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Abstract This study assessed the effect of vegetative filter

strip (VFS) in removal of suspended sediment (SS), total

nitrogen, total phosphorus and Escherichia coli (E. coli) in

overland flow to improve receiving water quality standards.

Four and half kilograms of cowpat manure was applied to

the model pasture 14 m beyond the edge of vegetated filter

strip (VFS) comprising 10-m Napier grass draining into

20-m Kikuyu grass (VFS II), 10-m Kikuyu grass draining

into 20-m Napier grass (VFS III) and native grass mixture

of Couch–Buffel (VFS I-control). Overland flow water

samples were collected from the sites at positions 0, 0.5, 1,

2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25 and 30 m along the

length of VFSs. E. coli removal by Napier grass VFS was

on the order of log unit, which provided an important level

of protection and reduced surface-flow concentrations of

E. coli to below the 200 (CFU 100 mL-1) recommended

water quality standards, but not for nutrients and SS. The

Napier grass showed highest efficiency (99.6 %), thus

outperforming both Kikuyu grass (85.8 %) and Couch–

Buffel grasses VFS (67.9 ± 4.2 %) in removing E. coli

from overland flow. The low-level efficiency of native

Couch–Buffel grasses in reducing E. coli in overland flow

was because of preferential flow. Composition and design

of VFS was instrumental and could be applied with a high

potential of contracting the uncertainty in improving water

quality standards through mass reduction of SS, nutrients

and E. coli load in watersheds.

Keywords Vegetated filter strips � Mass reduction �
E. coli � Nutrients � Suspended sediment � Overland flow

1 Introduction

Microbial faecal pathogens in manure-borne zoonotic

infectious diseases draw attention because of increased

morbidity and mortality in humans worldwide through both

foodborne and waterborne avenues (Berry and Wells

2010). Potential routes of exposure for the public include

contaminated milk or meat from livestock operations, crops

from direct application of manure or manure-contaminated

overland flow, and contamination into surface waters and

drinking water (Bicudo and Goyal 2003). Increasing evi-

dence illustrates a direct geographic correlation for

increased risk for communities living in close proximity to

food animal production areas or manure applied crop fields

(Casey et al. 2015). A major challenge for both large-scale

production operations and small-scale local farming is how

to ameliorate impacts of livestock on surface water quality
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to protect human health, while maintaining production and

meeting nutritional needs (Hubbard et al. 2004; Randolph

et al. 2007; Gerber et al. 2010). As faecal contamination of

surface water bodies by livestock feed operations can be

multi-factorial in nature, various management strategies

must be employed to adequately reduce public health risk,

including limits on proximity to surface water sources,

duration and rotation of grazing time and various mitiga-

tion strategies to reduce the contribution of overland flow

of manure-borne pathogens into surface waters (Doran and

Linn 1979; Edwards et al. 1997; Bicudo and Goyal 2003;

Tyrell and Quinton 2003; Gerber et al. 2010; Casey et al.

2015). In recent years, vegetated filter strip (VFS) has

emerged as a low-cost, locally implementable, best man-

agement practice option to minimize these health risk,

particularly for small-scale operations or to reduce risk

from open pasture-derived overland flow (Stout et al. 2005;

Liu et al. 2008; McLaughlin et al. 2013; Yu et al. 2013).

However, recent literature has emphasized the importance

of determining local hydrological parameters (including

soil, water quality and temperature) in the design and

implementation of these VFSs (Krutz et al. 2004; Trask

et al. 2004; Stout et al. 2005; Guber et al. 2009; Sabbagh

et al. 2009; Islam et al. 2013) and focusing on locally

implementable and sustainable solutions. As global climate

change will result in increased periods of both flooding and

drought in vulnerable areas, site-specific mitigation

strategies to reduce public health risk of contamination of

surface waters by overland flow must be explored, along

with delineation of parameters influencing the efficacy of

these mitigation strategies (Boxall et al. 2009; Chiang et al.

2012). VFSs are widely used and are increasingly viewed

as a practical, low-cost management option for improving

the quality of overland flow from non-point pollution

source areas (Chaubey et al. 1995; Lim et al. 1998; Lewis

et al. 2010). VFSs can remove pollutants by various

mechanisms, which might include decomposition, vegeta-

tive consumption, volatilization, and infiltration, adsorption

of pollutants, dilution, filtration and settling (Vanderholm

and Dickey 1979; Koelsch et al. 2006; Koelsch and Ward

2009). The effectiveness of VFS for sediment removal in

overland flow from strip mines, nutrients and solids

removal from feedlot, pasture and cropland and treatment

of wastewater was demonstrated more decades ago (Doran

and Linn 1979; Gross et al. 1991; Coyne et al. 1995).

However, the consistency in performance of VFS across all

topography and pollutants has been questioned (Lim et al.

1998), although they have the potential of markedly

improving the quality of incoming overland flow. Some

studies have reported that VFS are usually not sufficient for

reducing overland faecal coliform concentrations to pri-

mary contact standards (Walker et al. 1990; Coyne et al.

1995). In a study involving swine manure, it was reported

that VFS did not remove significant nitrate nitrogen (NO3-

N) or faecal coliforms (FC) (Chaubey et al. 1994). VFSs

remove far less pollutant load for concentrated flow than

for diffuse flow, indicating that the flow regime within the

VFS is critically important to good performance (Dillaha

et al. 1986; Gallagher et al. 2013). The exact form of

improvement and design parameters for optimal perfor-

mance are difficult to define, despite it being apparent that

VFSs are generally capable of contributing to overland

flow quality improvements (Lim et al. 1998); thus, it is

very important to define local parameters and develop site-

specific models. Environmental safety requires that manure

should be deposited away from waters sources (Larsen

et al. 1994; Edwards et al. 2000). An intervening land area

or a zone separating manure and the water body of concern

help in the improvement of water quality (Lim et al. 1998).

As a result of uncertainty associated with predicting VFS

performance, it is important to develop and test a design

strategy locally (Lim et al. 1998). Martinez et al. (2013)

proposed a design procedure in which VFS length depends

on soil, incoming pollutant concentrations and goals with

regard to pollutant reduction. Factors such as land slope

have also been incorporated in the VFS length design;

therefore, accurate methods for determining optimal

placement, dimensions and orientation of buffer area must

be developed for VFS to be most effective and economical

(Edwards et al. 1996; Lim et al. 1998). The study herein on

a management scale investigation advances previous soil

box and overland field investigations (Lewis et al.

2005, 2009; Trask et al. 2004; Tate et al. 2006; Sullivan

et al. 2007) and related investigations on Giardia duode-

nalis (Miller et al. 2007) and Cryptosporidium spp. (Miller

et al. 2008). As mentioned, surface water sources may get

contaminated from many small livestock operations loca-

ted along rivers, streams, waterways and road ditches

(Douglas-Mankin and Okoren 2011), with significant

morbidity and mortality in human populations caused by

the ingestion of water contaminated with microbial

pathogens (Benham et al. 2006). Furthermore, other dis-

ease-causing bacteria are indicated by the presence of

faecal coliform concentrations (Douglas-Mankin and

Okoren 2011), but work has suggested limitations of col-

iforms as indicator organisms, particularly in tropical

regions of the world (Hazen 1988; Rochelle-Newall et al.

2015). E coli indicator colony-forming units (CFUs) can

provide a direct measure of potentially pathogenic bacteria,

and water quality standards for E. coli bacteria in several

places in the world have been established, which allow for

bacterial limits in surface water depending upon its inten-

ded use (Douglas-Mankin and Okoren 2011). Currently,

there are no guidelines for microbial limits in surface water

for irrigation, fish farming, swimming and drinking besides

the Environmental Management and Coordination Act
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(EMCA) of 1999 laws of Kenya (EMCA 1999). However,

the EMCA law falls short of requiring limits on microbial

levels for discharge into surface water for irrigation,

swimming and drinking. However, World Health Organi-

zation (WHO) provides these guidelines, which include

drinking water with the maximum contaminant level for

E. coli set at 0 colony-forming units per 100 mL

(0 CFU 100 mL-1), primary contact such as swimming

(160–2358 CFU 100 mL-1), secondary contact such as

boating and fishing (2358 CFU 100 mL-1) (World Health

Organization 2011). Surface waters and subsequently

human health can be impacted by a variety of contaminants

through overland flow sources, including large amounts of

nutrients, such as nitrogen and phosphorus, fertilizers,

pesticides and other anthropogenic contaminants (Douglas-

Mankin and Okoren 2011). Additionally, anthropogenic

nitrogen and phosphorus can contribute to eutrophication

and hypoxia, impacting freshwater ecosystems and source

waters for recreation and drinking (Dale et al. 2007). Olilo

et al. (2014) and Douglas-Mankin and Okoren (2011)

reported that taste and odour problems in drinking water

could be attributed to eutrophication and subsequent pro-

duction of various metabolites in cyanobacteria blooms;

these blooms can also produce acute and chronic gas-

trointestinal, liver, dermato- and neuro-toxins, in addition

to skin and gastrointestinal allergens and irritants (Carmi-

chael 2001). Excessive nitrogen concentrations (nitrate,

NO3-N) in water taken by infants may contribute to blue

baby syndrome or infantile methemoglobinaemia (Dou-

glas-Mankin and Okoren 2011). As lagoons and vegetative

filter strips are common management practices for con-

trolling pollution from livestock feedlots (Delgado et al.

1995; Koelsch et al. 2006) into source waters, it is

important to evaluate interactions between reductions in

contributing factors to degrading surface water quality,

particularly in vulnerable regions of the world where there

is little to no treatment of drinking water. As global climate

change results in increased periods of flooding and drought,

particularly in vulnerable tropical areas, it is imperative to

investigate both the efficacy of mitigation strategies such as

VFS in a site-specific manner and understand the interre-

lationship between contributing factors to degrading sur-

face water quality (Rochelle-Newall et al. 2015). The

objectives of this study were several-fold: (1) to examine

the impact of VFS design and vegetation on reduction of

SS, nutrient concentrations and faecal indicator concen-

trations (FIC) temporally and spatially in a simulated

heavily grazed pasture in the eastern escarpment of the

Mau Forest; (2) to compare this with overland flow through

a control of native grasses; (3) to determine the interrela-

tionship with meteorological and hydrological parameters

with reduction of these parameters; (4) to determine whe-

ther predictive models adequately matched observed VFS

removal and the effect of VFS vegetation in improving

water quality by mass reduction of E. coli in overland flow

under these meteorological and hydrological parameters.

2 Materials and methods

2.1 Study site description

The study site was located at Tatton Agriculture Park

(TAP), a livestock and crops research and demonstration

unit or facility adjacent to and bordering Njoro River,

Njoro campus, Egerton University, Kenya (Fig. 1). The

farm itself is located 22 km from Lake Nakuru and 172 km

west of Nairobi in the East African Rift Valley. TAP has a

hilly topography. It is located down-slope from Mau Forest

and slightly above Njoro River and accompanying under-

lying shrubby vegetation. It is located in the eastern

escarpments of Mau Ranges that drains Lake Nakuru

(1754 m above sea level), Lake Baringo (978 m above sea

level) and Lake Victoria (1154 m above sea level). The

study was undertaken from August 2013 to December 2014

at field 18 at TAP between 00�2203500S and 35�5501500E, at
an elevation of 2315 m above sea level. On an annual

basis, this region experiences a wet season from April to

August, a short rainy season from September to December

and a dry season from January to March. The experimental

field at TAP and the surrounding riparian forest has a clay-

loamy-sand soil type. The underlying material in these soil

types is loamy-clay and Miocene age material of very low

permeability.

2.2 Vegetated filter strips

The predominant vegetation on the study site consists of

mixed native African couch grass Cynodon dactylon (L.),

Pers., wire grass Eleusine indica (L.) Gaertner, African

bristle grass Setaria sphacelata (Schumach) Stapf & C.

E. Hubb ex M. B. Moss, Buffel grass Cenchrus ciliaris L.

(Marshall et al. 2012) and rescue grass Bromus catharticus

Vahl. Native grasses were cleared during field preparation.

Plot I (control) comprised of 30 m of mixed native Couch

grass and Buffel grass, while plot II consisted of 10-m

Napier grass followed by 20-m Kikuyu grass, and plot III

consisted of 10-m Kikuyu grass followed by 20-m Napier

grass, each of which was planted in triplicate into each of

the blocks I, II, III (Fig. 2). During rainfall events from

August 2013 to December 2014, field experimental trials

were carried out at TAP farm, along the eastern escarp-

ment of Mau Forest, Njoro River watershed, in the fol-

lowing randomized complete block design. There were

nine fields divided into three blocks of three fields each

and each field measured 30 m long by 4 m wide.
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Vegetated field plots were established 6 months prior to

initiation of the experiment by ploughing fallow grassland

field and planting grass vegetation at different proportions

of Kikuyu grass, Napier grass and native grasses in three

plot designs, each performed in triplicate. Two of the fields

in each block were designed with different proportions of

Kikuyu grass (Pennisetum clandestinum Hochst. ex

Chiov.) and Napier grass (Pennisetum purpureum Schu-

mach), while the third was planted with a mixture of native

vegetation of Couch grass and Buffel grass (control). The

fields were planted with Kikuyu grass and Napier grass

because both of these grasses are important sources of

livestock fodder, preferred by farmers in their livestock

pastures locally in Kenya. These two grasses are widely

available and used by farmers to benefit livestock. The two

grasses produce high amounts of forage and resist both

drought and high-intensity livestock grazing. Both locally

and internationally, these grasses could be useful as buffer

zone grasses to protect water sources from contamination

by faecal coliforms and other contaminants. The relative

Fig. 1 Sampling site at Tatton Agriculture Park, eastern escarpment of the Mau Forest, Njoro River Watershed, Kenya (Source: CNES/Astrium

and Google Inc, 2016)
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density of Napier grass, Kikuyu grass and native Couch–

Buffel grasses ranged from 45 to 97 % over the study

period. By initiation of experiments, 100 % cover had been

established on all experimental fields with mean heights of

2.0, 0.5 and 0.10–0.20 m for Napier grass, Kikuyu grass

and Couch grass and Buffel grass plots, respectively. Each

field was oriented with major axes of a 4 m 9 44 m run-

ning up and down-slope. The fields were level across the

minor axes and had a constant 15 % slope along the major

axes. The upper 14 m of each field was used to represent

pasture and was treated with dairy cattle manure, while the

remainder of each field acted as VFS. Five-cm exposed

soil borders were prepared in around the fields to isolate

overland flow. Plastic gutters were installed along the

length of each field, distributed at 10, 20 and 30 m from

the top and separated the fields into three sections of equal

area. Removable watertight covers were installed on the

gutters so that the overland flow would simply cross the

gutters and continue down-slope when covered. Designed

covers could be easily removed to collect overland flow

samples as necessary. Each gutter drained to the centre,

such that overland samples could be collected through a

short pipe into a bucket sampler. The gutter slope was

sufficient to minimize deposition of solid material. A

metallic quadrat (1 m2) was used to measure overlying leaf

litter and stem residual dry matter, which included the

dropped leaves and litter above the ground level in each of

the Napier grass VFS, Kikuyu grass VFS and Couch–

Buffel grasses VFS (control). The leaf litter and stems of

these grasses from each of the field plots were then stored

in cool boxes and transported to the soil science laboratory,

EU, and then dried at 105 �C in an oven for 48 h to

remove the moisture. The oven-dried leaf litter and stem

were then weighed to the nearest 0.01 g.

Fig. 2 Layout design of VFS in field plots II, III and I at TAP,

eastern escarpment of Mau Forest, Njoro River Watershed. Block III:

VFS I (Couch–Buffel grasses = control); VFS II (N = Napier grass,

K = Kikuyu grass); VFS III (K, N); Block II: VFS I (Control); VFS

III (K, N); VFS II (N, K); and Block I: VFS I (Control); VFS II (N,

K); VFS III (K, N); CT = collecting troughs
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2.3 Prediction of E. coli mass removal effectiveness

by VFS

The uniform width of VFS (m) was selected because

increased width helps reduce the spread of pathogens in

VFSs as described by Lim et al. (1998). Along with pre-

liminary concentration data, overland flow data from this

VFS experiment were used to compute the predicted

effectiveness of E. coli mass removal through a calculated

flow-weighted mean overland concentrations, mass trans-

port and mass removal effectiveness of analysis parame-

ters. Mass removal effectiveness was calculated from (Lim

et al. 1998):

EðxÞ ¼ 100
Mð0Þ �MðxÞ

Mð0Þ

� �
ð1Þ

where E(x) is mass removal effectiveness (%), M is mass

transport (g), and x is VFS length (m). The term M(0) is

mass entering VFS. The data were fitted to the following

first-order exponential decay models to calculate rate

coefficients that can facilitate comparison to earlier studies

in cases where concentrations or mass transport was sig-

nificantly affected by VFS length (Lim et al. 1998):

CðxÞ ¼ C0e
�kx ð2Þ

MðxÞ ¼ M0e
�kx ð3Þ

where C is concentration (mg L-1) of constituent I initially

entering VFS, M is mass transport (mg) of constituent

I transported past VFS length (m), x is VFS length, and C0,

M0 and k are coefficients (k is the rate coefficient = 1/x).

C0 andM0 were equal to the initial concentrations and mass

transport, respectively.

As area pollutant source length appear to alter perfor-

mance of VFS (Overcash et al. 1981); steady-state VFS

performance in terms of reducing incoming concentrations

of soluble pollutants was analysed according to Overcash

et al. (1981) with slight modifications:

Pc ¼ 1� e
1

1�Dð Þ ln 1
1þKð Þ

h i
ð4Þ

Pm ¼ 1� ð1þ kÞe 1
1�Dð Þ ln 1

1þkð Þ
h i

ð5Þ

where Pc reduction (as proportion of incoming value) in

concentration of pollutant entering the VFS, Pm reduction

(as proportion of incoming value) in mass transport of

pollutant entering the VFS, D = ratio of infiltration to total

rainfall, K = ratio of VFS to pollutant source length.

2.4 Application of manure

Manure was applied to the fields at the rate of 5.8 kg ha-1

on all the fields at 14 m above the VFS in order to simulate

grazed pasture, prior to every rainfall event. The tropical

rainfall events were accurately predicted using the Kenya

Meteorological Department weather focuses or predictions

of the research area, rainfall patterns, cloud type and cover,

air temperature pattern and humidity and the tropical wind

patterns per season in the area. The prediction error of

rainfall occurrence was ±3 days. The manure application

rate was 40 kg N ha-1(gross application of 5.2 kg man-

ure). The total experimental field area was 300 m2, so the

gross application was 1200 g of manure. This rate of

manure application was equivalent to the manure that

would be produced from a stocking density of six 450 kg

animal units/ha for a 7-day grazing duration, which would

represent a heavily grazed condition. Natural rainfall was

used to generate overland flow. Rainfall intensity was

recorded per event at a mean of 54 mm. The cattle manure

used originated from free range grazing dairy cattle within

confines of Egerton University feeding on native grass,

Kikuyu grass, Rhodes grass hay and Napier grass hay. The

manure was collected by scooping it off a cattle pen mud

floor and included no urine. The manure was collected

1 day before the experiment and refrigerated (1 �C) until
applied to the fields.

2.5 Meteorological and hydrological parameters

Meteorological and hydrological data were recorded every

time field sampling was carried out during natural rainfall

events, throughout the sixteen months sampling period

(Table 1). A YSI meter was used to measure soil temper-

ature and soil pH during sample collection. Soil moisture

content was also measured. Soil temperature (1.5 m soil

depth) was also measured along the vegetated filter strips

per month. Rainfall was measured from Egerton University

meteorological station located within the campus at 2 km

away from the experimental site using non-recording rain

Table 1 Mean (SEM ± r�x) hydro-meteorological parameters in the

eastern escarpment of the Mau Forest, Njoro River Watershed,

Kenya, from August 2013 to December 2014

Parameter Unit Mean ± r�x

Farm area m2 1584 ± 15.2

Farm slope % 15 ± 1.5

Annual rainfall mm 935.65 ± 12

Air temperature �C 21 ± 0.02

Evaporation mm days-1 4.5 ± 0.5

Soil moisture % 72 ± 13

Sun radiation calorie m-2 days-1 580 ± 25

Humidity % 70 ± 12

Wind speed km h-1 5.45 ± 0.5
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gauge. Irradiance was measured using radiometer at

Nakuru meteorological station. Electrical conductivity

(lS cm-1) was measured in the field during sample col-

lection using a conductivity probe YSI (Yellow spring, OH,

USA) multi-probe meter. Surface water samples were

taken from each of the sampling buckets from the overland

flow source and collected in sterile polypropylene sample

containers with leak proof lids. They were placed in

125-mL Whirl-Park sample papers and put on ice in cool

boxes before being transported to the laboratory for anal-

ysis. Samples for sediment and nutrient analyses were

collected in acid-washed sample bottles and stored in ice.

2.6 Sample collection

Prior to manure application, approximately four soil sam-

ples (0–20 cm) were collected from each field and anal-

ysed. Soil samples were taken and analysed for total

phosphorus (TP) and total nitrogen (TN). Samples were

collected inside and outside of the VFS to compare if there

was any difference in the nutrient content due to the con-

tinuous application of nutrient-rich run-on. Overland

samples were collected manually at specified intervals (5,

10, 20, 30, 45, 60 min after the beginning of continuous

overland flow) at VFS lengths of 0, 0.5, 1, 2, 3, 4, 5, 6, 7, 8,

9, 10, 15, 20, 25 and 30 m during overland flow. At a given

sampling rainfall event time, an overland flow sample was

collected first from the lower-most gutters draining into

sterilized bucket sampler and then the next bucket sampler

up the length of the experimental fields. A field assistant

was stationed at each bucket sampler and began collecting

the sample from the particular bucket sampler immediately

following collection of the overland flow sample from the

next down-slope bucket sampler during rainy events.

Sample volumes were in the range of 0.1–2 L. The time

required to collect each sample was recorded, so that

overland rates could be computed. The rainfall water

sample was also collected before reaching simulated pas-

ture during the experiment and analysed to determine

background quality of the rainfall water. All overland flow

samples were weighed immediately after collection to

determine sample masses and volumes. Measurements of

pH were completed at the experiment site (Orion pH meter,

model 290 A).

2.7 Laboratory analyses

All other laboratory analyses were performed prior to

exceeding the holding times specified by Greenberg et al.

(1992). Overland flow samples were refrigerated at 1 �C
while awaiting analysis. The soil samples were further

analysed for factors such as organic matter (particulate

organic carbon and dissolved organic carbon) as described

by Maciolek (1962). Total phosphorous, reactive soluble

phosphorus and organic phosphorus were analysed by

procedures described by Strickland and Parsons

(1968, 1972). Nitrate nitrogen (NO3-N), nitrite nitrogen

and organic nitrogen were analysed by the procedures

described in American Public Health Association (APHA)

(1992). Ammonia (NH3-N) was analysed using the stan-

dard methods described by Greenberg et al. (1992). Sus-

pended sediment (filtration and drying method) and briefly

suspended sediment concentration was analysed by filter-

ing 50–100 mL of the sample through 0.45-lm filters using

a vacuum. Zinc (Zn), total dissolved solids (TDS), were

analysed as described in APHA (1992). Based on the

weight difference in filter before and after filtration, sus-

pended solids were calculated. Turbidity (nephelometric

turbidity units) was measured in situ using turbidity meter.

Total coliforms (TC), faecal coliforms (FC) and E. coli

(CFU 100 mL-1) were analysed using standard membrane

filtration method as described by Greenberg et al. (1992).

2.8 Data analyses

The observed VFS effectiveness in removal of E. coli mass

from the overland flow was compared with the predicted

VFS effectiveness using Nash–Sutcliffe method (1970).

The significance of VFS effects was assessed using anal-

ysis of variance (ANOVA). Statistical analyses were per-

formed as described by Zar (1996) and in PAST statistical

package (Hammer et al. 2001). Analyses of variance were

performed to determine the effects of VFS length on

average concentration, average mass loss and average

proportion of mass loss reduction for the cattle manure

constituents studied. Least significant difference (LSD)

testing was performed to determine significant differences

in VFS length performance when analyses of variance

indicated a significant overall VFS length treatment effects.

All tests of significance were conducted at the p\ 0.05

level.

3 Results

3.1 Predictive data model

In this study, SS approximately described the settling

process. Most of that reduction (70–90 %) occurred within

10 m, which was a third of the entire length of each of the

VFSs. Larger sediment particles such as sand settled more

quickly, while finer particles such as clay and silt, and

associated total phosphorus particles, remained suspended

longer and reached outflows. Records were made of the

observed and predictions of TN, TP, SS and E. coli mass

transport collected from the overland flows at the exit of
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the vegetative length of Couch–Buffel grass VFS, Napier

grass and Kikuyu grass (Fig. 3). The SS was significantly

(p\ 0.05) different in Napier grass, Couch–Buffel grass

and Kikuyu grass, indicating that the predictive model

returned higher values than the observed values. Similarly,

the model also returned higher values for the total nitrogen

and total phosphorus in all the VFSs. Predictive models

adequately matched observed VFS removal (Fig. 3). The

higher values were similarly returned for E. coli in all the

VFS. The ratio of the study site length to pollutant source

length in the watershed was 0.42.

3.2 Effect of VFS surface vegetation and root zone

on meteorological and hydrological parameters

in overland flows in the watershed

The soil at the site was clay–loam. The soil had a high

water intake capacity; overland flows as a proportion of

rainfall ranged from 1 to 23 % for a 73-mm h-1 natural

rainfall event taken at the field’s outlet flow collecting

point at the site. Type of grass vegetation substantially

influenced hydrological parameters in overland flows

(Table 2). Napier grass litters significantly (p\ 0.05)

reduced overland flows velocity more than in both Kikuyu

grass and native Couch–Buffel grasses. The mean daily

rainfall intensity was 54.4 mm in the eastern escarpment of

Mau Forest, Njoro River Watershed. The mean overland

flow rate in Napier grass was 2.5 cm-3 s-1. Soil moisture

content in Napier grass was not significantly different from

both Kikuyu grass and native Couch–Buffel grasses. Total

dissolved solids were not significantly different between

Napier grass, Kikuyu grass and Couch–Buffel grasses,

respectively (Table 2). The mean total dissolved solid was

50 mg L-1 in Napier grass, which was not significantly

different from Kikuyu grass VFS and Couch–Buffel

grasses. The mean turbidity was 177 NTU in the Napier

grass, which was significantly (p\ 0.05) different from

Kikuyu grass and Couch–Buffel grasses VFS.

Napier grass was effective in removing SS from the

overland flow and was significantly (p\ 0.05) different

from Kikuyu grass VFS and Couch–Buffel grasses VFS.

SS was significantly (p\ 0.05) contributed from the

background soil to the overland flow more than from

manure, indicating that soil was a contributing factor to

suspended solids. The SS ranged in speed from inflow rate

of 1.16 9 103 to 4.51 9 105 g cm-1 s-1 and a mean speed

of 2.83 9 104 g cm-1 s-1 in Napier grass VFS, while in

both Kikuyu grass and Couch–Buffel grasses, the values

were much lower and were significantly (p\ 0.05) dif-

ferent from each other (Table 2). The mean temperature

was 21 �C and did not fluctuate significantly in the over-

land flow along the length of Napier grass VFS, Kikuyu

grass VFS and Couch–Buffel grasses VFS. The conduc-

tivity (EC) ranged from a minimum of 115 to a maximum

of 220 lS cm-1 with a mean of 164 ± 5.6 lS cm-1 in the

overland flow in Napier grass VFS, which was significantly

different from Kikuyu grass VFS and Couch–Buffel grass

VFS (Table 2). The pH ranged from a mean of 5.43 in clay

loam to 5.84 in Couch–Buffel grass with a mean of 5.76 in

the overland flow in Napier grass VFS, which was signif-

icantly (p\ 0.05) different from Kikuyu grass VFS and

Couch–Buffel grasses VFS. Although Napier grass effec-

tively removed suspended solids as compared to Kikuyu

grass and native Couch–Buffel grasses, total dissolved

solids and EC were hardly removed by that VFS at the end

of the filter strip length (similar to the situation in the other

VFS).

3.3 Napier grass outperforms Kikuyu grass

and native Couch–Buffel grasses in SS

and nutrient removal in the overland flows

in the watershed

Results of environmental factors and microorganisms in

overland flow were computed and tabulated for the Njoro

River watershed (Table 2). Analysis of variance (ANOVA)

of the physico-chemical factors showed significant

(p\ 0.05) spatial variation of suspended sediment (SS),

turbidity (NTU) and total dissolved solids (TDS), which

were impacted significantly (p\ 0.05) by Napier grass in

the VFS. There was a significant (p\ 0.05) effect of VFS

length on suspended sediment concentration. The concen-

tration of suspended solids decreased from the edge of the

Napier grass along the length of VFS. Beyond 20 m VFS

Fig. 3 Observations and predictions of SS, TN, TP and E. coli mass

transport in overland flows at VFS length exit of Couch–Buffel,

Napier and Kikuyu grasses from August 2013 to December 2014
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length, there were hardly any differences in the concen-

trations of suspended sediment concentration. The coeffi-

cient of variation of suspended sediment was 0.39. Beyond

10 m of Napier grass VFS, the overland flow started

draining into a 20-m Kikuyu grass in the same VFS. The

effective length for the removal of approximately 99 % of

suspended sediment was 10 m, beyond which very

insignificant quantities of suspended sediments were

removed from the overland flow in Napier grass–Kikuyu

grass VFS.

Nutrients also showed significant (p\ 0.05) spatial

variation of total nitrogen (TN), soluble reactive phos-

phorus (PO4-P) and total phosphorus (TP) in the overland

flow and were also reduced by Napier grass in the VFS

with mean PO4-P reduced to 21.26 lg L-1 and mean TP

reduced to 53.25 lg L-1. Napier grass VFS was most

effective at TP removal from overland flow, followed by

Kikuyu grass. Napier grass removed 88 % of the total

phosphorus and beyond 10 m from the edge of the field; no

significant variation in the removal of the quantity of

phosphorus was measured in the overland flow along the

length of VFSs. Napier grass–Kikuyu grass VFS decreased

mean NO3-N (0.25 mg L-1) and NH3-N (0.66 mg L-1) in

the overland flow. Mean ammonium nitrogen was

13.32 lg L-1 in the overland flow of Napier grass–Kikuyu

grass VFS, while TN was 53.25 lg L-1. Nitrate nitrogen

(NO3-N) and ammonium nitrogen (NH3-N) also were sig-

nificantly reduced by Napier grass–Kikuyu grass VFS,

despite background contributions from soil into the runoff

flow (with greater contribution than amount in initial

manure). Mean dissolved organic carbon was

123.3 lg L-1 in overland flow of Napier grass–Kikuyu

grass VFS, while mean Zinc concentration was

9.12 lg L-1 with no significant change for either nutrient

along the length of this VFS.

While environmental factors measured in overland flow

in Kikuyu grass–Napier grass VFS showed spatial variation

(p\ 0.05, Table 2), mostly decreasing from the upper part

to the lower edge of the strips, these VFS were not as

efficacious in rate of SS removal (Fig. 4), NO3-N removal

Table 2 Mean spatial (SEM ± r�x) environmental factors and microbial concentrations in overland flow in the VFS in the experimental fields

from August 2013 to December 2014

Variable Unit Applied

manure/cowpat

Clay loam Napier grass Kikuyu grass Couch–Buffel

grasses

F p value

FC CFU 100 mL-1 3.99 9 105a 100 ± 2.4b 115 ± 5.0b 137 ± 5.0c 162 ± 5.0d 15.59 \0.05

Escherichia coli CFU 100 mL-1 6.18 9 104e 15 ± 1.1f 22 ± 3.2f 30 ± 3.2g 50 ± 3.2h 4.28 \0.05

Rainfall mm 54 ± 5.2i 54 ± 4.8i 54 ± 4.2i 54 ± 4.5i 54 ± 4.2i 2.58 \0.05

Overland flow rate cm3 s-1 2.5 ± 0.03j 2.5 ± 0.34j 2.2 ± 0.02k 2.5 ± 0.04l 3.5 ± 0.02m 3.6 \0.05

Soil moisture

content

% 24.1 ± 0.5n 24.1 ± 0.4n 24.1 ± 0.2l 25.1 ± 0.3n 23.5 ± 0.3n 2.9 \0.05

Total dissolved

solids

mg L-1 50 ± 0.3o 23 ± 2.6p 50 ± 3.2q 51 ± 3.2q 53 ± 3.2q 3.6 \0.05

pH pH units 5.76 ± 0.2r 5.43 ± 0.6r 5.76 ± 0.1r 5.72 ± 0.1r 5.84 ± 0.1r 2.89 \0.05

Temperature �C 25 ± 0.2s 20 ± 2.3t 21 ± 1.05t 20 ± 1.04t 23.2 ± 1.05u 2.31 \0.05

Turbidity NTU 589 ± 12v 210 ± 3.2w 177 ± 13x 199 ± 11y 230 ± 12z 11.78 \0.05

SS concentration mg L-1 104 ± 6.8a 154 ± 5.4b 78 ± 2.3lc 212 ± 4.5d 153 ± 2.4e 12.5 \0.05

SS speed g cm-1 s-1 1.16 9 103 4.51 9 105 2.83 9 104 1.36 9 103 2.13 9 103 15.21 \0.05

Conductivity lS cm-1 221 ± 3.2f 164 ± 5.6g 163 ± 13.2h 220 ± 12.2i 115 ± 12.3j 9.98 \0.05

Zinc lg L-1 0.98 ± 0.4 k 8.61 ± 0.5l 9.12 ± 0.2m 9.17 ± 0.2n 9.18 ± 0.2o 3.02 \0.05

Dissolved organic

carbon

lg L-1 35 ± 5.3p 12.8 ± 0.1q 123.3 ± 2.3r 121.8 ± 2.3r 132.6 ± 2.3s 4.6 \0.05

Ammonium nitrogen lg L-1 15.0 ± 0.6t 14.2 ± 0.2t 13.3 ± 1.2t 15.7 ± 1.2t 12.6 ± 1.2t 2.78 \0.05

Nitrate nitrogen lg L-1 26.0 ± 1.2u 20.2 ± 2.1v 26.2 ± 2.1w 26.1 ± 2.1w 25.4 ± 2.1w 3.99 \0.05

TN lg L-1 42.0 ± 2.3x 42.0 ± 3x 42.2 ± 2.3x 42.2 ± 2.4x 41.2 ± 2.4x 2.89 \0.05

Soluble reactive

phosphorus

lg L-1 24 ± 2.1y 24.21 ± 0.6y 21.26 ± 1.2y 23.25 ± 1.3y 22.5 ± 1.2y 2.22 \0.05

TP lg L-1 53.43 ± 5.3z 50.21 ± 0.2z 53.25 ± 5.1z 52.25 ± 5.1z 52.25 ± 5.2z 2.55 \0.05

The VFS I comprised Couch grass and Buffel grass in equal proportions (30 m), VFS II had Napier grass (10 m) draining into Kikuyu grass

(20 m), VFS III had Kikuyu grass (10 m) draining into Napier grass (20 m). Different letters following each other in each row show that there

were significant differences, while similar letters following each other in a row show that there were no significant differences in values for

Napier grass, Couch–Buffel grass as well as Kikuyu grass. The degrees of freedom (df = 2, 11)
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(mean = 0.28 mg L-1), NH3-N (mean = 0.68 mg L-1),

soluble reactive phosphorus (mean = 22.45 lg L-1) and

total phosphorus (mean = 52.58 lg L-1) removal. In

Couch grass–Buffel grass filter strip, the overland flow

formed preferential flow along the length of VFS and

nutrient removal was decreased relative to VFS II and III,

although there was significant spatial variation of most

environmental factors (Table 2); similarly, SS mass trans-

port removal rate was slowest in the Couch–Buffel grass

VFS (Fig. 4).

Zinc was detected in the soil and is an essential

micronutrient for plant growth. Zinc was correlated to FC

and E. coli in Couch–Buffel grasses (r = 0.33), Napier

grass–Kikuyu grass VFS (r = 0.43) and Kikuyu grass–

Napier grass VFS (r = 0.33) (Table 3). Zinc showed a

close positive association with conductivity, indicating that

it contributed to the conductivity of the overland flow in

relation to the Napier grass, Kikuyu grass and native

Couch–Buffel grasses (Table 3). Zinc was also closely

associated with the overland flow water temperature,

organic carbon as well as total nitrogen and total phos-

phorus in all the VFSs.

3.4 Napier grass surface vegetation and root zone

more effectively protected against total

coliform, faecal coliform and E. coli

concentration in the overland flows

in the watershed

Performance of Napier grass, Kikuyu grass and the native

Couch–Buffel grasses VFS was tested using root mean

square error (RMSE) for cumulative runoff in VFS, Pear-

son product moment correlation coefficients (r) and the

Nash–Sutcliffe efficiency for E. coli concentrations in the

overland flow (Fig. 5) in the watershed. There was a sub-

stantially different time for runoff to travel from the 0 m at

the edge to the full length of the plot with 50 s for Couch

grass–Buffel grass VFS, 75 s for Kikuyu grass in VFS

100 s for Napier grass in VFS. This was predictive of

efficacy of removal of E. coli (30, 15 and 1.5 % respec-

tively), indicating the role of surface vegetation and root

zone in removing E. coli. During the study period, runoff

was 75 % of the natural rainfall depending upon how

heavy the rains were. Overall, Napier grass outperformed

Kikuyu grass and native grasses with concentrations of FC

and EC significantly reduced (Table 2). There was a sig-

nificant (p\ 0.05) transport of E. coli through the soil

surface with the infiltrating water within the Napier grass–

Kikuyu grass VFS. FC concentration in the overland flow

ranged from 1.41 9 100 to 65 9 101 CFU 100 mL-1 with

a mean of 4565 9 101 CFU 100 mL-1 for all VFS. E. coli

concentration ranged from 1.2 9 100 to 86 9 101 -

CFU 100 mL-1 with a mean of 56 9 101 CFU

100 mL-1 (Table 2). Faecal coliform concentrations of

approximately 4 9 107 CFU 100 mL-1 were recorded in

the incoming runoff flow entering Napier grass from the

catchment of VFS. This was similar for other VFS. Only

1.5 % of E. coli was detected at 30 m exit of Napier grass

VFS, indicating that over 98.5 % of E. coli either infiltrated

into the root zone system or was filtered by the vegetative

leaf litters within the VFS. Kikuyu grass outperformed the

native grasses but did not simply just perform as well as

Napier grass in E. coli removal though there was a net

removal of the organism (Fig. 5). August 2013 values

decreased for all values for all three VFS. There was not

much temporal variation except that point. There was

substantially less rainfall in that month which contributed

to that difference and the trend observed in that month of

August 2013. Due to the high infiltration within VFS, 15 %

f E. coli was detected at 30-m exit of Kikuyu grass VFS.

Due to the high infiltration within VFS, 30 % of E. coli was

also detected at 30-m exit of Couch grass–Buffel grass

VFS. Total nitrogen (TN) and total phosphorus (TP) were

negatively correlated with faecal coliforms, yet positively

correlated with E coli, indicating TN and TP removal

adequately predicted E. coli removal by VFS, while col-

iforms would not necessarily adequately approximate per-

formance for E. coli removal (Table 3).

Increased leaf and stem cover was observed for Napier

Grass (422 kg ha-1) relative to Kikuyu grass VFS

(245 kg ha-1) or native Couch–Buffel grasses VFS

(198 kg ha-1); furthermore, the observed leaf and stem

cover included the dropped leaves and litter above the

ground level. Residual dry matter reduced the transport

capacity of E. coli more significantly (p\ 0.05) in Napier

grass better than in both Kikuyu grass and Couch–Buffel

Fig. 4 Effect of VFS length on mass transport of SS (mg ha-1) in

overland flow in Njoro River Watershed from August 2013 to

December 2014
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grasses in VFS, indicating that there was reductions in

E. coli transport in the overlying surface vegetation

improving infiltration capacity of overland flow.

3.5 Effect of VFS surface vegetation and root zone

on mass losses of SS and nutrient in overland

flows collected over time in the watershed

Napier grass VFS removed significant (p\ 0.05) propor-

tions of incoming SS. This was indicated through compu-

tations of mass transport of SS (Fig. 4). No significant

effect on mass transport of the SS was observed beyond

10 m length of Napier grass from the upper edge of the

VFS. Mass transport of SS ranged from 10 to

140,000 mg ha-1 with a mean of 46,666.6 mg ha-1 for all

VFS. Kikuyu grass–Napier grass VFS also removed sig-

nificant (p\ 0.05) proportions of incoming SS and nutrient

pollutants. The Spearman’s correlation coefficient

indicated that the incoming pollutants in the overland flow

had significant interactions with these VFS (Table 3).

Although Couch grass–Buffel grass VFS also removed

significant (p\ 0.5) proportions of incoming SS and

nutrient pollutants, the most daunting challenge in this set

of VFS was the frequent formation of preferential flow.

The preferential flow was the limiting factor in this set of

VFS, which jeopardized the removal of suspended solid

mass considerably. Mass transport of nutrients such as

ammonium nitrogen ranged from 10 to 4500 mg ha-1 with

a mean of 2250 mg ha-1 in the overland flow through all

VFS. Total nitrogen mass ranged from 12 to

11,800 mg ha-1 with a mean of 737 mg ha-1 (Fig. 6). TN

was impacted upon further along the VFS up to and

including the final outlet, 30 m down the edge of the VFS

in the watershed. A significant (p\ 0.05) decrease in mass

transport of total phosphorus was recorded as VFS length

increased from 0 to 10 m, but there was no significant
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difference in the mass after 10 m VFS length (Fig. 7). VFS

could hardly retain nutrients, and nutrient losses from

grazed pasture were not significant from agronomic point

of view. Analysed data indicate that after 30 m of Napier

grass–Kikuyu grass VFS and Kikuyu grass–Napier grass

VFS length, a net of 86 % of runoff inflow water had been

removed, possibly by infiltration and approximately 86 %

of sediment had been removed, probably due to sedimen-

tation or mass advection into soil with infiltrated water.

3.6 Effect of surface vegetation and root zone

on mass losses of total coliform, faecal coliform

and E. coli in overland flow over the length

of the VFS

All VFS shared two significant findings, despite differences

in overall performances of mass losses of TC, FC and

E. coli over their lengths. E. coli population concentration

in the overland flows were affected by VFS length showing

a decrease from 0 to 10 m; thereafter, very little decrease

was observed (Fig. 8). In addition, no VFS had more outlet

than inlet mass of microorganisms and trapping efficiency

was directly related to the existing grass density (Fig. 9).

The optimal stocking density of TAP was ten 460 kg dairy

cow units/ha for 7-day grazing duration. This density was

proportional to the overgrazed pastureland, which produces

manure load and E. coli load that could potentially pollute

the Njoro River, based on the figures recorded during this

study.

SS removal by Napier grass (p\ 0.05) was associated

with E. coli removal (Table 4; df = 35, r = 1, p\ 0.05) in

all VFS. This study shows that Napier grass VFS signifi-

cantly (p\ 0.05) trapped E. coli better than either Couch–

Buffel grasses or Kikuyu grass. There was a continuous

and sudden release of microorganisms in flowing water

trapped in the Napier grass VFS and presence of a large

group (clump) of bacteria in the samples. SS removal by

Fig. 6 Effect of VFS lengths on mass transport of TN (mg ha-1) in

overland flow in Njoro River Watershed from August 2013 to

December 2014

Fig. 7 Effect of VFS lengths on mass transport of TP (mg ha-1) in

overland flow in Njoro River Watershed from August 2013 to

December 2014

Fig. 8 Effect of VFS lengths on mass transport of E. coli (CFU

100 mL-1 ha-1) in overland flow in Njoro River Watershed from

August 2013 to December 2014
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Kikuyu grass was not significant (p\ 0.05). SS removal by

Couch–Buffel grass was not significantly different. The

mean mass of FC and E. coli bacterial population removals

at 30 m ranged from 39.6 to 99.6 CFU 100 mL-1 with a

mean of 69.9 CFU 100 mL-1 for all VFS. The mean mass

of E. coli bacterial population removals at 30 m ranged

from 39.8 to 100.0 CFU 100 mL-1 with a mean of

69.9 CFU 100 mL-1. These removals translated into log

reductions of 0.65–1.0. The mean percentage root zone

retention of E. coli by VFS from August 2013 to December

2014 indicated that Napier grass showed the highest

retention efficiency even beyond the 10 m via this mech-

anism (Fig. 10).

While all three vegetation types significantly reduced all

indicators (p\ 0.05) with Kikuyu achieving close to the

same degree of E. coli mass flow removal after 10 m as

Napier grass (Fig. 8), Couch grass–Buffel grass VFS did

not perform as well as the Napier and Kikuyu grass VFS.

The limiting factor in the Couch grass–Buffel grass was the

formation of the preferential flow or channels within the

VFS. The preferential flow could be the reason why most

of these indigenous plants performed poorly in removing

the microorganisms and hence less mass reduction from the

overland flow in the extrapolated entire Njoro River

Watershed. There were significant (p\ 0.05) variations

shown between the same VFS in different blocks I, II and

III from August 2013 to December 2014 in the Njoro River

Watershed (Table 4).

4 Discussion

4.1 Predictive model

The predictive models adequately matched observed VFS

removal. However, mass transport values of the parameters

predicted were higher than the values observed using the

model, though they explained the relationship between the

concentration and load of SS, total nitrogen, total phos-

phorus and E. coli in the watershed. The model revealed

that die-off was the second important source of microbial

loss on the vegetation surface of all VFS. Losses in the

overlying litter and surface vegetation resulted from sun-

light radiation and surface temperature and high soil

moisture saturation. This study revealed that quantitative

evidence for each of these processes could help explain

patterns of performance among different contaminants and

their relationships to VFSs length and vegetation compo-

sition of Napier grass, Kikuyu grass and the native Couch–

Buffel grasses. This indicates that it could be valid to uti-

lize these model relationships to design VFS for managing

contaminants in affected watersheds. This model could be

used both for strategic management and tactical manage-

ment of the water quality in the agricultural watershed.

Further understanding of Napier grass, Kikuyu grass and

the native Couch–Buffel grasses performance mechanisms

of optimal vegetation lengths and densities could help

guide field-based agricultural overland flow management.

Sustainability (ecological, economic and social) of VFS at

the land–animal–human interface would benefit greatly

from further agricultural water quality studies investigating

the field performance of combined VFS over multiple

seasons and years and variable land areas and hydrological

properties.

4.2 Effect of different grass species, surface

vegetation and root zone on mass losses

of suspended sediment and load in overland

flows in the watershed

The overlying surface litter layer of Napier grass vegeta-

tion improved the storage of suspended sediment in surface

layer through the removal process. It is hypothesized that

surface vegetation-related effects within the vegetation

types may have caused the slowing down of the overland

flow velocity. The runoff flow conditions were reduced by

VFS width and the surface overlying litter layer of the cow

pat wastewater. Suspended sediment removal often

occurred in the first 10 m of Napier grass VFS enhanced by

Fig. 9 Effect of VFS relative density on mass reduction efficiency

(%) of E. coli by different grasses in Njoro River Watershed from

August 2013 to December 2014
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the overlying surface litter layer from leaf drops and also in

all other VFSs, consistent with the previous literature (Liu

et al. 2008). Settling caused by decreased runoff flow

velocity was the initial removal mechanism for suspended

sediment. Similarly, Douglas-Mankin and Okoren (2011)

reported that when wastewater was pumped from lagoons

or storage structures the distributed soils were removed

evenly in along the length of VFS.

4.2.1 Napier grass performance on suspended sediment

settling

Sediment settling was greatest in Napier grass portion of the

VFS. It is likely theNapier grass root zone soil system helped

in enhanced SS settling via adsorption of particulate organic

carbon, which helps in retention, degradation of chemicals

through plants roots, bacteria, soil micro- and macro-fauna.

The root zone of Napier grass was important in initiating a

mechanism in slowing down observed pulses of microor-

ganisms, indicating why Napier was more effective than

Kikuyu grass in net reductions. We hypothesize that infil-

tration into subsoil zone, and backwater effect at the leading

edge of the VFS, could have resulted in the decrease in the

runoff flow velocity by Napier grass than Kikuyu grass and

native Couch–Buffel grasses. Ling et al. (2005, 2006a, b) had

suggested a decrease in the runoff flow velocity at the edge of

grassed vegetation. Napier grass VFS in field plot II removed

a significant (p\ 0.05) amount of suspended sediment

ranging from 30 to 600 mgwith a mean of 370 mg, turbidity

ranging from 80 to 500 NTU, with a mean of 289 NTU, but

insignificant total nitrogen, conductivity and ammonium

nitrogen from incoming runoff, supporting this hypothesis.

Up to 88.7 % of suspended sediment was reduced by Napier

grass between the inlet and outlet of the filter strip.More than

three quarters of the suspended sedimentwasmeasured in the

root zone system of Napier grass. This finding is consistent

with the 70–90 % range reported inmost studies found in the

literature (Koelsch and Ward 2009). The suspended sedi-

ment concentration variationwithin this rangewas attributed

to the site-specific conditions contributed by Napier grass’

large adventitious root zone system as the clay loam soil was

uniformly distributed in the entire VFSs field plots. Low-

rance et al. (1998) and Schmitt et al. (1999) made similar

reports while working on filter strip performance and pro-

cesses for different vegetation, widths and contaminants in

surface overland flow from agricultural fields. Similarly, Lee

et al. (2000) reported that switch grass buffer are effective in

trapping coarse and sediment-bound nutrients, while switch

grass–woody plants combination are effective in trapping

clay and soluble nutrients from agricultural runoff flow.

Some reports have also indicated that infiltration is higher

under long-term forest vegetation than under long-term grass

(Mankin et al. 2006), suggesting that grass–grass designmay

ultimately outperform grass alone. The Napier grass drained

into a 20-m Kikuyu grass; future investigations could look

more closely into potential mixed grass–grass design sce-

narios to optimize removal via different mechanisms.

4.2.2 Kikuyu grass performance on suspended sediment

settling

The overland flow event swept nearly 87 % of the suspended

sediment in Kikuyu grass VFS, in nearly all the 16 overland

flow events following cowpat litter application to theKikuyu

grass. The cowpat from the source area increased hydraulic

and contaminant loadings to Kikuyu grass as well as altering

performance of Kikuyu grass VFS. The performance of

Kikuyu grass VFSwas influenced by five factors namely: (1)

the length of VFS from the cowpat application area along the

width of the filter strip; (2) soil hydraulics; (3) cowpat con-

taminant loadings; (4) type of vegetation leaf litter, stem and

root zone system ofKikuyu grass; and (5) incoming overland

flow rate and volume, suggesting that a mixed Napier–

Kikuyu could have ameliorated some of this for example if

there was 5 m or even 2 m of Napier followed by 5 or 8 m

Kikuyu, or mixed vegetation plot throughout. Examination

of Kikuyu grass surface vegetation indicated this was the

primary mechanism of sorption of contaminants to, or

remobilization and contribution to outflow ofVFSs. Dilution

of runoff water by natural rainfall during this study showed

reduced concentrations of suspended solids, nutrients and

E. coli in Napier grass more than Kikuyu grass and native

Couch–Buffel grasses.

The root zone system of Napier grass, Kikuyu grass and

Couch–Buffel grasses VFS filtered the entering overland

Fig. 10 Mean percentage root zone retention of E. coli by VFS from

August 2013 to December 2014
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flow contaminants by three possible pathways, namely:

firstly, infiltration of nutrients and micro- and macro-fauna;

secondly, sediment and sediment-bound particles; and

thirdly, adsorption onto soil macro-pores particles and

crevices and plant roots and overlying leaf surfaces

including stomata and stem bark. Limited settling was

observed in the initial 2-m length of the Kikuyu grass until

after 3 m of the entire VFS measuring 20 m, which trapped

a significant (p\ 0.05) amount of suspended sediment

through settling process. A possible explanation could be

that the overland flow rate capacity was not stopped sud-

denly by the VFS and the flow volume was not resisted by

the VFS. Sediment concentration was reduced by nearly

70–90 % in Kikuyu grass VFS.

4.2.3 Couch–Buffel indigenous grasses performance

on suspended sediment settling

Surface vegetation of Couch–Buffel native grass species

had the entire filter strip mixed with an equal proportion of

both grasses. Suspended sediments to be trapped at the first

3 m, but the indigenous grass developed preferential flow

within the VFS, jeopardizing the overall mass reduction of

suspended sediment. Couch–Buffel grasses overlying sur-

face vegetation and root zone systems filtered entering

overland flow water by removing mass of the constituents

past the sampling sites. The Couch–Buffel grasses effec-

tiveness in removing the cowpat constituent mass transport

was limited by preferential flow caused by different parts

of the indigenous VFS grasses. Root zone of Couch–Buffel

grass was not efficiently utilized because of the develop-

ment of channel or preferential flows within the VFS.

Temperature was one of the most important environ-

mental factors and did not show significant spatial variation

along the length of Napier grass VFS, nor Kikuyu grass and

Couch–Buffel grasses in the eastern escarpment of Mau

Forest, Njoro River Watershed. Temperature variation was

minimal since the vegetation height was always kept low

and uniform among each plant species. Secondly, the

tropical sun provided sufficiently high sunlight radiation

that raised the soil temperatures during day followed by

temperature inversion at the root zone during the night

(Olilo et al. 2016).

4.3 Effect of different grass species, surface

vegetation and root zone on mass losses

of nutrients concentration and load in overland

flows in the watershed

Napier grass overlying surface vegetation (10 m) in the

first stretch of VFS removed significant (p\ 0.05) con-

centrations and load of soluble reactive phosphorus (PO4-

P), total phosphorus (TP) and total nitrogen (NO3-N). The

measured nitrogen content included total nitrogen, ammo-

nium and ammonia and nitrate. NO3-N removal by Napier

grass VFS was much lower, and effluent concentration

often exceeded that of influent, which indicated that nitri-

fication was occurring in the VFS. Even VFS that exhibited

increasing NO3 concentrations such as Napier grass in the

watershed typically resulted in overall N reductions.

Ammonia volatilization was a process occurring in VFS

that contributed to N reduction and odour-related by-

products. During a shallow, uniform and slow velocity

runoff flow, a small proportion of less than 30 % ammonia

was lost to the atmosphere resulting in slightly higher

reductions of total N and ammonia in the surface water

outflow.

Total phosphorus removal reflected the effectiveness of

the Napier grass for solids removal. Phosphorus readily

sorbed to soil particles such as clays that were carried by

the runoff flow. Similar to solids removals, reductions

percentages for total phosphorus ranged between 70 and

99 %, while ortho-phosphorus or soluble reactive phos-

phorus was soluble, and thus removal efficiency was

consistently lower than that of total phosphorus in VFS.

The results also corroborate previous studies that vege-

tated filter strips are capable of retaining water and pol-

lutants associated with agricultural and livestock feedlot

overland flows resulting from natural rainfall (Schmitt

et al. 1999; Koelsch et al. 2006; Douglas-Mankin and

Okoren (2011).

4.4 Effect of different grass species and surface

vegetation on mass losses of total coliform,

faecal coliform and E. coli in overland flows

in the watershed

4.4.1 Overlying vegetation

Although reductions of one order of magnitude, which was

approximately about 1 log10, provided some protection of

water resources, these reductions may still allow a large

number of bacteria to exit the VFS. These VFSs added a

level of protection that would allow outflow to meet current

limits for faecal coliform bacteria in streams, but not

drinking water and contact limits, which are 0 and

200 CFU 100 mL-1, respectively, according to the World

Health Organizations (WHO)-recommended standard. The

average reductions from Napier grass VFS in field plot II

reduced the E. coli average outflow at 30 m by 99.6 % to

115 CFU 100 mL-1 (or\200 CFU 100 mL-1) and faecal

coliform average outflow at 30 m by 100 % to

0 CFU 100 mL-1. In this type of VFS design, there is both

environmental advantage and agricultural production con-

sideration. The increasing VFS length does not translate

into corresponding increases in effectiveness, suggesting a
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limit to the reductions possible from Napier grass VFS in

field plot II. This could be possibly because of the exis-

tence of background level of these microorganisms and

other constituents such as dissolved and particulate organic

carbon that could not be surpassed in this field experiment.

Surface overlying vegetation of Napier grass VFS removed

up to 40.0 % significant (p\ 0.05) concentration and load

of E. coli, faecal coliform and total coliform from incom-

ing overland flow. Although significant variation over time

and space in total coliforms, faecal coliforms and E. coli

reductions in comparison with solids and nutrients, Napier

grass with a ground cover of 97 % is capable of turning

good management of VFS into a reliable means of con-

trolling environmental contaminants such as microorgan-

isms to substantially reduce public health risks from

overland flow into critical drinking, irrigation and swim-

ming surface water supplies. Interestingly, this study

showed only a 0.33 Spearman’s correlation between faecal

coliforms and E. coli, indicating that coliforms may not

sufficiently predict removal of pathogenic organisms.

E. coli in overlying surface vegetation of Napier grass

could not be detected 7 days after natural rainfall events.

Four reasons could explain microbial population drop in

this watershed—losses resulting from infiltration, surface

runoff, pulses and decay. Yet this study demonstrates that

overland flow losses contribute to a small percentage of

microbial organisms released from the cowpat as trapped

microorganisms would be re-leased in pulses in these

systems, because of either the accumulation of microor-

ganisms or biofilm formation and later due to increased

loading contributions of microorganisms to the water

supply or overland flow. Three reasons could explain

observed results of better performance of Napier grass than

kikuyu grass at least at the exit: (1) the overlying surface

litters of Napier grass and the root zones provide larger

surface area to concentrate nutrients, suspended solids as

well as faecal coliforms and E. coli; (2) the root zone of

Napier grass through the mechanism of interflow of the

overland flow ensured that faecal coliform and E. coli

penetrated into the subsoil horizon through soil macro-

pores; and (3) adsorption of E. coli onto the soil particles of

the subsoil horizon. Napier grass leaf litter and stem had

accumulated into residual dry matter and helped moderate

E. coli infiltration through temperature and moisture fluc-

tuations, which provided a cool, moist and nitrogen and

phosphorus to promote the survival and multiplication of

E. coli in VFS.

Similarly, Kikuyu grass in field plot III provided the

suitable condition, which was favourable for E. coli sur-

vival, growth and multiplication, better than Couch–Buffel

grass VFS. Surface overlying vegetation of Kikuyu grass

with up to 99.7 % sorption the highest values of 99.6 % in

Napier grass VFS compared to about 95.5 % soil cover of

the Kikuyu grass VFS, while surface overlying vegetation

of Couch–Buffel grass VFS in field plot I had the lowest

mean percentage removals of faecal coliform and E. coli,

respectively, at 46.3 and 39.8 %, although it had equivalent

soil cover of 95.5 %. It was hypothesized the size of the

leaves and the low quantity of litter and stem dry matter

that did not help reduce the runoff flow in the Couch–

Buffel grasses VFS (control).

4.4.2 Root zone retention of E. coli by Napier grass

Infiltration also contributed a significant proportion of the

microbial population loss not only on overlying surface

vegetation, but also into the root zone of the Napier grass

VFS. The root zone of Napier grass showed that contact of

bacteria with clay loam soil particles during infiltration and

percolation showed higher bacterial detention and removal

process in the field plots in the watershed. Infiltration of the

overland flow resulted into more E. coli leaching into the

root zone of Napier grass, implying that root zone was the

most important interaction area of the E. coli and plant

material in the Napier grass VFS. Large quantities of

infiltrated water leached with over 50 % of the E. coli into

the root zone system of Napier grass through soil macro-

pores into the subsoil horizon. Similar findings were

recently suggested in complementary study in Njoro River

Watersheds in Kenya (Olilo et al. 2016). However,

reductions in E. coli populations could also be attributed to

the inability of E. coli to lower its metabolic rate to survive

in the presence of low amounts of utilizable dissolved

organic carbon and to compete with other micro-biota

population (Sweeney et al. 1996) in the root zone system of

Napier grass in the watershed (Olilo et al. 2016). Colonies

of other micro-biota could be competing with the invading

E. coli for the available nutrients including limited nitrate

nitrogen and dissolved organic carbon in the dry, moist and

wet clay loam root zone system of Napier grass. With the

shortage of the nutrients in the root zone of Napier grass,

high soil temperatures could stress E. coli populations

during day and temperature inversions at night, acidic soil

pH and high ultraviolet radiation from the tropical sunlight

(Olilo et al. 2016).

Two processes occurred in the root zone soil system of

Napier grass, namely retention of E. coli cells onto the soil

macro-pores due to infiltration and filtration of overland

flows and adsorption of E. coli cells onto the root zone soil

particles. These processes improved interaction between

E. coli and root zone system soil particles in the Napier

grass VFS. The mass balance resulted into equilibrium in

the root zone soil–water system of Napier grass VFS. Three

stages were visualized in the processes of E. coli infiltra-

tion into root zone system of Napier grass movement into

soil matrix, namely individual cells, attached cells to soil
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particles and adsorbed cells both individually and clumped

together along the soil macro-pores column. Studies have

shown that vegetated buffer strips can reduce faecal col-

iform bacteria by more than 99 % (Pachepsky et al. 2006;

Tate et al. 2006; Sullivan et al. 2007; Cardoso et al. 2012).

Grassland VFS is an effective method for reducing animal

pasture inputs of overland flow E. coli into surface water

systems (Tate et al. 2006; Duchemin and Hogue 2008;

Davis et al. 2009, 2012). While values of faecal coliform

and E. coli reductions in this study indicated lower values

compared to figures available for simulated rainfall pro-

vided in literature (Douglas-Mankin and Okoren 2011), the

result corroborates Mankin et al. (2006, 2007), who

reported that when bacterial solution was passed through

disturbed soil columns, there was a strong sorption of

E. coli to clay loam soil.

The most effective removal of E. coli was attributed to

Napier grass, which formed over 97.5 % cover of the soil.

In this study, the effect of vegetated filter strips length to

waste source length ratio was significant. The VFS length

to waste source area ratio was 2.5. The ratio of VFS study

site length to pollution source length was 0.42. Area ratio

was significantly related to E. coli population (mass)

reduction. This concurs with related studies, which poin-

ted out that treatment rates increase as the VFS to waste

area ratio increases (Dillaha et al. 1988; Dickey and

Vanderholm 1981; Chaubey et al. 1994; Lewis et al.

2010; Martinez et al. 2013; Mohanty et al. 2013; Allaire

et al. 2015; Rippy 2015). Furthermore, this study agrees

with that of Mankin et al. (2006) who reported that

average E. coli concentrations reduction to range from

67.5 to 96.0 % on four VFSs in Kansa USA. Mankin et al.

(2006) also reported that the area ratio was significantly

related to E. coli population (mass) reduction, with better

treatment for VFS with area ratios [0.5, but these esti-

mates were made at VFS inflow and outflow volumes,

which limited accuracy of the nutrient mass and bacterial

population reduction analyses (Mankin et al. 2006; Dou-

glas-Mankin and Okoren 2011). Studies gave values

ranging from 6 to 99 %, and a reduction of sediment

delivery from 15 to 99 % (Buckhouse and Gifford 1976;

Chaubey et al. 1994; Larsen et al. 1994; Coyne et al.

1998; Schmitt et al. 1999; Guber et al. 2011). Napier

grass vegetation could enhance the management of

watersheds, which face threats from livestock, agricul-

tural, wildlife and human sewer non-point source pollu-

tion through the three main factors influencing watershed

pollution: the efficiency of hydrologic transport system

that enables contaminants in the overland flow to enter

watershed aquatic systems, mechanisms that supply

watershed with microbial contaminants and mechanisms

that inhibit or attenuate microbial contaminants load (Tate

et al. 2006; Ling et al. 2009).

5 Conclusions

In the heavily grazed simulation, VFSs design significantly

impacted improvement of water quality to meet perfor-

mance criteria with superior mass reduction of E. coli,

nutrients and sediment concentration and load in overland

flow by Napier grass as compared to Kikuyu grass and a

mixture of indigenous Couch grass–Buffel grass in the

watershed. From modelling and comparison of predicted

versus observed mass reductions, SS settling, infiltration

and dilution are important processes controlling the per-

formance of VFSs. The VFS proportions of Kikuyu grass

and Napier grass established were effective in sequestering

E. coli load in the overland flows for improved surface

water quality standards for domestic, recreational, irriga-

tional, fisheries, aquaculture and wildlife uses. E. coli

removal by VFS was on the order of log unit, which pro-

vided an important level of protection and reduced surface-

flow concentrations of E. coli to below the 200 CFU

100 ml-1 WHO water quality guidelines. As waters that

receive overland flow from livestock pastoral grounds may

contain unacceptably high concentrations of pathogens and

indicator organisms, along with excessive inputs of nitro-

gen (N) and phosphorus (P) that could accelerate

eutrophication of water bodies by promoting growth of

aquatic weeds such as algae, it is important to critically

evaluate VFS design in a synergistic fashion. While the

VFS design herein has the potential to improve overland

flow and meet water quality standards for the Mau Forest

region of the Njoro River Watershed, future work must

critically evaluate temporal and spatial variation. Long-

duration rainfall with high-volume overland flow created

more E. coli extraction and fast release (desorption) from

the cowpat resulting into high entrainment at the overlying

vegetation and soil surface with the consequence of infil-

tration into root zone and interflow and subsoil horizon. It

is critical to look at further mixed grass–grass designs to

determine whether efficacy of reduction of SS, nutrient and

faecal indicators organisms in the watershed can be

improved. Future studies based on improving the man-

agement of preferential flow among the indigenous grass

VFS could be important in managing agricultural, livestock

and human sewer systems forming non-point sources of

pollution in these agricultural and rangeland watersheds.
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