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1.1 Background 

Using pesticides and other agrochemicals is common in intensive 

agriculture. However, this can lead to environmental contamination 
through pesticide residues (Ware et al., 2004). Pesticides are liquid or 

solid chemicals that are intended to control pests that can damage 

agricultural products or reduce their quality. Pesticides can be 
categorized as fungicides (to control fungi), insecticides (to control 

insects), herbicides (to control weeds) and rodenticides (to kill 
rodents). Soil pollution by pesticides may happen by direct exposure 

or when they are used for crop spraying. The pollution of soil, water 
and aquatic ecosystems by pesticide application is a very problematic 

global environmental issue since years (Carson, 1962). Kim and Smith 
(2001) reported existing residues of organochlorine pesticides in the 

soils of South Korea, even though their use was banned in 1980. As 

agricultural lands are usually close to surface waters such as rivers and 
lakes together with runoff which travels through polluted lands, these 

surface waters are all at risk. Moreover, groundwater can be 
contaminated by drainage from irrigation practice or precipitation 

(Khodadadi 2009).  
The pollution by pesticides comes from point and non-point sources. 

Point sources of pesticide usually include spills, waste water from 
cleaning sites and storage places and the improper disposal of 

pesticides (Tiryaki & Temur 2010). Nonpoint sources of pesticides are 

usually agricultural areas in which huge amounts of pesticides is used 
through air and their residues can end up in surface and ground water 

resources by runoff (Toth and Buhler 2009). Toth and Buhler (2009) 
categorized environmentally-sensitive areas to seven sets: shallow 

ground water; surface waters; high populated areas; areas crowded 
with livestock and pets; near the habitats of endangered species and 

other wildlife; near honey bees; near food crops and ornamental 
plants. Any one of mentioned types, can be affected directly or 

indirectly. When a pesticide is used in an environment, its fate can be 

changed under various conditions. For example, leaching may help a 
herbicide to reach the roots of weeds and makes a better weed control. 

However, not all of the pesticide reaches the target point and as a 
result become harmful for environment (Cessna 2009). 

The fate of pesticides is governed by pesticide properties (e.g. 
solubility, resistance to degradation, tendency to be adsorbed to soil), 

soil properties (pH, clay and organic content of soil) and climate 
conditions (Anonymous 2009). With regards to these environmental 

characteristics, they may remain in the environment for a long time 

and thereby cause pollution. As to the long-term effects of pesticides, 
they can seep away and contaminate water resources. The evaporation 

of pesticide or the erosion of soil that is pesticide-polluted can be 
another route to environmental pollution by pesticides. It is remarkable 
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that in addition to environmental contamination, movement of 

pesticides to non-target sites can also cause economic loss and the 
inefficient control of pests (Duttweiler, D.W. Malakhov 1977, Waite et 

al. 2002). 
The movement of pesticides in environment is highly complex. After 

applying pesticide on the plants, many processes occur and govern its 
fate (Figure 1-1). The applied pesticide may be transported within the 

plant or it may just remain covering the plant’s surface. Pesticides may 
even be transported through air by evaporation or through soil erosion 

by the wind. Pesticides are also applied directly to the soil surface and 

can be translocated by runoff, percolation and volatilization as well as 
being diluted in the soil water and leaching towards the groundwater. 

In addition to chemical processes, there are some physical processes 
such as advection, dispersion, diffusion and volatilization which are 

involved in the transport of the pesticides through the soils (Hounslow, 
1995). 

 

 
Figure 1-1 Typical fates and destinations of pesticides (Xu 1999) 

 
This study is about the pollution of pesticides in the lake Naivasha basin 

in which intensive agricultural activities have caused worries about 
micro-pollutant contamination in the environment. The Naivasha lake 

which is fed by Gilgil, Karati and Malewa rivers is a fresh water lake in 

Kenya in the Rift Valley and is used mostly for irrigation purposes. 
Some of the biggest flower farms of the world are in the basin of this 

lake which is mostly covered by horticultural production (Oduory, 
2000). Most of the agricultural products are exported to European 

countries such as the Netherlands, Germany and the UK. To achieve 
the high standard necessary for export, the use of pesticides for 

controlling weeds and pests is unavoidable and is common in Kenya. 
However, use of pesticides in an unsuitable way can cause high toxicity 
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and create serious environmental risk in both the basin and the lake 

(Moncada 2001).  
In the Naivasha lake basin, smallholders are still important parts of the 

agricultural and food producers for the local people, who generally have 
less information about the dangers of pesticides and other chemicals 

which are used by farmers in the upper catchment. As Naivasha lake 
has an important role in drinking water, irrigation water and fishery for 

the inhabitants, hydrologic transport of chemicals from upper 
catchment to the lake is possible, increasing thereby the risk of 

people’s exposure to chemicals. This issue may not only endanger the 

public health in the area, but also has important economic impacts on 
the horticultural sector and the tourism industry which are the most 

important earners of foreign exchange for the Kenyan economy. 
 

1.2 Literature review  

As a result of the environmental and ecological importance of Lake 

Naivasha and its riparian area, there have been many studies which 
have focused on different quality aspects of lake Naivasha and basin. 

Kitaka et al. (2002) evaluated chemical characteristics of the rivers 
draining into Lake Naivasha. They found that the transfer of 

phosphorus from the basin to the lake was 0.2kg /ha/year of which 
76% happened in normal climatic conditions (wet and dry). Moreover, 

by extreme precipitation which occurred around the 1997–1998 global 

El Niño climate event in the Pacific, this level increased to 1.8 
kg/ha/year. They found that total and particulate phosphorus was 

positively correlated with suspended solids and with discharge. This 
loss of phosphorus threated the quality of the Lake and the sustainable 

water resources in the catchment. 
Moncada (2001) conducted a study on pesticide contamination 

potential around lake Naivasha. In this study most of effort was 
concentrated on the evaluation and geographic distribution of 

pesticides utilization around the Lake Naivasha. A noteworthy exertion 

was put into the detailed inventory and examination of the cultivating 
frameworks as for agrochemical utilization. Moreover, a preliminary 

environmental impact assessment (EIA) by using an environmental 
partitioning method was done by which an assessment of potential 

effects and residue accumulation of poisonous compounds in the 
environmental compartments could be possible which helped to 

understand the exposure risk to chemicals. Odada et al., (2003) 
initiated an appraisal of the East African Rift Valley lakes. The 

evaluation was done in aspect of water quality and quantity, related 

bio-differences and natural surroundings, utilization by society and 
social reasons for the territorially recognized issues. Moreover, the 

evaluation recognized the significant concerns about the East African 
Rift Valley lakes. Overall, contamination and unsustainable use of 
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fisheries and other living assets came out as discriminating concerns 

attributable to human interventions. 
Additionally, Tarras-Wahlberg et al. (2002) studied the geochemical 

and physical characteristics of river and lake sediments of Naivasha. 
Geochemical investigations of stream and lake silt demonstrated that 

these represent genuinely undisturbed foundation conditions. Higher-
than-anticipated levels of cadmium, iron, nickel and zinc in both 

waterway and lake silt were considered to originate from volcanic rocks 
and/or lateritic soils and geothermal activity found in the lake basin. 

By concentrating on the contamination from the agricultural sector, Xu 

(1999) studied chemical pollution of the lake water. Conventional test 
examination strategy led to a general appraisal of the lake water 

quality. Distinguishing proof and appraisal of the contamination 
sources demonstrated the utilization of agrochemicals around the lake 

represented a potential danger to the lake water quality. Moreover, a 
modeling approach was applied to predict the fate of pesticides and 

explore the effective factors governing the fate of pesticides and 
attributed process. In view of the reported results and the particular 

site of the study area, the model outputs indicated the potential danger 

of the pesticides leaching down into soil and thereby creating a risk of 
polluting the water resources. 

Gitahi et al. (2002) evaluated the pollution of Organochlorine and 
organophosphorus pesticides in different environmental compartments 

(water, sediments and organisms) in the Naivasha Lake. To meet this 
aim, they analyzed the collected samples of water, sediment and fish 

species from the Lake to determine the residue of organochlorine and 
organophosphorus pesticides. The results of their study showed that 

the concentration of measured pesticides were more than the amounts 

in previous records, indicating the widespread use of certain pesticides 
in the catchment of Naivasha. Moreover, they reported that mean 

concentrations of lindane, dieldrin, β-endosulfan and aldrin in black 
bass were 100.5, 34.6, 21.6 and 16.7 µg.kg−1, respectively.  

Njogu (2011) evaluated the environmental risks of organochlorine 
pesticide residues on aquatic communities in the Lake Naivasha. The 

aim of the study was to evaluate environmental contamination of heavy 
metals and organochlorine pesticides in the Lake Naivasha basin and 

to predict environmental risks of organochlorine pesticides on aquatic 

species. The initial data was obtained from  discussions, observations 
and sample collections while secondary data was obtained from 

published information. The pollutants were selected based on their 
toxicity to aquatic life and persistence. Sediment and water samples 

were collected from 10 sampling sites in the basin. The results of the 
study indicated that (i) The lake bed was polluted with cadmium, nickel 

and lead, (ii) The heavy metal and pesticide concentrations in the water 
samples and fish were within the range recommended by WHO, (iii) 
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Fish consumption from the lake does not pose any risk to the 

consumers with respect to Methoxychlor, DDT, heptachlor and 
heptachlor epoxide, Cd, Pb, Cu, Zn and Ni, (iv) Important sources of 

contaminants are flower farms, river Malewa and the Naivasha 
Municipal Council, (v) Although organochlorine insecticides are only 

targeted to insects, they had adverse influences on other aquatic 
communities, (vi) The most used organochlorine pesticide in the 

catchment was Endosulfan-sulfate. 
Kaoga, Ouma, and Abuom (2013) studied the effect of farm pesticides 

on water quality in Lake Naivasha. They investigated the residue of 

Organochlorine and organophosphate in the water of the lake 
catchment. They selected the sampling points based on their relevance 

as point sources of pesticides pollution. The results of 18 site sampling 
points and analysing by GC method revealed that the water samples 

were in the range of WHO and Kenya Bureau standards while 
organochlorine and organophosphate pesticide residues were not 

detected. They concluded that the conservation measures prevented 
water pollution in the lake, however, further exploration and 

continuous monitoring were recommended. Moreover, Mburu et al. 

(2013) studied the pesticide usage pattern and preferences in farms 
around the Lake. The aim of their study was to explore the pesticide 

preferences and pattern of use in farms along the shore of Lake 
Naivasha. In order to collect data for this study, interviewer 

administered questionnaires and researcher observation were used in 
20 major horticultural farms around Lake Naivasha. After that data 

from journals, standards and materials safety data from pesticides 
providers were also used to determine pesticide properties and their 

toxicity. They found that there were 4.3% WHO class I and 14.3% class 

II pesticides of all the pesticides (141 kinds of pesticides) used along 
the shore of Lake Naivasha. Additionally, the pattern of pesticides used 

in the area was considered as moderate to high and all the farms used 
Integrated Pest Management (IPM) to control pests. They concluded 

that some pesticides like oxamyl, methomyl and fenamiphos of WHO 
Class I, that were being used along the shore of Lake Naivasha, were 

very toxic to human beings and aquatic organisms by deactivating the 
acetylcholinesterase enzyme. 

Ndungu (2014) studied water quality in lake Naivasha. The specific 

objectives of this study were to assess the total water quality status; 
establish the trophic status; exploring the effect of succession of fish 

community; and examine the procedures that affect the water quality 
dynamics in Lake Naivasha. Field measurements, geo- information and 

earth observation, and system modelling were used to achieve these 
objectives. Some water properties like water temperature, pH, 

conductivity, and turbidity were measured in- situ while others were 
analyzed from water samples in the laboratory. The outcome of the 
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study represented spatial variations in physiochemical parameters, 

nutrients and main ions. Agricultural activities and domestic effluent 
around Lake Naivasha affected water quality parameters. For instance 

the Northern sector (close to the Malewa and Gilgil rivers input) was 
influenced by agricultural activities and the North East sector of the 

Lake was dominated by domestic waste and close association with the 
crescent lake which is influenced by natural mineral composition. 

Examination of the reasons behind the spatial variability in water 
quality revealed that streams which might have been responsible for 

the transport of sediment and other constituents from the input rivers, 

were mainly wind-driven in Lake Naivasha.  
Onyango et al. (2014) explored pesticide residues pollution in lake 

Naivasha basin. Their study focused on the pesticides that are applied 
within Lake Naivasha catchment. They collected information on 

pesticide usage in the catchment from farms and agricultural offices 
within the region to monitor pesticides residue contamination of the 

water bodies in Lake Naivasha catchment including L. Naivasha, and 
Rivers Malewa, Karati and Gilgil. By this way they tried to answer the 

inquiry of whether pesticides of international concern – “the Dirty 

Dozen”- were still being used within the L. Naivasha catchment. The 
result of their study indicated that thirty two pesticide active 

ingredients were identified in the study area which consisted of 
insecticides, fungicides or herbicides. Moreover, they found that 

although most of the pesticides recognized were moderately toxic 
(WHO Toxicity Class II), extremely toxic to highly toxic pesticides were 

also identified. The study concluded that pesticides residues of 
international concern, including the ”dirty dozen” were still found and 

regulatory mechanisms needed to be assessed. 

 

1.3 Study area 
1.3.1 Hydrology and water balance 

Because of the Rift valley’s floor geometry and tectonics, it is 
considered hydro-geologically complex. Lake Naivasha is the second 

largest freshwater resources in Kenya and has a vital role in the 
economy of the country. It is not only attractive for tourism, but also 

is one of the largest sources of irrigation for agriculture. 

The aquifers typically occur as broken volcanic developments or along 
the weathered contacts between lithological units. The aquifers close 

to the lake are unconfined with high permeability. Indeed, even in 
areas far from the lake the aquifers are restricted or semi confined. 

The evaluated hydraulic conductivity is, high and about 10 m/day and 
the well outflows exceed 3 litres per second per meter in those regions 

that have high permeability (Clarke et al.,1990). 
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Figure 1-2-Study are of the lake Naivasha catchment 

Based on the study by Becht et al., (2010) the Malewa and the Gilgil 

Rivers constitute 80% and 20%, respectively, of the lake inflow. Both 
the Malewa and the Gilgil Rivers have excellent water quality with a 

low Electric Conductivity (EC) of 100µS/cm. Another river which feeds 
the lake is Karati but it mostly drains the eastern area of the lake, 

being ephemeral and flowing only about 2 months per year. The lake 
exhibits a dynamic behaviour, as during the past 100 years its water 

level has fluctuated around 12 m (Harper et al. 2011). However, the 
lake has no surface outflow while it still has a good water quality, with 

an EC value of approximately 300 µS/cm. The reason for such a 

freshness has been related to underground outflow of the lake water. 
Moreover, there are a few contributors to the water balance of the lake. 

The inputs to the lake comprise precipitation, surface run off, rivers, 
and drainage inflow from the catchment area. The outflow includes 

evaporation from the lake and riparian wetland areas, deep 
percolation, water abstraction and leakage from the Lake. 

 

1.3.2  Water quality in the Naivasha ecosystem 
One of important factors in maintaining the ecological processes and 
preserving the biodiversity of aquatic environments is water quality. 

Its deterioration due to environmental disasters can endanger the 
stability of the biotic integrity and consequently may decrease the 

ecosystem resilience (Kitaka, et al., 2002). In the aquatic ecosystem 
of the Naivasha lake, Malewa and Gilgil and Karati rivers are the main 

inputs into the Lake. Apart from the contribution of these rivers to the 
Lake water quantity and the water level, they play an important role in 
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the Lake water quality by transferring organic matter/detritus, 

inorganic matter/sediments like fine particles, nutrients and 
agrochemicals (e.g. P, N and pesticides) from riparian areas to the 

Lake. Organic matter/ detritus significantly has an important effect in 
the transfer of phosphorus (P), since as the detritus decays, 

phosphorus is released into the water column (Kitaka, et al., 2002).  
Based on the study of (Ndungu 2014) by which the concentrations of 

various physico-chemical variables, nutrients, and the main ions were 
determined by field measurements, water turbidity was high in the 

mouth of Malewa in comparison to other studied sites implying 

presence of more suspended particles around the river input region. 
The concentration of nutrients was high in the area around the Lake 

inputs and effluent of the waste water treatment (Mouth of Malewa, 
North East). Moreover, main ions were higher in Crescent Lake, which 

is a nearly an isolated volcanic crater lake, due to the effect of 
underlying volcanic rocks. It can be concluded that the nutrients and 

organic matter which both stem from upper catchment parts of the 
basin and are washed out by runoff, govern the quality of rivers and 

the lake water. 

 
1.3.3 Pesticide use in Naivasha basin 

Kenya imports annually more than 7000 tonnes of different kinds of 

pesticides containing insecticides, fungicides, herbicides, fumigants, 
rodenticides, growth regulators, defoliators, proteins, surfactants and 

wetting agents in which insecticides account for about 40% in terms of 
volume (2,900 metric tonnes) (Nyakundi & Magoma 2012). Based on 

the survey by Mburu et al. (2013) about pesticide preferences and 

pattern of use around the Naivasha lake, more than 140 pesticides 
were used along the shore of Lake Naivasha that were categorized in 

classes (I-IV) given by WHO. Class I pesticides recognized in this study 
belonged to six chemical groups namely; carbamates, bipyridylium, 

strobilurin, tetranortriterpenoids, azole and organophosphates.  
Most of the agricultural products which are produced in the Naivasha 

basin is exported to European countries. Therefore, the big 
horticultural supplier have to follow very strict rules concerning the use 

of pesticides. To meet these restrictions, farmers follow integrated pest 

management (IPM), combining chemical fungicides and pesticides and 
biological fungicides and pest control. Because of the restriction by the 

Kenyan authorities and the European or American buyers of their 
products, many of the pesticides have been blacklisted for use.  

Table (1-1) shows a list of pesticides that have been forbidden by 
Kenyan authorities during the past years. 

However, although utilizing pesticides in Kenya has faced some strict 
rules specially in large scale farms, the above mentioned studies 

showed that there is still a serious risk associated to pesticide use or 
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at least residues are found, that remained from past use. Moreover, 

some of legal pesticides which are used by small holders may be 
expired or because of the lack of enough knowledge of the farmers 

about suitable application of the pesticides, they are not used for the 
exact target (Nyakundi & Magoma 2012). Additionally, there are no 

(regular) examinations of the chemical stores of smallholder farmers 
that use pesticides in the upper catchment and consequently harmful 

chemicals are far more likely to originate from the small scale farms in 
upper part of the basin. On the other hand, in the last two decades, 

the Naivasha region has experienced a remarkable increase of 

population from 200,000 to 700,000 people 
(www.imarishanaivasha.wordpress.com/) and market demand for fresh 

products from the people that have moved to Naivasha because of the 
employment opportunities offered by the horticultural industries. This 

fact has caused a change from dairy farming to vegetable farming 
which has led to an increased need for the use of pesticides and 

consequently has increased the risk of pesticide pollution. 
 

Based on the study by Onyango et al. (2014) pesticides recognized in 

the Naivasha basin were 52% insecticides, 33% fungicides and 15% 
herbicides. The major type of pesticides applied within the catchment 

were pyrethroids (19%), followed by organochlorines (9%) and 
organophosphates with (9%), conazoles (6%) and dithiocarbamates 

(6%). These five chemical types make approximately 50% of the 
pesticides applied within the catchment. 

Additionally, more than 50% of applied pesticides were considered as 
moderately toxic (WHO toxicity class II), followed by those unlikely to 

cause acute hazard under normal use (WHO toxicity class U), whereas 

the extremely hazardous (class Ia), highly hazardous (class Ib) and 
slightly hazardous (class III) form minor proportions (Figure 1-3).  
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Table 1-1-List of some of banned pesticides in Kenya 

No.  Common Name  Use Date 

Banned  

1 2,4,5 T (2,4,5 – Trichloro-

phenoxybutyric acid)  

Herbicide 1986 

2 Chlordane  Insecticide 1986 

3 Chlordimeform  Insecticide 1986 

4 DDT (Dichlorodiphenyl 

Trichloroethane)  

Agriculture 1986 

5 Dibromochloropropane  Soil Fumigant 1986 

6 Endrin  Insecticide 1986 

7 Ethylene dibromide  Soil Fumigant 1986 

8 Heptachlor  Insecticide 1986 

9 Toxaphene (Camphechlor)  Insecticide 1986 

10 5 Isomers of 

Hexachlorocyclo-hexane 

(HCH)  

Fungicide 1986 

11 Ethyl Parathion  Insecticide 1988 

12 Methyl Parathion  Insecticide 1988 

13 Captafol  Fungicide 1989 

14 Aldrin  Insecticide 2004 

16 Binapacryl  Miticide/Fumigant 2004 

17 Chlorobenzilate  Miticide 2004 

18 Dieldrin  Insecticide 2004 

19 Dinoseb and Dinoseb salts  Herbicide 2004 

20 DNOC and its salts (such as 

Ammonium Salt, Potassium 

salt & Sodium Salt)  

Insecticide, Fungicide, Herbicide 2004 

21 Ethylene Dichloride  Fumigant 2004 

22 Ethylene Oxide  Fumigant 2004 

23 Fluoroacetamide  Rodenticide 2004 

24 Hexachlorobenzene (HCB)  Fungicide 2004 

25 Mercury Compounds  Fungicides, seed treatment 2004 

26 Pentachlorophenol  Herbicide 2004 

27 Phosphamidon  Insecticide, 2004 

28 Monocrotophos  Insecticide/Acaricide 2009 

29 All Tributylin Compounds  All compounds including tributyltin oxide, tributyltin 

benzoate, trybutyltin fluoride, trybutyltin lineoleate, 

tributyltin methacrylate, tributyltin naphthenate, 

tributylin chloride 

2009 

30 Alachlor  Herbicide. 2011 

31 Aldicarb  Nematicide/Insecticide/Acaricide. 2011 

32 Endosulfan  Insecticide. 2011 

33 Lindane  Insecticide. 2011 
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Figure 1-3-Toxicity classification of the pesticides applied within the L. 

Naivasha (Onyango et al. 2014) 

 

1.4 Objectives and research questions 

Awareness of micro-pollutants distribution which stems from pesticides 
and fertilizers and their fates can help understanding the hazards of 

chemical pollutions in soil, water and the plant cycle. During the 

application of pesticides from its source to agricultural area, some of it 
may be adsorbed into sediments, organic matter, soil particles, biota 

and crops. To understand the variation of pesticides in the 
environment, it is necessary to evaluate any relevant factors and 

variation of pesticides fates in the environment. In spite of the pollution 
potential of pesticides, it is still an important method, used for 

protecting agricultural and horticultural production against pests. 
However, the use of pesticides continues to cause anxiety about the 

effect of pesticides on the environment and on human health. 

Although pesticide pollution around lake Naivasha has been explored 
in some studies, a comprehensive evaluation of environmental 

exposure to micro-contaminants resulting from pesticide application by 
using new techniques and models in the Naivasha river basin remains 

necessary. The scientific challenge of this study was to find the 
exposure risk of lake Naivasha to pesticides residues, identify the fate 

of pollutants by using a combined eco-partitioning, passive sampling 
and hydrological modelling approach. The main hypothesis of this study 

was that the pesticides pollution affects the ecosystem, human health 

and the quality of the streams in the basin and finally the lake. 
Therefore, this study focused on the assessment of pesticide pollution 

of tropical water bodies.  
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To meet this challenge, the following research questions were raised: 

1. Can a passive sampling approach, due to its advantage to 
capture and detect very low concentrations, give an improved 

insight to the pesticide residues distribution in the catchment? 
And what kind of pesticides (e.g., organochlorine pesticide 
residues) exists in the river network and lake Naivasha? 

2. Can integrated catchment models (such as e.g., SWAT) be used 

to evaluate the connection and transport of pesticide residues 
from the upper basin to the lake through the river network?  

3. Can an eco-partitioning modelling approach (e.g. Mackay model 

types) - focusing on the lake as receiving water body- help in 
identifying and quantifying the fate and exposure risk to 
pesticides residues in Naivasha? 

 

1.4.1 Specific objectives 
By considering the relevant factors which deal with pesticides in the 

study area, the following objectives were defined.  
 

First objective: Application of passive sampling techniques for 
studying and measuring the pesticide residues in the aquatic 

environments of Naivasha basin. 
Most aquatic study projects depend on gathering discrete grab, spot or 

bottle samples of water at specific times. Usually, where contaminants 
are present at just trace levels, large volumes of water need to be 

gathered. The laboratory investigation of the samples gives indication 

of toxin concentrations at the time of sampling. There are 
disadvantages to this methodology in situations where contaminant 

levels vary in time and episodic contamination occasions can be 
missed. One solution is to increase the frequency of inspection or to 

install programmed testing frameworks that can take various water 
tests over a given time period (Vrana et al. 2005). Passive sampling 

permits to collect chemicals over a distinct time period (e.g., one 
month) and also permits to diagnose very low concentrations.   

 

Second objective: Modeling the transport of pesticide residues 
through rivers and the lake and evaluating the effect of different 

weather conditions and climate. 
The main challenge of this objective was exploring the transport of 

pesticides from the upstream basin through the river network of the 
Naivasha basin to the lake by using a model approach. To meet this 

aim the data about the concentration of pesticides which were collected 
in the first objective as well as other necessary data (i.e. suspended 
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sediment concentration and climate data) of the rivers for simulation 

by models were used. 
 

Third objective: studying the pollution of pesticides residues in the 
water bodies of Naivasha basin and assessing the fate and the risk of 

exposure to them using an environmental compartment partitioning 
approach. For this part of the study, a partitioning modeling approach 

was used to find the fate of transported pesticides from the upper 
Malewa to lake Naivasha.  

 

1.5 Thesis outline 

This research was written into five chapters as follows: Chapter 1 
consists of the introduction about the study, its objectives, the research 

questions, the main problem, motivation for the study, and a definition 
of the study domain. In Chapter 2 the distribution of organochlorine 

pesticides (OCPs) residues in the lake basin was explored using passive 
sampling approach. In this chapter the possibility and applying passive 

sampling for studying the content of pesticides in surface water 
resources with the focus on the rivers draining into Lake was described. 

Chapter 3 presents the modelling of discharge, suspended sediment 

and pesticides transport from the upper catchment downstream to the 
lake. In this chapter also the pollution caused by pesticide residues was 

simulated based on various environmental and hydrological criteria. 
Next, Chapter 4 presents the evaluation of pesticides fate in the 

different environmental compartments and an assessment of the 
exposure risk to pesticides pollution. Finally, the synthesis as well as 
the conclusions of this research are provided in Chapter 5. 
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Chapter 2 : Evaluating Organochlorine 
Pesticide Residues in the Aquatic Environment 
of the Lake Naivasha River Basin Using 
Passive Sampling Techniques1 
 

                                          
1 This chapter is based on: Yasser Abbasi & Chris M. Mannaerts, 

Evaluating organochlorine pesticide residues in the aquatic 

environment of the Lake Naivasha River basin using passive sampling 
techniques. Environ Monit. Assess (2018) 190: 349 
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Abstract 

Passive sampling techniques can improve the discovery of low 
concentrations by continuous collecting the contaminants, which 

usually go undetected with classic and once-off time-point grab 
sampling. The aim of this study was to evaluate organochlorine 

pesticide (OCP) residues in the aquatic environment of the Lake 
Naivasha river basin (Kenya) using passive sampling techniques. 

Silicone rubber sheet and Speedisk samplers were used to detect 
residues of α-HCH, β-HCH, γ-HCH, δ-HCH, Heptachlor, Aldrin, 

Heptachlor Epoxide, pp-DDE, Endrin, Dieldrin, α-endosulfan, β-

endosulfan, pp-DDD, Endrin aldehyde, pp-DDT, Endosulfan Sulfate and 
Methoxychlor in the Malewa river and Lake Naivasha. After solvent 

extraction from the sampling media, the residues were analyzed using 
gas chromatography electron capture detection (GC-ECD) for the OCPs 

and gas chromatography-double mass spectrometry (GC-MSMS) for 
the PCB reference compounds. Measuring the OCP residues using the 

Silicone rubber samplers revealed the highest concentration of residues 
(∑OCPs of 81(±18.9SD)ng/L) to be at the lake site, being the ultimate 

accumulation environment for surficial hydrological, chemical and 

sediment transport through the river basin. The total OCP residue sums 
changed to 71.5(±11.3SD)ng/L for the Middle Malewa and 

59(±12.5SD)ng/L for the Upper Malewa river sampling sites. The 
concentration sums of OCPs detected using the Speedisk samplers at 

the Upper Malewa, Middle Malewa and the Lake Naivasha sites were 
28.2(±4.2SD)ng/L, 31.3(±1.8SD)ng/L and 34.2(±6.4SD)ng/L, 

respectively. An evaluation of the different pesticide compound 
variations identified at the three sites revealed that Endosulfan Sulfate, 

α-HCH, Methoxychlor and Endrin aldehyde residues were still found at 

all sampling sites. However, the statistical analysis of one-way ANOVA 
for testing the differences of ∑OCPs between the sampling sites for 

both the Silicone Rubber sheet and Speedisk samplers showed that 
there was not significant differences from the Upper Malewa to the Lake 

site (P<0.05). Finally, the finding of this study indicated that continued 
monitoring of pesticides residues in the catchment remains highly 

recommended.  
Keywords: Pesticide residues, passive sampling, Silicone Rubber 

sheet, Speedisk, Lake Naivasha 
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2.1 Introduction 
 
The first application of organochlorine pesticides such as DDT and 

Dieldrin dates back to 1956 and 1961, respectively, but due to the long 
half-life and their bio-accumulation in animals body, they were banned 

globally in 1976 (Keating 1983), except for regulated use of DDT for 
the control of malaria. After application of the chemicals, their residues 

can reach non-targets such as plants, soil, water, sediment, etc., by 

which these environmental compartments could be contaminated. 
Kaoga et al. (2013) explained that over 95 percent of applied 

insecticides and herbicides end up in non-target areas. This could 
potentially endanger the environment and also contribute to public 

health problems (Mutuku et al. 2014). Although most of the pesticides 
have a short half-life and are easily degradable, there are still 

persistent pesticides such as first-generation organochlorine pesticides 
(OCPs), which have long time half-life and are persistent in 

environment. Consequently, they can be washed off to waterbodies 

and cause considerable environmental risk (Gitahi et al. 2002). Lakes 
and reservoirs are typical accumulation sites for runoff, sediment and 

chemicals in catchments and, therefore, these aquatic environments 
are at risk of being contaminated. Bearing in mind that due to the 

threat of pesticides residue pose to aquatic life and ecosystems, careful 
evaluation is needed.  

Aquatic monitoring programs are usually based on grab samples 
collected within a short time span. Grab sampling can only provide a 

snapshot of pollution levels (Hernando et al. 2007; Vrana et al. 2005) 

and also is associated with logistical and practical difficulties including 
transportation, filtration, extraction, and storage. Moreover, grab 

sampling as a way of monitoring pesticide pollution in aquatic 
environments cannot encompass all of the changes in pollutant 

concentrations (Ahrens et al. 2015). In other words, determining the 
dynamic status of pollution accurately during low and high flows is not 

entirely feasible with grab sampling. Consequently, the outcomes do 
not directly relate to the average load of pollutants (Jordan et al. 

2013). In spite of these facts, grab sampling is useful for finding 

information quickly. However, extending measurements to cover 
fluctuations in flow and pollutant concentrations, requires increasing 

the sampling frequency and sample numbers, which is expensive and 
time consuming while the results remain uncertain (Rozemeijer et al. 

2010).  
Due to the challenges related to grab sampling, the passive sampling 

technique is considered as a promising alternative method for 
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measuring pollutants in aquatic environments. This method allows the 

accumulation of contaminants in the samplers, making it possible to 
determine very low concentrations of contaminants. Passive sampling 

provides means for continuous water quality monitoring from short 
term to long term (a week to some months) and allows determining 

time-weighted average (TWA) of contaminant concentrations (Ahrens 

et al. 2015). The chemical potential discrepancy between passive 
sampler media and the dissolved pollutants in the aquatic phase causes 

a partitioning of contaminants between water and the sampler (Allan 
et al. 2009). Moreover, in comparison with organisms, which undergo 

biotransformation and changing physiological conditions, the uptake of 
pollutants using passive samplers is more feasible (Smedes and Booij 

2012). These features of passive sampling facilitate chemical 
examination of surface and other water bodies and provide an 

alternative approach to biomonitoring (Fox et al. 2010; Meyn et al. 

2007; Munoz et al. 2010; Wille et al. 2011).  
There are various kinds of non-polar passive samplers, which have 

been used for evaluating organic contaminants in aquatic 
environments (Brockmeyer et al. 2015). Passive samplers trap the 

pollutants in a kinetic or equilibrium diffusion, in which the whole 
process including selective analyte, isolation and pre-concentration 

occurs simultaneously (Vrana et al. 2005). The mass transfer of an 
analyte - an organic or inorganic compound - proceeds until the 

equilibrium phase occurs or the sampling is finished (Górecki and 

Namieśnik 2002). Silicone Rubber (SR) sheets and Speedisk samplers 
were selected in this study for the determination of organochlorine 

pesticides because Silicone Rubber samplers for more hydrophobic 
compounds and Speedisk samplers for more hydrophilic compounds 

are ideal samplers that have some advantages such as simple 
construction, robust for installing in the rivers or the lake, cheap and 

commonly available (Smedes et al. 2010).  
The Lake Naivasha catchment is a major agricultural areas in Kenya 

and because of dense agricultural activity and population, there is a 

high demand for pesticides. Although there was a decline in 
organochlorine pesticide imports into the country, there is still risk of 

these pesticides application in agricultural areas. Therefore, a 
monitoring plan for pesticide residue pollution in aquatic environments 

is necessary to evaluate their potential risk on ecosystems and humans 
in general. The aim of this research was to gain understanding in the 

organochlorine pesticide residues pollution and their spatial variation 
in the Lake Naivasha catchment using passive sampling techniques. 
 

2.2 Materials and methods 
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2.2.1 Study area  
Lake Naivasha catchment is located in the eastern part of the Rift Valley 

region in Kenya with an area of about 3,400 km2. The eastern Rift has 
a tropical climate with two dry and two rainy seasons. The upper and 

middle parts of the catchment are mostly subjected to smallholder 

mixed farming for producing various crops. Moreover, there are various 
local dwellings in villages and towns all around the catchment that can 

influence the rivers and the Lake water quality located in the lower 
catchment. Input from upstream into the Lake includes water from the 

Malewa, Karati and Gilgil rivers plus surface runoff that drains from the 
catchment and reaches the Lake. But as the Malewa river accounts for 

approximately 80% of the inflow into Lake Naivasha, the samplers 
were installed in the Upper Malewa, Middle Malewa river and the Lake 

(Figure 2-1). 

 

 
Figure 2-1-The study area and locations of passive samplers (P1, P2 
and P3 are Upper Malewa, Middle Malewa and the Lake sites, 

respectively) 
 

2.2.2 Sampler preparation and installation  
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Large AlteSil silicone rubber (SR) sheets were cut into pieces with 

55×90×0.5 mm dimensions and about 100 cm2 -both sides- surface 
area. The SR samplers were pre-cleaned in soxhlet apparatus with 

ethyl acetate for at least 100h to remove all chains of oligomers. Then 
they were air dried and spiked with Performance Reference Compounds 

(PRCs). Based on Smedes and Booij (2012) the SR samplers need to 

be spiked with at least six PRCs that have a sampler-water partition 
coefficient (logKpw) between 3.5-5.5 as well as a PRC that is rarely 

depleted (logKpw>6) and a completely depleted PRC (logKpw<3.3) for 
modeling water sampling rate and the concentration of the pollutants. 

Therefore, the applied PRCs in the SR samplers were BIP-D10, PCB001, 
PCB002, PCB003, PCB010, PCB014, PCB030, PCB050, PCB021, 

PCB104, PCB055, PCB078, PCB145, PCB204. Then, the prepared SR 
samplers were kept in air-tightened amber glass bottles in the freezer 

(-20˚ C) until installation. 

Speedisk extraction samplers, H2O-philic DVB Low capacity (0.6 gram) 
produced by Avantor, were also used for more hydrophilic substances. 

The Speedisks were conditioned by eluting them slowly with 15mL 
dichloromethane (HPLC grade, 99.9%), 10 mL acetone (HPLC grade, 

99.5%) and 20 mL distilled water, sequentially. They were then stored 
in a bottle of purified water and stored at +4°C until deployment.  

At the sampling sites, including two sites in the Malewa river and one 
site in the Lake Naivasha as represented in Figure (2-1), three sets of 

Silicone Rubber sheets and three sets of Speedisk passive samplers 

were installed for monitoring the concentration of α-HCH, β-HCH, γ-
HCH, δ-HCH, Heptachlor, Aldrin, Heptachlor Epoxide, α -endosulfan, 

pp-DDE, Endrin, Dieldrin, β-endosulfan, pp-DDD, Endrin aldehyde, pp-
DDT, Endosulfan Sulfate, and Methoxychlor in the Malewa river and the 

Lake Naivasha. Both the Speedisk and Silicone rubber sheet samplers 
were mounted on metal wire mesh (Figure 2-2) and immediately 

deployed in water. Additionally, one sampler was exposed to the air 
while installing the samplers, as reference sampler. Passive samplers 

were deployed in the water for one month from 20 June till 20 July, 

2016, during the long rainy season when most of the agricultural 
activity and use of pesticides occur. After one month, the samples were 

collected from the sampling sites. As they were covered by some 
fouling or algae, they were cleaned using a pre-treated scourer 

(washed and rinsed with methanol and water) and the water of the 
same sampling site. Then the samplers were kept in a cool box (about 

5°C) during transfer and at -20°C in the laboratory till treatment and 
analysis (Monteyne et al. 2013; Smedes and Booij 2012).  
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Figure 2-2-Mounting Speedisk(SD, left) and Silicone Rubber sheet (SR, 

right) passive samplers for deployment 

 

2.2.3 Extraction and analysis 
Various solvents such as acetonitrile, hexane, acetone, 

dichloromethane and methanol were used to extract the non-polar 

contaminants from the samplers. The solvents were all of HPLC grade 
(>99% purity) in order to extract the studied OCPs. All of the 

procedures for both the exposed passive samplers and the blanks 
(control samplers) such as samplers extraction by soxhlet apparatus, 

clean up, concentration and instrumental analysis were done according 
to the guidelines by Smedes and Booij (2012) and standard laboratory 

methods. After solvent extraction from the sampling media, the 
residues were determined using a gas chromatograph (Agilent 6890N) 

in combination with an electron capture detector (Agilent µECD) and 

an auto sampler (Agilent 7683 Series injector) for the OCPs (in 
Department of Chemistry at University of Nairobi, Kenya), and a gas 

chromatography (Agilent 7890A) coupled with a mass spectrometer 
(Agilent 7000 Series Triple Quadrupole MS detector) that had a 

possibility to measure with an MSMS method for the PRCs in Deltares 
(TNO laboratory, Netherlands). The temperature program of GC-µECD 

was set as initially 90ºC (3 min) then 90 ºC to 200ºC (at 30ºC/ min 
and hold time of 15 min), 200ºC to 275ºC (at 30ºC/min and hold time 
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of 5min). The carrier gas was helium and nitrogen was used as make-

up gas with a continuous stream of 2ml/min. The injection mode was 
pulsed-splitless with a volume of 1μl. The column was a DB-5 (Agilent, 

USA) with length of 30m, internal diameter of 0.32mm and film 
thickness of 0.25μm. The calibration of the machine was done using 

the standards of organochlorine pesticides (purity of more than 99%) 

in 10 concentration levels of 1, 5, 10, 50, 100, 200, 400, 600, 800 and 
1000 ng/L. Finally, The quality control of the results was done by 

triplication for all the samples, and determination of recovery rates 
from blank treatments. The column of the GC-MSMS was also DB-5 

(length: 30 meter; ID: 0.25 mm; Film:0.25 µm). The temperature 
program was set as initially 70ºC for 1 min then Ramp 1: increase 20ºC 

/min to 120 min, hold time 0 min, Ramp 2: increase 6ºC /min to 250ºC 
hold time 0 min and Ramp 3: 17.5ºC /min to 300ºC, hold time 2.48 

min. The low detection limit was also 1ng/L for all the PRCs. 
 

2.2.4 Calculations: 
The amounts of PRCs fraction (fexp) indicates sampling rate and was 

estimated as:  

𝑓𝑒𝑥𝑝 =
𝑁𝑡

𝑁0
        (1) 

where Nt and N0 are PRCs amounts (ng) in the exposed and the 
reference samplers, respectively. Booij and Smedes (2010) showed 

that f is a continuous function of Kpw and the sampling rate (Rs): 

𝑓𝑐𝑎𝑙 = 𝑒
−𝑅𝑠𝑡

𝐾𝑝𝑤𝑚           (2) 

Where Kpw is the sampler-water partition coefficient (L/kg), Rs is the 

sampling rate (L/day), m is the sampler weight (kg) and t is the 
exposure time (days). Rusina et al. (2010) demonstrated that sampling 

rate was a function of the hydrodynamic situation and the sampler 
surface area as well as the PRC molar mass (M). Therefore, their 

proposed equation (3) was used to demonstrate the relationship 

between these factors:  

𝑅𝑠 =
𝐹𝐴

𝑀0.47                      (3) 

The sampling rate was estimated by combining equations (2) and (3) 
and fitting the retained fraction and KpwM0.47 using a solver package. 

The non-linear least-squares (NLSs) method, which takes all of the 

PRCs into account, was applied for this aim (Booij and Smedes 2010).  
Booij et al. (2007) showed that the amount of a target compound in 

the sampler can be presented as: 

𝑁𝑡 = 𝐶𝑤 . 𝐾𝑝𝑤𝑚 [1 − 𝑒𝑥𝑝 (
−𝑅𝑠𝑡

𝐾𝑝𝑤𝑚
)]   (4) 

Therefore, by adjusting equations (3) and (4), the concentration of 

compounds was determined as: 
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𝐶𝑤 =
𝑁𝑡

𝐾𝑝𝑤𝑚[1−𝑒𝑥𝑝(−
𝐹𝐴𝑡

𝑀0.47𝐾𝑝𝑤𝑚
)]

   (5) 

Finally, the standard deviations (SD) of the sampling rates as well as 

the pesticides concentration were calculated and included to the 
results. The statistical analysis of one-way ANOVA was also applied to 

explore the differences of total OCPs between the sampling sites at 
95% confidence. This examination determined the spatial variation 

from the upper catchment to the Lake for the results of both kinds of 
passive samplers. 

 

2.3 Results and discussion 
 

Frequent measurements of different parameters at the sampling sites 
during sampler exposure time are presented in Table (2-1). It was 

found that the average acidity of water in the Malewa river and the 
Lake was between 7 to 7.8 and no remarkable difference was found. 

Moreover, the effect of water temperature on sampling rate has been 
studied by Booij et al. (2003) and they showed that sampling rate at 

30°C was three times more than 20°C. This issue demonstrates the 

relations between water temperature and up taking the contaminants. 
However, by calculating the sampling rates, the effect of different 

factors (e.g., Oxygen saturation, Salinity, Conductivity, Temperature, 
pH, etc.) on the samplers performance is taken to account.  

 
 Table 2-1-Physicochemical properties of water at the sampling 

sites 

Location\ 
parameter  pH T (∘C) 

EC 
(uS/cm) 

Sal. 
(‰) 

Sat.O2 
(%) 

 Average 7.8 20.1 352.2 0.11 87.1 

The  
Lake Min 6.8 18.6 309.0 0.10 53.7 

 Max 8.6 21.0 366.0 0.12 104.8 

 Average 7.4 16.3 147.6 0.05 103.6 
Middle  

Malewa Min 6.7 15.0 111.0 0.04 100.3 
 Max 8.6 18.0 170.0 0.06 106.4 

 Average 7.7 16.3 150.4 0.05 103.2 

Upper  
Malewa Min 7.0 15.6 120.0 0.04 101.7 

 Max 8.9 17.2 174.2 0.06 105.0 
EC is Electrical Conductivity, Sal. is Salinity and Sat.O2 is Oxygen Saturation 
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The results of analysis showed that after 30 days of passive samplers 

deployment, the average of minimum remaining PRCs on the Silicone 
samplers was 4.7% (±4.1SD) for BCP-d10 and the maximum average 

was 97% (±7.4SD) for PCB204. The amounts of remaining PRCs with 
a logKpw of less than 4.2, such as PCB001 and BIP-D10, occurred on 

less than 20% of the samplers. The PRCs of PCB014 and PCB104 with 

a logKpw of more than 5.1 showed a variation of 73% (±16.7SD) to 
102% (±1.1SD), which was in agreement with the results of the study 

by Monteyne et al. (2013). They indicated that the dissipation of more 
than 80% and less than 20% of the PRCs leads to difficulties in 

determining the initial and the final ratio of the PRCs on the samplers. 
Therefore, it could be concluded that the PRCs with a logKpw of 4.2 

(PCB002) to 5.2 (PCB030) would be the most appropriate ones for 
calculating sampling rate. Moreover, as was concluded in other 

literature (Allan et al. 2009; Monteyne et al. 2013), the transition 

between linear and equilibrium phases occurred for the PRCs with 
logKpw between 4.2 and 5.2. Therefore, PCB010 and other compounds 

with this range of logKpw were still releasing and the sampling was 
continued.  

The results of NLSs model showed that there was a good fit between 
the measured and calculated PRC fractions (Figure 2-3). Inclusion of a 

PRC with a low logKpw such as BIP-D10, which has a logKpw of 3.6, 
and PCB204, which has a high logKpw of 7.6, as well as other PRCs 

within this range led to a sigmoid trend among the retained fractions 

and log(Kpw.M0.47). With this approach, the results showed a 
minimum sampling rate occurring in the samplers that deployed in 

Lake Naivasha with 1.9 (±0. 4SD)L/day and a maximum rate at the 
Middle Malewa river site with 13.1(±1.7SD)L/day. The average 

sampling rate at the Upper Malewa river site was 6.2(±0.7SD)L/day, 
an intermediate result compared to other sites. Silicone sheets have 

been used mostly for monitoring the PAHs and PCBs in marine aquatic 
environments. However, comparing the results of this study with other 

literature showed that these results were comparable with the study 

by Harman et al. (2009) who reported sampling rates between 4.1 and 
14.8 L/day for a duration of 6 weeks.  
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Figure 2-3-Example diagram of logKpw versus Retained PRC fractions (left) 

and difference of calculated and measured (calc.) (Right). The drawn line 

represents the best non-linear square for two example sites. (RSA1 and RSA7 

are example samples in the Lake and in Malewa river, respectively). 

 
The data of sampling rates were used to determine the pesticide 

concentrations in the water (Cw). This approach allowed the use of 
passive sampling technique to monitor non-polar compounds. 

Calculating the concentration of OCPs with SR samplers showed that 
the total amount of α-HCH, β-HCH, γ-HCH, δ-HCH, Heptachlor, Aldrin, 

Isodrin, Heptachlor Epoxide, α-endosulfan, pp-DDE, Endrin, Dieldrin, 
β-Endosulfan, pp-DDD, Endrin aldehyde, pp-DDT, Endosulfan Sulfate 

and Methoxychlor at the Lake site was the highest with a total amount 

of organochlorine pesticide residue (∑OCPs) of 81(±18.9SD)ng/L. This 
total amount was 71.5(±11.3SD)ng/L and 59(±12.6SD)ng/L for the 

Middle Malewa and the Upper Malewa river sites, respectively. The 
reason of reporting the results as a summation of OCPs is that the 
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individual concentrations of the OCPs were mostly low ranging between 

below detection limit to 56ng/L.  
The variation in pesticides found at the three sampling sites using SR 

samplers was also investigated to evaluate possible differences in 
pesticide residue occurrence in different parts of the catchment (Figure 

2- 4). Although there was an increasing trend from the Upper Malewa 

to the Lake, the results of one-way ANOVA for the means of the three 
sampling sites using SR samplers showed that there was not a 

significant spatial variations (P>0.05). Apart from application of 
pesticides in the down part of the catchment, as the hydrological 

stream flow and suspended sediment transport processes is the main 
reason for agrochemical movement from the upper part of the 

catchment to the down part, the increasing concentration gradient to 
the Lake could be due to the effect of downstream transport and 

accumulation of pesticides. The results showed that α-HCH, Endosulfan 

Sulfate and Methoxychlor formed the most prevalent pesticide’s 
residues. They were detected in almost all of the samplers and their 

concentrations generally increased from the Upper Malewa to the Lake 
site. Based on the results of SR samplers, Endosulfan Sulfate formed 

the largest component of pesticide residue in the study area with 
concentrations of 56(±18SD)ng/L, 39.3(±29.3SD)ng/L and 

34.2(±11.8SD)ng/L in the Lake Naivasha, Middle Malewa river and 
Upper Malewa river sites, respectively, that accounted, respectively, 

for 69%, 55% and 58% of ∑OCPs in these sites. The second major 

pesticide residue found on the SR samplers at all of the sites was α-
HCH. The concentration of this pollutant varied from 19.3(±6.7SD)ng/L 

at the Middle Malewa river site (27% of the ∑OCPs) to the amount of 
11.3(±4.8SD)ng/L at the Lake site. α-HCH is an isomer of 

Hexachlorocyclohexane (HCH) that has different isomers and the main 
ones are α-HCH, β-HCH, γ-HCH, and δ-HCH. All of these isomers are 

insecticides that are mostly used on fruit, vegetables and animals. α-
HCH is byproduct of Lindane but due to the persistence in environment 

and bioaccumulation, it has been classified as persistent organic 

pollutant (POP) by Stockholm Convention on Persistent Organic 
Pollutants in 2009 (ATSDR 2005). Methoxychlor was also found in the 

SR samplers at all sampling sites. It is an insecticide that has a wide 
range of application for controlling the insects on crops, livestock and 

homes. It dissolves in the water or evaporate into air very rarely and 
once reaches the ground, sticks to the soil particles that can be 

transported to water bodies by runoff. The process of degradation in 
the environment is slow and may takes several months (ATSDR 

2002a). The ratio of other pesticides occurred in very low percentages. 

DDT, for instance, accounts for a very low percentage (1%-2%) of 
residue and this finding is in agreement with previous studies, 

indicating that the use of this pesticide has significantly decreased 
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(Gitahi et al. 2002). Although in very low concentration, Endrin 

aldehyde was another pesticide that was found in the SR samplers at 
all of the sites. Comparing the results from the SR samplers at different 

sites showed that the Middle Malewa river site had most different kinds 
of applied pesticides. In addition to the mentioned pesticides that were 

found at the Lake and Upper Malewa river sites, β-HCH, Endrin, β-
endosulfan, pp-DDD and pp-DDE were found at the Middle Malewa river 

site. pp-DDD and pp-DDE, occurring with a concentration of less than 
1ng/L (almost 1% ratio of ∑OCPs) at the Middle Malewa river site, are 

the metabolite of DDT, which may originate from pesticide application 

in the past still present in the environment. It is noticeable that 
DDT/(DDD+DDE) ratio is an indication of DDT application history that 

the amount of less than one means there might not be current input of 
the parent DDT into the study area and vice versa (Gbeddy et al. 

2012). The results showed that this ratio was less than one for the 
sampling sites. 

Considering the sampling rates of Speedisk samplers and the total of 
pesticides taken up by these samplers, the maximum amount of 

pesticides was ∑OCPs=34.2(±6.5SD)ng/L that found at the Lake 

Naivasha site. The amounts of ∑OCPs from the Speedisk samplers at 
Middle Malewa and Upper Malewa sites were 31.3(±1.8SD)ng/L and 

28.2(±4.2SD)ng/L, respectively. Based on the one-way ANOVA results 
of Speedisks for exploring the spatial variations of the OCPs at the 

sampling sites, these amounts were not significantly different 
(P>0.05). 

Evaluating pesticide variation in the studied area by Speedisk samplers 
also demonstrated that α-HCH occurred at all of the sampling sites 

(Fig.4). The Lake site, with a concentration of 16.1(±5.1SD)ng/L, 

which is equivalent to 47% of ∑OCPs, revealed the highest measured 
amount. The concentration of this pesticide’s residue was 

13(±1.9SD)ng/L in the Upper Malewa river and decreased to the 
5.9(±1.8SD)ng/L in the Middle Malewa river(19% of ∑OCPs). Although 

the Middle Malewa and Upper Malewa river sites were situated in the 
same river, the sites were placed far apart to discover the effect of the 

surrounding agricultural areas of the sampling sites on the pollution 
situation of the Malewa river. The selected site location in the Lake 

Naivasha was also at the opposite side of the Lake to the Malewa river 

estuary, in order to minimize the effect of Malewa river on the Lake 
Naivasha sampling site. Therefore, the results of each of the sites can 

be said to be mostly related to the pollution in adjacent areas. 
Moreover, although the interview with the farmers about the pesticides 

use for controlling any kind of diseases in their products (e.g. cabbage, 
tomato, potato, maize, etc.) did not show any OCPs application, the 

results of samplers analysis demonstrated the OCPs residues in the 
sampling sites. Nearly all of the explored HCH isomers were found in 
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the Middle and Upper Malewa river. It is noticeable that some of the 

OCPs such as α-HCH, β-HCH, γ-HCH, δ-HCH and pp-DDT, pp-DDE and 
pp-DDD that are metabolites of HCH and DDT can remain in the 

environment for an extremely long time by accumulating in different 
environmental compartments. For instance, when DDT is broken down 

by microorganisms or under environmental condition, DDE and DDD 

are produced which are similar to their parents. The residue of these 
chemicals that are not dissolved easily in water, can stick to soil 

particles and remain in environment up to 15 years (ATSDR 2002b). 
Passive samplers accumulate pesticide residues from the water during 

deployment, therefore they may be more useful than grab sampling 
for finding OCPs. Moreover, as the behaviour of the passive samplers 

for accumulating the contaminants mimics the bioaccumulation by 
organisms (e.g., uptake of pesticides by aquatic biota like fish), the 

outcomes of passive sampling studies are more comparable with 

biomonitoring ones (Smedes and Booij 2012). Therefore, the results of 
this study can be compared with the study by Gitahi et al. (2002) that 

explored pesticides contamination in water resources of Naivasha using 
fish samples. Their study about organochlorine pesticides pollution in 

various species of fish, water and sediment samples in Lake Naivasha 
demonstrated different levels of lindane, dieldrin, β-endosulfan and 

Aldrin in the fat of fish. Their results showed a technical use of these 
pesticides in the studied area, which would agree with the findings of 

this study.  

Based on the report of the Pest Control Products Board of Kenya PCPB 
(2008), import and use of many of the studied pesticides has been 

discontinued. However, different studies (Gitahi et al. 2002; Onyango 
et al. 2014) indicated application of these pesticides in the Lake basin. 

Lindane was a commonly used pesticide in Kenya. It was used as 
insecticide and for seed dressing. HCH and its isomers are the main 

pesticide residues found in the Speedisk samplers. These results seem 
to indicate the use of HCH and its isomers in the Lake Naivasha 

catchment. Endosulfan Sulfate is an oxidation product of Endosulfan, 

which has a high acute toxicity and can be potentially bio accumulated. 
Because of the threats of Endosulfan and its isomers (α-endosulfan, β-

endosulfan and Endosulfan Sulfate) to human health and the 
environment, there was a global ban on its application under the 

Stockholm Convention. Based on Camacho-Morales and Sánchez 
(2015), the estimated half –life time of these chemicals (endosulfan 

and endosulfan Sulfate) can vary from nine months to six years. 
However, Endosulfan Sulfate was found in the SR samplers at all of the 

sampling sites.  



Chapter 1 

 

 29 

 

Figure 2-4-Distribution of organochlorine pesticide residues on the 

Silicone Rubber (SR) and Speedisk (SD) Passive sampling media at the 
3 sampling sites (based on June-July 2016 sampling campaign data) 

 
 

Comparing the pollution levels of pesticides in the water for different 
sampling sites with the drinking water standards criteria (WHO 2011) 

showed that the concentrations of all the studied pesticides were below 
the WHO drinking water standard and limits (Figure 2-5). Results of 

this study are in agreement with another recent pesticide residue study 

in the lake basin by Onyango et al. (2015). They reported on 4,4-DDT, 
2,4-DDE, 4,4-DDD, γ-HCH, α-HCH and Aldrin contamination in the 

aquatic environment of the Lake Naivasha catchment and concluded 
there was no potential effect of these pesticides on human health in 

drinking water. However, because of bio-accumulation of pesticides in 
aquatic organisms and the risk of entering the higher food web and 

chain, the concentration of pesticide residues, even in low 
concentrations, needs to be monitored continuously.  
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Figure 2-5- WHO drinking water standards and limits 

2.4 Conclusions 
This study investigated organochlorine pesticide residues in surface 

water resources on Naivasha, Kenya using passive sampling 

techniques. Analysis of OCP concentrations showed that the total 
amounts at the Lake site was highest. This could be due to the fact 

that the Lake was the final accumulation site for runoff and suspended 
sediments from the basin. The ∑OCPs for the Middle Malewa and the 

Upper Malewa river sites represented the second and third level, 
respectively. The results showed that Endosulfan Sulfate was the main 

pesticide residue found at all of the sampling locations. The results 
from the SR samplers showed that there was also contamination by α-

HCH, Endrin aldehyde and Methoxychlor at all of the sites. Finally, it 

was concluded that continuous monitoring of OCPs and other pesticides 
using passive sampling was a very useful technique that could 

contribute to environmental monitoring and pollution assessment of 
water resources in the studied area. 
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Abstract: Understanding the dynamics of pesticide transport in the 
Malewa river and lake Naivasha, a major fresh water resource, is 

critical to safeguard water quality in the basin. In this study, the Soil 
and Water Assessment Tool (SWAT) model was used to simulate the 

discharge of sediment and pesticides (notably the organochlorine 
residues of a-HCH, Methoxychlor and endosulfan-sulfate) into the 

Malewa river basin. Model sensitivity analysis, calibration and 
validation were performed for both daily and monthly time steps using 

the Sequential Uncertainty Fitting version 2 (SUFI-2) algorithm of the 

SWAT-CUP tool. Water level gauge data as well as a DTS-12 digital 
turbidity sensor for suspended sediment transport were used for the 

SWAT calibration. Pesticide residues were measured at Upper and 
Down Malewa locations using a passive sampling technique and their 

quantity was determined using laboratory Gas Chromatography. The 
sensitivity analysis results showed that curve number (CN2), USLE soil 

erodibility factor (USLE-K) and pesticide application efficiency (AP_EF) 
formed the most sensitive parameters for discharge, sediment and 

pesticide simulations, respectively. In addition, SWAT model calibration 

and validation showed better results for monthly discharge simulations 
than for daily discharge simulations. Similarly, the results obtained for 

the monthly sediment calibration demonstrated more match between 
measured and simulated data as compared to the simulation at daily 

steps. Comparison between the simulated and measured pesticide 
concentrations at upper Malewa and down Malewa locations 

demonstrated that although the model mostly overestimated pesticide 
loadings, there was a positive association between the pesticide 

measurements and the simulations. Higher concentrations of pesticides 

were found between May and mid-July. The similarity between 
measured and simulated pesticides shows the potential of the SWAT 

model as initial evaluation modelling tool for upstream to downstream 
suspended sediment and pesticide transport in catchments.  

Keywords: SWAT, hydrologic simulation, pesticide residues, passive 
sampling, sediment, Malewa river  
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3.1 Introduction 

Lake Naivasha (in Kenya) serves as a source of fresh water for most of 

the farms in the area. It also provides fresh water for domestic 
consumption and supports a variety of wildlife around the Lake. The 

long-term use of agrochemicals and the continuous upstream to 

downstream transport of suspended sediment into the lake could 
endanger the ecosystem as well as the livelihood of the local people. 

Intensive and extensive agricultural activities have been identified as 
the main contributors to sediment generation in the lake Naivasha 

catchment (Harper et al. 2011). Furthermore, pollution by 
agrochemicals causes the death of the aquatic life that provides a 

livelihood for many fishermen in the area.  
Generally, the transport of agrochemicals and sediment that are mainly 

associated with runoff, raise concern about the management of water 

quality and quantity in watersheds. Sediments and adsorbed pesticides 
cause the deterioration of the quality of fresh water bodies in various 

regions in the world (Warren et al. 2003). Turbidity, light penetration 
and dissolved oxygen are all to a large extent affected by sediments. 

Moreover, sediments can transport adsorbed pollutants into water 
bodies (Vigiak et al. 2017). The estimation of runoff, sediment and 

pesticide loading into a water resource can be helpful in many 
applications, such as protection of aquatic life habitats. Understanding 

the movement of pesticides in catchment is very important to 

determine their concentration in receiving water bodies. This is vital as 
pollution by pesticides could be associated with human health risk 

(Panuwet et al. 2012). For studying environmental pollution, 
measuring all soil erosion resources and sediment transport plus the 

chemical processes is not feasible through the traditional ways 
(Odongo et al. 2013). Combining all of the hydrological parameters and 

the variations of the pollutants during the transport, increases the 
complexity of estimating the transported sediment and pesticides by 

runoff. Therefore, simulation models can be of assistance and form an 

appropriate way to provide spatiotemporal information on sediment 
and chemical transport. 

In hydrological studies, the application of models has increased in 
support of environmental planning and decision-making. Models can be 

a cost and time effective way for evaluating and quantifying pollutants 
(Chen et al. 2017). There are various hydrological models in use for 

simulating hydrological behavior and estimating different variables 
such as runoff, sediment, and agrochemicals under varying climatic 

and land conditions (Ben Salah and Abida 2016). Borah and Bera 

(Borah and Bera 2004) reviewed and provided a summary of models 
that could be used to simulate transport of pesticides. Their results 

indicated that AnnAGNPS (Annualized Agricultural Nonpoint Source 
Model), HSPF (Hydrology Simulation Program-FORTRAN) and SWAT 



Modeling Pesticide and Sediment transport in Malewa River Basin (Kenya) Using SWAT 

 36 

(Soil and Water Assessment Tool) were most appropriate for pesticide 

modeling. SWAT is a basin simulation model developed for simulation 
of the effects of practices carried out on land in vast and heterogeneous 

watersheds. It is a physically based semi-distributed model 
implemented in ArcGIS that aims to predict the impact of land practices 

on water and of sediment and agrochemical production in watersheds 
for diverse soil types and varying land use and management conditions 

(Scopel). This model has been used in different studies for simulating 
discharge, sediment yield and agrochemicals transport (Abbaspour et 

al. 2007; Bannwarth et al. 2014; Chen et al. 2017; Dutta and Sen 

2017; Ligaray et al. 2017; Luo et al. 2008; Mahzari et al. 2016; Folle 
2010; Parker et al. 2007; Winchell et al. 2018) and in most of them 

the capability of this model has been confirmed. 
For estimating the variables and parameters used by the hydrological 

models, it is necessary to calibrate the model based on field measured 
parameters. It should be noted that direct measurement of all the 

variables used by SWAT model, which contains a huge number of 
variables, would be a practically impossible approach (Abbaspour et al. 

2007). Calibration of the model, which has to be achieved by adjusting 

the hydrological parameters in the model in a reasonable range, will 
need to focus on the most sensitive parameters (Arnold et al. 2012). 

In such circumstances, inverse modeling (e.g., using SWAT-CUP) may 
be a promising method for calibration (Wang et al. 2003), as it is based 

on assigning uncertainties to the variables in order to match the 
outputs with the measured data using an objective function (Abbaspour 

et al. 2007). 
This study focuses on hydrological modeling of runoff, sediment and 

pesticides residues in the Malewa river basin located in the Lake 

Naivasha catchment, Kenya. The study aims to quantify the pesticides 
that are washed out from the sub-basins and their possible connection 

to Lake Naivasha. This may provide information for management to 
adopt in order to curb the pollution risk and thus to safeguard the 

natural aquatic ecosystem of the Lake. 
 

 

3.2 Materials and methods  

3.2.1 Study area 

Lake Naivasha is a fresh water lake located in the Eastern Rift valley of 

Kenya at 00°46’ to 00°52’ Latitude and 36°15’ to 36°25’ Longitudes in 

zone 37S UTM (Figure 3-1). The lake forms a closed basin without 

identifiable outlet (Xu 1999). The eastern side of the catchment 

(Aberdare Ranges) has the highest elevation at 3990 m above sea 

level, while the lowest elevation is about 1980 m (Odongo et al. 2013). 
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The catchment climate is semi-arid with mean monthly temperatures 

of around 16°C and maximum and minimum mean temperatures of 

26°C and 7°C, occurring in January and August, respectively. Rains 

occur from March to June (the long season) and short rains are 

experienced from October to early December. The average yearly 

rainfall in the lake area is about 600 mm with the high-altitude areas 

receiving about 1200 to 1500 mm (Odongo et al. 2013). The rainy 

seasons are preceded by dry months that span from December to 

February and from July to September. However, these periods are not 

constant and may change over the years.  

The major rivers in the lake Naivasha catchment are the Malewa, Gilgil 

and Karati rivers. The Malewa river is the dominant river that provides 

up to 80% of the total inflow into the Lake (Becht, Odada, and Higgins 

2010) and forms a sub-basin of approximately 1600 km2 in the 

Naivasha catchment. The study focuses on this sub-basin (Figure 1). 

There is also a small diversion dam near the Turasha stream outflow 

to the main Malewa river. This diversion draws and transfers about 

1800 m3/day of water to the lake Nakuru basin (and city) outside the 

study area. A large portion of the sub-basin land is used for agriculture 

(both irrigated and rain-fed). Natural vegetation (shrubs, grasses and 

forests) also cover a large area of the catchment. The main agricultural 

activities in the basin consist of small-scale crop growing of, for 

example, pyrethrum, wheat, maize, onions and potatoes. A 

considerable portion of the study area has been put under pasture and 

livestock rearing which is practiced both intensively and extensively.  
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Figure 3-1-Study area map showing the location of Malewa river basin and 

hydrological stations 
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3.2.2 Data procurement 

A Digital elevation model (DEM) forms the essential input for the 

provision of topographic information in the basin. An ASTER satellite 

sensor-based DEM with a resolution of 20 m and WGS_1984 datum for 

the Lake Naivasha catchment was used. Land use-Land cover (LULC) 

is a major input component of the SWAT model as it is used in analysis 

of hydrological response units (HRUs). The characteristics of the 

various vegetation and land cover types dictate the hydrological 

response in the area. Based on land cover and land use, SWAT is thus 

able to compute the canopy storage and the runoff by which soil is 

eroded into the streams (M. Meins 2013). Therefore, a LULC map with 

30m resolution that was derived from Landsat 7 ETM for the study area 

(Odongo et al. 2014) was used. The map has 12 general classes and 

closer visual inspection proved that there was a fair match between the 

map and the ground LULC. The soil map adopted for use in SWAT was 

derived from Kenya Soil Survey maps and data. The parameters that 

were missing in the soil map were identified by field measurement 

and/or laboratory determination. The hydraulic conductivity, bulk 

density and the percentages of sand, silt, clay and rock in the soil were 

derived from soil samples identified during the field expeditions and 

further determined in the laboratory. Daily precipitation data from 11 

rainfall stations plus the minimum and maximum daily temperature 

data from three stations within or close to the catchment were 

acquired. It is noticeable that the catchment has a tropical climate with 

relatively small spatial temperature variations in which there occur no 

very low (e.g. freezing temperatures) as well as no extremely high 

temperature (due to the moderate highland altitude 1800-2500 m on 

the equator). Therefore it is assumed that the temperature data could 

represent the studied area properly. Additionally, the long term 

meteorological data such as average solar radiation, relative humidity 

and wind speed were also provided for the model’s weather data 

definition. It is notable that relative humidity and wind speed datasets 

are not needed to provide for the model when the Hargreaves method 

is selected for determining the potential evapotranspiration.  

The River Malewa basin has several gauge stations (Figure 1) installed 

for the daily measurement of discharge. These are manned and 

managed by the Water Resources Management Authority (WRMA) in 

Naivasha. Not all gauge stations were in operation, but the ones that 

had enough data to be used in the modeling were the 2GB04, 2GB05, 

2GB08, 2GC04, and 2GC05 stations. The daily discharge data for the 

years 2004-2017 was obtained from the database of the WRMA. There 

were no pesticide application data available regarding organochlorine 
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pesticides (OCPs) in the studied area covering this study period. These 

kinds of pesticides have been banned from import and use in Kenya for 

many years. However, there is still a risk of finding their residues in 

the catchment (Gitahi et al. 2002). Therefore, a field survey was 

conducted to gather information on farm operation management such 

as cultivation practices, cultivated crops, harvesting methods, 

pesticides applied, as well as times and amounts of application of these 

pesticides. The 2016-17 surveys did not reveal any data on OCPs. 

Then, a field campaign was carried out in June-July 2016 to measure 

pesticide content using passive sampling technique (silicon rubber 

sheets) at 2GB04 and 2GB05 stations (Figure 3-1), located in the main 

river as Upper Malewa and Down Malewa (Abbasi and Mannaerts 

2018). Passive sampling method allows the measurement of low 

concentrations by collecting the pollutants over a long time period 

(e.g., some months). Therefore, the samplers were deployed at the 

sampling stations during June-July according to the relevant passive 

sampling instructions (Abbasi and Mannaerts 2018). After the exposure 

time, the samplers were collected from the sampling stations and after 

the initial preparations in the lab, the organochlorines residues were 

analyzed using a gas chromatograph in combination with an electron 

capture detector (GC-µECD) (Abbasi and Mannaerts 2018).  

Based on the results of these measurements, the residues of 

Methoxychlor, a-HCH and endosulfan-sulfate were found in the Malewa 

river basin. It is noticeable that endosulfan-sulfate is the oxidation 

product of endosulfan as the parent insecticide that was evaluated. 

However, the possible time and amount of application and 

physiochemical properties of these pesticides’ parameters, such as soil 

adsorption coefficient (SKOC), wash-off fraction (WOF), half–life in soil 

and foliage (HLIFE_S and HLIFE_F) as well as solubility in water 

(WSOL), were acquired as input to SWAT. Additionally, daily suspended 

sediment monitoring data were also obtained by installing a Digital 

Turbidity Sensor (DTS-12, Forest Technology Systems, Canada) in the 

river at 2GB04 station from April to December 2017. The DTS sensor 

measurements were taken at 15 minutes intervals to capture the 

variations at high temporal resolution. The DTS data were also 

calibrated against sediment concentration, during suspended sediment 

sampling campaigns (April-June and September-October, 2017) using 

a US DH-48 hand-held depth-integrating sampler.  

3.2.3 Model setup 

The ArcSWAT interface version 2012 was used for modeling discharge, 

sediment and pesticide transport in Malewa river basin. The model 
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delineates the watershed into sub-basins and Hydrological response 

units (HRUs). The HRU is defined as a unit of uniform hydrological 

response and land properties in terms of land cover and use, soil and 

topography. A sub-basin is defined as an area that is composed of 

several hydrological response units (Neitsch et al. 2011). Based on the 

combination of the data fed into the model (e.g., topography, land 

cover and use, soil properties and weather data), the model uses the 

HRUs and the sub-basins during its simulation to predict the discharge 

inflows and outflows as well as the sediment and chemical transport 

from every sub-basin. 

After overlaying the land use, soil and slope maps, 147 HRUs with 22 

sub-basins were created. The HRU thresholds were set to 10%, 5% 

and 10% for land use, soil and slope respectively (Ben Salah and Abida 

2016). The weather data in the model consist of precipitation, 

temperature, relative humidity, solar radiation and wind speed. These 

input tables can be either introduced to the model or simulated using 

a weather generator option in the model. However, as rain data are 

governing input data that directly influence the results (Dutta and Sen 

2017), it is important to provide the model with the measured rain 

data. The model calculates the hydrological parameters for the HRUs, 

which are linked to the sub-basin’s level and finally routed to the outlet 

points of the basin (Dutta and Sen 2017). Calibration and validation of 

the model for discharge data was, respectively, performed from 2007 

to 2012 (with a 3 year warm-up period from 2004 to 2006) and 2013 

to 2017. As sediment and pesticides data time series was short, the 

model was (only) validated with discharge measurements. The daily 

sediment data were collected during nine months (April-December, 

2017) and pesticides were collected during 2 months (June-July, 2016) 

of taking measurements.  

Discharge is a key factor in sediment transport, and calibration of the 

sediment was done on the discharge-calibrated and validated model. 

The model was calibrated for both daily and monthly data to determine 

which approach would provide a better output. The Soil Conservation 

Service (SCS) was used to estimate the surface runoff (Chen et al. 

2017), which is governed by Curve Number (CN) values. This method 

is a function of soil infiltration, land use and soil moisture (Dutta and 

Sen 2017) with a larger CN representing higher potential runoff yield, 

and vice versa. The hydrological process is based on the water balance, 

which is a function of precipitation, evapotranspiration, quick runoff, 

irrigation, infiltration rates and lateral flow (Neitsch et al. 2011). The 

hydrological component of the model at each HRU simulates the 

hydrological balance using following equation: 
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𝑆𝑊𝑡 = 𝑆𝑊𝑜 + ∑ (𝑅𝑑𝑎𝑦 − 𝑄𝑠𝑢𝑟𝑓 − 𝐸𝑎 − 𝑊𝑠𝑒𝑒𝑝 − 𝑄𝑔𝑤)
𝑡

𝑡=1
  

   

(1) 

 

where SWt is final soil moisture content (mm), 𝑆𝑊𝑜 is initial water 

content (mm), t is time in days, 𝑅𝑑𝑎𝑦 is precipitation (mm), 𝑄𝑠𝑢𝑟𝑓 is 

surface runoff (mm), 𝐸𝑎 is Evapotranspiration (mm), 𝑊𝑠𝑒𝑒𝑝 is amount 

of water seeping into the soil profile (mm) and 𝑄𝑔𝑤 is amount of return 

flow (mm). 

As pesticides move through runoff and sediment, either dissolved in 

water or attached to soil and sediment particles, monthly and daily 

sediment calibration was also performed with this calibrated model 

being used to simulate pesticide movement. The Modified Universal 

Soil Loss Equation (MUSLE) is applied in the SWAT model for the 

calculation of sediment yield. This equation is a function of surface 

runoff and is defined as: 

 

𝑆𝑒𝑑 = 11.8 × (𝑄𝑠𝑢𝑟𝑓 × 𝑞𝑝𝑒𝑎𝑘 × 𝑎𝑟𝑒𝑎ℎ𝑟𝑢)
0.56

× 𝐾𝑈𝑆𝐿𝐸 × 𝐶𝑈𝑆𝐿𝐸 × 𝑃𝑈𝑆𝐿𝐸 × 𝐿𝑆𝑈𝑆𝐿𝐸 ×

𝐶𝐹𝑅𝐺    

(2) 

 
where 𝑆𝑒𝑑 is the sediment yield (metric tons) of a HRU, 𝑄𝑠𝑢𝑟𝑓is the 

volume of surface runoff (mm/104 .m2), 𝑞𝑝𝑒𝑎𝑘is peak runoff rate 

(m3/s), 𝑎𝑟𝑒𝑎ℎ𝑟𝑢is area of the HRU (104 .m2), 𝐾𝑈𝑆𝐿𝐸is Universal Soil Loss 

Equation (USLE) soil erodibility factor, 𝐶𝑈𝑆𝐿𝐸is USLE cover and 

management factor, 𝑃𝑈𝑆𝐿𝐸 is USLE support practice factor, 𝐿𝑆𝑈𝑆𝐿𝐸is USLE 

topographic factor and 𝐶𝐹𝑅𝐺 is coarse fragment factor. 

Surface runoff transports adsorbed pesticides in sediment and into the 

main channels. The adsorbed pesticide loads can be calculated by the 

following equation: 

 

𝑃𝑠𝑡𝑠𝑒𝑑 = 0.001
𝐶𝑠𝑜𝑙𝑖𝑑𝑝ℎ𝑎𝑠𝑒∗𝑠𝑒𝑑

𝐴𝑟𝑒𝑎ℎ𝑟𝑢∗ 𝑝𝑠𝑡𝑠𝑒𝑑
     (3) 

 

where 𝑃𝑠𝑡𝑠𝑒𝑑is Sediment with adsorbed pesticide in the main channel 

(kg pesticide/104 .m2), 𝐶𝑠𝑜𝑙𝑖𝑑𝑝ℎ𝑎𝑠𝑒is Concentration of sediment on the 

top soil layer in ton soil, 𝑠𝑒𝑑 is daily sediment yield (metric tonnes), 

𝐴𝑟𝑒𝑎ℎ𝑟𝑢is the area of the HRU (104 .m2), 𝜀𝑝𝑠𝑡𝑠𝑒𝑑 is enrichment ratio of 

the sediment. The total amount of pesticides is calculated by summing 

up the adsorbed and the dissolved amounts.   
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3.2.4 Model sensitivity analysis, calibration and 
validation 

Usually, initial modeling with SWAT using default parameters does not 

produce promising outputs in relation to model inputs (Dutta and Sen 

2017). This calls for the model to be calibrated, which involves 

adjustment of parameters until the simulation results match with the 

observed data for a specific time period. The identification of the best 

adjusted parameters for better simulation is achieved with a sensitivity 

analysis, with the aim to minimize the amount of time consumed trying 

to calibrate the model. Based on different studies (Chen et al. 2017; 

Dutta and Sen 2017; Mahzari et al. 2016; Zettam et al. 2017) there 

were various parameters related to discharge, sediment and pesticides 

transport to be calibrated. The surface runoff lag coefficient (SURLAG) 

was responsible for the control of the fraction of the total amount of 

water that entered the outlet in a day (Table 3-1). The groundwater 

delay time that controls the amount of time it takes for water to move 

from the vadose region to the deeper shallow aquifer was affected by 

the GW_DELAY parameter, while the ALPHA_BF factor governed the 

discharge recession curve intended to correctly depict the base flow 

drainage tendencies of the watershed. The parameters related to the 

channels, such as CH_N2 and CH_K2 were also used to adjust the 

discharge. The flow of water through the soil was regulated by the 

hydraulic coefficient parameter (SOL_K) and GWQMN was needed for 

return flow to occur. The model parameters that were used for 

sediment and pesticides calibration are presented in Tables (3-3 and 

3-4).  

The Calibration and Uncertainty Procedures (SWAT-CUP) tool was used 

to find the most sensitive parameters in the modeling. In this model, 

the SUFI-2 algorithm was selected to describe the uncertainty of the 

parameters based on a uniform distribution assumption. This algorithm 

is able to perform the approximation at a 95 percent prediction 

uncertainty level called 95PPU (Chen et al. 2017). SUFI-2 initially 

assumes large uncertainty in the parameters covering all the observed 

data at 95PPU level. This uncertainty is reduced in subsequent rounds 

until the difference between the upper and the lower parts of 95PPU - 

97.5% and 2.5% levels - is minimized and 95PPU includes 80-100% of 

the observations (Abbaspour et al. 2007). The SUFI-2 algorithm uses 

a Latin Hypercube (MCkay, Beckma, and Conover 2000) sampling 

approach where n parameters are combined in a satisfying simulation 

number (500-1000 runs), with the simulations thereafter being 

assessed using an objective function (Abbaspour et al. 2007). There 

are several objective functions in SWAT-CUP dealing with model 
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calibration (Abbaspour 2015). In this study, the Nash-Sutcliffe 

coefficient, R squared and percent bias (PBIAS) (Eq. 4 to 6) were used 

as model performance measures for the assessment of discharge and 

sediment simulations (Moriasi et al. 2015) that permit an appropriate 

parameter and model performance evaluation. 

 

NSE=1-
∑ (𝑦𝑖

𝑂𝑏𝑠−𝑦𝑖
𝑠𝑖𝑚)2𝑛

𝑖=1

∑ (𝑦𝑖
𝑂𝑏𝑠−𝑦𝑚𝑒𝑎𝑛

𝑂𝑏𝑠 )2𝑛
𝑖=1

       

              (4) 

𝑅2 = (
∑ (𝑦𝑖

𝑜𝑏𝑠−𝑦𝑚𝑒𝑎𝑛
𝑜𝑏𝑠 )(𝑦𝑖

𝑠𝑖𝑚−𝑦𝑚𝑒𝑎𝑛
𝑠𝑖𝑚 )𝑛

𝑖=1

√∑ (𝑦𝑖
𝑜𝑏𝑠−𝑦𝑚𝑒𝑎𝑛

𝑜𝑏𝑠 )2𝑛
𝑖=1 ×√∑ (𝑦𝑖

𝑠𝑖𝑚−𝑦𝑚𝑒𝑎𝑛
𝑠𝑖𝑚 )2𝑛

𝑖=1

)

2

        

       (5) 

𝑃𝐵𝐼𝐴𝑆 =
∑ (𝑦𝑖

𝑂𝑏𝑠−𝑦𝑖
𝑠𝑖𝑚)𝑛

𝑖=1

∑ (𝑦𝑖
𝑂𝑏𝑠)𝑛

𝑖=1

× 100         

       (6) 

     

where 𝑌𝑖
𝑂𝑏𝑠 is the ith value of observed data, 𝑌𝑖

𝑠𝑖𝑚 is the ith value of 

simulated data, 𝑌𝑚𝑒𝑎𝑛
𝑂𝑏𝑠  is mean value of the observed data and 𝑌𝑚𝑒𝑎𝑛

𝑆𝑖𝑚  is 

mean value of the simulated data. The NSE ranges from - ∞ to 1. 

Values for the NSE from 0 to 1 indicate a tolerable level of performance, 

while values below zero are not acceptable. PBIAS represents the 

average affinity of the simulated values to be more or less than 

measured data (Moriasi et al. 2015). The model was calibrated based 

on the most sensitive parameters (Table 3-1) for surface discharge 

data from the sampling stations that had a complete dataset for the 

period 2004-2012. The model was then validated against the measured 

data for the period 2013-2017 without further adjustment of the 

parameters. The results were evaluated for correctness using the 

suitable model performance statistical measures of PBIAS, NSE and R 

squared. The model was also calibrated for the sediment simulation by 

keeping the discharge related parameters fixed and adjusting the 

sediment related parameters (Table 3-3) (Malone et al. 2015). Finally, 

as there was a pesticide data shortage, the average monthly data over 

two months were used to gain insight in the pesticide simulation based 

on operational management in the basin. Without changing other 

parameters in the model, the parameters governing pesticide 

movement were adjusted manually to achieve the best possible match 

between the model results and the measured pesticides at 2GB04 and 

2GB05 station (e.g., Upper and Down Malewa, respectively). The 

possible times of pesticide applications and cultivation practices were 

assumed to be in the rainy seasons, when agricultural activities occur. 

It should be noted that per simulation, only one pesticide can be traced 
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(Arnold et al. 2013), therefore, the model calibration for pesticides was 

separately performed for Methoxychlor, a-HCH, and endosulfan-sulfate 

(Table 3-4). 

 

 

3.3 Results 

3.3.1 Discharge simulation  

The sensitivity analysis of the model using SWAT-CUP indicated 16 

sensitive parameters related to discharge (Table 3-1) that could be 

adjusted to calibrate the model. The results showed that the discharge 

peaks during the simulations were most sensitive to Curve Number 

(CN2) values and the SOL_K parameter, which both vary spatially in 

the basin, and other parameters were in lower level of sensitivity.  

The results of the statistical evaluation of discharge simulations are 

presented in Table (3-2). The results of calibration for daily simulation 

in the gauge stations showed an R2 between 0.61 and 0.05, NSE 

between -1.20 and 0.47 and |𝑃𝐵𝐼𝐴𝑆| up to 50% that based on Moriasi 

et al. (Moriasi et al. 2015) were unsatisfactory. While the monthly 

simulations with an R2 of 0.70 to 0.86, NSE of 0.51 to 0.64 and |𝑃𝐵𝐼𝐴𝑆| 

within 15% showed satisfactory to very good outputs (Moriasi et al. 

2015) (Figure 3-2 and 3-3). As in some of the stations the time period 

for daily and monthly calibration was not the same, the PBIAS values 

were different for daily and monthly simulations. During the validation 

period also, the results of the daily discharge simulation at the stations 

varied between 0.28 and 0.60 for R2, between 0.02 and 0.47 for NSE 

and up to 66% for |𝑃𝐵𝐼𝐴𝑆|. Comparing the simulated and measured 

data for the monthly validation period also showed satisfactory to good 

results (Moriasi et al. 2015). Generally, the results showed that the 

output of the model was appropriate. Moreover, the results of the 

uncertainty analysis showed more than 70 percent of the discharge 

variations to be bracketed by the 95PPU during both calibration and 

validation of the monthly simulation, confirming a promising model 

output (Abbaspour 2015; Chen et al. 2017). Abbaspour et al. 

(Abbaspour et al. 2004) introduced a P-factor and an R-factor to 

quantify the match between simulated and measured data. The 

percentage of the enclosed observed data is represented by the P-

factor while the R-factor shows the thickness of the 95PPU. They also 

suggested that the P-factor of more than 70 percent and the R- factor 

of about 1 denote a good result. The results of the monthly simulation 

revealed a P-factor of more than 80% and an R-factor of 1.1, 

confirming a satisfying monthly discharge simulation.  
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Table 3-1-Parameters sensitivity of discharge simulations in SWAT 

Parameter(unit) SWAT 

code 

Min 

value 

Max 

value 

Fitted 

Value 

Rank 

SCS runoff curve (-)  CN2 35 95 [79-93]*  1 

Base flow alpha factor 
(day) 

ALPHA_BF 0.15 0.50 [0.15-0.38] 4 

Groundwater delay (day) GW_DELAY 0 500 10.90 11 

Threshold depth outflow 
from shallow aquifer 
(mm) 

GWQMN 1 500 35.43 10 

Threshold depth of water 

in the shallow aquifer 
(mm) 

REVAPMN 0 1000 599 6 

Soil available water 

storage capacity (mm 
H2O/mm soil) 

SOL_AWC 0 1 [0.1-0.3]  7 

Soil conductivity (mm/h) SOL_K 0 200 [4-41] 2 

Soil evaporation 
compensation coefficient 
(-) 

ESCO 0 1 0.46 9 

Manning's value for 

overland flow (-) 

OV_N 0.01 30 [0.01-3.79] 15 

Manning’s value for the 

main channel 

CH_N2 0.1 0.5 0.21 14 

Main channel hydraulic 
conductivity (mm/h) 

CH_K2 0.01 173 [1-122.92] 13 

Deep aquifer percolation 

fraction (-) 

RCHRG_DP 0 1 0.15 5 

Transmission losses 
from channel to deep 
aquifer fraction 

TRNSRCH 0 1 0.18 3 

Soil depth of layers 
(mm) 

SOL_Z 0 2000 [380-1153] 16 

Groundwater “revap”  

coefficient 

GW_REVAP 0.02 0.40 0.2 8 

Surface runoff lag 
coefficient 

SURLAG 0 4 [0.3-2] 12 

*values in brackets show variable ranges based on HRUs or soil types 
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Figure 3-2-Daily discharge Calibration and Validation for different gauge 

stations2 

                                          
2 As there were no data values or no events in some periods, the x-axis might have gaps in some periods 
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Figure 3-3-Monthly discharge Calibration and Validation for different gauge 

stations 
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3.3.2 Suspended sediment transport simulation 

The parameters that were specifically related to sediment loadings 

from the HRUs and sub-basins that were most sensitive in the model 

calibration are found as Table (3-3). The results of sensitivity analysis 

showed that among these parameters, the most sensitive one was the 

USLE soil erodibility factor (USLE-K). The soil conservation support 

practice factor in the USLE equation (USLE_P) was in the second rank 

and depends on land use - land cover of the area. This parameter 

represents the human interventions with the soil, and the crop 

management processes that take place in the basin. The parameters 

of CH_COV and CH_EROD also showed high sensitivity and could 

influence the amount of simulated sediment production due to 

sediment loss from the channels (Dutta and Sen 2017). The 

comparison of daily and monthly results showed that simulated and 

measured sediment matched well (Figure 3-4), with the monthly 

simulation exhibiting better results than the daily steps. The statistical 

results of model performance also showed the R2=0.51, NSE=0.44 and 

|PBIAS|=19% for the daily and R2=0.60, NSE=0.70 and |PBIAS|=19% 

for the monthly simulations that both are in range of satisfactory to 

good (Chen et al. 2017; Moriasi et al. 2015). 

   
Table 3-3-Parameters sensitivity in sediment calibration 

Parameter(unit) SWAT 
code 

Min 
value 

Max 
value 

Fitted 
Value 

Rank 

USLE soil erodibility 

factor 

USLE-K 0 0.7 0.025 1 

USLE equation support 

practice factor 

USLE_P 0 1 [0.036-

0.9]** 

2 

Sediment calculation 

Linear parameter* 

SPCON 0 1 0.025 3 

Sediment calculation 
Exponent parameter* 

SPEXP 0.1 2 0.25 6 

Channel cover CH_COV 0 1 0.5 4 
Channel erodibility  CH_EROD 0.05 0.9 0.5 5 

*This is for calculating sediment re-entrained in channel sediment 

routing, **This factor varied for different land properties  
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Figure 3-4-Observed and simulated daily (A) and monthly (B) suspended 
sediment in 2GB04 station (Upper Malewa basin) 

 

3.3.3 Pesticides transport simulation 

Although data on organochlorine pesticides loading in the rivers of the 

Lake Naivasha catchment were limited for a full model calibration and 

validation (Gitahi et al. 2002), the attempt at simulating the fate of the 

pesticide residues of Methoxychlor, a-HCH and endosulfan-sulfate 

using in-situ measured concentrations could help gain insight into 

pesticide application and mobility in the study area. The sensitive 

parameters in the model calibration of pesticide residues are presented 

in Table (3-4). The results of this calibration demonstrate that 

application efficiency (AP_EF) forms the most sensitive parameter 

when simulating the pesticides. HLIFE_S and HLIFE_F that show half-
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life duration (days) of the pesticides in the soil and on the foliage, 

respectively, also proved highly sensitive in the calibration.  

Correlation between the simulated and measured pesticide residue 

concentrations at the Upper Malewa and Down Malewa sites is 

represented in Table (3-2) and Figure (3-5). The results of pesticide 

transport modeling are based on data converted from mass-

transported amounts to pesticide concentrations. It was found that 

most applications and consequently the highest concentrations of the 

studied pesticide residues occurred from May to mid-July during the 

simulation period. The simulation results showed the month May to 

have the highest pesticide loading into the rivers for all studied 

pesticides. According to the results of simulations that are supported 

by measured data, endosulfan-sulfate had the highest concentration 

on average, i.e. from 22 to 28 ng/L. During June and July the model 

mostly overestimated pesticide residue concentrations. However, the 

model simulated a valid and observed trend in pesticide variation based 

on the measured data, confirming the capability of the SWAT model to 

evaluate the rainfall-runoff based transport of pesticide residues. 
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Figure 3-5- Comparing Observed and simulated monthly pesticides residues in 

the upstream and downstream Malewa river 
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3.4 Discussion 

Rainfall-runoff and river discharge are the main driving force behind 

the movement of sediment and pesticides through the basin. 

Therefore, an appropriate calibration of the SWAT model, which is a 

physically based model, can play an important role in final outcomes. 

By applying SWAT-CUP as a tool for calibrating the model, the values 

of the observed and the model simulated monthly discharge for the 

calibration period (2007-2012) were found to display a satisfactory 

statistical agreement. The daily simulation results were not as good as 

the monthly ones. In fact, the SWAT model generally displays better 

results over longer steps than short (e.g., daily or hourly) steps. The 

studies by Liu et al. (Liu et al. 2015) and Spruill et al. (Spruill, 

Workman, and Taraba 2000) also demonstrated that the model had a 

better performance in monthly and yearly simulations than the daily 

steps that can support the results of this study. This may be attributed 

to the fact that daily rainfall-runoff processes display higher variability 

rather than aggregated data on monthly basis in which the average of 

accumulated data is taken and the local and any short term variations 

are smoothed while the general trend is still followed. The studied basin 

has very diverse land properties (e.g., slope, land cover and use, soil), 

which may influence the response to rain events in hydrological units 

on a daily scale. Different sub-basins have varying features and the 

sensitive parameters for discharge simulation may differ from one to 

another. However, the results of several studies (Dasa, Nga, and 

Perera 2013; Dutta and Sen 2017; Mahzari et al. 2016; Zettam et al. 

2017) demonstrate that the SCS curve number for soil moisture 

condition (CN2.mgt) is the most or, at least, one of the most sensitive 

parameters in model calibration for discharge simulation, which is 

supported by the findings of this study. This landscape parameter can 

affect the peak flow (Chen et al. 2017) and varies across hydrological 

units, based on their land use and soil properties, which can affect their 

potential for runoff from rainfall events. Soil hydraulic conductivity 

(SOL_K) follows as next most sensitive parameter in discharge 

simulation, showing the potential for soil infiltration by either 

transforming the rain into surface discharge or conveying the water 

down into the soil layers. It should be noted that the Lake Naivasha 

catchment has diverse soil properties, with high spatial variability in 

the soil parameters (e.g., SOL_K of between 4 and 41 mm/h). 

Moreover, although this is a simplified explanation of the relation 

between surface and groundwater, GW_DELAY, GWQMN, GW_REVAP, 
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and CH_K2 were used to simulate their interaction in the modeling 

(Chen et al. 2017; Traum et al. 2014).  

The diagram of the calibration (2007-2012) and validation (2013 -

2017) periods shown in Figure (3-6) demonstrates agreement between 

discharge and precipitation with slight underestimation by the model 

in the wet seasons and overestimation in the dry seasons. The 

statistical evaluation measurements of the model’s monthly 

simulations are also acceptable (R2>0.46 and NSE>0.44), which 

means that the selected range of model parameters matches the basin 

condition. The reason that the dry seasons are slightly overestimated 

by the model may be caused by the curve number method not being 

able to generate runoff accurately during prolonged dry periods despite 

independent rainfall events occurring during that time (Qiu, Zheng, and 

Yin 2012).   

 

 
Figure 3-6-Simulated and observed monthly discharge for calibration (2007-
2012) and validation (2013-2017) periods against rainfall. No observed 
discharge data were available for the 2015 period. 

   

The simulation of sediment production and transport showed that most 

of the sediment is produced during events of high rainfall and 

discharge. The discharge is a proxy for soil erosion. As more soil is 

eroded the sediment amounts in the stream channels will increase. This 

is in agreement with findings by Asres and Awulachew (Asres and 

Awulachew 2010), who explored sediment yield in the Gumera 
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watershed of Ethiopia. The calibration of the model for sediments over 

nine months captured both the wet and dry season in the area. 

Normally, the main rainy period is during April-June, but because of a 

short drought in the catchment, the rainy season was delayed to July-

October. Comparing simulation results against the observed sediment 

loads confirmed that there was more sediment production in this 

period, receding from October onwards (Figure 4). Exploring the daily 

results of the sediment estimation showed that although the R2 of 

simulation was almost promising (R2=0.51), the results were not as 

good as the monthly simulations. The conclusion is that the model does 

not satisfactorily detect discharge and sediments produced by single 

storms in a day. It is more accurate in predicting sediment yield by a 

series of continuous rainfall events.  

However, statistical comparison between the monthly simulated 

sediment loads and the observed loads demonstrated that the 

performance of the model was reasonable. Soil erosion in SWAT is 

based on the Modified Universal Soil Loss Equation (MUSLE) (Shen et 

al. 2009). Sensitivity analysis and calibration of this equation in the 

Malewa basin was explored by Odongo et al. (Odongo et al. 2013) and 

the results showed that the model could reasonably be applied for 

sediment simulation. Moreover, comparing the daily results of this 

study with their results based on some events that occurred during 

September to October showed that the range of sediment yields were 

comparable. Two of the most sensitive variables that were used in the 

model calibration for estimation of sediment transport were USLE-K 

and USLE_P. The first factor shows the inherent susceptibility of soil to 

erosion by water and can be calculated as the eroded soil mass per 

unit rainfall erosivity and area (Renschler, Mannaerts, and Diekkruger 

1999). This parameter can be estimated from soil properties such as 

soil texture, organic matter and structure (Renschler, Mannaerts, and 

Diekkruger 1999). USLE_P is related to soil conservation conditions 

such as land contouring, tillage and terracing and demonstrates the 

effect of surface management on erosion processes during runoff 

events. But as it is difficult to determine the real value for this factor, 

a calibrated or default value is applied, which is not to be recommended 

(Renschler, Mannaerts, and Diekkruger 1999). Changing these two 

factors to a calibration factor in the SWAT model allows matching 

between measured and simulated data, while these parameters in fact 

need to be derived from soil or land surface properties. Therefore, as 

these factors are not single parameters that can be changed by 

calibration, it is understood that the SWAT model simplifies the 

estimation of soil erosion and sediment yield. 
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It should be noted that calibration of the model on a large scale is 

associated with many uncertainties (Ficklin, Luo, and Zhang 2013), 

with the main uncertainty possibly being caused by agricultural 

management activities, which can influence the sediment loading 

(Chen et al. 2017). Nonetheless, calibrating the model using a high-

quality dataset that was recorded automatically and compiled with 

rainfall events should aid the achieving of a proper sediment 

estimation. The simulation of the sediment load depends on several 

factors in the watershed. These factors could be physiographical, the 

contribution of the watersheds to the stream flow that moves to the 

outlet, the quantity of the highest rate of runoff, the intensity of 

precipitation and concentration of the sediment (Dutta and Sen 2017). 

The SWAT Model produces the sediment results per sub-basin, making 

analysis at sub-basin level possible. The possible causes leading to 

various sediment production fluxes in the catchment were investigated 

to ascertain the different factors other than the precipitation amounts 

and geographical factors that could influence the sediment production 

rate in each sub-basin. The SWAT model uses the Thiessen polygon 

method to allocate the nearest rainfall station to a sub-basin. The 

variations in rainfall around the basin could lead to different amounts 

of sediments being produced in the catchment. Moreover, sub-basins 

with more agricultural activity as well as high slopes could have higher 

rate of sediment yield than other parts. This finding confirms that 

agricultural activity on the higher slopes of a sub-basin encourages soil 

erosion and hence sediment production.  

Integrating the results of discharge and sediment simulations for the 

daily and monthly steps confirmed that the monthly simulations were 

more reliable than daily simulations which was overall unsatisfactory. 

By selecting the monthly time step for estimating the pesticide load, it 

became possible to evaluate pesticide transport. There are several 

studies that have applied the SWAT model successfully to simulate 

pesticides transport in catchments (Bannwarth et al. 2014; Chen et al. 

2017; Folle 2010; Kannan et al. 2006). This proves the capability of 

this model for exploring chemical transport by water. In this study, 

because of limited data, the model validation of the pesticides was not 

done which can cause uncertainty of the results. However, as other 

studies in this catchment about organochlorine pesticides used only 

grab samples analysis (spot measurements) (Gitahi et al. 2002), the 

modeling in this study can be considered as a pilot application which 

improves our insights into the pesticides transport in the catchment. 

Moreover, use of passive sampling that allows measuring low 
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concentrations of pesticide residues, helped the improvement of the 

data for more reliable modelling and assessment.   

From the sensitive parameters in pesticide simulations (Table 3-4) can 

be seen that increasing the application efficiency (Ap_EF) caused an 

increase in the quantity of pesticide that entered the system, 

consequently increasing the pesticide load as well. Comparing the 

effect that this parameter had on the pesticides simulation with the 

study by Chen et al. (Chen et al. 2017) supported this finding. The 

pesticide percolation coefficient (PERCOP) was also seen as an 

important parameter to be defined and has been reported in different 

studies (Bannwarth et al. 2014), however 0.50 was found to be the 

best match with the simulation. The next parameter that had most 

effect on the results was HLIFE_S, which controls the pesticides 

degradation process. Obviously, by increasing this parameter, more 

pesticide residue has a chance to be washed out and reach the streams 

during the runoff events (Chen et al. 2017). Normally organochlorine 

pesticides have a long half-life and depending on the conditions can 

remain in the environment from some months to some years (ATSDR 

2002). Lindane (for instance), has various isomers (e.g., α-HCH, β-

HCH, γ-HCH, δ-HCH) that are used as insecticide for protecting fruits, 

vegetables and animals. These isomers are very stable in environment 

(half-life of years) and are categorized as the persistent organic 

pollutants (POPs) by Stockholm Convention on Persistent Organic 

Pollutants ('STOCKHOLM CONVENTION ON PERSISTENT ORGANIC 

POLLUTANTS (POPs), Text and Annexes'  2009). The environmental 

fate and distribution of a-HCH, like that of other organic chemicals, is 

related to environmental conditions and its interactions with other 

environmental compartments as well as the physical chemical 

properties of the isomers (ATSDR 2005). Methoxychlor also binds 

strongly to soil particles and might be transported by wind and rain in 

eroded polluted soils or can be washed to water bodies by runoff. 

Depending upon the existence of photosensitizers, Methoxychlor can 

have a half-life of 4.5 months to half-life of less than 5 hours (ATSDR 

2002). Half-life of Methoxychlor in sediments in anaerobic is more than 

28 days and aerobic is more than 100 days (ATSDR 2002). Endosulfan 

has some isomers such as α-endosulfan, β-endosulfan and endosulfan 

sulfate that have high acute toxicity and could remain in environment. 

The main metabolite of endosulfan degradation in soil is endosulfan 

sulfate that is the oxidation product of endosulfan (Weber et al. 2010). 

The fate of endosulfan is strongly governed by environmental 

conditions. When it is released to air, the vapor-phase endosulfan can 

be degraded in the atmosphere with half-life of about 2 days ('National 
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Center for Biotechnology Information. PubChem Compound Database; 

CID=3224, https://pubchem.ncbi.nlm.nih.gov/compound/3224 

(accessed Dec 8, 2018).'). When released to soil, based on its KOC 

values, it can have an average to only low mobility and is not expected 

to volatize from the soil. In this condition, half-lives of 32 and 150 days 

for aerobic and anaerobic soils have been reported ('National Center 

for Biotechnology Information. PubChem Compound Database; 

CID=3224, https://pubchem.ncbi.nlm.nih.gov/compound/3224 

(accessed Dec 8, 2018).'). If released to water, the suspended solids 

could adsorb the endosulfan and under aerobic and anaerobic 

conditions the half-life varies between 2 and 8 days, respectively 

('National Center for Biotechnology Information. PubChem Compound 

Database;CID=3224,https://pubchem.ncbi.nlm.nih.gov/compound/3

224 (accessed Dec 8, 2018).'). Therefore, with regard to these various 

physico chemical features and behaviors of the studied pesticides, the 

difference in observed and simulated results can be understood.  

Moreover, organochlorine pesticides also have a low tendency for 

solubility in water, making this feature to be found in small values of 

WSOL parameter. The sensitivity of SKOC differed among the pesticides 

depending on the kind of pesticide. Therefore, a-HCH was more 

sensitive to changing SKOC than Methoxychlor and endosulfan-sulfate. 

It is noticeable when SKOC is increased in a specific kind of pesticide, 

the expected amount of washed pesticide will decrease (Kannan et al. 

2006). This issue can also affect the WOF parameter. Therefore, 

selecting a proper amount of SKOC can influence the coherence between 

simulated and measured pesticide values. 

Generally, there was a better match between estimated and measured 

concentrations in the Upper Malewa (2GB04) than in the Down Malewa 

station (2BG05). One of the reasons that may explain this result is that 

at the upper site it takes less time for runoff and pesticides to reach 

the outlet of the subbasin and consequently there is a quicker response 

to changes. In moving from Upper Malewa to Down Malewa, the 

hydrological contribution increases, as does the complexity of 

accurately predicting the concentrations of pesticides. This issue is 

added to the increasing time for an amount of the pesticides to reach 

the basin outlet, affecting the mechanism of pesticide conveyance and 

the breakdown of pesticides into soluble and sorbed phases (Kannan 

et al. 2006). This may also be true for the application time. Changing 

the time of application of pesticides impacts on the arrival of the 

pesticides at the basin outlet (Bannwarth et al. 2014) and consequently 

changes the amount of pesticide that leaches from the soil surface 

particles. Therefore the best time to achieve good results in this study 
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was from the mid-May, which coincided with the rainy season and the 

time of agricultural activity and pesticide application. It should be noted 

that defining a fixed application operation in such a vast basin is 

practically impossible (Bannwarth et al. 2014; Doppler et al. 2012). 

The timing may vary depending on the farmers willingness, weather 

conditions, plant properties and existing pests that may change 

spatially and temporally (Chen et al. 2017). This will influence the 

fluctuation in pesticides in the streams and, accordingly, the 

uncertainties of the simulations.  

Additionally, the accuracy of pesticide simulations strongly depends on 

the hydrology calibration of the model (Luo et al. 2008). In fact, 

because of the challenges that are associated with the large numbers 

of input data, their variability and consequently the uncertainties that 

arise, satisfactory modeling is always wrought with difficulties (Schuol 

et al. 2008). Simulating pesticides in this study after hydrological 

calibration and validation showed that the main pesticide loadings 

occurred at the time of peaks in runoff and sediment loads. The main 

governing factor in runoff and sediment producing is the major rainfall 

occurring during May-June-July. Amoung the studied pesticides, a-HCH 

is least likely to adhere to soil and sediment particles. This leads to the 

conclusion that a-HCH will be mostly translocated by runoff. In 

contrast, methoxychlor and endosulfan-sulfate have a large SKOC, 

meaning that they have a high tendency to cling to be absorbed by soil 

and sediment particles and consequently the main force of transport 

will be via erosion and sediment loading. This means that the better 

hydrological processes are modelled, the more reliable the pesticide 

results could be. 

 

3.5 Conclusion  

In this study, a modeling approach using SWAT was conducted to 

simulate the discharge, sediment loading and pesticides residues 

transport regarding a-HCH, methoxychlor and endosulfan-sulfate in 

the river Malewa basin. The SWAT-CUP tool was used to calibrate the 

model for discharge and suspended sediment simulations. It was found 

that 16 parameters affected calibration, of which the CN parameter 

proved most sensitive to spatial changes. The statistical analysis 

showed that both the calibration and validation periods of discharge 

were promising. Moreover, calibration of the model for monthly 

sediment simulation showed that, despite slightly overestimating the 

results of the simulation, the overall performance of the model could 

be rated acceptable. The average monthly sediment production and 

the differences in sediment amounts in the sub-basins could be 
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explained by precipitation, slope variation and land use properties in 

the basin. Moreover, the use of a digital turbidity sensor (DTS-12) is 

recommended for calibration of the sediment yield sub-model in SWAT. 

Finally, simulating pesticides could provide a good insight into historical 

pesticide application in the basin. Some of the parameters, namely 

SKOC, WOF, HLIFE_F, HLIFE_S, WSOL and AP_EF, were sensitive to 

calibration of the pesticide sub-model. AP_EF showed the highest 

sensitivity towards all the pesticides. The results revealed that the 

amounts of pesticide generally increased from the Upper Malewa to the 

Down Malewa. Passive sampling was judged to be an essential method 

in detecting low concentrations of pesticide residues in runoff of the 

Malewa river. In this study we used a limited but considered high 

quality (passive sampling with low detection limit) data set of pesticide 

measurements in the basin. Further investigation of the fate and 

transport of pesticides using longer series of data and use of more 

advanced physicochemical models is recommended to overcome the 

uncertainty that arises from limited in-situ measurements combined 

with simplifying model formulations.     
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Chapter 4 : Exploring the Environmental 
Exposure of the Lake Naivasha (Kenya) to 
Pesticides Residues Using a Multimedia Fate 
Modelling Approach1 

                                          
1 This chapter is based on: Yasser Abbasi and Chris M. Mannaerts, 
Exploring the Environmental Exposure to Methoxychlor, α-HCH and 

Endosulfan–sulfate Residues in Lake Naivasha (Kenya) Using a 

Multimedia Fate Modeling Approach. Int. J. Environ. Res. Public 
Health 2020, 17(8), 2727; https://doi.org/10.3390/ijerph17082727 



Exploring the environmental exposure of the Lake Naivasha (Kenya) to pesticides 

residues using Multimedia fate modeling approach 

 

 66 

Abstract  

Distribution of pesticide residues in the environment and their 
transport to surface water bodies is one of the most important 

environmental challenges. Fate of pesticides in the complex 
environments, especially in aquatic phases such as lakes and rivers, is 

governed by the main properties of the contaminants and the 

environmental properties. In this study, a multimedia mass modeling 
approach using the Quantitative Water Air Sediment Interaction 

(QWASI) model was applied to explore the fate of organochlorine 
pesticide residues of Methoxychlor, α-HCH and endosulfan–sulfate in 

the lake Naivasha (Kenya). The required physicochemical data of the 
pesticides such as molar mass, vapour pressure, air–water partitioning 

coefficient (KAW), solubility, and the Henry’s law constant were 
provided as the inputs of the model. The environment data also were 

collected using field measurements and taken from the literature. The 

sensitivity analysis of the model was applied using One At a Time (OAT) 
approach and calibrated using measured pesticide residues by passive 

sampling method. Finally, the calibrated model was used to estimate 
the fate and distribution of the pesticide residues in different media of 

the lake. The result of sensitivity analysis showed that the five most 
sensitive parameters were KOC, logKow, half-life of the pollutants in 

water, half-life of the pollutants in sediment, and KAW. The variations 
of outputs for the three studied pesticide residues against inputs were 

noticeably different. For example, the range of changes in the 

concentration of α-HCH residue was between 96% to 102%, while for 
Methoxychlor and endosulfan-sulfate was between 65% to 125%. The 

results of calibration demonstrated that the model was calibrated 
reasonably with the R2 of 0.65 and RMSE of 16.4. It was found that 

Methoxychlor had a mass fraction of almost 70% in water column and 
almost 30% of mass fraction in the sediment. In contrast, endosulfan–

sulfate had highest most fraction in the water column (>99%) and just 
a negligible percentage in the sediment compartment. α-HCH also had 

the same situation like endosulfan–sulfate (e.g., 99% and 1% in water 

and sediment, respectively). Finally, it was concluded that the 
application of QWASI in combination with passive sampling technique 

allowed an insight to the fate process of the studied OCPs and helped 
actual concentration predictions. Therefore, the results of this study 

can also be used to perform risk assessment and investigate the 
environmental exposure of pesticide residues. 

Keywords: organochlorine pesticides; fate modeling; QWASI model; 
multimedia; passive sampling 
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4.1 Introduction 

The contamination of water bodies by pesticides residues that can 

originate from agricultural application is considered as one of the most 
important environmental issues (Herrero-Hernández et al. 2013; Kapsi 

et al. 2019). The residues of the applied pesticides can be transported 

using surface runoff and pollute the water resources. This issue could 
be influenced by several factors such as physico-chemical properties of 

the pesticides, topography, soil properties and weather conditions 
(Konstantinou, Hela, and Albanis 2006). Among different 

environmental compartments, surface water resources are considered 
as an important ecosystems that offer a useful environmental service 

for human and the nature. But it is a fact that these sources are very 
sensitive as they are under presser by the human activities that cause 

the pollution by chemicals emissions (Bao et al. 2012; Kong et al. 

2018; Kwadijk, Korytar, and Koelmans 2010). 
When the chemicals are emitted to environment, their fate and 

distribution in the multimedia environments (e.g., aquatic phases such 
as lakes) is governed by the main properties of the contaminates such 

as basic features (e.g., melting point, vapor pressure, partitioning 
coefficients between soil, sediment and water) (Gramatica and Di 

Guardo 2002). The natural processes also can changes the interaction 
of the chemicals among environmental compartments and causes the 

complexity of predicting their pathways by which the chemicals could 

enter. Consequently, it is more difficult to study the environmental 
exposure to the pollutants which depends on their fate in environment 

(Mohamed and Paleologos 2018). The pollutants properties which 
control the tendency of the pollutants to be transported among 

different phases are important in assessment of the pollutants behavior 
in environment. This information is the initial inputs for the models to 

describe the fate and variations of the chemicals.  
By using the mathematical equations it is possible to explain the 

partitioning, variations of the chemicals and their movements. For this 

aim, the chemicals properties of the pollutants variations such as their 
movements to different media and the tendency of partitioning, the 

mechanisms of chemicals loss, the leaning of the chemicals for 
exchange with other media and their persistency have to be 

considered. The importance of any one of these parameters and their 
influence on the chemicals fate can be also evaluated using the 

sensitivity analysis(Mackay et al. 1996). There is a series of models in 
different level of complexity that are categorized as Level I, II, and III 

which help to fully understand how the properties of the pollutants as 

well as the environmental features can affect the fate and conveyance 
of the chemicals. The main features of these models have been 

described by(Mackay 2001). The Level I explains the equilibrium 
dispersion of a specific amount of the pollutant among various 
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environmental phases. Level II model applies the effect of half-life of 

the pollutant in different environmental compartments to explain their 
fate. The Level III model which is the most complex level consists of 

all the procedures which affect the transport and fate of the pollutants 
in an actual environment. In summary, these fugacity based models 

are easy to understand and apply for assessment of the fate of long-

term variation of chemicals(Seth and Mackay 2001).  
With regard to the difficulty of studying the chemicals variations in 

environment (e.g., air, water, soil, sediment and biota) using 
multimedia models is necessary to estimate the fate and transfer of 

the pesticides(Xu et al. 2013). The chemicals that are nonreactive and 
persistent against degradation can remain in the environment for long 

time and make drastic disasters by entering and accumulating in 
environment. For such pollutants, it is proposed to use the models with 

multimedia mass balance approach(Seth and Mackay 2001). The 

fugacity models(Mackay 2001) that are used for this aim can help by 
simplifying the calculations. Among different multimedia models, the 

fugacity model by(Mackay 1979) has been used successfully in many 
case studies to evaluate the fate of chemicals (Xu et al. 2013; Lang et 

al. 2008; Wang et al. 2011). Many of the studies quantify the fate and 
exchange of the chemicals in the nature by considering the steady or 

unsteady conditions (Huang et al. 2019; Jung et al. 2014; Kim and Lee 
2017). The Quantitative Water Air Sediment Interaction (QWASI) 

fugacity model(Mackay, Paterson, and Joy 1983) is one of the models 

that have been used to explore the chemicals (e.g., pesticides and 
heavy metals) by many researchers (Xu et al. 2013).  

The QWASI model was established based on the fugacity perception 
that has been widely used (freely available) in the fate modeling of the 

chemicals in environment (Mackay et al. 2014). The QWASI model 
assumes a well-mixed aquatic environment as well as mass balance 

procedure. In this model, the mass balance equations have been 
applied to establish a steady state condition for the both sediment and 

water media. Moreover, this concept is applied for chemicals content 

using fugacity model. It is notable that the model can be also modified 
to one and two order differential equations for the dynamic situations 

then be calculated numerically or analytically. The models then are 
easily understood and interpreted because the procedures are 

presented using the fugacity concept that allows understanding the 
pollutants diffusion, reaction and advection conveyance (Mackay et al. 

2014).  

In this study, the multimedia mass modeling approach was applied to 

explore the fate of organochlorine pesticides residues in the lake 

Naivasha (Kenya). Naivasha lake is one of the most important fresh 

water resources in the region. It provides irrigation water for most of 
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the riparian farms in the area as well as the fresh water for domestic 

drinking and supports a variety of wildlife around the lake wetland 

ecosystem (Gitahi, Harper et al. 2002). However, the previous studies 

showed the residues of some organochlorine pesticides (OCPs) in the 

water resources of Naivasha (Gitahi, Harper et al. 2002, Abbasi and 

Mannaerts 2018). Based on the Secretariat of the Stockholm 

Convention on Persistent Organic Pollutants, these pesticides are 

categorized as the persistent chemicals (UNEP 2009) that their 

residues can remain in the environment for a long time. In addition to 

the studies mentioned earlier, several recent researches have applied 

QWASI or other kinds of modelling approaches (Fang, Zhang et al. 

2016, Hu, Liu et al. 2017, Wu, Davie-Martin et al. 2017, Bonnell, Zidek 

et al. 2018, Guo, Zhou et al. 2019, Wang, Khan et al. 2020). In most 

of these studies, fugacity models have been applied to explore the fate 

of chemical residues in different media. In this study also the 

multimedia modeling approach in combination with measured low 

concentrations of pesticide residues using the passive sampling method 

combined with laboratory gas chromatography of the lake Naivasha 

water was applied, which is the novelty of this study, with respect to 

other studies for predicting the distribution and fate of pesticide 

residues. Finally, due to the high concentration of Lindane residue 

(e.g., α-HCH), Endosulfan-Sulfate and Methoxychlor (Abbasi and 

Mannaerts 2018), it was decided to explore the fate of these residues 

in the aquatic environment of Naivasha.   

 

 

4.2 Materials and methods 

4.2.1 Data acquisition 

 

In this study, the fugacity multimedia model of QWASI (Mackay, 

Paterson, and Joy 1983) was used to evaluate the environmental 
exposure to α-HCH, Endosulfan-sulfate and Methoxychlor pesticides 

residues. This model is a steady state non-equilibrium (Level III) multi-
media fate and transport model which was designed specifically to 

represent processes operating in lakes(Whelan 2013). Chemical 
behaviour is represented in the model using fugacity concepts(Mackay 

2001). The processes considered by the model and the studied area 
are shown schematically in Figure (4-1).  
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The model needs the physico-chemical data of the pollutants as well as 

the environmental properties data as inputs information to calculate 
the level of pollution in every environmental compartment. The 

physico-chemical properties of α-HCH, Methoxychlor and Endosulfan-
sulfate are presented in Table (4-1). After providing information of 

molar mass, vapor pressure, solubility of the chemicals and the 

intended temperature, the model is able to calculate the Henry’s law 
constant as well as the Air-Water partitioning coefficient (KAW). Based 

on different studies(Mackay et al. 2014; Xu and Kropscott 2012) the 
measured KAW amounts that reported in the literatures are significantly 

different than each other among which the analytical technique 
established by Xu and Kropscott (Xu and Kropscott 2012) is the most 

suitable method (Mackay et al. 2014). The Henry’s law constant and 
the Air-Water partitioning coefficient (KAW) were calculated as follow: 

H: P/S×M  (1) 

Where H is Henry’s law constant, P is vapour pressure (Pa), S is the 
chemical solubility in water (mg/L) and M is the molar mass (g/mol). 

Consequently, the KAW coefficient was calculated by considering the 
Henry’s constant and the temperature as follows: 

KAW =H/RT   (2) 
Where H is Henry’s law constant, R is the gas constant (8.314 

J⋅K−1⋅mol−1) and T is the temperature at the Kelvin scale (K). Mackay 

et al. (Mackay et al. 2014) used the next equation also to calculate KAW 

at a specific temperature: 

𝐾𝐴𝑊(𝑇) = 𝐾𝐴𝑊(𝑇𝑟). 𝑒𝑥𝑝 (
∆𝑈𝐴𝑊

𝑅
(

1

𝑇𝑟
−

1

𝑇
))  (3) 

with UAW = 92.7 kJ/mol.  

The next coefficient which is used by the model is the Organic carbon-

water partition coefficient (KOC). Karickhoff (Karickhoff 1981) found 
that this factor could almost totally govern the sorption capability of 

sediment. Consequently, the partitioning tendency between water and 
sediment which is represented as KOC coefficient can be connected to 

Octanol-Water partitioning coefficient (KOW). He developed the 
relationship between these two coefficients using experiments with 

different soil organic matter percentage and pollutants that had 

different KOW (Mackay et al. 2006). Then the KOC factor is calculated 
from KOW as follow: 

KOC=0.41Kow    (4) 
Additionally, the model takes the half-lives of chemicals into account 

both in the aquatic and sediment environments to evaluate their fate. 
The half- life of every individual chemical depends on both the physico-

chemical properties of the pollutant and the environmental properties. 
The model estimates the reaction half-life at different temperatures 

using the activation energy (J/mol) in a desired temperature (°C) as 

below: 
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𝜏𝑇 = 𝜏298.15𝑒𝑥𝑝 [
𝐸𝐴

𝑅
 (

1

𝑇
−

1

298.15
)]   (5) 

Where EA is the activation energy (J/mol) and T is the temperature 

(converted from °C to K) and R is gas constant (8.314 J⋅K−1⋅mol−1).  

 
 

 
Figure 4-1-Schematic profile of the lake Naivasha and representation of the 
QWASI model (reproduced partly from Whelan 2013) for different 

environmental compartments 

 
 

In addition to the chemicals data, the QWASI model needs the 
environment data to predict the fate of pollutants. The details of the 

environmental input data (Table 4-2) are explained in the following 
section.  
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4.2.2 Environment characteristics  

Lake Naivasha is one of the fresh water resources which is in the 

Eastern Rift valley of Kenya with the Latitude of 00°46’ to 00°52’ and 
Longitudes 36°15’ to 36°25’ in zone 37S UTM (Figure 1). The most 

important streams in the Lake Naivasha basin are Malewa, Gilgil and 
Karati rivers. The main inflow to the lake is Malewa river which provides 

up to 80% of the total inflow into the Lake(Becht, Odada, and Higgins 
2010b) but there is not any identifiable outlet from the lake. Another 

input to the lake comes from the rainfall which occurs from March to 
June as the long wet season and from October to early December as 

short wet season. The dry months also start from December to 
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February and from July to September but these durations may change 

over the years. Agriculture is one of the major part of the basin which 
can cause a high potential of the pollution in the water resources of the 

region by using the agrochemicals. 
The main environmental parameters of the lake Naivasha as inputs of 

QWASI model are presented in Table (4-2). Some of these parameters 

such as the lake dimensions, inflow, suspended sediments and organic 
carbon content were measured in the field for this study, but there are 

several studies also that have already reported environmental 
parameters of the lake Naivasha (Ayenew, Becht et al. 2007, Becht, 

Odada et al. 2010, Stoof-Leichsenring, Junginger et al. 2011). The 
volume of the lake was determined using remote sensing data for the 

lake surface area, bathymetric data and geographic information system 
(e.g. GIS tools). It is obvious that the depth of the lake changes during 

the dry and wet seasons. However, in this study we used the average 

depth of the lake during the sampling in June-July 2016.The thickness 
of active sediment layer is also a required parameter as an 

environmental input for the model. This parameter can be changed 
both temporally and spatially and is difficult to directly measurer. 

Therefore, the initial amount of this input data was selected as the 
default value in the model and finally was fitted in the calibration 

process. The concentration of the solids was measured during the field 
data collection using 0.45µm filter paper. For the remaining 

parameters such as aerosol deposition, volatilization, sedimentation 

and sediment resuspension, the initial amounts in the model were used 
then they were modified during the calibration process.   

 

4.2.3 Pesticides properties  

In this study the fate of three kinds of pesticides residues were 
explored. Lindane was used in the past for protecting fruits, vegetables 

and animals against the insects. The isomers of Lindane (e.g., α-HCH, 
β-HCH, γ-HCH, δ-HCH) can remain in environment for long time and 

are considered as the persistent organic pollutants (POPs) by 

Stockholm Convention on Persistent Organic Pollutants (Abbasi, 
Mannaerts, and Makau 2019). The environmental properties and the 

interchanges between this pesticide and the environment can influence 
its fate. The environmental fate of α-HCH is governed by environmental 

effects and its interactions with environment as well as the inherent 
properties (e.g., physical and chemical)(ATSDR 2005). Based on the 

environmental conditions, Methoxychlor also can have a half-life of less 
than five hours to several months(ATSDR 2002). For instance, in the 

sediment has a half-life of 28days and more than 100 days in anaerobic 

and aerobic conditions, respectively(ATSDR 2002). These properties 
allow the Methoxychlor to remain in environment for a long time and 
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enter the water bodies via different ways such as wind and runoff. 

Endosulfan-sulfate also has a high acute toxicity as another POP that 
by its degradation endosulfan sulfate is produced (Medicine 2019). 

However, the fate of endosulfan sulfate also, like other chemicals, is 
up to the environmental conditions. When it is entered the water 

resources, the residues of this pesticides residue can be adsorbed by 
the suspended particles while in the soil its fate is governed by the KOC 

value of the soil which has a slow movement(Medicine 2019).  
In this study, the physicochemical properties of the mentioned 

pesticides were taken in to account for modeling their fate. It is 

noticeable that as these parameters are variable and direct measuring 
in the field is almost impossible, therefore the initial values in the 

literatures were used, then based on the measured concentrations of 
the pesticides residues were revised. Moreover, the concentration of 

the pesticide residues in the lake and the rivers that inflow to the lake 
also was measured using the passive sampling method followed by 

laboratory gas chromatography (GC-ECD and GC-MSMS) (Abbasi and 
Mannaerts 2018). In addition to the concentrations in water, some 

reference samplers were used to measure the pesticides concentration 

in the air that showed the pesticides content in the air was below 
detection limit. Therefore, in this study we assumed that the 

concentrations of the pesticides in the air were zero as the model input.  
  

 

4.2.4 Sensitivity analysis and calibration  

Usually the input data for the modeling process are subjected to 

uncertainties. Therefore the effect of the uncertainty of the data was 
explored using sensitivity analysis (Buser, MacLeod et al. 2012) for 

which the most influencing parameters were selected carefully. For this 
aim, the sensitivity analysis using one at a time (OAT) approach was 

conducted for evaluating the chemical and environmental parameters 
(Macleod, Fraser et al. 2002, Whelan 2013). In this method, the values 

of desired parameters were changed gradually and their effect on the 
results were explored. The magnitude of the yield parameters as Y and 

the input parameters as X were considered that resulted a S-matrix as 

below (Mackay, Hughes et al. 2014): 
 

𝑆 =
δln (𝑦)

𝛿ln (𝑥)
=

(
𝑑𝑦

𝑦
)

(
𝑑𝑥

𝑥
)

~
(

∆𝑦

𝑦
)

(
∆𝑥

𝑥
)
  (6) 

 
Where ∆x/x is the partial changes in the input data and ∆y/y represents 

the fractional change in the result. It is noticeable that the results can 
be positive or negative that explain if changing the inputs can increase 

or decrease the outputs.  
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Moreover, as the initial values of the input data are mostly different 

from the actual values to match the model with the measured data, 
the results can contain error that requires a suitable calibration to 

decrease the uncertainty of the outputs. Therefore, the model was 
calibrated based on the most sensitive parameters. The values of the 

parameters were adjusted until the best fit between measured and 

simulated results was observed (Table 4-1 and 4-2). The average of 
calibrated model’s estimates was compared to the measured 

concentrations graphically (Figure 4-5). In addition to this, the results 
of the calibrations were evaluated using the objective functions R-

squared (R2) and root mean square error (RMSE). These two functions 
show how well the model is calibrated as the more R2 is close to 1 and 

RMSE is smaller, the better the model has been calibrated. 
 

 

4.3 Results and discussion 

The results of sensitivity analysis of the parameters in the model are 

demonstrated in Figures (4-2 – 4-3) and consequently the fitted values 
for the calibrated model are represented in Tables (4-1 and 4-2). The 

results showed the most five sensitive parameters were KOC, logKow, 
Half-life of the pollutants in water, Half-life of the pollutants in 

sediment and KAW. It is notable that some of these parameters such as 
the half-lives were included uncertainty as they have been reported in 

different studies for different conditions. Therefore defining a constant 

value was not reasonable; thus the calibration procedure allowed 
estimating a suitable amount in the reported ranges(ATSDR 2002, 

2005). The sensitivity analysis showed that the percentage of the 
variations of the outputs (e.g., the concentration of the pollutants in 

either sediment or water) against the change of the inputs parameters 
was different (Figures 4-2 – 4-4). Moreover, the behavior of the three 

studied pesticides residues were obviously different than each other. 
For example, the range of changes in the concentration of α-HCH 

residue was between 96% to 102%, while for Methoxychlor and 

Endosulfan sulfate it was almost between 65% to 125%. This means 
that selecting a correct amount of the parameters for modeling the 

Methoxychlor has a higher effect on the results than the modeling of 
α-HCH. It is notable that mass balance models simplify the complex 

processes of the chemicals fate. However, the results of such a model 
should be able to reflect the fate and the movement procedure of the 

pollutants (Mackay et al. 2014). Moreover, it is important to explain 
the scale of the uncertainties which could be involved in the modeling 

results(Mackay et al. 2014; Macleod, Fraser, and Mackay 2002; Saltelli 

et al. 2006). 
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With regard to analyzing the sensitivity of different pesticides 

responses to the parameters changes, we assumed that the 
environmental dimensions were certain enough. Then all of the 

environmental features analysis were limited to some parameters such 
as sediment active layer, sedimentation and similar factors or chemical 

interaction factors in different media that can govern the fate and 
transformation of the chemicals(Whelan 2013). The parameter of KOC 

was found to be the key factor in the sensitivity analysis of α-HCH 
concentrations, both in the water and sediment, in which by increasing 

the amount of this parameter, the variations of the concentration was 

also increased. However, this parameter was in lower importance in 
changing the concentration of endosulfan-sulfate and Methoxychlor 

residues in water and sediment. It was found that the half-lives of the 
chemicals also had an important role in governing the fate of all three 

studied pesticides which could confirm that the interaction of the 
pollutants with the environment as well as their physicochemical 

properties had significant effect on their existence in different 
environmental media. Moreover, from the variations of the pollutants 

concentrations against the physical parameters, it could be understood 

that some parameters such as sedimentation or sediment resuspension 
could influence the amount of the pesticides residues in the sediment 

media than the aquatic phase. Therefore, it is concluded that for 
determining the fate of the pesticides in any one of the phases (e.g., 

water or sediment), estimating precise environmental parameters 
input was required. 
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Figure 4-2-Results of the sensitivity analysis for α-HCH in Lake Naivasha 
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Figure 4-3-Results of the sensitivity analysis for Methoxychlor in Lake Naivasha 
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Figure 4-4-Results of the sensitivity analysis for Endosulfan-sulfate in Lake 
Naivasha  
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calibrating the model with high quality database and consequently 

more reliable results.  
 

 

Figure 4-5-Comparison of the average measured and estimated concentrations 
of pesticides residues in the aquatic phase of Lake Naivasha 
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and different partitioning coefficients (e.g., KAW) that influenced the 

tendency of the pollutant for different levels of sedimentation, 
volatilization or suspension(Hughes et al. 2012). For example, the 

amount of volatilization of Methoxychlor is the least in which the KAW is 
also significantly less than α-HCH and Endosulfan-sulfate (Table 4-1). 

The factor of KOC is linked to the suspended compounds in the aquatic 

environment. It was found that Methoxychlor had higher amount of the 
sedimentation in which the KOC value was more than 18 times bigger 

than that of α-HCH and Endosulfan-sulfate. The Figures (4.8-4.10) 
shows the distribution of the chemicals among different media in which 

the amount of partitioning of α-HCH and Endosulfan-sulfate to the 
sediment is similar (e.g., less than 1%) while it is significantly higher 

(e.g., almost 30%) for Methoxychlor. This result can confirm the effect 
of KOC parameter on the fate and trend of the chemicals in 

environment. The overall residence times of the chemicals were 48, 25 

and 302 days for Endosulfan-sulfate, α-HCH and Methoxychlor, 
respectively, and their depositions were 29, 5 and 4 kg/year. The most 

important point of these residence times is that, although the residence 
time is influenced by the half-life of the chemicals, they don’t have a 

linear relation. Because, the residence time and consequently the 
deposition rates are, in addition to the half-life, governed by the 

parameters that influence the mass fractions and the loss 
processes(Mackay et al. 2014).  

 
Figure 4-6-The D values of different process that affect the fate of 

contaminates 
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Comparing the predicted amounts of pesticides residues concentrations 

in the water column and sediment compartment showed that the OCPs 
residues had different levels of pollutions. It is noticeable that these 

amount are the outcome of the combination of different factors such 
as physicochemical properties of the compounds, the emission rates 

and the environmental criteria. However, based on the available input 
data for the model, the results showed that Methoxychlor had the mass 

fraction of almost 70% in water column and almost 30% of mass 
fraction in sediment. In contrast, Endosulfan-sulfate consisted the 

most fraction in the water column (>97%) and just 2.2 percent in 

sediment compartment. α-HCH had also the same situation of 
Endosulfan-sulfate (e.g., 99% and less than 1% in water and sediment, 

respectively), and the absolute magnitude of this compound 
concentration falls between Endosulfan-sulfate and Methoxychlor. 

Generally, it can be concluded that in comparison to two other 
pesticides, Methoxychlor had a higher affinity to sediments that can be 

mostly related to its high KOC and low KAW values which highlights the 
role of these coefficients in the fate of pesticides residues. In aspect of 

emission rate also, there was a higher concentration of Endosulfan-

sulfate in the inflow which comes from the lake catchment that resulted 
more pollution in the lake.  

 

 
 
Figure 4-7-Mass balance diagram of α-HCH residues in the lake Naivasha  
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Figure 4-8-Mass balance diagram of Endosulfan-Sulfate residues in the lake 
Naivasha 
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Figure 4-9-Mass balance diagram of Methoxychlor residues in the lake 
Naivasha 

 

 
With regard to the pollution sources of the Lake Naivasha, it is notable 

that this lake is under the effect of the anthropogenic activities in 

Naivasha catchment which is located in the upstream of the lake. In 
addition to this, the lake is also located beside Naivasha town. Then it 

can receive both hydrological and urban surface runoff and can be 
polluted by a number of point (e.g., sewage from the residential 

houses) or nonpoint (e.g., agricultural area) sources. Although 
importing and using OCPs in Kenya have been stopped, there is still a 

potential of OCPs residues that can remain from last or current usage 
(Abbasi and Mannaerts 2018). There are some studies about OCPs 

pollution in the lake(Gitahi, Harper, Muchiri, Tole, and Ng’ang’a 2002; 

Onyango, Kreuzinger, and Kitaka 2015) that can confirm this 
statement. This study, which was based on the database of the passive 

sampling campaign(Abbasi and Mannaerts 2018), could highlight the 
existence of some OCPs residues in the water- sediment media of the 

lake. It is mentionable that there is not a long series of pesticides data 
in the water column or in the sediment to do also a time series 

evaluation. However, compared to conventional grab samplings, 
passive sampling can allow measuring chemicals in low concentration 

which was the strong point of the applied data of this modeling.  

Among the various physicochemical properties that contribute to the 
distribution and exchange of pollutants among the different media, air-
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water partitioning is important for more volatile compounds. For 

example, also pollutants that originate from air pollution, can 
contribute to water pollution. This evaluation is based on their KAW 

parameter and shows the importance of this factor to determine the 
affinity of the chemicals to the air or water bodies and vice versa 

(Kuwata and Lee 2017). Moreover, it is necessary to include the 

environmental properties also in the fate of the pollutant and the 
modeling results. For instance, the amount of evaporation loss has a 

invers relation to the depth of water in which the less water depth is, 
the more evaporation rate increases (Hughes, Mackay et al. 2012). 

Similarly, by increasing the content of suspended solids, more 
chemicals can be captured by the suspended particles and reduce the 

losses rate by evaporation. Moreover, by considering the 
environmental parameters (e.g., boundary conditions and the 

physicochemical properties of the pollutants), it can be understood that 

as these parameters vary, therefore the results of the model also can 
be influenced. Organochlorine pesticides residues are mostly persistent 

in environment and can remain in the nature (e.g., in aquatic phases) 
for a long period. However, their fate might be changed under the 

environmental variations that differ from the model predictions. In this 
study QWASI allowed an insight to the fate process of the studied OCPs 

and helped an actual concentrations predictions. Therefore, it can be 
used to do risk assessment for the environmental exposure to the 

pesticides residues. In different studies using QWASI model (Diamond, 

Bhavsar et al. 2005, Whelan 2013, Mackay, Hughes et al. 2014, Tong, 
Zhang et al. 2014) or similar studies that applied the mass modeling 

to explore the fate of the chemicals, the capability of this modeling 
approach was confirmed that can support this study. In these studies 

the sensitivity of the input data also was investigated that shows the 
importance of finding the most proper parameters and selecting 

accurate amounts. In the current case study, the sensitivity analysis 
showed that KOC had an important role in predicting the concentration 

which was in harmony with the study by Whelan (Whelan 2013). 

Finally, it is necessary to have a monitoring data by which the results 
of the modeling can be applied for long series. 

 

4.4 Conclusion 

The behaviour of the pesticides residues and the controlling processes 
in the environment are governed by different physicochemical 

properties. Finding the relationship between the influencing criteria can 
help in understanding the fate of pollutants. However, this is a complex 

issue, and a model, in which all of the factors are included, is needed 

to explore the mechanisms that are related to partitioning, degradation 
features and environmental properties in the dynamic environment 



Chapter 4 

 87 

conditions. In this study, the QWASI model was used to find out the 

fate of some OCPs residues (namely α-HCH, endosulfan–sulfate and 
Methoxychlor) in lake Naivasha. The lake was considered as a well-

mixed environment in the modeling approach, and the data of the 
passive sampling campaign (Abbasi and Mannaerts 2018) as well as 

the environmental and physicochemical properties of the pesticides 
was used as the input data of the model. The physicochemical and the 

environmental data were also collected during the campaign or were 
found in the literatures. Because of the uncertainty that some of the 

parameters had, a sensitivity analysis and model calibration was 

accomplished. It was found that the model results were most sensitive 
to KOC and the half-lives of the pesticides’ residues. In addition to 

these parameters, the coefficient values also had a meaningful effect 
on the output of the model and consequently the fate of the pollutants. 

All of the sensitive parameters were included in the calibration process 
in which the model could predict the fate of pesticide residues in the 

aquatic phase. Moreover, the results of modeling showed that because 
of the difference in the half-lives and the partitioning coefficients of the 

pesticides residues, there was a substantial difference between the fate 

of Methoxychlor and α-HCH as well as endosulfan–sulfate. This 
difference was mostly expressed in volatilization from the water phase 

and sedimentation of the contaminants. The mass balance of the 
chemicals among different media showed the amount of partitioning of 

α-HCH and endosulfan–sulfate to the sediment was similar and was 
less than 1%, while this amount increased to almost 30% for 

Methoxychlor. 
Finally, the QWASI model allowed understanding the distribution of the 

chemicals among different environmental media. This output allows 

exploring the environmental exposure of tropical lakes to pesticide 
residues. Using reliable chemical data was also of high importance. In 

this study, applying data of the passive sampling method, which can 
help in measuring the chemicals at very low concentrations, was a 

strong point in modelling the fate of pesticides residues. 
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5.1 Organochlorine pesticides application 
 

In spite of the risk of pollution, pesticides are still one of the main ways 

for controlling pests in agricultural and horticultural domains. But this 
can cause serious problems for the environment and human health. 

Therefore, it is needed to have reliable knowledge about their 
distribution and fate to minimize the risk of their pollution in soil, water, 

crop, biota and human. After application of pesticides in environment, 
their residues can move into different media such as sediment or soil 

particles, organic matter, crops and/or volatize to the air. This issue 
demonstrates the necessity of exploring relationships among different 

factors that affect the fate of pesticides. 

Organochlorine pesticides (OCPs), that are synthetic compounds are 
used for preventing and killing pests for different aims such as in 

agricultural and domestic environments. These compounds contain 
strong bonds between chlorine and carbon which allows them to remain 

in the environment for a long time. Because of this feature, they can 
bio-accumulate in the tissue of animals and human body and 

consequently endanger their health. In fact, in past they were used 
widely in many countries but later the Stockholm Convention on POPs 

banned their application in the environment. Residues of the OCPs are 
mostly captured by the soil and sediment particles and biota, therefore 

these sample media are quite appropriate for monitoring them and 

exploring human and environmental exposure to their residues.  
The main purpose of this study was exploring the transfer, fate and 

exposure of pesticide residues in the Malewa river network in the lake 
Naivasha basin using passive sampling and hydrologic modelling 

approach. Data from the passive sampling campaigns was used for 
calibration and validation of the model. Field surveys, laboratory, in-

situ experiments and modeling were combined to determine the 
exposure risk of different environmental compartments to micro 

pollutants.  

 

5.2 Pesticide monitoring by passive sampling 
In aquatic monitoring programs, grab sampling is usually the main way 

of collecting samples for contaminant analysis, which is usually done 

within a very short time span. Grab sampling usually provides a 
snapshot of contaminants content (Hernando et al. 2007; Vrana et al. 

2005) and is also associated with logistical and practical difficulties 
including transportation, filtration, extraction, and storage. Moreover, 

by the grab sampling method as a way of monitoring pesticide pollution 
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in aquatic environments, all the variations of the contaminants cannot 

be determined (Ahrens et al. 2015). In other words, it is not possible 
to determine the dynamic status of pollution accurately during low and 

high flows. Consequently, the results do not directly relate to the 
precise load of pollutants (Jordan et al. 2013). In spite of these facts, 

grab sampling is useful for finding information quickly. However, for 
covering fluctuations in flow and pollutant concentrations, increasing 

the sampling frequency and sample numbers is needed, which is 
expensive and time consuming while the results remain uncertain 

(Rozemeijer et al. 2010).  

With regard to the challenges related to grab sampling, the passive 
sampling technique is considered as a promising alternative method 

for measuring pollutants in aquatic environments. In this method the 
contaminates are allowed to accumulate in the samplers which make 

it possible to determine very low concentrations of pollutants. Passive 
sampling provides means for continuous water quality monitoring from 

short term to long term (a week to some months) and allows 
determining time-weighted average (TWA) of contaminant 

concentrations (Ahrens et al. 2015). The difference of chemical 

potential between passive sampler media and the dissolved 
contaminants in the aquatic phase causes a partitioning of 

contaminants from water to the sampler (Allan et al. 2009). Moreover, 
in comparison with organisms, detecting pollutants using passive 

samplers is easier to understand (Smedes and Booij 2012). Therefore, 
passive sampling facilitates monitoring the pollution of surface and 

other water bodies and provides an alternative approach to other 
methods such as grab sampling and biomonitoring (Fox et al. 2010; 

Meyn et al. 2007; Munoz et al. 2010; Wille et al. 2011). 

In this study the organochlorine pesticide (OCP) residues in the aquatic 
environment of the Lake Naivasha river basin (Kenya) was evaluated 

using passive sampling techniques. Silicone rubber sheet and Speedisk 
samplers were used to detect residues of α-HCH, β-HCH, γ-HCH, δ-

HCH, Heptachlor, Aldrin, Heptachlor Epoxide, pp-DDE, Endrin, Dieldrin, 
α-endosulfan, β-endosulfan, pp-DDD, Endrin aldehyde, pp-DDT, 

Endosulfan Sulfate and Methoxychlor in the Malewa river and Lake 
Naivasha. The residues of OCPs were determined using gas 

chromatography electron capture detection (GC-ECD) for the OCPs and 

gas chromatography-double mass spectrometry (GC-MSMS) for the 
reference compounds (PCBs). Measuring the OCP residues using the 

Silicone rubber samplers revealed the highest concentration of residues 
at the lake site, being the ultimate accumulation environment for 

surficial hydrological, chemical and sediment transport through the 
river basin. Middle Malewa had the second and Upper Malewa the third 

rank of total OCPs residues content. An evaluation of the different 
pesticide compound variations identified at the three sites revealed 
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that Endosulfan Sulfate, α-HCH, Methoxychlor and Endrin aldehyde 

residues were still found at all sampling sites. However, the statistical 
analysis of one-way ANOVA for testing the differences of ∑OCPs 

between the sampling sites showed that there were no significant 
differences from the Upper Malewa to the Lake site (P<0.05). Finally, 

the finding of this study indicated that although the concentrations of 
the pesticides residues were lower than the maximum allowed 

concentrations by WHO, because of the importance of the studied area 
in providing a huge amount of food products, continued monitoring of 

pesticides residues in the catchment remains highly recommended. 

 

5.3 Modeling pollutants transport in the 
catchment  

Generally, the transport of chemical residues and sediment via runoff, 
causes concern about water quality in catchments. Residues of 

pollutants that are transported by runoff or by sediment particles 
endanger the quality of fresh water bodies in various regions in the 

world (Warren et al. 2003). Sediments also can affect different water 

quality factors such as turbidity, light penetration and dissolved 
oxygen. Moreover, they can transport the residues of the pollutants 

into water bodies (Vigiak et al. 2017). Assessment of runoff, sediment 
and pesticide residues loading of water resources, it can be helpful to 

protect aquatic life habitats against contamination risk. However, 
understanding and studying environmental pollution, measuring all soil 

erosion resources and sediment transport plus the chemical processes 
is a complicated process that is not feasible through the traditional 

ways (Odongo et al. 2013). Considering all of the hydrological factors 

and the dynamics of contaminant residues during the transport, shows 
the complexity of determining the transported sediment and 

pollutants. Therefore, applying hydrological models can be a very 
useful way to provide spatiotemporal information on sediment and 

chemical transport. 
Using hydrological modeling has been increasing and can also support 

environmental planning. They allow to optimize the cost and time for 
monitoring the pesticides residues distribution (Chen et al. 2017). 

There are numerous models for simulating hydrological behavior and 

predicting various variables like runoff, sediment, and chemicals by 
considering climatic and land conditions (Ben Salah and Abida 2016). 

Among different models that are used for this aim, SWAT is a basin 
simulation model developed for simulation of the effects of practices 

carried out on land in heterogeneous watersheds. This model is a 
physically based semi-distributed model that can predict the impact of 

different practices on water and sediment and chemicals residues in 
watersheds. This model was applied in this study as the capability of 
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this model has been confirmed in different studies for simulating 

discharge, sediment yield and agrochemicals transport (Abbaspour et 
al. 2007; Bannwarth et al. 2014; Chen et al. 2017; Dutta and Sen 

2017; Ligaray et al. 2017; Luo et al. 2008; Mahzari et al. 2016; Folle 
2010; Parker et al. 2007; Winchell et al. 2018). 

This part of the study focused on hydrological modeling of runoff, 
sediment and pesticides residues in the Malewa river basin which is the 

largest river in the Lake Naivasha catchment. The purpose of the study 
was exploring the pesticide transport from the sub-basins and the 

upper catchment and their possible connection to lake Naivasha.  

The SWAT-CUP tool was used to calibrate the model for discharge and 
suspended sediment simulations. The results of the calibration showed 

that there were different important parameters which govern the 
output of the model of which the curve number parameter proved the 

most sensitive to spatial changes. According the statistical evaluation 
of the model, the result of the calibration and validation periods of 

discharge were promising. The average monthly sediment production 
and the differences in sediment amounts in the sub-basins could be 

explained by precipitation, slope variation and land use properties in 

the basin. Moreover, it was concluded that the quality of the dataset in 
the modeling could have an important effect on the results as by the 

use of a digital turbidity sensor (DTS-12) the model could predict the 
sediment transport and distribution in the catchment. Additionally, 

simulating pesticides residues allowed a good insight into historical 
pesticide application in the basin. It was found that the amounts of 

pesticide from the Upper Malewa to the Downstream Malewa and finally 
to the lake had an increasing trend. Passive sampling also helped as 

an essential method to measure low concentrations of pesticide 

residues in the rivers and the lake. This method allowed us to have a 
high quality dataset by which the model was calibrated and this 

permitted us to produce more reliable results. However, as the data 
was limited, for further investigation of the fate and transport of 

pesticides, using longer series of data is recommended to overcome 
the uncertainty that arises from limited in-situ measurements. 

 

5.4 Fate of pesticides in the lake 
After emission of chemicals into the nature, they are distributed among 
different environmental media and the fate of the chemical residues is 

affected by different factors such as the basic properties of the 
chemicals (e.g., melting point, vapor pressure, partitioning coefficients 

between soil, sediment and water, biodegradation rate, etc.) and 

environmental factors (e.g., temperature, humidity, sunlight, etc.). In 
addition to this, the natural processes also change the interaction of 

the pollutants in an multimedia environment and cause more difficulty 
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in predicting their fate. Consequently, it is more difficult to study the 

environmental exposure to the pollutants, which depends on their fate 
in the environment. For modeling the fate or transfer of the residues 

in a multimedia environment, it was needed to consider all the 
information related to the basic features and the environmental data 

needed. With regard to the difficulty of studying the pollutant dynamics 
in the environment (e.g., air, water, soil, sediment and biota), using 

multimedia models is necessary to predict the fate and transfer of the 
pesticides. As some of the chemicals are persistent against degradation 

and can remain in the environment for a long time, it was proposed to 

use models with a multimedia mass balance approach. For this aim, 
fugacity models can help by simplifying the process examinations. 

There are different models for such purposes among which the 
Quantitative Water Air Sediment Interaction (QWASI) fugacity model 

is one of the models that has been used to explore the chemical 
variations and fate (e.g., pesticides and heavy metals) by many 

researchers. Therefore, in this study, the fugacity multimedia model of 
QWASI was applied to estimate the environmental exposure to the 

studied pesticide residues. 

 
It was found that the results of the model were affected by factors such 

as KOC and the half-lives of the pesticide residues as well as the 
parameters that consequently affected the fate of the pesticides 

residues. By considering all the sensitive parameters, the results of 
modeling showed that because of the difference in the half-lives and 

the partitioning coefficients of the pesticides residues, there was a 
substantial difference between the fate of the different pesticides.  

Finally, by applying the QWASI multimedia model, it was possible to 

understand the distribution of the pesticides residues among the 
different environmental compartments. This output allowed us to 

understand the Naivasha catchment basin environmental exposure to 
pesticide residues and see how the human health can be at risk. 

Moreover, using reliable data is also of high importance by which the 
model can be calibrated and validated for better prediction. In this 

study, applying data of the passive sampling method, which permits 
measuring the chemicals at very low concentrations, was an important 

asset for modelling the fate of pesticides residues.  

 

5.5 Future research 
For controlling and preventing the exposure of humans and the 

environment to pesticides pollution and their risk, a robust exploration 

of the spatial distribution and fate of pesticide residues is required. 
Both environmental factors and chemicals properties are the main 

governing drivers of the exposure and fate of chemicals residues. 
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However, understanding and combining all these parameters is a 

complicated task. For example, exploring this issue at large scale is up 
to the land use-land cover, climate factors, precipitation and human 

activities that cause complicated conditions for measuring and 
predicting the distribution and fate of pesticides residues. In this study, 

passive sampling helped us to cover the variations of pesticides 
concentrations in different conditions (e.g., high and low flow rates). 

However, monitoring the pesticides contamination in the region needs 
to be more extended (both spatial and temporal) by measurements 

using this method. As residential areas as point source of pollution can 

also affect the quality of water resources, therefore it is highly 
recommended that in addition to the agricultural areas, these sources 

be also explored in future studies.  
One of the major limitations of this study was the lack of historical 

quantitative organochlorine pesticides monitoring and reference or 
baseline data. There were some limited studies in the region that 

applied grab sampling (Gitahi et al. 2002). While for a better 
understanding of pesticide movement and fate, time series 

measurements considering all potential pollution sources is needed. In 

addition to this, applying models in this study helped to gain a closer 
insight to the environmental exposure to the pesticides residues. 

However, the quality of hydrological data was a challenge for 
calibration-validation of the hydrological model (SWAT). This issue can 

be improved by upgrading and renovating the hydrologic measuring 
stations. By improving the hydrological data, it is possible to get better 

results with a higher resolution at daily scale or hourly instead of 
monthly to find out more on the dynamics of pesticides in the region 

more precisely.  

Moreover, awareness of the fate of pesticides is a key factor for 
decision making about pesticides application management. However, 

predicting their fate needs precise and detailed information. Some of 
these factors such as half-lives of pesticides residues, KOC, KAW, are 

reported based on reports that can differ from the studied conditions. 
Therefore, calibration and validating the model using long term 

measurements can allow achieving better fit between the model 
prediction and real measurements.   
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Summary 

In spite of the pollution risk of pesticides, it is still one of the important 
methods for protecting agriculture and horticultural products against 

pests. However, the use of pesticides continues to cause anxiety due 
to the potential harmful effects of pesticides on the environment and 

on human health. Therefore, increased awareness and knowledge of 
micro-pollutants (incl. pesticide residues), their spatial distribution and 

location, and their fate can help to better understand the hazards and 

risks associated to chemical pollutants in soil, water, crops and biota. 
During application of pesticide to agricultural cropland, some of it may 

be adsorbed to sediments, organic matter, soil particles, biota and 
crops and/or may volatize to the air. Pesticides are also subject to 

biodegradation by microorganisms. Therefore, in order to determine 
the distribution and fate of pesticides in the environment, it is 

necessary to evaluate, next to their accurate concentration, any 

relevant factors and variation of pesticides fate in the environment.  

This study is about pollution and fate of pesticide residues in the lake 

Naivasha basin where intensive agricultural activity has caused worries 
about micro-pollutants and contamination of the lake environment and 

surrounding ecosystem. The Lake Naivasha catchment is located in the 
eastern part of the Rift Valley region in Kenya with a basin area of 

approx. 3,400 km2. The eastern Rift has a tropical equatorial highland 
climate with two dry and two rainy seasons. The upper and middle 

parts of the catchment are mostly subjected to smallholder mixed 
farming for producing various crops. Moreover, there are various local 

dwellings, villages and towns all around the catchment that influence 

the rivers and lake water quality located in the lower catchment. Input 
from upstream into the Lake includes streamflow from the Malewa, 

Karati and Gilgil rivers plus other surface runoff and sub-surface flows 
that drain from the catchment and ultimately reach the lake. As the 

Malewa river accounts for approximately 80% of the water inflow into 
Lake Naivasha, the passive sampling stations were installed in the 

Upper Malewa, Middle Malewa river and in the Lake waterbody.  

Although the potential pollution of different agro-chemicals (e.g. 

pesticides and fertilizers) has been explored in some earlier studies in 

the basin, a comprehensive evaluation of environmental exposure to 
residues coming from pesticide application by using new in-situ 

sampling techniques and models in the Naivasha basin was deemed 
necessary. The scientific challenge of this study was to determine the 

exposure risk of lake Naivasha to pesticide residues, and to identify the 
sources of the chemicals and their fate by using a combined passive 

sampling, hydrological modelling and eco-partitioning approach. To 
meet this challenge, the following objectives were defined: The first 
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objective deals with application of passive sampling techniques for 

studying and measuring the micro-pollutants in the aquatic 
environment of the lake Naivasha basin. The main challenge of this 

objective was the spatial distribution of the passive sampling locations 
for achieving adequate information and data about pesticide 

concentrations in the river network and lake Naivasha. In the second 
instance, a simulation of pesticide transport and their fate in the river 

network of the Naivasha basin was undertaken and the effect of 
different hydrological conditions was analysed. The main aim of this 

objective was exploring the transfer of pesticides through the river 

network from the upper and middle parts of the basin to the lake by 
using a hydrologic modelling approach. Finally, the last objective was 

evaluating the micro-pollutants distribution in the lake Naivasha basin 
by using an environmental ecosystem partitioning approach. The main 

theory of this objective was that applied pesticides could be washed 
from crops and soil to riparian areas and transferred further to the 

rivers and the Lake, but usually have a strong preference for an 
ecosystem compartment i.e. air, soil, water, biota. It means that 

pesticide pollution of agricultural areas affects not only the water 

quality of rivers and the lake in the basin, but ultimately also can affect 
biota (plants, fish) and therefore presents a health risk and hazard. 

This objective identified how any of the environmental compartments 

of the lake basin are exposed to the investigated pesticide residues. 

In the first part of the study, the idea was that the passive sampling 
techniques could improve the discovery and assessment of very low 

concentrations by continuous collecting the contaminants, which 
usually go undetected with classic and once-off time-point grab 

sampling. The aim of this study was to evaluate organochlorine 

pesticide (OCP) residues in the aquatic environment of the lake 
Naivasha river basin (Kenya) using passive sampling techniques. 

Silicone rubber sheet and Speedisk samplers were used to detect 
residues of α-HCH, β-HCH, γ-HCH, δ-HCH, Heptachlor, Aldrin, 

Heptachlor Epoxide, pp-DDE, Endrin, Dieldrin, α-endosulfan, β-
endosulfan, pp-DDD, Endrin aldehyde, pp-DDT, Endosulfan Sulfate and 

Methoxychlor in the Malewa river and Lake Naivasha. After solvent 
extraction from the sampling media, the residues were analyzed using 

gas chromatography electron capture detection (GC-ECD) for the OCPs 

and gas chromatography- double mass spectrometry (GC-MSMS) for 
the PCB reference compounds. Measuring the OCP residues using the 

Silicone rubber samplers revealed the highest concentration of residues 
(∑OCPs of 81(±18.9 SD) ng/L to be at the lake site, being the ultimate 

accumulation environment for surficial hydrological, chemical and 
sediment transport through the river basin. The total OCP residue sums 

changed to 71.5(±11.3SD) ng/L for the Middle Malewa and 
59(±12.5SD) ng/L for the Upper Malewa river sampling sites. The 
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concentration sums of OCPs detected using the Speedisk samplers at 

the Upper Malewa, Middle Malewa and the Lake Naivasha sites were 
28.2(±4.2SD) ng/L, 31.3(±1.8SD) ng/L and 34.2(±6.4SD) ng/L, 

respectively. An evaluation of the different pesticide compound 
variations identified at the three sites revealed that Endosulfan Sulfate, 

α-HCH, Methoxychlor and Endrin aldehyde residues were still found at 
all sampling sites. However, the statistical analysis using one-way 

ANOVA for testing the differences of ∑OCPs between the sampling sites 
for both the Silicone Rubber sheet and Speedisk samplers showed that 

there were no  significant differences from the Upper Malewa to the 

Lake site (P<0.05). Finally, the finding of this study indicated that 
continued monitoring of pesticide residues in the catchment remains 

highly recommended.  

In the second step of this study, the SWAT model as an integrated 

hydrological model was applied to evaluate the transport of pesticide 
residues. The idea was improving our understanding of the dynamics 

of pesticide transport in the Malewa river and lake Naivasha, a major 
fresh water resource of high socio-economic importance. In this study, 

the Soil and Water Assessment Tool (SWAT) model was used to 

simulate the discharge of sediment and pesticides (notably the 
organochlorine or OCP residues of a-HCH, Methoxychlor and 

endosulfan-sulfate) into the Malewa river sub-basin. Model sensitivity 
analysis, calibration and validation were performed for both daily and 

monthly time steps using the Sequential Uncertainty Fitting version 2 
(SUFI-2) algorithm of the SWAT-CUP tool. Water level gauge data as 

well as a DTS-12 digital turbidity sensor for suspended sediment 
transport were used for the SWAT calibration. Pesticide residues were 

measured at Upper and Down Malewa locations using a passive 

sampling technique and their quantity was determined using laboratory 
Gas Chromatography. The sensitivity analysis results showed that 

curve number (CN2), USLE soil erodibility factor (USLE-K) and 
pesticide application efficiency (AP_EF) formed the most sensitive 

parameters for discharge, sediment and pesticide simulations, 
respectively. In addition, SWAT model calibration and validation 

showed better results for monthly discharge simulations than for daily 
discharge simulations. Similarly, the results obtained for the monthly 

sediment calibration demonstrated more match between measured 

and simulated data as compared to the simulation at daily steps. 
Comparison between the simulated and measured pesticide 

concentrations at upper Malewa and down Malewa locations 
demonstrated that although the model mostly overestimated pesticide 

loadings, there was a positive association between the pesticide 
measurements and the simulations. Higher concentrations of pesticides 

were found between May and mid-July. The similarity between 
measured and simulated pesticides shows the potential of the SWAT 
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model as evaluation modelling tool for upstream to downstream 

suspended sediment and pesticide transport in catchments. 

Finally, distribution of pesticide residues in the environment, their 

transport and final fate is one of the most important environmental 
challenges. Fate of pesticides in the complex environments, especially 

in aquatic phases such as lakes and rivers, is governed by the main 
physicochemical properties of the contaminants and the surrounding 

environmental properties. In this study, a multimedia mass modeling 
approach using the Quantitative Water Air Sediment Interaction 

(QWASI) model was applied to explore the fate of organochlorine 

pesticide residues of Methoxychlor, α-HCH and endosulfan–sulfate in 
the lake Naivasha (Kenya). The required physicochemical data of the 

pesticides such as molar mass, vapour pressure, air–water partitioning 
coefficient (KAW), solubility, and the Henry’s law constant were 

provided as the inputs of the model. The environmental data also were 
collected using field measurements and taken from the literature. The 

sensitivity analysis of the model was applied using a One-At-a-Time 
(OAT) approach and calibrated using measured pesticide residues by 

the passive sampling method. Finally, the calibrated model was used 

to estimate the fate and partitioning of the pesticide residues in 
different media of the lake. The result of sensitivity analysis showed 

the five most sensitive parameters were KOC, log Kow, half-life of the 
pollutants in water, half-life of the pollutants in sediment, and KAW. 

The variations of outputs for the three studied pesticide residues 
against inputs were noticeably different. For example, the range of 

changes in the concentration of α-HCH residue was between 96% to 
102%, while for Methoxychlor and endosulfan-sulfate it was between 

65% to 125%. The results of calibration demonstrated that the model 

was calibrated reasonably with the R2 of 0.65 and RMSE of 16.4. It 
was found that Methoxychlor had a mass fraction of almost 70% in the 

water column and almost 30% of mass fraction in the sediment. In 
contrast, endosulfan–sulfate had highest most fraction in the water 

column (>99%) and just a negligible percentage in the sediment 
compartment. α-HCH also had the same situation like endosulfan–

sulfate (e.g., 99% and 1% in water and sediment, respectively). 
Finally, it was concluded that the application of QWASI in combination 

with data from the passive sampling measurement technique allowed 

an improved insight to the fate processes of the studied OCPs and 
helped actual concentration estimates. Therefore, the results of this 

study can also be used to perform risk assessment and investigate the 
environmental exposure of other pesticide residues and chemicals. 
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Samenvatting 
 

Ondanks het vervuilings- en gezondheidsrisico van pesticiden, blijft het 

een van de belangrijkste methoden om land- en tuinbouwproducten 
tegen ongedierte en ziektes te beschermen. Het gebruik van pesticiden 

blijft echter zorgen baren vanwege de mogelijke nadelige effecten van 
pesticiden op het milieu en op de menselijke gezondheid. Daarom kan 

een groter bewustzijn en kennis van de verspreiding van 
microverontreinigende stoffen (inclusief residuen van pesticiden) en 

hun uiteindelijke bestemming, bijdragen om het gevaar en het risico 
van chemische verontreinigende stoffen in bodem, water, gewassen en 

biota beter te begrijpen. Tijdens de toepassing van pesticiden op 

landbouwgewassen, kan een deel ervan worden geadsorbeerd op 
organisch materiaal, bodemdeeltjes, biota en gewassen, kan 

vervluchtigen in de lucht en/of wordt afgebroken door micro-
organismen. Om de verspreiding en de uiteindelijke bestemming van 

pesticiden en hun residuen in het milieu te bepalen, is het daarom 
noodzakelijk om, naast hun nauwkeurige bepaling, alle relevante 

factoren en variatie van de bestemming van pesticiden in het milieu te 
evalueren. 

 

Deze studie gaat over het vervuilingsrisico van pesticide residuen rond 
het Naivasha meer in Kenia, waarin intensieve landbouwactiviteiten 

zorgen hebben veroorzaakt over de mogelijke verontreiniging van het 
meer. Het stroomgebied van “lake Naivasha” ligt in het oostelijke deel 

van de Rift Valley-regio in Kenia met een oppervlakte van ongeveer 
3.400 km2. De oostelijke Rift heeft een tropisch equatoriaal klimaat 

met twee droge en twee regenseizoenen. De bovenste en middelste 
delen van het stroomgebied worden gekenmerkt door kleinschalige 

gemengde landbouw voor het produceren van verschillende gewassen. 

Bovendien zijn er veel lokale woonkernen, dorpen en kleine steden in 
het stroomgebied die de rivieren en de waterkwaliteit van het meer in 

het lagere stroomgebied ook beïnvloeden. Water en sediment afvoer 
naar het meer omvat water van de rivieren Malewa, Karati en Gilgil 

plus afvloeiing aan de oppervlakte en vanuit het grondwater, die vanuit 
het stroomgebied het meer kan bereiken. Aangezien de Malewa rivier 

ongeveer 80% van de instroom in Lake Naivasha uitmaakt, werden de 
“passive sampler” bemonsteringslocaties geïnstalleerd in de 

bovenstroomse of Upper Malewa, de Middle Malewa rivier en het meer. 

 
Hoewel het vervuilingspotentieel van verschillende agrochemicaliën 

(bijv. pesticiden en meststoffen) in studies in het stroombekken al 
meer is onderzocht, was een uitgebreide evaluatie van de 
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milieublootstelling aan microcontaminanten en residuen afkomstig van 

de toepassing van pesticiden met behulp van nieuwe nauwkeurige in-
situ bemonsteringstechnieken en modellen in het Naivasha-bekken nog 

niet uitgevoerd. De wetenschappelijke uitdaging van deze studie was 
om het blootstellingsrisico van het Naivasha meer aan micro 

verontreinigende stoffen te bepalen, de bronnen van de chemicaliën en 
hun uiteindelijke bestemming te identificeren door middel van een 

gecombineerde benadering van “passive sampler” bemonstering, 
hydrologische modellering en ecosysteem partitie. Om deze uitdaging 

aan te gaan, werden de volgende doelstellingen gedefinieerd: de eerste 

doelstelling betreft de toepassing van “passive sampling” water en 
sediment bemonsteringstechnieken voor het meten van zeer lage 

concentraties van microverontreinigingen in de aquatische 
omgevingen van het Naivasha stroombekken. De belangrijkste 

uitdaging van deze doelstelling was de ruimtelijke verdeling van de 
bemonsteringslocaties voor het verkrijgen van adequate informatie en 

gegevens over de concentraties van pesticiden in het riviernetwerk en 
het Naivasha meer.  

In tweede instantie werd een simulatie worden uitgevoerd van het 

transport van microverontreinigingen in het riviernetwerk van het 
Naivasha stroombekken en werd het effect van verschillende 

hydrologische omstandigheden geanalyseerd. Het belangrijkste doel 
van deze doelstelling was het onderzoeken van het mogelijk transport 

en de overdracht van pesticiden door het rivier netwerk vanuit de 
bovenstroomse gebieden, naar het meer met behulp van een 

hydrologische modelbenadering.  
Ten slotte was de laatste doelstelling het evalueren van de verdeling 

van microverontreinigingen in het bekken van het Naivasha meer door 

middel van een ecosysteem partitie of milieucompartimenten 
benadering. De achterliggende theorie van deze doelstelling was dat 

toegepaste pesticiden op gewassen en grond naar het water systeem 
kunnen worden uitgewassen en verder via de rivieren naar het meer 

kunnen worden overgebracht, maar sterke voorkeur vertonen voor 
bepaalde ecosysteem compartimenten e.g. lucht, water, bodem en 

sediment of biota zoals vissen en planten. Deze doelstelling 
identificeerde welke van de milieucompartimenten van het meer 

bekken worden blootgesteld aan de residuen van verschillende 

bestrijdingsmiddelen. 
 

In het eerste deel van de studie was het idee dat de “passive sampling” 
bemonsteringstechnieken de detectie van lage concentraties kunnen 

verbeteren door gedurende een bepaalde tijd continu 
verontreinigingen te bemonsteren, die meestal onopgemerkt blijven 

met klassieke en eenmalige monstername. Het doel was het evalueren 
van residuen van organochloorpesticiden (OCP) in het aquatisch milieu 
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van het stroomgebied van het Naivasha meer met behulp van deze 

nauwkeurige “passive sampling” bemonsteringstechnieken. 
Siliconenrubberfolie en Speedisk monsternemers werden gebruikt om 

residuen van α-HCH, β-HCH, γ-HCH, δ-HCH, Heptachlor, Aldrin, 
Heptachlor Epoxide, pp-DDE, Endrin, Dieldrin, α-endosulfan, β-

endosulfan, pp-DDD, Endrin aldehyde, pp-DDT, Endosulfansulfaat en 
methoxychloor te detecteren in de Malewa rivier en Naivasha meer. Na 

oplosmiddelextractie uit de bemonsteringsmedia werden de residuen 
geanalyseerd met gaschromatografie elektronenvangst detectie (GC-

ECD) voor de OCP's en gaschromatografie- dubbele 

massaspectrometrie (GC-MSMS) voor de PCB-referentieverbindingen. 
Het meten van het OCP residuen met behulp van 

siliconenrubbermonsternemers vertoonden de hoogste concentratie 
van residuen (∑OCP's van 81 (± 18,9 SD) ng/L) op de locatie van het 

meer, zijnde de ultieme accumulatieomgeving voor hydrologisch, 
chemisch en sedimenttransport van het stroomgebied. De totale OCP-

residusommen werden begroot op 71,5 (± 11,3 SD) ng/L voor de 
Midden-Malewa en 59 (± 12,5 SD) ng/L voor de bemonsteringslocaties 

van de Boven-Malewa. De concentratiesommen van OCP's die werden 

gedetecteerd met behulp van de Speedisk-samplers op de locaties 
Upper Malewa, Middle Malewa en Lake Naivasha waren 28,2 (± 4,2 

SD) ng/L, 31,3 (± 1,8SD) ng/L en 34,2 (± 6,4SD) ng/L, respectievelijk. 
Een evaluatie van de verschillende variaties van 

pesticidenverbindingen die op de drie locaties zijn geïdentificeerd, 
onthulde dat residuen van endosulfan-sulfaat-, α-HCH-, 

methoxychloor- en endrine-aldehyde residuen nog steeds op alle 
bemonsteringsplaatsen werden gevonden. De statistische Anova 

analyse van de verschillen tussen ∑OCP's tussen de 

bemonsteringslocaties voor zowel de siliconenrubberplaat als de 
Speedisk-monsternemers, toonde echter aan dat er geen statistisch 

significante verschillen waren tussen de Upper Malewa en de Lake-site 
(P <0,05). De bevindingen van dit eerste onderzoek wezen er op dat 

monitoring van residuen van bestrijdingsmiddelen in het stroomgebied 
sterk aanbevolen blijft. 

In de tweede stap van deze studie werd het SWAT hydrologisch model 
toegepast om het transport van residuen van bestrijdingsmiddelen te 

evalueren. Het idee was om de dynamiek van het transport van 

pesticiden in de Malewa rivier te begrijpen en de invloed van de 
bovenstroomse gebieden op de waterkwaliteit van het Naivasha meer, 

een belangrijke zoetwaterbron, die van cruciaal socio-economisch 
belang is in dit gebied, te bepalen. Het “Soil and Water Assessment 

Tool” (SWAT) model gebruikt om de afvoer van sediment en pesticiden 
(met name de organochloorresiduen van a-HCH, methoxychloor en 

endosulfan-sulfate) in het stroomgebied van Malewa te simuleren. 
Modelgevoeligheidsanalyse, kalibratie en validatie werden uitgevoerd 
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voor zowel dagelijkse als maandelijkse tijdsstappen met behulp van 

het “Sequential Uncertainty Fitting” versie-2 (SUFI-2) algoritme van de 
SWAT-CUP tool. Voor de SWAT kalibratie werden gegevens over de 

waterstanden en debieten in de rivieren en eigen metingen van een 
DTS-12 digitale troebelheidssensor voor de bepaling van zwevend 

sedimenttransport gebruikt. Residuen van bestrijdingsmiddelen 
werden gemeten op locaties in de bovenstroom en benedenloop van 

de Malewa met behulp van de “passive sampling” 
bemonsteringstechniek en hun hoeveelheid werd bepaald met behulp 

van gaschromatografie in het laboratorium (zie ook boven). De 

resultaten van de model gevoeligheidsanalyse toonden aan dat het 
“Curve Number” afvoergetal (CN2), de “USLE-K” 

bodemerodibiliteitsfactor en pesticide toepassingsefficiëntie (AP_EF) 
de meest gevoelige parameters vormden voor respectievelijk 

applicatie, sediment en chemisch transport bij de pesticide simulaties. 
Bovendien lieten de kalibratie en validatie van het SWAT model betere 

resultaten zien voor maandelijkse simulaties dan voor dagelijkse. 
Evenzo toonden de resultaten die werden verkregen voor de 

maandelijkse sediment kalibratie meer overeenstemming tussen 

gemeten en gesimuleerde gegevens in vergelijking met de simulatie in 
dagelijkse stappen. Vergelijking tussen de gesimuleerde en gemeten 

pesticide concentraties in de boven- en benedenstroomse locaties van 
de Malewa toonde aan dat hoewel het model de pesticide beladingen 

van het water overschatte, er een positieve associatie was tussen de 
pesticide metingen en de simulaties. Tussen mei en half juli werden 

hogere concentraties bestrijdingsmiddelen aangetroffen. De gelijkenis 
tussen gemeten en gesimuleerde bestrijdingsmiddelen toont het 

potentieel van het SWAT model als eerste evaluatiemodel voor 

zwevend sediment en hydrologisch chemisch transport in 
stroomgebieden. 

Ten slotte is de uiteindelijke verdeling van residuen van 
bestrijdingsmiddelen in het milieu en hun opslag in oppervlakte 

waterlichamen en ecosystemen een van de belangrijkste 
milieuuitdagingen. De eindbestemming van pesticide residuen in 

complexe omgevingen, vooral in aquatische milieus zoals meren en 
rivieren, wordt in grote mate bepaald door de eigenschappen van de 

verontreinigingen en de eigenschappen en klimaat van de omgeving. 

In deze studie werd een multimedia massamodellering toegepast met 
behulp van het “Quantitative Water Air Sediment Interaction” (QWASI) 

model om het lot van organochloor residuen van bestrijdingsmiddelen 
van methoxychloor, α-HCH en endosulfan sulfaat in het meer Naivasha 

(Kenia) te onderzoeken. Als input voor het model werden de vereiste 
fysisch en chemische eigenschappen van de pesticiden bepaald, zoals 

molaire massa, dampspanning, lucht-waterverdelingscoëfficiënt 
(KAW), oplosbaarheid en de Henry verdelingscoefficient en de 
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biologische afbreekbaarheid i.e. halfwaardetijd in water en sediment. 

De omgevingsgegevens werden verzameld met behulp van 
veldmetingen en ook uit de literatuur gehaald. De 

gevoeligheidsanalyse van het model werd uitgevoerd door middel van 
een “One At a Time” (OAT) benadering en gekalibreerd met gemeten 

bestrijdingsmiddelen residuen vanuit de “passive sampling” 
bemonstering. Ten slotte werd het gekalibreerde model gebruikt om 

de bestemming en de verdeling van de bestrijdingsmiddelen residuen 
in verschillende media van het meer te schatten. Het resultaat van 

gevoeligheidsanalyse toonde aan dat de vijf meest gevoelige 

parameters, KOC, log Kow, halfwaardetijd van de verontreinigende 
stoffen in water, halfwaardetijd van de verontreinigende stoffen in 

sediment en KAW waren. De variaties van de output voor de drie 
bestudeerde residuen ten opzichte van de inputs waren merkbaar 

verschillend. Bijvoorbeeld de verschillen in de concentratie van a-HCH 
residu was tussen 96% en 102%, terwijl het voor methoxychloor en 

endosulfan sulfaat tussen 65% en 125% lag. De resultaten van de 
kalibratie toonden aan dat het model redelijk gekalibreerd was met de 

R2 van 0.65 en RMSE van 16.4. Het bleek dat methoxychloor een 

massafractie had van bijna 70% in de waterkolom en 30% 
massafractie in het sediment. Endosulfan sulfaat had daarentegen de 

hoogste fractie in de waterkolom (> 99%) en slechts een 
verwaarloosbaar percentage in het sedimentcompartiment. α-HCH had 

ook dezelfde situatie als endosulfan sulfaat (bijv. respectievelijk 99% 
en 1% in water en sediment). Ten slotte werd geconcludeerd dat de 

toepassing van QWASI in combinatie met de “passive sampling” 
bemonsteringstechniek een beter inzicht gaf in het bestemmingsproces 

van de bestudeerde OCP's en hielp bij daadwerkelijke 

concentratievoorspellingen. Daarom kunnen de resultaten van deze 
studie ook worden gebruikt om een risicobeoordeling uit te voeren en 

de milieublootstelling van residuen van bestrijdingsmiddelen beter te 
onderzoeken, ook in tropische streken. 
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Appendix 

1- Calculating the passive samplers: 
Calculation of the pesticides was using the equations that were 

mentioned in Chapter 2. For this aim, the data were analyzed 
using an Excel sheet that was provided by Deltares (Utrecht, 

Netherlands). The samplers were calculated based on the PRC 
data and Kpw coefficients as follow: 
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Figure 0-1- Calculating the passive sampling 
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Figure 0-2-Outputs of the passive sampling calculations 
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2- Preparation and setting SWAT model: 
The model needed several data sets. One of the important inputs 

of the model was hydrological information. The general workflow 
of the modeling was as below: 

 

 
Figure 0-3- The modeling process algorithm in ArcSWAT 

 
 

 
The river gauge stations were as follow in the initial model setting: 
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Figure 0-4- Flow gauging stations in both all the basin (up) and Mallewa 

river basin (down) 

 
 

- The water flow in different gauge stations were converted from 
water depth to flow rates based on the following table and graph 

provided by Water Resources Management Authority in Naivasha: 
 

 

 
 

 
 



Appendix 

 127 

Table 0-1- Rating coefficients of Q=a(H-b)c equation 

 

 
Figure 0-5-Rating curves coefficients based on Q=a(H-b)c equation 
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- Land use- land cover of the basin was as follow: 

 
Figure 0-6-Land use-Land cover in Naivasha basin 
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- The 20m resolution DEM was used in a grid format then 

projected to UTM projection. The following map shows the DEM 
used in this research: 

 
Figure 0-7- DEM of the L. Naivasha Basin 

used in modeling 
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- The soil properties of the basin was explored in earlier studies. 

The texture of the soil samples was mainly clay loam. The soil 
map of the area was like this: 

 

 
Figure 0-8-Soil map of Naivasha basin 
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