 159) and synthetic (n = 88) geotextiles. 
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Figure 2.7. Range of geotextile cover (C, %) for: (a) natural geotextiles and (b) synthetic ones 
for all splash, interrill and rill and interrill soil erosion processes.  
 
(a)                                     
 

     (b) 

 
 
 
 



 60 

 
 
 
Figure 2.8. Range of b values for: (a) natural geotextiles and (b) synthetic ones for all splash, 
interrill and rill and interrill soil erosion processes.  
 
           
    (a) 
 

 
(b) 
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Effectiveness of geotextile mats in reducing runoff-effects of cover percentage and 

other variables 

Runoff ratios (n = 93) are plotted as a function of C (%) (Figure 2.9). There is 

considerable variability among RR data from different soil erosion processes. The 

mean RR ranges between 0.01 for the SC150BN covered laboratory plots (Ziegler and 

Sutherland, 1998) and 1.25 for the Borassus completely-covered plots under field 

conditions (Davies et al., 2006). Many of the data (n = 17) had RR values >1.0, 

indicating geotextile cover was not effective in reducing RR. For both interrill and rill 

and interrill soil erosion processes, RR is plotted as a function of C (%) and the best 

fitting regression equation (linear and exponential) is calculated. Only for rill and 

interrill soil erosion process, RR is significantly (P<0.05) correlated with C (%) and 

the relationship is: 

RR = 0.451 + 0.00508*C   R2 = 0.22; n = 33 (P<0.01).                                          (2.5) 

 

Thus, the relative reduction of rill and interrill runoff by geotextiles compared to bare 

soil significantly (P<0.05) decreased with increasing C (%).  

 
Summary statistics of the selected variables affecting runoff for all collated data are 

presented (Table 2.8). For all environmental conditions, the relative reduction of 

runoff by geotextiles compared to bare soil significantly (P<0.05) increased with 

increasing S (%), I (mm h-1), D (min) and silt content (Table 2.9). The relative 

reduction of interrill runoff (of all laboratory experiments) by geotextiles compared to 

bare soil decreased with increasing L, sand and SOM content, but increased with 

increasing C (%), S, I, D and clay and silt contents (Table 2.9). Runoff significantly 

(P<0.05) increased with increasing L for laboratory studies (interrill erosion by 
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water), but decreased with L for field experiments (rill and interrill erosion by water). 

The relative reduction of rill and interrill runoff (of all field experiments) by 

geotextiles compared to bare soil decreased with increased C (%), but increased with 

increasing L, I, clay, silt, sand and SOM content.  

 
Figure 2.9. Runoff ratio (RR) as a function of geotextile cover (C, %) for interrill, and rill and 
interrill erosion processes. 
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Table 2.8. Summary statistics of variables affecting runoff for all data combined; n indicates 
number of observations. 
 

Variables Mean SD Min. Max. n 

Plot length (L, m) 1.81 2.11 0.42 12.25 93 

Cover (C, %) 57.7 24.7 4.1 100 93 

Slope (S, %) 15.2 9.4 0 35 93 

Rain intensity (I, mm h-1) 65.4 31.5 35 160 76 

Rain duration (D, min) 76.6 50.2 10 180 76 

Clay content (%) 25.0 21.8 3.7 60.0 63 

Silt content (%) 28.0 9.2 10.0 47.4 63 

Sand content (%) 47.0 28.4 2.8 80.0 63 

Soil organic matter (%) 1.71 0.80 0.5 3.74 61 
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Table 2.9. Pearson’s correlation coefficients between runoff ratios (RR) and the variables 
affecting runoff for all data combined and for both soil erosion process separately (i.e.  
interrill, and rill and interrill erosion); n indicates number of observations. 
  

Variables 
All data  
(n = 93) 

Interrill erosion 
by water 
experiments  
(n = 60) 

Rill & interrill 
erosion by 
water 
experiments 
(n = 33) 

Plot length (L, m) 0.150 0.543*** -0.459** 

Cover (C, %) -0.106 -0.362** 0.464** 

Slope (S, %) -0.284** -0.254* -0.309 

Rain intensity (RI, mm h-1) -0.234* -0.327* -0.552*** 

Rain duration (D, min) -0.510*** -0.619*** -0.153 

Clay content (%) -0.183 -0.656*** -0.718*** 

Silt content (%) -0.293** -0.667*** -0.460** 

Sand content (%) 0.230* 0.665*** -0.404* 

Soil organic matter (%) 0.006 0.737*** -0.453** 
*Significant at P<0.05, **Significant at P<0.01; ***Significant at P<0.001. 
 
 
From Eq. (2.2), a-values for different studies are also calculated and plotted against L 

(Figure 2.10). Data indicate that L had no significant (P>0.05) effect on calculated a-

values. Calculated mean (n = 31 sets of collated data) RR and a-values of all natural 

geotextiles were similar to synthetic ones. For all geotextiles, the calculated a-values 

are larger for the field data compared to data obtained from interrill laboratory 

experiments, indicating greater effectiveness in reducing RR on longer field plots. 

Overall, RR was reduced by the geotextiles to ~34% of the value for bare soil 

according to the data obtained from the interrill laboratory experiments and to ~30% 

according to the field plot data.  
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Figure 2.10. a-value of the mulch factor equation as a function of plot length (L) for all 
collated data (the relation is not significant at P<0.05; n = 93). 
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Runoff ratio and effect of different variables 

The large range of RR among all field sites can be attributed to the different rainfall 

regimes and tested geotextiles. Most data have RR<1.0, indicating effectiveness of 

geotextiles in reducing runoff coefficient under different global agro-climatic 

conditions. Natural geotextiles (n = 62) have higher mean ‘a’ values than synthetic 

ones (n = 31). This might be because biological geotextiles behave like mulching 

materials in reducing runoff depths (Smets et al., 2007) and soil surfaces covered with 

geotextiles retard runoff velocity, leading to higher infiltration rates and, therefore, 

decreased runoff depths.  

      

Collated data reveal that C (%) has no significant (P>0.05) effect on runoff reduction. 

Results from individual studies also show that the effects of geotextile cover on runoff 
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volume have no definite trend. Sutherland and Ziegler (2007) reported coir geotextiles 

significantly (P<0.05) delayed time to runoff generation and increased infiltration 

compared to the bare treatment. Sutherland and Ziegler (2006) observed that during 

the overland flow application phase, the runoff coefficient for the bare treatment was 

significantly (P<0.05) higher than that from the geotextiles (91% versus 83-84%). In 

contrast, Rickson (2000) found that runoff volumes in a laboratory study of 

geotextiles (jute, coir, polymer mesh and excelsior systems) under sandy loam soil on 

a 16.7% slope were similar to a bare treatment. Perhaps due to the impermeable and 

hydrophobic characteristics of some geotextiles, runoff depth increased compared to 

bare soil surfaces.  

      

Generally, emplacement of geotextiles on bare soil is effective in reducing runoff 

velocity. This is expected as surface cover, natural or synthetic, provides surface 

roughness, which directly impacts surface flow velocity. The application of 

geotextiles alters the shear stress partitioning of overland flow on the hillslope surface 

(Thompson, 2001). When roughness elements are present, shear stress is partitioned 

between grain and form shear stress, with the later developing from pressure 

imbalances between upslope and downslope portions of the roughness elements 

(Leonard and Richard, 2004; Sutherland and Ziegler, 2007). In the geotextile covered 

plots, an increase in shear stress contributes to a decrease in leading edge flow 

velocity.     

       

Although analysis of randomly collected data indicate both natural and synthetic 

geotextiles have similar effects in reducing RR, individual studies have reported 

natural geotextiles are more effective than synthetic ones in reducing runoff 

velocities. Ogbobe et al. (1998) observed that at a channel slope of 45o, runoff 
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velocity from the Tensar mat (manufactured from polypropylene filaments) was 38% 

higher than from the Penduculata geotextile (obtained from Raffia palm (Raffia 

vinifera) fronds) and 13% higher than from the Malvaceae geotextile. The 

consistently lower runoff velocities for the biogeotextiles were attributed to their 

better physical properties (fibre thickness, mass per unit area and surface roughness), 

especially higher water absorbency. Ingold (1996) noticed that Geojute and Enviromat 

(natural geotextiles) yielded only 9% and 16% runoff of bare plots, respectively, 

against 33% and 41% of bare plots by Enkamat and Tensarmat, respectively. Ziegler 

et al. (1997) also observed that several natural geotextiles (C125, Curlex I, Geojute 

and SC150BN) were significantly (P<0.05) more effective than synthetic geotextiles 

(PECMAT and TerraJute). Although natural geotextiles have higher mean C (%) 

values than synthetic ones, there was no difference between mean a-values for the 

plots under natural and synthetic geotextiles.     

 

Thus, this review shows that use of geotextiles on the soil surface is an effective soil 

conservation practice. Integration of all collected data indicate C (%), I (mm h-1), D 

(min), soil texture and SOM content are significantly (P<0.05) related to relative soil 

loss rate (ratio of soil loss of geotextile covered plots to that of bare plots). The review 

also suggests that, although natural geotextiles have higher mean C (%) values than 

synthetic ones (random 88 sets of data), ‘b’ values for natural and synthetic mats for 

those 88 data sets are similar. Only S (%), I (mm h-1), D (min) and silt and sand 

contents (%) determine the effectiveness of geotextile cover in reducing runoff rates 

and the relative reduction of runoff by geotextiles compared to bare soil decreased 

with increases in these variables. On field plots, where both interrill and rill erosion 

occur, all tested geotextiles reduced runoff depth to a mean of ~34% (of the control 

value for bare soil for n = 60 out of 93 studies). In some cases (n = 17 out of 93), 
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runoff depth increased compared to bare soil surfaces, which can be attributed to 

runoff flowing over the geotextiles (due to the impermeable characteristics of some 

synthetic geotextiles, and impermeable and hydrophobic characteristics of some 

biological geotextiles). 

 

(iv) Limitations of reported studies  

Completely covering bare soils with biogeotextiles would not be economically viable 

despite their higher effectiveness in different agro-climatic conditions. Bunch and 

Lopez (1999) revealed that for farmers to accept soil conservation technologies, 

which are to be sustained, it must be combined with a technology that enhances 

yields. It is the increase in yield that convinces the farmers of the value of soil 

conservation. Mats are more expensive than other erosion control measures, due to 

labour and material costs. Less longevity of the mats (due to their 100% 

biodegradability) further adds long-term expenditure. Kay (1978) reported that the 

application of geotextiles was limited by their cost (costs were at least four times as 

high as tacked straw) and effectiveness as they required high labour inputs for 

installation. Mats are generally not suitable for excessively rocky sites, or channels. 

Mats must be removed and disposed of prior to application of permanent soil 

stabilization measures. These mats also tend to be difficult to replant through because 

of their density and weight.  

      

Apart from the above-mentioned limitations, there are several unanswered questions 

related to the use of biogeotextiles in different agro-environmental situations. These 

are: (i) so far, little work has addressed issues of biogeotextile quality, production, 

durability and performance in both field and laboratory environments; (ii) limited 

studies are available on the ageing effects on physical and chemical properties of mats 
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under diverse soil and climatic conditions; (iii) no studies are available on the impacts 

of indigenous mats in improving soil quality and possible agricultural use highlighting 

the yield enhancement of high value crops in erosion prone areas; (iv) limited data 

(apart from Davies et al., 2006; Bhattacharyya et al., 2008a) are available on the 

effectiveness of geotextiles as buffer strips or partial cover (as complete cover might 

be uneconomical); (v) research (despite the BORASSUS Project) and published data 

on socio-economic analysis of producing and using mats are limited and (vi) although 

effects of biogeotextiles in reducing soil loss by water has been widely studied, 

studies related to their effects on environmental protection (reducing nutrient 

concentration in sediment and runoff and effects of geotextiles on particle size in 

runoff water/sediment) are limited.     

 

Vishnudas et al. (2008) reported results of farmers’ participatory research on the 

introduction and use of coir geotextiles for soil and water conservation in a small 

community pond in a catchment in south India. This was the first ‘model’ catchment 

Project (Project duration: 2002-2005) of Kerala State, India involving people’s 

participation, under the Western Ghats Development Programme (Vishnudas et al., 

2008). They used coir as a temporary erosion control measure to facilitate the 

establishment of vegetation and to stabilize steep slopes, such as embankments of 

ponds. The coir matting selected for that study had a mesh opening of 6 × 6 mm2 and 

a density of 0.74 kg m-2. There were three treatments: (a) coir geotextiles with planted 

grass (CGG); (b) coir geotextiles alone and (c) control plot; replicated four times 

along the sides of the pond. The results showed that coir with grass appeared to be the 

most effective treatment to prevent soil erosion, to retain moisture and nutrients and to 

facilitate grass growth. Soil moisture in CGG was found to be 21% higher than in the 

control plot.  
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Researchers from 10 different countries tried to address some of the above-mentioned 

questions of using biogeotextiles to reduce erosion by water through the BORASSUS 

Project (2005-2009). A short overview of the Project is mentioned in the following 

section.     

 

2.4.4.4.3. The BORASSUS Project and the experiments to address soil erosion 

Biogeotextiles offer potentially novel bioengineering solutions to environmental 

problems, including technologies for soil conservation, sustainable plant production 

and use of indigenous plants, improved ecosystem management, decreasing 

deforestation, improved agroforestry and cost-effective geotextile applications in 

diverse environments. Based on all this information the EU project ‘BORASSUS’ 

(Contract Number 510745) operated in Europe, Africa, South-East Asia and South 

America to develop well-researched guidelines for practical field applications along 

with socio-economic evaluation of Borassus mats, Buriti mats and other locally 

produced mats (e.g. bamboo mats, maize stalk mats and rice straw mats) in diverse 

climatic conditions.  

 

The BORASSUS team scientifically tested the following four hypotheses (Borassus 

Project, 2007): 

(i) Promotion of sustainable and environmentally-friendly palm agriculture would 

discourage deforestation and promote both reforestation and agroforestry; (ii) 

Construction of palm geotextiles would develop into a rural based labour-intensive 

industry, particularly encouraging the employment of socially-disadvantaged groups, 

such as women, disabled and elderly people; (iii) Export of completed biogeotextiles 

to industrialized countries would earn hard currency for developing economies and 
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promote development, based on the principles of fair trade; and (iv) Biogeotextiles 

efficiently and economically conserve soil and would be especially beneficial for 

complex engineering problems.  

 

The Project consisted of 13 work-packages (Figure 2.11) using a team based in 

Europe (Belgium, Hungary, Lithuania and the UK), Africa (The Gambia and South 

Africa), South-East Asia (China, Thailand and Vietnam) and South America (Brazil). 

This thesis is based on the results of work-package one of the Project. That work-

package has investigated the effects of Borassus and Buriti mats on soil splash 

erosion, soil loss, runoff rates and selected soil properties in temperate agricultural 

soils in the UK. The experimental procedures and results of the field and laboratory 

experiments carried out in the UK during December 2006 to March 2009 under the 

BORASSUS Project are presented and discussed in this thesis.  
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Figure 2.11. Several work packages of the BORASSUS Project (Borassus Project, 2007). 
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CHAPTER 3: MATERIALS AND METHODS 

 

This Chapter details the materials and analytical methods used during the project. The 

investigation consisted of both field and laboratory experiments. The field 

experiments were conducted at the Hilton Experimental Site, located 16 km west of 

the University of Wolverhampton. Laboratory experiments were carried out at three 

institutes, namely the University of Wolverhampton (UK), the Catholic University of 

Leuven (Belgium) and the Vivekananda Institute of Hill Agriculture (India). 

 

3.1. Field experiments 

3.1.1. Study area 

Hilton Experimental Site (Plate 3.1) is located in east Shropshire, United Kingdom 

(52o33'5.7" N, 2o19'18.3" W; NGR SO778952), within the southern section of the 

Worfe Catchment, a tributary of the mid-Severn (Fullen and Reed, 1986). The site has 

been used extensively for erosion studies since 1976 (Fullen, 1998). It covers 0.52 

hectares with an upper elevation of 67.46 m and slopes to the south and west. The 

region experiences a temperate climate with a mean annual precipitation of 648.3 mm 

(Mitchell et al., 2003; Fullen et al., 2006). In most of the area, Permo-Triassic 

sandstones are overlain by a suite of glacial and proglacial sediments (Hollis and 

Reed, 1981). Hence, Ap horizons are sandy because they are derived from 

fluvioglacial deposits and ablation till (Hollis, 1978). The soil of the site is loamy 

sand (with a typical Ap horizon). Most soils (FAO/UNESCO classification: Dystric 

Cambisol) belong to the Newport and Bridgnorth Associations, which total 2593 km2, 

equivalent to 1.7% of the surveyed area of England and Wales (Soil Survey of 

England and Wales, 1983). Soil physical, chemical and physico-chemical properties 

are described in detail in Section 4.1. 



 73 

 

   

Plate 3.1. Hilton Experimental Site. 

 

3.1.2. Splash erosion plots 

Two sets of experiments (12 plots each; total number of plots = 24) were established 

on 22/01/2007 and continued until 23/01/2009 to study the effects of Borassus (Plate 

3.2) and Buriti mats (Plate 3.3a) on splash erosion. In either set, using random 

selection, six plots were completely covered with mats, and the other six plots were 

bare. Each individual plot was 1 m2 (1.0 x 1.0 m). The slope gradient used in these 

tests was kept constant (0o), as rainsplash erosion can occur even on flat slopes, due to 

the trajectory of raindrop splash impacts (Morgan, 2005). The scheme of the splash 

experiment is presented in Figure 3.1. The soil was prepared, removing the grass turfs 

by raking and levelling (January 2007). All plots were maintained in a bare condition 

by regular Roundup (isopropylamine salt of N-phosphonomethyl glycine) herbicide 

treatments (Appendix I). Arrangements were provided for splash data monitoring. 

Splash height was measured using sticky pegs.  
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Soil splash was measured in each plot by collecting splashed particles in a centrally 

positioned trap (Plate 3.3b). Each trap consisted of a 15.2-cm (6 in) diameter circular 

tube inserted into the soil, containing a similar-sized funnel on top of a 1 L bottle 

(Plate 3.3b). They were installed 1 cm (0.4 in) above the soil surface, thus only 

allowing splashed soil particles to enter. Comparable splash traps have been used by 

Bollinne (1978), Poesen and Torri (1988) and Brandsma (1997). 

                                   
                            Plate 3.2. Splash experimental plots with Borassus mats.  
                                                             
 

 
 

    

 Plate 3.3a Splash experimental plots                     Plate 3.3b. Plan view of a scale and    
                   with Buriti mats.                                                       splash collector. 
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Figure 3.1. Schematic plan of test plots of the splash experiment at Hilton, East Shropshire, 
UK.  

 

It is noteworthy that there is an experimental bias in measuring soil splash detachment 

(van Dijk et al., 2002). The measured rates of soil splash detachment are only the 

apparent rates and depend on the size distribution of the splashed soil particles and 

geometry of the experimental device (Nanko et al., 2008). The quantity of splashed 

material measured per unit area was corrected after Poesen and Torri (1988) using the 

equation: 

              MSR = MS e0.054D                                                                                     (3.1) 

where MSR is the corrected mass of splashed material per unit area (g m-2), MS is the 

measured splash per unit area (g m-2) and D is the diameter of the funnel (m).  

                   

In these experiments all splash traps had the same geometry, so the device-related size 

bias was neglected. Funnel diameter influences the amount of sediment collected. A 

funnel ≥10 cm diameter was recommended to collect soil splash erosion (Poesen and 
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Torri, 1988). Furthermore, the fraction of the total mass of detached sediment that 

splashes >50 cm usually represents <5% (Savat and Poesen, 1981). Hence, the size of 

individual plots was kept at 1 x 1 m and adjacent plot areas were separated with 

concrete plinths (15 cm width).  

 

The splashed particles were carefully washed off from plastic funnels (Plate 3.4). 

Splash erosion was measured by carefully brushing-off the particles and by recording 

the maximum splash height. Before collecting the bottles, funnels were sprayed with 

water to wash-in all remaining splashed particles. The collecting bottles were emptied 

in the laboratory and trapped fauna removed using a 2.0 mm sieve, then the splashed 

particles were dried overnight at 40 oC and weighed. Readings were usually taken 

every two weeks or after heavy rainfall. A schedule of the data collection from the 

splash erosion experiments is given in Appendix II.  

 

 

                              Plate 3.4. Brushing-off the soil particles from plastic funnels. 

 

Splash height was measured by trapping particles on 50 cm high wooden pegs, 

painted with ‘Polaguard’ plastic paint to aid measurements and 10 height zones, each 

5 cm high, were indicated (Plate 3.3b). Each plot had one splash peg, positioned on 

the north-eastern diagonal, halfway between the splash trap and the corner post. It is 
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logical that single positioned splash height boards would cause bias due to wind 

direction. However, three-four splash height boards within a plot might affect the 

trapped amount of splash sediment in the cups. Hence, the assumption was made that 

bias of measuring splash height (by a single splash board) due to wind direction 

would be the same for all treatments and would not affect the relative performance (of 

reducing splash height) of mat-covered plots over bare plots.  

 

3.1.3. Runoff plots 

Ten runoff plots (situated on a 15o south-west facing slope, numbered D1-D10 and 

measuring 10 x 1 m) were established on 08/01/2007 with duplicate treatments: (i) 

bare soil (Plate 3.5); (ii) grassed (Plate 3.6); (iii) bare soil with 1 m Borassus-mat 

buffer zones at the plot lower end (Plate 3.7); (iv) completely-covered with Borassus 

mats (Plate 3.8) and (v) bare soil with 1 m Buriti-mat buffer zones (Plate 3.9). Using 

random selection, plots D2 and D8 were completely covered with palm-mats, D4 and 

D9 had 1 m buffer zones of Borassus mats, D5 and D10 had 1 m buffer zones of 

Buriti mats, D1 and D6 were the bare soil (control) plots and D3 and D7 were grassed 

plots (Figure 3.2; Plate 3.10). Permanent grass plots consisted of a mixture of ryegrass 

(Lolium perenne) (varieties: Liprior, Condesa, Meltra, Antrim and Sabel), Timothy 

(Phleum pratense) and Huia White clover (Trifolium repens).  
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                                 Plate 3.5. A bare plot at Hilton. 

 

 

 

                    Plate 3.6. Runoff plots at Hilton. 

 

                                           

                                                              

A Borassus buffer 
strip plot 

A permanent 
grassed plot 
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Plate 3.7. A Borassus completely-covered plot.      Plate 3.8. A Buriti buffer strip plot.                                                                             
 

All plots were marked out and bordered with preservative-treated timber planks, with 

10 cm intruding the soil and 10 cm protruding the soil. Prior to observations, bare 

(control) and treated plots were rotavated to ~20 cm depth, raked level and treated 

with Roundup herbicide to remove vegetation. All plots, except the permanent grass 

plots, were maintained in a bare condition by regular herbicide treatments (Appendix 

I). Runoff volume and sediment yield were measured from 08/01/2007-23/01/2009. 

Runoff and soil erosion were collected from each plot in a concrete gutter, leading to 

a 20 litre capacity bucket placed inside a 140 litre capacity container (Plate 3.8). 

 

 

                              Plate 3.9. Plan view of a collection tank and a receptacle. 
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Figure 3.2. Schematic plan of the runoff plots at Hilton. 

 

 

 

                 Plate 3.10. All runoff plots (at Hilton) during 2008 summer. 
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A trough at the downslope end of each plot guided runoff and sediment into buckets. 

The concrete runoff collecting troughs were set to a depth of 20 cm to overcome frost-

heave effects and with a smooth plastic paint-coated semicircular gutter to conduct 

runoff materials. Trough efficiency was tested by gently pouring 10 litres of water at 

the upper portion of a dry standard trough and measuring runoff received in the 

container, which amounted to 9.97 litres (Fullen and Reed, 1986). Runoff was 

measured (to the nearest ml) in the field by carefully decanting the collected water 

into measuring cylinders. The sediment yield was measured in the laboratory by 

weighing containers, oven drying the runoff overnight at 40 oC, then reweighing the 

containers. The sediment collected in the tray gutters and in the concrete outlets of the 

central runoff plots was included by brushing it into the collecting systems prior to 

each measurement, as it had been eroded from the plots. This was performed regularly 

until 23/01/2009, usually every week or after a substantial storm. A schedule of the 

data collection from the runoff experiment is given in Appendix III.  

 

Both grassed plots were maintained following UK, Department for Environment, 

Food and Rural Affairs (DEFRA) (MAFF, 1991). These included grass cuts and 

leaving the cuttings on the plots. It was observed that ~100% of the Buriti mats were 

degraded after ~12 months of initiation of the experiments (Plate 3.11). However, 

Borassus mats (even in the buffer strip plots) were almost perfect during that stage of 

experiments (Plate 3.12). About 50 and 100% Borassus mats were degraded from 

complete-cover and buffer strip plots, respectively, after ~21 months (Plates 3.13 and 

3.14) of initiation of the experiments. Hence, new Buriti and Borassus mats were 

emplaced on both runoff and splash plots on 21/01/2008 and 27/10/2008, respectively. 
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Buriti mats were nearly degraded after 12 months of application (at the end of the 

experiments).   

  

    

 

 

      

   

 

 

3.2. Soil sampling  

Before disturbing the plots, four topsoil (0-5 cm depth) samples were taken from each 

runoff plot (at 2.5 m interval starting at 1.25 m from the bottom of each plot) on 

07/12/2006 in 5 cm deep cylindrical bulk-density tins (220 cm3) to measure soil bulk 

density, resulting in 40 samples. Soil samples were again collected from all plots on 

Plate 3.11. A Buriti buffer strip plot after 
~one year of experiment set-up. 

Plate 3.12. A Borassus buffer strip plot after 
~one year of experiment set-up. 

Plate 3.13. A Borassus buffer strip plot after 
~21 months of experiment set-up. 

Plate 3.14. A Borassus complete-cover plot 
after ~21 months of experiment set-up. 
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08/01/2007 before installation of the runoff plots. Some 100 topsoil (0-5 cm depth) 

samples (10 samples from each runoff plot at 1 m intervals starting 0.5 m away from 

bottom of each plot) were taken from the runoff plots to measure pH, SOM, total soil 

carbon, total soil nitrogen (TSN), selected nutrient concentrations, aggregate stability 

and soil texture. A total of 24 topsoil (0-5 cm depth) samples (one sample from each 

splash plot) were collected on 22/01/2007 from the splash plots to measure pH, SOM, 

total soil carbon, TSN, aggregate stability and soil texture. 

 

After ~two years, on 23/01/2009, four samples (0-5 cm depth) were taken from each 

runoff plot for bulk density measurement and 10 samples (0-5 cm depth) were 

collected for measurement of the other soil properties (Plate 3.15), as mentioned 

above. As per the initial soil sampling, 24 soil samples (0-5 cm) were collected on 

23/01/2009 from the splash plots.     

 

 

          Plate 3.15. Topsoil sampling within a grassed plot on 23/01/2009.   
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3.3. Laboratory techniques-analysis of soil properties 

3.3.1. Bulk density 

Topsoil was sampled as described in Section 2.2, in 5 cm deep, 220 cm3 cylindrical 

metal bulk density tins. Samples were weighed, oven-dried at 105 oC and re-weighed 

to determine bulk density using the following equation: 

 

                                        Mass of oven-dry soil (g) 
Bulk density (g cm-3) =                 (3.2) 
                                          Volume of soil (cm3) 
 

 

3.3.2. Aggregate stability 

Aggregate stability analyses of all 124 initial samples (100 samples from runoff plots 

and 24 from splash plots) and 124 final samples were performed at the Catholic 

University of Leuven (KUL), Belgium. Soil was air-dried in the laboratory (at the 

University of Wolverhampton) and sieved to select the 4.0-5.6 mm size fraction. This 

fraction was carefully scrutinized to remove small stones. The aggregates left in this 

size fraction samples were transported to KUL. Approximately 20-25 g of these 

samples were weighed, evenly spread on 1 mm sieves and placed in random groups of 

eight beneath a rainfall simulator (Plate 3.16), using the same model as Poesen et al. 

(1990) and Poesen and Lavee (1991). Rainfall was simulated by a single-nozzle, 

continuous-spray system. Water pressure in the system could be adjusted by a 

pressure regulator. Experiments were conducted with a water pressure of 0.59 bar at 

the nozzle outlet, yielding a mean rainfall intensity over the test area of ~45 mm hr-1. 

Because fall-height equalled 3.25 m, and using the drop-size distribution and the 

calculated drop-fall velocity (Laws, 1941), the simulated rainfall produced a kinetic 

energy at the soil surface of 15.2 J m-2 mm-1 (Smets et al., 2007). Actual intensity 

produced per session was checked by collecting the simulated rain in a standard Mark 



 85 

II rain gauge in-between the two sieves. Each set of sieves was exposed to 30 minutes 

downpour (simulating an intense summer thunderstorm in the UK) and the particles 

retained in the sieves were carefully collected in cups with the help of a funnel and 

spraying water. The retained soil with water was dried at 40 oC overnight and 

weighed. The aggregate stability (%) was calculated as: 

 

                                                         Mass of remaining soil (g) 
   Aggregate = 100 x   
    stability (%)                                   Initial mass of soil aggregates (g) 
                               (3.3) 

Based on the measured rainfall intensity per run, mean value was calculated and all 

erodibility results per run were adjusted to this overall average rainfall. 

 

 

Plate 3.16. Soil samples under a rainfall simulator at the Catholic University of Leuven, 
Belgium. 
  

 

3.3.3. Soil particle size determinations 

A total of 248-samples from runoff and splash plots (124 initial and 124 final 

samples) were analysed. Particle size distribution of soils was determined using a 

Malvern Mastersizer long-bed X laser granulometer (Plate 3.17). This technique was 
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preferred to the pipette method because of the reproducibility and rapidity of laser-

diffraction techniques. The technique produces results comparable with pipette 

analyses, with a tendency to underestimate clay contents (Loizeau et al., 1994). 

However, a comparison of the two techniques on the particle distribution of a loamy 

sand soil showed only small differences. A mean clay content of 4.95% (n = 50 

samples) was found using a laser granulometer and a mean clay content of 5.4% (n = 

20 samples) was obtained by pipette analysis (Fullen and Brandsma, 1995). 

 

 

Plate 3.17. A Malvern Mastersizer long-bed X laser granulometer at the University of 
Wolverhampton. 
 

 
The technique allows rapid and accurate measurement of particle sizes within the 0.1-

2000 µm range (Syvitski et al., 1991). Low Angle Laser Light Scattering (LALIS), 

using a Malvern Mastersizer Long-bed X with a MSX17 automated sample 

presentation unit, employs a 5 mW CW He-Ne laser with a wavelength of 632.8 nm 

as a light source. Measurements were taken on two separate lenses whose ranges 

overlap (45 nm: 0.1-80 µm, 1000 nm: 4-2000 µm and, once blended, enable 

measurement of particle sizes within the 0.1-2000 µm range (Booth et al., 2003).  
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The technique is based on the principle that, as a particle passes through a laser beam, 

light is diffracted and the diffraction angle is inversely proportional to particle size. 

This apparatus is based on Fourier-optics, and involves a laser light passing through 

cell windows that receive a constant flow of dilute sediment suspension. As the 

suspended particles travel through the laser beam, they cause the light to be diffracted, 

the resulting diffraction pattern being focused onto a series of detectors. The 

diffraction patterns received by the detectors are then averaged over a fixed time 

period and computed into particle size values. These values are then arranged into 

discrete size ranges given by the size of the detector areas. Unfortunately, this 

approach [using the Fraunhofer theory (Bohren and Huffman, 1998; Lehner et al., 

1998)] assumes all particle sizes scatter with equal efficiencies and, furthermore, all 

particles are opaque and transmit no light. Since these assumptions are not always 

correct, the latest Malvern instrumentation and software is designed to compensate for 

these influences and [using Mie theory (Bohren and Huffman, 1998; Lehner et al., 

1998)] allows the refractive index of the materials to be taken into account when 

calculating particle size values. In this case, soils usually are of mixed mineralogies 

and, therefore, have mixed refractive indices.  

   

Chemical removal of organic matter was conducted for particle size analysis. 

Approximately 4 g of air-dried, <2.0 mm sieved soil was placed in 100 ml beakers 

and treated with ~15 ml 30% hydrogen peroxide (H2O2). Once the initial vigorous 

effervescence had stopped, beakers were placed on hot plates set at 80 oC to accelerate 

the oxidation process (>70 oC is necessary to decompose H2O2). Care was taken to 

avoid the loss of material from the beaker by excess frothing. Small amounts of 

ethanol were sprayed into the foam, if this occurred. When the initial volume of H2O2 

had evaporated, a little more was added until effervescence totally ceased. It was then 
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perceived that no more organic matter was present and all the remaining liquid was 

evaporated. The dry sample was then removed from the beaker by scraping out and 

then the sample was gentle ground using a pestle and mortar, to obtain individual 

primary particles (Gale and Hoare, 1991). 

 

Particle size analysis of the above-mentioned samples was performed by making a 

paste using ~2 g of <2 mm soil fraction and three drops of Calgon solution (made up 

by adding 40.0 g of sodium hexametaphosphate to 1 litre of distilled water) as a 

dispersing agent. As yet no published protocol exists for sample pre-treatment 

regarding exact sample size, the amount of water and the amount of Calgon solution 

needed to make the sample paste. Therefore, the method used was one recommended 

by the manufacturers of the laser granulometer and that was followed by Booth et al. 

(2005). After preparing samples for analysis, three drops of Calgon solution were also 

put in the granulometer water chamber where samples were received. The paste was 

then added to the water chamber until an optical density of ~11-14% was achieved, 

for optimum analysis. During analysis, ultrasonic sound was applied to break down 

any possible remaining inter-particle bonds. Reported results from each sample were 

the mean of four readings. The results from both lenses were blended together using 

the machine’s software package, giving a complete particle size distribution in the 

range 0.1-2000 µm. The software routine used for the analytical presentation setting 

(2OHD) was advised by Malvern personnel as being the most appropriate settings for 

analysing samples consisting of mixtures with optically dissimilar materials (Booth et 

al., 2003).     
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3.3.4. Soil organic matter (SOM) 

Rowell (1994) proposed loss-on-ignition (LOI) as an appropriate method to determine 

SOM. Soil organic matter content was analysed for 248-soil samples (124 initial and 

124 final samples) by igniting oven-dried samples in a muffle furnace at 375 oC for 16 

hours (Ball, 1964). This temperature ensures the depletion of carbon and hydrogen 

present in organic matter and reduces errors associated with loss of carbonates and 

volatile minerals, which can occur at higher temperatures [e.g. 550 oC as suggested by 

Grimshaw (1989) or 850 oC as suggested by Bascomb (1982)]. Furthermore, results 

are likely to be more accurate compared to those gained using the higher 

temperatures, because clays retain their structural water by heating at 375 oC, but 

losses occur at temperatures >500 oC (Grimshaw, 1989). However, slightly 

incomplete combustion might have occurred at 375 oC. 

 

Samples of ~10 g of air-dried, <2.0 mm sieved soil were weighed into clean, dry and 

weighed porcelain crucibles. The weight of soil added to each crucible was recorded 

and placed into an oven overnight at 105 oC to dry the samples. Then the samples 

were cooled in desiccators, re-weighed and the oven-dry weight of the samples 

recorded. They were then placed in a muffle furnace at 375 oC for 16 hours (Plate 

3.18). After ignition, the samples were again placed in a dessicator and weighed. 

Percentage organic matter content was calculated as below: 

 

                                                   Mass of oven-dry (g) – Mass of ignited soil (g) 
Organic matter (%) = 100 x         
                                                   Mass of oven-dry soil (g)                        (3.4)  
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Plate 3.18. Silver crucible with the soil sample heated in the muffle furnace.  
 

3.3.5. Total soil carbon and total soil nitrogen (TSN)  

Samples of <2 mm sieved soil were ground, dried (65 oC) and passed through a 0.2 

mm sieve at the University of Wolverhampton and transported to Vivekananda 

Institute of Hill Agriculture, Almora (India) for analyses. The total soil carbon and 

TSN of all 248 samples were analysed by the dry combustion method using a CHN 

analyser (model FOSS Heraeus, CHN-O-Rapid) (Plate 3.19). The same method was 

adopted by several authors to estimate total soil carbon and TSN (Kundu et al., 2007; 

Mandal et al., 2008; Bhattacharyya et al., 2008b). The sample under test was weighed 

using a tin capsule. The required amount is 2-3 mg of soil and might be ≤10 mg, if 

soil with little carbon content is investigated. After folding the capsule (looking rather 

like wrapped tin foil) the sample is placed in the autosampler. The tin capsule 

enclosing the sample falls into the reactor chamber where excess oxygen is 

introduced. At ~990 °C the material is mineralized. Formation of carbon monoxide is 

probable at this temperature, even under these conditions of excess oxygen. The 

complete oxidation is reached at a tungsten trioxide catalyst, which is passed by the 

gaseous reaction products. The resulting mixture should, thus, consist of CO2, H2O 
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and NOx, plus some excess O2 passes the catalyst. The product gas mixture flows 

through a silica tube packed with copper granules. In this zone, held at ~500°C, 

remaining oxygen is bound and nitric/nitrous oxides reduced. The leaving gas stream 

includes the analytically important species CO2, H2O and N2. Eventually included SO2 

or hydrohalogenides are absorbed in appropriate traps. High purity helium (Quality 

5.0) is used as the carrier gas. Finally, the gas mixture is brought to a defined 

pressure/volume state and is passed to a gas chromatographic system. Separation of 

the species is performed by zone chromatography. In this technique a staircase type 

signal is registered. Step height is proportional to the substance amount in the mixture. 

Blank values are taken from empty tin capsules. Calibration is performed by 

elemental analysis of standard substances supplied by the instrument's manufacturer 

for this purpose. 

 

 

Plate 3.19. A CHN analyzer used for total soil carbon and N measurement at Vivekananda 
Institute of Hill Agriculture, Almora, India. 
 

3.3.6. Soil pH 

Topsoil pH was analysed for all 248-soil samples (124 initial and 124 final samples). 

A suspension of 10 g of air-dried and sieved (<2 mm) soil and 25 ml of distilled water 
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were stirred and left at room temperature for 10 minutes. The solution was stirred 

again and pH recorded until a stable reading obtained with a pH probe (Allen, 1989) 

meter, which had been calibrated using buffer solutions of pH 4.0 and 7.0. 

 

3.3.7. Selected nutrient concentration 

Concentrations of selected nutrients (total P, K, Ca, Mg, S, Zn, Cu, Fe, Mn, Mo and 

Cl) for the 100 initial (January 2007) and 100 final (January 2009) samples were 

analysed by X-ray fluorescence (XRF) spectrometry (Plate 3.20).  

 

 

Plate 3.20. An X-ray fluorescence spectrometre used for soil nutrient concentration 
measurement. 
 
 
 X-ray fluorescence spectrometry is used to identify elements in a substance and 

quantify the amount of those elements present to, ultimately, determine the elemental 

composition of a material. An element is identified by its characteristic X-ray 

emission wavelength (λ) or energy (E). The concentration of an element present is 

quantified by measuring the intensity (I) of its characteristic emission. X-ray 
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fluorescence spectrometry analysis is a wavelength dispersive X-ray method. This 

technique is used to determine each element in solid or liquid samples from 

concentrations as low as 1 ppm to 100% by weight (Jenkins et al., 1988). In XRF 

Spectrometry, high-energy primary X-ray photons are emitted from a source (X-ray 

tube) and strike the sample. The primary photons from the X-ray tube have enough 

energy to knock electrons out of the innermost (K or L) orbital. When this occurs, the 

atoms become ions, which are unstable. An electron from an outer orbital, L or M, 

will move into the newly vacant space at the inner orbital to regain stability. As the 

electron from the outer orbital moves into the inner orbital space, it emits an energy 

known as a secondary X-ray photon. This phenomenon is called fluorescence. The 

secondary X-ray produced is characteristic of a specific element. The energy (E) of 

the emitted fluorescent X-ray photon is determined by the difference in energies 

between the initial and final orbitals of the individual transitions.  

This is described by the formula:  

                                E = hc λ-1                                                                              (3.5) 

where, h is Planck's constant; c is the velocity of light; and λ is the characteristic 

wavelength of the photon.  

Energies are inversely proportional to the wavelengths; they are characteristic for each 

element, being related to the energy wavelengths of different electron shells. The 

analytical information an XRF spectrometer provides can be both qualitative and 

quantitative. Quantitative determinations are usually based on a linear relationship 

between the emitted X-ray intensity and the concentration of the known standards. 

The analysis gives data as the oxidized form of each element in percent. 
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To keep the geometry of the tube-sample-detector assembly constant, the sample is 

normally prepared as a flat disc, typically of 20-50 mm diameter. This is located at a 

standardized, small distance from the tube window. Because the X-ray intensity 

follows an inverse-square law, the tolerances for this placement and for the flatness of 

the surface must be very tight in order to maintain a repeatable X-ray flux. Ways of 

obtaining sample discs vary: metals may be machined to shape, minerals may be 

finely ground and pressed into a tablet, and glasses may be cast to the required shape. 

A further reason for obtaining a flat and representative sample surface is that the 

secondary X-rays from lighter elements often only emit from the top few micrometers 

of the sample. In order to further reduce the effect of surface undulations and 

irregularities, the sample is usually spun at 5-20 rpm. It is necessary to ensure the 

sample is sufficiently thick to absorb the entire primary beam. 

 

In accordance with sample preparation techniques, each soil sample was finely ground 

and pressed into a tablet. Changes in nutrient concentrations were calculated from the 

initial and final concentrations. The content of dissolved constituents received through 

atmospheric deposition was also measured using an ICP-OES (Inductively Coupled 

Plasma Optical Emission Spectrometer).  At Hilton, 30-cm diameter buckets were 

used to receive atmospheric deposition (Plate 3.21). Atmospheric deposition of 

selected nutrients was calculated based on mean (n = 16) nutrient concentration in 

precipitation during 26/03/07-31/03/08. Assumption was made that topsoil (0-5 cm) 

retained all atmospheric deposition and it was calculated as g kg-1 topsoil. 
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3.4. Ageing effects on mats 

Both types of mats were put on bare soil (on a 0o slope) on 06/05/2008 to study the 

ageing effects on these mats after every three months on selected physical properties 

at Hilton. The first set of samples (six mats) was taken on 04/08/2008 (after ~three 

months), whereas the second and third set of samples (six mats each) were taken on 

03/11/2008 (after ~six months) and 02/03/2009 (after ~10 months), respectively. 

Selected physical and chemical properties of mats were measured after air-drying.  

 

 

      Plate 3.21. A bucket placed for rainwater collection in between runoff plots at Hilton. 

 

3.5. Analyses of selected properties of mats 

Selected physical properties of mats (size, thickness, mesh size, mass per unit area 

and percentage open area) were analysed in the laboratory (of School of Applied 

Sciences, the University of Wolverhampton, UK) taking six randomly selected 

samples of Borassus and Buriti mats. Thickness of geotextiles was measured as the 

distance between upper and lower surfaces of the material (Driver and Kostielney, 

1997). Mean moisture sorbance depth is based on 10 randomly selected samples with 

dimensions of 15 x 15 cm wetted for 24 h (Plate 3.22), followed by 5-min drainage on 
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a wire mesh. Moisture sorbance depth (MSD) was calculated using the following 

equation (Sutherland, 1998a): 

 

                        Mass of sorbed water (kg) 

MSD (mm) = [                                  ] x      C’                                                  (3.6) 

                         Area of geotextile (m2) 
 
where C’ is a conversion factor to millimetres. Sorbance is important in the early 

stages of a storm, even prior to saturation, and influences runoff, infiltration, 

evaporation and rainsplash erosion.  

 

 

  Plate 3.22. A step for moisture sorbance depth analysis of Borassus and Buriti mats.   

 

Selected chemical properties of mats (total carbon, N, Ca, Mg, S, P and K contents) 

were analysed in the laboratory at South Africa. For chemical analysis of different 

natural geotextiles, 1 g of sample was digested with 7 ml HNO3 (conc. nitric acid) and 

3 ml HClO4 (perchloric acid) at temperatures up to 200 °C and brought to volume in a 

100 ml vol. Flask (Zasoski and Burau, 1977). Total Ca, Mg, S, P and K contents were 

determined using an ICP-OES. The samples of biological geotextiles were used 
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directly (in finely milled or powder form) for total carbon and N determinations using 

a Carlo Erba NA 1500 C-N-S Analyzer (Bellomonte et al., 1987).  

 

3.6. Runoff coefficient and effectiveness of geotextiles 

A common approach in the erosion control literature is to compute the effectiveness 

of surface treatments relative to a control treatment. The splash erosion reduction 

effectiveness (SpERE) of geotextiles in reducing splash output was determined using 

the equation: 

                [Total baresp (g) - Total geotextilesp (g)] 

SpERE =           x 100                          (3.7) 

                                   Mean baresp                                       

where, Total baresp represents the total of  splash output measurements, and Total 

geotextilesp represents the total of  splash output measurements for each of the 

individually tested geotextiles. Likewise, runoff coefficient (ROC), sediment yield 

reduction effectiveness (SYRE) and runoff reduction effectiveness (RRE) were 

calculated following Sutherland (1998a): 

 

                                                            Volume of runoff (mm depth)       
Runoff coefficient (ROC) = 100 x                                                                     (3.8)      
                                                             Volume of rainfall (mm depth) 
 
 
                          [Bare ROC (%) – geotextile cover ROC (%)]                                          
RRE = 100 x              (3.9)                                                    
                                           Bare ROC (%) 
 
 
                            [Bare sediment yield (g) – geotextile cover sediment yield (g)] 
SYRE (%) = 100 x                                       (3.10) 
                                                 Bare sediment yield (g)                                                                                                                  
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3.7. Statistical analysis 

Descriptive statistics (including mean, maximum and minimum values, standard 

deviations and standard errors) were calculated for all data sets using Minitab 

(Version 15.0). Anderson-Darling’s normality testing was carried out to observe the 

normality of splash height and soil splash erosion data for both bare and covered plots 

and runoff and sediment yield data for all treatments along with initial and final 

selected soil properties. On the basis of normal (P>0.05) or log-normal (P<0.05) 

distribution of the datasets, t-tests were employed for splash height, bulk density, 

aggregate stability, particle size distribution, pH and selected nutrient concentration 

data and Mann-Whitney tests for splash erosion, runoff rate, sediment yield, SOM, 

total soil carbon and TSN data to study differential responses to erosive processes. 

Kruskal-Wallis testing was employed for log-normally distributed data; whereas, 

analysis of variance (ANOVA) was used for normally distributed data. 

 

To demonstrate graphically the degree of statistical variation in the distribution of any 

variable, it is common practice to plot the data, using standard deviation whiskers that 

are shown above and below the position of the sample mean. However, this style of 

plot fails to show whether a distribution is skewed or show the position of the extreme 

minimum and maximum values. A box-plot can be used to summarise these details of 

a distribution, with each individual sample-set represented by a rectangular box with 

whiskers (Figure 3.3).  The horizontal lines that define the top and bottom of the box 

portray the ranges of the upper and lower inter-quartile limits, while the mean and 

median values are shown by a line and a circle, respectively. These are positioned 

within the box. The extreme values (outliers) are shown by squares above and below 

each box. 
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Figure 3.3. Schematic plan of a box plot.    
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CHAPTER 4: RESULTS 

 

4.1. Introduction 

In this chapter, the effectiveness of emplacing palm-mat geotextiles for rainsplash 

erosion, runoff and soil erosion reduction, along with their effects on changes in 

selected soil properties, are discussed. As the effectiveness of these mats largely 

depends upon their physical and chemical degradation with time, periodical ageing 

effects of these mats on selected physical and chemical properties are also examined. 

There were considerable variations in some of the initial (January 2007; before the 

start of the experiments) selected soil properties in several plots, where different 

treatments were imposed. Hence, instead of presenting final (January 2009) selected 

soil properties in the plots under different treatments, changes in soil properties data 

were analysed to identify treatment effects after two years of erosion by water. Soil 

properties that were significantly (P<0.05) affected by treatments after two years of 

experiments are presented in this chapter. However, although changes in selected soil 

properties under rainsplash plots and SOM and pH values under runoff plots were not 

significantly (P>0.05) affected by treatments after two years, those data are also 

presented and discussed. Analyses were also performed to evaluate any significant 

(P<0.05) effects of changes in a particular soil property after two years. These data are 

presented in Appendices, but are discussed in this chapter.        

 

4.2. Initial selected soil properties 

Initial soil properties of splash erosion experiments are presented in Table 4.1. 

Initially, plots with Borassus mats had significantly (P<0.05) lower aggregate stability 

and total soil carbon than plots with Buriti mats. Other selected soil properties in both 

sets of experiments were similar initially.   
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Table 4.1. Selected initial (mean ± SD) soil properties of rainsplash plots.  

Soil Properties Plots with Borassus 
mats (Set 1) 

Plots with Buriti 
mats (Set 2) 

P value of appropriate test 
statistics (Set 1 versus Set 2) 

Sand a (g kg-1) 50.41 (1.46) b 50.05 (2.77) 0.697 (NS) 

Silt (g kg-1) 45.18 (1.46) 45.75 (2.57) 0.516 (NS) 

Clay (g kg-1) 4.41 (0.56) 4.20 (0.56) 0.374 (NS) 

Aggregate stability (%) 56.96 (8.45) 66.91 (9.22) 0.012* 

pH 5.48 (0.08) 5.52 (0.11) 0.329 (NS) 

SOM (g kg-1) 2.67 (0.34) 2.97 (0.56) 0.123 (NS) 

Total soil carbon (g kg-1) 1.81 (0.20) 1.99 (0.24) 0.048* 

TSN (g kg-1) 0.18 (0.01) 0.19 (0.01) 0.106 (NS) 
a Sand (60-2000 µm), silt (2-60 µm) and clay (<2 µm). SOM and TSN indicate soil organic 
matter and total soil nitrogen, respectively. b Data in parentheses indicate standard deviation 
(n = 12). *Significant at P<0.05; NS indicates not significant. 
 
 

Initial soil properties of all runoff plots indicate soils were acidic and had very high 

aggregate stability (~73%) (Table 4.2). There was considerable variability in selected 

initial soil properties of the experimental site. Hence, variations of several soil 

properties under individual plots within a treatment are discussed in the Section 4.9.     

 

4.3. Mat properties 

Results show Borassus mats have higher thickness, mass per unit area, size, moisture 

sorption depth (MSD) and cover percentage than Buriti mats (Table 4.3). Chemically, 

Borassus mats are superior to Buriti mats in terms of carbon: nitrogen ratio, K and Mg 

content (Table 4.4). Buriti mats have higher P and Ca content. The physical properties 

were compared after three, six and 10 months of surface application while, chemical 

properties were compared after three and six months of surface emplacement (Section 

4.7).  
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Table 4.2. Selected initial topsoil properties of runoff plots (n = 100 samples).   

Parameters Mean Median S.D. Minimum Maximum 

Sand a (g kg-1) 51.98 51.57 4.53 43.81 61.77 

Silt (g kg-1) 44.33 44.48 3.64 36.16 59.90 

Clay (g kg-1) 3.69 3.84 1.05 1.81 6.60 

Bulk density b (Mg m-3) 1.30 1.32 0.13 1.03 1.51 

Aggregate stability (%) 72.87 74.21 12.45 38.47 94.61 

pH 5.32 5.30 0.17 5.03 6.00 

SOM (g kg-1) 3.64 3.51 0.66 2.53 5.46 

Total soil carbon (g kg-1) 2.80 2.59 0.62 1.90 4.21 

TSN (g kg-1) 0.21 0.21 0.03 0.15 0.35 

Total P (g kg-1) 0.77 0.76 0.14 0.45 1.15 

Total K (g kg-1) 17.16 17.06 1.31 13.68 19.82 

Total Ca (g kg-1) 1.97 1.86 0.42 1.19 3.34 

Total Mg (g kg-1) 5.64 5.70 0.96 3.61 7.87 

Total S (g kg-1) 0.29 0.26 0.12 0.05 0.57 

Total Zn (mg kg-1) 48.7 42.9 19.3 31.8 180.2 

Total Cu (mg kg-1) 18.0 15.5 10.2 6.2 71.6 

Total Fe (g kg-1) 17.42 17.08 1.89 12.87 22.87 

Total Mn (mg kg-1) 295.8 291.5 48.7 291.5 514.0 

Total Cl (mg kg-1) 87.9 74.3 57.9 34.2 412.4 
a Sand (60-2000 µm), silt (2-60 µm) and clay (<2 µm). SOM and TSN indicate soil organic 
matter and total soil nitrogen, respectively.   
b n = 40 
 

 
Table 4.3. Selected salient physical properties of Borassus and Buriti mats (Data collected 
during the Borassus Project).   
 
Properties Borassus mats Buriti mats 
Material Strips of palm leaves Fibres of palm leaves 
Mat size (mm x mm) 595 x 590  

(±13.4 x 10.5) a  
509 x 507  
(±10.7 x 9.8) 

Mat thickness (mm) 20 (±5) 10 (±1) 
Strip thickness (mm) 22.5 (±5) 12.5 (±2.5) 
Mass per unit area (g m-2) 1091 (±133) 413 (±77) 
Percentage open area 22.9 (±3.3) 55.8 (±5) 
Aperture opening size (mm2) 663.1 (±99.9) 1442.8 (±150.2) 
Aperture width along with edge strip 
(mm) 

29.1 (±2.1) 38.4 (± 2.1) 

Mesh size (mm x mm) 50 x 50 (±2.5 x 2.5) 40 x 40 (±2.0 x 2.0) 
Characteristics Stiff, semi-deformable Flexible, deformable 
Moisture sorption depth (mm) 0.28 (±0.07) 0.22 (±0.03) 

a Data in parentheses indicate standard deviation (n = 6 Borassus mats constructed in 
The Gambia and n = 6 Buriti mats constructed in Brazil).  
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Table 4.4. Selected salient chemical properties of the Borassus and Buriti mats (n = 4) (Data 
collected during the Borassus Project).   
 
Properties Borassus mats Buriti mats 
Carbon:nitrogen ratio 45.7 38.8 
Carbon (%) 48.0 46.2 
N (%) 1.05 1.19 
Na (mg kg-1) 383 352 
K (mg kg-1) 693 432 
Mg (mg kg-1) 974 904 
Ca (mg kg-1) 1906 2540 
S (mg kg-1) 705 699 
P (mg kg-1) 968 1002 
 
 
 
4.4. Precipitation 

Weekly precipitation received during the experimental period (08/01/07-23/01/09) is 

reported in Figure 4.1. It has been observed that during 18/06/07-25/06/07, total 

precipitation was 115.0 mm. Usually, weekly precipitation was <50 mm. 

 
 
 
Figure 4.1. Weekly precipitation during the experimental period (08/01/07-23/01/09) at 
Hilton, UK. 
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4.5. Splash erosion 

Results show Borassus mat-covered plots had ~89% less total splash erosion than bare 

plots (~27 kg m-2) (Table 4.5). Comparatively, mean splash height from Borassus 

mat-covered plots (0.12 m) was significantly (P<0.05) less than the bare plots, by 

~54% (Table 4.5). Splash height of a bare plot (Plate 4.1) was distinctly different from 

a mat-covered plot (Plate 4.2). However, total splash erosion from the plots covered 

with Buriti mats were similar to those of the bare plots (Table 4.5), despite mean 

splash height of the covered plots with Buriti mats being ~18% less than the bare plots 

(0.22 m) (Table 4.5). It was also observed that the total splash erosion from bare plots 

under the first set of experiments (where Borassus mats were used) was higher than 

that from bare plots under the second experiment (where Buriti mats were used). This 

was mainly attributed to less total soil carbon content and aggregate stability of the 

initial soils under the first set of experimental plots than the second set (Table 4.1).  

 

 
 

     

Plate 

 

Plate 4.1. Splash height from a bare plot 
on 23/01/09. 

Plate 4.2. Splash height from a Buriti mat-
covered plot on 23/01/09. 
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To investigate the temporal effectiveness of the mats in reducing rainsplash erosion 

and splash height, data after each year of experimentation were compared. Results 

show Borassus mats were more effective in reducing rainsplash erosion [splash 

erosion reduction effectiveness (SpERE) ~90%] during the first year compared with 

the second year (SpERE ~82%) (Tables 4.6 and 4.7). Although Buriti mats did not 

reduce splash height significantly during the first year of study (Table 4.6), these mats 

significantly (P<0.05) decreased splash height during the second year (Table 4.7). 

Splash erosion was ~10 times higher during the first year than the second year of 

study.   

 
 
Table 4.5. Effectiveness of palm-mat geotextiles on soil splash erosion for the plots (area of 
each plot = 1 m2) at the Hilton Experimental Site during 22/01/07-23/01/09 (n = 40 sets of 
measurements; total precipitation = 1731.5 mm). 
 

Splash erosion experiment 
with Borassus mats 

Splash erosion experiment 
with Buriti mats 

Splash erosion  
(kg m-2) 

Splash height  
(m)a 

Splash erosion  
(kg m-2) 

Splash height  
(m) 

Parameters 

Bare 
 

Mat-
covered 
 

Bare 
 

Mat- 
covered 
 

Bare 
 

Mat- 
covered 
 

Bare 
 

Mat- 
covered 
 

Total  27.02 2.97 - - 17.12 11.36 - - 

Mean (of 40 
sets of 
measurements) 0.68 0.07 0.26 0.12 0.43 0.28 0.22 0.18 

Standard 
deviation  1.74 0.22 0.008 0.007 1.04 0.67 0.008 0.009 

Test Statistics P <0.001 P <0.001  P =  0.07 (NS) P <0.05 
a n = 35 sets of measurements. NS indicates not significant. 
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Table 4.6. Effectiveness of palm-mat geotextiles on soil splash erosion for the plots (area of 
each plot = 1 m2) at the Hilton Experimental Site during 22/01/07-21/01/08 (n = 22 sets of 
measurements; total precipitation = 919.2 mm). 
 

Splash erosion experiment 
with Borassus mats 

Splash erosion experiment 
with Buriti mats 

Splash erosion  
(kg m-2) 

Splash height  
(m)a 

Splash erosion  
(kg m-2) 

Splash height  
(m) 

Parameters 

Bare 
 

Mat-
covered 
 

Bare 
 

Mat- 
covered 
 

Bare 
 

Mat- 
covered 
 

Bare 
 

Mat- 
covered 
 

Total  24.81 2.59 - - 15.66 10.15 - - 

Mean (of 22 
sets of 
measurements) 1.13 0.12 0.27 0.13 0.71 0.46 0.25 0.20 

Standard 
deviation  2.23 0.29 0.008 0.009 1.34 0.86 0.008 0.009 

Test Statistics P <0.05 P <0.001  P = 0.466 (NS) P = 0.082 (NS) 
a n = 21 sets of measurements. NS indicates not significant. 
 
 
 
 
 
Table 4.7. Effectiveness of palm-mat geotextiles on soil splash erosion for the plots (area of 
each plot = 1 m2) at the Hilton Experimental Site during 21/01/08-23/01/09 (n = 18 sets of 
measurements; total precipitation = 812.3 mm). 
 

Splash erosion experiment 
with Borassus mats 

Splash erosion experiment 
with Buriti mats 

Splash erosion  
(kg m-2) 

Splash height  
(m)a 

Splash erosion  
(kg m-2) 

Splash height  
(m) 

Parameters 

Bare 
 

Mat-
covered 
 

Bare 
 

Mat- 
covered 
 

Bare 
 

Mat- 
covered 
 

Bare 
 

Mat- 
covered 
 

Total  2.21 0.38 - - 1.46 1.21 - - 

Mean (of 18 
sets of 
measurements) 0.11 0.02 0.22 0.10 0.08 0.07 0.18 0.13 

Standard 
deviation  0.08 0.02 0.006 0.004 0.06 0.07 0.005 0.005 

Test Statistics P <0.001 P <0.001  P = 0.137  (NS) P <0.05 
a n = 14 sets of measurements. NS indicates not significant. 
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4.6. Runoff volume 

 Results showed that during the experimental period, the permanent grassed plots had 

least total runoff and most runoff reduction effectiveness (RRE) (Table 4.8). Bare 

plots had the highest runoff coefficient (ROC). Bare and Borassus completely-covered 

plots had ~75 and 32% higher runoff than the grassed plots (~7.2 litres m-2). Total 

runoff from the Buriti buffer zone plots (~11.4 litres m-2) was ~61% less than the bare 

plots (Table 4.8), but ~7% higher than the Borassus completely-covered plots. Thus, 

among mat covered plots, Buriti buffer strip plots significantly (P<0.05) reduced 

runoff rates compared with bare plots. Runoff coefficient for the Borassus buffer zone 

plots was similar to the Borassus completely-covered plots and Buriti buffer zone 

plots. Thus, the hypothesis that buffer strips of Borassus mats would be as effective as 

complete cover of the same mats in reducing runoff rates was accepted. However, 

Buffer strips of Buriti mats were more effective in reducing runoff rates than the 

Borassus completely-covered plots. As a whole, buffer strip plots of both mats were 

either more effective than or as effective as complete cover of Borassus mats in 

reducing ROC. Another hypothesis that Borassus buffer strip plots would be more 

effective than Buriti buffer strip plots was not accepted in these experiments as both 

buffer strips had similar effects on runoff rates. 
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Table 4.8. Runoff rates for the plots at the Hilton Experimental Site (n = 53 sets of 
measurements; 08/01/07-23/01/09; total precipitation = 1776.5 mm). 
 

Kruskal-Wallis test result of treatment effects on runoff volume: P<0.01. 
Mann-Whitney test statistics: Bare versus grass P<0.01; Bare versus Buriti buffer strip 
P<0.05; Grass versus Borassus completely-covered P<0.05; Borassus completely-covered 
versus Buriti buffer strip P<0.05; other comparisons are not significant at P<0.05.  
aMean of duplicate plots in two years 
b Data in parentheses indicate Coefficient of Variation (%). ROC and RRE indicate runoff 
coefficient and runoff reduction effectiveness, respectively. 
 

 

There was significant variation in some initial soil properties between D2 and D8 

(Borassus completely-covered plots), D3 and D7 (grassed plots), D4 and D9 

(Borassus buffer strip plots) and between D5 and D10 (Buriti buffer strip plots), as 

discussed in Section 4.9. Hence, an attempt was made to identify any variation in 

runoff rates from two individual plots within the same treatment. Results show the 

mean runoff rate of D9 was ~23% higher than D4 (0.137 litres m-2) and mean runoff 

rate of D5 was ~10% higher than D10 (0.137 litres m-2) (Figure 4.2). However, 

individual plots under Borassus completely-covered plots and permanent grassed plots 

had similar runoff rates. Temporal variation of runoff rates show that highest runoff 

rates were generated during June-July 2007 from all plots, except from the Borassus 

completely-covered plots (Figure 4.3). During August 2007 to January 2008, Borassus 

Parameters Bare plots 
 

Permanent 
grass plots 
 

Borassus 
completely-
covered plots 

Borassus 
buffer  
strip plots 

Buriti buffer 
strip plots 

Total runoffa  
(litres m-2) 29.11 (300)b 7.18 (119) 10.60 (111) 8.33 (97) 

 
11.36 (317) 

Mean of sets of 
measuremsnts  
(litres m-2) 0.55 0.14 0.20 0.16 

 
0.21 

Maximum 
(litres m-2) 11.68 0.79 1.14 0.73 

 
4.98 

Minimum  
(litres m-2) 0.01 0 0.02 0.01 

 
0 

SD 1.65 0.16 0.22 0.15  

ROC (%) 1.64  0.40 0.60 0.47 0.64 

RRE (%) - 77.5 63.4 71.3 70.0 
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completely-covered plots had the highest runoff rates. After two years of experiments, 

it was observed that runoff rates from any two sets of treatments were significantly 

correlated (Table 4.9).     

 
Figure 4.2. Plot wise runoff rate data (n = 53) during the experimental period at Hilton. D1 
and D6 were bare, D2 and D8 were Borassus completely-covered, D3 and D7 were grassed, 
D4 and D9 were Borassus buffer strip and D5 and D10 were Buriti buffer strip plots.  
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Figure 4.3. Temporal variation of runoff volume from plots under different treatments during 
January 2007 to January 2009 at Hilton, UK. 
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Test statistics (Mann-Whitney test) of plot runoff data 
D4 versus D9: P <0.01; D5 versus D10: P <0.001; Runoff rates from other 
plots within a same treatment are not significant at P <0.05. 
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Table 4.9. Pearson correlation matrix (n = 53) of different treatments for runoff rates (litres 
m-2) after two years of experimentation.  
 

Runoff plots Bare plots 
 

Permanent 
grass plots 
 

Borassus 
buffer  
strip plots 

Borassus 
completely-
covered plots 

Buriti buffer 
strip plots 

Bare plots 1.00     
Permanent 
grass plots 

0.719*** 1.00    

Borassus buffer  
strip plots 

0.632*** 0.812*** 1.00   

Borassus 
completely-
covered plots 

0.758*** 0.781*** 0.769*** 1.00  

Buriti buffer 
strip plots 

0.980*** 0.671*** 0.630*** 0.709*** 1.00 

***Significant at P<0.001. 
 
 

To ascertain temporal variation in the effectiveness of geotextiles, annual runoff rates 

from the plots under different treatments are presented (Figure 4.4). Data of runoff 

rates are log-transformed so that all values are distinguishable. There was 

considerable variability in runoff rates during the first year (Figure 4.4a). Runoff rates 

for all plots during the first year were much higher than the second year (Figure 4.4b). 

Several symbols in the box plots of this chapter are same as mentioned in Figures 4.2 

and 4.4. Data revealed that RRE values for Borassus completely-covered, Borassus 

buffer strip and Buriti buffer strip plots decreased from ~74-18%, ~83-19% and ~63-

53%, respectively, in the second year compared with the first year. 

 

Kruskal-Wallis tests on all data after ~one year (8 January 2007-14 January 2008) 

indicates significant (P<0.01) treatment effects. Mann-Whitney test statistics for 

runoff rates indicates bare, Borassus completely-covered and Borassus buffer strip 

plots had significantly (P<0.01) higher runoff rates than the grassed plots. However, 

during the second year (14 January 2008-23 January 2009), only Buriti buffer strip 

plots had significantly (P<0.05) less runoff rates than bare plots. Permanent grassed, 
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Borassus completely-covered and Borassus buffer strip plots had ~39, 42 and 41%, 

respectively, higher total runoff than Buriti buffer strip plots during the second year.   

 

There were significant (P<0.001) correlations between precipitation events that 

generated runoff rates from all plots during the experimental period (Figure 4.5). The 

runoff volume per unit area (here 1 m2) increased significantly (P<0.001) with 

increasing precipitation (mm) at a rate of ~0.02 L m-2 mm-1, despite 424 datasets out 

of 530 datasets were from plots under different treatments. This was due to the fact 

that precipitation also significantly (P<0.001) increased runoff rates in the plots under 

different treatments along with bare plots (Figures 4.6a,b,c,d,e). Among several 

treatments, bare (Figure 4.6a) and Buriti buffer strip plots (Figure 4.6e) generated 

higher runoff rates per unit of precipitation. 
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Figure 4.4. Runoff rates for different plots during: (a) 8 January 2007-14 January 2008 (total 
precipitation = 923.4 mm) and (b) 14 January 2008-23 January 2009 (total precipitation = 
853.1 mm). 
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Figure 4.5. Relationship between precipitation and runoff for the collected datasets from all 
plots during the experimental period at Hilton, UK.  
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Figure 4.6. Relationships between precipitation and runoff rates for: (a) bare plots; (b) 
permanent grass plots; (c) Borassus completely-covered plots; (d) Borassus buffer strip plots 
and (e) Buriti buffer strip plots at Hilton, UK, during two years of experimentation. 
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(b)

y = 0.005x - 0.067
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(c)

y = 0.009x - 0.055

R2 = 0.659; n = 106;
P<0.001
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(d)

y = 0.006x - 0.033
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P<0.001
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(e)

y = 0.018x - 0.373

R2 = 0.233; n = 106;
P<0.001
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4.7. Soil loss 

During 08/01/07-23/01/09, bare plots had most total sediment yield and permanent 

grassed plots had least (Table 4.10). There was considerable variability of soil loss 

rates under bare and Borassus buffer strip plots. Total soil loss during the 

experimental period equates to ~23.6 t ha-1 from the bare plots and only ~0.3 t ha-1 

from the permanent grassed plots. All treatments on bare soil significantly (P<0.001) 

reduced soil loss. Interestingly, plots with all treatments had similar sediment yield 

rates, except Buriti buffer strip plots had ~48% higher total soil loss than permanent 

grassed plots (0.029 kg m-2) (Table 4.10). Thus, the hypothesis that buffer strips of 

Borassus mats would be as effective as complete-cover of the same mats was 

accepted, as both buffer strip plots had similar soil loss rates to completely-covered 

plots in reducing soil erosion. Sediment yield reduction effectiveness (SYRE) for the 

Borassus and Buriti buffer zone plots were as high as ~92 and 97%, respectively. 

However, the hypothesis that Borassus buffer strip plots would be more effective than 

Buriti buffer strip plots in reducing soil loss rates was rejected. 
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Table 4.10. Soil erosion rates for the plots at the Hilton Experimental Site (n = 53 sets of 
measurements; 08/01/07-23/01/09; total precipitation = 1776.5 mm). 
 

Parameters Bare plots 
 

Permanent 
grass plots 
 

Borassus 
completely-
covered plots 

Borassus buffer  
strip plots 

Buriti 
buffer strip 
plots 

Total sediment yield 
(kg m-2) 

2.357 
(634)a 0.029 (118) 0.044 (169) 0.182 (577) 

 
0.056 (222) 

Mean soil loss  
(kg m-2) 0.045 0.0005 0.0008 0.003 

 
0.001 

Maximum soil loss  
(kg m-2) 2.05 0.004 0.001 0.144 

 
0.017 

Minimum soil loss  
(kg m-2) 0 0 0 0 

 
0 

SD 0.28 0.0006 0.001 0.02 0.002 

SYRE (%) - 98.8 98.1 92.3 97.6 
a Data in parentheses indicate Coefficient of Variation (%). SYRE indicates sediment yield 
reduction effectiveness. Kruskal-Wallis test result of treatment effects on soil loss: P<0.001. 
Mann-Whitney test statistics: Bare versus grass P<0.001; Bare versus Borassus completely-
covered P<0.001; Bare versus Borassus buffer strip P<0.001; Bare versus Buriti buffer strip 
P<0.001; Grass versus Buriti buffer strip P<0.05; other comparisons are not significant at 
P<0.05.  

 
 

It has been observed that during 18/06/07-25/06/07 (total precipitation = 115.0 mm), 

soil loss from the bare plots reached ~2.1 kg m-2 (Table 4.10).  During that week, soil 

loss from the Borassus buffer zone plots was ~0.14 kg m-2, compared with only ~0.02 

kg m-2 from the Buriti buffer zone plots. Hence, it can be argued that under very 

intense rain, buffer strips of Buriti mats are more effective than the buffer zones of 

Borassus mats. However, there was only one such ‘major’ event during the 

experimental period. 

 

Due to significant (P<0.05) variation in some initial soil properties within two 

individual plots under a particular treatment (as discussed in the Section 4.9), plot soil 

loss data were analysed and presented (Figure 4.7). Data of soil loss rates are log-

transformed so that all values are distinguishable. Data reveal only two individual 

plots under Borassus completely-covered plots (D2 and D8) had different mean (n = 
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53) soil loss rates. Mean soil loss of D2 (0.001 kg m-2) was ~40% higher than D8 

(Figure 4.7). Despite considerable variation in some initial soil properties between D3 

and D7, between D4 and D9 and between D5 and D10, soil loss rates from these two 

individual plots under a particular treatment during two years were similar. Like 

runoff rates, soil loss rates were also highest during May-July 2007 (Figure 4.8) and 

soil loss rates from any two plots under different treatments were highly correlated 

(Table 4.11).    

 
 
Figure 4.7. Plot wise soil loss rate data (n = 53) during the experimental period at Hilton. D1 
and D6 were bare, D2 and D8 were Borassus completely-covered, D3 and D7 were grassed, 
D4 and D9 were Borassus buffer strip, and D5 and D10 were Buriti buffer strip plots.  
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Test statistics (Mann-Whitney test) of plot soil loss data: D2 versus D8: P 
<0.01; soil loss rates from other plots within a same treatment are not 
significant at P <0.05. 
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Figure 4.8. Temporal variation of soil loss from plots under different treatments during 
January 2007 to January 2009 at Hilton, UK. 
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Table 4.11. Pearson correlation matrix (n = 53) of different treatments for soil loss (kg m-2) 
data after two years of experiments. 
 
Runoff plots Bare plots 

 
Permanent 
grass plots 
 

Borassus 
buffer  
strip plots 

Borassus 
completely-
covered plots 

Buriti 
buffer strip 
plots 

Bare plots 
 

1.00     

Permanent grass plots 
 

0.795*** 1.00    

Borassus buffer  
strip plots 

0.998*** 0.802*** 1.00   

Borassus completely-
covered plots 

0.912*** 0.887*** 0.908*** 1.00  

Buriti buffer strip plots 0.952*** 0.879*** 0.953*** 0.940*** 1.00 

***Significant at P<0.001. 
 
    

It was observed that after one year of experiments, all treatments on bare soil had 

similar soil loss rates and plots under all treatments had significantly (P<0.001) less 

total soil loss than the bare plots (Table 4.12). Statistical analyses of the second year 



 119 

data reveal similar trends (Table 4.13). However, SYRE of all treatments decreased in 

the second year of study over the first year considerably (Tables 4.12 and 4.13). Total 

soil loss in the bare plots during first year was ~98% higher compared with the second 

year.  

 

Relationship between all soil loss data (kg m-2) and corresponding precipitation (mm) 

over two years implied that soil loss increased significantly P<0.001) with increasing 

precipitation at a rate of ~0.001 kg m-2 mm-1 at Hilton, UK (Figure 4.9). Correlations 

between precipitation and soil loss rates under all plots were also highly significant 

(Figure 4.10). Data of soil loss rates are log-transformed so that all values are 

distinguishable (Figure 4.10).           

 
 
Table 4.12. Soil erosion rates for the plots at the Hilton Experimental Site (n = 29 sets of 
measurements; 08/01/07-14/01/08; total precipitation = 923.4 mm). 
 

 a Data in parentheses indicate Coefficient of Variation (%). SYRE indicates sediment yield 
reduction effectiveness. 
Kruskal-Wallis test result of treatment effects on soil loss: P<0.001. Mann-Whitney test 
statistics: Bare versus grass P<0.001; Bare versus Borassus completely-covered P <0.001; 
Bare versus Borassus buffer strip P<0.001; Bare versus Buriti buffer strip P<0.001; other 
comparisons are not significant at P<0.05.  
 
 
 
 

Parameters Bare plots 
 

Permanent 
grass plots 
 

Borassus 
completely-
covered plots 

Borassus buffer  
strip plots  

Buriti buffer 
strip plots 

Total sediment 
yield (kg m-2) 2.32 (476)a 0.02 (127) 0.03 (166) 0.16 (472) 

 
0.04 (221) 

Mean sediment 
yield (kg m-2) 0.08 0.0006 0.001 0.006 

 
0.001 

Maximum soil 
loss (kg m-2) 2.05 0.004 0.01 0.14 

 
0.017 

Minimum soil 
loss (kg m-2) 0.0005 0 0 0 

 
0 

SD 0.38 0.0008 0.002 0.027 0.003 

SYRE (%) - 99.1 92.9 98.6 98.2 
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Table 4.13. Soil erosion rates for the plots at the Hilton Experimental Site (n = 24 sets of 
measurements; 14/01/08-23/01/09). 

a Data in parentheses indicate Coefficient of Variation (%). SYRE indicates sediment yield 
reduction effectiveness. 
Kruskal-Wallis test result of treatment effects on soil loss: P<0.01. Mann-Whitney 
test statistics: Bare versus grass P<0.001; Bare versus Borassus completely-covered P 
<0.001; Bare versus Borassus buffer strip P<0.01; Bare versus Buriti buffer strip 
P<0.01; other comparisons are not significant at P<0.05.  
 
 
 
Figure 4.9. Relationship between precipitation and sediment yield for all collected datasets 
from all plots during two years of experiments at Hilton, UK. 
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Parameters Bare plots 
 

Permanent 
grass plots 
 

Borassus 
completely-
covered plots 

Borassus buffer  
strip plots  

Buriti buffer 
strip plots 

Total soil loss 
 (kg m-2) 0.04 (121)a 0.01 (79) 0.01 (101) 0.018 (111) 

 
0.015 (102) 

Mean soil loss 
(kg m-2) 0.0017 0.0004 0.0005 0.0007 

 
0.0006 

Maximum soil 
loss (kg m-2) 0.01 0.0015 0.0022 0.0038 

 
0.0023 

Minimum soil 
loss (kg m-2) 0 0 0 0 

 
0 

SD 0.002 0.0003 0.0005 0.0008 0.0006 

SYRE (%) - 74.4 68.8 55.8 70.0 
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Figure 4.10. Relationships between precipitation and soil loss rates for: (a) bare plots; (b) 
permanent grass plots; (c) Borassus completely-covered plots; (d) Borassus buffer strip plots 
and (e) Buriti buffer strip plots at Hilton, UK, after two years of experiments.  
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(b)

y = 0.0031x - 3.6477

R2 = 0.019; n =100; P<0.05
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(c)

y = 0.007x - 3.5567

R2 = 0.1194; n = 102; P<0.001
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(d)

y = 0.0094x - 3.6592

R
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(e)

y = 0.0053x - 3.4678
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Relationship between all runoff and soil loss data implied a significant relationship 

between runoff and sediment yield at Hilton (Figure 4.11), regardless of grass 

treatments and mat emplacements. The slope of the relationship between log (runoff) 

and log (soil loss rates) for bare plots (Figure 4.12a) was much steeper than for 

grassed (Figure 4.12b) and Borassus completely-covered plots (Figure 4.12c). Data of 

runoff and soil loss rates are log-transformed so that all values are distinguishable. 

The slope for Borassus buffer strip plots (Figure 4.12d) was higher than for Buriti 

buffer strip plots (Figure 4.12e).       

 
 
Figure 4.11. Relationship between runoff and soil loss rates for all plots over a period of two 
years at Hilton, UK. 
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Figure 4.12. Relationships between runoff and soil loss for: (a) bare plots; (b) permanent 
grass plots; (c) Borassus completely-covered plots; (d) Borassus buffer strip plots and (e) 
Buriti buffer strip plots at Hilton, UK, after two years of experiments. 
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(b)
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(c)
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(d)
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(e)

y = 0.1793x - 3.0679
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4.8. Ageing effects of mats 

Mass per unit area and mesh size of both Borassus and Buriti mats decreased after 

~three months of surface application (Table 4.14). Thickness decreased with time, as 

in the case of mass per unit area, because of fibre loss with runoff. However, cover 

percentage and moisture sorption depth (MSD) increased for both mats after ~three 

months of surface application to bare soil (Table 4.14).    

 

Mat thickness, strip thickness, MSD and mass per unit area decreased for both 

Borassus and Buriti mats after ~six months of emplacement compared to the ~three 

month data (Table 4.14). However, cover percentage (C, %) of both mats were higher 

than the initial values and MSD for Borassus mats increased after ~six months of 

emplacement over the initial value (Table 4.14). After ~10 months, Borassus mats still 

maintained higher C (%) than the initial condition, although mass per unit area 

decreased by ~20% over the initial condition. Moisture sorption depth of Borassus 

mats after ~10 months was similar to the initial value. During that period, Buriti mats 

were very much degraded (Table 4.14) and mesh size and MSD of Buriti mats were 

not detectable. Ageing effects of both mats after ~three, six and 10 months of surface 

application are shown in Plates 4.3 to 4.8.  

 

    

 

 

Plate 4.3. Borassus mats after ~three 
months of surface application. 

Plate 4.4. Buriti mats after ~three months 
of surface application.  
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After ~three months of surface application, total carbon content of both mats changed 

slightly (Table 4.15). However, total N content of Borassus mats considerably 

increased, resulting in notable decreases in the carbon: nitrogen ratio (Table 4.15). 

There was no change in both total N content and carbon: nitrogen ratios of Buriti mats 

during that period. After ~three months, total Mg, S and P content of Borassus mats 

noticeably increased; whereas, total Ca content markedly decreased (Table 4.15). 

Conversely, all these nutrient contents of Buriti mats notably decreased after ~three 

months of surface application over initial contents. After ~six months, total N content 

Plate 4.5. Borassus mats after ~six 
months of surface application. 

Plate 4.6. Buriti mats after ~six months 
of surface application. 

Plate 4.7. Borassus mats after ~nine 
months of surface application. 

Plate 4.8. Buriti mats after ~nine months 
of surface application. 
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of both mats markedly increased and total carbon content and carbon: nitrogen ratio 

decreased. For Borassus mats, except Ca and P concentrations, all other selected 

nutrients increased after ~six months of surface application over ~three months (Table 

4.15). Apart from total P concentration, all selected nutrient concentrations of Buriti 

mats also increased after ~six months over three months. However, total Ca, S and P 

concentrations of Buriti mats after ~six months were still less than the initial values.          

 
Table 4.14. Changes in selected physical properties of the Borassus and Buriti mats after 
surface (0o slope) application.   
 

Borassus 
mats 

Buriti 
mats 

Borassus 
mats 

Buriti 
mats 

Borassus 
mats 

Buriti 
mats 

Borassus 
mats 

Buriti 
mats 

Properties 

Initial condition After ~three 
months (06/05/08-
04/08/08; total 
precipitation = 
155.7 mm) 

After ~six months 
(06/05/08-
03/11/08; total 
precipitation = 
458.7 mm) 

After ~10 months 
(06/05/08-02/03/09; 
total precipitation = 
674.6 mm) 

Mat thickness 
(mm) 

20 (±5) a 10 (±1) 15 (± 3) 8 (± 2) 12 (± 2) 5 (± 2) 10 (± 3) 3 (± 2) 

Strip thickness 
(mm) 

22.5 
(±5) 

12.5 
(±2.5) 

18 (± 5) 9 (± 3) 15 (± 5) 6 (± 2) 13 (± 6) 4 (± 2) 

Mass per unit area 
(g m-2) 

1091 
(±133) 

413 
(±77) 

1007 403 937 332 877 123 

Percentage open 
area 

22.9 
(±3.3) 

55.8 (±5) 12.9  
(± 1.3) 

35.1  
(± 4.3) 

15.7 (± 
1.7) 

30.3  
(± 5.6) 

19.3  
(± 2.5) 

70.1  
(± 15.0) 

Mesh size  
(mm x mm) 

50 x 50 
(±2.5 x 
2.5) 

40 x 40 
(±2.0 x 
2.0) 

30 x 35  
(±11 x 5) 

31 x 
33  
(±3 x 
2) 

31 x 36  
(±13 x 
6) 

33 x 
34 (±3 
x 3) 

32 x 36  
(±10 x 
7) 

ND 

MSD (mm) 0.28 
(±0.07) 

0.22 
(±0.03) 

0.44 
(±0.05) 

0.23 
(±0.03) 

0.41  
(±0.06) 

0.20 
(±0.04) 

0.27 
(±0.07) 

ND 

a Data in parentheses indicate standard deviation (n = 6). MSD and ND indicate moisture 
sorption depth and not detectable, respectively. 
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Table 4.15. Changes in selected chemical properties of the Borassus and Buriti mats after 
surface (0o slope) application.   
 

Borassus 
mats 

Buriti  
mats 

Borassus  
mats 

Buriti 
mats 

Borassus 
mats 

Buriti mats Properties 

Initial condition After ~three months 
(06/05/08-04/08/08; 
total precipitation = 

155.7 mm) 

After ~six months 
(06/05/08-03/11/08; 
total precipitation = 

458.7 mm) 
C (%) 45.7 38.8 47.3 46.5 44.4 42.4 
N (%) 48.0 46.2 0.93 1.18 1.07 1.32 
C/N ratio 1.05 1.19 50.7 39.3 41.7 32.1 
Na (mg kg-1) 383 352 103 104 116.5 131.8 
K (mg kg-1) 693 432 874 494 1041 1335 
Mg (mg kg-1) 974 904 1262 515 1494 986 
Ca (mg kg-1) 1906 2540 1225 1434 1528 1539 
S (mg kg-1) 705 699 743 613 833 680 
P (mg kg-1) 968 1002 1041 932 1035 895 

 
 

4.9. Treatment effects on topsoil (0-5 cm) properties on the splash erosion plots 

Data analyses of final (January 2009) soil properties in the plots under Borassus mat 

covered and bare treatments showed mat-cover had no significant (P>0.05) effect on 

selected soil properties. The same was true for Buriti mat covered plots versus bare 

plots. Hence, changes in soil properties after two years of mat cover on bare plots 

were compared. However, both Borassus and Buriti mat-cover had no significant 

impact on variations in soil properties (Tables 4.16 and 4.17). Yet, results indicated 

that emplacement of Borassus mats on bare soils checked the decrease in SOM and 

sand contents after two years (Table 4.16). Similarly, Buriti mat cover checked the 

decrease in SOM content of bare plots (Table 4.17). Aggregate stability considerably 

decreased in all plots over the initial condition.   
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Table 4.16. Effects of Borassus mat use on selected soil properties after two years of splash 
erosion. 

a Negative value indicates decrease over initial condition. 

 
 
Table 4.17. Effects of Buriti mat use on selected soil properties after two years of rainsplash 
erosion. 
 

a Negative value indicates decrease over initial condition. 

 

Changes in soil properties Bare plots Borassus 
covered plots 

Test  (t-tests) statistics (P 
values) for  bare versus 
Borassus covered plots   

Sand (g kg-1) -11.0 a 29.7 0.054 

Silt (g kg-1) 15.9 -14.1 0.09 

Clay (g kg-1) 4.88 14.02 0.09 

Fine silt (g kg-1) -2.8 -20.1 0.15 

Medium silt (g kg-1) 3.8 -23.9 0.053 

Coarse silt (g kg-1) 14.9 29.9 0.24 

Fine sand (g kg-1) 8.9 28.9 0.34 

Medium sand (g kg-1) -13.7 -5.6 0.72 

Coarse sand (g kg-1) -6.2 6.3 0.32 

Aggregate stability (%) -28.5 -25.9 0.77 

pH -0.28 -0.26 0.86 

Soil organic matter (g kg-1) -2.10 0.75 0.19 

Total soil carbon (g kg-1) 0.54 0.39 0.32 

Total soil N (g kg-1) 0.05 0.08 0.56 

Soil properties Change in bare 
plots 

Change in Buriti 
covered plots 

Test (t- tests) statistics 
(P values) for  bare 
versus covered plots   

Sand (g kg-1) 23.8 41.8 0.47 

Silt (g kg-1) -12.6 a -31.9 0.38 

Clay (g kg-1) 11.16 9.87 0.79 

Fine silt (g kg-1) -13.7 -19.9 0.62 

Medium silt (g kg-1) -12.0 -27.8 0.35 

Coarse silt (g kg-1) 13.1 15.8 0.82 

Fine sand (g kg-1) 8.8 -11.1 0.34 

Medium sand (g kg-1) 6.5 44.8 0.11 

Coarse sand (g kg-1) 8.4 8.1 0.97 

Aggregate stability (%) -38.9 -40.7 0.84 

pH -0.35 -0.23 0.33 

Soil organic matter (g kg-1) -5.88 0.70 0.08 

Total soil carbon (g kg-1) -0.19 0.45 0.39 

Total soil N (g kg-1) 0.06 0.12 0.47 
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4.10. Treatment effects on topsoil (0-5 cm) properties on the runoff plots 

4.10.1. Soil bulk density 

In the 0-5 cm soil layer, initial (2007) mean (n = 8) bulk density of bare plots (1.39 

Mg m-3) was ~14 and 11% higher compared with permanent grassed plots and the 

plots treated with Borassus buffer strip, respectively (Figure 4.13a). Plots treated with 

Borassus complete-cover had ~13 and 9% higher initial bulk density than the 

permanent grass plots and plots treated with Borassus buffer strips, in that order. It 

was also found that two individual bare plots (D4 and D9) that were treated with 

Borassus buffer strip had significant (P<0.05) variations in initial soil bulk density. 

Likewise, initial soil bulk density of plot D5 was higher than D10 (Buriti buffer strip 

plots). Results indicate, after two years, soil bulk density significantly (P<0.05) 

increased in the plots after all treatments, except in the Borassus completely-covered 

plots (Appendix IV). Borassus completely-covered plots had ~150% less bulk density 

increase than Borassus buffer strip plots and the difference was significant (Figure 

4.13b). The increase in bulk density in the Borassus buffer strip plots was 0.20 Mg   

m-3. Other treatments on bare soil had no effect on soil bulk density change after two 

years of experiments. 

 

4.10.2. Soil aggregate stability 

Initial data show that soil aggregate stability of the permanent grass plots was ~23, 21, 

20 and 18% higher than bare plots (mean aggregate stability ~68%; n = 20), plots 

treated with Borassus complete-cover (mean aggregate stability ~69%), Borassus 

buffer strip (mean aggregate stability ~70%) and Buriti buffer strip (mean aggregate 

stability ~72%), respectively, in the 0-5 cm soil depth. It was also observed that 

individual plots that were treated with Borassus complete-cover (D2 and D8), 

Borassus buffer strip (D4 and D9) and Buriti buffer strip (D5 and D10) had 
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significantly (P<0.01) different soil aggregate stabilities. Soil aggregate stability of 

D8 was ~21% higher than D2 (aggregate stability ~62%), that of D9 was ~22% higher 

than D4 (aggregate stability ~63%) and that of D10 was ~24% higher than D5 

(aggregate stability ~64%) in the 0-5 cm soil depth. 

 

In general, soil aggregate stability significantly (P<0.01) decreased under all 

treatments, except the Borassus completely-covered plots, after two years of 

experiments (Appendix IV). Significant decrease in soil aggregate stability was least 

in the grassed plots (Figure 4.14b) and most in bare plots (~35% decrease). Soil 

aggregate stability decrease in the permanent grassed and Borassus completely-cover 

plots was ~84 and 86% less, respectively, than bare plots after two years (Figure 

4.14b). The decrease in soil aggregate stability under Borassus and Buriti buffer strip 

plots was significantly (P<0.001) higher than the permanent grass plots. Again, 

decrease in soil aggregate stability in the plots under Borassus buffer strip and Buriti 

buffer strip was ~84% higher compared with Borassus completely-covered plots.  
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Figure 4.13. (a) Initial (2007) soil bulk density and (b) effects of different treatments on soil 
bulk density change after two years of experiments at Hilton.  
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A. ANOVA-table (for a single-factor analysis) for initial soil bulk density data  
Source of 
variation  

df SS MS F P value 

Treatments 4 0.2288 0.0572 4.81 0.003 
Within 35 0.4162 0.0119   
Total 39 0.6450    
Test statistics (t- tests) for initial soil bulk density (n = 8): Bare versus grass P<0.01; Bare versus Borassus buffer 
strip P<0.05; Grass versus Borassus completely-covered P<0.01; Borassus completely-covered versus Borassus 
buffer strip P<0.01; other comparisons are not significant at P<0.05. 

  
B. ANOVA-table (for a single-factor analysis) for soil bulk density change data 
Source of variation  df SS MS F P value 
Treatments 4 0.0664 0.0166 1.33 0.278 
Within 35 0.4365 0.0125   
Total 39 0.5029    
Test statistics (t- tests) for treatment effects on soil bulk density change (n = 8): Borassus completely-covered 
versus Borassus buffer strip P<0.05; other comparisons are not significant at P<0.05. 
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Figure 4.14. (a) Initial (2007) soil aggregate stability and (b) effects of different treatments on 
soil aggregate stability change after two years of experiments at Hilton.  
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A. ANOVA-table (for a single-factor analysis) for initial soil aggregate stability data  
Source of variation  df SS MS F P value 
Treatments 4 5280 1320 10.37 <0.001 
Within 95 12091 127   
Total 99 17370    
Test statistics (t- tests) for initial soil aggregate stability data (n = 20): Bare versus grass P<0.001; Grass versus 
Borassus completely-covered P<0.001; Grass versus Borassus buffer strip P<0.001; Grass versus Buriti buffer 
strip P<0.001; other comparisons are not significant at P<0.05. 
    
B. ANOVA-table (for a single-factor analysis) for results of soil aggregate stability change data 
Source of variation  df SS MS F P value 
Treatments 4 17148 4287 13.73 <0.001 
Within 95 29662 312   
Total 99 46810    
Test statistics (t-tests) for treatment effects on soil aggregate stability change (n = 20): Bare versus grass 
P<0.001; Bare versus Borassus completely-cover P<0.001; Grass versus Borassus buffer strip P<0.001; Grass 
versus Buriti buffer strip P<0.001; Borassus completely-cover versus Borassus buffer strip P<0.001; Borassus 
completely-cover versus Buriti buffer strip P <0.001; other comparisons are not significant at P<0.05. 
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4.10.3. Soil particle size distribution 

4.10.3.1. Clay content 

Data comparison illustrates initial clay content of bare plots was ~29% higher than the 

grassed plots (31.4 g kg-1 soil) (Figure 4.15a). Likewise, plots treated with Borassus 

complete-cover had ~26% higher initial clay content than grassed plots (Figure 

4.15a). Closer study of plot data shows initial clay content of D3 plots was ~35% 

higher than D7 (26.7 g kg-1 soil). Likewise, D4 plots had ~107% higher clay content 

than D9 (23.7 g kg-1 soil) and D5 had ~61% higher clay content than D10 (27.7 g kg-1 

soil). After ~two years, clay content significantly (P<0.05) decreased in all plots, apart 

from the bare plots (Appendix IV). That said reduction ranged from 2.1 g kg-1 soil in 

bare plots to 13.2 g kg-1 soil in Borassus completely-covered plots. The decrease in 

clay content in the plots under Borassus and Buriti buffer strips was significantly 

higher than bare plots (Figure 4.15b). Buriti mat-cover within the buffer strip plots 

resulted in notably higher decrease in clay content (∆Clay = -11.5 g kg-1; n = 2; ∆Clay 

= Final soil clay-Initial soil clay) compared with bare soils within the same plots 

(∆Clay = - 7.4 g kg-1; n = 18). However, mat-cover had no detectable effects on the 

decrease in clay content within the Borassus buffer strip plots.   

 
 
4.10.3.2. Silt content 
 
Initial silt content of grassed and bare plots, grass and plots treated with Borassus 

complete-cover, and grass and plots treated with Buriti buffer strip were significantly 

different (Figure 4.16). The permanent grassed plots had the lowest initial silt content 

(420.8 g kg-1 soil). Like initial clay content, initial silt content of D3 and D7, D4 and 

D9 and D5 and D10 were significantly (P<0.001) different. In addition, two 

individual plots that were treated with Borassus complete-cover (D2 and D8) also had 

different initial silt contents. Hence, to identify the treatments effects, variation in 
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final silt content over initial soil was analysed. Silt content decreased significantly 

(P<0.05) in the Borassus completely-covered plots after two years of erosion by water 

(Appendix IV). All treatments on bare soil and the permanent grassed plots had no 

impact on variations in silt content after two years and, hence, data are not presented.  

 
Figure 4.15. (a) Initial (2007) clay (<2 µm) content and (b) effects of different treatments on 
change in surface (0-5 cm depth) soil clay content after two years of experiments at Hilton.   
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A. ANOVA-table (for a single-factor analysis) for initial soil clay content data  
Source of variation  df SS MS F P value 
Treatments 4 1028 257 2.48 0.049 
Within 95 9845 104   
Total 99 10872    
Test statistics (t- tests) for initial soil clay content data (n = 20): Bare versus grass P<0.01; Grass versus 
Borassus completely-covered P<0.01; other comparisons are not significant at P<0.05. 

  
B. ANOVA-table (for a single-factor analysis) for change in clay content data 
Source of variation  df SS MS F P value 
Treatments 4 1228 307 3.35 0.013 
Within 95 8712 92   
Total 99 9940    
Test statistics (t- tests) for treatment effects on change in clay content (n = 20): Bare versus Borassus buffer 
strip P<0.05; Bare versus Buriti buffer strip P<0.05; other comparisons are not significant at P<0.05. 
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Figure 4.16. Initial (2007) soil silt (2-60 µm) content (0-5 cm depth) of the runoff plots at 
Hilton.  
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Both Borassus and Buriti mat-covers within buffer strip plots were effective in 

retaining silt particles. Borassus mat-cover within the buffer strip plots increased silt 

content (∆Silt = 9.7 g kg-1; n = 2; ∆Silt = Final soil silt-Initial soil silt) compared with 

bare soils within the same plots (∆Silt = -6.9 g kg-1; n = 18).  Buriti buffer zones (1 m 

at plot end) also had more silt content (∆Silt = 7.3 g kg-1; n = 2) compared with bare 

soils (∆Silt = -8.3 g kg-1; n = 18) within the Buriti buffer strip plots. To better 

understand treatment effects on variation in silt content, changes in fine silt, medium 

A. ANOVA-table (for a single-factor analysis) for initial soil silt content data  
Source of variation  df SS MS F P value 
Treatments 4 19313 4828 4.10 0.004 
Within 95 111847 1177   
Total 99 131160    
Test statistics (t- tests) for initial soil silt content data (n = 20): Bare versus grass P<0.001; Grass 
versus Borassus completely-covered P<0.001; Grass versus Buriti buffer strip P<0.05; other 
comparisons are not significant at P<0.05. 

     
B. ANOVA-table (for a single-factor analysis) for change in silt content data 
Source of variation  df SS MS F P value 
Treatments 4 5137 1284 1.55 0.193 
Within 95 78603 827   
Total 99 83740    
Test statistics (t- tests) for treatment effects on change in silt content (n = 20): All comparisons are 
not significant at P <0.05. 
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silt and coarse silt contents were calculated and analysed. Like initial total silt content, 

initial fine silt content of grassed plots (69.3 g kg-1 soil) was ~20 and 19% less than 

bare and plots treated with Borassus complete-cover, respectively (Figure 4.17a). 

Buriti buffer strip plots contained ~19% higher initial fine silt compared with the 

grassed plots. Results indicate Borassus completely-covered plots decreased fine silt 

content most after two years (Figure 4.17b) and the difference between the initial and 

the final silt content under that plot was significant at P<0.001 (Appendix V). The 

changes in fine silt contents (∆Fine silt; the difference between the final fine silt 

content and the initial fine silt content) under Borassus completely-covered (∆Fine silt 

= -19.7 g kg-1 soil) and Borassus buffer strip plots (∆Fine Silt = -13.7 g kg-1 soil) were 

significantly higher than bare plots (∆Fine silt = -1.8 g kg-1 soil) (Figure 4.17b). 

Negative value of ∆fine silt indicates decrease in fine silt content after two years.  

 

The initial medium silt content in the 0-5 cm soil layer followed the similar trend as 

the initial fine silt content (Figure 4.18a). Grassed plots contained least (158.4 g kg-1 

soil) and bare plots most (193.5 g kg-1 soil) initial medium silt content. Borassus 

completely-covered plots had significantly (P<0.01) less medium silt content in 2009 

than 2007 (Appendix V). Change in medium silt content in the Borassus completely-

covered plots (∆Medium silt = -18.5 g kg-1 soil; ∆Medium silt = Final medium silt–

initial medium silt) was significantly different than permanent grassed plots 

(∆Medium silt = 6.3 g kg-1 soil) (Figure 4.18b). Initially, all plots contained similar 

coarse silt in the surface soil layer and, hence, data are not shown. Coarse silt content 

in soil significantly increased in Borassus completely-covered (P<0.001) and 

Borassus buffer strip (P<0.05) plots after two years (Appendix V). Borassus 

completely-covered, Borassus buffer strip and Buriti buffer strip plots had 
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significantly (P<0.05) higher coarse silt content compared with bare plots after ~two 

years of erosion by water. 

 
Figure 4.17. (a) Initial (2007) fine silt (2-6 µm) content and (b) effects of different treatments 
on change in surface soil (0-5 cm depth) fine silt content after two years of experiments at 
Hilton.  
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A. ANOVA-table (for a single-factor analysis) for initial soil fine silt content data  
Source of variation  df SS MS F P value 
Treatments 4 3854 963 2.39 0.056 
Within 95 38310 403   
Total 99 42164    
Test statistics (t- tests) for initial soil fine silt content (n = 20): Bare versus grass P<0.001; Grass versus Borassus 
completely-covered P<0.001; Grass versus Buriti buffer strip P<0.05; other comparisons are not significant at 
P<0.05. 

     
B. ANOVA-table (for a single-factor analysis) for change in fine silt content data 
Source of variation  df SS MS F P value 
Treatments 4 4233 1058 3.68 0.008 
Within 95 27307 287   
Total 99 31541    
Test statistics (t- tests) for treatment effects on change in fine silt content (n = 20): Bare versus Borassus completely-
covered P<0.01; Bare versus Borassus buffer strip P<0.05; Grass versus Borassus completely-covered P<0.05; other 
comparisons are not significant at P<0.05. 
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Figure 4.18. (a) Initial (2007) medium silt (6-20 µm) content and (b) effects of different 
treatments on change in medium silt content after two years of experiments at Hilton.   
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 A. ANOVA-table (for a single-factor analysis) for initial soil medium silt content data  
Source of variation  df SS MS F P value 
Treatments 4 14520 3630 3.78 0.007 
Within 95 91254 961   
Total 99 105775    
Test statistics (t- tests) for initial soil medium silt content (n = 20): Bare versus grass P<0.001; Grass versus 
Borassus completely-covered P<0.01; Grass versus Buriti buffer strip P< 0.05; other comparisons are not 
significant at P <0.05. 
 
B. ANOVA-table (for a single-factor analysis) for change in medium silt content data 
Source of variation  df SS MS F P value 
Treatments 4 7285 1821 1.83 0.129 
Within 95 94486 995   
Total 99 101771    
Test statistics (t- tests) for treatment effects on change in medium silt content (n = 20): Bare versus Borassus 
completely-covered P<0.05; Bare versus Buriti buffer strip P<0.05; Grass versus Borassus completely-
covered P<0.05; other comparisons are not significant at P<0.05. 
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Figure 4.19. Effects of different treatments on change in coarse silt (20-60 µm) content after 
two years of experiments at Hilton.   
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4.10.3.3. Sand content 
 
Bare, Borassus buffer strip and Buriti buffer strip plots had significantly different 

initial sand contents (Figure 4.20a) in the 0-5 cm soil layer. Permanent grassed plots 

had ~9% more initial sand content compared with the plots maintained bare (497.5 g 

kg-1 soil). Soil sand content significantly (P<0.01) enhanced in the bare and Borassus 

completely-covered plots after two years (Appendix IV). That increase in soil sand 

A. ANOVA-table (for a single-factor analysis) for initial soil coarse silt content data  
Source of variation  df SS MS F P value 
Treatments 4 3048 762 1.07 0.374 
Within 95 67466 710   
Total 99 70514    
Test statistics (t- tests) for initial coarse silt content (n = 20): All comparisons are not significant 
at P <0.05. 
 
B. ANOVA-table (for a single-factor analysis) for change in coarse silt content data  
Source of variation  df SS MS F P value 
Treatments 4 5689 1422 1.81 0.133 
Within 95 74592 785   
Total 99 80281    
Test statistics (t- tests) for treatment effects on change in coarse silt content (n = 20): Bare 
versus Borassus completely-covered P<0.01; Bare versus Borassus buffer strip P<0.05; Bare 
versus Buriti buffer strip P<0.05; other comparisons are not significant at P<0.05. 
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content was highest in Borassus completely-covered plots (34.31 g kg-1 soil) and 

lowest in bare plots (8.38 g kg-1 soil). The difference between enhancements of soil 

sand contents between these two treatments was significant (P<0.05) (Figure 4.20b).  

Other treatments on bare soil had no significant (P>0.05) effect on change in soil sand 

content. Buriti mat-cover within buffer strip plots was effective in retaining sand 

particles. Buriti mat-cover within the buffer strip plots increased total sand content 

(∆Sand = 58.6 g kg-1; n = 2; ∆Sand = Final soil sand-Initial soil sand) compared with 

bare soils within the same plots (∆Sand = 15.8 g kg-1; n = 18).  However, Borassus 

buffer zones had little effect in retaining sand (∆Sand = -1.5 g kg-1; n = 2) compared 

with bare soils (∆Silt = 15.2 g kg-1; n = 18) within the Borassus buffer strip plots. 

 

To further investigate the treatment impacts on soil sand content, change in fine sand, 

medium sand and coarse sand content data after two years of study were analysed. 

Initial fine and medium sand contents were similar under all plots. After two years, 

grassed, Borassus completely-covered and Buriti buffer strip plots contained 

significantly (P<0.05) more medium sand than the initial condition (Appendix VI). 

However, changes in both fine and medium sand contents after two years were not 

impacted by treatments (Table 4.18). Only coarse sand content was affected by mat 

emplacement and, hence, variations in coarse sand content data are presented along 

with the initial data. Initial soils had similar coarse sand content (4.21a). Borassus 

completely-covered and Buriti buffer strip plots significantly (P<0.05) increased 

coarse sand content after two years (Appendix VI). In addition, changes in coarse 

sand contents of Borassus completely-covered (∆Coarse sand = 9.61 g kg-1; ∆Coarse 

sand = Final coarse sand-initial coarse sand) and Buriti buffer strip plots (∆Coarse 

sand = 9.27 g kg-1) were significantly increased over the bare plots (∆Coarse sand = 

0.38 g kg-1) (Figure 4.21b).  



 141 

Table 4.18. ANOVA-table (for a single-factor analysis) for initial and changes in fine sand 
(60-200 µm) and medium sand (200-600 µm) content data. 
 
Source of 
variation  

df SS MS F P value 

Initial fine sand content 
Treatments 4 4280 1070 1.12 0.350 
Within 95 90517 953   
Total 99 94797    

Change in initial fine sand content 
Treatments 4 1752 438 0.40 0.806 
Within 95 103105 1085   
Total 99 104857    

Initial medium sand content 
Treatments 4 3870 967 1.36 0.253 
Within 95 67415 710   
Total 99 71285    

Change in initial fine sand content 
Treatments 4 2581 645 0.99 0.415 
Within 95 61713 650   
Total 99 64294    
Test statistics (t-tests) between any two treatments within a parameter are not significant at 
P<0.05.  
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Figure 4.20. (a) Initial (2007) sand (60-2000 µm) content and (b) effects of different 
treatments on change in sand content after two years of experiments at Hilton.   
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A. ANOVA-table (for a single-factor analysis) for initial soil sand content data  
Source of variation  df SS MS F P value 
Treatments 4 26315 6579 3.53 0.01 
Within 95 176801 1861   
Total 99 203115    
Test statistics (t- tests) for initial soil sand content (n = 20): Bare versus grass P<0.001; Grass versus 
Borassus completely-covered P<0.001; Grass versus Buriti buffer strip P<0.05; other comparisons 
are not significant at P<0.05. 
 
B. ANOVA-table (for a single-factor analysis) for results of change in sand content data 
Source of variation  df SS MS F P value 
Treatments 4 9679 2420 1.91 0.115 
Within 95 120291 1266   
Total 99 129970    
Test statistics (t-tests) for treatment effects on change in sand content (n = 20): Bare versus Borassus 
completely-covered P<0.05; other comparisons are not significant at P<0.05. 
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Figure 4.21. (a) Initial coarse sand (600-2000 µm) content and (b) effects of different 
treatments on change in coarse sand content after two years of experiments at Hilton.   
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A. ANOVA-table (for a single-factor analysis) for initial soil coarse sand content data  
Source of variation  df SS MS F P value 
Treatments 4 2157 539 2.58 0.042 
Within 95 19847 209   
Total 99 22004    
Test statistics (t- tests) for initial soil coarse sand content (n = 20): All comparisons are not 
significant at P <0.05. 
 
B. ANOVA-table (for a single-factor analysis) for results of change in coarse sand content data 
Source of variation  df SS MS F P value 
Treatments 4 2026 507 1.94 0.11 
Within 95 24785 261   
Total 99 26811    
Test statistics (t- tests) for treatment effects on change in coarse sand content (n = 20): Bare versus 
Borassus completely-covered P<0.05; Bare versus Buriti buffer strip P<0.05; other comparisons 
are not significant at P<0.05. 
  



 144 

4.10.4. Soil organic matter (SOM)  
 
Permanent grass plots and treatments (Borassus buffer strip and Buriti buffer strip) 

with newly created plots (D9 and D10) had notably higher initial SOM contents in the 

0-5 cm soil layer than the other plots (Figure 4.22a). Bare plots had the least initial 

SOM content (31.2 g kg-1 soil). The permanent grass, Borassus buffer strip and Buriti 

buffer strip plots had ~23, 21 and 16% more initial SOM, respectively, than bare 

plots. There were significant differences in initial SOM content between permanent 

grassed and plots treated with Borassus complete-cover and between plots treated 

with Borassus complete-cover and Borassus buffer strips (Figure 4.22a). In addition, 

individual plots treated with Borassus complete-cover had significantly (P<0.001) 

different initial SOM contents (for instance, SOM content of D8 plots was higher than 

D2). The same is true for two individual plots under Borassus buffer strips (D4 and 

D9) and Buriti buffer strips (D5 and D10). However, most surprisingly, plots under all 

treatments contained similar SOM after ~two years of erosion by water (Figure 

4.22b). Apart from the bare plots, the variations in SOM contents under different 

treatments were insignificant (Appendix VII).    

 

Both Borassus and Buriti mat-covers within the buffer strip plots had little impact on 

SOM changes compared with bare soils within the same plots. For instance, Borassus 

mat-cover resulted in a small decrease in SOM (∆SOM = -1.01 g kg-1 soil; n = 2; 

∆SOM = the change in SOM = SOM in 2009-SOM in 2007) compared with bare soils 

within the same plots (∆SOM = -1.63 g kg-1 soil; n = 18). The mean (n = 2) change in 

SOM for mat-covered soils was 0.46 g kg-1 soil, against 0.03 g kg-1 soil (n = 18) for 

bare soils within the Buriti buffer strip plots.    
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4.10.5. Total soil carbon  
 
Initial total soil carbon contents under different plots closely followed their initial 

SOM contents, with the exception being plots treated with Borassus complete-cover 

had significantly higher initial total soil carbon content compared with bare plots 

(Figure 4.23a). Furthermore, plots treated with Borassus complete-cover had less 

initial total soil carbon than plots with Buriti buffer strips. Unlike initial SOM content, 

initial total soil carbon contents of both plots treated with Borassus complete-cover 

and Borassus buffer strips were similar. There was considerable variability in the 

changes (after two years) in total soil carbon content data within a particular treatment 

(Figure 4.23b). Borassus and Buriti buffer strip plots had maximum variability. 

However, there was no significant (P>0.05) change in total soil carbon contents with 

plots under all treatments over their initial values (Appendix VII). The change in total 

soil carbon content under permanent grassed plots (∆Total soil carbon = 0.67 g kg-1) 

was significantly higher compared with bare plots (Figure 4.23b).       

 

As with SOM content, both Borassus and Buriti mat-covers within the buffer strip 

plots had little impacts on SOM changes compared with bare soils within the same 

plots. There was a very small increase in total soil carbon with Borassus mat-cover 

(∆Total soil carbon = 1.5 g kg-1 soil; n = 2; ∆Total soil carbon = the change in total 

soil carbon = total soil carbon in 2009-total soil carbon in 2007) compared with bare 

soils within the Borassus buffer strip plots (∆Total soil carbon = 0.6 g kg-1 soil; n = 

18). The positive difference in ∆Total soil carbon between mat-covered soils and bare 

soils within Buriti buffer strip plots was only 0.22 g kg-1 soil in favour of buffer 

zones.      
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Figure 4.22. (a) Initial (2007) soil organic matter (SOM) and (b) effects of different 
treatments on SOM change after two years of experimentation at Hilton.   
 
(a) 

Buri
ti b

uff
er 

str
ip

Bora
ss
us

 bu
ffe

r s
tri

p

Bora
ss

us
 co

mple
tel

y-
co

ve
re

d
Gras

s
Bar

e

55

50

45

40

35

30

25

S
oi

l o
rg

a
ni

c 
m

a
tte

r 
(g

/k
g)

 
(b) 

Buri
ti b

uf
fer

 st
rip

Bor
as

su
s b

uf
fer

 st
rip

Bora
ss

us
 co

mple
tel

y-
co

ve
red

Gra
ss

Bare

10

5

0

-5

-10

-15S
oi

l o
rg

a
ni

c 
m

a
tte

r 
ch

a
ng

e
 (

g/
kg

)

 
 
 
 

A. Kruskal-Wallis test on initial SOM data: P<0.001; Mann-Whitney test statistics for initial SOM 
data: Bare versus grass P<0.001; Bare versus Borassus buffer strip P<0.001; Bare versus Buriti 
buffer strip P<0.05; Grass versus Borassus completely-covered P<0.001; Borassus completely-
covered versus Borassus buffer strip P<0.05; other comparisons are not significant at P<0.05. 
 
B. Kruskal-Wallis test on SOM change data: P = 0.765. Mann-Whitney test statistics for treatment 
effects on SOM change (n = 20): All comparisons are not significant at P<0.05. 
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Figure 4.23. (a) Initial (2007) total soil carbon (g kg-1) and (b) effects of different treatments 
on total soil carbon change after two years of experimentation at Hilton.   
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A. Kruskal-Wallis test for initial total soil carbon data: P<0.001. Mann-Whitney test statistics on 
initial total soil carbon data (n = 20): Bare versus grass P<0.001; Bare versus Borassus 
completely-covered P<0.05; Bare versus Borassus buffer strip P<0.05; Bare versus Buriti buffer 
strip P<0.05; Borassus completely-covered versus Buriti buffer strip P<005; other comparisons 
are not significant at P<0.05.     
    
B. Kruskal-Wallis test on total soil carbon change data: P>0.05. Mann-Whitney test statistics for 
treatment effects on total soil carbon change (n = 20): Bare versus grass P<0.05; other 
comparisons are not significant at P<0.05. 
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4.10.6. Total soil N (TSN)  

Plots under Borassus complete-cover and Borassus buffer strips had significantly 

different initial TSN contents (Figure 4.24). Mean (n = 20) TSN content under 

grassed plots was ~14% higher than bare plots (1.97 g kg-1) and plots treated with 

Borassus complete-cover (1.97 g kg-1). Like initial SOM content, individual plots 

under Borassus complete-cover plots (D2 and D8), Borassus buffer strips (D4 and D9) 

and Buriti buffer strips (D5 and D10) had significant (P<0.001) variations in initial 

TSN contents. There was no significant (P>0.05) increase in TSN contents in the plots 

under all treatments after two years of experiments. Changes in TSN contents for 

plots under all treatments were similar and, hence, data are not presented. Borassus 

buffer strip plots had maximum variability in TSN change. As with SOM and total 

soil carbon, mat-covers within buffer strip plots had little impacts on TSN changes 

after two years of erosion by water.   

 
 
4.10.7. Soil pH 

Initial soil pH for D1 plots was significantly (P<0.05) higher compared with D6 (bare 

plots), that for D3 was higher than D7 (permanent grassed plots) and that for D10 was 

higher than D5 (Buriti buffer strip plots). However, initial soil pH values for all 

treatments were similar. Hence, final soil pH and variations in soil pH after two years 

over initial condition were analysed to investigate treatment impacts. Results indicate 

significant (P<0.05) decreases in soil pH irrespective of bare or treated plots 

(Appendix VII; Figure 4.25). However, those decreases were not affected by 

emplacement of mats or permanent grassed plots. 

 

Buriti mat-cover within the buffer strip plots was not effective in curbing soil acidity. 

Buriti mat-cover within the buffer strip plots decreased soil pH (∆pH = -0.41; n = 2; 
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∆pH = the change in soil pH = Final soil pH-Initial soil pH) compared with bare soils 

within the same plots (∆pH = -0.13; n = 18).  However, Borassus buffer zones had 

little effect on ∆pH (∆pH = -0.22; n = 2) compared with bare soils (∆pH = -0.14; n = 

18) within the Borassus buffer strip plots. 

 

Figure 4.24. Initial (2007) total soil N (TSN) content of runoff and erosion experimental plots 
at Hilton.    
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A. Kruskal-Wallis test for initial TSN data: P < 0.001. Mann-Whitney test statistics on initial 
TSN data (n = 20): Bare versus grass P<0.001; Grass versus Borassus completely-covered 
P<0.01; Borassus completely-covered versus Borassus buffer strip P<0.05; other comparisons 
are not significant at P<0.05.     
 
B. Kruskal-Wallis test on TSN change data: P = 0.927. Mann-Whitney test statistics for 
treatment effects on TSN change (n = 20): All comparisons are not significant at P<0.05. 
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Figure 4.25. Effects of different treatments on soil pH change after two years of experiments 
at Hilton.  
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4.10.8. Selected nutrient concentrations 

4.10.8.1. Macronutrients: Total P, K, Ca, Mg and S 

Plots under all treatments had similar initial total P contents; hence, data are not 

shown. Initial total P content ranged from 0.73 g kg-1 soil (grassed plots) to 0.83 g kg-

1 soil (Buriti buffer strip plots). Total P content significantly (P<0.05) increased in all 

plots after two years, except for the permanent grass and Buriti buffer strip plots 

A. ANOVA-table (for a single-factor analysis) for initial soil pH data 
Source of variation  df SS MS F P value 
Treatments 4 0.0522 0.0131 046 0.765 
Within 95 2.6972 0.0284   
Total 99 2.7495    
Test statistics (t-tests) for treatment effects on initial soil pH data (n = 20). All 
comparisons are not significant at P<0.05. 
 
B. ANOVA-table (for a single-factor analysis) for results of soil pH change data 
Source of variation  df SS MS F P value 
Treatments 4 0.0411 0.0103 0.23 0.921 
Within 95 4.2361 0.0446   
Total 99 4.2771    
Test statistics (t-tests) for treatment effects on soil pH change (n = 20). All comparisons 
are not significant at P<0.05. 
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(Appendix VIII). The changes in total P contents (∆Total P = Final soil total P - initial 

soil total P) in the bare (∆Total P = 0.12 g kg-1 soil) and Borassus completely-covered 

(∆Total P = 0.15 g kg-1 soil) plots were significantly greater than the grassed plots 

(∆Total P = -0.02 g kg-1 soil) (Figure 4.26). Both Borassus and Buriti mat-covers 

within the buffer strip plots had little impact on total P changes compared with bare 

soils within the same plots.       

 

As with initial total P contents, initial total K contents were also similar for different 

plots. Initial total K content ranged from 16.80 g kg-1 soil (Borassus buffer strip plots) 

to 17.35 g kg-1 soil (Borassus completely-covered plots). Compared to the initial soil, 

total soil K content significantly (P<0.001) increased in the Borassus completely-

covered plots after two years (Appendix VIII). Buriti buffer strip plots had ~87% less 

enhancement in total K content than the Borassus completely-covered plots (1.14 g K 

kg-1 soil), and the difference was significant (Figure 4.27). Other treatments had no 

significant (P>0.05) effect on soil total K contents after two years of erosion by water.   

 

Initial total Ca contents of different plots were significantly different (Figure 4.28a). 

Plots that were treated with Borassus buffer strips and Buriti buffer strips had ~14 and 

15%, respectively, higher initial total Ca contents compared with bare plots (1.83 g Ca 

kg-1 soil). Borassus completely-covered plots had the least initial total Ca (1.76 g kg-1 

soil), which was significantly less than grassed (1.99 g Ca kg-1 soil) and Borassus 

buffer strip plots (Figure 4.28a). After two years, total Ca contents significantly 

(P<0.01) decreased in the plots with Borassus complete cover and Borassus buffer 

strips (Appendix VIII). That decline ranged from 0.04 g kg-1 soil (grass plots) to 0.41 

g kg-1 soil (Borassus buffer strip plots). The decrease in total Ca content in the 
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Borassus buffer strip plots after two years was significantly (P<0.05) more than that 

under bare and grass plots (Figure 4.28b). 

          

Figure 4.26. Effects of palm-mat geotextile cover on change in total soil P content after two 
years at Hilton. 

Buri
ti b

uf
fer

 st
rip

Bor
as

su
s b

uf
fer

 st
rip

Bora
ss
us

 co
mple

tel
y-
co

ve
red

Gra
ss

Bare

0.4

0.3

0.2

0.1

0.0

-0.1

-0.2

-0.3T
ot

a
l s

oi
l P

 c
ha

ng
e

 (
g/

kg
 s

oi
l)

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

A. ANOVA-table (for a single-factor analysis) for initial soil total P content data 
Source of variation  df SS MS F P value 
Treatments 4 0.1163 0.0291 1.46 0.222 
Within 95 1.898 0.0200   
Total 99 2.0144    
Test statistics (t-tests) for treatment effects on initial soil Mg content (n = 20). All 
comparisons are not significant at P<0.05. 
 
B. ANOVA-table (for a single-factor analysis) for results of change in total P content 
Source of variation  df SS MS F P value 
Treatments 4 0.2061 0.0515 2.35 0.060 
Within 95 2.0831 0.0219   
Total 99 2.2891    
Test statistics (t-tests) for treatment effects on soil pH change (n = 20). Bare versus grass 
P<0.05; Grass versus Borassus completely-covered P<0.05; other comparisons are not 
significant at P<0.05. 
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Figure 4.27. Effects of palm-mat geotextile cover on change in total soil K content after two 
years at Hilton. 
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A. ANOVA-table (for a single-factor analysis) for initial soil total K content data 
Source of variation  df SS MS F P value 
Treatments 4 4.08 1.02 0.59 0.671 
Within 95 164.64 1.73   
Total 99 168.72    
Test statistics (t-tests) for treatment effects on initial soil total K content (n = 20). All 
comparisons are not significant at P<0.05. 
 
B. Kruskal-Wallis test for results of change in total K content: P = 0.184. Test statistics (t-
tests) for treatment effects on change in soil total K content (n = 20): Borassus completely-
covered versus Buriti buffer strip P<0.05; other comparisons are not significant at P<0.05. 
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Figure 4.28. (a) Initial soil total Ca content and (b) effects of palm-mat geotextile cover on 
change in total soil carbona content after two years at Hilton. 
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A. Kruskal-Wallis test for initial soil total Ca content:  P = 0.012. Test statistics (t-tests) for 
treatment effects on initial soil total Ca content (n = 20): Bare versus Borassus buffer strip P<0.01; 
Bare versus Buriti buffer strip P<0.05; Grass versus Borassus completely-covered P<0.05; Borassus 
completely-covered versus Borassus buffer strip P<0.01; other comparisons are not significant at 
P<0.05. 
 
B. ANOVA-table (for a single-factor analysis) for results of change in total Ca content data 
Source of variation  df SS MS F P value 
Treatments 4 1.813 0.453 2.35 0.06 
Within 95 18.336 0.193   
Total 99 20.149    
Test statistics (t-tests) for treatment effects on soil change in total Ca content (n = 20): Bare versus 
Borassus buffer strip P<0.05; Grass versus Borassus buffer strip P<0.05; other comparisons are not 
significant at P<0.05. 
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Initial total Mg content ranged from 5.52 g kg-1 soil (Buriti buffer strip plots) to 5.80 g 

kg-1 soil (bare plots) and all plots had similar initial total Mg contents (Table 4.19). 

After two years of erosion by water, total Mg contents did not change in the plots 

under all treatments (Appendix VIII) and all treatments also had no significant effect 

on the changes in total Mg contents (Table 4.19).    

 

Table 4.19. Statistical analysis for initial soil Mg content and treatment effects on change in 
total Mg content after two years of experiments at Hilton. 
 
 

 

 

 

 

 

 

 

 

Plots treated with Borassus buffer strips had ~29% higher initial soil total S content 

than bare plots (0.24 g kg-1 soil) (Figure 4.29). All other plots had similar initial total 

S contents. All treatments maintained similar total S contents after two years of 

experiments (Appendix VIII). Emplacement of Borassus and Buriti mats had no 

impact on variations in total S contents after two years of erosion by water. Both 

Borassus and Buriti mat-covers within the buffer strip plots had little impact on 

selected macronutrient changes compared with bare soils within the same plots. 

 

 

A. ANOVA-table (for a single-factor analysis) for initial soil total Mg content data 
Source of variation  df SS MS F P value 
Treatments 4 1.563 0.391 0.42 0.797 
Within 95 89.338 0.940   
Total 99 90.900    
Test statistics (t-tests) on initial soil Mg content (n = 20). All comparisons are not 
significant at P<0.05. 
 
B. ANOVA-table (for a single-factor analysis) for results of change in total Mg content 
Source of variation  df SS MS F P value 
Treatments 4 1.19 0.30 0.23 0.922 
Within 95 124.00 1.31   
Total 99 125.20    
Test statistics (t-tests) for treatment effects on change in total Mg content (n = 20). All 
comparisons are not significant at P<0.05. 
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Figure 4.29. Initial soil total S content for the plots at Hilton.  

Buri
ti b

uf
fer

 st
rip

 B
or
as

su
s b

uf
fer

 st
rip

Bora
ss

us
 co

mple
tel

y-
co

ve
red

Gra
ss

Bare

0.6

0.5

0.4

0.3

0.2

0.1

0.0

T
ot

a
l S

 c
on

te
nt

 (
g/

kg
 s

oi
l)

 

 

 

 

 

 

 

 

 

4.10.8.2. Micronutrients: Total Zn, Cu, Fe, Mn, Mo and Cl 

Total Zn content of initial soils ranged from 41.2 mg kg-1 (grass plots) to 45.0 mg kg-1 

(Borassus completely-covered plots). Appropriate test statistics indicate all plots had 

similar initial total Zn contents (Kruskal-Wallis test for initial soil total Zn content:  P 

= 0.716; All comparisons between treatments are not significant at P<0.05 according 

to Mann-Whitney tests on initial total Zn content data). Total Zn content did not 

A. ANOVA-table (for a single-factor analysis) for initial soil total S content data 
Source of variation  df SS MS F P value 
Treatments 4 0.0797 0.0199 1.47 0.219 
Within 95 1.2923 0.0136   
Total 99 1.3721    
Test statistics (t-tests) for treatment effects on initial soil total S content (n = 20). Bare versus 
Borassus buffer strip P<0.05; other comparisons are not significant at P<0.05. 
 
B. ANOVA-table (for a single-factor analysis) for results of change in total S content 
Source of variation  df SS MS F P value 
Treatments 4 0.0209 0.0052 0.35 0.84 
Within 95 1.4005 0.0147   
Total 99 1.4215    
Test statistics (t-tests) for treatment effects on change in soil total S content (n = 20). All 
comparisons are not significant at P<0.05. 
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change significantly (P>0.05) after two years (Appendix IX). That change in total Zn 

concentration was not affected by treatments (Kruskal-Wallis test for change in soil 

total Zn content:  P = 0.857; Mann-Whitney test statistics for treatment effects on 

change in soil total Zn content: All comparisons between treatments are not 

significant at P<0.05). 

 

Initial total Cu contents, which ranged from 12.3 mg kg-1(Borassus buffer strip plots) 

to 16.2 mg kg-1 (Borassus completely-covered plots), were also similar in all plots 

(Kruskal-Wallis test for initial soil total Cu content:  P = 0.732; Mann-Whitney test 

statistics for initial total Cu content: All comparisons are not significant at P<0.05). 

Total Cu content did not decrease significantly (P>0.05) in all plots after two years of 

erosion by water, except in the Borassus buffer strip plots (Appendix IX). Borassus 

and Buriti mat cover had no effect on changes in total Cu content after two years 

(Kruskal-Wallis test for change in soil total Cu content:  P = 0.604; T-test statistics for 

treatment effects on change in soil total Cu content: All comparisons are not 

significant at P<0.05). 

    

As with initial total Zn and Cu contents, initial total Fe and Mn contents in the plots 

were also similar (Tables 4.20 and 4.21). The least total Fe content was in the plots 

treated with Borassus complete-cover (16.75 g kg-1 soil) and the most with the 

permanent grassed plots (17.80 g kg-1 soil). Total Fe contents in the plots under all 

treatments were also similar after two years to the initial contents and the changes 

were not significantly (P<0.05) affected by any treatments (Table 4.20). Initial total 

Mn content ranged from 279 (Borassus buffer strip plots) to 297 (bare plots) mg kg-1 

soil. Plots under all treatments had similar total Mn contents after two years of erosion 
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by water to the initial values (Appendix IX). All treatments had no effect on changes 

in total Mn contents (Table 4.21).       

 
Table 4.20. Statistical results for initial soil Fe content and treatment effects on change in 
total Fe content after two years of experiments at Hilton. 
 

 

 

 

 

 

 

 

 

Table 4.21. Statistical results for initial soil Mn content and treatment effects on change in 
total Mn content after two years of experiments at Hilton. 
 
 

 

 

 

 

 

 

Total Mo concentrations in soils were very low and not detectable. There was 

considerable variability for the initial total Cl content data in the plots under different 

treatments (Figure 4.30). Median (n = 20) total Cl content under grassed plots was 

~20, 18 and 33% higher than bare (73 mg kg-1soil), plots treated with Borassus 

complete-cover (74.1 mg kg-1 soil) and Buriti buffer strips (65.7 mg kg-1soil). Plots 

treated with Borassus buffer strips also had higher initial total Cl than plots treated 

A. ANOVA-table (for a single-factor analysis) for initial soil total Fe content (g kg-1 soil) data 
Source of variation  df SS MS F P value 
Treatments 4 12.99 3.25 0.90 0.464 
Within 95 341.06 3.59   
Total 99 354.05    
Test statistics (t-tests) for initial soil total Fe content (n = 20). All comparisons are not 
significant at P<0.05. 
 
B. ANOVA-table (for a single-factor analysis) for results of change in total Fe content 
Source of variation  df SS MS F P value 
Treatments 4 4.94 1.23 0.28 0.888 
Within 95 414.72 4.37   
Total 99 419.66    
Test statistics (t-tests) for treatment effects on change in total Fe content (n = 20). All 
comparisons are not significant at P<0.05. 
 

A. Kruskal-Wallis test for initial soil total Mn content (mg kg-1):  P = 0.869. Test statistics (t-
tests) for initial total Mn content (n = 20): All comparisons are not significant at P<0.05. 
 
B. ANOVA-table (for a single-factor analysis) for results of change in total Mn content 
Source of variation  df SS MS F P value 
Treatments 4 15688 3922 0.95 0.441 
Within 95 393952 4147   
Total 99 409640    
Test statistics (t-tests) for treatment effects on changes in total Mn content (n = 20): All 
comparisons are not significant at P<0.05. 
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with Buriti buffer strips. After two years, all plots had similar total Cl concentrations 

to the initial condition (Appendix IX). All treatments had no effect on changes in total 

Cl content. Both Borassus and Buriti mat-covers within the buffer strip plots had little 

impact on selected micronutrient changes compared with bare soils within the same 

plots.        

 

Figure 4.30. Initial total Cl content of different plots at Hilton. 
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A. Kruskal-Wallis test for initial soil total Cl content:  P <0.001. Test statistics (Mann-
Whitney tests) for treatment effects on initial total Cl content (n = 20): Bare versus Grass 
P<0.01; Grass versus Borassus completely-covered P<0.05; Grass versus Buriti buffer strip 
P<0.001; Borassus buffer strip versus Buriti buffer strip P<0.05; other comparisons are not 
significant at P<0.05. 
 
B. Kruskal-Wallis test for change in soil total Cl content:  P = 0.522. Test statistics (Mann-
Whitney tests) for treatment effects on change in total Cl content (n = 20): All comparisons 
are not significant at P<0.05. 
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4.11. Summary 

Results (during 2007-2009) indicate that Borassus mats significantly (P<0.05) 

reduced rainsplash erosion (by ~89% compared with bare plots). Borassus mats as 1 

m protective buffer strips on bare plots (10 m long) significantly (P<0.01) reduced 

soil erosion (by ~92%). Sediment yield reduction in the Borassus completely-covered 

plots was similar to the buffer zone plots of the same mats. Although results show 

buffer strip plots of Borassus and Buriti mats had similar effects in reducing soil loss, 

functional longevity of Buriti mats was ~one year against ~two years for Borassus 

mats at Hilton. After ~10 months, Buriti mats lost ~70% of their weight and cover 

percentage (C, %) of these mats decreased by ~50% of the initial value. However, 

Borassus mats maintained higher C (%) than the initial condition, although mass per 

unit area decreased by ~20%.  

 

Results reveal that although both Borassus and Buriti mat-cover had no significant 

(P>0.05) impact on variations in soil properties of splash plots, emplacement of 

Borassus mats on bare soils curbed the decrease in SOM content after two years. 

Results from runoff plots indicate that, apart from Borassus completely-covered plots, 

soil bulk density increased and aggregate stability decreased in all plots after two 

years. Soil silt and clay contents significantly (P<0.05) decreased in the Borassus 

completely-covered plots with a concomitant increase in sand content. Both Borassus 

and Buriti buffer strip plots also had less soil clay contents, indicating that palm-mat 

geotextile cover significantly (P<0.05) affected particle size distribution even after 

only two years. Buriti mat-cover within the buffer strip plots resulted in notably 

higher decrease in mean (n = 2) clay content with a concominant increase in mean (n 

= 2) sand contents compared with mean (n = 18) clay and sand contents of bare soils 

within the same plots. Apart from decreases in SOM contents in bare plots, SOM 
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content did not change after two years with all treatments. All treatments had no 

effects on changes in pH, total soil carbon or TSN. Both Borassus and Buriti mat-

covers within the buffer strip plots had little impact on SOM, total soil carbon and 

TSN changes compared with bare soils within the same plots.  

 

Among selected macronutrients, total P and total K contents with Borassus 

completely-covered plots significantly (P<0.01) increased and total Ca content 

decreased after two years. Even bare plots increased total P content after two years of 

erosion by water and had significantly (P<0.05) higher total P content than grassed 

plots. Among other treatments, Borassus buffer strip plots had significant (P<0.05) 

effects in increasing total P and decreasing total Ca. The augmentation of total K 

content in the Borassus completely-covered plots was significantly (P<0.05) more 

than Buriti buffer strip plots. Other treatments had no significant (P<0.05) effect in 

changing all selected nutrient concentrations in soils over the initial condition. Thus, 

Borassus buffer strip plots were not only effective in reducing soil loss over two 

years, but also were very effective in maintaining some soil properties (i.e. SOM, total 

soil carbon, TSN, sand and silt content and almost all selected nutrient concentrations, 

apart from total Ca) after two years of erosion by water. From this study, it is evident 

that despite significant (P<0.05) decreases in soil clay content, utilization of Borassus 

mats as buffer strips was very successful in  conserving  soil and water on a loamy 

sand soil at Hilton. Both Borassus and Buriti mat-covers within the buffer strip plots 

had little impact on selected nutrient changes compared with bare soils within the 

same plots.                   
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CHAPTER 5: DISCUSSION 

 

5.1. Introduction 

This research sub-project, which was an integral part of the BORASSUS Project, 

examined the hypothesis that palm-mat geotextiles (Borassus and Buriti mats) have 

the potential to reduce rainsplash and rill and interrill soil erosion. The project further 

hypothesized that emplacement of these mats would improve some selected soil 

properties over bare plots. As covering bare arable soils completely with these mats 

would not be economically-feasible, the research sub-project also assessed if the 

buffer strips of palm-mat geotextiles were as effective as complete cover of these mats 

in decreasing soil erosion. In addition, as Borassus mats possess better physical 

properties (thickness and mass per unit area), it investigated the hypothesis that buffer 

strips of Borassus mats would be more effective than buffer strips of Buriti mats in 

erosion control and improving selected soil properties. The results based on these 

hypotheses are presented in Chapter 4. This Chapter discusses the possible reasons of 

those results, elucidating some general explanations of particular data trends after 

using geotextiles, or mulching materials and comparing them with methods for soil 

conservation.   

         

5.2. Initial soil properties 

5.2.1. Initial soil properties-Splash plots 

Significantly (P<0.05) fewer aggregate stability and total soil carbon content in the 

plots under Set 1 (where Borassus mats were emplaced) than the plots under Set 2 

(where Buriti mats were imposed) was probably due to the plot history. Plots under 

Set 1 were used for an earlier splash erosion experiment (with six bare and six 

covered plots by Borassus mats) during 2002-2004. In contrast, plots under Set 2 were 
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under permanent pasture before initiation of this experiment. Despite this factor, mean 

initial SOM and TSN contents of both sets of experiments were similar. This was 

probably due to the fact that after May 2004, considerable vegetation grew until the 

end of 2006 in the plots under Set 1. Thus, grass root biomass and root exudates 

possibly helped to offset some the decreased soil properties in the plots under Set 1 

due to rainsplash erosion experiments during 2002-2004. Overall data trends support 

the case for long-term monitoring of the dynamics of soil properties.  

 

5.2.2. Initial soil properties-Runoff and erosion plots 

Mean (n = 100) values of initial selected soil properties under runoff plots indicate 

that soils were acidic (pH ~5.0) with high SOM and aggregate stability, but with very 

low clay content. High aggregate stability, thus, was mainly due to high SOM and 

total soil carbon content, along with well-developed root structures under pasture. 

Mean (n = 40) soil bulk density was 1.30 Mg m-3, indicating that soils were fairly 

porous. There were considerable variations in selected soil properties between the 

individual plots, especially between D4 and D9 (plots with Borassus buffer strips), 

and between D5 and D10 (plots with Buriti buffer strips). The probable reasons are 

discussed in Section 5.6.        

 

5.3. Splash erosion    

Study results indicate high soil loss as splash erosion on bare soil. Three stages have 

been identified for raindrops impacting soil surfaces not covered by any layer (Terry, 

1998): (i) The collision and deformation of falling raindrops at the soil surface; (ii) the 

rupture and collapse of the drop into a thin disk of fluid spraying radially outwards 

from the point of impact and (iii) the jetting of daughter ejection droplets in parabolic 

trajectories away from the original drop impact point. Stages (i) and (ii) are involved 
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in the detachment process and how the soil reacts during these stages depends on soil 

physico-chemical properties (Römkens et al., 2000). Stage (iii) provides the 

mechanism for transporting the detached material (Kinnell, 2005). Thus, along with 

rainfall amount and intensity, initial soil physico-chemical properties and soil 

moisture content are some of the important factors governing the magnitude of 

rainsplash erosion.  

 

Results indicate that Borassus mats were highly effective in reducing splash erosion. 

The lower splash height and amount of splashed soil of the Borassus-covered plots 

reiterates the importance of retaining cover on sloping land, as Borassus mats serve as 

protective barriers that dissipate raindrop kinetic energy. Increasing surface roughness 

can decrease rainsplash erosion in two ways: (i) Elevated microtopography may 

provide enhanced interception positions for splashed material and may also affect 

capillary forces between soil surface and individual soil particles (Kinnell, 1974). 

Borassus mats probably increased this surface roughness by increasing the degree of 

surface rugosity (the amount of corrugation at the soil surface) (West, 1990; Eldridge 

and Greene, 1994). (ii) The possibility of water ponding in very small depressions 

amongst the Borassus mats on the surface increases with the surface roughness. The 

presence of slightly deeper water film reduces soil detachment (Moss and Green, 

1983). Hence, the reduced rainsplash erosion in the presence of Borassus mats might 

have resulted from the localized retention of an amply deep water film on the 

roughened Borassus mat surface. 

 

Following intense rainfall, fine sediment was visible, trapped by the Borassus mats. 

Mitchell et al. (2003) also observed similar phenomenen on jute geotextiles at Hilton. 

Despite the fact that Borassus mats did not significantly (P>0.05) improve SOM and 
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aggregate stability over bare plots after two years of experimentation (Table 4.15), the 

mats were very useful in reducing rainsplash erosion. In an earlier experiment (2002-

2004) at the same site, Bhattacharyya et al. (2008a) observed that the use of Borassus 

mats on bare soil significantly (P<0.05) reduced soil splash height by ~31% and 

splash erosion by ~50%. Higher effectiveness of Borassus mats in this experiment 

compared with the earlier one accords with higher soil loss under bare plots during a 

‘major’ rainfall event (during 18-25 June 2007; total precipitation = 115 mm).  

 

The ability of the geotextiles to control rainsplash erosion significantly (P<0.05) 

correlates with cover percentage, water holding capacity, thickness, increased weight 

when wet, increased ability to pond water and high roughness (Rickson, 2006). Thus, 

high percentage open area was probably the major cause of inefficiency of Buriti mats 

in reducing rainsplash erosion. The higher effectiveness of Borassus mats in reducing 

splash erosion over bare soil than that of Buriti mats (over bare soil) was attributed to 

better physical properties of Borassus mats (Table 4.3), especially lower percent open 

area and higher thickness and MSD. Ziegler et al. (1997) also reported that, in 

addition to rainfall duration and intensity, total amount of rainsplash erosion from 

soils covered with different geotextiles depends on individual product properties, 

especially surface coverage, mass per unit area and thickness. Experimental results 

showed that splash erosion reduction efficiency (SpERE; calculated after 1 h of 

rainfall simulation study) for several thick geotextiles (Futerra, C125, Curlex 1, BioD-

Mat 70, SC 150 BN, BioD-Mesh 60 and P 300) was >97%. Splash erosion reduction 

efficiency values for TerraJute and PEC-MAT were ~86 and 89%, respectively, as 

they were only 0.76 and 2.74 mm thick, respectively (Ziegler et al., 1997).  
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Higher splash erosion rates during the first study year compared with the second year 

was due to higher rainfall (both amount and intensity) received in the first year 

compared with the second year. Total precipitation during the first year was 919.2 mm 

against 812.3 mm in year two. Mean (n = 6) splash erosion under bare plots (of Set 1) 

during 18/06/07-02/07/07 (two weeks) was ~9.8 kg m-2 and that under bare plots (of 

Set 2) was ~5.5 kg m-2. Thus, during the above-mentiond period, ~39 and 35% of total 

annual rainsplash erosion under bare plots of Set 1 and Set 2, respectively, occurred 

due to only ~13% of total annual precipitation. Apart from these factors, land 

preparation operations during late 2006 and early 2007 also might have contributed to 

higher rainsplash erosion in the first year (2007-2008). In the second year (2008-

2009), undisturbed soils might have created surface sealing resulting in much lower 

splash erosion rates.  

 

Decrease in the effectiveness of Borassus mats in reducing rainsplash erosion in the 

second year over that in the first year was probably also due to the ageing effects of 

the Borassus mats. It was found that after ~10 months of surface application, both 

thickness and mass per unit area of Borassus mats decreased (Table 4.14). Thus, more 

degradation of Borassus mats during 13-24 months caused less SpERE than the first 

year (1-12 months). However, SpERE of ~82% in the second year suggests that 

Borassus mats were very effective in reducing rainsplash erosion, even in the second 

year. As Buriti mats were replaced after ~one year and as these mats were not 

effective in reducing splash erosion, year-wise comparison of SpERE of Buriti mats 

had no practical meaning. Buriti mat-cover decreased splash height more in the 

second year than in the first year, probably due to lower rainfall amounts and 

intensities.       
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5.4. Runoff volume 

Results indicated that runoff depths were notably reduced on all covered plots by 

palm-mat geotextiles compared to bare soil. As geotextiles become wet they expand 

and adhere to the soil surface, enhancing drapability (adherence to surface 

microtopography) and, hence, runoff control (Sutherland and Ziegler, 1996). The 

presence of geotextile mats on slopes affects surface erosion in several ways: (i) 

Surface runoff is divided into several smaller paths, due to the numerous obstructions 

caused by the presence of matting, thus, decreasing the overall damaging impact of 

flowing water; (ii) Mat-cover might have increased infiltration with their saturation 

and reduced flow of water by creating a network of small microdams, which further 

increased infiltration. Other studies conducted on runoff and erosion control support 

these findings (Langford and Coleman, 1996; Sutherland and Ziegler, 1996). De 

Vleeschauwer et al. (1978) observed that after two years, total porosity and 

infiltration rates of soil were highest in the organic mulch (rice straw) treatment in 

Nigeria. However, along with surface cover, slope gradient and rainfall intensity play 

major roles in determining infiltration rates (Poesen, 1984). In a laboratory study, 

Smets et al. (2007) found Borassus and Buriti mats were more effective in reducing 

runoff coefficients on a medium (15%) slope than that on a steep (45%) slope, ranging 

from ~76 to ~18%.  (iii) In addition, the surface cover of geotextiles provided surface 

roughness that retarded overland flow velocities. For example, Sutherland and Ziegler 

(2007) found coir-geotextiles significantly (P<0.05) decreased leading edge flow 

velocities by ~33% compared to the bare treatment (9.6 cm s-1). Furthermore, the 

application of geotextiles alters the shear stress partitioning of overland flow 

(Thompson, 2001; Léonard and Richard, 2004). Smets et al. (2009a), in a laboratory 

study on concentrated flow erosion rates, observed that Darcy-Weisbach friction 
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coefficients were higher for Borassus mats than Buriti mats and the friction 

coefficients were linearly correlated with mat thickness.   

 

Permanent grass plots had the lowest ROC and these plots significantly (P<0.05) 

reduced ROC over bare and Borassus completely-covered plots. This is well known 

due to higher surface roughness and better infiltration capacity of the grassed plots 

compared with the other plots. Among mat-covered plots, only Buriti buffer strip 

plots significantly (P<0.05) reduced runoff rates compared to bare plots. The reason 

for the effectiveness of Buriti buffer zone plots in reducing runoff is not obvious at 

present, except the Buriti buffer zone acts as a barrier at the lower end of the slope 

and perhaps helps to maintain a thin layer of water against the slope, promoting higher 

infiltration. Apart from that, Buriti buffer strip plots also might have reduced 

concentrated flow like the grass and Borassus completely-covered plots, as erosion 

rates of buffer strip plots were similar to those plots during the ‘major’ event. 

Recently, Smets et al. (2009a) also observed that geotextile cover percentage and 

mass per unit area were poor predictors of the hydraulic resistance of the soil surface 

against concentrated flow. Buriti mats were more effective in reducing runoff rates, 

probably due to a combination of fibre damming that enhanced ponding depth and 

fibre integration into the surface, causing higher infiltration (Sutherland and Ziegler, 

2006). Similarly, Ingold (1996) explained higher drapability of Geojute was the major 

cause for its greater effectiveness in reducing runoff rates compared with other 

products (Enviromat, Enkamat and Tensarmat).  

  

The lack of significant (P>0.05) effects of Borassus complete-cover and Borassus 

buffer strips in reducing runoff rates is unexpected. Also, in the literature there is 

conflicting information on the relation of runoff to contact cover. In Kenya, Moore et 
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al. (1979) observed that even increasing grass cover had little effect on reducing 

runoff rates in compact soils. Borassus completely-covered and Borassus buffer strips 

were not so effective in reducing runoff. This was probably because either overland 

flow bypassed the mats or considerable water flowed below the mats or a combination 

of two during major rainfall events. Smets et al. (2007) found that, in a laboratory 

study, most concentrated flow discharged below the geotextile materials. 

 

Bhattacharyya et al. (2008a) observed application of Borassus mats as 1 m protective 

buffer strips on 10 m bare soil reduced runoff by ~36% and total runoff volume from 

the completely-covered plots was ~94% more than the buffer zone plots. Thus, the 

results of this study agree with all trends, despite the relative runoff rates from the 

completely-covered and bare plots. During 2002-04, plots under Borassus completely-

covered plots had ~24% higher runoff than bare soil (Bhattacharyya et al., 2008a). 

Higher runoff in the Borassus completely-covered plots compared with the bare plots 

was mainly attributed to low precipitation amounts (<50 mm week-1) during the 

earlier study. When rainfall intensity was low, the proportion of raindrops rolling over 

the mats and discharging as runoff without direct contact with soil is perceived to be 

higher than under high rain intensity.  

           

Monthly variations in runoff rates in the plots under different treatments were mainly 

governed by weekly precipitation amount and intensity. Precipitation during May-July 

2007 was ~24% of the total precipitation received during January 2007-January 2009 

(1775.5 mm). During one week (June 2007), total precipitation was 115 mm, resulting 

in ~11.7 litres m-2 runoff generation from bare plots. That was the major reason of 

high runoff rates from all plots during May-July 2007. A greater decrease in 

infiltration capacity during higher precipitation intensity was also observed by 
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Assouline and Ben-Hur (2006), when simulated rainfall intensities of 24-60 mm h-1 

were applied to a sandy soil on five slope gradients (5-25%). 

      

Effectiveness of all treatments in reducing runoff rates decreased considerably in the 

second year compared with the first year. This was due to the combination of different 

factors. These include: (i) ageing effects of Borassus mats; (ii) low weekly 

precipitation and absence of a ‘major’ event in the second year and (iii) non-

disturbance of the plots even after one year of the experiments. As after ~10 months, 

mass per unit area and thickness of Borassus mats considerably reduced even on a flat 

surface (data presented in Section 4.8), reduction in effectiveness of these mats was 

probably, in part, governed by these factors. As mentioned in Chapter 3, new mats 

were emplaced in the Buriti buffer strip plots after just one year (January 2008), due 

to almost complete degradation of these mats after one year. Thus, ageing effects of 

mats did not influence the lower RRE of Buriti buffer strip plots in the second year. 

Buriti buffer strip plots were more effective in reducing runoff rates in the second 

year compared with Borassus completely-covered and buffer strip plots perhaps due 

to emplacement of new sets of Buriti mats in January 2008. 

      

In addition to the above-mentioned factors, no tillage operation after one year of 

experiments might have also contributed to lower runoff rates from bare plots in the 

second year than the first year. Surface tillage normally breaks pore continuity, 

resulting in less water infiltrability of soils. However, soil compaction alters soil 

structure and hydrology by increasing soil bulk density, breaking down soil 

aggregates and decreasing infiltration capacity and, thus, plays an important role in 

determining bare soil runoff rates. According to EUROSEM (Morgan et al., 1998), 

higher total runoff and total soil loss rates are predicted from a sealed sandy loam soil 
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surface compared to a fine tilth soil surface. Thus, bare soil runoff rates were 

controlled by interplay of several factors. Low weekly precipitation intensity along 

with physical and biochemical degradation of mats probably contributed to lower 

effectiveness of Borassus mats in reducing runoff rates in the second year compared 

with the first year at Hilton.  

      

Smets et al. (2009b) found comparable results. On an initial fine tilth, biological 

geotextiles were significantly (P<0.05) more effective in increasing infiltration rates 

and in reducing runoff rates compared to a sealed soil surface. Final infiltration rates 

on a sealed sandy loam soil surface (7.5-18.5 mm h-1) were observed after ~10 min of 

rainfall compared to ~50 min of rainfall on an initial seedbed (16.4-56.7 mm h-1). In 

these Hilton experiments, before placing the mats, an initial fine tilth was maintained 

and after one year the bare and mat-covered soil surface appeared sealed by raindrop 

impact. Sealing of surface soil in the bare and mat-covered plots was confirmed by 

increases in soil bulk density after two years (Figure 4.13b).   

  

Highly significant (P<0.001) correlations between runoff (L m-2) and precipitation 

(mm) over two years for all plots at Hilton indicate that utilization of palm-mat 

geotextiles was not so effective in reducing runoff rates. Thus, runoff increased with 

increase in precipitation, in accordance with usual observations (Wischmeier and 

Smith, 1978; Roose, 1996; Barthès et al. 2006). Nearly 66 and 61% of variability of 

runoff generation from Borassus completely-covered plots and Borassus buffer strip 

plots, respectively, was explained by precipitation during two years at Hilton, 

indicating that Borassus mat-cover played no role in reducing runoff rates. The least 

(only ~23%) variability of runoff generation from Buriti buffer strip plots indicates its 

effectiveness for runoff control compared with bare plots.   
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 5.5. Soil erosion 

The lowest runoff and sediment yield of the permanent grass plots confirms the 

importance of retaining protective vegetative cover on sloping land. This is because 

grass swards serve as barriers that dissipate raindrop kinetic energy. The sward also 

offers a source of organic matter to bind soil particles and the dense network of grass 

roots aids the retention of topsoil structure and aggregate stability and promotes 

infiltration (Fullen and Booth, 2006). The sward root network binds soil particles 

together; thereby, decreasing erodibility and improving stability against slope failure. 

Vegetation modifies the local microclimate altering soil moisture and reinforcing 

against hydraulic and mechanical shear stresses (Thorne, 1990). Melville and Morgan 

(2001) also reported that grass strips resulted in significantly (P<0.05) less runoff and 

soil loss than bare soil on an erodible sandy loam soil in Bedfordshire, UK.   

 

Geotextiles have also proved very effective in reducing soil erosion compared to bare 

soil surfaces in several studies (Sutherland and Ziegler, 1996; Langford and Coleman, 

1996; Mitchell et al., 2003). The effectiveness of geotextiles in decreasing soil loss 

also depends on several geotextile properties (Ogbobe et al., 1998; Rickson, 2006; 

Sutherland and Zeigler, 2007). Apart from reducing the amount of splash erosion and 

offering protection, the presence of geotextile netting on the slope controls surface 

erosion in several ways: (i) runoff control by higher infiltration rates; (ii) sediment 

deposition in microdams and (iii) drapability and, thus, sediment entrapment. Surface 

roughness of geotextiles determines the water volume that can be stored on the 

surface as depression storage and affects runoff velocity and erosivity. In case of 

geotextiles, surface roughness includes depressions where sediment deposition occurs. 

Surface roughness increases infiltration rate and slows runoff rate that reduces total 

runoff and erosion (Foster, 2005).  
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Effectiveness of geotextiles in reducing erosion by water also depends upon soil 

compaction. In a laboratory study with sandy loam soils on a moderate slope (15%) 

with five biological geotextiles, including Borassus and Buriti mats, Smets et al. 

(2009b) observed that calculated b-values from the mulch factor equation equalled 

0.054 and 0.022 for an initial fine tilth and sealed soil surface, respectively. This 

indicated a higher effectiveness of biological geotextiles in reducing interrill erosion 

on a fine tilth compared to a sealed soil surface.  

      

By presenting barriers (in the form of buffer strips) to the water flow down slope, 

soils across the slope retain more water and slow runoff, leading to less soil loss. 

Despite physical protection, runoff control and sediment entrapment, buffer zones of 

palm-mat geotextiles may considerably alter and protect flow direction; thus, creating 

several cross-drains and impeding rill formation. The rate of sediment transfer to 

cross-drains is much reduced due to infiltration and reduced flow speed and total flow 

volume. It is expected that reduced flow velocities will lead to sediment deposition 

within the small micro-dams. Wet networks of mats should then bind recently 

deposited sediment; thus, effectively conserving soil on site. Buffer strips have often 

been used to intercept sediment and nutrients (Lacas et al., 2005; Dorioz et al., 2006). 

Such buffer strips, which traditionally included grassed filter strips, are typically 2-20 

m wide and have been placed in riparian locations (Owens et al., 2007). Four main 

processes that are responsible for the effectiveness of grassed filter strips are: 

sedimentation, infiltration, adsorption and dilution (Lacas et al., 2005). Results of this 

study suggest that, although buffer strips did not significantly (P<0.05) reduced runoff 

over bare plots, these treatments were very effective in trapping sediment and placing 

only 1 m of mats was sufficient to efficiently trap sediment at Hilton.  
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Bhattacharyya et al. (2008a) found that total sediment yield in the Borassus buffer 

zone plots was ~57% less than bare plots, compared with ~93% less soil loss under 

Borassus buffer strip plots than bare ones in this study. Although Buriti mats had no 

significant (P>0.05) effect in reducing both splash erosion and splash height, both 

buffer strips of Buriti and Borassus mats were very effective and had similar effects in 

reducing soil loss. The higher drapability might have offset some of the physical 

disadvantages (such as less mass per unit area and thickness and more percent open 

area) of Buriti mats over Borassus mats. The drapability factor of Buriti mats (due to 

their flexibility) may have allowed them to conform closely to the terrain (i.e. the 

ability to follow slope contours and stay in intimate contact with the soil).  

      

In a laboratory study, Smets et al. (2007) observed that both Borassus and Buriti mats 

significantly (P<0.05) decreased interrill soil loss compared with bare soil on 15 and 

45% slopes during 45 and 67 mm h-1 rainfall intensities. In an another laboratory 

study, Smets et al. (2009a) concluded that biological geotextiles (Borassus, Buriti and 

Bamboo mats) were less effective in reducing concentrated flow erosion compared 

with interrill erosion. However, results of this field study indicated that both Borassus 

and Buriti mats as buffer strips were very effective (sediment yield reduction 

efficiency >93%) in reducing soil loss. Thus, these mats have tremendous potential 

for non-agricultural use where soil surfaces need to be stabilized and protected from 

erosion by vegetative growth (Balan and Rao, 1996).  

 

Significant (P<0.001) relationships between precipitation (mm) and soil loss (kg m-2) 

for all datasets indicate that precipitation over two years explained only ~6% of the 

variability in soil loss rates. As ROC at Hilton was <2% for all plots, precipitation 



 175 

amount did not explain soil loss rates much. Precipitation explained the variability in 

soil loss rates most (~21%) in the Borassus completely-covered plots. The 

relationship between runoff (L m-2) and soil loss rates (kg m-2) for all datasets implies 

that runoff rates explain the variability in soil loss rates by as much as ~71% at Hilton, 

despite four out of five treatments being imposed to reduce soil loss by physical 

protection. Similarly, Fox and Bryan (1999) observed stronger correlation (r2 = 0.99) 

between runoff velocity and rain-impacted soil erosion on a sandy loam soil (Luvisol) 

of Southern Ontario, Canada. The linear relationship between soil loss and runoff 

rates for precipitation-impacted flow erosion is expressed in terms of the influence of 

runoff velocity on transport capacity (Moss, 1988; Kinnell, 1990). As high as 91% of 

the variability of soil loss rates under bare plots was explained by runoff rates. In 

accordance with Jin et al. (2009), high-intensity rainfall/precipitation produced more 

runoff and sediment yield at Hilton, irrespective of treatment. During the entire 

period, it was observed that the rare ‘major event’ was responsible for most soil loss 

at Hilton. Similarly, Jin et al. (2009) observed that maximum daily precipitation at 

Luoyang, China, during 1990-2007, was ~37% of the annual average precipitation 

and two or three extreme events each year on a bare soil were likely to be responsible 

for most of the annual soil loss.             

 

5.6. Ageing effects of mats 

According to Sprague and Goodrum (1994), exposure environment is characterized by 

complex atmospheric, soil and water chemistry and unique radiation, hydraulic and 

stress-state conditions. The effect of this combination of exposures, over time, is 

called ‘ageing’. Some geotextile material may have been lost after weakening by 

being washed away with runoff. However, soil might become trapped into the 

geotextile matting, which could increase mass per unit area. Ultimately, the balancing 
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of both these processes affects the mass per unit area of the mat. At Hilton, lower 

mass of both geotextiles after ~three months might be due to the loss of degradable 

material in the mats, which exceeded inclusion of soil and organic matter in the mats. 

For both materials, thickness decreased after three months. This is because the loss of 

fibres due to rain impact (total precipitation = 149.6 mm) exceeded the inclusion of 

any organic material or soil within their blankets. Khanna (2005) also observed that 

mass per unit area of most geotextiles decreased due to material degradations.  

 

Longevity of geotextiles depends upon several external factors, such as effect of ultra-

violet (UV) radiation, degradation due to temperature and degradation due to water. 

The energy of photons is greater or equal to the strength of the chemical bond 

between the polymers and, as a consequence, can break it, causing fibre degradation 

(Khanna, 2005). Seasonal temperature change and diurnal ambient temperature 

change are most effective in affecting stress-strain characteristics of the geotextiles 

and reducing its efficiency in bringing wear and tear in the fibres. According to Hsuan 

and Koerner (1993), high temperature causes all polymer degradation mechanisms to 

occur at an accelerated rate. During heavy rainfall, very high stress may cause 

mechanical wear and tear into the blanket. However, the effect of water is less than 

UV light and cyclic temperature (Khanna, 2005). 

 

Decrease in mass per unit area and thickness of both mats after ~three, six and 10 

months of surface application was due to combination of all these factors, along with 

possible microbial degradation. As Buriti mats are softer than Borassus mats, the 

former mats almost lost their mass after ~10 months. Another factor, that was 

probably responsible for almost complete degradation of Buriti mats, was microbial 

degradation. Due to higher flexibility (lower stiffness), Buriti mats were more 
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attached on the soil surface compared with the Borassus mats. Although drapability 

was perhaps responsible for similar effectiveness of these mats to Borassus mats in 

reducing soil loss despite having less cover percentage (C, %), Buriti mats were more 

prone to microbial attack, probably due to more adsorption of SOM and fine particles. 

However, despite soil particle adsorption, thickness of both geotextiles mats 

decreased as time progressed due to their degradation.            

 

The MSD of Borassus mats increased with time until ~10 months because, as the 

material weakens due to severe environmental factors, it becomes softer. After ~10 

months, the mats became more porous than the mats at the time of installation. The 

presence of organic matter in the mats might have also contributed to an increment in 

water absorption. As the mats started to become soft, the percentage open area 

decreased resulting in better C (%) with time. Hence, even though the mass per unit 

area and thickness of both mats decreased with time, effectiveness of these mats in 

reducing splash erosion did not decrease with time. Khanna (2005) also reported mass 

per unit area of Enviromat (a natural geotextile) decreased and water absorption 

capacity (ratio of water absorbed to original mass) increased after ~three years of their 

surface application in the USA.      

 

After ~six months onwards, C (%) and MSD of Borassus mats showed decreasing 

trends. This was mainly due to combination of decreasing mass per unit area and fibre 

thickness and increasing trend of mesh size. Buriti mats maintained its C (%) until 

after ~six months of its application. However, after ~10 months, as Buriti mats were 

almost completely degraded, dispersed and accumulated in a particular point, the C 

(%) of these mats decreased substantially.  
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Adsorptions of soil particles and SOM along with absorption of dissolved nutrients 

were the possible causes in increasing selected nutrient concentrations (apart from P) 

of Borassus fibres after ~six months of their surface application. However, after 

~three months, probably due to less magnitude of both these processes and higher 

chemical degradation, selected nutrient concentrations of Buriti mats decreased. 

Although better adsorption increased elemental concentrations of Buriti mats after ~ 

six months of their application compared with after ~three months, higher chemical 

degradation might have resulted into less total Ca, S and P concentrations than the 

initial mats. Despite surface adsorption, total P concentration decreased in both 

Borassus and Buriti mats, due to the fact that organophosphates (compounds 

characterized by the possession of caborn atoms covalently bonded to P atoms) were 

most probably degraded by fungi (Krzyśko-Lupicka et al., 1997) that were perhaps 

predominantly available in the acid soils of Hilton.            

 

5.7. Changes in soil properties: Splash erosion experiments 

Decrease in aggregate stability after two years of rainsplash erosion was mainly due to 

falling raindrops. Raindrop impacts cause aggregate breakdown and compaction, 

resulting in a reduction of soil roughness with time of exposure to rain (Römkens et 

al., 2001). However, all selected soil properties including the aggregate stability in the 

bare and mat-covered plots were similar, despite considerable rainsplash erosion from 

bare plots and Borassus mats significantly (P<0.05) decreased splash erosion. This 

was probably due to the plot history. As the plots were under continuous pasture 

(except during 2002-2004 for the plots under set 1) before initiation of the 

experiments, all plots might contain grass roots, root exudates and dead above-ground 

materials. Upon degradation of these components, there was SOM addition in all plots 

causing no significant (P>0.05) decrease in SOM content, even in bare plots. 
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Although degraded plant materials contributed in maintaining SOM content, notable 

decrease in aggregate stability over the initial condition was due to presence of no or 

very little root structure in the plots in January 2009. In contrast, in January 2007, 

well developed root structures might have contributed to very high initial soil 

aggregate stability.  

 

Even though almost complete degradation of Buriti mats and partial degradation of 

Borassus mats occurred, this was insufficient to cause significant (P<0.05) increase in 

SOM with mat-covered plots compared with the bare plots. This was due to the fact 

that even after complete degradation of both mats, they would add much less total 

carbon to soil, as both Borassus and Buriti mats contain much less dry weight per unit 

area (here 1 m2) than total topsoil mass and, hence, total carbon per unit soil area. 

Borassus mats contain only ~523 g carbon m-2 and Buriti mats ~190 g carbon m-2. It 

was observed that ~50% of the Borassus mats were degraded after ~22 months and 

~100% Buriti mats were degraded after ~12 months of surface application. Hence, 

new mats were emplaced and ~100% of newly emplaced Buriti mats were degraded 

after 12 months of application (at the end of the experiments). Thus, in two years, 

total carbon additions through decomposed Borassus and Buriti mats were ~262 and 

380 g carbon m-2, respectively. Despite all these factors, both Borassus and Buriti 

mats checked the decrease in SOM content of bare plots after two years. Thus, mat-

cover would probably affect SOM in the long term. No impact of both Borassus and 

Buriti mat-cover on selected soil properties was probably also due to small plot size (1 

m2). As no information is available on effects of mulching materials/geotextiles on 

changes in soil properties after rainsplash erosion, the Hilton data have been 

compared with the study of Brunet et al. (2006). Similar to the results of this study, 

Brunet et al. (2006) found no significant (P>0.05) differences in carbon stocks 
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between restored pasture and bare (control) plots at the 1-m2 scale, although plant 

cover in the restored pastures was very effective in reducing sediment loss on the 

Brazilian Central Plateau.     

 

5.8. Changes in soil properties-runoff and erosion experiments 

5.8.1. Bulk density 

Variations in initial soil bulk density values under different treatments were mainly 

due to differences in soil bulk density values of these individual plots. Significant 

(P<0.05) variations in initial soil bulk density between D4 and D9, and between D5 

and D10 were mainly due to plot history. Before initiation of the experiments, some 

plots (D1, D2, D4, D5, D6 and D8) were under continuous pasture for >2 years and 

were used for another study to test the effectiveness of Borassus buffer strip plots in 

reducing soil and water loss during 2002-2004. Prior to that, these plots were also 

occasionally used for student projects since 1998. Some plots (D3, D7, D9 and D10) 

were permanent grassed plots. Among the permanent grassed plots, D3 and D7 were 

used previously for runoff and erosion experiments. However, D9 and D10 were 

newly created plots. Thus, as D9 and D10 were permanent grassed plots that were not 

used for soil erosion studies like D4 and D5, soil bulk density of both these plots (D9 

and D10) were significantly (P<0.05) less than D4 and D5, respectively. It was also 

observed that the initial SOM and total soil carbon content of D4 was significantly 

(P<0.001) less than D9 and that of D5 was less than D10 (Figures 5.1 and 5.2).  

 

Wynn and Mostaghimi (2006) indicated that soil bulk density was a very important 

parameter for determining soil erodibility (Kd): changes in bulk density alone 

explained nearly 33-52% of the variance in Kd. Increased bulk density resulted in 

decreased Kd. Thus, bulk density is probably an important factor in the determination 
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of the erosion resistance of soils, because it is a composite soil property that 

incorporates several fundamental soil properties (i.e. soil texture, SOM, and root 

density). Hence, changes in soil bulk density were measured after ~two years of 

experiments. Soil bulk density increased in all treatments over the initial condition, 

primarily due to raindrop impact in developing surface seals. Compaction of surface 

aggregates and the ‘washing in’ of finer particles might have produced by dispersion 

of aggregates. No tillage for nearly two years might have further aggravated the 

problem of soil surface compaction. Tillage increases total porosity, destroying 

surface crusts and manipulating surface roughness (Cogle et al., 2002). The reasons 

for significantly (P<0.05) less soil bulk density increase for Borassus completely-

covered plots compared with the Borassus buffer strip plots are not clear at present, 

apart from the effect of raindrops. The area under Borassus completely-covered plots 

was less prone to compaction by falling raindrops due to complete mat-cover. In 

comparison, ~90% of the area of Borassus buffer strip plots was prone to soil 

compaction. The less compaction was also the reason for no significant (P>0.05) 

change in soil bulk density with Borassus completely-covered plots after two years, 

while all plots (including the grassed plots) had significantly (P<0.05) higher soil bulk 

densities after two years. 
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Figure 5.1. Initial (2007) soil organic matter (SOM) of the runoff plots at Hilton. D1 and D6 
were bare, D2 and D8 were Borassus completely-covered, D3 and D7 were grassed, D4 and 
D9 were Borassus buffer strip and D5 and D10 were Buriti buffer strip plots.   
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Figure 5.2. Initial (2007) total soil carbon (g kg-1) for the runoff plots at Hilton. D1 and D6 
were bare, D2 and D8 were Borassus completely-covered, D3 and D7 were grassed, D4 and 
D9 were Borassus buffer strip and D5 and D10 were Buriti buffer strip plots.   
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T-tests for initial soil organic matter (SOM) (n = 10 for each plot): D2 versus 
D8 P<0.01; D4 versus D9 P<0.001; D5 versus D10 P <0.001; SOM values of 
other plots within the same treatment are not significant at P <0.05. 
    

T-tests for initial total soil carbon (n = 10 for each plot): D2 versus D8 
P<0.001; D3 versus D7 P<0.001; D4 versus D9 P<0.001; D5 versus D10 
P<0.001; total soil carbon values of D1 and D6 are not significant at P <0.05. 
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5.8.2. Aggregate stability 

Significantly (P<0.05) higher initial soil aggregate stability in the 0-5 cm layer of 

grass plots compared with all other treatments was most probably due to higher SOM 

content, higher root biomass and better root distribution with grassed plots compared 

with other treatments. Plot history was the major cause of differences in initial soil 

aggregate stability among different treatments. Significant (P<0.05) decreases in 

aggregate stability values in the plots under all treatments, apart from Borassus 

completely-covered plots, were mainly due to surface compaction (as a result of 

falling raindrops, surface runoff generation and soil loss) along with the presence of 

no or very little root biomass per unit area in the bare and mat-covered plots. 

Whereas, in January 2007, well developed root structures might have contributed to 

very high initial soil aggregate stability, even in bare plots. Fullen and Booth (2006) 

observed that grass ley quickly and significantly (P<0.05) increased SOM content 

after their establishment on bare soils at Hilton. Yet, permanent grass plots initially 

maintained significantly (P<0.05) higher initial soil aggregate stability than all other 

plots due to: (i) higher SOM content over bare plots and plots that were treated with 

Borassus complete cover and (ii) the previous use of other plots.  

 

Efforts were made to search for literature on the effects of geotextiles on variations in 

soil properties. However, no comparative data on effects of biological geotextiles on 

any soil properties are presently available. Although all treatments had no impact on 

SOM and TSN changes and very little impact on total soil carbon changes after two 

years, variations in aggregate stability were significantly (P<0.05) correlated with the 

imposed treatments. Bare plots (severely eroded soils) had significantly (P<0.05) 

higher decreases in aggregate stability values than Borassus completely-covered plots 

(slightly eroded soils). Lal et al. (2000) also observed that water stable aggregates 
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were significantly (P<0.05) more in slightly eroded soils compared with severely 

eroded soils in Ohio, USA. Lal et al. (2000) studied soil properties on two landscape 

positions and two erosion phases. Effect of Borassus completely-covered plots in 

maintaining soil aggregate stability after two years was probably explained by the 

favourable impact of mulching, as discussed below. Mulumba and Lal (2008) 

observed that mulch application increased soil aggregation after ~two years on a silt 

loam soil of Ohio, USA.     

 

The least decrease in aggregate stability in the plots under Borassus complete-cover 

was mainly due to cover by the mats. The mats protect the soil surface from raindrop 

impact and subsequent crust formation and reduce the rate of SOM decline. This 

treatment was better than bare plots in maintaining aggregate stability, obviously due 

to no surface cover and occasionally little or no vegetation in the bare plots during the 

experimental period (January 2007-January 2009). Although regular spraying was 

performed on the Borassus completely-covered plots during the experimental period, 

there was evidence of a very short vegetation layer below the mat-covered area. 

Previously, Godfrey and Curry (1995) also observed control plots produced 

significantly (P<0.05) less vegetation cover than protected plots by erosion-control 

products (both organic and synthetic geotextiles). Higher microbial activity in the 

Borassus completely-covered plots may be another reason for less decrease in 

aggregate stability in the plots under Borassus complete-cover compared with bare 

and both buffer strip plots. Completely-covered plots might have maintained a higher 

temperature than bare and buffer strip plots, encouraging microbial breakdown of 

residues and microbial production of polysaccharides and other organic compounds 

that stabilize aggregates (Coote et al., 1988). Temporal changes in aggregate stability 

due to the differences in microbial activity were also found by Young et al. (1990).    
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Only ~10% surface cover was insufficient to check the decrease in aggregate stability 

of both Borassus and Buriti buffer strip plots, even though the buffer strips were very 

effective in reducing rill and interrill soil loss. Rainsplash erosion within the 

uncovered surface of the buffer strip plots might have caused aggregate stability 

breakdown. Another factor that might have contributed to more decrease in aggregate 

stability in the buffer strip plots over the completely-covered plots was less vegetation 

and less root biomass in the uncovered portion of the buffer strip plots compared with 

the Borassus completely-covered plots. Borassus mat-cover within the buffer strip 

plots resulted in notably less decrease in soil aggregate stability (∆Aggregate stability 

= -24%; n = 2; ∆Aggregate stability = Final soil aggregate stability-Initial soil 

aggregate stability) compared with bare soils within the same plots (∆Aggregate 

stability = -30%; n = 18). However, reverse effects of Borassus mat-cover were 

observed within the Buriti buffer strip plots.      

 

The next best treatment, in terms of least reduction in aggregate stability, was the 

permanent grassed plots. In addition to the mulching benefits, a permanent pasture 

creates root channels, adds root biomass and increases SOM throughout the profile, 

especially in the surface soil layer (Smith et al., 1988, 1992). In accordance with the 

negative relationship between soil loss and aggregate stability in the global literature 

(Gollany et al., 1991; Barthès et al., 1999; Yan et al., 2005), the observed results 

show that both permanent grassed and Borassus completely-covered plots had the 

least soil loss over the experimental period.         

 

Although all plots had similar SOM change after two years, aggregate stability 

decrease in grassed plots was significantly (P<0.001) less than bare, Borassus buffer 
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strip and Buriti buffer strip plots. Similarly, Fullen and Booth (2006) noticed that 

aggregate stability was higher on the grassed soils compared with set-aside and bare 

soils and the differences between grassed and bare soils were significant (P<0.05). 

Both the amount and the nature of organic matter play an important role in soil 

aggregation (Tisdall and Oades, 1982). Organic binding agents that maintain or 

improve aggregate stability may be transient (e.g. polysaccharides), temporary (e.g. 

roots and fungal hyphae) and/or persistent (e.g. resistant aromatic compounds). The 

grassed plots checked the decrease in soil aggregate stability through root biomass 

that exudes organic compounds, which are easily degraded by micro-organisms 

(Goulet et al., 2004). The microbial biomass is known to produce carbohydrate 

binding agents that have roles in maintaining aggregate stability (Puget et al., 1999). 

In addition, the grass cover probably resulted in the enmeshment of soil particles by 

roots and root hairs. All these factors contributed to better aggregate stability of 

grassed plots compared with other plots. Despite all these factors, soil aggregate 

stability decrease in the grass plots over the initial condition was possibly due to an 

unusually high rainfall (both in amount and intensity) during the fourth week of June 

2007 (total rainfall = 115 mm).  

 

Positive correlations between soil aggregate stability and total soil carbon for both 

initial (2007) and final (2009) soils have been observed (Figures 5.3 and 5.4). 

However, the initial and final soil aggregate stability values were found to be better 

correlated with the initial and final SOM contents, respectively (Figures 5.5 and 5.6). 

These relationships are in agreement with the findings of many researchers throughout 

the globe. For instance, Goulet et al. (2004) observed that in the 0-5 cm layer, soil 

aggregate stability was strongly related to total soil carbon (R2 = 0.64; P<0.001) in a 

calcareous sandy loam soil of Montbrè, France. Kushwaha et al. (2001) showed 
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positive correlations between soil aggregate stability and total carbon of a sandy loam 

soil.     

 

Figure 5.3.  Relationship between soil aggregate stability and total soil carbon for all initial 
(2007) samples (0-5 cm) collected from runoff plots at Hilton. 
 

 

Figure 5.4.  Relationship between soil aggregate stability and total soil carbon for all final 
(2009) samples (0-5 cm) collected from runoff plots at Hilton. 
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Figure 5.5.  Relationship between soil aggregate stability and soil organic matter for all initial 
(2007) samples (0-5 cm) collected from runoff plots at Hilton. 
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Figure 5.6.  Relationship between soil aggregate stability and soil organic matter for all final 
(2009) samples (0-5 cm) collected from runoff plots at Hilton. 
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5.8.3. Soil particle size distribution 

5.8.3.1. Clay content  

Rhoton et al. (1979) suggested that the clay fraction was preferentially eroded 

compared to sand fraction. Lal et al. (2000) observed that severely eroded soils (bare 

plots) contained significantly (P<0.05) less clay (<2 µm) content. Clay content 

showed a decreasing trend after two years with a concomitant significant (P<0.01) 

increase in sand content in bare plots at Hilton. In agreement with Rhoton et al. 

(1979) and Lal et al. (2000), clay fraction was preferentially eroded and would 

probably take more time to show significant (P<0.05) changes. Previously, Fullen and 

Brandsma (1995) also observed that during 1985-1991, eight out of 10 bare plots at 

Hilton had decreased clay contents. Significant (P<0.05) decrease in clay content was 

also observed in the grassed plots after two years, indicating the preferential removal 

of clay particles even from permanent grassed plots.  

 

In contrast to the results of Lal et al. (2000), slightly eroded soils (grass, Borassus 

completely-covered, Borassus buffer strip and Buriti buffer strip plots) contained 

significantly (P<0.05) less clay compared with the initial values at Hilton. As soil type 

and slope of the experimental plots were similar, nature and amount of sediment 

deposition was mainly affected by management practices. Owens et al. (2007) argued 

that soil type, slope, land use and management practices influence the amount of 

sediment that is mobilized and delivered to buffers. Similar to the results (significant 

reduction in clay content within the buffer strip plots over the bare plots) of this study, 

Barling and Moore (1994) and Owens et al. (2007) observed that buffer strips 

primarily trapped sand-sized material, allowing finer fractions to pass through the 

buffer. These authors used grass buffer strips to find efficiency in reducing soil loss. 

Results of this study confirm that not only grass buffer strips, but also complete-cover 
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of grass, could not efficiently trap clay particles during erosion by water. In addition, 

the results corroborate that non-vegetative buffer strips also behave like vegetative 

buffer strips in trapping coarser particles. Higher decrease in clay with a concominant 

increase in sand within Buriti-mat covered soils compared with bare soils inside the 

buffer strip plots confirm the role of these mats in preferentially removing clay 

particles.    

     

5.8.3.2. Silt content  

Limited attention has focussed on examining the influence of geotextiles on the 

fundamental processes of erosion by water; i.e. the detachment and transport by 

splash and wash (overland flow) are rarely separated (Zeigler and Sutherland, 1998). 

One of the most environmentally important aggregate size fractions in erosion is <60 

µm (clay and silt-sized particles) because: (i) these particles sorb nutrients, 

contaminants and radionuclides; (ii) they are critical to on-site soil quality, because 

they influence various physical and chemical characteristics; and (iii) these fine-

grained aggregates are intimately linked with cation-exchange capacity and organic 

matter status. Thus, they indirectly influence soil resistance to entrainment and 

erosion, infiltration rate and water-holding capacity. Therefore, in developing 

effective erosion-control products it would be beneficial to produce products that 

significantly (P<0.05) reduce the transport of these fine-grained aggregates (Zeigler 

and Sutherland, 1998). Sutherland and Zeigler (2007) observed the sediment 

transported from the SC150BN, P300, C125 and TB1000 treatments was noticeably 

finer than that from the bare control. They explained that the ‘preferential' transport of 

fines is not an environmental concern, because the corresponding absolute masses 

were negligible. In this study, the particle size distribution of the sediments was not 

measured. However, particle size distribution analysis in the 0-5 cm soil layer 
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indicated that although Borassus completely-covered plots were very effective in 

reducing soil loss, the same treatment was not helpful in maintaining the silt content 

of the original soil. However, unlike the Borassus completely-covered plots, buffer 

strip plots of both mats maintained silt content in the soils. Higher adsorption of silt 

contents on the Borassus mats within the Borassus completely-covered plots 

compared with buffer strip plots (due to ~10% less mat surface area in the latter plots) 

might have also contributed to less silt content in the topsoil.  

 

Specific results show Borassus completely-covered plots significantly (P<0.01) 

decreased fine and medium silt contents after two years of erosion by water with a 

significant (P<0.001) increase in coarse silt content. Borassus buffer strip plots also 

significantly (P<0.05) increased coarse silt content after two years and Buriti mats had 

no effect on any of these particle sizes. Thus, in general, Borassus mats, probably due 

to their less flexibility, allowed finer particles to pass beneath the mat surface with 

runoff water.  Significantly (P<0.05) higher negative change in fine silt content of 

Borassus mat-covered plots than bare and grassed plots was due to preferential 

trapping of coarser particles by these mats.   

 

5.8.3.3. Sand content  

Significant (P<0.05) increase in topsoil (0-5 cm) sand content in bare plots after two 

years of erosion was due to preferential removal of fine particles by runoff water. It is 

well known that erosion by water does not remove all soil particles equally (Lowery 

et al., 1995; Lindstorm et al., 2000). Most literature suggests that more active and 

good quality particles (silt and clay particles) and fewer fine and coarse sand particles 

are removed (Basic et al., 2002). Significantly (P<0.05) higher sand content of the 

Borassus completely-covered plots after two years was perhaps due to the fact that 
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these mats trapped sand-sized material, allowing finer fractions to continuously pass 

below the geotextile layer. Interestingly, both Borassus and Buriti buffer strip plots 

maintained total sand contents after two years, indicating that complete-cover was not 

useful. Results specifically indicate that Borassus completely-covered and Buriti 

buffer strip plots significantly (P<0.05) increased medium and coarse sand contents 

after two years. Thus, Buriti mats showed higher trapping efficiency for medium and 

coarse silt particles. The only significant (P<0.05) effect for the changes in coarse 

sand particles between bare and Borassus completely-covered plots was perhaps due 

to higher entrapment of coarse sand particles by the latter plots.       

 

5.8.4. Soil organic matter (SOM) 

Before initiation of these experiments, some plots (D1, D2, D4, D5, D6 and D8) were 

under continuous pasture for >2 years before they were used intermittently for 

studying effectiveness of different materials (such as jute geotextiles) in reducing soil 

loss since 1998. Hence, plots initially contain plant (mostly grass) residues and cut 

leaves in the surface soil layer of these plots. Other factors were external addition of 

organic matter (through dead grass roots and residues after herbicide spraying and 

through other factors, if any) and earthworm activity. One of the other factors was 

organic matter addition through pheasants’ excreta. Despite decomposition of the 

plant materials that probably added some SOM, significant (P<0.05) decrease in SOM 

content in bare plots after two years was due to: (i) SOM removal with sediment; (ii) 

breakdown of macro- to micro-aggregates and detachment of soil particles by the 

whole process of erosion by water leading to SOM oxidation and (iii) severe soil 

erosion leading to truncation of soil profiles by removal of the surface layer (Polyakov 

and Lal, 2008). The whole process increased surface compaction, which probably 

helped SOM breakdown in the acidic environment. Previously, Fullen and Brandsma 
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(1995) observed decreasing trends in SOM from all 10 permanent grassed plots after 

~six years (1985-1991) at Hilton. They explained the depletion was probably due to 

oxidation in the bare soils and preferential removal of organic fines (Fullen and 

Brandsma, 1995).  

 

As with the splash plots, Borassus complete-cover did not increase SOM after two 

years in the runoff plots. The relative rates of two processes (viz. organic matter 

additions through plant remains and SOM losses to the atmosphere by 

mineralization), together with the rate of organic matter loss by erosion by water, 

determine whether the SOM content increases or decreases. About 50% Borassus 

mats in the completely-covered plots and ~100% Borassus mats in the buffer strip 

plots were degraded after ~21 months of experiments and, hence, these mats were 

replaced. As mentioned earlier, even after complete addition of degraded products of 

both mats within the topsoil (which is very unlikely), they would add much less total 

carbon to soil. Even if all mat-carbon retained in the topsoil (0-5 cm depth) after mat 

decomposition, the mat-derived carbon after ~two years at Hilton would be ~2610, 

523 and 380 g carbon plot-1 for Borassus completely-covered, Borassus buffer strip 

and Buriti buffer strip plots (plot size = 10 m2), respectively. The estimated mat-

derived carbon would be only ~7.0, 1.5 and 1.0% of total topsoil carbon per plot area, 

as calculated following Lal (2004). All plots, except the bare ones, had similar SOM 

after two years of erosion by water and all treatments had no effect on changes in 

SOM contents, indicating that the resultant magnitude of these processes were similar. 

Apart from Buriti buffer strip plots, SOM contents under all plots tended to decrease 

after two years, indicating that SOM loss (through sediment and runoff water) was the 

dominant process even in the mat-covered and grassed plots.  
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Despite considerable differences in sediment yields among bare plots and plots with 

different treatments, all treatments had no effect on the changes in SOM contents. 

This indicates that along with SOM loss through sediment and particulate organic 

matter (POM) was also the dominant process in this loamy sand soil at Hilton. 

Quinton et al. (2006) observed that the total amount of carbon removed as POM from 

individual plots ranged 76-312 kg ha-1 during 10 years on loamy sand to sandy loam 

soils at Bedfordshire, UK. Boye and Albrecht (2006) also observed that eroded 

organic matter in a sandy loam soil of western Kenya was mainly in the form of POM. 

However, as there were substantial differences in runoff rates among different plots, 

eroded organic matter loss through runoff probably does not explain the similar 

change in SOM contents in the plots after two years. Thus, the transport of dissolved 

organic matter (DOM) through the soil profile and loss into groundwater might have 

contributed to the net SOM loss. Qualls (2000) and Qualls et al. (2002) reported that 

ecosystems loose carbon, N and P through leaching of DOM. Dissolved organic 

matter losses by leaching was most probably the dominant factor, as ROC was only 

0.4-1.64% at Hilton (Table 4.8). Blanchart et al. (2006) reported that losses of DOM 

in runoff water were much lower than those by leaching in the West Indies.               

   

5.8.5. Total soil carbon and total soil N (TSN) 

The net change in total soil carbon after erosion by water depends upon plot history 

and several complex and interacting processes are involved: (i) breakdown of 

aggregates by erosion by water leads to total soil carbon exposure to microbial 

processes and enhances mineralization; (ii) changes in soil moisture and temperature 

regimes of eroded soil and redistribution of carbon-enriched sediments over the 

landscape increase SOM oxidation; (iii) initial presence of plant residues (root 

biomass, rhizodeposition and leaves) in soil and their conversion to SOM/total soil 
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carbon and (iv) transportation of POM by surface runoff and DOM by leaching. Thus, 

the net change in total soil carbon for a given period (∆Total soil carbon) is 

represented as (Lal, 2003): 

∆Total soil carbon = (total soil carbona + A)-(E + L + M)                                     (5.1) 

where total soil carbona is the antecedent total soil carbon stock, A is carbon input, E 

is eroded-carbon, L is leached-carbon and M is mineralized-carbon.   

 

As there was no significant (P>0.05) changes in total soil carbon in the plots under all 

treatments after two years of erosion by water, the resultant effects of all these 

processes under all plots were not significant (P>0.05). Although soil losses were 

much higher in bare compared with other plots, the change in total soil carbon in bare 

plots was similar to plots with palm-mat geotextiles. This was probably because of 

several factors as discussed for no change in SOM contents after ~two years along 

with higher carbon enrichment ratio of sediments from plots with palm-mat 

geotextiles than from bare plots. Several experiments have indicated that carbon 

enrichment ratio increases with decrease in soil losses (Roose, 1980a,b; Barthès et al. 

2006). Barthès et al. (2006) reported that although mucuna (Mucuna pruriens var. 

utilis) mulch was less effective in reducing the amount of carbon erosion than in 

reducing runoff and soil losses in a sandy loam soil of southern Benin. Apart from 

bare plots, all plots had a positive trend in increasing total soil carbon, indicating that 

mat cover was effective in protecting the decreasing trend of total soil carbon due to 

erosion by water. However, two years was probably insufficient time to show a 

notable impact of utilizing palm-mat geotextiles. Significantly (P<0.05) higher change 

in total soil carbon in the grassed plots compared with bare ones was mainly due to 

combined effect of several processes like: higher A and less E, L and M in the grassed 

plots during two years compared with bare plots.  
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Relationships between SOM and total soil carbon for both initial and final soils (n = 

100) indicate that total soil carbon explained only ~5% variability (Figure 5.7) in 

initial SOM content at Hilton against as much as ~48% variability in final SOM 

(Figure 5.8) was explained by total soil carbon. This indicates that apart from total 

soil carbon, initial SOM comprised of additional products like partially-decomposed 

or undecomposed organic materials; whereas, final soils were more decomposed and 

contained less partially-decomposed or undecomposed organic materials. Since the 

humified compounds (humic and fulvic acids) have been synthesized from non-

humified compounds (carbohydrates, amino-acids, proteins, lipids, nucleic acids, 

lignin, hormones and a variety of organic acids) by humification, initial soils at Hilton 

might have contained more non-humified compounds (mainly plant tissues) to yield 

less total soil carbon (Stevenson, 1994). In a different classification, initial soils 

contained more active pools (the least resistant fraction and is composed of 

compounds most readily available for food to micro-organisms) (Stevenson, 1994; 

Brady and Weil, 1996).                

 
Figure 5.7.  Relationship between soil organic matter (SOM) and total soil carbon for all 
initial (2007) samples (0-5 cm) collected from runoff plots at Hilton. 
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Figure 5.8.  Relationship between soil organic matter (SOM) and total soil carbon for all final 
(2009) samples (0-5 cm) collected from runoff plots at Hilton. 

 

Due to the plot history, plots treated with Borassus buffer strips initially contained 

higher TSN compared with plots treated with Borassus complete cover and permanent 

grass plots had higher TSN than bare plots. As TSN contents are known to closely 

follow total soil carbon trends, it also did not change in all plots after two years at 

Hilton. As mentioned earlier, N input through mat degradation was too low to 

contribute and total N inputs to topsoil were calculated to be only ~57, 6 and 10 g N 

plot-1 (if all degraded mat-derived N remained within topsoil) within Borassus 

completely-covered, Borassus buffer strip and Buriti buffer strip plots, respectively, 

after ~two years at Hilton. As with the increasing trends in total soil carbon contents 

in the plots under different treatments, TSN contents also had increasing trends after 

two years. Apart from inputs from plant residues, N inputs from atmospheric 

deposition might have also contributed to the increasing trends in TSN contents after 

two years of erosion by water. Schlesinger et al. (2000) in New Mexico determined 

that atmospheric deposition of total dissolved N (TDN) was 2.52 kg ha-1 yr-1 

compared with ~0.33 kg ha-1 yr-1 TDN losses through runoff.   
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5.8.6. Soil pH 

Mean soil pH decreased in all plots by ~0.07 units per year during 2007-2009 and no 

treatment had any effect on trends. In the past, Fullen and Brandsma (1995) observed 

that the decreasing rate of mean soil pH at Hilton (during 1985-1991) on 10 bare plots 

was ~0.08 units per year. Thus, Hilton agricultural plots are becoming acidic over the 

years and lime application is needed to address this issue, as increasing soil acidity 

has adverse environmental impacts. Soil acidity mainly slows nutrient cycling and 

decomposition of plant residues in soil. Significant (P<0.05) increase in soil acidity in 

all plots was attributed not only to soil loss, but also due to combined effects of 

leaching of basic cations and influence of acid rain (Fullen and Brandsma, 1995). 

Results of several other studies also confirm that erosion by water increases topsoil 

acidity (Lal, 1981; Kaihura et al., 1999; Jankauskas and Fullen, 2009).  

 

Soil erosion can either increase or decrease soil pH, depending upon the sub-soil pH. 

Increase in soil pH with severity of erosion by water was reported by Cihacek and 

Swan (1994), where erosion by water exposed the CaCO3 rich material. Leaching or 

illuviation may have concentrated bases in sub-soil, such that erosion exposed sub-

soil basic cations and increased soil pH. In contrary, Kaihura et al. (1999) reported 

that the decrease in soil pH on eroded soils might be due to acidic sub-soil exposure, 

decline in soil fertility and basic cations (especially Ca+2), and exposure of Al-rich 

sub-soil. Thus, the impact of erosion by water on soil pH change is likely to be 

influenced by the specific properties and processes associated with each soil type 

along with land use and total annual precipitation.        
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5.8.7. Selected nutrient concentrations 

5.8.7.1. Macronutrients-total P, K, Ca, Mg and S 

Total P concentrations tended to increase in all plots, despite erosion by water. This 

was probably mainly due to high soil carbohydrate content at Hilton. Processes that 

are considered to determine the element mass balances at Hilton are element inputs 

through atmospheric deposition, plant residues and external addition through mat 

decomposition and element losses through transport of suspended sediments and 

bedload sediment, leaching and plant uptake. The loss of P in sediment and dissolved 

forms is influenced by the amount and type of soil carbon and exchangeable cations 

(McDowell and Sharpley, 2003). McDowell and Sharpley (2003) found that 

increasing soil carbohydrate decreased slaking, by binding the soil together and 

making P less available for loss.  

 

Significantly (P<0.05) higher total P concentrations after two years in the plots under 

bare, Borassus completely-covered and Borassus buffer strip plots in spite of probable 

P losses through surface runoff was mainly due to higher P inputs than its losses. As 

compared to the mean increase in total P concentration (0.118 g kg-1 soil) in these 

three plots, total P input through atmospheric deposition was much less. However, 

experiments in New Mexico showed that despite nutrient losses in runoff, all plots 

showed net accumulations of Cl, S, Ca, N, K, Na and Mg due to inputs from 

atmospheric depositions (Schlesinger et al., 2000). Hence, an attempt was made to 

determine atmospheric input of selected elements. Total P input through mat 

decomposition was probably higher than atmospheric deposition at Hilton. The 

estimated total P inputs in the plots under Borassus complete-cover, Borassus buffer 

strip and Buriti buffer strip were ~0.009, 0.001 and 0.002 g kg-1 topsoil (considering 

50% decomposition of Borassus mats and 100% decomposition of two sets of Buriti 
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mats during the study period and assuming all decomposed mat-derived P was 

retained in the topsoil). However, mat derived total P inputs were much less compared 

with the change in total P after two years of erosion by water.      

 

At Hilton, during the experimental period, total P input through atmospheric 

deposition was ~0.003 g kg-1 topsoil (Table 5.1). Schlesinger et al. (2000) in New 

Mexico determined that total dissolved P input through atmospheric deposition was 

0.08 kg ha-1 yr-1. The higher calculated total P deposition at Hilton (~3 kg ha-1 yr-1) 

compared with New Mexico was probably due to much less precipitation (~230 mm 

yr-1) at the latter site as against ~888.3 mm yr-1 at Hilton during 2007-2009. Thus, 

significant (P<0.05) increases in total P in bare, Borassus completely-covered and 

Borassus buffer strip plots were mainly due to external total P inputs as plant/root 

residues and possibly pheasants’ excreta. It was visually observed that during the 

experimental period pheasants’ excreta were in this order: mat covered plots>bare 

plots>grassed plots. Higher uptake of available P in the grassed plots might have 

resulted in no significant increase in total P concentration. That was also the probable 

reason for significantly (P<0.05) less change in total P concentration in grassed plots 

than bare and Borassus completely-covered plots.           

 

 Owens et al. (2007) noticed that grass buffer strips were effective in trapping coarse 

sediment fractions and the particulate P associated with these fractions, mainly within 

the first few metres of the buffer feature. It has also been noticed that buffer strip plots 

retained coarse size particles at Hilton. Thus, finer fractions that contain higher total-P 

concentrations might have passed through buffer zones. Hence, the increase in total P 

concentrations within the Buriti buffer strip plots was not significant (P>0.05) and 

that within the Borassus buffer strip plots was less significant (P<0.05) than bare plots 
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(P<0.001). Kuusemets and Mander (2002) found that grass buffer strips also 

decreased nutrient leaching in South Estonia. However, if the non-vegetative buffer 

zone also behaved like the grass buffer zone, it was not apparent in this study.        

 

Table 5.1. Total atmospheric deposition of selected macronutrients in the topsoil (0-5 cm at 
Hilton, UK during 08/01/07-23/01/09 (total precipitation = 1776.5 mm). 
 
Macronutrient Atmospheric deposition  

(g kg-1 soil) a 
P 0.003 
K 0.022 
Ca 0.028 
Mg 0.002 
S 0.007 
a Calculated based on mean (n = 16) nutrient concentrations in precipitation during 26/03/07-
31/03/08. 
 

Significantly (P<0.001) higher total K concentration after two years within topsoil of 

Borassus completely-covered plots could be due to retention (by less leaching) of 

added total K by plant residues and mat-derived K. Under low intensity rainfall, mat 

protection all over the soil surface might have retarded the leaching of cations. 

Estimated total K additions by Borassus and Buriti mats were ~3.78 and 0.36 g m-2 

soil. Atmospheric deposition of total K was also considerable (Table 5.1), which is 

perceived to have contributed in the increasing trends of total K concentrations for all 

plots after two years, despite K losses through runoff and soil erosion. Durán Zuazo et 

al. (2004) found that a greater proportion of K was transported in runoff than in 

sediments in Spain. Total K concentrations had increasing trends under all plots after 

two years, indicating that exposed sub-soil is calciferous, containing high amounts of 

bases (Cihacek and Swan, 1994; Changere and Lal, 1995). Lal et al. (2000) also 

observed that severely eroded soils (bare plots) contained more K than slightly eroded 

soil. No significant (P>0.05) differences in initial total P and total K concentrations, 

despite differences in plot history, was probably due to balancing effects of common 

vegetation during 2004-2006.        
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Significant (P<0.05) differences in initial total Ca concentrations indicate that 

development of pasture (for ~30 months) was insufficient to balance the differences in 

total Ca contents. Both bare plots and those treated with Borassus complete-cover had 

high erosion by water in the past, leading to less initial total Ca contents compared 

with grassed and newly created (buffer zone) plots. Despite considerable atmospheric 

deposition (Table 5.1) and despite estimated total Ca addition of ~10.4 g m-2 soil by 

Borassus mats, significantly (P<0.01) less total Ca contents in the plots under 

Borassus complete-cover and Borassus buffer strips was probably due to significantly 

(P<0.05) less clay and silt contents in the Borassus completely-covered plots and less 

clay content in the Borassus buffer strip plots. Significant (P<0.05) decrease in clay 

particles in the Borassus buffer strip plots was also the probable reason for 

significantly (P<0.05) higher negative change in total Ca compared with bare plots. 

Similarly, Fullen and Brandsma (1995) reported that total Ca content decreased at 

Hilton after ~six years of erosion by water. Although clay content decreased in the 

Buriti buffer strip plots, total Ca content did not significantly change in these plots. 

The reasons are not obvious and need further investigations. Significantly (P<0.05) 

less negative change in total Ca content in grassed plots than Borassus buffer strip 

plots was probably because the former plots had continuous total Ca inputs through 

plant residues to replenish leaching and runoff losses of Ca. 

 

Despite leaching and surface runoff, all plots had no changes in total Mg 

concentrations after two years. Initially, significantly (P<0.05) higher total S content 

of plots treated with Borassus buffer strips than bare plots was most probably due to 

the plot history. Changes in total S contents after two years of erosion by water from 

the plots under different treatments were similar and, hence, indicate that such 
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treatment differences would occur long term. All plots had increasing trends in total S 

concentrations, indicating that acid rain (Fullen and Brandsma, 1995; Schlesinger et 

al., 2000) probably contributed (Table 5.1) along with small additions by the mat-

derived S. 

 

5.8.7.2. Micronutrients-Zn, Cu, Fe, Mn, B and Mo, Cl 

Apart from total Cl concentration, all plots initially contained similar selected 

micronutrient concentrations. Mainly grass plots had the highest total Cl and bare 

plots had the lowest, indicating that common vegetation for >2 years was not able to 

replenish the soluble salt losses from bare plots. Despite atmospheric deposition 

(Table 5.2), all plots contained similar total selected micronutrients, perhaps due to 

their losses through leaching, soil erosion and surface runoff. In general, total Zn, Cu, 

Mn and Cl contents had decreasing trends in the plots under all treatments. Fullen and 

Brandsma (1995) reported that total Cu content decreased at Hilton after ~six years of 

erosion by water. Only total Fe contents had increasing trends after two years. Acidity 

and exposure of sub-soil that contains more Fe/Al phosphates might have been the 

reason.       

 
Table 5.2. Total atmospheric deposition of selected micronutrients in the topsoil (0-5 cm at 
Hilton, UK during 08/01/07-23/01/09 (total precipitation = 1776.5 mm). 
 
Macronutrient Atmospheric deposition 

(mg kg-1 soil) a 
Zn 0.542 
Cu 0.839 
Fe 0.087 
Mn 0.011 
a Calculated based on mean (n = 16) nutrient concentrations in precipitation during 26/03/07-
31/03/08. 
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5.9. Effectiveness of palm-mat geotextiles for soil conservation: linkage between 

overall literature review findings with current experimental results 

Analysis of all collated data indicated C (%) was the most important variable 

determining the effectiveness of geotextile cover in reducing SLR. This was true with 

the results of rainsplash soil loss at Hilton during January 2007-2009, as Borassus 

mat-covered plots (C ~77%) had notably less SLR (~0.11) than Buriti mat-covered (C 

~44%) plots. However, buffer strips of both mats were as effective as Borassus 

completely-covered plots in reducing SLR from the runoff plots. This indicated that 

management technique was the most important variable in these experiments, rather 

than C (%). As I and D were not measured and all plots had the same L and S at 

Hilton, effects of these variables on SLR during the experimental period could not be 

compared with the overall results of Chapter 2. Initially, although the bare and 

Borassus completely-covered plots had significantly (P<0.05) higher silt and clay 

contents than grassed plots, the bare, Borassus completely-covered, Borassus buffer 

strip and Buriti buffer strip plots had similar sand, silt and clay contents. Hence, no 

conclusive evidence can be identified regarding the effects of soil texture on the 

effectiveness of palm-mat geotextiles at Hilton. On the contrary, significantly 

(P<0.05) less sediment yield of both Borassus and Buriti buffer strip plots than bare 

plots indicated that significantly higher SOM content of Borassus and Buriti buffer 

strip (than bare plots) might have played a role. The overall review in Chapter 2 

indicated that geotextiles were more effective on soils with low SOM content than 

with high SOM content. This was also partially true at Hilton, as despite Borassus 

completely-covered plots having significantly less initial SOM content than Borassus 

buffer strip plots, SLR of Borassus completely-covered plots (SLR = 0.02) was 

notably less than Borassus buffer strip plots (SLR = 0.07). However, it should be 

noted that Borassus completely-covered plots had ~77% cover against only ~8% 
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cover in the Borassus buffer strip plots. As with the conclusion of Chapter 2 for all 

data (collated from interrill and rill and interrill water erosion experiments), C (%) 

played no significant role in reducing RR at Hilton. As all mat-covered plots had 

similar ROC at Hilton, initial variations in some soil properties like SOM and clay 

contents had no effects on the effectiveness of palm-mat geotextiles in reducing RR.            

 

Recorded soil losses reflect sediment delivery from the plots. Although the buffer 

strip treatments appear to have low erosion rates, in reality this treatment may have no 

effect on erosion processes on the plot, but it does prevent sediment movement off the 

plot. It is also noteworthy that the buffer strip plots had only ~33% of the total runoff 

volume of bare plots during the experimental period (January 2007-January 2009).  

   

5.10. Feasibility of using palm-mat geotextiles 

Jin and Englande (2009) observed that although the most effective soil erosion 

protection was found by Geojute and Curlex (>90% reduction in soil erosion rates), 

straw bedding was five times as cost effective as Geojute and Curlex. However, straw 

mulch is mostly applied on croplands where slope gradients rarely exceed 20%. On 

the other hand, geotextiles can be installed on steep slopes (>20%) because they are 

anchored to the soil surface. In some developing countries, due to fodder scarcity, 

straw (mainly rice and wheat) is used as cattle feed. Hence, geotextiles constructed 

from suitable and unused plant materials might be readily available for soil 

conservation.   

      

The use of palm-mat geotextiles has cost and resource implications. These include the 

costs of the production and distribution of mats and labour costs in their emplacement. 

Generally, Borassus mats could be constructed at a competitive price of ~€0.3 m2, 
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which is in the mid-price range compared with other biogeotextiles (such as jute and 

coir geotextiles). However, Buriti mat production would cost ~€3.0 m2. Thus, 

widespread use of the mats is probably not viable. Their use could be appropriate in 

high-value and specific sites. Studies show these sites could include orchards, 

vineyards, archaeological sites, agroforestry sites, building and road construction 

sites, urban erosion sites, gully stabilization and reclamation projects, coastal defence 

and mine tailings.  

 

To address the cost effectiveness of using palm-mat geotextiles in cultivated areas, 

these mats could be used as buffer strips with high erosion risk. Mean soil erosion of 

maize plots in Europe is ~14.0 Mg ha-1 yr-1 (Cerdan et al., 2006). However, in the UK, 

soil erosion of maize plots ~5.3 Mg ha-1 yr-1 and plots with winter cereals erode at 

~2.3 Mg ha-1 yr-1 (Morgan, 1985). Mean soil loss in plots under potatoes (Solanum 

tuberosum) and sugar beet (Beta vulgaris subsp. vulgaris) is estimated to be ~2.53 and 

3.04 m3 ha-1, respectively (Boardman and Evans, 2006). Again mean annual soil loss 

in the plots (on a 25o slope) under 3-yr rotation of Brussels sprouts, potatoes, cabbage, 

broad beans and carrots was estimated at ~4.3 Mg ha-1 for sandy soil in the UK with 

mean annual precipitation of 550 mm (Morgan and Finney, 1982). The estimated 

mean soil loss to produce maize and soybean (Glycine max) in a rotation in the USA 

(long term mean annual rainfall ~900 mm) was ~5.3 Mg ha-1 yr-1 (O'Neal et al., 2005). 

In the experimental years with similar total rainfall at Hilton, buffer strip plots on bare 

soil (area coverage ~10%) had ~0.2-0.9 Mg ha-1 yr-1. The rate of soil loss in these 

plots at Hilton would probably have been less if crops were grown. Thus, buffer strips 

of palm-mat geotextiles were very effective on arable soils with a moderate slope.  

 



 207 

At ~€0.30 per square metre (~€3000 ha-1), covering agricultural soil completely with 

Borassus mats would not be economically viable, even if the mats could be recycled 

for ~two years. Covering completely with Buriti mats would cost much higher. 

However, complete-cover may be worthwhile for roadside construction and the 

preservation of archaeological sites. The use of Borassus mats as buffer strips (area 

coverage ~10%) in vulnerable segments of agricultural land could be worthwhile in 

plots under certain high value crops (like horticultural crops). Pimentel et al. (1995) 

estimated total on-site and off-site costs of ~$196 ha-1 for soil loss by water and wind 

at 17 Mg ha-1 yr-1 in the USA. That estimated cost was exclusive of loss of water as 

runoff, soil biota and biodiversity, SOM, secondary and micro-nutrients, water 

holding capacity and other soil physical properties, crop yield and energy cost due to 

soil erosion by water. About 10% of all energy used in U.S. agriculture is spent to 

offset the losses of nutrients, water and crop productivity caused by soil erosion 

(Pimentel et al., 1995).  

 

At Hilton, Borassus buffer strip plots during two years of experimentation year saved 

~21.8 Mg soil loss ha-1. Assuming all other factors are similar to the study of Pimentel 

et al. (1995), these plots would have saved $125 ha-1 yr-1 (based on 1995 estimates) or 

$250 ha-1 for ~two years as against $400 ha-1 as production costs (material and labour 

costs) of these mats (based on 2005 estimates). The costs of erosion are also high in 

other regions of the world and depend mainly on the rate of soil loss. Dhruva et al. 

(1983) estimated that soil erosion is taking place at 16.35 Mg ha-1 yr-1; thus, 6.6 x 109 

Mg of soil is lost from India every year (Lal, 1993). Chaudhary and Das (1990) 

estimated 5.4 Mg fertilizer loss worth $245 million each year. Fullen et al. (2007) 

observed that Borassus and Buriti mats are not only effective in the UK but also these 

mats and locally constructed mats in China, Thailand and Vietnam are very effective 
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in regions with high soil erosion rates. Apart from the economic and environmental 

benefits of using mats as stated above, the other advantages are that the mats would 

last for ~two years and, until now, these materials of palm trees are not being used by 

local communities. Furthermore, in the broader sense, the economic costs of 

producing these mats could go from a group of farmers/individuals to socially 

disadvantageous groups. Again, cost estimates of mat production within the Borassus 

Project are based on small-scale (cottage industry) basis. If production was organized 

on larger scales, unit costs would fall considerably.   

 

5.11. Summary 

Higher effectiveness (~89%) of Borassus mats in reducing rainsplash erosion implies 

mats could well protect soil from splash erosion. However Buriti mats, due to their 

less cover percentage, mass per unit area and thickness compared with Borassus mats, 

were not effective in rainsplash erosion control. Both mats did not significantly 

(P>0.05) improve selected soil properties (i.e., SOM, particle size distribution, 

aggregate stability, pH, total soil carbon and TSN) as SOM input from mat-

decomposition was very much less per unit area. However, emplacement of Borassus 

and Buriti mats on bare soils curbed the decrease in SOM contents after two years, 

indicating that improvements in some soil properties might take place over longer 

durations.   

 

Individual Borassus buffer strip and Buriti buffer strip plots had significant (P<0.05) 

variations in runoff rates after two years, mainly due to differences in some initial soil 

properties. Among palm-mat geotextile treatments, Buriti buffer strip plots had 

significantly (P<0.05) less runoff rates compared with bare plots despite Buriti mats 

possess less thickness, cover percentage and mass per unit area. This was probably 
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due higher drapability of Buriti mats than Borassus mats. Higher drapability might 

have allowed less water flow beneath the Buriti mats. Precipitation explained >60% 

variability in runoff rates of both Borassus completely-covered and Borassus buffer 

strip plots, indicating that notable water flow might have occurred in the plots with 

Borassus mats. Even though the differences in total runoff rates between bare and 

Borassus buffer strip plots were not significant (P>0.05), there was ~71% reduction in 

runoff rates by the Borassus buffer strip plots.  

 

Soil loss data indicate that all palm-mat geotextile treatments and grassed plots were 

>92% effective in reducing soil erosion compared to bare plots. Furthermore, 

Borassus buffer strip plots were as effective as complete-cover of the same mats and 

permanent grass plots in reducing soil loss. Thus, this work forms one of the 

pioneering research attempts on the application of palm-mat geotextiles for soil 

erosion control on problematic slopes and the study indicates that complete-cover 

might be unnecessary. Despite reducing the amount of rainsplash erosion and splash 

height, the presence of Borassus mats on the slope controls surface erosion by runoff 

control, sediment deposition in microdams and sediment entrapment. The 

overwhelming effects of buffer zones in reducing soil loss may be explained by 

presenting a barrier and considerably altering and protecting flow direction; 

ultimately, resulting in reduced flow velocities that might have led to sediment 

deposition within small micro-dams. Runoff rates correlated better with soil loss rates 

compared with precipitation versus soil loss rates in the plots under all treatments at 

Hilton, reiterating the role of surface runoff in sediment transport.    

 

Decrease in mass per unit area of both mats after their surface application (0o slope) 

with time indicates that loss of geotextile materials after weakening by being washed 
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away with runoff was higher than soil trapped in the geotextile matting. As Buriti 

mats are softer than Borassus mats, the Buriti mats lost their initial mass more after 

~10 months of study on ageing effects and were almost completely lost in the runoff 

and splash plots after ~12 months of their application. The functional longevity of the 

Buriti mats for the runoff plots is ~one year. However, Borassus mats from 

completely-covered plots were ~50% degraded and that from buffer strip plots were 

~100% degraded after ~21 months. Thus, the longevity of Borassus mats is ~21 

months at Hilton, suggesting that use of Borassus mats as buffer strips would be more 

economically-viable compared with use of Buriti mats.   

    

Variations in some initial selected soil properties under different treatments were 

mainly due to differences in those soil properties of their individual plots. The 

individual plot differences appeared to be governed by the plot history. In fact, some 

plots (D1, D2, D4, D5, D6 and D8) were under common permanent pasture during 

2004-2006, were under different treatments during 2002-2004 and were used earlier 

also intermittently for erosion by water studies since 1998. Out of these plots, D1 and 

D6 were always used as bare plots. Two plots (D3 and D7) were permanent grass 

plots. Two other plots (D9 and D10) were newly converted from permanent grass and 

D9 was under Borassus buffer strip treatment and D10 was under Buriti buffer strip 

treatment. Hence, most of the selected initial soil properties like bulk density, 

aggregate stability, clay, silt and sand content, SOM, total soil carbon, TSN, total Ca, 

total S and total Cl had significant (P<0.05) differences between some plots that were 

treated with several treatments in January 2007. Mostly, soil property values were 

higher (apart from bulk density) with grass, Borassus buffer strip and Buriti buffer 

strip plots. This was understandable as the effects of grass cover improved these 

properties and reduced soil bulk density with addition of SOM (the dilution effect). 
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Borassus completely-covered plots restrained the significant (P<0.05) increase in soil 

bulk density and significant (P<0.05) decrease in aggregate stability after two years of 

erosion by water. A complete-cover by mats in Borassus completely-covered plots 

was instrumental in less compaction by falling raindrops, resulting in stable bulk 

density and aggregate stability. Even grassed plots had a significant (P<0.05) increase 

in soil bulk density and decrease in aggregate stability, probably due to the very high 

and rare erosive rainfall during late June 2007. Thus, completely-covered plots, 

although unnecessary to control erosion by water, might be necessary to protect some 

inherent soil properties after major erosive events. Even though, all treatments had no 

impact on SOM and TSN change and very little impact on total soil carbon change 

after two years, variations in aggregate stability were significantly (P<0.05) affected 

by the imposed treatments, suggesting that SOM is not the single parameter to affect 

soil aggregate stability. Compaction coupled with breakdown of initial root networks 

might have reduced soil aggregate stability at Hilton. 

 

Except bare plots, all plots had significantly (P<0.05) less clay contents after two 

years, indicating that grassed and mat-covered plots had roles in preferentially 

removing fine particles. Borassus completely-covered plots even significantly 

(P<0.05) decreased silt content with a concomitant significant (P<0.01) increase in 

sand content. Thus, Borassus completely-covered plots are not useful in maintaining 

soil particle size distribution; whereas, buffer strip plots almost behaved like the 

permanent grassed plots. Apart from significantly (P<0.05) decreasing clay content 

and increasing coarse silt particles, Borassus buffer strip plots were effective in 

maintaining the other particle sizes in soils after two years. Results explicitly indicate 

that Buriti buffer strip plots significantly (P<0.05) increased medium and coarse sand 
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contents after two years.  Thus, among geotextile treatments, Borassus buffer strips 

were most effective in maintaining soil particle size distribution.  

 

With the exception of bare plots, all plots maintained SOM after two years of erosion 

by water. Soil organic matter removal with sediment and POM removal with surface 

runoff were probably the major processes for significant (P<0.05) decreases in SOM 

content in bare plots after two years. As with the splash plots, Borassus complete-

cover did not increase SOM after two years in the runoff plots probably due to the fact 

that SOM losses (mainly through mineralization, leaching, runoff and soil erosion) 

were more than SOM additions (mainly through continuous annual inputs, 

humification and mat-derived SOM). As all treatments had decreasing trends in SOM 

contents after two years, SOM loss through leaching (as DOM) and surface runoff 

were probably dominant processes at Hilton. Total soil carbon and TSN contents also 

did not change significantly after two years, indicating that the resultant effects of 

carbon and N additions and losses were not significant (P>0.05). However, apart from 

bare plots, all plots had a positive trend in increasing total soil carbon, suggesting that 

mat cover was effective in protecting the decreasing trend and two years was probably 

insufficient time to show significant (P<0.05) impacts of utilizing palm-mat 

geotextiles.   

 

Apart from particle size distribution, both Borassus and Buriti mat-covers had little 

effect on changes in selected soil properties compared with bare soils within the 

buffer strip plots. However, results show that mat-covers on bare soils within the 

buffer strip plots were effective in curbing SOM and total soil carbon losses. Buriti 

mat-covers were effective in preferentially retaining sand and removing clay in the 

buffer zones compared with bare soils inside the buffer strip plots. Along with the 
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mat-cover, the position of the plots (lower ends) might have also contributed to the 

notable differences in particle size distribution within the buffer strip plots.    

   

Soil pH significantly (P<0.05) decreased after two years in all plots, probably due to 

leaching of basic cations. In fact, significant (P<0.01) decreases in total Ca contents 

were observed in the Borassus completely-covered and Borassus buffer strip plots and 

other plots had a decreasing trend. An increasing trend in total P (0-5 cm depth) 

indicates that higher P inputs were greater than losses. As total P inputs through 

atmospheric deposition and decomposed mats were very less than the increased 

amount of total P, total P loss through erosion by water might have been less. A novel 

concept by McDowell and Sharpley (2003) stated that increasing soil carbohydrate 

decreased slaking effects, by binding the soil together and making P less available for 

loss by erosion by water. Thus, probable higher carbohydrate content of Hilton soils 

might not contribute to eutrophication. The increase in total P concentrations within 

the Buriti buffer strip plots was not significant (P>0.05), as finer fractions that contain 

higher total-P concentrations might have passed through buffer zones. 

 

The reasons for significantly (P<0.001) more total K content in the plots under 

Borassus complete-cover are not obvious, apart from probably higher  retention (by 

less leaching) of added total K by plant residues and less leaching of total soil K from 

these plots. Inputs of all selected macronutrients through atmospheric deposition and 

decomposed palm-mat geotextiles were calculated and it was observed that such 

inputs were less at Hilton compared with changes in those nutrient concentrations 

after two years. Less total Ca contents in the plots under Borassus complete-cover and 

Borassus buffer strip plots was probably due to removal of significantly (P<0.05) 

smaller sized particles. Despite leaching and surface runoff (losses) and atmospheric 
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deposition and mat-derived nutrients (gains), all plots had no significant (P>0.05) 

changes in total Mg, S or selected micronutrient concentrations after two years. In 

general, total Zn, Cu, Mn and Cl contents had decreasing trends in the plots under all 

treatments, suggesting losses of these nutrients were dominant at Hilton and could 

become significant in the long term.   

 

Significantly (P<0.05) less soil loss from the plots under both Borassus and Buriti 

buffer strips compared with bare plots and no significant (P>0.05) decrease in 

selected soil properties (excluding clay content) indicate that buffer zones are multi-

functional, environmentally-friendly and cost-effective eco-technological measures to 

control erosion by water. As the longevity of Borassus mats were ~two times higher 

than Buriti mats and Borassus mats are much cheaper than Buriti mats, use of 

Borassus mats as buffer strips is proposed as the most effective erosion control 

measure on erodible, loamy sand soil. These buffer strips of imported mats could 

possibly be used on bare soils once the main crop is harvested or in some pockets of 

cultivated areas with high erosion risk and with high value crops.    
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CHAPTER 6: CONCLUSIONS 

 

Geotextile mats constructed from leaves of Borassus aethiopum and Mauritia 

flexuosa are termed Borassus and Buriti mats, respectively. This thesis reports the 

effectiveness of using palm-mat geotextiles (Borassus and Buriti mats) in reducing 

soil erosion and that a partial cover by these mats on a loamy sand soil is especially 

useful at Hilton, East Shropshire, UK. The thesis also provides information regarding 

changes in selected soil properties two years after utilization of these mats to reduce 

erosion by water. Thus, it is the first Ph.D. research programme conducted with palm-

mat geotextiles to address treatment effects on rainsplash erosion, rill and interrill 

erosion in conjunction with changes in selected soil properties after ~two years of 

field studies. The research aimed at investigating the effects of Borassus complete- 

cover and buffer strips of Borassus and Buriti mats on the potential contribution to 

soil conservation and evaluating any effects of these treatments on selected soil 

physical (bulk density, aggregate stability and particle size distribution), chemical and 

physico-chemical (soil organic matter, total soil carbon, total soil N and pH) 

properties and selected soil nutrient concentrations (total P, K, Ca, Mg, S, Zn, Cu, Fe, 

Mn, Mo and Cl). This research also examined the hypotheses that buffer strips of 

Borassus mats can be as effective as complete-cover of the same mats and can be 

more effective than buffer strips of Buriti mats in erosion control and improving 

selected soil properties, due to better physical properties of Borassus mats compared 

with Buriti mats.  

 

6.1. Summary of research conclusions  

The research contributes to knowledge on several treatment effects on soil 

conservation and specific soil properties: 
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The first objective was to investigate the effectiveness of both Borassus and Buriti 

mats in reducing splash height and soil splash erosion. The results of ~two years 

(2007-2009) of field experiments indicate the use of Borassus mats on bare soil 

significantly (P<0.001) reduced soil splash height by ~52% and splash erosion by 

~89%. The decreases in both rainsplash erosion and splash height by Buriti mat cover 

on bare soil were not significant (P>0.05).  

 

The second objective was to examine the effects of employing both Borassus and 

Buriti mats on bare soils in decreasing runoff and soil loss on a medium slope at 

Hilton. Results after ~two years imply that emplacement of Borassus mats as 1 m 

protective buffer strips at the lower end of 10 m long plots on bare soil (area coverage 

~10%) decreased total soil erosion by ~92% (P<0.01). The completely-covered plots 

of the Borassus mats and buffer strip plots of the Borassus and Buriti mats had similar 

impacts in reducing soil loss compared with bare plots. Total runoff from Borassus 

completely-covered and buffer strip plots were similar. Thus, the hypothesis that 

buffer strips of Borassus mats can be as effective as complete-cover of the same mats 

in reducing both runoff and soil loss was accepted.  

 

To further evaluate the second objective, ageing effects of both these mats at Hilton 

after their surface application were also investigated. After ~10 months, Buriti mats 

lost ~70% of their initial weight and ~50% of their initial cover percentage (C, %); 

whereas, Borassus mats maintained similar C (%) to the initial condition, although 

mass per unit area decreased by ~20%. During runoff experiments, it was observed 

that the longevity of Borassus mats was ~two years as against ~one year for Buriti 

mats. Hence, another hypothesis that buffer strips of Borassus mats would be more 

effective than Buriti mats was also accepted, despite the fact that both mats had 
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similar soil conservation effectiveness. However, this hypothesis was accepted not 

only due to relatively better physical properties (i.e. mass per unit area, thickness and 

cover percentage) of Borassus than Buriti mats, but also due to the greater longevity 

of Borassus mats.        

 

The third objective was to study the effects of utilizing these mats on selected soil 

properties. Results from rainsplash experiments reveal that no treatment effects were 

found relating to changes in selected soil properties (bulk density, aggregate stability, 

particle size distribution, soil organic matter, total soil carbon, total soil N and pH). 

Probably the experimental period may have been insufficient to establish changes in 

these soil properties. Results from runoff experiments demonstrate that, except for 

Borassus completely-covered plots, all plots significantly (P<0.05) increased soil bulk 

density and decreased aggregate stability. However, Borassus completely-covered 

plots were not useful in maintaining soil particle size distribution, as in these plots 

both clay and silt particles significantly (P<0.05) decreased with a concurrent increase 

in sand content after ~two years. Borassus buffer strip plots significantly (P<0.05) 

increased coarse silt content; whereas, Buriti buffer strip plots significantly (P<0.05) 

increased medium and coarse sand contents. Data specifically reveal that Buriti mat-

covers were effective in preferentially retaining sand and removing clay in the buffer 

zones compared with bare soils inside the buffer strip plots.   

 

All treatments had no effects on changes in pH, total soil carbon or total soil N (TSN) 

after ~two years of erosion by water. Only bare plots had significantly (P<0.05) less 

soil organic matter (SOM) contents. Soil reaction (pH) decreased uniformly in all 

plots, probably due to leaching of basic cations. Thus, perhaps the experimental 

duration may have been insufficient to determine changes or changes that might have 
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occurred may have been masked by other processes (of gains and losses), so that no 

treatment effects were found relating to changes in SOM, total soil carbon or TSN. 

Apart from particle sizes, both Borassus and Buriti mat-covers had little impact on 

changes in selected soil properties compared with bare soils inside the buffer strip 

plots. However, results show that mat-covers on bare soils within the buffer strip plots 

were effective in restraining SOM and total soil carbon losses.  

 

The fourth objective was to enumerate the impact of using these mats on changes in 

selected nutrient concentrations in soil. Observed data indicate that total P and total K 

contents with Borassus completely- covered plots significantly (P<0.01) increased and 

total Ca content decreased after ~two years. However, except grass plots, all plots had 

significant (P<0.05) increases in total P concentrations. Borassus buffer strip plots 

also had significant (P<0.05) decreases in total Ca contents. The increases in total P 

and K contents within Borassus completely-covered plots were significantly (P<0.05) 

higher than both grass and Buriti buffer strip plots. Borassus buffer strip plots 

significantly (P<0.05) decreased total Ca content compared to bare and grass plots. 

Treatments had no significant (P>0.05) effects on changes in other selected nutrient 

(Mg, S, Zn, Cu, Fe, Mn, Mo and Cl) concentrations. Thus, the hypothesis that buffer 

strips of Borassus mats can be more effective than buffer strips of Buriti mats in 

improving selected soil properties was partially accepted, as Buriti buffer strip plots 

increased medium and coarse sand contents. In contrast, Borassus buffer strip plots 

increased coarse silt and total P contents, but decreased total Ca content.   

 

In summary, it is imperative we investigate the effectiveness of palm-mat geotextiles 

for soil conservation under field conditions. While both Borassus and Buriti mats as 

buffer zones (area coverage ~10%) were as effective as complete cover of Borassus 
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mats, Buriti mat construction was more expensive compared with Borassus mat 

construction. Moreover, the longevity of Borassus mats were ~two times more than 

Buriti mats. Hence, utilization of Borassus mats as buffer strips is recommended on 

temperate loamy sand soils in the UK. Borassus buffer strip plots were not only 

effective in reducing soil loss over ~two years, but also were extremely effective in 

reducing rainsplash erosion and efficient in maintaining some soil properties (i.e. 

SOM, total soil carbon, TSN, sand and silt content and most selected soil properties 

and nutrient concentrations, apart from total Ca and total clay contents) after ~two 

years of erosion by water. 

 

6.2. Limitations of this study 

1. The evaluation of treatments in this sub-project (of the EU BORASSUS Project) 

could have been improved if the number of replications had been increased. A 

randomized block design with at least four replications would have been better, given 

the heterogeneity across the experimental area. Nevertheless, this was not possible 

within the restrictions of time, area and resources.  

 

2. Arable soils are not usually maintained bare for ~two years without disturbances. 

However, for realistic comparison among the treatments, generation of more data was 

needed. Furthermore, it was proposed to evaluate the effectiveness of these mats in 

reducing soil loss compared with bare plots after their ageing and considered that data 

collection from bare soil would help long-term evaluation of treatment effects.  

 

3. Inclusion of two further treatments (grassed buffer strips and Buriti completely-

covered plots) would have been useful additional treatments in this study. The initial 

assumption was made that permanent grassed plots would behave better than grassed 



 220 

buffer plots. Hence, the basic hypothesis of the experiments was to test the 

performance of the mat-cover as buffer strips compared with complete cover. Thus, 

inclusion of Buriti completely-covered plots was needed more than the grassed buffer 

strip plots. However, again due to space limitations, inclusion of this treatment was 

impossible. 

 

4.  It would have also have been useful to include a grass covered plot comparison for 

the rainsplash erosion study, even though we know that very little rainsplash erosion 

occurs under plots covered with permanent grass. This would not only have provided 

a link into the slope/runoff experiments, but also would have presented novel datasets. 

Again, there was insufficient space for this treatment.   

 
  

6.3. Suggestions for future research 

Based on the findings and limitations, some suggestions are made for additional 

research:  

 

1. A simple and indirect economic evaluation of using palm-mat geotextiles as buffer 

strips at Hilton was made with reference to data pertaining to benefit:cost ratio 

evaluations of soil erosion in the USA. The estimated data imply that using imported 

Borassus mats as buffer strips (area coverage ~10%) could be economically viable if 

all factors related to erosion by water were considered. Hence, it would be beneficial 

to estimate benefit:cost ratios of using indigenous and imported Borassus or 

structurally-similar mats as buffer zones in several countries, taking into consideration 

as many  factors as possible, including cost of material transport (for use of imported 

mats). 
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2. Surface soil temperature and moisture dynamics were not measured in this study. 

Hence, periodic measurement of these parameters would assist better explanation of 

the effects of palm-mat geotextiles on arable soils. 

 

3. Effects of utilizing these mats on variations in soil properties require long-term 

study. Therefore, longer studies with estimates of selected soil physical properties 

(bulk density, aggregate stability and particle size distribution) along with infiltration 

rate, degree of soil compaction and plant available water capacity are recommended 

for future studies. 

 

4. Borassus and Buriti mat cover on bare soils significantly (P<0.05) decreased clay 

content in soils (0-5 cm depth) after ~two years. Even permanent grassed plots also 

behaved similarly. Thus, it would be very interesting to evaluate if the use of Borassus 

buffer strip plots would behave similarly/differently with a crop cover. Then the 

effectiveness of these mats in increasing/decreasing weed population and crop yield 

could be determined simultaneously. 

 

5. Long-term experiments that measured the effectiveness of biogeotextile mats in 

reducing nutrient concentrations by sediment and runoff would be innovative. 

Measurement of leaching losses of selected nutrients also might solve some 

unanswered questions [i.e. why did total K contents in the plots under Borassus buffer 

strips significantly (P<0.001) increase?].   

 

6. It is recommended to investigate rainfall intensity effects on the effectiveness of 

biogeotextiles as buffer strips under several soil and climatic conditions. The ratio of 
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buffer strip to the total length of the plot under different soil, topography and agro-

climatic conditions needs to be evaluated.      
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APPENDICES 
 
 
Appendix I. Herbicide spraying schedule on splash and runoff plots at Hilton (08 January 
2007-23 January 2009). 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Spraying   
number 

Date 

1 26/03/2007 
2 23/07/2007 
3 06/08/2007 
4 19/03/2008 
5 14/04/2008 
6 09/06/2008 
7 21/07/2008 
8 08/09/2008 
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Appendix II. Data collection schedule from splash plots at Hilton (08 January 2007-23 
January 2009). 

 
 
 
 
 

Sampling number Sampling date Sampling 
number 

Sampling date 

1 26/02/07 21 02/01/08 
2 12/03/07 22 21/01/08 
3 26/03/07 23 11/02/08 
4 23/04/07 24 10/03/08 
5 30/04/07 25 31/03/08 
6 14/05/07 26 21/04/08 
7 21/05/07 27 27/05/08 
8 29/05/07 28 16/06/08 
9 11/06/07 29 14/07/08 
10 18/06/07 30 04/08/08 
11 02/07/07 31 01/09/08 
12 23/07/07 32 08/09/08 
13 06/08/07 33 29/09/08 
14 20/08/07 34 13/10/08 
15 24/09/07 35 03/11/08 
16 08/10/07 36 17/11/08 
17 22/10/07 37 01/12/08 
18 19/11/07 38 15/12/08 
19 03/12/07 39 12/01/09 
20 17/12/07 40 23/01/09 
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Appendix III. Data collection schedule from runoff plots at Hilton (08 January 2007-23 January 
2009). 
 
Sampling number Sampling date Sampling 

number 
Sampling date 

1 15/01/07 28 17/12/07 
2 22/01/07 29 02/01/08 
3 12/02/07 30 14/01/08 
4 19/02/07 31 21/01/08 
5 26/02/07 32 04/02/08 
6 05/03/07 33 03/03//08 
7 12/03/07 34 31/03/08 
8 26/03/07 35 14/04/08 
9 08/05/07 36 06/05/08 
10 14/05/07 37 02/06/08 
11 21/05/07 38 16/06/08 
12 29/05/07 39 30/06/08 
13 29/05/07 40 07/07/08 
14 18/06/07 41 14/07/08 
15 25/06/07 42 04/08/08 
16 02/07/07 43 18/08/08 
17 09/07/07 44 08/09/08 
18 16/07/07 45 15/09/08 
19 23/07/07 46 06/10/08 
20 06/08/07 47 27/10/08 
21 20/08/07 48 03/11/08 
22 24/09/07 49 10/11/08 
23 15/10/07 50 08/12/08 
24 29/10/07 51 22/12/08 
25 12/11/07 52 19/01/09 
26 19/11/07 53 23/01/09 
27 03/12/07   
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Appendix IV.  Selected soil physical properties as affected by two years of erosion by water in the plots under different treatments (initial and final values are 
mean of 20 topsoil samples, P values are from t-tests). 
 

Bulk density (Mg m-3) Aggregate stability (%) Clay (g kg-1) Silt (g kg-1) Sand (g kg-1) Treatments 
Initial 
(2007) 

Final 
(2009) 

Initial 
versus 
Final (P 
value) 

Initial 
(2007) 

Final 
(2009) 

Initial 
versus Final 
(P value) 

Initial Final Initial 
versus Final 
(P value) 

Initial Final Initial 
versus 
Final (P 
value) 

Initial Final Initial 
versus 
Final (P 
value) 

Bare 1.39 1.51 0.022* 67.7 33.1 <0.001*** 40.49 38.38 0.160 462.0 455.8 0.306 497.5 535.2 0.004** 
Grass 1.19 1.30 0.031* 87.5 80.0 0.008** 31.40 24.03 0.010* 420.8 420.6 0.983 547.8 555.3 0.515 
Borassus 
completely-
cover 

1.37 1.45 0.067 68.8 63.8 0.269 39.58 26.42 <0.001*** 452.0 430.8 0.025* 508.5 542.8 0.003** 

Borassus 
buffer strip 

1.24 1.44 0.006** 70.3 39.9 <0.001*** 36.30 28.10 0.045* 437.5 432.2 0.712 526.2 539.7 0.449 

Buriti buffer 
strip 

1.32 1.48 0.024* 71.9 41.4 <0.001*** 36.1 28.4 0.039* 444.7 432.5 0.300 519.2 539.2 0.189 

*Significant at P<0.05; **Significant at P<0.01; ***Significant at P<0.001. 
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Appendix V. Soil particle size distribution as affected by two years of erosion by water in the plots under different treatments (initial and final values are 
mean of 20 topsoil samples, P values are from t-tests). 
 

Fine silt (g kg-1) Medium silt (g kg-1) Coarse silt (g kg-1) Treatments 
Initial 
(2007) 

Final 
(2009) 

Initial 
versus 
Final (P 
value) 

Initial 
(2007) 

Final 
(2009) 

Initial 
versus 
Final (P 
value) 

Initial Final Initial 
versus Final 
(P value) 

Bare 86.1 84.3 0.613 193.5 192.4 0.802 182.4 179.0 0.481 
Grass 69.3 69.6 0.109 158.4 164.7 0.562 193.2 192.4 0.940 
Borassus 
completely-
cover 

85.5 65.8 <0.001*** 188.0 169.5 0.007** 178.4 195.4 <0.001*** 

Borassus 
buffer strip 

83.8 70.1 0.122 175.6 169.6 0.614 178.1 192.5 0.014* 

Buriti buffer 
strip 

82.5 72.6 0.184 183.5 172.1 0.213 178.7 187.8 0.114 

*Significant at P<0.05; **Significant at P<0.01; ***Significant at P<0.001. 
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Appendix VI.  Soil particle size distribution as affected by two years of erosion by water in the plots under different treatments (initial and final values are 
mean of 20 topsoil samples, P values are from t-tests). 
 

Fine sand (g kg-1) Medium sand (g kg-1) Coarse sand (g kg-1) Treatments 
Initial 
(2007) 

Final 
(2009) 

Initial 
versus 
Final (P 
value) 

Initial 
(2007) 

Final 
(2009) 

Initial 
versus 
Final (P 
value) 

Initial Final Initial 
versus 
Final (P 
value) 

Bare 225.5 225.1 0.963 246.7 255.2 0.187 25.3 25.6 0.922 
Grass 248.4 239.3 0.298 265.2 280.7 0.038* 34.1 35.3 0.827 
Borassus 
completely-
cover 

236.2 238.5 0.743 249.0 271.5 0.017* 23.2 32.8 0.004** 

Borassus 
buffer strip 

240.9 231.2 0.382 258.3 275.4 0.069 27.1 33.1 0.159 

Buriti buffer 
strip 

238.3 234.6 0.722 256.3 272.3 0.038* 23.1 32.3 0.014** 

*Significant at P<0.05; **Significant at P<0.01. 
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Appendix VII.  Selected soil chemical and physico-chemical properties as affected by two years of erosion by water in the plots under different treatments 
(initial and final values are generally mean of 20 topsoil samples and P values are generally from t-tests, unless otherwise stated). 
 

Soil organic matter  
(g kg-1) 

Total soil carbon (g kg-1) Total soil N (g kg-1) pH Treatments 

Initial Final Initial 
versus 
Final (P 
value) 

Initial Final Initial 
versus 
Final (P 
value) 

Initial Final Initial 
versus 
Final (P 
value) 

Initial Final Initial versus 
Final (P 
value) 

Bare 31.22 29.52 0.046* 22.78 22.68 0.882 1.97 2.00 0.575 5.29 5.19 0.014* 
Grass 40.49 39.78 0.449 29.79 30.46 0.617 2.19 2.23 0.839 5.34 5.22 <0.001*** 
Borassus 
completely-
cover 

34.11 32.36 0.145 27.54 28.16 0.474 2.11 2.13 0.746 5.35 5.20 0.015* 

Borassus 
buffer strip 

39.27 37.87 0.590 28.03 28.86 0.525 2.29 2.40 0.482 5.32 5.18 0.002** 

Buriti buffer 
strip 

37.08 37.24 0.952 29.96 30.80 0.499 2.15 2.31 0.499 5.31 5.15 0.007** 

*Significant at P<0.05, **Significant at P<0.01, ***Significant at P <0.001. 
Bold initial and final data indicate median values and bold P values indicate Mann-Whitney test Statistics. 
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Appendix VIII.  Selected macronutrient concentrations as affected by two years of erosion by water in the plots under different treatments (initial and final 
values are generally mean of 20 samples and P values are generally from t-tests, unless otherwise stated). 
  

Total P (g kg-1) Total K (g kg-1) Total Ca (g kg-1) Total Mg (g kg-1) Total S (g kg-1) Treatments 
Initial Final Initial 

versus Final 
(P value) 

Initial Final Initial 
versus 
Final (P 
value) 

Initial Final Initial 
versus 
Final (P 
value) 

Initial Final Initial 
versus 
Final (P 
value) 

Initial Final Initial 
versus 
Final (P 
value) 

Bare 0.740 0.865 <0.001*** 17.08 17.74 0.075 1.83 1.72 0.206 5.80 6.17 0.108 0.244 0.284 0.094 
Grass 0.731 0.751 0.687 17.25 17.84 0.151 1.99 1.96 0.705 5.79 6.13 0.276 0.299 0.296 0.921 
Borassus 
completely-
cover 

0.772 0.919 <0.001** 16.94 18.16 <0.001*** 1.76 1.51 0.009** 5.53 5.73 0.338 0.259 0.288 0.280 

Borassus 
buffer strip 

0.786 0.869 0.041* 17.32 17.84 0.244 2.15 1.74 <0.001*** 5.56 6.04 0.18 0.311 0.329 0.650 

Buriti buffer 
strip 

0.826 0.883 0.237 17.35 17.50 0.733 2.14 1.83 0.046 5.52 5.71 0.530 0.312 0.336 0.628 

*Significant at P<0.05; **Significant at P<0.01; ***Significant at P<0.001. Bold initial and final data indicate median values and bold P values indicate 
Mann-Whitney test Statistics. 
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Appendix IX.  Selected micronutrient concentrations as affected by two years of erosion by water in the plots under different treatments (initial and final 
values are generally mean of 20 samples and P values are generally from t-tests, unless otherwise stated). 
 
  

Total Zn (mg kg-1) Total Cu (mg kg-1) Total Fe (g kg-1) Total Mn (mg kg-1) Total Cl (mg kg-1) Treatments 
Initial Final Initial 

versus 
Final (P 
value) 

Initial Final Initial 
versus 
Final (P 
value) 

Initial Final Initial 
versus 
Final (P 
value) 

Initial Final Initial 
versus 
Final (P 
value) 

Initial Final Initial 
versus 
Final (P 
value) 

Bare 41.85 40.90 0.579 18.95 14.85 0.137 17.42 17.98 0.338 299.6 311.7 0.332 73.00 63.30 0.190 
Grass 41.25 40.50  0.072 15.60 11.80 0.199 17.80 18.12 0.605 294.2 282.9 0.384 87.35 87.15 0.860 
Borassus 
completely-
cover 

44.95 45.20 0.882 13.40 12.90 0.978 16.75 17.22 0.324 301.5 290.4 0.516 74.10 69.85 0.589 

Borassus 
buffer strip 

42.90 40.30 0.441 12.30 14.00 0.598 17.57 17.60 0.956 284.8 274.1 0.403 77.30 71.90 0.2448 

Buriti buffer 
strip 

44.75 41.85 0.285 15.25 13.30 0.181 17.58 17.59 0.978 298.9 273.3 0.144 65.70 72.65 0.209 

Bold initial and final data indicate median values and bold P values indicate Mann-Whitney test Statistics. 
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Glossary of the frequently used abbreviations 
 

a = The coefficient describing the effectiveness of an organic mulch or geotextile in 
reducing the RR (runoff ratio)   
ANOVA = Analysis of variance  
b = The coefficient that describes the effectiveness of a given geotextile cover in 
reducing SLR (soil loss ratio) 
BMP = Best management practice  
C (%) = Cover percentage 
CEC = Cation exchange capacity  
D = Duration of the experiments  
DOM= Dissolved organic matter  
ECBs = Erosion control blankets  
ECMNs = Erosion control meshes and nets  
ECRMs = Erosion control re-vegetation mats  
EUROSEM = European soil erosion model 
HDPE = High density polyethylene  
I = Rainfall intensities of simulated experiments  
Kd= Soil erodibility  
L = Plot length  
LOI = Loss-on-ignition  
LT = Light transmission 
M/A = Mass per area (g m-2) 
MS = The measured splash per unit area (g m-2) 
MSD = Moisture sorbance depth   
MSR = The corrected mass of splashed material per unit area (g m-2) 
NPS = Nonpoint-source  
PAM = Polyacrylamide  
PAR = Photosynthetically-active radiation 
POM = Particulate organic matter  
PP = Polypropylene  
RECSs = Rolled erosion control systems  
ROC = Runoff coefficient  
RR = Runoff ratio   
RRE = Runoff reduction effectiveness  
S = Slope gradient  
SL = Soil loss rate  
SLR = Soil loss ratio  
SLR_Interrill = Interrill soil erosion  
SLR_Rill and interrill = Rill and interrill soil loss ratios  
SOC = Soil organic carbon 
SOM = Soil organic matter 
SpERE = Splash erosion reduction effectiveness  
SYRE = Sediment yield reduction effectiveness  
T = Thickness (mm) 
TDN = Total dissolved N  
TRMs = Turf reinforcement mats  
TSN = Total soil nitrogen  
VFS = Vegetative filter strips 
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Effects of Palm-mat Geotextiles  
on the Conservation of Loamy Sand Soils  

in East Shropshire, UK 
 

Ranjan Bhattacharyya, Kathy Davies†, Michael A. Fullen and Colin A. Booth 
1 

Abstract 
Some 30% of world arable land has become unproductive, largely due to soil 
erosion. Considerable efforts have been devoted to studying and controlling 
water erosion. However, there remains the need for efficient, environmentally-
friendly and economically-viable options. An innovative approach has used 
geotextiles constructed from Borassus aethiopum (Black Rhun Palm of West 
Africa) leaves to decrease soil erosion. The effectiveness of employing palm-
mats to reduce soil erosion have been investigated by measuring runoff, soil loss 
and soil splash on humid temperate soils. Twelve experimental soil plots (each 
measuring 1.0 x 1.0 m) were established at Hilton, east Shropshire, UK, to study 
the effects of geotextiles on splash erosion (six plots completely covered with 
Borassus mats and six non-protected bare soil plots). Soil splash was measured 
(10/06/02-09/02/04; total precipitation = 1038 mm) by collecting splashed 
particles in a centrally positioned trap in each plot. An additional field study 
(25/03/02-10/05/04; total precipitation = 1320 mm) of eight experimental runoff 
plots (10 x 1 m on a 15o slope) were used at the same site, with duplicate 
treatments: (i) bare soil; (ii) grassed, (iii) bare soil with 1 m palm-mat buffer 
zones at the lower end of the plots and (iv) completely covered with palm-mats. 
Runoff volume and sediment yield were measured after each substantial storm. 
Results indicate that total splash erosion in bare plots was 34.2 g m-2 and mean 
splash height was 20.5 cm. The use of Borassus mats on bare soil significantly 
(P<0.05) reduced soil splash height by ~31% and splash erosion by ~50%. Total 
runoff from bare plots was 3.58 L m-2 and total sediment yield was 8.58 g m-2. 
Thus, application of geotextiles as 1 m protective buffer strips on bare soil 
reduced runoff by ~36% and soil erosion by ~57%. Although total soil loss from 
the completely covered geotextile plots was ~16% less than the buffer zone 
plots, total runoff volume from the completely covered plots was ~94% more 
than the buffer zone plots. Thus, palm-mat (buffer strips) cover on vulnerable 
segments of the landscape is highly effective for soil and water conservation on 
temperate loamy sand soils. 
                                                      
1ISBN 978-3-923381-56-2, US ISBN 1-59326-249-3 
©  2008 by CATENA VERLAG, 35447 Reiskirchen 
peer reviewed paper 
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Introduction 
Soil erosion has been defined as the process of detachment and transportation of 
soil material by erosive agents (Ellison, 1947). Raindrop impact has long been 
recognized as a major erosive agent (Ellison, 1944; Ekern, 1950). The impact of 
raindrops leads to the restructuring of the soil surface, for example by aggregate 
breakdown and crust formation (McIntyre, 1958; Moss, 1991; Le Bissonnais, 
1996). The impact can also detach and transport soil fragments (Ellison, 1944; 
Moss and Green, 1983; Bradford and Huang, 1996). These two phenomena 
correspond to a splash event, that is, the simultaneous splatter of water and soil 
fragments following the impact of raindrops on the soil surface. The detachment 
and transport of soil particles ensuing from the impact of raindrops, or splash for 
short, is usually an important first step in the chain of processes leading to soil 
loss and subsequent sediment transport. Falling raindrops are able to detach 
much more soil than unconcentrated overland flow, after which detached 
particles may be entrained and transported by flowing water (Hudson, 1995). In 
addition, splash may result in significant net transport of sediment on sloping 
soils (Moeyersons and de Ploey, 1976; Wan et al., 1996). 

Splash detachment rate has been related to rainfall kinetic energy, soil type, 
grain size (de Ploey and Savat, 1968; Sharma et al., 1991) and the thickness of 
the water layer at the soil surface (Moss and Green, 1983; Kinnell, 1991). Splash 

transport has been related to slope gradient (Savat, 1981; Planchon et al., 2000), 
grain size (Poesen and Savat, 1981) and raindrop characteristics (Riezebos and 
Epema, 1985). The kinetic energy of raindrop splash increases, resulting in 
increased soil detachment. Hydraulic surface flow increases with deficient 
vegetation cover, which also increases soil susceptibility to erosion, by reducing 
cohesion and shear strength (Rickson, 2001). Smith and Wischmeier (1962) 
pointed out that soil properties that influence soil erodibility by water may be 
grouped into two types: (i) those properties that affect infiltration rate and 
permeability, and (ii) those properties that resist the dispersion, splashing, 
abrasion and transporting forces of rainfall and runoff. Hence, management 
strategies should aim to improve soil physical and hydrological properties 
(Fitzgerald et al., 1998).  

Considerable efforts have been devoted to studying and controlling water 
erosion (Lyle and Smerdon, 1965; Pimentel et al., 1987; Brooks and Brierley, 
1997; Lu et al., 2001). On a near-vertical slope to provide protection at the foot 
of a steep shale slope, engineers used cellular confinement to promote vegetation 
cover and prevent erosion (Hogan and Zeinert, 1998). Vegetation growth on 
problematic slopes often encounters problems, such as absence of initial binding 
material in the soil and runoff erosion. In such conditions, geotextiles protect 
soil and seeds in the initial stages of vegetative growth. 

Geotextiles have contributed to the erosion control industry for over 50 years 
(Dayte and Gore, 1994; Mitchell et al., 2003) and are mainly used in civil 
engineering projects, such as dam retaining walls, bases for roads and reservoir 
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slope stabilization (Davies, 2000). They can provide instant rain splash and 
runoff control, creating a stable non-eroding environment (Mitchell et al., 2003). 
Geotextiles constructed from organic materials are highly effective in erosion 
control and vegetation establishment, in spite of the fact that synthetic geo-
textiles dominate the market (Langford and Coleman, 1996; Ogobe et al., 1998). 
Studies have shown that natural fibres were more effective than synthetic in 
controlling erosion (Sutherland and Ziegler, 1996) and were the preferred 
method because of their 100% biodegradability and better adherence to the soil 
(Langford and Coleman, 1996). Synthetic geotextiles are polymeric materials 
and are likely to cause soil pollution. Furthermore, their production process also 
cause air and water pollution. Moreover, natural fibres are less costly and easily 
available in many parts of the world, which make them a better choice than 
synthetic fibres. The ability of natural fibres to absorb water and degrade with 
time are the prime properties that give natural geotextiles an advantage over 
synthetic geotextiles for slope stability applications.  

In order to reduce erosion problems in a manner compatible with the prin-
ciples of sustained agriculture and at minimum cost, techniques involving the 
use of indigenous plant material should be effective and affordable. Geotextiles 
create a stable, non-eroding environment and, if constructed using indigenous 
materials, they could be effective, affordable and compatible with sustainable 
land management. Jute is fast becoming the market leader in organic geotextiles 
and is being promoted for its economic advantages in terms of cheaper costs and 
availability compared with other natural fibres, such as coir, sisal and ramie 
(Ranganathan, 1992). Palm-mats have the potential to conserve soil in specific 
targeted applications, such as gully control on urban slopes (Davies et al., 2002) 
and reduction in sediment yield when used as buffer strips (Davies et al., 2006). 
Palm-mat geotextiles provide a potential soil conservation technique for promo-
ting sustainable agriculture and soil stabilization.  

Geotextile mats constructed from the leaf of Borassus aethiopum (Black 
Rhun Palm of West Africa), were termed Borassus mats. Geotextile palm-mats 
can also be constructed from the leaf of Mauritia flexuosa (Buriti Palm of South 
America and termed Buriti mats). The genus Borassus is one of the most widely 
distributed of the Palmae, with a range extending from West Africa to Indonesia. 
They grow to 30-35 m height with ~30-40 palmate fronds. One leaf is produced 
each month and they naturally shed 12-14 fronds annually (Davis and 
Arulpragasam, 1986). If harvested correctly, the Borassus leaf is highly sustain-
able and readily available in many tropical semi-arid and sub-humid regions. 
They are biodegradable, providing organic matter content to stabilize soil and 
their permeability makes them suitable for use with cohesive soils. There is no 
high-energy production procedure needed in the manufacturing process (Davies 
et al., 2006). The mats could be constructed at an economically viable price of 
€0.25-0.40 per square metre, which is comparable in price to other geotextiles 
(Davies et al., 2006). When used in their natural environment, the mats may 
provide a cost-effective technique of reducing soil erosion in poorer regions of 
the world (Davies et al., 2006).  

Available studies do not allow quantification of the effectiveness of palm-mat 
geotextiles in decreasing water erosion (soil splash erosion and sediment yield). 



530 Bhattacharyya, Davies, Fullen & Booth 

Advances in GeoEcology 39 

We have investigated the effectiveness of employing palm-mat geotextiles as a 
potential soil conservation technique.  

 
 

Materials and methods 
Site 
Investigations were conducted at the Hilton Experimental Site, east Shropshire, 
U.K. (52.0o33'5.7" N, 2.0o19'18.3" W; NGR SO778952), within the southern 
section of the Worfe Catchment, a tributary of the mid-Severn (Fullen and Reed, 
1986). The site has been used extensively for erosion studies since 1976 (Fullen, 
1998). The region experiences a temperate climate with a mean annual precipita-
tion of 620.0 mm (SD = 104.9, n = 15 years). In most of the area the Permo-
Triassic sandstones are overlain by a suite of glacial and proglacial sediments 
(Hollis and Reed, 1981). Most soils belong to the Newport and Bridgnorth 
Associations, which total 2593 km2, equivalent to 1.7% of the surveyed area of 
England and Wales (Soil Survey of England and Wales, 1983).  
 
 
Splash erosion 
The soil of the splash erosion site is loamy sand, with a typical Ap horizon 
texture of 79.8% sand (2000-60 µm), 14.8% silt (60-2 µm), 5.4% clay (<2 µm) 
and soil organic matter content of 1.9% (Fullen and Brandsma, 1995). Twelve 
plots were established to study the effects of Borassus mats on splash erosion. 
Each individual plot was 1 m2 (1.0 x 1.0 m). Using random selection, six plots 
were completely covered with Borassus mats, and the other six plots were left 
non-protected (bare soil) with arrangements provided for splash data monitoring. 
The scheme of the splash experiment is presented in Figure 1. The soil was 
prepared by rotavating and removing grass turfs and raking the surface. All plots 
were maintained in a bare condition by regular ‘RoundUp’ ((isopropylamine salt 
of N-phosphonomethyl glycine) herbicide treatments. Splash height was 
measured (cm, with a scale). Soil splash was measured in each plot by collecting 
splashed particles in a centrally-positioned trap during 10/06/2002-09/02/2004. 
Each trap consisted of a 15.2 cm diameter circular tube inserted into the soil, 
containing a similar-sized funnel on top of a 1 L bottle. They were installed 1 cm 
above the soil surface, thus only allowing splashed soil particles to enter. 
Comparable splash traps have been used by Poesen and Torri (1988). The 
splashed particles were carefully washed off from sticky plastic pegs and plastic 
funnels. The collecting bottles were emptied after substantial storms and trapped 
fauna removed using a 2.0 mm sieve in the laboratory, then the splashed 
particles were dried overnight at 40oC and weighed. 
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Fig. 1: Schematic plan of test 
plots of the splash experiment 
at Hilton, East Shropshire, 
UK.  

 
 
 

Runoff plots 
Eight runoff plots (situated on a 15o south-west facing slope, numbered D1-D8 
and measuring 10 x 1 m) were established to study the effectiveness of palm-mat 
geotextiles on runoff volume and soil loss. The scheme of the runoff plots is 
presented in Figure 2. Using random selection, plots D2 and D8 were completely 
covered with Borassus mats, D4 and D5 had 1 m buffer zones of Borassus mats 
at the plot lower end, D1 and D6 were the bare soil (control) plots and D3 and 
D7 were grassed plots. The plots were bordered with black plastic lawn-trim, 
with 10 cm intruding into the soil and 10 cm protruding above the soil. Prior to 
observations, the bare (control) and treated plots were rotavated to ~20 cm depth 
and treated with ‘RoundUp’ herbicide to remove vegetation. Runoff volume and 
sediment yield were measured from 25/03/02-10/05/04. Runoff was measured to 
the nearest ml, while sediment yield was measured by weighing containers, 
oven-drying runoff overnight at 40oC, then reweighing the containers. This was 
performed regularly, usually every two weeks or after a substantial storm. 

This work is being revalidated with another set of experiments that include: 
(i) another set of runoff volume, splash erosion and sediment yield data using 
Borassus and Buriti mats (2007-2009) and (ii) analyses of soil samples (10 per 
plot) to determine changes in soil physico-chemical properties and aggregate 
stability in response to treatments. 
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Fig. 2: Schematic plan of the runoff plots at Hilton. 

 
Statistical analysis 
Anderson-Darling’s normality test was carried out to observe the normality of 
splash height and soil splash erosion data for both bare and covered plots. On 
that basis, Mann-Whitney tests were employed for splash height and splash 
erosion data to study differential responses to erosive processes.  
 
Table 1: Effect of palm-mat geotextiles on soil splash erosion for the plots (area of each 
plot = 1 m2) at the Hilton Experimental Site (10/06/02-09/02/04). 

Splash erosion (g m-2) Splash height (cm) Parameters 
Bare plots Covered 

plots 
Bare plots Covered 

plots 
*Total  34.2 17.1 - - 
Mean 1.90 0.95 20.5 14.1 
Minimum 0.14 0.10 8.3 2.0 
Maximum 9.60 4.11 37.0 33.7 
Standard deviation  2.27 0.54 9.2 2.4 
Standard error of mean 1.24 0.29 11.6 3.1 
Number of observations 18 18 14 14 
Mann-Whitney test (Bare 
vs. Covered) Not significant (P = 0.062) Significant  (P<0.05) 
*Precipitation during the experiment = 1038.3 mm. 
 
 
Results 
Splash erosion 
The initial investigation consisted of 14 observations of soil splash height and 18 
observations of splash erosion weight (10/06/02-09/02/04). The results showed 
that covered plots had ~50% less total splash erosion than bare plots (34.2 g m-2) 
(Table 1).  Comparatively, mean splash height from geotextile-covered plots 
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(14.1 cm) was significantly (P<0.05) less than the bare plots, by ~31% (Table 1). 
During the first year of measurements (n = 12), mean splash erosion of the 
covered plots (0.95 g m-2) was ~27% less than the bare plots.  However, in the 
next year (n = 6), there was a mean decrease of ~49%. It was the same case with 
splash height. Splash heights were ~27 and 52% lower in the first and second 
year of the study, respectively, in the covered plots than the bare.  Both splash 
height and erosion in the geotextiles-covered plots decreased at a greater extent 
in the second year compared with the first year. Thus, covering the bare plots 
with Borassus mats was very effective in reducing splash erosion, as splash 
height and amount of soil splashed from geotextiles-covered plots were less than 
those of bare plots with time. 

The relationship between splash height (cm) and amount of soil splashed 
(g m-2 area) for the bare plots was significant (R2 = 0.76, n = 14, P <0.001, df = 
12) (Fig. 3). The soil splash erosion per unit area (here 1 m2) increased 
significantly (P<0.05) with increasing soil splash height (cm) at a rate of ~0.13 g 
cm-1. However, although results indicate that covering bare plots with Borassus 
mats was effective in reducing splash height, there was no significant 
relationship between splash height and splash erosion (R2 = 0.08, n = 14, P = 
0.33). The same relationship was also insignificant for all (bare and covered) 
plots (R2 = 0.11, n = 28, P = 0.18). 

Fig. 3: Relationship between splash height and amount of soil splashed at Hilton for the 
bare plots. 

 
 
Runoff volume and sediment yield 
Results from runoff plots showed that during the experimental period total 
runoff from the buffer zone plots (22.92 L) was ~36 and 19% less than those of 
the bare plots and permanent grass plots, respectively (Table 2). Application of 
Borassus mats as complete cover on bare soil increased runoff by ~24% over 
bare soil. Total runoff as a per cent of precipitation for the bare plots was higher 
than both the grassed and buffer (0.17%) zone plots, but was less than the 
completely covered plots. 
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Table 2: Mean runoff and soil erosion rates for the plots at the Hilton Experimental Site 
(n = 30; 25/03/02-10/05/04). 

 Bare 
(D1 + D6) 

Grass 
(D3 + D7) 

Buffer 
(D4 + D5) 

Covered 
(D2 + D8) 

*Total runoff (litres) 35.83 
(78) 

28.24 
(110) 

22.92 
(103) 

44.45 
(90) 

Total runoff (mm depth) 3.58 2.82 2.29 4.45 
Total runoff as a % of 
precipitation 0.27 0.21 0.17 0.34 
Total sediment yield (g) 85.79 

(116) 
13.04 
(69) 

37.16 
(135) 

31.22 
(93) 

Soil loss equivalent (t ha-1) 0.09 0.01 0.04 0.03 
*Precipitation during the experiment = 1319.8 mm. Data in parentheses indicate Coefficient of Variation (%). 
 
Total sediment yield in the buffer zone plots was ~57% less than that of bare 
plots (85.79 g). Mean total soil loss equates to ~0.09, 0.01, 0.04 and 0.03 t ha-1 
from the bare plots, permanent grass plots, buffer zone (of Borassus mats) plots 
and completely covered (by Borassus mats) plots, respectively (Table 2). 
Although total soil loss from the geotextile completely covered plots was ~16% 
less than the buffer zone plots, runoff from the buffer zone plots was ~94% less 
than that of the completely covered plots. This indicates that use of 1 m buffer 
zones (of palm-mat geotextiles in bare plots) is very effective for soil and water 
conservation. 

 
 

Discussion 
Splash erosion 
Results suggest that palm-mat geotextiles are effective in reducing splash 
erosion (both splash height and amount of splashed soil). The low splash height 
and amount of splashed soil of the covered plots reiterates the importance of 
retaining protective cover on sloping land, as geotextiles serve as protective 
barriers that dissipate the impact of raindrop kinetic energy. As geotextiles 
become wet they expand to the soil surface, enhancing drapability (adherence to 
surface microtopography) and, hence, runoff and erosion control (Sutherland and 
Zieger, 1996). Following intense rainfall, fine sediment was visible, trapped by 
the palm-mats, resulting in decreased splash erosion, as found by Mitchell et al. 
(2003). Geotextiles may also improve soil organic matter and, thus, improve 
topsoil structure and aggregate stability, thereby decreasing splash erosion.  
 

 
Runoff volume and sediment yield  
The low runoff and sediment yield of the grass plots confirms the importance of 
retaining protective vegetative cover on sloping land. This is because grass 
swards serve as protective barriers that dissipate raindrop kinetic energy. The 
swards also offer a source of organic matter to bind soil particles and the dense 
network of grass roots aids the retention of topsoil structure and aggregate 
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stability and promotes infiltration (Fullen and Booth, 2006). The sward root net-
work binds soil particles together, thereby decreasing erodibility and improving 
stability against slope failure. Melville and Morgan (2001) also reported that 
grass strips resulted in significantly (P<0.05) decreased runoff and soil loss on 
an erodible sandy loam soil in Bedfordshire, UK.   

Apart from reducing the amount of splash erosion, the presence of geotextile 
netting on the slope controls surface erosion in several ways: (i) surface runoff is 
divided into a number of smaller paths, due to the numerous obstructions caused 
by the presence of netting, thus decreasing the overall damaging impact of 
flowing water. (ii) Soil and seeds are thereby preserved in place, providing 
increased chances of germination and vegetation growth (Pillai, 1994). 
Furthermore, the net of geotextiles increased infiltration with their saturation and 
reduced water flow by creating a network of small microdams, which further 
increased infiltration. Other studies conducted on runoff and erosion control 
support these findings. Geotextiles have proved effective in reducing soil erosion 
compared to bare soil surfaces (Sutherland and Ziegler, 1996; Langford and 
Coleman, 1996). Field experiments at Hilton, comparing the effectiveness of 
different treatments in controlling sediment yield, revealed jute-net had only 
1.4% of the sediment yield from bare plots, while jute-mat had 1.1% (Mitchell et 
al., 2003). Erosion rates of ~0.1-0.5 t ha-1 yr-1 were much less than the 1-2 t ha-1 
yr-1 considered tolerable on British arable soils (Morgan, 1986). The low rates 
even on bare plots were mainly due to low weekly rainfall amounts during the 
study period.  

The presence of mats might have resulted in decreased time for water 
infiltration and, hence, there was increased runoff from completely covered 
plots, compared with bare and buffer-strip plots. The results also showed that 
buffer strips of Borassus mats significantly reduced soil loss compared with bare 
soil and were as effective as complete cover of the same mats. Despite physical 
protection and sediment entrapment, buffer zones of Borassus mats may 
significantly alter flow direction, thus creating several cross-drains. The rate of 
sediment transfer to cross-drains may be significantly reduced, due to infiltration 
and reduced flow speed and total flow volume. It is expected that reduced flow 
speeds will lead to sediment deposition within the small micro-dams. Wet 
networks of mats should then bind recently deposited sediment, thus effectively 
conserving soil on site. Vegetative buffer strips to trap sediments are an integral 
part of management practice in the UK. For example, in a study of vegetative 
buffer strips used in UK agriculture, surface runoff was reduced by a factor of 
six and soil loss was effectively eliminated (Jones, 1993). However, the use of 
non-vegetative buffer strips for effective interception of sediment has not been 
widely studied.  

 
 

Conclusions 
The results of two years of investigation indicate that the use of geotextiles 
constructed from palm (Borassus aethiopum)-leaf on bare soil significantly 
reduced soil splash height by ~31% and splash erosion by 50%. Results from the 
runoff experiment suggest that application of palm-mat geotextiles as 1 m 



536 Bhattacharyya, Davies, Fullen & Booth 

Advances in GeoEcology 39 

protective buffer strips on bare soil reduced runoff by ~36% and soil erosion by 
~57%. Erosion rates equated to 0.09 t ha-1 from bare soil, 0.01 t ha-1 from 
grassed plots and 0.04 and 0.03 t ha-1 from both the covered and buffer zone 
plots, respectively. Though total soil loss in the geotextile completely covered 
plots was ~16% less than the buffer zone plots, the runoff volume from the 
completely covered plots was ~94% more than that of the buffer zone plots. 
Thus, palm-mat (buffer strip) cover on vulnerable segments of the landscape 
(convex slopes and erodible soils) in bare plots is highly effective for soil and 
water conservation in these temperate loamy sand soils. Furthermore, palm-mats 
could become a feature of multi-faceted projects aimed at preventing further soil 
erosion and growing Borassus plants is compatible with both agroforestry and 
hillslope afforestation in the tropics. 
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A B S T R A C T

Despite palm-leaf geotextile mats having the potential to advance soil conservation technologies, field

studies using geotextiles as complete cover and buffer strips in reducing rates of soil erosion by water are

limited. Hence, the utilization of these mats as a potential soil conservation technique is investigated at

Hilton, east Shropshire, UK (5283305.700N, 2819018.300W). Geotextile mats constructed from Borassus

aethiopum (Borassus palm of West Africa) and Mauritia flexuosa (Buriti palm of South America) leaves are

termed Borassus mats and Buriti mats, respectively. Field experiments have been conducted at Hilton

since January 2007, to study the effects of emplacing Borassus and Buriti mats on the erosion of a loamy

sand soil. Two sets (12 plots each) of experiments were established to study the effects of Borassus and

Buriti mats on splash height and splash erosion. In both sets, 6 randomly-selected plots were completely

covered with mats, and the rest were bare. Ten runoff plots (10 � 1 m on a 158 slope) were also

established, with duplicate treatments to study the effectiveness of these mats for soil and water

conservation. The treatments were: (i) bare soil; (ii) permanent grassed; (iii) bare soil with 1 m Borassus

mat buffer zones at the lower end of the plots; (iv) bare soil with 1 m Buriti mat buffer zones at the lower

end of the plots and (v) completely covered with Borassus mats. Results (during 22/01/07–21/01/08;

total precipitation = 919.0 mm; n = 22 sets of measurements) indicate that Borassus mat-cover on bare

soil significantly (P < 0.05) reduced total soil splash erosion by �90% compared with bare plots

(24.81 kg m�2). Plots with Borassus mats had 51% less mean splash height than bare plots (n = 21 sets of

measurements). However, Buriti mat-cover on bare soils had no significant (P < 0.05) effect on soil

splash height or splash erosion. Results of runoff plots (08/01/07–14/01/08; total precipita-

tion = 923.4 mm; n = 29 sets of measurements) showed permanent grass plots had the smallest runoff

coefficient and the largest sediment yield reduction effectiveness (SYRE). Total runoff from the Borassus

buffer zone plots (4.1 L m�2) was �83% less than the bare plots and total sediment yield was �93% less

than the bare plots (2.32 kg m�2). Although, Borassus buffer zone plots had similar effects in reducing

soil loss to Borassus completely-covered plots, the later treatment yielded �50% more runoff. Borassus

buffer strip plots had less SYRE than the Buriti buffer zone plots. Mass per unit area and thickness of both

geotextiles decreased after 3 months of surface application. However, moisture sorption depth and cover

percentage of both geotextiles increased. Hence, it is recommended to cover palm-mat geotextiles as

buffer strips for soil and water conservation on erodible moderate slopes.

� 2008 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Agriculture, Ecosystems and Environment

journa l homepage: www.e lsev ier .com/ locate /agee
1. Introduction

The problems associated with erosion are both environmental
and economic (Pimentel and Kounang, 1998). Soil erosion is
widespread and adversely affects all human-managed ecosystems,
including agriculture and forestry. The extent and severity of
erosion on European soils have markedly increased over the last 50
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years, particularly on arable land (Davies et al., 2006). The rate of
erosion in Europe is �10–25 Mg ha�1 yr�1 (Boardman, 1988) and
there is now sufficient evidence to make reasonable inferences
about sediment yield in catchments in England and Wales (Evans,
2006). Suspended sediment yields in some larger English and
Welsh catchments range from 0.1 to 1 Mg ha�1 yr�1 (Collins et al.,
1998; Walling et al., 1999). Annual erosion rates on cultivated land
vary from 0.1 to 20 Mg ha�1 in the UK (Morgan, 1996). Since
growing high value crops (e.g., potatoes, sugar beet) provides less
protection to the soil than cereal production, especially where two
crops per year are obtained, erosion rates on these lands are likely
to be high. Again, in Western Europe, there can often be a period in
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mid-summer (typical crop rotations of the area: sugar beet-fallow-
early potatoes and wheat/rye-oat/peas/beans/lentil-fallow) when
land is bare at the time of high-intensity thunderstorms, with soil
loss rates as high as 19.5 kg m�2 reported for a single storm
(Morgan, 1985). With projected global climate changes, the
likelihood of soil erosion rates will further increase (Boardman
and Favis-Mortlock, 1993). Evans (1990) showed a large propor-
tion (�36%) of the UK arable area is at moderate to very high risk of
erosion. There are many small units, often of complex shape,
vulnerable to water erosion. In those areas erosion will cost a
farmer several hundred pounds per year (Boardman and Evans,
1994).

A fully mature vegetation cover with a uniform and dense
sward is generally able to reduce soil erosion considerably
compared to bare soil (Rickson, 2006). However, establishment
of fully mature vegetation may take one to two seasons (Hann and
Morgan, 2006). This period has normally high erosion risk as roots,
stems and canopy of plants will not be sufficiently developed to
help reduce soil loss. Without immediate and appropriate
protection, slopes can suffer from severe soil loss and instability,
which in turn, makes vegetation establishment extremely difficult
(Vishnudas et al., 2006). Erosion control mats and blankets or
geotextiles can offer immediate soil protection during the period
between germination/planting and full maturity (Rickson, 2006)
and once installed, these products may remain in place for several
months or even years and serve as a composite erosion control
solution (Selenje, 1994). Geotextiles create a stable, non-eroding
environment and, if constructed using natural materials, they
could be effective, affordable and compatible with sustainable land
management (Davies et al., 2006). In addition, natural geotextiles
help to suppress extreme fluctuations of soil temperature, increase
soil moisture, provide seeds with a better chance to germinate and
increase infiltration by reducing surface sealing (Ziegler et al.,
1997; Sutherland, 1998a,b).

Despite synthetic geotextiles (constructed from nylon, poly-
propylene, polyester and polyethylene) dominating the commer-
cial market, geotextiles constructed from organic materials (jute,
coir, sisal and cereal straw) are highly effective in erosion control
and vegetation establishment (Langford and Coleman, 1996).
Synthetic geotextiles can cost over 10 times as much per unit area
as natural ones (Ingold, 1996). Moreover, studies have shown
natural fibres are more effective than synthetic in controlling
erosion (Sutherland and Ziegler, 1996) and are a preferred method
because of their 100% biodegradability and better adherence to the
soil (Langford and Coleman, 1996). The material composition of
geotextiles determines their longevity in the field: natural
products last about 2–5 years, whereas synthetic products last
over 25 years (Schurholz, 1992; Oosthuizen and Kruger, 1994).
However, it is argued that once vegetation is established on-site,
geotextiles become redundant in terms of erosion control. As they
degrade, natural products add organic matter and nutrients to the
Table 1
Selected salient properties of the Borassus and Buriti mats.

Properties Boras

Material Strips

Mat size (mm �mm) 595 �
Mat thickness (mm) 20 (�
Strip thickness (mm) 22.5

Mass per unit area (g m�2) 1091

Percentage open area 22.9

Aperture opening size (mm2) 663.1

Aperture width along with edge strip (mm) 29.1

Mesh size (mm �mm) 50 �
Characteristics Stiff,

Moisture sorption depth (mm) 0.28

a Data in parentheses indicate SD (n = 6 Borassus mats constructed in The Gambia a
soil, which may enhance soil microbiological activity, so promoting
soil health, fertility and aggregate stability (Rickson, 2006).

Geotextiles constructed from Borassus aethiopum (black rhun
palm of West Africa) and Mauritia flexuosa (Buriti palm of Latin
America) leaves are termed Borassus and Buriti mats, respectively.
Selected physical properties of these mats are reported in Table 1.
These mats meet specific criteria (readily available, simple and
cost-effective to manufacture and provide immediate erosion
control) (Davies et al., 2006). The mats can be constructed at an
economically-viable price of s0.25–0.40 per square metre, which
is comparable to other geotextiles (Davies et al., 2006). Potential
benefits of palm-mat geotextiles for developing countries include
poverty alleviation, engagement of disadvantaged groups as
stakeholders, employment for disadvantaged groups, small and
medium enterprise development, earning hard currency, environ-
mental education and local community involvement in reclama-
tion and environmental improvement programmes (Fullen et al.,
2007).

Although palm-mat geotextiles have the potential to advance
soil conservation, field studies on quantification on the effective-
ness of geotextiles in reducing rates of soil erosion by water and
improving soil properties are scant. In studies reviewed by Rickson
and Vella (1992) and Sutherland (1998a,b), most were conducted
under simulated rainfall in laboratories. As covering bare soil
completely with palm-mat geotextiles would not be economically
viable, there is a need to evaluate soil detachment rates after
utilization of palm-mat geotextiles as buffer strips. Interest in
vegetated filter strips (VFS) developed in the 1960s with respect to
control of sediment discharge from agricultural fields. Munoz-
Carpena et al. (1999) defined VFS ‘‘as areas of vegetation designed
to remove sediment and other pollutants from surface water runoff
by filtration, deposition, infiltration, adsorption, absorption,
decomposition and volatilization’’ (Dillaha et al., 1989). However,
a literature search did not reveal any reports on the effects of non-
vegetated buffer strips as a barrier to the transmission of
sediments.

Bhattacharyya et al. (2008) observed that after 2 years of
experimentation (2002–2004) at Hilton, East Shropshire, UK, soil
loss from buffer strip plots of Borassus mats were similar to that of
completely-covered plots of the same mats. However, during that
experimental period it was observed that both the amount and
intensity of precipitation was less than the annual average. There
was no highly erosive rainstorm during that period at Hilton.
Hence, the hypothesis that buffer strips of Borassus mats would be
as effective as complete cover of the same mats in conserving soils
merits revalidation. Another hypothesis tested in this study was:
buffer strips of Borassus mats would be more effective than buffer
strips of Buriti mats in erosion control, as Borassus mats possess
better physical properties (such as greater thickness and mass per
unit area and less percent open area than Buriti mats). Thus, the
objectives of this investigation were to: (i) investigate the effects of
sus mats Buriti mats

of palm leaves Fibres of palm leaves

590 (�13.4 � 10.5)a 509 � 507 (�10.7 � 9.8)

5) 10 (�1)

(�5) 12.5 (�2.5)

(�133) 413 (�77)

(�3.3) 55.8 (�5)

(�99.9) 1442.8 (�150.2)

(�2.1) 38.4 (�2.1)

50 (�2.5 � 2.5) 40 � 40 (�2.0 � 2.0)

semi-deformable Flexible, deformable

(�0.07) 0.22 (�0.03)

nd n = 6 Buriti mats constructed in Brazil).



Table 2
Initial soil (0–5 cm) properties of the splash plots at Hilton, UK.

Parameters Plots with Borassus mats Plots with Buriti mats

Mean valuea (�SD) Mean valuea (�SD)

Aggregate stability (g kg�1) 57.0 (�8.5) 66.6 (�9.2)

Sandb (g kg�1) 504.1 (�14.6) 500.5 (�27.7)

Silt (g kg�1) 451.8 ((�14.6) 457.5 (�25.6)

Clay (g kg�1) 44.1 (�5.6) 42.0 (�5.6)

pH 5.48 (�0.08) 5.52 (�0.11)

Soil organic matter (g kg�1) 26.7 (�3.4) 29.7 (�5.6)

Total soil carbon (g kg�1) 18.1 (�2.0) 19.9 (�2.4)

Total soil nitrogen (g kg�1) 1.8 (�0.1) 1.9 (�0.1)

a n = 12.
b Sand = 2000-60 mm; silt = 60-2 mm and clay <2 mm.
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Borassus and Buriti mats on runoff and soil loss at the Hilton
Experimental Site and (ii) assess the effectiveness of these mats in
reducing splash height and soil splash erosion.

2. Materials and methods

2.1. Site physiography

Investigations were conducted at the Hilton Experimental Site,
east Shropshire, UK (52.083305.700N, 2.0819018.300 0W; NGR
SO778952), within the southern section of the Worfe Catchment,
a tributary of the mid-Severn (Fullen and Reed, 1986). The site soil
(Bridgnorth series) is prone to capping and has been used
extensively for erosion studies since 1976 (Fullen, 1998). The
region experiences a temperate climate with a mean annual
precipitation of 620.0 mm (SD = 104.9, n = 15 years). In most of the
area Permo-Triassic sandstones are overlain by a suite of glacial
and proglacial sediments (Hollis and Reed, 1981). Most soils (FAO/
UNESCO classification: Dystric Cambisol) belong to the Newport
and Bridgnorth Associations, which total 2593 km2, equivalent to
1.7% of the surveyed area of England and Wales (Soil Survey of
England and Wales, 1983).

2.2. Splash erosion

Two sets (12 splash plots each) of experiments were established
to study the effects of Borassus and Buriti mats on splash erosion.
Due to the differences in SOM content, total soil C and aggregate
stability in the initial soil under both sets of experiments (Table 2),
Borassus and Buriti mat-cover in reducing rainsplash erosion and
splash height over bare soil were tested separately, as indirect
comparison can be made from the relative efficiency of these mats
in reducing rainsplash erosion over bare soil. In both sets, 6
randomly-selected plots were completely covered with mats, and
the rest were bare. The slope gradient used in these tests was kept
constant (08), as rainsplash erosion can occur even on flat slopes,
due to the trajectory of the raindrop splash impacts (Morgan,
2005). Each individual plot was 1 m2 (1.0 � 1.0 m). The scheme of
the splash experiment is presented in Fig. 1. The soil was prepared
by rotavating and removing the grass turfs and raking the surface.
The mats were cut, where required, with secateurs, only at their
corners, and carefully placed over the soil surface and attached
Fig. 1. Schematic plan of test plots of the splash
with metal pegs. All plots were maintained in a bare condition by
regular ‘Roundup’ (isopropylamine salt of N-phosphonomethyl
glycine) herbicide treatments.

Soil splash was measured in each plot by collecting splashed
particles in a centrally-positioned trap during 22/01/07–21/01/08.
Each trap consisted of a 15.2 cm diameter circular tube inserted
into the soil, containing a similar-sized funnel on top of a 1 L bottle.
They were installed 1 cm above the soil surface; thus, only
allowing splashed soil particles to enter. Comparable splash traps
have been used by Poesen and Torri (1988). The splashed particles
were carefully washed off from sticky plastic pegs and plastic
funnels. The collecting bottles were emptied after substantial rain
and trapped fauna removed using a 2.0 mm sieve in the laboratory,
then the splashed particles were dried overnight at 40 8C and
weighed. It is noteworthy that there is an experimental bias in
measuring soil splash detachment (van Dijk et al., 2002). The
measured rates of soil splash detachment are only the apparent
rates and depend on the size distribution of the splashed soil
particles and geometry of the experimental device (Nanko et al.,
2008). The quantity of splashed material measured per unit area
was corrected after Poesen and Torri (1988) using the equation:

MSR ¼ MS e0:054D (1)

where MSR is the corrected mass of splashed material per unit area
(g m�2), MS is the measured splash per unit area (g m�2) and D is
the diameter of the funnel (m). In this experiment all splash traps
experiment at Hilton, East Shropshire, UK.



Table 3
Initial soil (0–5 cm) properties of the runoff plots at Hilton.

Parameters Mean valuea (� SD)

Bulk densityb (Mg m�3) 1.30 (�0.13)

Aggregate stability (%) 73.2 (�13.2)

Sandc (g kg�1) 519.8 (�45.3)

Silt (g kg�1) 443.4 (�36.4)

Clay (g kg�1) 36.8 (�10.5)

pH 5.32 (�0.17)

Soil organic matter (g kg�1) 36.4 (�6.6)

Total soil carbon (g kg�1) 28.0 (�6.2)

Total soil nitrogen (g kg�1) 2.1 (�0.3)

a n = 100.
b n = 40.
c Sand = 2000-60 mm; silt = 60-2 mm and clay <2 mm.
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had the same geometry, so the device-related size bias was
neglected. Funnel diameter influences the amount of sediment
collected. A funnel �10 cm diameter was recommended to collect
soil splash erosion (Poesen and Torri, 1988). Furthermore, the
fraction of the total mass of detached sediment that splashes
>50 cm usually represents <5% (Savat and Poesen, 1981). Hence,
the size of individual plots was kept at 1 � 1 m and adjacent plot
areas were separated with concrete plinths (15 cm width).

Splash height (cm) was measured from trapped particles on
50 cm high wooden pegs, painted with ‘Polaguard’ plastic paint to
aid measurements and 10 height zones, each 5 cm high, were
demarcated. Each plot had one splash peg, positioned on the north-
eastern diagonal, halfway between the splash trap and the corner
post. It is logical that single positioned splash height boards would
cause bias due to wind direction. However, 3–4 splash height
boards within a plot might affect the trapped amount of splash
sediment in the cups. Hence, the assumption was made that bias of
measuring splash height (by a single splash board) due to wind
direction would be the same for all treatments and would not
affect the relative performance (of reducing splash height) of mat-
covered plots over bare plots.

2.3. Runoff plots

Ten runoff plots (10 � 1 m on a 158 slope) numbered D1–D10
were established, with duplicate treatments. Selected soil proper-
ties are reported in Table 3. The scheme of the runoff plots is
presented in Fig. 2. Using random selection, plots D2 and D8 were
completely covered with palm-mats, D4 and D9 had 1 m buffer
zones of Borassus mats at the plot lower end, D1 and D6 were the
bare (control) plots, D5 and D10 had 1 m buffer zones of Borassus
mats at the plot lower end, and D3 and D7 were permanent grassed
plots. Permanent grass plots consisted of a mixture of ryegrass
(Lolium perenne) (varieties: Liprior, Condesa, Meltra, Antrim and
Sabel), timothy (Phleum pratense) and huia white clover (Trifolium

repens). Both grass plots were maintained following UK Ministry of
Agriculture regulations (Ministry of Agriculture, Fisheries and
Food, 1991). These included grass cuts and leaving the cuttings on
the plots. Usually, bare soil would not be maintained for a year
continuously under real situations (farmers’ field). However, for
comparison, to determine the effectiveness of these mats in
reducing soil loss over bare plots after their ageing, it was deemed
Fig. 2. Schematic plan of the
that data collection from bare soil would assist the long-term
evaluation of the treated plots.

The plots were bordered with wooden planks, with 10 cm
intruding into the soil and 10 cm protruding above the soil. Bare
(control) and treated plots were rotavated to �20 cm depth, raked
level and treated with Roundup herbicide to remove vegetation.
Then, mats were cut very carefully, where required, at one end and
placed over the soil surface and attached with metal pegs. Runoff
volume and sediment yield were measured from 08/01/07 to 14/
01/08. Runoff and soil erosion were collected from each plot in a
concrete gutter, leading to a 20 L capacity bucket placed inside a
140 L capacity container. The sediment collected in the tray gutters
and in the concrete outlets of the central runoff plots was included
by brushing it into the collecting systems prior to each measure-
ment, as it had been eroded from the plots. Runoff was measured to
the nearest ml, while sediment yield was measured by weighing
containers, oven drying the runoff overnight at 40 8C, then re-
weighing the containers. This was performed regularly, usually
every two weeks or after a substantial rainfall event.

2.4. Soil sampling and analyses

Before disturbing the plots, four topsoil (0–5 cm depth) samples
were taken from each runoff plot (at 2.5 m interval starting at
1.25 m away from the bottom of each plot) on 07/12/2006 in 5 cm
deep cylindrical tins (220 cm3) to measure soil bulk density,
runoff plots at Hilton.



R. Bhattacharyya et al. / Agriculture, Ecosystems and Environment 130 (2009) 50–5854
resulting in 40 measurements. Samples were weighed, oven-dried
at 105 8C and re-weighed to determine bulk density. At the
initiation of runoff plots, 100 topsoil (0–5 cm depth) samples (10
samples from each runoff plot at 1 m intervals starting 0.5 m from
the bottom of each plot) were taken from the runoff plots. A total of
24 topsoil (0–5 cm depth) samples (1 sample from each splash
plot) were collected from the splash plots. Thus, a total of 124 soil
samples were collected to measure pH, soil organic matter (SOM),
total soil C, total soil N (TSN), aggregate stability and soil texture.

Soil pH (1:2.5) was measured with a pH meter (Jackson, 1973).
Aggregate (4.0–5.6 mm size fraction) stability analyses were
performed under a rainfall simulator, placed at 1.45 m height
(rainfall intensity and duration were �30 mm h�1 and 30 min,
respectively) (Fullen and Brandsma, 1995). Particle size distribu-
tion of soils was determined using a Malvern Mastersizer long-bed
X laser granulometer (Fullen, 1998). SOM content was analysed by
igniting oven-dried samples in a muffle furnace at 375 8C for 16 h
(Ball, 1964). The total soil C and TSN were analysed by the dry
combustion method using a CHN analyser (model FOSS Hareus,
CHN-O-Rapid) (Kundu et al., 2007).

2.5. Analyses of selected properties of mats

Physical properties of mats (size, thickness, mesh size, mass per
unit area and percentage open area) were analysed in the
laboratory taking six randomly selected samples of Borassus and
Buriti mats. Mean moisture sorbance depth is based on 10
randomly selected samples with dimensions of 15 � 15 cm wetted
for 24 h, followed by 5-min drainage on a wire mesh. Moisture
sorbance depth (MSD) was calculated using the following equation
(Sutherland, 1998a):

MSD ðmmÞ ¼ Mass of sorbed water ðkgÞ
Area of geotextile ðm2Þ

� �
� C (2)

where C is a conversion factor to millimetres. Sorbance is
important in the early stages of a storm, even prior to saturation,
and influences runoff, infiltration, evaporation and rainsplash
erosion.

2.6. Ageing effects on mats

According to Sprague and Goodrum (1994), exposure environ-
ment is characterized by complex atmospheric, soil and water
chemistry and unique radiation, hydraulic and stress-state
conditions. The effect of this combination of exposures, over time,
is called ‘ageing’. Both types of mats were put on bare soil on 06/05/
2008 to study the ageing effects on these mats after every three
months on selected physical properties at Hilton. The first set of
samples (6 mats) was taken on 04/08/2008 (after �3 months).
Selected physical properties of mats were measured after air-
drying. Thickness of geotextiles was measured as the distance
between upper and lower surfaces of the material (Driver and
Table 4
Effectiveness of palm-mat geotextiles on soil splash erosion for the plots (area of each pl

measurements; total precipitation = 919.2 mm).

Parameters Splash erosion experiment with Borassus mats

Splash erosion (kg m�2) Splash heighta (cm

Bare Mat-covered Bare Mat

Total 24.81 2.59 – –

Mean (of sets of measurements) 1.13 0.12 27.4 13.4

SD 2.23 0.29 7.9 8.5

Test statistics P < 0.05 P < 0.001

NS: not significant.
a n = 21 sets of measurements.
Kostielney, 1997). As ageing effects of mats mainly depend on
precipitation, weekly measurements were recorded.

2.7. Computation of effectiveness of geotextile-covered plots

The splash erosion reduction effectiveness (SpERE) of geotex-
tiles in reducing splash output was determined using the equation:

SpERE ¼ Total baresp ðgÞ � Total geotextilesp ðgÞ
Mean baresp

� 100 (3)

where Total baresp represents the total of 22 splash output
measurements, and Total geotextilesp represents the total of 22
splash output measurements for each of the individually tested
geotextiles. Likewise, runoff coefficient (ROC), sediment yield
reduction effectiveness (SYRE) and runoff reduction effectiveness
(RRE) were calculated following Sutherland (1998a):

Runoff coefficient ðROCÞ ¼ 100

� Volume of runoff ðmm depthÞ
Volume of rainfall ðmm depthÞ (4)

RRE ¼ 100� Bare ROC ð%Þ � geotextile cover ROC ð%Þ
Bare ROC ð%Þ (5)

SYRE ð%Þ ¼ 100

� Bare sediment yield ðgÞ � geotextile cover sediment yield ðgÞ
Bare sediment yield ðgÞ

(6)

2.8. Statistical analysis

Anderson-Darling’s normality test was carried out to observe
the normality of splash height and soil splash erosion data for both
bare and covered plots. On that basis, parametric t-tests were
employed for splash height data and non-parametric Mann–
Whitney tests for splash erosion data to study differential
responses to erosive processes. For runoff and soil loss plot data,
mean and coefficient of variation (CV) were calculated.

3. Results

3.1. Splash erosion

The results showed that covering the bare plots with Borassus
mats significantly (P < 0.05) decreased both splash erosion and
splash height (Table 4). The splash erosion reduction effectiveness
(SpERE; calculated from Eq. (3)) for the plots with Borassus mats
was �90%. Mean splash height of the covered plots with Borassus
mats was also �51% less than the bare plots (27.4 cm) (Table 4).
However, mean splash height and total splash erosion from the
ot = 1 m2) at the Hilton Experimental Site during 22/01/07–21/01/08 (n = 22 sets of

Splash erosion experiment with Buriti mats

) Splash erosion (kg m�2) Splash height (cm)

-covered Bare Mat-covered Bare Mat-covered

15.66 10.15 – –

0.71 0.46 25.0 20.1

1.34 0.86 8.4 9.4

P = 0.466 (NS) P = 0.082 (NS)



Table 5
Mean runoff and soil erosion rates for the plots at the Hilton Experimental Site (n = 29 sets of measurements; 08/01/07–14/01/08).

Parameters Bare plots Permanent grass plots Borassus buffer strip plots Borassus completely-covered plots Buriti buffer strip plots

Total runoffa (l m�2) 23.8 (267)b 3.1 (164) 4.1 (112) 6.3 (123) 8.9 (297)

ROC (%) 2.58 0.34 0.44 0.68 0.96

RRE (%) – 86.8 82.9 73.6 62.8

Total sediment yield (kg m�2) 2.32 (476) 0.02 (127) 0.16 (472) 0.03 (166) 0.04 (221)

SYRE (%) – 99.1 92.9 98.6 98.2

ROC: runoff coefficient; RRE: runoff reduction effectiveness; SYRE: sediment yield reduction effectiveness.
a Precipitation during the experimental period = 923.4 mm.
b Data in parentheses indicate coefficient of variation (%).
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plots covered with Buriti mats were similar to those of the bare
plots (Table 4). It was also observed that the total splash erosion
from bare plots under the first set of experiments (where Borassus
mats were used) was higher than that from bare plots under the
second experiment (where Buriti mats were used). This was
mainly attributed to less SOM content and aggregate stability of
the initial soils under the first set of experimental plots (Table 2).

3.2. Runoff volume and sediment yield

Results showed that during the experimental period, the
permanent grass plots had least total runoff and most runoff
reduction effectiveness (RRE) (Table 5). Bare plots had the highest
runoff coefficient (ROC). Total runoff from the Borassus buffer zone
plots (4.1 L m�2) was �83% less than the bare plots (Table 5). ROC
for the Borassus buffer zone plots was�29% higher than that of the
grass plots (0.34%), but was �35 and 54% less than those of the
Borassus completely-covered and Buriti buffer zone plots,
respectively. Thus, Borassus buffer strip plots had better RRE than
completely-covered plots of the same mats and buffer strip plots of
Buriti mats.

During 08/01/07–14/01/08, bare plots had most total sediment
yield and permanent grass plots had least (Table 5). Total soil loss
during the experimental year equates to �23.2 t ha�1 from the
bare plots and only �0.2 t ha�1 from the permanent grass plots.
Sediment yield reduction effectiveness (SYRE) for the Borassus and
Buriti buffer zone plots were �93 and 98%, respectively. Although
both Borassus completely-covered plots and Borassus buffer strip
plots had similar SYRE, total runoff from the Borassus buffer zone
plots was�35% less than the completely-covered plots of the same
mats. This indicates the use of 1 m buffer zones of Borassus mats in
bare plots is very effective for soil and water conservation.

Weekly precipitation received during the experimental period
(08/01/07–22/01/08) is reported in Fig. 3. It has been observed that
during 18/06/07–25/06/07 (total precipitation = 115.0 mm), soil
loss from the bare plots reached �2.1 kg m�2. During that week,
soil loss from the Borassus buffer zone plots was �0.15 kg m�2,
compared with only �0.02 kg m�2 from the Buriti buffer zone
plots. Hence, it can be argued that under very intense rain, buffer
Fig. 3. Weekly precipitation received during 08/01/2007–14/01/2008 at Hilton.
strips of Buriti mats are more effective than the Borassus mats.
However, to date, we have had only one such ‘major’ event.

3.3. Aging effects on mats

Mass per unit area and mesh size of both Borassus and Buriti
mats decreased after 3 months of surface application (Table 6).
Thickness decreased with time, as in the case of mass per unit area,
because of the loss of fibre with runoff. However, cover percentage
increased for both mats and moisture sorption depth (MSD)
increased for Borassus mats after 3 months of their application to
bare soil (Table 6).

4. Discussion

4.1. Splash erosion

Results indicate that Borassus mats are highly effective in
reducing splash erosion. The lower splash height and amount of
splashed soil of the covered plots reiterates the importance of
retaining protective cover on sloping land, as geotextiles serve as
protective barriers that dissipate raindrop kinetic energy. Follow-
ing intense rainfall, fine sediment was visible, trapped by the palm-
mats, resulting in decreased splash erosion, as found by Mitchell
et al. (2003). Geotextiles may also improve SOM and, thus, improve
topsoil structure and aggregate stability; thereby, decreasing
splash erosion. In an earlier experiment (2002–2004) at the same
site, Bhattacharyya et al. (2008) observed that the use of Borassus
mats on bare soil significantly (P < 0.05) reduced soil splash height
by �31% and splash erosion by �50%. Higher effectiveness of
Borassus mats in this experiment compared with the earlier one
accords to higher soil loss under bare plots during the ‘major’
rainfall event as mentioned above.

The ability of the geotextiles to control rainsplash erosion
significantly (P < 0.05) correlates with high percent covered area,
high water holding capacity, high thickness, increased weight
when wet, increased ability to pond water and high roughness
(Rickson, 2006). The higher effectiveness of Borassus mats in
reducing splash erosion over bare soil than that of Buriti mats (over
bare soil) was attributed to their better physical properties
(Table 1), especially lower percent open area and thickness.
Table 6
Selected physical properties of the Borassus and Buriti mats after 3 months (06/05/

08–04/08/08) of surface application.

Properties Borassus mats Buriti mats

Mat thickness (mm) 15 (�3)a 8 (�2)

Strip thickness (mm) 18 (�5) 9 (�3)

Mass per unit area (g m�2) 1007 403

Percentage open area 12.9 (�1.3) 35.1 (� 4.3)

Mesh size (mm �mm) 30 � 35 (�11 � 5) 31 � 33 (�3 � 2)

Moisture sorption depth (mm) 0.44 (�0.05) 0.23 (�0.03)

a Data in parentheses indicate SD (n = 6). Borassus mats constructed in The

Gambia and Buriti mats constructed in Brazil.
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Ziegler et al. (1997) also reported that apart from duration and
intensity of rain event, total amount of rainsplash erosion from
soils covered with different geotextiles depends on individual
product properties, especially surface coverage and thickness.
Experimental results showed that SpERE (calculated after 1 h of
rainfall simulation study) for several geotextiles (or termed ‘rolled
erosion control systems’ in the USA) of Futerra, C125, Curlex 1,
BioD-Mat 70, SC 150 BN, BioD-Mesh 60 and P 300 was>97%. SpERE
values for TerraJute and PEC-MAT were �86 and 89%, respectively,
as they were only 0.76 and 2.74 mm thick, respectively (Ziegler
et al., 1997).

4.2. Runoff volume and sediment yield

The effectiveness of geotextiles in decreasing soil erosion
depends mainly on several properties, such as percent open area,
mass per unit area, thickness, tensile strength, mass of geotextiles
per unit area when wet, design and drapability (Ogbobe et al.,
1998; Rickson, 2006; Sutherland and Ziegler, 2007). As geotextiles
become wet they expand to the soil surface, enhancing drapability
(adherence to surface microtopography) and, hence, runoff and
erosion control (Sutherland and Ziegler, 1996). Apart from
reducing the amount of splash erosion, the presence of geotextile
netting on the slope controls surface erosion in several ways: (i)
surface runoff is divided into several smaller paths, due to the
numerous obstructions caused by the presence of netting, thus
decreasing the overall damaging impact of flowing water; (ii) the
surface cover of geotextiles provided surface roughness that
retarded overland flow velocities. For example, Sutherland and
Ziegler (2007) found that coir-geotextiles significantly decreased
the leading edge flow velocities by �33% compared to the bare
treatment (9.6 cm s�1); (iii) in addition, the net of geotextiles
might have increased infiltration with their saturation and reduced
water flow creating a network of small micro-dams, which further
increased infiltration.

Other studies on runoff and erosion control support these
findings. Geotextiles have proved effective in reducing soil erosion
compared to bare soil surfaces (Sutherland and Ziegler, 1996;
Langford and Coleman, 1996; Mitchell et al., 2003). Sutherland and
Ziegler (2007) reported coir-geotextiles significantly (P < 0.05)
delayed the time to runoff generation and increased infiltration
compared to the bare treatment. However, along with surface
cover, slope gradient and rainfall intensity also play major roles in
determining infiltration rates (Poesen, 1984; Janeau et al., 2003)
and the effectiveness of geotextiles. In a laboratory study, Smets
et al. (2007) found palm-leaf geotextiles (Borassus and Buriti mats)
were more effective in reducing runoff coefficients (by �76 to
�18%) on a medium (15%) slope compared with a steep (45%)
slope.

Bhattacharyya et al. (2008) observed application of Borassus
mats as 1 m protective buffer strips on 10 m bare soil reduced
runoff by �36% and total runoff volume from the completely
covered plots was �94% more than the buffer zone plots. Thus, the
results of this study agree with all trends, despite the relative
runoff from the completely covered and bare plots. During 2002–
2004, plots under Borassus completely covered plots had �24%
higher runoff than bare soil (Bhattacharyya et al., 2008). Higher
runoff in the Borassus completely-covered plots compared with
the bare plots was mainly attributed to the low precipitation
amounts (<50 mm week�1) during the earlier study. When rainfall
intensity was low, the proportion of raindrops rolling over the mats
and discharging as runoff without direct contact with soil is
perceived to be higher than that under high rain intensity.

Studies have also reported that natural geotextiles are more
effective than synthetic ones in reducing runoff velocities. Ogbobe
et al. (1998) observed that with a channel slope of 458, the runoff
velocity for the Tensar mat (manufactured from polypropylene
filaments) was 38% higher than for the Penduculata geotextile
[obtained from Raffia palm (Raffia vinifera) fronds] and 13% higher
than for the Malvaceae geotextile. The consistently lower runoff
velocities for the natural fibre geotextiles are attributed to their
better physical properties (fibre thickness, mass per unit area),
especially higher water absorbency. Ziegler et al. (1997) also
observed several natural geotextiles (C125, Curlex I, Geojute and
SC150BN) were statistically (P < 0.05) more effective than
synthetic geotextiles (PECMAT and TerraJute).

Despite physical protection and sediment entrapment, buffer
zones of palm-mat geotextiles may considerably alter and protect
flow direction; thus, creating several cross-drains and impeding rill
formation. The rate of sediment transfer to cross-drains is much
reduced due to infiltration and reduced flow speed and total flow
volume. It is expected that reduced flow velocities will lead to
sediment deposition within the small micro-dams. Wet networks
of mats should then bind recently deposited sediment; thus,
effectively conserving soil on site. Bhattacharyya et al. (2008)
found that total sediment yield in the Borassus buffer zone plots
was �57% less than that of bare plots, compared with �93% less
soil loss under Borassus buffer strip plots than bare ones in this
study. Although Buriti mats had no significant (P < 0.05) effect in
reducing both splash erosion and splash height, both buffer strips
of Buriti and Borassus mats had similar effects in reducing soil loss.
The higher drapability might have offset some of the physical
disadvantages of Buriti mats (such as less mass per unit area and
thickness and more percent open area) over Borassus mats. The
drapability factor of Buriti mats (due to their flexibility) may have
allowed them to conform closely to the terrain (i.e., the ability to
follow slope contours and stay in intimate contact with the soil).

The lowest runoff and sediment yield of the grass plots confirms
the importance of retaining protective vegetative cover on sloping
land. This is because grass swards serve as protective barriers that
dissipate raindrop kinetic energy. The sward also offers a source of
organic matter to bind soil particles and the dense network of grass
roots aids the retention of topsoil structure and aggregate stability
and promotes infiltration (Fullen and Booth, 2006). The sward root
network binds soil particles together, thereby decreasing erod-
ibility and improving stability against slope failure. Melville and
Morgan (2001) also reported that grass strips resulted in
significantly (P < 0.05) less runoff and soil loss than the bare soil
on an erodible sandy loam soil in Bedfordshire, UK.

Smets et al. (2007) observed that both Borassus and Buriti mats
significantly (P < 0.05) decreased inter-rill soil loss compared with
bare soil on 15 and 45% slopes during 45 and 67 mm h�1 rainfall
intensities. Thus, these mats have tremendous potential for non-
agricultural use where soil surfaces need to be stabilized and
protected from erosion by vegetative growth (Balan and Rao,
1996). Apart from utilization of these mats in highways, river
banks and stabilization of ponds, they could be used as partial
cover on certain high risk crops (such as potatoes) in some pockets
of land with high erosion risk, on certain high value crops (such as
sugar beet) and also to cover bare soil once the main crop is
harvested. As the functional longevity of Borassus mats is�2 years,
they can possibly be reused in 2–3 different seasons (to cover the
bare soil once the main crop is harvested) and upon degradation
the mats would probably improve soil quality.

Mean soil erosion of maize plots in Europe is
�14.0 Mg ha�1 yr�1 (Cerdan et al., 2006). However, in the UK, soil
erosion of maize plots �5.3 Mg ha�1 yr�1 and plots with winter
cereals erode at �2.3 Mg ha�1 yr�1 (Morgan, 1985). Mean soil loss
in plots under potatoes and sugar beet is estimated to be�2.53 and
3.04 m3 ha�1, respectively (Boardman and Evans, 2006). Again
mean annual soil loss in the plots (on a 258 slope) under a 3-year
rotation of Brussels sprouts, potatoes, cabbage, broad beans and
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carrots was estimated at �4.3 Mg ha�1 for sandy soil in the UK
with mean annual precipitation of 550 mm (Morgan and Finney,
1982). The estimated mean soil loss to produce maize and soybean
in a rotation in the USA (long-term mean annual rainfall�900 mm)
was �5.3 Mg ha�1 yr�1 (O’Neal et al., 2005). In the experimental
year with similar total rainfall at Hilton, buffer strip plots on bare
soil (area coverage �10%) had �0.4–1.6 Mg ha�1 yr�1. The rate of
soil loss in these plots at Hilton would probably have been less if
crops were grown. Thus, these mats could possibly be used as
buffer strips in cultivated areas with high erosion risk.

At �s0.30 per square metre (�s3000 ha�1), covering agri-
cultural soil completely with palm-mat geotextiles would not be
economically viable, even if the mats could be recycled for �2
years. That said, complete cover may be worthwhile for roadside
construction and the preservation of archaeological sites. How-
ever, use of these mats as buffer strips (area coverage �10%) in
vulnerable segments of agricultural land could be worthwhile in
plots under certain high value crops. Pimentel et al. (1995)
estimated total on-site and off-site costs of�$196 ha�1 for soil loss
by water and wind at 17 Mg ha�1 yr�1 in the USA. That estimated
cost was exclusive of loss of water as runoff, soil biota and
biodiversity, soil organic matter, secondary and micro-nutrients,
water holding capacity and other soil physical properties, crop
yield and energy cost due to soil erosion by water. About 10% of all
the energy used in U.S. agriculture is spent to offset the losses of
nutrients, water and crop productivity caused by soil erosion
(Pimentel et al., 1995). At Hilton, Borassus Buffer strip plots during
the experimental year saved �21.6 Mg soil loss ha�1. Assuming all
other factors are similar to the study of Pimentel et al. (1995), these
plots would have saved $250 ha�1 (based on 1995 estimates), as
against $400 ha�1 as production costs (material and labour costs)
of these mats (based on 2005 estimates). The costs of erosion are
also high in other regions of the world and depend mainly on the
rate of soil loss. Dhruva et al. (1983) estimated that soil erosion is
taking place at 16.35 Mg ha�1 yr�1, thus 6.6 � 109 Mg of soil is lost
from India every year (Lal, 1993). Chaudhary and Das (1990)
estimated 5.4 Mg fertilizer loss worth $245 million each year.
Fullen et al. (2007) observed that Borassus and Buriti mats are not
only effective in the UK, but also these mats and locally constructed
mats of China, Thailand and Vietnam are very effective in regions
with high soil erosion rates. Apart from the economic and
environmental benefits of using mats as stated above, the other
advantageous facts are that the mats would last for 2 years and,
until now, these materials of palm trees are not being used by the
local communities. Furthermore, in the broader sense, the
economic costs of producing these mats would go from a group
of farmers/individuals to socially disadvantageous groups.

4.3. Ageing effects on mats

Some geotextile material may have been lost after weakening
by being washed away with runoff. However, soil might become
trapped into the geotextile matting, which could increase mass per
unit area. Ultimately the balancing of both these processes affect
the mass per unit area of the mat. Lower mass of both geotextiles
after 3 months might be due to the loss of degradable material in
the mats, which exceeded inclusion of soil and organic matter in
the mats. For both materials, thickness decreased after 3 months.
This is because the loss of fibres due to rain impact (total
precipitation = 149.6 mm) exceeding the inclusion of any organic
material or soil within their blankets. The water absorption
capacity of Borassus mats increased with time, because as the
material weakens due to severe environmental factors, it becomes
softer. This is more porous than the blanket at the time of
installation. The presence of organic matter in the blankets might
have also contributed to an increment in water absorption. As the
mats started to become soft, the percentage open area decreased
resulting in better cover percentage with time. Hence, even though
the mass per unit area and thickness of both mats decreased with
time, effectiveness of these mats to reduce splash erosion did not
decrease with time. Khanna (2005) also reported mass per unit
area of Enviromat (a natural geotextile) decreased and water
absorption capacity (ratio of water absorbed to original mass)
increased after 3 years of their surface application in the USA.

5. Conclusions

This work forms one of the pioneering research attempts on the
application of palm-leaf geotextiles for the control of soil erosion
on problematic slopes, under the umbrella of the worldwide
BORASSUS Project. The results of one year of field experiments
indicate the use of geotextile mats constructed from leaves of
Borassus aethiopum (termed Borassus mats) on bare soil signifi-
cantly reduced soil splash height by �51% and splash erosion by
�90%. Buriti mats (constructed from leaves of Mauritia flexuosa)
were ineffective in decreasing rainsplash erosion. Results from the
runoff experiment (08/01/07–14/01/08) suggest that emplace-
ment of Borassus mats as 1 m protective buffer strips at the lower
end of a 10 m long plot on bare soil reduced total runoff by �83%
and total soil erosion by�93%. The completely-covered plots of the
Borassus mats and buffer strip plots of the Borassus and Buriti mats
had similar impacts in reducing soil loss and total runoff volume
compared with bare plots. It has also been observed that the
functional longevity of the Buriti mats for the runoff plots is nearly
one year. However, the Borassus mats were in good condition and
previous experience suggests that the longevity of these mats is�2
years at Hilton (Bhattacharyya et al., 2008). Although mass per unit
area and thickness of both geotextiles decreased after 3 months,
moisture sorption depth and cover percentage increased. Thus, we
conclude, utilization of Borassus mats as buffer strips in bare plots
is highly effective for soil and water conservation on temperate
loamy sand soils. Bhattacharyya et al. (2008) also observed that
buffer strips of Borassus mats are as effective as complete cover of
the same mats and are more effective in reducing total runoff.
These two studies at Hilton are expected to contribute significantly
in both environmental and economic aspects of addressing the
problem of soil erosion, as complete cover of geotextile mats might
be unnecessary. That said, the ratio of buffer strip to the total
length of the plot (1:10 in these studies of Hilton) under different
agro-climatic conditions needs to be evaluated.
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ABSTRACT 
 
Previously, most studies on the effectiveness of geotextiles on soil erosion rates and processes were 
conducted in laboratory experiments for <1 h. Hence, at Hilton (52o33' N, 2o19' W), East Shropshire, UK, 
we investigated the effectiveness of employing palm-mat geotextiles (Borassus and Buriti mats) to reduce 
rainsplash erosion, runoff and soil loss under field conditions. This study is a component of the European 
Union-funded BORASSUS Project. The effects of Borassus mats on rainsplash erosion were studied for 
~2 years (2002-2004), and re-established in January 2007 on a 0o slope. There were 12 experimental 
plots (six plots completely-covered with mats and six bare plots; each measuring 1.0 x 1.0 m). Runoff-plot 
studies were also conducted on the loamy sand soil at Hilton for 2 years (2002-2004) with duplicate 
treatments: (i) bare soil; (ii) grassed, (iii) bare soil with 1 m Borassus-mat buffer zones at the lower end of 
the plots and (iv) completely-covered with Borassus-mats. Each plot was 10 x 1 m on a 15o (26.6%) slope. 
To confirm the results, another set of experiments have been in progress at Hilton since January 2007, 
with one additional treatment (bare soil with 1 m Buriti-mat buffer zones) compared with the earlier 
experiment. Runoff and soil erosion were collected from each plot in a concrete gutter, leading to a 0.02 
m3 (20 liters) capacity receptacle placed inside a 0.14 m3 (140 liters) capacity container. Results 
(06/10/02-02/09/04; total precipitation = 1038.3 mm) showed Borassus mats on bare soil reduced total 
rainsplash erosion by ~50% compared with bare plots (9.64 kg m-2; 1.97 lb ft-2). The use of Borassus mats 
on bare soil (during 01/22/07-01/21/08; total precipitation = 919.2 mm) also reduced soil splash erosion by 
~90%. During 03/25/02-05/10/04 (total precipitation = 1319.8 mm) complete cover of Borassus mats on 
bare soil reduced total runoff by ~19% and soil erosion by ~64%. Furthermore, Borassus mats as 1 m 
buffer strips on bare soil reduced runoff by ~36% and soil erosion by ~57%. During 01/08/07-01/14/08 
(total precipitation = 923.4 mm), plots with Borassus and Buriti mats as buffer strips on bare soil reduced 
sediment yield by ~93 and 98%, respectively, and runoff by ~83 and 63%, respectively. Buffer strips of 
Borassus mats were also as effective as complete cover of the same mats. Thus, utilization of palm-mat 
geotextiles as buffer strips on bare plots (area coverage ~10%) is highly effective for soil and water 
conservation.  
 
KEYWORDS: Palm-mat geotextiles; buffer strips; soil erosion control; rainsplash erosion; runoff   
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1.0 INTRODUCTION 
 
     Soil erosion is widespread and adversely affects all human-managed ecosystems, including 
agriculture and forestry. The extent and severity of erosion on European soils have markedly increased 
over the last 50 years, particularly on arable land (Davies et al., 2006). The rate of erosion in Europe is 
~10-25 Mg ha-1 yr-1 (Boardman, 1998). Annual erosion rates on cultivated land vary from 0.1 to 20 Mg ha-

1 in the UK (Morgan, 1986). Since growing high value crops (e.g. potatoes, sugar beet) provides less 
protection to the soil than cereal production, especially where two crops per year are obtained, erosion 
rates on these lands are likely to be high. Again, in Western Europe, there is a period in mid-summer 
when the land is bare at the time of high-intensity thunderstorms, when soil loss rates ≤ 19.5 kg m-2 (3.99 
lb ft-2) have been reported due to a single storm (Morgan, 1985). With projected global climate changes, 
the likelihood of high soil erosion rates will further increase (Boardman and Favis-Mortlock, 1993). 
   
     A fully mature vegetation cover with a uniform and dense sward is generally able to reduce soil erosion 
considerably compared to bare soil (Rickson, 2006). However, establishment of a fully mature vegetation 
may take one to two seasons (Hann and Morgan, 2006). This period has normally high erosion risk as 
roots, stems and plant canopy will be insufficiently developed to reduce soil loss. Without immediate and 
appropriate protection, slopes can suffer from severe soil loss and instability, which in turn makes 
vegetation establishment extremely difficult (Vishnudas et al., 2006). Erosion control mats and blankets or 
geotextiles offer immediate soil protection during the transitional period between germination/planting and 
full maturity (Rickson, 2006) and once installed, these products may remain in place for several months, 
or even years, and serve as composite erosion control solutions (Davies, 2000).  
 
     Erosion control geotextiles are made from natural (jute, coir, sisal, cereal straw and palm leaves) or 
synthetic (nylon, polypropylene, polyester and polyethylene) materials (Rickson, 2006). Despite synthetic 
geotextiles dominating the commercial market, geotextiles constructed from organic materials are highly 
effective in erosion control and vegetation establishment (Langford and Coleman, 1996). Studies have 
shown that natural fibers were more effective than synthetic ones in controlling erosion (Sutherland and 
Ziegler, 1996) and were the preferred method because of their 100% biodegradability and better 
adherence to the soil (Langford and Coleman, 1996). Moreover, synthetic geotextiles can cost over 10 
times as much per unit area as natural ones (Ingold, 1996). The material composition of geotextiles 
determines their longevity in the field: natural products last about two to five years, whereas synthetic 
products last over 25 years (Oosthuizen and Kruger, 1994). However, it is argued that once vegetation is 
established on-site, geotextiles become redundant in terms of erosion control. As they degrade, natural 
products add organic matter and nutrients to the soil, which may enhance soil microbiological activity, 
fertility and aggregate stability (Rickson, 2006).   

  
     Geotextiles constructed from leaves of Borassus aethiopum (black rhun palm of West Africa) and 
Mauritia flexuosa (Buriti palm of Latin America) are termed Borassus and Buriti mats, respectively. 
Borassus mats were first constructed in The Gambia (Plate 1) and the Buriti mats in Brazil (Plate 2). They 
meet selected criteria (simple and cost-effective to manufacture and provide immediate erosion control). 
Palm-mat geotextiles could be constructed at an economically viable price of $0.35-0.45 per square meter, 
which is comparable to other geotextiles (Davies et al., 2006). As covering bare soil completely with palm-
mat geotextiles would not be economically viable, there is need to evaluate soil detachment rates after 
utilization of palm-mat geotextiles as buffer strips. Available studies do not allow quantification of the 
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effectiveness of palm-mat geotextiles in decreasing water erosion (runoff and sediment yield). Moreover, 
most previous studies on the effectiveness of geotextiles for soil conservation were conducted in 
laboratory experiments for <1 h. Therefore, we hypothesize that buffer strips of Borassus mats would be 
as effective as complete cover of the same mats in conserving soils. Another hypothesis tested in this 
study was: buffer strips of Borassus mats would be more effective than buffer strips of Buriti mats in 
erosion control, as Borassus mats possess better physical properties (i.e. greater thickness and mass per 
unit area and less percent open area than Buriti mats).  

    
Plate 1. A Borassus mat manufactured at The          Plate 2. Buriti mats after their manufacture in           
               Gambia.                                                                Brazil.                 
 
1.1 Objectives  
 
     The objectives of the studies were: (i) to learn the potential of using palm-mat geotextiles (Borassus 
and Buriti mats) for soil conservation, (ii) to determine the effectiveness of Borassus mats on rainsplash 
erosion, and (iii) to compare efficacy of complete cover of Borassus mats with buffer strips of the same 
mats and buffer strips of Borassus mats with buffer strips of Buriti mats for soil and water conservation.   
 
2.0 MATERIALS AND METHODS 
 
2.1 Site 
 
     Investigations were conducted at the Hilton Experimental Site, east Shropshire, U.K. (52.0o33'5.7" N, 
2.0o19'18.3" W; NGR SO778952), within the southern section of the Worfe Catchment, a tributary of the 
mid-Severn (Fullen and Reed, 1986). The region experiences a temperate climate with a mean annual 
precipitation of 620.0 mm (Std. Dev. = 104.9, n = 15 years). In most of the area, the Permo-Triassic 
sandstones are overlain by a suite of glacial and proglacial sediments (Hollis and Reed, 1981). Most soils 
(FAO/UNESCO classification: Dystric Cambisol) belong to the Newport and Bridgnorth Associations, 
which total 2593 km2, equivalent to 1.7% of the surveyed area of England and Wales (Fullen and Reed, 
1986).   
 
2.2 Splash Erosion 
 
     Twelve (1 x 1 m; 3.28 x 3.28 ft) plots were established in 2002 at Hilton to study the effects of 
Borassus mats on splash erosion during 2002-04 and they were re-established in 2007 (Plate 3). Based 
on analysis of soil samples (0-0.05 m; 0-0.164 ft) collected in June 2002, the soil was loamy sand (Davies 
et al., 2006). The design and treatment combinations of both experiments (2002-04 and 2007-08) were 
similar. Six randomly-selected plots were completely covered with Borassus mats, and the rest were bare. 
The slope gradient used in these tests was kept constant (0o), as rainsplash erosion can occur even on 
flat surfaces, due to the trajectory of raindrop splash impacts (Morgan, 2005). The soil was prepared by 
rotavating and removing grass turfs and raking the surface. The mats were cut with a secateaurs at one 
end very carefully and placed over the soil surface and attached with pegs. All plots were maintained in a 
bare condition by regular ‘Roundup’ (isopropylamine salt of N-phosphonomethyl glycine) herbicide 
treatments. In January 2007, the soil (0-0.05 m; n = 12) had 50.2% sand (2000-60 µm), 45.5% silt (60-2 
µm), 4.3% clay (< 2 µm) and mean (n = 12) soil pH was 5.48 (± 0.08) and mean (n = 12) soil organic 
matter (SOM) was 2.82% (± 0.34%).  



 5

      Soil splash was measured in each plot by collecting splashed particles in a centrally-positioned trap 
during 06/10/02-02/09/04 and again during 01/22/07-01/21/08. Each trap consisted of a 0.152 m (~0.49 ft) 
diameter circular tube inserted into the soil, containing a similar-sized funnel on top of a 0.001 m3 (1 liter) 
bottle (Plate 4). They were installed 0.01 m (~0.03 ft) above the soil surface, thus, only allowing splashed 
soil particles to enter. Comparable splash traps have been used by Poesen and Torri (1988). The 
splashed particles were carefully washed from plastic funnels. The collecting bottles were emptied after 
substantial rain and trapped fauna removed using a 2.0 mm (0.007 ft) sieve in the laboratory, then the 
splashed particles were dried overnight at 40oC and weighed. There is an experimental bias in measuring 
soil splash detachment (van Dijk et al., 2002). The measured rates of soil splash detachment are only the 
apparent rates and depend on the size distribution of the splashed soil particles and geometry of the 
experimental device (Nanko et al., 2008). The quantity of splashed material measured per unit area was 
corrected after Poesen and Torri (1988) using the equation: 

              MSR = MS e0.054D                                                                                                                       [1] 

where MSR is the corrected mass of splashed material per unit area (kg m-2; lb ft-2), MS is the measured 
splash per unit area (kg m-2; lb ft-2) and D is the funnel diameter (m; ft). Since all splash traps had the 
same geometry, device-related size bias was neglected. Funnel diameter influences the amount of 
eroded soil collected. A ≥ 0.1 m (≥ 0.33 ft) diameter funnel was recommended to collect soil splash 
erosion (Poesen and Torri, 1988). Furthermore, the fraction of the total mass of detached sediment that 
splashes > 0.5 m (~1.64 ft) generally represents < 5% (Savat and Poesen, 1981). Hence, the size of 
individual plot was kept at 1 x 1 m (3.28 x 3.28 ft) and adjacent areas of the plots were separated with 
concrete plinths (0.15 m; 0.49 ft width). 

     Splash height (m; ft) was measured using trapped particles on 0.5 m (~1.64 ft) high wooden pegs, 
painted with ‘Polaguard’ plastic paint to aid measurements and 10 height zones, each 0.05 m (0.164 ft) 
high, were indicated. Each plot had one splash peg, positioned on the north-eastern diagonal, halfway 
between the splash trap and the corner post. It is logical that the single position of the splash boards 
would cause bias, due to wind direction. However, we did not install 3-4 splash height boards within a plot, 
as that might affect the trapped amount of splashed sediment in the cups. Hence, the assumption was 
made that bias of measuring splash height (by a single splash board) due to wind direction would have 
been similar for all treatments and would not affect the relative behavior of mat-covered plots compared 
with bare plots. 

             
   Plate 3. Splash experimental plots at Hilton, UK     Plate 4. Plan view of a scale and splash 

                 (01/22/2007).                                                                collector. 

  
2.3 Runoff Plots 
 
     Eight runoff plots [situated on a 15o (26.6%) south-west facing slope, numbered D1-D8 and measuring 
10 x 1 m] were established in 2002 (Figure 1a) to study the effectiveness of Borassus mats on runoff 
volume and soil loss. In January 2002, the soil (0-0.05 m; 0-0.164 ft) had a mean (n = 80) SOM of 3.83% 
(± 0.57%). Using random selection, plots D2 and D8 were completely covered with Borassus mats, D4 
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and D5 had 1 m buffer zones of Borassus mats at the plot lower end, D1 and D6 were the bare soil 
(control) plots and D3 and D7 were grassed plots. The plots were bordered with black plastic lawn-trim, 
with 0.1 m (0.33 ft) intruding into the soil and 0.1 m (0.33 ft) protruding above the soil. Permanent grass 
plots consisted of a mixture of ryegrass (Lolium perenne), timothy (Phleum pratense) and huia white 
clover (Trifolium repens). Both grass plots were maintained following UK Ministry of Agriculture 
regulations, which included grass cuts and leaving the cuttings on the plots.  
 
     Prior to observations, the bare (control) and treated plots were rotavated to ~0.2 m (0.66 ft) depth and 
treated with ‘RoundUp’ (isopropylamine salt of N-phosphonomethyl glycine) herbicide to remove 
vegetation. Then, mats were cut very carefully, if required, at one end and placed over the soil surface 
and attached with metal pegs. In these plots, some mats were cut from one end very carefully. Runoff 
volume and sediment yield were measured from 03/25/02-05/10/04 (total precipitation = 1319.8 mm). 
Runoff and soil erosion were collected from each plot in a concrete gutter, leading to a 0.02 m3 (20 liters) 
capacity receptacle placed inside a 0.14 m3 (140 liters) capacity container. The sediment collected in the 
tray gutters and in the concrete outlets of the central runoff plots was included by brushing it into the 
collecting systems prior to each measurement, as it had been eroded from the plots. Runoff was 
measured to the nearest ml, while sediment yield was measured by weighing containers, oven-drying the 
runoff overnight at 40oC, and then reweighing the containers. This was performed regularly, usually every 
two weeks or after a substantial storm. 
 
     To further validate the results, another set of runoff experiments have been in progress at Hilton, with 
an additional treatment (10 m long plots with 1 m Buriti-mat buffer zones) compared with the earlier 
experiment (Figure 1b). Based on analysis of soil samples (0-0.05 m; 0-0.164 ft) collected in January, 
mean (n = 100) soil had a pH of 5.32 (± 0.17), SOM of 3.64% (± 0.66%), sand 0.524 kg kg-1, silt 0.439 kg 
kg-1 and clay 0.037 kg kg-1. The plots were bordered with wooden planks, with 0.1 m (~0.33 ft) intruding 
into the soil and 0.1 m (~0.33 ft) protruding above the soil. The pictures of a Borassus completely-covered 
plot (Plate 5) and a Buriti buffer strip plot (Plate 6) just after installation of the mats on 8 January 2007 are 
shown below. Runoff volume and sediment yield were measured after each substantial storm from 
01/08/07-01/14/08 (total precipitation = 923.4 mm).  
 

    

Plate 5. A completely covered plot (by Borassus      Plate 6. A Buriti buffer strip plot at Hilton. 
              mats) at Hilton, just after installation . 
 

2.4 Analyses of Selected Mat Properties 

     Physical properties of mats (size, thickness, mesh size, mass per unit area and percentage open area) 
were analysed in the laboratory taking six randomly selected samples of Borassus and Buriti mats. Mean 
moisture sorption depth was determined as outlined by Sutherland (1998), based on 10 randomly 
selected samples with dimensions of 0.15 x 0.15 m (0.49 x 0.49 ft).   
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2.5 Computation of Effectiveness of Geotextile-covered Plots 

     The splash erosion reduction effectiveness (SpERE) of Borassus mats in reducing splash output was 
determined using the equation: 
 
                           [Total baresp (kg m-2; lb ft-2) – Total geotextilesp (kg m-2; lb ft-2)] 
SpERE = 100 x                                             [2]                          
                                           Total baresp (kg m-2; lb ft-2)      
                                                                    
where, Total baresp represents the total splash output measurements, and Total geotextilesp represents 
the total splash output measurements for each of the individually tested geotextiles during the study 
period.  
 
 
                                                                      (a) 

 
 
                                                               
 
                                                                       (b) 

 
 

Figure 1. Schematic plan of the runoff plots at Hilton: (a) during 03/25/02-05/10/04 (b) during 
01/08/07-01/14/08. 



 8

     Sediment yield reduction effectiveness (SYRE) and runoff reduction effectiveness (RRE) were 
calculated following Sutherland (1998): 
    

                             [Bare sediment yield (kg m-2; lb ft-2) – Geotextile cover sediment yield (kg m-2; lb ft-2)] 

SYRE (%) = 100 x                                                                   [3] 

                                                               Bare sediment yield (kg m-2; lb ft-2)                                                                             
 
 
                               Volume of runoff (m3; liters)       
ROC (%) = 100 x                                                                                                                                         [4]      
                               Volume of rainfall (m3; liters) 
 
where ROC represents runoff coefficient. 
 
                         [Bare ROC (%) – Geotextile cover ROC (%)]                                          
RRE = 100 x                                                           [5]                          
                                           Bare ROC (%) 
  
2.5 Statistical Analysis 
 
     Anderson-Darling’s normality test was carried out to observe the normality of splash height and soil 
splash erosion data for both bare and covered plots and runoff and sediment yield data for all treatments. 
On the basis of that, t-tests were employed for splash height data and Mann-Whitney tests for splash 
erosion, runoff and sediment yield data to study differential responses to erosive processes. Mean and 
coefficient of variation (CV) were determined for runoff and soil loss data.  
 
 
3. RESULTS      
 
3.1 Selected Physical Properties of the Mats   
   
     Results show that Borassus mats have higher thickness, mass per unit area, size, moisture sorption 
depth (MSD) and cover percentage than Buriti mats (Table 1).  
 
Table 1. Selected salient properties of the Borassus and Buriti mats 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Notes: Data in parentheses indicate Std. Dev. (n = 6 Borassus mats constructed in The Gambia and n = 6 
Buriti mats constructed in Brazil).   
 
3.2 Splash Erosion 
 
     The results (03/25/02-05/10/04) showed that covered plots had ~50% less total splash erosion than 
bare plots (9.64 kg m-2; 1.97 lb ft-2) (Table 2). Comparatively, mean splash height from Borassus mat-

Properties Borassus mats Buriti mats 
Material Strips of palm leaves Fibres of palm leaves 

Mat size (mm x mm) 595 x 590 (±13.4 x 10.5) 509 x 507 (±10.7 x 9.8) 
Mat thickness (mm) 20 (± 5) 10 (± 1) 
Strip thickness (mm) 22.5 (± 5) 12.5 (± 2.5) 

Mass per unit area (kg m-2) 1.091 (± 0.133) 0.413 (± 0.077) 
Mass per unit area (lb ft-2) 0.223 (± 0.027) 0.085 (0.016) 

Open area (%) 22.9 (± 3.3) 55.8 (± 5) 
Aperture opening size (mm2) 663.1 (± 99.9) 1442.8 (± 150.2) 

Aperture width along with 
edge strip (mm) 

29.1 (± 2.1) 38.4 (± 2.1) 

Mesh size (mm x mm) 40 x 40 (± 2.5 x 2.5) 50 x 50 (± 2.0 x 2.0) 
Characteristics Stiff, semi-deformable Flexible, deformable 

Moisture sorption depth 
(mm) 

0.28 (± 0.07) 0.22 (± 0.03) 
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covered plots (0.141 m; 0.46 ft) was significantly (P < 0.05) less than the bare plots, by ~31% (Table 2). 
The results of the following experiment (01/08/07-01/14/08) also showed that covering the bare plots with 
Borassus mats significantly (P < 0.05) decreased both splash erosion and splash height (Table 2). The 
splash erosion reduction effectiveness (SpERE; calculated from Eq. 2) for the plots with Borassus mats 
was ~90%. Mean splash height of the covered plots with Borassus mats was also ~51% less than the 
bare plots (0.27 m; 0.89 ft) (Table 2).  
 
Table 2. Effectiveness of Borassus mats on soil splash erosion for the plots at the Hilton 
Experimental Site during 06/10/02-02/09/04 (total precipitation = 1038.3 mm) and 22/01/07-21/01/08 
(total precipitation = 919.2 mm). 

During 06/10/02-02/09/04 During 22/01/07-21/01/08 
Splash erosion 

(kg m-2) 
Splash height 

(m) 
Splash erosion 

(kg m-2) 
Splash height 

(m) 

Parameters 

Bare 
n = 18 

Mat-
covered 
n = 18 

Bare 
n = 14 

Mat- 
covered 
n = 14 

Bare 
n = 22 

Mat-
covered 
n = 22 

Bare 
n = 
21 

Mat- 
covered 
n = 21 

Total 9.64 
(1.97)  

4.82 
(0.99)  - - 

24.81 
(5.08) 

2.59 
(0.53) - - 

Mean (of sets of 
measurements) 

0.54 
(0.11) 

0.27 
(0.06) 

0.21 
[0.69] 

0.14 
[0.46] 

1.13 
(0.23) 

0.12 
(0.02) 

0.27 
[0.89] 

0.13 
[0.43] 

Std. Dev. 0.64 
(0.13) 

0.35 
(0.07) 

0.092 
[0.30] 

0.024 
[0.08] 

2.23 
(0.46) 

0.29 
(0.06) 

0.079 
[0.26] 

0.085 
[0.28] 

Appropriate test 
Statistics (Bare 

v covered) 
Not significant 

(P = 0.062) 
Significant 
(P < 0.05) 

Significant 
(P < 0.05) 

Significant 
(P < 0.001) 

Notes: Data in ‘()’ indicate splash erosion (lb ft-2); Data in ‘[ ]’ indicate splash height [ft]. 

 
3.3 Runoff Volume  
 
     Results of the first set of experiments (03/25/02-05/10/04) show that total runoff from the Borassus 
buffer zone plots (0.0023 m3 m-2; 2.3 liters m-2) was ~37% less than the Borassus completely-covered 
plots (Table 3). Application of Borassus mats as total cover on bare soil increased runoff by ~24% over 
bare soil. However, that increase was not significant (P < 0.05). The runoff coefficient (ROC) for bare 
plots (0.27%) was significantly (P < 0.05) less than the permanent grassed plots, and that for Borassus 
completely-covered plots (0.34) was higher than grassed plots (Table 3). Results of the second set of 
experiments (01/08/07-01/14/08) imply that the bare soil generated most runoff (~0.0238 m3 m-2; 23.8 
liters m-2) and permanent grassed plots least (Table 4). Borassus buffer strip plots had significantly less 
RRE than permanent grassed plots. Borassus completely-covered plots, Borassus buffer strip plots and 
Buriti buffer strip plots had similar runoff volumes.    
 
3.4 Sediment Yield 
 
     Results of the first set of experiments indicate that total sediment yield in the Borassus completely-
covered plots was ~64% less than bare plots (~0.09 kg m-2; 0.02 lb ft-2) (Table 3). Mean total soil loss 
equates to ~0.01, 0.04 and 0.03 kg m-2 from the permanent grassed plots, buffer zone (of Borassus mats) 
plots and completely-covered (by Borassus mats) plots, respectively. Total soil loss from the Borassus 
completely-covered plots was similar to the Borassus buffer zone plots. Results of the second set of 
experiments (2007-2008) reveal that all treatments significantly (P < 0.05) decreased total sediment yield 
from bare plots (~2.32 kg m-2; 0.48 lb ft-2) (Table 4). Borassus and Buriti mats as 1 m buffer strips on bare 
soil reduced soil erosion by ~93 and 98%, respectively (Table 4). Again, soil loss in the plots under 
Borassus completely-covered plots was similar to the buffer strip plots of the same mats. Thus, the first 
hypothesis that buffer strips of Borassus mats would be as effective as complete cover of the same mats 
was true for both sets of experiments. However, the second hypothesis that Borassus buffer strip plots 
would be more effective than Buriti buffer strip plots was not true, as observed during 2007-08. Although 
application of Buriti mats as buffer strips on bare soil was very effective to control soil loss and had similar 
sediment yield to all other treatments, the functional longevity of these mats at Hilton was ~1 year against 
~2 years for Borassus mats. Thus, Buriti mats are not suitable for their reuse for > 2 seasons.      
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Table 3. Mean runoff and soil erosion rates for the plots at the Hilton Experimental Site during 
03/25/02-05/10/04 (n = 30 sets of measurements; total precipitation = 1319.8 mm = 52 inches). 

Parameters Bare Borassus buffer 
strip 

Borassus 
completely-

cover 

Permanent 
grass 

Total runoff  
(m3 m-2) 0.0036 (78) 0.0023 (103) 0.0044 (90) 

 
0.0028 (110) 

Total runoff 
(liters m-2) 36 23 44 

 
28 

Total sediment 
yield (kg m-2) 0.09 (116) 0.037 (135) 0.031 (93) 

 
0.013 (69) 

Total sediment 
yield (lb ft-2) 0.018 0.008 0.006 

 
0.003 

ROC (%) 0.27 0.17 0.34 0.21 
RRE (%) - 37.0 -25.9 22.2 

SYRE (%) - 56.6 63.6 85.6 
Notes: Data in parentheses indicate CV (%). ROC, RRE and SYRE indicate runoff coefficient, runoff 
reduction effectiveness and sediment yield reduction effectiveness, respectively.  

Test Statistics (P values) for runoff volume: Bare v permanent grass < 0.05; Premanent grass v Borassus 
completely-covered < 0.001; Borassus completely-cover v Borassus buffer strip plots < 0.05; other 
comparisons are not significant (P > 0.05).   

Test Statistics (P values) for soil loss: Bare v Borassus completely-cover < 0.01; Bare v permanent grass 
< 0.001; Bare v Borassus buffer strip < 0.01; Borassus completely-cover v permanent grass < 0.01; other 
comparisons are not significant (P > 0.05). 

 
Table 4. Runoff and soil erosion rates for the plots at the Hilton Experimental Site during 01/08/07-
01/14/08 (n = 29 sets of measurements; total precipitation = 923.4 mm = 36.4 inches). 

Parameters Bare 
 

Borassus 
buffer strip 

 

Borassus 
completely-cover 

Buriti buffer 
strip 

Permanent 
grass 

Total runoff  
(m3 m-2) 0.0238 (267) 0.0041 (112) 0.0063 (123) 

0.0089 
(297) 

0.0031 
(164) 

Total runoff  
(liters m-2) 23.8 4.1 6.3 8.9 

 
3.1 

Total sediment yield  
(kg m-2) 2.32 (476) 0.16  (472) 0.03  (166) 0.04 ( 221) 

 
0.02 (127) 

Total sediment yield  
(lb ft-2) 0.475 0.033 0.006 0.008 

 
0.004 

ROC (%) 2.58 0.44 0.68 0.96 0.34 
RRE (%) - 82.9 73.6 62.8 86.8 

SYRE (%) - 92.9 98.6 98.2 99.1 

Notes: Data in parentheses indicate CV (%). ROC, RRE and SYRE indicate runoff coefficient, runoff 
reduction effectiveness and sediment yield reduction effectiveness, respectively.  

Test Statistics (P values) for runoff volume: Bare v permanent grass < 0.01; Borassus completely-cover v 
permanent grass < 0.01; Borassus buffer strip v permanent grass < 0.05; other comparisons are not 
significant (P > 0.05). 

Test Statistics (P values) for soil loss: Bare v permanent grass < 0.001; Bare v Borassus completely-
cover < 0.001; Bare v Borassus buffer strip < 0.001; Bare v Buriti buffer strip < 0.001; other comparisons 
are not significant (P > 0.05). 
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4. DISCUSSION 

4.1 Splash Erosion 
 
     Results indicate Borassus mats are highly effective in reducing splash erosion. The lower splash 
height and amount of splashed soil for the covered plots reiterates the importance of retaining protective 
cover on sloping land, as geotextiles serve as protective barriers that dissipate raindrop kinetic energy. 
Following intense rainfall, fine sediment was visible, trapped by the palm-mats, resulting in decreased 
splash erosion (Mitchell et al., 2003). Geotextiles may also improve soil organic matter (SOM) and, thus, 
improve topsoil structure and aggregate stability, thereby decreasing splash erosion. Experimental results 
reported by Ziegler et al. (1997) showed that SpERE (calculated after 1 h of rainfall simulation study) for 
several geotextiles (C125, SC 150 BN and P 300) was > 97% compared to only 50% observed in this 
study (during 2002-04) and ~90% during 2007-08. Despite duration and intensity of rain event and 
inherent soil properties, total amount of rainsplash erosion from soils covered with different geotextiles 
depends on individual product properties (Rickson, 2006). Lower SpERE of Borassus mats than the 
above-mentioned geotextiles was probably due to less cover percentage of Borassus mats (~77% v ~86, 
91 and 93% of SC 150BN, P 300 and C125, respectively). However, Ziegler et al. (1997) observed 
SpERE of PEC-MAT, having only 56% cover percentage, was as high as ~89%. Thus, apart from cover 
percentage, the ability of the geotextiles to control rainsplash erosion is affected by several other 
geotextile properties, such as moisture sorption depth, thickness and roughness (Zeigler et al., 1997).  
 
 
4.2 Runoff Volume  
 
     Since biological geotextiles behave like mulching materials in reducing runoff depths (Smets et al., 
2007), it can be expected that plots covered with palm-mat geotextiles would have lower runoff depths. 
Except for small runoff events under Borassus completely-covered plots during 2002-04, runoff depths 
were reduced in all covered plots by palm-mat geotextiles compared to bare soil. The presence of 
geotextile mats on slopes affects surface erosion in several ways: (i) surface runoff is divided into several 
smaller paths, due to the numerous obstructions caused by the presence of matting, thus, decreasing the 
overall damaging impact of flowing water; (ii) the net of geotextiles increased infiltration with their 
saturation and reduced flow of water by creating a network of small microdams, which further increased 
infiltration. Other studies conducted on runoff and erosion control support these findings (Langford and 
Coleman, 1996; Sutherland and Ziegler, 1996). Sutherland and Ziegler (2007) reported coir geotextiles 
significantly (P < 0.05) delayed the time to runoff generation and increased infiltration compared to the 
bare treatment. However, along with surface cover, slope gradient and rainfall intensity play major roles in 
determining infiltration rates (Poesen, 1984). In a laboratory study, Smets et al. (2007) found Borassus 
and Buriti mats were more effective in reducing runoff coefficients on a medium (15%) slope than that on 
a steep (45%) slope, ranging from ~76 to ~18%;  (iii) in addition, the surface cover of geotextiles provided 
surface roughness that retarded overland flow velocities. For example, Sutherland and Ziegler (2007) 
found coir-geotextiles significantly (P < 0.05) decreased the leading edge flow velocities by ~33% 
compared to the bare treatment (9.6 cm s-1); (iv) furthermore, the application of geotextiles alters the 
shear stress partitioning of overland flow (Thompson, 2001; Léonard and Richard, 2004).   
 
     During 2002-04, plots under Borassus completely-covered plots had ~24% higher (although 
statistically similar) runoff than bare soil. Low RRE in the Borassus completely-covered plots compared 
with the bare plots was probably due to low precipitation amounts (< 50 mm week-1). When rainfall 
intensity was low, the percent of raindrops rolling over the mats and discharging as runoff without direct 
contact with soil might be higher than that under intense rain. Interestingly, Borassus buffer strip plots had 
~36 and 48% less runoff than bare and Borassus completely-covered plots, respectively, during that 
period. The reason for the effectiveness of buffer zone plots in reducing runoff is not obvious at present, 
except the buffer zone acts as a barrier at the lower end of the slope and perhaps helps to maintain a thin 
layer of water against the slope, promoting higher infiltration.   
 
 
4.3 Sediment Yield  
 
     The effectiveness of geotextiles in decreasing soil erosion mainly depends upon several properties, 
such as percent open area, mass per unit area, thickness, tensile strength, mass of geotextiles per unit 
area when they are wet, design and drapability (Ogbobe et al., 1998; Rickson, 2006; Sutherland and 
Ziegler, 2007). As geotextiles become wet they expand to the soil surface, enhancing drapability 
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(adherence to surface microtopography) and, hence, erosion control (Sutherland and Ziegler, 1996). 
Furthermore, besides offering protection, geotextiles might improve SOM content, which binds soil 
particles and improves topsoil structure and aggregate stability, thereby reducing soil erosion, by 
encouraging infiltration. UK field experiments, comparing the effectiveness of different treatments in 
controlling sediment yield, revealed jute-net had only 1.4% of the sediment yield from bare plots, while 
jute-mat had 1.1% (Mitchell et al., 2003). In the first set of experiments, erosion rates of ~0.1-0.5 Mg ha-1 
yr-1 were much less than the 1-2 Mg ha-1 yr-1 considered tolerable on British arable soils (Morgan, 1986). 
The low rates even on bare plots were mainly due to low precipitation intensities (mostly < 50 mm week-1) 
during 2002-04.  
  
     The low sediment yield of the grassed plots confirms the importance of retaining protective vegetative 
cover on sloping land. This is because grass swards serve as protective barriers against rainfall kinetic 
energy, offer a source of organic matter to bind soil particles and grass roots aid the retention of topsoil 
structure. This study highlights the ability of palm-mat geotextiles, such as Borassus and Buriti mats, to 
significantly (P < 0.05) reduce erosion on agricultural soils. The results also showed that buffer strips of 
Borassus mats significantly (P < 0.05) reduced soil loss compared with bare soil and are as effective as 
complete cover of the same mats. Despite physical protection and sediment entrapment, buffer zones of 
Borassus mats may alter flow direction, thus creating several cross-drains. It is expected that buffer strips 
at the lower end of the plots would reduce flow speeds, which would eventually lead to sediment 
deposition within the small micro-dams. Wet networks of mats may then bind recently deposited sediment, 
thus effectively conserving soil on site. Vegetative buffer strips to trap sediments are an integral part of 
management practice in the UK. For example, in a study of vegetative buffer strips used in UK agriculture, 
surface runoff was reduced by a factor of six and soil loss was effectively eliminated (Jones, 1993).  
 
     Several researchers have reported that geotextiles were effective in reducing soil erosion compared to 
bare soil surfaces (Sutherland and Ziegler, 1996; Langford and Coleman, 1996; Mitchell et al., 2003). In 
laboratory studies, Sutherland and Ziegler (2007) found that between the two open weave coir geotextiles, 
the most effective geotextiles had a higher mass per unit area and less space between the regularly 
aligned grids of fibers. Although Borassus mats have higher mass per unit area than Buriti mats, SYRE 
values of Borassus and Buriti buffer zone plots were similar. The higher drapability (adherence to surface 
micro-topography) might have offset some of the physical disadvantages of Buriti mats (such as less 
mass per unit area and thickness and more percent open area) over Borassus mats. It was also observed 
that the effectiveness of palm-mat geotextiles decreased after six months of field study (during 2007-08) 
from ~99 to 90%. Like us, Lekha (2004) observed the effectiveness afforded by coir geotextiles in Kerala 
(India) was reduced from 99.6% during the pre-monsoon season to 78.1% in the post-monsoon season 
on a 26o (48.8%) slope. Nevertheless, a ~90% SYRE at Hilton is a clear indication that the technology is 
extremely efficient in minimizing erosion on this loamy sand soil.      
 
     Smets et al. (2007) observed that both Borassus and Buriti mats significantly (P < 0.05) decreased 
inter-rill soil loss compared with bare soil on 15 and 45% slopes during 45 and 67 mm h-1 rainfall 
intensities. Thus, these mats have tremendous potential for non-agricultural use. Apart from utilization of 
these mats in highways, river banks, stabilization of ponds, and the preservation of archaeological sites 
the mats could be used as partial cover on certain high risk crops (such as potatoes) in some pockets of 
land with high erosion risk, on certain high value crops (such as sugar beet) and to cover bare soil once 
the main crop is harvested. As the functional longevity of Borassus mats is ~2 years, they can possibly be 
reused for 3-4 seasons (to cover the bare soil once the main crop is harvested) and upon degradation the 
mats would probably improve soil quality. In the UK, mean annual soil loss in the plots under maize, 
potatoes, sugar beet and potato based cropping system was estimated to be ~5.3 Mg ha-1 (Morgan, 
1985), 2.5 m3 ha-1, 3.0 m3 ha-1 (Boardman and Evans, 2006) and ~4.3 Mg ha-1 (Morgan and Finney, 
1982), respectively. The estimated mean soil loss to produce maize and soybean in a rotation in the USA 
was ~5.3 Mg ha-1 yr-1 (O'Neal et al., 2005). Thus, erosion rates on British arable soils can exceed 
tolerable levels and it is possible that use of biogeotextiles could significantly (P < 0.05) decrease erosion 
rates. Pimentel et al. (1995) estimated total on-site and off-site costs of ~$196 ha-1 for soil loss by water 
and wind at 17 Mg ha-1 yr-1 in the USA. That estimated cost was exclusive of loss of water as runoff, soil 
biota and biodiversity, SOM, secondary and micro-nutrients, soil physical properties and crop yield. Thus, 
at ~$0.40 per square metre (~$4000 ha-1), covering agricultural soil completely with palm-mat geotextiles 
may be economically viable if the mats could be recycled and used as buffer strips. At Hilton, Borassus 
Buffer strip plots during the experimental year saved ~21.6 Mg soil loss ha-1. Assuming all other factors 
are similar to the study of Pimentel et al. (1995), these plots would have saved $250 ha-1 (based on 1995 
estimates), as against $400 ha-1 as production costs (material and labour costs) of these mats (based on 
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2005 estimates). Apart from the environmental benefits of using mats as buffer strips, the other 
advantageous facts are that the mats would last for 2 years. Furthermore, in the broader sense, the 
economic costs of producing these mats would go from a group of farmers/individuals to socially 
disadvantageous groups. 
 
 
5.0 CONCLUSIONS 
 
     This work forms one of the pioneering research attempts on the application of palm-mat geotextiles 
(Borassus and Buriti mats) for the control of soil erosion on problematic slopes under the umbrella of the 
BORASSUS Project (http://www.borassus-project.net). The results of both sets of studies indicate that 
application of Borassus mats on bare soil significantly (P < 0.05) reduced rainsplash erosion during both 
2002-04 and 2007-08. Borassus mats as 1 m (~3.28 ft) protective buffer strips on bare soil (10 m; ~32.8 ft 
long) significantly (P < 0.05) reduced soil erosion (by ~57% during 2002-04 and by ~93% during 2007-08). 
Sediment yield reduction in the Borassus completely-covered plots was similar to the buffer zone plots of 
the same mats during both experimental periods. However, the runoff reduction of the completely-covered 
plots was significantly (P < 0.05) less than that of the Borassus buffer zone plots during 2002-04. 
Although results during 2007-08 show buffer strip plots of Borassus and Buriti mats had similar effects in 
reducing total runoff and soil loss, functional longevity of Buriti mats was ~1 year against ~2 years of 
Borassus mats at Hilton. Thus, the use of Borassus mats as buffer strips on bare plots is highly effective 
for soil and water conservation on loamy sand soils in the UK. It is, therefore, proposed that the ratio of 
buffer strip to the total length of the plot (1:10 in these studies of Hilton) under different agro-
environmental conditions needs to be evaluated.    
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MARKETING PARAGRAPH 
 

Under temperate climatic conditions on a loamy sand soil, comparison of soil loss and runoff rates from 
replicated 10 m2 field plots indicate buffer strips (area coverage ~10%) of palm-mat geotextiles (Borassus 
and Buriti mats) can effectively conserve soil and water, with results similar to plots completely-covered 
by Borassus mats.  

 
 

 


