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Abstract 

Experimental trials assessed the extent of spray drift and deposition into 

woodland margins. Spray drift at biologically active concentrations (exceeding 2% of 

the applied concentration) were recorded up to 5m into woodland margins. Penetration 

of woodland margins by drift was increased by wind speed and decreased by margin 

vegetation density. Margin vegetation became increasingly important in drift reduction 

at higher wind speeds. At high wind speeds 1% drift was carried more than 10 m into 

open woodland margins. Substantial spray deposition was only carried further than 2m 

into woodland margins in higher wind speeds. 

The impacts of herbicides and fertilisers at drift and over-spread equivalent 

concentrations on woodland ground flora were assessed in greenhouse and field studies. 
In total 14 species were tested in greenhouse studies. Ten species showed significant 

and progressive reductions in biomass in response to herbicide treatments of 5 to 25% 

of the full applied dose rate (6 1 a. i. /ha = 2160 g glyphosate/ha). The lowest glyphosate 
dose to produce biomass reduction in the most sensitive species was 5%. In relatively 
insensitive species, substantial damage was produced only by the higher herbicide dose 

rates (>25%). Field studies indicated that the 1% dose of glyphosate produced a 

substantial long-term decrease in biomass in the most sensitive species. The fertiliser 

treatment (70 kg N/ha) produced changes in resource allocation in some species. 

Ground flora surveys of 90 ancient woodland margins on the North Downs of 

Kent were undertaken to assess whether plant responses to agri-chemicals at drift and 

over-spread concentrations observed in experimental studies were reflected in the 

distribution of plants in natural conditions. Woodland margins were surveyed adjacent 

to three different land-use types: Unimproved grassland, improved grassland and arable 

land, assumed to represent low, medium and high agri-chemical input regimes 

respectively. Species richness and abundance were highest in the outer margins (0-2 m) 

of woodland adjacent to unimproved grassland, they were lowest in margins alongside 

arable land. Analyses of the abundance of individual species and groups of species 

showed significant differences related to adjacent land use up to 12 m into woodland 

margins. Those species identified as highly sensitive in the plant screens were found to 

occur significantly more frequently in woodland margins alongside unimproved 

grassland, with their lowest frequency being alongside arable land. 
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Chapter 1 

Introduction 

1.1 Background 

1.1.1 A potted history of UK woodland 

Chapter I 

After the last ice age trees slowly colonised the British Isles from the south 

creating a mosaic of woodland types covering most of the land surface, except for small 

areas of moorland, grassland, dunes and salt marsh (Rackham, 1986). The development 

of agriculture and urbanisation over the course of many centuries has resulted in the 
fragmentation of the primeval woodland into a large number of smaller woods, across 

much of southern England. Many of the terrestrial species native to these islands are 

adapted to conditions within woodland communities of various kinds, due to the 

dominance of these habitats prior to historical times. Some species are adapted to high 

forest conditions, whilst others favour more open conditions within the forest, such as 

rides and edges (Buckley et al., 1997). Therefore, the remaining fragments of semi- 

natural woodland are critical sites for several native plant and animal species of 

conservation interest. 

1.1.2 Ancient woodland 

A wood is regarded as ancient if it is known to have existed in more or less its 

present form by AD1600 (Peterken, 1996). This date is not entirely arbitrary since it 

marks both the beginning of reasonably accurate maps and the first widespread tree 

planting (plantations) (Rose, 1999). Woodland is said to be primary if it has existed 

continuously since before the original forest was fragmented (Peterken, 1996). 

Secondary woodland is that which has re-grown on land which has previously had other 

uses. A wood in existence prior to AD1600 is generally considered to be a primary 

remnant of the original wildwood, though there is evidence that some are old secondary 

woods (Peterken, 1996). All woodland established after this date is secondary. 

Woodland classified as ancient generally has a higher diversity of flora and fauna than 

more recently founded woods and plantations (Rose, 1999). It had long been known that 
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Chapter I 

some woodland plants were more or less restricted to semi-natural woods, and that they 

are not speedy or effective colonisers of plantations or secondary woodland (Peterken, 

1996). 

1.1.3 Habitat fragmentation 

The original forest cover in Britain has been reduced to small remnants 
(Rackham, 1986). Continued habitat loss due to conversion of ancient semi-natural 

woodland into plantation, coupled with continued agricultural and urban expansion, 
have generally reduced the size and number of these fragments and increased their 
isolation (Rackham, 1986). This has resulted in a landscape of small woods within the 
larger agricultural matrix, surrounded by a mixture of arable fields and pasture. Ancient 

woods now occupy 397,702 ha or 2.6% of the land area in England and Wales (Spencer 

& Kirby, 1992). The median size of ancient woods is about 7 ha in England, with only 
2.1 % of them larger than 100 ha. Small woods have a much larger edge to interior ratio 
than larger woods, and are therefore far more vulnerable to external impacts (Matlack & 

Litvaitis, 1999). 

1.1.4 Species composition of woodland margins 

The classic definition of an ecotone is a region of marked ecological change, 

reflecting a transition zone between different habitats and disjunct species communities 
(Forman, 1995). The plant communities of the ecotone can be a mixture of species from 

both adjacent habitats, but may also support species not Present in either of them 

(Marshall & Moonen, 2002). Therefore, the mixture of species in the ecotone may result 
in higher diversity than is found in either adjacent habitat. The woodland/field margin is 

a typical example of an ecotone, providing habitats for a large range of native flora and 
fauna, which can utilise the variety of different conditions offered. In fact, many 

woodland species are only able to exploit marginal habitats where shade intensity is 

lower (Buckley et al., 1997). There is evidence from countryside surveys that linear 

features in the British landscape (such as field margins and other related structures) 

have become the most important sites for biodiversity (Barr et al., 1990). It is the 

species endemic to the woodland margin ecotone which are likely to be most at risk (in 

this habitat) from the impacts of external factors such as agri-chemical use in adjacent 

land. If the whole population of a particular species is exposed to any external impact to 

which the margin is subjected then they may be particularly vulnerable. 
16 



Chapter I 

1.1.5 Threats to woodland ground flora 

Semi-natural woodland plant communities are potentially under threat from a 

number of different factors. In particular, the conversion of woodland to other land uses 

and impairment in the quality of the habitat through changes in management practices, 

such as the planting of introduced species and neglect of coppicing (Kirby & Solly, 

2000), have had huge impacts on woodland ground flora. Other factors include 

competition with introduced or ruderal species (Boutin & Jobin, 1998; Gilbert & Bevan, 

1999), over-grazing by rising deer populations (Kirby & Solly, 2000), and changes in 

climate and/or disease (Barkham, 1992). Acidification and nitrogen deposition have 

also had major impacts on the ground flora of European woodland (Falkengren-Grerup, 

1986; Tyler, 1987; Thimonier et al., 1992; Pitcairn et al., 1998,2003). In addition to 

these factors, agricultural intensification particularly over the past few decades has led 

to increased pressure on the remaining fragments of semi-natural woodland, through the 

direct and indirect impacts of agri-chemicals on their flora and fauna. For example, 
there is evidence from north America that agri-chemical use in fields ad acent to 

woodland margins affects the cover, diversity and composition of ground flora 

communities (Jobin et al., 1997; Boutin & Jobin, 1998). 

1.1.6 Increase in pesticide usage in the UK 

Despite a huge increase in the use of synthetic pesticides and fertilisers since the 

1950s and 60s (Sheail, 1985), the effects of these products on semi-natural habitats has 

been very poorly documented. The British government's pesticide usage survey for 

2002 (Garthwaite et al., 2003) shows that herbicides were applied to 93% of arable land 

in the UK, fungicides 82% and insecticides (including nematicides) 63%. For 

herbicides, there was a mean of three applications using four products and five active 

substances. There was a mean of two fungicide applications, also using on average four 

products and five active ingredients. Insecticide use was more varied with coverage 

ranging from as much as 81% for some crops such as wheat, down to 15% for others 

such as spring barley. The number of insecticide products and ingredients used was also 

very variable. There has been a recorded decreased of about 25% in the absolute amount 

of pesticide used (tonnage), since the mid-1980s (Garthwaite & Thomas, 1999; 

Garthwaite et al. , 2003). There is some evidence that at least part of the reduction in 

amount used is due to a decrease in the dose rates applied by farmers (Cooke & Bum, 
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1995), which may benefit wildlife. However, at the same time there has been an 
increase in both the area sprayed and the number of applications, as well as a 

concordant increase in the efficacy and potency of the agents themselves (Garthwaite & 

Thomas, 1999; Garthwaite et al., 2003). The risk posed by spray drift is influenced by 

the inherent toxicity and biological activity of the chemical(s) involved, as well as 

exposure and concentration. The application of smaller volumes of more efficacious and 

toxic compounds may not reduce the risks posed to wildlife, and may in fact increase 

them. 

1.2 Rationale for the investigation of agri-chemical impacts 

Agricultural intensification and the use of agri-chemicals can impact on 

woodland habitats and their functions in several ways. On the one hand, extensive use 

of fertilisers has lead to the risk of eutrophication through run-off (Muscutt et al., 1993), 

over-spread (Rew et al., 1992) or aerial deposition (Falkengren-Grerup, 1986; Bobbink, 

1991; Thimonier et al., 1992). This has lead to alterations in the structure of vegetation 

communities. On the other hand, pesticides can have wide ranging direct effects, for 

example on birds (Evans, 1990) and insects (Davis et al., 1991; Cilgi & Jepson, 1994). 

They can also have indirect effects, such as impacts on plants mediated through their 

effects on pathogenic and symbiotic fungi (Boxman et al., 1988; Heitefuss, 1988; 

Wallenda & Kottke, 1998). Changes in the management of agricultural land and woods 

have also had major impacts, however, they are not within the scope of this thesis. 

Early on in the history of pesticide use it was noticed that when certain weed 

killers were applied, there may be harm to susceptible plants downwind (Courshee, 

1959a). Off target deposition of pesticides has been estimated at around 10% of the 

amount applied (Maybank et aL, 1978; Elliot & Wilson, 1983). A proportion of this 

herbicide drift is likely to be deposited on the surface of non-target plants, and may 

result in damage to them. It has been suggested that spray drift may be more damaging 

than direct spraying (Nordby & Skuterud, 1975), possibly due to the greater deposition, 

retention and uptake of the smaller droplets of which drift is constituted. Fertiliser 

overspread in field boundaries has been measured up to 195% of the applied rate (Rew 

et al., 1992). One study of agricultural practice in the Netherlands suggested that only 

half of farmers who possessed fertiliser spreaders took any measures to reduce fertiliser 
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misplacement (Kleijn & Verbeek, 2000). There is no reason to suppose that British 
farmers are any more environmentally aware than their Dutch counterparts. 

In conservation terms, any long-term impacts on non-target vegetation by agri- 
chemicals might be considered undesirable. However, in practice there are very great 
difficulties in determining the real level of risk. In terms of ecotoxicology, plant damage 
by spray drift is a particularly difficult problem to study under field conditions, 
especially when perennial plants are concerned (Marrs & Frost, 1997). The effects of 
spray drift on non-target plants are very likely to be sub-lethal (Marrs et al., 1989, 
1991a, b, 1993a; Breeze, 1993; Felsot et al., 1996; Marrs & Frost, 1997; Dixon et al., 
2002), affecting factors such as growth rate, flowering and seed production. The effects 
of this short reduction in the 'fitness' of plants are difficult to assess quantitatively. 
Plants adjacent to treated land are likely to be exposed to a range of chemicals with 
different properties (and potential impacts). The impacts of sub-lethal doses of 
herbicides on semi-natural communities are likely to be subtle and indirect (Elliot & 
Wilson, 1983), operating through mechanisms such as changes in the capacity for 

regeneration or competitive ability. Any potential impacts may be cumulative with 
repeated exposure leading to changes at the population or community level over a long 

period (Bum, 2003). Even very low doses of broad-spectrum herbicides could lead to 

changes in community structure by allowing less sensitive species to suppress the more 

susceptible ones, resulting in a loss of species and a reduction of floral diversity (Marrs 

& Frost, 1995). Surveys have shown that the impacts of herbicide drift on semi-natural 
field margins reduce diversity and alter composition of plant communities (Jobin et al., 
1997; Boutin & Jobin, 1998; de Snoo & van der Poll, 1999; Aude et al., 2003). The 

exposure to herbicides may also make plant communities more vulnerable to invasion 

(Marrs & Frost, 1997). The impacts of eutrophication on the vegetation of field margins 
have been reasonably well established (Jobin et al., 1997; Kleijn & Snoeijing, 1997; 

Boutin & Jobin, 1998; Pitcairn et al., 1998,2003; Kleijn & Verbeek, 2000; Honnay et 

al., 2002), and includes decreased diversity of species as well as changes in species 

composition. 

Although the effects of spray drift and nitrogen overspread are difficult to 

assess, it is important to have knowledge of their potential to damage native wildlife. 
Since the use of agri-chemicals is unlikely to decline substantially in the immediate 

future, and the conservation of biodiversity is seen to be increasingly important, some 
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kind of compromise must be sought. Ancient or semi-natural woodland is an extremely 
important habitat for nature conservation in the UK, but there has been precious little 

research into the impacts of agri-chemicals on its flora or fauna. In addition, there is 

increasing awareness of the value of field margins in general for wildlife (Barr et aL, 
1990). Therefore, it is important to impress on farmers the need to protect field margins 
in general, and woodland ones in particular. This is not only for conservation purposes, 
but also for the health of their own farming systems, for example by conserving natural 

predators which can re-colonise the field after a spray event (Bum, 2003). 

1.3 Aims and objectives 

The overall aims of this study were to determine the extent of movement of agri- 

chemicals from agricultural land, and identify any potential and/or actual impacts on 

individual plants and plant communities in adjacent semi-natural woodland margins. 
The specific research objectives were as follows: 

e Investigate the distances and profile of spray drift into woodland margins from 

agricultural land. Determine the most important factors influencing spray drift 

movement into woodland and measure volumes. 

Assess the sensitivity of a variety of ancient woodland indicator species to pesticide 

and fertilisers at drift and run-off concentrations. Study the short-term and long-term 

impacts of both factors on selected species, including effects on biomass, resource 

allocation and fecundity. 

Determine the impacts of agri-chemical drift/run-off on plant species in ancient 

woodland margins adjacent agricultural fields with high, medium and low intensity 

of agri-chemical use. Species surveys were conducted to determine the impacts of 

agri-chemical use on ancient woodland ground flora. 

Each objective is addressed in a separate chapter. In Chapter 2, a general 

literature review of woodland, spray drift and eutrophication is presented. The factors 

influencing the movement of agri-chemicals into woodland are discussed, along with 

estimates of their current levels and a presentation of their general impacts in 

ecosystems. Each results chapter contains a brief discussion of literature pertaining 

directly to that section. The first objective was addressed by a series of spray drift 

20 



Chapter I 

studies, presented in Chapter 3. Chapters 4 and 5 contain the results from three plants 

screens investigating the impacts of herbicide and fertiliser on ancient woodland 
indicator species in greenhouse and field experiments, objective two. Addressing the 

last objective, the results from a series of surveys in ancient woodland margins in the 

North Downs of Kent, investigating the impacts of agri-chemical movement from 

adjacent land, are presented in Chapter 6. Finally, the research findings as a whole are 

summarised and discussed together with their wider implications in Chapter 7. Methods 

for mitigating the off-target impacts of agri-chemicals are also discussed, and 

recommendations for the protection of ancient woodland margins are made. 
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Chapter 2 

Literature review 

2.1 Introduction 

This section of the thesis details the work and ideas of other authors as they 

relate directly or indirectly to the research project. The review begins with a brief 

description of woodland margins in the UK, their species composition and influence on 

air movements. It then moves on to look at published work investigating the 

phenomenon of spray drift, as well as discussing work relating to fertiliser deposition, 

run-off and over-spread from arable fields. This includes looking at the ability of 

woodland margins to capture and concentrate pollutants. The review ends with a 

summary of the impacts of spray drift and eutrophication on both individual species and 

semi-natural communities. 

2.2 Woodland margins 

A forest edge is defined as an abrupt transition between two relatively 
homogeneous ecosystems, one of which is forest. As trees and shrubs grow they 

produce side limbs, developing a curtain of foliage which closes the edge with respect 

to light and air (Matlack, 1993), this side canopy is termed a closed edge. The majority 

of woodland edges facing agricultural fields have closed edges, due to their long period 

of establishment. However, factors such as management (cutting or tidying), damage or 

herbivory might result in a woodland margin being considerably more open (than 

closed). Forest edge zones are typically hotter, drier, windier and lighter than 

undisturbed forest (Miller, 1975; Matlack & Litvaitis, 1999), though these factors may 

be less extreme than in adjacent fields. Edge effects have been shown for light levels, 

temperature, litter moisture content, humidity and shrub cover (Matlack, 1993). Zones 

of elevated light and temperature were shown to extend a short way into the forest, but 

other factors such as shrub cover and humidity were affected beyond the limit of 

measurement (50 m). Surveys have shown a gradual decline in species number along 

the gradient between ride edges (internal margins) and the woodland interior at most 
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sites studied, due to steadily decreasing light levels (Buckley et al., 1997). A large 

proportion of ancient woodland in Britain is in relatively small fragments, indicating 

that a substantial proportion of their total area is likely to be influenced by edge effects. 

2.2.1 Indicator species 

In theory it should be possible to use the total number of species present in a 

woodland to give an indication of habitat quality (Rose, 1999). However, it is not easy 
in practice to make a complete list of all species present. For example, it is difficult and 

time consuming to determine how many species of fungi or invertebrates there are 

present, even in a small area of woodland. Vertebrates such as birds and mammals are 

also difficult to survey, being mobile and often elusive. Vascular plants represent the 

only group of organisms that are both easy to locate and identify. For this reason they 

were selected for use as indicator species, the assumption being that number of species 

of plants and the presence of certain species is indicative of overall habitat quality. 

Studies of woodland ground flora have demonstrated that certain species such as Paris 

quadrifiblia (herb-paris), Lamiastrum galeobdolon (yellow archangel) and Adoxa 

moschatellina (moschatel) are normally associated with sites of high conservation value 

(Rackham, 1986). The first detailed study of ancient woodland plants was carried out by 

Peterken (1974). He found that 64 out of 174 species of woodland plant were strongly 

associated with old woods, compared with more recent secondary woodland. This work 

was continued by Homby and Rose (1987) who, after excluding rare plants, produced a 

list of 100 ancient woodland vascular plants (AWVPs) for the southern region of 

England. Many of the species listed are indicators in some parts of the country but not 

others (Rackham, 1986). Therefore, the list was expanded to take account of regional 

ancient woodland indicators (Rose, 1999); there are about 130 species included for the 

four regions of southern England. This was the primary work used for the purpose of 

classification of woodland plants in this thesis. 

2.2.2 Air movement in and around woodland margins 

When a body of air approaches a woodland most of the wind is deflected 

upwards and accelerates over the top, in much the same way as if it were being 

deflected by a solid body (McNaughton, 1989). However, there is usually a space 

beneath the crown which is more open than the canopy above, so the wind creates a jet 

of air which penetrates 30-40 m into the forest (Raynor, 1971). This jet may carry with 
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it particulate matter, moisture and heat, it may also bear traces of chemicals applied to 

the adjacent fields. With an open stand the wind may penetrate into the woodland in 

gusts, but is then quickly slowed by the trunks of the trees (Geiger et al., 1965). This 

slowing of the wind may allow particles suspended in the flow to Precipitate. If the 

woodland margin is heterogeneous, wind may exploit gaps in the margin to penetrate 
the edge, carrying particles and droplets further than if the edge is uniform. It has been 

demonstrated that as the density of margin vegetation increases there is a corresponding 
increase in the efficiency of the margin in trapping and concentrating nutrients 
(Weathers et al., 2001) and particles (Wiman & Agren, 1985). 

2.3 Spray drift 

This section describes in detail the phenomenon of spray drift, starting with the 

physical characteristics and then going on to cover the variety of factors which 
determine how much of a sprayed liquid will become spray drift. The effects of 

vegetation density on the movement and capture of spray drift will then be discussed. 

The final section summarises existing data on spray drift from ground crop boom- 

sprayers. 

2.3.1 Definition of spray drift 

Spray drift refers to the fraction of the sprayed chemical which is transported 

beyond a defined boundary (Gilbert & Bell, 1988). During the outdoor application of 

pesticide sprays there is always the risk of 'spray drift'. It was noted early on that when 

pesticides were applied to crops, the smallest droplets of the active ingredient may be 

blown from the treated area by wind (Courshee, 1959a). The work of Courshee (1959a, 

b) and Yeo et al. (1959) reported some of the basic aspects of spray drift, such as the 

importance of wind speed and droplet size. Examination of the shape of the drift decay 

slope allowed Akesson and Yates (1964) to fit the following model to spray drift, 

kXb 

Where y is the drift deposit downwind, x is the distance downwind, b is the slope of the 

line (on a log-log plot) and k is a constant. The steeper the slope (b) the more rapid the 

dispersal of spray droplets, leading to rapid fall-off of deposits. 
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2.3.2 Physical attributes of spray drift 

Most pesticides are applied in the form of a spray created by pumping a liquid 

through hydraulic nozzles (Matthews & Piggott, 1999). A wide range of different 

nozzles exist, each producing its own range of droplet sizes (spectra). The most 

common type used for the broad-scale application of pesticides are the conventional 
flat-fan nozzles. Their use is widespread because of their versatility in output, spray 

angle and spray pattern (Matthews & Thomas, 2000). All of the work documented in 

this section deals with the risk of drift of liquid sprays, but it is worth bearing in mind 
that some pesticides are applied in the form of dusts and granules. Whilst granules offer 
little risk of drift due to their large size, the drift Potential from dusts is very great 
(Akesson & Yates, 1964). However, awareness of the high drift risk posed by such 

materials has resulted in strict regulation, limiting their use. 

Sprays from flat-fan nozzles are formed by the break-up of a thin sheet of liquid 

issuing from the aperture (Phillips et al., 2000). Conventional hydraulic nozzles produce 

a wide droplet spectrum from a few ýtm up to more than 500 ýtm (Matthews & Thomas, 

2000). The size spectrum of a particular nozzle under defined operating conditions is 

characterised by the volume median diameter (VMD). The spray output from nozzles 

under reference conditions is divided into five different categories: Very coarse, coarse, 

medium, fine and very fine, using the British Crop Protection Council classification 

system (Doble et al., 1985). The system was later updated to include the concept of a 
drift potential (Southcombe et al., 1997). 

The suspension of a spray droplet in air is determined by the size of the droplet 

and the turbulence intensity of the airflow (Bache & Johnson, 1992). Drops are defined 

as large when their settling velocity, v, is greater than 0.3 ýt* (ýt* is the frictional 

velocity of the air, a measure of turbulence (Miller, 2000). Thus, a droplet defined as 

large in a non-turbulent I m/s wind may not be defined as large in a5 m/s turbulent 

wind. Large droplets have more momentum when they leave the nozzle and fall more 

rapidly than small ones. Therefore, they are more likely to reach their target before 

acquiring the velocity of the surrounding air, and are unlikely to play a role in spray 

drift. So the finer the spray the more likely that drift will occur, for example, halving the 

VMD of a spray has been shown to produce a four-fold increase in drift (Gilbert & Bell, 

198 8). The percentage of spray volume made up of droplets smaller than 100 [tin can be 
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used as a simple measure of drift risk (Lloyd & Bell, 1982; Arnold, 1983; Zhou et al., 
1996; Miller & Butler Ellis, 2000). In a light wind, a drift cloud more than a few metres 
from the sprayer is unlikely to contain droplets larger than 100 ýtm (Courshee, 1959b; 
Lloyd & Bell, 1982; Miller et al., 1989; Davis & Williams, 1993). In stronger winds, 
drift clouds have been shown to contain droplets up to 150 gm (Byass & Lake, 1977). 
Approximately 10 - 30% of the total spray volume produced by a typical tractor- 

mounted hydraulic sprayer is likely to be between 50 gm and 150 gm in size (Courshee, 
1959b; Zhou et al., 1996; Hewitt et al., 2001), depending on the nozzle type. 
Consequently, a large proportion of the droplets produced by a typical nozzle used for 
herbicide spraying may be influenced by strong winds. It is this fraction of the sprayer 
output which must be addressed if spray drift is to be reduced. Studies have shown two 
to five fold increases in airborne drift was produced by a fine nozzle compared with 
medium (Akesson & Yates, 1964) or coarse nozzles (Murphy et al., 2000). However, it 

is recognised that the risk of spray drift is not just a function of the droplet size 
distribution (Southcombe et al., 1997), it has also been related to spray structure and 
droplet velocity (Miller, 1999). 

2.3.3 Factors influencing spray drift 

The factors influencing spray drift can be divided into three main areas: 
Operator controlled variables, meteorological variables and site factors (Table 2.1). 

Table 2.1 Variables influencing the extent of spray drift (Davis & Williams, 1993) 

Operator controlled factors Meteorological factors Site factors 

Nozzle type Wind speed Field size 

Operating pressure Atmospheric stability Crop (roughness length) 

Release height 

Equipment 

Temperature 

Relative humidity 

Hedges/wind barriers 

Topography 

Operator controlledfactors 

The main factors determining droplet size are nozzle type and operating 

pressure. Conventional flat-fan nozzles come with a variety of orifice widths and fan 

angles. The wider a nozzle orifice, the faster the flow rate and the coarser the resulting 

spray. Data presented by Parkin and Merritt (1988) showed that there was little 
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difference in amount of drift produced by sprays from fine (F 110 02) and medium 
(F 110 04) nozzles, but coarse (F 110 08) ones produced significantly lower drift. Nozzle 

fan-angle also influences VMD. Comparison of 65', 85' and 110' angled nozzles 

showed that the volume of spray droplets below 100 ýtm increased by 2-3% for each 
increase in nozzle angle (Arnold, 1983). However, 1200 nozzles were shown to produce 
35% more drift, compared to standard 110' nozzles (Miller & Lane, 1999). The increase 

in drift seen with wide angled and fine nozzles may be due to two factors. Firstly, 

greater spread of droplet trajectories and secondly, increased stretching of the liquid 

sheet leading earlier break-up, resulting in a smaller VMD. With most nozzles, 
increasing the spray pressure raises the velocity of droplets leaving the nozzle but also 

results in a finer spray. This increases the risk of spray drift (Courshee, 1959b; Goering 

& Butler,, 1975; Nordby & Skuterud, 1975; Hewitt, 2000b, 2001). 

Boom height (or more accurately nozzle height) is an important factor in 

controlling the risk of spray drift. Reducing the boom height has been shown to 

considerably decrease spray drift (Courshee, 1959b; Goering & Butler, 1975; Nordby & 

Skuterud, 1975; Smith et al., 1982; Elliot & Wilson, 1983; Matthews & Piggott, 1999; 

Miller, 1999; Hewitt, 2000b, 2001; Ooms et al., 2003). The average boom height is 

approximately 50 cm above the target (Hewitt et al., 2001), as this is the height needed 

to produce complete overlapping coverage with I 10' nozzles. If the boom height is 

lowered, then either closer nozzle spacing and/or wider aperture nozzles must be used to 

maintain even coverage. Stallinga et al. (2004) showed that lowering of boom height 

from 50 to 30 cm reduced spray drift by as much as 50-90%, compared to standard high 

volume applications despite the use of low output (fine spray) nozzles. 

There is an increasing need for spraying to be conducted quickly and efficiently 

due to pressure imposed by crop and pesticide time restraints, as well as meteorological 

variables (Western & Hislop, 1991). This means that there is pressure to increase both 

the speed and width of spraying machinery, whilst operating at higher pressure and with 

lower volumes, all of which may lead to increased risk of spray drift (Wolf, 1999; Webb 

et aL , 
2002). Penetration of airflow into the spray structure and hence production of 

drift, has been shown to be determined by the ratio of external airflow velocity to the 

entrained air velocity within the spray structure (Ghosh & Hunt, 1998). Entrained air 

velocity is a product of nozzle flow rate, with faster flow rates entraining more air of 

increasing velocity. In weak cross-flows the spray structure is only penetrated in areas 
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of low entrained air velocity (Miller et al., 1995; Ghosh & Hunt, 1998; Phillips et al., 
2000). At higher wind speeds the spray is penetrated everywhere across its width, 

carrying off droplets in the form of drift. Therefore, operating higher flow rate nozzles 

at faster forward speeds may offer some control of smaller droplets. However, there 

may also be some shearing of the spray liquid sheet causing it to break up faster and so 

produce smaller droplets (Elliot & Wilson, 1983). Studies have shown increased spray 
drift at higher forward speeds (Nordbo et al., 1993), as well as greater variability in 

spray deposition (Webb et al., 2002). A row of nozzles along a spray boom has been 

shown to restrict the flow of air, causing it to accelerate into the gaps, increasing the 

total amount of drift from each one (Miller et al., 1995). However, as nozzle spacing is 

reduced, narrower gaps cause more air to be entrained within the spray plume, making 
fewer droplets available for drift (Murphy et al., 2000). 

The increasing width of spray booms, with 24 m (and even 48 m) wide ones 

currently in use has greatly increased the risk of drift due to pitch and yaw. 

Measurement of the vertical displacement at the end of an 18 m boom was in the range 

of +/-12 cm (mid-season) (Ooms et al., 2003), whilst a 24 m boom showed movement 

of up to +1-50 cm (late-season) (van de Zande et al., 2004). The variation in boom tip 

speed (horizontal movement), was shown to be more than 3-fold higher later in the 

season compared with earlier (van de Zande et al., 2004). These results indicated that as 

the tractor tracks became more rutted with repeated use, so the amount of boom 

movement also increased. This has lead to the development of passive boom suspension 

systems, which isolate the boom from high frequency movement whilst allowing low 

frequency movement (Miller, 1999), allowing the boom to follow the ground profile. 

Wind tunnel experiments using boom sections of varying depth have shown that the risk 

of drift increases by up to 10%, when using booms with deeper sections (Murphy et al., 

2000). The magnitude of variation of drift at the extremes of boom configuration was 

much less than changes due to nozzle configurations. However, as spray volumes 

decline and spraying equipment gets larger and faster, then aerodynamic effects of the 

boom and vehicle may well become more important factors in determining the pattern 

of drift and spray deposition (Miller, 1999). At higher forward speeds the discharge 

angle of the nozzle relative to the flow of air past the boom becomes an important factor 

in atomisation. Studies have shown that smaller droplets are produced if nozzles point 
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into the wind (Courshee, 1959b), and larger droplets if they point away from the wind 
(Akesson & Yates, 1964). 

In conclusion, a balance must be sought between the different factors i. e. nozzle 
design and layout, spray pressure, boom height, boom design and sprayer speed in order 
to reduce drift optimally. For example, it has been shown that drift increases with 

nozzle spray-angle (Arnold, 1983), however, a wider angle means that the boom height 

can be lowered, which may result in an over-all reduction of spray drift (Stallinga et al., 
2004). 

Meteorologicalfactors 

Aside from operator controlled factors, windspeed is the main variable 
determining number and size of droplet spectra which become airborne and cause drift 

(Courshee, 1959b; Akesson & Yates, 1964; Elliot & Wilson, 1983; Hewitt et aL, 2001). 

The path of those droplets which do become drift is determined by their size and the 

speed of the wind (Courshee, 1959b), with stronger winds carrying more droplets. Most 

studies indicate that there is a linear relationship between drift and windspeed (Goering 

& Butler,, 1975; Maybank et aL, 1978; Gilbert & Bell, 1988; Western & Hislop, 1991; 

Phillips & Miller, 1999), but other studies have shown that drift increases exponentially 

with the square of wind speed (Smith et aL, 1982). The increase in spray drift produced 
by fine nozzles as windspeed rises from 2 to 4 m/s, has been shown to be approximately 

tenfold (Western & Hislop, 1991; Phillips & Miller, 1999). There is also evidence that 

the increases in spray drift produced by nozzles of varying coarseness in response to 

higher wind speed are approximately equal (Gilbert & Bell, 1988). Recommended wind 

speeds for spraying are given in the MAFF Green Code (MAFF, 1998). It is a general 

rule that spraying should be performed when the wind speed is between 2 and 9.6 

km/hr, under stable conditions. 

The temperature profile under stable/neutral conditions, is approximately IC 

colder per 100 m increase in elevation (Yates et al., 1966). When the temperature 

decrease with height is more rapid than this rate, the layer underneath is considered 

unstable and convection will occur. An inversion occurs when there is a layer of cooler 

air close to the ground, with a warmer layer above. Stable conditions occur mostly at 

night and in the early morning. Unstable conditions generally occur during the daytime 

in periods of low wind. Neutral conditions occur in periods of relatively high wind 
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speeds or overcast conditions. Under stable or inversion conditions the intensity of a 
drift cloud will be at its highest (Lloyd & Bell, 1982), due to confinement of droplets 

and reduced dispersion (Akesson & Yates, 1964). Stable atmospheric conditions have 

been identified as an important factor in increasing off-target deposition (Akesson & 

Yates, 1964; Yates et al., 1966). Turbulence is caused by two factors, friction due to the 

roughness of the ground (vegetation) surface and the rising of warm air (Yates & 

Akesson, 1973; Elliot & Wilson, 1983). During the drift process spray particles tend to 
diffuse upwards and it has been shown that the degree of dilution varies in direct 

proportion to wind velocity and distance from the source (Lloyd & Bell, 1982). This 

means that although spray losses are greater in turbulent conditions, dispersion of the 
droplet cloud occurs more quickly (Lloyd & Bell, 1982) so there will be less drift 

measurable at any one point (Yates et al., 1966; Goering & Butler, 1975). However, 

spraying is generally unwise in unstable conditions since the amount and extent of drift 

is unpredictable. Ideally, spraying should be conducted during periods of neutral 

atmospheric conditions with a moderate wind and little turbulence. Generally, the 

effects of wind speed on spray drift are assumed to be greatest near to the swath and 

atmospheric stability and turbulence effects to be more important downwind (Yates & 

Akesson, 1973). 

The risk of drift has been shown to increase with high temperatures (Goering & 

Butler, 1975; Elliot & Wilson, 1983) or low humidity (Parkin et al., 2003), due to 

greater evaporation. If volatile materials are used, substantial evaporation may take 

place within a few seconds of release, resulting in increased risk of drift (Akesson & 

Yates, 1964; Gilbert & Bell, 1988). Drop size (surface area) has a large effect on 

evaporation rate (Akesson & Yates, 1964), so finer sprays are more sensitive to 

evaporation (Parkin et al., 2003). In the UK, the number of days when humidity is low 

enough to make evaporation a serious threat are relatively rare (only 15% even in 

drought years) (Parkin et al., 2003). However, with the changes in weather predicted to 

be brought about by global warming, evaporation may become more of an issue in the 

future. 

Site specificfactors 

Landscape features such as topography, field size and density of hedges as well 

as crop height and density are important factors in determining the risk of drift damage 
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downwind of a spray event. Wind speed tends to be greater when not impeded by 

obstacles (such as hedges) and drift from successive swaths can be cumulative (Breeze 

et al., 1992; Davis & Williams, 1993). The height and density of the crop determines 

what is known as the roughness factor (Yates & Akesson, 1973), which affects wind 

speed and turbulence as well as deposition within the crop canopy. Therefore, pesticide 

application in large fields with simple topography and low or absent crops is likely to 

result in an increased risk of spray drift. Hedges act as permeable barriers, allowing 

some air to filter through, creating a low pressure-difference on the two sides and a 
gradual return to free wind speed. The sheltering effect is usually measured in terms of 
hedge height (H). For example, a hedge of 50% permeability will reduce wind speeds 
for a leeward distance equivalent to 8-12 H (Marshall, 1967). At typical wind speeds for 

pesticide application, a hedge or shelterbelt within 20 m of the spray event may offer 

protection to habitats downwind by attenuating the drift deposition profile (Davis et al., 
1993b). Drift studies by Davis et al. (1994a) showed that at a lower wind speed (7 

km/hr) the deposition of spray drift onto targets close to the ground declined steadily up 
to a hedge. The amount of drift decreased immediately behind the hedge and then 

gradually increased up to 20 in (-12 H) downwind. At a higher wind speed (14 km/hr) 

the same hedge offered rather less protection, and there was no subsequent rise in 

deposition. Although there was evidence of increased drift at some distance downwind, 

the concentration at any one point is unlikely to be high enough to cause significant 
damage. However, the impact of spray drift on the hedge itself may be quite substantial, 

particularly if spraying is carried out nearby. A woodland margin is likely to have a 

very different effect on spray drift compared with that of a hedge or shelterbelt. The 

woodland margin presents a taller and more complete barrier and both its density and 

the movement of wind behind it are likely to be very different. 

Effect of liquid properties on droplet size 

The one important factor not yet discussed is the effect that the properties of the 

spray liquid itself has on drift. Atornisation is affected by physical properties such as 

viscosity, density, surface tension and homogeneity of the liquid (Akesson & Yates, 

1964). Most pesticide tank mixtures consist of a carrier (usually water), the active 

ingredient(s) either in solution, emulsion or as an immiscible powder, and one or more 

adjuvants included to alter the physico -chemical properties of the other constituents. 

The active ingredients themselves may directly affect the driftability of the spray. For 
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example, Goering and Butler (1975) showed that addition of 1% of 2.4-D amine (a 

volatile broad-spectrum herbicide) increased the amount of drift measured, due to 

greater evaporation. It is also worth bearing in mind that the carrier may not be water 
based; the properties of non-aqueous liquids may be significantly different. Bird et al. 
(1996) showed that application of a fine spray (VMD <200 ýtm) using an oil based 

carrier typical of ultra low volume applications, produced a 10-fold increase in off- 
target drift. 

Adjuvants are a varied group of chemicals that are added to the pesticide mix for 

a variety of reasons. There are too many adjuvants, with a multitude of functions and 

modes of action, for detailed discussion here. For a general review of adjuvants see 
Chow (1993). Some adjuvants may have effects on the behaviour of the spray liquid as 
it leaves the nozzle, resulting in a smaller or larger VMD. Emulsifiers and solvents are 

added to ensure that the pesticide is mixed evenly with the diluent in the tank and is 

therefore applied to the target consistently. Often a surfactant will be added to change 

the properties of the droplets when they reach the target. Surfactants increase wetting 

and spreading of the droplet on the leaf surface, thus improving retention. They can also 
increase rain-fastness and enhance biological activity (Hall et al., 1993b; Spanoghe et 

al., 2002). In several studies, increasing concentrations of a wetting agent (surfactant) 

lowered the VMD, raising the percentage of small droplets in the spray (Arnold, 1983; 

Miller & Butler Ellis, 2000; Spanoghe et al., 2002). The highest risk of spray drift due 

to formulation is likely to occur when the spray liquid contains a high concentration of 

surfactant (Miller & Butler Ellis, 2000). This may occur when pesticides are used at low 

volume rates, or when complex tank mixes are made involving several products each 

containing a surfactant. For example, Arnold (1983) showed that if 0.5% of a wetting 

agent was used in the spray mix, the percentage of droplets below 100 ýtm increases by 

as much as 20%, compared with water. However, Butler Ellis and Bradley (2002) found 

that contrary to expectation, the addition of a variety of surfactants did not produce 

significantly higher levels of drift than water alone. Other studies have shown increased 

droplet sizes of oil emulsions and polymer solutions when compared with those 

produced by surfactant solutions (Miller & Butler Ellis, 2000), or even pure water 

(Akesson & Yates, 1964; Butler Ellis & Bradley, 2002). Adjuvants may also alter 

evaporation times (Hall et al., 1993b), which may change the drift potential of liquids. 
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Adjuvants may be added to spray liquids specifically for their drift controlling 

properties. For example, they may be used to increase droplet size (Salyani & 

Cromwell, 1993; Miller & Butler Ellis, 2000; Butler Ellis & Bradley, 2002) and reduce 

evaporation (Balsari & Marucco, 2004). However, study of droplet size spectra 

produced by liquids containing a range of different adjuvants showed that whilst they 

did increase VMD, none of them reduced the fraction of smaller droplets (Nicholls et 

al.,, 2004). Consequently, the quality classification was sometimes finer than stated, due 

to the wider range of droplets generated, leading to an increased risk of drift. Other 

work has shown that changes in droplet size produced by different nozzles were not the 

same for all liquids (Butler Ellis & Tuck, 1999), making prediction of their effect on 
droplet size very difficult. The effect of formulation may, therefore, be as important as 

the effect of nozzle size on spray droplet sizes (Miller & Butler Ellis, 2000). 

2.3.4 Effect of margin density of spray drift 

The attenuation of spray drift in woodland margins may be related to two 

factors. Firstly, the interception of droplets by the margin canopy, and secondly, 
deflection of wind by the side canopy vegetation. The movement of droplets through a 

crop canopy has been modelled by Bache and Uk (1975). Their work suggests that the 

probability of capture per unit distance (P) is set by both the efficiency of capture (17), 

and the fraction of its trajectory (path) occupied by foliage (q). Thus: 

qqf where q =fp I 

In general, q is a fraction (f) of the foliage density (p) (foliage area per unit 

volume), where f represents the area of foliage perpendicular to the droplet trajectory. 

For horizontal motion of droplets, the efficiency of capture depends on particle 

diameter, windspeed and a characteristic dimension of foliage size. There is also a 

vertical motion (less important in the case of drift), with capture consequently 

dependant on density of vegetation in the horizontal plane. Though the work of the 

authors described above relates to crop canopies, it may be applied to woodland 

margins and ground flora vegetation. It shows that the most important factor is the 

structure of the foliage (including size, density and orientation). The probability of 

capture is relatively insensitive to wind speed and particle size, the latter being 

subordinate to the vegetation factors. Penetration of the canopy is least likely for 

droplets with diameter >100 ýtm. However, for droplets with diameter <100 [tm, 
33 



Chapter 2 

penetration increases as droplet size decreases and wind speed increases (Bache, 1985). 

Deposition distribution within plant canopies more or less reflects airborne 

concentration distribution. 

The physical characteristics of woodland margin vegetation, in particular leaves 

and branches, influences the capture of spray droplets. Study of spray drift deposition 

directly onto leaves has shown that narrow needle-like leaves captured up to four times 

more spray than broad-leaves, per unit area (Ucar et al., 2003). In windspeeds above 9 

km/hr deposition on branches with broad leaves was reduced, probably because the 

leaves orient themselves with the streamlines of the wind. There was reduced deposition 

onto branches with needle-like leaves for some species at higher wind speeds, but the 

threshold wind speed was nearly 13 km/hr. The differences in spray capture by different 

morphological types are probably due to the lower flexibility, and more complex 

geometry of coniferous branches. However, differences in the hairiness of plant parts 

and the waxiness of the cuticles may also effect spray capture. 

2.3.5 Previous measurement of spray drift (general) 

The majority of early work on spray drift concentrated on aerial drift from crop 

spraying by aeroplane and helicopter. Drift from aircraft may be carried for hundreds of 

metres (Akesson & Yates, 1964; Yates et al., 1966; Goering & Butler, 1975; Frank et 

al. , 1994) or even kilometres if the wind speed is high (Yeo et al., 1959; Goering & 

Butler, 1975). In recent years (since 2001), only one pesticide has been applied aerially 
in the UK, namely asulam for the control of bracken (Wardman & Thomas, 2003). In 

2002, only 4406 ha (0.01% of the area treated with pesticide) underwent aerial 

application, mostly in upland areas. Therefore, the threats to woodland plants from 

aerial spraying are extremely limited in extent. Orchards, hops and many fruit crops are 

often treated with pesticides using axial fan or air-blast sprayers. This type of equipment 

relies on a fan or air-jet to disperse the material throughout a spatially complex target 

area. The spray is deliberately spread into the air and may be carried many tens of 

metres away from the target in light or moderate winds (Lloyd & Bell, 1982; Gilbert & 

Bell, 1988; Frank et al., 1994; Hall et al., 1996; Ganzelmeier & Rautmann, 2000). 

However, orchards, hop gardens and soft fruit covered less than 1% of the total cropped 

area in 2000/2001 (Dean et al., 2001; Garthwaite & Thomas, 2001; Garthwaite et al., 

2001). So whilst there is certainly a potential risk to off-target organisms from the 
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application of pesticides to these crops, they make up a very small fraction of the total 

area treated. Therefore, this research (and the discussion of drift below) concentrates on 

spray drift from ground-crop boom-sprayer equipment, the main mechanism of 

pesticides application in the agricultural environment. 

Comparison of a variety of ground and aerial sprayers concluded that spray drift 

was common to all application equipment (Frank et al., 1994). However, spray drift 

from ground crop sprayers is generally more limited in extent than that produced by 

aerial or axial fan/air-blast sprayers. Differences in the amount of spray drift are mainly 
due to the greater release height and forward speed of aerial applicators and the greater 

range of droplet trajectories from axial fan/air-blast sprayers. It is commonly accepted 

that between I and 10% of a pesticide application will be deposited outside of the target 

area in a moderate wind (Goering & Butler, 1975; Nordby & Skuterud, 1975). Under 

ideal conditions and with a correctly adjusted spray boom, total drift was shown to be 

1.4% of the applied spray, but in unfavourable conditions and with a badly adjusted 

sprayer drift was as much as 37% (Nordby & Skuterud, 1975). Most researchers find 

that there is little measurable drift beyond about 10 to 15 in under light to moderate 

winds (Frank et al., 1994; Taylor et al., 1999; Koch et al., 2003). However, very small 

concentrations of spray may be detected up to about 100 in (Akesson & Yates, 1964; 

Parkin & Merritt, 1988; Ganzelmeier & Rautmann, 2000). There have been a great 

number of outdoor studies of drift from ground crop sprayers in open field conditions, 

and the profile of drift is well established. The results of a large number of these studies 

have been summarised by Ganzelmeier and Rautmann (2000). The averaged values for 

available data show that 3.4% of amount applied is present Im down wind of the 

sprayer, with 1% present at 3 in and 0.1% at 40 in downwind. 

The concentration of spray drift within particle clouds travelling down wind 

from a sprayer has been shown to be highest close to the ground, and to decrease with 

height (Cuthbertson, 1988; Phillips & Miller, 1999; Lane & Butler Ellis, 2003). The 

vertical drift profile in field and wind tunnel experiments showed a roughly exponential 

decrease with increasing height, at low wind speeds (7 km/hr) (Phillips & Miller, 1999). 

Spray drift was highest at ground level, and decreased by approximately one quarter per 

10 cm increase in height, reducing to almost zero drift at 50 cm height. Other studies 

have shown that at higher windspeeds (14 km/hr), there was increased spread of the 

droplet cloud and a more gradual decline in concentration with increasing height (Lane 
35 



Chapter 2 

& Butler Ellis, 2003). These authors showed that the drift concentration at Im from the 

boom declined from as much as 25% of the amount applied, at ground level, down to 
5% at 2m elevation. 

2.4 Eutrophication 

Woodland margins can become contaminated with fertilisers (in particular 

nitrogen) via a number of different potential routes. They may be mis-applied to the 

edges of fields resulting in a build up of deposits in adjacent habitats. Fertilisers may be 

carried from the field into adjacent habitats in run-off and through leaching (sub-surface 

flow). Finally, they may find their way into woodland through aerial deposition (mostly 

re-deposition of volatilised compounds following the application of fertilisers to 

adjacent fields). The factors influencing each route of potential eutrophication will be 

discussed in the first parts of this section, and then estimates of the rates of deposition 

will be presented. 

2.4.1 Factors influencing fertiliser mis-application 

Modem agriculture is highly dependant on fertiliser inputs, however, most 

application devices fail to some extent to either apply the fertiliser homogeneously or to 

restrict it to the area of application near to field boundaries (Rew et al., 1992). The 

applicator most commonly used to apply top-dressing fertiliser is the twin-disk (or 

spinning-disc) spreader, which spreads fertiliser pellets over a 12 rn overlapping pattern. 

Close to the field margin, it is operated with a deflector plate, which limits the swath 

width to 6 in on the boundary side of the spreader. However, there is evidence that 

fertiliser applied by twin-disk spreaders may be spread over 12 m during normal use 

and over 6 rn when the deflector plate is in operation (Tsiouris & Marshall, 1998). A 

smaller number of farmers use broadcasters or single-disk spreaders which are 

inherently inaccurate at field margins (Boatman et al., 1994). Pneumatic and liquid 

spreaders also exist and offer greater control over fertiliser spread (Rew et al., 1992), 

however, they are more expensive and less frequently used. Pneumatic spreaders work 

by using compressed air to shoot fertiliser pellets across the swath width. This is a more 

precise method of application than the spinning disk, which simply relies on the 

momentum of the pellet as it travels down grooves in the disk. Pneumatic sprayers have 

been shown to give a more even spread across the swath width relative to spinning disk 
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spreaders (Tsiouris & Marshall, 1998). Liquid spreaders also offer greater control of 
fertiliser application, since the extent of fertiliser spread can be accurately controlled by 

altering the pump pressure. Bio-solid fertilisers are also applied to agricultural land in 

the UK, either by injection directly into the soil or on to the surface in the forrn of 
pellets (Gove et al., 2002), they are applied using the application equipment described 

above. Clearly over-spread is not a risk with injection applications, however, leaching 

may be more of a problem. 

2.4.2 Factors influencing run-off 

Concentrations of fertiliser and pesticides in run-off water and sediment are 
likely to be extremely variable. They depend on both anthropogenic factors such as the 

types and amount of agri-chemicals used, timing of application and irrigation, as well as 
independent variables including retention and uptake by crops, rainfall, soil chemistry 

and topography. Surface run-off may be a mechanism by which both insoluble 

fertilisers (such as phosphate) (Muscutt et al., 1993; Tsiouris et al., 2002) and pesticides 
(Wauchope, 1978; Williams et al., 1995) can be transported away from arable fields. 

Subsurface flow is more likely to be the major factor in the transport of soluble 

pollutants in many catchments (Muscutt et al., 1993). This may include soluble 

pesticides (Wauchope, 1978) as well as nitrogen compounds. In the UK, many (but not 

all) intensively farmed fields contain subsurface drains, which provide routes for the 

removal of soluble compounds. This means they are unlikely to impact on woodland 

plant communities, unless topography makes flow towards a wood likely. However, 

severe weather events may lead to the run-off of soluble as well as insoluble chemicals 

(Wauchope, 1978; Patty et al., 1997). Management practices may also influence run-off. 

For example, ploughing has been shown to increase both transport of soil sediment and 

the concentration of fertiliser in run-off water (Tsiouris et al., 2002). 

2.4.3 Factors influencing aerial deposition 

Plant communities at woodland margins may receive relatively large amounts of 

water and particulate matter as well as nitrogen and other nutrients, by both wet and dry 

deposition (Geiger et aL, 1965; Grennfelt & Hasselrot, 1987; Hasselrot & Grennfelt, 

1987; Beier & Gundersen, 1989; Weathers et aL, 1995; de Schrijver et aL, 1998). 

Studies of rainfall and deposition of fog droplets on foliage in forest margins, indicate 

that they can receive 2-3 times more water compared with the woodland interior (Geiger 
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et al., 1965; Weathers et al., 1995). However, the soil conditions of the forest edge may 

actually be drier, owing to higher temperature, humidity and wind speeds (Miller, 1975; 

Matlack & Litvaitis, 1999). Studies have also shown increased deposition of particulate 

matter and ions at forest edges (Grennfelt & Hasselrot, 1987; Beier & Gundersen, 

1989); including H+, N03- and NH4+ and other species. The emission of ammonia to the 

atmosphere and its deposition in ecosystems is highly spatially variable (Sutton et al., 
19985 2004). Landscape level assessments show substantial local differences, with very 
high levels of deposition adjacent to livestock farm buildings (Fowler et al., 1998; 

Pitcairn et al., 1998) and fertilised/manured agricultural fields (Dragosits et al., 2002). 

There is evidence that deposition within semi-natural communities (in particular 

woodland) is disproportionately large (Fowler et al., 1998; Pitcairn et al., 1998; Sutton 

et al., 1998), due to their complex geometry. Deposition of nitrogen in forest margins 

was shown to be approximately 10 times higher than levels in the open field, and 2-3 

times higher than in the woodland interior (Grennfelt & Hasselrot, 1987; Hasselrot & 

Grennfelt, 1987; Beier & Gundersen, 1989; de Schrijver et al., 1998). In a number of 

studies the level of deposition was shown to decline in an exponential manner up to 15 

m (Grennfelt & Hasselrot, 1987; Hasselrot & Grennfelt, 1987; Beier & Gundersen, 

1989). Whilst beyond this distance deposition was generally uniform (2-5 times open 
field level). Increased air turbulence at forest edges is thought to be behind the increased 

deposition, which enhances exchange between the receptor and the air (Thimonier et al., 
1992). 

2.4.4 Estimates of nitrogen input into woodland 

Nitrogen mis-application 

The average application of nitrogen to tillage crops in Great Britain was over 

140 kg/ha in 1999 (Chalmers et al., 2000), and had remained largely constant over the 

previous five years. Fertiliser over-spread into field boundaries from agricultural land 

has been shown to be as high as 195% (Rew et al., 1992). Tsiouris and Marshall (1998) 

noted that when fertiliser spreaders were operating beside a hedge, there was evidence 

of fertiliser concentrating at the foot of the hedge and not passing through to the 

adjacent habitat. They demonstrated that peak deposition at the field edge may reach as 

high as 150 kg/ha. However, in most cases overspread would be much lower, depending 

on both the type and efficiency of the applicator. Many woodland margins have dense 
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side canopies, which would be expected to collect and concentrate fertiliser in a similar 

way to a hedge. However, woodland margins that are more open might not be as 

effective at reducing overspread. 

Estimates of run-off 

The concentrations of agri-chemicals in run-off are likely to be highly variable. 

Nitrogen species in run-off from a wheat field were measured 4 months after application 

of 100- 15 0 kg N/ha (Tsiouris et al., 2002); they were found to be approximately 5 mg/l 
for NH4 and I mg/l for N03- Measurements of nitrogen and phosphorus concentrations 
in run-off sediment in the same study showed average values of 4 g/kg and 3.6 g/kg 

respectively. The amount of phosphorus in run-off was much lower, approximately 0.6 

mg/l. Peak subsurface flow of nitrogen in the UK during the winter months has been 

shown to be in the region of 30-50 mg/l (Rose et al., 1991). There are no comparable 

data for loss of phosphate from agricultural fields, but its insolubility makes large-scale 

movement unlikely. 

Usual pesticide losses to run-off are expected to be in the order of 0.5% or less 

(Wauchope, 1978). However, heavy rainfall within a few days of application may result 

in more substantial losses; one study showed as much as 95% of a highly soluble 

herbicide was washed off by one such event (Patty et al., 1997). In highly sloped fields, 

losses of up to 5% can be expected (Wauchope, 1978). Wettable powders consistently 

show the highest losses of any class of pesticides. All are herbicides applied to the soil 

surface and so run-off is a serious risk (Wauchope, 1978). Local concentrations of 

pesticides, if carried away from the crop in a low volume of water, may be very high 

(Wauchope, 1978; Williams et al., 1995). 

Estimates of aerial deposition 

The deposition of nitrogen from the atmosphere occurs pricipally as wet and 

cloud water deposition of N03- and NH4+ and the dry deposition of NO,, and NH3- 

Average wet deposition of nitrogen in the UK is estimated to be in the region of 10 kg 

N/ha/yr (INDITE, 1994). Total deposition of nitrogen to woodland in the UK (1995- 

1997) has been estimated at 33 kg N/ha/yr (NEGTAP, 2001). However, mapping of the 

dry deposition of ammonia to woodland in the southern region of the UK (1989-1992) 

indicated that deposition ranged from 30 to above 45 kg N/ha/yr (INDITE, 1994). 

Ammonia is estimated to make up approximately 60% of the nitrogen budget in the UK, 

39 



Chapter 2 

the major source of which is agriculture (NEGTAP, 2001). Measured ammonium 
deposition in a forest edge facing the prevailing wind direction and adjacent to 

agricultural land in Belgium, was 55 kg N/ha/yr (de Schrijver et al., 1998). However, 

the increase in deposition at woodland edges observed by several authors (Hasselrot & 

Grennfelt, 1987; Beier & Gundersen, 1989; de Schrijver et al., 1998), may lead to 
deposition levels even higher than this if a large local source is located nearby. 
Estimates of total nitrogen deposition at woodland boundaries in the vicinity of 
livestock farms in the UK range from 40 to 80 kg N/ha/yr (Pitcairn et al., 1998,2003). 

Interestingly, there is some evidence that smaller woods may receive 

proportionally greater deposition than larger woods. Work at Rothamstead (INDITE, 

1994), has shown that deposition into a small wood (0.2 ha) and a larger wood (1.2 ha) 

were in the region of 65 kg N/ha/yr and 23 kg N/ha/yr respectively. If the increased 

deposition due to the greater proportion of edge in the smaller wood is discounted, 

accumulation is reduced to 28 kg N/ha/yr, a figure much closer to that found for the 

larger wood. This demonstrates both the increased deposition in woodland margins and 

the greater vulnerability of small woods. 

Critical loads of nitrogenfor woodlandplant communities 

Estimates of the critical load of nitrogen (the maximum pollutant deposition 

level above which significant changes to natural communities may occur), are in the 

region of 10-20 kg N/ha/yr (Achermann & Bobbink, 2003). However, measurements in 

the field indicate that in many parts of Europe yearly deposition in woodland outstrips 

this. The exceedance of critical loads for woodland in the North Downs region of Kent 

by aerial deposition, are in the region of 20-30 kg N/ha/yr, estimated using the UK Air 

Pollution Information System (www. apis. ceh. ac. uk). 

Relative importance of different inputs 

The estimates of aerial deposition presented above suggest that eutrophication of 

woodland margins by this source is likely to be a general problem. Over-spread and run- 

off of fertilisers are likely to be more localised in nature. Where such pollution does 

occur, the possibility of relatively high doses and the likelihood of repeated pollution 

events may result in the build up of fertilisers. Agricultural fertilisers may contain 

phosphorus and potassium as well as nitrogen, so their impacts are potentially greater 
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than nitrogen alone. Any over-spread or run-off of fertiliser will clearly add to aerial 
deposition already taking place. 

2.5 Biological impacts of spray drift 

2.5.1 Introduction 

Pesticide spray drift can affect semi-natural communities in a variety of ways. 

These can be divided into two main processes. Firstly, there are direct or primary 
impacts; where a chemical agent has an effect on the population of a species by its 

action on individuals of that species. For example, Lamiastrum galeobdolon and 
Primula vulgaris plants are both killed by the direct action of the herbicide glyphosate 
(Dixon et al., 2002). Secondly, there are indirect or secondary impacts where a 

substance causes an impact on one species through its action on another species (or 

process). An example of an indirect impact is the inhibition of rare arable weed growth 
in response to reduced light availability, caused by fertiliser induced growth 

enhancement of crop plants (Kleijn & van der Voort, 1997). Both direct and indirect 

processes may have beneficial and/or detrimental effects on semi-natural plant 

communities. 

2.5.2 Sensitivity of individual species to herbicide drift 

It is well established that herbicides and growth retardants cause changes to the 

plant composition of semi-natural communities when applied at the recommended rates 
(Way & Chancellor, 1976; Parr & Way, 1984; Marshall & Birnie, 1985; Willis, 1988; 

Pywell et al., 1996). However, it is difficult to draw conclusions on the sensitivity of 

particular groups of plants to herbicides in general; they may differ widely in their 

sensitivity to different herbicides. Sensitivity to herbicide damage appears to differ 

among plants independently of plant morphology or taxonomic family (Way, 1964). 

Indeed, Bhatti et al. (1995) have shown that different cultivars of the same species can 

have different sensitivities. They hypothesise that there is a biochemical basis to the 

differences observed, with resistant plants accumulating less toxins. Plants may have 

different drift interception efficiencies (Davis & Yates, 1992). Deposition tends to be 

concentrated on certain plants and plant parts due to their shape, position and surface 

texture (Chamberlain, 1975; Ucar et al., 2003). Plant parts with rough micro-topology 
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collect more drift than smooth ones, particularly small droplets (Chamberlain, 1975), 

whilst waxy cuticles or extreme hairiness may cause larger droplets to run-off. Drift is 

collected more efficiently by small, narrow or finely divided plant parts compared to 

thick stems or broad simple leaves (Tu et al., 1986; Ucar et al., 2003). Therefore, the 

amount of spray deposited onto a plant will depend on the size, shape and morphology, 

as well as its exposure (location) relative to other plants. 

Herbicide spray drift (and equivalent concentrations) has been shown to cause 
both lethal and sub-lethal effects on the plants of semi-natural communities (Marrs et 

al., 1989,1991a, b, 1993a; Breeze, 1993; Felsot et al., 1996; Marrs & Frost, 1997; 

Dixon et al., 2002). These studies show that some plant species appear to be 

consistently more sensitive than others; not all species were damaged by herbicide drift 

and some were even promoted by it. Typical sublethal effects consisted of reduced 
biomass, localised chlorosis, necrosis and morphological changes, as well as 

suppression of flowering and seed production. Though many plants may show 

symptoms of damage shortly after spraying, there may be substantial recovery by the 

end of the season (Marrs et al., 1991a, c; Kleijn & Snoeijing, 1997). However, there is 

evidence that some species can be affected in the years following herbicide exposure 

(Marrs et al., 1991b; Dixon et al., 2002). 

2.5.3 Impact of spray drift on plant recruitment 

Herbicides may exert impacts at the population and community level through 

changes in regenerative processes such as flowering, seed production, viability and 

germination and seedling establishment (Gange et al., 1992; Marrs et al., 1993b; Pywell 

et al. , 
1996; Champion & Froud-Williams, 1998). There is also evidence that the 

flowering capacity of some species was suppressed by herbicide drift near to the sprayer 

(Marrs et al., 1989,1991b). Pywell et al. (1996) have observed that the weight of 

Leucanthemum vulgare seeds per flower head was reduced by exposure to some 

herbicides (applied at their full dose rate). In another study, the yield of Prunus avium 

(sweet cherry) fruit was significantly reduced by simulated drift of the herbicide 

chlorsulphuron (Bhatti et al., 1995); fruit ripening was also delayed. The level of 

damage depended not only on the concentration of the herbicide, but also the time of 

application and number of sprays. Champion and Froud-Williams (1998), showed that 

exposure of Veronica persica to herbicide decreased the proportion of large seeds and 

42 



Chapter 2 

increased the proportion of smaller seeds. However, whilst germination of seeds was 
influenced by seed size, exposure to herbicides did not otherwise affect germination. 
Other studies have shown impacts of various types of pesticides, including insecticides, 

fungicide and herbicides, on the germination of both food plant (Dalvi & Salunkhe, 

1975) and weed seeds (Gange et al., 1992). Some combinations of pesticides were even 

phytotoxic to seeds of particular species. 

Seedlings and young plants have also been shown to be more susceptible to 
herbicide spray drift than their older counterparts (Marrs et al., 1991a, 1993a). These 

authors showed that glyphosate drift resulted in mortality of Lychnis flos-cuculi 

(ragged-robin) and Hypericum perforatum (perforate St. John's-wort) seedlings at 15-20 

m downwind of the applications, substantially further than established plants. Three 

other species, Stachys officinalis (betony), Primula vulgaris (primrose) and Verbascum 

thapsus (great mullein), showed some mortality up to 40 m. Kleijn and Snoeijing (1997) 

observed that, despite all seedlings showing some reaction to herbicides ranging from 

leaf curling to death, many were able to recover by the end of the experiment. In another 

experiment, the younger leaves of P. avium were found to be more prone to damage by 

chlorsulphuron herbicide than older ones (Bhatti et al., 1995). Older leaves have been 

shown to have a thicker cuticle, as well as less metabolically active tissue (Sargent, 

1976), and this may make them more resistant to herbicides. Younger leaves may also 

have less well developed detoxification and repair mechanisms. Breeze et al. (1992) 

provided evidence that size may affect the mortality of individual plants. Their work on 

Centaurea scabiosa (greater knapweed) has shown that smaller plants may be 

disproportionately more sensitive compared with bigger plants of the same age. A two- 

fold difference in weight produced a ten-fold change in mortality. 

If young and/or immature plants are consistently more sensitive to damage than 

older ones there may be serious effects on the ability of a community to regenerate 

itself, thereby altering the structure in the long term. This may be one of the reasons 

why field margin floras have tended to lose diversity over time (Barr et al., 1990). 

However, the impacts of pesticides on plant communities through effects on seeds and 

seedlings may take years to become apparent, due to the longevity of adult perennial 

plants. 
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2.5.4 Impact of spray drift on plant communities 

The potential differences in the capture of spray drift, combined with variations 
in sensitivity may alter the competitive balance between species (Pywell et al., 1996). 

Impacts on fecundity and greater sensitivity of seedlings and juvenile plants may lead to 

an impoverishment of plant communities. These factors may significantly change the 

direction and trajectory of community development, resulting in long-term changes to 

the structure of plant communities. Since the deposition of drift within mixed swards 

may be complex (Marrs et al., 1991a), the impacts on individual species within a 

community may be hard to predict, even if their general sensitivity is understood. The 

species composition of plant communities in sensitive habitats may shift in different 

directions depending on the amounts of drift deposited and the frequency of drift events. 

Experimental studies of the effects of herbicides on competition (Marrs et al., 
1991b; Perry et al., 1996; Kleijn & Snoeijing, 1997; Marrs & Frost, 1997; Asteraki et 

al., 2004) have indicated changes in plant communities brought about by low levels of 
herbicide exposure. Marrs et al. (1991b) and Marrs & Frost (1997) used microcosm 

experiments to investigate species interactions after exposure to herbicide drift. They 

showed that, whilst the biomass of some species was reduced by herbicide exposure, 

others increased in biomass either through reduced interception of herbicide or reduced 

competition with other species. Those species which responded positively included 

weedy species such as Hypericum hirsutum (hairy St. John's-wort), Lolium perenne 

(perennial ryegrass) and S. sylvatica (hedge woundwort) (Marrs et al., 1991b; Marrs & 

Frost, 1997). There was also evidence of an increased risk of invasion near to the area 

sprayed (Marrs & Frost, 1997), indicating that damage by herbicide drift stimulated 

community change. Plots in field margins sown with mixtures of grassland species have 

shown a decline in species richness in response to herbicide at drift concentrations 

(Perry et al., 1996; Kleijn & Snoeijing, 1997). Kleijn and Snoeijing (1997) showed that 

significant herbicide effects were mainly limited to the 50% herbicide plots. There was 

also a reduction in the number of species in response to the 5% rate. Experimental plots 

in organically managed field margins have also been shown to contain more self-seeded 

species compared with conventional margins (Asteraki et al., 2004), indicating better 

conditions for establishment, related to reduced herbicide use. 
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Surveys of semi-natural field margins have shown that the application of 
herbicides and growth retardants in the field margin reduces both diversity and cover of 

plants (Southerton et al., 1985; Willis, 1988; Chiverton & Sotherton, 1991; Fischer & 

Milberg, 1997; de Snoo, 1997). A number of studies have also shown that the drift of 
herbicides into adjacent boundary vegetation influenced both the diversity and 

composition of plant communities (Jobin et al., 1997; Boutin & Jobin, 1998; de Snoo & 

van der Poll, 1999; Aude et al., 2003). Other studies have failed to show differences in 

the flora of field margins that could be related to herbicide drift (Marshall, 1987; Kleijn 

& Verbeek, 2000). However, the studies were relatively short-term, had little variation 
between herbicide treatments and were carried out in margins which may have been 

influenced by previous management. 

Many herbicides are targeted specifically at broadleaved plants (weeds) and 
therefore are likely to give a competitive advantage to grass species. Experimental 

results reported by Marshall and Bernie (1985) indicated that the only species 

unaffected by repeated herbicide treatments were common grasses. Other studies have 

observed increases in the biomass of grasses in response to herbicide (Parr & Way, 

1984; Marrs et al., 1991b; Kleijn & Snoeijing, 1997) or growth inhibitor (Willis, 1988) 

applications. Field margin surveys have shown that the impacts of herbicides on 

broadleaved plants are greater than on grasses (Southerton et al., 1985; de Snoo & van 

der Poll, 1999). Other surveys have provided evidence that within the broadleaved plant 

component of field margins, herbicide drift increased the abundance of annuals at the 

expense of perennial species (Feber et al., 1996; Jobin et al., 1997). 

2.5.5 Impact of spray drift on other organisms 

There has been a large amount of investigative work and monitoring of spray 

drift impacts on insects, in both assays and field surveys (Rands, 1985; Southerton et 

al., 1985; Rands & Sotherton, 1986; Chiverton & Sotherton, 1991; Davis et al., 1991, 

1993b; Hassall et al., 1992; Cilgi & Jepson, 1994; de Snoo & de Leeuw, 1996; Longley 

et al. , 
1997; Longley & Southerton, 1997; de Snoo et al., 1998; Haughton et al., 1999, 

2001). Insects are relatively easy to culture, treat and observe, and there are relatively 

few ethical objections to their use in toxicological studies. A large number of 

experimental studies of the impacts of insecticide spray drift have concentrated on 

various butterfly species (Davis et al., 1991,1993b; (ýilgi & Jepson, 1994; Longley et 
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al. , 1997; Longley & Southerton, 1997). This is as much due to their high popularity 
with the public and easy identification in the field, as it is to their likely exposure to 
drift due to their association with field margins. However, they do represent a 
moderately high-risk group as they have relatively long life cycles, and may be exposed 
to a number of drift events during their lifetime (Cuthbertson & Jepson, 1988). 
Comparison of the impact of insecticides on various species of butterfly larvae have 

shown that Pieris brassicae (cabbage white butterfly) were the most sensitive (Davis et 
al., 1991), suggesting that they might be useful as an indicator species. Toxicological 

studies have shown P. brassicae larvae mortality and sub-lethal impacts of insecticides 

at concentrations as low as 0.1-0.2% of the applied rate (Davis et al., 1993a; Cilgi & 
Jepson, 1994). However, P. rapae were found to be even more sensitive than P. 
brassicae to deltamethrin drift, possibly due to an inability to either metabolise or 
excrete the active ingredient (Cilgi & Jepson, 1994). This shows that whilst the use of 
indicator species is a valuable tool the impacts of particular pesticides on individual 

species may be underestimated. 

Field surveys of pesticide impacts on insect numbers have shown that unsprayed 
headlands have significantly higher abundance and diversity of a number of arthropod 

groups including butterflies (Southerton et al., 1985; Rands & Sotherton, 1986; de Snoo 

& de Leeuw,, 1996; de Snoo et al., 1998), spiders and carabids (Hassall et al., 1992; 

Haughton et al., 1999,2001) and other insects groups (Rands, 1985; Chiverton & 

Sotherton, 1991), compared with sprayed headlands. There is also evidence that spray 
drift into field mar ins from applications to ad acent fields has a detrimental effect on 9i 

the abundance of species such as butterflies (Sparks & Parish, 1995; Feber et al., 1996) 

and bumblebees (Bdckman & Tiainen, 2002). Many of the observed impacts of spray 

drift are thought to be indirectly related to the impacts of herbicides on margin flora, 

mediated through the reduction of nectar sources and food plants (Feber et al., 1996; 

Bdckman & Tiainen, 2002). Field observations of larval mortality caused by 

cypermethrin drift downwind of a ground crop sprayer, indicated that they were in the 

region of 10% at 16-24 rn (Davis et al., 1993b). There is evidence that the presence of a 

hedge may be able to attenuate the toxic effects of insecticide drift on butterfly larvae 

(Davis et al., 1993a, b; Longley et al., 1997; Longley & Southerton, 1997). Another 

insect species in which toxicity of herbicides is regularly monitored is the honeybee 

(Apis mellifera) (Greig-Smith et al., 1994). Poisoning by spray drift from crop spraying 
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onto adjacent flowering crops or hedgerows was thought to cause fatalities in only a 
small number of reported cases. Many invertebrate species live in close association with 
plants, for example, the pollination services provided by bees. Therefore, the direct 

effects of spray drift on invertebrates may result in indirect impacts on plant 
communities, for example, in reduced plant fecundity due to poor pollination. 

The impacts of spray drift on macro-fauna are more likely to be indirect, as 
direct poisoning cases are uncommon (de Snoo et al., 1999). For example, many 
invertebrates provide food for farmland birds, and the impact of pesticides on these 

species is though to be linked to the decline of birds such as Perdix perdix (grey 

partridge) (Rands, 1985; Southerton et al., 1985). In a study of the foraging preference 

of arable Apodemus sylvaticus (wood mice) they were show to utilise field margins 

plots where herbicides were not applied Jew, 1986,1992). It was thought that the 
increased use of margins with reduced pesticide applications by both birds and 

mammals was related to the increase in floral and invertebrate abundance in these areas. 
There may be indirect effects of spray drift on plant communities mediated through 

changes in macro-fauna behaviour, for example, by influencing the rate of seed 

predation. 

Finally, there may be impacts from spray drift of other pesticides, such as 
fungicides and nernaticides, on plant communities. These impacts may be either positive 

or negative, depending on the compounds in question and the species affected. For 

example, there is evidence of that the application of fungicides altered the species 

composition of mycorrhizal fungal communities (Schreiner & Bethlenfalvay, 1996), and 

these changes had impacts on the root growth of associated plants. On the other hand, 

fungicide treatment has been shown to reduce the impact of pathogenic fungi on Pinus 

contorta (lodgepole pine) seedlings, by reducing root rot and increasing plant survival 

(Pedersen et aL, 1999). 

2.6 Biological impacts of eutrophication 

Estimates for current nutrient input into woodland margins from both deposition 

and over- spread/run-off have been presented in section 2.4-4. Nitrogen deposition has 

been shown to be positively correlated with soil nitrogen content in woodland (Solberg 

et aL, 2004). It is well known that soil fertility affects plant diversity, with less fertile 
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soils generally supporting higher species diversity (Ellenberg, 1988). Therefore, the 

exceedance of critical loads is likely to lead to eutrophication, resulting in diverse 

assemblages of specialist species being replaced by a smaller number of potentially 
dominant species (NEGTAP, 2001). Ellenberg (1988) has shown that 50% of plant 
species on mainland Europe can only compete when nitrogen is limited, and between 75 

to 80% of Red Data Book species are associated with low levels of soil nitrogen 

availability. 

In the same way that pesticides can have direct and indirect effects on plants and 

plant communities, so too can nitrogen. Negative direct effects (nitrogen toxicity) 

resulting in decrease or extinction of individuals or a species are poorly documented, 

although there is evidence of direct toxicity in some species groups, for example certain 
lichens species (Gordon et al., 2001). Positive direct effects (fertilisation) resulting in 

increased biomass and reproductive output of individual plants are more common 
(Bobbink, 1991; Kleijn, 1996; Perry et al., 1996; Kleijn & van der Voort, 1997). 

However, enhanced growth is not necessarily a benefit to plants as it has implications in 

terms of response to stress (e. g. drought or shade), vulnerability to herbivory and 

competitive interactions. Indirect effects are mediated through changes in the 

competitive environment and interactions with other species, for example by increasing 

shading (Mahn, 1988; Kleijn & Snoeijing, 1997). In the long-run, the outcome of 

indirect impacts may be indistinguishable from those produced by direct impacts, 

namely the loss of species and biodiversity. Even small differences in the way species 

respond to nitrogen may lead to large differences in botanical composition of 

communities (Bradshaw et al., 1964; Bobbink, 1991). The impacts of increased nitrogen 

in the environment are likely to be cumulative, over a period of years (Ellenberg, 1988). 

Thus, long-term changes to plant communities do occur, which it may be difficult or 

impossible to reverse (Berendse et aL, 1993; NEGTAP, 2001). 

2.6.1 Impact of fertilisation on plant competition 

Addition of nitrogenous fertiliser to semi-natural plant communities encourages 

nitrophilous species, which are generally taller and more competitive (Ellenberg, 1988; 

Berendse et al., 1993). The taller, denser sward leads to decreased light availability, 

which results in a decline in the overall density and diversity of species (Mahn, 1988; 

Bobbink, 1991; Kleijn & Snoeijing, 1997; Kleijn & van der Voort, 1997; Tsiouris & 
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Marshall, 1998). Often such species not only produce rapid height growth but also 
lateral spread (Bengtsson-Lindsj6 et al., 1991), allowing them to quickly colonise large 

areas. Studies have shown that the most threatened species are the low growing 

components of the flora, such as lichens and mosses (Pitcairn et al., 1991), as well as 

small slow growing perennials and annuals (Tilman, 1984). Those plants which 

survived the initial competitive phase, have been shown to increase in biomass (Mahn, 

1988; Kleijn, 1996) and/or height (Theaker et al., 1995; Kleijn & van der Voort, 1997), 

even if they belonged to species which were poor competitors. 

Plant species that are able to respond to increasing soil fertility with an increase 

in growth, will benefit at the expense of slower growing species. For example, a number 

of grass species (e. g. Deschampsia flexuosa (wavy-hair grass) and Brachypodium 

pinnatum (tor grass)) have been shown to increase their biomass at the expense of other 

plant species (Bobbink, 1991; Kleijn & van der Voort, 1997; Tsiouris & Marshall, 

1998; Pitcairn et al., 2003). In many instances, increased growth in response to 

fertilisation/nitrogen deposition was seen mostly or wholly in grass species, with little 

or no corresponding increase in the biomass of broadleaved plants (Berendse et al., 
1993; Kleijn & Snoeijing, 1997; Turkington et al., 1998; Pitcairn et al., 2003). This 

suggests that certain grass species may benefit from the addition of fertiliser to a 

community. Competition experiments have shown that some grasses are not only more 

able to take up most of the available nitrate (Tsiouris & Marshall, 1998), but are also 

able to utilise nitrogen more efficiently by mobilising phosphate from internal reserves 

(Bobbink, 1991). However, grasses are not alone in being able to respond to 

fertilisation. Other mainly weedy species, such as Achillea millefolium, Galium aparine, 

Urtica dioica and Rubus idaeus, have also been shown to benefit from elevated levels of 

fertiliser availability (Tyler, 1987; Hogg et al., 1995; Pitcairn et al., 1998,2003; 

Turkington et al., 1998). 

2.6.2 Impact of fertilisation on plant recruitment 

Studies have shown that both ammonium and nitrate stimulate the germination 

of seeds (Bewley & Black, 1985). The impact of increased germination on the seedbank 

as a whole has not been established, however, depletion may occur if excessive 

germination is promoted. Tsiouris and Marshall (1998) found no evidence of any effect 

of increased fertiliser on either seedling establishment or competition, in greenhouse 
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experiments. They showed evidence of trends in germination in response to increasing 

fertiliser dose, with more Poa and fewer Galium seedling germination, suggesting once 

again that the presence of fertiliser may favour the establishment of grasses over 
broadleaved plants. Fertilisation has also been shown to influence maturation. For 

example, fertiliser stimulated competition between rare arable weeds and a cereal crop 

shortened life cycle of the weeds (Kleijn & van der Voort, 1997). This can have the 

effect of reducing seed production, through a reduction in biomass (Boatman & Wilson, 

1988a; Mahn, 1988). A reduction in the number of seeds produced is likely to have a 
direct impact on plant recruitment. 

2.6.3 Impacts of fertilisation on plant communities 

Changes in species composition over the last 2-3 decades, associated with 
increased nitrogen deposition have been reported throughout Europe, in a range of plant 

communities (Tyler, 1987; Bobbink, 1991; Pitcairn et al., 1991; Thimonier et al., 1992; 

Hogg et al., 1995). Indeed, analyses of botanical change at the landscape scale in the 

UK over the same period, have indicated a general shift consistent with raised nutrient 

availability (Barr et al., 1990; Haines-Young et al., 2000). The addition of fertiliser to 

low productivity communities can lead to not only a decline in species diversity 

(Bobbink, 1991; Berendse et al., 1993; Kleijn & van der Voort, 1997), but also a partial 

or complete change in species composition (Bengtsson-Lindsjo et al., 1991; Jobin et al., 

1997; Boutin & Jobin, 1998). Studies in southern Sweden have shown that since the 

introduction of commercial fertilisation in the 1950s about 50% of grassland species 

have disappeared from fertilised land (Bengtsson-Lindsj6 et al., 1991). The remaining 

species belong to quite different taxa compared to those associated with unfertilised 

land. There is evidence that the decrease in species number is largely due to a loss of 

broad-leaved species (Bobbink, 1991). 

Some ecosystems are phosphate limited, and there is some evidence that this 

may be the case in ancient woodland in southern Britain (Buckley, P., unpublished 

data). In such cases, the addition of nitrogenous fertiliser or deposition would be 

expected to have more limited impacts than those described above. However, over- 

spread and run-off of agricultural fertilisers containing phosphorus and potassium in 

addition to nitrogen may lead to impacts on field margin flora of a similar nature to 

those described in European woodland (Thimonier et al., 1992). 
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