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Desk Top Study on the “Evaluation of studies previously conducted on possible 
environmental effects of the arboricides Tebuthiuron and Bromacil the applicability 
of results of such studies to Namibian conditions and recommendations for future 
research interventions.” 

 
 

PURPOSE 

Evaluation of studies previously conducted on possible environmental effects of the arboricides 
Tebuthiuron and Bromacil the applicability of results of such studies to Namibian conditions and 
recommendations for future research interventions. 

OBJECTIVE 

To evaluate and analyse Environmental Impact Assessments, Ecological Impact Assessments and 
similar studies conducted elsewhere in the world of both chemicals with focus on results that are 
transferable to Namibian conditions. Based on the outcome, specific research and investigation 
approaches are to be recommended to the Meat Board in order to obtain in the shortest possible time 
and cost efficient manner a clear picture of the environmental effects of arboricides containing the 
active ingredients Tebuthiuron and Bromacil. 

TARGET REGIONS 

Bush thickening / encroachment mainly occurs in the higher rainfall areas of the country, where 
livestock production is dominant.  The livestock industry, the main economic driver of the Namibian 
agricultural economy is under threat from continued bush encroachment. While measures to counter 
bush encroachment are being carried out, the effects of these measures are insufficiently understood. A 
specific concern is raised with regard to the use of commercially available pesticides, equally when 
applied manually or by aerial spraying. 

CO-ORDINATION OF THE CONSULTANCY:  

The consultancy is co-ordinated by Mrs Dagmar Honsbein, PhD Candidate for Chemical Engineering and 
Applied Sciences at Aston University, Birmingham, UK. Thesis submitted in December 2011. 

Furthermore, Prof. Wijnand Swart, Plant Pathology from the University of the Free State (South Africa) 
and Mr Leon Lubbe, Chief Researcher of the Ministry of Agriculture, Water and Forestry served as 
resource persons on environmental and agro-ecological assessment and socio-economic comparisons 
with other debushing initiatives and rangeland management assessments, respectively.  

CONTACT DETAILS:  

Mrs. Dagmar Honsbein 
Physical Address:    Postal Address: 
Orion Park No. 8    PO Box 86324 
Klein Windhoek     Windhoek 
Tel: +264 81 149 1086 (w) / (0)61 24 2086 (h) 
Fax: +264 886 34372 
Email: honsbein@gmail.com  

DURATION OF PROJECT: 

Two (2) working months from date of assignment. 
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ABBREVIATIONS AND CONVERSIONS AS WELL AS 
EXPLANATIONS OF TERMS USED IN THIS STUDY 

EC European Commission or Council 

EU Directive European Union Directive 91/414 and product withdrawal process: the 
directive regulates the registration, sale and approval of plant 
protection products in the European Union. This directive is in 
accordance with EC directive 91/414/EEC (Directive) (1) and regulates 
(through EU Regulation 304/2003) the use of active ingredients in 
pesticides for their risk or harm to human health and the environment. 
Through Regulation 304/2003 certain active ingredients will come off 
the EU market according to a three pronged classification system, i.e. 
essential use exemptions, actives not supported by pesticide industry 
and superseded and obsolete. Bromacil is classified as ‘essential use 
exempted [1]’. However, Tebuthiuron is classified as ‘actives not 
supported by pesticide industry [1]’. 

Essential Uses EC has granted a ‘derogation’ or exemption for what farmers and 
growers in the EU convinced the regulators are essential uses. 

[1] = Hazard Tebuthiuron and bromacil according to EC Regulation 304/2003 are 
hazard flagged active chemical ingredients due to their registration for 
use in countries outside the EU. These pesticides are hazardous 
according to the government and institutional sources as noted in the 
PAN North American database (www.pesticideinfo.org) or are WHO 
Class I pesticides. 

UN United Nations 

WHO World Health Organisation of the UN 

FAO Food and Agricultural Organisation of the UN 

SANAS South African National Accreditation System: is recognised as the 
South African single national accreditation body that give formal 
recognition that laboratories, certification bodies, inspection bodies, 
proficiency testing scheme providers and good laboratory practice test 
facilities are competent to carry out specific tests. Accreditation is 
done according to various ISO standards. 

SABS South African Bureau of Standards: is a South African statutory body 
for the promotion and maintenance of standardisation and quality in 
connection with commodities and rendering of commercial services, 
among others, with regard to tests and certifies products and services 
to standards. 

ISO International Standards Organisation 
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IUPAC International Union of Pure and Applied Chemistry: the world authority 
on chemical nomenclature, terminology, standardised methods for 
measurement, atomic weights and other critically evaluated data.  

VTT Technical Research Centre of Finland 

EPA Environmental Protection Agency: protects the environment through 
licensing, enforcement and monitoring activities; most European 
countries and the USA have such EPA to classify hazards and concerns 
for human health and the environment when pesticides, inert 
ingredients or chemical substances are deployed, irrespective of the 
country where it is or will be deployed.  

Inerts Commercial pesticides / herbicide products generally contain one or 
more ingredients. An inert ingredient or inert is anything added to the 
product other than an active ingredient or substance. According to 
EPA, also inerts are classified. Inerts of toxicological concern were 
placed on List 1. Potentially toxic inerts / high priority for testing were 
placed on List 2. Inerts of unknown toxicity were placed on List 3, and 
inerts of minimal concern were placed on List 4. 

PLFA Phospho-lipid Fatty Acid: are the main components of the membrane 
(essentially the skin) of all microbes; PLFA analysis provides direct 
information on the entire microbial community in three key areas, i.e. 
viable (living) biomass, community composition or population 
‘fingerprint’, and microbial activity 

FAME Fatty Acid Methyl Ester: every micro-organism has its specific FAME 
profile (microbial ‘fingerprint’); FAME analysis is used as a tool for 
microbial source tracking 

CLPP Community Level Physiological Profile: a method used for assessing 
relative change in microbial communities in specific substrates by e.g. 
measuring the microbial O2 consumption or CO2 production  

DGGE Denaturing Gradient Gel Electrophoresis: is a DNA-based technique 
which generates a genetic profile or ‘fingerprint’ of the microbial 
community; in this way the dominant members of the microbial 
population can also be established 

VAM Vesicular arbuscular mycorrhizae: specific fungi species which may 
influence the growth and nutrient uptake of rootstocks of plant and/or 
cultivar species 

PCA principal component analysis: is a useful statistical technique, based 
on specified mathematical procedures, for finding patterns in data of 
high dimension, like microbial life 

PCR Polymerase Chain Reaction: is a scientific technique in molecular 
biology to amplify a single or a few copies of a piece of DNA across 
several orders of magnitude, generating thousands to millions of 
copies of particular DNA sequence. 
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T-RFLP Terminal Restriction Fragment Length Polymorphism: is a molecular 
biology technique for profiling of microbial communities based on a 
position of a restriction site closest to a labelled end of an amplified 
gene. The method is based on digesting a mixture of PCR amplified 
variants of a single gene using one or more restriction enzymes and 
detecting the size of each of the individual resulting terminal 
fragments using a DNA sequencer. The result is a graph image where 
the X-axis represents the sizes of the fragment and the Y-axis 
represents their fluorescence intensity. 

DHA Dehydrogenase Activity: enzymatic catalysis whereby hydrogen is 
removed from a substrate and the transfer of hydrogen to an acceptor 
in an oxidation-reduction reaction. 

LD50 lethal dose 50% or sometimes also referred to as the ‘median lethal 
dose’: is essentially the amount that can be expected to cause death 
in half (i.e. 50%) of a group of some particular animal species when 
entering the animal’s body by a particular route through swallowing, 
skin absorbtion or injection. When quoting an LD50 the information 
must include the substance, the route of entry and the animal species, 
e.g. Bromocil has an oral LD50 of >193.3 µg/bee over 48 hours. 

LC50 lethal concentration 50%: is a measure for acute toxicity by 
inhalation; the LC50 is essentially the concentration of a substance that 
can be expected to cause death in half (i.e. 50%) of a group of some 
particular species when entering the body over a specified period of 
time, through breathing it in. It is reported as milligrammes of a 
substance per cubic metre (or litre) of the atmosphere to which the 
animal is exposed for the specified time. Generally, no account is 
taken of body weight when comparing values for different species. 
The LC50 of a substance should state the duration and species, e.g. 
Bromocil LC50 (rainbow trout 96-hour) 36 mg/l. 

t ½ or DT50 half-life: is the period of time it takes for the amount of substance (in 
this case the active ingredient) undergoing decay to decrease by half 
through natural processes 

TE/ha Tree Equivalent unit per hectare; 1 TE is a bush of 1.5m high, with a 
stem diameter at knee-height of 15 cm; thus, a bush of 3m height is 2 
TEs. 

EoP End of Period: denotes the end of a field research period for statisital 
purposes 

lb/ac pound per acre 

kg/ha kilogramme per hectare 

1.12 kg/ha =  1 lb/ac 

1 lb/ac =  ½ x ppm  
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ppm parts per million (an expression of chemical concentration on 
volumetric basis); may also be expressed as mg/l 

g/g and mg/l gramme per litre and milligramme per litre 

ppm x 2 =  1 lb/ac  

ppb parts per billion; an expression of chemical concentration on 
volumetric basis 

cm centimetre 

mg/kg milligramme active ingredient (e.g. tebuthiuron or bromacil) per 
kilogramme of body weight 

mg/kg/day milligramme active ingredient (e.g. tebuthiuron or bromacil) per 
kilogramme of body weight fed or ingested per day 

µg g‐1 microgramme active ingredient (e.g. tebuthiuron or bromacil) per 
gramme of soil; an expression of concentration on weight basis 

C carbon 

P phosphorus 

S sulphur 

N nitrogen 

K potassium 

O / O2 oxygen 

CO2 carbon dioxide  
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NAMES OF BUSH, TREE AND PLANT SPECIES USED IN THIS 
STUDY 
 

Botanical Name Common Name used in Namibia 

Acacia reficiens Red thorn 
Acacia mellifera subsp. detinens Black thorn 
Acacia erubescens Blue thorn, Yellow bark Acacia, withaak 
Acacia fleckii Sand-veld Acacia, geelhaak 
Acacia luederitzii Kalahari Acacia 
Acacia newbrownii  Water thorn, soetdoring 
Acacia hebeclada ssp. hebeclada Candle-pod Acacia 
Acacia hereroensis Mountain thorn 
Acacia karoo Sweet thorn 
Acacia tortilis Umbrella thorn 
Burkea africana * Burkea, Sandsering (protected specie) 
Boscia albitrunca * Shepherd’s tree (protected specie) 
Catophractes alexandri Trumpet thorn, rattlepod, Ghabbabos 
Colophospermum mopane * Mopane (protected) 
Combretum apiculatum Kudu bush 
Combretum hereroense Mouse eared Combretum 
Combretum imberbe * Leadwood (protected specie) 
Commiphora spp. Gum bearing bush; Balsambaum species 
Croton spp. Croton species, typically the lavender Croton 

and Rough-leaved Croton  
Dichapetalum cymosum Poison Leaf / Gifblaar 
Dichrostachys cinerea Sickle thorn 
Erethia alba White puzzle bush 
Euclea undulate Mountain ebony, common guarri 
Grewia flava Wild rasin 
Grewia flavescens Rough-leaved raisin 
Lycium spp. Honey thorn species 
Maytenus senegalensis Confetti spike thorn 
Mundulea sericea Silverbush 
Nicotiana glaucum Wild Tobacco 
Olea europaea ssp. africana Wild olive (protected specie) 
Phaeoptilum spinosum  Brittle thorn 
Prosopis spp. Mesquite species 
Rhigozum trichotomum Three thorn 
Rhus marlothii Bitter Karee 
Tarchonanthus camphoratus Camphor bush 
Terminalia sericea Silver cluster terminalia 
Terminalia prunioides Purple pod terminalia 
Ziziphus mucronata Buffalo thorn 

* - means these species are protected under Forest Ordinance of 1952 and Forest Act 
No. 72 of 1968 
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FOREWORD 

To be supplied by Meat Board of Namibia 
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1. EXECUTIVE SUMMARY 

One of the key objectives of this desktop study is to review the active substances used 
in generic pesticides deployed in Namibia to determine the risk or harm to human 
health (directly or indirectly) and the environment. The active chemical ingredients in 
the generic pesticides sold by the Meat Board of Namibia are tebuthiuron and 
bromacil. 

However, the responsibility for conducting health and safety testing lies with the 
producer of the active chemical ingredient. It would be proper to expect that whoever 
sponsors the active chemical ingredient must provide data and information on the 
following endpoints – identity, physical and chemical properties, impact on human and 
animal health, fate and behaviour in the environment, ecotoxicology, and residues. 

In Namibia the latter data and analysis seem to be avail to a limited extend only. 
Therefore, as the main importer of generic pesticides, the Meat Board of Namibia has 
initiated a desktop study to determine the hazard to human health (direct nationally 
through occupational hazard; and indirect internationally through meat production 
systems) and the environment in Namibia. 

Chemicals can be applied selectively by manually applying them to the roots of target 
plants. Alternatively, chemicals can be applied from the air in a non-selective manner 
over large areas. Occupational hazards exist if pesticides are not deployed according 
to directions for use. Residues of active chemical ingredients of generic pesticides 
deployed in Namibia in meat produced on Namibian rangelands could not be 
established to give cause for concern. 

Environmental fate through the possible loss of biological diversity due to the 
perpetual use of pesticides in general, regardless of their producer or tradenames, is a 
risk to the environment over the medium to long term.  

Mobility of pesticides in semi-arid soils (such as the ones found in Namibia) is 
characteristically higher and prolonged persistence of certain pesticide residues in 
semi-arid soils is therefore also higher.  

Risk of loss of soil microbial biomass by addition of bromacil over extended periods is 
recognised, even long after bromacil application was suspended. 

In the case of tebuthiuron little or no degradation takes place in semi-arid soil and 
that it is not lost by volatilisation at normal soil temperatures and is not decomposed 
by sunlight. Tebuthiuron may however be lost from soils by microbial decomposition, 
leaching, and uptake by plants.  Microbial decomposition is however not considered a 
predominant mode of degradation.  

In addition, the toxicity of pesticides to soil micro-organisms may be markedly reduced 
in soils containing large amounts of organic matter or amendments (i.e. any material 
added to a soil to improve its properties). 

Caution must be applied when deploying pesticides on Namibian rangelands. 
Surveillance and monitoring systems are recommended to be established to safeguard 
socio-economic interests and the environment. 
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2. INTRODUCTION AND PURPOSE 

While this desktop study is a useful tool for identifying relative risks from the range of 
arboricides, and tebuthiuron and bromacil specifically, it does not purport to represent 
a complete assessment of all quantitative and qualitative risks of use in Namibia. 

The purpose of the desktop study is to build upon the prior work listed above. 
Furthermore, to review and analyse the effects of deploying chemical substances 
targeted at destructing encroachment bush to improve rangeland management from 
other sources. The effects to be studied relate to especially animal (birds and 
commercial livestock) health and the immediate environment. It also incorporates 
an evaluation of best practices to minimise future bush encroachment events and 
possible negative environmental impact induced by the use of toxic chemical 
substances of which the effects are not sufficiently understood to date. The latter is 
based on publicly accessible information and documentation. 
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3. BACKGROUND AND RELEVANCE 
 
Namibia has been independent since 1990 and has a surface area of approximately 
824,000 km².  Of that area, some 60% are desert or semi-arid areas which allows 
no or only limited levels of intensive agriculture.   
 
Due to uncontrolled overgrazing seemingly caused by steady increases of the 
number of domesticated animals and long term severe droughts over decades, the 
grass component which makes up approximately 20% (von Wendorff, 1985) of the 
biomass produced on the area suitable for animal farming, has been overexploited.  
Partially as a result of grazing pressure, bush thickening/bush encroachment has 
dramatically increased in the last century.  A loss of job opportunities and a total 
collapse of many farming enterprises are directly linked to this situation. The 
standard of living in Namibia varies widely, based on the per capita income.  The 
average per capita income is approximately USD 4,000.00 per annum.  Additionally, 
based on the skewed income distribution amongst the population, the majority of 
the people living in rural areas make use of subsistence farming to sustain their 
livelihoods, adding further ecological pressure on land suitable for animal 
husbandary. 
 
Namibia is endowed with abundant natural resources, including a large biodiversity. 
Due to the necessity to convert these resources at affordable prices, the 
Government of Namibia and its implementation agencies, like the Meat Board of 
Namibia has considered various options to improve commercial livestock production, 
including improved rangeland management through the deployment of commercially 
available, registered chemical substances (mainly arboricides) which aid the 
process. 
 
Furthermore and in the context of the bush encroachment problem, various studies 
were carried out over the past thirty years or so on the potential for the utilisation 
of woody biomass to assist in recouping the costs of deploying arboricides or other 
methods to curb bush encroachment.  The area of interest concentrates among the 
commercial farming areas.  In ‘communal’ land bush encroachment has been 
reported but not to the same extend as in commercial farming areas. 
 
To date, a number of projects to combat further bush encroachment in the 
commercial farming areas concentrate on large scale arboricide spraying or manual 
application of arboricides. For communal farmland areas no large scale arboricide 
application projects where noted to date. 
 
The Government of the Republic of Namibia (GRN) and its implementing agencies in 
the agricultural sector has recognised the opportunities and constraints in deploying 
large scale use of chemical substances to curb bush encroachment in Namibia.  The 
opportunities include the development of new areas of agricultural potential, 
improved rangeland management, new economic and technological opportunities 
and scientific innovation introduced through the Kyoto Protocol. The constraint is 
that the effects of large scale deployment of arborcides are insufficiently understood 
under Namibia’s climatic conditions and their potential effects on improving the 
agricultural potential in Namibia, especially relating to water-resource and 
biodiversity constraints.  Potential production areas are remote from Windhoek and 
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Walvis Bay, the economic hubs of Namibia.  The aforementioned constraints make 
the consultancy and its outcome relevant, considering that the livestock is produced 
in rural areas (including commercial farmland) and value is added before marketing 
of the livestock products. 
 
The direct beneficiaries of a focused desktop study which at least identifies 
impending commercial risks of arboricide application are the producers and 
processors (small and large scale) in the areas with high agricultural potential.  The 
desktop study is also aimed at interested parties and the government highlighting 
the pros and cons of arboricide deployment in environmental and socio-economic 
terms, taking into account the unique characteristics and drawing upon international 
experience in the use of arboricides. 
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4. OBJECTIVES, BENEFICIARIES AND TERMS OF REFERENCE 
 
To date and even though a number of extensive studies have been carried out over 
the past 30 years on how to deal with bush encroachment in Namibia’s rangeland, 
there is still no coherent summary of the full socio-economic and ecological impact 
assessment on diminishing and/or eradication of encroachment bush by mechanical or 
chemical means . Specifically, the effects of large scale deployment of arboricides, 
possibly containing harmful substances which fall below the minimum allowable 
concentrations, are not sufficiently documented and understood. A review of relevant 
literature is thus undertaken to source information to map a way forward for in-depth 
investigation on the “possible environmental effects of the arboricides Tebuthiuron 
and Bromacil the applicability of results of such studies to Namibian conditions and 
recommendations for future research interventions”. 
 
Especially commercial livestock farmers utilise registered arboricides. However, with a 
new programme on the drawing board of the Ministry of Agriculture, Water and 
Forestry to curb bush encroachment nationally, communal farmers may also start to 
deploy the use of arboricides to achieve improved rangelands which is in favour of 
livestock production. 
 
But, as alluded to in the Terms of Reference, the effects of using such arboricides are 
to date not documented, nor has an investigation or analysis taken place on 
recognition of prior knowledge.  
 
Thus, the desktop study should render mainly policy makers, inter alia the Meat Board 
of Namibia with sufficient information and guidelines on how to go about a coherent 
and comprehensive field research in this regard. It is understood that the Meat Board 
of Namibia will be the focal point to lead the way forward. 
 
The potential, advantages and disadvantages for bush encroachment control by using 
arboricides in a wide range of scenarios needs to be carefully costed and described 
and presented as a sound socio-economic and ecological case.  Therefore, thorough 
literature review would provide an indication on how costing is be structured, and 
what further research is required to safeguard socio-economic and environmental 
interests.  This desktop study is based on information sourced nationally and 
internationally, also incorporating principles of good/best practice which could be 
replicated in Namibia.  
 
The additional research, including field research, which may be required, is based on 
evaluating and analysing information. The expected field research would then need to 
consider aspects on improved land use, reduced probabilities of future bush 
encroachment, infrastructural/logistical development and the continuation of quality 
livestock production systems over the medium to long term.  A longer term aim would 
be the development of strategies to limit deployment of arboricides in favour of 
alternative rangeland management systems as envisioned by the ‘Strategic Plan for 
the Development of an Encroachment Bush Based Industry’ (Ministry of Agriculture, 
Water and Forestry, 2010) and the ‘Rangeland Management Strategy’ (Namibia 
Agricultural Union, 2010). These measures aim at safeguarding livestock production 
systems which produce ‘consumer friendly’ meat products, retain soil quality 
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(improved crop yields, good water retention and release of micro-nutrients to the 
crop), and reduce the occurrence of bush encroachment. 
 
A focussed research following desktop research and detailed field research, which 
brings together livestock producers, meat processors, meat product marketers and 
policy makers and / or regulators will ensure that the intermediate objectives of the 
study can be implemented to benefit all of the people of Namibia, e.g. sustainable 
socio-economic and ecologically friendly production systems and contributing 
substantially to the Namibian gross domestic product.  Key beneficiaries would be 
farmers, livestock owners and abattoirs, meat/food processors, consumer product 
distributors and consumers nationally and internationally. 
 

4.1. Methodology 
 

Based on desktop research, advise on the possible long term effects of arboricides 
on the environment, mainly Namibian rangeland by proposing concrete 
interventions necessary for field research at a later stage (to be decided by the 
Meat Board).  
 
For this purpose, a selection of representative arboricide products sold in Namibia, 
in particular those sold by the Meat Board of Namibia, and which contain the most 
commonly used active ingredients, namely bromacil and tebuthiuron were chosen 
for readings in this study. 
 

4.1.1. Specific actions/interventions 

 

4.1.1.1. A review, evaluation and analysis of Environmental Impact 
Assessments and similar studies conducted elsewhere in the world on 
the two active ingredients of arboricides sold by the Meat Board of 
Namibia (tebuthiuron and bromacil). The study analysed and presents 
findings especially on the accumulation of the chemicals in  

 
� Ground water 
� Surface water 
� Non-target plant species, especially grass and protected bush/ 

tree species 
� Soil at different depths 
� Non-target plant species, especially grass and protected bush/ 

tree species 
� Livestock (namely cattle, sheep and goats) 
� Wild mammals 
� Birds 
� Microbial life of soils 

 
Furthermore, the impacts of selected arboricides on air quality and 
toxicity levels of selected arboricides to other chemicals used in 
agriculture were investigated. 
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Special attention was given to studies investigating the chemicals in 
an environment and climatic conditions similar to those of Namibia. 
Further, focus was on studies investigating the impact of these 
chemicals where applied for a similar purpose (bush encroachment) as 
in Namibia. 

 
Although not prescribed by the terms of reference human health 
impact during the application of, or exposure to arboricides was 
assessed. Rationale is to determine and recommend suitable health 
and safety precautions, and social impact assessment, if any.  The 
latter relates to determination of experiences, sentiments and 
preferences regarding the utilisation of arboricides amongst 
communities in Namibia. For example, is aerial spraying preferred over 
manual application?  

 
Furthermore the secondary effects due to bio-accumulation in upper 
tropic level species were considered too. 

 

4.1.1.2. An investigation and presentation of the results from point 4.1.1.1 
with regards to the applicability of the results to the Namibian 
rangeland conditions are provided, i.e. what results from other studies 
are transferable to and to which extent to Namibian conditions and 
where there is a lack of transferable information, and how gaps could 
be filled.  

 

4.1.1.3. Based on the outcome of points 4.1.1.1 and 4.1.1.2, formulations of 
specific research objectives for the Meat Board to be considered in the 
future are provided. The research should aim at filling gaps of 
knowledge on the socio-economic and environmental impact of 
arboricides used on Namibian rangeland. This includes formulation of 
research questions, methodology, estimated budget and timelines for 
further research, and the need for intensive stakeholder consultations.  

 
The effects and possible accumulation, where found relevant, were 
investigated on previously treated land. However, limited to already 
available literature, and not based on new field work and/or laboratory 
work. 

 
The work was completed by three (3) professionals in the field of bush encroachment 
dynamics, chemical analysis, chemicals/arboricides application and soil microbiology 
within three (3) calendar months. 
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5. EFFECTIVENESS OF ARBORICIDE USE IN THE NAMBIA 
 
The purpose of this chapter is not to compare various arboricides with each other, nor 
to compare active ingredients with each other. Every type of arboricides is formulated 
for a specific use and purpose. Rather, to describe the arboricide and its active 
ingredient formulated for a specific purpose, and subsequently its effectiveness. 
 
Various common names are given to toxic chemical components and compositions 
targeted to kill undesired organisms. These range from pesticide (general for all 
undesired organisms), herbicides (for all undesired plant species) to arboricides (for all 
undesired tree species). In line with the purposes of this work, there is general 
reference to arboricides only. Occasionally, herbicide activity will be mentioned where 
toxic chemical components or compositions are referred to affecting plant life in 
general. 
 
The ideal pesticide should be, a) toxic only to the target organisms, b) biodegradable, 
and c) not leach into groundwater.  For general eco-toxicological reasons the 
detection of harmful effects is required, especially since intact microbial and arthropod 
populations contribute to soil fertility.  The effects of chemicals on microorganisms in 
soils depend on their inherent toxicity, diverse internal and external factors such as 
temperature, moisture, pH, humus and clay content, nutrient status, and particularly, 
interactions between the applied chemicals and different soil components.  Some sites 
are more vulnerable than others, because of the soil type and/or topography.  Deep 
sands are more permeable than clay soils; thus groundwater is more vulnerable at 
such sites. 
 
Currently, the use of herbicides in agriculture is rationalised by claims that they 
sustain high crop productivity, reduce input costs, reduce drudgery and provide high 
profit margins.  Although most herbicides are specifically plant poisons and, with the 
exception of the herbicide paraquat, not very toxic to animals, they can induce large 
changes in vegetation cover, which can indirectly upset the balance in an ecosystem 
through changes in the habitats of living organisms within that habitat (Johnen & 
Drew, 1977; de Beer, 2005).  Very little is known about the behaviour of many 
herbicides in soil and in many cases the influence of soil characteristics is not 
investigated systematically and therefore not taken into account in terms of potential 
environmental impact.  This lack of information includes not only input data, but also 
the further fate of chemicals in soils including their side effects on the soil biology (de 
Beer, 2005). 
 
Arboricides are commercially available in different forms. The forms in which 
arboricides are available commercially are as a liquid, powder which is to be mixed 
with water prior to application and pellets. Some arboricides can also be mixed with 
Diesel for higher effectiveness, however value for money becomes questionable. Other 
arboricides are best used in conjunction with wetting agents immediately prior to 
application. 
 
Various methods for application are available, namely aerial spraying, mechanical 
spraying or manually. Manual application is even further differentiated into stem 
treatment, foliage treatment and soil application near the tree to be treated. 
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For aerial application a number of climatic conditions as well as morphological and 
physiological factors of the plants to be treated need to be taken into consideration. 
Climatic conditions to be considered include precipitation, relative humidity, wind 
speed, day and night temperatures. Morphological and physiological factors include 
age of trees / bush, state of growth and amount of foliage cover. 
 
Especially the mixing procedure is crucial for arboricide effectiveness. Furthermore, 
weather conditions at the time of application influence arboricide effectiveness further. 
For example, should it rain within four hours after aerial application, effectiveness of 
the arboricide is very likely to fail. 
 
Effectiveness of arboricides is further influenced by its chemical composition stability. 
Some arboricides show effect over more than one season. Should an arboricide not 
show effect in the first season, the effect may still become visible in the second. Other 
arborides’ durability is limited to between three weeks and ten months, regardless of 
the season it was applied. Pellets may be effective over a period of three years, 
depending on precipitation. During a good rainy season, effectiveness of a pellet type 
arboricide may be faster. 
 
Soil composition and root depth further influence the effectiveness of arboricides of 
the pellet type. As the clay contents of the soil increases, the effectiveness of the 
arboricides decreases. With a clay contents of 15% and higher, higher dosages are 
required. Where roots are superficial, even with a clay content of 35%, arboricide 
effectiveness is still satisfactory at normal, recommended dosage. 
 
In general, all arboricides kill plant species. Selectivity in arboricide application is key. 
Therefore, the quantity of encroachment bush to be killed by and large determines 
which application method should be used. Dosage of application should also be 
carefully monitored. Recommended dosage for a certain bush / tree type to be killed 
as well as application methods as described in the manual accompanying arboricide 
purchases should be strictly followed. This is important for health and safety of the 
applicant as well as to ensure that only problematic plant species are killed and 
consequently eradicated. Some arboricide types even kill grass at recommended 
dosage. 
 
The advantages and disadvantages of methods of applications are discussed in more 
detail in conjunction with the active ingredient type below. Under mentioned, an 
overview: 
 
Tebuthiuron and bromacil belong to a chemical group of herbicides that are upwardly 
mobile in the transpiration stream only (i.e. apoplastically).  They are both 
photosynthesis inhibitors resulting in loss of chlorophyll and carotenoids and leaky 
membranes which allow cells to disintegrate.  More specifically, they disrupt the 
plastoquinone protein during electron transport at photosystem II (PSII).  They are 
both known for their excellent soil activity but known to have foliar activity as well.  
Soil persistence varies from weeks to months depending on the compound, dose and 
soil pH. 
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Tebuthiuron is one of the chemical groups known as phenyl-ureas.  It is a persistent, 
soil applied herbicide used to control brush and weeds (Scifres et al. 1979; Pettit 
1979; Herbel et al. 1985; McDaniel & Balliette 1986).  It is readily absorbed through 
roots, less so through foliage, and is readily trans-located upwards.   
 
Bromacil is one of a group of compounds called substituted uracils.  These materials 
are broad spectrum herbicides used for non-selective weed and brush control on non-
cropland, as well as for selective weed control on a limited number of crops, such as 
citrus fruit and pineapple (De Paz & Rubio, 2006;  Alavi et al., 2008) and invasive 
woody species (Dube et al., 2009). 
 
In conclusion to the above, essential knowledge for successful bush control include 
the following (van Eck and Swanepoel, 2008 - 1): 
 

• The root system of the plant. 
• Physiological functions of the bush. 
• Soil (clay percentage, pH, depth and organic matter) 
• Which arboricide to use on a particular species; which application method yields 

the best results; and when (in which month) to apply the arboricide. 
• Product cost. 
• Labour cost, including which skills are needed to apply the aboricide in a 

responsible manner. 
 
Recommendations (Bester, 1985 - 2) of bush encroachment control with chemical 
components include the following: 
 

• The farmer should be able to farm sustainably; thus farm planning is key. 
• Areas severely affected by bush encroachment bush should be treated one-off. 
• Treated areas should be left to rest for at least two seasons to provide 

perennial grass species with an opportunity to produce sufficient seed and 
stabilise growth. 

• Treatments should be well planned to accommodate treatment and resting 
cycles of affected areas. 

• Reoccurrence of bush encroachment will always happen; therefore, bush 
encroachment control and follow up treatments are essential. 

• The costs of chemical control of bush encroachment are of such nature, that 
even with subsidies, farmers are unable to carry the cost over long periods 
(Honsbein, et. al., 2010 - 3). 

5.1. The bush encroachment problem in Namibia 
 

Various authorities thus far have endeavoured to adopt ways and means to deal 
with challenges posed by bush thickening and bush encroachment.  This 
phenomenon is said to be spread over an area of some 26 million hectares (Figure 
1 and Table 1), on farming land on both freehold and non-freehold land.  Densities 
of bush encroachment vary widely, with an average yield of between 13 and 18 
tonnes per hectare, depending on the climatic region and soil condition in a specific 
area. Table 1 under mentioned elaborates the situation as such. 
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Figure 1. Dominant invader bush species and bush densities in different 
parts of affected areas (commercial and communal agricultural 
areas; description of areas follow in Table 1) (Bester, 1981 & 
1999 - 4, 5)  

 

Table 1. Approximate area covered by different dominant bush species in 
commercial and communal agricultural areas (Zimmermann and 
Joubert, 2002-6) 

Category of thickened bush Hectares 

No. on Map 
(Figure 1) 

Main bush species Bush density 
(avg. no. per 

hectare) 

Commercial 
Land affected 

Communal Land 
affected 

1 Colophospermum mopane 2,500 1,451,000 2,986,000 
2 Acacia reficiens 3,000 1,676,000 691,000 
3 Acacia mellifera subsp. 

detinens 
2,000 3,360,000 195,000 

4 Colophospermum mopane 4,000 482,000 1,090,000 
5 Acacia mellifera subsp. 

Detinens 
8,000 2,067,000 13,000 

6 Acacia mellifera subsp. 
detinens 

4,000 2,692,000 210,000 

7 Dichrostachys cinerea 10,000 2,513,000 1,220,000 
8 Acacia mellifera subsp. 

detinens 
5,000 950,000 2,453,000 

9 Terminalia sericea 8,000 586,000 1,624,000 
10 Rhigozum trichotomum 2,000 No mentionable commercial use 

TOTAL 15,777,000 10,482,000 
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Other bush species considered to be problematic in Namibia are listed as follows: 
 
Acacia species: 
 

• A. erubescens 
• A. fleckii 
• A. luederitzii 
• A. newbrownii (north-western and southern Namibia)  

 
Other invasive species are: 
 

• Terminalia prunioides (northern and north-western Namibia) 
• Catophractes alexandri 
• Prosopis spp. (especially riverbeds) 
• Nicotiana glaucum (riverbeds) 
• Phaeoptilum spinosum (Seeeis area) 
• Dichapetalum cymosum (Bester, 2005 – 7) (grows in association with trees 

like Combretum spp., Burkea africana and Terminalia sericea) 
 

From forest and bush inventories carried out in mainly communal farming areas by 
the Directorate of Forestry from the mid-1990s to the mid-2000s it became clear 
that the bush densities translate into a potential biomass harvest of between 7 to 
24 tonnes per hectare.  
 
Table 1 provides a good indication on the total quantity of bush encroachment. 
This quantification is largely based on leave cover, captured by geographic 
imaging. Details however lack in terms of the specific quantities of standing wood 
density in the specific locations in commercial farming areas. To obtain a good 
estimation, farmers affected by bush encroachment were identified and 
interviewed in the context of the cost benefit analysis (3). General consensus was 
reached that the average biomass harvest over the affected areas was established 
to be between 10 and 13 tonnes per hectare, considering commercial harvesting 
and ecological viability (4; 6), regardless of the harvesting method employed. 
 
To overcome bush encroachment various means of bush thinning or total clearing 
can be employed. These range from manual harvesting by axes or slashers, semi- 
and mechanical harvest, bulldozing of large areas, to application of arboricides. 
The focus of this work is on the effect of arboricide application on mainly the 
natural and socio-economic environment. 

5.2. Arboricides used prior to 2000 

 
During 1974 the Department of Agriculture, under the then South African authority 
over Southwest Africa, started with aerial arboricide spraying to contain bush 
encroachment. The only arboricide which at that point in time could offer a 
possibility to contain bush encroachment at a realistic price was Tordon 225. This 
is the same arboricide which was used in the USA to contain Mesquite (Prosopis 
ssp.). Additional research enabled that Tordon 225 could then be applied 
commercially as of 1980. 



 27

 
The forms and types of arbrocides which were available, and their method of 
application were as follows: 
 

5.2.1. Forms in which arbrocides were available 

Table 2. Arboricide Types available in Namibia. 

FORM ARBORICIDE Active Ingredient 

Pellets or Grains Hyvar X 10G* Bromacil 500g/l 
Ustilan 10G* Ethidimuron 100g/l 
Graslan 20* p Tebuthiuron 200g/l 

Liquid Tordon 225, later replaced by 
Tordon Super 

Picloram 15% 
2,4-5 T (Trichlorophenoxyacetic 
acid) – “Agent Orange”; today 
replaced by Triclopyr, 15% 

Tordon 155, later replaced by 
Tordon 22K 

Picloram 15% 
2,4-5 T (Trichlorophenoxyacetic 
acid) – “Agent Orange”; today 
replaced by Triclopyr, 15% 

Wetable powder 

(not soluble) 

Ustilan Ethidimuron 100g/l 

*10 denotes 10% active ingredient, 20=20% active ingredient; G=pellet or grain 
 
Today, Tordon Super is replaced by Garlon 4. It is used for treatment of stems of 
Prosopis spp..  Tordon 22K is used for treatment of Lantana and Poison-Leaf. 

5.2.2. Methods of application of arbrocides 

Table 3. Arboricide Applications. 

METHOD OF APPLICATION ARBORICIDE 

Aerial spraying, equivalent to leaf 

treatment 

Tordon 225, later replaced by Tordon Super 

 Graslan 20p 
Individual stem treatment Hyvar X 10G 
 Graslan 20p 
Manual application (pellets or grains) Ustilan 
Manual application (spraying) Tordon 155, later replaced by Tordon 22K 
 Ustilan 
Manual application (like painting it 
on) 

Tordon 155, later replaced by Tordon 22K 

 

5.3. Arboricides commonly available currently and their 
effectiveness 

A plethora of pesticides are available in Southern African market. Essentially these 
contain the five active ingredients or a combination thereof, that is  

• Bromacil (e.g., Bromotril, Bushwacker, Brushfree, Borea, Bromax 4G, 
Bromax 4L, Borocil, Cynogan, Hyvar X, Hyvar XL, Isocil, Krovar, Rout, 
Uragan, Urox B, Urox HX)  
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• Ethidimuron (e.g., Ustilan)  

• Tebuthiuron (e.g., Molopo SC, Molopo GG) 

• Picloram (e.g., Access, Tordon Super) 

• Triclopyr (e.g., Garlon, Turflon, Redeem, Crossbow, Grazon, ET, Plantgard, 
Savage, Salvo, Weedone, Weedtrine II). 

The following selected arboricides, enlisted in Table 4 are mostly traded on the 
Namibian market (8), other than arboricides sold by the Meat Board of Namibia, 
currently. As also highlighted below, it seems that only selected tradenames are 
preferred options for farmers to control bush encroachment. These are Molopo, 
Savanna, Bundu and Brushfree. 

 

Table 4. Selected tradenames and active ingredients of arboricides 
mostly sold in Namibia. 

Registered 

trade name 

Active 

ingredient 

Formula Application Target plants 

Bromotril Bromacil Suspension 
concentrate 

Manual spray Perennial grasses, 
brush 

Bushwacker Bromacil Granules Aerial and 
manual 

Perennial grasses, 
brush 

Bushwacker Bromacil Suspension 
concentrate 

Aerial and 
manual spray 

Perennial grasses, 
brush 

Bromoxynyl Bromacil Suspension 
concentrate 

Manual spray Perennial grasses, 
brush 

Brushfree Bromacil Suspension 
concentrate 

Manual spray Perennial grasses, 
brush 

Brushfree Bromacil Granules Manual Perennial grasses, 
brush 

Bundu Tebuthiuron 
Bromacil 

Suspension 
concentrate 

Manual spray Broadleaf and 
woody weeds, 
grasses and brush 

Access Picloram  
(as potassium 
salt) 

Suspension 
concentrate 

Manual and aerial 
spray 

Woody plants, 
broadleaf weeds 

Browser Picloram  
(as potassium 
salt) 

Suspension 
concentrate 

Manual and aerial 
spray 

Woody plants, 
broadleaf weeds 

Savanna Tebuthiuron 
Bromacil 

Suspension 
concentrate 

Manual spray Broadleaf and 
woody weeds, 
grasses and brush 

Molopo Tebuthiuron Suspension 
concentrate 

Manual spray Broadleaf and 
woody weeds, 
brush 

Molopo Tebuthiuron Granules Manual and aerial Broadleaf and 
woody weeds, 
brush 

 
Not all arboricides are equally effective with the various types of identified bush 
encroachment species. Neither are the commercially available arboricides equally 
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effective with the various densities (measured in TE/ha) of identified problem 
species. The registration holders of the various types of pesticides categorically do 
not warrant the effectiveness under all conditions. The reason being that the action 
and effect of the pesticide may be affected by factors such as abnormal soil, 
climatic and storage conditions; quality of dilution water / solvent or wetting agent; 
compatibility with other substances not indicated on the label and the occurrence 
of resistance of weeds against the remedy concerned as well as by the method, 
time and accuracy of application. 
 
Dichrostachys cinerea is especially difficult to contain, either by aboricide 
application or by physical destruction. Specifically bulldozing exponentially spurs off 
bush re-growth of this species. It is found that if Dichrostachys cinerea can be 
contained by a certain arboricide in a certain area, the likelihood for containment 
of other bush encroachment species of equivalent density and habitat can also be 
contained. Furthermore, arboricides are toxic to all tree species; arboricides do not 
discriminate among target or non-target plant species. It is therefore very 
important that the farmer understands his/her bush encroachment problem well 
before engaging in bush thinning or eradication on the farm. It is also important to 
identify the soil type of the farm in the areas affected by bush encroachment. This 
is discussed in detail below. 
 
It may also be necessary for the farmer to engage in physical harvesting or 
thinning of bush prior to the application of arboricides. This method may become 
time consuming and expensive. However, in either case to truly contain bush 
encroachment, one-off or initial treatments alone are useless. A good follow-up 
and aftercare treatment plan is as important as the initial treatment when 
engaging in true rangeland management.  
 
Commercially available arboricides with active ingredients under investigation in 
this study are Molopo, Limpopo, Savanna, Bundu and commonly called “Chinese 
Arboricides – e.g., MBN-BR-800-WP” (active ingredient bromacil) as sold by the 
Meat Board of Namibia. The effectiveness of commercially available arboricides 
other than the “Chinese Arboricides” vis-à-vis bush encroachment thinning or 
eradication is enlisted in Table 5. 
 
Below a summary of trials conducted in engaging physical bush harvesting or 
thinning and aboricide application Dichrostachys cinerea at various densities. 
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Table 5. Effectiveness of selected types of arboricides to contain 
Dichrostachys cinerea in northern Namibia (adapted from Error! 
Bookmark not defined.); trials were conducted in the period 2001 - 
2006 

Bush Density 
(TE/ha����>) 

2,650  

(1,750-
2,600 target 

spp) 

3,150  

(2,800-
2,950 target 

spp) 

3,700  

(3,050-
3,700 target 

spp) 

4,150 

(3,600-
3,900 target 

spp) 

>4,300 

(2,800–
>4,700 target 

spp) 

Physical bush 
thinning/harvest 

before arboricide 
app 

Yes, all target 
species 
cleared by 
chainsaw 
prior to 
arboricide 
application 

No Yes, all target 
species 
cleared by 
chainsaw 
prior to 
arboricide 
application 

No No 

Arboricide 
treatment (active 

ingredient & 

quantity) 

2% Access 
(240g/l 
Triclopyr 
24%) per 
Actipon water 
mixture; 
stump 
treatment 

1% Tordon 
Super 
(120g/l 
Picloram 12% 
+ 240g/l 
Triclopyr 
24%) and 
Actipon water 
mixture; foliar 
manual 
spraying 

2% Tordon 
Super 
(120g/l 
Picloram 12% 
+ 240g/l 
Triclopyr 
24%) and 
Actipon water 
mixture; 
manual 
spraying 
within 1hr of 
being cut 

1% Access 
(240g/l 
Triclopyr 
24%) per 
Actipon water 
mixture; foliar 
manual 
spraying 

Molopo 200GG 
P (Tebuthiuron 
20%); manual 
granules 
application; 
different doses 
to the various 
bush heights; 
leading to 70% 
overdosed 

Effectiveness (1st 

year result) 

80% 30% 52% 35% 91% 

Effectiveness (EoP 
result) 

100% 45% 90% 40% 98% 

Recommendations Method is 
time 
consuming & 
expensive; 
therefore 
limited for 
clearing 
fences, roads, 
roadsides 

Foliar 
spraying is 
only 
recommended 
as aftercare 
treatment on 
bushes ≤ 
1TE; 
especially 
effective on 
coppices  

Method is 
time 
consuming & 
expensive; 
roughly 
double the 
cost of 
Access, as, 
Tordon Super 
is an oil 
based 
suspension to 
be mixed with 
Diesel; 
success 
comes at very 
high 
monetary cost 
 
 
 
 
 
 
 

Foliar spraying 
is only 
recommended 
as aftercare 
treatment on 
bushes ≤ 1 
TE; especially 
effective on 
coppices  

Highly 
recommended to 
treat bush 
densities ≤ 
2,000 TE all at 
uniform tree 
heights of <2m;  

Physical bush 
thinning/harvest 

No No No No No 
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Bush Density 
(TE/ha����>) 

2,650  

(1,750-
2,600 target 

spp) 

3,150  

(2,800-
2,950 target 

spp) 

3,700  

(3,050-
3,700 target 

spp) 

4,150 

(3,600-
3,900 target 

spp) 

>4,300 

(2,800–
>4,700 target 

spp) 

before arboricide 

app 
Arboricide 

treatment (active 
ingredient & 

quantity) 

Molopo GG 

P200 
(Tebuthiuron 
based); 
manual 
application of 
pellets close 
to target spp 
stem; 

Savanna SC 

500 
(Tebuthiuron 
25%, 
Bromacil 
25%); liquid 
diluted with 
water; 
manual 
application to 
soil near 
target spp. 
stem; target 
spp. at 
uniform 
height of 2-
4m 

2% Access; 
(240g/l 
Triclopyr 
24%); 
manual foliar 
spraying, also 
to bush 
>1,5m height 

Molopo SC 

500 
(Tebuthiuron 
50%); liquid 
diluted with 
water; manual 
application to 
soil near 
target spp. 
stem; target 
spp. at 
2ml/0.5m 
bush height 

Molopo GG 

200P; aerial 
application; due 
to aerial 
application also 
no target spp. 
were eradicated, 
like Combretum 
apiculatum, 
Albizia 
anthelmintica, 
Tarchonanthus 
camphorates; 
target spp. also 
included D. 
cinerea,  A. 
mellifera, A. 
luederitzii, G. 
flava, G. 
flavenscens, M. 
Sericea, C. 
alexandri 

Effectiveness (1st 

year result) 

96% 75% 25-28% 40% 95% 

Effectiveness (EoP 

result) 

96% 80% ~30% 55% 95% 

Recommendations Highly 
recommended 
<2,000 TE/ha 
only; more 
arboricide is 
needed when 
tree heights 
increase, 
limiting this 
arboricide 
effectiveness; 
determination 
of bush 
density is thus 
key 

Best arbrocide 
to combat 
target spp., 
applied 
manually to 
uniform bush 
stand heights 
of 1-2TE units 

Cannot be 
recommended 
to bush>1.5m 
height as 
manual 
spraying 
cannot reach 
foliage; only 
recommended 
for coppicing 
bush as 
follow-
up/aftercar 
method 

Highly 
recommended 
at 2,500 
TE/ha only; 
more 
arboricide is 
needed when 
tree heights 
increase, 
limiting this 
arboricide 
effectiveness; 
determination 
of bush 
density is thus 
key 

Manual v’s aerial 
application cost 
differ 
substantially due 
site specificities; 
manual app is 
selective, thus 
cost intensive; 
aerial app is 
cheaper at 
higher bush 
densities, but 
non-selective; 
bush density 
determination of 
target v’s non-
target spp is 
thus very 
important before 
aerial spraying is 
employed; 

EoP=end of period 
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5.4. The effectiveness of “Chinese Arboricide” with active 
Ingredients – Tebuthiuron , Bromacil and a 
combination of Tebuthiuron and Bromacil 

 
Trials were conducted by Lubbe and van Eck (2008 - 9) to test the effectiveness of 
the active ingredients contained in the so called “Chinese Arboricides” on various 
farms invaded by Dichrostachys cinerea and Acacia mellifera and growing on soils 
with a clay content varying from 8% to 25%. 
 
The arbrocides were mixed and applied manually to the soil close to the stem to be 
treated using a 5l container and syringe. For every 0,5m bush/tree height, 2ml 
arboricide was emitted. The syringe was calibrated to emit exactly 2ml with every 
application. 
 
It was reported (9) that constraints hampered repetitive trialing. Nevertheless, 
could the effectiveness of the arboricide be tested sufficiently to make initial 
conclusions. On average, some 3% of bush mortality is due to natural causes. The 
remainder of mortality on the trial plots can be attributed to chemical treatment of 
the bush. 
 
A. mellifera and D. cinerea were the main species targeted, but the following 
species were also treated: A. hebecleba, A. hereroense, A. reficiens, Catophractes 
alexandri, Combretum apiculatum, Commiphora spp., Erethia alba, Grewia flava, G. 
flavescens, Lycium spp., Mundulea sericea, Phaeoptilum spinosum, Rhus marlothii, 
Tarchonanthus camphoratus and Ziziphus mucronata.  
 
If all treated species are taken into account, it seems that bromacil 80% WP 
(traded by the Meat Board as MBN-BR-800-WP), is consistently less effective than 
tebuthiuron and the mixture. Bromacil has nonetheless caused the death of 76% of 
bush. The lowest mortality rates for tebuthiuron and the mixture were between 
76% and 67% respectively for all trial sites. The highest mortality with tebuthiuron 
and mixture were between 91% and 87% respectively. 
 
It appears to be more difficult to eradicate D. cinerea than A. mellifera with the 
“Chinese Arboricides”. The highest D. cinerea mortality rate of 60% was achieved 
through the mixture. Higher dosage may be needed with the “Chinese Arboricides” 
to achieve the desired mortality results of D. cinerea. 
 
Except for one incident, it also seems that tebuthiuron and a mixture of 
tebuthiuron and bromacil, perform consistently better on A. mellifera. Tebuthiuron 
and the mixture are almost equally effective, with the poorest mortality achieved 
as measured by 84% and 76% respectively. 
 
It further seems that a high clay content of 25% as measured at some sites may 
explain the poor performance of bromacil on A. mellifera specifically. Clay content 
of the soil does not seem to influence the effect of tebuthiuron and the mixture on 
any of the species treated. 
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5.5. Lessons learnt on chosing the active ingredient, and/or 
mixture of components to treat encroachment bush 

 
As duly explained by Table 527 and, Sections 5.3 and 5.4 above, effectiveness of 
an active ingredient does not only depend on the chemical composition of the 
arboricide itself. There are multiple factors which influence on arboricide’s 
effectiveness. The most important one seemingly being the species to be treated 
itself and the method of application chosen. Dichrostachys cinerea is best treated 
by a combination of physical harvest and chemical treatment, with the physical 
harvest preceding chemical treatment. However, if only chemical treatment is 
chosen as preferred option, D. cinerea best react to foliar application when treated 
in the early stages of growth, i.e. when the bush is still less than 2m high. Acacia 
species in general react well to treatments equivalent to D. cinerea. Mortality of 
Acacia species is more easily achieved than D. cinerea.  
 
Soil composition, notably clay content largely influence which arboricide is to be 
selected to treat bush encroachment. For example, bromacil seems to work better 
in sandy soils, while tebuthiuron and a mixture between tebuthiuron and bromacil 
work equally well on sandy and high clay content soils. 
 
Weather conditions and seasonality must be taken into account when applying 
arboricides. This is specifically crucial to aerial spraying of arboricides. The 
temperature should not exceed 28°C and it should not be windy. Relative humidity 
should also not exceed 50%. Aerial spraying should only be applied to areas where 
bush encroacher species constitute more than 70% of the vegetation composition; 
and the main target species should react well to foliar application of arboricides. 
Arboricides applied by aerial spraying are non-discriminative, thus even non-target 
vegetation may dieback.  
 
For manual application of arboricides, whether soil or foliar application, effect is 
best achieved at least 4 hours before it starts to rain. However, for soil 
applications, water is necessary for the active ingredient to reach the root system 
of the target species. In a very good rainy season, too much leaching of the active 
ingredient would occur, rendering the arboricide non-effective in that year. Some 
arboricides are active for one season only (details to follow in later sections) and 
therefore follow-up and aftercare treatments may be necessary to obtain the 
desired results. Other arboricides are effective over several seasons (details to 
follow in later sections) and therefore specific caution and care must be given to 
the dosage applied to the site and the target species. The effect of the arboricide 
may only be visible 1 to 3 years after the arboricide was applied. 
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6. ASSESSING THE ENVIRONMENTAL IMPACT CAUSED BY 
PESTICIDES 

 

6.1. Description of Tebuthiuron 
 
IUPAC name: {N-[5-(1,1-dimethylethyl)-1,3,4-thiadiazol-2-yl]-N, N'dimethyl-urea} 

Assumed inert ingredients: generic tebuthiuron is common sold in Namibia as 
tebuthiuron 50% SC. SABS (10) attested the content of the active ingredient to be 
527 g/l. It is therefore assumed that the inert ingredient content is 473 g/l. 
However, the specific description of the inert ingredients are not available. It is 
also beyond the scope of this study to have identified them chemically. 

Tebuthiuron is described (Emmerich, 1985 - 11) as a colourless, light-stable solid 
that melts between 150 and 160°C and thermally decomposes into its chemical 
parts at, or slightly above, its melting temperature. Its vapour pressure is 
extremely low, hence there is little volatisation into the atmosphere. Tebuthiuron 
solubility in water is 2,300 parts per million. This is higher than most other 
herbicides, which suggests that there is a greater potential for transport from the 
site of application through a soil profile or in run-off water. Formulations of 
tebuthiuron are an 80% active ingredient as a wetable powder, 20 and 40% active 
ingredient in pellets, and 14% active ingredient as granules.  

Aerial application or manual spraying (soil or foliar) of tebuthiuron is the most 
common method used for application on rangeland in Namibia (see Table 5). 

Tebuthiuron is taken up through the plant roots and translocated to the leaves. 
Research work (11), with leaf cells from navy beans, indicate that tebuthiuron 
inhibits photosynthesis in the leaves and prevents plants from using the sun’s 
energy for growth. In sensitive plants, leaves become chlorotic, exhibit symptoms 
of aging, and are shed. Cycles of shedding and re-growth of new leaves continue 
until the carbohydrate energy reserves are exhausted and the plants die. 

The effectiveness of tebuthiuron to combat bush encroachment is mainly 
determined by rainfall pattern after application. Where rainfall is sufficient and at 
least persistent over 2 rainfall seasons, activation of the arboricides and its 
consequential results will be quicker (Versfeld, 1988-12). 

6.2. Description of Bromacil 

IUPAC name: {5-bromo-6-methyl-3-(1-methylpropyl)-2,4(1H,3H)pyrimidinidione} 

Assumed inert ingredients: generic bromacil is common sold in Namibia as MBN-
BR-800-WP. SABS tests results were not available to this study. However, from 
similar formulations available on the Namibian market, the ‘800’ in MBN-BR-800-
WP denotes that the active ingredient should be at least 800 g/l. It is therefore 
assumed that the inert ingredient content is 200 g/l. However, the specific 
description of the inert ingredients are not available. It is also beyond the scope of 
this study to have identified them chemically. 
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bromacil is described (Utah State University-13; EXTONET-14) as a broad 
spectrum, systematic herbicide for use on annual and perennial weeds, bush, 
woody plants and vines. It is an odourless, white chrystalline solid and melts at 
158-159°C. Bromacil solubility in water is 815mg/l. Bromacil is also soluble in 
solvents like xylene, acetone, acetonitrile, ethyl alcohol and sodium hydroxide.  

Bromacil as chemical disrupts photosynthesis by blocking electron transport and 
the transfer of light energy. Bromacil is one of a group of components called 
uracils. 

Bromacil is available in granular form, water soluble liquid and wetable powder 
formulations. 

In plants, bromacil is taken up rapidly by the roots and slightly absorbed through 
the leaves. 

Application in Namibia is carried out through soil/ground dispersal, executed on 
foot with backpack sprayers or aerial application. Best effects of bromacil are 
achieved just before, or during a period of active plant growth. 

Liquid formulations of bromacil are moderately toxic, while dry formulations are 
practically non-toxic to terrestrial animals (13); but bromacil is toxic to terrestrial 
plants with concentrations as low as 0.0023 lb/ac (or 0.00115 ppm) affecting 
growth of non-target terrestrial plants. The herbicide is irritating to the skin, eyes 
and respiratory tract. 

6.3. The long term effects of selected arboricides on non-
target plant species, especially grass and protected 
bush or tree species 

Generally, at lower concentrations of tebuthiuron (11), woody bush species are 
much more sensitive than grasses or forbs. Also, bush species with shallow root 
systems that can easily take up the surface applied tebuthiuron, are more 
susceptible than deep rooted species. 
 
After aerial application of tebuthiuron, the selectiveness of tebuthiuron was 
divided into 3 classes (12), namely: 
 

• Very sensitive to tebuthiuron 
o Acacia mellifera ssp. detinens 
o A. hebeclada ssp. hebeclada 
o A. reficiens 
o Grewa flava 
o Olea africana 
o Ziziphus mucronata 

 
• Sensitive to tebuthiuron 

o Acacia hereroensis 
o A. karoo 
o A. tortilis 
o Dichrostachys cinerea 
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o Tarchonanthus camphoratus 
 

• Less sensitive to tebuthiuron 
o Croton spp. 
o Euclea undulate 
o Boscia albitrunca 
o Maytenus senegalensis 
o Combretum hereroensis 
o Combretum imberbe 

 

6.4. The effects of selected arboricides on livestock 
(namely cattle, sheep and goats) 

 
Since tebuthiuron is a soil-surface applied herbicide/arbrocide, cattle may ingest 
tebuthiuron in the grass from treated areas. Studies (11) with cattle fed 
tebuthiuron for 162 days showed no blood serum or other pathological changes. 
Only the cattle fed at the highest rate showed a lower weight gain than the 
control group. Traces of tebuthiuron are found in urine as tebuthiuron is readily 
metabolised and thereafter excreted through urine and feces. The latter being 
attested by the Central Vetinary Laborotory in 2007 and 2008. Values of at least 
100 ppb were confirmed in urine samples taken from cattle which have been 
exposed to areas prior treated by tebuthiuron and/or bromacil. 
 
Furthermore, laborotary tests were carried out over a period of 1 year on bovine 
(cattle) muscle specimen. Specimens were collected from accredited meat 
exporting abbatoirs in Namibia. Bovine muscle was collected from cattle said to 
have been reared on rangeland prior treated with arboricides bought from the 
Meat Board of Namibia. The arboricides contain the active ingredients tebuthiuron 
and/or bromacil and were screened for at a 10 ppb (µg/kg) screening sensitivity 
(15). It was found that none of the specimen tested contained residues from the 
chemical compounds or their metabolites. 
 
Concern over cattle ingesting tebuthiuron in grass could be eliminated by keeping 
the cattle off the treated areas for a longer period of time.  
 
An interesting, but unexplained observation (11) that a number of researchers 
have made, is that cattle will graze preferentially on grass that is in a tebuthiuron-
treated area of a pasture as opposed to the non-treated areas, and generally 
show a greater weight gain. 
 
A number of studies (14) show that uracils, the class of compounds to which 
bromacil belongs, are absorbed into the body from the gut and excreted 
primarily in the urine. Small amounts were detected in the milk of lactating cows 
that were given 5mg/kg in their feed. No bromacil was found in the urine or 
feces of the cows. 
 
Within 4 hours of being given 250 mg/kg of bromacil, sheep became bloated 
and walked with stilted gaits (14). Sheep that died after being given 250 mg/kg 
of bromacil on 4 successive days showed the following: inflammation of the 
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mucous membrane that lines the stomach and intestines, congestion and 
enlargement of the liver, weakened appearance of the adrenal glands, bleeding 
of the heart and swollen, bleeding lymph nodes. It can therefore be deducted 
that bromacil is very toxic, if ingested, to sheep. 

6.5. The long term effects of selected arboricides on wild 
mammals 

 
Except for toxicity of bromacil to sheep, several studies conducted in the US 
(the origin country of bromacil and tebuthiuron), considers bromacil to be 
practically non-toxic to mammals, especially those large mammal wildlife, with 
bodyweight exceeding 50kg (11, 13, 14; Wildlife Risk Assessment, 2005-16). 
Tebuthiuron is considered to be slightly toxic to small mammals via ingestion 
and the dermal route, based on acute toxic studies (16). Tebuthiuron is highly 
toxic to small mammals via inhalation. Elsewhere, it was reported that inhalation 
of technical grade tebuthiuron for 4 hours did not result in toxicity (16, 17, 18). 
 

6.6. The effects of selected arboricides on birds and non-
target animals (e.g., rodents, carnivores, insects, 
aquatic organisms) 

 
Toxicological studies (11) with tebuthiuron on non-target animal and aquatic 
species have indicated a low order of toxicity. A single oral dose of tebuthiuron 
to mice, rats, rabbits, dogs and ducks was readily absorbed and metabolised. 
Essentially, all the tebuthiuron and its metabolites were excreted in the urine 
and feces of the animals within 96 hours, indicating no accumulation. Consistent 
feed of tebuthiuron to particularly rodents and dogs over a 3-month period 
showed that weight gain was reduced in the animals, however no mortality was 
reported. After tebuthiuron feed discontinued, weight gain and growth patterns 
normalised again. A 2-year long study on rats and mice for carcinogenic 
properties of tebuthiuron revealed no evidence of elevated numbers of tumours 
and produced the same type of reduced body weights as in the 3-month trial. 
Continuation of the latter studies on mice and rats over three generations in 
terms of tebuthiuron effect on reproductive processes revealed that no evidence 
could be found that tebuthiuron influences the reproductive processes. The only 
effect found was recurring, slower rate of weight gain. In all the studies with 
reduced weight gains, the suspected casue was a change in the pancreas, which 
is responsible for producing digestive enzymes. Once tebuthiuron was removed 
from the diet, normal weight gain was observed. 
 
Long-term toxicity of tebuthiuron of fathead minnow and rainbow trout 
embryolarvae was assessed with a concentration of tebuthiuron at least 50 
times greater than has been found in all but one run-off water study (11), with 
no observed effects. 
 
Acute toxicity of bromacil can be described as follows (14): dogs fed with 
bromacil caused vomiting, watering of the mouth, muscular weakness, 
excitability, diarrrhea and dilation of the pupils. Rats that were fed with a single 
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dose of bromacil experienced initial weight loss, paleness, exhaustion, and rapid 
breathing. 
 
Chronic toxicity of bromacil (14): consumption of bromacil at high levels in 
rodents over a long period of time has been shown to cause damage of the 
testes, liver, and thyroid. Decreased weight gain is also a result of consistent 
bromacil feed to rodents. No other toxic effects were observed. No evidence of 
toxicity was detected in dogs fed up to 31.2 mg/kg/day for 2 years. 
Reproduction processes of rodents were not affected by continuous bromacil 
feed over 3 generations. This suggests that bromacil does not cause 
reproductive defects, including teratogenic effects. However, bromacil inhaled 
persistently in high concentrations by rodents seemed to have caused 
developmental abnormalities of the musculoskeletal system in embryos and 
foetuses. Bromacil is suggested not to have mutagenic effects. Nevertheless, 
there is limited evidence that bromacil causes cancer in animals receiving high 
doses over the course of their lifetimes. 
 
Chickens given 500 mg/kg/day bromacil over 8 days did show a decrease in 
weight gain, but other effects could be detected.  Similar tests done with 
mallards and quail indicate that bromacil is practically non-toxic to these species 
(14). 
 
Tebuthiuron and bromacil is slightly to practically non-toxic to aquatic species 
and honey bees (13, 14). Acute toxic effects of bromacil on fish occur at 
concentrations of 36mg/l. Also, bromacil does not tend to bio-concentrate in fish 
tissue. Compared to fish, aquatic invertebrates are less sensitive to acute 
bromacil exposures, with acute adverse effects occurring at 65mg/l. No 
acceptable toxicity studies were found for amphibians or reptiles. 
 

6.7. The mid to long term accumulation of the active 
ingredients of selected arboricides in surface and/or 
groundwater 

 
With tebuthiuron, the major concerns are its transport from the site of 
application and persistence in the soil. Movement of tebuthiuron from the soil 
surface can occur in three ways:  
 

• Volatisation into the atmosphere (see section 6.1 above) – due to 
tebuthiuron’s low vapour pressure, and its solid state storage/handling, 
this is very low; 

• In surface run-off water; and 
• In water moving through the soil. 

 
The relatively high solubility of tebuhiuron in water, compared to other 
herbicides, makes it possible for easier transport through surface run-off or by 
leaching through a soil profile. Transport of tebuthiuron through surface run-off 
or by leaching is especially enhanced when it is applied shortly before rainfall 
events. High concentrations of tebuthiuron may be reported still when 
tebuthiuron is applied 2 days before the rainfall event. However, as described in 
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section 6.6, long term toxicity of tebuthiuron is not reported in surface water. 
Transport and long-term toxicity of tebuthiuron is described in every detail in 
sections 7, 8 and 9 below. 
 
Bromacil binds, or adsorbs, only slightly to soil particles, is soluble in water, and 
is moderately to highly persistent in soil; soil persistence is correlated to organic 
content of the soil (see more details under sections 7, 8 and 9 below). The 
potential for bromacil to leach and contaminate groundwater is greatest in sandy 
soils. In normal soils, it can be expected to leach to a depth of 1m. Bromacil 
does not readily volatilise, nor does it break down in sunlight (14). Bromacil 
volatilises as carbondioxide after application to the soild after considerable time 
only. 
 
Bromacil is estimated to have a 2-month half-life in clean river water, which is 
low in sediment. Some types of algae show slowed growth, but most strains are 
unaffected. However, improper application of application of bromacil will destroy 
shade trees and other desirable vegetation, especially in riverine areas. 

6.8. The mid to long term accumulation of the active 
ingredients of selected arboricides on non-target plant 
species, especially grass and protected bush/ tree 
species 

 
In general, arboricides are non-discriminative in which plants they target to kill. 
Thus, any plant put in contact with tebuthiuron or bromacil, or a combination 
thereof potentially dies. Specifically, selected plants react very sensitive, sensitive 
and less senstitive to tebuthiuron and bromacil as described in sections 5.3, 6.1 
and 6.2 above. Detailed description of effects on soil organisms is available 
under sections 7, 8 and 9 below. 
 
The accumulation of chemical substances contained in tebuthiuron and bromacil 
in non-target species is not always well researched. Evidence of especially the 
accumulation of chemical components and remains from tebuthiuron and 
bromacil in non-target plant species like trees and grass are not found. 
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7. THE EFFECT OF THE ACTIVE INGREDIENTS OF SELECTED 
ARBORICIDES IN SOIL 

 

Over the past 50 years, the intensive use of pesticides has increasingly become a 
matter of environmental concern.  Of particular concern is the fact that herbicides 
applied to soils potentially affect the activity of non-target soil microbes (Chandra, et 
al., 1960; Cole, 1976; Haney, et al., 2002; Araujo, et al., 2003; Crouzet, et al., 2010; 
Sebiomo, et al., 2011) as well as arthropods (Edwards & Thompson, 1973; Krogh, 
1991; Riepert & Kula, 1996).   These non-target effects may reduce the performance 
of important soil functions such as organic matter degradation and the nitrogen cycle 
(Brussaard et al., 1998).  Ignoring the potential non-target detrimental side effects of 
any chemical applied to soil, may thus have dire consequences for agriculture by 
rendering soils infertile, crops non-productive and less nutritious (Altman & Campbell, 
1977; Bastida et al., 2008).  

The soil microbial community is a complex picture of interwoven relationships between 
organisms of different trophic levels, this will lead to many indirect effects.  Some 
microbial groups can use an applied pesticide as a source of energy and nutrients, 
even though the pesticide may be toxic to other organisms (Cullington & Walker, 
1999).  Chaudhry and Cortez (1988) isolated a gram-negative rod, identified as a 
Pseudomonas sp., from soil by using bromacil as the sole source of carbon and 
energy.  This microorganism also showed the potential to decontaminate soil samples 
fortified with bromacil under laboratory conditions. There are two important 
implications of microbial diversity in terms of trophic relationships.  Firstly, a decrease 
in diversity will generally result in the risk that there is a decrease in the ability of the 
biological system to respond to perturbations (Ekschmitt and Griffiths, 1998).  
Secondly, bacterial diversity reflects the state and history of influences on the 
microenvironment, the diversity itself gives an indication as to how stressed the 
ecosystem has been.   

Soils in semi-arid ecosystems are especially susceptible to the effects of inappropriate 
land-use and management, which leads to permanent degradation and loss of 
productivity.  Microbial and arthropod diversity is of greater significance than in 
temperate ecosystems since, due to the harsh conditions, there is a lower number of 
species in a specific niche, a fact that makes the ecosystem more fragile and sensitive 
to disturbances (Wall and Virginia, 1999).  A key factor in the degradation of soils in 
general is the loss of natural plant cover, allowing soil water erosion and salinisation to 
occur.  This further aggravates the effects of the semi-arid conditions (Garcia et al., 
1996; 1997) and leads to a loss of soil quality and fertility and the subsequent 
abandonment of the land for agricultural purposes.  Another aspect of arid ecosystems 
which emphasizes the importance of soil flora and fauna is their dependence upon the 
amount of rainfall, which acts as a trigger to initiate their specific ecological functions.  
Since rainfall periods in semi-arid ecosystems are scarce and unpredictable, there are 
only a few windows of opportunity for biological activity.  Under these conditions, the 
number of species and their productivity might be of a great importance to the 
functioning of the ecosystem.   

This review firstly, focuses on biotic and abiotic environmental factors that play a role 
in the efficiency of herbicides in general, and more specifically, bromacil and 
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tebuthiuron.  Secondly, attention will be devoted to the non-target effects of 
herbicides on important soil processes such as the decomposition of organic matter, 
aggregation, nitrogen dynamics and soil enzymes which are driven by the activity of 
soil microbes.  These processes essentially describe the functional diversity of soil 
biota.  Thirdly, the effects of herbicides on the biological diversity of soil will be 
discussed in the context of the structural diversity of soil flora and fauna.  This will be 
followed by a brief review of biochemical and molecular techniques suitable for making 
a qualitative and quantitative analysis of soil health. 

7.1. Edaphic Factors Affecting Herbicides  

A number of processes are responsible for removing herbicides and other 
pesticides from the original site of application.  These include processes such as 
retention, transport and degradation (Gunasekara et al., 2007).  Adsorption to both 
organic and inorganic matter in soil will influence the leaching, bioavailability and 
degradation of the herbicides (Li et al., 2003; Gunasekara et al., 2007; Flores et 
al., 2009).  Transport of herbicides within the soil compartment can occur 
downward into the soil profile (leaching), across the soil surface (runoff), or into 
the air (volatilisation).  Each can be a combination of more fundamental processes 
including adsorption, convection, and diffusion.  For the herbicide which is 
intercepted by plants, the chemical may be taken up by the plant itself, may be 
washed off of the foliage by precipitation or irrigation onto the soil, may undergo 
photo-degradation on plant surfaces, or may volatilise back into the air.   

In the soil environment, some herbicides remain attached to soil particles or 
organic matter, others are adsorbed by dust and clay particles (Alexander, 1999), 
while some are leached out, migrate into the ground water or are distributed by 
surface runoff (Craven & Hoy, 2004).  Herbicides vary from each other in terms of 
their potential to persist in soil and several factors affect herbicide persistence in 
the soil environment (Tomlin, 1997).  According to Karlen et al. (2003), these 
factors can be divided into categories that interact with each other, including soil 
factors, climatic conditions, plant or microbe interactions and herbicide properties.  
On the other hand, interactions between various processes such as chemical 
decomposition, microbiological degradation, volatilisation, run-off, leaching, photo-
decomposition and nutriënt uptake by plants are responsible for the disappearance 
of pesticides from soils (Gomez et al., 1996).  It is therefore of the utmost 
importance that these dynamic processes are taken into account when considering 
the efficiency and sustainability of herbicide application. 

7.1.1. Physico-chemical properties 

The variability of soil in terms of its physical, chemical and biological 
constituents makes it a very a heterogeneous medium.  Soil consists of various 
sized inorganic mineral particles (sand, silt and clay), reactive and stable forms 
of organic matter, several living organisms (earthworms, arthropods, bacteria, 
fungi, algae, nematodes, etc.), water and gases including 02, CO2, N2 and CH4.  
The biotic or living activities are influenced by physical and chemical properties 
of soil which regulate the interchange of molecules/ions between the solid, 
liquid and gaseous phases.  This, in turn, controls the cycling of nutrients, plant 
growth and decomposition of organic materials.  Soil thus plays a crucial role in 
completing the cycling of major elements (C, N, P and S) required for biological 
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systems, degradation of organic wastes and detoxifying of certain hazardous 
compounds.  The role of soil in the recycling of organic materials into carbon 
dioxide (CO2) and water and the degrading of chemical pollutants is achieved 
by microbial decomposition, chemical hydrolysis, and sorption reactions (Doran 
and Parkin, 1994; Doran et al., 1996; Doran, 2002).   

Soil quality plays an important role in the effect it has on pesticides.  The depth 
and the rate of pesticide leaching, for example, is influenced by soil texture and 
structure.  It is known that sandy and gravelly soils allow water and pesticides 
to leach through quickly.  A heavy clay soil does not allow for rapid leaching 
(Devlin et al., 1992).  Water that moves down through soil or through cracks 
and worm tunnels transports water-soluble substances.  The herbicides 2,4-D 
and tordon are leached easily in soil while chemicals such as paraquat, which 
are strongly absorbed onto clay and humus, show limited downward movement 
Soil pH can play a major role in how tightly a herbicide is adsorbed to soil 
particles (Devlin et al., 1992). .  

To assess soil quality, indicators representing the physical, chemical and 
biological controlling components of soil are necessary (Kennedy & Papendick, 
1995).  This is complicated because of the interactions of these components 
with time, space and intensity.  Defining soil quality indicators should involve a 
holistic approach rather than a reductionist approach (Doran and Parkin, 1994).  
Soil quality indicators usually include soil organic matter, biological activity and 
soil biodiversity, soil structure and porosity, available water capacity, plant 
available nutrients, cation exchange capacity, soil acidity, soil salinity and depth 
of rooting and crop vigour (Shaxson, 1998). 

7.1.2. Soil texture and structure 

Soil texture refers to the relative proportions of various sized particles of sand, 
silt and clay within the soil matrix.  It is important because it determines the 
ability of the soil to hold nutrients and water.  Soil composition includes the 
textural entities as well as organic matter (Bardgett, 2007).  It relates to soil 
structure which reflects the binding of the various mineral particles into larger 
aggregates or a ped and requires the action of physical, chemical and biological 
factors.  This will be discussed further on.  The gaps that occur between 
particles of different sizes are called pores.  These pores determine water 
drainage, gas exchange with the atmosphere, soil strength and water retention 
for the use of plants.  Good soil structure is recognized as a key attribute of 
fertile and biologically active soil and will thus play a crucial role in the 
adsorption of herbicides to soil particles or peds, thereby having important 
implications for the functioning of the herbicide and its bio-availability to soil 
microorganisms (Alva & Singh, 1991). 

7.1.3. Soil water 

Water plays a pivotal role in the functional diversity of microbes and micro-
fauna, especially in arid ecosystems (Kaffe-Abramovich & Steinberger, 2006).  
Functional diversity is the ability of the soil microorganism community to use a 
wide spectrum of various substrates (glucose, protein, cellulose, etc.) and 
thereby to contribute to important soil processes such as decomposition and 
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mineralisation.  In arid soils, functional diversity is of greater importance than 
temperate regions since, due to the harsh desert conditions, there is a lower 
number of species in a specific niche, a fact that makes the ecosystem more 
fragile and sensitive to disturbances (Wall and Virginia, 1999).   Another aspect 
of arid ecosystems which shows the importance of soil microbes and fauna is 
their total dependence upon rainfall, which acts as a trigger to initiate normal 
functioning. Moisture content influences microbial processes through direct 
effects (i.e. reduced water availability) or indirect effects, e.g. solute diffusion, 
chemical availability and aeration (Sommers et al., 1981).  

The efficiency and environmental impact of pesticides are influenced by their 
persistence and ability to move through the soil profile and water obviously 
plays an important role here.  Pesticides which are not readily degraded or 
adsorbed by the soil colloids sometimes leach through the soil profile, thereby 
contributing to the contamination of groundwater (Alva and Singh, 1991).   
Pesticide leaching alters with a change in use patterns, soil texture, total 
organic carbon in soil, half-life and depth of water (Domagalski & Dubrovsky, 
1992).  The moisture content of soil has been determined to be one of the 
most significant environmental parameters which influences the rate of 
herbicide volatilisation. Volatilisation is considered one of the primary pathways 
for herbicide dissipation from the site of herbicide application.  Under 
unfavourable conditions, losses that result from volatilization can reach 80-90% 
within a few days although such rates are dependent upon climatic and 
microclimatic conditions.  In general, herbicides volatilize more rapidly from 
moist than dry soils.  The reduced volatilization of a herbicide under dry 
conditions has been attributed to the exposure of additional adsorption sites on 
the soil by the evaporation of water from the soil surface. 

The urea herbicides generally have high water solubility and low tendencies to 
adsorb to soil, therefore they are mobile in soil (Tomlin, 1997; García-Valcárcel 
& Tadeo, 1999).  Tebuthiuron was found to leach significantly to a depth of 1.2 
m within 18 days of its application and 30 mm rainfall (Meinhardt, 2003; 
Matallo et al., 2005).  The transportation of tebuthiuron to the root zone is thus 
dependent on precipitation (Whisenant and Clary, 1987).  The uracil, bromacil 
can contaminate groundwater (Rosner et al., 1999, Singh et al., 1985) and was 
weakly adsorbed by soils when it was applied at rates of 4 and 1.5 l/hr in tests 
conducted to study the effects of wetting and drying cycles on the herbicide.  
After several cycles of wetting and drying, bromacil was completely leached 
from the original application sites and was concentrated at the outer edges of 
the wetted zones.  Offsite leaching is the main route by which bromacil 
disappears from treated soils.  The amount of leaching is dependent on the soil 
type and the amount of rainfall or irrigation water.  The potential for bromacil 
to leach and contaminate groundwater is greatest in sandy soils.  In regular 
soils, it can be expected to leach to a depth of 2-3 ft.  Bromacil should 
therefore not be used near drinking water reservoirs or in well recharge areas 
because of its mobility in soil. 

7.1.4. Organic matter and clay content  

Soil organic matter contains 3-4 times as much carbon as is found in the entire 
world's living vegetation.  It contributes to soil quality by influencing specific 
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soil functions which include: serving as a medium for plant roots; regulating the 
flow of water, air and nutrients; portioning precipitation into plant-available-, 
ground-, and surface-water; serving as a repository for atmospheric carbon and 
mitigating the impacts of pollutants on human and ecosystem health (Doran 
and Parkin, 1994).  Soil organic matter or soil organic carbon acts as an 
aggregate stabiliser thereby influencing soil porosity which in turn contributes 
to changes in gas exchange reactions and water relations.  Soil organic matter 
constitutes a significant amount of the carbon cycle and is a repository for 
nutrients.  It also has an influence on many essential biological and chemical 
processes and plays a crucial role in nutrient release and availability 
(Henderson, 1995; Nambiar, 1997).  

Micro-organisms are responsible for the decomposition and transformation of 
organic matter including all nitrogen and carbon transformations (Alexander, 
1977; Apsimon et al., 1990).  These functions are performed by the millions of 
species of microorganisms present in soil.  Estimates that soil microorganisms 
constitute about one quarter of the total biomass on earth are common.   Soil 
microbial activity thus contributes to the liberation of nutrients available for 
plants but also to the mineralisation and mobilisation of pollutants and 
xenobiotics.  Microbial activity encompasses a wide variety of activities carried 
out by microorganisms in soil, it is different to biological activity which includes 
activities of other soil organisms such as arthropods as well as plant roots 
(Nannipieri et al., 2002).   

Bromacil and tebuthiuron are both influenced by organic matter and clay and 
behave differently on different types of soils with different constituents 
(Coffman et al., 1993). Bromacil is more strongly adsorbed to by organic matter 
colloids rather than clay particles; as a result it is more persistent and less 
mobile in soils with high organic matter content (5% or more) (James & 
Lauren, 1995).  Soils with moderate to high organic matter content may retain 
bromacil residues for 1 to 2 years, thus, a soil half-life of 3 to 7 months is more 
likely in soils with low organic matter content (less than 5%).  An even shorter 
half-life is possible in sandy soils treated with bromacil due to its movement out 
of the soil and into groundwater via leaching (Van Driesche, 1985).  A soil with 
high organic matter content will also bind bromacil and prevent it from being 
available in soil solution, this obviously will affect it effectiveness on plants.  
Clay and organic matter content also exerts a direct effect on the toxicity of 
tebuthiuron with an increase in toxicity as clay and organic matter increases.  
The same applies for the adsorption of tebuthiuron to soils, with the highest in 
organic soils, intermediate in clay soils and lowest in sandy soils (Geisshuhler et 
al., 1975).  A study conducted by Duncan and Scifres (1983) revealed that the 
phytotoxicity of tebuthiuron is inversely related to clay and organic matter 
content.  The impact of tebuthiuron on Mimosa depended on soil clay content; 
in the soils with lowest clay content tebuthiuron was the most effective in killing 
Mimosa seedlings (Muller et al., 1997). 

7.1.5. Aeration and porosity 

The aeration status of agricultural soil is usually very difficult to characterise 
because of the temporal and spatial heterogeneity that characterises it.  It 
usually fluctuates between extremes of flooding and dry periods due to rain or 
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irrigation.  A steady-state system can only realistically be envisioned in flooded 
soils and non-irrigated dessert soils.  Soil physical properties and the content of 
decomposable organic matter are the main factors determining the soil aeration 
status and micro-organism populations are drastically affected by poor aeration.  
Since microorganisms, especially bacteria and fungi, are the most important 
degraders of herbicides, environmental conditions that favour microbial 
development in the soil such as temperature, moisture, and aeration will also 
favour the degradation of chemical compounds,. Soil micro-organisms require 
oxygen for activities such as the decomposition of organic matter, nitrification, 
sulphur oxidation.  A deficiency of oxygen in soil slows down the rate of 
microbial activity (Sommers et al., 1981; Stepniewski et al., 1993) and the 
decomposition of organic matter is retarded and nitrification arrested.     

Compaction tends to severely limit aeration and water storage unless porosity is 
created by powerful physical or biological processes (Beulke et al., 2004).  As 
mentioned previously, soil moisture content influences microbial processes 
through indirect effects such as solute diffusion, chemical availability and 
aeration (Sommers et al., 1981).  The general quality of feeding resources 
and/or access to nutrients is thus low in compacted soils, limiting their 
assimilation drastically, unless complex processes, mainly based on multispecies 
biological interactions, allow the constraint to be lifted.  This can be done by 
ecosystem engineers of any kind who have the potential to enhance ecosystem 
function in soil, probably more than in any other ecological medium (Lavelle et 
al.., 1997). 

7.1.6. Temperature 

Arid regions are characterised by low and unpredictable rainfall, high evapo-
transpiration, low soil organic matter content, high soil pH and salinity, and 
temperature extremes (Freckman and Virginia, 1989).  Any environmental 
change or other perturbation that affects plant species composition or 
physiology, soil texture, soil chemistry, and soil climatic factors, like soil 
moisture and soil temperature, may alter structural and functional diversity of 
soil biota (Wall & Virginia, 1999).  Because of the complexity and numerous 
interactions of soil biota, the patterns of responses at the species level are 
difficult to predict (Niles and Freckman, 1998).  It therefore follows that their 
effect on herbicide degradation or persistence is very difficult to predict.   

Soil temperature is a key parameter influencing pesticide volatilisation, because 
pesticide physio-chemical properties are temperature dependent.  A 
temperature increase can be expected to enhance volatilisation; however, this 
behaviour is limited by low moisture levels.  Soil drying tends to promote the 
adsorption of the pesticide onto the soil matrix, thus limiting its availability for 
transport to the soil surface.  A higher air temperature tends to favour 
volatilization from plants and soils, because the vapour pressure of the pesticide 
over an aqueous solution is exponentially temperature dependent (Freckman 
and Virginia, 1989). 
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7.1.7. Soil acidity and alkalinity 

An important property of any soil solution is it’s acidity, neutrality, or alkalinity; 
states normally related to pH.  Acid soils have a pH < 7 and alkaline soils have 
a pH > 7.  The pH of mineral soils typically ranges from about 3.5 to about 8.5.  
Organic soils may have a lower pH. As pH drops below 6, aluminium can 
occupy a significant portion of the cation exchanger phase of soils, (Buol et al. 
1997), while exchangeable bases (e.g., Ca2+, Mg2+, K+, Na+) are more 
dominant at higher soil pH (i.e., base saturation is greater). Soils with pH 
between 8 and 8.5 typically contain calcite. Higher pH levels (> 9) can occur in 
arid-zone soils with high levels of soluble salts, particularly sodium.  

Soil pH controls nutrient availability and directly impacts on soil biota.  Solution 
pH can determine the solubility and the ionic state of both inorganic and 
organic substances.  Most soil organisms have a preferred pH range (Paul and 
Clark, 1989). For example, bacteria generally prefer a near neutral pH range, 
while fungi prefer a more acidic range.  Actinomycetes, on the other hand, do 
not tolerate acidic conditions very well.  Earthworms prefer a neutral to slightly 
basic pH range and litter feeding arthropods prefer a more acidic range (Lavelle 
and Spain, 2001).  Thus solution pH can have an enormous influence on 
organic matter turnover rates in soil which in turn will influence herbicides such 
as bromacil and tebuthiuron as mentioned previously.   

Based on knowledge of the biochemical properties of soils at varying levels of 
acidity and organic matter content (Coulson et al., 1960; White, 1994), it may 
be hypothesised that organisms living in acid organic soils are more tolerant of 
phenolic and terpenic compounds than organisms living in neutral organo-
mineral soils (Ponge et al., 2002; Loranger et al., 2001).  Thus, the effects of 
pesticides on non-target organisms can be expected to vary according to soil 
features, in particular acidity, organic matter, clay and water content, not only 
because of the impact of these factors on the fate of organic compounds 
(Mortland et al., 1986; Akhouri et al., 1997), but also because of different 
tolerance levels of different soil biocenoses.  The latter point has remained 
unstudied until now. 

7.2. Biological properties of soil 

Soil contains an enormous diversity of arthropods, bacteria, algae, fungi, protozoa, 
viruses and actinomycetes that are responsible for determining biogeochemical 
cycles, the turnover processes of organic material and the fertility and quality of 
soils.  Interactions between these organisms include predator-prey relationships, 
grazing, and symbiosis.  These interactions enable processes such as 
decomposition and mineralization, which are essential to preserving soil quality and 
productivity.  The soil microbiota which is both high in density and diversity, are 
able to modify their energetic performance and activity rates in an ever changing 
environment.  The microbial consortium therefore possesses the ability to 
accommodate environmental obstacles by adjusting the activity rates, biomass and 
community structure of microorganisms (Scholter et al., 2003).  The fate of 
pesticides may be affected by microbial enzymes (phenol oxidases such as laccases 
or peroxidases) through oxidative coupling reactions. This can lead to the 
formation of either polymeric products much less soluble in water than the parent 
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monomers, or to their direct incorporation into humic substances and organo-
mineral colloids. 

7.2.1. Microbial Diversity 

A single gram of soil contains somewhere in the order of 105-108 bacteria, 106-
107 actinomycetes and 105-106 fungal and 104 algal colony forming units.  
Following extraction of soil DNA, Torsvik et al. (1996) estimated that one-gram 
of soil contained several thousand bacterial species.  There are probably 
millions of species of microorganisms within the terrestrial ecosystem but only 
ca. 5% have been identified and/or cultured.  With the exception of a few 
specific populations, our current understanding of microbial functioning has 
generally been limited to gross estimates of the size and activity of the 
microbial biomass as a single ‘black box’ within the soil (Jenkinson and Ladd 
1981; Dalal 1998).  

The term diversity describes the species makeup within a community of living 
organisms.  Taxonomic diversity has been defined as the number of 
significantly different bacterial types (richness) and their relative abundance 
(evenness) in a bacterial assemblage or community (Atlas 1991).  It is a 
measure of a community’s entropy, where the greater the heterogeneity of the 
populations, the greater the diversity of the community (Loreau, et al., 2001).  
Functional diversity, however, is the number of different processes or carbon 
source utilisation patterns taking place in a community.   Microbial functional 
diversity reflects the ability of the microbial population to utilize a wide 
spectrum of substrates (Huang, 2005; Kaffe-Abramovich & Steinberger, 2006).  
Functional or metabolic diversity of microbial communities, defined by the 
substrates used for energy metabolism, are crucial for the long-term stability of 
an ecosystem (Pankhurst et al., 1996; Green & Bohannan, 2006).  Functioning 
microbial communities are the basis of important ecosystem services (e.g. 
nutrient cycling, detoxification of pollutants in soil) which represent inherent 
economic value. 

Table 6. Sensitivity of microorganisms to herbicides with respect to 
losses of organisms or functions (Domsch et al., 1983). 

Degree of sensitivity Organisms / Functions 

High Nitrifiers 
Rhizobium 
Actinomycetes 
Organic matter decomposition 
Nitrifiction 

Medium Bacteria 
CO2 production / O2 uptake 
Fungi 
Denitrification 
Ammonification 

Low N2 fixation 
Azotobacter 
Ammonifiers 
Protein degraders 
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Phenotypic and functional diversity measurements are restricted to the subset 
of genetic information expressed under given environmental conditions.  On the 
other hand, genetic diversity reflects the total genetic potential in the microbial 
community, but due to selective growth and successions the genetic diversity 
will also reflect changes in environmental conditions.  Diversity is expressed in 
different ways: as inventories of taxonomic groups, as single numbers (diversity 
indices), as phylogenetic trees, or number of functional guilds.  Some microbial 
groups will be able to use an applied pesticide as a source of energy and 
nutrients, whereas the pesticide may well be toxic to other organisms 
(Cullington & Walker, 1999). 

7.2.2. Microbial biomass 

Microbial biomass is defined as the living component of soil organic matter (but 
excludes macro-fauna and plant roots) and is the eye of the needle through 
which all organic matter needs to pass (Jenkinson & Ladd, 1981).  Although it 
comprises less than 5% of organic matter in soil, microbial biomass performs at 
least three crucial functions for plant production in the soil ecosystem. It is a 
labile source of carbon, nitrogen, phosphorous and sulphur; it is an 
intermediate sink of carbon, nitrogen, phosphorous and sulphur; and is an 
agent of nutrient transformation and pesticide degradation (Dalal, 1998).  
Microorganisms form symbiotic associations with roots, act as biological agents 
against plant pathogens, contribute towards soil aggregation and participate in 
soil formation (Mekwatanakarn & Sivasithamparam, 1987; Nannipieri et al., 
2002).   

Results of work by Sanders et al., 1996, suggests that sites with different land 
use history may have different degradation patterns of bromacil.  They showed 
that substrate-induced respiration (and therefore soil microbial biomass) was 
significantly reduced by addition of bromacil and this effect was apparent for a 
11 month period after application.  The magnitude of this effect was the same 
irrespective of when the herbicide was applied, or whether it was applied once 
or twice.  The effects the authors observed appear greater than the majority of 
herbicide effects reported in the literature (Wardle 1995), and this appears to 
be a direct effect since all the plots were kept weed free.  Since the magnitude 
of the microbial biomass is a key factor in regulating pesticide decomposition 
rate (Anderson, 1984), their results suggest that the toxic effects of bromacil on 
the microbial biomass could delay its breakdown at least initially.  Basal 
respiration: substrate induced respiration ratio is enhanced when the microbial 
biomass is stressed or disturbed and acting inefficiently, and is wasting a higher 
proportion of its carbon resources as respired CO2 (Anderson & Domsch 1985; 
Wardle et al., 1993; Perucci et al., 2000).  

Microbial biomass can be used to assess the biological status of soil because it 
represents the fraction of the soil responsible for the energy and nutrient 
cycling, and the regulation of organic matter transformations which is sensitive 
to management or pollution.  Microbial biomass is a sensitive indicator of soil 
quality and health which can be determined by several methods to be discussed 
further on in this review. 
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7.2.3. Microbial metabolism 

The ability of microbes to metabolise certain herbicides has received much 
attention over recent years.  However, the metabolisation of these chemicals 
might produce toxic metabolites and a variety of microorganisms are known to 
utilise organic pesticides as the sole carbon or energy source, adding to the 
pollution problem (Kouras et al., 1998).  Only a few soil-applied herbicides have 
been shown to be susceptible to mineralisation by pure cultures of 
microorganisms.  The lack of mineralisation may be due to the structural 
diversity of herbicides, which contains several structural groups requiring 
multiple catabolic enzymes that are not all found in a single organism (Shelton 
et al., 1997).  In soil it is more than likely that the degradation of herbicides 
starts with an enzymatic attack by relatively non-specific oxidases like the 
peroxidases produced by fungi and actinomycetes.  Hydrolases and/or ring 
cleavage enzymes are responsible for further metabolisation which results in 
products that are mineralised by means of catabolic pathways (Esposito et al., 
1998). 

7.3. Degradation of herbicides 

Herbicide degradation in soil may be photochemical, chemical or microbial in 
nature.  While photochemical decomposition predominates in air and water, only a 
small percentage of pesticides is decomposed in that way in soil.  Chemical 
decomposition of herbicides in soil evolves through hydrolytic and non-hydrolytic 
transformations and oxidation.  Microbial degradation is considered to be the most 
important of the transformation processes that determine the persistence of 
herbicides in soil (Souza et al., 1999; Gunasekara et al., 2007).  Microorganisms 
are efficient decomposers of aliphatic and hydroxyl compounds, but they 
decompose aromatic substances at a slower rate.  The compounds that contain 
oxygen, sulphur or nitrogen in the ring are slowest to decompose (Janjic et al., 
1996).  

The environmental stability of a herbicide is strongly dependent on its tendency to 
decompose or break down into an inactive or nontoxic form (or in some cases a 
more active or toxic form) as a result of reactions that may involve living 
organisms such as bacteria and/or fungi (Chandra et al, 1960).  Reactions not 
involving living organisms are abiotic and may involve light or catalytic surfaces 
such as soil clays (Gunasekara et al., 2007).  Enhanced biodegradation has been 
reported for a wide range of pesticides in soils (Kaufman, 1987; Racke and Coats, 
1990), including some substituted ureas (Walker and Welch, 1991, 1992; Roberts 
et al., 1993).  Whether inactivation or detoxification is adequate to remove risk 
associated with herbicides has been a subject of much debate; however, most 
agree that persistence of an inactive form of a herbicide poses less risk than 
persistence of the active form.   

Enhanced degradation rates (i.e. reduced microbial lag phase) of chemicals can 
occur after repeated applications to the same soil (Roeth 1986, Smith and Lanfond 
1990) as a result of preferential selection of the microorganisms/biochemical 
pathways involved. This adaptation increases the rate of biodegradation and is so 
effective in some instance that the efficacy of the pesticide (Roeth, 1986; Felsot, 
1989) or herbicide (Audus, 1949) is reduced sufficiently to limit plant productivity.   
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The amount of herbicide available to soil micro-organisms depends on various 
factors, including available nutrients, pH, temperature, and moisture, though they 
differ in importance depending on the pesticide involved (Weber et al., 1993).   
There exists some controversy regarding the degree of bio-degradation of various 
herbicides.  For example, the degradation of glyphosate in most soils is slow or 
non-existent, since it is not “biodegradable” and degradation is primarily by 
microbial co-metabolism when it does occur (Huber and Graham, 1999; Huber et 
al., 2004).  In contrast, Araujo et al (2003) claimed that glyphosate is indeed 
biodegraded soil microorganisms and that this has a positive effect on the soil 
microbial activity, both in the long- and short term.  Synergistic interactions of the 
microbial community in the rhizosphere may also facilitate degradation of 
recalcitrant compounds and atrazine concentrations for example, decrease faster in 
the rhizosphere compared to non-vegetated areas (Costa et al., 2000).  The 
degradation of atrazine is higher in a rhizosphere system, where the half-life is 7 
days, compared to a non-vegetated control where the half-life is greater than 45 
days (Costa, et al., 2000).   

 

 

Figure 2. Herbicide dissipation over time. 

Several studies have mentioned the slow natural bio-degradation rate of 
phenylurea herbicides in various soils and subsurface environments (Hill et al., 
1955; Ross & Tweedy, 1973; Pieuchot et al., 1996; Vroumsia et al., 1996; 
Zablotowicz et al., 2000; Sørensen & Aamand, 2001; Sørensen et al., 2003;  Dube 
et al., 2009).  Several bacterial and fungal isolates from a variety of soils have 
been shown to degrade the N-methoxy-N-methylurea or N,N-dimethylurea side 
chains of many phenylurea herbicides (Hill et al., 1955; Tixier et al., 2000; 
Cullington & Walker, 1999; Widehem et al., 2002).  Cullington & Walker (1999) 
reported accelerated biodegradation of the phenylurea, diuron in soil by a single 
isolate of soil bacterium that degraded a range of phenyl-ureas in liquid culture, 
with a degradation rate in the order 
linuron>diuron>monolinuron>metoxuronoisoproturon. However, the N-monomethyl and 
demethylated derivatives of diuron were not degraded.  Degradation of diuron and 
linuron resulted in accumulation of a single metabolite, which had the same 
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retention time as 3,4-dichloroaniline.  Substantial in-field heterogeneity in 
degradation potential may only occur for recalcitrant herbicides such as 
phenylureas and triazines, where the ability to degrade the compounds most likely 
is restricted to small groups of micro-organisms.  In contrast, more easily 
biodegradable pesticides, that a broad range of micro-organisms are able to 
metabolise such as the phenoxyalkanoic acid herbicides and the carbamate 
insecticides, will probably result in a more even in-field distribution of the 
degradation potential (Sørensen et al., 2003).  Fungal degradation pathways of 
phenyl-ureas differ from the bacterial pathways and yield different metabolites 
(Badawi et al., 2009).  For example, degradation of isoproturon, chlorotoluron and 
diuron involves successive N-demethylation and, in the case of isoproturon and 
chlorotoluron, additional hydroxylation.   

Bromacil is mainly degraded by micro-organisms in the soil and several forms of 
micro-organisms are involved in the process such as the bacteria Pseudomonas 
spp. which can use bromacil as a source of carbon (Chaudhry and Cortez, 1988) as 
well as several other taxa of microorganisms (Torgeson & Mee 1967).  Bromacil 
has varying effects on soil microbial populations depending on herbicide 
concentrations and the microbial species present. Low residue levels can enhance 
populations while higher levels can cause population declines (Tu et al., 2001).  
Tebuthiuron is known to dissipate more rapidly from tropical field soils than from 
temperate-zone soil (Chang & Stritzke, 1977; Mostafa & Helling, 2003).  It is 
surmised that faster loss is biologically-mediated, a consequence of higher mean 
soil temperature and moisture content (the latter influenced by seasonal 
precipitation patterns).  Mostafa & Helling, (2003) confirmed the presence of 
bacteria, isolated from soil which could utilize the herbicides as sole carbon and 
nitrogen sources.  They identified the major organisms through rRNA analysis, as 
Methylobacterium, Paenibacillus, Microbacterium, and Rhodococcus spp. 

7.4. Persistence of herbicides 

Soil persistence is the length of time a herbicide remains active in soil and 
herbicides vary in their potential to persist in soil.  Several factors determine the 
length of time herbicides persist, including soil factors (soil composition, soil 
chemistry and microbial activity), climatic conditions (moisture, temperature and 
sunlight) and herbicidal properties (water solubility, vapor pressure and the 
compound's susceptibility to chemical and microbial breakdown) (Curran, 1998).  
Ideally a herbicide should control or eradicate the targeted species selectively, 
remain stationary at the site of application and degrade rapidly once its purpose is 
achieved (Dowd et al., 1988).   

Persistence in the soil environment together with a low degradability rate can 
become a cause for concern, especially due to the ecological risks this might pose 
(Dowd et al., 1998, Muszkat et al., 1998, Singh et al., 2002, Rosner et al., 1999, 
Girotti et al., 2008).  The efficiency and environmental impact of pesticides are 
influenced by their persistence and ability to move through the soil profile and soil 
quality.  Soil composition, soil chemistry and microbial activity (biological activity) 
are elements of soil quality (Doran & Parkin, 1994) that can influence herbicide 
persistence.  Microbial community function in soil (i.e. functional diversity) is also a 
key component that influences herbicide persistence in terms of degradation 
potential (Riffaldi et al., 2002).  Pesticides which are not readily degraded by 



 52

microbes or adsorbed by the soil colloids sometimes leach through the soil profile, 
thereby contributing to the contamination of groundwater. Groundwater 
contamination could be severe, not only in nature but for the general public as well 
(Alva and Singh, 1991).   

A herbicide’s persistence in soils is described by its half-life (also known as the 
DT50) which is the time it takes for half of the herbicide applied to the soil to be 
dissipated (Tu et al., 2001).  Semi-arid soils are characteristically low in organic 
carbon, leading to low soil microbial activity.  These factors are believed to 
contribute to higher soil mobility characteristics and prolonged persistence of 
certain pesticide residues in semi-arid soils.  Prolonged persistence of pesticides 
combined with high soil mobility, are indicators of high pollution potential of a 
pesticide.  Soil organic carbon water partitioning coefficient (Koc) is the the ratio of 
the mass of a chemical that is adsorbed in the soil per unit mass of organic carbon 
in the soil per the equilibrium chemical concentration in solution.  A Koc value of < 
100 indicates a mobile pesticide (Branham et al., 1995).   

Relatively few soil applied herbicides have been shown to be susceptible to 
mineralization by pure cultures of microorganisms (Kaufman & Blake, 1973; Liu et 
al., 1990; 1991; Shelton et al., 1996).  This probably is due to the fact that most 
herbicides contain a variety of structural groups requiring different catabolic 
enzyme systems which are usually not found within a single organism.  In soils one 
likely scenario for the complete degradation of herbicides may be the initial 
enzymatic attack by relatively nonspecific oxidases (such as the peroxidases 
produced by fungi and some actinomycetes), followed by further metabolism by 
hydrolases and/or ring cleavage enzymes, eventually resulting in products which 
are mineralized via catabolic pathways.  Shelton et al., (1996) showed that a strain 
of Streptomyces (strain PS1/5) had the ability to metabolize both bromacil and 
tebuthiuron, with dextrin as carbon source and either ammonium or Casamino 
acids as nitrogen source.   

 

 

Figure 3.  Effect of herbicide concentration on half-life. (Devlin et al., 1992) 
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Bromacil has a lengthy soil half-life ranging from 2 to 8 months depending upon 
the patterns of use and other environmental factors such as temperature and 
availability of water (Meister, 1998).   A report by Sanders et al., (1996) showed 
that bromacil was degraded within 4 to 6 months when it was applied once 
compared to when it was applied twice in the same season; it was also reported 
that Bromacil persisted in the top 75 mm of soil for nearly a year (Alavi et al., 
2008).  Laboratory studies show that 5-30% of bromacil is lost six to nine weeks 
after application to the soil, as carbon dioxide, an odourless, colourless gas 
(EXTOXNET, 1993).  There is however very little loss of the herbicide from dry soil 
at increased temperatures and long exposures to sunlight.    Bromacil moves quite 
readily through the soil (EXTONET, 1993, Rosner et al., 1999); this is because 
bromacil adsorbs soil particles, with a Koc value of 32 g/ml (de Paz & Rubio, 2006; 
EXTONET, 1993), making it a good candidate for leaching and thus groundwater 
contaminant (Gomez et al., 1996).   

 

 

Figure 4. Factors affecting persistence of herbicides applied to crops. 
(Devlin et al., 1992) 

The performance of bromacil is influenced by soil characteristics, water availability, 
vegetation structure and diversity.  Soils with low clay or organic matter content 
are highly leachable, therefore require lower application rates of bromacil (Hornsby 
et al., 1996).  Depending on the soil properties and climate (Rhodes, 1970: Reddy 
et al., 1992), bromacil can either be persistent (Machado-Neto & Victoria-Filho, 
1995) or mobile (Russo et al., 1998) in the environment.  It is strongly absorbed 
by organic matter and to a lesser extent by clay particles, thus it is more persistent 
and less mobile in soils with a high organic matter content (Rhodes et al., 1970).  
Shipman (1983) found that organic matter content, cation exchange capacity, total 
nitrogen and soluble salt concentration were significantly correlated with the 
persistence and increasing depth of bromacil residues in four soil types.   

The effect of bromacil on microbial populations depends on herbicide concentration 
and microbial species present.  Bromacil reportedly persists in the top 75 mm of 
soil for nearly a year (Alavi et al., 2008).  Soil with no previous bromacil use has 
been shown to have higher chemical residue levels in lower depths and slower 
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degradation rates than soils with a 10 year history of asparagus management and 
associated bromacil use.  Field dissipation studies have shown that phytotoxic 
residues of bromacil have persisted in both sand and clay soils for longer than 2 
years following a single application of 1.2 kg bromacil/acre (Alavi et al., 2008).     

A study conducted by Johnsen and Morton (1989) showed that with tebuthiuron,  
little or no degradation takes place in semi-arid soil and that it is not lost by 
volatilization at normal soil temperatures and is not decomposed by sunlight.  
Tebuthiuron may however be lost from soils by microbial decomposition, leaching, 
and uptake by plants.  Microbial decomposition is however not considered a 
predominant mode of degradation (Beste, 1983).  Moisture often does not wet the 
entire soil profile, limiting tebuthiuron penetration in semiarid regions, so little 
tebuthiuron would be leached out of the soil profile.  The uptake by plants depends 
on absorption of soil moisture and movement of tebuthiuron in soil-water.  Thus, 
tebuthiuron would be lost very slowly from soils under semi-arid conditions.  A 
further study conducted by Johnsen and Morton (1991), showed that tebuthiuron 
and its metabolites may be detected in current growing season foliage more than a 
decade after application in a semi-arid environment.  It is uncertain how long after 
application tebuthiuron or its metabolites can be detected in plants under semiarid 
conditions.    
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8. THE EFFECT OF THE ACTIVE INGREDIENTS OF SELECTED 
ARBORICIDES ON SOIL MICROBIAL ACTIVITY 

Microbial activity can be defined as the large variety of activities carried out by 
microorganisms in soil, (Bardgett, 2007).  It contributes to the liberation of nutrients 
available for plants but also to the mineralisation and mobilisation of xenobiotics 
(Nannipieri et al., 2002).  Nutrient cycling in soils involves biochemical, chemical and 
physiochemical reactions, with biochemical processes being mediated by 
microorganisms, plant roots and soil animals.  Most herbicides used at normal field 
rates are generally considered to have no major or long-term effect on total numbers 
of soil microorganisms or on gross soil microbial activities.  In contrast, (García-
Orenes, 2010) showed that the lowest levels of soil biological quality indicators were 
observed in plots with application of paraquat or glyphosate.  Other reports indicate 
that herbicide application to the soil may lead to proliferation of general or specific 
organisms which can utilize the specific chemical (Katan & Eshel, 1973). 

In general, herbicides affect soil microbes indirectly.  Herbicides may be a source of 
nutrition for microbes (Cook & Hutter, 1981), in which case they significantly affect 
microbial growth and multiplication.  However, herbicides also affect the microbes 
physiologically: a) by changing their biosynthetic mechanism (a change in the level of 
protein biosynthesis is reflected on the ratio of extracellular and intracellular 
enzymes); b) by affecting protein biosynthesis (induction or repression of synthesis of 
certain enzymes); c) by affecting the cellular membranes (changes in transport and 
excretion processes); d) by affecting plant growth regulators (transport of indolacetic 
acid, gibberellin synthesis and ethylene level); e) applied in high doses, they may kill 
microorganisms. 

 

 

Figure 5. Effect of herbicide on microbial populations over a period of 
time.  (a) shows microbial populations returning to original level 
after herbicide is decomposed;  (b) shows microbial population 
stabilising at a level greater than before herbicide application.  
(Devlin et al., 1992).  

As mentioned previously, the effects of herbicides and other pesticides on 
microorganisms in soils depend on their inherent toxicity, diverse internal and external 
factors such as temperature, moisture, nutrient status, and cultivation of soil, and, 
particularly, interactions between the chemicals and different soil components.  In 
many cases the influence of soil characteristics such as pH and content of humus, 
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clay, and Fe oxides is not adequately taken into account.  Humus is the most elective 
sorbent for organic toxicants with pH controlling the surface properties.  Therefore, 
depending on the humus content and pH of a soil, sorption can be less important or 
an elective means of detoxification (Welp & Brummer, 1999).  There are therefore 
strong and complex interactions between organic pollutants and the physical, chemical 
and biological constituents of soil.  However, there are a lot of indications that further 
factors, e.g., antagonistic and synergistic effects, ratio of nutrients to toxicants, 
influence the biocidal effects of herbicides in soil. 

8.1. Decomposition of organic matter 

Semi-arid ecosystems are characterised by low species diversity (Wall & Virginia, 
1999) due to the low number of species compared to less extreme climates, 
resulting in very little, if any, redundancy of species, where each species plays a 
key role in soil processes.  This situation causes the system to become very 
sensitive to disturbances (Wall & Virginia, 1999). Other factors that turn the 
ecosystem into a sensitive one are low and unpredictable rainfall, high 
evapotransition, low organic matter content, high pH, and extreme salinity and 
temperatures (Freckman & Virginia, 1989).  In these systems, every disturbance to 
a specific species in the soil population affects critical processes taking place in the 
ecosystem, such as decomposition, predator-prey relationships and energy flow.  It 
therefore follows that chemicals such as pesticides that interfere with the growth 
and activity of microorganisms which influence these processes will therefore have 
a far greater effect on soil quality and productivity in arid ecosystems (Kaffe-
Abramovich & Steinberger, 2006).  

A study by Zhang et al., (2010) showed that the herbicide 2,4-D butyl ester has 
substantial effects on microbial populations and microbial community structure in 
agricultural soils.  In particular, the effects of 2,4-D butyl ester were greater in soil 
with low organic matter and fertility level than in soil with high organic matter and 
fertility level.  Crouzet et al., (2010) by measuring soil dehydrogenase activity 
(DHA) indicated that pure mesotrione affected soil microbial communities but that 
effects were only detected at doses far exceeding the recommended field rates.   
Soil DHA plays an important role in oxidation-reduction processes occurring in soil 
during organic matter decomposition (Dick et al., 1996), and acts as a bioindicator 
of microbial activity.   

El Fantroussi et al. (1999) studied the influence of the phenyl-urea herbicides, 
linuron and diuron on microbial populations in soil.  They demonstrated differences 
in species in the treated soils compared to the control soils. These differences were 
expressed, among others, as a decrease in the functional diversity of the microbial 
community.  Moreover, they reported a disappearance of certain species of 
bacteria such as Acidobacterium following the treatments, while other species of 
bacteria were stimulated.  Their conclusion was that the structure of the microbial 
community that facilitates soil was altered as a consequence of the long-term 
usage of urea-based herbicides.   
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8.2. Aggregation 

Biological activity has the potential not only to stabilize soil structure through the 
production of organic substances capable of binding soil particles, but also to 
destabilize soil structure by decomposing organic binding agents.  The balance 
between these two processes dictates the level of soil structural stability (Huang et 
al., 2005).  Since organic matter responsible for the stabilization of soil structure is 
not inert and thus subject to decomposition, aggregation is a dynamic process in 
soils.  Aggregation determines the pore distribution of soil, which affects both the 
distribution of water in the soil (specifically the degree to which pores are filled 
with water) and the extent to which biota are able to enter and occupy pore space 
(Elliott, 1986; Bardgett, 2007).  Pore and aggregate sizes are highly determinative 
of bacterial distribution. Some studies have shown that bacteria may be physically 
protected from protozoan grazing in small soil pores. The fine soil texture may also 
hamper predation by increasing the distance protozoa must travel for feeding 
(Vargas and Hattori 1986; Heynen et al. 1988; Wright et al. 1995). Furthermore, 
several studies have indicated that bacterial diversity and abundance are different 
depending on the pore size (Kanazawa & Filip 1986; Kandeler & Murer 1993).   

Soil microorganisms play an important role in the formation and stabilization of 
macro-aggregates (Gupta and Germida, 1988; Tisdall, 1994).  Arthropods are also 
known to play a role in aggregate formation.  Collembola have been shown to play 
a crucial role in maintaining ecological sustainability through promoting soil 
aggregation (Siddiky et al., 2012).  This points to the importance of considering 
organism interactions in understanding the formation of soil structure.   

The amount of macro-aggregates is an important parameter to understand water 
infiltration, soil aeration, rootability and soil erosion.  Macroaggregate stability is 
known to respond rapidly to changes in soil management (Tisdall & Oades 1982).  
Miller and Jastrow (1990) and Tisdall (1994) showed that the stability of macro-
aggregates of several soils was related to hyphal length in soil.  Besides the 
physical effects of enmeshment of macro-aggregates by hyphae (Tisdall and 
Oades, 1982), many hyphae produce extracellular polysaccharides to which micro-
aggregates are attached and bound into stable macro-aggregates by the network 
of hyphae (Tisdall, 1994). 

Mycorrhizae are highly specialized fungi that form symbiotic relationships with 
plant roots.  These associations are extremely important to plant nutrition in virgin 
and cultivated soils, especially in soils of low fertility (Bardgett, 2007).  The 
presence of mycorrhizae on plant roots is also much greater in semi-arid and 
infertile soils.  Certain mycorrhizae have been shown to play an important role in 
soil aggregation (Rillig, 2004; Rillig & Mummney, 2006) and it follows therefore, 
that any detrimental effects on these fungi by herbicides will have negative 
consequences regarding soil structure.  This aspect will be further discussed under 
Section 9.1.2.1.  
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8.3. Nitrogen dynamics 

Nitrogen is an integral component of all amino acids, which are the building blocks 
of proteins (including the enzymes), nucleic acids and chlorophyll.  All living 
organisms depend in some or other way on the results of nitrogen fixation to 
synthesise proteins, nucleic acids and other necessary nitrogen-containing 
compounds.  These occur in various states within an ecosystem as ammonium 
(NH4), nitrate (N03), nitrite (NO2) and molecular or atmospheric nitrogen (N2). 
Atmospheric nitrogen gas constitutes 78% of the earth's atmosphere; however the 
biologically available fixed nitrogen in the soil, oceans and the bodies of organisms 
only constitutes about 0.03% of that amount (Atlas & Bartha, 1998). 

Amines and amino acids released from the decomposition (by mostly bacteria in 
neutral and alkaline environments and mostly fungi in acidic environments) of 
proteins are further decomposed by heterotrophic microorganisms during 
ammonification process.  The microorganisms carrying out ammonification can be 
either aerobic or anaerobic.  Some of the ammonium (NH4) released into the soil 
solution will be either converted to nitrites (NO2) or nitrates (NO3) by the process 
of nitrification carried out by photo-autotrophs, chemo-heterotrophs and a few 
bacterial species of chemo-autotrophs (Islam et al., 2007).  The different forms of 
nitrogen will then absorbed by plants, used by heterotrophic micro-organism to 
build new tissues, adsorbed to clay minerals, or released to the atmosphere as 
elemental nitrogen (Ashman & Puri, 2002).  Plants and microbes use nitrate (NO2) 
as a source of nitrogen much the same as ammonium (NH4) whereby it undergoes 
a series of microbially mediated processes until it is returned to the atmosphere in 
the form of N2 by denitrification (Bardgett, 2007). 

8.3.1. Nitrogen fixation 

The most important natural biochemical process by which nitrogen is added to 
the soil is microbial fixation of atmospheric nitrogen.  This is especially 
important in ecosystems were nitrogen is the limiting nutrient.  Microbial 
mediated nitrogen fixation is the biochemical process by which nitrogen in the 
atmosphere is converted into ammonia via the enzyme complex nitrogenase. 
This reaction is strictly anaerobic but some microbes, for example 
Cyanobacteria, have the ability to protect the nitrogenase enzyme from oxygen 
deactivation by forming specialized nitrogen fixing cells called heterocyst 
(Rippka & Stanier 1978).   

Nitrogen fixation is the only natural way nitrogen becomes bio-available to 
plants.  Nitrogen fixing microbes are all included in the domain eubactria and 
can be divided into two groups namely those which form associations with plant 
roots and those which are free living.  The bacteria which are involved in this 
process are often root associated and all nodule forming bacteria belong to the 
order Alpha Proteobacteria within the class Rhizobiales (Andreote et al. 2008).  
Plants are also shown to form non-nodule forming symbiotic associations with 
the nitrogen fixing species of the genera Frankia and Azospirillum (Séguin & 
Lalonde 1989).  These bacteria form close relationships with their plant hosts 
by infecting the roots and often forming root nodules.  The nodule forming root 
associated bacteria are the most extensively studied group of nitrogen fixers in 
arid ecotones with a few studies investigating other associations (Shetta et al., 
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2011).  Nitrogen is also fixed by free living bacteria and the most well known 
example of these are the genera Clostridium, Cyanobacteria, Azotobacter, 
Beijerinckia and Klebsiella (Maier & Triplett 1996).  The process of nitrogen 
fixation requires a large amount of phosphorus, which makes this element the 
rate-limiting factor in nitrogen fixation in natural soils (Bardgett, 2007).  

Herbicides may have negative effects on the growth of rhizobia including: 
inhibition of rhizobial growth; lowering rhizobial survival; disruption of the 
process of symbiont recognition and attachment; interference with nodule 
formation; reductions in levels of nitrogenase activity; Inhibition of plant 
growth; disruption of photo-synthate supply; disturbances in the allocation of 
photosynthate; reductions in root biomass; and deformation of root hairs (Clark 
& Mahanty 1991; Mårtensson 1992; Anderson et al., 2004; Walley et al., 2006).  
Other reports have shown no adverse effects however (Mårtensson and Nilsson 
1989; Sprout et al. 1992; Yueh and Hensley 1993).   Diuron is an herbicide in 
the urea chemical family related to linuron and tebuthiuron (Ware, 2000).  
Diuron has been shown to reduce the number of nitrogen fixing nodules formed 
by Rhizobium bacteria on alfalfa roots.  A concentration of 10 ppm (the 
recommended agricultural application rate) reduced the average number of 
nodules per plant about 50%.  Diuron also reduced the number of plants that 
developed nodules (Flores & Barbachano, 1992).  No literature could be found 
regarding the effects of specifically, bromacil and tebuthiuron on nitrogen 
fixation however.  

8.3.2. Nitrification and denitrification 

The process of mineralization of organic nitrogen to inorganic forms is essential 
to the ecosystem function in order to provide bio-available nitrogen to 
especially plants.  The process of mineralization, which includes ammonification 
of organic nitrogen sources by a wide array of enzymes, results in the release 
of mineral nitrogen such as ammonium and nitrate into the soil. Nitrification can 
be performed by both autotrophic and heterotrophic bacteria such as 
Nitrosospira sp., Nitrosomonas sp., and Nitrobacter sp.  (Prosser, 1989; 
Bardgett, 2007).  

Denitrification is accomplished by microbial enzymatic reactions which 
transform nitrate (NO3) to nitrous oxide, then nitrous oxide and finally to 
nitrogen gas which is released into the atmosphere.  Denitrification takes place 
more efficiently under anaerobic conditions, but aerobic microbial denitrification 
does occur (Bardgett, 2007).  The process of denitrification is dominated by 
facultative anaerobic bacteria (Bacillus sp., Pseudomonas sp., Agrobacterium 
sp.) capable of using nitrate as their terminal electron acceptor instead of 
oxygen when conditions are anaerobic.  These bacteria are primarily 
heterotrophic and belong to a taxonomically divers functional group of more 
than 60 genera and may constitute up to 5% of the total soil microbial 
community (Bardgett, 2007).   

Nitrifiers and nitrification are considered highly sensitive to pesticides, probably 
due to the small numbers of microbial genera involved (Domsch et al. 1983; 
Yeomans & Bremner, 1985).  Singh and Wright (1999, 2002) reported that 
terbutryn/terbuthylazine, trietazine/ simazine prometryn and bentazone, all 
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triazine derivatives, negatively affected the growth of rhizobia.  Munch et al. 
(1989) reported that the activity of NO2-oxidizing bacteria was inhibited by 
terbuthylazine, whereas the activity of NH4 +-oxidizing and denitrifier bacteria 
was stimulated by the herbicide.  Allievi et al., (1996) studied the effect of 
bentazon on microbial numbers of eight groups of aerobic or anaerobic, 
heterotrophic or autotrophic microbes.  The herbicide, applied at 10 and 100 
ppm, significantly reduced the number of anaerobic nitrogen-fixing bacteria 
(some clostridia), which are widespread in soil and play an important role in the 
N-cycle.  Seghers et al., (2003) investigated the effect of 20 years of atrazine 
and metolachlor application on the community structure, abundance and 
function of bacterial groups in the bulk soil of a maize monoculture.  The 
prevalence of methanotrophs as evaluated with real-time PCR analysis did not 
differ between the herbicide-treated and non-treated soil.  Results indicated 
that the long-term use of these herbicides resulted in an altered soil community 
structure, in particular for the methanotrophic bacteria.  However, in spite of 
this shift in community structure, the abundance and activity (methane 
oxidation) of the methanotrophs was not affected.  Corke and Thompson 
(1970) demonstrated that linuron and diuron added to soil at 100 ppm (wt/wt) 
inhibit nitrification with only trace amounts of N02 nitrogen appearing.  
However, the addition of 3-(3,4-dichlorophenyl)-1-methylurea, the 
demethylation product of diuron or demethoxylation product of linuron, caused 
temporary accumulation of N02 -N, a marked change in the nitrification pattern 
in soil.  This suggests that individual degradation products of a pesticide can 
modify the process of nitrification. 

Bromacil levels of 100 ppm were shown to reduce nitrification for 5 days in 
contrast to sustained inhibition of nitrification for 15 days by equivalent levels of 
2-amino-4-chloro-6-methylpyrimidine, a specific nitrification inhibitor (Pancholy 
& Lynd, 1969).  At normal application rates, Amitrole, 2,4-DB, and diallate can 
inhibit nitrification for at least 8 weeks, whereas atrazine, bromacil, picloram, 
and simazine may inhibit the process for shorter periods.  The effects of 
tebuthiuron on soil nitrogen (N) mineralization and nitrification was studied by 
Goodroad (1987) in laboratory incubations.  Tebuthiuron was added at rates 
from 0 to 1000 µg g‐1 to three different soils.  Although there was no effect of 
tebuthiuron additions of less than 1 µg g‐1 on soil N mineralization and 
nitrification, it reduced nitrification in all soils at 1000 µg g‐1 and in two of the 
soils at 100 µg g‐1 The findings of the study indicate that any effects of 
tebuthiuron on N mineralization and nitrification at recommended application 
rates are likely to be transient and localized. 

8.4. Effect of Pesticides on Soil Enzymes 

Soil enzymatic activities are often closely related to important soil quality 
parameters which include organic material, soil physical properties and microbial 
activity and may therefore be used as indicators of soil quality (Dick et al., 1996).  
Enzymes play an essential role in the cycling of elements such as C, N, P, and S in 
soils and, therefore, are important for soil functioning.  Soil enzymes representative 
of the main biogeochemical cycles (C, P, S, N) and of microbial biomass are often 
used as indicators of soil health.  These enzymes include P-glucosidase, 
phosphatase, sulphatase and urease, representing the carbon, phosphorous, 
sulphur and nitrogen cycles, respectively (Aon et al., 2001; Bardgett, 2007).   
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Soil enzymes have been suggested as potential indicators of soil quality and the 
activity of any enzyme assayed in a soil sample is the sum of active and potentially 
active enzymes from all the different sources (Nannipieri et al., 2002).  Dick et al., 
(1996) found that enzyme assay results present a means of determining the 
potential of soil to degrade or transform substrates.  Microbial activity 
measurements include enzymatic assays that catalyse substrate-specific 
transformations and can be used to help ascertain effects of soil management, 
land use and specific environmental conditions (Scholter et al., 2003).  A 
modification in the pattern of soil enzyme activities reflects changes in the 
microbial activity, microbial community structure, and environmental conditions.   

The clay and organic matter content of soil is an important factor determining the 
effect of herbicides on microbial biomass and activity.  Perucci & Scarponi, (1994) 
investigated the effects of imazethapyr, an imidazolinone derivative on the soil 
microbial biomass in a clay loam soil.  The results at the field rate, both in the field 
trial and the laboratory experiment, showed that imazethapyr had no adverse 
effects on soil microbial biomass because of the protection afforded by organic 
matter and clay in soil.   However, there was evidence of a toxic effect at the two 
higher rates.  Sandy soils are generally characterized by lower numbers and 
diversity of microbial populations, microbial activities, and nutrient availability 
compared to soils with higher clay and organic matter (OM) contents (Acosta-
Martínez et al. 2008).  Lower microbial populations of sandy soils may result in 
reduced potential of the microbial community for enzyme synthesis and, thus, 
lower enzyme activities (Emmerling et al. 2002). 
 

 

Figure 6. Relationship between clay content and microbial biomass in 
coarse-texture agricultural soils. 

8.4.1. Dehydrogenase 

Dehydrogenases represent a class of enzymes that give us information about 
the influence of natural environmental conditions of the microbial activities of 
the soil (Schäffer, 1993). Dehydrogenase is considered to play an important 
role in the initial stages of oxidation of soil organic matter (Skujins, 1973; 
Bardgett, 2007) by transferring hydrogen and electrons from substrates to 
acceptors.  Dehydrogense uses oxygen directly as a hydrogen acceptor.  This is 
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called aerobic dehydrogense but the enzyme can also operate through other 
hydrogen acceptors to carry out anaerobic dehydrogenase.  Soil water content 
and temperature influence the dehydrogenase activity indirectly by affecting the 
soil oxidation-reduction status (Brussaard et al. 1998). 

Dehydrogenase has been reported to be associated with microbial biomass and 
other biological activity (Jenkinson & Ladd, 1981; Singh & Singh, 2005; Cycon 
et al., 2010).  Naumann (1970) observed an increase in dehydrogenase activity 
in soil after application of methyl-parathion at recommended rates, but at 
higher rates a complete inhibition in the activity were observed. However, Tu 
(1993) reported that imidacloprid had no inhibitory effect on dehydrogenase 
activity in sandy soil. 

8.4.2. Phosphatase 

The phosphorous cycle makes provision for the uptake by plants of 
phosphorous (P).  Phosphate is released by the activity of phosphatase and 
activity of phosphatase is strongly influenced by soil pH (Bardgett, 2007), thus 
phosphatases are assayed at acidic and alkaline conditions.  Under acidic 
conditions phosphatase provides an index for soil to mineralise organic 
phosphorous.  Phosphatases are enzymes with a relatively broad specificity 
which are able to act on various different structurally related substrates even 
though they act at different rates. Phosphatases catalyse the hydrolysis of 
phosphate esters and are named according to their specific substrates. There 
are five groups, phosphor-mono-esterases, nucleases, phosphoric trimester 
hydrolases, phosphorylcontaining anhydrides and phosphoamidases. 

Microbial phosphatases are important in soils because these extracellular 
enzymes catalyse the hydrolysis of organic phosphate esters to 
orthophosphate, thus they form an important link between biologically 
unavailable and mineral phosphorus.  This may also include the transformation 
of immobilized forms of inorganic phosphate into soluble, mobile primary 
phosphates that are more readily used by organisms.  This enzyme is 
predominantly secreted by plant roots and associated mycorrhizae and other 
fungi, as pointed out by Joner et al. (2000).  These microbes are not specifically 
taxonomically related but some of the most well known phosphate solubilising 
bacterial species Pantoea agglomerans, Microbacterium laevaniformans and 
Pseudomonas putida are so effective they are used as biofertilizers (Malboobi et 
al., 2009). Without the impact of microbes several forms of phosphate would 
remain sequestered in organic matter and unavailable for plants and other 
organisms.   

Some bacteria and fungi also produce the enzyme phytase, which transforms 
organic phytic acid to release soluble inorganic phosphate.  Diuron reportedly 
reduces the activity of phytase (Cervelli & Perna, 1985).  Additionally some 
heterotrophic micro-organisms are also capable of releasing phosphates bound 
to calcium or magnesium (Atlas & Bartha 1998).  Even when phosphorus is 
present, it may not be in a bioavailable form.  When the pH is alkaline to 
neutral, phosphorous tends to precipitate with metals such as calcium, 
magnesium and when conditions are acidic, phosphates tend to bind to 
aluminium and ferric ions. 
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Phosphatase activity varies seasonally and exhibits tremendous spatial 
variability in soils in terms of soil organic matter, pH, and clay content.  The 
distribution of microorganisms, roots, and soil fauna contributes to the 
variability of phosphatase activity.  Due to the nature of phosphatase, the 
activity thereof is sensitive to environmental perturbations such as organic 
amendments, water logging, compaction, fertiliser additions, tillage, heavy 
metal inputs and pesticides.  Phosphatase activity is often used as an 
environmental indicator of soil quality (Amador et al. 1997; Hinojosa et al. 
2004).  It has been shown for example that phosphatase activity is suppressed 
when additional phosphorous is added to the soil in the form of fertilisers.  
Amador et al. (1997) found that phosphatase activity was highest in poorly 
drained soil, and decreased as drainage improved.  In general, phosphatase 
activity in temperate soils is partly controlled by position in the landscape, with 
phosphatase activity enhanced by additional soil organic matter and moisture 
(Amador et al. 1997).  This implies that soil microbes are not necessarily the 
dominant player in the release of phosphorous into the soil but that enzymatic 
activity of microbial communities is critical for the proper cycling of phosphorus 
within an ecosystem. 

8.4.3. Urease 

Urea (urea midohydrolase, EC 3.5.1.5) is hydrolysed to carbon dioxide and 
ammonium through the catalytic reaction driven by the enzyme, urease which 
forms an intermediate called carbamate.  This enzyme also catalyses the 
hydrolysis of hydroxyurea, dihydroxyurea and semicarbazide.  Soil urease 
originates mainly from plants (Polacco, 1977) and micro-organisms found as 
both intra- and extra-cellular enzymes (Mulvaney & Bremner, 1981; Burns, 
1986; Mobley and Hausinger, 1989) and thus widely distributed within the 
environment where it is tightly bound to soil and organic matter.  Although 
phosphatase, dehydrogenase, and glucosidase activities are important to soil 
quality, in many cases, the activity of urease, as a representative extracellular 
enzyme, appears to be more sensitive to pollution than that of other soil 
enzymes (Zantua & Bremmer, 1985; Bååth, 1989).    

Urease activity in soils is influenced by many factors.  These include cropping 
history, organic matter content of the soil, soil depth, soil amendments, heavy 
metals, and environmental factors such as temperatures (Cervelli et al., 1976; 
Tabatabai, 1977; Gianfreda et al., 1994; Yang et al., 2006).  For example, 
studies have shown that urease was very sensitive to toxic concentrations of 
heavy metals (Yang et al., 2006).  Other studies with soil samples taken from 
horizons of different soil profiles revealed decreased activities with increased 
soil depth.  The differences were attributed to decreases in soil organic matter 
content with depth (Ross & Roberts, 1968).   

The effect of temperature on urea hydrolysis has received considerable 
research attention.  Generally, urease activity increases with increasing 
temperature.  It is suggested that higher temperatures increase the activity 
coefficient of this enzyme. Therefore, it is recommended that urea be applied at 
times of the day when temperatures are low. This is because during such times 
the activation energy is low, thus, resulting in minimum loss of N by the 
volatilisation process.   
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Organic matter content in soil has a significant influence on enhancing 
dehydrogensase and urease activity and a number of studies have been 
conducted to investigate the effect of herbicides on this interaction.  One study, 
conducted by Romero et al. (2010) was to evaluate the effects of single or 
combined applications of spent grape marc-vermicompost, urea, and/or the 
herbicide diuron on soil-enzyme activities and the persistence of this herbicide 
in soils with low organic carbon content.  The application of vermicompost 
enhanced dehydrogenase (DHase) enzyme activity over time but altered soil 
urease activity to a very limited extent.  The reduction in diuron concentrations 
and the increase in DHase activity indicated that the soil microorganisms were 
capable of degrading the ureic herbicide.  In another study, the effect of the 
herbicide, MCPA combined with various sources of organic matter was studied 
by Tejada et al. (2010).   For all treatments, the soil ergosterol content (fungal 
biomass), dehydrogenase, urease, and phosphatase activities were measured 
at two incubation times (0 and 60 d).  Results indicated that at the end of the 
incubation period and compared with the control soil, dehydrogenase, urease 
and phosphatase activities and ergosterol decreased 39.3%, 20%, 15.7% and 
56.5%, respectively in the non-organic amended herbicide polluted soil.  The 
application of organic matter to unpolluted soil increased the enzymatic 
activities and ergosterol content.  The application of herbicide in organic-
amended soils decreased the enzymatic activities and ergosterol content but 
this decrease was lower than for the non-amended herbicide polluted soil. 

8.4.4. ß-Glucosidase 

ß-glucosidase occurs commonly in soils (Eivazi and Tabatabai, 1988; Tabatabai, 
1994) and plays an important role because it is involved in catalysing the 
hydrolysis and biodegradation of various ß-glucosides present in plant debris 
decomposing in the ecosystem (Ajwa and Tabatabai, 1994; Martinez and 
Tabatabai, 1997) which results in the production of glucose, an important C 
energy source of life to microbes in the soil.  

ß-glucosidase is characteristically useful as a soil quality indicator, and may give 
a reflection of past biological activity, the capacity of soil to stabilise the soil 
organic matter, and can be used to detect management effect on soils (Bandick 
and Dick, 1999; Ndiaye et al., 2000).  This makes it ideal for soil quality testing 
(Bandick and Dick, 1999).   Generally, ß-glucosidase activities can provide 
advanced evidence of changes in organic carbon long before it can be 
accurately measured by other routine methods (Dick, 1994; Dick et al., 1996; 
Wick et al., 1998).  ß-glucosidase is very sensitive to changes in pH, and soil 
management practices (Kuperman and Carreiro, 1997; Bergstrom et al., 1998; 
Bandick and Dick, 1999).  ß_-glucosidase is also known to be inhibited by heavy 
metal contamination such as Cu and several others (Haanstra & Doelman, 
1991; Wenzel et al., 1995). For instance, studies have shown that plant debris 
did not decompose or show ß-glucosidase activities when exposed to heavy 
metal polluted soils (Watson et al., 1976; Geiger et al., 1993). 

Lupwayi et al., (2010) investigated soil microbial responses to fertilizers and 
herbicides (glufosinate-ammonium and chlethodim) in a field trial comprising a 
barley-canola rotation.  Significant fertilizer effects on soil microbial biomass 
carbon, b-glucosidase enzyme activity and bacterial functional diversity (based 
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on community level physiological profiles) were mostly positive, and herbicide 
effects were mostly negative.  Reduced fertilizer application rates reduced the 
beneficial fertilizer effects, and reduced herbicide rates reduced the deleterious 
herbicide effects. These effects have implications for biological soil processes 
that are mediated by soil microorganisms, e.g., nutrient cycling.   
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9. THE EFFECT OF THE ACTIVE INGREDIENTS OF SELECTED 
ARBORICIDES ON BIOLOGICAL DIVERSITY 

The term ‘biological diversity’ describes complexity and variability at different levels of 
biological organisation, including genetic diversity within taxons (species), diversity of 
taxons in assemblages or habitats, and ecological diversity including variability in 
community structure, complexity of interactions, number of trophic levels, and number 
of guilds (functional diversity) (Johnsen et al., 2001).  At the genetic level, diversity 
can be regarded as the amount and distribution of genetic information in a microbial 
assemblage or a community.  Taxonomic diversity has been defined as the number of 
significantly different microbial types (richness) and their relative abundance 
(evenness) in an assemblage or community (Atlas, 1991).  Functional diversity, 
however, is the number of different processes or carbon source utilisation patterns 
taking place in a community. Phenotypic and functional diversity measurements are 
restricted to the subset of genetic information expressed under given environmental 
conditions. On the other hand, genetic diversity reflects the total genetic potential in 
the microbial community, but due to selective growth and successions the genetic 
diversity will also reflect changes in environmental conditions.  Diversity is expressed 
in different ways: as inventories of taxonomic groups, as single numbers (diversity 
indices), as phylogenetic trees, or number of functional guilds. 

Soil quality is defined as the 'continued capacity of soil to function as a vital living 
system, within ecosystem and land use boundaries, to sustain biological productivity, 
promote the quality of air and water environments, and maintain plant, animal and 
human health' (Doran, 2002).  There is increasing concern that herbicides not only 
affect the target organisms (weeds) but also the microbial community structure in soil 
and thereby, soil quality.  For example, El Fantroussi et al., (1999) showed that the 
long-term application of the herbicides Linuron and Diuron had a negative effect on 
the bacterial group Acidobacterium.   It has been shown that diuron inhibits microbial 
activity in soil, even at concentrations as low as several parts per million, causing 
conditions that negatively affect soil fertility (Prado & Airoldi, 2001).   Such non-target 
effects may degrade the performance of important soil functions which include inter 
alia, organic matter degradation, the nitrogen cycle and methane oxidation 
(Brussaard, 1997).  Since soil biota have a key role in carbon cycling, organic matter 
decomposition and maintenance of the edaphic fertility, the preservation of soil 
microbial diversity and structure is essential (Potter & Meyer, 1990). 

9.1. Microbial Community Structure 

Microbial communities are critical components of soil and may probably be the 
earliest predictors of soil quality changes.  They largely determine biogeochemical 
cycles, turnover processes of organic matter and the fertility and quality of soil 
(Bardgett, 2007).  Despite the importance of soil biota, our general understanding 
of their capacity to provide ecosystem services and respond to and catalyse change 
is poor, partly because the relationship between microbial community structure and 
function, and associated responses to system perturbation, have not been well-
characterised.  This is particularly the case given that we are still only able to 
survey a fraction of the microbes inhabiting any soil sample (Quince et al., 2008) 
and soils themselves are incredibly spatially and temporally varied.  This is 
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particularly true in non-stable environments, such as agricultural systems, where 
regular periodic disturbance is the norm.   

Research conducted by Wall and Virginia (1999) show that extreme environments, 
such as semi-arid regions, have a much simpler soil diversity and food web 
structure than other more temperate ecosystems.  They showed that 
decomposition-based food webs can be very simple in the regions and that there 
are common mechanisms for survival and dispersal of soil organisms in arid 
environments, whether hot or cold.  Habitat and resource requirements for soil 
biodiversity are patchily distributed in arid systems; and the low biodiversity of 
extreme soil ecosystems creates little or no functional redundancy, making these 
systems very susceptible to anthropogenic disturbance (Malloch et al., 1997).   A 
decrease in diversity will generally result in the risk that there is a decrease in the 
ability of the biological system to respond to perturbations such as herbicide 
application (Ekschmitt & Griffiths 1998).  Secondly, microbial diversity reflects the 
state and history of influences on the microenvironment, the diversity itself gives 
an indication as to how stressed the ecosystem has been.  Therefore it is essential 
that pesticide effects on microbial diversity be investigated or monitored for the 
purpose of sustainable soil and range management. 

9.1.1. Impact of pesticides on soil bacteria 

Because of their small size, bacteria have a high surface area-to-volume ratio 
with large contact interfaces with their surrounding environment.  Soil bacteria 
thus have high potential as sensitive bio-indicators of perturbations of soil 
quality by pesticide treatments.  Although the literature on the effects of 
pesticides on soil micro-organisms suggests that they only have minor or 
transient effects when they are applied at the recommended doses, the 
corresponding processes and mechanisms are still poorly understood.   

The response of soil bacteria to pesticides is influenced by soil physico-chemical 
characteristics (Tomlin, 1997; Karlen et al., 2003) and/or agricultural practice 
(Wardle, 1995).  These factors strongly affect the fraction of contaminant that 
causes an effect on soil micro-organisms.  The bio-available fraction of 
pesticides is controlled by soil properties, in particular by organic matter 
content, and by the physico-chemical properties of the pesticide molecule itself 
(Alva & Singh, 1991; Gevao et al., 2000).  For example, the toxicity of 
pesticides to soil micro-organisms may be markedly reduced in soils containing 
large amounts of organic matter or amendments (i.e. any material added to a 
soil to improve its properties).  In one key study, dehydrogenase activity was 
undetectable after application of propargyl bromide (PBr) and 1,3-
dichloropropene (1,3-D) (500mg/kg) in both amended and unamended soils, 
but recovery of activity was observed after eight weeks in amended soil only 
(Dungan, 2003).  Such results are in agreement with assumptions that soil 
organic carbon content is a reliable predictor of soil bacterial biomass, 
independently of the presence or level of organic contaminants, and that 
effects of pesticides on soil microorganisms are more pronounced in light-
textured soils with low organic content. 

Although there are leading reviews of the literature that have addressed the 
effect of pesticides on bacterial populations in soil (Johnsen et al., 2001; 
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Seghers et al., 2003; Gonod, et al., 2006; Zabaloy et al., 2010; Imfeld, 2012) 
literature on the effect of herbicides is relatively scarce.  Seghers et al., (2003) 
investigated the effect of 20 years of atrazine and metolachlor application on 
the community structure, abundance and function of bacterial groups in the 
bulk soil of a maize monoculture.  Their results indicated that the effect of 
these herbicides was not limited to the bulk bacterial community in the soil but 
included the root endophytic bacterial community.   This is consistent with the 
findings of Ros et al., (2006) WHO found that the effect of atrazine in a semi-
arid soil at concentrations ranging from 1 to 1000 mg/kg leaves a fingerprint in 
the soil bacterial community with high atrazine levels producing an increase in 
bacteria.  Zabaloy et al., (2010) confirmed that the herbicide 2,4-
dichlorophenoxyacetic acid (2,4-D) may influence soil microbial communities by 
altering the balance between resident populations.   This is consistent with 
Macur et al. (2007) WHO showed that shifts in the community structure of 2,4-
D degrading bacteria may occur at agriculturally relevant application rates of 
2,4-D (10 mg/kg) and that communities become enriched in faster growing 
species such as Burkholderia spp. when higher concentrations are applied.  
Shifts in soil bacterial communities was also reported by Zhang et al., (2010) as 
a result of imazethapyr application.  Imazethapyr addition also decreased the 
ratios of gram negative to gram positive bacteria and that of fungi to bacteria.   

There is limited information on the effect of urea herbicides on soil microbial 
communities.  Bromacil has been found to have varying effects on soil microbial 
populations depending on herbicide concentrations and the microbial species 
present.  Low residue levels can enhance populations while higher levels can 
cause population declines (Tu et al., 2001).  Bhutani et al., (1984) reported that 
bromacil applied at 2.5, 5.0 and 7.5 kg/ha resulted in an stimulatory effect on 
soil bacteria and an inhibitory effect on actinomycetes up to 60 days after 
application. 

9.1.2. Impact of pesticides on fungi 

9.1.2.1. Mycorrhizae 

Vesicular arbuscular mycorrhizae (VAM) are fungi that improve the growth 
of many plant species by increasing biomass, increasing photosynthetic and 
transpiration rates, increasing nutrient uptake, and improving drought 
stress tolerance and water use efficiency (Bardgett, 2007).  Impacts of 
herbicides on arbuscular mycorrhizae (AM) vary greatly and have been 
shown in many studies.  Physiological changes in the potential host plant 
due to herbicides can create the conditions for AM to thrive (Nasr, 1993) 
while other studies have found that herbicides have little impact on AM 
(Girvan et al. 2004).  Some herbicides have been found to be detrimental to 
AM formation.  For example, in a pasture of Bromus tectorum, AM root 
colonisation was found to be significantly lower at higher rates of 
tebuthiuron application in pellet form (0.6, and 1.01 kg/ha) compared to 
low rates (0.36 kg/ha) or the control (Allen and West, 1993).  Changjin and 
Bin (2004) found that six herbicides reduced AM colonization, hyphal 
enzyme activities, hyphae in the soil and reduced the biomass of the host 
plant, maize.   
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Herbicides generally have less potential for direct effects on AM fungi but 
can affect root colonization via herbicidal reduction of photosynthesis and 
carbon supply to the roots (Trappe et al., 1984).  Thus while diuron and 
trifluralin had no effect on citrus root colonization by Glomus etunicatum, 
high rates of simazine and paraquat damaged the plants and reduced 
colonisation (Nemec and Tucker, 1983).  More recent studies have focused 
on the potential for herbicides to alter source-sink relationships between 
herbicide tolerant and susceptible plants growing together, with nutrient 
transfer from the shoots to the roots of susceptible plants and possible 
export to the roots of the tolerant plant species mediated via AM fungi 
common to both.  For example, the herbicide bentazon when applied to 
soybean and cocklebur was shown to reduce the AM-colonized root length 
of the cocklebur by 43%, but there was little effect on the soybean 
(Bethlenfalvay et al. 1996).  As the susceptible cocklebur succumbed to the 
bentazon application, an AM-mediated flux of nutrients occurred from weed 
to crop.  A similar response was found when chlorsulfuron was applied to 
soybean and a weed species (Mujica et al. 1998).  Diclofop was found to 
inhibit AM root colonization in wheat, however, when grown with ryegrass 
(susceptible to diclofop) wheat growth and yield were enhanced (Rejon et 
al. 1997).  This wheat growth increase was attributed to interplant AM 
associations with the wheat becoming a stronger sink for nutrients than the 
ryegrass.  

9.1.2.2. Pathogens 

Pesticides, and in particular herbicides, have been reported to exacerbate 
root diseases of crop plants (Altman & Campbell, 1977;  Levesque et al., 
1992; Neate, 1994) either indirectly by influencing specific processes or 
interactions with plants, or directly by affecting plant pathogens.  The 
possible mechanisms thus include: (1) the weakening of non-target crop 
plants by the herbicide making it more susceptible to opportunistic root 
pathogens, (2) a direct effect of the herbicide on the root pathogen itself or 
other soil organisms that may normally be suppressive towards the 
pathogen, and (3) an increase in root pathogen inoculum on killed weed 
biomass prior to planting the crop.   

There are numerous studies showing enhancement of plant diseases by 
herbicides.  The sulfonylurea herbicides (chlorsulfuron, metsulfuron methyl 
and triasulfuron) were found to increase root disease of wheat caused by 
take-all, Rhizoctonia solani (bare-patch), and Heterodera avenae (cereal 
cyst nematode), particularly in calcareous soils (Neate, 1994).  In this case, 
weakening of the host plant by residues of the herbicides was proposed as 
a possible mechanism.   In other studies, trifluralin was reported to increase 
the incidence and severity of root rot of Medicago truncatula in disease 
infested soil (Bretag and Kollmorgen, 1986), and diuron, metribuzin and 
fluazifop were reported to increase the incidence of blackspot of peas 
(Davidson and Ramsey, 2000).  The herbicides pendimethalin, acifluorfen 
and imazethapyr were also reported to increase in the severity of 
Rhizoctonia root and hypocotyl rot of soybean in greenhouse experiments 
(Bradley et al., 2002). In a survey of the effects of twelve herbicides 
(bentazon, acifluorfen, chlorimuron, fluazifop, diclofop, sethoxydim, 
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imazaquin, metribuzin, oryzalin, thidiazuron, diaminozide, and mefluidide) 
on disease severity of four plant pathogens (Alternaria cassiae, 
Colletotrichum coccodes, C. truncatum, and Fusarium lateritium), all of the 
herbicides enhanced disease severity of at least one of the pathogens to a 
host plant (Caulder et al., 1987).  The mechanisms of these effects have 
not been explored.  There has also been no organised effort to analyse the 
data that exists to understand the conditions, the herbicides and their 
doses, the species of plants, and the species of pathogens involved in 
herbicide-plant disease interactions in order to produce principles or 
generalisations that might be used to predict these interactions. 

 

 

Figure 7. Schematic representation of possible herbicide plant pathogen 
interactions.  (Altman & Campbell, 1977) 

Studies have also shown a decrease in disease incidence, such as the 
decrease of vascular wilt disease due to Fusarium oxysporum in melon 
caused by acetochlor treatment (Cohen et al., 1996).  In this case direct 
fungitoxic effects were eliminated as contributing to the effect of the 
herbicide, but the mechanism was not determined.  Sharma and Sohi 
(1983) showed that bromacil, diuron, nitrofen, and alachlor all reduced 
disease severity of Phaseolus vulgaris by Rhizoctonia solani, but there were 
no data to suggest a mechanism.  

9.2. Impact of pesticides on soil arthropods 

Soil invertebrates are enormously diverse.  According to recent estimations, soil 
animals may represent as much as 23% of the total diversity of living organisms 
that has been described to date.  Their sizes range across three orders of 
magnitude.  The smallest nematodes and protozoa (protists) of the micro-fauna 
measure less than 200 µm on average and live in soil water.  Micro-arthropods, 
Enchytraeidae and the many groups of the meso-fauna (0.2–2 mm) live in the air 
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filled pores in soil.  The largest arthropods, Mollusca, Annelida and Crustacea 
comprise the macro-fauna that lives in the surface litter or in nests and burrows 
that they create in the soil.  Due to their ubiquity in soil, soil fauna are therefore 
important in organic matter transformations and soil structure formation, and are 
therefore potentially useful bio-indicators of the effects of pesticides in soil (Locke 
& Zablotowicz, 2004).  Therefore, any impact herbicides may have on soil fauna 
may adversely affect plant health due to decreases in mineral and oxygen 
availability brought about by less channelling in soil, as well as less predation on 
potentially plant pathogens. 

Herbicides have generally been found to have variable effects on soil micro-
arthropod populations (Edwards, 1989).  Before standardised laboratory tests were 
developed, some authors even claimed that there was no direct effect of herbicides 
on soil fauna; and that most increases or decreases of populations were indirect 
effects, mostly caused by vegetation changes (Edwards & Thompson, 1973; 
Chalupský, 1989).  Wardle (1995) suggested that evidence for direct negative 
effects of herbicides on nematode populations were more likely to be indirect 
effects arising from changes in the quantity and quality of plant inputs (e.g., dead 
organic matter from weeds) to the soil.  Nevertheless, under standardised 
conditions without interference from vegetation, herbicides differ strongly in toxic 
as well as stimulatory effects when applied at field doses.  Some early reports have 
shown that atrazine, simazine, glyphosate and paraquat can cause temporary 
reductions in micro-arthropod activity (Edwards, 1973; 1989).  Monnig and 
Bradley, (2008) showed that making fall or early spring applications of chlorimuron 
plus sulfentrazone plus 2,4-D can lead to lower insect populations well after 
planting.  Rebecchi et al. (2000) reported that the sulphonylurea herbicide 
triasulfuron caused a decrease in some collembolan species in an agricultural soil.  
In contrast, there is no evidence for any deleterious effect of herbicides (including 
chlorsulfuron, diuron, 2,4-D, glyphosate and trifluralin) on earthworms when 
applied in the field at recommended rates (Bauer and Römbke, 1997; Mele and 
Carter, 1999).    
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10. BIO-INDICATORS OF THE EFFECTS OF HERBICIDES ON 
SOIL QUALITY 

The term ‘soil quality’ is often used in the same context, or synonymously, with soil 
health.  Doran and Parkin (1994), define soil ‘quality’ as being represented by a “suit 
of physical, chemical, and biological properties... ”.  The authors considered physical 
(texture, rooting depth, infiltration rate, bulk density, water retention capacity); 
chemical (pH, total carbon, electrical conductivity, nutrient status); and biological 
(carbon and nitrogen microbial biomass, potentially minerisable nitrogen, soil 
respiration) parameters as criteria for the minimum evaluation of soil quality.   

Soil health, however, focuses more on the biotic components of a soil, reflecting, i.e., 
the maintenance of soil organisms and their proper functioning as regulators of 
nutrient cycling and therewith of soil fertility (Doran, 2002).  Biological and 
biochemical parameters are more sensitive to slight modifications that can take place 
in the presence of any degrading contaminant.  (Pankhurst et al., 1996; 1997; 1998).  
Soil microorganisms therefore respond quickly to any environmental perturbation, be it 
natural or anthropogenic and are thus very important when monitoring the soil status 
(Schloter et al., 2003).  For this reason a better understanding of soil health may be 
obtained by studying fluxes in microbial diversity and functional diversity in the soil.  
 An ecological perspective combined with a holistic or “systems approach” is of 
paramount importance to the maintenance of healthy soil.  This perspective requires a 
thorough understanding of the interactions between and within the biotic and abiotic 
components of an agro-ecosystem, i.e., a cropping system or rangeland.  Especially 
important are interactions which contribute to reduced biodiversity and which 
subsequently disturb the ecological stability of the soil ecosystem.  Species diversity 
consists of species richness, the total number of species present, species evenness, 
and the distribution of species.  Important aspects of diversity at the ecosystem level 
are the range of processes, complexity of interactions, and number of trophic levels.  
Thus, measures of microbial diversity should include multiple methods integrating 
holistic measures at the total community level and partial approaches targeting 
structural or functional subsets.  The use of bio-indicators is an innovative approach 
for assessing the qualitative and quantitative effect of anthropogenic influences such 
as fertilization, tillage, irrigation, pesticide application, etc. on the dynamics of a 
particular agro-ecosystem.  The approach can be qualitative by utilizing micro-
organisms and their changing diversity in time and space as a tool to assess the effect 
of certain agricultural practices/applications on microbial dynamics in the soil.  
Quantitative changes can also be assessed by means of indicators since soil 
applications may lead to the enhancement or inhibition of certain functional groups of 
microorganisms.    

The vast number and diversity of soil microorganisms, together with the heterogeneity 
of the soil environment, pose major problems for analysing microbial population 
diversity and structure and linking them to functional processes.  Results from the 
limited number of samples that it is possible to analyse for any particular study require 
careful interpretation; however, new methods will greatly increase the number of 
samples that can be analysed in the future.  Methods to measure microbial diversity in 
soil can be categorized into two groups: biochemical-based techniques and molecular-
based techniques.  Typically, diversity studies include the relative diversities of 
communities across a gradient of stress, disturbance or other biotic or abiotic 
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difference (Hughes et al., 2001).  It is difficult with current techniques to study true 
diversity since we do not know what is present and there is no way of determining the 
accuracy of extraction or detection methods.  Researchers usually attempt to reduce 
the information gathered by diversity studies into discrete, numerical measurements 
such as diversity indices (Atlas & Bartha, 1993).  All methods for the investigation of 
microbial community diversity and activity contain inherent biases and it is necessary 
to understand the underlying mechanisms in order to be aware of the drawbacks and 
limitations, and to appreciate the strengths and weaknesses of each approach.  
Nevertheless, these methods are starting to reveal the soil microbial biomass and the 
soil metagenome, and will, in the future, enable a greatly improved understanding of 
microbial community dynamics and interactions relevant to soil functions. 

10.1. Soil Enzymes 

Soil enzyme activities have been suggested as potential indicators of soil use and 
management because of their relationship to soil biology, and it is generally 
assumed that the biological properties of soil, such as enzyme activities, are earlier 
indicators of soil degradation than chemical or physical parameters.   The status of 
an enzyme in soil may determine how pesticides affect its activity.  Enzymes in soil 
are either, intracellular and present as a component of viable soil organisms 
(biotic), or extracellular and bound to clay or humic acids (abiotic) (Dick, 1994; 
1997).   

Generally, pesticide applications at recommended rates have little or no effect on 
enzyme activity in soils (Schäffer, 1993; Nannipieri, et al., 2002; Dick, et al., 1994; 
1996).  In contrast, when pesticides are applied to soil at higher than 
recommended rates or over long periods, significant effects on soil enzyme activity 
have been reported.  For example, Voets et al (1974) showed that long-term 
atrazine applications significantly reduced the activity of phosphatase, invertase, β-
glucosidase, and urease in soils.  However, this was thought to be due to a 
reduction of biological activity rather than a direct effect on the catabolic behaviour 
of these enzymes.  Other similar reports include a decrease in dehydrogenase and 
urease activity following long-term (15 years) application of 2,4-D (isoctyl ester 
formulation) (Rai, 1992), a decrease in dehydrogenase and arylsulfatase in South 
Australian soils following long-term applications of atrazine (Megharaj, 2002), and 
a decrease in phosphatase activity following long-term applications of glyphosate 
(Sannino and Gianfreda, 2001). 

Measurement of fluorescein diacetate hydrolysis is a non-specific and sensitive 
method of evaluating soil microbial activity (Adam and Duncan, 2001).   
Fluorescein diacetate is hydrolyzed by a set of different hydrolases, such as 
proteases, lipases, and esterases, produced by soil micro-flora.  There exists a 
close correlation between the fluorescein diacetate hydrolysis rate and the 
microbial biomass level showing the potential of this method for testing the overall 
microbial activity in soil (Vekemans et al., 1989; Adam & Duncan, 2001).   
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10.2. Sole Carbon source utilisation patterns / community level 
physiological profiling 

Biolog introduced an Eco-plate containing 3 replicates of 31 different 
environmentally relevant carbon sources to which tetrazolium salt has been added, 
and one control well per replicate.  The tetrazolium salt changes colour to blue as 
the carbon substrate is metabolized by microbes.  Populations are monitored over 
time for their ability to utilize specific carbon substrates in each respective well and 
the speed at which these substrates are utilized.  Multivariate analysis is applied to 
the data and relative differences between soil functional diversity can be assessed.  
In principle, Biolog provides a community level physiological profile (CLPP) or a 
metabolic profile of the bacterial or fungal community’s ability to utilise specific 
carbon sources (Kirk et al., 2004).   

CLPPs can differentiate between microbial communities, are relatively easy to use, 
reproducible and produce a large amount of data reflecting metabolic 
characteristics of the communities.  This method has been used successfully to 
assess potential metabolic diversity of microbial communities in soil treated with 
herbicides (Floch et al., 2011).   El Fantroussi et al. (1999) used Biolog plates in 
conjunction with DGGE to assess the impact of three different phenylurea 
herbicides on soil microbial communities.  They reported that soil diversity seemed 
to decrease with the application of the herbicides and that principal component 
analysis (PCA) was able to distinguish between treated and non-treated 
communities. 

10.3. Phospho-lipid Fatty Acid analysis (PLFA) or Fatty Acid Methyl 
Ester (FAME) analysis 

PLFA and FAME analysis are biochemical techniques for studying the soil microbial 
community without culturing them on agar media.  They are a non-selective 
methods, where the fatty acid composition of the soil is analyzed using gas 
chromatography (GC) (Tunlid and White 1992).  Fatty acids make up a relatively 
constant proportion of the cell biomass and signature fatty acids exist that can 
differentiate major taxonomic groups within a community.  Therefore, a change in 
the fatty acid profile would represent a change in the microbial population.   

PLFAs are the basic components of cell membranes and are decomposed rapidly in 
soil when cells die.  Consequently, extracting phospholipids from soil samples 
provides information about living members present in microbial communities (Fritze 
et al. 1998, Frostegard et al. 1993). The entire PLFA profile can be used as a 
fingerprint of the whole soil community.  Since phosphor-lipid-linked branched fatty 
acids are characteristic of bacterial origin, lipids can be used to indicate specific 
subgroups within the community and physiological status of those populations.  For 
example, sulfate reducers, methane-oxidizing bacteria, mycorrhizal fungi and 
actinomycetes have unique lipid signatures.  Environmental changes can also 
induce changes in certain PLFA components, such as the ratio of saturated to 
unsaturated fatty acids, ratio of trans- to cis-monoenoic unsaturated fatty acids 
and the proportion of cyclopropyl fatty acids.  Such changes herald changes in the 
microbial community.  PLFA has been used to study microbial community 
composition and population changes due to chemical contaminants (Siciliano et al., 
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2003; Kelly et al., 1999) and agricultural practices (Bossio et al., 1998; Ibekwe et 
al., 2002). 

10.4. PCR-based methods 

A number of molecular biological approaches are now being used to gain a better 
understanding of the ecology of soil microbial communities (Nakatsu, 2007).  This 
has helped soil scientists to evaluate differences in microbial communities with 
respect to their environment.  It has enabled advancement beyond the traditional 
laboratory cultivation approaches that were able to capture only about 1% of the 
community in the past (Staley and Konopka, 1985).   

The majority of molecular methods currently being used for community analysis 
examine nucleic acids.  The polymerase chain reaction (PCR) involves separating a 
double-stranded DNA template into 2 strands (denaturation), hybridizing 
(annealing) oligonucleotide primers (short strands of nucleotides of a known 
sequence) to the template DNA and then elongating the primer-template hybrid by 
a DNA polymerase enzyme (Mullis & Faloona 1987, Saiki et al. 1998).  

10.4.1. Denaturing gradient gel electrophoresis (DGGE) analysis 

In this method, DNA is extracted from the environmental sample and 
purified.  Target DNA (16S, 18S or ITS) is amplified using universal or 
specific primers and the resulting products are separated in different ways.  
Polymerase chain reaction (PCR) targeting the 16S DNA has been used 
extensively to study prokaryote diversity and allows identification of 
prokaryotes as well as the prediction of phylogenetic relationships (Pace, 
1996, 1997, 1999).  DGGE is now being applied frequently in soil microbial 
ecology to compare the structures of complex microbial communities and to 
study their dynamics. The basic method and applications were recently 
reviewed by Nakatsu (2007). 
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Figure 8. Flow diagram of the steps for microibial community analysis 
using polymerase chain reaction denaturing gradient gel 
electrophoresis (PCR-DGGE). 

10.4.2. Terminal restriction fragment length polymorphism  -    (T-
RFLP) analysis 

T-RFLP analysis (Jones & Thies, 2007) as in DGGE analysis, begins with 
amplifying soil community DNA using targeted primers, but with the key 
differences that one or both primers are labelled with a fluoro-chrome(s) 
and that resulting amplicons are hydrolyzed with restriction enzymes to 
create DNA fragments of varying size that are labelled with the fluoro-
chrome at either the 5’ or 3’ end.  These terminal fragments are then sized 
against a standard molecular size marker using automated DNA sequencing 
techniques.  The resulting electro-pherogram (peaks representing the sizes 
of the terminal restriction fragments, TRFs) is used as a DNA fingerprint 
characteristic of the soil community sampled.  Resulting TRF sizes are 
analogous to bands on a DGGE gel and are also referred to as OTUs, since 
any one terminal fragment size is not restricted to any taxonomic group per 
se.  TRF profiles are compared subsequently between samples by use of 
similarity matrices and multivariate statistics.  With new capillary 
sequencers, up to 384 samples can be analyzed in a single run.  T-RFLP 
also has a higher resolving power than DGGE, with often twice as many 
OTUs determined per sample (Jones & Thies, 2007), making T-RFLP the 
preferred choice for a high throughput method to initially screen for 
differences between communities. 
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10.5. Ergosterol 

Ergosterol content is a sensitive and reliable indicator of fungal biomass.  There is 
a linear correlation between the ergosterol content and the fungal surface area and 
ergosterol is also in good correspondence to other fungal markers such as fungi 
specific phospholipid acids (PLFA) (Bååth, 2001).  The ergosterol content of fungal 
cells is not constant, it varies depending on species (not all fungi contain the same 
amount of ergosterol) and environmental conditions.  The method is based on an 
extraction of ergosterol from soil, followed by quantitative determination using 
HPLC equipment.  The lowest limit of detection ranges from 8 to 15 [g microbial 
biomass C g-1 of soil].  
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11. THE IMPACT OF SELECTED ARBORICIDES ON AIR QUALITY 

 
No evidence was found that arborcides, with the active ingredients being 
Tebuthiuron and/or bromacil, negatively affect air quality. This is mainly because the 
vapour pressure is rather low (in their solid state) and their melting points are well 
above 100°C, the boiling point of water. 
 
As bromacil vaporises as carbon dioxide mainly, an increase in atmospheric carbon 
dioxide levels can be expected. However, exact quantities are difficult to establish. 
Evidence on how much atmospheric carbon dioxide is caused by bromacil was not 
found. The half-life of bromacil when dispersed in the air is estimated to be 20 
hours (19). 
 

12. TOXICITY LEVELS OF SELECTED ARBORICIDES TO OTHER 
CHEMICALS USED IN AGRICULTURE 

 
No evidence was found so far, and may need to be investigated further. General 
literature on cash crop improvement methods suggest that pesticides / arboricides 
should be applied only after fertilisers have been applied. A grace period of at least 
one week should be exercised between the applications of these the chemicals 
respectively.  

Tebuthiuron is resistant to biological and chemical degradation and may therefore 
affect the effectiveness of fertilisers. However, no empirical evidence could be found 
to substantiate the exact influences. 

In addition, the toxicity of pesticides to soil micro-organisms may be markedly 
reduced in soils containing large amounts of organic matter or amendments, i.e. any 
material added to a soil to improve its properties (see also section 10). 
 
No other literature on dual applications of chemicals in rangeland conditions was 
found. 
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13. SOCIO-ECONOMIC IMPACT ASSESSMENT IN THE 
AGRICULTURAL SECTOR 

 
As indicated in the introductory chapters of this study, bush encroachment has an 
adverse effect on agricultural output.  However, bush encroachment is not the only 
factor influencing negative production in agriculture in Namibia since approximately 
the 1920s (Honsbein, 2011-20; 3). Economic decline and political mandate executed 
upon Southwest Africa/Namibia by the Union of South Africa after the World War I 
and the later Republic of South Africa (Lau and Reiner, 1993-21) until 1990 
substantially contributed to the agricultural output decline. Furthermore, a shift in 
the type of farming conducted across Namibia, i.e. for both communal and 
commercial farming areas, from by and large dairy farming until the mid-1970s to 
meat production, caused a large reduction in cattle numbers, but specifically in 
commercial farming areas. Meat production as the preferred choice of farming 
output until today, also caused an increase in small stock numbers. Cattle numbers 
and meat produced from cattle remained fairly even over the last 30 years or so 
(20). The shift in agricultural production systems from dairy to meat products freed 
up land – theoretically – as more land would be able per head of cattle. But soon 
after cattle numbers reduced an explosion of bush growth seemed to have occurred, 
as other plant resources were depleted due to earlier pasture pressure caused by 
large cattle numbers (von Wendorff, 1985-22). 
 
Today some 26 million hectares, on both communal and commercial farming land, is 
affected by bush encroachment in one way or the other (6). New data is also 
available on areas under bush encroachment threat, therefore augmenting 
information presented in Figure 1. The new findings are presented in Figure 9 
below. Where predominantly central and northern Namibia is largely bush 
encroached, now large parts of southern Namibia are becoming bush encroached 
too. 
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Figure 9. Distribution Map of Bush Encroachment in Namibia (2010). [23] 

The challenge of combating bush encroachment over such large area thus needs to 
be addressed in a conserted manner as bush encroachment is seen as a significant 
economic threat to Namibia.  Various institutions have taken a pivotal role in the 
initiative to utilise wood-biomass more efficiently and several studies have been 
carried out over the past decade, including: 
 
• Project Proposal: Employment Opportunities and to combat Bush Encroachment 

in Namibia’s communal and commercial farmland areas for the Namibia National 
Farmers Union and funded by the Development Fund of Namibia (1995). 

• A study on “Woodland Management” was carried out and funded by the 
Development Fund of Namibia in November 1997. 

• The Namibia Agricultural Union in co-operation with the Ministry of Agriculture, 
Water and Rural Development and the Bush Utilisation Association of Namibia 
evaluates and supports initiatives which combat bush encroachment in an 
environmentally sustainable and economically viable manner. 

• In September 2007 a consultancy was concluded on the use of invader bush for 
the production of electricity in the national context – NamBio.  NamBio was a 
shared initiative between the Ministry of Agriculture, Water and Forestry, 
Ministry of Environment and Tourism and the Finnish Government who seconded 
its implementation to the VTT Research Centre of Finland. 

• Recently completed initiatives include EC sponsored “decentralised demand 
driven actions - DDDA” for non-state actors to find ways and means to 
economically empower rural areas of Namibia. Among the DDDA are projects 
with the objective to economically and environment friendly utilisation of invader 
bush under the auspices of economic empowerment. Here specifically the 
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CBEND (Combating Bush Encroachment for Namibia’s Development) project 
undertaken by the Desert Research Foundation of Namibia (DRFN), its results 
achieved and subsequent initiatives merit closer investigation. 

• ‘The Effectiveness of Chinese Arboricides in Combating Bush Encroachment’; 
Agricola 2010 (L. Lubbe and J.A.J. van Eck) 

• Larger-scale bush harvesting recently commenced by the company Energy for 
Future to supply the Ohorongo cement company with shredded biomass. Future 
for Energy is a subsidiary of Ohorongo. 

• Environmental Impact Assessments (EIA) and Strategic Environmental 
Assessments (SEA) for CBEND and Energy for Future were also completed in 
2010 with valuable conclusions and recommendations. 

 
All aforementioned initiatives furthermore suit the national drive for socio-economic 
and ecologically sustainable development, which also includes the use of Namibia’s 
biomass potential under, for example, the provisions of the Kyoto Protocol. 
However, the ecological sustainability of bush projects has not been investigated in 
any detail (for e.g. Joubert and Zimmermann, 2003) except where a specific 
business plan was at stake and registered for implementation, like “Energy for the 
Future” and the “CBEND” projects respectively. Also, these initiatives are too small 
to address the bush encroachment problem in Namibia in a holistic manner. 
 
It is evident from the above that bush encroachment needs a combination of 
activities to address or curb it.  The aim should not be to full eradicate bush over 
the 26 million hectare, but rather to find an equilibrium of healthy rangeland state, 
where commercial agriculture, also in communal areas, is based on ecological 
sustainable best business practices.  
 
Large scale of application of arboricides seems to be the least optimal route to 
choose (3) as it is not very cost effective, and bears substantial ecological risk (see 
Sections 7, 8, 9, 10). For economic reasons, arboricides are best only engaged as 
follow up treatment and aftercare measure, once physical harvest has taken place. 
Physically harvested bush / wood material could subsequently be sold at least at 
cost price. However, considerable opportunities exist to market bush / wood 
material in Namibia and elsewhere (20). The total employment opportunities, in 
both manual, low cost labour and skilled jobs categories respectively, are well in 
excess of 50,000 considering harvesting, logistics, handling and various thermo-
chemical and mechanical conversion operations.  
 
The ecological risk does not express itself through reduced meat quality or 
accumulation of chemical substances originating from the arboricides employed to 
curb bush encroachment (see long term effect on agriculture products / livestock – 
Section 6.4), but rather the long term adverse effect on soil and groundwater as 
described in detail under sections 7, 8, 9 and 10. Arboricides should thus be 
employed with much care, economical and ecological considerations should be of 
equal importance before arboricides are employed. 
 
There is no doubt that bush thinning or harvest contributes to increased grass 
production (3, 12). This is equally true for physical thinning / harvesting method 
and/or engagement of arboricides. Depending on the arboricide employed, the 
process may take up to two years after engagement of the arboride. Rainfall aids 
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increased grass production substantially. However, rest-periods of at least 1, but 
better 2 rainfall seasons for treated rangeland is recommended by several rangeland 
experts (Versfeld, Bester, Lubbe, Rothauge, Zimmermann, Joubert) in Namibia. 
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14. SUMMARY OF RESULTS, CONCLUSIONS AND 
RECOMMENDATIONS ON A WAY FORWARD  

 
The characteristics and effect of tebuthiuron and bromacil can be summarised as 
per Table 7 below. 

Table 7. Characteristics and effect of Tebuthiuron and Bromacil. 

 Tebuthiuron Bromacil 

Trade and 
other names 

Brush, Bullet, Bushwacker, Herbec, 
Scrubmaster, Tebusan, Molopo, Limpopo, 
etc. 

Bromax, Borea, Borocil, Hyvar, Uragan, 
Urox, Brush-Free, Bushwacker, MBN-BR 
800, etc. 

Products with both active ingredients: Savanna, Bundu 
Chemical class Substituted urea Substituted uracil 
Usage • Broad spectrum herbicide used to 

control weeds in non-cropland areas, 
rangelands, rights-of way and 
industrial sites.  

• Effective on woody and herbaceous 
plants in grasslands and sugar cane 

• Herbicide used for bush control on 
non-cropland areas 

Formulation • Sprayed or spread dry on the soil 
surface 

• Granules or pellets 

• Sprayed or spread dry on the soil 
surface 

• Granules, liquid, water soluble 
liquid, wettable powder 
formulations 

EPA Hazard 
classification* 

II – IV depending on product III 

Toxicological 
effects 

(experimental) 

Acute toxicity:  
- oral LD50 values: 644mg/kg in rats, 

>200 mg/kg in cats, >500 mg/kg in 
dogs 

- slight to low toxicity by skin 
exposure 

- short-term inflammation if applied 
into the eyes 

Chronic toxicity: 
- decrease in body weight gain and 

red-blood cell count 
- no indication of cumulative toxicity 

or serious effects 
- no reproductive, teratogenic, 

mutagenic and carcinogenic effects 
- damage to pancreas 

 

Acute toxicity:  
- oral LD50 values: 5,200mg/kg in 

rats, 3,040 mg/kg in mice 
- mild dermal irritation 
- if orally taken at high doses it 

causes vomiting (dogs 100 mg/kg) 
and bloating (sheep 240 mg/kg) 

Chronic toxicity: 
- enlarged livers after high doses 

(rats) 
- death after 1,500 mg/kg/day in 

rats and 250 mg/kg/day in sheep 
- organ toxicity in liver, heart, 

lymph nodes and other organs at 
high doses 

- no reproductive, mutagenic 
toxicity 

- possible carcinogenic effects 
Fate in 

humans and 

animals 

In rats, rabbits, dogs, mallards and fish it 
is readily absorbed into the bloodstream 
from the gastrointestinal tract, rapidly 
metabolized and then excreted in the urine 
within 72 hours 

It is absorbed into the body from the 
gut and excreted primarily in the urine. 
Small amounts of bromacil were 
detected in the milk of lactating cows 
that were given 5 mg/kg in their food 

Ecological 

effects 

• practically non-toxic to birds 
• slightly to practically non-toxic to fish 

and other aquatic species 
• slightly toxic to bees 
• may be harmful to non-target plants 

 
 

• practically non-toxic to birds 
• slightly to practically non-toxic to 

fish and other aquatic species 
• non toxic to bees 
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 Tebuthiuron Bromacil 

Environmental 

fate 

• highly persistent in soil, half lives are 
12-15 months in areas with 1,000 mm 
rain/year, longer half-lives in drier 
areas, high mobility in soil, little or no 
lateral movements 

• neither tebuthiuron nor its degradation 
products have been detected below 
the top 6m of soil 

• moderately to highly persistent in 
soil, half-life about 60 days up to 18 
months depending on conditions 
and soil 

• leaches quite readily through soil,  
• risk of groundwater contamination, 

especially in sandy soils 
• about 2-month half-life in clean 

river water, which is low in 
sediment 

*South African Hazard classification (Ia extremely hazardous, Ib highly hazardous, II Moderately 
hazardous, III Slightly Hazardous, IV Acute hazard unlikely in normal use) 
 

Chemicals can be applied selectively by manually applying them to the roots 
of target plants. Alternatively, chemicals can be applied from the air in a 
non-selective manner over large areas. 

Manual application is very labour intensive and more time consuming as compared to 
aerial application. The advantage manual application presents is that chemicals can be 
applied selectively; dosage can be adjusted to the plant species and size. To cover a 
portion of land with chemicals released from an aeroplane is time effective, but can 
cover areas that should preferably be left out. Which one of both methods is more 
cost efficient for a certain area depends on the extent of the bush encroachment and 
other factors. 

Rangeland represents an important habitat for many browsers (food source), bird 
species (nesting), carnivores (shelter, foraging), rodents (shelter, food), small 
primates and bats (cavity users), snakes and other reptiles as well as for arthropods. 
Excessive bush clearing itself may have a detrimental effect for many 
animal species and is likely to reduce the biodiversity.  

However, the residues of the active ingredients tebuthiuron and/or 
bromacil and their metabolites could not be traced in Namibian bovine 
muscle meat – the parts that are by and large exported to market abroad. 
Traces of tebuthiuron and/or bromacil can be found in urine of cattle, if the rangeland 
they were reared on was prior treated with the latter arboricides. 

 
Concern over cattle ingesting tebuthiuron or bromacil in grass can be 
eliminated by keeping the cattle off the treated areas for a longer period of 
time. 

Bromacil is very toxic, if ingested, to sheep. Sheep react very sensitive to 
bromacil when ingested and may die if levels of bromacil are in excess of 250 mg/kg 
and ingestion is on four successive days. 

A problem that can occur, especially with bromacil, is its contamination of 
ground water. Due to the characteristics of the chemicals, they may remain in the 
soil and in the water for extended period of time. Substantial traces, that is, 
concentration of above 100 ppb of tebuthiruon and/or bromacil in Namibian soil 
exposed to these arboricides were found (24). These soil samples were taken in the 
same season of bush treatment and were immediately screened. Traces of tebuthiuron 
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and/or bromacil could still be found in soils at 20 and 40 cm depth 
respectively some 12 years after the use of the latter active ingredients. 
Concentration had reduced to 50-80 ppb. 

The relatively high solubility of Tebuhiuron in water, compared to other herbicides, 
makes it possible for easier transport through surface run-off or by leaching through 
a soil profile. Transport of tebuthiuron through surface run-off or by leaching is 
especially enhanced when it is applied shortly before rainfall events. High 
concentrations of tebuthiuron may be reported still when tebuthiuron is applied 2 
days before the rainfall event. However, as described in section 6.6, long term 
toxicity of tebuthiuron is not reported in surface water. Transport and long-term 
toxicity of tebuthiuron is described in every detail in sections 7, 8 and 9 below. 

Bromacil binds, or adsorbs, only slightly to soil particles, is soluble in water, and is 
moderately to highly persistent in soil; soil persistence is correlated to organic content 
of the soil (see more details under sections 7, 8 and 9 below). The potential for 
bromacil to leach and contaminate groundwater is greatest in sandy soils. In normal 
soils, it can be expected to leach to a depth of 1m. Bromacil does not readily volatilise, 
nor does it break down in sunlight (14). Bromacil volatilises as carbondioxide after 
application to the soild after considerable time only. 

It is not clear if negative effects can be expected on the growth, diversity 
and quality of vegetation exposed to tebuthiuron and/or bromacil. 
Additional screening may be recommendable. In arid soils, functional diversity is 
of greater importance than temperate regions since, due to the harsh desert 
conditions, there is a lower number of species in a specific niche, a fact that makes 
the ecosystem more fragile and sensitive to disturbances. 

Interactions between various processes such as chemical decomposition, 
microbiological degradation, volatilisation, run-off, leaching, photo-decomposition and 
nutrient uptake by plants are responsible for the disappearance of herbicides from 
soils, or alternatively, their persistence in soil.  It is therefore of the utmost 
importance that these dynamic processes are taken into account when 
considering the efficiency and sustainability of a specific herbicide 
application.  Reactivity with the soil biological compartment is one of the principal 
interactions between soil constituents and pesticides, which are known to be 
microbially degraded or mineralised by telluric fungi and bacteria.  Indeed, soil 
microorganisms have enzyme pools which allow them to degrade both natural and 
xenobiotic substrates.  The performance of bromacil is influenced by soil 
characteristics. Thus soils with low clay or organic matter content are highly leachable, 
therefore require lower application rates.  The vegetation structure and composition 
are also very important factors to consider.  Bromacil is mainly degraded by micro-
organisms in the soil and in natural waters but nevertheless provides for sustained 
weed control because of its persistence in the environment and its low degradability 
rates.  The use of bromacil in areas with important aquatic ecosystems should 
therefore be carefully undertaken and monitored.  Improved soil structure and organic 
matter levels leading to increased soil faunal activity, has a beneficial impact on the 
persistence and rate of movement of pesticide residues through the soil profile.  The 
aforementioned aspects however require further validation, especially with 
regard to tebuthiuron, and in the specific geographic region of Namibia 
where application is being envisaged. 
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Most (if not all) herbicides have a non-target impact on soil micro-organisms which 
can be negative, positive or neutral.  Negative effects are usually observed in 
laboratory incubations of herbicides applied at higher than recommended rates.  
Because herbicides kill plants, they can also kill or affect the functioning of soil micro-
organisms.  Changes in microbial community diversity in a habitat may not imply 
deleterious effects since some herbicides also contain carbon compounds that soil 
micro-organisms use for their metabolism.  In addition, the weeds and soil micro-
organisms killed by herbicides provide carbon substrates for microbial metabolism.  
Thus the need to learn how changes in microbial community structure 
influence microbial community function is apparent.  The effect of bromacil on 
microbial populations depends on herbicide concentration and microbial species 
present.  Therefore, although many studies show no significant effects of herbicides 
applied in the field at recommended rates and according to label instructions, 
microbial responses will depend on herbicide properties, soil properties, environmental 
conditions and the type of soil microbial communities.  In light of the above 
dynamics in soil, further investigation with regard to the two aboricides 
under consideration in the target geographic areas must be a priority.   
 
Soil fungi and actinomycetes appear to be more sensitive to herbicides in general than 
bacteria, with mycorrhizal fungi particularly sensitive to soil applied fungicides.  The 
positive and negative interactions between herbicides and root diseases, 
and the underlying mechanisms thereof are worthy of note.  Root nodule 
development and nitrogen fixation by legumes appears to be sensitive to pesticides as 
does the negative impact reported on non-symbiotic nitrogen fixation.  These 
aspects warrant further investigation, especially with regard to bromacil 
and tebuthiuron.   
 
Herbicides have a smaller impact on soil fauna including microarthropods (collembolan 
and mites), microfauna (nematodes and protozoa) and macrofauna (earthworms).  
Soil is an ecosystem with complex and numerous interactions among its components 
(biota, minerals, organic matter, etc.). Therefore, herbicide toxicity must be evaluated 
by the way the arthropod community functions in its biotic and abiotic environment 
and not only on the basis of the response of a single species.  Specific studies with 
bromacil and tebuthiuron to investigate interactions between arthropods 

and environmental variables should therefore be considered. 

The evolution of soil health indicators relate to the evolution of our knowledge and 
understanding of their relation to soil vital functions. Several limitations still exist in 
the applicability of the concept: lack of a baseline, lack of consistency in bio-indicator 
responses, and lack of standardized methods.  Indicators or indices of soil health 
should be used to assess the eco-toxicological impact of the two herbicides 
under discussion.  The use of bioassays which are both eco-toxicologically relevant 
(i.e. more sensitive) and ecologically relevant (i.e. with a broader spectrum of 
application) will be a welcome development in furthering the knowledge base 
concerning the effect of bromacil and tebuthiuron, and herbicides in general, on soil 
health. 
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15. RISKS FROM PESTICIDE / ARBORICIDE USE 

15.1. Effect on non-target species 

Tebuthiuron and bromacil are non-selective pesticides. However, their aim is to 
control broadleaf and woody weeds, grasses and brush on feed crop sites (pasture 
and rangeland). In the Namibian context the generic pesticides sold by the Meat 
Board of Namibia aim to contain bush encroachment and bring about a balanced 
rangeland structure where biological diversity is restored and livestock production 
systems become more efficient. Uncontrolled use of pesticides nonetheless bears 
the risk that non-target species are cleared too if uninformered users deploy such 
pesticides. 

15.2. Occupational and residential exposure; Human risk 
assessment 

Pesticide handlers (mixers, loaders and applicators) may be exposed to tebuthiuron 
and bromacil during normal mixing and loading operations, to mists during spray 
applications, and to dusts during application of solid formulations. This exposure is 
by inhalation and to the skin. However, tebuthiuron is of sufficiently low toxicity 
that exposure monitoring data are not required. The potential for post-application 
exposure of tebuthiuron is low (25).  

Although tebuthiuron is moderately toxic by the oral route, it is only slightly toxic 
by inhalation and is practically non-toxic through the skin. People may be exposed 
to residues of tebuthiuron in meat or milk. The dietry risk from this exposure, 
however, appears to be minimal (25). 

Bromacil per se is mildly irritating to the eyes (26). Based on the current use 
patterns, handlers (mixers, loaders and applicators) may be exposed to bromacil 
during or after normal use in the agricultural setting in Namibia. 

Bromacil is a possible human carcinogern and systemic toxicity may result from 
intermediate exposure (one week to several months) particularly for bromacil 
handlers like mixers, loaders and applicators (26). 

15.3. Safety Precautions 

Tebuthiuron and bromacil are harmful if swallowed. Contact with eyes or clothing 
should be avoided. Directions for use as explained on the information sheet 
accompanying each consignment or packaging must be duly followed. This does 
not only enhance effectiveness of use on target species to be treated, but also 
ensures a higher degree of protective precaution of workers. 

15.3.1. Protective precaution for workers 

Manufacturers and distributors of tebuthiuron and bromacil recommend 
that applicators and other handlers must wear long-sleeved shirt and long 
pants, shoes plus socks and waterproof gloves. 
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15.3.2. Medical treatment procedures (antidotes) 

Eyes: flush eyes with water; call physician if irritation persists. 

Skin: wash all exposed areas with soap and water; call physician if 
irritation persists. 

Ingestion: induce vomiting and call physician. 

Inhalation: none as it is not likely to be hazardous by inhalation; 
however, avoid to breathe in dust or fumes. 

15.3.3. Handling, storage and disposal 

Store tebuthiuron and bromacil at room temperature or cooler. Do not reuse 
container. Rinse container and dispose accordingly (preferably by incineration 
designed for pesticide containers). Liquid formulation are combustible 
(especially is mixed with Diesel or a wetting agent containing acetone). Do not 
use or store near heat or open fire. Keep containers closed when not in use. 
Do not contaminate water, food or feed by storage or disposal. 

15.4. Environmental 

Tebuthiuron is persistent and mobile and can leach to ground water, as indicated 
before. It is resistant to biological and chemical degradation (see also above 
sections for detailed explanations), and its principle route of dissipation in the 
environment appears to be mobility. Over the long term, transport to ground water 
through leaching and to surface water through run-off are likely as a result of 
tebuthiuron’s persistence and low adsorption to soil. Groundwater testing for 
potential ground water contamination from sites of regular users of tebuthiuron in 
Namibia should thus be carried out on a regular basis. Use of this pesticide in areas 
where soils are permeable, particularly where the water is shallow, may result in 
ground water contamination. Tebuthiuron is mildly to very toxic to non-target plant 
species. 

Parent bromacil is relatively persistent (soil half-life is approximately 60 days) and 
highly mobile. Bromacil is very mobile in sand, sandy loam, clay loam and silt loam 
soils. Aged bromacil residues are very mobile in silt loam soils. Bromacil has been 
detected in groundwater elsewhere and regular groundwater analysis in Namibia 
are recommended. Bromacil’s persistence is demonstrated by half-lives of 124 to 
155 days in the field dissipation studies (26). Bromacil is toxic to non-target plant 
species. Acute as well as chronic exposures to non-target organisms can result 
from direct application, spray drift, and run-off from treated areas. 

In addition, long term use of tebuthiuron and bromacil may affect biological 
diversity in Namibia. Each application of tebuthiuron and bromacil compounds this 
hazard due to the pesticides’ extreme long half-life and mobility. 
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16. ASSUMPTIONS UNDERPINNING THE RESULTS OF THE 
DESKTOP STUDY 

 
It is assumed that the process of registering generic pesticides from China were done 
in line with Section 3 (2) and (3) of Act 36 of 1947. The Office of the Registrar of the 
Fertilisers, Farms Feeds, Agricultural Remedies and Stock Remedies Act (Act 36 of 
1947), is resident in the Ministry of Agriculture, Water and Forestry and is the 
custodian of process of registering generic pesticides. Act 36 of 1947 is valid in South 
Africa and Namibia (27). 

According to FAO and WHO guidelines and EU directives on generic pesticides 
imported from China, the importing country must provide a five batch analyses from 
an independent laboratory recognised by the country of designation (in this case e.g., 
SABS as the Namibian Standards Institute is not capacitated to carry the required tests 
out as yet). In the region, SABS is the only SANAS/FAO/EU accredited laboratory 
which can perform these analyses on generic pesticides. The opposition companies 
offer products with the same active ingredients, as imported from China, for retail in 
Namibia on the same conditions. Trials must be conducted in the country of 
manufacture. Products can be formulated if the trials were successful according to the 
specific climatic conditions and submitted for registration. 

For generic pesticides to be registered in Namibia, the office of the registrar of 
pesticides requires that the importer conduct trials at various places in Namibia in 
order to get an average result on the effectiveness of the pesticides as well as the 
possible toxic hazard. The trial results can be considered by the registrar. This means 
the process whereby the registrar approves the sale and use of a pesticide following 
the evaluation of comprehensive scientific data demonstrating that the product is 
effective for the purpose intended (see section 5.4 above) and not unduly hazardous 
to humans or animals or the environment. This process is compulsory as stipulated in 
Act 36 of 1947. Exemption in the regard may lead to legal actions taken up by 
opposition companies. 

It is furthermore assumed that this study assists in monitoring  

16.1. Data Accuracy 

Assumes that data obtained from national and international sources is accurate 
and applicable to the study.  To mitigate, receipt of incorrect or non-applicable 
reports, data and/or other types of information from recognised and published 
sources, including those received from governmental institutions (like official or 
annual reports) were used. 

Data obtained from conducting interviews (where deemed necessary or through 
third party reports) was assumed to have originated in a truthful manner and 
from trusted sources. 

All data resulting from prior laboratory testing and the reports generated 
therefrom were done in regionally or internationally accredited laboratories and 
in a standardised manner, applicable to the respective analyses that were 
conducted. Data obtained in such way is publicly available and accessible. As 
SABS is the only accredited chemical substances laboratory in Namibia, it is 
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assumed that sufficient tests were conducted on tebuthiuron and bromacil 
Chinese generic pesticided deployed in Namibia. It is also assumed that no 
exemptions were granted in terms of field trials and EPA (see abbreviation 
section for explanation) or other hazard classifications (like that as described in 
Act 21 of 1991, and all its amendments - 28, 29). Pertaining to the latter, 
however, tebuthiuron or bromacil are not classified in the schedules or 
declarations of the Act. It is therefore assumed that Namibian authorities abide 
by the EPA, FAO and EU guidelines and directives as explained above. 

17. EXPECTED IMPACT 
 
The public at large, regulators of the meat sector (in this case the contracting 
authority), the meat industry and the Government of the Republic of Namibia, being 
the higher authority of the Meat Board of Namibia souhgt the following benefits in 
the execution of the desk top study: 
 
• Contribute to the upkeep of sustainable, corporate responsibility in the 

agricultural sector in general, and the red meat industry specifically; 
• Provide a strategic and structured contribution to the country’s meat industry at 

large; 
• Contribute to creating the climate and conditions for strengthened livestock and 

meat production in Namibia; 
• Create confidence in the minds of policy makers and producers, and potential 

cooperating partners, with respect to participation in the local agricultural sector, 
but specifically in the livestock/meat processing sector; 

• Ultimately provide an effective regulation template for the use of arboricides in 
the agricultural sector in Namibia which is adequately and duly informed. Thus, 
enabling the policy makers on a way forward on how to conduct field research 
which takes into consideration possibly all socio-economic and ecological impact 
indicators. 

 
As mentioned before, many Namibian regions have suffered ecological degradation 
prior to 1990.  The responsible use of measures to combat bush encroachment can 
therefore additionally contribute to poverty reduction and health improvement to 
achieve improved environmental management in these affected areas of Namibia.   
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