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ABSTRACT 
 

There is growing worldwide pressure to develop new and effective chemicals 

against agricultural pests. Unfortunately, many pesticides have unanticipated and 

undesired effects on the environment. In eastern Australia, the Australian Plague Locust 

Commission (APLC) has responsibility for locust control, currently using three pesticides 

(fenitrothion, fipronil and the fungal agent, Metarhizium) to limit locust populations 

during outbreaks. 

 In an effort to evaluate the potential impact of these practices on Australian native 

fauna, this dissertation aims to assess the probability of pesticide exposure in 285 avian 

species, due primarily to their co-occurrence with locusts in areas where pesticide 

treatments are most likely to occur.  Due to the unpredictable nature of rainfall, locust 

outbreaks and control events, I have taken a landscape approach to this question, with the 

area of interest coincident with the area of responsibility of the APLC. Rainfall, 

vegetation and soil characteristics strongly influence locust and avian distributions. I 

have examined spatial and temporal patterns in these factors, as well as the relationships 

between them with a final aim of evaluating their impact on the spatio-temporal 

distribution of three locust species, locust control events and avian distributions. Avian 

species distributions were obtained by applying generalized linear models to 

presence/absence data for the areas of interest for the years 1998–2002. Probabilities of a 

bird species present at times and locations of locust control applications were calculated. 

Field observations of avian species’ occurrence and behavior during locust outbreaks 

were used to evaluate the model. In the last step, the risk of exposure to fipronil was 

evaluated considering fipronil levels in three avian food items, seed, vegetation and 

locust samples. Small granivorous birds consuming high amounts of food daily relative to 

their body weight are predicted to be at greatest risk from exposure. 
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CHAPTER I 

INTRODUCTION: LOCUSTS, PESTICIDES AND BIRDS 

 

Introduction 

This dissertation focuses on the co-occurrence and interactions of avian and locust 

species and on the potential effects on birds of controlling locusts in eastern Australia. 

The first part of the introductory chapter reviews the distribution and life histories of the 

three main Orthopteran pests in eastern Australia and the history of their control, 

including the types of pesticides used currently and in the past. The second part of the 

chapter describes the unique phylogeny and ecology of birds inhabiting the arid and 

semi-arid zones of Australia and the available literature about the prevalence of locusts as 

a food source for birds in Australia and worldwide. Finally, I review our current 

knowledge about the potential effects of locust-control pesticides on birds as well as 

avian risk assessments of pesticides. 

The main aim of my research was to determine the potential risk of exposure of 

birds to locust control pesticides in eastern Australia. The area of interest was selected to 

include the area of responsibility of the Australian Plague Locust Commission (APLC), 

who provided locust survey and spraying data. Due to the spatio-temporal variability and 

unpredictability of rainfall, locust outbreaks and locust control events, I have taken a 

landscape approach to this question. First, I examine the spatial and temporal variability 

in rainfall, which is the most important climatic factor in eastern Australia governing 

locust distributions, and its correlations to soil and vegetation patterns (Chapter 2). Then I 

describe the spatio-temporal distribution patterns of three main locust pest species; their 

habitat preference; and the location and timing of locust control events (Chapter 3). Using 

the Birds Australia Atlas database I analyze probabilities of detection, spatio-temporal 

distribution and habitat preference for each of the selected avian species (Chapter 4). In 

the next chapter (Chapter 5), generalized linear models are applied to obtain spatio-

temporal distribution probabilities for these bird species. Probabilities of a bird species 

present at times and locations of locust control applications are calculated and the 
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predictions of the models are compared to field data collected during locust outbreaks. 

Pesticide residues are analyzed in vegetation and locust samples and the risk posed by 

avian exposure via these food items is evaluated for individual bird species (Chapter 6). 

 

Locust biology 

Grasshoppers and locusts belong to the family Acrididae, within the superfamily 

Acridoidea and order Orthoptera. These taxa are species-rich: Acridoidea has about 

10,000 species worldwide (Chapman, 1976), while the family Acrididae has 712 species 

in 225 genera in Australia alone, most of which (93%) are endemic (Rentz, 1996). 

Species in the family Acrididae are traditionally separated into locusts and grasshoppers 

(e.g., Uvarov, 1928; Passlow, 1969), a separation that has been proven unreliable with 

several species of intermediate behavior encountered (Chapman, 1976). Nevertheless, in 

the majority of Australian locusts and grasshoppers, three criteria function to differentiate 

the two groups: gregarization, diurnal migration and the tendency to become agricultural 

pests. Gregarization, the transformation from the solitarious into the gregarious phase 

through a variety of transient forms is characteristic of most locust species, while 

grasshoppers in general are monophasic (Uvarov, 1966). Gregarization is manifested in 

morphological (size, shape and color), physiological, biochemical, behavioral and 

ecological changes (Farrow, 1990). A major behavioral difference is that individuals in 

the solitarious phase are cryptic, while in the gregarious phase they are conspicuous 

(Despland and Simpson, 2000). Gregarization is density-dependent and reversible (Sword 

et al., 2000). Flightless locust nymphs, called hoppers, can aggregate into marching 

bands. Similarly in adults, individuals can move and behave as a group that can 

dramatically increase in size, forming swarms. In adults, gregarization is triggered by a 

combination of specific conditions, including rainfall, population density and food 

availability (Chapman, 1976). Under favorable conditions, consecutive generations of 

locusts will breed and successfully produce offspring, increasing their numbers and the 

area occupied (Andrewartha and Birch, 1954). Populations of some Australian locust 

species can increase tenfold with each generation (Walton et al., 2003). Such a 
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population irruption, occurring in a relatively short time, is considered an outbreak 

(Barbosa and Schultz, 1987). Large-scale locust outbreaks have been traditionally called 

plagues.   

The second criterion of separation is migration: locusts tend to migrate during the 

day in swarms, while grasshoppers migrate as individuals during the night, if at all 

(Chapman, 1976). As more is learned about locust migration, this basis for separation has 

been proven unreliable for many locust, as well as grasshopper species. 

The final criterion is largely economic: unlike most grasshoppers, locusts are 

considered agricultural pests. The approximately 15 swarming species are especially 

destructive as they can migrate long distances (Uvarov, 1928; C.O.P.R., 1982). In fact, 

since the advent of agriculture, the economic damage caused by locusts has made them 

one of the most studied insects (Haskell, 1970). Similar to other parts of the world, since 

the mid-19th century, generations of entomologists have dedicated time and effort to 

study Orthopteran pests in Australia. Orthopteran pests in Australia cause severe and 

widespread damage by feeding on pastures, cereal and forage crops, and in some cases 

even on fruits and vegetables (Veitch, 1961). Nymphs aggregated into dense bands (up to 

1.2 million per hectare) are voracious feeders (Casimir and Jones, 1958). Likewise, an 

average adult can consume its own weight (2–3 g) in foodstuff daily (Haskell, 1970) and, 

as a swarm can be hundreds of meters long, containing more than 50 locusts/m2 

(Australian Plague Locust Commission, 1997), the potential damage caused by a locust 

swarm is substantial. The most recent economic analysis for the 1984 spring locust 

outbreak shows an estimated crop loss of about AUD 3.6 million in New South Wales 

(NSW), while the cost of insecticides and their application during this operation amount 

to a similar figure (Wright, 1986a).  

In Australia, only six species are classified as locusts (Rentz, 1996). However, 

they do not satisfy all three criteria of a “theoretical” locust, for instance, the Australian 

plague locust (Chortoicetes terminifera Walker) does not undergo phase changes (Key, 

1954), and it performs long-distance nocturnal migrations (Clark, 1971). In this 

dissertation, I will examine in detail the three most important Orthopteran pests in eastern 
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Australia: the Australian plague locust, the Spur-throated locust (Austracris guttulosa 

Walker) and the Migratory locust (Locusta migratoria migratoroides Reiche & 

Fairmaire). Other Acridid species capable of outbreaks and occasionally causing 

economic damage in this region are the Small plague grasshopper (Austroicetes cruciata 

Saussure), the Wingless grasshopper (Phaulacridium vittatum Sjöstedt), the Yellow-

winged locust (Gastrimargus musicus Fabricius) and the Eastern plague locust (Oedaleus 

australis Saussure) (Baker and Casimir, 1985). Unlike the first three, the latter species are 

virtually non-migratory, so their outbreaks are usually localized, posing no threat to 

agricultural production in areas further from the origin of the outbreak (Weddell, 1944; 

Veitch, 1961).  

 

Australian plague locust 

The Australian plague locust is endemic to Australia (Chapman, 1976). It is the 

smallest Australian locust (C.O.P.R., 1982). Over the last 150 years, the inflicted damage 

in crop losses has made the Australian plague locust the most important Orthopteran pest 

of the country (Wright, 1987). For instance, in the outbreak of 1984, the estimated value 

of the crops destroyed by the Australian plague locust in NSW and Victoria (Vic) was 

over AUD 5 million. Without control, potential losses could have risen to over 20 times 

higher (Wright, 1986b).  

The Australian plague locust is a common species with a widespread distribution, 

occurring in over 95% of continental Australia (Key, 1954). In eastern Australia, it is 

found west of the Great Dividing Range (Figure 1.1). Despite its wide environmental 

tolerance (Clark, 1970), abiotic factors have a crucial role in the regulation of Australian 

plague locust populations (Clark, 1953), consistent with Orthopterans in other parts of the 

world (Joern and Gaines, 1990; Hanrahan and Horne, 1997; Karpakakunjaram et al., 

2002). In eastern Australia, locust distribution is mostly limited by two factors, rainfall 

and temperature, both of which are highly variable in this region (Andrewartha, 1940). 

Given the spatial and temporal unpredictability of rainfall within most of its area of 

distribution (Gibbs, 1969), the main life-strategy of the Australian plague locust is 
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opportunism. Opportunistic traits of the Australian plague locust are its ability to perform 

long-distance migration (Farrow, 1990) and to suspend embryonic development 

(Wardhaugh, 1970). 

The Australian plague locust is multivoltine (Key, 1954). Under favorable 

environmental conditions it can have up to four generations in a year (Casimir and 

Bament, 1974), however in agricultural areas the norm is two to three generations 

annually (Clark, 1974). The generations are non-overlapping: nymphs of the first 

generation hatch in September-October from eggs laid in the previous autumn, the 

offspring of this generation hatches in December-January from eggs laid in December, 

and if conditions allow, a third generation hatches in March-April, maturing through the 

winter and laying in the spring (Clark, 1974) (Figure 1.2).  

Rainfall and temperature limit the distribution of the Australian plague locust not 

only temporally, but also spatially. In eastern Australia rainfall limits Australian plague 

locust distribution towards the north and the interior, especially in the arid and semi arid 

zone (Casimir, 1962), while temperature limits towards the south. In most parts of NSW, 

active stages die out in the winter because of low temperatures (Key, 1945), and in most 

years in southeastern NSW and Vic only one generation can develop annually (Clark, 

1948). 

Females lay eggpods of 30–60 eggs five to nine cm deep in the soil (Clark, 1947; 

Clark, 1965). One female usually lays only one eggpod, however favorable conditions 

(frequent and ample rains) can prolong the reproductive period, allowing successive 

laying (Clark, 1974). Females lay in close proximity to each other, at breeding sites 

called eggbeds (Key, 1943).  

For the survival of the egg and the developing embryo, the most important 

limiting factors are the water content and temperature of the soil. The amount of rainfall 

in the spring (August to December) has been shown to strongly affect the number of 

locusts present in the following season (Casimir, 1962). For the initiation of oviposition, 

the texture and moisture content of the soil are critical: the soil has to be compact (Clark, 

1965) and relatively dry (Wardhaugh, 1970), as too much water kills the eggs. The water 
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content and temperature of the soil also determine the length of the embryonic phase and 

the survival of the eggs (Wardhaugh, 1970). For the development of eggs the soil has to 

be wetter than for oviposition (Andrewartha and Birch, 1954). If the moisture content of 

the soil is optimal and the maximum daily temperature is around 35°C, egg development 

takes less than two weeks, while with temperatures ten degrees lower, it takes more than 

a month (Wardhaugh, 1970). Survival rates are also the highest within this range. A 

further ten degree decrease in temperature completely halts egg development, as will 

temperatures above 42°C (Wardhaugh, 1970). If the environmental conditions are not 

suitable, embryonic development can be suspended. Developing embryos can enter either 

diapause, which is facultative and seasonal (autumn), or quiescence, which happens if the 

conditions are unsuitable for development, for instance if the soil is too dry (Wardhaugh, 

1970). Quiescence lasts until conditions improve, reportedly up to three months 

(Andrewartha and Birch, 1954) or a year (Clark et al., 1969). 

As oviposition is synchronized among females of the same swarm, hatching is 

similarly concentrated over a short period (Clark, 1965). If over the previous few months 

conditions were ideal for egg laying and embryonic development, large numbers of 

nymphs can hatch simultaneously. Locusts have a hemimetabolous pattern of 

development, molting between the nymphal stages, called instars (Chapman, 1976). 

Instar stages are distinguished by the size of the wingbuds and the whole body, as 

nymphs become progressively larger at each molt. The duration of the stages depends 

mostly on the ambient temperature, each lasting five to ten days (Chapman, 1976; 

Farrow, 1979b). In the Australian plague locust, the typical number of instars is five, but 

there may be six in dry or cold conditions (Clark, 1948). 

Mortality is usually the highest during the first instar (Farrow, 1982), 

nevertheless, under very hot and dry conditions, nymphs of all ages can have high 

mortality, as nymphs cannot survive temperatures above 40°C (Wardhaugh, 1970). In 

cool weather, nymphs and adults often bask in the sun to increase their body temperature, 

as lower temperatures slow metabolism (Andrewartha and Birch, 1954). If not killed 
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directly by extreme temperature, younger (1st to 3rd instar) nymphs can still starve to 

death in the absence of green foliage (Clark, 1970).  

Nymphs hatching from high-density eggbeds emerge at the same time, which 

facilitates aggregation of same age hoppers into bands (Clark, 1965). Different hatching 

times can result in several waves of bands at the same location. Australian plague locust 

band densities of 5,000 nymphs/m2 are often observed, and up to 16,000 nymphs/m2 have 

been recorded (Australian Plague Locust Commission, 1997). Bands can be several 

kilometers long and 100 meters wide (personal observation). In a cohesive band, nymphs 

march together in the same direction. The rate of band movement depends upon the age 

of the nymphs, the density of the band, weather conditions and vegetation cover. Late 

instar bands may move up to 400 m daily and the total distance covered during the 

hopper stage is usually about three km (Clark, 1949).  

After the last molt at four to six weeks of age, the completion of wing 

development demarks the end of the nymphal stages (Chapman, 1976). If no green food 

available, these winged locusts remain immature for several months (Clark et al., 1969). 

Otherwise, in the presence of green vegetation, development progresses through three 

phases (Hunter, 1982). The first step is the development of wing muscles and the 

hardening of the exoskeleton. Having reached this stage, locusts accumulate fat and start 

to produce reproductive cells. Males become sexually mature shortly after the last molt 

(Clark, 1970). On the other hand, up to two months can pass between the last molt and 

the start of female reproduction, as females depend on rainfall (Clark et al., 1969) and 

possibly migration (Clark, 1971) as cues for oocyte development. According to certain 

authors (e.g., Wright, 1984), to accumulate fat, migrate, and develop oocytes, locusts 

require a rainfall event of more than 40 mm.  

While some authors argue that under favorable conditions, Australian plague 

locusts will reproduce locally, without migration (Hunter, 1982; Farrow, 1990), in most 

cases adults migrate. In eastern Australia, many of the documented daytime swarm 

movements have been towards the southeast (Key, 1943) on the eastern side of tropical 

depressions or along cold fronts (Clark, 1971). Daytime migration is generally less than 
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20 km, and it is often stopped by natural barriers, such as tree-lines (Magor, 1970). The 

existence of high altitude night migration by the Australian plague locust was discovered 

in the late 1960s (Clark, 1969) and has been extensively investigated (e.g., Farrow, 1975; 

Casimir, 1987; Walden, 1995). Some authors suggest that locusts migrate 200–500 km in 

one to three nights (Farrow, 1990; Bryceson, 1991), while others advocate the possibility 

of swarm movements of up to 1500 km (Wright, 1986b). As fat accumulation is 

necessary for migration, sustained flight may be limited if environmental conditions are 

unfavorable (Clark, 1969). Recent studies have shown that migration can be in any 

direction and exchange migration is frequent between different regions across a large part 

of the geographic range (Deveson et al., In press). Although migration may have evolved 

evolutionarily in response to local food shortages, in locusts it became an adaptation to 

exploit ephemerally favorable conditions that are spatially separated (Chapman, 1976). 

Upon arriving at a site with favorable conditions, locusts take advantage of food 

abundance through their high reproductive rates (Walden, 1995).  

Within the geographical limits drawn by rainfall and temperature patterns, the 

finer-scale distribution of the Australian plague locust depends on the condition and type 

of vegetation, which in turn depends on the condition and type of the soil (Bryceson, 

1991). The moisture content of the soil is crucial to sustaining green vegetation (Wright 

et al., 1988). While some authors argue that as the presence of fat depots triggers sexual 

maturation in females and after migration they lay eggs even if conditions are dry (Clark, 

1965; Symmons, 1984), in most situations females do not oviposit unless sufficient green 

foliage is available, as nymphs cannot develop feeding on dry plants (Clark, 1948; 

Hunter, 1982). The amount of rainfall determines the quality of food plants, which is 

crucial for nymphal survival (Clark, 1974), as vegetation provides not only food, but also 

shelter for the recently hatched, as well as for older nymphs (Key, 1945).  

Certain soil types have been associated with vegetation types preferred by the 

Australian plague locust (Bryceson, 1991). Under dry conditions, loamy soils sustain 

saltbush (Atriplex) and grass species, while with higher rainfall this soil type has woody 

associations of Acacia species (Clark, 1947), such as gidgee (A. cambagei) mainly in 
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Queensland (Qld), and mulga (A. aneura), which has a wider distribution (Burrows et al., 

1988). Light soils, typical of floodplains of large creeks in the shrub-steppe zone, provide 

a surge of ephemeral grasses after rain, making these areas ideal for locust breeding in 

good seasons. Gibber soils sustain Atriplex-Salicornia associations (Andrewartha, 1940). 

Sandy soils usually lack vegetation, although they can have sparse grass and Acacia scrub 

cover (Bryceson, 1991). Clayey silt and sand deposits along creeks have grasses and 

Eucalyptus trees. Heavier soils, such as grey or red cracking clay, have high water-

holding capacity, enabling them to sustain tussocks of perennial grasses (Stipa, 

Eragrostis, Chloris, Danthonia), providing a relatively secure food source for maturing 

nymphs (Wallace, 1970). Other important food and shelter plants are Mitchell grasses 

(Astrebla spp.), which grow rapidly after rain and remain green for several months 

(Everist, 1964) allowing for the development of nymphs (Clark, 1948). Even though 

perennials and other herbaceous vegetation are preferred by locusts (Key, 1945), under 

dry conditions annuals are also consumed, as well as any green foliage (Clark, 1948). As 

a breeding habitat, the Australian plague locust prefers low and sparse plant cover (Clark, 

1949). As the soil and consequently the plants dry out, the vegetation becomes patchy, 

with bare ground among groups of plants. As exposed soil is necessary for oviposition 

and nymphs need vegetation for food and shelter, to suit breeding as well as nymphal 

development, the ideal situation is a mosaic of compact (sandy loam to loam) and self-

mulching (clayey loam to clay) soils (Clark, 1948), a combination frequent in contact 

zones between two types of vegetation. The importance of sites with these characteristics 

was recognized early (Key, 1945), as such areas frequently serve as successful breeding 

grounds for locusts and can be the sources of outbreaks.  

 

Spur-throated locust 

The Spur-throated locust is a tropical species distributed throughout southeast 

Asia, the Pacific islands and Australia (C.O.P.R., 1982), however outbreaks are only 

known from Australia (Baker and Casimir, 1985). In eastern Australia, this species is 

predominantly present in the monsoonal north, in areas receiving 500–1000 mm/year 
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rainfall (Figure 1.3). Generally, the lack of summer rain limits the southward distribution 

of this species (Elder et al., 1979). However, in years of above-average rainfall, such as 

in 1973–74, Spur-throated locusts can successfully breed further south (Farrow, 1977b), 

invading southern Qld and NSW (Hunter and Elder, 1999).  

 The Spur-throated locust can be considered an important Orthopteran pest, as in 

outbreak years it causes extensive damage to both winter and summer crops (Elder et al., 

1979). The most recent economic analysis is for 1974, when the total loss of production 

due to Spur-throated locust damage was AUD 1.9 million in Qld alone (Casimir and 

Edge, 1979) and about AUD 1 million was spent on its control (Elder, 1974). 

Although the general biology of the Spur-throated locust is similar to that of the 

Australian plague locust, they differ in certain characteristics. Adapted to a monsoonal 

climate with a long dry season (Casimir and Edge, 1979), oviposition of the Spur-

throated locust starts at the onset of the rainy season in mid-October and continues into 

February (Elder, 1974; Hitchcock, 1975). This species in univoltine, having one 

generation per year and adults dying after oviposition (Farrow, 1977b). Unlike the 

Australian plague locust, which lays in eggbeds, the Spur-throated locust females lay 

solitarily, with up to 150 eggs in each of up to 14 egg-pods (Hitchcock, 1975). Eggs 

hatch in 18–30 days depending on the ambient temperature (Hitchcock, 1975).  

 The hopper stage lasts one to two months, with six to eight molts between instars 

(Hitchcock, 1975). Unlike the nymphs of the Australian plague locust and the Migratory 

locust, nymphs of the Spur-throated locust hatch scattered and remain solitary throughout 

their development without aggregating into dense bands (Elder et al., 1979). However, at 

times nymphs can be found in dense patches, particularly in a restricted area of suitable 

food (e.g., crops surrounded by dry pasture). Similar to the Australian plague locust, 

sufficient rainfall is essential to the survival of Spur-throated locust nymphs: at least 40 

mm of rain is necessary within six weeks of oviposition to maintain the green vegetation 

necessary to feed the nymphs (Hunter et al., 2001a). Nymphs prefer short ephemeral 

grasses, while adults feed on tall grass vegetation, which is characteristic of clay soils 

(Hunter and Spurgin, 1999).  
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In early summer, adults concentrate and perform short-distance movements 

during the day and long-distance migration during the night (Elder et al., 1979). The 

distance covered by a swarm can be up to 700 km in a week (Elder et al., 1979).  

During the dry season (winter), immature adults concentrate in woodlands in a 

relatively inactive stage (Elder, 1974), feeding on native trees (Veitch, 1961). After this 

reproductive diapause, summer rainfall triggers sexual maturation which is followed by 

breeding (Farrow, 1977b). The long-lasting adult stages, its behavior and ferocious 

feeding make the Spur-throated locust a potentially harmful pest in southeast Qld and 

northern NSW (C.O.P.R., 1982).  

 

Migratory locust 

The Migratory locust (Locusta migratoria L.) is found in many parts of the world, 

including southern Europe, Sub-Saharan Africa, Asia, New Zealand, and some Pacific 

islands (Chapman, 1976). As a result of its wide distribution and agricultural importance, 

there is ample literature available about the life-history and control of the Migratory 

locust (e.g., Symmons, 1979; Alomenu, 1985; Farrow, 1987; Walton et al., 2003).  

The subspecies present in Australia (L. m. migratorioides) is multivoltine and 

does not have diapause state (Farrow and Colless, 1980). This inability to overwinter 

limits the species’ distribution towards the south. Before 1973, the Migratory locust was 

an uncommon species of coastal and subcoastal regions (Farrow, 1979a), but has became 

more common since then (Farrow, 1987). For survival, this species requires a uniform 

rainfall through the year, with 25–50 mm of rain monthly (Farrow 1987). Such areas of 

regular rainfall, mostly in northern NSW and southern Qld, sustain the densest Migratory 

locust populations (Figure 1.4). Although outbreaks are relatively rare, the Migratory 

locust can cause severe local damage to pastures and crops (Baker and Casimir, 1985), 

including sugar cane (Weddell, 1944). The losses incurred in the last big outbreak in 

1973–74, were estimated to be worth AUD 35.9 million (Elder et al., 1979). 

Migratory locusts lay in eggbeds, with silt-beds the preferred oviposition sites 

(Elder, 1974). Each female can lay up to 15 pods of 50 to 100 eggs each, that hatch in 



 12

11–15 days under optimal conditions (Hitchcock, 1975). The hopper stage lasts about one 

month, with five to six molts. Migratory locust hoppers aggregate into bands (Hitchcock, 

1975). Adults can lay eggs two weeks after maturing, and live for up to two months, 

breeding continuously (Farrow, 1979a). Three to four generations per year are common 

(Elder, 1974) and six have been reported under favorable conditions (Hitchcock, 1975). 

The lack of an overwintering stage (Hitchcock, 1975) and the inability to survive dry 

periods, limit the distribution of this species to areas of higher temperature and rainfall 

(Farrow, 1979a). Depending on the rainfall, Migratory locust numbers and distribution 

can vary considerably between seasons. It can survive and breed at inland locations, but 

only for one or two generations, as favorable conditions are usually ephemeral (Farrow, 

1977a).  

The behavior of the Migratory locust is strikingly different in Australia than in 

other parts of the world, such as Africa and the Philippines, where it performs large-scale 

movements (Farrow, 1987). The Australian race migrates only during the day, swarms 

tend to be restricted by natural barriers such as mountains, hills or tree lines and 

individuals move less than 16 km (Elder et al., 1979) or 20 to 30 km (Farrow, 1987) 

during their whole life. 

The Migratory locust feeds on a wide variety of grasses and herbs, with a 

preference for annual grasses, monocotyledonous crops or plants growing on uncultivated 

lands (Farrow, 1979a). It is generally absent from the grass layer of savanna woodlands. 

Along the east coast, man-made habitats, such as pasture, wasteland, sugarcane and 

maize provide permanent habitat for the Migratory locust (Farrow, 1979a). Further inland 

habitats are natural and man-made grasslands on clays and black earth. Towards the 

inland, agriculture has become more prominent in the second half of the 20th century, and 

the production of sorghum and other summer crops have made this region more suitable 

as a breeding area for the locust. Farrow (1987) argues that in parts of Australia irrigation 

has allowed more Migratory locusts to survive the otherwise unfavorable conditions of 

the dry season, thus enabling them to infest the same habitat in the rainy season. In 

Madagascar and some central African countries, long-term habitat changes caused by 
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agricultural and pastoral activities also seem to be responsible for Migratory locust 

population upsurges (Farrow, 1987). Ironically, similar activities in the settling of 

western and central North America in the late 19th century led to the decimation and 

eventual extinction of the Rocky Mountain locust (Melanoplus spretus), a formerly 

common species (Samways and Lockwood, 1998). 

 

Locust outbreaks in eastern Australia 

Description and causes of outbreaks 

In general, the location, duration and frequency of outbreaks are species-specific. 

Since the early days of locust research, there has been considerable disagreement about 

the origin and development of outbreaks (e.g., Andrewartha, 1940; Clark, 1953; Casimir, 

1962; Barbosa and Schultz, 1987).  

Early studies suggested that the Australian plague locust numbers increase by 

gregarious breeding in the arid interior, especially in the stony downs of southwest Qld 

and northeast South Australia (SA), and then swarms migrate to agricultural zones in the 

east (Olliff, 1891; Andrewartha, 1940; Casimir, 1962). On the other hand, some early 

workers suggested local origins for outbreaks in the agricultural zone (Key, 1938). 

Current theories disagree with such a clear-cut difference, proposing that under favorable 

conditions outbreaks can originate locally in the agricultural zone, while invasion from 

the arid zone is also possible (Wright, 1987). The location and severity of outbreaks 

changes annually, although areas with high frequency of outbreaks were recognized early 

(Gurney, 1938). Some areas seem to be of major importance for breeding (the ‘outbreak 

centres’ of Key (1938)), while most parts of eastern Australia are affected by swarms 

from time to time. The area covered by a first generation swarm is called the outbreak 

area (Farrow, 1979a). Outbreak centers are characteristically distributed in outbreak 

areas, and outbreak areas are limited by climate. Within the same climatic zone, the 

distribution of outbreak areas is irregular.  

Considering outbreak development, all authors agree on the role of rainfall as a 

limiting factor for all three species. The timing and amount of rainfall is crucial to 
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nymphal survival, high rainfall is essential, along with other, previously mentioned 

factors, to stimulate good growth of grass, which provides nutrients that allow successful 

breeding. The abundance of food can make continuous breeding possible from one 

generation to the next, which can lead to outbreaks. Some authors suggest that the 

Australian plague locust can obtain outbreak densities with three complete generations 

per year (Magor, 1970). This is possible when good rains (at least 25 mm per month) fall 

in inland eastern Australia over winter, spring and summer. Less regular rainfall in both 

the interior and in the agricultural zone of eastern Australia allows locusts to complete 

two to three generations a year, leading to an outbreak within two years (Clark, 1948; 

Magor, 1970). With this recruitment and continued rains, population levels can remain 

high, while prolonged drought inhibits successful breeding and numbers decline to 

background levels. However, localized drought will have little effect on overall locust 

numbers if locusts are able to migrate to areas which have received rain (Casimir and 

Edge, 1979). 

Outbreaks of the other two species are less frequent and more localized (Baker 

and Casimir, 1985). The Spur-throated locust has become more widespread and more 

damaging during the 1970s and 1990s (Hunter and Elder, 1999). This species needs 

rainfall at the time of oviposition and for nymphal development (Hunter and Elder, 

1999), while adults can move from dry to wet areas (Casimir and Edge, 1979). In eastern 

Australia, outbreaks originate in the northwest (Elder, 1974), and swarms move towards 

the southeast into agricultural areas (Casimir and Edge, 1979; Elder et al., 1979). To 

reach outbreak numbers, several successive years of favorable conditions are necessary. 

 Outbreaks of the Migratory locust occur when good rains fall over two 

consecutive years, permitting three to five locust generations per year (Farrow, 1979a). 

Adequate rainfall during winter is particularly important, as eggs of this species cannot 

suspend development and consequently cannot survive prolonged drought (Hitchcock, 

1975). However, in eastern Australia, droughts seem to trigger Migratory locust 

outbreaks by promoting gregarization in the following three generations (Baker and 
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Casimir, 1985). Outbreaks last for up to five years (Farrow, 1974), however they are 

localized mostly to central and southern Qld (Elder et al., 1979; Farrow, 1979a).  

On a smaller scale, other, non-climatic causes for outbreaks have been suggested, 

such as the changing nutrient content of the food plants. Insects in general produce a 

large surplus of young. Some authors suggest that cultivated plants have high cellular 

water content, resulting in insufficient nitrogen intake by nymphs hatching in agricultural 

fields. Weather stress, such as drought, makes plants richer in nitrogen, which enables 

more young to survive, promoting an outbreak (White, 1976; Barbosa and Schultz, 1987). 

As shown by Figures 1.1, 1.3 and 1.4, locust outbreaks can occur more or less 

anywhere in eastern Australia. To cause serious economic damage, locusts have to reach 

areas of agricultural importance. This can happen if the outbreak area is agricultural and 

locusts hatch at a crucial time, or alternatively, locusts can arrive in agricultural areas by 

migration from other areas. In SA, crop damage was found to be more serious in years 

with below average winter and spring rainfall (Birch and Andrewartha, 1941). 

  

Biotic control of locust populations  

Even though the key factors in the regulation of locust populations (temperature 

and rainfall) are abiotic, under certain circumstances biotic factors can also be important. 

Usually the most important biotic factor that affects locust survival is food availability. In 

the case of locusts, food availability directly depends on rainfall, so it is not possible to 

treat it as a strictly biotic influence. The role of parasites and predators, as a factor in the 

regulation of locust populations, has been thoroughly investigated and widely debated in 

the literature (for a review see Belovsky and Slade, 1993). The effects of predators and 

parasites are suggested to be modified by environmental conditions (Andrewartha and 

Birch, 1948; Chapman and Page, 1979) and by the stage of the outbreak (Uvarov, 1928). 

Few natural enemies are associated with locust populations during the build-up phase, as 

parasites and predators depend on stable or declining populations (Clark, 1965; 

Greathead, 1992). For the Australian plague locust, parasites have been suggested as 

important biotic control: a scelionid wasp for eggs and three species of parasitic flies for 
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active stages  (Clark, 1970). Humid conditions caused by excessive rain can lead to 

bacterial or fungal infestations of eggs as well as mobile stages (Andrewartha and Birch, 

1954). Similar to parasites, predators consume many locusts during outbreaks. 

Entomophagous invertebrates groups, such as ants (Chapman and Page, 1979; Belovsky 

et al., 1990), spiders (Belovsky and Slade, 1993) and vertebrates, such as lizards (Gillett 

and Gonta, 1978; Peveling, 2001), rodents (Belovsky et al., 1990) and birds, prey on 

grasshoppers, and may contribute to limiting grasshopper populations. Most of the 

experiments involving bird-locust interactions were conducted in North American 

grasslands. The impact of birds on grasshoppers was found to be dependent on the site, 

year and study (Joern, 1992). Exclusion studies have demonstrated that avian predation 

decreases both species diversity and population densities in grasshopper communities 

(Joern, 1986). While some authors argue that birds can act as keystone species in these 

ecosystems by affecting competitive interactions among grasshopper species (Belovsky 

and Slade, 1993), other studies disagree with this keystone role (Bock et al., 1992).  

 

Long-term effects of habitat change on locusts 

Changes accompanying the spread of agriculture have escalated the locust 

problem (Key, 1945; Farrow, 1979a). As graminaceous crops are a favored food item, 

local locust densities, their range and the inflicted crop damage have all worsened with 

the intensification of agriculture (Haskell, 1970). In many outback habitats, human 

activity has caused habitat fragmentation, creating vegetation mosaics suitable for 

Australian plague locust breeding and feeding (Chapman, 1976). In fact, it has been 

suggested that locust plagues in Australia are entirely man-made, in the sense that habitat 

modifications are thought to be the cause of plagues (Clark, 1947). Similar changes have 

been suggested as causes for outbreaks in other locust species in other parts of the world, 

such as the Migratory locust in Central Sahara (Benfekih et al., 2002) and in Indonesia, 

and the Bombay locust (Patanga succinta) in Thailand (Chapman, 1976).  

Since European settlement in Australia, the conversion of brigalow scrub (Acacia 

harpophylla), the native forest vegetation of grey and brown cracking soil, to grazed 
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fields has made these areas more suitable for locusts (Burrows et al., 1988). Pasture plant 

communities are mainly in the disclimax stage, with the present species composition 

being the result of grazing (Key, 1959; James et al., 1999). The introduction of exotic 

grasses for pasture improvement has also proved good for the locusts. African grasses, 

such as buffel grass (Cenchrus ciliaris), guinea grass (Panicum maximum), rhodes grass 

(Chloris gayana), and Sorghum species have longer growing season than the endemic 

Australian grasses (Farrow, 1979a), extending food resource availability. European 

species, such as barley grass (Hordeum murinum) and other low-growing herbs, can also 

serve as food and shelter for locusts. Land-clearing has created more bare, compact 

ground suitable for oviposition (Chapman, 1976). Soil erosion and grazing by introduced 

animals (Clark, 1948) as well as systematic burning (Farrow, 1979a) further encouraged 

these tendencies. Some authors even suggest that human-induced decreases in the 

numbers of insectivorous birds are a factor contributing to the locust problem (Gurney, 

1908; Newman, 1924; Clark, 1948). Such habitat modifications and other changes were 

recognized as having the potential to promote locust outbreaks early as the beginning of 

the 20th century (Froggatt, 1912). As shown in the following section, time has proved this 

fear justified and locust damage indeed became a serious problem in Australia.  

 

Locust outbreaks and humans  

Compared to other parts of the world, locust plagues have a short written history 

in Australia. In fact, nobody knows how serious locust outbreaks were before European 

settlement. What is known suggests that there was one outbreak in 1844–45 in SA, less 

than ten years after that colony was founded (Key, 1938). Outbreaks were recorded in the 

19th and early 20th century, however, detailed documentation of locust outbreaks in 

eastern Australia is lacking from before 1933 (Gurney, 1908; Key, 1938; Andrewartha, 

1940). Additionally, early records did not always identify the locust species correctly. Up 

until the present, there has been a major outbreak of one of the three major species every 

30 to 40 years (Table 1.1). Since the early days, outbreaks have been occurring more 
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often in eastern than in western Australia, probably because of more favorable 

environmental conditions (Key 1938).  

In eastern Australia, most outbreaks on record (17 in the last 70 years) have been 

of the Australian plague locust. There were locust outbreaks in most seasons between 

1933 and 1945 (Gurney, 1938; Clark, 1953), two outbreaks in the 1950s (Casimir, 1962; 

Clark, 1970), high populations between 1969 an 1974 (Farrow, 1977c) and in 1979 

(Symmons and Wright, 1981). The outbreak of 1933–34 was ‘the worst plague’ on record 

(Casimir, 1965), and subsequently the 1984 outbreak was the largest in 50 years (Wright, 

1986b). The criteria used to classify the intensity of locust outbreaks have varied 

historically. If the amount of pesticide used in combating the Australian plague locust is 

used as an indicator of severity, the 2004 outbreak was the worst year in the history of 

locust control, with approximately 1200 L of pesticides applies in an area of about 6500 

km2 (APLC, unpublished data). 

The first record of a major Spur-throated locust outbreak is from Qld in 1960 

(Hitchcock, 1975). Between 1973 and 1976, there was another major outbreak of this 

species in the same state, causing extensive crop damage (Elder, 1974; Farrow, 1979a). 

Further outbreaks occurred between 1994 and 1997, predominantly in agricultural areas 

of central Qld (Hunter and Spurgin, 1999).  

The Migratory locust is an important pest in many parts of the world, but in 

Australia, outbreaks of this species are not common, and are generally confined to central 

Qld. The first known outbreak was reported in 1953 (Elder, 1974), however, as 

mentioned above, early records of outbreaks are not reliable regarding the species. 

Outbreaks became more common during the 1970s, which some attribute to habitat 

modification in central Qld (Farrow, 1979a). Extensive clearing favors this species and 

when the newly available habitat coincided with above average rainfall during the 1970s, 

outbreaks resulted. A major outbreak occurred between 1973 and 1976 (Farrow, 1979a), 

and locusts caused substantial crop damage, mainly in sugar cane (Hitchcock, 1975). 

Since then, smaller outbreaks have occurred intermittently in 1992–93, 1996–97, 1998–

1999 and 2000–2001 (APLC, unpublished data). 
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Locust control in eastern Australia 

Over the past one and a half centuries, there has been an intermittent struggle 

against locust outbreaks in eastern Australia, and consequently, there has been 

considerable interest in the development and control of locust plagues. A wide variety of 

methods have been used, with advances in technology typically following the largest 

outbreaks (Casimir, 1965) (Table 1.2). The idea of preventing locust buildups with 

habitat modifications has been suggested since the early days (Newman, 1924; Clark, 

1948), but it has never been used on a large scale, as effective chemical control methods 

developed rapidly in the 20th century with insecticides of different modes of action, 

effectiveness, persistence and cost. 

Pesticides can be applied as dust, as water-, or oil-based solutions, or emulsions. 

Locust-control pesticides are effective via two main routes: contact pesticides are 

effective via direct contact with the outer cuticle and subsequent absorption and stomach 

pesticides via ingestion and absorption from the digestive system. For a chemical to be 

effective though dermal exposure, it must have high toxicity, but persistence is not 

necessary. These highly toxic, cumulative contact pesticides are applied against flying 

swarms through aerial control. Modern aerial control is usually in the form of an 

emulsion applied by drift spraying, making use of low wind speeds (2–10 m/s) to 

distribute the pesticide (Australian Plague Locust Commission, 1997). On the other hand, 

pesticides acting through oral exposure have to be sufficiently persistent to remain 

effective on the vegetation until it is ingested. Consequently, this method can only be 

used against stationary life-stages. Nymphs are preferably sprayed while in their 3rd 

instar, when they are concentrated enough to be seen from the air. Such aggregated bands 

require lower rates of chemical applications, minimizing the treatment area, the amount 

of chemical required, and therefore the cost of application. 

The two main ground control techniques are blanket treatment, in which a 

relatively large, continuous area is covered and barrier treatment, in which strips of 

sprayed vegetation alternate with wider, non-sprayed strips (FAO, 2004). The barrier 

method is used for applying relatively persistent pesticides, which are taken up by 
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nymphs marching through and ingesting contaminated vegetation. The width of the 

sprayed and the width of the unsprayed strip among other factors, depend on the mobility 

of the hoppers, the plant cover density and the persistence of the pesticide (FAO, 2004).  

 

History of control methods in Australia 

Before the development of fast-acting, effective pesticides, control was only 

practical against the relatively immobile nymphs, while the only protection against adults 

was trying to scare them away. In the earliest stages, between 1890 and 1934, control was 

mostly mechanical destruction, such as ploughing and harrowing of eggs and burning, 

crushing or trapping of nymphs (Casimir, 1965). The earliest pesticides were kerosene 

emulsions and arsenical compounds, such as Paris Green (Gurney, 1908). Sodium 

arsenite, first applied in 1908 and used for 35 years, was most effective in wheat bran 

bait, but was also applied in liquid or dust formulations (Corkins, 1923; Gurney, 1934). 

The disadvantage of this method was the high cost and bulkiness of the formulation, the 

latter causing logistical problems. These chemical and mechanical methods were time 

and labor intensive, nevertheless, highly selective towards locusts. The plague of 1933–

34 evoked considerable public interest in locust control, culminating in the passing of the 

Noxious Insects Act in 1934. This act required landholders to notify Pastures Protection 

Boards of the presence of locusts and enabled the latter to enforce locust control 

(Casimir, 1965). Investigations of locust life-history also received financial support and 

the first Australian Locust Conference was held in 1939 (Casimir, 1965).  

The “era of pesticides” in insect control started in the 1940s with the development 

of DDT, the first synthetic organic insecticide. In the following decades, more 

organochlorines (OCs) were synthesized, and their use increased exponentially. Based on 

structure, five major groups of OCs can be distinguished: DDT and its analogs, 

hexachlorocyclohexane (e.g., γ-BHC or lindane), cyclodienes (e.g., aldrin, isodrin, 

dieldrin, endrin, telodrin, heptachlor, isobenzam, chlordane, endosulfan), toxaphene and 

finally, mirex and chlordecone (Blus, 2003). Though chemically different, all these 

chemicals are chlorinated hydrocarbons. Their chemical stability makes them 
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hydrophobic, highly persistent and immobile in the physical environment, as well as in 

organisms (Klaassen, 2001). For instance, following the application of lindane or 

dieldrin, the vegetation remains toxic for several weeks (Haskell, 1970). OCs affect the 

nervous system, acting on voltage-gated sodium channels (e.g., DDT), or on γ-

aminobutyric acid (GABA) receptors (e.g., HCH and cyclodienes). These pesticides were 

applied both as stomach and contact insecticides. In Australia, OCs were first used in 

1947, and because of their effectiveness and low price, they revolutionized locust control 

(Wallace, 1970). Between 1947 and 1954, several OCs were tested for locust control. 

While locusts and grasshoppers seemed to be resistant to DDT (Veitch, 1961), several 

OCs did prove effective, among them toxaphene, chlordane and lindane, the latter praised 

as one of the most effective insecticides ever (Casimir, 1965). In the plague of 1953–54, 

mostly lindane, toxaphene and aldrin were applied (Casimir and Jones, 1958). Concurrent 

with the introduction of new chemicals, a new application technology was also 

developed. In the mid-1950s, for the first time in history, the introduction of easily 

maneuverable, light aircraft made aerial swarm control possible (Hogan, 1955). With the 

new aerial application method, Ultra Low Volume (ULV) application was shortly 

developed for dieldrin (Symmons et al., 1989), reducing the amount of chemical and 

water necessary by applying highly concentrated formulations in low amounts. For 

instance, in 1959 dieldrin and aldrin were successfully applied aerially in doses of 210 g 

a.i./ha and 350 g a.i./ha, respectively (Tout, 1961). Even though OCs were highly 

effective, their persistence, accumulation and toxicity, the very characteristics these 

chemicals had been praised for, eventually led to their phasing out in most countries 

(Blus, 2003). In Australia agricultural uses of most OCs have been banned since 1987 

(ANZECC, 1991).  

The insecticidal activity of organophosphates (OPs) and carbamates (CBs) was 

discovered in the 1930s. However, their use as pesticides was not widespread until the 

1960s, when concerns about the undesirable environmental effects and the growing pest 

resistance to OCs encouraged the use of new chemicals (Chambers and Levi, 1992). OPs 

and CBs share the same mechanism of action; they inhibit cholinesterase enzymes in the 
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central and peripherial nervous systems, resulting in the accumulation of acetylcholine at 

synapses, leading to acute cholinergic effects (Klaassen, 2001). Their speed of action 

(CBs fast, OPs moderate) and high contact toxicity make these chemicals ideal for locust 

control (FAO, 2004). In the 1960s, the use of OPs and the availability of easily 

maneuverable aircraft made swarm control more successful than earlier attempts applying 

OCs (Casimir, 1965). In the last three decades, OPs have been extensively used in locust 

control in Australia. In the early 1970s, CBs, mainly carbaryl, as well as several OPs 

were field tested in different formulations. Phoxim, fenitrothion and malathion were used 

against the Spur-throated locust (Casimir and Edge, 1979), while malathion, diazinon and 

monocrotophos were applied against the Migratory locust (Elder et al., 1979). In the 

1973–74 Migratory locust outbreak, naled was used for its rapid effect (Elder, 1974). One 

OP, fenitrothion (O,O-dimethyl O-4-nitro-m-tolyl phosphorothioate), has been the most 

important and, historically, the most cost-effective locust control pesticide in Australia 

(Wright, 1982). It has been widely used since the early 1970s, although technological 

developments have substantially reduced its application rates. In 1971 fenitrothion was 

applied at 666 g a.i./ha (Casimir and Edge, 1979), in 1976 508 g a.i./ha (Hunter, 2004), in 

1979 ULV application started with 384 g a.i./ha application (Symmons and Wright, 

1981), while today it is applied at 267–381 g a.i./ha (Story et al., 2005). Fenitrothion, 

similarly to other OPs and CBs, poses a medium to high risk to non-target invertebrates 

(Carruthers et al., 1993) as well as vertebrates (Crick, 1985; Pauli et al., 1993). 

Between 1970 and 1990, several other chemicals were tested against locusts. 

Even though pyrethrum was used in ancient Persia around 400 BC (Quraishi, 1977), 

synthetic pyrethroids were not used until the 1970s. Similar to DDT, they act on voltage-

gated sodium channels (Bloomquist, 1996). Deltamethrin was first used in 1991 in 

Australian locust control under the trade name “Decis” (APLC, unpublished data). 

Pyrethroids have a short environmental persistence, they rapidly immobilize exposed 

locusts, which is later followed by paralysis and eventually death, if the dosage is high 

enough (FAO, 2004). Pyrethroids can have undesirable effects on non-target 

invertebrates, such as aquatic organisms and beneficial insects. However, when 



 23

pyrethroids were compared to dimethoate (an OP) in a field trial, they had less adverse 

effects on terrestrial invertebrates (Moreby et al., 2001).  

In the mid-1980s, growing concerns over the environmental impacts of OPs have 

led to the development of fipronil (N-phenylpyrazole), the first compound of its type. It 

was introduced to Australian locust control in 1997, under the trade name “Adonis”. 

Fipronil is a broad-spectrum insecticide, highly effective against a range of insects 

(Colliot et al., 1992). In common with dieldrin and other cyclodienes, it is a contact and 

stomach insecticide, acting on GABA receptors (Bloomquist, 1996). Fipronil disrupts the 

central nervous system by blocking the GABA-gated chloride channel (Cole et al., 1993), 

and has higher affinity for the insect GABA receptor than to that of vertebrates (Hainzl 

and Casida, 1996). The signs of fipronil poising in both groups are similar: hyperactivity, 

hyperexcitability and convulsions (Bloomquist, 2003). A behavioral response in exposed 

locusts is the ceasing of feeding (FAO, 2004). Because of its chemical structure, it 

degrades slowly in vegetation, soil and water. Its main degradation product, fipronil 

desulfinyl (MB46513), is relatively immobile, persistent, may bioaccumulate and is 

generally more toxic to mammals than the parent compound (Tingle et al., 2003). This 

degradate’s comparative toxicity to birds has not been tested, however, the sulfone 

degrade (MB46136) has been found to be at least five-fold more toxic to Mallards than 

the parent compound (U.S. Environmental Protection Agency, 1996). Worldwide, 

fipronil is applied at rates varying between 0.6 and 200 g a.i./ha in blanket or barrier 

treatments, depending on the target pest and formulation. In Australia it is currently used 

in locust control at a rate of 0.25–1.0 g a.i./ha in barrier treatments (Story et al., 2005). 

Due to its broad-spectrum activity, fipronil affects non-target invertebrates, especially 

soil-dwelling insects, such as termites (FAO, 2004).  

Insect growth regulators (IGRs) are derivatives of benzoyl urea, which inhibit 

chitin synthesis, and consequently disrupt molt. These chemicals are most effective 

against the developing young, however, they have also been reported to reduce fecundity 

and fertility in adult locusts (FAO, 2004). IGRs have a long half-life and high lipid 

solubility (Eisler, 1992). Compared to other types of pesticides, IGRs are slower acting, it 
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can take more than a week to kill exposed locusts (FAO, 2004). Diflubenzuron was 

successfully used in barrier treatment against Migratory locust bands in Madagascar 

(Cooper, et al., 1995). Chemicals of the diflubenzuron and triflumuron groups are 

currently being considered for use in locust control in Australia (Story et al., 2005). 

Because of their mode of action, the impacts of IGRs on non-target arthropods are 

considerable (Tingle, 1996). However, when compared to other chemicals used in locust 

control (three OPs, two pyrethroids, bendiocarb and fipronil), IGRs have lower 

bioconcentration and persistence and pose a lower risk to aquatic ecosystems, bees, 

piscivores and vermivores (Linders and Luttik, 1996).  

Because most traditional pesticides have a high production cost associated with a 

high environmental cost, there has been a growing demand for biological control agents, 

among them entomopathogenic microorganisms (Lomer et al., 2001). Hundreds of 

species of entomopathogenic fungi are known and some of them have been developed 

into successful biopesticides (Coppel and Mertins, 1977). Besides their specificity, 

biopesticides are also self-regenerating, as infected insects can potentially infect others 

(Thomas et al., 1995). As fungal control agents invade insects through the external 

cuticle, unlike some pathogens, they do not have to be ingested by a locust to be effective 

(Goettel et al., 1995). However, their use is restricted by environmental conditions; 

fungal spores for instance can only germinate under appropriate humidity (Arzumanov et 

al., 2005) and temperature (Inglis et al., 1999). While low environmental temperatures 

slow the development of the fungus, the rate of kill also depends on the body temperature 

of the infected locusts, as high body temperatures also inhibit fungal development 

(Blanford et al., 1998; Langewald et al., 1999). In Australia the most promising agent has 

been Metarhizium anisopliae (Metschnikoff) Sorokin var. acridum, which was first 

isolated from a Spur-throated locust in 1979 (Lomer et al., 1997). This entomopathogen 

modifies the thermoregulatory behavior of the infected locusts (Meinzingen, 1997) and 

eventually kills them in 7 to 14 days (Blanford et al., 1998). M. flavoviridae applied to 

settled swarms changes their behavior, causing no or late departure from their roosts and 

increased sensitivity to solar radiation. Similar to traditional pesticides, exposure to 



 25

fungal infections makes locusts more prone to predation (Arthurs and Thomas, 2001). 

Metarhizium has been effectively used against a variety of acridid pests in Australia 

(Milner, 2000) and Africa (Lomer et al., 2001). Field trials show no adverse effects on 

non-target organisms, however effects on non-target grasshoppers can be detrimental 

(FAO, 2004).  

 

Current situation  

Large-scale Orthopteran pest management practices have principally relied on 

aerial applications of broad-spectrum chemical insecticides, with relatively few changes 

from the 1950s through to the 1980s. The idea of organized control in Australia was first 

suggested in 1908, and realized in 1934. In the same year, the Noxious Insects Act was 

implemented, which ordered mandatory swarm control (Gurney, 1938). The Australian 

Plague Locust Commission (APLC) was established in 1974 and became operational in 

1977, with a role to survey and control populations of the three focal species in eastern 

Australia, which pose an interstate threat (Symmons, 1984). Between 1977 and 2005, 

large areas have been treated in eastern Australia with different chemicals, predominantly 

fenitrothion (Figure 1.5).    

Most of this control has been against the Australian plague locust. This species is 

the most serious pest and its outbreaks typically require control in one of every two years. 

Since the early days, whenever possible, the control strategy has been preventive, where 

the aim is to avoid swarm-formation and invasion of agricultural areas (Casimir, 1965; 

Hunter, 2004). Locusts are preferably sprayed early in the breeding season, in the limited 

time while they are still in the hopper stage, thus relatively immobile. Forecasting plays 

an increasing part in modern locust control. For instance, satellite imagery is applied to 

locate possible eggbed-sites (Bryceson, 1989) or to record green vegetation (Bryceson, 

1990) and is coupled with locust survival models based on environmental conditions to 

model the location and timing of locust outbreaks (Gregg, 1981). Locust control is more 

environmentally sensitive than 20 years ago, as the pesticides used are generally less 

toxic to vertebrates. In addition, there are numerous application restrictions, for instance 
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leaving 1500 m downwind buffer zones for sensitive areas, such as water bodies, organic 

farms, areas of conservation importance, human habitation and beehives, thus minimizing 

non-target impacts. As due diligence, the APLC monitors pesticide residues, as well as 

effects on non-target invertebrates and vertebrates (Carruthers et al., 1993; Story et al., 

2005). Biopesticides are used instead of chemicals when the environment is particularly 

sensitive (national parks) or residues are not acceptable in the produce (organic beef 

farms), (Hunter, 2004). In 2005, the expected trend in pesticide use against Australian 

locust species is for fenitrothion to be phased out and replaced with fipronil and 

Metarhizium. 

   

Australian avifauna 

Australian avian phylogeny 

The currently accepted classification of birds is based on the DNA-DNA 

hybridization method used by Sibley and Ahlquist (1985). At present, there are 575 

breeding species in Australia, 80% of which are landbirds (Ford, 1989). The Australo-

Papuan avifauna is essentially composed of old and new elements. The most ancient 

group, ratites (order Struthioniformes), have two extant species in Australia, the Emu and 

the Southern cassowary. The family Megapodidae (order Craciformes) and two mono-

specific genera, Anseranatoidea (order Anseriformes) and Pedionomidae (order 

Ciconiiformes) are confined to this region while some orders, such as Psittaciformes 

(parrots) and Columbiformes (pigeons) have reached high species diversity (Sibley and 

Monroe, 1990).  

Passeriformes (passerines) is the most species-rich order worldwide, with 59% of 

the 9672 species of extant birds (Sibley and Monroe, 1990). There has been much 

controversy concerning the composition and taxonomic relationships among the members 

of this order, especially because of convergence in relatively unrelated groups 

manifesting in similar morphological characters (Sibley and Ahlquist, 1990). Early 

researchers explained the high species diversity present among Australian passerines as a 

product of a series of invasions from Asia (Mayr, 1944; Darlington, 1957; Keast, 1981). 
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However, the discovery of continental drift (Cracraft, 1972) and early fossils (Boles, 

1997), along with DNA evidence all contradict this theory (Sibley and Ahlquist, 1985). 

At present, it appears that out of the 338 current passerine species found in Australia 

(Table 1.3), 258 almost certainly belong to the parvorder Corvida or “old endemics” 

(Geffen and Yom-Tov, 2000), a group, which has evolved since the continent’s 

separation from Gondwana about 55–60 million years ago and radiated in Australia 

during the Tertiary (Sibley and Ahlquist, 1990). The high species diversity observed 

today is the result of this adaptive radiation triggered by the extensive geographic 

variation of the continent (Barrett et al., 2003). As a consequence, the distribution of 

most extant Corvida species is limited to Australasia (Sibley and Ahlquist, 1990) and 

DNA comparisons show a high level of endemism among them: species inhabiting this 

region seem to be more closely related to each other than to species of similar appearance 

in other parts of the world (Sibley and Ahlquist, 1985). “Old endemics” can be further 

divided into three superfamilies: Menuroidea (treecreepers, lyrebirds and scrub-birds, and 

bowerbirds), Meliphagoidea (wrens, honeyeaters and thornbills) and Corvoidea (robins, 

logrunners, babblers, quail-thrushes, and shrikes) (Sibley and Monroe, 1990). However, 

some authors disagree with this grouping, as no known morphological or other characters 

support the monophyly of Corvida or its three subgroups (Ericson et al., 2003).  

The remaining Passeriformes belong to the parvorder Passerida, which is of Afro-

Eurasian origin (Sibley and Ahlquist, 1990). This parvorder radiated in Eurasia and 

Africa, and species of its three superfamilies, Muscicapoidea (thrushes and starlings), 

Sylvioidea (e.g., swallows, white-eyes and warblers) and Passeroidea (e.g., larks, 

sunbirds and finches), later colonized Australia (Sibley and Monroe, 1990). Most 

Passerida present in Australia are “new invaders”, migrating to Australia from the north 

when it drifted close to southeastern Asia, about 15–20 million years ago (Sibley and 

Ahlquist, 1985).  

A handful of bird species, 15 passerines and 11 species of other orders, are 

considered “introductions” (Low, 2001). These birds were deliberately (by 
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acclimatization societies) or inadvertently (escapees) introduced by Europeans during the 

last two centuries, and have become established residents (Long, 1981).  

In conclusion, because of their long isolation, Australian endemic birds are 

genetically different from species found in other parts of the world. This uniqueness is 

also manifested in their ecology, behavior and potentially, in their sensitivity to 

chemicals. 

Throughout this dissertation, common names are used for Australian birds; 

scientific names for these species are given in Appendix D, Table D.1. Nomenclature 

follows Christidis and Boles (1994). 

 

Avian adaptations to arid conditions 

In the Miocene, 10–5 million years ago, Australia became drastically drier 

(Bowler, 1976). Today, Australia is the driest vegetated continent, with about 70% of the 

continent semi-arid or arid, characterized by low and spatio-temporally unpredictable 

rainfall, infertile soils, and relatively frequent fire events (White, 1994). These factors all 

influence resource availability for birds (Nix, 1974). The changing climatic and resource 

availability patterns have triggered adaptive radiation in the Eyrean (desert) avifauna, 

reaching 88 species at present (Schodde, 1982). Even though the Eyrean group is a 

relatively small component of the Australian avifauna, its members are widely distributed 

across the arid and semi-arid zones. Nevertheless, more than half of the about 220 species 

currently found in this area are invaders of Bassian (southern) and Torresian (northern) 

origin. These birds have arrived in the arid zone from coastal regions and their adaptation 

to arid conditions is more recent than the traits seen in Eyrean species (Schodde, 1982).  

Weather patterns, such as extreme heat or cold will influence birds directly and 

immediately (Andrewartha and Birch, 1954; Lack, 1954), and it can have indirect and 

delayed effects as well, by affecting avian habitats and food-supplies (Marshall, 1960). 

For birds living in the arid zone, life is primarily limited by the availability of water 

(James et al., 1999). For instance, rainfall has a delayed effect on granivorous birds, by 



 29

triggering germination and growth of grasses, which weeks later results in the appearance 

of seeds, which birds feed on (Davies, 1977; Crowley and Garnett, 1999). 

Compared to the effects of severe weather on European birds, for instance, which 

in most regions affects only a few species; multi-year droughts in arid regions affect 

almost all species, even drought-adapted ones (Newton, 1998). In parts of Australia many 

bird species experience local die-offs (Barnard, 1927; Davies, 1986), move into refuges 

(Woinarski et al., 1992), or leave the area completely, being absent from certain regions 

for years at a time, returning only when substantial rainfall recreates suitable conditions 

(Kingsford et al., 1999). In general, birds cope with the stresses and variability of their 

environment by either enduring or evading them. Endurance generally involves 

physiological adaptations, such as evaporative cooling or higher heat tolerance in arid 

conditions (Dawson, 1976). In those parts of Australia lacking distinct seasonality, long 

distance migration is selected against and most species are resident (Rowley and Russell, 

1997). This “endurance strategy” is typical of the “true desert genera”, such as 

grasswrens and fairy-wrens (Keast, 1959).  

Another way of coping is to avoid extreme conditions by moving away. In 

Australia, avian movement patterns are hard to describe. The fact, that different 

populations and even individuals of the same population can employ different movement 

strategies, makes movement patterns difficult to categorize on a species level (Chan, 

2001). Our current understanding is lacking, as the adaptive reasons for different 

movement patterns (migration, partial migration, sedentariness versus nomadism) are at 

present unknown (Bennett and Owens, 2002). 

Migration is less characteristic of Australian arid zone species than of species 

living in similar environments in other continents (Wiens, 1991). Partial migration, when 

some individuals of a species migrate, while others are sedentary, is typical for about a 

third of Australian landbirds (Chan, 2001). A high number of nomadic species live in the 

arid zone, moving towards localized and temporally variable food supplies (Davies, 

1984), often dependent on the amount of rain received (Maclean, 1996b). Examples 

include ducks and cormorants depending on temporary inland lakes (Dorfman and 
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Kingsford, 2001), honeyeaters searching for flowering eucalypts (Recher and Davies, 

1997), omnivores, such as the Emu (Davies, 1986), and granivorous finches or parrots 

feeding on seeding grass (Wyndham, 1983). Nomadism seems to be a common strategy 

among old endemic passerines (Russell, 1989), especially among non-Eyrean species 

occupying the arid zone (Schodde, 1982). The extent of movement is highly variable 

from 1 to 100 km (local nomads), such as honeyeaters and the Zebra finch, to extreme, 

continental nomadism, performed by ducks (e.g., Grey teal, Pink-eared duck), parrots 

(e.g., Budgerigar, Cockatiel) and pigeons (e.g., Flock bronzewing) (Morcombe, 2000). 

Flock formation is also characteristic of arid zone specialists, as a social response to 

localized resources in a harsh environment (Mundy and Jarvis, 1989). 

Under favorable conditions, some species can build up their numbers and occupy 

areas outside their normal range. Arid zone ducks, such as the Pink-eared duck and the 

Grey teal, show great fluctuations in accordance with the rainfall, both in numbers and in 

distribution, and have a rapid response to favorable conditions (Frith, 1957; Braithwaite, 

1976; Bekle, 1983). This irruptive behavior has also been observed in other waterbirds, 

such as the Black-tailed native hen (Matheson, 1974); woodswallows and other 

insectivores (Lord, 1956; Recher et al., 1983) and raptors feeding on rodents (Hobbs, 

1971; Matheson, 1978; Twigg and Kay, 1994) or locusts (Lord, 1956). 

Besides being crucial for survival, rainfall has been identified as the principal 

limiting factor for breeding (Ford, 1989). Living in the arid zone, many bird species have 

to survive long dry periods and breed when the increase in resources, such as the growth 

of plants and insects stimulated by the irregular rainfall, allows it (Moreau, 1950; Bennett 

and Owens, 2002). In these species breeding appears to be highly irregular, linked to 

erratic and unpredictable food supplies (Maclean, 1996a). The time lag between a rainfall 

event and avian breeding depends on the food preference of the bird, as nectar and insects 

are available more rapidly after rain than seeds, in a stage suitable for consumption (Nix, 

1974). Breeding at the right time has a very strong selective value, as it directly 

influences the survival of the offspring. Based on interspecific comparisons of food 

sources and laying dates, Lack (1968) postulated that food is the ultimate factor 
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governing reproduction for most birds. Food availability and other ultimate factors, such 

as weather, competition and predation directly affect reproductive success, while 

proximate factors (or environmental cues) indicate changes in the ultimate factors (Baker, 

1938). These proximate inductive factors can be particularly important when food 

availability varies, and the individual has to react to changes in the environment. Day-

length, food supply, temperature and weather, such as rainfall, stimulate breeding directly 

(Immelman, 1971). Day-length is important in temperate and arctic regions, where birds 

breed in seasonal cycles, as favorable conditions are reliably predicted by the increasing 

photoperiod. On the other hand, tropical and arid regions have much less seasonal 

regularity and birds rely more on non-photic cues for breeding (Hahn et al., 1997). In the 

Australian arid zone, various species have been reported to nest immediately after good 

rain irrespective of the time of the year, which implied rainfall was the sole proximate 

factor for breeding (Serventy and Marshall, 1957; Immelman, 1963; Serventy, 1971). 

Flexible breeding is possible by specific physiological adaptations, by maintaining near-

breeding condition all year and short generation times (Keast and Marshall, 1954). The 

species capable of flexible breeding include insectivores, such as the Gibberbird 

(McGilp, 1919), the Tree martin (White, 1950) and the Black-faced woodswallow as well 

as granivores, such as the Budgerigar and the Zebra finch (Immelman, 1963). By 

influencing water levels in wetlands, rainfall seems to be an especially important 

environmental cue for waterbirds (Gentilli and Bekle, 1983; Halse and Jaensch, 1989; 

Briggs, 1992). However, in other species rainfall is unlikely to act alone in triggering 

breeding (Zann et al., 1995), and the role of seasonal environmental cues, such as day 

length (e.g., Maclean, 1976) or proximate phasing factors, such as the autonomous 

rhythms of reproductive activity (Immelman, 1971), have been emphasized as triggers for 

breeding. Newer research shows the importance of photoperiod even in species, 

traditionally considered “non-photoperiodic”, such as the Zebra finch (Bentley et al., 

2000). The Zebra finch is one of the best-studied examples of irruptive breeders 

(Serventy, 1971; Zann, 1996). In a Western Australian population, which was studied for 

seven years, up to 33-fold fluctuations in numbers were estimated and the proportion of 
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juveniles changed from zero to 35 percent following changes in environmental conditions 

(Davies, 1986). Zebra finches reach sexual maturity extremely early, at two to three 

months in both sexes, thus individuals can breed in the same season that they hatched 

(Zann, 1996). Some authors recorded females laying within two weeks of a rainfall event, 

which was explained by having the gonads constantly in a semi-developed state 

(Immelman, 1963; Farner, 1967). However, other researchers have found individuals 

with inactive gonads in areas of drought (Keast and Marshall, 1954) and newer studies 

suggest that grass seed availability and social interactions also play an important role to 

as a cue for breeding (Zann et al., 1995). Most Zebra finch chicks have a low chance of 

surviving their first year, and adult survival is also relatively low, maximum five years 

under field conditions (Davies, 1986; Zann and Runciman, 1994). 

Other arid zone species have a fixed breeding season each year, for example the 

Inland dotterel, which restricts breeding to winter months (Maclean, 1996a). However, 

even in these species the amount of rainfall affects the size of the clutch and the breeding 

success (Davies, 1986). In general, species that breed regularly, irrespective of conditions 

have adapted to the constant low food supply, by having small clutch-size, extended 

fledging period, or cooperative breeding (Arnold and Owens, 1998; Geffen and Yom-

Tov, 2000). Cooperative breeding is prevalent when breeding is difficult, but individual 

survival is high, as relatives tend to stay together and help rear the young (Emlen, 1982; 

Brown, 1987). The fact that cooperative breeding is exceptionally common in the 

parvorder Corvida suggests that it is an ancestral trait among Australian passerines 

(Russell, 1989; Cockburn, 1996). Cooperative breeders are generally sedentary, 

territorial, and long-lived (Ford et al., 1988). The prevalence of different diets and 

climatic conditions among cooperatively breeding bird species is still a topic of 

discussion, and different authors have different, often contradicting ideas (Bennett and 

Owens, 2002). 

The ability to breed and molt at the same time is an unusual characteristic of 

many Australian arid zone birds. As both processes have a high protein demand, in 

Passerines they are usually metabolically incompatible and temporally separated (Payne, 
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1972), nevertheless, molt-breeding overlap is frequent in small passerines living in arid 

environments (Keast, 1968). In these species, unlike breeding, molting is often regular, 

“postnuptial” molting occurs irrespective of breeding (Keast, 1968). Given that these 

species quickly respond to sufficient rains with breeding, if the rain event happens during 

molting, the two processes can overlap (Immelman, 1963). To reduce the physiological 

constraints, molt is protracted in many “old endemics”, lasting three to five months 

compared to the less than two months duration in Northern Hemisphere passerines 

(Keast, 1968; Maclean, 1996b).  

Nevertheless, there has been a considerable bias in the history of Australian 

ornithology towards studying sedentary birds with a coastal distribution, consequently 

knowledge about nomadic and migratory arid zone birds is still lacking (Clarke, 1997).  

 

Foods of birds 

Food availability is crucial for avian breeding success (Lack, 1950; King, 1972) 

and under certain circumstances it can limit population densities (Newton, 1980). Food 

scarcity can kill an individual directly through starvation, as well as through the indirect 

effects of poor nutrition or the related risk of higher vulnerability to disease or predators. 

For instance, with lower food availability, adults spend more time foraging and less time 

being vigilant, and hungry (precocial as well as altricial) chicks are more vulnerable to 

predators than well-fed ones (for review see Newton, 1998).   

A bird’s nutritional requirements determine the amount and variety of food 

needed. Nutritional requirements depend on age, physiological status, nutritional and 

health status, life-history demands, ingestion rates and diet composition of the individual. 

At times of production, such as growth, molt, egg production, premigratory fat deposition 

or tissue hypertrophy, the nutritional demands of the individual significantly increase 

(Klasing, 1998). Young birds need much more food per unit mass than adults, and the 

quality (for instance the protein content) of the food chicks received, has been shown to 

affect growth rates as well as the size that these chicks achieve as adults (Boag, 1987). 
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This higher protein demand is especially true in the case of altricial chicks, which grow 

faster than precocial chicks. 

To meet higher protein and energy requirements, birds often change their diet. For 

example, nectar is an energy-rich but nitrogen poor diet, so to provide growing chicks 

with amino acids, nectar-feeding birds often feed insects to their young. Similarly, many 

frugivorous and granivorous birds feed insects to their young to meet the high nutritional 

demands for rapid growth (Klasing, 1998). For instance, in the granivorous Quelea 

species in Africa, nestlings are fed a 30–70% insect diet (mainly grasshopper nymphs and 

caterpillars) for the first four days after hatching (Mundy and Jarvis, 1989). The 

dependence on insect food for breeding is so strong that some granivores can breed only 

if insects are available, independent of the abundance of seeds (Newton, 1998). Birds 

with slower development times, such as estrildid finches, can raise their young on seed 

exclusively (Goodwin, 1982), and will supply insects only as a supplementary food to 

very young nestlings (Davies, 1977) or at times of food scarcity (Morton and Davies, 

1983; Zann and Straw, 1984). In general, insectivory is the most frequent feeding strategy 

in birds, and is the predominant choice of nearly half of all passerine species (Klasing, 

1998). In Australia, none of the “old endemics” are obligate granivores (Ericson et al., 

2003).  

 Prey selection depends on the size, energy-, and nutrient-content of the prey as 

well as the size of the predator. Chicks of insectivorous species are often fed insects that 

are larger than the ones consumed by the feeding parents (Kaspari and Joern, 1993). For 

example, fairy-wren adults usually prey on small items (seeds and insects), but feed their 

chicks larger insects, such as grasshoppers (Rowley and Russell, 1997). Of course, the 

amount and quality of food consumed also depends on its availability. Some species are 

facultative insectivores, feeding on insects only when they are available in high numbers.  

 

Locusts as a food source  

Under favorable conditions some Acridid species can have substantial population 

irruptions (Barbosa and Schultz, 1987). Worldwide, aggregations of flightless locust 
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nymphs as well as swarming adults are attractive food sources for a wide variety of bird 

species (Table 1.4). Some species will feed on locusts only occasionally, consuming a 

few insects at a time, while other birds will actively follow bands or swarms, gorge-

feeding on them. In the days of limited chemical control, birds were praised worldwide as 

useful enemies and destructors of locusts (Gurney, 1908; Henderson, 1927; Uvarov, 

1928). In China people successfully attracted wild birds to the vicinity of locusts (Yu, 

1988), and have been employing domestic fowl against swarms for centuries (Peng, 

1984).  

The nutritional composition of insects vary with life-stages and species (Klasing, 

1998). For instance, female locusts ready for migration can be an especially nutritious 

food source, because of their higher lipid content. In general, adult insects are high in 

protein (50–75% dry weight) and lipid (5–35% dry weight), with low levels of non-chitin 

carbohydrate. Amino acids obtained from an insectivorous diet are similar to those 

obtained from a carnivorous diet, and more balanced than those from herbivorous diets. 

Insects are also a good source of phosphorous, vitamins and trace elements. While non-

chitin components of insects are almost completely digestible by birds, the hard, 

chitinous exoskeleton decreases the digestibility, by blocking the access to lipids and 

proteins of the inner parts (Klasing, 1998). The chitin content of insects is highly variable 

both within and between species. Birds often select insects that contain lower relative 

amounts of chitin, such as larger individuals of a given species (Kaspari and Joern, 1993). 

Larger bodied birds, such as ibises and raptors ingest locusts whole, while smaller birds, 

such as the Nankeen kestrel and the White-browed woodswallow, take longer to consume 

one locust, removing the most chitinous parts, such as legs and wings (personal 

observations). These parts have more than 50% chitin compared to less than 10% chitin 

content of the abdomen (Kaspari and Joern, 1993). Some species apply other strategies, 

such as crushing the insect in their beak and consuming only the non-chitinous parts, or 

egesting all undigested parts after consuming the insect whole, a feeding method 

performed by kestrels and bee-eaters (Klasing, 1998).  
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The diet of the locust can also influence its palatability, the Desert locust can 

inflict taste aversion in its predators by feeding on toxic plants (Sword et al., 2000). 

Evidently, locusts have selective behavioral responses against different sized avian 

predators (Gillett and Gonta, 1978). Locusts respond to a small number of small birds 

(for instance larks) by forming concentrated masses (Smit, 1939; Lea, 1962), but do not 

aggregate when attacked by larger ones, such as White storks (Ciconia ciconia) (Wet and 

van V. Webb, 1952). As small birds are reluctant to tackle dense bands of locusts and 

some other predators have difficulties hunting for swarming prey, this aggregating 

behavior can confuse predators (Gillett and Gonta, 1978). However, birds successfully 

feeding on locust hoppers and adults have developed effective hunting strategies, either 

working cooperatively (i.e., walking close to each other in the same direction to flush 

locusts on the ground) or by adapting unusual techniques to capture the flying prey 

(Symens, 1990). 

The biggest advantage of locusts as a food source is their tendency to aggregate, 

thus providing highly concentrated, high-energy food for birds. Not only the quantity and 

quality of this food are appealing, but also its timing. Migrating, wintering or resident 

birds all use locust outbreaks in times of necessity. In western Africa, migrating White 

storks and eagles use locusts for “refueling” during migration (Goriup and Schulz, 1991), 

and numerous migrant species depend on locusts as a food source at their wintering 

locations (Crick, 1990). Individual White storks have been recorded to consume 962 

locust hoppers (Dean, 1964) and 114 adults (Smith and Popov, 1953) in a day. In fact, 

this species is so closely associated with locusts that in South Africa its local name means 

“Large locust bird”. Wintering habitat selection of storks seems to be heavily influenced 

by the presence of locusts (Smith and Popov, 1953), and some authors  suggest, that 

storks have changed their migration route, traveling further south as a consequence of 

locust control operations reducing their food supplies in west Africa (Dallinga and 

Schoenmakers, 1985). Remarkable locust consumption by other species has also been 

recorded, Marabou storks (Leptoptilos crumeniferus) were seen to eat 401 hoppers (Dean, 

1964) and 450 adults daily, while in the digestive system of one individual about one 
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thousand Desert locusts (Schistocerca gregaria) were counted (Smith and Popov, 1953). 

In Tanganyika, dry periods coincide with locust upsurges, offering a large alternative 

food supply to local birds (Dean, 1964). For breeding birds, locusts and grasshoppers can 

serve as an important food source not only in unpredictable environments but also in 

predictable ones. According to North American studies, birds exploit grasshoppers at 

higher proportions than their availability suggests, which may be a consequence of the 

overabundance of this food source causing a temporal lack of competition for it (Maher, 

1979).  

Appearances of locusts and grasshoppers are known to change the composition 

and behavior of bird species in an area (e.g., Bryant, 1912). Opportunistic species, such 

as the North American Franklin’s gull (Larus pipixcan) are quick to react, changing their 

diet to up to 80% locusts (Bradshaw, 1934). Even strict vegetarians, such as the 

American goldfinch (Carduelis tristis) have been reported feeding on grasshoppers 

(Bryant, 1912). At times of locust outbreaks in Argentinean agricultural areas, several, 

otherwise not particularly common avian species of various families become extremely 

abundant. Most species feed nearly exclusively on locusts, following the flying swarms 

over large distances (Liebermann, 1936). The “Locust eagle” of this country is the 

Swainson’s hawk (Buteo swainsoni). In Saudi Arabia, 32 bird species were observed 

feeding on locusts during an outbreak, some of them unusual to the area, others applying 

unusual methods to capture prey. The temporary abundance of food also triggered out of 

season breeding in some resident species (Symens, 1990). 

All around the world birds have been acknowledged as important predators of 

locusts and grasshoppers. Decreases in locust numbers caused by avian predation can be 

impressive, and according to some studies, under certain circumstances birds can limit 

grasshopper populations (Joern, 1986; Bock et al., 1992). This is especially true for birds 

feeding on flightless nymphs. Various bird species, among them shrikes (Lanius spp.) 

and breeding Golden sparrows (Passer luteus) have been observed congregating on 

Desert locust bands, remaining with the band until it was completely eliminated, which 

lasted up to 11 days (Wilps, 1997). Birds can have a significant impact on swarms as 



 38

well: storks and raptors have been reported to destroy hundreds of thousands of adult 

Desert locusts daily (Greathead, 1992). Several species have been recommended as 

biological means of locust-control. China has a long history of using domestic ducks for 

pest control (Peng, 1984) as well as recruiting wild birds as help in combating locusts, by 

encouraging them to settle in the area (Yu, 1988). The Common mynah (Acridotheres 

tristis) was introduced from India to Mauritius in 1762 to combat Red locusts 

(Nomadacris septemfasciata). In Mauritius, this bird ended the locust problem in eight 

years, proving to be a successful biological control agent (Moutia and Mamet, 1946). 

Following this example, mynahs were introduced to other islands, such as Hawaii, 

Reunion, Rodrigues and Madagascar for the same purpose (Long, 1981). At the end of 

the 19th century, this species (already present in Melbourne) was introduced to sugar cane 

fields in Qld to control Migratory locusts (Chisholm, 1950).    

 

Historical bird-locust interactions in Australia 

The introduction of the Common myna for locust control seems unnecessary in 

that the majority of Australian landbirds are insectivorous (Ford, 1989) and readily feed 

on locusts (see Appendix D, Table D.3). In the arid zone the density and species 

composition of grasshoppers present at a particular location is highly variable within and 

between years (Davies, 1986). As mentioned earlier, the degree of dependence of birds 

on locusts and other insects is species-, location-, and time-dependent. In this section, I 

summarize our current knowledge of avian-locust interactions in Australia, much of 

which is based on anecdotal evidence.  

The species described feeding on locusts at outbreaks range from the 7.5 gram 

White-winged fairy-wren to the 50 kg Emu (Loyn et al., 2001) (Table 1.5). The avian 

species most likely associated with locusts in Australia is the Straw-necked ibis. Since the 

early days of observations, ibises have been recorded actively searching for locusts, 

feeding on bands and swarms returning to them on a daily basis (Gurney, 1908). They 

tend to forage in flocks, several hundred ibises feeding together on locust bands are not 

uncommon (Geering, 1996). Straw-necked ibises, similar to other larger-bodied birds are 



 39

known to gorge-feed, consuming large number of insects in a relatively short time. Field 

observations of this behavior have been confirmed by the high numbers of locusts found 

in stomach contents of collected birds: one ibis had 737 nymphs of Australian plague 

locust and another one 699 adults of Spur-throated locust in their stomachs (Carrick, 

1959). During outbreaks, opportunistic species, such as various Corvid species and the 

Australian magpie are often seen in large numbers around bands and swarms, feeding 

nearly exclusively on locusts (Jones, 1920; Clark, 1947). Australian magpies and Little 

ravens have also been observed gorge-feeding (Loyn et al., 2001). Raptors of various 

sizes and diets take advantage of the abundance of locusts: the insectivore Nankeen 

kestrel (McKeown, 1934; Lord, 1956), the scavenger Black kite (Hobbs, 1961, 1986), 

which is well known worldwide for its palate for locusts (see previous section) and even 

predominantly carnivorous raptors, such as the Brown falcon (Loyn et al., 2001) change 

their diets, should the opportunity arise. Australian endemics, such as chats and large 

flocks of woodswallows are attracted to locust bands and swarms, sometimes forming 

mixed-species flocks (McKeown, 1934; Lord, 1956; Loyn et al., 2001). Similar to the 

locusts, nomadic or semi-nomadic birds exploit short favorable periods for breeding. 

Some species, such as the Brown songlark often breed at times and locations of locust 

outbreaks, feeding its young locusts (Magrath et al., 2003). As locust outbreaks are 

relatively unpredictable and can occur over a wide range of habitats, a wide range of local 

resident bird species will take advantage of the ready availability of insect food. Species 

as diverse as ducks, herons,  honeyeaters and even House sparrows have been observed 

feeding on locusts (Jones, 1920; Lord, 1956).  

 Most avian species have opportunistic traits in their feeding habits, switching 

food types to take advantage of readily available food sources. For instance, during an 

insect outbreak in a Polish forest, predation of passerine nests declined, as predators 

switched to feeding on caterpillars (Tomialojc and Wesolowski, 1990). In Australia, 

some facultative insectivorous species consume insects only when they are available in 

high numbers, such as during locust outbreaks. Several frugivorous birds feed insects to 

their young to meet their high nutritional demands. Some raptors switch to feeding on 
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insects if in abundance. During locust outbreaks bird species have been reported to 

change their diets as well as their feeding techniques to take advantage of this abundant 

food source (e.g., Bryant, 1912; Symens, 1990). 

 

Birds and Pesticides 

Risk is the probability of an adverse outcome, comprised of the exposure to, and 

the toxicity of a chemical (Klaassen, 2001). Birds are usually widely distributed and they 

occupy a higher trophic level, therefore can be indicators of factors affecting organisms 

lower in the food-chain (Morrison, 1986; Breckenridge et al., 2003). With a longer life-

span, birds can integrate various stressors and can be used to monitor cumulative effects 

(Furness and Greenwood, 1993). Environmental contaminants can affect different 

taxonomical groups differently, and in the case of pesticides, their toxicity to birds is 

often higher that to other vertebrates  (Grue et al., 1983; Walker, 1983). These reasons 

make avian populations and species ideal endpoints for ecotoxicological studies. 

 

Exposure to pesticides 

For an exposure to occur, the chemicals have to come in contact with, and be 

absorbed into the organism (Klaassen, 2001). The amount of exposure is determined by 

the fraction of the environment that contains the chemical, the initial concentration of the 

chemical and the duration of exposure (Van der Valk, 2004). In the case of exposure of 

birds to pesticides, exposure depends on the spatio-temporal distribution of the pesticide 

and the home range and feeding habits of the bird (Blus and Henny, 1997). Pesticides are 

usually applied over large areas, but even if the application is to a restricted area, they can 

largely disperse through wind or water (Holl and Cairns, 2003). As birds are moving 

through different chemical concentrations through space and time, exposure is a dynamic 

entity (Henriques and Dixon, 1996). In the case of pesticides which biomagnificate, 

organisms at the top of the food chain will be at higher risk, even if they have lower 

sensitivity to the compound (Blus, 2003).  
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The major route of exposure is ingestion of pesticides by feeding on contaminated 

water, soil, granules or food (Hill, 2003). Contaminated food can be seed with a toxic 

seed-dressing, foliage or insects containing or covered in pesticide residues or even 

poisoned vertebrates (Henny et al., 1998). If a bird is present at the time and location of 

pesticide application, alternative routes of exposure, such as dermal, respiratory, or oral 

through preening of contaminated feathers, should also be considered (Driver et al., 

1991).  

 

Effects of pesticides 

The effect of a pesticide depends on the concentration reaching the target organ 

(dose) and the physiological response of the organism to this dose (Klaassen, 2001). 

Pesticide-induced effects can be lethal, by killing the individual or sublethal, by lowering 

its breeding success, by lowering productivity, egg hatchability or chick viability 

(Sotherton and Holland, 2003). Other sublethal effects include immunological, endocrine, 

metabolic, neurological, carcinogenic, teratogenic and/or behavioral changes. Behavioral 

changes, such as altered posture, reduced flying, singing and feeding (Hart, 1993) or 

disrupted breeding activities (Busby et al., 1990) have been extensively studied in birds 

exposed to OPs. Pesticide-exposure can also lower the individual’s resistance to 

environmental stresses, such as disease, weather, predators or interspecific competition 

(Luebke et al., 1997). These changes, however subtle they seem, can all negatively 

influence survival under field conditions (Grue et al., 1997). For instance, a slight 

reduction in appetite can cause loss of body condition, and abnormal behavior can make 

the individual or its offspring more prone to predation (e.g., Galindo et al., 1985; Brunet 

and Cyr, 1992; Hunt et al., 1992). Effects that would be sublethal otherwise, can 

culminate in death, if the organism is at its energetic or nutritional limits, or is under 

stress (Maguire and Williams, 1987). Sublethal pesticide exposure can also make birds 

more prone to accidents, such as collisions (Mineau et al., 1999).  

If a high percentage of individuals are affected in a population, individual-level 

effects will be manifested as population-level effects. Population-level changes can be 
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quantitative, such as a decrease in the size of local, regional or national populations. 

Some pesticide-related population declines in raptors are under 5%, which is difficult to 

differentiate from inherent fluctuations in numbers (Henny et al., 1998). However, the 

use of methomyl as a bait to control feral animals, has led to a severe decline of the 

Eleonora's Falcon (Falco eleonorae) population in Crete (Ristow, 2001). In addition to 

mortality, effects that impair reproductive capabilities can also have a population-level 

impact on non-target animals. For instance, declines of Spectacled eider (Somateria 

fischeri) populations in western Alaska are thought to result from decreased fecundity of 

males due to contaminant (metal) exposure (Trust et al., 2000). 

If individuals with particular physical, biochemical or behavioral traits are 

affected to a varying level, qualitative changes will result, such as altered demographic or 

genetic composition of the population. An example of this is the development of 

anticoagulant resistance in rodents in Great Britain (Greaves and Ayres, 1967).  

Life-history plays an important role in determining the effects of breeding 

impairments. Species with shorter life-cycles and faster population turnover will be 

affected to a greater degree than long-lived, slowly reproducing species (Newton, 1998). 

By affecting different species and/or populations to a varying degree, pesticides can 

inflict community level changes. Community-level effects were shown to be long-lasting 

and pesticide-caused perturbations are believed to cause permanent alterations in the 

structure and functioning of ecosystems (Matthews et al., 1996).  

Pesticides can also have indirect effects on an individual by changing a 

component of its environment. In the case of birds, pesticides can cause quantitative or 

qualitative changes in food or shelter (e.g., abundance and distribution of plants used for 

nesting and shelter) or they can alter competitive interactions due to changing resource 

availability as well as relationships with predators (Newton, 1998). Indirect effects in 

general are difficult to quantify because of complex inter-species relationships within 

ecosystems and the spatio-temporal scale of pesticide effects (Avian Effects Dialogue 

Group, 1994). Most toxicological studies of indirect effects of pesticide exposure in birds 

deal with the pesticide altering avian food supplies. As food shortage is known to 
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decrease adult as well as nestling survival (Lack, 1954, 1968) and chemicals can remove 

food supplies, application of pesticides that reduce food resources of the developing 

young are particularly important (Sotherton and Holland, 2003). This was shown in the 

case of the Yellowhammer (Emberiza citrinella), the young of which depend on insects 

as their major food (Morris et al., 2005). In a similar study, pesticide-induced food source 

reduction can cause starvation in Tree swallow (Tachycineta bicolor) chicks (Bishop et 

al., 2000b), depending of the size of the treated area and the availability and proximity of 

alternative food sources. When food is available, parents feeding young can compensate 

for food reduction by altering foraging behavior and effort. Vesper sparrow (Pooecetes 

gramineus) parents foraged significantly further from nest in food-reduced areas in order 

to maintain the feeding rate of chicks (Adams et al., 1994). Other passerines have also 

been shown to compensate for the food-loss caused by pesticides by shifting to another 

foraging site (Moulding, 1976) and by increasing the foraging area (Cooper et al., 1990).  

A well-known example of population decline caused by indirect effect of a 

pesticide is the case of the Grey partridge (Perdix perdix) in Britain. Herbicide 

application caused the disappearance of a weed species, which served as a food plant for 

an insect species that parent partridges fed their offspring. The starvation of chicks 

increased their mortality and culminated in population decline (Potts and Aebischer, 

1995). 

As insect outbreaks are known to alter the composition of avian communities 

(Gale et al., 2001), insecticide applications that reduce the number of insects will also 

inevitably impact it. Canadian regulators have realized that efficient grasshopper control 

in itself has a strong effect on non-target species and to permit survival of avian and other 

predators, they aim to keep grasshopper mortalities below 70% (Martin et al., 1998). 

In summary, under field conditions, individuals cannot be regarded as isolated 

units, as they are part of a multi-species community in which species interact with each 

other in many different ways. The importance of indirect effects of a chemical on a 

species depends on the type and degree of direct effects of the chemical to other parts of 
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the community, the nature of interactions among different species and the spatio-temporal 

scale of the exposure (Avian Effects Dialogue Group, 1994).  

 

Effects of different types of locust-control pesticides on birds 

Compared to modern chemicals, early pesticides were applied locally and less 

frequently. Some of them were highly effective against locusts and other insects, but 

were not without unwanted environmental or human health effects. For instance, arsenic 

baits were developed in the end of the 19th century as a method of locust control 

(McEwen, 1981), and the risk posed to birds by direct exposure was soon recognized 

(Weddell, 1937; Vesey-FitzGerald, 1959). Organochlorine, organophosphorus, carbamate 

and pyrethroid insecticides all have been reported causing unwanted effects on non-target 

wildlife, which have resulted in restrictions on their use (Walker, 2003).  

During the last half century, OCs have had unprecedented adverse effects on 

wildlife, mainly due to their toxicity, persistence and lipophilicity (Blus, 2003). Under 

field conditions, OCs can be acutely toxic by impairing nerve transmission (Klaassen, 

2001); however, relatively few mass mortality events have been recorded. When DDT 

was applied for Dutch elm disease control, it was acutely toxic to birds (Hickey and 

Hunt, 1960). Aldrin, dieldrin and other cyclodienes have high acute toxicity, and have 

been linked to population declines in European (Newton, 1998) and Canadian raptors 

(Kirk and Hyslop, 1998). Nevertheless, in the case of most OCs, non-target mortality is 

usually a result of accumulation in the animal through chronic exposure. While the acute 

avian toxicity of DDT and its analogs is low, their chronic effects are of great concern 

(Klaassen, 2001). The most widely known example is the role of DDE in eggshell 

thinning (Anderson and Hickey, 1972). The negative impact of DDT on raptor 

populations was first documented in Great Britain (Ratcliffe, 1967). In consequent 

investigations, eggshell thinning has been observed in other countries with high DDT use, 

including Australia, where it was documented in nine diurnal and nocturnal raptor species 

(Olsen et al., 1993). DDT has also caused endocrine disruption and other reproductive 

impairments (Gard and Hooper, 1995), for instance by affecting hatchability of eggs in 
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Canadian passerines in orchards (Bishop et al., 2000a). Indirect effects of DDT, such as 

starvation in birds caused by the eradication of insects in a marsh have also been recorded  

(Hanson, 1952).  

These undesirable non-target effects, along with the growing resistance of pests, 

convinced regulators in most developed countries to phase out OCs by the 1980s. They 

were replaced primarily by organophosphates (OPs) and carbamates (CBs). Even though 

the insecticidal characteristics of these two groups have been known since the 1950s, they 

did not reach their peak until the 1960–70s, gaining more market with the withdrawal of 

OCs. They have been successful ever since and by the end of the 20th century, more than 

one third of registered pesticides in the world were OPs (Hill, 2003).  

These organic pesticides break down faster than OCs, but in general they have a 

much higher acute avian toxicity (Walker, 1983; Smith, 1987). They affect the central 

and autonomic nervous systems by inhibiting the acetylcholinesterase enzyme at nerve 

synapses (Klaassen, 2001). In serious cases, the accumulation of the neurotransmitter 

leads to nervous overstimulation, expressed in symptoms such as ataxia and paralysis 

(Hill, 2003). In fact, in the last 40 years, there have been numerous avian mass mortality 

events caused by OPs and CBs. These events included hundreds of birds killed by 

fensulfothion and parathion applied against pasture pests in New Zealand (Mills, 1973), 

fenthion application for mosquito control in the United States (DeWeese et al., 1983), 

and monocrotophos used in grasshopper control in Argentina (Goldstein et al., 1999). In 

Australia, monocrotophos was recorded killing European starlings and Spotted turtle 

doves, fenitrothion killing White-winged choughs (Reece et al., 1985) and fenthion 

killing 350 individuals of various species (McKenzie et al., 1996). Passerine mortalities 

were caused by 300 g/ha applications of fenitrothion in Canadian forests (Busby et al., 

1983) as well as by 210–410 g/ha applications of the same chemical in rangelands in the 

western United States (McEwen et al., 1982). Granular formulations are of concern, 

because granivorous birds often ingest the insecticide granules mistaking them for grit 

(Knapton and Mineau, 1995).  
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With cholinesterase-inhibiting pesticides, secondary poisoning is also of concern. 

In Canada, raptors were poisoned by feeding on waterfowl which were intoxicated by 

ingesting carbofuran and fensulfothion granules (Elliott et al., 1996), while in Israel 

hundreds of raptors died by feeding on rodents poisoned with monocrotophos 

(Mendelssohn and Paz, 1977). In addition to these field incidents, secondary poisoning 

by OPs has also been shown under laboratory conditions (e.g., Hunt et al., 1990). In the 

case of top predators, such as raptors and owls, many instances of secondary and even 

tertiary poisonings have been reported (Blus, 1996; Henny et al., 1998). 

In fact, because of their high avian toxicity, OPs have been used as effective 

avicides. For instance, fenthion is widely used in Africa as a control method against 

Quelea species and other granivores, which are considered pests (e.g., Pope and Ward, 

1972; Keith et al., 1994).  

Besides lethal effects, at lower doses, OPs are known to have considerable 

sublethal effects, which include behavioral changes, lethargy, anorexia, impaired 

thermoregulation and muscular weakness (e.g., Grue et al., 1982; Grue et al., 1997). A 

wide literature is available on sublethal effects of various types and dosages of OPs. For 

example, dimethoate was shown to decrease daily activity levels in three American 

passerines (Brunet and Cyr, 1992), acephate affected migratory orientation in White-

throated sparrows (Zonotrichia albicollis) (Vyas et al., 1995), methyl-parathion altered 

the behavior of Bobwhite quails (Colinus virginianus) making them prone to predation 

(Galindo et al., 1985), while sublethal exposure to dicrotophos reduced parental care in 

Laughing gulls (Larus atricilla), thus increasing juvenile mortality (King et al., 1984). 

Various OPs have been shown to reduce reproductive success in passerines (e.g., Busby 

et al., 1990; Patnode and White, 1991). Starvation caused by pesticide-induced prey 

removal is a common indirect effect of OP applications in chicks (Bishop et al., 2000b) 

as well as in adults. An example of the latter is shown by a study from Senegal, where 

Singing bushlarks (Mirafra cantillans) exposed to fenitrothion applied at 500 g a.i./ha, 

ate only half of the amount of insects compared to the control (Mullié and Keith, 1993). 

Other selected references about the effects of fenitrothion are shown in Table 1.6. 
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Organophosphates, in general, do not bioaccumulate (Hill, 2003) or bioconcentrate 

(Kenaga 1980), but they have potentially lethal acute effects as well as unwanted 

sublethal effects on vertebrates (Grue et al., 1983). Since the 1990s, OPs with the highest 

mammalian and avian toxicity (e.g., dimethoate, parathion and monocrotophos) continue 

to be withdrawn from agricultural use in many developed countries. In Australia 

monocrotophos (National Registration Authority for Agricultural and Veterinary 

Chemicals, 2000) and parathion (UNEP/FAO, 2004) are banned, while dimethoate is 

currently under evaluation (Australian Pesticides and Veterinary Medicines Authority, 

2004).  

Insect growth regulators (IGRs) are another type of insecticide, developed in the 

1970s (Coppel and Mertins, 1977). These chemicals are derivatives of benzoyl-urea, they 

have a relatively low environmental persistence and no known bioaccumulation. IGRs 

interfere with insect hormonal systems, disrupting chitin synthesis and deposition and 

thus disrupting molt (Coppel and Mertins, 1977). Because of this unique mode of action, 

IGRs have low acute toxicity to vertebrates (Stribling, 1987), but have severe indirect 

effects, by causing reductions in avian food items. Various studies have investigated the 

effects of diflubenzuron on forest birds. This pesticide is frequently applied against 

Gypsy moth (Lymantria dispar) infestations, and is highly effective. It has been shown to 

affect avian densities and species diversity (Moulding, 1976; Stribling, 1987).  

Pyrethroids are a pesticide of choice since the 1980s. Similarly to DDT, by acting 

on voltage-gated sodium channels they cause repetitive discharge from nerves, disrupting 

the transmission of the action potential (Bloomquist, 1996). They are fast acting, have 

varying environmental persistence, and lower avian and mammalian toxicity than OPs 

(Mineau et al., 2001). Sublethal effects of deltamethrin on lizards included loss of 

coordination and muscle spasms (Alexander et al., 2002). Indirect effects were shown in 

reptiles and mammals as a results of food-chain disruption by removing termites 

(Peveling et al., 2003). Similarly, deltamethrin affected breeding success (lowered egg 

hatchability) in passerines by reducing their food supply (Martin et al., 1998).  
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As the quest for an effective chemical with few undesired effects continued, a 

new chemical, fipronil became available in 1990s. Its use was facilitated by its efficiency 

against insects which had already developed a resistance towards cyclodienes, OPs, CBs 

and pyrethroids (Colliot et al., 1992). Fipronil was the first phenylpyrazol insecticide, a 

second generation γ-aminobutyric acid (GABA) receptor blocker. Similar to the 

previously described first generation insecticide dieldrin, fipronil acts by blocking the 

GABA-gated chloride channels in the central nervous system (Hainzl et al., 1998). Not 

surprisingly, phenylpyrazols and OCs have similar effects and characteristics, they both 

have a relatively long half life, lipophilic character and a tendency to bioaccumulate 

(Chaton et al., 2001). Even though its affinity is higher towards insect GABA receptors 

(Gant et al., 1998), in sufficient doses, fipronil is a potent convulsant in non-target 

species. Fipronil causes behavioral disturbances in exposed insects, triggering short and 

erratic movements, which could make them become more prone to predation (Balança 

and de Visscher, 1997a). Compared to the organophosphate chlorpyrifos, fipronil was 

found to affect arthropod communities differently and to a higher degree (Sokolov, 

2000). Similarly to the chemicals mentioned earlier, it is known to disrupt ecological 

interactions within a food-web by affecting abundance of insects, for example by causing 

mortality in non-target arthropods (Balança and de Visscher, 1997b). Fipronil applied at a 

rate of 3.2–5.0 g a.i./ha is highly toxic to termites (Peveling et al., 2003). By negatively 

affecting termites, fipronil disrupts processes performed by termite species, such as 

nutrient cycling and through this can decrease soil fertility (Peveling et al., 2003). 

Through removal of termites, an important element of the food chain, fipronil affects 

reptilian and mammalian species feeding on termites (Peveling, 2001). Because of these 

harmful effects on a keystone species, Peveling (2001) suggested cessation of fipronil use 

as a locust control agent in Madagascar. Fipronil is also highly toxic to bees (LD50 = 

0.004 μg), which has led to its ban in France in 2004 (Bonmatin et al., 2004). It has also 

been withdrawn from rice in Louisiana because of its lethal effects on crayfish in nearby 

areas with very low levels of drift (Schlenk et al., 2001).  
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Because of its recent development, little data on avian laboratory testing is 

available; and compared to OPs, field experiments and observations are lacking. The 

results of the few avian toxicity tests show that fipronil’s effects are species-specific and 

highly variable (Tingle et al., 2003) (Table 1.6). Gallinaceous species are sensitive and 

among the tested species ducks, passerines and pigeons seem to be non-sensitive. All the 

tested species are traditional laboratory species and only one species has been tested per 

family, in only four families. Because of this low sample size and poor taxonomic 

diversity, no real conclusions can be drawn about the sensitivity of the high number of 

species of 11 families potentially exposed to fipronil at locust controls. At present, no 

studies are available about behavioral or other sublethal effects of fipronil in avian 

species. 

Currently, the use of microbial pesticides, such as Bacillus thuringiensis, 

Metarhizium flavoviridae and Beauveria bassiana, is encouraged worldwide, as they 

form an accepted part of Integrated Pest Management programs. Metarhizium is currently 

listed as the only locust control product without any known environmental risks neither 

threat to human health (FAO, 1999). Avian toxicity studies of Metarhizium did not find 

adverse effects: consumption of infected hoppers or of spore-coated feed did not result in 

pathological changes or significant changes in weight, growth rate, behavior, or mortality 

rate in Ring-necked pheasant (Phasianus colchicus) chicks (Smits et al., 1999). On the 

other hand, certain authors argue that microorganisms may present a hazard to health by 

infection. Metarhizium-induced rhinitis was observed in a cat (Muir et al., 1998), allergic 

reaction was documented to Metarhizium-toxins in mice (Ward et al., 1998) and 

carcinogenic or mutagenic effects have also been suggested (Johnson, 1992).  

The possibility of pesticides disrupting ecological processes by removing 

important elements of the food chain has been suggested (Johnson, 1992). This is a valid 

claim in the case of microbes with a wide range of hosts, such as Beuveria bassiana. 

Even a directly non-toxic pesticide, such as Bacillus thuringiensis (B.t.), which is used in 

biological control of insects (Norton et al., 2001) can have serious indirect impacts on 

birds. However, in a study of songbird abundance, no significant differences were 
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observed between reference blocks and ones sprayed with B.t. (Sopuck et al., 2002). 

Metarhizium is as effective as fenitrothion, but selective to Orthopterans (Peveling et al., 

1999). However, it is known to affect other non-target insects, such as bees and parasitic 

wasps (Muller and Price, 1999). Even if indirect effects are probable, it would be hard to 

argue that the reduction in locust levels by biological control is likely to have a more 

negative effect on birds (or other non-target species) than conventional spraying.  

The effects of a pesticide are determined by the level of exposure and the inherent 

toxicity of the compound, incorporating a combination of chemical-specific, organism-

specific, environmental and other factors (Klaassen, 2001). The chemical composition of 

a pesticide will influence its environmental fate and persistence, as well as its mode of 

action and metabolism in exposed organisms. Persistence, specificity and 

bioaccumulation will determine the effects of a pesticide on an affected bird, as well as 

the time and type of application (Blus and Henny, 1997). The environmental fate and 

persistence of a particular pesticide will also depend on environmental factors, such as 

temperature, light and organic content of the soil (Rattner and Heath, 2003). Sensitivity to 

a toxicant is usually species-specific in addition to varying with age, gender and 

physiological status of the individual (e.g., White et al., 1989; Wolfe and Kendall, 1998). 

Genetic differences among individuals of the same species will also cause different 

sensitivity to the same chemical (Shugart et al., 2003). Because of this variability, 

probabilistic values are used to express the toxicity of a chemical to a species. The most 

widely used indicator is LD50, which is the amount of chemical that causes death in 50% 

of the exposed population (Klaassen, 2001).   

 

Avian Risk Assessments 

Risk assessments identify toxicity and exposure and integrate them to characterize 

the risk (Klaassen, 2001). Because of the complexity of the real world, models are used to 

predict the exposure to and effects of contaminants on individuals, populations or 

communities. Ecological Risk Assessment is such a model, predicting the probability of 

effects of contaminants on ecological receptors, as a function of anticipated exposure 
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levels (Kapustka, 2003). Risk assessments can be conducted at different ecological 

scales, such as habitats, species or communities (Calow, 1998). Risk has been 

characterized historically using deterministic approaches such as the quotient method, 

dividing exposure estimates by toxicity data. The higher the resulting quotient, the greater 

the estimated risk (Kendall, 1994).  

The exposure component of an Ecological Risk Assessment is influenced by 

spatio-temporal patterns of pesticide application, the physical environment, the residues 

in different compartments of the environments, the routes by which the exposed 

individual encounters the pesticide and the proportion of the exposure represented by 

each of those routes. Risk is estimated by comparing the total daily ingested dose to a 

toxicity reference value for the given pesticide (McDonald and Wilcockson, 2003).  

To estimate oral exposure, it is necessary to know the amount of contaminant 

present at different levels of the food chain, which can be determined by direct 

measurement of a pesticide and its degradates in potential food items. Alternatively, the 

Kenaga nomogram can be used to predict maximum pesticide residue levels in particular 

crop parts at different application rates (Fletcher et al., 1994). As the Kenega nomogram 

does not consider pesticide degradation, its predictions are only valid for the day of the 

application.  

The toxicity of a chemical is assessed using laboratory toxicity studies, which for 

avian species generally encompasses acute LD50s, LC50s (5-day exposure in the diet) 

and reproduction testing, which is currently the stand-in for chronic testing in birds. In 

addition to exposure and effect analyses, additional consideration is given to the 

occurrence of field mortality or adverse effect findings reported with the use of the 

compound, potential applicability to threatened or endangered species, and the 

occurrence of particularly sensitive species (U.S. Environmental Protection Agency, 

1993). 

Risk assessment has most recently moved away from the quotient method, toward 

more probabilistic approaches, where uncertain variables are used as a distribution 

instead of a fixed value (U.S. Environmental Protection Agency, 1992). The reliability of 
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risk assessment models (parameter estimation as well as model evaluation) depends on 

our knowledge, i.e., the quality and quantity of input data (Brewer and Hummell, 1990). 

As ecological systems are inherently variable, it is necessary to include uncertainty and 

variability for comprehensive and reliable risk assessments (Regan et al., 2003).  

Most toxicity testing is conducted in the laboratory and the results are 

extrapolated to field conditions. However, the two situations are inherently different, as 

field experiments encompass much more uncontrolled variability (Hart, 1990). This 

inconsistency can cause incorrect field predictions based on laboratory studies. Some of 

the sources of incorrect predictions include longer-half life of the chemical, routes of 

exposure uncounted for, stress, indirect exposure, exposure to mixtures of chemicals or 

incorrect toxicity values assumed (Blus and Henny, 1997). For instance, in the case of 

juvenile Northern bobwhites, both exposure to an OP pesticide and the resulting mortality 

were higher in the field than predicted by the quotient method (Matz et al., 1998). 

Pesticide-induced food avoidance in Wood pigeons (Columba palumbus) was lower and 

more variable in the field than under laboratory conditions (McKay et al., 1999). Other 

confounding variables (different age group, sex or species than the one used for testing), 

can make the use of scaling factors necessary, further increasing the anomaly between the 

expected and the observed effects (Hill, 2003). By analyzing raptor mortality cases 

caused by OP and CB pesticides, risk factors were found to depend on various life-

history characteristics (Mineau et al., 1999). Feeding habits highly influenced exposure: 

insectivorous and vermivorous raptors and scavengers (which consumed the 

gastrointestinal tract of carcasses) and carnivores (which fed opportunistically on 

debilitated prey) were at highest risk. The food consumption of the affected individuals is 

different, as infected insects consume less food (Thomas et al., 1997) and are more prone 

to predation (Thomas et al., 1998). Not only insects, but also vertebrates behave 

differently after pesticide exposure. For example, American kestrels (Falco sparverius) 

selectively preyed on House sparrows (Passer domesticus), incapacitated by fenthion-

exposure (Hunt et al., 1992). Selective choice of intoxicated prey makes the exposure of 

animals higher in the food-chain greater, augmenting the existing risk of exposure. On 
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the other hand, sublethal effects of the pesticide on the prey can become lethal, by 

increasing the likelihood that intoxicated individuals are consumed by predators, or by 

making the individual more susceptible to diseases by compromising its immune system 

(Sotherton and Holland, 2003). Distribution also affects exposure, common presence in 

agricultural areas increases the risk and species with gregarious behavior had higher 

number of incidents. Because of the breadth of variability documented between 

laboratory and field studies, investigators must be careful in how their laboratory data are 

applied to assessing potential effects in the field.  

The field evaluation of risk is usually done by measuring endpoints, such as 

mortality and impaired reproductive output, in scenarios where the pesticide is applied to 

representative crops where wildlife exposure is maximized (Hart, 1988). Most avian risk 

assessments of pesticides have been conducted in agroecosystems. Avian habitat 

preference and its temporal aspects were investigated in Canadian agricultural fields in 

order to characterize the exposure to pesticides (Boutin et al., 1996). The 138 species 

observed showed varying use of agricultural fields and activities, which resulted in 

different levels of exposure. The greatest potential exposure was assigned to birds with 

high site fidelity and those foraging on the fields (Boutin et al., 1999).  

Since European occupation, agriculture and pastoralism has considerably 

expanded into inland Australia, reaching 70% of all land use in arid and semi-arid zones 

(James et al., 1999). As pesticide use in these areas has also increased, it is important to 

assess the risk chemicals pose to these fragile ecosystems. Even though desert organisms 

are well adapted to cope with high spatio-temporal environmental variability, this does 

not necessarily guarantee that they are more resilient towards the insecticide-inflicted 

perturbations (Van der Valk, 1997). 

Results from trials, conducted under different environmental conditions, such as 

the temperate United States or Europe cannot necessarily be applied to Australian arid 

habitats. For arid and semi-arid zones our knowledge is lacking to make a realistic risk 

estimate, toxicity data for African and Australian native wildlife are limited, and fate and 

persistence of most chemicals are not well understood under arid conditions (Everts, 
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1997). The relatively few risk assessments conducted in natural habitats of the arid and 

semi-arid regions are mostly in Africa. The impact of pesticide use was assessed on 

wintering Palearctic migrants in Senegal (Mullié et al., 1991). Risk assessment has been 

conducted on the locusts control pesticides malathion and dichlorvos in Morocco (Keith 

et al., 1995). Eight insecticides (fenitrothion, chlorpyrifos, malathion, bendiocarb, 

lambda-cyhalothrin, deltamethrin, diflubenzuron, and fipronil) used in locust control in 

Africa were assessed and compared to each other by their different characteristics, among 

others persistence, bioconcentration, and their effects on vermivorous and piscivorous 

predators (Linders and Luttik, 1996). Based on laboratory data, chlorpyrifos posed the 

highest risk to the environment, with fipronil and fenitrothion having relatively high risk, 

while diflubenzuron had the lowest ranking.  

Avian toxicity data is usually obtained from a few conventional laboratory 

species, such as starlings, mallards or quails. Even among this limited number of species 

tenfold differences in sensitivity to the same pesticide are not uncommon (Blus and 

Henny, 1997). Because of the unique phylogeny of Australian birds, results among 

species cannot be easily extrapolated. Not only the effects, but also the exposure to a 

chemical will be influenced by the species’ life-history characteristics. In the case of 

nomadic birds, not only local populations will be affected by a chemical applied at a 

certain location. In this case, it is much more difficult to estimate the extent of potential 

damage, as we cannot be sure if the birds died or just moved out of the area. Population 

declines will not be as obvious as in the case of sedentary or “traditional” migratory birds 

with established territories. Cooperative breeders have a smaller clutch sizes and 

significantly longer breeding seasons than species that typically breed in pairs. These low 

population turnover rates, along with the low population density, make the recovery of 

the population slower after a pesticide incident, and repeated incidents can push local 

populations to extinction. Even under pristine conditions, i.e., in absence of pesticide 

exposure, dependence on unpredictable patches of resources incorporates a high risk. If 

prey populations decline too rapidly, breeding attempts may fail, or adults staying too 

long at an unpredictable location can die.  
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Conclusions 

Australia has unique landforms paired with a unique climate. A large proportion 

of the continent consists of arid and semi-arid areas inhabited by plants and animals 

adapted to the local conditions. This dissertation focuses on the distribution of three 

Orthopteran pest species, the factors that influence their occurrence and assesses their 

relationship with birds with a final aim of predicting where birds will occur and whether 

they will be impacted with fipronil, a novel locust-control pesticide.  
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Tables and figures 

 
Table 1.1. Major outbreaks of the three major locust species in  
eastern Australia in 1844–2000 
Year Species Reference 
1844–45 Australian plague locust? Key, 1938 
1870–74 Australian plague locust? Andrewartha, 1940 
1875–76 Australian plague locust? Key, 1938 
1889–91 Australian plague locust Andrewartha, 1940 
1907–08 Australian plague locust Gurney, 1908 
1917–19 Australian plague locust Key, 1938 
1923–26 Australian plague locust Key, 1938 
1933–35 Australian plague locust Gurney, 1938 
1936–38 Australian plague locust Gurney, 1938 
1942–44 Australian plague locust Clark, 1953 
1953 Migratory locust Elder, 1974 
1953–55 Australian plague locust Casimir, 1962 
1958–60 Australian plague locust Clark, 1970 
1960–61 Spur-throated locust Hitchcock, 1975 
1962–64 Spur- throated locust Hitchcock, 1975 
1969–74 Australian plague locust Farrow, 1977b 
1970–71 Migratory locust Elder, 1974 
1972–73 Spur- throated locust Casimir and Edge, 1979 
1973–76 Migratory locust Farrow, 1979a 
1974 Spur- throated locust Hitchcock, 1975 
1979 Australian plague locust Symmons and Wright, 1981 
1984 Australian plague locust Wright, 1986 
1996 Spur- throated locust Hunter and Spurgin, 1999 
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Table 1.2. Locust-control pesticides historically used in Australia – selected references  
Chemical Years of use Reference 
Kerosene emulsion, arsenicals 1880s (Olliff, 1891) 
Kerosene emulsion, sodium arsenite, 
carbolic soap  

1907 (Gurney, 1908) 

Carbolic soap, kerosene emulsion  1924 (Newman, 1924) 
Sodium arsenite 1934 (Gurney, 1934; Veitch, 

1934) 
Arsenic pentoxide 1944 (Weddell, 1944) 
Lindane, aldrin 1953 (Hogan, 1955) 
Lindane, aldrin, toxaphene 1953–54 (Casimir, 1965) 
Lindane, kerosene 1961 (Veitch, 1961) 
Fenitrothion, diazinon 1973 (Casimir and Edge, 1979) 
Malathion, diazinon, monocrotophos, 
carbaryl, dibrom 

1973–74 (Elder et al., 1979) 

Fenitrothion, diazinon 1977–79 APLC data 
Fenitrothion, malathion, chlorphyriphos 1978–79 (Wright, 1982) 
Fenitrothion, diazinon, chlorpyrifos 1979–80 APLC data 
Fenitrothion 1980–86 APLC data 
Fenitrothion, malathion, volaton 1984–85 APLC data 
Fenitrothion, chlorpyrifos, diazinon 1986–87 APLC data 
Fenitrothion, chlorpyrifos, S-fenvalerate 1987–88 APLC data 
Fenitrothion, chlorpyrifos 1988–91, 1992–93 APLC data 
Fenitrothion, decis 1991–92, 1993–94 APLC data 
Fenitrothion, fipronil 1997–98, 2001–02 APLC data 
Fenitrothion, fipronil, Metarhizium 1999-present APLC data 
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Table 1.3. Families of the suborder Passeri in Australia  
and the number of extant species in Australia in relation  
to the number of species worldwide (adapted from  
Sibley and Monroe, 1990) 
Parvorder Family Number of species 
Corvida Climacteridae 6/7 
 Menuridae 2/4 
 Ptilorhynchidae 20/20 
 Maluridae 20/26 
 Meliphagidae 72/182 
 Pardalotidae 49/68 
 Eopsaltriidae 20/46 
 Orthonychidae 2/2 
 Potamostomidae 4/5 
 Corvidae 5/647 
 Callaetidae 0/3 
Passerida Muscicapidae 2/449 
 Sturnidae 1/148 
 Sittidae 1/25 
 Hirundinidae 5/89 
 Cisticolidae 2/119 
 Zosteropidae 3/96 
 Sylviidae 8/552 
 Alaudidae 1/91 
 Nectariniidae 1/169 
 Passeridae 18/386 
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Table 1.4. Selected bird species worldwide reported to feed on grasshoppers and locusts 
at outbreaks  
Family and  
Common name Latin name Region References 
Struthioniformes    
Greater rhea  Rhea americana Southern S Am.  (Liebermann, 1936) 
Lesser rhea Pterocnemia pennata Southern S Am. (Liebermann, 1936) 
    
Tinamiformes    
Spotted tinamou  Nothura maculosa Southern S Am.  (Liebermann, 1936) 
Elegant-crested tinamou Eudromia elegans Southern S Am. (Liebermann, 1936) 
    
Galliformes    
Guinea fowl Numida meleagris 

mitrate 
S Asia, Afr. (Descamps and 

Wintrebert, 1969) 
Vulturine guinea-fowl Acryllium vulturinum E Afr. (Moreau, 1930) 
Grey partridge Francolinus 

pondicerianus 
India (Bhatia and Gupta, 

1956) 
Yellow-necked francolin Francolinus leucoscepus E Afr. (Moreau, 1930) 
    
Bucerotiformes    
Grey hornbill Tockus nasutus E, S Afr. (Michelmore, 1954; 

Huddleston, 1958) 
Red-billed hornbill Tockus erythrorhynchus E Afr. (Huddleston, 1958) 
Yellow-billed hornbill Tockus flavirostris E. Afr. (Huddleston, 1958) 
    
Upupiformes    
Hoopoe Upupa epops 

senegalensis 
E. Afr. (Huddleston, 1958) 

    
Coraciiformes    
Indian roller Coracias benghalensis Asia (Katiyar, 1956) 
Lilac-breasted roller Coracias caudatus lorti E Afr (Huddleston, 1958) 
Abyssinian roller Coracias abyssinicus Sahel, S. Afr. (Popov and Radcliffe, 

1968) 
European roller Coracias garrulus Asia, E Afr (Mishchenko, 1952; 

Huddleston, 1958) 
Carmine bee-eater Merops nubicus E, S Afr. (Vesey-FitzGerald, 

1955; Nickerson, 
1958) 

Little green bee-eater Merops orientalis Middle East (Symens, 1990) 
    
Cuculiformes    
Asian koel  Eudynamis scolopaceus Asia  (Katiyar, 1956) 
White-browed coucal Centropus toulou E. Afr. (Vesey-FitzGerald, 

1955) 
Senegal coucal  Centropus senegalensis S Afr. (Roy, 1970) 
Great coucal Centropus superciliosus E. Afr. (Vesey-FitzGerald, 

1955) 
Smooth-billed ani  Crotophaga ani S. Am. (Silva, 1961) 
Guira cuckoo Guira guira S Am.  (Liebermann, 1936) 
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Table 1.4. (Continued)  
Family and  
Common name Latin name Region References 
Strigiformes    
Barn owl Tyto alba Middle East (Symens, 1990) 
Spotted eagle owl Bubo africanus Middle East (Symens, 1990) 
Verreaux’s eagle owl Bubo lacteus E. Afr. (Vesey-FitzGerald, 

1955) 
Little owl Athene noctua Middle East (Symens, 1990) 
Burrowing owl Athene cunicularia N, S Am. (Bryant, 1912; 

Liebermann, 1936) 
Marsh owl Asio capensis E. Afr. (Vesey-FitzGerald, 

1955) 
    
Gruiformes    
Denham’s bustard  Neotis denhami S Afr. (Davey, 1959) 
Arabian bustard  Choriotis arabs S Afr. (Davey, 1959) 
Red-legged seriema Cariama cristata Southern S Am. (Liebermann, 1936) 
Argentinian seriema Chunga burmeisteri Southern S Am. (Liebermann, 1936) 
Black-bellied bustard Lissotis melanogaster N Afr., Sahel, S Afr. (Vesey-FitzGerald, 

1955) 
Houbara bustard Chlamydotis undulata Middle East (Symens, 1990) 
    
Ciconiiformes    
Cream-coloured courser Cursorius cursor W Afr. (Wilps, 1997) 
Nordman’s pratincole Glareola nordmanni S Afr. (Lea, 1935) 
Kelp gull  Larus dominicanus S. Argentina (Liebermann, 1958) 
Franklin’s gull Larus pipixcan N. Am. (Criddle, 1924; 

Bradshaw, 1934) 
Gull-billed tern Gelochelidon nilotica Middle East (Symens, 1990) 
Caspian tern Sterna caspia Middle East (Symens, 1990) 
Amazon tern Sterna superciliaris S. Argentina (Liebermann, 1958) 
Swallow-tailed kite Elanoides forficatus S Am. (Liebermann, 1936) 
White-tailed kite Elanus leucurus Southern S Am. (Liebermann, 1936) 
Plumbeous kite Ictinea plumbea S. Am. (Silva, 1961) 
Black kite Milvus migrans Afr., Asia (Smith and Popov, 

1953; Symens, 1990)  
Pariah kite Milvus m. govinda India (Bhatia and Gupta, 

1956) 
Chimango Milvus m. chimango Southern S. Am. (Liebermann, 1936) 
Egyptian vulture Neophron percnopterus N, E Afr., India (Vesey-FitzGerald, 

1959)  
Marsh harrier Circus aeruginosus S Afr. (Davey and Johnston, 

1956) 
Pallid harrier Circus macrourus Middle East, E. Afr (Vesey-FitzGerald, 

1955; Symens, 1990) 
Montagu’s harrier Circus pygargus Middle East, E. Afr (Vesey-FitzGerald, 

1955; Symens, 1990) 
Shikra Accipiter badius India (Bhatia and Gupta, 

1956) 
Little sparrowhawk Accipiter minullus E. Afr. (Vesey-FitzGerald, 

1955) 
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Table 1.4. (Continued)  
Family and  
Common name Latin name Region References 
Ciconiiformes    
Sparrowhawk Accipiter nisus Middle East (Symens, 1990) 
Crested caracara Polyborus plancus Southern S. Am. (Liebermann, 1937) 
Grasshopper buzzard Butastur rufipennis Sahel, E Afr. (Huddleston, 1958) 
Black-chested buzzard-
eagle 

Geranoaetus 
    melanoleucus 

Southern S. Am.  (Liebermann, 1936) 

Swainson’s hawk Buteo swainsoni Southern S. Am.  (Liebermann, 1936) 
Lesser spotted eagle Aquila pomarina E. Afr.  (Smith and Popov, 

1953) 
Great spotted eagle Aquila clanga E. Afr. (Smith and Popov, 

1953) 
Tawny eagle Aquila rapax E. Afr. (Smith and Popov, 

1953) 
Steppe eagle Aquila nipalensis E. Afr. (Smith and Popov, 

1953) 
Lesser kestrel  Falco naumanni Middle East, S Afr. (Vesey-FitzGerald, 

1955; Symens, 1990)  
Common kestrel  Falco tinnunculus Middle East, S Afr. (Symens, 1990) 
Madagascar kestrel  Falco newtoni Afr. (Descamps and 

Wintrebert, 1966) 
American kestrel Falco sparverius S. Am (Liebermann, 1936) 
Greater kestrel  Falco rupicoloides S Afr.  (C.O.P.R., 1982) 
Grey kestrel Falco ardosiaceus E Afr. (Vesey-FitzGerald, 

1955) 
Red-necked falcon Falco chicquera E Afr. (Vesey-FitzGerald, 

1955) 
Red-legged kestrel Falco vespertinus E Afr. (Vesey-FitzGerald, 

1955) 
Hobby Falco subbuteo E Afr. (Vesey-FitzGerald, 

1955) 
Lanner falcon Falco biarmicus E Afr. (Smith and Popov, 

1953) 
Whistling heron Syrigma sibilatrix Southern S Am. (Liebermann, 1936) 
Little egret Egretta garzetta Afr. (Davey, 1959; Dean, 

1964) 
Great blue heron Ardea herodias N, S Am. (Bryant, 1912; 

Liebermann, 1936) 
Black-headed heron Ardea melanocephala E. Afr. (Vesey-FitzGerald, 

1955) 
Cattle egret  Bubulcus ibis Afr., Asia (Vesey-FitzGerald, 

1955; Dean, 1964; 
Symens, 1990)  

White-faced ibis Plegadis guarauena S. Argentina (Liebermann, 1958) 
    
Sacred ibis Threskiornis aethipicus Afr. (Vesey-FitzGerald, 

1955; Davey, 1959)  
Abdim’s stork Ciconia abdimii Afr. (Dean, 1964) 
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Table 1.4. (Continued) 
Family and  
Common name Latin name Region References 
Ciconiiformes    
White stork Ciconia ciconia Afr. (Smith and Popov, 

1953; Vesey-
FitzGerald, 1955) 

Marabou stork Leptoptilos crumeniferus Afr. (Vesey-FitzGerald, 
1955; Dean, 1964) 

    
Passeriformes    
Western kingbird Tyrannus verticalis N. Am. (Bryant, 1912) 
Great kiskadee Pitangus sulphuratus S. Am. (Silva, 1961) 
Rufous hornero Furnarius rufus S. Am. (Silva, 1961) 
Loggerhead shrike Lanius ludovicianus N. Am. (Bryant, 1912) 
Fiscal shrike Lanius collaris E Afr. (Huddleston, 1958) 
Plush-crested jay Cyanocorax chrysops Southern S. Am. (Liebermann, 1937) 
Red-billed chough Pyrrhocorax 

pyrrhocorax 
Asia (Yu, 1988) 

House crow Corvus splendens India (Bhatia and Gupta, 
1956) 

White-necked raven Corvus cryptoleucus S Afr. (Michelmore, 1954) 
Brown-necked raven Corvus ruficollis Middle East (Symens, 1990) 
Fork-tailed drongo Dicrurus adsimilis E Afr (Huddleston, 1958) 
Somale wheatear Oenanthe phillipsi E Afr. (Huddleston, 1958) 
Common wheatear Oenanthe oenanthe E Afr (Huddleston, 1958) 
Desert wheatear Oenanthe deserti Asia (Yu, 1988) 
Long-tailed glossy starling Lamprotornis caudatus S Afr. (Michelmore, 1954) 
Wattled starling Creatophora cinerea S Afr. (Lea, 1935; 

Michelmore, 1954) 
Rose-coloured starling Sturnus roseus Asia (Bhatia and Gupta, 

1956; Yu, 1988) 
Common starling Sturnus vulgaris Asia (Yu, 1988) 
Black-necked starling Sturnus nigricollis Thailand (Maxwell-Lefroy and 

Howlett, 1909) 
Southern grackle Eulabes religiosa India (Coleman, 1911) 
Chalk-browned 
mockingbird 

Mimus saturnius S. Am. (Silva, 1961) 

Common mynah Acridotheres tristis S Asia (Liebermann, 1936; 
Bhatia and Gupta, 
1956) 

Fisher’s sparrow-lark Eremopterix leucopareia E Afr (Vesey-FitzGerald, 
1955) 

Madagascar skylark Alauda procera Madagascar (Wintrebert, 1970) 
American goldfinch Carduelis tristis N. Am. (Bryant, 1912) 
House sparrow Passer domesticus Middle East, N. Am. (Bryant, 1912; 

Symens, 1990) 
Golden sparrow Passer luteus West Afr. (Wilps, 1997) 
Desert sparrow Passer simplex saharae West Afr. (Wilps, 1997) 
African pied wagtail Motacilla aguimp E Afr. (Huddleston, 1958) 
Bulllock’s oriole Icterus bullockii N. Am. (Bryant, 1912) 
Red-winged blackbird Agelaius phoeniceus N. Am. (Bryant, 1912) 
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Table 1.4. (Continued) 
Family and  
Common name Latin name Region References 
Passeriformes    
Western meadowlark Sturnella neglecta N. Am. (Bryant, 1912) 
Brown-and-yellow 
marshbird 

Pseudoleistes virescens Southern S. Am. (Liebermann, 1936) 

Brewer’s blackbird  Euphagus cyanocephalus N. Am. (Bryant, 1912) 
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 Table 1.5. Selected bird species reported to feed on locusts at outbreaks in eastern 
Australia 
Species Reference 
Emu (Olliff, 1891; Loyn et al., 2001) 
Brown quail (Hill, 1911) 
Black-tailed native hen (Jones, 1920; Pearse, 1938; Boehm, 1953) 
Silver gull (Hobbs, 1961) 
Banded lapwing (McKeown, 1934; Loyn et al., 2001) 
Unidentified lapwing (Jones, 1920; Clark, 1947) 
Australian bustard (Olliff, 1891; Gurney, 1908; Jones, 1920; Clark, 1947) 
Unidentified crane (Jones, 1920) 
White ibis (Carrick, 1959; Cowling, 1974) 
Straw-necked ibis (Kersey, 1919; McKeown, 1934; Clark, 1947; Lord, 1956; 

Carrick, 1959; Cowling, 1974; Geering, 1996) 
Unidentified ibis  (Gurney, 1908; Jones, 1920; McCarthy and Ellis, 1938) 
White-faced heron (Lord, 1956) 
White-necked heron  (McKeown, 1934) 
Nankeen night heron (Lord, 1956) 
Unidentified duck (Jones, 1920) 
Brown falcon (Hill, 1911; Kersey, 1919; Clark, 1947; Loyn et al., 2001) 
Nankeen kestrel (Hill, 1911; McKeown, 1934; Clark, 1947; Lord, 1956) 
Black-shouldered kite (Lord, 1956) 
Pacific baza (Lord, 1956) 
Black kite  (Hobbs, 1961, 1986; Loyn et al., 2001) 
Grey falcon (Hobbs, 1961) 
Black falcon (Hobbs, 1971) 
Unidentified raptor (Jones, 1920) 
Dollarbird  (Lord, 1956) 
Blue-faced honeyeater (Lord, 1956) 
Fork-tailed swift (Cameron, 1968) 
Spine-tailed swift (McMicking, 1925; Cameron, 1968) 
White-fronted chat (Loyn et al., 2001) 
Richard’s pipit (Loyn et al., 2001) 
Black-faced 
woodswallow 

(Hill, 1911) 

White-breasted 
woodswallow 

(McKeown, 1934) 

White-browed 
woodswallow 

(Lord, 1956; Loyn et al., 2001) 

Masked woodswallow (Clark, 1947; Lord, 1956) 
Unidentified 
woodswallow  

(Gurney, 1908; McCarthy and Ellis, 1938) 

Grey butcherbird (Clark, 1947) 
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Table 1.5. (Continued) 
Species Reference 
Pied butcherbird (Hill, 1911; Clark, 1947) 
Australian raven (Hill, 1911; Loyn et al., 2001) 
Little raven (Loyn et al., 2001) 
Little crow (Hobbs, 1961) 
Unidentified corvid  (Olliff, 1891; Gurney, 1908; Jones, 1920; Pearse, 1938; 

Clark, 1947) 
Australian magpie (Gurney, 1908; Jones, 1920; Pearse, 1938; Clark, 1947; 

Loyn et al., 2001) 
Crimson chat  (Loyn et al., 2001) 
White-winged fairy-wren (Loyn et al., 2001) 
House sparrow (Pearse, 1938; Lord, 1956) 
European starling (Pearse, 1938) 



 

Table 1.6. Selected references describing the effects of fenitrothion on avian species  
Species  Location Dose/Treatment Effects Reference 
Mallard Laboratory 1,190–1,662 mg/kg  LD50 (Smith, 1987) 
Northern bobwhite Laboratory 23.6–32.0 mg/kg LD50 (Smith, 1987) 
Ring-necked pheasant Laboratory 55.6 mg/kg 

 
LD50 (Smith, 1987) 

Sharp-tailed grouse Laboratory 53.4 mg/kg LD50 (Smith, 1987) 
Chicken embryo Laboratory 5–30% conc. Mortality, abnormalities (Paul and 

Vadlamudi, 1976) 
Chicken Laboratory 500 mg/kg ChE inhibition, no NTE inhibition (Durham and 

Ecobichon, 1986) 
Zebra finch Laboratory 1.04 mg a.i./kg 

3.8 mg a.i./kg 
11.36 mg a.i./kg 

ChE inhibition, mortality (Holmes and 
Boag, 1990b) 

Zebra finch Laboratory 1.04 mg a.i./kg 
3.8 mg a.i./kg 

Changes in activity (Holmes and 
Boag, 1990a) 

Common grackle Laboratory 100–1600 mg a.i./kg Anorexia (Grue, 1982) 
Passerines Temperate forest 210 g a.i./ha ChE inhibition (Busby et al., 

1991) 
Forest passerines Temperate forest 300 g a.i./ha ChE inhibition (Hamilton et al., 

1981) 
Forest birds Temperate forest 210 g a.i./ha No mortality, no effects on 

breeding territories 
(Kingsbury and 
McLeod, 1980) 

Passerines Temperate forest 290 g a.i./ha,  
293 g a.i. /ha 

Food reductions, changed behavior (Millikin and 
Smith, 1990) 

     
Passerines Temperate forest 300 g a.i./ha Changes in nest visitation (Spray et al., 

1987) 
White-throated sparrow Temperate forest Aerial application 420 g/ha, 210 g/ha Territory abandonement, inability 

to defend territory, disruption in 
incubation, clutch desertion 
Population reduction 

(Busby et al., 
1990) 

Various species Subtropical savannah 485 g/ha 
825 g/ha 

Population reduction (Mullié and Keith, 
1993) 
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Table 1.7. Selected references describing the effects of fipronil on avian species  
Species  Location Dose Effects Reference 
Three species  Laboratory 500 mg/kg in 

food 
No effects (Avery et al., 1988) 

Mallard Laboratory >2150 mg/kg LD50 (Avery et al., 1988) 
Pigeon Laboratory >2000 mg/kg LD50 (Avery et al., 1988) 
Field sparrow Laboratory 1120 mg/kg LD50 (Avery et al., 1988) 
Northern bobwhite Laboratory 11.3 mg/kg LD50 (Avery et al., 1988) 
Ring-necked pheasant Laboratory 31 mg/kg LD50 (Avery et al., 1988) 
Red-legged partridge Laboratory 34 mg/kg LD50 (Avery et al., 1988) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 68

 
Figure 1.1. Sightings of Australian plague locusts in eastern Australia in 1987–2000 
based on APLC data.  
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Figure 1.2. Monthly life cycle and number of generations of Australian plague locust in 
central western NSW (adapted from Clark (1974)).  
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Figure 1.3. Sightings of Spur-throated locusts in eastern Australia in 1987–2000 based on 
APLC data. 
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Figure 1.4. Sightings of Migratory locusts in eastern Australia in 1987–2000 based on 
APLC data. 
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Figure 1.5. Locations of locust control events and type of pesticides used by the APLC in 
eastern Australia between 1977 and 2005 based on APLC data. 
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CHAPTER II 

CATEGORIZATION OF AND ASSOCIATIONS BETWEEN  

RAINFALL, SOIL AND VEGETATION IN EASTERN AUSTRALIA 

 

Introduction 

The absence of substantial orogenic activity and the impact of erosive processes 

have been shaping Australian landscapes for millions of years, making it the lowest, 

flattest and driest vegetated continent in the world (White, 1994). Most Australian soils 

are old and depauperate, lacking nutrients and/or moisture (Stafford-Smith and Morton, 

1990). About a third of the continent is semi-arid, having 250–500 mm of annual rainfall 

and a further third is arid, with less than 250 mm of annual rainfall (Nix, 1974, 1982). In 

the arid zone, rainfall events are infrequent and most of them deliver only small amounts 

of precipitation (Stafford-Smith and Morton, 1990). Rarely, however, the amount of rain 

received in a short time can be very high, for instance, more than 260 mm rain in 24 

hours has been recorded (Stafford-Smith and Morton, 1990) or up to 400 mm within a 

few days (Trewin, 2004).  

Australia’s climate is influenced by the El Niño-Southern Oscillation (ENSO) 

phenomenon on a continental scale, with the strongest effects in the north and the east 

(Nicholls and Wong, 1990). In general, ENSO-related events have a recurrence frequency 

of two to seven years (Trewin, 2004). ENSO-related weather characteristics result in a 

high interannual variability of rainfall, an approximately 12-month periodicity of dry (El 

Niño) and wet phases (anti-ENSO or La Niña) (McBride and Nicholls, 1983). These 

phases start early in the year and often alternate (Nicholls, 1991). ENSO has been shown 

not only to increase the variability of rainfall, but also to indirectly increase variability in 

wind strength, as winds depend on the location and air temperature and in ENSO years 

maximum temperatures are higher and minimum temperatures lower than in other years 

(Nicholls, 1991). Wind force and temperatures can also be related to the frequency and 

extent of fires, another factor shaping Australian landscapes and their biota (Nicholls, 

1991; White, 1994).  
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In general, environmental limiting factors heavily influence the geographical 

distribution of plant (Woodward, 1987) and animal populations (Andrewartha and Birch, 

1954). In the Australian arid zone the key environmental limiting factor is climate, in 

particular rainfall (Williams, 1982; James et al., 1999; Hawkins et al., 2005). Vegetation 

and its condition are expressions of climatic factors and edaphic factors, such as the 

amounts and types of soil nutrients (Beadle, 1981; Nix, 1982; Burrows et al., 1988). It is 

difficult to separate the influence of climate from that of soil type, as climate plays an 

important part in soil formation (Leight and Noble, 1969). In the Australian arid zone, the 

erratic rainfall regimes, the high temperatures, the spatially sorted and infertile soils, and 

the prevalence of fires all contribute to the spatially and temporally heterogeneous 

distribution of resources (Williams, 1982; Stafford-Smith and Morton, 1990). Through a 

variety of life-history strategies, Australian native flora and fauna have adapted to the 

conditions in the arid zone, including ENSO-induced climatic rhythms (Davies, 1986; 

Stafford-Smith and Morton, 1990). Sufficient rains trigger major biological events, such 

as germination, rapid growth and flowering in grasses (Orr, 1980b; Beadle, 1981; Hunter 

and Melville, 1994). The threshold for the amount of rain necessary for stimulation is 

species-dependent, for instance, in Astrebla grasses about 40 mm of rainfall is sufficient 

to induce growth (Orr, 1975).  

For animals living in the arid zone, food supply is the major factor limiting 

survival and reproduction (Immelman, 1963; Stafford-Smith and Morton, 1990). As 

water determines vegetative growth, rainfall is considered to be more important than 

temperature in the regulation of animal populations (Nix, 1974; Morton and Davies, 

1983), especially for herbivores depending on high nitrogen content forage (White, 

1976). The role of rainfall as the governing environmental factor for the distribution and 

reproduction of Australian (Key, 1959; Casimir, 1962; Farrow, 1982; Hunter et al., 

2001a) and other arid zone Acridids (Hanrahan and Horne, 1997; Latchininsky, 1998) is 

widely known. Active stages of these species rely on vegetation for food and shelter 

(Wright et al., 1988), which in the case of the Australian plague locust is often the 

ephemeral surge of perennials caused by a major rainfall event (Clark, 1974). Rainfall 
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influences not only locust survival, but also hatching and migration (Wright, 1987). The 

texture and water content of the soil affect egg survival and development directly, as eggs 

are laid in the soil (Clark, 1947). Similarly to other arid zone insects, the Australian 

plague locust is capable of suspending its embryonic development if temperature and 

moisture conditions are suboptimal (Wardhaugh, 1970). To find the most favorable 

conditions spatially, adults are able to migrate long distances (Farrow, 1990; Walden, 

1995).  

In vertebrates, as in insects, irruptive breeding and high mobility is a typical 

adaptation to arid conditions and the spatially and temporally patchy food availability 

(Davies, 1986). Under favorable conditions, many arid zone birds breed 

opportunistically, and have subsequent irruptions in numbers and increases in the area 

occupied (e.g., Frith, 1957; Matheson, 1974; Zann et al., 1995). Nomadic movements are 

also characteristic of a high number of bird species in inland Australia (Keast and 

Marshall, 1954; Serventy, 1971).  

With the final objective of quantifying the dynamics and extent of avian-locust 

co-occurrences, first, the spatio-temporal distribution patterns of species in these two 

groups need to be described. As the distribution and reproduction of arid zone locust and 

bird species strongly depend on food availability, which is linked to abiotic and biotic 

factors, in this chapter I describe those factors relevant in controlling food availability or 

otherwise influencing the survival of the focal locust and bird species. First, I analyze the 

spatial and temporal variability in rainfall, than the spatial distribution of different soil 

types and habitats, and finally the relations of these three variables to one another.  

  

Materials and Methods 

The study area 

The study area was continental eastern Australia, between 136.00o and 152.00o 

East longitudes, and 17.00o and 37.00o South latitudes (Figures 2.1 and 2.2). This area 

was selected to include the two million km2 of possible locust infestation areas for which 

the APLC is responsible, as well as to take advantage of the high-density sampling 
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regions of the Birds Australia database in eastern Australia. This area encompasses inland 

Queensland, New South Wales west of the Great Dividing Range, Northern Victoria, and 

the eastern parts of South Australia and Northern Territory.  

 In this region, rainfall between 1998 and 2004 and soil and vegetation 

characteristics were examined. Because of the spatial and temporal extent of the study, 

Geographical Information Systems (GIS) were used. In these systems, spatial information 

is represented in a two-dimensional system, and it stores geographic features that can 

refer to a point or an area. For all map calculations, the programs ArcView GIS version 

3.2a (ESRI, Copyright 1992–2000) and ArcInfo version 7.0.3. (ESRI, Copyright 1995–

2003) were used.  

When absolute locational accuracy is not necessary, spatial data are often grouped 

into smaller units for ease of analysis (ESRI, 1996). When these units are of similar size 

and shape, they are called grid cells. The size of the grids chosen depends on the total 

area of interest and the resolution needed to obtain meaningful results. When different 

databases are analyzed together, the variable with the lowest resolution will also dictate 

the resolution of the results. For the purposes of this study, a half-degree grid coverage 

(32 x 40 cells) was digitally created in ArcInfo (Figure 2.2). The curvature of the Earth 

makes it necessary to use projections if our goal is to have exact location and distances on 

a map (ESRI, 1996). Given the size of the study area (about three million km2 and points 

over 2,500 km apart), Lambert Equal Area Azimuthal projection was used. In this 

projection, the size of grid cells increases towards the equator. In the study area, half 

degree grid cells measure approximately 50 km on each side and their area ranged from 

2,476.7 km2 to 2,952.0 km2. Although the study area contains 1,141 grid cells, because of 

the presence of islands and peninsulas, 1,211 structural units were used. 

The grid coverage was overlaid with GIS layers of polygon-based soil (Bureau of 

Rural Sciences, 1991), habitat (AUSLIG, 1990) and rainfall maps (Australian Bureau of 

Meteorology, 2005). To show patterns and interactions, it was necessary to explore the 

databases (soil, rain and vegetation) independently, and then each in association with the 

other two. Statistical analyses were performed in SPSS version 12.0.1 for Windows 
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(Statistical Package for Social Sciences, SPSS Inc., Copyright 1989–2003). Functional 

principal component analysis (functional PCA) was carried out by adapting algorithms 

from Ramsay and Silverman (2002) in MATLAB (MATrix LABoratory, The 

MathWorks, Inc., Copyright 1984–2000).  

 

Rainfall 

Even though it is possible to divide eastern Australia into climatic zones, using 

temperature and rainfall as categorical values, for this study rainfall was treated as a 

spatially and temporally continuous variable, while temperature, as an influencing factor, 

was dismissed. Daily rainfall data for Australia for 1998–2004 was obtained in a raster 

format from the Australian Bureau of Meteorology. These data were converted into 

polygon format, and monthly total rainfall values for the 0.5 degree grid cells were 

generated by summing individual daily interpolations in ArcInfo. To simplify 

calculations, the obtained monthly total rainfall values were treated as the real value for 

each point of an individual half-degree grid cell, and these were used in all calculations 

involving rainfall.  

Spatial and temporal distribution and variability of rainfall were analyzed for the 

five-year period from 1998 to 2002. Climatic instability was evaluated by examining the 

average correlation in rainfall between and within seasons and from one year to the next 

at different levels of resolution. Autocorrelation was used to test the variability of 

monthly total rainfall values for each grid cell across the five-year period (1998–2002), 

with a lag of zero to 17 months in S-PLUS 2000 Professional Release 3 (Mathsoft Inc., 

Copyright 1988–2000). With a dataset of 60 months, 17 was the longest lag period which 

would yield useful results (Ramsay and Silverman, 2002). The autocorrelation factor 

(ACF) is positive when values of monthly rainfall are positively correlated with monthly 

rainfall at a particular lag period away (which is changing from zero to 17). Points below 

zero indicate inverse autocorrelation, which means that conditions are expected to change 

during the given lag period. Near zero indicates independence, therefore relative 

unpredictability. For each grid cell, the autocorrelation factor for each lag period was 
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compared to the 95% confidence limit around zero, which is calculated for each grid cell 

individually.  

 

Soil data  

The soil database for eastern Australia was obtained as a GIS polygon layer from 

the Australian Plague Locust Commission (APLC) based on data from the Bureau of 

Rural Sciences (1991). The soil types were reduced from the full set of categories by their 

predominant characteristics and suitability as habitats for the Australian plague locust. 

The APLC categories are essentially the same as proposed by Key (1959). “Stony 

downs”, “Clay” and “Loam” are important for locusts, while avoided soil types were 

categorized into the “Others” category. A soil map for the study area was created in 

ArcView (Figure 2.3). The total area of each structural unit (connected component with 

the same soil type) was calculated with Xtools extension (version 9/15/2003) in 

ArcView, while the proportions of each category within each half degree cell were 

determined using the “Spatial Join” function in the Geoprocessing extension (version 

9/15/2003) of ArcView. This computation resulted in 5077 homogeneous structural units 

within the area of interest, each of a different area. 

 

Vegetation 

To analyze landscape-level vegetation patterns in the study area, the “Vegetation 

– Post-European Settlement (1988), 1988” database of Geoscience Australia (AUSLIG, 

1990) was obtained. This 1:5 million resolution map of Australia, representing the 

vegetation and landuse conditions in the mid-1980s, was used as a GIS polygon layer in 

ArcView shapefile format. The database, with a resolution of 300 km2, describes 

vegetative characteristics of the structural units using 16 structural and floristic attributes. 

These attributes include growth form of the tallest and lower stratums, foliage cover of 

tallest stratum and dominant floristic type (Appendix A, Table A.1). From this database, 

information regarding the area of interest was selected. As the 16 attributes have 186 

combinations in the study area, a new categorization was necessary. The structural and 
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floristic attributes were combined to obtain a broader and more ecologically meaningful 

categorization for the purposes of this study, i.e., vegetation categories important for 

locust and bird species, with a greater emphasis on arid zone vegetation types. Eighteen 

new vegetation categories were created by combining selected attributes, such as 

vegetation height, percentage foliage cover, dominant overstorey genus, growth form and 

lower stratum characteristics (Table 2.1). These categories are similar to those 

traditionally described in the literature (Slatyer and Perry, 1969; Beadle, 1981; Williams, 

1982; Burrows et al., 1988), with the addition of four special categories: “Crop”, 

“Riverina”, “Lake” and “Other”. As described in Table 2.1, “Crop” is the vegetation of a 

structural unit if it includes at least 300 km2 of crop. The category “Riverina” was created 

as this agricultural area is frequently treated for locusts and it is important for some rare 

bird species, such as the Plains wanderer and the Superb parrot. The other two categories 

are not primarily based on vegetation attributes: “Lake” is permanent or salt lakes, while 

“Other” includes big coastal cities. 

Based upon these 18 categories, a vegetation map for the study area was created 

in ArcView (Figure 2.14). The area of interest contained 883 structural units, each of a 

different area. The total area of each structural unit was calculated with Xtools extension 

in ArcView, while the proportions of each category within each half degree cell were 

determined using the Spatial Join function in the Geoprocessing extension of ArcView. 

To classify different habitat types by comparing the coordinates of the first, second 

(median) and third quartiles of both latitude and longitude, cluster analysis was used 

(SPSS version 12.0.1 for Windows). A cluster analysis was performed on 883 structural 

units, and the six variables were the three first quartiles of x coordinate and the three first 

quartiles of y coordinate. 

  

Relations among factors 

Soil data were overlaid with vegetation polygons and rainfall data in ArcView to 

obtain 17,112 smaller structural units with the same soil and vegetation categories and 

monthly rainfall values. Intersecting habitat and soil data, 9,119 connected components 
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were obtained, which were weighted by area to calculate spatial averages of monthly and 

yearly rainfall per soil types and per habitat category. Because these connected 

components are of different area, standard deviation of the rainfall would lead to 

erroneous conclusions. Overlaying the grid cell-based rainfall data with soil and 

vegetation types, 8,971 and 4,900 units were extracted, respectively. Given the high 

number of structural units and the monthly frequency of the variable “rainfall”, I used an 

alternative to the classical discrete handling of the data. In this case, it is possible to take 

a continuous approach using an innovative method to analyze the relationships between 

rainfall and vegetation types. This method is Functional PCA, which is an exploratory 

data analysis tool that generalizes multivariate principal component analysis (Ramsay and 

Dalzell, 1991; Rice and Silverman, 1991; Pezzulli and Silverman, 1993). In this 

technique, higher covariance is assumed for adjacent points than for widely separated 

ones and each individual is characterized by one real-valued function. Under these 

conditions, the results of the model fit better the studied phenomenon (Ramsay and 

Silverman, 2002). The analysis was applied to the monthly rainfall values per habitat, 

converting discrete data into real functions. To do this, I used the least squares fitting of 

basis expansion method, with Fourier series as known basis expansion. This choice is 

recommended when periodicity is present in the dataset (Ramsay and Silverman, 1997).  

 

Results 

Spatial and temporal distribution of rainfall  

After the interpolation of rainfall values and summarizing the yearly total rainfall 

values, some general patterns emerge. The arid interior always receives less rainfall than 

areas closer to the coast. The tropical north receives the highest rainfall. Considerable 

interannual variation was found in the amount of rainfall and those years in which more 

grids receive less than 100 mm of rainfall have fewer grids with more than 1,000 mm 

rainfall simultaneously. Overall, 1998 and 2000 were the wettest years in the study period 

and 2002 the driest (Figure 2.4). The following sections provide a more in-depth look at 

temporal and spatial rainfall patterns.  
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Mean monthly rainfall grid values were statistically compared across the entire 

area of interest. Mean monthly rainfall is highly variable within, as well as between 

years. Summer rainfall is typically higher than winter. Besides the high temporal 

variability, there is also a considerable spatial variability. High standard deviations 

indicate high between-cell differences in the same month. In spite of these differences, 

monthly median values show a similar result to the means (Figure 2.5). To compare 

monthly rain distributions on a grid basis between years, their normality was examined. 

In 2002 the distribution of monthly mean rainfall was found to be non-normal (Shapiro-

Wilk test, p-value<0.0005). Because normality assumptions for the use of ANOVA were 

not met, Kruskal-Wallis test was used (Zar, 1998). The results of this test show 

significant differences among years at α = 0.05 (p-value = 0.013). In general, 2000 was 

the wettest, while 2002 was the driest year (Table 2.2). As annual and monthly rainfalls 

are not normally distributed, median rainfall totals should be better indicators of typical 

rainfall conditions than the mean (Bureau of Meteorology, 1998). In the case of annual 

rainfall, the behavior of the two measures of central tendency is similar (Table 2.2).  

Within-year variability was evaluated by using two indices. The interquartile 

range (IQR) is the difference between the third and the first quartile of rainfall in each 

grid cell. As the IQR disregards the highest and lowest values in each grid cell, the results 

of another index were also considered. This index was calculated as the ratio between the 

highest average monthly rainfall value and the lowest (plus one to avoid division by zero) 

within the same year. This indicator has the problem of resulting in high variability for 

lower values of minima. The greatest difference and hence the highest variability in 

rainfall was found in the northern region of the study area, while the southeastern region 

has generally lower variability and a more even temporal distribution of rainfall (Figure 

2.6). 

The temporal distribution of rainfall within a year seems to be strongly influenced 

by latitude. The north experiences higher summer (monsoonal) rainfalls, but this 

tendency gets weaker moving towards the south, and on the south coast winter rains 

predominate. Middle latitudes have a more even temporal distribution (Figure 2.7). 
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Autocorrelation values represent how the variability is explained by the rainfall 

data of a previous month in one grid. Values close to one indicate a strong positive 

correlation between any one month and the particular previous months indicated by the 

lag. Values close to minus one have strong negative correlation, and values close to zero 

imply unpredictability of the monthly rainfall from the previous rainfall values. 

Oscillatory patterns indicate strong seasonality of rainfall, such as in grid number 193 

(Figure 2.8A).  

Comparing all grid cells in the study area, ACF values in the northeast oscillate 

more markedly, which implies higher seasonality. Grids from the west and southwest 

have ACF values closer to zero and irregular oscillation, which means less seasonality in 

rainfall (Figure 2.9). 

Variability of rainfall between consecutive months was evaluated by comparing 

the autocorrelation factor with a lag of 1 month to the 95% confidence limit boundaries 

for a given grid cell. When this value was outside the confidence limits, the cell was 

designated non-zero, indicating that its inter-monthly variability was low. Data for 1998–

2002 were analyzed. There appears to be a distinction between the northeast and the 

southwest of the study area. In the northeast there is significant correlation in the rainfall 

from one month to the next, while in the southwest (except for the area around the city of 

Adelaide) there is not (Figure 2.10).   

Autocorrelation factors with a 12 month lag show the predictability of rainfall 

from one year to the next. The highest value was 0.5382 for a grid in southeast Northern 

Territory. The highest category contains very few dispersed grid cells, which are located 

primarily in the tropical north and in the south. The other grids with high values in 

southwest Queensland fell in this category, because these grids received less than 100 

mm rain annually in the five years examined, and so they have a high predictability of 

very low rainfall. However, in the majority of the arid zone, there seems to be no 

significant correlation between rainfall values one year apart (Figure 2.11). The lowest 

12-month lag autocorrelation value was – 0.1188 for a grid in northeastern South 

Australia. 
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Long-term climatic stability was evaluated by counting the number of times of the 

17 measured lag periods the monthly rainfall autocorrelation factor was significantly 

different from zero during the five years examined. The tropical north has the lowest 

variability, up to 13 times out of 17 lag periods the rainfall is positively or inversely 

correlated to a rainfall value from one to 17 months earlier. Towards the south rainfall is 

less stable, reaching zero in 214 grid cells, located mostly in the south-western and the 

south-eastern parts of the study area (Figure 2.12). 

 

Relations between soil types and rainfall 

The four soil types are irregularly distributed over eastern Australia. “Stony 

downs” is the predominant soil type of the arid zone, while “Clay” is mostly on large 

alluvial plains and also on smaller scale along rivers. “Loam” is more common towards 

the south, while the “Others” category is predominant along the coast and also includes 

the sandy soils of the arid zone. The most common soil category in the study area was 

“Others” (64.61%), followed by “Clay” (20.53%) and “Loam” (19.59%), while “Stony 

downs” was relatively rare (5.27%). Comparing annual average rainfall per soil type, 

considering the structural units the intersection between soil polygons and grid cells (with 

the same rainfall values) as individuals, “Stony downs” received the lowest rainfall every 

year. Except for 2000, the amount of rain was the highest in “Loam” areas, with “Clay” 

second and “Others” third (Figure 2.13). As the Kolmogorov-Smirnov test showed non-

normal distribution of the rainfall data for each soil type (p-value<0.0005) ANOVA was 

not applicable to compare rainfall values of different soil types (Zar, 1998). A Kruskal-

Wallis test showed a significant difference among the total rainfall over the five years for 

the four soil types (p-value<0.0005). In fact, significant differences were found between 

each of the soil types except for the pair “Clay” versus “Loam” (Wilcoxon-Mann-

Whitney test p-value = 0.412).  
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Relations between vegetation and rainfall 

Eastern Australian vegetation types, defined and characterized using structural 

and floristic characteristics, depict a characteristic distribution (Figure 2.14). Predominant 

arid zone vegetation types are “Arid grass”, “Gibber”, mostly present in southwest 

Queensland, “Spinifex”, with a northerly distribution and “Saltbush” mostly towards the 

south. Arid and semi arid zone specialist vegetation types are “Woodland open shrub”, 

which has a wider distribution, “Acacia” in southwest and central west Queensland, and 

“Astrebla” in the inner north. “Bluegrass” and “Melaleuca” are characteristic of the 

tropical north. The rest of the continent (tropical and temperate zones) has a mosaic of 

“Eucalypt woodlands”, “Grassland” and “Crop”. Major vegetation types of the Murray-

Darling river system are “Mallee”, “Casuarina”, mostly towards the north, and 

“Riverina”. “Forest” type is found along the east coast. The habitat composition of each 

grid cell was highly variable, resulting in a characteristic habitat mosaic throughout the 

study zone. 

With respect to their geographical extent within the study area, there are also 

substantial differences. “Eucalypt woodland”, “Crop” and “Acacia” occupy more than 

half of the area of interest, while some vegetation types, such as “Melaleuca” and 

“Grassland” are relatively rare (Table 2.3).  

In spite of the fact that different vegetation types occupy different size areas, it is 

possible to obtain four coordinate-based groups from the cluster analysis, sorting the 

categories by coordinates. The first cluster is defined by “Melaleuca”, “Bluegrass”, 

“Spinifex” and “Astrebla”; the second cluster includes “Riverina”, “Mallee” and 

“Casuarina”; the third has “Saltbush”, “Lake”, “Woodland open shrub”, “Gibber” and 

“Arid grass”; and the last, “Grassland”, “Forest”, “Crop”, “Other”, “Eucalypt woodland” 

and “Acacia”.  

Because of the distinct geographical distribution of habitat types, it is not 

surprising that habitats receive different amounts of rainfall (Table 2.4 and Figure 2.15). 

Vegetation of the tropical regions, such as “Melaleuca” and “Bluegrass” have the highest 

spatially-averaged rainfall values, while arid zone vegetation types, such as “Gibber” and 
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“Saltbush” have the lowest. The distribution of monthly rainfall values per habitat were 

found to be non-normal (for example: Kolmogorov-Smirnov test for “Acacia”, p-value = 

0.005), thus the Kruskal-Wallis test was used to identify significant differences among 

habitats (p-value < 0.0005) (Zar, 1998).  

Our final goal was to assess the relationships between rainfall and habitat 

categories. Because the rainfall values per habitat categories are considered continuous, it 

gives more information to compare functions, which explain the temporal change of 

rainfall per habitat. In order to obtain a single function from the rainfall values of each 

habitat category, 11 base extensions were considered. These 11 functions are Fourier 

series. The 18 obtained real-valued functions approximate the rainfall value in each 

habitat category in the whole period between 1998 and 2002 (Appendix C, Figures C.1–

C.18). The error for these estimations was also measured, by applying the least squares 

criterion (Appendix C, Table C.1), and the results were acceptable. The functional PCA 

with regularization, also called smoothed functional PCA, was applied to the 18 obtained 

functions. The generalized cross-validation method had a smoothing parameter λ = 

0.03195 (Green and Silverman, 1994). From the 18 functions and the smoothing 

parameter, I calculated the covariance operator eigenfunctions associated to the 

eigenvalues. In this case, the first two functional principal components captured 97.85% 

of the total variance in the data (Figure 2.16). The highest principal component is very 

significant for the rainfall per habitat because it explains 87.13% of the variability, and it 

is also interesting to consider the second one (10.72%).  

The correlation function estimate between the process (18 habitats) and hth 

component (h = 1, 2,…) is )(
)(

t
tf hh

σ
ρ ⋅

, where ρh, fh(t) and σ(t) are the estimated 

eigenvalue and eigenfunction for the hth component, and the estimated standard deviation 

for the original process, respectively. The principal components show a correlation with 

the rainfall in different habitat types, which is changing temporally. Usually, values lower 

than – 0.9 or greater than 0.9 are considered signals of a strong correlation. The first 

principal component shows high positive scores in the following temporal periods: from 

January 1998 to March 1998, from December 1998 to March 1999, from December 1999 
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to March 2000, from November 2000 to February 2001, and from December 2001 to 

February 2002. On the other hand, the second principal component is also positive from 

June to August in all the years (1998–2002). These periods coincide with higher values in 

each principal component; therefore, they can explain the most significant part of yearly 

rainfall data. 

The scores per habitat show the relationship between each habitat category and 

each principal component (Table 2.5). In “Melaleuca” and “Bluegrass”, a high percentage 

of the summer rainfall variability is properly explained by the first functional component. 

However, several habitats have negative scores (e.g., “Lake” and “Saltbush”). Winter 

rainfall values are positively correlated with the second principal component in habitats 

such as “Forest” and “Grassland”, but not in “Melaleuca” and “Bluegrass”, for example. 

Rainfall behavior differs in each habitat, but some habitats, such as “Melaleuca” 

and “Bluegrass” have similarities among them. Arid zone habitats (“Arid grass”, 

“Woodland open shrub”, “Gibber”, “Saltbush”, “Acacia”, “Astrebla” and “Spinifex”) are 

also relatively grouped (Figure 2.17).  

A cluster analysis with the previously given functional PCA scores confirm that it 

is possible to consider again four rainfall-based groups. The first cluster has “Lake”, 

“Saltbush”, “Gibber”, “Casuarina”, “Mallee”, “Riverina”, “Arid grass”, “Woodland open 

shrub”, “Acacia” and “Crop” habitat categories; the second one correspond to “Astrebla” 

and “Spinifex”; the third group is “Forest”, “Grassland”, “Eucalypt woodland” and 

“Other”; “Bluegrass” and “Melaleuca” belongs to the last cluster. These “rainfall” groups 

are similar to the “coordinates” groups previously considered (Figure 2.18). All habitats 

in this first rainfall group are in the second, third and fourth coordinate groups; the third 

rainfall group is also in the fourth coordinate group and, finally, habitats from the second 

and the fourth rainfall groups belong to the coordinate first group.  

 

Relations between soil types and vegetation 

More than half of “Acacia”, “Eucalypt woodland”, “Forest”, “Grassland”, “Lake”, 

“Mallee”, “Melaleuca”, “Spinifex”, and “Woodland open shrub” habitats are found on 
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the “Others” soil type. As noted earlier, loamy soils are the most suitable for agriculture, 

consistent with the finding that the soils of “Crop” and “Riverina” are of this type. 

“Astrebla” and “Bluegrass” are mostly associated on “Clay” soils, while “Gibber” is 

predominantly found on “Stony downs” (Table 2.6). 

 

Discussion 

As is widely known, eastern Australia has a unique climate (White, 1994). 

Rainfall is highly dependent on geographic location, such as latitude and longitude, and 

distance from the sea. In general, grid cells in the north and east of the continent, those 

closest to the sea, have higher average rainfall, while the interior of Australia is the most 

arid with a gradual decline between these two categories. Along the southeast coast, 

winter rainfall is predominant, driven by Antarctic weather systems (Gibbs, 1969). Not 

only is there a strong spatial aspect, but also a considerable temporal variation. Rainfall 

patterns in the north are strongly seasonal, with summer dominant (November-April) 

rains (McBride and Nicholls, 1983). Southeastern Queensland and northeastern New 

South Wales have wet summers and relatively dry winters. In temperate southern 

Australia rainfall is winter dominant. The coastal and subcoastal regions of the southeast 

have uniform rainfall throughout the year, but prolonged dry periods can happen in any 

season. This pattern of wetter coastal and northern areas and dry inland can be seen in all 

years studied, to a varying degree depending on the overall yearly precipitation received.  

Besides the within-year variability, in the majority of eastern Australia, rainfall 

also varies between years. As proposed by various authors (McBride and Nicholls, 1983; 

Nicholls and Wong, 1990), this can be explained by the effects of ENSO. This was 

clearly the case in the period between from March 2002 to and January 2003, when 

ENSO had a very strong effect over Australia, leading to relative drought conditions 

through most of the eastern part of the continent. Short-term variability is also spatially 

uneven, as was shown by comparing the autocorrelation factor with one-month lag to the 

confidence limits. Long-term variability was estimated by recording the times the 

autocorrelation factor was inside these limits. Relative variability typically increases as 
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mean annual rainfall decreases, as latitude decreases, and as the effect of the Southern 

Oscillation increases (Nicholls and Wong, 1990). Even though the total amount of 

rainfall is more or less similar in an area between years, they have a different monthly 

distribution in one year than another. Because of this, predictability is very low, as was 

shown by comparing the temporal distribution of the rainfall from one year to the next. 

Although these trends have been discussed elsewhere, using preexisting databases the 

grid system introduced in this chapter provided an accurate evaluation of these known 

phenomena, consistent with the findings of others. 

Combinations of soil types and rainfall are limiting factors in the distribution of 

plant species (Leight and Noble, 1969), and will consequently affects faunal distributions, 

as animals use plants as food and/or shelter. “Stony downs” is a characteristic soil type of 

the arid interior. Even though on average “Stony downs” receives much less rain than any 

other soil type, the threshold for vegetative growth is also lower. After rain events, the 

sparse grassy vegetation of this soil type receives substantial runoff from the 

impermeable stony areas, which means that plant growth is triggered by about half of the 

actual rainfall needed on clay (Hunter and Melville, 1994). “Clay” soils are self-

mulching, poorly drained, but have a high water holding capacity. “Loam” soils are more 

compact with a lower water holding capacity (Campbell, 1989). Often these distinctions 

are not clear-cut; alluvial soils for example are in-between the categories clay and loam. 

The category “Others” consists of many different soil types, which are considered 

irrelevant to locust natural history (Key, 1959).  

Edaphic factors, such as soil structure and fertility and climatic conditions, such 

as the seasonal distribution and the quantity of rainfall all have major influence on the 

distribution of plant communities (Nix, 1982). Forests and woodlands are restricted to 

coastal areas with a higher annual rainfall, while the arid zone has mainly “Stony downs” 

type soils sustaining “Gibber” habitat type with sparse vegetation. The dominant plants of 

the semi-arid and arid interior, which receives occasional rains, are mainly grasses. 

Grasses respond very rapidly to rainfall events, some within just in one or two days 

(Everist, 1964). The duration of the effects of rainfall is also variable: ephemeral plants 
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dry off in about a month without rain, while tussock grasses can remain green for two to 

two and a half months (Hunter and Melville, 1994). This is an important feature for 

insects hatching at the time of the rainfall. On certain soil types, the rare events of 

sufficient rainfall allow the establishment of woody vegetation, such as open shrubs, 

mulga and mallee woodlands (White, 1994). In eastern Australia, to a varying degree, 

most vegetation types have been changed by human impact. Although Australia has been 

occupied by man for more than 40,000 years, human impact on the environment has 

accelerated since 1788 with arrival of the first Europeans (Low, 2002). With the 

discovery of the vast possibilities for agriculture and pasture, widespread clearing of 

eucalypt woodlands and modifications of grasslands were initiated (Burrows et al., 1988). 

Along with overgrazing, agricultural development is still the greatest threat to native 

pastures (Lunt et al., 1998). The first prominent change was the creation of the 

agricultural belt on the western slopes of the Great Dividing Range and in the fertile 

loamy soils of the Murray-Darling river system. Since then, the extent of woodlands has 

been shrinking and crops occupy a considerable area. With the pastoral occupation of 

Queensland, the native brigalow and gidgee associations have been replaced by 

grasslands and crops (Elder, 1974). Agricultural areas were established under favorable 

edaphic and climatic conditions. Their soil is predominantly loam, which has good 

features for growing European plants, and rainfall is relatively regular. To pay off 

returning soldiers, at the end of both World Wars I and II, large grazing stations were 

divided into smaller sizes that had to adopt intensive farming methods (Lunt et al., 1998). 

Since then, natural and secondary grasslands and woodlands of the semi-arid and arid 

zones have been extensively grazed by merino sheep and beef cattle (Everist, 1964; 

Slatyer and Perry, 1969; Orr, 1980a). Overgrazing is still one of the main threats to plant 

and animal communities (Lunt et al., 1998; Martin and Possingham, 2005). The grazing 

pressure has turned other open woodlands and shrublands into secondary grasslands 

dominated by weed species: for instance native Astrebla grasslands have been invaded by 

exotics, such as the thorn tree (Acacia nilotica) (Burrows et al., 1988), and in Queensland 

they have been completely replaced by bluegrass (Dicanthinum sericeum), which can 
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better withstand grazing pressure during drought (Campbell, 1989). The Riverina is a 

naturally dry region bordering the semi-arid ecosystems further inland, at present, the 

irrigated “bread-basket” of eastern Australia (Lunt et al., 1998). Its vegetation before 

European occupation used to be grassy woodlands and grasslands of native perennial 

grasses and forbs, such as kangaroo grass (Themeda triandra), spider grass (Enteropogon 

acicularis), plains spear-grass (Austrostipa aristglumis) and tussock-grasses (e.g., Poa 

labillardierei). Extensively modified by European settlers, because of heavy grazing 

pressure, tall grasses were replaced by shorter grasses, and exotic annuals (Lunt et al., 

1998). Because of these changes, the quality of the habitats is not the same in all the 

areas. What I classified as one habitat, can vary from “quasi-natural” to “completely 

degraded”, and in some cases the majority of the species encountered can be exotics, 

especially in pastures (Burrows et al., 1988; Lunt et al., 1998). Because of this, when 

predicting species occurrences, it would be better to use a scale of “naturalness” along 

our categorical database. Unfortunately, there was no current information available on the 

scale of this study. As there is a mosaic of different habitat categories (closely related 

with vegetation types) within the study zone, the introduction of a degradation scale 

would further complicate the classification of habitats.  

Similar to plants, abiotic and biotic conditions influence distribution and densities 

of animal species. The relationship between locust occurrences and rainfall events is well 

known. Locust distributions depend on the type and condition of the vegetation 

(Bryceson, 1991), which reflects the amount and timing of rainfall (Hunter and Melville, 

1994). These events are rare and unpredictable in inland Australia. The same dependence 

has been shown for arid zone bird species, in which rainfall and its effects can be a 

stronger cue for breeding than daylength (Serventy, 1971), as discussed in the previous 

chapter.  

Relationships between habitat categories and rainfall patterns have been achieved 

by using functional PCA on Fourier series. Although the analysis is very suitable (a high 

percentage of the variability was explained), two different functional components were 

needed, which means that not all habitats have the same regular and cyclical rainfall 
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pattern. In certain periods within a year (which change depending on the type of habitats 

compared), it is also possible to sort habitats by rainfall values, but at least two periods 

(corresponding to summer and winter) have different rainfall patterns. Most of the 

differences in rainfall among habitats can be explained by the geographical location, 

because habitat categories with similar monthly rainfall values are usually closer in 

proximity than others with more divergent rainfall patterns. 

 

Conclusions 

Even though rainfall is more abundant in certain areas of eastern Australia 

(rainfall generally declines going from north to south as well as from east to west), it can 

be locally and temporally unpredictable so that in the arid and semi-arid areas no obvious 

intra-annual patterns were seen. Interannual differences can be partly explained by the 

effects of ENSO. 

Strong relationships were found among different soil, vegetation and rainfall 

categories. A close relationship was found between habitat type and monthly rainfall 

values, as well as correlations between vegetation and soil types. A novel technique for 

cyclic variables was used to analyze temporal rainfall distribution in each habitat type. 

This analysis was appropriate for the study of rainfall patterns in the study area; however, 

it proved to be insufficient for a complete explanation of rainfall patterns. In eastern 

Australia, habitat types are irregularly distributed, and rainfall patterns are different in 

each habitat, arid zone habitats having characteristically lower rainfall values than coastal 

areas. Rainfall does not only show a habitat-specific distribution, its temporal distribution 

is also characteristic to habitats.  

The aforementioned intra-annual variability of rainfall is extremely important for 

the survival and reproduction of plant and animal populations and has undoubtedly been 

an important factor in the evolution of species inhabiting these areas. I will use rainfall, 

soil and vegetation classifications to examine the distribution of locusts and birds in the 

following chapters.  
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Tables and figures 
 

Table 2.1. Categories of vegetation found in eastern Australia 
Category Description 
Acacia Low or medium acacia trees, including mulga (Acacia aneura), brigalow 

(A. harpophylla), gidgee (A. cambagei), myall (A. pendula), lancewood 
(A. shirley). 

  
Arid grass Tallest stratum tussocky or tufted grasses, 1–30% density, mostly on 

river floodplains. 
  
Astrebla Tallest or lower stratum dominant species is Mitchell grass. Four species: 

Curly mitchell (Astrebla lappacea), hoop mitchell (A. elymoides), barley 
mitchell (A. pectinata), and bull mitchell (A. squamosa) as tussocks of 
low basal cover (2–4%). 

  
Bluegrass Tallest stratum dominant species is Dichanthium. 
  
Casuarina Tallest stratum dominant species is Casuarina, including Allocasuarina 

or Myoporum. 
  
Crop Horticulture, sugarcane, Fabaceae or Eucalyptus, Acacia or “other 

grasses” habitat patch that contains more than 30,000 hectares of summer 
or winter crop. 

  
Eucalypt 
woodland 

Tallest stratum Eucalyptus, conifers or mixed low or medium trees, 1–
30% density. 

  
Forest Tallest stratum is Eucalyptus, conifers, Nothofagus or mixed medium-tall 

trees, 30–70+ % density. 
  
Gibber Stony downs with chenopod forbs, density less than 10%. 
  
Grassland Tussocky or hummock grasses, tufted grasses or other herbaceous plants 

with a density of 30–70+ %. 
  
Lake Salt lakes or permanent lakes. 
  
Mallee Low Banksia-Casuarina shrub density 30–70%, or tall Eucalyptus shrub 

with 10–30% density. 
  
Melaleuca Tallest stratum dominant species is Melaleuca or mixed, low tree forms, 

1–30 % density. 
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Table 2.1. (Continued) 
Category Description 
Other Littoral complex or urban. 
  
Riverina One polygon distinguished by geography. Vegetation: other grasses, 10–

30% density. 
  
Saltbush Tallest stratum is low Chenopodium shrubs 10–30% density, or lower 

stratum is Chenopodium if tallest is low Eucalyptus trees or low mixed 
trees density 1–10%. 

  
Spinifex Tallest stratum is Triodia and/or Plectrachne hummock grass density 

10–30%, low Eucalyptus trees, Acacia or mixed shrub of 1–10% density 
with lower stratum Triodia and/or Plectrachne with hummock grass 
growth form. 

  
Woody 
open shrub 

Tallest stratum growth form Acacia shrub, mixed Asteraceae 1–10% 
density with “other grasses” in the lower stratum. 
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Table 2.2. Mean and standard deviation values of monthly rainfall per  
grid cells in 1998–2004  
Years Mean rainfall Standard Deviation Median rainfall 
1998 61.910 23.350 60.078 
1999 58.149 47.628 54.856 
2000 68.245 41.999 56.380 
2001 44.545 29.870 35.554 
2002 33.155 27.604 22.236 
2003 43.879 33.461 30.591 
2004 33.701 17.386 33.135 
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Table 2.3. Extent of the 18 different vegetation categories in the study  
area 
Category Abbreviations Area (km2) Percentage 
Acacia AC 369,285 12.04 
Arid grass AG   76,641   2.50 
Astrebla AS 276,224   9.00 
Bluegrass BG   35,166   1.15 
Casuarina CA   71,725   2.34 
Crop CR 531,985 17.34 
Eucalypt woodland EW 644,486 21.00 
Forest FO 102,999   3.36 
Gibber GI   58,605   1.91 
Grassland GR   38,869   1.27 
Lake LA   28,930   0.94 
Mallee MA   75,561   2.46 
Melaleuca ME   51,370   1.67 
Other OT   11,338   0.37 
Riverina RI   23,039   0.75 
Saltbush SA 193,827   6.32 
Spinifex SP 284,665   9.28 
Woodland open shrub WO 193,623   6.31 
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Table 2.4. Monthly average rainfall  
values for different habitats in  
1998–2002 (mm/month) 
Category Rainfall 
Acacia 44.590 
Arid grass 31.457 
Astrebla 53.423 
Bluegrass 87.658 
Casuarina 28.649 
Crop 52.956 
Eucalypt woodland 71.218 
Forest 81.846 
Gibber 21.861 
Grassland 71.577 
Lake 20.456 
Mallee 31.368 
Melaleuca 91.251 
Other 85.326 
Riverina 34.788 
Saltbush 22.391 
Spinifex 47.055 
Woodland open shrub 26.748 
 



 97

Table 2.5. Scores for each habitat rainfall function and  
each principal component 
Category Component 1 Component 2 
Acacia –0.0512 –0.0079 
Arid grass –0.1688 –0.0450 
Astrebla 0.1180 –0.0703 
Bluegrass 0.5455 –0.1073 
Casuarina –0.2436 –0.0146 
Crop –0.0834 0.1109 
Eucalypt woodland 0.2041 0.0523 
Forest 0.1348 0.2251 
Gibber –0.2551 –0.0718 
Grassland 0.0705 0.1705 
Lake –0.2889 –0.0581 
Mallee –0.2327 –0.0010 
Melaleuca 0.5964 –0.1133 
Other 0.2999 0.0962 
Riverina –0.2139 0.0314 
Saltbush –0.2735 –0.0523 
Spinifex 0.0610 –0.0931 
Woodland open shrub –0.2192 –0.0518 
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Table 2.6. Percentage of vegetation on the four soil types 
Vegetation  Stony downs Clay Loam Others 
Acacia 0.465 1.685 2.006 7.852 
Arid grass 0.149 1.099 0.077 1.164 
Astrebla 0.997 7.038 0.049 1.059 
Bluegrass 0.000 0.997 0.000 0.195 
Casuarina 0.054 0.264 0.930 1.052 
Crop 0.000 4.117 8.824 4.176 
E. woodland 0.012 2.292 3.013 15.900 
Forest 0.000 0.016 0.316 2.984 
Gibber 1.447 0.116 0.002 0.332 
Grassland 0.000 0.196 0.458 0.600 
Lake 0.023 0.029 0.061 0.800 
Mallee 0.000 0.017 0.412 2.001 
Melaleuca 0.000 0.083 0.036 1.618 
Other 0.000 0.147 0.057 0.140 
Riverina 0.000 0.256 0.475 0.009 
Saltbush 1.560 1.502 2.127 1.046 
Spinifex 0.076 0.328 0.031 8.970 
W. open shrub 0.484 0.345 0.718 4.711 
TOTAL 5.269 20.527 19.593 54.611 
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Figure 2.1. States, major areas, lakes, rivers and the area of Australian plague locust 
infestations towards the east in eastern Australia. Blue areas are permanent or temporary 
lakes and shading indicates mountain ranges. Map redrawn from Australian Plague 
Locust Commission (1997).  
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Figure 2.2. Location of the study area in relation to the Australian continent with the half-
degree grid cell coverage. The northern and southern extents are delineated by the 17.00º 
and 37.00º South latitudes, respectively, while the western and eastern extents are 
delineated by the 136.00º and 152.00º east longitudes, respectively. 
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Figure 2.3. Distribution of the four selected soil types within the study area. Standard soil 
classifications of the Bureau of Rural Sciences (1991) are grouped into four categories 
used by the APLC. See Figure 2.2 for location.  
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Figure 2.4. Spatial distribution of annual total rainfall per half-degree grid cell in the 
study area in the years 1998–2004. Darker colors mean higher annual total rainfall 
values. See Figure 2.2 for location. 
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Figure 2.5. Inter-year variability of mean (±SD) and median monthly rainfall values for half-degree grid cells for the area of 
interest between 1998 and 2004.  
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Figure 2.6. Local variability of rainfall per half-degree within the study area for 1998–2002. A: Interquartile range (IQR), B: 
max/(1+min) monthly precipitation. 
 

104



 

 105

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7. Summer (October-March) rainfall values per grid cell as a percentage of total 
annual rainfall in that grid cell (1998–2004). 
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A          

B        
 
 
 
Figure 2.8. Examples of the temporal pattern of the autocorrelation factor (ACF) values 
calculated from monthly rainfall values as a function of lag periods (month) for one grid 
cell. Red dotted lines denote the 95% confidence limits. A: Example of a grid cell with 
relatively predictable rainfall (grid cell # 193, denoted with * on Figure 2.9). B: Example 
of a grid cell with unpredictable rainfall (grid cell # 833, denoted with ** on Figure 2.9).
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Figure 2.9. Map of the area of interest and examples of the temporal pattern of autocorrelation factors calculated for selected 
grid cells. Dotted lines on the graphs denote the 95% confidence limits, which refer to “predictability” or rainfall. Graphs 
marked with red stars are shown in Figure 2.8. 
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Figure 2.10. Monthly variability of rainfall measured by assessing monthly rainfall 
autocorrelation factors with a lag of one month. Each grid cell is either greater than the 
95% confidence interval (“non-zero”, autocorrelated) or less than the 95% confidence 
interval (“0”, not autocorrelated). 
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Figure 2.11. Predictability of rainfall in half-degree grid cells in the area of interest for 
1998–2002. Rainfall predictability was assessed by calculating the autocorrelation factors 
with a lag of 12 months. 
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Figure 2.12. Variability of rainfall in half-degree grid cells in the area of interest for 
1998–2002, which is the number of times the value of the autocorrelation factor was 
outside the 95% confidence limits. 
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Figure 2.13. Spatial averages of total annual rainfall values per soil type (in mm). Total 
rainfall was calculated by calculating the annual rainfall in each of the 5,077 
homogeneous structural “soil” units, and then rainfall totals were averaged spatially 
between the same type of units. As these structural units have different areas, standard 
deviation of the mean rainfall cannot be determined, as they do not represent the same 
area and same importance.   
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Figure 2.14. Spatial distribution of vegetation categories within the study area with the 
half-degree grid coverage. Standard vegetation classifications are grouped into 18 
categories. See figure 2.2 for location. Source: AUSLIG (1990). 
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Figure 2.15. Total rainfall values for different habitats in 1998–2002 (mm/month). For 
abbreviations of the habitat categories see Table 2.3. 
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Figure 2.16. First and second eigenfunctions (i.e., functional principal components) to 
explain rainfall per habitat category. 



 

 115

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.17. Scores of each habitat in functional PCA (horizontal axe for the first 
component and vertical axe for the second one). Filled symbols represent arid zone 
categories. For habitat name abbreviations, see Table 2.3. 
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Figure 2.18. Comparison of vegetation categories based on cluster analysis for 
coordinates and rainfall values. 



 

 117

CHAPTER III 

LOCUST BIOLOGY, DISTRIBUTION & CONTROL 

  

Introduction 

Since European occupation of eastern Australia, intermittent locust outbreaks 

have been causing damage to crops (Weddell, 1937; Key, 1938; Haskell, 1970; Hooper, 

1998; Walton et al., 2003). In addition to the cost of crop losses, the costs of outbreak 

prevention and control have been substantial (Casimir, 1965; Casimir and Edge, 1979; 

Wright, 1982, 1986b, 1986a). During the last century, a half dozen Orthopteran species 

have been thoroughly studied in order to successfully prevent outbreaks or minimize their 

impact (Key, 1945; Clark, 1947; Andrewartha and Birch, 1954; Clark et al., 1969; 

Farrow, 1977a; Hunter, 2004). 

The three most important locust pests in this region are the Australian plague 

locust, the Spur-throated locust and the Migratory locust (Walton et al., 2003). Although 

their distributions sometimes overlap, the three species differ in frequency, duration, 

severity and location of outbreaks (Baker and Casimir, 1985). The Australian plague 

locust has a widespread distribution with preference for the arid zone (Key, 1954). This 

species prefers open grasslands with green foliage, which are mostly on stony down and 

loamy type soils (Clark et al., 1969). Populations are often found in the proximity (about 

1 km) of creeks and tree-, or shrublines (Australian Plague Locust Commission, 1997). 

Australian plague locust nymphs rely on green vegetation for food and shelter, which is 

dependent on the amount of water available (Symmons and McCulloch, 1980; Hunter et 

al., 2001a). In the arid zone, the low and unpredictable rainfall triggers a surge in plant 

growth (White, 1994). Under favorable conditions, Australian plague locusts can breed 

gregariously, increasing their numbers up to tenfold with each generation (Walton et al., 

2003). As introduced in Chapter 1, this species usually has two to three generations 

annually (Clark, 1974), but it can reach four in years optimal for breeding (Casimir and 

Bament, 1974). In those years, locusts are present in a large proportion of eastern 

Australia. However, in most areas of their distribution, rainfall is too low or too high to 

allow survival and reproduction for more than three consecutive months at a time 
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(Andrewartha, 1940). Temperature is also an important limiting factor, as cold prevents 

active stages of Australian plague locust to persist in the winter (Key, 1945). 

The other two species have a more northerly distribution (Baker and Casimir, 

1985). The Spur-throated locust breeds in the monsoonal north (Casimir and Edge, 1979) 

on seasonally flooded tall grass plains (Hunter and Spurgin, 1999). It feeds on a wide 

variety of plants, including native trees in the subcoastal areas (Veitch, 1961). The 

Migratory locust is adapted to uniform rainfall patterns throughout the year, conditions, 

which are met in sub-coastal Queensland (Baker and Casimir, 1985). Both species lack 

overwintering stages and adults die after laying eggs (Elder, 1974; Hitchcock, 1975) 

The Australian plague locust has the most frequent outbreaks; however, 

consecutive seasons of favorable environmental conditions (species-specific optimal 

rainfall and temperature patterns) can lead to outbreaks of all three species. Such 

conditions allow locusts to build up to high numbers and invade agricultural areas 

causing damage to crops (Walton et al., 2003). The Migratory locust, for instance is 

capable of invading sugar cane plantations in coastal Queensland (Hitchcock, 1975). 

Historically, the location of these locust build-ups has not been random. In the 

1940s, “outbreak centers” were identified as locations with a higher probability of 

serving as a source for Australian plague locust swarms (Key, 1945). Since then, these 

areas have been heavily investigated to minimize the occurrence of outbreaks. One of the 

areas of high importance was the Channel country in southwestern Queensland that has 

been extensively surveyed since the mid-1960s (Clark et al., 1969; Symmons, 1984; 

Bryceson and Wright, 1986; Wright, 1987) .  

 In the history of Australian locust control several, mostly chemical, methods have 

been used, with largely unknown environmental effects (McCarthy and Ellis, 1938; 

Weddell, 1944; Hogan, 1955; Casimir and Jones, 1958; Casimir, 1965; Haskell, 1970; 

Casimir, 1976; Elder et al., 1979; Baker and Casimir, 1985; Crisp, 1992; Hooper, 1998). 

Founded in 1974 and operational since 1977, the APLC has been in charge of monitoring 

and controlling these species in inland eastern Australia (Symmons, 1984). Its aim is to 

maintain locust numbers below levels that cause economic damage to agricultural 

industries, and to minimize migration and subsequent breeding. Locusts are usually 
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controlled when their numbers are high in critical areas, although several factors 

influence the decisions about spraying events and the chemicals used (Hunter, 2004). The 

spraying site must be at least 1500 m away from open water, human dwellings and nature 

conservation reserves (Australian Plague Locust Commission, 1997). Weather, for 

instance the wind conditions, can have important effects on chemical distribution, and 

thus, the time of the spraying event is carefully scrutinized. Currently, control is mostly 

preventative, and is assisted by modern tools, such as forecasting and modeling (Hunter 

and Deveson, 2002). If an interstate threat is unlikely, private landowners and state 

authorities, such as the Rural Land Protection Boards and local governments, are also 

authorized to carry out control measures (Baker and Casimir, 1985), and do so mainly in 

the more easterly and southerly areas of the agricultural belt.  

The aim of this chapter is to understand the spatio-temporal distribution and 

habitat preference of three economically important locust species and to link these 

distribution patterns with the location and timing of chemical control programs conducted 

by APLC. To obtain this, I have explored aspects of locust natural history through the use 

of available databases, including landscape-level temporal and spatial locust distributions 

along with grided rainfall and vegetation information. As the ultimate motive of this 

study is to investigate the risk of avian exposure to locust-control pesticides, the historical 

information on pesticide application patterns has also been analyzed.      

 

Materials and Methods 

Yearly summaries of locust survey and spraying data for the area of interest for 

the five study years (1998–2002) were provided by the APLC. The data were rearranged 

into two datasets, one for locust surveys and one for locust control events. The locations 

of both types of events were mapped in ArcView GIS version 3.2a (ESRI, Copyright 

1992–2000) and ArcInfo version 7.0.3 (ESRI, Copyright 1995–2003). The half-degree 

grid and vegetation polygons introduced in the Chapter 2 were used to spatially classify 

the locust data using the Spatial Join function of ArcView. By overlaying grided monthly 

rainfall data with the survey layer, I obtained the amount of rainfall for each grid where a 
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survey was conducted for the survey month. Descriptive statistics and linear regressions 

were performed in SPSS version 12.0.1 for Windows (SPSS Inc. Copyright 1989–2003).  

The locust survey database is the result of the ongoing work of the APLC. Locust 

populations of the three species of interest are regularly monitored through road surveys 

by field officers, reports by landholders, and data from eight light traps operated across 

the APLC’s area of responsibility (Australian Plague Locust Commission, 1997). In the 

case of suspected or predicted locust hatchings or infestations, field surveys are 

undertaken. The standard method of survey is slowly driving through areas and stopping 

to walk four, 1 m x 250 m transects at 40 km intervals (Australian Plague Locust 

Commission, 1997). The frequency of samples can increase to 10–20 km intervals in 

areas where gregarious populations are detected, but survey records are replaced by 

control records when populations are large enough to warrant control.  

When encountering nymphal bands or adult locusts, the officers record several 

data endpoints, such as geographical coordinates, time, species, density, and the life-stage 

of locusts (see Appendix B, Table B.5 for an example of the survey dataset). To reach the 

reproductive state, hoppers molt five to six times. These five nymphal stages are 

distinguished by the size of the wingbuds. Adult life-stages are classified as adults with 

fat, gravid females and laying females (Australian Plague Locust Commission, 1997). 

Various age groups can co-occur in the same observation. The local density of locust 

infestations is also recorded in four density categories for nymphs (Table 3.1) and eight 

for adults (Table 3.2). If no locusts are present, the density category is zero. Density 

categories are described as continuum. An integer value of 5 is exponentially transformed 

sequentially, leading to a series of exponentially of increasing density categories. These 

categories provide the approximate bounds for the density categories described in Table 

3.2. In the case of adults, categories 4 and 5 represent a subdivision of the 53/250 m2 

category, because settled and flying locusts differ in their behavior. The highest density 

of swarms can be up to 56/250 m2, but the measurements become more qualitative at the 

high end.  
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 Locust number 
 5 x  
 Locusts/ Locusts/ 
x 250 m2 m2 
1 5 0.02 
2 25 0.1 
3 125 0.5 
4 625 2.5 
5 3125 12.5 
6 15625 62.5 

 

Locust survey data were examined temporally by taking the frequency of 

occurrence and density data from all APLC surveys for each month from January 1998 

through December 2002. When calculating mean locust densities, I assumed that the 

recorded groups always occupied an area of a similar size. This made the use of density 

estimates possible to infer locust numbers in a particular grid cell. For the Australian 

plague locust, I defined the locust density index (LDI) as the sum of mean densities 

multiplied by the number of sightings. To make nymphal and adult densities comparable 

over the same geographical area, percentages of the monthly maximum recorded values 

over all values in the five years were calculated. This index was then used to compare 

locust numbers to other continuous variables, such as millimeters of rainfall, hectares of 

habitat, or liters of pesticides applied. When comparing rainfall values with locust 

occurrences, monthly rainfall values were calculated as the mean of rainfall values for all 

grids with locust surveys for that month. Besides the temporal relationship, spatial 

interactions are possible between climatic factors and locust occurrences. Therefore, the 

relationship between the spatial distribution of locust observations and the corresponding 

rainfall values at the time and location of the observations were investigated. As an 

example, two months of a wet (1999) and a dry year (2002) were selected to illustrate the 

spatial dependence of the Australian plague locust nymphs and adults on the amount of 

rainfall in the given month in each grid cell. 

The APLC spraying database is similar to the locust survey database in the 

endpoints recorded (see Appendix B, Table B.6 for an example of the control dataset). It 

contains geographical coordinates, time, species and life-stage of locusts, type and liters 

of chemical used, and the size of the area sprayed. For the purposes of this study, the 
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spraying database was incorporated into the survey database, because sprayings only take 

place when locusts aggregate in high numbers, and sometimes survey officers do not 

record a spray event as a separate locust sighting event. However, combination of the two 

data sets did result in some duplicates, which were manually removed from the database. 

In all cases, when density information was missing for spraying data, I assumed the 

highest category (4 for nymphs and 8 for adults).  

Locusts are usually controlled when nymphs are in the 2nd and 3rd stages, that is, 

large enough to take up enough pesticides, but unlike adults, still flightless and so unable 

to move long distances. As nymphs aggregate in bands, they can be spotted from the air, 

and large numbers can be effectively treated in a defined area. Although this is the ideal 

situation, control can also be carried out when locusts are at older stages.  

To investigate the relationship between locust presence and locust control events 

at a more manageable geographical scale, three areas of special interest were selected 

based on their high frequency of locust observations and subsequent sprayings: the 

Channel Country South, Stony Plains East and Riverina (Figure 3.1). These “Focal 

Areas” are of similar size, consisting of 30 grid cells, but are located in different 

geographical areas and represent different habitat and rainfall regimes. 

 

Results 

Spatio-temporal distribution of locust surveys 

Between 1998 and 2002, a total of 688 grid cells were visited in 32,727 locust 

surveys in the whole study area (Figure 3.2). The mean ± SD number of visits per grid 

cell was 45.91±42.24. Only 188 grid cells were visited more than once a month, 25 grid 

cells were visited only once during the five years, and one grid cell was visited 233 times. 

Australian plague locusts were seen throughout the survey area where high nymphal and 

adult densities seem to coincide (Figure 3.3). As adults are able to migrate, the areas 

where they were found were considerably larger, however, the locations of higher adult 

concentrations seem to correspond to those of nymphs. Spur-throated locusts are found 

mainly in the north, with high nymphal densities, breeding in Queensland, and migrating 

adults infesting as far south as New South Wales (Figure 3.4). Densities and frequencies 
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of sightings are lower than in the case of the Australian plague locust. The Migratory 

locust has a more coastal distribution (Figure 3.5). In the five years studied, there were no 

serious outbreaks of this species. Adults were observed in low densities far from the area 

when where nymphs had been recorded.  

The highest number of surveys was 2,493 in February 1998, when the highest 

number of sightings (2,015) was of Spur-throated locust (76.0%; Figure 3.6). In March-

June 1999, surveys recorded the highest percentages of locust sightings, with 97.9 to 

100% positive sightings for at least one of the three species in 989, 386, 308 and 141 

surveys performed in these four months, respectively. There were few to no surveys 

during winter months (May to August) in most years. The sightings-surveys ratio was the 

lowest in September 2001 (10.9%), and it was low in August of every year (27.2% in 

1998, 21.0% in 1999, 25.4% in 2000 and no surveys in 2001 and 2002). In general, the 

number of surveys declined through the years of interest. 

For all three species, there are positive correlations between the number of 

surveys and the number of times the species was seen in one month, considering nymphs 

and adults together (Figure 3.7). In the case of the Australian plague locust r = 0.703 and 

r2 = 0.4942, therefore 49% of the variability of the number of observations is explained 

by the number of surveys. For Spur-throated locusts, r = 0.808 and r2 = 0.6528 there is an 

even stronger correlation, thus the more times surveys were conducted, more times the 

locusts are seen. This suggests that for these species, the observations are not temporally 

random. For Migratory locusts, where r = 0.523 and r2 = 0.2735, 73% of the variability of 

the number of observations is unexplained by this linear model. Here, we can presume 

that the data have been obtained randomly, because of the low correlation coefficients. 

Similarly to the temporal relationship, there is a positive regression in all three 

species (nymphs and adults considered together) of the number of surveys on the number 

of times the species was seen in one grid. In the case of the Australian plague locust r = 

0.766 and r2 = 0.5863, therefore the variability of the number of observations is explained 

in more than 58% by the number of surveys. For Spur-throated locusts, r = 0.611 and r2 = 

0.3736. For Migratory locusts, where r = 0.264 and r2 = 0.0697, 93% of the variability of 

the number of observations is unexplained by this model. These coefficients suggest that 
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the surveys were spatially random for the last two species. Because the coefficients were 

low for the Migratory locust in the temporal as well as the spatial correlation, and the 

frequency of observations was not sufficiently high, this species was not considered in 

further analysis (Figure 3.8). 

 

Locust occurrence in relation to rainfall  

In the cases of the Australian plague locust and the Spur-throated locust there 

were temporal relationships between nymphal and adult densities observed and the 

amount of rainfall at the time and location of the observation (Figures 3.9 to 3.12). In 

years of higher rainfall, such as 2000, the Australian plague locust was more frequently 

observed than in drier years, such as in 2002 (Figures 3.9 and 3.10). However, over the 

study period, Spur-throated locusts were observed (in the highest numbers) with the 

greatest frequency in 1998 and 1999, years that do not coincide with the highest total 

rainfall values (Figures 3.11 and 3.12).  

Observation frequencies of Australian plague locust adults were significantly 

correlated with the frequency of nymph observations in the previous month (r = 0.852, r2 

= 0.727, n = 59).Weak correlations were found between the total monthly locust  

sightings and the average monthly rainfall across all the grid cells that had positive 

sightings (nymph-rain: r = 0.322; adult-rain: r = 0.472; n = 60). The correlations with the 

rainfall data of the month preceding the sightings (nymph-rain: r = 0.362; adult-rain: r = 

0.311; n = 59) were weaker (Figure 3.13).  

When the rainfall of a given grid cell was relatively high, as in October 1999, 

higher nymphal densities were observed at 110 locations, primarily in NSW (Figure 

3.14). On the other hand, with low monthly total rainfall values, as in October 2002, 

higher nymphal densities were not detected. In another example, Australian plague locust 

adults were observed 73 times at densities at or above “concentration” level (0.5 

insects/m2) in December 1999, which was relatively wet (Figure 3.15). Nymphs were 

seen in the same area of NSW two months earlier. The second location of adult 

observations that year, in Qld, could have developed locally from nymphs hatching at 

lower densities or later in the year (November 1999), or could have migrated there from 
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other areas in the north. In 2002 there were no high density adult concentrations recorded. 

This could be the result of low rainfall in October as well as in December, and likely, a 

consequence of the absence of nymphs observed two months earlier.  

  
Locust habitat preference  

Descriptive statistics can help to understand locust habitat preference by 

comparing the percentage of locust sightings in each habitat to the percentage of the area 

of that habitat (Table 3.3). Active stages of the Australian plague locust show a 

considerable preference for “Saltbush” habitat, with other preferred habitats including 

“Casuarina”, “Crop” and “Riverina”. “Crop” and “Woodland open shrub” habitats are 

slightly preferred by adults, while “Riverina” by nymphs. Other preferences, such as that 

for “Gibber” are minor, given the small total area of this habitat that is available. In some 

major habitat types, such as in “Eucalypt woodland” and “Spinifex”, there were very few 

sightings, as in other habitats with a small total area, such as “Forest”, “Bluegrass”, 

“Grassland”, and “Melaleuca”. Comparing the number of sightings with the number of 

surveys, there are some discrepancies. “Astrebla” was the most frequently visited habitat, 

nevertheless the percentage of nymph and adult sightings with respect to its area, was 

very low. The number of surveys in “Eucalypt woodland” is relatively low compared to 

the area it occupies, but moderate with respect to the number of sightings. “Riverina” is 

overrepresented in the number of surveys with respect to its area, recording higher than 

average numbers of nymphs.  

The habitat preference of nymphs, which was represented by the LDI, changes 

temporally, both within years and between years (Figure 3.16). In January 1998, 

“Astrebla” was the most common vegetation type in which nymphs were found at high 

densities, but this type was not frequented in subsequent months. In the following years, 

there were two major irruptions in nymph numbers, one during the summer of 1999–

2000, and the second during the following summer, 2000–2001. Nymphs were present in 

various habitats in both periods, but in October 1999 the highest numbers corresponded 

to “Crop” habitat. Smaller numbers were seen in January 2000 in “Arid grass” and the 

last peak was in March 2000, with high numbers in “Acacia”, “Saltbush”, “Woodland 

open shrub”, “Gibber” and in “Casuarina”. The next locust season, October 2000 had 
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smaller numbers, again in several vegetation types. The most significant outbreak was in 

“Saltbush” type in October, with lower numbers until February, in “Casuarina” in 

October, in “Riverina” in October-November. In February 2002 there were high nymph 

numbers in “Arid grass”. The vegetation types “Eucalypt woodland”, “Forest”, 

“Grassland”, “Lake”, “Mallee” and “Spinifex” did not have high nymphal densities in 

any of the months analyzed. Overall, nymphal occurrence was inconsistent with any 

particular vegetation type. 

Adults also showed a heterogeneous distribution per habitat type in the five years 

investigated (Figure 3.17). There were relatively low numbers of adults in February 1998 

“Astrebla”, and in April 1999 in “Crop”. Higher numbers were recorded in the spring 

(November) of 1999 in “Crop”, and later in April 2000 in “Acacia” and “Saltbush” types. 

“Saltbush” had the highest absolute numbers in November 2000, and in the same month, 

there were high densities in “Casuarina”. The habitats “Arid grass”, “Eucalypt 

woodland”, “Forest”, “Gibber”, “Grassland”, “Lake”, “Mallee”, “Riverina”, “Spinifex” 

and “Woodland open shrub” had low adult densities compared to the previously 

mentioned habitats. Similar to the nymphs, there was no consistent outbreak habitat. 

 

Temporal distribution of locust occurrences 

Summing numbers of Australian plague locust observations in all eastern 

Australia across years, there are three local maxima in both nymph and adult numbers 

(Figure 3.18). These correspond to the three generations per year. First generation 

nymphs start to hatch in August, reaching the highest point in the middle of October. 

These nymphs develop into adults in about six weeks. Mature adults lay eggs, which 

gives rise to the second generation, hatching in December-January and becoming adults 

in January-February. The third generation hatches in March, and reaches the highest 

levels. The subsequent adult generation is shorter-lived than the previous ones. The eggs 

of the third generation are dormant during the winter and will hatch the next spring.   
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Focal areas 

Each of the three focal areas lay in areas with different vegetation cover and 

rainfall regimes (Figure 3.1). The first block, Region A (Channel Country South), lies on 

the border of northeastern South Australia and southwestern Queensland, in the flood 

zone of the Cooper Creek. Its vegetation is a mosaic of “Spinifex”, “Gibber”, “Saltbush”, 

“Woodland open shrub”, “Astrebla”, “Arid grass”, “Acacia” and “Eucalypt woodland”. 

Region B (Stony Plains East) is southwest of A, in South Australia. Its vegetation is 

mostly “Gibber” and “Saltbush” with some “Acacia”, “Arid grass” and “Spinifex”. 

Region C (Riverina) is in south central NSW, between the Lachlan and the 

Murrumbidgee rivers. The habitat of this block is mostly “Riverina”, with some “Crop”, 

“Saltbush” and “Eucalyptus woodland” present. Between 1998 and 2002 in region A 

there were 132 nymph records (four of which required pesticide control activities) and 

215 adult sighting (32 swarm control events). Region B had 190 nymph sightings (28 

band control events) and 127 adults (36 swarm control events). Region C had the highest 

number of locust sightings with 340 nymphs (185 band control events) and 345 adults 

(134 swarm control events). The intra-year temporal distribution of nymph and adult 

sightings in the three regions is similar (Figure 3.19). Unlike the total number of locust 

sightings for all eastern Australia, which have three temporal peaks, the regional totals 

show only two maxima in both nymphs and adults. The temporal distribution is different 

in the three zones, nymphs are first seen in September in Region C and the highest 

numbers are in October. In the other two regions the first nymphs are detected later. The 

total number of surveys was the highest in Region A (2902), less in Region C (2059) and 

the lowest in Region B (1326). The temporal distribution of the surveys was also 

different in the three regions, although the highest number of surveys for all three regions 

was in March (Figure 3.19).  

The high number of locust sightings permits further studies of the temporal 

distribution in Region C (Figure 3.20). The inter-year variability was very high, reaching 

peak numbers for nymphs towards the end of 1999 and in 2000. High adult densities tend 

to follow high nymphal densities, but can also result from immigration to the area. In 

April, 1999 high adult numbers were recorded in spite of no previous nymph sightings. 
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Locust control 

In the area of Australian plague locust occurrence, the distribution of control 

events is uneven (Figure 3.21). There were 2058 pesticide application events across 174 

grid cells with pesticide application in 1998–2005, with “hotspots”, such as the 

agricultural belt of New South Wales and southwestern Queensland, with some grid cells 

receiving up to 117 applications each (Figure 3.22). In the years investigated, the major 

chemical used against the Australian plague locust was fenitrothion. It was used 

extensively: on 917 occasions between January 1998 and December 2002 and on 897 

occasions between January 2003 and July 2005 in 159 grid cells. The use of fipronil and 

Metarhizium is becoming more common, especially in environmentally sensitive areas. 

There were 59 fipronil applications before January 2003 and 257 applications in the from 

January 2003, in a total of 38 grid cells. For Metarhizium, there were 96 and 51 

applications for the same two periods respectively, in 31 grid cells. 

The temporal distribution of chemical use also shows a distinct pattern. The total 

amount of the three pesticides applied in eastern Australia is closely related to the number 

of locust nymphs occurring in the present and the previous month (Figure 3.23). 

 

Discussion 

Bias in the database 

As the APLC survey database was compiled with the primary aim of predicting 

and efficiently controlling locust outbreaks, it is biased in various ways when performing 

statistical analyses. Locust surveys are mostly performed in locust-suitable habitats at 

locations and times with a high probability of locust occurrence. This explains the uneven 

distribution of surveys, creating an unbalanced representation of actual locust abundance. 

The surveys are also biased by accessibility, because of logistic difficulties, the surveys 

are undertaken mostly along roads and only at times when locust presence is suspected. 

For economic and political reasons, the highest density of surveys corresponds to the 

agricultural belt and more populated areas. Almost all surveys were conducted inside the 

APLC’s area of responsibility. 
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 The species of highest importance is the Australian plague locust, followed by 

the Spur-throated locust. The database suggests that individuals of these two species are 

actively searched for. The lack of Migratory locust sightings can be explained by the fact 

that searches are not often conducted in habitats suitable for this species and that this 

species is simply recorded when seen occasionally. This poses the biggest problem when 

dealing with the database, which is the shortage of data, especially for Migratory and 

Spur-throated locusts. In the case of these two species certain calculations could not be 

performed.  

The temporal distribution of surveys is heterogeneous and non-random, which 

makes applications of different interpolation methods necessary. To overcome this 

problem, the periodicity of the data was used, by aggregating data from the same months 

over the five years. The spatial heterogeneity and non-randomness was also dealt with by 

aggregating data by grid cells of an appropriate size, but nonetheless, several grids in 

some months were lacking data. The lack of visits in some grid cells within this area can 

be explained by difficult terrain, such as mountains, lakes or floodplains or simply the 

unsuitability of the area for locusts. Political and economical reasons are also partly 

responsible for the frequency of surveys. The non-randomness of the data also restrains 

the use of statistical tests, which leads to conclusions from descriptive analyses.  

The method of data collection was also not uniform; there was a change in the 

recording system between 1998 and 1999, as well as several smaller discrepancies. 

Human errors in data recording and transcription are unavoidable, especially when there 

have been changes in personnel. Some spraying events were recorded at a location 

without records of locust densities and simultaneous records of spraying and high locust 

densities were also found in the database. To overcome these problems, both databases 

were checked and corrected, and the spraying database was manually incorporated into 

the survey database. 

The database records only instances of locust presence; it does not contain zeros 

for all possible surveys at all possible times. This means that for any calculation, the 

database had to be reordered and it was necessary to compare and check parts of the 

database. As all three species are relatively common in the area of occurrence in certain 



 

 130

times of the year, records of the lowest density values of nymphs and adults are not very 

informative. To deal with this problem, lower densities were omitted in most 

calculations. 

 

Relations between the number of surveys and the number of sightings  

As mentioned above, the biased number of surveys, along with the high tendency 

for “positive” records has made the data analysis difficult. Sometimes the lack of 

sightings can be a result of the lack of surveys at crucial times and places, which can 

falsify the conclusions. Fortunately, with the Australian plague locust, there was a strong 

correlation found between the number of surveys and the number of sightings. This 

shows the strong information network and predicting system of the APLC, making it 

possible to conduct surveys at locations and times of high probability of locust 

occurrence (Deveson and Hunter, 2002). On the other hand, Spur-throated locust records 

were found to depend more on the month of the survey than on the total number of 

surveys. From January 1998 to March 1999, this species was actively searched for, and 

represented a high percentage of the sightings. Our results demonstrate that after April 

1999 nymphs of this species were not searched for and the location of the survey was 

more important in finding them than the rainfall. This does not imply that the species was 

not present, only that it was not searched for. Consequently, because the sample was not 

representative enough for Spur-throated locusts, and because of the rather low r2 values in 

the other two species, it is not feasible to temporally or spatially interpolate the number of 

sightings from the number of surveys. This demands the use of a more complicated 

model, including other variables, such as rainfall and vegetation to explain locust 

distributions. In fact, biological systems are intrinsically complex, and because of the 

relations between the parts and the whole system, they need to be studied at different 

scales. In such systems, where lower level entities and their interactions are studied to 

understand higher level patterns, some authors suggest the use of chaos-theory models 

(Bascompte and Sole, 1995).  

Since the 1930s, investigators believed in the role of certain “nuclei” in locust 

outbreaks (Key, 1938; Hogan, 1955; Clark, 1970). It is still believed, that studying these 
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zones more intensively is worthwhile. Regions A, B and C are examples of such areas, 

with high number of surveys and sightings in the sampled years. Compared to the first 

two, Region C, the Riverina, did not have many surveys but contained the majority of the 

sightings. Region A had most of the surveys, because of the hypothesized role of the 

Channel country in the formation of locust outbreaks (Symmons, 1984; Bryceson and 

Wright, 1986; Wright, 1987).  

 

Factors affecting locust occurrences  

Since the beginning of studies of locust outbreaks in Australia, researchers have 

been looking for relationships between levels of rainfall and severity of outbreaks at 

different scales, with varying degrees of success (Andrewartha and Birch, 1954; Casimir, 

1962; Clark, 1974). An understanding of this dependence is not simple, as the optimal 

amount of rainfall is difficult to determine, and its temporal distribution also plays an 

important role. The large spatial scale paired with relatively short temporal scale of this 

study broadly illustrates the rainfall-locust abundance relationship for the Australian 

plague locust, but it is not possible to provide an exact model to predict the time and 

location of locust outbreaks solely from rainfall data. In the case of the Spur-throated 

locust, the apparent lack of dependence on rainfall can be explained by its more northerly 

distribution, as in dry years there was still considerable amount of rainfall in the grid cells 

in this more tropical region.  

Certain authors suggest that edaphic or biotic aspects, such as vegetation types, 

are more important influences on locust numbers than meteorological factors (Key, 

1938). The results of this study indicate that vegetation is indeed important, but primarily 

in conjunction with the rainfall that the area receives. Evolutionarily, vegetation zones 

develop based on edaphic and climatic conditions (Beadle, 1981), so the role of the 

amount of rainfall cannot be ignored. As the suitability of vegetation for locusts depends 

on the rainfall (Hunter et al., 2001a), the two factors have to be considered 

simultaneously.  

After demonstrating the correlation between the number of surveys and the 

number of sightings, when evaluating habitat preferences, I assumed that sites in certain 
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habitats were visited if there were locusts, but not visited otherwise. For this reason, the 

total area of each habitat was not used to standardize the number locust sightings in that 

particular habitat. Certain habitat types clearly stand out in their importance for locusts. 

“Riverina” is one of the preferred habitats, where the relatively low number of surveys 

resulted in higher number of nymph sightings and locust control events. The reasons 

behind this are partly historical, since before European settlement the vegetation of this 

area was mostly saltbush, relicts of which are still present at some locations. Even though 

“Saltbush” is a preferred locust habitat in itself, land-use practices of the last century 

have gradually converted much of the saltbush habitat in the Riverina into pastoral and 

agricultural fields, which are also preferred by locusts (Hooper, 1998). Such 

agroecosystems provide suitable habitat, as they present hard, compacted soil and provide 

ideal conditions for egg-laying and development, while exotic and native grasses helped 

by irrigation provide a constant food-source (Key, 1945; Clark, 1948; Andrewartha and 

Birch, 1954).  

 

Spatio-temporal variability of locust generations 

The areas of highest nymphal densities coincide with high adult densities. Under 

optimal environmental conditions, this can be explained by nymphs developing into 

adults and adults laying eggs locally, which hatch as nymphs. Assuming that there is no 

substantial density-independent mortality, the numbers of nymphs and adults of the same 

generation, as well as adults and nymphs of the next generation correlate. Of course, 

adults can migrate, so if egg-laying adults were undetected, nymphs can hatch in an area 

without previous records, and under unsuitable conditions, adults disappear without 

laying eggs, so there is no next generation. Human intervention can also restrain high 

numbers in the following generation by applying control.  

The sequence of locust occurrences in the three focal areas contradicted the theory 

that first generation locusts irrupt from the Channel country and migrate to agricultural 

areas. In the more southern Riverina, nymphs appeared earlier than in the other two 

regions. The possibility of this result being an artifact of more surveys in the Riverina 

was also rejected, as more surveys were conducted in the Channel country in the spring. 
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Southward migration could be possible, but at a later time (Clark et al., 1969). The results 

shown here are in agreement with the opposite approach, a tentative northward migration 

(Deveson et al., 2005) or simultaneous and independent build-up in numbers in disjoint 

areas (Magor, 1970). 

 

Locust control 

Historical data demonstrate that every outbreak season is quite different in terms 

of the location, development and severity of outbreaks. The reason for this is the unique 

and varying combination of rainfall, vegetation (and its modifications), temperature, 

infestation and spraying history. Even though some areas tend to have high locust 

densities, the location of control events seems to be influenced by other factors, including 

a range of entirely human contingencies, including political factors. Given equivalent 

conditions, infestations that pose a threat to agriculture are treated as a priority over 

outbreaks in remote, non-agricultural areas. The Riverina often has locust outbreaks, and 

because it is an important agricultural center, locust control activities are frequent. Locust 

control measures can kill nymphs before they develop into adults, thus preventing 

swarm-formation, migration and egg-laying in adults, overriding the effects of climatic 

and biotic factors. This is in contrast to nymphal irruptions that may occur in non-

agricultural areas. 

The distribution of locust control events is uneven, certain hotspots have received 

much higher applications and more frequently than others. The type of pesticides is also 

varying among times and locations. During the last 30 years the most commonly used 

pesticide has been fenitrothion, a cholinesterase-inhibiting organophosphate pesticide 

(Story and Cox, 2001). In 1996 trials started with fipronil, a GABA-inhibitor, and since 

then, it has been applied more regularly. In the end of the 1990s, Metarhizium anisopliae 

var. acridum, was first applied against locust. This mycopesticide is an alternative to 

chemical control, and its use is encouraged in environmentally sensitive areas and on 

rangeland where organic beef production occur (Hunter et al., 2001b).  
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Conclusions 

Even though the APLC locust survey database is heavily and intentionally biased, 

it is unique, and it can be used to obtain useful information about the spatio-temporal 

distribution of locust outbreaks and control events.  

The three species examined have different life-histories and because of this, have 

distinct distributions. Their spatial distribution is mainly restricted by rainfall, soil, and 

vegetation types. Similarly, the temporal distribution also depends directly on rainfall, as 

well as indirectly, by its effects on the soil and vegetation. 

The possibility of at least three generations per year was confirmed in the case of 

the Australian plague locust, but the role of the Channel country as the source for locusts 

in Riverina appears contradicted.  

Because of the many unpredictable climatic and abiotic factors governing them, 

the timing and location of locust outbreaks cannot be predicted from the limited range of 

factors examined in this study. However, areas of higher locust frequencies often have 

higher frequency of spraying.  
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Tables and figures 
 
Table 3.1. Locust nymph density designations (code, descriptive 
term and density/m2 from APLC field operations manual (1998)).  
Mean density is the mean of the density range extremes: code 4  
represents double the density of code 3 
Code Descriptive term Density/m2 Mean density 
1 Present 1–5 3 
2 Numerous 6–30 18 
3 Sub Band 31–80 55 
4 Band >80 110 
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Table 3.2. Locust adult density designations (code, descriptive term  
and density/m2 from APLC field operations manual (1998)). Mean  
density is the mean of the density range extremes: code 8 represents  
double the density of code 7 
Code Descriptive term Density/m2 Mean density 
1 Isolated <0.02 0.01 
2 Scattered 0.02–0.1 0.06 
3 Numerous 0.1–0.5 0.3 
4 Concentration 0.5–3 1.75 
5 Light Flight 0.5–3 1.75 
6 Low Density Swarm 4–10 7 
7 Medium Density Swarm 11–50 30 
8 High Density Swarm >50 60 
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Table 3.3. The percentage of different habitat areas in the study area, total and positive 
surveys of Australian plague locust and locust control events in each habitat type 
Category Percentage 

of total 
area 

Percentage 
of total 
surveys 

Percentage 
of positive 
nymph 
sightings 

Percentage 
of positive 
adult 
sightings 

Percentage 
of total 
spray 
events 

Acacia 12.035 12.375 13.170  7.383  6.286 
Arid grass  2.497 5.044  6.222  2.021  3.385 
Astrebla  9.002 20.403  7.115  4.762  6.093 
Bluegrass  1.146  1.546  0.000  0.000  0.000 
Casuarina  2.337  3.587  8.199 13.891 10.058 
Crop 17.337 14.870 13.331 19.130 20.986 
E. woodland 21.004  9.923  3.173  1.900  2.611 
Forest  3.356  0.110  0.010  0.027  0.000 
Gibber  1.910  5.702  4.801  3.257  2.998 
Grassland  1.267  0.237  0.010  0.000  0.000 
Lake  0.943  0.012  0.000  0.000  0.000 
Mallee  2.462  0.536  0.406  1.092  0.677 
Melaleuca  1.674  0.302  0.000  0.000  0.000 
Other  0.369  0.009  0.000  0.000  0.000 
Riverina  0.751  2.503 10.014  1.706 11.896 
Saltbush  6.317 10.284 23.198 38.080 29.110 
Spinifex  9.277  3.981  0.999  1.143  0.193 
W. open shrub  6.310  8.575  9.352  5.610  5.706 
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Figure 3.1. Geographical location of the three regions, A: Channel Country South, B: 
Stony Plains East, C: Riverina.  
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Figure 3.2. Sites visited between 1998 and 2002 during locust surveys (surveys 
conducted by and data obtained from the APLC).  
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A     

B    
 
Figure 3.3. Australian plague locust nymphal (A) and adult (B) densities. The maps show 
highest densities recorded per grid between 1998 and 2002. LD, MD and HD represent 
low, medium and high density swarms, respectively (data obtained from the APLC).
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A    

B    
 
Figure 3.4. Spur-throated locust nymphal (A) and adult (B) densities. The maps show 
highest densities recorded per grid between 1998 and 2002. LD, MD and HD represent 
low, medium and high density swarms, respectively (data obtained from the APLC).
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B    
 
 
Figure 3.5. Migratory locust nymphal (A) and adult (B) densities. The maps show highest 
densities recorded per grid between 1998 and 2002. LD, MD and HD represent low, 
medium and high density swarms, respectively (data obtained from the APLC). 



 

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6. Temporal distribution of survey effort with sightings of the three locust species and surveys without sightings. Each 
bar represents a month. 
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Figure 3.7. Monthly recorded locust numbers as a function of the number of surveys for 
the three locust species. The most data-dense part of graph A is shown enlarged on graph 
B. 
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Figure 3.8. Monthly recorded locust numbers as a function of the number of surveys per 
grid cell for the three locust species. The most data-dense part of graph A is shown 
enlarged on graph B.



 

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9. Temporal distribution of Australian plague locust nymph sightings and the rainfall recorded in the area of 
occurrence from January 1998 to December 2002. Mean rainfall values represent grids with surveys in the month the surveys 
were performed. The January bar for each year is to the right of each tick mark. 
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Figure 3.10. Temporal distribution of Australian plague locust adult sightings and the rainfall recorded in the area of 
occurrence from January 1998 to December 2002. Mean rainfall values (in mm) of the grids with surveys in the month of 
surveys were calculated. Mean rainfall values represent grids with surveys in the month the surveys were performed. The 
January bar for each year is to the right of each tick mark. 
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Figure 3.11. Temporal distribution of Spur-throated locust nymph sightings and the observed rainfall in the area of occurrence 
from 1998 January to 2002 December. Mean rainfall values (in mm) of the grids with surveys in the month the surveys were 
performed. The January bar for each year is to the right of each tick mark. 
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Figure 3.12. Temporal distribution of Spur-throated locust adult sightings and the rainfall recorded in the area of occurrence 
from January 1998 to December 2002. Mean rainfall values (mm) of the grids with surveys in the month the surveys were 
performed. The January bar for each year is to the right of each tick mark. 
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Months 
Figure 3.13. Temporal distributions of observations of Australian plague locust nymphs and adults in relation to rainfall. 
Percentage means the ratio of each month compared to the maximum monthly value of the five years. Y axis represents 
percentage of five year maximum value. Pearson correlation values between nymphs and adults r = 0.226 (p = 0.135, n = 45), 
between nymphs and rain r = 0.322 (p = 0.031, n = 45) and nymphs and rain in previous month r = 0.338 (p = 0.025, n = 44). 
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Figure 3.14. Significant concentrations (density > 5 individuals/m2) of Australian plague locust nymphs with the monthly 
rainfall value in the respective grid cell in October 1999 (A) and in October 2002 (B).  
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Figure 3.15. Significant concentrations (density > 0.5 individuals/m2) of Australian plague locust adults with the monthly 
rainfall value in the respective grid cell in December 1999 (A) and in December 2002 (B).  
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Figure 3.16. Monthly values of Locust Density Index for Australian plague locust nymphs in different habitats (calculated for 
nymphal densities higher than category 2). 
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Figure 3.17. Monthly values of Locust Density Index for Australian plague locust adults in different habitats (calculated for 
adult densities higher than category 4).  
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Figure 3.18. Monthly number of sightings of Australian plague locust nymphs and adults in eastern Australia (1998–2002). 
January = 1, February = 2, etc. 
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Figure 3.19. Australian plague locust nymph and adult monthly sightings in Region A (A), Region B (B) and Region C (C) and 
the number of surveys in the three regions studied (D). Data represent totals for 1998–2002. 
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Figure 3.20. Australian plague locust monthly records in Region C, the Riverina from January 1998 to December 2002. Only 
significant concentrations are shown (nymphal densities at least category 2, adult densities at least category 4). 
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Figure 3.21. Frequency of locust control events per grid cells 1998–2005.
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Figure 3.22. Cumulative total amount of Fenitrothion (A) and Fipronil (B) in kg of active 
ingredient and Metarhizium (C) in L of dissolved spores per grid cells used against 
Australian plague locusts by APLC 1998–2005. 



 

 

 
 
Figure 3.23. Monthly pesticide applications (in thousand liters) in relation to Australian plague locust densities. Monthly locust 
density index was calculated by summing average observed densities of significant concentrations in each grid between 1998 
January and 2002 December.  
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CHAPTER IV 

STUDYING BIRD DISTRIBUTION  

AND ABUNDANCE USING BIRDS AUSTRALIA ATLAS DATA 

 

Introduction 

Studying the distribution and abundance of living organisms in space and time is 

the essence of the science of ecology (Krebs, 1994). Many different methods have been 

used to describe animal distributions. As each has strengths and shortcomings, methods 

should be chosen considering the species in question, the characteristics of the habitat and 

other relevant features and circumstances. In the introduction to this chapter, I review 

avian survey methods and their use in establishing atlases. 

 

Survey methods 

A census is an inventory of all objects present, a “complete survey”. For highly 

mobile organisms, such as birds, it is rarely possible to count all individuals in an area 

and censuses are rarely used. On the other hand, surveys detect and record only a 

proportion of the objects in a certain area at a particular time (Temple and Wiens, 1989). 

In order to make surveys of different areas comparable, the survey effort needs to be 

standardized, which is generally achieved by applying effort-based stopping rules: the 

survey effort can have time, area or time-and-area restrictions. 

Timed species counts record the number of species seen over a period of time, 

often one hour (Bibby et al., 2000). The number of species recorded can also serve as an 

estimator of the real diversity of a site (Pomeroy and Dranzoa, 1997). A variation of this 

method, counting individuals for 20 minutes, has been successfully applied to compare 

relative abundances among eucalypt forest bird communities in eastern Australia (Loyn, 

1986). However, survey methods restricted only by time are not commonly applied, as 

these methods cannot be used to obtain absolute abundance.  

Species-area relationships are well known among ecologists (Krebs, 1994). They 

are also valid in the case of censuses, the area of a census plot is positively correlated 
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with the total number of species recorded within it (Usher, 1985). The size of the survey 

area also affects the recorded species composition (Storch and Kotecky, 1999). Because 

of the uneven and heterogeneous distribution of birds, the characteristics of the survey 

area have to be considered to acquire a representative sample. The survey type 

determines the shape and the size of the area surveyed. In plot and quadrat surveys, the 

shape and area can be predetermined. Transect counts have been widely used, with many 

modifications developed depending on the objectives and conditions of the survey. A 

type of transect survey, line transects are an efficient method in large, uniform and open 

habitats or in areas of low avian density (Bibby et al., 2000). For large-scale surveys of 

large, conspicuous species, transects can be followed by car (Viñuela, 1997) or ship 

(Clarke et al., 2003). Point counts can be considered as special, zero-length transects, and 

are preferred in dense habitats and when habitat data is important, however, they are 

difficult to analyze (Bibby et al., 2000). Modified point counts have been successfully 

applied in agricultural habitats (Freemark and Rogers, 1995). Survey types can also be 

categorized by the distance between the observer and the object. Unlimited distance 

transect surveys count everything visible from the observation point without recording 

the distance to the object, while fixed distance surveys ignore objects seen outside a 

limited distance. The cutoff distance can be predetermined or calculated a posteriori from 

recorded distances between the observer and each object (Buckland et al., 2001). 

Transect methods can therefore be used to estimate relative and absolute densities (Bibby 

et al., 2000).  

 

Problems of estimating density 

Each survey method has its own sampling errors and biases (Bibby et al., 2000). 

Errors can result from the counting process in two ways, by response errors (i.e., 

incorrectly recording information for a detected individual) and non-response errors (i.e., 

failing to detect every individual) (Thompson, 2002). Unlike censuses, surveys are 

inherently incomplete and the problem of false negatives is always present, as the 

absence of a species cannot be certainly determined. 
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 Nonrandom selection of sampling units is quite common and it inevitably 

influences the reliability of the results. For instance, observers often prefer easily 

accessible areas of promising habitat types and high bird diversity. In practice, neither the 

location of the survey points nor the animals surveyed are evenly or randomly distributed, 

which causes statistical problems when extrapolating numbers to non-surveyed areas on a 

larger geographical scale. In order to avoid substantial systematic errors, the degree of 

extrapolation has to be limited to smaller artificial (grid) or natural (vegetation) units 

(Kuzyakin, 1994). 

Proper estimation of detection probability is important, but impossible without 

knowing the variance in the population, which is used to determine the ideal sample size 

(Krebs, 1999). Variance is also employed as a measure of counting precision. Double 

sampling has been used to estimate variance, as well as a correction factor for incomplete 

counts (Thompson, 2002).  

Detectability of the objects inherently depends on many factors, such as 

conspicuousness and behavior of the species, time of day, habitat, environmental 

conditions and observer abilities (Osborne and Tigar, 1992; Rosenstock et al., 2002). As 

the main assumption of line transect surveys is constant detectability, according to certain 

authors, varying detectability makes transect methods either useless (Bell and Ferrier, 

1985) or valid only after corrections (Diefenbach et al., 2003). Repeating the surveys at 

the same site at a different time is often recommended as a correction. For example, 

active-time area searches give better results if repeated on different days, compensating 

for the above-mentioned factors (Field et al., 2002). As habitat is known to affect 

detectability, result-based sampling rules have been suggested when comparing areas 

with different vegetation (Watson, 2004). Finally, distance sampling is a novel approach 

to better estimate densities by recording the exact distance between the observer and the 

bird (Buckland et al., 2001). 

Most methods have been critiqued for their shortcomings as being inadequate, 

incoherent and erratic (Watson, 2003). Among other biases, the applied survey technique 

has been found to considerably affect the number of species seen (Storch and Kotecky, 
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1999). Further problems arise when trying to combine results from different methods, as 

they are often incompatible (Pyke and Recher, 1984). 

The most efficient survey method in terms of time and effort is the active timed 

area search, which employs both time and area restrictions (Barrett et al., 2003). As this 

method forms the basis of the Birds Australia Atlas project, it will be discussed in detail 

later in this chapter. 

 

Atlases 

Atlases are large, landscape-level collections of surveys covering many species, 

usually with grid-referenced data (Osborne and Tigar, 1992). Atlas data have been 

analyzed with different objectives. More conventional endpoints are species richness 

(Franklin et al., 2000) and relative abundance of selected species (Robertson et al., 1995). 

Temporal aspects of bird movements have also been investigated, such as continental-

scale movement patterns (Griffioen, 2002), and arrival and leaving times for migrating 

birds (Underhill et al., 1992). Repeated censusing of the same area during a longer period 

can help in monitoring long-term changes in distributions as well as population trends. 

An example is a study aimed to detect the effects of climatic change on central European 

bird species (Rheinwald, 1994). Comparing two sets of Atlas data from the same area can 

also be useful for conservation purposes, as it can identify declines and increases of 

particular species or guilds (Droege and Sauer, 1994).  

Atlas data can be used not only for describing spatial and temporal distribution 

patterns and numbers, but also as a basis for quantitative analysis of factors that might 

influence avian distributions (Gibbons and Gates, 1994). Habitat types, in particular, 

influence avian community characteristics, and consequently there could be large 

differences in species-composition between habitats. Habitat appears as the factor 

influencing community composition much more strongly than area and census technique 

(Storch and Kotecky, 1999).  

Several authors have pointed out the deficiencies of atlas-type databases. Some of 

the problems are inherent to the survey methods used, while others arise from the large 
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scale. As noted earlier, interpreting results of different survey methods together can be 

misleading (Pyke and Recher, 1984). Uneven coverage (i.e., oversurveying certain areas 

while undersurveying others) poses another problem, which requires sophisticated 

statistical approaches, such as logistic regression on principal components derived from 

habitat variables (Osborne and Tigar, 1992). The use of reporting rates compensates for 

the variability in the sampling effort among sampling units (Loman and von Schantz, 

1991). Conclusions about species abundance are not easily achieved with the commonly 

applied binomial (species presence/absence) recording, and the reporting rate can be used 

as an index of relative abundance (Harrison and Navarro, 1994). In spite of these 

drawbacks, atlases remain useful as a broad basis for hypothesis formulation and for 

revealing general trends that can be re-examined with detailed ecological studies 

(Harrison and Navarro, 1994).  

Compared to European countries, Australia has a short history of ornithology, and 

the vast area of the continent has low human population densities and even lower 

numbers of birdwatchers. As it is usually volunteers who compile national or regional 

atlases, their number and expertise will influence the quality of the data collected. 

Nevertheless, the New Atlas of Australian Birds (1998–2002) provides a unique and 

relatively reliable database. In fact, during the development of this Atlas, there was an 

effort to compensate for many above-mentioned deficiencies by using area-search 

methods of varying scales and by encouraging an even distribution of surveys in order to 

reduce bias. In order to eliminate false positives from the compiled data, there were three 

vetting processes at the data entry phase (Barrett et al., 2003). At the landscape-level, the 

Birds Australia Atlas essentially consists of survey points with exact coordinates, which 

makes it possible to georeference and link the observations to habitat and land 

management data available from other sources (Barrett et al., 2003).  

 

Aims 

In Chapter 3, a relation between habitat categories and locust presence as well as 

habitat categories and locust control events was shown. In this chapter, habitat-specific 
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reporting rates are calculated for 285 bird species from the Birds Australia Atlas data 

1998–2002 and the temporal aspect of habitat preference is investigated with the final 

aim of depicting species present in key habitats at times of locust occurrence and 

pesticide application events. At the same time, the biases in the database are critically 

reviewed, and helpful techniques are introduced to grapple with them.  

 

Methods 

The Atlas project database for the area and period of interest was obtained from 

Birds Australia. It contains information about 2,344,589 bird observations at 141,876 

locations (Figure 4.1). Each observation includes a record form number, name of the 

location, coordinates, start and finish date and survey method. The common name and the 

Royal Australasian Ornithologists Union (RAOU) code of the species seen at each 

location were also recorded. I modified this database by filling out the presence-absence 

matrix for the 285 species of interest for each survey (see Appendix B, Table B.3 for 

sample of database). These species were chosen by their geographical distribution, 

species present in the general area of locust control operations were retained (see 

Appendix D, Table D.1 for species names and taxonomy). The Atlas includes four survey 

types: a) 2-ha area searches for 20 minutes, b) area searches within a 500 m radius for at 

least 20 minutes, c) area searches within a 5 km radius for at least 20 minutes, and d) 

incidental records, which do not have time or area limits (Barrett et al., 2003). Some 

records were not correctly classified, and were treated as type “unspecified”. For the 

purposes of this study, because of their different character, incidental records were 

omitted for certain calculations (noted as “without incidental surveys”) and the most 

ambiguous survey records, such as the ones without coordinates or date, were omitted 

from all calculations.   

Sightings for each species were converted into point coverage in ArcView GIS 

version 3.2a (ESRI, Copyright 1992–2000). This point layer was overlaid with the grid, 

vegetation and rainfall polygon layers described in Chapter 2 to obtain these attributes of 

the survey event and deduce spatial and temporal information about the distribution and 
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habitat preference of the species of interest. Because of different sampling efforts in 

different grid cells, an “index of detection frequency” was calculated for each species. 

These reporting rates are the number of times a species was detected as a proportion of 

the total number of surveys (i.e., the number of Atlas report sheets submitted for a given 

unit). Units were classified on avian species presence/absence data. These units were grid 

cells of a uniform size (approximately 50 km x 50 km) and shape (approximately square). 

The other type of units analyzed was areas of homogeneous vegetation in the same grid 

cell. These vegetation units have the same monthly rainfall values, because the resolution 

of the rainfall corresponds to the grid cells. Using half-degree grid cell size was a 

compromise between the density of bird surveys and the spatial variability of habitat. A 

smaller grid size would have given a more realistic picture of rainfall and habitat values, 

but would contain many more non-surveyed entities.  

The results were imported to SPSS version 12.0.1 for Windows (Statistical 

Package for Social Sciences, SPSS Inc., Copyright 1989–2003) for further analysis. To 

compare the number of surveys in pairs of consecutive years, 2-tailed Pearson correlation 

coefficients were calculated with the omission of grid cells without surveys in both years. 

Only data from the years 1999–2001 were used because of the low number of surveys in 

1998 and 2002. Similarly, for selected species, reporting rates per grid were compared, 

with the omission of grid cells without sightings in both years. In the case of the reporting 

rates, all three years were analyzed, but only the more representative pair, 1999–2000 

was displayed. For each species, reporting rates were calculated as the number of 

sightings in this habitat divided by the number of surveys in the particular habitat. The 

reporting rate in one habitat was divided by the sum of all reporting rates in all habitats, 

obtaining the preference index for each habitat. In order to categorize avian species by 

rarity, distribution, and habitat preference, habitat-specific reporting rates along other 

indicators (e.g., overall reporting rates, number of grids with sightings, and r2 in different 

regressions) were calculated.  

To illustrate differences in behavior, geographical distribution, detectability, site 

fidelity, habitat-specific reporting rates and habitat preference, I chose six representative 
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species: two common generalists, two arid zone specialists and two rare species. 

Representative species were chosen using a series of algorithms that sorted through a 

variety of factors including observability, distribution, habitat preference and selected 

life-history characteristics (see Appendix E).    

 

Results 

Spatial and temporal distribution of surveys 

There was a marked variation in the number of record sheets submitted for 

individual grid cells for the 1,211 grid cells in the study area, ranging from zero to 3,817 

(mean = 105.47, standard deviation = 299.95; Figure 4.2). The highest numbers of 

surveys were carried out in the well-populated coastal areas, especially close to capital 

cities. In general, relatively few surveys were conducted in northern South Australia, 

north-west New South Wales and inland Queensland, which are major areas of locust 

control operations. 

The total number of surveys in the study area was 127,725. The highest 

percentage of surveys was 2-ha area searches (40.52%), less than 500 m searches were 

17.41%, and less than 5 km, 6.16%. Incidental searches made up 13.24%, while for 

22.67% of surveys no method was recorded. The temporal distribution of the total 

number of surveys through the five years was uneven, with few surveys in 1998 and 2002 

(Figure 4.3). Most surveys were conducted in “Crop” (36,650) and “Eucalypt woodland” 

(31,923), while the least in “Melaleuca” (172) and “Bluegrass” (201) habitat types 

(Figure 4.4). The ratio of survey methods within each habitat was very similar, 2-ha area 

searches being the most common method. The total number of surveys in the summer and 

in the winter was similar, 62,563 and 61,708, respectively. However, the number of visits 

strongly depends on the habitat category. Arid zone habitats were more frequently visited 

in the winter, while coastal habitats, such as “Forest” and “Other” were more frequented 

in the summer (Table 4.1). As a function of total area of each habitat, the most visited 

habitat (“Other”, which includes most urban areas), had more than two hundred-fold 

more surveys than in the least visited (“Melaleuca”; Table 4.2). “Astrebla”, “Bluegrass”, 
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“Spinifex” and “Woodland open shrub” were also undersurveyed, with less than one 

survey per 100 km2. There was a high correlation between the numbers of surveys 

between 1999 and 2000 as well as between 2000 and 2001, which implies high location 

fidelity for surveys (Figure 4.5).  

 

Species richness 

Cumulative number of species in each grid cell (Figure 4.6) depicts a similar 

distribution to the number of surveys per grid cell (Figure 4.2), with high species 

diversity along coastal areas coinciding with cities. This distribution suggests a statistical 

analysis to test the relation between the number of surveys and number of species seen in 

a grid cell over the five years of the study.   

The mean number of species seen in a single survey was 13.79±12.82 SD. There 

were 6,414 (5%) surveys without recording any of the selected species, while the highest 

number of selected species seen in one grid cell was 125. For statistical convenience, 

surveys without any of the selected species recorded were included in the calculation of 

reporting rates.  

A high number of surveys with one species seen were of the type “incidental” 

(81.55%), however one of the incidental surveys recorded 115 species (Figure 4.7). 

As the number of survey sheets lodged for a grid is positively correlated with the 

number of species seen in that cell, the uneven survey effort causes a considerable bias in 

the total number of bird species recorded for a grid cell (Figure 4.8). The number of 

species seen can be predicted by the natural logarithm of the number of surveys: 

Species number = 26.181 * ln (surveys) – 2.436, r = 0.872 and r2 = 0.761. 

More than 76% of the variability in the number of bird species seen can be explained by 

the number of visits to that grid. Omitting incidental surveys, the regression equation 

changed only slightly: 

Species number = 23.618 * ln (surveys) + 11.566, r = 0.842 and r2 = 0.709. 

The number of species likely to be seen in each grid cell can be predicted by the 

regression function, which depends only on the number of surveys in that grid cell. This 
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illustrates that the high species diversity observed in the coastal areas and at outback 

cities are likely to be an artifact of high sampling intensity. To overcome the trouble of 

differing sampling intensity, I used the reporting rate as an index of detection frequency 

when analyzing bird data. 

 

Habitat preference 

Reporting rates per grid cell for different species were also highly variable 

depending on the geographical location. The Plains wanderer was the rarest bird included 

in the selected species, it was recorded in seven grid cells and its highest reporting rate 

was 0.054 in one grid. On the other hand, the Willie wagtail was recorded in 1,060 grid 

cells and its reporting rate has reached 1.000 in 25 grids. However, 15 out of this 25 grid 

cells had only one survey and none of them had more than four, so high reporting rates at 

a certain location can also be the result of only a few visits to that grid cell.  

Incidental surveys were not included when calculating habitat preference 

(Appendix D, Table D.2), because common birds are seen most in the other types of 

surveys. Further, rare species sightings outside their normal range and habitats could have 

a much higher influence on habitat preference, because of the general lack of data for 

even those habitats that are typical for the particular species. Without further information 

about the species, it is not possible to differentiate whether that species was rare in its 

normal habitat or rare in an atypical habitat.  

Different bird species were observed primarily in different habitats (Figure 4.9). 

Even though “Acacia” is a vegetation type with high avian diversity, it was not the 

primary habitat type for any particular species. Eighteen arid zone specialist species had a 

slight to strong preference towards “Arid grass”. The Chestnut-banded whiteface and the 

Thick-billed grasswren had the highest preference (96% and 80%, respectively), while in 

the case of the Flock bronzewing, 37% of all sightings were in this vegetation type. 

Eleven further species, among them the Letter-winged kite (54%) and the Australian 

bustard (29%) were most common in “Astrebla”. “Bluegrass” was preferred by 18 

species, for instance the Red-chested button-quail (39%). Similarly, “Casuarina” was the 
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preferred type for 13 species in relatively low percentages, the highest percentage of 

sightings were those of the Redthroat (55%) and the White-browed treecreeper (43%). 

“Crop”, which represents a highly modified habitat type, was not highly frequented by 

any particular species. Nevertheless, for eight generalist species, including the Australian 

magpie, Willie wagtail, White-winged chough and the Dusky woodswallow “Crop” was 

the most frequented habitat, although in all cases, less than 30% of the sightings belonged 

to this habitat type. “Eucalypt woodland” was the preferred habitat for six species, 

however in low percentages. The species with the highest preference was the Regent 

honeyeater with half of the sightings in this type, and the second the Fuscous honeyeater, 

with 36% of sightings. Fourteen other species had a slight preference for “Forest” (e.g., 

Fan-tailed cuckoo, 30% and the Shining bronze-cuckoo, 25%). A high number of species 

(37), among them the Gibberbird (42%) and the Inland dotterel (33%), had a slight 

preference towards “Gibber”. “Grassland” was preferred by the introduced Cattle egret 

(34%) along with 13 other species. The 44 species recorded in “Lake” type were mostly 

waterbirds, such as the Double-banded plover (65%), the Red-necked stint (50%) and the 

Caspian tern (48%), along with other wetland preferring species, like the Swamp harrier 

(36%), and the Golden-headed cisticola (26%). “Mallee”, which is similar to “Acacia” in 

structure, was the most important habitat type for 29 avian species, and for some the 

sightings were nearly exclusively made within this type. Such “Mallee” specialists 

include the Red-lored whistler and Black-eared miner (99% of records, each), Mallee 

emu-wren (92% of records) and Yellow-plumed honeyeater (77% of records). A 

relatively large number of species (26) had a slight preference for “Melaleuca” (e.g., 

Blue-winged parrot, 35%). “Other” habitat category is the most preferred type for 15 

species. This category includes littoral complexes, a fact reflected by the relative high 

number of sightings of the Painted snipe (44%) and the Common koel (30%), as well as 

urban areas, which explains the sightings of several anthropophilic species, such as the 

native Pied currawong (27%) and Noisy miner (23%), and the introduced Common 

blackbird (28%), House sparrow (17%) and Common starling (18%). “Riverina”, which 

is a geographically restricted type of “Crop”, was nearly the sole location (96%) of the 
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Plains wanderer, and most (66%) of the Superb parrot sightings were recorded here as 

well. This type was also the primary habitat for 12 other species, including the Australian 

raven, the Emu, the Galah, the Nankeen kestrel, the Pied butcherbird and the Straw-

necked ibis, to mention a few examples. These are generalist species, present in other 

habitat types as well, and they were observed in less than 25% of the sightings in 

“Riverina”. “Saltbush”, which is another arid zone vegetation category, was the most 

preferred habitat type for two species: the Chirruping wedgebill and the Freckled duck, 

however in relatively low percentages, 31% and 19%, respectively. “Spinifex” was the 

preferred vegetation type of 10 species. Some species showed strong preference (e.g., 

Spinifexbird, 75%), while in others the preference was much lower (e.g., Spinifex pigeon, 

32%). “Woodland open shrub” was the most frequented habitat type for eight species, 

such as the Chestnut-breasted quail-thrush (50%), the Hall's babbler (44%) and the 

Banded whiteface (34%).  

In addition to habitat preference, other characteristics, such as rarity and 

observability also vary between species, making it impossible to generalize without 

further categorization of species. Species-specific characteristics, such as rarity, 

observability and distribution were obtained by applying seven algorithms to each species 

dataset (see Appendix E). Using this categorization I picked six species to illustrate 

interspecies differences in distribution, reporting rates, habitat preference and location 

fidelity categories, two common, two arid zone specialist and two rare bird species were 

chosen, which are analyzed in detail in the following sections. 

 

Examples of common species 

The Willie wagtail, as noted above, is a very common, widely distributed species. 

The Australian magpie has similar reporting rate values and distribution, with a slight 

preference for locations closer to the east coast (Figure 4.10 A and B). Grid-based 

reporting rate statistics for the Willie wagtail are characterized by mean = 0.387, SD = 

0.006, median = 0.392, skewness = 0.349, kurtosis = 0.114 and N = 1104. Omitting grids 

with no sightings, there is a slight increase in the mean (mean = 0.407, SD = 0.202, N = 
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1050). In the case of Australian magpie, mean = 0.367, SD = 0.226, median = 0.370, 

skewness = 0.263, kurtosis= – 0.349 and N=1109. Taking into consideration only grids 

with presence, again, there is a slight increase in the mean (mean = 0.402, SD = 0.205, N 

= 1104). In both species, the omission of incidental surveys elevates the proportion of 

grids with a given reporting rate, resulting in the distribution being shifted towards the 

right (Figure 4.11 A and B).  

For these two common birds, the number of sightings in a grid strongly correlated 

with the number of surveys in the same grid (Figure 4.12 A and B). Repeating the linear 

regression for all grid cells with surveys (N = 1107), the r-values do not change greatly. 

Pearson correlation coefficient (2-tailed) between Willie wagtail reporting rates in 1999 

and 2000 was 0.406 (N = 672, p<0.0005), while between 2000 and 2001 it was 0.371 (N 

= 712, p<0.0005). In the yearly data, there is a relatively high number of grids with low 

numbers of surveys, causing the appearance of lines parallel to both axis, at values 0.33, 

0.5, 0.66 and 1, which correspond to one sighting out of three surveys, one out of two, 

two out of three and one out of one, respectively, to mention a few examples (Figure 4.13 

A). Similarly, in the case of the Australian magpie, the Pearson correlation coefficient (2-

tailed) between reporting rates in 1999 and 2000 was 0.404 (N = 657, p<0.0005) (Figure 

4.13 B), while between 2000 and 2001 it was 0.458 (N = 679, p<0.0005). These two 

species can be considered generalists in their habitat preference, as they have been 

recorded in similar percentages in most habitat types (Figure 4.14 A and B), and show no 

general or seasonal habitat preference (Appendix E, Table E.1). 

 

Arid-zone specialists 

As the distribution of some species is confined to the arid zone, which is 

important for locusts, the birds showing arid zone preference after the application of the 

Arid Zone Preference algorithm (Appendix E, Figure E.5) were treated as a separate 

category. The two birds introduced as examples are relatively common (Budgerigar) and 

common (Zebra finch) within the arid zone (Figure 4.10 C and D). The distribution of the 

number of grids with a given reporting rate for the Budgerigar is characterized by mean = 
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0.083, SD = 0.160, median = 0.000, skewness = 2.754, kurtosis = 8.896, N = 527. 

Omitting grids with no sightings, the mean increased (mean = 0.174, SD = 0.194, N = 

509) (Figure 4.11 C). In the case of the Zebra finch, mean = 0.1585, SD = 0.007, median 

= 0.393, skewness = 1.677, kurtosis = 2.391, N = 705. Taking into consideration only 

grids with presence, mean = 0.248, SD = 0.242, N = 687 (Figure 4.11 D). In the case of 

arid zone specialists, the number of sightings in a grid is very weakly correlated with the 

number of surveys in that grid, omitting grids with no sightings (Figure 4.12 C and D). 

Repeating the linear regression for all grid cells with surveys, the values are r = 0.192, r2 

= 0.037 N = 1,107 for Budgerigar, and r = 0.231, r2 = 0.053 N = 1,107 for Zebra finch. 

There is a strong correlation between sightings in the same grid cell between consecutive 

years (Figure 4.13 C and D), the Pearson correlation coefficient (2-tailed) between Zebra 

finch reporting rates in 1999 and 2000 was 0.614 (N = 245, p<0.0005), while between 

2000 and 2001 it was 0.716 (N = 257, p<0.0005). Pearson correlation coefficient (2-

tailed) between Budgerigar reporting rates in 1999 and 2000 was 0.572 (N = 146, 

p<0.0005), while between 2000 and 2001 it was 0.557 (N = 121, p<0.0005). The habitats 

in which these species were recorded are predominantly those of the arid zone, such as 

“Acacia”, “Arid grass”, “Astrebla”, “Gibber”, “Saltbush” and “Spinifex” (Figure 4.14). 

After the application of the General Habitat Preference 1 algorithm, the Budgerigar 

shows a weak habitat preference, while the Zebra finch shows no such preference 

(Appendix E, Figure E.1). 
 

Rare specialists 

Some species had an extremely small number of sightings, mostly in particular 

regions. Species included in this category classified as very rare after the application of 

the Observation Probability algorithm (Appendix E, Figure E.1), regardless of their 

habitat preference and geographical distribution. The distribution of the Malleefowl is 

geographically restricted to southwest New South Wales and northwest Victoria (Figure 

4.10 E), while the Letter-winged kite is a rare raptor of outback New South Wales and 

southern Queensland (Figure 4.10 F). The distribution of the number of grids with a 

given reporting rate for the Malleefowl is characterized by mean = 0.002, SD = 0.000, 
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median = 0.000, skewness = 13.085 and kurtosis = 222.000 and N = 59. Omitting grids 

with no sightings, mean = 0.030, SD = 0.039, N = 53 (Figure 4.11 E). In the case of the 

Letter-winged kite, mean = 0.001, SD = 0.0004, median = 0.000, skewness = 15.500, 

kurtosis = 266.374 and N = 24. Taking into consideration only grids with presence, mean 

= 0.054, SD = 0.070, N = 22 (Figure 4.11 F). In the case of the rare species, the number 

of sightings in a grid is positively correlated with the number of surveys in that grid. 

Omitting grids with no sightings, for Malleefowl r = 0.742, r2 = 0.551, and N = 43 (Figure 

4.12 E), while for Letter-winged kite: r = 0.024, r2 = 0.001, N = 13 (Figure 4.12 F). 

Repeating the linear regression for all grid cells with surveys, the values are r = 0.304, r2 

= 0.092 for Malleefowl, and r = 0.015, r2 = 0.000 for Letter-winged kite. For Malleefowl 

there was no coincidence between 2000 and 2001. For letter-winged kite there was not 

any coincidence in cells between 1999 and 2000 and neither between 2000 and 2001. 

Pearson correlation coefficient (2-tailed) between Malleefowl reporting rates in 1999 and 

2000 was 0.287 (N = 15, p<0.0005) (Figure 4.13 E). Cells without sightings in both years 

were omitted. These two species not only have a restricted geographical distribution, they 

also show strong habitat preference. Mallefowl was mostly seen in two habitat types, 

“Melaleuca” and “Mallee” (Figure 4.14 E), while the majority of Letter-winged kite 

sightings occurred in “Astrebla” (Figure 4.14 F).   

 

Temporal distributions and relations to rainfall  

By analyzing temporal changes in monthly reporting rates of birds in eastern 

Australia, different categories can be depicted (Figure 4.15). The Budgerigar has low 

fluctuating numbers without obvious pattern. In contrast, the Australian magpie shows 

high values for all months, with relatively small fluctuations. In the case of the 

Dollarbird, reporting rates (all grid cells included) consistently drop to zero for the winter 

months as the bird leaves the continent. In this species, as in other birds with a 

continental scale of movements, habitat preference varies with the time of the year 

(Figure 4.16 and Appendix E, Table E.1). Monthly habitat-specific reporting rates 

fluctuate: in the winter reporting rates in all habitats are close to zero, while in the 
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summer the pattern differs among habitats. Two habitats show a bimodal pattern in the 

reporting rate values, with peaks in “Grassland” in October and December, and “Crop” 

with peaks in November and January. The other habitats have only one maximum in 

December. 

Movements of rare birds can be measured by calculating the difference between 

two correlation coefficients. The first correlation coefficient, rall, is calculated between 

the number of surveys and the number of sighting for all grid cells, and a second, rp, 

which is the correlation with the number of surveys only for grid cells with presence of 

this species and the number of sightings. If the coefficient calculated for only grid cells 

with presence (rp) is significantly greater than the coefficient for all grid cells (rall), then 

the species can be considered sedentary and rare. Besides the examples presented before, 

in the case of the Gibberbird rall = 0.354 and rp = 0.376, and for the Plains wanderer rall = 

0.039 and rp = 0.676 indicating that the first species is nomadic and the second is 

sedentary. 

  

Discussion 

Biases inherent to the database  

The number and spatio-temporal distribution of surveys limited the number of 

species and habitats that could be analyzed. For the same reason, different survey types 

had to be pooled, often without being specified, which can also distort the results. 

Incidental records posed a problem in particular, as their inclusion influenced data of 

each species differently, especially in determination of reporting rates. In the case of rare 

species, it was necessary to include incidental surveys for lack of sightings by the more 

standard survey types (for rare species reporting rates were usually higher having 

included incidental surveys). On the other hand, as common species were not routinely 

included in incidental surveys, their reporting rates decreased when this survey is 

included in the calculations. 

The number of surveys in the same grid cell between 1999 and 2000 was lower 

than between 1998 and 1999, even though the Pearson correlation coefficient was still 
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high for the latter pair. A possible explanation for this is that surveys were more 

dispersed, with the request from the Atlas organizing committee to the surveyors to visit 

grid cells not yet surveyed. The years 1999 and 2000 were chosen to illustrate the 

comparison of annual reporting rates in the same grid cell between consecutive years, 

because this pair had the most grids with sightings in both years. The number of surveys 

in the same grid cells in both pairs of consecutive years showed high positive correlation, 

which makes it possible to make calculations on the number of birds seen as a time 

series.  

The number of surveys in different vegetation types was highly biased. The most 

visited type being “Other”, which includes urban areas. The least visited categories were 

open habitats further inland, such as “Astrebla” and “Spinifex”. Because of the strong 

relationship between the number of surveys and the number of species seen, there seems 

to be insufficient data to make valid conclusions about species composition of these 

vegetation types, or make meaningful comparisons among categories. Because of the 

variation in survey effort in different habitats, reporting rates were standardized per grid, 

month and habitat separately and in combination. Considering more than one factor at the 

same time was necessary, for instance, in the case of habitat-specific reporting rates for 

rare birds in undersurveyed habitats, because single factors, e.g., the number of surveys, 

greatly influenced the conclusions. An example of this was the reporting rates of 

Malleefowl in “Mallee” and “Melaleuca”, where the birds seemingly showed a higher 

preference for “Melaleuca”, even though the relative numbers of sightings were 92 and 3 

in “Mallee” and “Melaleuca”, respectively. To illustrate species distributions, Birds 

Australia used adjusted reporting rates, which is weighted by size, time, and values from 

neighboring cells (Barrett et al., 2003). As these adjustments modify the data in a 

particular grid cell and ignore habitat units, they were not adapted in the present study. 

The five-year cumulative number of species per grid cells was highly biased by 

the number of surveys conducted in the grid cell. Species-area relationships can be 

explained by different logarithmic equations  (Usher, 1985). However, species richness is 
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difficult to estimate from biased dataset and it was not possible to obtain valid species 

richness values with the intended methods. 

 

Species presence as a function of rainfall 

Various different approaches were attempted to show dependence or lack of 

dependence on rainfall for particular species. Each species was analyzed separately, and 

each sighting was georeferenced to the rainfall of the particular month and the month 

anterior. Regression analysis was intended, but in most species no consistent results were 

achieved. In another attempt, we intended to spatially aggregate sightings of each species 

within a homogeneous region of 30 grid cells considering the rainfall. Reporting rates 

were analyzed, comparing “wet” and “dry” months as well as “wet” and “dry” grid cells. 

Similarly to the previous cases, the results highly depended on the selected species, 

which indicates that the method is unreliable for this dataset. Different rainfall categories 

were defined to group bird species according to their rainfall preference in three regions. 

The results of this method were unsatisfactory, as the results for particular birds species 

seemed random, and they were inconsistent for the three regions, which could be caused 

by low number of surveys in each region. This approach might prove useful using density 

data instead of presence-absence, which we were provided with. To detect this 

phenomenon, a great number of systematic observations would be necessary.  

If the surveys were always conducted at the same locations, it would be possible 

to use monthly time series. However, the lack of bird survey data makes calculations with 

rainfall useless. On the other hand, if there were surveys from all grid cells from the same 

month, they could be compared. However, for lack of resources, it is impossible to make 

surveys in all grid cells within one month. In conclusion, because of lack of temporal and 

spatial data, it is impossible to obtain reliable results on a finer-scale dependence. In 

general, there is limited information available about the movement patterns of birds 

occupying the arid zone. Although it was intended to deduce something about 

movements from the available database, the number of surveys conducted in the arid 

zone was much lower than in coastal areas. Besides, there was a scale-problem, as the 
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distribution of birds can vary within a grid cell, depending on the rainfall the area has 

received. These finer-scale movements are invisible on the scale used for the present 

analysis, but they can influence the risk of pesticide exposure. A solution for this 

difficulty would be to choose a finer scale, e.g., a smaller grid cell size or study 

exclusively a region inside arid zone. With the available database, neither approach is 

practical.  

In theory, the only way to aggregate data on a higher temporal or spatial scale is 

to use reporting rates as a measure of bird abundance, because of different survey effort 

in different months in the same grid, and in different grids in the same month. 

Aggregating rainfall over several months and bigger areas is impractical, given the high 

spatio-temporal variability of rainfall (see Chapter 2).  

 

Inter-species differences 

Species are different in their distribution, rarity, habitat preference and temporal 

variations in the number of times they were recorded. For most species, the abundance 

data show a highly skewed distribution, with zeros (species not found) occurring most 

frequently. Results of the habitat preference calculations are in accordance with the 

literature for those species with sufficient input data, but are contradictory for rare 

species, where a few odd sightings can distort the results.  

The spatio-temporal bias in surveying results in a lack of bird survey data both for 

areas and times of locust control. As our main interest is to predict avian 

presence/absence at these exact locations and times, it is necessary to use more 

complicated models for data extrapolation, which will be the topic of the next chapter. An 

important message of this chapter is that different bird species “behave” differently in the 

sense that different factors, such as sampling intensity and method will affect them to a 

varying degree, which calls for customized model when predicting their distributions. 
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Conclusions 

The Birds Australia database was found to be incomplete for most of the intended 

calculations. For most species, the number of sightings was insufficient to perform 

analyses of spatial and temporal aspects of distribution and in particular habitat 

preference and correlations with rainfall, which calls for more complicated models.  

Australian bird species can be categorized by the location and frequency of the 

observations. Some of these groups are “Common species”, “Arid zone specialists” and 

“Rare habitat specialists”. These groups behave differently from each other, but share 

certain characteristics within the group, which can be useful when evaluating their risk of 

exposure to locust control pesticides.  

The performed calculations are interesting, but often incomplete for the purpose 

of risk assessment. For instance, it is usually possible to know which species are rare, but 

for these species it is often very difficult to determine where they are in a particular 

month. This temporal uncertainty makes the protection of these species more challenging. 
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Tables and figures 

 

Table 4.1. Seasonal number of surveys in  
each habitat category (1998–2002) 
Habitat category  Summer Winter
Acacia * 1973 3277
Arid grass * 266 768
Astrebla * 309 1265
Bluegrass  68 133
Casuarina  1144 637
Crop  19304 17346
Eucalypt woodland  15663 16260
Forest  8756 6636
Gibber * 178 509
Grassland  2382 2158
Lake  250 272
Mallee  4905 3548
Melaleuca  77 95
Other  4421 3720
Riverina  249 184
Saltbush * 1305 1852
Spinifex * 818 1829
Woodland open shrub * 495 1219
*: denotes arid zone habitats 
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Table 4.2. Total number of non-incidental surveys in each vegetation type  
and number of surveys per 100 km2 of that vegetation in 1998–2002 
Category Abbreviations Area % Surveys Surveys % Surveys/100km2 
Acacia AC  12.04    5,250      4.22   1.422 
Arid grass AG    2.50    1,034      0.83   1.349 
Astrebla AS    9.00    1,574      1.27   0.570 
Bluegrass BG    1.15       201      0.16   0.572 
Casuarina CA    2.34    1,781      1.43   2.483 
Crop CR  17.34  36,650    29.49   6.889 
E. woodland  EW  21.00  31,923    25.69   4.953 
Forest FO    3.36  15,392    12.39 14.944 
Gibber GI    1.91       687      0.55   1.172 
Grassland GR    1.27    4,540      3.65 11.680 
Lake LA    0.94       522      0.42   1.804 
Mallee MA    2.46    8,453      6.80 11.187 
Melaleuca ME    1.67       172      0.14   0.335 
Other OT    0.37    8,141      6.55 71.803 
Riverina RI    0.75       433      0.35   1.879 
Saltbush SA    6.32    3,157      2.54   1.629 
Spinifex SP    9.28    2,647      2.13   0.930 
W. open shrub WO    6.31    1,714      1.38   0.885 
TOTAL  100.00 124,271  100.00    N/A 
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Figure 4.1. Sites visited between 1998 and 2002 during bird surveys. Data obtained from 
and collected by Birds Australia. 
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Figure 4.2. Cumulative number of bird surveys conducted in each grid cell 1998–2002. 
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Figure 4.3. Temporal distribution of bird surveys as a function of survey type in 1998–

2002. 
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Figure 4.4. Distribution of bird surveys per habitat type. For abbreviations of the habitat 
categories see Table 4.2. 
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Figure 4.5. Location fidelity of surveys, with respect to the number of surveys in the 
same grid cell in consecutive years. Pearson correlation coefficient (2-tailed) between 
surveys in 1999 and 2000 (A) was 0.940 (n = 1,053, p < 0.0005), while between surveys 
in 2000 and 2001 (B) it was 0.929 (n = 1,053, p < 0.0005). 
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Figure 4.6. Number of bird species recorded in each grid cell 1998–2002.
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Figure 4.7. Number of bird species recorded in each survey.
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Figure 4.8. The number of bird species recorded as a function of number of bird surveys 
(including incidental type) in a particular grid cell. The equation of the line is:  
Species number = 26.181 * ln (surveys) – 2.436, r = 0.872 and r2 = 0.761. 
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Figure 4.9. Distribution of the primary habitat preference of 285 avian species in the area 
of interest by habitat type. The bars indicate the number of species that have reporting 
rates of less than 10%, 10–20%, etc. in each habitat type. For habitat abbreviations see 
Table 4.2
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Figure 4.10. Reporting rates per grid cells for the six sample species for 1998–2002. 
Willie wagtail (A) and Australian magpie (B). Reporting rates per grid cells for two arid 
zone specialist birds: Budgerigar (C) and Zebra finch (D). Reporting rates per grid cells 
for two rare bird with specific habitat requirements: Malleefowl (E) and Letter-winged 
kite (F). White cells indicate no surveys. 
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Figure 4.11. Distribution of grid-specific reporting rates for Willie wagtail (A), 
Australian magpie (B), Budgerigar (C), Zebra finch (D), Malleefowl (E) and Letter-
winged kite (F). Grids with no sightings of the species have been omitted. 
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Figure 4.12. Relation between the number of surveys and the number of times the species 
was recorded per grid for the six sample species. Surveys with no sightings of the species 
were omitted. Notice the scale difference in the number of sightings among the six 
graphs. 
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Figure 4.13. Reporting rates in 1999 and in 2000 in the same grid cells for Willie wagtail 
(A), Australian magpie (B), Budgerigar (C) and Zebra finch (D) and Malleefowl (E). 
Notice the different scale on figure E. 
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Figure 4.14. Habitat preference of the six sample species in the study area based on Birds 
Australian atlas data 1998–2002. Willie wagtail (A), Australian magpie (B), Budgerigar 
(C) and Zebra finch (D), Malleefowl (E) and Letter-winged kite (F). 
 
 
 



 

 197

Jan-98 Jan-99 Jan-00 Jan-01 Jan-02

0.0

0.2

0.4

0.6

0.8
R

ep
or

tin
g 

ra
te

Bud310
Mag705
Doll318

Months

 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.15. Monthly reporting rates for three bird species: Budgerigar (irruptive), 
Australian magpie (sedentary) and Dollarbird (migratory). 
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Figure 4.16. Temporal variability in habitat-specific reporting rates for the Dollarbird 
(years 1998–2002, aggregated). 
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CHAPTER V 

PREDICTING AVIAN SPECIES  

DISTRIBUTIONS WITH GENERALIZED LINEAR MODELS 

 

Introduction 

In the process of analyzing the Birds Australia Atlas data in Chapter 4 using 

simple methods, several problems were encountered. Based on the characteristics of the 

data (presence/absence recorded, non-normal distributions, and spatially and temporarily 

uneven coverage), greater success is anticipated using generalized linear models (GLM). 

This method is suitable for biological data, as the dependent variable does not necessarily 

have to have a normal distribution. When the dependent variable is normally distributed, 

the model is ordinary linear, and the errors are normal, so GLMs are an extension of the 

classical linear regression, which assumes linear relations (identity link function) between 

the explanatory variables (factors) and the dependent variables. To accommodate for non-

linear relations in GLM, the dependent variable is connected to a set of independent 

variables via other link functions (Nelder and Wedderburn, 1972). This type of model can 

test null hypotheses about the effects of factors and their interactions on the means of 

various groupings of a joint distribution of dependent variables. The process of choosing 

the right factors in the right order for the model is generally difficult. Combinations of all 

variables can be compared, or the best ones can be selected by forward, backward or 

stepwise selection (Draper and Smith, 1966). The goodness of fit of a model is measured 

by the deviance statistics, especially to decide between competitive models, along with 

Akaike’s information criterion (AIC) values (Akaike, 1973). For further evaluation of the 

model, fitted parameters, standard errors, residuals and regression diagnostics are 

examined (Nicholls, 1989). GLM expresses the variable examined as the sum of the 

mean value and the effects of factors. 

Generalized linear models are a widely used tool to predict species distributions 

on the basis of environmental variables, for instance, to model avian distributions, such as 
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patterns of distribution in Australian woodland birds (MacNally, 1990) and birds species 

distribution based on bird atlas results (Osborne and Tigar, 1992).  

In the case of the bird survey data, using GLM makes it possible to consider all 

the locations at all times simultaneously, to avoid the necessity for data at one spatial 

point or one temporal instant, which caused problems in the earlier analyses (see Chapter 

4). Also, GLM can handle different binomial, ordinal and continuous variables as well as 

temporal  (Harrison and Navarro, 1994). In this chapter, by applying GLM, I model the 

probabilities of occurrence for bird species at locust-control pesticide application 

locations in eastern Australia in 1998–2005. By using bird survey data and linking the 

observations of a species with environmental and other spatio-temporal variables, the 

probability of occurrence of a species can be predicted in areas and times of interest, even 

if there were no surveys at that particular time and place.  

 

Materials and methods 

The variation in bird species presence in relation to environmental and 

geographical factors was analyzed using generalized linear models. In this case, the 

model was parameterized and evaluated based on the Birds Australia Atlas data, 

introduced in Chapter 4. For the model building, all surveys collected in the area of 

interest between 1998 and 2002 were included to obtain 141,876 surveys for the 285 

species of interest (see Chapter 4 for information about species choice).  

Model building has three major steps, model design, model predictions and model 

evaluation, which are explained below. 

 

Model design 

Model design has two major parts: formulation and calibration. These two parts 

are closely related and usually difficult to separate. A GLM is obtained by multiplying 

each regression coefficient with its related predictor variable. Given the binomial nature 

of the dependent variable (i.e., yes/no data on bird species presence), the logit link 

function and binomial error function were used to find which variables explained a 
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significant proportion of the presence of a particular bird species. The general equation of 

the logistic regression model is P(y)=(eLP)/(1+eLP) or ln[p/(1–p)]=LP, where LP is the 

linear predictor fitted by logistic regression (e.g., LP = f(rainfall, x coordinate, y 

coordinate,…)). The final result of the calculations, the response variable (P(y)), is on a 

scale of the LP, so to obtain probability values, an inverse link transformation is needed 

(Guisan and Zimmermann, 2000). 

In the model, presence/absence data derived from point counts were used as the 

dependent variable. The environmental variables were derived from a GIS as the 

explanatory variables, as introduced in Chapters 2, 3 and 4. These 23 variables are 

climatic (rainfall), geographic (coordinates), temporal (month) and the 18 habitat 

variables, summarized in Table 5.1. To obtain the general equation, some variables were 

transformed. All response functions were modeled as either linear, quadratic or 

trigonometric. The geographic variables used were: x, y, x2, y2, xy. Time variable 

“month” is 1 for January, 2 for February, etc. The functions cm6 = cos(month*π/6), sm6 

= sin(month*π/6), cm3 = cos(Month*π/3) and sm3 = sin(Month*π/3) were taken into 

account as new time variables to capture the periodic nature of modeled phenomena. 

Variable “rain” is the rainfall in the considered month in the grid cell of the observation, 

while “lagrain” is the rainfall of previous month in the same grid. To minimize the 

influence of high rainfall events, the square root of the rainfall values are used in the 

model. Habitat preference was calculated independently for each species in Chapter 4 

(Appendix D, Table D.3). To incorporate habitat preference as a variable into the model, 

habitats with more than 10% of a species’ observed occurrences are included in “like”, 

while those with less than 2% are included in “dislike”. Even though habitat-specific 

reporting rates are continuous variables, once their inclusion as “like” or “dislike” is 

decided, they enter into the model as categorical variables.  

The model was run using R version 2.0.1 (The R Foundation for Statistical 

Computing, Copyright 2004). Each species was modeled in a separate run and the 

importance of each coefficient was evaluated, and they were always kept when 

considered significant (p-value <0.01). Only the subset of predictors that allowed for the 
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highest deviance reduction was kept in the final model, so that each species distribution 

was predicted by a possibly different combination of predictions. Given the different 

habitat preference and the highly variable reporting rates of different species, the general 

model was tailored according to the species. This species-specific subset of predictors 

proved more predictive at the model calibration step than one rigid model for all species.  

Our goal was to make similar models for all bird species, but as the number of 

observations limits the complexity of the model, it had to be accounted for. Because of 

this, the individual species models consist of a general term accounting for the species-

specific habitat preference and a specific term, which encompasses the “observability” of 

the species.    

The general part of the linear predictor for all species is: 

LP1 = (habitats with habpref > 0.10 and number of sightings > 3) + dislike,  

where habpref is the habitat preference of the species (the number of sightings in one 

habitat divided by the number of surveys in that habitat) and 

dislike = Σ(habitat with habpref < 0.02), unless all habitats are either liked or 

disliked, in which case omit the dislike term.  

The first term (LP1) was included in all models, however, the second part of the model 

(LP2) depended on the reporting rate or absolute number of sightings (n) of a given 

species, its “observability”.   

For species with n < 100 

LP2 = x+y+√rain, 

For species with 100 ≤ n ≤ 500  

LP2 = (x+y+x2+y2+cm6+sm6+cm3+sm3)+ √rain+√lagrain, 

For species with 500 ≤ n ≤ 5000 

LP2 = (x+y+x2+y2)*(cm6+sm6+cm3+sm3)+(x+y)*( √rain+√lagrain)+xy, 

For species with n > 5000 

LP2 = (x+y+x2+y2)*(cm6+sm6+cm3+sm3)+(x+y)*(√rain+√lagrain)+xy+method, 

where n = total number of sightings, LP2 = second part of the linear predictor, x, y 

coordinates, cm6, sm6, cm3, sm3 are functions calculated from the month of the 
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observation, rain and lagrain are the amount of the rainfall in mm at the location of the 

survey in the given and previous months, respectively, and method is the survey method. 

Multiplication signs indicate interactions between the terms in the parentheses.  

 

Model predictions 

Predicted probabilities were obtained per grid cell for 60 months for each species. 

The success of the fitting process was evaluated by considering the number of Fisher 

iterations (McCullagh and Nelder, 1983). If this number was higher than 12, the fitting 

was repeated with the simpler model. This was usually the case for species with few 

observations (reporting rate <0.0005).  

To illustrate the results of the predictive model, six species were selected. The 

probabilities of occurrence of each species in each month and each grid cell were 

calculated in R, and the results were imported to ArcView for visual display. In general, 

the results of GLM can be easily visualized in a GIS, with the calculation of the inverse 

of their link function (Guisan and Zimmermann, 2000). 

 The probability of co-occurrence of bird species with locust spraying events was 

calculated in R by running the models at the time and location of a locust control event. 

There were 2,277 spraying events in the study area between 1998 and 2005; however, 50 

events that occurred in January 1998 had to be excluded from the calculations, as no 

“lagrain” data were available for this month. The models were run to obtain probabilities 

in grid cells instead of discrete points to allow for the varying area of spraying and the 

mobility of birds. Although these grid cells corresponded to the spatial division of the 

rainfall data, in other predictors the model was somewhat different from point 

predictions: instead of the vegetation category of the location, percentages of all 

vegetation categories in the particular grid cell were used and instead of exact 

coordinates, the coordinates of the center of the grid were used. For the very common 

species, in which “methods” was one of the predictors, “2-ha area search” method was 

used for the predictions. For each species, the probability of co-occurrence with one 

locust control event was calculated separately by summing the probabilities of being 
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present in each spraying grid-month cell. Grid-month is a unit that signifies events 

occurring within the same calendar month within the same grid cell. For instance, 

spraying events on January 31 and February 1 at the same location were considered two 

separate grid-month events, while one on March 1 and another on March 31 at the same 

location were counted as one. Probabilities of occurrence in the grid-month of locust 

spraying events were calculated for all bird species. The probabilities of occurrence were 

compared among species and the 20 species with the highest probabilities of being 

present at each locust control grid-month were selected to obtain a list of the species with 

the highest probability of presence.  

 

Model evaluation 

The approach for evaluating the model was to use two independent datasets, the 

so called “training” and “evaluation” datasets sensu Guisan et al. (1999). Evaluation 

datasets were obtained during fieldtrips, which occurred before the model was developed 

to avoid bias in the data collection.  

Nine fieldtrips were conducted between 2001 and 2005 in areas of possible locust 

infestations, ranging from five to 22 days (Table 5.2, Figure 5.1). The Riverina region of 

NSW was visited three times in three years: 2001, 2004 and 2005. Most observations 

were made in highly modified agricultural habitat, mostly grazing land. The first year 

there was minimal locust activity, while during the other two trips large (medium to high 

density) swarms were seen. Another trip was conducted in NSW in 2001, mostly in the 

northern parts. Surveys were scattered over an area of 55,000 km2 consisting of various 

habitats. No locust bands or swarms were observed during this field trip, however, birds 

were seen feeding on locusts and other insects. The “Armidale” fieldtrip took place in the 

Northern Tablelands region of New South Wales. It consisted of three study sites, one 

with a creek system, sprayed with fenitrothion earlier by the owner. All three sites had 

drying-off green vegetation, mostly tussock grasses and thistles. Locust hoppers were 

present in higher densities and were sprayed with Metarhizium and fipronil by the APLC. 

All other fieldtrips were conducted in Queensland. The same sites around Quilpie were 
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visited in 2003 and 2004. These locations have “Arid grass” vegetation with sparse 

Acacia cover, cleared for grazing. The first year was without major locust activity, while 

in the second year there were locust bands and spraying with fipronil and fenitrothion. 

Additional locations were visited in both years, in the first year in Astrebla National Park 

and in the second year around the city of Windorah, 100 km west of Quilpie. Two 

fieldtrips, one in 2003 and one in 2005, were conducted around Tambo. This area is in 

central Queensland, covered mostly in open “Astrebla” pastures and cleared “Eucalypt 

woodland” habitat with remnant trees. Each fieldtrip had varying number of survey 

points, the least (24) was in Quilpie 2004, while the most (61) was in Riverina 2004. At 

each survey location, a 20-minute area search was conducted. At each survey point the 

geographical location (x, y coordinates), day, month, year, time of the day, species and 

maximum numbers of birds seen and their activity (e.g., feeding on locusts) were 

recorded. 

Models for each species on the training dataset were evaluated at particular 

locations and times corresponding to the evaluation dataset. The individual probabilities 

of being present at locations of a fieldtrip were summed to obtain a cumulative predicted 

occurrence for each species. This value was compared to the total number of sightings of 

the same species at that particular fieldtrip. From the expected cumulative occurrence 

versus the observed numbers regression residuals were calculated for each species for 

each field trip. As under-, and overpredicted probabilities of particular species indicate 

inefficiency in the predictability of the model for the given site, species with high 

residual values were selected in each fieldtrip dataset for further discussion. 

 

Results 

From the separate runs for all species, species-specific significant coefficients 

were selected (Appendix D, Tables D.4 and D.5). For most species, geographic location 

was important, in linear, quadratic and interaction terms as well. Time as a predictor was 

significant in only about half of the species. As expected, a different set of habitats was 
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included in the model for each species, and from these, not all were significant as a single 

term. 

 

Selected species 

For illustration of the results, the six species introduced in Chapter 4 (Willie 

wagtail, Australian magpie, Budgerigar, Zebra finch, Malleefowl and Letter-winged kite) 

were analyzed. For each species, the probability of occurrence in each grid cell was 

mapped for 60 months. Because the values of the variables “rain” and “lagrain” are 

different in each month in the same grid cell, the highest and lowest total rainfall values 

of two consecutive months were calculated. As a result, November-December 2000 and 

September-October 2002 were selected as representatives of wet and dry periods, 

respectively (Figure 5.2). For each bird species, predicted distributions were illustrated 

for the second month of each 2-month pair. Common birds had a more even and more 

extensive distribution in the area of interest, as well as higher per-grid probabilities. For 

these species, there was a slight difference in distribution between wet and dry months, 

showing most strongly along a northeast-southwest axis (Figures 5.3). Arid zone 

specialists had a more restricted distribution, centered in the arid zone, concentrically 

expanding in the dry month (Figures 5.4). In rare specialists, patterns in the probabilities 

of occurrence were species-dependent and thus could not be generalized. Malleefowl had 

low predicted probabilities of occurrence throughout its restricted distribution, mostly in 

southern NSW (Figure 5.5A). This species did not show numerical or spatial responses to 

the amount of rainfall. In general, for the Letter-winged kite, the predicted probabilities 

of occurrence were also low on a grid-cell basis (Figure 5.5B). The geographical 

distribution of this latter species is sporadic in the arid zone, showing slight changes with 

the amount rainfall, not easily visible on the scale of the map, which is too coarse for the 

rare species. 
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Spatio-temporal overlap between birds and locust control events  

The 2227 point locations of spraying events in 1998–2005 corresponded to 326 

grid-month control events. When bird species were ranked according to the probability of 

occurrence, the order of species was different in each spraying grid-month. Given the 

spatial and temporal variability of the locust control events, a high number, 108 species 

were among the top 20 in at least one locust control grid (Table 5.3). The top 20 species 

were selected for each locust control event for further evaluation. 

 

Model evaluation 

A total of 346 point locations of nine evaluation datasets were used, obtained 

during fieldtrips in NSW and QLD between 2001 and 2005 (Table 5.2, Figure 5.1). Even 

though these datasets were spatially and temporally different, their results are quite 

similar. 

 

Riverina 01. This dataset contained 36 survey locations with 65 species observed. There 

was no significant locust activity observed during this fieldtrip. The correlation between 

predicted and observed data has the highest r-value of all nine datasets (Pearson 

correlation, r = 0.670, p < 0.01, n = 285; Figure 5.6). Residuals were low compared to 

other fieldtrips and the distributions of residuals were quite consistent on either slide of 

the prediction slope (Appendix F, Table F.1). Underpredicted species with the highest 

residuals were the Nankeen kestrel (residual = 10.58), Australian magpie (7.60), Emu 

(7.21), Galah (7.14), Brown falcon (6.04), Black kite (5.62) and Black-shouldered kite 

(5.12). Overpredicted species were the White-plumed honeyeater (–7.91) and the Grey 

shrike-thrush (–6.10). 

 

Northern NSW. This dataset contained 46 locations, with 114 species observed. Similar 

to the previous fieldtrip, there was no locust activity. This dataset had a moderate 

correlation between expected and observed numbers of species (Pearson correlation, r = 

0.461, p < 0.01, n = 285; Figure 5.7). Residual values for individual bird species were 
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relatively low compared to other fieldtrips and the distributions of residuals were fairly 

consistent on either slide of the prediction slope. Underpredicted species with the highest 

residuals were the Australian raven (10.40), Australian pratincole (7.71), Nankeen kestrel 

(6.59), Banded lapwing (6.3), Brown falcon (6.10), White-winged chough (5.62) and 

Australian magpie (5.18). Overpredicted species were the Striated pardalote (–6.30) and 

the Weebill (–5.08). 

 

Riverina 04. This is the largest dataset, with 60 surveys and 90 observed species. There 

was a relatively high correlation between observed and expected occurrences (Pearson 

correlation, r = 0.620, p < 0.01, n = 285; Figure 5.8). However, large numbers of species 

were underpredicted and the absolute values for the residuals for these species were 

higher than the values for overpredicted species. Among the underpredicted species the 

ones with the highest residuals were the Australian magpie (25.79), Apostlebird (23.33), 

White-winged chough (20.61), Galah (17.65), Masked lapwing (16.74), Australian raven 

(15.58), White-browed woodswallow (12.19), Blue bonnet (11.27), Noisy miner (10.98), 

Crested pigeon (10.62), Masked woodswallow (9.20), Grey-crowned babbler (7.31), 

White-faced heron (7.14) and European starling (5.82). A high number of species were 

overpredicted as well. Such species are the Superb parrot (– 13.90), White-plumed 

honeyeater (–13.40), Striated pardalote (–13.37), Rufous whistler (–9.89), Grey 

shriketrush (–9.57), Superb fairy-wren (–8.56), Brown treecreeper (–8.56), Sulfur-crested 

cockatoo (–7.66), Sacred kingfisher (–7.06), Rufous songlark (–6.81), Yellow-rumped 

thornbill (–6.72), Weebill (–6.69) and Noisy friarbird (–5.57). 

 

Riverina 05. This dataset contained 35 locations, with 99 species observed. The 

correlation coefficient between observed and expected occurrences was relatively high 

(Pearson correlation, r = 0.607, p < 0.01, n = 285) and there were relatively few under-, 

and overpredicted species (Figure 5.9). Underpredicted species with highest residuals 

were the Australian raven (12.77), Black kite (10.70), Brown falcon (10.13), Australian 



 

 209

magpie (9.22) and Nankeen kestrel (8.73). Overpredicted species with highest residuals 

were the White-plumed honeyeater (–6.89) and the Striated pardalote (–5.64).  

 

Armidale. This dataset contained 39 survey locations, with 56 species observed. Pearson 

correlation value was r = 0.461 (p < 0.01, n = 285; Figure 5.10). A relatively high number 

of species were underpredicted, with higher residual values. Such species were the Brown 

falcon (34.44), Straw-necked ibis (28.60), Nankeen kestrel (26.81), Richard’s pipit 

(21.93), Australian wood duck (20.01), Masked lapwing (18.11), Australian magpie 

(16.74), White-necked heron (11.20), Australian raven (9.90), White-faced heron (9.474), 

Galah (9.45), White-browed woodswallow (8.71), Yellow-rumped thornbill (8.21), Grey 

teal (6.52), Little pied cormorant (5.72), Wedge-tailed eagle (5.69) and Chirruping 

wedgebill (5.40). Overpredicted species were the Noisy miner (–11.21), Grey butcherbird 

(–9.88), Rufous whistler (–6.17), Black-faced cuckoo-shrike (–5.96), Grey fantail (–5.87) 

and White-throated gerygone (–5.70). 

 

Quilpie 03. This dataset contained 39 locations, with 49 species observed. Pearson 

correlation value for the correlation between expected and observed sightings was r = 

0.519 (p < 0.01, n = 285; Figure 5.11). Underpredicted species with the highest residual 

values were the Richard’s pipit (20.49), Zebra finch (17.61), Singing bushlark (15.30), 

White-winged fairy-wren (7.10), Australian pratincole (6.58) and the Nankeen kestrel 

(6.37). Relatively few species were overpredicted, the ones with the highest absolute 

residual values among them are the Yellow-throated miner (–8.47), the White-plumed 

honeyeater (–6.27) and the Pied butcherbird (–5.57). 

 

Quilpie 04. This dataset contained 24 locations, with 81 species observed. The overall 

correlation between predicted and observed values was moderate (Pearson correlation 

value r = 0.553, p < 0.01, n = 285; Figure 5.12). The species seen more, than expected 

were the Brown falcon (14.62), Budgerigar (12.71), Australian pratincole (11.63), Brown 

songlark (11.03), Banded lapwing (10.75), Australian raven (10.10), Richard’s pipit 
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(9.85), Black kite (8.87), White-necked heron (7.88) and Zebra finch (7.62). Other 

underpredicted species with lower residuals are the Diamond dove (7.27), Straw-necked 

ibis (7.04), Nankeen kestrel (6.80), Crested pigeon (6.28), Australian bustard (6.11), 

White-breasted woodswallow (6.09), Whistling kite (6.08), Wedge-tailed eagle (6.06), 

Magpie lark (6.04) and the White-winged triller (5.72). Species seen less, than expected 

were the Pied butcherbird (–9.42), the Yellow-throated miner (–8.18), the Spotted 

bowerbird (–6.16), the Mallee ringneck parrot (–5.70) and the Peaceful dove (–5.28),  

 

Tambo 03. This dataset contained 25 survey points and 72 species were observed in the 

fieldtrip. The Pearson correlation value was intermediate between expected and observed 

numbers (r = 0.479, p < 0.01, n = 285; Figure 5.13). Underpedicted species with the 

highest residual values were Singing bushlark (16.88), Masked woodswallow (12.03), 

Australian raven (12.93), Australian magpie (10.52), Brown songlark (10.17), White-

breasted woodswallow (8.18), White-browed woodswallow (7.37), Richard’s pipit (6.90), 

Zebra finch (6.25), Black-faced woodswallow (6.09), Nankeen kestrel (5.39), Budgerigar 

(5.38) and White-winged triller (5.09). Overpredicted species were White-plumed 

honeyeater (–5.37), Apostlebird (–5.27) and Rainbow bee–eater (–5.15)   

 

Tambo 05. This dataset contains 42 locations, with 81 species observed. The Pearson 

correlation value was higher than for the data collected in the Tambo 04 fieldtrip (r = 

0.492, p < 0.01, n = 285) (Figure 5.14). Similar to the previous dataset, underestimated 

species were Singing bushlark (9.80), White-browed woodswallow (9.40), Brown 

songlark  (9.27), Masked woodswallow (9.20), Australian magpie (8.66), Budgerigar 

(7.44), the Brown falcon (7.26), Richard’s pipit (6.01). In this dataset, no species were 

overpredicted with a residual value smaller than –5.   
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Discussion 

Limitations of the models 

The validity of the predictions in a model depends on the quality of the input data 

and the statistical components. The results of the model reported here are probabilities of 

occurrence of a bird species at a given location at a given time, with values between 0 

(absence) and 1 (presence). A high probability value does not infer the presence of a 

species at one visit to the area (Nicholls, 1989), rather, probabilities can be interpreted by 

the number of times the species is expected to be seen out of a large number of visits 

(e.g., a probability of 0.01 means that the species would be expected to be present at the 

given location around 30 times if the area is visited 3,000 times). As relatively few 

locations were visited during the individual fieldtrips, the predictions of the model are 

tested on a small dataset and a perfect fit cannot be expected.  

Various assumptions need to be tested before applying the GLM. Among others, 

these assumptions imply the following conditions: 1) there exists a probability 

(dependent variable) for any possible value of the independent variables; 2) the 

variability of the dependent variable is linearly explained by the independent variables (as 

a linear predictor); and 3) the distribution of the dependent variable (the inverse of which 

is the link function) is known. In this case, it was supposed that GLM with a logit link 

function would fit well. It is also supposed that 4) the values of errors are independent of 

each other across observations as well as of the independent variables in the model; 5) the 

covariance of dependent variables is constant across cells; and 6) there is no 

multicollinearity (i.e., linear independence) among the independent variables (McCullagh 

and Nelder, 1983; Venables and Ripley, 1994). There was variability in our capability to 

meet all of these assumptions; a detailed evaluation is in preparation. 

Coarse data resolution and data bias probabilities are unavoidable when working 

on field data without a designed sampling strategy. The predictions of the model will be 

less reliable in locations with fewer visits, as the model interpolates data from more 

frequently visited locations, causing spatial uncertainties. This problem was especially 

relevant in the case of rarely recorded bird species that were often such a small 
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component of the data set, that they cannot be reliably used to build predictive models. 

Intensive sampling would be necessary to develop predictive models for rare species and 

quantify their habitat preference. 

The Atlas dataset comprised of four different survey methods, however, for the 

model predictions for fieldtrip and spraying locations only one method, 2-ha area search, 

was used. As the spraying predictions refer to grid cells instead of a point location, it 

might have been better to use an average of all methods according to their proportions in 

the database, or to choose a method that maximizes the probability for that particular 

species. The method with the maximum reporting rate is species-specific, but it would 

only be an issue for very common species (n ≥ 5000), as method was not one of the 

predictors for all other species to reduce model complexity. For the very common 

species, the method with the highest proportion of sightings is usually 5-km area search. 

The 2-ha area search method was chosen as a predictor, because this was the method 

validated on the fieldtrips. 

In summary, because of the high number of uncontrolled variables inherently 

present in a non-manipulative design, models based on such data are not expected to be 

fully explanatory (Oreskes et al., 1994). 

 

Model predictions  

The choice of a model has to take into account different aspects. A very simple 

model will hardly ever explain the phenomenon studied, while a complicated model can 

be impossible to develop completely. The final model will be a compromise between 

reliability and complexity (Burnham and Anderson, 2002). For the users of a model, the 

usefulness of its predictions is more important than its complete reliability (Rykiel, 

1996).  

For some species, the number of observations restricted the number of factors in 

the model. For these, rarely observed species the model did not fit as well as for species 

with more input data available. As the input of the model was sightings of species, what 

the model predicts is not really occurrence, but rather the “observability” of species, i.e., 
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what is the probability of seeing the species if we searched in that particular location at a 

particular time. Therefore, the model will underpredict the presence of rare, cryptic 

species. When included, rainfall seemed to be a strong temporal force. As year was not 

included as a factor, rainfall was the only between-years difference in the same month.  

Willie wagtail, Galah, White-plumed honeyeater, Australian magpie, Crested 

pigeon and Magpie-lark were predicted to be present at more than 95% of the locust 

control events. These are all widely distributed, common species. Maximum predicted 

probabilities for those species to be present in locust spraying grid-month units were 

between 0.391 (Magpie-lark) and 0.703 (White-plumed honeyeater). 

Some arid zone specialists also were predicted to be present at locust control 

events. Examples of such species are the Zebra finch (maximum probability in a grid-

month = 0.426), the Budgerigar (0.224), the Flock bronzewing (0.122) and the Australian 

pratincole (0.094).  

Rare, habitat specialist species were predicted to be present at fewer locust control 

sites, as most of these species do not generally frequent the agricultural and pastoral areas 

where most control activities occur. However, locust control actions do periodically 

incorporate non-agricultural and non-pastoral lands, and it is these events that will have 

the greatest potential to lead to exposure of rare birds. Rare species had low predicted 

probabilities of occurrence at all locations as well as in locust control grid-month units. 

For instance, the endangered Plains wanderer had a highest predicted probability of 0.037 

and the Gibberbird had a highest predicted probability of 0.062 to be present in a locust 

control grid-month. It is also worth noting that these probabilities are underpredictions 

because of insufficient datasets for these species. 

 

Model evaluations 

Complete verification of a model is impossible, only a partial evaluation can be 

achieved. It is possible to reject a model, when its results are not credible, but it is not 

possible to prove the goodness of a model by comparing it to limited sample (Rykiel, 

1996). In the case of the model introduced, for the majority of the species the model is in 
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agreement with the field-collected evaluation dataset. However, the distribution of some 

bird species was not well explained by this model. In field trips with high locust 

activities, a much higher number of species was underpredicted than overpredicted. The 

absolute value of the residuals for the same species was higher for the same species at 

fieldtrips with locust activities than at fieldtrips without major locust activities. This 

could suggest that locust presence was responsible for the higher occurrences of these 

avian species, as these birds were attracted to locusts as a food source. At some fieldtrips 

other, non-insectivorous bird species, such as the Zebra finch and the Budgerigar were 

also underpredicted. These species are capable of nomadic movements and could be 

present because of the abundance of their food (Wyndham, 1983; Zann, 1996). As these 

models were developed to predict probabilities at locust control events, in an ideal case 

they would have locust presence among the predictors. Unfortunately, at present, the 

available locust database is not reliable enough for this purpose and because of their 

dependence on rainfall, locust distributions are extremely hard to predict. To include 

additional predictors would further complicate the model, which is not possible with the 

available data for most species. Therefore, further avian surveys are necessary at sites 

during each spray event. 

Overpredicted species, such as the White-plumed honeyeater, Rufous whistler, 

Sacred kingfisher and Grey shrike-thrush are species primarily associated with riparian 

habitats and woodlands (Morcombe, 2000). The underrepresentation of these species can 

be explained by the bias in the location of the fieldtrip. Fieldtrip surveys were mostly 

conducted in “locust habitats”, which are open grasslands and agricultural areas. 

Therefore, there was a different bias in the fieldtrip survey locations than in the Birds 

Australia survey locations. It is not surprising that avian species that feed on locusts and 

other insects that are abundant at this time or on the same food source that locusts are 

feeding on (grasses and seeds), will select the same habitats as locusts. These avian 

species were overrepresented in the fieldtrip evaluation datasets and underpredicted by 

the model, which was based on the general, coarse habitat characterization of the 
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location, while species preferring more dense habitats were overpredicted by the model 

and underrepresented in the evaluation dataset.   

 

Conclusions 

The GLM model proved useful in predicting that a high number of avian species 

spatially and temporally coincide with locust control events in eastern Australia. For 

some species, the probability of co-occurrence with at least one pesticide event was over 

0.7. However, rare species with a restricted range could be present with high probabilities 

at locust control events that occur in the area they occupy. Using the models developed 

here, the occurrence of these species can not be predicted with confidence due to lack of 

data available from the Birds Australia Atlas. For some species, additional variables need 

to be included in the model to reliably predict their distribution. At this point, the scarcity 

of the available data restricted the complexity of the predictive models. One of the 

necessary (though not immediately available) predictive factors should be the presence of 

locusts. However, predicting the probability of occurrence of locust species presents the 

same problems as those with the birds, i.e., lack of data and dependence on unpredictable 

variables, such as rainfall. To calculate the probabilities of rare bird species being present 

at the time and location of locust control pesticides, additional data are necessary about 

their distribution and abundance.  
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Tables and figures 

 
Table 5.1. Details of environmental variables available  
for inclusion in models developed to predict the  
probability of occurrence of 285 avian species in  
eastern Australia (C: Continuous, F: factor) 
Variable Type Min. value Max. value
X C (degree) 136.000   152.000 
Y  C (degree) –37.000   –17.000 
Month F  1   12 
rain  C (mm) 0 1114.370 
Lagrain C (mm) 0 1114.370 
Acacia C (%) 0     35.455 
Arid grass C (%) 0     95.906 
Astrebla C (%) 0     57.371 
Bluegrass C (%) 0     40.304 
Casuarina C (%) 0     54.631 
Crop C (%) 0     39.498 
E. woodland C (%) 0     50.905 
Forest C (%) 0     48.545 
Gibber C (%) 0     42.918 
Grassland C (%) 0     41.136 
Lake C (%) 0     65.140 
Mallee C (%) 0     99.838 
Melaleuca C (%) 0     57.202 
Other C (%) 0     57.400 
Riverina C (%) 0     96.985 
Saltbush C (%) 0     31.766 
Spinifex C (%) 0     74.566 
W. open shrub C (%) 0     50.364 
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Table 5.2. Field trip descriptions with the time of the survey, the  
number of survey points (n), presence of Australian plague locusts  
and their control  
Name Time n Locusts 
Riverina 01 Sep 13–19 2001 36 no 
Northern NSW Nov 13– Dec 19 2001 46  no 
Armidale Jan 20–31 2003 39 yes, control 
Quilpie/Astrebla  Apr 8–14 2003 39 no 
Tambo 03 Dec 16 2003–Jan 6 2004 25 yes, control 
Quilpie/Windorah Feb 16–Mar 4 2004 24 yes, control 
Riverina 04 Nov 21–28 2004 60 yes, control 
Tambo 05 Jan 13–17 2005 42 yes, control 
Riverina 05 Feb 27–Mar 3 2005 35 yes, control 
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Table 5.3. Maximum predicted probability of each bird species being present in any  
of the 326 modeled locust control grid-months. Bird species are in taxonomic order, 
conservation status (E endangered or V vulnerable, * indicates subspecies) 

Common name Status Prob.  Common name Status Prob. 
Emu  0.225  Banded stilt  0.029 
Malleefowl  0.008  Red-necked avocet  0.073 
Stubble quail  0.056  Black-tailed godwit  0.002 
Painted button-quail  0.010  Bar-tailed godwit  0.002 
Little button-quail  0.051  Wood sandpiper  0.004 
Red-chested button-quail  0.025  Common sandpiper  0.006 
Plains wanderer E 0.037  Common greenshank  0.017 
Peaceful dove  0.294  Marsh sandpiper  0.024 
Diamond dove  0.364  Curlew sandpiper  0.004 
Bar-shouldered dove  0.068  Red-necked stint  0.009 
Common bronzewing  0.128  Sharp-tailed sandpiper  0.018 
Flock bronzewing  0.122  Latham's snipe  0.011 
Spinifex pigeon  0.061  Painted snipe V 0.001 
Crested pigeon  0.480  Oriental pratincole  0.002 
Buff-banded rail  0.004  Australian pratincole  0.094 
Australian spotted crake  0.048  Bush stone-curlew  0.009 
Baillon's crake  0.022  Australian bustard  0.182 
Spotless crake  0.008  Brolga  0.189 
Black-tailed native-hen  0.176  Glossy ibis  0.065 
Dusky moorhen  0.056  Australian white ibis  0.072 
Purple swamphen  0.079  Straw-necked ibis  0.105 
Eurasian coot  0.173  Royal spoonbill  0.066 
Great crested grebe  0.037  Yellow-billed spoonbill  0.151 
Australasian grebe  0.111  Little egret  0.059 
Hoary-headed grebe  0.102  Intermediate egret  0.054 
Great cormorant  0.057  Great egret  0.068 
Little black cormorant  0.054  White-faced heron  0.090 
Pied cormorant  0.102  White-necked  heron  0.139 
Little pied cormorant  0.068  Nankeen night heron  0.154 
Darter  0.112  Little bittern  0.001 
Australian pelican  0.121  Australian wood duck  0.174 
White-winged  black tern  0.001  Black swan  0.044 
Whiskered tern  0.050  Plumed whistling-duck  0.063 
Gull-billed tern  0.045  Australian shelduck  0.104 
Caspian tern  0.092  Pacific black duck  0.142 
Silver gull  0.040  Chestnut teal  0.017 
Red-kneed dotterel  0.088  Grey teal  0.190 
Masked lapwing  0.065  Australasian shoveler  0.052 
Banded lapwing  0.075  Pink-eared duck  0.084 
Double-banded plover  0.002  Freckled duck  0.024 
Red-capped plover  0.035  Hardhead  0.086 
Black-fronted dotterel  0.112  Blue-billed duck  0.013 
Inland dotterel  0.024  Musk duck  0.048 
Black-winged stilt  0.111  Spotted harrier  0.070 
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Table 5.3. (Continued) 

Common name Status Prob.  Common name Status Prob. 
Swamp harrier  0.035  Dollarbird  0.114 
Brown goshawk  0.041  Azure kingfisher  0.007 
Collared sparrowhawk  0.024  Laughing kookaburra  0.183 
Wedge-tailed eagle  0.128  Red-backed kingfisher  0.214 
Little eagle  0.056  Sacred kingfisher  0.266 
Whistling kite  0.158  Rainbow bee-eater  0.404 
Black kite  0.328  Spotted nightjar  0.029 
Square-tailed kite  0.007  White-throated needletail  0.011 
Black-breasted buzzard  0.030  Fork-tailed swift  0.014 
Black-shouldered kite  0.039  Pallid cuckoo  0.124 
Letter-winged kite  0.009  Fan-tailed cuckoo  0.019 
Australian hobby  0.054  Black-eared cuckoo  0.032 
Grey falcon  0.014  Horsfield's b.-cuckoo  0.099 
Peregrine falcon  0.020  Shining bronze-cuckoo  0.025 
Black falcon  0.046  Common koel  0.018 
Brown falcon  0.059  Channel-billed cuckoo  0.039 
Nankeen kestrel  0.193  Welcome swallow  0.246 
Southern boobook  0.044  White-backed swallow  0.240 
Barking owl  0.021  Tree martin  0.137 
Barn owl  0.073  Fairy martin  0.120 
Masked owl  0.001  Grey fantail  0.181 
Grass owl  0.000  Willie wagtail  0.436 
Red-tailed black-cockatoo E* 0.051  Leaden flycatcher  0.050 
Sulphur-crested cockatoo  0.210  Restless flycatcher  0.146 
Major Mitchell's cockatoo  0.266  Jacky winter  0.225 
Little corella  0.185  Scarlet robin  0.018 
Galah  0.396  Red-capped robin  0.351 
Cockatiel  0.363  Flame robin  0.016 
Superb parrot V 0.463  Hooded robin  0.148 
Regent parrot E* 0.057  Eastern yellow robin  0.094 
Red-winged parrot  0.404  Golden whistler  0.038 
Crimson rosella  0.181  Rufous whistler  0.310 
Eastern rosella  0.357  Red-lored whistler V 0.004 
Australian ringneck  0.443  Gilbert's whistler  0.078 
Red-rumped parrot  0.396  Grey shrike-thrush  0.391 
Mulga parrot  0.332  Magpie-lark  0.391 
Blue bonnet  0.438  Crested shrike-tit  0.050 
Turquoise parrot  0.038  Crested bellbird  0.508 
Scarlet-chested parrot  0.000  Ground cuckoo-shrike  0.087 
Bourke's parrot  0.108  Black-f. cuckoo-shrike  0.221 
Blue-winged parrot  0.024  White-b. cuckoo-shrike  0.039 
Elegant parrot  0.026  White-winged triller  0.179 
Budgerigar  0.224  Chestnut quail-thrush  0.047 
Tawny frogmouth  0.042  Chestnut-b. quail-thrush  0.006 
Australian owlet-nightjar  0.062  Cinnamon quail-thrush  0.192 
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Table 5.3. (Continued) 
Common name Status Prob.  Common name Status Prob. 
Southern scrub-robin  0.074  Brown treecreeper  0.278 
Grey-crowned babbler  0.233  White-throated treecreeper  0.145 
White-browed babbler  0.128  White-browed treecreeper  0.102 
Chestnut-crowned babbler  0.275  Mistletoebird  0.181 
White-fronted chat  0.082  Spotted pardalote  0.176 
Crimson chat  0.210  Red-browed pardalote  0.195 
Orange chat  0.148  Silvereye  0.061 
Yellow chat E* 0.003  Black-chinned honeyeater  0.035 
Gibberbird  0.062  Brown-headed honeyeater  0.112 
White-throated gerygone  0.148  Striped honeyeater  0.333 
Western gerygone  0.206  Black honeyeater  0.039 
Weebill  0.397  White-fronted honeyeater  0.228 
Southern whiteface  0.306  Brown honeyeater  0.081 
Chestnut-breasted whiteface  0.001  Painted honeyeater  0.029 
Banded whiteface  0.050  Pied honeyeater  0.057 
Yellow thornbill  0.160  Regent honeyeater E 0.014 
Brown thornbill  0.034  Singing honeyeater  0.474 
Inland thornbill  0.200  Fuscous honeyeater  0.052 
Chestnut-rumped thornbill  0.408  White-eared honeyeater  0.149 
Buff-rumped thornbill  0.093  Purple-gaped honeyeater  0.003 
Yellow-rumped thornbill  0.199  Yellow-plumed honeyeater  0.555 
Redthroat  0.084  Grey-fronted honeyeater  0.036 
Shy heathwren  0.032  White-plumed honeyeater  0.703 
Rufous fieldwren  0.060  Noisy miner  0.397 
Speckled warbler  0.105  Yellow-throated miner  0.721 
Spinifexbird  0.006  Red wattlebird  0.190 
Brown songlark  0.213  Spiny-cheeked honeyeater  0.533 
Rufous songlark  0.199  Blue-faced honeyeater  0.265 
Thick-billed grasswren V* 0.007  Noisy friarbird  0.263 
Striated grasswren  0.038  Little friarbird  0.394 
Eyrean grasswren  0.038  Richard's pipit  0.121 
Little grassbird  0.131  Singing bushlark  0.249 
Clamorous reed-warbler  0.107  Diamond firetail  0.083 
Golden-headed cisticola  0.038  Zebra finch  0.426 
Mallee emu-wren V 0.000  Double-barred finch  0.199 
Superb fairy-wren  0.303  Plum-headed finch  0.076 
Splendid fairy-wren  0.139  Red-browed finch  0.034 
White-winged fairy-wren  0.340  Olive-backed oriole  0.063 
Variegated fairy-wren  0.154  Apostlebird  0.527 
White-breasted woodswallow  0.110  Spotted bowerbird  0.295 
Masked woodswallow  0.158  Little crow  0.218 
White-browed woodswallow  0.227  Torresian crow  0.180 
Black-faced woodswallow  0.357  White-winged chough  0.230 
Dusky woodswallow  0.123  Pied currawong  0.144 
Little woodswallow  0.084  Grey currawong  0.041 
Varied sittella  0.038  Pied butcherbird  0.552 
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Table 5.3. (Continued) 
Common name Status Prob. 
Grey butcherbird  0.277 
Australian magpie  0.464 
Chirruping wedgebill  0.275 
Australian raven  0.349 
Hall's babbler  0.171 
Mallard  0.009 
Little raven  0.122 
Black-eared miner E 0.005 
Striated pardalote  0.379 
Cattle egret  0.010 
Common blackbird  0.095 
Skylark  0.026 
House sparrow  0.182 
European goldfinch  0.081 
Common starling  0.300 
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Table 5.4. The top 20 bird species that were predicted to be present at each locust control 
event and the probability of their occurrence 
Species Percentage  Species Percentage 
Willie wagtail 100  Black-faced woodswallow 15.64 
Galah 99.69  Yellow-rumped thornbill 15.34 
White-plumed honeyeater 99.39  Spotted bowerbird 15.03 
Australian magpie 97.85  White-winged chough 13.50 
Crested pigeon 97.24  Grey butcherbird 11.96 
Magpie lark 96.01  Little friarbird 11.66 
Australian raven 79.75  Eastern rosella 11.35 
Weebill 76.07  Noisy friarbird 11.35 
Striated pardalote 72.70  Budgerigar 10.43 
Grey shrike-thrush 59.51  Rufous songlark  9.82 
Spiny-cheeked honeyeater 55.83  Superb parrot  9.51 
Yellow-throated miner 53.37  Chirruping wedgebill  9.20 
Rufous whistler 52.45  Mulga parrot  9.20 
Brown treecreeper 46.93  Grey-crowned babbler  7.36 
Black-faced cuckoo-shrike 46.63  Diamond dove  6.44 
Singing honeyeater 43.56  Black kite  6.13 
Red-rumped parrot 42.33  Striped honeyeater  6.13 
Australian ringneck 40.80  Western gerygone  5.21 
Pied butcherbird 36.20  Yellow-plumed honeyeater  4.90 
Noisy miner 32.21  White-winged triller  4.60 
Rainbow bee-eater 30.37  Chestnut-crowned babbler  4.29 
Apostlebird 29.45  White-browed woodswallow  4.29 
Zebra finch 28.83  Brown songlark  3.98 
Red-browed pardalote 28.53  Nankeen kestrel  3.98 
European starling 28.22  Little corella  3.68 
Superb fairy-wren 28.22  Little crow  3.68 
Blue bonnet 27.91  Emu  3.07 
Chestnut-rumped thornbill 27.30  Major Mitchell cockatoo  3.07 
Cockatiel 23.62  Crimson rosella  2.76 
Welcome swallow 21.47  Grey fantail  2.76 
White-winged fairy-wren 21.17  Laughing kookaburra  2.45 
Painted button-quail 19.94  Singing bushlark  2.45 
Red-winged parrot 19.63  White-backed swallow  2.45 
Crested bellbird 18.63  Black-tailed native hen  2.14 
Southern whiteface 17.79  Black-faced honeyeater  1.84 
Sulphur-crested cockatoo 16.87  Jacky winter  1.84 
Sacred kingfisher 16.87  Masked woodswallow  1.84 
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Table 5.4 (Continued) 
Species Percentage  Species Percentage 
Pacific black duck 1.84  House sparrow 0.31 
Double-barred finch 1.53  Little raven 0.31 
Variegated fairy-wren 1.53  Red-backed kingfisher 0.31 
Brolga 1.23  Restless flycatcher 0.31 
Grey teal 1.23  Torresian crow 0.31 
Mistletoebird 1.23  Tree martin 0.31 
Orange chat 1.23  White-browed babbler 0.31 
Australian wood duck 0.92  White-eared honeyeater 0.31 
Cinnamon quail-thrush 0.92  White-faced honeyeater 0.31 
Yellow-billed spoonbill 0.92  Wood sandpiper 0.31 
Crimson chat 0.61  Whiskered tern 0.31 
Eurasian coot 0.61  Wedge-tailed eagle 0.31 
Richard’s pipit 0.61  White-throated gerygone 0.31 
Red wattlebird 0.61  White-tailed needletail 0.31 
Spotted pardalote 0.61  White-throated treecreeper 0.31 
Yellow thornbill 0.61  White-winged black tern 0.31 
Australian bustard 0.31  Yellow chat 0.31 
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Figure 5.1. Evaluation survey locations described in Table 5.2.  



 

 225

A  B  
 
Figure 5.2. Rainfall values per grid in a wet (A, December 2000) and a dry (B, October 
2002) month in the study area in eastern Australia. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 



 

 226

A B  

C  D  
 
Figure 5.3. Predicted probabilities of occurrence per grid cell for two common birds in 
two representative months: (A) Willie wagtail December 2000, (B) Willie wagtail 
October 2002, (C) Australian magpie December 2000 and (D) Australian magpie October 
2002.  
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A  B  

C  D  
 
Figure 5.4. Predicted probabilities of occurrence per grid cell for two arid-zone specialist 
birds in two representative months: (A) Budgerigar December 2000, (B) Budgerigar 
October 2002, (C) Zebra finch December 2000 and (D) Zebra finch October 2002.  
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A  B  

C  D  
 
Figure 5.5. Predicted probabilities of occurrence per grid cell for two rare, habitat 
specialist birds in two representative months: (A) Malleefowl December 2000, (B) 
Malleefowl October 2002, (C) Letter-winged kite December 2000 and (D) Letter-winged 
kite October 2002.
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Figure 5.6. Cumulative predicted occurrence and field observations of bird species at the 
“Riverina 01” fieldtrip locations.  
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Figure 5.7. Cumulative predicted occurrence and field observations of bird species at the 
“Northern NSW” fieldtrip locations.  
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Figure 5.8. Cumulative predicted occurrence and field observations of bird species at the 
“Riverina 04” fieldtrip locations. 
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Figure 5.9. Cumulative predicted occurrence and field observations of bird species at the 
“Riverina 05” fieldtrip locations. 
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Figure 5.10. Cumulative predicted occurrence and field observations of bird species at the 
“Armidale” fieldtrip locations. 
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Figure 5.11. Cumulative predicted occurrence and field observations of bird species at the 
“Quilpie/Astrebla 03” fieldtrip locations. 
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Figure 5.12. Cumulative predicted occurrence and field observations of bird species at the 
“Quilpie/Windorah 04” fieldtrip locations. 
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Figure 5.13. Cumulative predicted occurrence and field observations of bird species at the 
“Tambo 03” fieldtrip locations.  
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Figure 5.14. Cumulative predicted occurrence and field observations of bird species at the 
“Tambo 05” fieldtrip locations. 
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CHAPTER VI 

 

FIPRONIL RESIDUES IN SEED, VEGETATION AND LOCUSTS,  

BEHAVIOURAL OBSERVATIONS & AVIAN RISK ASSESSMENT  

 

Ecological Risk Assessments 

Risk is the probability of an adverse outcome; in pesticide ecotoxicology, it is a 

function of the toxicity of, and the exposure to, a given chemical. Ecological Risk 

Assessments (ERAs) integrate quantitative measures of exposure to a stressor and its 

effect in order to estimate the potential for risk for ecological receptors (U.S. 

Environmental Protection Agency, 1992). A stressor is defined as any chemical, 

biological, or physical entity that can induce an adverse response in ecological 

components, i.e., individuals, populations, communities or ecosystems. These 

assessments are both qualitative and quantitative: they provide the strength of the 

evidence and describe the nature of potential outcomes and they quantitatively determine 

exposure levels, host susceptibility, the magnitude of risks and the uncertainty of the 

conclusions. Currently, probabilistic risk assessment is favored over an entirely 

deterministic approach, to engulf a greater proportion of uncertainty. Probabilistic 

determinations utilize distributions of exposure and effects data instead of using point 

estimates that compare extremes of toxicity and exposure. Uncertainty analysis tests 

extremes of data sets and identifies areas in need of refinement. 

The ultimate assessment endpoint for an ERA is the maintenance of self-

sustaining wildlife populations (U.S. Environmental Protection Agency, 1992). 

Measurement endpoints include the growth and survival of animals, reproductive success 

and behavior. 

The Problem Formulation phase of an ERA consists of four main components: 1) 

available information is collected on the chemical stressors, the potentially affected 

species and the potential exposure pathways, 2) assessment endpoints (ecological values 

to be protected) are selected, 3) a conceptual model of the problem is developed and 4) an 
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analysis plan is formulated for the exposure and effect characterization phases of the 

assessment (U.S. Environmental Protection Agency, 1992).  

The second phase (Analysis) consists of two parts, Exposure Assessment and 

Effects Assessment. Exposure depends on the chemicals with which the organism comes 

in contact, and subsequently absorbs into its system. Exposure is a function of 1) the 

fraction of the environment that contains the chemical at a concentration high enough to 

cause effects, 2) the concentration of the chemical and 3) the duration of exposure to 

concentrations causing an effect (Van der Valk, 2004). Therefore, Exposure Assessment 

describes the source, type, magnitude and duration of contact between the exposed 

organisms and the chemical of concern. Relevant exposure pathways are also quantified. 

When assessing risks of exposure to chemical contaminants, potential dose can be used to 

quantify exposure. Potential dose is the amount of chemical present in food or water 

ingested, air inhaled, or material applied to the skin (U.S. Environmental Protection 

Agency, 1992). Pesticides can enter the body via various routes (Eaton and Klaassen, 

2001). In avian species, the ingestion of contaminated food items is considered the most 

important pesticide exposure route (Driver et al., 1991) and the one, most often assessed 

in ERAs (U.S. Environmental Protection Agency, 1992). Birds can ingest the pesticide 

directly, for example when mistaking granular applications for grit (Best, 1992), or 

unintentionally, by feeding on their usual food items (Hill, 2003). The diets of Australian 

birds are highly variable, but a predominant insectivory is associated with birds in the 

semi-arid and arid zones (Barker and Vestjens, 1989). The dietary preference of the 

individual will determine the amount of pesticide ingested, as residue levels of different 

food types will vary highly (Fletcher et al., 1994). The intake of contaminants is also 

modified by the food-ingestion rate, which is a function of the metabolic rate and 

indirectly the body weight of the individual (Nagy, 1987). Birds and mammals with small 

body mass can consume quantities of food equal to or higher than their body weight 

daily, while larger endotherms may consume only a small fraction compared to their 

body weight in food daily (U.S. Environmental Protection Agency, 1993). The diet also 

influences food consumption rates. Animals that feed on plant material tend to consume 



 

 240

greater amounts of food than carnivores, because of the lower energy content of their 

food. Within the same species, food ingestion rates vary between different reproductive-, 

and life-stages (U.S. Environmental Protection Agency, 1993). For instance, growing 

chicks consume more than adults as a function of their body weight and adults need more 

energy when feeding chick than at other times of the year (Zann and Straw, 1984).  

The second part of Analysis is the Effects Assessment. It quantifies the dose-

response relationship of the pesticide on studied organisms. Effects occur when the 

absorbed chemical interacts with a molecular target and causes a (generally adverse) 

change (Eaton and Klaassen, 2001). The taxonomy, sensitivity to chemical and 

physiology of the exposed individuals will affect the toxicity of the chemical (Grue et al., 

1983). Among physiological factors, age and breeding condition are especially important. 

It has also been shown that within the same species, individuals of a different age have 

different sensitivities (Hooper et al., 1990), as the metabolic and neurological systems of 

the young are not completely developed (Wolfe and Kendall, 1998). 

The third phase in an ERA is Risk Characterization, where the accumulated 

exposure and effects data are integrated. Dose-response relationships provide effects data 

that tie exposure to effects. The simplest approach to combining exposure and effects 

data is to compare the values as a quotient or ratio of the exposure concentration over an 

effect concentration. The ratio is compared to a series of established levels of concerns to 

assess if the potential for wildlife risk exists. The type and amount of data available for 

each component determines the degree of confidence in the risk assessment. In addition 

to these deterministic-type data, there are probabilistic, as well as incident data. 

Deterministic risk assessments cannot address many risk management questions, such as 

the probability and magnitude of effects and population-level impacts. On the other hand, 

probabilistic risk assessments use full concentration-response curves, full range of 

exposure distributions and predictions include the likelihood and magnitude of effects.  

In past applications, fipronil has led to unanticipated effects including non-target 

mortality in crayfish in rice fields in Lousiana, USA (Schlenk et al., 2001) and in termites 
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in Madagascar that subsequently affected their vertebrate predators (Peveling, 2001; 

Peveling et al., 2003).  

The results of the risk assessment are used in the Risk Management step by 

outlining and implementing actions to minimize the risk. These actions generally entail 

modifying pesticide-use characteristics that decrease anticipated exposures to non-target 

receptors. When performing risk assessments in a tiered fashion, preliminary screening 

risk estimates are assessed for areas of needed improvements prior to initiating a more 

detailed, refined assessment. 

As shown in the previous chapters, there is a spatio-temporal coexistence between 

birds and locusts and therefore between birds and locust-control pesticide applications 

(Chapter 4). To estimate exposure to locust control pesticides, not only distribution, but 

also other factors, such as avian body weights, diet composition and food consumption 

rates have to be considered. This chapter represents a preliminary risk assessment of 

fipronil’s potential risk to Australian bird species present during and following fipronil-

based control activities for locusts. Fipronil is only one of the three control measures 

used. This chemical was chosen as the subject of this risk assessment, as the OP, 

fenitrothion, has been assessed for avian safety and Metarhizium is thought to be more 

avian safe than fipronil. Due to the complexity of the problem and limited data on chronic 

exposure, only acute, oral exposure is considered. The approach is based on literature 

values for avian toxicity and exposure data generated from a study of fipronil and its 

metabolites in avian food items following an actual operational application for locust 

control in Queensland.  

 

Problem formulation 

Fipronil is a novel pesticide, a phenyl-pyrazol, developed by Rhône-Poulenc in 

the mid-1980s (Gaulliard, 1996). As a broad-spectrum pesticide, it is used worldwide 

against parasites of animals (Gant et al., 1998) and as an agricultural pesticide in foliar, 

bait, and seed treatment applications (Colliot et al., 1992). It is used to control soil and 

foliar insects (Gaulliard, 1996), among them locusts and grasshoppers (Balança and de 
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Visscher, 1997a; Lecoq and Balanca, 1998). It is applied at variable rates from 0.6 to 200 

g a.i./ha (Tingle et al., 2003), for instance it is effective at 120 g a.i./ha against 

coleopterous larvae, at 50 g a.i./ha against insect pests on rice and at 25–50 g a.i./ha 

against leaf-chewing insects (Colliot et al., 1992). In Mauritania, 1.96 and 1.04 g a.i./ha 

application rates (12.5 g a.i./l of fipronil at 16 l/km flow rate from 20 m height with track 

spacings of up to 1000 m) have been successful against the Desert locust (Rachadi and 

Foucart, 1999). Application rates as low as 0.6 g a.i./ha were toxic to 90% of the exposed 

grasshoppers in 10 days in Niger (Balança and de Visscher, 1997a). In Brazil, it was 

applied at higher concentrations, 2.15–11.8 g a.i./ha, against Rhammatocerus 

schistocercoides hopper bands (Lecoq and Balanca, 1998). In Australia fipronil has been 

operationally applied as a locust pesticide since 1997 at ultra-low volume rates of 0.25–

1.0 g a.i./ha in barrier treatments (Story et al., 2005).  

In the case of locust-control pesticides, oral exposure of non-target organisms 

depends on the consumption of sprayed insects, vegetation and soil. As introduced in 

Chapter 1, numerous bird species feed on locusts at times of outbreaks. At locust 

outbreaks, some species can change their usual feeding patterns and gorge-feed on 

locusts (personal observations). When birds are gorge-feeding, the amount of food 

consumed in a given time is increased and if the food contains pesticide residues, the 

resulting dose will be higher than predicted from maintenance requirements. However, as 

not only locusts (and other insects) contain fipronil residues, obligate granivores that feed 

on grass seeds maturing at the sites and times of locust control applications could be 

exposed to pesticide residues on seeds and herbivores can ingest pesticide residues on 

plant leaves.  

Information was collected from the available literature about the metabolism and 

toxicity of fipronil and the diets and feeding rates of the avian species potentially present 

at spraying sites. Pesticide residues on food items were converted into dose. Residues of 

fipronil and fipronil sulfone were assessed separately and then added together, assuming 

that once corrected for their individual toxicities, their toxicity was additive. A simplified 

conceptual model was developed for bird species eating 10%, 30% and 100% relative to 
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their body weight of three different food items, seed, vegetation and locusts. As this is a 

screening-level assessment, the measurement endpoint of this ERA was acute avian 

mortality. However, in the future, assessments considering indirect mortality and non-

lethal effects are needed. The assessment endpoint is the maintenance of healthy avian 

communities in outback eastern Australia at times and locations of locust control 

applications. 

 

Exposure analysis 

General chemistry and degradation  

Fipronil (5-amino-1-[2,6-dichloro-4-(trifluoromethyl)phenyl]-4-[(1R,S)-

trifluoromethyl)sulfinyl]-1H-pyrazole-3-carbonitrile) is a phenyl pyrazole (Figure 6.1). 

Here I introduce only a limited number of metabolites: fipronil desulfinyl (MB46513) 

forms by photolysis in water or on soil, fipronil sulfone (MB46136) by oxidation in soil 

and fipronil sulfide (MB45950) by reduction in soil (Bobe et al., 1998a). Because of its 

chemical structure, fipronil degrades slowly in all three environmental media. The half-

life of fipronil, depending on the substrate and conditions, ranges from 36 hours to 7.3 

months (Bobe et al., 1998b; Tingle et al., 2003). In soil, a rapid decrease of fipronil and 

rapid formation of sulfone and sulfide (in lower concentrations) was observed (Hainzl 

and Casida, 1996). In hot and dry field conditions, rapid initial decrease in fipronil was 

observed with desulfonation and oxidation being the most prevalent pathways (Bobe et 

al., 1998a). Because of the increased photometabolism, fipronil dissipates faster from 

soils in hot arid conditions than from aerobic soils in temperate conditions (Bobe et al., 

1998a). Fipronil and its degradates have low soil mobility and remain in the upper 10–15 

cm of the soil (Bobe et al., 1997; Tingle et al., 2003).  

On plant surface, fipronil photolyzes to desulfinyl (Hainzl and Casida, 1996). The 

ratio of metabolites was found to be similar in soil and vegetation, however they had 

different concentrations (Fenet et al., 2001). In Africa, median half-life for fipronil on 

vegetation was about two days (Van der Valk, 2004). 

Fipronil does not accumulate in the abiotic environment (Tingle et al., 2003). 
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In vivo metabolism 

In vivo metabolism studies were done in insects as well as in mammals. Studies 

of fipronil metabolism in European corn borer (Ostrinia nubilalis Hubner) larvae suggest 

that cytochrome P450-dependent monooxygenase converts fipronil into the sulfone 

metabolite (Durham et al., 2001; Durham et al., 2002). Likewise, microsomal 

monooxygenases facilitated fipronil metabolism in rats (Dupuy et al., 1997). In mice, the 

sulfone metabolite appeared in fatty tissues, such as brain and liver and was also detected 

in the kidney (Hainzl and Casida, 1996). This conversion is relatively fast, in insects, 

90% of the topically applied fipronil was metabolized to sulfone within 24 hours (Hainzl 

et al., 1998). Bioaccumulation of fipronil through feeding was observed in insect larvae 

in aqueous medium (Chaton et al., 2001). The levels and patterns of bioaccumulation 

were species-dependent (Chaton et al., 2002). Fipronil is also reported to bioaccumulate 

in fish (U.S. Environmental Protection Agency, 1996). 

Sulfone is more persistent than the parent compound (Hainzl et al., 1998) and it is 

equally or more toxic to insect larvae than the parent compound (Durham et al., 2001).  

 

Fipronil in avian food items following pesticide application  

As described in Chapter 1, in locust control operations in eastern Australia, 

fipronil is currently replacing the previously extensively used organophosphate, 

fenitrothion. In this study, band-density nymphs in 3rd to 5th instar stages were aerially 

controlled by the Australian Plague Locust Commission in the Tambo-Augathella area in 

central Queensland between January 16 and January 22, 2005 (Figure 6.2). Fipronil was 

used as a barrier treatment in 3.0 g a.i./L formulation at 100 to 300 m track spacing and 7 

and 14 l/min flow rate (APLC unpublished data). This converts to approximately 0.42 to 

1.25 g a.i./ha (depending on the track spacing). The average area of the treated sites was 

8.10 km2 (range: 1.12–20.67 km2). At two organic beef farms, Metarhizium was applied 

on January 19, 2005. 

To assess the predictability of fipronil residue concentrations on avian food items, 

application rates were entered into the Kenega nomogram (Fletcher et al., 1994). This 
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simple approach predicts residue concentrations in various avian food items at the time of 

application, based on application rate. 

 

Sample collections 

Samples were collected from January 15 to January 26, 2005 in fipronil-sprayed 

areas only. Three sprayed areas were selected for sample collection, “Gravel Pit” close to 

Tambo (E 146.469o, S –25.106o), “Yandarloo” close to the station with the same name (E 

146.471o, S –25.163 o), and “Fairview” (E 146.444o, S –25.557o). In each area, a central 

point was selected within the target site with locusts present before the pesticide 

application. From this central point, 400 m were measured in opposite directions to 

obtain a central transect, parallel to the locust band. Two additional transects were 

measured out 200 m away along both sides of the central transects, with 400 m between 

points. The resulting grid was 800 m long and 400 m wide with 9 sampling points. For 

vegetation sample collections, before-spraying samples were collected only from the 

central transect, while for after-spraying data, samples were collected from points of  all 

three transects at 1, 5 and 7 days post spraying at “Gravel Pit” location. At each point, 

three replicate samples of approximately 60 g of “representative” vegetation were 

collected. Seed samples were collected at the same location 1, 3 and 5 days after 

spraying. Locust samples were collected at all three locations. In the first site, “Gravel 

Pit”, samples were collected before and 1, 2, 3, and 5 days after spraying, while at the 

other two locations samples were collected before and 1 day after spraying. Additional 

locust samples were collected opportunistically on the side of the road where Black kites 

were observed feeding on them (E 146.353o, S –24.911o). At this location APLC treated 

4th and 5th instar hoppers with fipronil four days earlier. At each sample point, 20–30 

individual locusts were collected and separated by size category and level of intoxication 

(“normally behaving”, “intoxicated” and “dead”). As dead locusts were desiccated to a 

varying degree and fipronil concentrations were reported on a fresh weight basis, only 

locusts collected alive are included in the calculations. The vegetation of the sample 
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locations was mostly open Astrebla pasture and cleared Eucalypt woodlands with 

remnant trees.  

 

Residue analysis 

Fipronil residues were analysed by Andrew Keats at the University of 

Queensland. Locust tissue specimens were macerated using a Sorvall Omni Mixer and 

extracted with 30% acetone in acetonitrile. Each extract was filtered under vacuum 

through a diatomaceous earth bed and made up to a known volume. An aliquot from each 

specimen extract was purified via solid phase extraction using activated charcoal and 

Florisil. Following evaporation under vacuum and filtration through 0.45um PTFE, the 

purified specimen extracts were quantified using gas chromatography with mass 

spectrometric detection. Plant specimens were ground with dry ice using a Retsch SK1 

mill. Plant homogenate (following dry ice sublimation and thawing) was macerated with 

an acetonitrile/water mix using a high speed ultra-turrex. The macerate was filtered under 

vacuum and made up to a known volume. An aliquot was then purified via liquid /liquid 

partitioning and C18 solid phase extraction. Following evaporation under vacuum and 

reconstitution in toluene, fipronil residues were quantitated using gas chromatography 

with tandem (ion trap) mass spectrometric detection (Keats, personal communication). 

Residue values were reported per wet weight of tissue. Limit of detection was 1μg/kg for 

each fiprole component. 

Samples were sorted by location, day and type of food product. Mean (±SE) 

residues of fipronil and each of its degradation products were calculated for each day and 

food product combination. 

 

Diet and food consumption rates of birds 

The composition of the typical diet and average weights of each species were 

determined based on the available literature on a family basis (Table 6.1). Three 

representative food-consumption categories were set, at 10%, 30% and 100% relative to 

the body weight (i.e., 10, 30 and 100 g food/g body weight). Birds over 500 g were 
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assumed to eat 10% and birds up to 100 g eat 30% relative to their body weight (FAO, 

1989, as cited in Solomon 2001). The highest, 100% relative to the body weight food 

consumption rate, was selected for young of bird species with low body weight. As there 

are not sufficient data on focal Australian birds, their feeding strategies and food 

consumption were compared to those of representative North American bird species 

(U.S. Environmental Protection Agency, 1993).  

 

Conversion of residues into dose 

Residue levels in the collected samples were converted into dose. Pre-spraying 

residue data and outliers were excluded from the calculations. To express both exposure 

and effects data on the same graph, it was necessary to have similar units. Toxicity dose 

data are generally expressed in mg chemical / kg BW * day and exposure data are given 

in μg chemical / kg food item weight. The latter is converted to dose easily, based on the 

amount of the food item consumed per day, e.g., 0.3 kg food / kg body wt = 30% food 

consumption. 

 

Effects analysis 

Toxicity of fipronil and its metabolites 

Fipronil acts in a similar manner to the cyclodienes (e.g., dieldrin) by inhibiting 

the GABA-gated chloride channel. It has a higher affinity for insect than vertebrate 

receptors (Cole et al., 1993; Gant et al., 1998). Compared to other pesticides, there are 

limited data available about the avian toxicity of fipronil. In spite of the scarcity of acute 

oral toxicity data, there are great differences between species sensitivities (Table 6.2). 

LD50 information is available for six species, ranging from 11.3 mg/kg (in Northern 

bobwhite) to over 2150 mg/kg (in Mallard). To visualize their interspecies distribution, 

LD50 values were plotted against their calculated centile (centile = (100 * i) / (n + 1) 

where i corresponds to the ith observation of the total n ranked observations. Plotting 

positions were expressed as cumulative percentages (Parkhurst et al., 1996, as cited in 
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Solomon 2001). Data were plotted and linear regressions were performed in Excel 

(copyright Microsoft Corporation, 2002).  

To obtain a greater protection than simply using LD50 values, a lower-effect level 

was also considered. LD5 indicates the amount of pesticide that is lethal to 5% of the 

exposed individuals (i.e., protective of 95%) of a population. As there are no LD5 slope 

data currently available for the acute avian toxicity of fipronil, it was calculated by using 

the average of the slopes (b = 2.118) for two other pesticides that function as inhibitors of 

central ligand-gated ion channel receptors, the organophosphates, monocrotophos and 

chlorpyrifos (Solomon et al., 2001).  

There are even less toxicity data available for the degradation products of fipronil. 

Fipronil sulfone was found to be at least five-fold more toxic to Mallards than the parent 

compound (U.S. Environmental Protection Agency, 1996). A sulfone LD50 toxicity curve 

was calculated from this available LD50. This five to one ratio was assumed for other 

species and by extrapolating from the Mallard toxicity, the avian LD50 distribution curve 

was obtained for fipronil sulfone. A sulfone LD5 curve was calculated from the LD50 

values, in a similar manner and using the same slope values as the parent compound.  

Fipronil desulfinyl has high neuroactivity and is generally more toxic to mammals 

than the parent compound (Tingle et al., 2003). However, there are no avian data 

available for this compound. Similarly, there are no avian toxicity data available for 

fipronil sulfide. Because of their toxicity, the metabolites, as well as the parent fipronil 

are of equal concern.  

 

Risk characterization: integration of exposure and effects 

Hazard levels for pesticides were compared to dose levels in different food types 

using calculated HD5 values. HD5 is the dose of a pesticide (in mg/kg) that protects 95% 

of avian species from an LD50 dose of that pesticide. HD5 is based on the distribution of 

LD50s or LD5s for each pesticide. Though arbitrary, it provides a toxicity value that can 

be compared across many pesticides. When calculated dose exceeded the HD5, the 

percentage of exposures above the HD5 was calculated and reported. As this comparison 



 

 249

applies to lethal dose values, reproductive or non-lethal effects are not directly assessed 

(Mineau et al., 2001). 

 

Fipronil residue levels 

The time course of fipronil and fipronil metabolite concentrations varied in avian 

food items (Figure 6.3). Fipronil residues were highest in seeds, showing a slight peak in 

concentration on day 3, but varying little from 1 to 5 days post-application. Residues on 

vegetation were lower and showed a steady decrease from days 1 to 7, post-application. 

Mean residue levels in locusts had the highest variability, increasing the first two days, 

plateauing through day 3 and decreasing by day 5. Mean residue concentrations in the 

opportunistically collected locust samples were higher than any group of 

temporally/systematically collected samples. 

In seed samples (Figure 6.4), fipronil and its two degradation products, sulfone 

and desulfinyl, showed similar temporal patterns, increasing slightly between days 1 and 

3 and returning on day 5 to day 1 levels. The sulfide metabolite shows a reverse pattern. 

In vegetation (Figure 6.5), fipronil and fipronil sulfone show gradual decreases 

over time, while fipronil sulfide increased through day 5 and decreased quickly by day 7. 

The desulfinyl degradate persisted at consistent concentrations throughout the 7-day 

study.  

Levels of the parent fipronil and its degradates/metabolites showed a similar 

temporal pattern in locust samples (Figure 6.6), increasing to peak concentrations on days 

2 and 3, followed by declining levels by day 5. Levels of the desulfinyl and sulfides were 

similar in each of the sample days 2 and 3 but lower than the levels of the parent and 

sulfone on days 1 and 5. Samples collected on days 2 and 3 and the opportunistic samples 

all had high standard errors. 

Maximum fipronil residue levels (in μg/g) predicted by the Kenega nomogram 

were 0.264 for short grass, 0.121 for long grass, 0.149 for broadleaf plants and 0.017 for 

fruits. The Fletcher et al. (1994) version of the nomogram does not directly address 



 

 250

grains (the best surrogate for grass seed studied herein), however, the original Kenega 

model (Hoerger and Kenega, 1972) did, providing a concentration of 0.011 μg/g. 

 

Feeding rates 

In the case of some Australian avian taxonomic groups, it is possible to use data 

from North American species to predict feeding rates for Australian species, as they 

belong to the same families and have similar body weights and feeding habits. Kestrels 

and falcons (Family Falconidae) feed mostly on bigger insects, but also on smaller 

vertebrates, such as reptiles, small mammals and birds. The American kestrel (Falco 

sparverius) weighs 110–140 g and it consumes 29–31% relative to its body weight in 

food items daily (U.S. Environmental Protection Agency, 1993). Australian species 

belonging to this family weigh 160–720 g (Report of the Australian Bird and Bat 

Banding Scheme, 1995–96). North American quails (Family Phasiadinae) feed on seeds 

and insects, they typically weigh between 150 and 200 g and consume up to 10% relative 

to their body weight in food items. There is one species among the studied Australian 

species in this family. The Stubble quail, which weighs around 100 g and is 

predominantly granivorous. Small insectivorous passerines in the New World family 

Troglodytidae weigh around 10 g and free living adult birds consume 70–100% food 

relative to their body weight (U.S. Environmental Protection Agency, 1993). However, 

this family has no Australian members and there are no general food consumption or 

metabolic rates available for small insectivores belonging to the endemic Australian 

families, such as Artamidae, Climacteridae, Dicruridae, Maluridae, Pachycephalidae, 

Pardalotidae and Petroicidae. Obligate granivorous passerines, such as adult Zebra 

finches (weight 9.4–15.7 g) were reported to consume about 50% relative to their body 

weight daily and when feeding young, they collect more than their own body weight 

daily (Zann, 1996). 
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Probabilistic distributions 

Residues in seed, vegetation and locust samples were converted into dose 

assuming representative daily feeding rates of 10, 30 and 100% of body weight consumed 

in food (Figure 6.7, demonstrated on seed distribution). As the highest residue levels 

were in seed samples, this food type provided the distribution with the highest dose 

(Figure 6.8). The distribution of available acute toxic avian LD50 data and the calculated 

LD5 slopes for fipronil were plotted (Figure 6.9). This distribution has a low-profile slope 

resulting in a predicted broad distribution, running from 1 to nearly 10,000 mg/kg*day. 

 

Integration of probabilistic distributions 

Predicted fipronil exposure distributions for the highest feeding rates for the three 

food items were plotted together with the LD50 and LD5 toxicity curves for fipronil 

(Figure 6.10) and for fipronil sulfone (Figure 6.11). In the case of fipronil, there were no 

HD5 exceedances or anticipated exposures at either LD50 or LD5 levels. Alternatively, 

with fipronil sulfone, 29% of exposures would lead to higher than 5% mortality in the 

most sensitive species feeding on seed at 100% of their body weight per day. For the 

remaining 71% of exposures from eating seeds at the same rate, there were no 

exceedances for vegetation or locust consumers or at consumption rates of less, than 

100% in seed-eating birds. In order to compare levels of fipronil and its sulfone 

metabolite in the same food item sample against the known fipronil toxicity curve, 

fipronil sulfone residue data were converted into fipronil units. For the conversion the 1 

to 5 fipronil-fipronil sulfone toxicity ratio was used as in the calculation of fipronil 

sulfone LD50 and LD5 curves. This means that fipronil residue levels in μg/kg were added 

to five times the fipronil sulfone residue levels in μg/kg in the same sample. When 

fipronil sulfone residue levels in food items were considered together with the respective 

fipronil level the dose curve (assuming the same food consumption rates) increasing the 

level of exposure, therefore shifting the curve to the right (Figure 6.12). Granivores 

exceed the HD5 47% and 5% of exposures based on LD5 and LD50, respectively, 
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therefore 5% of exposures would lead to LD50 level mortality in the most sensitive 

species. Locust eaters barely reach HD5 exceedance levels based on LD5. 

 

Discussion 

The residue levels measured in grass were higher then the values predicted by the 

Kenega nomogram (Hoerger and Kenega, 1972; Fletcher et al., 1994). The maximum 

predicted residue levels in short grass at day 1 after application were 0.246 ppm, while 

among the collected vegetation samples one contained 0.934 ppm fipronil. Residue levels 

in grass seeds (grains) were even more underpredicted: 0.011 ppm predicted value versus 

0.211 ppm in the collected sample.  

Residue levels in all samples were highly variable and showed elevated levels of 

sulfone and other metabolites immediately after pesticide application, suggesting that the 

applied formulation contained both parent compound as well as degradates. As the levels 

of the degradates, immediately after application, were relatively consistent between the 

different food items, this was likely the case. 

The substantial variability noted in day 2 and 3 locust residue concentrations is 

likely a reflection of the co-occurrence of both sprayed locusts and locusts that recently 

moved into the sprayed area being collected in a single collection bout. 

This study was the first attempt at a screening level risk assessment focused on 

the exposure to, and effects of fipronil to Australian native birds present at times and 

locations of locust control. We used available species toxicity distributions and avian 

food item samples collected at the times and location of operational fipronil applications. 

From the integration of exposure and toxicity data, small, active species with high energy 

demands, especially obligate granivores, seem to be at highest risk. Such groups include 

finches, small parrots and small pigeons (Morton and Davies, 1983). In Chapter 5, I 

selected the species that were predicted to be present at spraying sites at high 

probabilities (Table 5.4). There were 108 species with high abundance associated with 

locust control. Among these species, 17 are obligate granivores, belonging to the families 

Passeridae, Psittacidae, Columbidae and Cacatuidae (Table 6.4.). Of these species, the 
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smallest are finches, weighing around 10 g. Based on the potential for exposure, these 

particular species would be at greatest risk.  

Further research is needed on the distribution of fipronil and its metabolites within 

the seed, as Zebra finches remove the husk from seeds (Morton and Davies, 1983; Zann 

and Straw, 1984). If a high proportion of the chemical is on the seed surface, exposure 

would be lower if the bird does not consume the husk. 

The young of many of these species are also fed seeds and will consume high 

amounts of food relative to their body weight. About one-fifth of Australian land birds 

are granivores (Franklin et al., 2000). The species that consume large amounts of seed as 

a function of their body weight tend to be species with low body weights.  

This assessment was a conservative estimation and it is important to keep in mind 

the following assumptions. 1) When calculating dose from environmental concentrations, 

it was assumed that samples collected have residue levels representative of the sprayed 

area. If samples with the highest residue concentrations were not collected, the dose 

would be higher for birds feeding on those items. 2) Birds were assumed to feed on only 

one type of food item. For instance, if granivores are consuming only 25% of their body 

weight in seed and 5% in locusts, but here we categorized them as feeding exclusively on 

seed, at 30% of their body weight rate, their exposure to toxic residues would be lower. 

However, birds with mixed diets would be exposed simultaneously via a variety of food 

items. 3) The area use of all species was assumed to be 100%, i.e., birds were assumed to 

be feeding all the time on contaminated food items. If they would feed outside the treated 

areas on uncontaminated feed, their exposure would be lower. 4) In this study only acute 

exposure was considered, however, chronic exposure to lower amounts of fipronil and its 

metabolites could potentially be lethal. These assumptions were intentionally highly 

conservative to form a first-level screening assessment.  

 

Uncertainties 

Fipronil has a wide variability in toxicity and its HD5 falls in the range of highly 

toxic pesticides. An additional species, the Zebra finch was recently tested by Karen 
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Fildes and Lee Astheimer at the University of Wollongong and the preliminary analysis 

shows exceptional sensitivity (LD50 < 50 mg/kg). Another passerine, the House finch 

(Caprodacus mexicanus) was tested at TIEHH and showed low sensitivity (LD50 500–

2000 mg/kg) (Hooper, pers. comm.) LD50 values show considerable interspecies 

variability (>150-fold), based on data from only eight species belonging to five families. 

Considering families, ducks and pigeons have the lowest sensitivity and gallinaceous 

species the highest. Toxicity testing is conducted usually only on a few traditional 

laboratory species belonging only to a low number of families. However, even within 

families, there seem to be large differences in LD50s, such as between the Field sparrow 

and the Zebra finch. As shown in Chapter 5, members of 63 families are present in the 

study area, and no information is available about the sensitivity of species belonging to 

most of these families, especially in the case of Australian endemics. Because of the 

different sensitivity to chemicals among different groups, and the unique phylogeny of 

Australian birds, we cannot easily extrapolate toxicity data from laboratory species. 

Based on the proportion of sensitive to insensitive families (one out of five), in addition 

to gallinaceous species, there could be another ten families at high risk.  

Characteristics of the chemical, such as its bioavailability and its bioaccumulation 

will also influence its effects. As fipronil and its metabolites are fat soluble and capable 

of bioaccumulation, their effects on exposed organisms could be prolonged.  

Exposure depends on environmental conditions that modify degradation rate. 

Metabolites could be more or less toxic than the parent compound and their ratio at a 

particular time depends on environmental conditions. Temperature, sun exposure and 

humidity have to be considered when modelling pesticide-residue levels.  

Even though under laboratory conditions birds prefer live prey to dead, desiccated 

insects (Staffer et al., 2003), in the field, some species (Australian pratincole, Australian 

raven, Apostlebird and White-winged chough) were observed feeding on dead locusts 

(personal observations). Because of the lower water content of dead insects, the residue 

levels they contain could be higher and thus pose a higher risk to birds feeding on them. 

In this study, the residue levels in locusts had a different temporal pattern than residues 
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on vegetation or seed. Locust residues in day 2 seem to be a mixture of insects that have 

been oversprayed and have been accumulating fipronil for two days and hoppers that 

have recently moved into the sprayed barrier.    

Currently, there are no incident reports about Australian species at operational 

locust control with fipronil. Incidents could be happening, but go unnoticed because of 

insufficient field personnel. As there are no forensic methods available to diagnose 

fipronil poisoning, it is not possible to link mortality or sublethal effects with levels of 

exposure to fipronil or its metabolites. 

Age-dependent toxicity of fipronil and its metabolites in not known, but is 

suspected to be higher for young as they have lower metabolic capacities. In the arid 

zone, optimal conditions for avian breeding are similar to those for insects. Therefore, 

there is a correlation between locust population explosions and that of other food 

resources (such as other insects or grass). This means that the conditions favoring locusts 

will also favor other food items important to birds and, consequently, bird densities may 

be high near dense populations of locusts. In addition, many avian species breed 

irruptively. Therefore, sensitive life-stages can be present at any month of the year. If a 

pesticide were applied at this sensitive time, it can have serious population level effects, 

as young animals are often more sensitive to insecticides.  

Even under pristine conditions, dependence on unpredictable patches of resources 

incorporates a high risk. If prey populations decline too rapidly, breeding attempts may 

fail, or adults staying too long at an unpredictable location can die. Not only local, 

resident avian populations can be affected by a chemical applied at a certain location, but 

also nomadic birds, capable of large-scale movements. In this case, it is much more 

difficult to estimate the effects of a chemical on an individual, as we cannot be sure if a 

bird died, or just moved on. Population declines in nomadic species are not as obvious as 

when they occur in sedentary or “traditional” migratory birds with established territories.  

Cooperative breeders have a smaller clutch size and significantly longer breeding 

season than non-cooperative breeders. These low population turnover rates along with the 
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low population density make the recovery of the population slower after a pesticide 

exposure, and repeated exposure can push local populations to extinction.  

Pesticides, even if they do not kill birds directly can have noticeable sublethal 

effects, which may still result in death. There are several sublethal effects of pesticide 

exposure, which compromise the exposed bird’s health and reproductive potential. 

Reduction in appetite, and subsequent loss of body condition, abnormal activity levels, 

inability to thermoregulate, or immuno-suppression can all negatively influence survival. 

Disturbing high-tuned physiological adaptations can have serious consequences. Effects, 

which would be sublethal under laboratory conditions, can be lethal if the bird is at its 

energetic or nutritional limits, or is under stress.  

 

Future directions 

This preliminary risk assessment has found that birds could be at risk based on 

relatively conservative assumptions. A number of improvements in data quality would 

help in the refinement of this assessment. Specifically: 1) Avian toxicity data for relevant 

Australian species are inadequate and must be improved, especially metabolite toxicity 

and age-dependent toxicity. 2) Data on parent and metabolite residues in a greater variety 

of avian food items needs to be developed to expand on the data presented herein and 

refine exposure distributions. 3) Fipronil and its metabolites need to be assessed in 

fipronil-dosed (both lethally and non-lethally) bird brains so that forensic analyses can be 

performed on birds that die suspiciously in the vicinity of fipronil applications. 4) In this 

assessment, only oral exposure was considered. In future studies, routes other than oral 

need to be considered. For instance, dermal exposure from overspraying could be 

substantial in the case of aerial pesticide applications. 5) Ongoing studies with 

physiological effect can show sublethal effects, which should be included in risk 

assessments, as sublethal effects can compromise survival.  

In addition to filling these data needs, application of data from this assessment can 

begin immediately by integrating material from this and the previous chapters. Avian 

species lists can be developed for areas of future locust control. Further, thought I could 
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not model endangered species reliably for lack of distribution data (Chapter 5), more 

reliable information about their distribution and food consumption rates would allow 

development of species-specific risk assessments, at a landscape level, for inclusion in 

species management plans. If unique avian resources occur in treatment areas, the 

findings could lead to modification of Australian locust control practices, by using less 

toxic pesticides or lowering applications rates, to minimize avian risk.  

In conclusion, the fauna of the Australian arid and semi-arid region is unique and 

poorly known. The wide differences in toxicity of fipronil to different (even closely 

related) animals mean that risk assessment for areas with unusual fauna cannot be 

predicted without extensive studies on locally occurring species. As risk assessments are 

rarely conducted in semi-arid regions, special attention needs to be paid to data on 

indigenous species (Everts, 1997; Lahr, 1997). 
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Tables and Figures 

 

Table 6.1. Families and numbers of species (n) in the study area and  
available data on their representative weight and food preference.  
Compiled based on Appendix D Table D4   
Family n Weight Feeding habits 
Accipitridae 12 160–4,030 carnivore, some partially insectivore 
Aegothelidae 1 45 insectivore 
Alaudidae 2 20–30 insectivore 
Anatidae 14 370–5,000 herbivore, aquatic insects 
Anhingidae 1 1,350 piscivore 
Apodidae 2 30–40 insectivore 
Ardeidae 8 330–1030 piscivore, insectivore 
Artamidae 11 35–370 insectivore, omnivore 
Burhinidae 1 625–670 insectivore 
Cacatuidae 5 325–975 granivore, omnivore 
Campephagidae 4 25–140 insectivore 
Caprimulgidae 1 90 insectivore 
Casuariidae 1 50,000 omnivore 
Charadriidae 7 30–380 insectivore, granivore, herbivore 
Cinclosomatidae 4 40–75 insectivore? 
Climacteridae 3 20–35 insectivore 
Columbidae 7 30–250 granivore 
Coraciidae 1 125–143 insectivore 
Corcoracidae 2 110–360 insectivore, granivore 
Corvidae 4 390–560 insectivore, omnivore? 
Cuculidae 7 20–210 Insectivore 
Dicaeidae 1 10 herbivore 
Dicruridae 5 8–100 insectivore, granivore 
Falconidae 6 160–720 insectivore, carnivore 
Fringillidae 1 15 granivore 
Glareolidae 2 50–120 insectivore, granivore 
Gruidae 1 6,000 omnivore 
Halcyonidae 4 35–340 piscivore, insectivore, carnivore 
Hirundinidae 4 10–15 insectivore 
Laridae 5 65–900 piscivore, insectivore  
Maluridae 8 7–20 insectivore, granivore 
Megapodiidae 1 2,000 granivore, insectivore 
Meliphagidae 29 10–110 nectarivore, insectivore 
Meropidae 1 25 insectivore 
Motacilidae 1 25 insectivore 
Muscicapidae 1 90 insectivore, vermivore 
Neosittidae 1 15 insectivore 
Oriolidae 1 95 insectivore 
Otididae 1 2,800–8,200 omnivore 
Pachycephalidae 7 25–65 insectivore 
Pardalotidae 19 5–15 insectivore 
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Table 6.1. (Continued) 
Family N Weight Feeding habits 
Passeridae 6 10–25 granivore 
Pedionomidae 1 50 omnivore 
Pelecanidae 1 7,000 piscivore 
Petroicidae 7 8–35 insectivore 
Phalacrocoracidae 4 500–1,100 piscivore 
Phasianidae 1 100 granivore 
Podargidae 1 380 insectivore 
Podicipedidae 3 200–220 piscivore, aquatic insects 
Pomatostomidae 4 40–85 insectivore 
Psittacidae 16 25–150 granivore 
Ptilonorhynchidae 1 130 frugivore? 
Rallidae 8 18–690 herbivore, granivore, insectivore 
Recurvirostridae 3 150–330 insectivore, crustaceans 
Rostratulidae 1 100 herbivore, insectivore 
Scolopacidae 10 30–320 vermivore? 
Strigidae 2 300–740 carnivore 
Sturnidae 1 75 insectivore, granivore 
Sylviidae 6 9–18 insectivore, granivore 
Threskiornithidae 5 500–2,000 insectivore, piscivore 
Turnicidae 3 40–85 granivore, insectivore 
Tytonidae 3 310–1,260 carnivore 
Zosteropidae 1 10 insectivore, frugivore 

Note: ? indicates uncertainty.
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Table 6.2. Acute toxicity of fipronil to selected avian species for which data are available  
Species  LD50 (mg/kg) Reference 
Northern bobwhite quail (Colinus 
virginianus) 

        11.3 (Avery et al., 1998) 

Ring-necked pheasant (Phasianus colchicus)      31 (Avery et al., 1998) 
Red-legged partridge (Alectoris rufa)      34 (Avery et al., 1998) 
Field sparrow (Spizella pusilla)   1120     (Avery et al., 1998) 
Pigeon (Columba livia) >2000 (Avery et al., 1998) 
Mallard (Anas platyrhychos) >2150 (Avery et al., 1998) 
 



 

 261

Table 6.3. Demonstration of the conversion of seed fipronil residues to dose for a 
granivorous bird consuming 30% of its body weight in food daily  

Sample 
ID 

Days post 
application 

Fipronil μg/kg 
seed 

Pesticide dose 
μg/kg body weight* 

rank centile

S6 3 851 0.2553 13 92.9 
S12 5 839 0.2517 12 85.7 
S1 1 705 0.2115 11 78.6 
S5 3 614 0.1842 10 71.4 
S8 3 543 0.1629 9 64.3 
S9 3 490 0.1470 8 57.1 
S7 3 423 0.1269 7 50.0 
S3 1 354 0.1062 6 42.9 
S4 1 321 0.0963 5 35.7 
S2 1 306 0.0918 4 28.6 
S11 5 240 0.0720 3 21.4 
S10 5 160 0.0480 2 14.3 
S13 5 155 0.0465 1 7.1 

* Note: Pesticide dose (μg/kg body weight * day) = seed [fipronil] (μg / kg seed) * food 
consumption rate (kg seed/kg body weight). 
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Table 6.4. Obligate granivores predicted to be among the top 20  
species encountered at locust control event. “P” represents the  
percentage of times the species would be observed among the 20  
most highly predicted among all locust control events  
Common name Weight (g) Family P 
Double-barred Finch Under 10 Passeridae  1.53 
Zebra Finch 10 – 50 Passeridae 28.83 
Budgerigar 10 – 50 Psittacidae 10.43 
Diamond Dove 10 – 50 Columbidae  6.44 
Red-rumped Parrot 50 – 100 Psittacidae 42.33 
Blue Bonnet 50 – 100 Psittacidae 27.91 
Cockatiel 50 – 100 Psittacidae 23.62 
Red-winged Parrot 50 – 100 Psittacidae 19.63 
Mulga Parrot 50 – 100 Psittacidae  9.20 
Australian Ringneck 100 – 150 Psittacidae 40.80 
Eastern Rosella 100 – 150 Psittacidae 11.35 
Crimson Rosella 100 – 150 Psittacidae  2.76 
Galah 150 – 500 Cacatuidae 99.69 
Crested Pigeon 150 – 500 Columbidae 97.24 
Superb Parrot 150 – 500 Psittacidae   9.51 
Little Corella 150 – 500 Cacatuidae  3.68 
Sulphur-crested Cockatoo 500 – 1,000 Cacatuidae 16.87 
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Figure 6.1. Environmental transformation of fipronil. Adapted from Bobe et al., (1998a).  
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Figure 6.2. Residue collection sites and bird observation locations around Tambo in 
2005. 
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Figure 6.3. Time course data for fipronil were collected for seeds, vegetation and locusts 
before and after spraying at 1.25 g a.i./ha application of fipronil. Points are means and 
error bars indicate ±SE, Opp. = opportunistically collected locust samples. 
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Figure 6.4. Fipronil and its degradation products in seeds 1, 3 and 5 days after spraying at 
1.25 g a.i./ha application of fipronil. Points are means and error bars indicate ±SE.  
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Figure 6.5. Fipronil and its degradation product residues in vegetation before and 1, 5 and 
7 days after spraying at 1.25 g a.i./ha application of fipronil. Points are means and error 
bars indicate ±SE. 
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Figure 6.6. Fipronil and its degradation product residues in locusts before and 1, 2, 3 and 
5 days after spraying at 1.25 g a.i./ha application of fipronil. Points are means and error 
bars indicate ±SE, Opp. = opportunistically collected locust samples. 
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Figure 6.7. Pesticide concentration in seed samples (mg a.i./kg food item) multiplied by 
food consumption rate (kg food item/kg body weight/day) to obtain pesticide 
consumption rate or dose (mg a.i./kg body weight/day). 
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Figure 6.8. Predicted daily exposure model for birds that consume 100% of their body 
weight per day of locust, vegetation or seed diets. 
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Figure 6.9. Avian LD50 and LD5 curves for acute oral exposure to fipronil. LD5 curve 
extrapolated from LD50 data based on toxicity for Mallard. 
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Figure 6.10. Integration of avian fipronil exposure and toxicity distribution. See Figures 
6.8 and 6.9 for sources of data. 
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Figure 6.11. Integration of avian exposure and toxicity distribution for fipronil sulfone. 
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Figure 6.12. Integration of avian exposure levels (fipronil + fipronil sulfone, see text for 
derivation) with fipronil toxicity distributions.  
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 CHAPTER VII 

CONCLUSIONS 

  

Similar to other parts of the world, pesticides used in locust control in Australia 

have unanticipated and undesired effects on non-target animals. In this dissertation, I 

have assessed the probability of locust-control pesticide exposure in 285 avian species in 

eastern Australia. 

In this geographical region, rainfall is considered one of the most important 

environmental factors governing plant and animal distributions. On a continental scale, 

rainfall in eastern Australia is spatially variable, with the general pattern of declining total 

yearly amounts from north to south as well as from coastal areas towards inlands. The 

north receives high summer (monsoonal) rains, towards the south this tendency gets 

weaker as middle latitudes have a more even temporal distribution and in the southeast 

winter rains predominate. On a smaller (half-degree grid cell) scale, rainfall patterns are 

more irregular spatially as well as temporally. Autocorrelation factor with a 12-month lag 

was used as an indicator of the predictability of rainfall from one year to the next. Long-

term climatic stability was evaluated by counting the number of times the autocorrelation 

factor was significantly different from zero during the five years examined. In eastern 

Australia, El Niño-Southern Oscillation phenomenon influences weather patterns and it 

can partly explain interannual differences in rainfall values. During the study period, 

2000 was the wettest (anti-ENSO), while 2002 was the driest (ENSO) year. The temporal 

distribution of rainfall within a year seems to be strongly influenced by latitude. In the 

arid and semi-arid areas, there are no obvious intra-annual patterns. Intra-annual 

variability is more important for the survival and reproduction of plant and animal 

populations. 

Rainfall and soil type determine vegetation patterns. To study the relations among 

rainfall, soil and vegetation, 18 new habitat categories and four soil categories were 

established from available data sources. Vegetation types in eastern Australia depict a 

characteristic distribution. Following the new vegetation classification, predominantly 
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arid zone vegetation types are “Arid grass”, “Gibber” in southwest Queensland, 

“Spinifex” in the north and “Saltbush” mostly towards the south. Vegetation types 

restricted to the arid and semi arid zones are “Woodland open shrub”, “Acacia” in 

southwest and central west Queensland, and “Astrebla” in the inner north. “Bluegrass” 

and “Melaleuca” are characteristics of the tropical north. The rest of the continent 

(tropical and temperate zones) has a mosaic of “Eucalypt woodlands”, “Grassland” and 

“Crop”. Major vegetation types of the Murray-Darling river system are “Mallee”, 

“Casuarina”, mostly towards the north, and “Riverina”, which is a specific category of 

crop vegetation. “Forest” type is along the east coast. The habitat composition of half-

degree grid cells is highly variable, which delineates a characteristic habitat mosaic all 

around the study zone. With respect to their geographical extension, there are also 

substantial differences among vegetation categories. “Eucalypt woodland”, “Crop” and 

“Acacia” occupy more than half of the area of interest, while others, such as “Melaleuca” 

and “Grassland” are relatively rare.  

There is a correlation between habitat types studied and monthly rainfall values, 

as well as between vegetation and soil types. Functional Principal Component Analysis is 

a novel technique, suitable for cyclic variables. This technique was used to analyze 

temporal rainfall distribution in each habitat type. The analysis was appropriate for the 

study of rainfall patterns in the area of interest; however, it proved insufficient for a 

complete explanation of rainfall patterns. In eastern Australia, habitat types are 

irregularly distributed, and rainfall patterns are different in each habitat.  

The Australian plague locust is the most economically important locust species in 

eastern Australia. The Australian plague locust is adapted to fluctuating environments 

that enable it to have a wide spatial distribution including arid and semi-arid zones. By 

governing vegetation types that provide varying amounts of food and shelter to locusts, 

rainfall limits their spatial and temporal distribution. Rainfall affects locusts indirectly not 

only through its effects on vegetation, but also by making the soil suitable for oviposition 

and modifying the number of parasites and predators. Spatially, the distribution of the 

Australian plague locust is limited by the amount of rainfall towards the north and the 
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interior. Rainfall also determines the number of successful generations per year: 

according to the literature, there are two to four generations per year and in this study, the 

possibility of at least three generations per year was confirmed based on the APLC 

dataset for the study years. Similarly, the temporal distribution of locusts also depends on 

rainfall in combination with temperature. Temperature influences Australian plague 

locust survival and development (five instars in optimal conditions, six in dry or cold 

conditions) and limits the distribution towards the south. Australian plague locusts can 

perform long-distance migration during the night. Historically, some areas have been 

claimed as origins to outbreaks, however, from the available dataset, the role of the 

Channel country as source for locusts in Riverina was contradicted.  

The other two economically important locust species, the Spur-throated and the 

Migratory locust have different life-histories and, as a consequence, distinct distributions. 

For these two species, it was not possible to perform some calculations for the lack of 

survey data. To study the correlations between locust presence and the amount of rainfall, 

large and detailed datasets are necessary. Furthermore, unpredictability of rainfall makes 

long-term prediction of locust outbreak locations inaccurate and unreliable. In spite of the 

bias in the APLC database towards times and locations of predicted outbreaks, it is a 

unique resource to obtain useful information about the spatio-temporal distribution of 

locust outbreaks and spraying events. In eastern Australia, some areas have higher 

frequency of locust occurrence and in some cases, these locations correspond to higher 

frequency of spraying. In conclusion, the defined habitat classification proved adequate 

to study locusts, in the sense that it shows correlations with rainfall values and soil types, 

which are evolutionally important for locust species.  

Similar to locusts, vegetation provides food and shelter to bird species and 

therefore affects avian distributions. However, for most species, the Birds Australia 

database was found to be incomplete for most intended calculations. One of the major 

problems was the low total number of sightings to perform an analysis of spatial and 

temporal aspects of distribution and in particular habitat preference. In particular, 
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unpredictability of rainfall raises difficulties when studying avian populations and 

correlations with rainfall.    

Australian bird species can be categorized by their life-history characteristics. 

Some of these groups are “Common species”, “Arid zone specialists” and “Rare habitat 

specialists”. These groups behave differently from each other, but share certain 

characteristics within the group, which can be useful when evaluating their risk of 

exposure to locust control pesticides.  

The performed calculations are interesting, but often incomplete for the purpose 

of risk assessment. For instance, it is usually possible to know which species are rare, but 

for these species, it is often very difficult to determine where they are in a particular 

month. This temporal uncertainty makes the protection of these species more challenging. 

Bird species distributions were modeled. Many bird species were predicted at 

high probabilities to be present at locust control locations. The model proved useful in 

predicting that a high number avian species spatially and temporally coincide with locust 

control events in eastern Australia. For some species, the probability of co-occurrence 

with at least one pesticide event was close to one. However, rare species with a restricted 

range are presumably at a higher risk.   

To reliably predict distribution models of all bird species in eastern Australia, 

other variables need to be included in the model. One of them necessarily would be the 

presence of locusts. However, predicting the probability of occurrence of locust species 

presents the same problems as those with the birds, i.e., lack of data and dependence on 

unpredictable variables, such as rainfall. To calculate the risk of birds of locust control 

pesticides a different approach is necessary, which relies on other factors, studied along 

this paper. In particular, the inability to predict rainfall hinders prediction of locust 

outbreak locations and makes the study of avian populations a challenge. 

Fipronil residues reaching 934 ug/kg concentrations were found in avian food 

items sampled following locust control operations. Previous assessments of fipronil’s 

avian risk toxicity have minimized avian toxicity and indeed fipronil parent compound 



 

 279

appears not to reach LD50 or LD5 levels. However, studies on other organisms show that 

it is not only the parent compound, but also its degradates and metabolites are of concern. 

Even though fipronil is generally considered virtually non-toxic to birds, it and its 

degradates can reach combined concentrations that may cause acute toxicity in the most 

sensitive species. To be considered truly avian safe, substantial work is yet to be done. 

33% of the exposure situations to fipronil sulfone is predicted will lead to >5% toxicity in 

sensitive species. Fipronil and its metabolites demonstrate a greater cumulative risk when 

considered together. 

 Birds with different feeding strategies are exposed to fipronil at different levels. 

The highest risk is in granivorous birds consuming high amounts of food relative to their 

body weight, due to the high levels of fipronil and its degradates found in this food type. 

The main aim of my research was to determine the potential risk of exposure of 

birds to locust control pesticides in eastern Australia, with special attention to fipronil. 

The information included in this dissertation indicates that this risk assessment can be 

done. However, care must be taken with the limitations and further studies are necessary 

for detailed and more accurate risk assessments.  
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APPENDIX A 

HABITAT CATEGORIES 

 

Table A.1. Attributes used in vegetation database for Post-European Settlement (1988). 
Adapted from Vegetation - Post-European Settlement (1988) Product User Guide 
Attribute Values Selection criteria 
TALLEST STRATUM - 
SPECIES DOMINANT 
(ts_sd) 

a = Astrebla (Mitchell grass) 
b = Banksia 
c = Casuarina including Allocasuarina 
d = Dichanthium (bluegrass) 
e = Eucalyptus 
f = Fabaceae (includes clovers and medics) 
g = Graminoids 
h = Hakea 
k = Chenopodiaceae (e.g., saltbush and 
bluebush) 
m = Melaleuca  
n = Northofagus 
o = Owenia (desert walnut) 
p = Conifers 
q = Myoporum (sugarwood) 
r = Heterodendrum (rosewood) 
t = Triodia and/or Plectrachne 
u = Cereals 
v = Saccharum (Sugar cane) 
w = Acacia including Racosperma 
x = Mixed or others 
y = Other Grasses 
z = Asteracaea (daisies) 
 

 

TALLEST STRATUM - 
SPECIES CO-DOMINANT 
(ts_sc) 
 

a = Astrebla (Mitchell grass) 
b = Banksia 
c = Casuarina including Allocasuarina 
d = Dichanthium (bluegrass) 
e = Eucalyptus 
f = Fabaceae (includes clovers and medics) 
g = Graminoids 
h = Hakea 
k = Chenopodiaceae (e.g., saltbush and 
bluebush) 
m = Melaleuca n Northofagus 
o = Owenia (desert walnut) 
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Table A.1. (Continued) 
Attribute Values Selection criteria 
TALLEST STRATUM - 
SPECIES CO-
DOMINANT 
(ts_sc) 
 

p = Conifers 
q = Myoporum (sugarwood) 
r = Heterodendrum 
(rosewood) 
t = Triodia and/or 
Plectrachne 
u = Cereals 
v = Saccharum (Sugar cane) 
w = Acacia including 
Racosperma 

 

   
TALLEST STRATUM - 
SPECIES CO-
DOMINANT (ts_sc) 
 

x = Mixed or others 
y = Other Grasses 
z = Asteracaea (daisies) 
 

 

TALLEST STRATUM - 
GROWTH FORM 
(ts_gf) 
 

F = Other herbaceous plants 
G = Tussocky or tufted 
grasses 
H = Hummock Grasses 
L = Low trees <10 m 
M = Medium trees 10–30 m 
S = Tall Shrubs >2 m 
T = Tall trees >30 m 
Z = Low shrubs <2 m 
 

The growth form in areas 
where there is only one stratum 
(e.g., hummock grasses) is 
presumed to be the tallest 
stratum with no lower growth 
form. 
 

TALLEST STRATUM - 
DENSITY (OF 
FOLIAGE COVER) 
(ts_d) 
 

1 = <10% 
2 = 10–30% 
3 = 30–70% 
4 = >70% 
 

Vegetation density is 
expressed in terms of the 
proportion of the ground that is 
shaded by the tallest stratum at 
midday. The density of the 
foliage cover of the lower 
stratum is not recorded in the 
code. 
 

TALLEST STRATUM - 
SEASONALITY (ts_s) 
 

S = Seasonal The seasonality of the 
vegetation is assumed to be 
perennial unless the items 'ts_s' 
nd 'ls_s' are filled with the 
character S (Seasonal). On the 
map this is indicated by the 
code in italics. 
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Table A.1. (Continued) 
Attribute Values Selection criteria 
TALLEST 
STRATUM - 
INTERDUNAL 
(ts_id) 
 

D = Vegetation described is that of 
stable areas between dunes 

The vegetation is assumed to 
be evenly dispersed across the 
area unless the items 'ts_id' 
and 'ls_id' (where ID = 
interdunal) are filled. On the 
map this is indicated by the 
underlining of the code. 
 

TALLEST 
STRATUM - 
NO 
VEGETATION 
(ts_nts) 
 

NT = No tallest stratum If 'ts_nts' and 'ls_nts' are filled, 
then the 'Other' attribute must 
be filled. Where there is a 
tallest stratum but no lower 
stratum then the 'ls_nts' item is 
filled with 'NT'. 

   
LOWER 
STRATUM - 
SPECIES 
DOMINANT 
(ls_sd) 
 

a = Astrebla (Mitchell grass) 
b = Banksia 
c = Casuarina including Allocasuarina 
d = Dichanthium (bluegrass) 
e = Eucalyptus 
f = Fabaceae (includes clovers and 
medics) 
g = Graminoids 
h = Hakea 
k = Chenopodiaceae (e.g., saltbush and 
bluebush) 
m = Melaleuca  
n = Northofagus 
o = Owenia (desert walnut) 
p = Conifers 
q = Myoporum (sugarwood) 
r = Heterodendrum (rosewood) 
t = Triodia and/or Plectrachne 
u = Cereals 
v = Saccharum (Sugar cane) 
w = Acacia including Racosperma 
x = Mixed or others 
y = Other Grasses 
z = Asteracaea (daisies) 
 

The floristic code for the 
lowerstratum is only shown 
where the foliage cover for the 
tallest stratum is less than 30% 
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Table A.1. (Continued) 
Attribute Values Selection criteria 
LOWER 
STRATUM - 
SPECIES CO-
DOMINANT 
(ls_sc) 
 

a = Astrebla (Mitchell grass) 
b = Banksia 
c = Casuarina including 
Allocasuarina 
d = Dichanthium (bluegrass) 
e = Eucalyptus 
f = Fabaceae (includes clovers and 
medics) 
g = Graminoids 
h = Hakea 
k = Chenopodiaceae (e.g., saltbush 
and bluebush) 
m = Melaleuca  
n = Northofagus 
o = Owenia (desert walnut) 
p = Conifers 
q = Myoporum (sugarwood) 
r = Heterodendrum (rosewood) 
t = Triodia and/or Plectrachne 
u = Cereals 
v = Saccharum (Sugar cane) 
w = Acacia including Racosperma 
x = Mixed or others 
y = Other Grasses 
z = Asteracaea (daisies) 

 

   
LOWER 
STRATUM - 
GROWTH FORM 
(ls_gf) 
 

F = Other herbaceous plants 
G = Tussocky or tufted grasses 
H = Hummock Grasses 
L = Low trees <10 m 
M = Medium trees 10–30 m 
S = Tall Shrubs >2 m 
T = Tall trees >30 m 
Z = Low shrubs <2 m 
 

The growth form in areas 
where there is only one 
stratum (e.g., hummock 
grasses) is presumed 
to be the tallest stratum with 
no lower growth form. 
 

LOWER 
STRATUM - 
DENSITY (OF 
FOLIAGE 
COVER) 
(ls_d) 
 

1 = <10% 
2 = 10–30% 
3 = 30–70% 
4 = >70% 
 

Vegetation density is 
expressed in terms of the 
proportion of the ground 
that is shaded by the tallest 
stratum at midday. The 
density of the foliage cover 
of the lower stratum is not 
recorded in the code. 
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Table A.1. (Continued) 
Attribute Values Selection criteria 
LOWER 
STRATUM - 
SEASONALITY 
(ls_s) 
 

S = Seasonal The seasonality of the vegetation 
is assumed to be perennial unless 
the items 'ts_s' and 'ls_s' are filled 
with the character S (Seasonal). 
On the map this is indicated by the 
code in italics. 
 

LOWER 
STRATUM - 
INTERDUNAL 
(ls_id) 
 

D = Vegetation described is 
that of stable areas between 
dunes 
 

The vegetation is assumed to be 
evenly dispersed across the area 
unless the items 'ts_id' and 'ls_id' 
(where ID = interdunal) are filled. 
On the map this is indicated by the 
underlining of the code. 
 

LOWER 
STRATUM - NO 
VEGETATION 
(ls_nts) 
 

NL = No lower stratum Where there is a tallest stratum but 
not lower stratum, then the 'ls_nts' 
item is filled with NL 
 

OTHER 
(other) 
 

L = Littoral complex 
H = Horticultural complex 
U = Urban complex 
SL = Salt lake 
PL = Permanent lake 
CR = Crop Rotation 
 

If 'ts_nts' and 'ls_nts' are filled, 
then the 'Other' attribute must be 
filled. 
This item distinguishes between 
the unvegetated areas, complexes 
and crop rotation. Salt and 
permanent lakes are areas of no 
vegetation whilst the littoral 
complex covers the intertidal 
mosaic of mangroves, low shrubs, 
herbaceous plants and bare salt 
flats. Crop rotation is used to show 
a specialised cropping area in the 
Darling Downs region of 
Queensland. 
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Table A.2. Abbreviations of vegetation  
category names 
Abbreviation Category 
AC Acacia 
AG Arid grass 
AS Astrebla 
BL Bluegrass 
CA Casuarina 
CR Crop 
EW Eucalypt woodland  
FO Forest  
GI Gibber  
GR Grassland  
LA Lake 
MA Mallee 
ME  Melaleuca 
OT Other 
RI Riverina 
SA Saltbush 
SP Spinifex 
WO Woodland open shrub
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APPENDIX B 

DATABASE SAMPLES 

 

Table B.1. Example from the soil database (20 rows shown) 
Landform Centroid_y Centroid_x Area_Km Perimeter_Km 
O -26.93301 137.71035 2046.137 485.682 
O -26.93301 137.71035 2364.803 468.127 
C -23.28468 148.32064 1480.856 464.574 
O -24.20686 141.97023 1800.483 568.352 
SD -22.59043 140.56878 1620.759 542.665 
SD -22.59043 140.56878 1719.810 690.558 
L -26.70200 149.87990   897.789 472.898 
L -27.60142 149.63429   801.822 609.144 
L -27.60142 149.63429 1177.774 512.942 
L -27.47452 148.08356 1678.164 581.785 
L -27.47452 148.08356 1209.071 488.466 
L -28.46373 147.66859   994.216 549.271 
L -26.17990 151.90089 1041.783 563.360 
L -26.17990 151.90089 1386.679 640.358 
SD -26.41251 140.16631 1120.039 526.564 
C -27.70277 140.07500   665.272 509.487 
C -27.70277 140.07500   759.862 587.578 
C -27.70277 140.07500 1612.818 733.182 
C -27.70277 140.07500   583.595 553.645 
C -28.84135 145.70495   977.639 512.852 
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Table B.2. Example from the vegetation database (20 rows shown) 
Poly_ID Centroid_x Centroid_y Area_Km Category Grid_ID 
152 136.52071 –15.63198    171.977 other 7 
194 135.74561 –16.415689      13.582 spinifex 2 
194 135.74561 –16.415689  1244.499 spinifex 1 
194 135.74561 –16.415689  1594.856 spinifex 2 
194 135.74561 –16.415689    346.914 spinifex 3 
220 144.65880 –16.330561      14.477 e. woodland 18 
220 144.65880 –16.330561      29.885 e. woodland 19 
230 145.60280 –17.194441  1193.417 forest 20 
230 145.60280 –17.194441      25.765 forest 51 
230 145.60280 –17.194441  1789.355 forest 52 
230 145.60280 –17.194441    222.808 forest 53 
230 145.60280 –17.194441  1058.881 forest 84 
230 145.60280 –17.194441    302.338 forest 85 
230 145.60280 –17.194441    157.355 forest 117 
239 141.80825 –16.34602        6.836 melaleuca 12 
244 138.21513 –17.075979    460.730 e. woodland 4 
244 138.21513 –17.075979  2094.344 e. woodland 5 
244 138.21513 –17.075979  2951.991 e. woodland 6 
244 138.21513 –17.075979    975.771 e. woodland 7 
 



 

Table B.3. Example from the bird database with four bird species (12 columns and 20 rows shown of the total of 294 columns 
and 123,832 rows) 

Rec Y X Method Year Month GridID Total_spec Ag61 Akf319 Aon317 Ap675 
8 -35.65000 139.13333 a500 1998 8 1191 7 0 0 0 0 
10 –35.85000 139.36667 a500 1998 8 1191 13 0 0 0 0 
13 –36.46055 139.79750 a500 1998 8 1224 13 0 0 0 0 
14 –35.75000 139.25000 a500 1998 8 1191 18 0 0 0 0 
19 –19.23333 146.78333 a5k 1998 8 150 37 0 0 0 0 
21 –36.55000 144.36667 a5k 1998 8 1265 37 0 0 0 0 
22 –34.50000 142.18333 a500 1998 8 1133 12 0 0 0 0 
24 –36.11668 143.66667 inc 1998 8 1232 25 1 0 0 0 
25 –29.23889 137.89806 a500 1998 8 772 31 1 0 0 0 
28 –36.50833 144.37500 a500 1998 8 1265 19 0 0 0 0 
32 –34.08417 150.81861 2ha 1998 9 1118 7 0 0 0 0 
34 –33.76667 140.13333 a5k 1998 8 1065 34 0 0 0 0 
37 –36.55833 147.35833 a500 1998 9 1271 32 0 0 0 0 
38 –33.73750 143.01306 a5k 1998 8 1071 40 0 0 0 1 
40 –35.29889 149.01139 a500 1998 9 1179 24 0 0 0 0 
42 –19.23333 146.78333 a5k 1998 8 150 37 0 0 0 0 
46 –33.06028 151.45639 a500 1998 9 1055 13 0 0 0 0 
47 –32.93056 151.68056 2ha 1998 9 1024 17 0 0 0 0 
51 –33.33444 151.43667 a500 1998 8 1055 17 0 0 0 0 

 
 
 
 
 
 
 
 

332



 

Table B.4. Example from the rainfall database with seven months (12 columns and 20 rows shown of the total of 89 columns 
and 1,211 rows)  

Grid Area Perimeter X Y Jan_98 Feb_98 Mar_98 Apr_98 May_98 Jun_98 
1 2951.991 221.42 136.25 –17.25   39.2175   99.8400   40.3450   2.7550   0.0000   4.8650 
2 2951.991 221.42 136.75 –17.25   88.5800   66.7875   57.5550 25.6350   0.0025   6.6825 
3 2951.991 221.42 137.25 –17.25 142.3750   42.5825 104.7050 61.9000   0.0825   9.7750 
4 2951.991 221.42 137.75 –17.25 186.0775   67.9725 105.9450 69.4450   0.4900 13.8925 
5 2951.991 221.42 138.25 –17.25 186.1825 116.5375 109.2750 76.7350   2.7450 23.9275 
6 2951.991 221.42 138.75 –17.25 191.8300 214.3050 150.6175 72.0050   5.2250 26.9850 
7 2951.991 221.42 139.25 –17.25 200.1675 424.4575 319.2950 53.7125   5.0900 17.7625 
7 2951.991 221.42 139.25 –17.25 200.1675 424.4575 319.2950 53.7125   5.0900 17.7625 
8 2951.991 221.42 139.75 –17.25 239.3075 548.1575 450.7675 27.8850   2.4175 10.3650 
8 2951.991 221.42 139.75 –17.25 239.3075 548.1575 450.7675 27.8850   2.4175 10.3650 
10 2951.991 221.42 140.75 –17.25 290.4700 422.1275 474.8525 18.0700   3.9275   4.5700 
10 2951.991 221.42 140.75 –17.25 290.4700 422.1275 474.8525 18.0700   3.9275   4.5700 
11 2951.991 221.42 141.25 –17.25 319.9450 382.8725 459.3125   9.6700   4.3850   2.7800 
12 2951.991 221.42 141.75 –17.25 405.8350 397.2525 373.9775 10.7150   4.7750   1.5475 
13 2951.991 221.42 142.25 –17.25 520.2100 325.0350 256.2375   9.5375   9.0125   0.3800 
14 2951.991 221.42 142.75 –17.25 368.0675 263.3400 199.9325   9.8075   9.9250   0.3625 
15 2951.991 221.42 143.25 –17.25 148.4975 313.3150 196.9075 26.4050   2.4125   0.3100 
16 2951.991 221.42 143.75 –17.25 288.3800 155.7025 212.5775 24.9725 27.3800  2.9400 
17 2951.991 221.42 144.25 –17.25 375.3650   89.0650 141.6975 17.0425 46.4100  3.7575 
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Table B.5. Example from the locust survey database (20 rows shown of the total of 32,727 rows) 
Surv_id X_coord Y_coord Date Species A7 Eg Spl Ndens Adens 
493 142.31633 –27.57883 19990114 CT SCAT N N 0 2 
494 142.40333 –27.64550 19990114 AG ISO N N 0 1 
495 142.44950 –27.69333 19990114 CT ISO N N 0 1 
496 142.55300 –27.66733 19990114 0    0 0 
497 142.62917 –27.64083 19990114 CT ISO N N 0 1 
498 142.06333 –29.46967 19990115 0    0 0 
499 142.27917 –29.51317 19990115 AG ISO N N 0 1 
500 142.37317 –29.65567 19990115 CT ISO N N 0 1 
502 142.69733 –29.78833 19990115 0    0 0 
503 142.86117 –29.76767 19990115 CT ISO N N 0 1 
504 142.93900 –29.93983 19990115 0    0 0 
505 142.89150 –30.08133 19990115 0    0 0 
506 142.76633 –30.19667 19990115 0    0 0 
507 142.65667 –30.33167 19990115 CT ISO N N 0 1 
508 142.56167 –30.49167 19990116 CT ISO N N 0 1 
509 142.58000 –30.64000 19990116 CT ISO N N 0 1 
510 142.51000 –30.75333 19990116 0    0 0 
511 142.44167 –30.84833 19990116 0    0 0 
512 142.32833 –30.99000 19990116 CT ISO N N 0 1 
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Table B.6. Example from the locust control database (20 rows shown) 
Target Base Date Type L_min Density Chemical Litre Species X_coord Y_coord 
8507 BROKENHILL 20000927 1 7 1 1 52 CT 141.24444 –31.61944 
8508 BROKENHILL 20000927 1 7 1 1 30 CT 141.28333 –31.61944 
8509 BROKENHILL 20000927 1 7 1 1 322 CT 141.20567 –31.60280 
8510 BROKENHILL 20000927 1 7 1 1 26 CT 141.18333 –31.57222 
8511 BROKENHILL 20000928 1 4 1 1 60 CT 141.06388 –30.10833 
8512 BROKENHILL 20000928 1 7 1 1 22 CT 141.04177 –30.08060 
8513 BROKENHILL 20000928 1 7 1 1 30 CT 140.88060 –30.06392 
8514 BROKENHILL 20000928 1 7 1 1 127 CT 141.25833 –31.47500 
8515 BROKENHILL 20000930 1 7 1 1 219 CT 141.23610 –31.48888 
8516 BROKENHILL 20001001 1 7 1 1 446 CT 141.24720 –31.51666 
8517 BROKENHILL 20001001 1 7 1 1 52 CT 141.16666 –31.79177 
8518 BROKENHILL 20001001 1 7 1 1 44 CT 141.17500 –31.79444 
8519 BROKENHILL 20001002 1 7 1 1 244 CT 141.18611 –31.50830 
8520 BROKENHILL 20001004 1 7 1 1 270 CT 141.17500 –31.51111 
8521 BROKENHILL 20001004 1 7 1 1 545 CT 141.24444 –31.55833 
8522 BROKENHILL 20001004 1 7 1 1 800 CT 140.66666 –31.70000 
8523 WILCANNIA 20000930 1 7 1 1 601 CT 143.97533 –31.53588 
8524 WILCANNIA 20000930 1 7 1 1 4 CT 144.00111 –31.52888 
8525 WILCANNIA 20000930 1 7 1 1 4 CT 143.99666 –31.53833 
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APPENDIX C 

RAINFALL VALUES PER HABITAT 

 
Table C.1. Error (LSC – Least Squares  
Criterion) for the estimations of rainfall  
values in each category 
Category LSC 
Acacia 0.02373   
Arid grass 0.023423 
Astrebla 0.036719 
Bluegrass 0.075202 
Casuarina 0.018919   
Crop 0.018017 
Eucalypt woodland 0.029469   
Forest 0.027824 
Gibber 0.017395 
Grassland 0.026267 
Lake 0.012275   
Mallee 0.015609 
Melaleuca 0.071404   
Other 0.04681 
Riverina 0.020695 
Saltbush 0.014358 
Spinifex 0.034224   
Woodland open shrub 0.019859 
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Figure C.1. Rainfall values in “Acacia” between 1998 and 2002. Data are presented in 
meters as a function of date. 
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Figure C.2. Rainfall values in “Arid grass” between 1998 and 2002. Data are presented in 
meters as a function of date. 
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Figure C.3. Rainfall values in “Astrebla” between 1998 and 2002. Data are presented in 
meters as a function of date. 
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Figure C.4. Rainfall values in “Bluegrass” between 1998 and 2002. Data are presented in 
meters as a function of date. 
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Figure C.5. Rainfall values in “Casuarina” between 1998 and 2002. Data are presented in 
meters as a function of date. 
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Figure C.6. Rainfall values in “Crop” between 1998 and 2002. Data are presented in 
meters as a function of date. 
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Figure C.7. Rainfall values in “Eucalypt woodland” between 1998 and 2002. Data are 
presented in meters as a function of date. 
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Figure C.8. Rainfall values in “Forest” between 1998 and 2002. Data are presented in 
meters as a function of date. 
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Figure C.9. Rainfall values in “Gibber” between 1998 and 2002. Data are presented in 
meters as a function of date. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 346

 
 
Figure C.10. Rainfall values in “Grassland” between 1998 and 2002. Data are presented 
in meters as a function of date. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 347

 
 
Figure C.11. Rainfall values in “Lake” between 1998 and 2002. Data are presented in 
meters as a function of date. 
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Figure C.12. Rainfall values in “Mallee” between 1998 and 2002. Data are presented in 
meters as a function of date. 
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Figure C.13. Rainfall values in “Melaleuca” between 1998 and 2002. Data are presented 
in meters as a function of date. 
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Figure C.14. Rainfall values in “Other” between 1998 and 2002. Data are presented in 
meters as a function of date. 
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Figure C.15. Rainfall values in “Riverina” between 1998 and 2002. Data are presented in 
meters as a function of date. 
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Figure C.16. Rainfall values in “Saltbush” between 1998 and 2002. Data are presented in 
meters as a function of date. 
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Figure C.17. Rainfall values in “Spinifex” between 1998 and 2002. Data are presented in 
meters as a function of date. 
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Figure C.18. Rainfall values in “Woodland open shrub” between 1998 and 2002. Data are 
presented in meters as a function of date. 
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APPENDIX D 

BIRD SPECIES DATA 

 

Table D.1. Abbreviations (code includes a name abbreviation and the RAOU code), 
common and Latin names and taxonomy of the 285 selected bird species  
Code Common name Scientific name Order Family 
Ag61 Australasian Grebe Tachybaptus 

novaehollandiae 
Podicipediformes Podicipedidae 

Akf319 Azure Kingfisher Alcedo azurea Coraciiformes Halcyonidae 
Aon317 Australian Owlet-nightjar Aegotheles cristatus Caprimulgiformes Aegothelidae 
Ap675 Apostlebird Struthidea cinerea Passeriformes Corcoracidae 
Apr173 Australian Pratincole Stiltia isabella Charadriiformes Glareolidae 
Arav930 Australian Raven Corvus coronoides Passeriformes Corvidae 
Awd202 Australian Wood Duck Chenonetta jubata Anseriformes Anatidae 
Batg153 Bar-tailed Godwit Limosa lapponica Charadriiformes Scolopacidae 
Bbb231 Black-breasted Buzzard Hamirostra 

melanosternon 
Falconiformes Accipitridae 

Bbd216 Blue-billed Duck Oxyura australis Anseriformes Anatidae 
Bbr46 Buff-banded Rail Gallirallus philippensis Gruiformes Rallidae 
Bche580 Black-chinned Honeyeater Melithreptus gularis Passeriformes Meliphagidae 
Bcr50 Baillon's Crake Porzana pusilla Gruiformes Rallidae 
Beck341 Black-eared Cuckoo Chrysococcyx osculans Cuculiformes Cuculidae 
Bee329 Rainbow Bee-eater Merops ornatus Coraciiformes Meropidae 
Bemi967 Black-eared Miner Manorina melanotis Passeriformes Meliphagidae 
Bfcs424 Black-faced Cuckoo-

shrike 
Coracina 
novaehollandiae 

Passeriformes Campephagidae 

Bfdo144 Black-fronted Dotterel Elseyornis melanops Charadriiformes Charadriidae 
Bfhe641 Blue-faced Honeyeater Entomyzon cyanotis Passeriformes Meliphagidae 
Bfws546 Black-faced 

Woodswallow 
Artamus cinereus Passeriformes Artamidae 

Bgo221 Brown Goshawk Accipiter fasciatus Falconiformes Accipitridae 
Bhhe583 Brown-headed 

Honeyeater 
Melithreptus brevirostris Passeriformes Meliphagidae 

Bk229 Black Kite Milvus migrans Falconiformes Accipitridae 
Bko246 Barking Owl Ninox connivens Strigiformes Strigidae 
Blbi991 Common Blackbird Turdus merula Passeriformes Muscicapidae 
Blbo297 Blue Bonnet Northiella 

haematogaster 
Psittaciformes Psittacidae 

Blf238 Black Falcon Falco subniger Falconiformes Falconidae 
Blhe598 Black Honeyeater Certhionyx niger Passeriformes Meliphagidae 
Bltg152 Black-tailed Godwit Limosa limosa Charadriiformes Scolopacidae 
Blw135 Banded Lapwing Vanellus tricolor Charadriiformes Charadriidae 
Bno249 Barn Owl Tyto alba Strigiformes Tytonidae 
Boo242 Southern Boobook Ninox novaeseelandiae Strigiformes Strigidae 
Bp304 Bourke's Parrot Neosephotus bourkii Psittaciformes Psittacidae 
Brf239 Brown Falcon Falco berigora Falconiformes Falconidae 
Brhe597 Brown Honeyeater Lichmera indistincta Passeriformes Meliphagidae 
Bro177 Brolga Grus rubicunda Gruiformes Gruidae 
Brtb486 Buff-rumped Thornbill Acanthiza reguloides Passeriformes Pardalotidae 
Bsdo32 Bar-shouldered Dove Geopelia humeralis Columbiformes Columbidae 
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Code Common name Scientific name Order Family 
Bsk232 Black-shouldered Kite Elanus  axillaris Falconiformes Accipitridae 
Bsl508 Brown Songlark Cincloramphus cruralis Passeriformes Sylviidae 
Bst147 Banded Stilt Cladorhynchus 

leucocephalus 
Charadriiformes Recurvirostridae

Bsw203 Black Swan Cygnus atratus Anseriformes Anatidae 
Btb475 Brown Thornbill Acanthiza pusilla Passeriformes Pardalotidae 
Btc555 Brown Treecreeper Climacteris picumnus Passeriformes Climacteridae 
Btnh55 Black-tailed Native-hen Gallinula ventralis Gruiformes Rallidae 
Bud310 Budgerigar Melopsittacus undulatus Psittaciformes Psittacidae 
Bus176 Australian Bustard Ardeotis australis Gruiformes Otididae 
Busc174 Bush Stone-curlew Burhinus grallarius Charadriiformes Burhinidae 
Bwf469 Banded Whiteface Aphelocephala nigricincta Passeriformes Pardalotidae 
Bwp306 Blue-winged Parrot Neophema chrysostoma Psittaciformes Psittacidae 
Bws146 Black-winged Stilt Himantopus himantopus Charadriiformes Recurvirostridae
Cae977 Cattle Egret Ardea ibis Ciconiiformes Ardeidae 
Cbb419 Crested Bellbird Oreoica gutturalis Passeriformes Pachycephalidae
Cbck348 Channel-billed Cuckoo Scythrops novaehollandiae Cuculiformes Cuculidae 
Cbqt438 Chestnut-breasted Quail-

thrush 
Cinclosoma castaneothorax Passeriformes Cinclosomatidae

Cbwf468 Chestnut-breasted Whiteface Aphelocephala pectoralis Passeriformes Pardalotidae 
Ccba446 Chestnut-crowned Babbler Pomatostomus ruficeps Passeriformes Pomatostomidae
Cch449 Crimson Chat Ephthianura tricolor Passeriformes Meliphagidae 
Chqt437 Chestnut Quail-thrush Cinclosoma castanotum Passeriformes Cinclosomatidae
Ciqt439 Cinnamon Quail-thrush Cinclosoma cinnamomeum Passeriformes Cinclosomatidae
Cobr34 Common Bronzewing Phaps chalcoptera Columbiformes Columbidae 
Cock274 Cockatiel Nymphicus hollandicus Psittaciformes Psittacidae 
Coo59 Eurasian Coot Fulica atra Gruiformes Rallidae 
Cosp157 Common Sandpiper Actitis hypoleucos Charadriiformes Scolopacidae 
Cpi43 Crested Pigeon Ocyphaps lophotes Columbiformes Columbidae 
Cro282 Crimson Rosella Platycercus elegans Psittaciformes Psittacidae 
Crtb481 Chestnut-rumped Thornbill Acanthiza uropygialis Passeriformes Pardalotidae 
Crwr524 Clamorous Reed-Warbler Acrocephalus stentoreus Passeriformes Sylviidae 
Csh222 Collared Sparrowhawk Accipiter cirrhocephalus Falconiformes Accipitridae 
Cst416 Crested Shrike-tit Falcunculus frontatus Passeriformes Pachycephalidae
Ct112 Caspian Tern Sterna caspia Charadriiformes Laridae 
Cte210 Chestnut Teal Anas castanea Anseriformes Anatidae 
Cusp161 Curlew Sandpiper Calidris ferruginea Charadriiformes Scolopacidae 
Cwb866 Chirruping Wedgebill Psophodes cristatus Passeriformes Cinclosomatidae
Da101 Darter Anhinga melanogaster Pelecaniformes Anhingidae 
Dbf655 Double-barred Finch Taeniopygia bichenovii Passeriformes Passeridae 
Dbp140 Double-banded Plover Charadrius bicinctus Charadriiformes Charadriidae 
Dft652 Diamond Firetail Stagonopleura guttata Passeriformes Passeridae 
Dido31 Diamond Dove Geopelia cuneata Columbiformes Columbidae 
Dmh56 Dusky Moorhen Gallinula tenebrosa Gruiformes Rallidae 
Doll318 Dollarbird Eurystomus orientalis Coraciiformes Coraciidae 
Dws547 Dusky Woodswallow Artamus cyanopterus Passeriformes Artamidae 
Egw515 Eyrean Grasswren Amytornis goyderi Passeriformes Maluridae 
Elp307 Elegant Parrot Neophema elegans Psittaciformes Psittacidae 
Emu1 Emu Dromaius novaehollandiae Struthioniformes Casuariidae 
Ero288 Eastern Rosella Platycercus eximius Psittaciformes Psittacidae 
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Eyro392 Eastern Yellow Robin Eopsaltria australis Passeriformes Petroicidae 
Flbr36 Flock Bronzewing Phaps histrionica Columbiformes Columbidae 
Fma360 Fairy Martin Hirundo ariel Passeriformes Hirundinidae 
Frd214 Freckled Duck Stictonetta naevosa Anseriformes Anatidae 
Fro382 Flame Robin Petroica phoenicea Passeriformes Petroicidae 
Ftck338 Fan-tailed Cuckoo Cacomantis flabelliformis Cuculiformes Cuculidae 
Ftsw335 Fork-tailed Swift Apus pacificus Apodiformes Apodidae 
Fuhe613 Fuscous Honeyeater Lichenostomus fuscus Passeriformes Meliphagidae 
Gal273 Galah Cacatua roseicapilla Psittaciformes Cacatuidae 
Gbb702 Grey Butcherbird Cracticus torquatus Passeriformes Artamidae 
Gbt111 Gull-billed Tern Sterna nilotica Charadriiformes Laridae 
Gcba443 Grey-crowned Babbler Pomatostomus temporalis Passeriformes Pomatostomidae 
Gcgr60 Great Crested Grebe Podiceps cristatus Podicipediformes Podicipedidae 
Gco96 Great Cormorant Phalacrocorax carbo Pelecaniformes Phalacrocoracidae
Gcs423 Ground Cuckoo-Shrike Coracina maxima Passeriformes Campephagidae 
Gcw697 Grey Currawong Strepera versicolor Passeriformes Artamidae 
Geg187 Great Egret Ardea alba Ciconiiformes Ardeidae 
Gf236 Grey Falcon Falco hypoleucos Falconiformes Falconidae 
Gfhe623 Grey-fronted Honeyeater Lichenostomus plumulus Passeriformes Meliphagidae 
Gft361 Grey Fantail Rhipidura fuliginosa Passeriformes Dicruridae 
Ghci525 Golden-headed Cisticola Cisticola exilis Passeriformes Sylviidae 
Gib452 Gibberbird Ashbyia lovensis Passeriformes Meliphagidae 
Giwh403 Gilbert's Whistler Pachycephala inornata Passeriformes Pachycephalidae 
Gli178 Glossy Ibis Plegadis falcinellus Ciconiiformes Threskiornithidae
Go252 Grass Owl Tyto capensis Strigiformes Tytonidae 
Gofi996 European Goldfinch Carduelis carduelis Passeriformes Fringillidae 
Gowh398 Golden Whistler Pachycephala pectoralis Passeriformes Pachycephalidae 
Gsh158 Common Greenshank Tringa nebularia Charadriiformes Scolopacidae 
Gst408 Grey Shrike-thrush Colluricincla harmonica Passeriformes Pachycephalidae 
Gte211 Grey Teal Anas gracilis Anseriformes Anatidae 
Hahe215 Hardhead Aythya australis Anseriformes Anatidae 
Hba938 Hall's Babbler Pomatostomus halli Passeriformes Pomatostomidae 
Hbck342 Horsfield's Bronze-Cuckoo Chrysococcyx basalis Cuculiformes Cuculidae 
Hhgr62 Hoary-headed Grebe Poliocephalus poliocephalus Podicipediformes Podicipedidae 
Hob235 Australian Hobby Falco longipennis Falconiformes Falconidae 
Hro385 Hooded Robin Melanodryas cucullata Passeriformes Petroicidae 
Hs995 House Sparrow Passer domesticus Passeriformes Passeridae 
Ido145 Inland Dotterel Charadrius australis Charadriiformes Charadriidae 
Ieg186 Intermediate Egret Ardea intermedia Ciconiiformes Ardeidae 
Itb476 Inland Thornbill Acanthiza apicalis Passeriformes Pardalotidae 
Jw377 Jacky Winter Microeca fascinans Passeriformes Petroicidae 
Koe347 Common Koel Eudynamis scolopacea Cuculiformes Cuculidae 
Lbco97 Little Black Cormorant Phalacrocorax sulcirostris Pelecaniformes Phalacrocoracidae
Lbq18 Little Button-quail Turnix velox Turniciformes Turnicidae 
Lc271 Little Corella Cacatua sanguinea Psittaciformes Cacatuidae 
Lcr691 Little Crow Corvus bennetti Passeriformes Corvidae 
Le225 Little Eagle Hieraaetus morphnoides Falconiformes Accipitridae 
Leg185 Little Egret Egretta garzetta Ciconiiformes Ardeidae 
Lfc365 Leaden Flycatcher Myiagra rubecula Passeriformes Dicruridae 
Lfri646 Little Friarbird Philemon citreogularis Passeriformes Meliphagidae 
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Lgb522 Little Grassbird Megalurus gramineus Passeriformes Sylviidae 
Libi195 Little Bittern Ixobrychus minutus Ciconiiformes Ardeidae 
Lkoo322 Laughing Kookaburra Dacelo novaeguineae Coraciiformes Halcyonidae 
Lpco100 Little Pied Cormorant Phalacrocorax melanoleucos Pelecaniformes Phalacrocoracidae
Lrav954 Little Raven Corvus mellori Passeriformes Corvidae 
Lsn168 Latham's Snipe Gallinago hardwickii Charadriiformes Scolopacidae 
Lwk233 Letter-winged Kite Elanus scriptus Falconiformes Accipitridae 
Lws548 Little Woodswallow Artamus minor Passeriformes Artamidae 
Mafo7 Malleefowl Leipoa ocellata Galliformes Megapodiidae 
Mag705 Australian Magpie Gymnorhina tibicen Passeriformes Artamidae 
Mal948 Mallard Anas platyrhynchos Anseriformes Anatidae 
Mew527 Mallee Emu-wren Stripiturus mallee Passeriformes Maluridae 
Mis564 Mistletoebird Dicaeum hirundinaceum Passeriformes Dicaeidae 
Mlw133 Masked Lapwing Vanellus miles Charadriiformes Charadriidae 
Mmc270 Major Mitchell's Cockatoo Cacatua leadbeateri Psittaciformes Cacatuidae 
Mo250 Masked Owl Tyto novaehollandiae Strigiformes Tytonidae 
Mp296 Mulga Parrot Psephotus varius Psittaciformes Psittacidae 
Mpl415 Magpie-lark Grallina cyanoleuca Passeriformes Dicruridae 
Msp159 Marsh Sandpiper Tringa stagnatilis Charadriiformes Scolopacidae 
Mud217 Musk Duck Biziura lobata Anseriformes Anatidae 
Mws544 Masked Woodswallow Artamus personatus Passeriformes Artamidae 
Nfri645 Noisy Friarbird Philemon corniculatus Passeriformes Meliphagidae 
Nk240 Nankeen Kestrel Falco cenchroides Falconiformes Falconidae 
Nmi634 Noisy Miner Manorina melanocephala Passeriformes Meliphagidae 
Nnh192 Nankeen Night Heron Nycticorax caledonicus Ciconiiformes Ardeidae 
Obo671 Olive-backed Oriole Oriolus sagittatus Passeriformes Oriolidae 
Och450 Orange Chat Ephthianura aurifrons Passeriformes Meliphagidae 
Op142 Oriental Pratincole Glareola maldivarum Charadriiformes Glareolidae 
Pahe598 Painted Honeyeater Grantiella picta Passeriformes Meliphagidae 
Pbb700 Pied Butcherbird Cracticus nigrogularis Passeriformes Artamidae 
Pbd208 Pacific Black Duck Anas superciliosa Anseriformes Anatidae 
Pbq14 Painted Button-quail Turnix varia Turniciformes Turnicidae 
Pck337 Pallid Cuckoo Cuculus pallidus Cuculiformes Cuculidae 
Pco99 Pied Cormorant Phalacrocorax varius Pelecaniformes Phalacrocoracidae
Pcw694 Pied Currawong Strepera graculina Passeriformes Artamidae 
Pdo30 Peaceful Dove Geopelia striata Columbiformes Columbidae 
Ped213 Pink-eared Duck Malacorhynchus membranaceus Anseriformes Anatidae 
Pel106 Australian Pelican Pelecanus conspicillatus Pelecaniformes Pelecanidae 
Pf237 Peregrine Falcon Falco peregrinus Falconiformes Falconidae 
Pghe620 Purple-gaped Honeyeater Lichenostomus cratitius Passeriformes Meliphagidae 
Phf661 Plum-headed Finch Neochmia modesta Passeriformes Passeridae 
Pihe602 Pied Honeyeater Certhionyx variegatus Passeriformes Meliphagidae 
Pip647 Richard's Pipit Anthus novaeseelandiae Passeriformes Motacilidae 
Pns170 Painted Snipe Rostratula benghalensis Charadriiformes Rostratulidae 
Psh58 Purple Swamphen Porphyrio porphyrio Gruiformes Rallidae 
Pwand20 Plains Wanderer Pedionomus torquatus Charadriiformes Pedionomidae 
Pwd205 Plumed Whistling-Duck Dendrocygna eytoni Anseriformes Anatidae 
Rbf662 Red-browed Finch Neochmia temporalis Passeriformes Passedidae 
Rbkf325 Red-backed Kingfisher Todiramphus pyrrhopygia Coraciiformes Halcyonidae 
Rbpa570 Red-browed Pardalote Pardalotus rubricatus Passeriformes Pardalotidae 
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Rcbq19 Red-chested Button-quail Turnix pyrrhothorax Turniciformes Turnicidae 
Rcp143 Red-capped Plover Charadrius ruficapillus Charadriiformes Charadriidae 
Rcro381 Red-capped Robin Petroica goodenovii Passeriformes Petroicidae 
Rehe603 Regent Honeyeater Xanthomyza phrygia Passeriformes Meliphagidae 
Rep278 Regent Parrot Polytelis anthopeplus Psittaciformes Psittacidae 
Rfc369 Restless Flycatcher Myiagra inquieta Passeriformes Dicruridae 
Rfw502 Rufous Fieldwren Calamanthus campestris Passeriformes Pardalotidae 
Rinn294 Australian Ringneck Barnardius zonarius Psittaciformes Psittacidae 
Rlw402 Red-lored Whistler Pachycephala rufogularis Passeriformes Pachycephalidae 
Rna148 Red-necked Avocet Recurvirostra novaehollandiae Charadriiformes Recurvirostridae 
Rnd132 Red-kneed Dotterel Erythrogonys cinctus Charadriiformes Charadriidae 
Rns162 Red-necked Stint Calidris ruficollis Charadriiformes Scolopacidae 
Rrp295 Red-rumped Parrot Psephotus haematonotus Psittaciformes Psittacidae 
Rsb181 Royal Spoonbill Platalea regia Ciconiiformes Threskiornithidae
Rsl509 Rufous Songlark Cincloramphus mathewsi Passeriformes Sylviidae 
Rtbc264 Red-tailed Black-Cockatoo Calyptorhynchus banksii Psittaciformes Cacatuidae 
Rth497 Redthroat Pyrrholaemus brunneus Passeriformes Pardalotidae 
Rwa638 Red Wattlebird Anthochaera carunculata Passeriformes Meliphagidae 
Rwh401 Rufous Whistler Pachycephala rufiventris Passeriformes Pachycephalidae 
Rwp280 Red-winged Parrot Aprosmictus erythropterus Psittaciformes Psittacidae 
Sbb680 Spotted Bowerbird Chlamydera maculata Passeriformes Ptilonorhynchidae
Sbck344 Shining Bronze-Cuckoo Chrysococcyx lucidus Cuculiformes Cuculidae 
Scc269 Sulphur-crested Cockatoo Cacatua galerita Psittaciformes Cacatuidae 
Sche640 Spiny-cheeked Honeyeater Acanthagenys rufogularis Passeriformes Meliphagidae 
Scp303 Scarlet-chested Parrot Neophema splendida Psittaciformes Psittacidae 
Scr49 Australian Spotted Crake Porzana fluminea Gruiformes Rallidae 
Sfb507 Spinifexbird Eremiornis carteri Passeriformes Sylviidae 
Sg125 Silver Gull Larus novaehollandiae Charadriiformes Laridae 
Sgw513 Striated Grasswren Amytornis striatus Passeriformes Maluridae 
She207 Australian Shelduck Tadorna tadornoides Anseriformes Anatidae 
Sho212 Australasian Shoveler Anas rhynchotis Anseriformes Anatidae 
Shw499 Shy Heathwren Hylacola cauta Passeriformes Pardalotidae 
Sibl648 Singing Bushlark Mirafra javanica Passeriformes Alaudidae 
Sihe608 Singing Honeyeater Lichenostomus virescens Passeriformes Meliphagidae 
Sile574 Silvereye Zosterops lateralis Passeriformes Zosteropidae 
Skf326 Sacred Kingfisher Todiramphus sanctus Coraciiformes Halcyonidae 
Sl993 Skylark Alauda arvensis Passeriformes Alaudidae 
Slcr51 Spotless Crake Porzana tabuensis Gruiformes Rallidae 
Snib180 Straw-necked Ibis Threskiornis spinicollis Ciconiiformes Threskiornithidae
Spfw532 Splendid Fairy-wren Malurus splendens Passeriformes Maluridae 
Sph218 Spotted Harrier Circus assimilis Falconiformes Accipitridae 
Spi42 Spinifex Pigeon Geophaps plumifera Columbiformes Columbidae 
Spnj331 Spotted Nightjar Eurostopodus argus Caprimulgiformes Caprimulgidae 
Sro380 Scarlet Robin Petroica multicolor Passeriformes Petroicidae 
Ssr441 Southern Scrub-robin Drymodes brunneopygia Passeriformes Petroicidae 
Sta999 Common Starling Sturnus vulgaris Passeriformes Sturnidae 
Sthe585 Striped Honeyeater Plectorhyncha lanceolata Passeriformes Meliphagidae 
Stpa976 Striated Pardalote Pardalotus striatus Passeriformes Pardalotidae 
Stsp163 Sharp-tailed Sandpiper Calidris acuminata Charadriiformes Scolopacidae 
Stuq9 Stubble Quail Coturnix pectoralis Galliformes Phasianidae 
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Sufw529 Superb Fairy-wren Malurus cyaneus Passeriformes Maluridae 
Sup277 Superb Parrot Polytelis swainsonii Psittaciformes Psittacidae 
Swf466 Southern Whiteface Aphelocephala leucopsis Passeriformes Pardalotidae 
Swh219 Swamp Harrier Circus approximans Falconiformes Accipitridae 
Swr504 Speckled Warbler Chthonicola sagittata Passeriformes Pardalotidae 
Tbgw512 Thick-billed Grasswren Amytornis textilis Passeriformes Maluridae 
Tcr692 Torresian Crow Corvus orru Passeriformes Corvidae 
Tfm313 Tawny Frogmouth Podargus strigoides Caprimulgiformes Podargidae 
Tma359 Tree Martin Hirundo nigricans Passeriformes Hirundinidae 
Tup302 Turquoise Parrot Neophema pulchella Psittaciformes Psittacidae 
Vfw536 Variegated Fairy-wren Malurus lamberti Passeriformes Maluridae 
Vsit549 Varied Sittella Daphoenositta chrysoptera Passeriformes Neosittidae 
Wbba445 White-browed Babbler Pomatostomus 

superciliosus 
Passeriformes Pomatostomidae 

Wbcs425 White-bellied Cuckoo-shrike Coracina papuensis Passeriformes Campephagidae 
Wbews543 White-breasted 

Woodswallow 
Artamus leucorynchus Passeriformes Artamidae 

Wbows545 White-browed Woodswallow Artamus superciliosus Passeriformes Artamidae 
Wbsw358 White-backed Swallow Cheramoeca leucosternus Passeriformes Hirundinidae 
Wbtc561 White-browed Treecreeper Climacteris affinis Passeriformes Climacteridae 
Wee465 Weebill Smicrornis brevirostris Passeriformes Pardalotidae 
Wehe617 White-eared Honeyeater Lichenostomus leucotis Passeriformes Meliphagidae 
Wfch448 White-fronted Chat Ephthianura albifrons Passeriformes Meliphagidae 
Wfh188 White-faced Heron Egretta novaehollandiae Ciconiiformes Ardeidae 
Wfhe594 White-fronted Honeyeater Phylidonyris albifrons Passeriformes Meliphagidae 
Wgg463 Western Gerygone Gerygone fusca Passeriformes Pardalotidae 
Whk228 Whistling Kite Haliastur sphenurus Falconiformes Accipitridae 
Wi179 Australian White Ibis Threskiornis molucca Ciconiiformes Threskiornithidae
Wnh189 White-necked  Heron Ardea pacifica Ciconiiformes Ardeidae 
Wphe625 White-plumed Honeyeater Lichenostomus penicillatus Passeriformes Meliphagidae 
Wsp154 Wood Sandpiper Tringa glareola Charadriiformes Scolopacidae 
Wsw357 Welcome Swallow Hirundo neoxena Passeriformes Hirundinidae 
Wt110 Whiskered Tern Chlidonias hybridus Charadriiformes Laridae 
Wte224 Wedge-tailed Eagle Aquila audax Falconiformes Accipitridae 
Wtgg453 White-throated Gerygone Gerygone olivacea Passeriformes Pardalotidae 
Wtnt334 White-throated Needletail Hirundapus caudacutus Apodiformes Apodidae 
Wttc558 White-throated Treecreeper Cormobates leucophaeus Passeriformes Climacteridae 
Ww364 Willie Wagtail Rhipidura leucophrys Passeriformes Dicruridae 
Wwbt109 White-winged  Black Tern Chlidonias leucopterus Charadriiformes Laridae 
Wwc693 White-winged Chough Corcorax melanorhamphos Passeriformes Corcoracidae 
Wwfw535 White-winged Fairy-wren Malurus leucopterus Passeriformes Maluridae 
Wwt430 White-winged Triller Lalage sueurii Passeriformes Campephagidae 
Ybsb182 Yellow-billed Spoonbill Platalea flavipes Ciconiiformes Threskiornithidae
Ych451 Yellow Chat Ephthianura crocea Passeriformes Meliphagidae 
Yphe622 Yellow-plumed Honeyeater Lichenostomus ornatus Passeriformes Meliphagidae 
Yrtb486 Yellow-rumped Thornbill Acanthiza chrysorrhoa Passeriformes Pardalotidae 
Ytb471 Yellow Thornbill Acanthiza nana Passeriformes Pardalotidae 
Ytmi635 Yellow-throated Miner Manorina flavigula Passeriformes Meliphagidae 
Zf653 Zebra Finch Taeniopygia guttata Passeriformes Passeridae 
 



 

Table D.2. Habitat-specific reporting rates for species of interest (1998–2002). The highest reporting rates for each species are 
in bold. For habitat abbreviations see Appendix A.2 
Code  AC AG AS BL CA CR EW FO GI GR LA MA ME OT RI SA SP WO 
Ag61 3.755 2.524 4.394 0.000 3.274 7.045 6.016 3.775 7.140 13.296 11.252 1.506 5.387 10.125 4.976 5.413 7.136 2.984 
Akf319 0.147 0.000 0.525 24.048 0.629 6.113 8.558 17.931 0.000 13.351 11.366 0.088 4.329 5.035 0.000 0.290 7.135 0.455 
Aon317 6.791 6.226 3.478 6.990 6.144 3.079 4.596 3.642 7.089 0.980 5.947 6.887 6.039 0.179 6.575 5.361 12.543 7.454 
Ap675 8.660 3.602 7.875 13.258 12.041 4.715 4.278 0.512 0.000 0.996 3.021 1.572 17.386 0.291 5.691 4.591 3.506 8.003 
Apr173 2.108 16.805 24.930 9.241 0.870 0.115 0.255 0.000 25.155 0.567 0.000 0.122 0.000 0.426 2.897 7.889 5.264 3.355 
Arav930 4.750 6.424 3.612 3.520 6.889 4.721 5.900 5.278 6.827 7.185 2.579 3.941 3.295 8.306 8.524 6.843 4.521 6.883 
Awd202 2.513 4.403 2.771 0.641 5.637 8.818 10.402 7.425 4.878 12.578 8.525 1.241 2.078 10.061 9.048 4.245 2.443 2.292 
Batg153 0.000 0.000 0.000 0.000 0.000 4.069 8.765 5.289 0.000 0.995 5.364 0.000 57.202 17.458 0.000 0.000 0.000 0.858 
Bbb231 4.938 4.150 8.053 11.181 0.000 0.202 0.980 0.568 8.952 0.000 5.945 0.492 30.188 0.000 0.000 6.067 11.942 6.342 
Bbd216 3.182 3.565 1.258 0.000 3.016 10.679 6.436 2.320 20.511 10.527 3.405 3.803 0.000 13.299 5.020 8.341 1.368 3.269 
Bbr46 0.606 3.055 1.078 8.233 0.000 7.492 6.547 10.150 2.197 29.951 14.592 0.543 0.000 5.066 0.000 4.170 3.518 2.802 
Bche580 1.071 0.000 1.906 23.287 0.000 8.263 13.451 14.466 0.000 0.766 1.032 5.570 12.575 0.821 0.000 0.211 16.582 0.000 
Bcr50 5.622 2.835 2.001 0.000 0.000 4.581 3.635 0.194 28.540 2.678 10.831 0.336 0.000 2.742 23.950 5.527 6.527 0.000 
Beck341 8.935 6.800 2.400 4.581 15.820 3.008 3.413 0.990 13.448 0.602 3.248 12.090 0.000 0.000 0.000 10.938 4.893 8.835 
Bee329 3.614 4.607 4.542 12.413 4.241 4.651 5.404 3.851 5.164 3.216 5.565 4.745 16.560 1.189 2.671 3.249 11.127 3.189 
Bemi967 0.000 0.000 0.000 0.000 0.000 0.102 0.062 0.000 0.000 0.000 0.000 99.837 0.000 0.000 0.000 0.000 0.000 0.000 
Bfcs424 3.698 5.001 5.048 6.246 4.230 7.161 7.259 6.179 5.335 7.862 6.073 3.132 6.168 7.577 5.596 3.590 5.452 4.393 
Bfdo144 4.789 11.409 8.603 7.580 2.380 3.680 3.623 1.911 15.172 2.566 5.971 0.852 5.458 2.645 1.540 7.800 8.576 5.446 
Bfhe641 6.710 2.256 2.521 9.117 1.272 10.633 13.986 5.523 0.000 3.597 1.795 0.847 26.257 1.818 9.529 1.832 1.731 0.575 
Bfws546 7.737 11.147 13.031 11.491 1.435 0.636 0.914 0.040 10.107 0.172 0.833 0.500 8.180 0.281 3.139 7.237 12.423 10.696
Bgo221 3.369 3.937 5.264 12.281 3.856 6.697 6.991 6.670 7.151 7.732 5.541 2.897 4.823 4.379 3.501 4.120 5.724 5.066 
Bhhe583 3.477 0.605 0.142 0.000 6.138 11.821 14.587 11.554 0.000 8.093 4.620 26.680 4.692 1.448 2.838 2.043 0.155 1.109 
Bk229 3.775 14.020 11.209 14.782 2.435 1.410 1.594 0.357 12.566 1.160 3.041 0.209 6.504 0.566 6.104 6.998 8.031 5.238 
Bko246 0.701 10.608 2.495 31.758 0.000 2.989 5.966 5.247 6.781 3.341 4.503 0.000 0.000 0.488 0.000 5.055 17.187 2.882 
Blbi991 0.728 0.000 0.000 0.000 2.250 13.650 11.782 10.505 0.000 10.261 8.468 0.345 3.685 27.610 9.630 1.086 0.000 0.000 
Blbo297 9.448 4.321 1.449 0.000 21.201 3.296 1.444 0.022 8.856 1.072 4.540 2.023 0.000 0.030 14.299 10.909 4.145 12.945
Blf238 2.935 14.209 16.296 3.191 3.005 4.784 1.239 0.162 8.515 1.119 7.917 0.281 3.446 0.327 16.673 6.233 7.497 2.172 
Blhe598 7.379 27.286 4.085 0.000 2.798 2.073 0.976 0.000 13.081 0.000 4.738 5.194 0.000 0.000 0.000 5.803 11.422 15.164
Bltg152 2.722 6.862 0.000 0.000 0.000 5.545 6.484 4.230 0.000 1.621 13.109 0.000 39.939 14.221 0.000 0.000 5.267 0.000 
Blw135 3.050 10.937 7.236 0.000 4.337 3.066 0.657 0.258 16.713 2.745 10.446 0.770 1.989 0.331 20.212 9.062 3.803 4.388 
Bno249 2.957 18.420 13.619 0.000 1.484 7.723 2.516 1.562 2.523 1.657 8.378 1.351 0.000 0.606 19.761 5.472 8.751 3.217 
Boo242 5.117 3.010 3.187 4.635 2.910 6.447 8.090 11.502 2.474 6.298 4.929 2.574 8.760 5.971 11.505 2.347 5.776 4.469 
Bp304 16.284 8.211 6.321 0.000 1.263 0.021 0.151 0.000 33.280 0.000 0.000 0.000 0.000 0.000 0.000 3.492 0.859 30.118
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Table D.2. (Continued) 
Code AC AG AS BL CA CR EW FO GI GR LA MA ME OT RI SA SP WO 
Brf239 3.976 7.696 8.195 9.823 3.255 4.821 2.775 1.572 10.195 3.492 6.835 1.504 6.680 1.240 7.415 6.712 7.539 6.273 
Brhe597 4.210 2.548 6.892 20.020 0.180 4.573 5.186 2.406 0.153 2.357 4.461 0.013 23.475 2.537 0.897 0.124 16.659 3.309 
Bro177 3.263 13.951 22.199 19.149 0.111 0.810 2.163 0.252 15.143 1.834 0.754 0.000 8.426 1.564 0.371 2.822 4.293 2.896 
Brtb486 1.046 0.879 0.620 0.000 1.487 9.371 25.612 23.075 0.000 14.877 1.679 3.889 3.410 10.402 1.650 0.343 1.124 0.537 
Bsdo32 1.414 0.348 0.982 40.304 0.000 6.111 5.575 7.708 0.000 7.354 5.648 0.639 14.172 3.725 0.000 0.068 5.740 0.213 
Bsk232 1.949 2.913 2.184 1.962 2.618 13.005 5.264 2.805 3.142 11.437 17.735 0.820 2.119 8.350 15.379 3.407 3.353 1.558 
Bsl508 3.544 15.005 10.686 1.470 4.731 3.866 0.658 0.131 12.949 1.031 7.818 0.825 0.794 0.565 14.214 9.946 4.345 7.422 
Bst147 10.080 1.753 0.000 0.000 5.931 8.742 1.419 0.960 17.645 1.656 26.785 0.415 0.000 16.708 0.000 6.834 0.000 1.071 
Bsw203 2.582 2.722 0.585 0.000 3.905 8.736 6.441 6.071 2.213 11.629 24.869 1.599 1.378 10.988 7.332 4.799 2.271 1.881 
Btb475 0.023 0.000 0.000 0.000 0.590 4.891 18.137 26.043 0.000 18.737 3.555 0.758 12.862 14.190 0.000 0.000 0.000 0.213 
Btc555 6.619 4.020 1.713 1.226 17.326 10.179 6.711 8.391 5.128 2.365 4.202 7.237 2.649 0.325 11.963 5.235 0.582 4.127 
Btnh55 3.030 10.806 2.235 0.000 4.886 4.849 1.861 1.327 18.756 1.408 11.744 1.634 0.000 3.758 13.641 13.003 3.646 3.417 
Bud310 6.053 18.046 12.925 6.507 1.873 0.989 0.437 0.018 20.358 0.063 0.256 1.741 1.171 0.037 1.511 7.272 9.422 11.319
Bus176 2.484 12.862 29.382 23.712 0.000 1.141 2.433 0.116 1.460 0.560 0.647 0.000 11.820 0.281 0.000 1.716 7.663 3.725 
Busc174 0.716 1.203 0.849 6.484 0.000 6.756 7.024 7.747 0.865 17.905 20.687 0.071 21.009 1.081 3.389 0.938 2.540 0.736 
Bwf469 4.514 10.505 0.000 0.000 0.000 0.000 0.030 0.000 7.554 0.000 1.672 1.038 0.000 0.000 0.000 7.851 32.585 34.252
Bwp306 1.781 2.994 0.000 0.000 2.532 6.340 2.020 0.615 0.000 0.707 5.719 3.903 34.847 3.309 0.000 10.505 4.595 20.132
Bws146 2.974 4.428 2.923 6.158 0.967 5.528 4.887 1.908 12.531 6.613 17.190 0.982 4.156 9.038 5.631 4.567 7.948 1.572 
Cae977 0.431 0.543 0.383 0.000 0.000 4.872 14.054 7.959 0.000 34.117 10.373 0.129 3.160 15.154 1.529 0.212 7.085 0.000 
Cbb419 17.965 3.631 4.796 0.502 13.074 1.256 1.615 0.816 0.669 0.198 1.601 25.511 1.084 0.013 0.000 2.505 8.146 16.620
Cbck348 0.579 0.973 1.373 15.729 0.000 7.306 12.558 14.561 0.000 11.606 0.929 0.000 14.157 11.829 0.000 0.000 8.401 0.000 
Cbqt438 32.023 3.295 4.651 0.000 2.788 0.000 0.556 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 6.323 50.364
Cbwf468 0.000 95.906 0.000 0.000 0.000 0.000 0.000 0.000 2.420 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.646 1.029 
Ccba446 6.824 3.109 1.024 0.000 29.282 0.901 0.881 0.000 4.173 0.196 3.564 13.413 0.000 0.000 0.584 10.021 4.613 21.415
Cch449 7.520 14.010 6.985 4.103 3.993 0.713 0.452 0.000 14.236 0.072 1.454 1.570 2.659 0.000 1.287 9.084 13.615 18.247
Chqt437 0.129 0.653 0.000 0.000 13.800 1.291 0.176 0.000 0.000 0.000 1.246 81.433 0.000 0.000 0.000 1.272 0.000 0.000 
Ciqt439 5.754 16.836 0.758 0.000 0.000 0.000 0.000 0.000 29.882 0.000 4.790 0.042 0.000 0.000 0.000 19.694 9.760 12.483
Cobr34 7.662 2.187 2.205 1.122 9.866 9.671 9.495 8.716 2.247 4.821 7.559 12.083 3.636 2.086 1.760 2.680 6.474 5.730 
Cock274 4.769 11.196 13.911 14.021 3.468 5.154 1.791 0.362 6.917 0.596 2.410 1.196 8.260 0.261 6.661 4.365 8.683 5.977 
Coo59 2.949 5.986 3.066 0.520 2.532 6.671 5.053 3.617 12.774 12.018 12.725 0.881 2.248 12.151 4.350 5.684 4.001 2.774 
Cosp157 6.478 0.000 2.712 10.355 1.625 4.765 3.631 2.106 2.764 3.631 14.683 0.683 22.367 10.619 5.411 3.746 4.424 0.000 
Cpi43 6.047 6.900 6.006 3.683 6.919 7.888 4.367 2.736 7.990 4.088 6.233 1.526 3.977 6.804 7.078 7.100 4.864 5.795 
Cro282 0.042 0.000 0.038 0.000 4.278 8.058 14.725 21.929 0.000 13.264 4.779 1.249 2.169 20.201 7.795 1.474 0.000 0.000 
Crtb481 11.586 1.849 1.370 0.000 24.006 3.202 1.959 0.291 1.595 0.153 4.768 17.189 0.000 0.000 7.810 6.632 1.880 15.710
Crwr524 1.587 3.846 2.389 0.829 3.774 8.342 4.132 3.646 17.038 8.322 4.409 1.039 0.000 13.625 13.431 6.119 3.897 3.574 
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Table D.2. (Continued) 
Code AC AG AS BL CA CR EW FO GI GR LA MA ME OT RI SA SP WO 
Csh222 4.589 4.706 6.643 6.340 2.986 6.119 6.048 5.560 2.820 4.076 6.742 4.230 9.130 4.009 7.731 5.199 8.277 4.795 
Cst416 0.224 0.565 0.000 0.000 0.956 15.975 21.366 28.088 0.000 14.276 5.395 3.013 0.000 5.150 4.772 0.220 0.000 0.000 
Ct112 0.953 3.972 0.295 0.000 6.189 3.512 4.373 1.117 4.810 1.728 48.317 1.387 6.083 4.043 0.000 3.668 7.380 2.172 
Cte210 0.651 0.895 0.000 0.000 1.767 6.446 11.814 11.387 1.717 18.613 4.562 1.486 0.000 35.423 2.522 1.164 0.458 1.095 
Cusp161 0.349 0.000 2.486 0.000 2.980 7.361 4.457 6.756 0.000 2.496 40.375 0.000 10.251 20.440 0.000 1.373 0.676 0.000 
Cwb866 8.730 13.133 1.030 0.000 3.086 0.007 0.402 0.000 5.946 0.000 4.181 0.029 0.000 0.000 0.685 31.766 5.879 25.126
Da101 1.534 12.972 7.629 4.033 2.954 3.749 5.194 1.914 11.362 3.869 14.138 0.700 7.260 2.872 4.684 4.118 8.935 2.084 
Dbf655 5.851 1.889 2.154 16.447 0.246 7.670 7.621 1.772 0.000 12.118 1.943 0.000 24.529 4.979 0.000 0.227 11.488 1.066 
Dbp140 0.000 0.000 0.000 0.000 0.000 4.208 2.630 8.341 0.000 10.356 65.140 2.309 0.000 4.038 0.000 0.000 0.000 2.978 
Dft652 0.375 0.000 0.000 0.000 0.534 28.159 15.390 13.005 0.000 11.920 19.281 5.607 0.000 0.261 1.777 3.690 0.000 0.000 
Dido31 4.141 17.174 13.291 8.939 0.413 0.239 0.649 0.080 15.858 0.115 1.864 0.139 10.790 0.148 0.275 4.832 12.581 8.471 
Dmh56 0.266 0.487 0.602 0.657 3.196 8.751 7.768 5.810 3.506 20.582 11.175 0.636 0.709 23.168 6.521 2.043 3.601 0.522 
Doll318 0.570 0.000 1.269 5.812 0.000 13.372 15.757 11.720 0.000 17.237 3.434 0.000 10.461 12.317 4.050 0.000 4.001 0.000 
Dws547 2.308 0.212 0.597 0.000 8.951 16.617 13.589 14.755 0.304 14.296 6.872 9.907 2.463 5.350 0.000 2.063 0.162 1.552 
Egw515 0.947 22.278 0.000 0.000 0.000 0.000 0.000 0.000 13.732 0.000 0.000 0.000 0.000 0.000 0.000 6.204 40.302 16.538
Elp307 3.715 2.204 0.000 0.000 8.390 6.540 4.723 0.604 0.000 0.000 39.998 1.045 0.000 1.827 0.000 10.742 0.000 20.211
Emu1 8.767 8.760 10.075 1.311 9.401 1.171 2.149 1.244 3.967 0.517 5.733 4.566 6.137 0.179 11.650 9.710 3.206 11.455
Ero288 0.036 0.000 0.000 0.000 0.152 17.116 16.589 12.104 0.000 21.232 0.688 1.674 4.713 21.978 3.294 0.281 0.035 0.110 
Eyro392 0.837 0.000 0.000 0.000 0.000 7.176 17.263 29.639 0.000 16.222 8.061 1.362 6.775 10.393 1.639 0.454 0.000 0.178 
Flbr36 0.703 37.232 28.779 0.000 0.000 0.000 0.000 0.000 22.949 0.000 0.000 0.000 0.000 0.000 0.000 8.295 2.041 0.000 
Fma360 3.579 19.165 11.553 3.443 1.621 3.714 3.373 1.559 15.734 4.206 2.746 0.558 1.394 2.703 5.397 7.192 5.669 6.395 
Frd214 3.820 13.759 0.000 0.000 9.311 4.831 4.921 0.188 15.831 5.850 5.257 1.305 0.000 3.802 0.000 19.313 8.448 3.365 
Fro382 0.225 0.000 0.000 0.000 0.961 13.166 20.237 35.319 0.000 12.610 8.679 0.269 0.000 5.335 3.199 0.000 0.000 0.000 
Ftck338 1.444 0.485 0.514 0.000 0.821 5.444 15.650 30.137 0.000 16.280 6.491 2.474 5.650 13.010 0.683 0.379 0.093 0.445 
Ftsw335 2.914 4.897 10.369 0.000 0.000 6.687 12.229 10.063 7.044 8.097 18.711 1.741 0.000 4.736 0.000 7.638 1.879 2.994 
Fuhe613 0.115 0.000 0.000 0.000 0.000 13.776 36.852 26.987 0.000 8.498 1.109 8.735 0.000 3.928 0.000 0.000 0.000 0.000 
Gal273 3.795 5.346 4.643 3.809 7.742 8.656 5.896 4.351 7.220 5.445 5.158 2.726 4.641 5.373 9.595 6.565 3.609 5.429 
Gbb702 9.175 2.613 2.169 1.104 12.222 6.396 7.762 5.534 0.811 8.169 3.621 14.512 2.385 8.126 3.607 4.215 1.376 6.202 
Gbt111 1.568 19.072 4.596 0.000 1.574 1.128 3.092 0.573 18.064 1.209 6.220 0.110 18.951 3.406 0.000 8.706 8.033 3.697 
Gcba443 7.982 1.548 7.556 19.465 1.091 6.003 5.123 2.456 0.000 1.615 1.232 0.290 18.019 0.071 5.449 0.905 18.118 3.076 
Gcgr60 0.892 16.063 2.267 3.462 0.544 6.230 4.293 1.496 3.696 6.071 27.002 1.218 0.000 4.793 0.000 5.762 13.067 3.142 
Gco96 1.247 11.906 3.250 0.605 5.131 4.610 4.347 4.593 9.854 4.802 23.388 1.464 0.000 7.914 5.694 5.693 3.577 1.923 
Gcs423 7.705 5.698 13.161 25.124 3.067 1.357 1.486 0.035 8.195 0.857 5.937 0.246 6.030 0.000 4.376 3.434 6.957 6.334 
Gcw697 0.145 0.000 0.000 0.000 8.662 6.893 13.610 16.280 0.000 9.545 1.048 24.596 12.770 5.128 0.000 1.212 0.000 0.112 
Geg187 1.759 12.349 6.490 4.956 2.112 3.359 4.018 2.893 11.715 4.934 16.940 0.592 6.499 5.817 4.070 4.380 5.193 1.928 
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Gf236 6.201 2.606 7.356 0.000 2.204 0.653 0.615 0.000 18.739 0.615 9.956 0.000 0.000 0.000 7.338 12.192 13.999 17.524
Gfhe623 6.514 0.000 1.756 16.091 1.684 0.721 1.511 0.000 1.432 0.000 0.951 8.022 8.689 0.000 0.000 1.552 44.688 6.389 
Gft361 2.026 0.560 1.185 2.514 1.894 7.829 13.892 16.154 0.738 16.762 7.041 1.709 8.961 10.384 4.073 1.437 1.558 1.284 
Ghci525 0.000 0.296 1.462 7.973 0.000 10.521 7.888 5.128 0.000 15.587 26.003 0.175 10.333 11.938 1.667 0.462 0.568 0.000 
Gib452 0.634 20.249 17.299 0.000 0.000 0.000 0.000 0.000 42.918 0.000 0.000 0.000 0.000 0.000 0.000 12.051 1.636 5.212 
Giwh403 0.442 0.000 0.000 0.000 19.502 5.263 2.886 3.005 0.000 0.000 1.421 64.957 0.000 0.000 0.000 1.160 0.000 1.364 
Gli178 1.166 12.833 3.396 2.881 0.452 1.862 2.706 0.623 16.150 4.168 10.214 0.063 6.224 2.955 7.529 6.880 18.262 1.634 
Go252 0.000 0.000 0.000 0.000 0.000 39.498 11.958 48.545 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Gofi996 0.058 0.000 0.000 0.000 0.498 13.528 13.634 7.311 0.000 22.921 21.346 0.453 8.557 11.579 0.000 0.115 0.000 0.000 
Gowh398 0.303 0.000 0.000 0.000 0.538 6.814 14.554 23.529 0.000 19.985 6.562 5.489 6.665 13.061 1.792 0.397 0.000 0.311 
Gsh158 1.614 4.788 0.338 0.000 1.620 5.190 2.326 3.378 1.377 3.619 47.560 0.227 11.146 9.393 0.000 2.987 2.388 2.049 
Gst408 5.488 4.716 3.086 4.208 7.002 6.734 8.740 10.549 2.695 5.799 5.668 11.564 3.817 2.805 5.541 2.667 3.536 5.385 
Gte211 4.158 7.198 5.124 0.675 4.024 6.626 4.978 2.388 11.523 7.259 11.120 1.447 2.550 5.353 7.932 8.127 5.692 3.827 
Hahe215 3.844 10.263 5.714 0.000 1.254 4.610 4.660 2.078 12.792 8.700 10.674 0.500 3.982 6.506 4.496 7.069 9.233 3.625 
Hba938 22.084 3.182 8.233 0.000 0.897 0.000 0.215 0.000 1.525 0.000 0.000 0.000 0.000 0.000 0.000 0.000 19.127 44.737
Hbck342 4.404 7.362 3.322 4.553 7.249 4.930 4.248 3.447 13.019 3.307 8.761 4.763 2.107 2.685 2.379 7.247 6.993 9.223 
Hhgr62 5.732 5.368 1.748 0.000 3.668 7.519 3.581 2.446 10.393 6.193 16.959 1.493 1.202 7.074 6.396 10.948 4.357 4.923 
Hob235 3.724 4.552 5.823 3.066 4.332 7.539 5.270 2.981 6.956 5.443 14.130 1.551 8.279 7.311 5.608 5.103 6.769 1.565 
Hro385 10.292 5.925 4.759 0.000 12.963 8.289 4.723 2.673 1.175 2.799 6.245 14.021 5.946 0.085 0.575 2.709 8.076 8.744 
Hs995 2.907 3.051 3.511 0.000 4.376 14.781 6.690 4.216 6.487 10.215 9.503 0.503 0.386 17.191 6.911 6.155 1.374 1.744 
Ido145 3.850 13.590 5.481 0.000 1.642 0.108 0.000 0.000 33.506 0.000 0.000 0.000 0.000 0.000 21.869 10.598 2.235 7.121 
Ieg186 1.218 8.472 5.231 5.707 1.254 3.735 6.232 3.003 8.833 8.854 12.137 0.351 9.861 5.413 2.982 2.725 13.085 0.906 
Itb476 17.800 2.473 2.094 0.000 11.295 4.713 3.963 1.304 0.711 0.292 4.723 16.235 0.000 0.171 2.089 6.363 4.460 21.314
Jw377 5.407 6.377 9.395 5.155 5.193 5.375 5.598 6.525 1.376 5.291 5.634 16.931 6.031 0.242 1.571 1.368 8.290 4.240 
Koe347 0.103 0.000 0.000 0.000 0.000 9.947 16.669 19.405 0.000 11.521 2.974 0.000 6.040 30.037 0.000 0.000 2.987 0.317 
Lbco97 1.338 10.001 3.775 2.089 3.935 4.642 5.292 3.818 10.258 8.002 17.476 0.790 3.610 8.976 3.930 5.018 5.534 1.517 
Lbq18 4.961 15.576 15.656 5.087 3.593 1.657 0.382 0.226 9.504 0.000 4.508 1.510 2.747 0.130 7.975 3.313 12.497 10.676
Lc271 4.463 12.053 7.207 2.880 4.269 2.556 2.653 0.655 19.897 2.623 3.062 0.647 2.073 2.994 2.341 12.108 6.448 11.071
Lcr691 9.705 12.539 3.437 0.656 5.355 0.533 0.633 0.025 23.111 0.058 3.721 1.991 0.000 0.000 2.400 12.341 9.950 13.545
Le225 3.499 7.671 8.662 5.512 5.624 6.597 5.306 3.327 9.929 5.798 8.792 2.364 2.976 1.413 6.480 5.882 6.574 3.595 
Leg185 0.859 5.954 1.719 13.125 1.145 2.858 6.091 3.577 10.898 4.283 18.094 0.257 15.750 8.711 0.762 1.372 4.050 0.496 
Lfc365 0.618 0.000 0.000 5.598 0.000 8.105 14.828 18.951 0.000 10.306 11.246 0.000 20.154 9.186 0.000 0.000 0.797 0.212 
Lfri646 6.162 3.310 5.501 9.206 1.897 6.551 5.815 4.103 0.000 1.564 3.875 0.367 24.856 0.915 11.726 2.206 10.120 1.828 
Lgb522 1.246 4.188 2.135 1.254 1.771 5.699 2.410 3.426 24.094 5.496 15.112 0.855 0.000 12.376 7.208 7.348 2.679 2.703 
Libi195 0.000 0.000 0.000 0.000 0.000 29.116 11.753 5.964 0.000 41.136 0.000 0.000 0.000 12.030 0.000 0.000 0.000 0.000 
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Lkoo322 2.303 1.346 0.774 0.000 3.331 11.274 14.729 17.417 0.000 13.267 5.617 1.223 4.641 11.740 9.264 1.671 0.459 0.945 
Lpco100 1.281 4.699 2.902 3.165 3.147 6.741 6.693 5.556 4.787 10.884 17.081 0.804 4.558 11.641 6.249 3.486 4.809 1.516 
Lrav954 0.573 0.000 0.000 0.000 11.289 15.730 9.389 9.430 0.000 8.196 13.597 2.610 0.000 9.588 15.659 3.599 0.000 0.340 
Lsn168 1.994 0.000 0.000 0.000 0.000 9.244 8.820 10.604 0.000 20.896 26.886 0.000 0.000 20.000 0.000 0.784 0.772 0.000 
Lwk233 1.393 14.047 54.523 0.000 0.000 0.196 0.000 0.000 10.101 0.000 0.000 0.832 0.000 0.000 0.000 2.738 16.171 0.000 
Lws548 6.561 6.301 12.229 11.319 0.000 0.512 1.878 0.180 0.755 0.000 1.003 0.000 24.449 0.145 0.000 0.819 23.576 10.273
Mafo7 0.000 0.000 0.000 0.000 0.000 5.520 0.912 0.206 0.000 0.000 5.734 32.730 52.410 2.488 0.000 0.000 0.000 0.000 
Mag705 4.127 3.719 4.713 2.388 7.296 8.795 7.813 6.228 4.620 8.384 5.381 3.069 4.237 8.547 8.067 5.017 2.848 4.750 
Mal948 0.484 0.000 1.148 0.000 4.815 9.311 6.338 7.184 0.000 4.417 1.553 0.482 0.000 57.400 6.869 0.000 0.000 0.000 
Mew527 0.000 0.000 0.000 0.000 0.000 3.910 3.683 0.000 0.000 0.000 0.000 92.406 0.000 0.000 0.000 0.000 0.000 0.000 
Mis564 6.557 9.483 5.509 8.753 3.767 5.121 5.969 5.846 6.254 5.012 4.204 1.316 4.879 2.454 2.361 4.964 8.967 8.584 
Mlw133 2.162 3.292 2.742 2.326 2.602 8.702 8.638 6.291 6.442 12.734 14.432 1.055 5.025 10.124 3.799 4.061 4.121 1.452 
Mmc270 14.481 4.944 1.610 0.000 30.563 1.388 3.041 0.026 0.000 0.090 6.539 9.781 0.000 0.000 2.142 8.156 0.730 16.508
Mo250 0.000 0.000 36.273 0.000 0.000 4.296 10.406 17.601 0.000 12.140 0.000 12.183 0.000 7.101 0.000 0.000 0.000 0.000 
Mp296 15.728 3.194 1.002 0.000 24.914 2.763 1.377 0.000 1.021 0.210 4.745 22.268 0.000 0.000 0.000 6.641 0.953 15.185
Mpl415 3.956 6.142 6.447 7.272 3.864 6.873 5.829 3.728 6.469 6.546 6.907 0.800 6.847 8.511 6.382 4.661 4.886 3.882 
Msp159 1.263 7.432 0.000 0.000 3.593 5.798 3.296 5.163 3.054 8.276 20.282 0.881 18.538 8.948 2.990 3.726 6.111 0.649 
Mud217 4.537 1.064 0.000 0.000 2.701 8.421 5.225 4.665 14.540 13.573 16.263 1.261 0.000 7.498 2.997 12.655 1.021 3.578 
Mws544 5.750 14.403 9.637 5.040 7.595 2.825 0.884 0.154 7.263 0.398 2.144 12.725 3.266 0.103 2.634 6.126 6.819 12.236
Nfri645 6.199 1.359 0.288 0.000 0.230 11.284 16.558 20.636 0.000 14.990 5.711 0.177 3.164 14.156 1.531 0.159 1.564 1.994 
Nk240 4.026 7.415 8.105 4.873 5.737 5.682 3.135 1.712 7.868 4.549 7.514 1.227 2.368 2.923 13.878 8.885 4.216 5.887 
Nmi634 1.054 0.134 1.186 0.000 3.527 16.861 11.551 7.420 0.097 12.961 2.312 1.976 1.957 23.299 14.203 1.127 0.129 0.206 
Nnh192 2.069 15.355 6.947 6.365 2.498 2.726 2.710 2.036 20.386 2.139 9.402 0.280 8.020 3.291 3.326 5.143 5.741 1.565 
Obo671 3.481 0.468 1.652 10.090 0.000 7.480 14.871 15.261 0.673 15.202 1.788 0.638 8.173 10.379 0.000 0.274 8.712 0.858 
Och450 3.206 13.507 5.938 0.000 3.559 0.506 0.321 0.000 26.433 0.000 5.499 0.814 0.000 0.000 1.247 20.462 7.138 11.371
Op142 0.000 0.000 57.371 0.000 0.000 0.000 3.657 0.000 38.972 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Pahe598 10.005 18.345 9.710 0.000 0.000 6.517 8.357 3.141 0.000 2.167 0.000 2.174 0.000 0.000 12.916 0.000 7.040 19.627
Pbb700 6.793 4.110 8.367 10.506 6.597 6.821 5.914 2.714 0.303 3.833 4.429 1.243 9.814 1.026 12.762 3.369 8.048 3.350 
Pbd208 2.033 5.409 3.879 3.056 3.100 8.435 7.657 5.459 6.149 11.232 11.000 0.910 2.793 11.542 7.985 3.266 4.202 1.894 
Pbq14 2.532 0.000 0.000 0.000 0.000 13.342 16.731 21.572 0.000 3.016 12.196 11.350 12.386 0.882 5.993 0.000 0.000 0.000 
Pck337 6.146 6.590 3.771 2.879 5.123 5.012 5.938 3.538 8.709 9.466 5.104 4.602 7.256 2.879 3.009 3.889 6.835 9.255 
Pco99 1.923 9.695 2.895 2.009 3.785 4.021 4.165 2.452 13.675 3.127 26.355 1.016 4.340 5.976 2.100 6.397 3.792 2.280 
Pcw694 1.551 0.000 0.732 0.000 0.135 8.399 13.798 22.439 0.000 17.508 5.335 0.028 0.464 27.437 1.798 0.062 0.214 0.098 
Pdo30 3.420 6.527 6.505 13.072 3.432 5.788 4.872 3.432 7.612 4.271 8.931 0.957 10.524 0.975 3.105 3.680 8.124 4.772 
Ped213 4.414 13.665 6.889 1.052 1.321 3.345 2.279 1.030 20.777 5.072 7.085 0.879 1.136 1.322 6.047 10.656 8.615 4.416 
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Table D.2. (Continued) 
Code AC AG AS BL CA CR EW FO GI GR LA MA ME OT RI SA SP WO 
Pel106 1.478 9.999 3.594 0.669 6.094 4.264 4.307 2.637 9.111 3.873 26.457 1.104 3.976 7.396 4.198 4.456 4.337 2.050 
Pf237 3.462 2.686 2.369 7.236 8.520 9.691 7.295 10.485 5.794 7.771 2.565 3.501 3.908 6.029 5.672 3.927 1.288 7.799 
Pghe620 0.449 0.000 0.000 0.000 0.000 10.979 3.133 0.000 0.000 25.140 4.326 28.987 26.360 0.626 0.000 0.000 0.000 0.000 
Phf661 10.396 18.601 17.901 0.000 0.000 11.402 5.478 0.811 0.000 3.595 0.000 0.000 19.683 0.234 0.000 0.000 2.596 9.304 
Pihe602 9.828 22.755 2.855 0.000 4.705 0.916 0.239 0.000 14.545 0.000 0.000 3.476 0.000 0.000 0.000 9.858 14.747 16.075
Pip647 4.597 11.752 8.477 1.400 5.767 4.308 3.210 2.001 7.377 5.567 7.938 0.993 1.512 2.108 10.788 11.341 3.563 7.304 
Pns170 0.000 0.000 0.000 0.000 0.000 10.571 2.743 0.000 0.000 0.000 0.000 0.000 0.000 44.925 0.000 10.566 31.196 0.000 
Psh58 0.274 1.383 0.651 0.000 2.437 6.563 5.055 5.099 11.436 18.102 19.373 0.779 2.012 15.778 5.193 2.966 2.476 0.423 
Pwand20 0.000 0.000 0.000 0.000 0.000 1.097 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 96.985 1.918 0.000 0.000 
Pwd205 1.380 12.314 11.713 8.655 0.000 4.326 5.185 1.137 3.080 10.875 9.204 0.000 15.579 1.775 0.000 1.879 11.916 0.982 
Rbf662 0.000 0.000 0.000 0.000 0.000 7.222 19.309 23.370 0.000 26.026 4.942 0.000 0.000 18.860 0.000 0.178 0.000 0.093 
Rbkf325 5.397 15.408 11.179 6.984 4.994 0.666 0.807 0.059 16.361 0.170 1.100 1.365 2.514 0.159 0.811 7.973 12.433 11.620
Rbpa570 3.250 18.822 11.096 2.387 0.375 0.031 1.001 0.061 20.701 0.105 0.000 0.262 9.021 0.000 0.000 6.216 16.655 10.018
Rcbq19 7.336 9.865 15.665 39.871 2.086 1.306 0.749 2.703 3.547 1.165 0.000 0.585 0.000 0.000 6.945 2.885 3.786 1.508 
Rcp143 3.094 3.900 0.250 0.000 2.099 4.929 3.015 3.302 8.158 4.438 29.799 0.840 16.507 6.563 0.000 8.432 2.721 1.951 
Rcro381 10.318 5.734 3.800 0.000 16.327 3.967 2.062 1.245 7.141 0.264 4.542 9.167 0.814 0.068 6.499 8.098 2.979 16.973
Rehe603 0.000 0.000 0.000 0.000 0.000 27.267 50.905 18.618 0.000 3.210 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Rep278 0.000 0.000 0.000 0.000 18.669 5.073 10.177 0.000 0.000 0.000 3.513 56.671 0.000 0.000 5.179 0.717 0.000 0.000 
Rfc369 4.472 4.683 4.223 21.499 4.108 6.051 5.616 3.380 1.996 7.907 2.319 5.838 11.105 0.575 3.175 2.164 7.388 3.499 
Rfw502 3.452 38.903 0.000 0.000 11.258 0.456 0.104 0.000 5.890 0.000 13.690 1.092 0.000 0.141 0.000 17.564 4.321 3.129 
Rinn294 10.563 3.052 2.564 0.392 21.514 4.513 2.077 0.403 3.031 0.566 5.969 15.502 0.846 0.110 5.116 7.933 4.210 11.639
Rlw402 0.000 0.000 0.000 0.000 0.000 0.162 0.000 0.000 0.000 0.000 0.000 99.838 0.000 0.000 0.000 0.000 0.000 0.000 
Rna148 4.809 8.362 0.590 0.000 2.122 3.483 1.693 1.632 24.053 0.790 23.163 1.437 0.000 4.506 1.177 9.944 7.380 4.857 
Rnd132 2.677 5.250 6.352 2.021 1.903 5.350 2.581 2.312 19.416 4.340 10.029 1.644 2.183 5.803 8.449 8.773 6.332 4.585 
Rns162 2.077 0.000 0.000 0.000 2.953 5.835 2.403 2.964 0.000 4.782 50.672 0.910 16.251 9.258 0.000 1.361 0.536 0.000 
Rrp295 0.811 1.456 0.147 0.000 8.035 18.543 8.162 4.658 7.678 10.579 7.814 3.328 3.631 5.134 12.300 4.812 1.091 1.823 
Rsb181 1.662 14.914 8.020 1.531 1.923 3.602 4.927 3.006 10.214 7.213 18.722 0.320 5.787 7.928 1.600 3.711 3.270 1.650 
Rsl509 6.138 15.476 9.647 3.044 3.536 5.288 2.809 1.006 14.785 1.468 1.726 0.817 5.260 0.546 6.999 6.166 6.242 9.047 
Rtbc264 2.139 8.250 3.807 23.938 0.000 2.829 9.721 5.368 0.000 2.248 1.212 0.075 29.546 2.148 0.894 0.619 6.818 0.388 
Rth497 6.625 2.227 1.048 0.000 54.631 0.869 0.802 0.000 0.000 0.000 1.418 1.144 0.000 0.000 0.000 15.629 1.994 13.614
Rwa638 0.382 0.000 0.000 0.000 4.978 11.831 12.904 14.785 0.000 9.477 7.358 12.706 4.982 19.645 0.301 0.584 0.000 0.065 
Rwh401 5.895 2.230 3.996 10.170 5.152 6.137 7.216 7.503 1.851 6.737 4.752 4.352 11.733 2.607 3.865 2.542 6.469 6.792 
Rwp280 11.821 8.303 7.953 16.779 0.502 3.652 4.513 1.178 1.279 1.716 3.399 0.000 13.807 0.410 0.418 0.983 17.126 6.164 
Sbb680 17.628 9.295 14.965 3.131 2.703 1.991 2.588 0.259 1.253 0.823 3.329 0.482 5.072 0.000 3.272 0.793 22.293 10.122
Sbck344 1.373 0.000 0.000 0.000 0.000 6.038 17.171 25.843 0.000 22.731 7.935 0.903 8.059 9.947 0.000 0.000 0.000 0.000 
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Table D.2. (Continued) 
Code AC AG AS BL CA CR EW FO GI GR LA MA ME OT RI SA SP WO 
Scc269 0.618 0.468 0.917 5.602 4.089 8.522 11.134 15.184 0.000 12.940 3.872 0.536 9.680 19.927 1.903 0.385 3.969 0.254 
Sche640 12.089 6.590 3.110 0.666 17.351 4.902 1.805 0.341 4.384 0.146 5.350 14.386 1.678 0.313 1.972 7.548 3.746 13.622
Scp303 35.455 0.000 0.000 0.000 0.000 0.000 8.043 0.000 0.000 0.000 0.000 56.502 0.000 0.000 0.000 0.000 0.000 0.000 
Sfb507 3.315 0.000 14.746 0.000 0.000 0.000 0.987 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 74.566 6.387 
Sg125 3.138 2.344 0.069 0.000 2.644 6.210 5.616 4.335 2.950 4.060 32.465 0.845 5.685 20.619 0.825 3.770 3.111 1.314 
Sgw513 2.400 0.000 0.949 0.000 1.138 0.262 0.182 0.000 0.000 0.000 0.000 81.128 0.000 0.000 0.000 1.573 8.257 4.111 
She207 0.596 0.601 0.212 0.000 5.851 14.111 3.501 4.449 3.028 9.518 28.724 3.279 1.750 5.817 10.163 5.980 1.500 0.919 
Sho212 1.097 3.405 1.502 0.000 1.800 10.376 6.433 4.518 1.224 15.581 21.137 1.211 0.000 8.408 13.183 6.803 0.980 2.342 
Shw499 0.456 0.000 0.000 0.000 2.916 5.155 1.357 0.000 0.000 0.543 0.000 68.362 20.062 0.000 0.000 0.448 0.000 0.702 
Sibl648 2.724 10.483 22.450 9.740 1.529 5.258 2.610 0.248 6.239 0.854 2.762 0.300 6.312 1.149 17.306 5.356 2.913 1.768 
Sihe608 12.481 7.065 4.691 2.251 12.820 4.511 1.011 0.029 7.047 0.081 8.416 2.593 4.642 0.913 1.070 9.922 7.710 12.748
Sile574 0.648 0.000 0.000 0.000 1.631 9.140 13.014 16.044 0.000 17.420 8.165 2.175 5.853 20.958 2.596 1.144 0.032 1.178 
Skf326 3.263 4.611 3.772 5.647 4.078 7.588 7.782 9.754 4.370 5.717 4.604 0.907 6.099 4.850 14.754 3.309 5.629 3.267 
Sl993 0.124 0.000 0.000 0.000 0.000 13.349 2.789 0.601 0.000 14.940 57.424 1.113 0.000 9.171 0.000 0.488 0.000 0.000 
Slcr51 1.528 7.706 1.360 0.000 1.630 2.845 1.560 0.792 13.854 5.006 18.401 0.000 0.000 4.259 16.276 15.775 6.654 2.356 
Snib180 1.672 10.519 5.067 2.699 0.777 7.444 5.096 3.408 9.005 8.125 10.526 0.178 8.746 3.472 12.461 3.516 5.094 2.195 
Spfw532 12.345 1.842 1.040 0.000 23.993 4.095 3.157 0.025 0.000 0.087 2.815 25.494 0.000 0.000 0.000 3.878 1.413 19.816
Sph218 3.038 11.208 18.457 18.120 1.896 3.789 0.782 0.435 8.597 2.118 7.137 0.443 2.174 0.310 9.469 5.098 4.874 2.056 
Spi42 1.785 23.208 23.732 5.105 0.000 0.000 0.767 0.000 5.449 0.000 0.000 0.000 0.000 0.000 0.000 0.000 32.715 7.239 
Spnj331 5.939 5.989 4.227 5.379 3.378 1.530 1.213 0.889 12.921 0.472 1.907 8.755 11.620 0.000 2.811 5.060 15.706 12.205
Sppa565 0.217 0.084 0.000 0.000 3.135 7.433 13.713 17.273 0.000 10.704 3.540 24.817 0.980 16.082 1.660 0.361 0.000 0.000 
Sqk230 4.560 15.328 8.113 0.000 3.242 1.922 10.991 3.412 0.000 9.051 7.320 0.454 22.302 2.118 0.000 1.494 7.352 2.343 
Src49 2.520 2.311 0.815 0.000 0.000 5.763 2.573 1.820 23.264 2.729 11.036 0.411 0.000 9.737 16.269 12.163 5.764 2.825 
Sro380 0.000 0.000 0.000 0.000 0.430 7.643 29.189 22.962 0.000 25.555 1.941 1.926 2.956 7.088 0.000 0.000 0.000 0.311 
Ssr441 0.749 0.000 0.000 0.000 12.135 8.794 1.427 0.000 1.086 0.000 0.000 60.132 13.183 0.522 0.000 0.589 0.000 1.385 
Sta999 1.175 0.669 0.109 0.000 4.705 15.301 6.970 4.229 2.740 16.045 11.609 1.074 1.199 17.922 12.763 3.273 0.059 0.157 
Sthe585 13.500 3.924 3.323 2.114 11.617 10.233 6.904 2.257 0.000 1.946 5.996 16.299 1.142 0.678 7.734 2.065 3.312 6.956 
Stpa976 5.457 1.125 1.508 3.434 7.135 9.679 9.820 7.928 1.294 7.189 3.938 10.125 7.417 5.034 6.862 3.859 3.797 4.400 
Stsp163 2.517 6.347 2.036 0.000 2.928 5.225 2.940 3.201 6.638 5.315 35.270 0.752 3.358 9.406 1.625 5.849 5.535 1.058 
Stuq9 3.031 8.151 10.067 0.000 1.293 9.057 2.424 1.605 3.664 4.452 22.384 0.785 2.965 1.197 18.651 4.966 3.128 2.180 
Sufw529 0.226 0.000 0.034 0.000 0.844 12.486 16.435 15.163 0.000 18.609 5.719 1.977 4.978 14.758 7.494 1.278 0.000 0.000 
Sup277 0.715 0.000 0.000 0.000 0.000 18.536 5.292 5.556 0.000 1.703 0.000 0.000 0.000 1.494 66.000 0.703 0.000 0.000 
Swf466 10.922 2.585 0.397 0.000 26.337 3.959 2.461 0.431 3.556 0.929 1.932 7.193 0.000 0.109 8.862 10.518 2.631 17.178
Swh219 0.278 2.521 3.163 3.019 1.895 5.751 2.618 4.182 6.848 9.328 36.381 0.929 0.000 6.191 9.465 5.569 0.322 1.541 
Swr504 2.788 0.000 0.661 0.000 0.000 18.251 32.915 12.579 0.000 21.690 0.000 0.888 0.000 10.227 0.000 0.000 0.000 0.000 
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Table D.2. (Continued) 
Code AC AG AS BL CA CR EW FO GI GR LA MA ME OT RI SA SP WO 
Tbgw512 4.375 79.977 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 12.903 1.058 1.686 
Tcr692 3.048 0.912 7.628 14.738 0.000 12.704 9.479 6.092 0.375 6.367 2.488 0.015 28.044 2.033 0.000 0.305 4.897 0.876 
Tfm313 3.962 1.921 4.068 14.494 3.575 8.522 8.790 8.290 3.316 4.538 2.202 2.596 4.472 5.680 11.903 2.097 7.225 2.349 
Tma359 4.175 6.460 1.877 0.819 8.037 7.177 4.396 3.706 12.789 5.655 8.421 3.090 4.423 2.184 5.993 8.209 3.296 9.293 
Tup302 0.000 0.000 0.000 0.000 0.000 27.505 36.532 28.976 0.000 6.447 0.000 0.539 0.000 0.000 0.000 0.000 0.000 0.000 
Vfw536 6.831 8.072 4.914 3.652 7.975 2.938 3.314 2.777 11.520 1.383 4.708 5.733 2.152 3.294 2.950 9.153 9.670 8.965 
Vsit549 5.614 1.132 1.998 4.576 8.621 9.457 11.500 9.597 0.000 8.024 3.245 10.233 13.180 2.659 0.797 1.214 4.345 3.807 
Wbba445 13.225 1.534 0.250 0.000 16.773 9.514 4.946 2.571 4.244 0.307 4.735 19.625 3.434 0.750 3.656 5.982 0.951 7.504 
Wbcs425 1.540 2.588 3.045 29.448 0.000 4.672 10.617 8.924 0.000 7.744 7.692 0.409 10.043 1.510 0.810 0.897 8.829 1.231 
Wbews543 5.033 9.574 7.078 6.551 2.185 3.616 4.364 4.028 18.140 2.620 6.096 0.486 2.653 2.750 2.140 7.288 7.406 7.990 
Wbows545 5.645 12.222 5.678 5.836 7.721 4.371 1.582 0.975 3.338 0.475 3.842 15.659 9.004 0.107 3.050 5.308 4.690 10.498
Wbsw358 5.828 14.470 0.786 1.200 3.578 1.458 0.623 0.671 29.135 0.210 3.402 1.161 0.000 0.123 0.000 13.627 11.618 12.112
Wbtc561 12.633 0.827 2.335 0.000 43.390 0.853 1.033 0.057 2.380 0.000 0.000 19.610 0.000 0.000 0.000 3.226 0.000 13.656
Wee465 5.000 1.109 2.953 8.423 8.616 6.141 6.198 3.685 0.290 3.430 3.949 19.762 5.576 4.249 5.112 3.971 7.314 4.223 
Wehe617 0.677 0.000 0.127 0.000 4.410 7.494 13.207 14.284 0.000 10.362 1.717 37.970 4.185 4.247 0.000 0.631 0.138 0.550 
Wfch448 1.557 0.000 0.185 0.000 15.051 9.055 1.933 2.742 0.000 3.461 33.488 4.124 3.046 3.904 11.052 9.284 0.000 1.120 
Wfh188 2.592 5.721 4.286 4.980 2.494 6.592 6.308 4.603 8.545 8.098 10.088 0.793 6.147 7.941 9.915 4.702 3.935 2.260 
Wfhe594 5.106 1.471 0.692 0.000 14.934 2.910 0.637 0.000 0.705 0.000 1.874 60.559 0.000 0.068 0.000 4.780 1.317 4.947 
Wgg463 4.338 0.825 6.699 6.672 1.047 8.325 7.380 6.557 0.000 3.217 5.518 3.570 14.411 0.969 22.081 2.414 3.959 2.018 
Whk228 2.615 10.405 7.879 13.394 4.668 2.919 3.238 2.256 9.815 2.259 10.784 0.814 8.581 1.833 5.457 4.221 6.208 2.653 
Wi179 0.626 6.398 2.721 1.417 1.705 7.748 6.408 4.814 3.025 8.735 25.279 0.821 5.100 12.350 7.898 2.392 1.278 1.286 
Wnh189 4.205 16.402 11.374 6.176 1.697 2.744 2.593 1.928 15.246 2.673 3.694 0.518 6.253 1.286 6.455 5.697 7.119 3.941 
Wphe625 5.856 10.870 8.040 1.038 4.470 8.497 4.682 4.120 11.082 2.892 6.939 1.510 0.961 4.368 5.502 6.363 6.399 6.410 
Wsp154 2.979 0.000 0.000 0.000 0.000 5.441 1.520 0.000 21.603 1.183 28.693 0.000 0.000 17.293 0.000 9.761 11.528 0.000 
Wsw357 3.034 3.053 0.896 0.000 5.891 9.469 7.936 6.814 4.539 10.842 13.631 1.736 3.194 11.028 8.018 6.594 0.829 2.496 
Wt110 2.798 7.375 2.489 0.000 2.712 4.637 1.753 0.439 8.301 2.272 41.652 0.494 1.866 6.335 4.515 7.251 2.953 2.156 
Wte224 6.433 6.669 5.849 4.884 5.422 3.897 5.191 3.579 7.077 5.628 4.700 1.527 3.768 0.742 7.658 9.744 5.242 11.993
Wtgg453 0.712 0.000 0.181 5.527 0.000 10.331 15.029 10.221 0.000 19.926 9.307 0.030 23.877 3.153 0.722 0.000 0.984 0.000 
Wtnt334 0.393 0.000 0.000 0.000 0.000 6.247 22.495 30.441 0.000 19.683 7.580 1.646 0.000 11.513 0.000 0.000 0.000 0.000 
Wttc558 0.000 0.000 0.000 0.000 0.000 9.032 21.797 38.225 0.000 16.356 4.663 0.457 1.495 7.774 0.000 0.200 0.000 0.000 
Ww364 4.900 5.549 6.646 6.396 5.241 7.228 5.000 3.305 6.362 6.164 6.890 3.206 5.651 5.002 5.252 5.240 6.116 5.852 
Wwbt109 0.000 0.000 0.000 0.000 0.000 22.091 3.716 0.000 31.674 10.404 0.000 0.000 0.000 15.213 0.000 0.000 16.902 0.000 
Wwc693 4.001 1.149 1.081 0.000 13.716 14.258 12.907 10.703 0.000 7.750 5.366 8.701 0.743 3.298 10.786 2.837 0.049 2.654 
Wwfw535 4.807 17.588 4.423 0.689 5.897 1.167 0.470 0.004 16.925 0.242 4.398 0.235 0.000 0.557 7.024 16.483 9.081 10.009
Wwt430 4.322 8.929 6.602 12.602 4.946 3.243 2.195 1.252 10.090 2.235 1.421 2.608 12.373 0.602 2.993 4.227 10.197 9.163 
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Table D.2. (Continued) 
Code AC AG AS BL CA CR EW FO GI GR LA MA ME OT RI SA SP WO 
Ybsb182 2.700 17.398 6.673 2.038 1.920 5.793 3.318 1.951 14.143 6.611 12.041 1.434 2.935 2.386 8.166 5.899 2.129 2.466 
Ych451 0.000 17.021 36.037 0.000 7.199 0.000 0.287 0.000 0.000 0.000 0.000 0.000 0.000 1.176 0.000 26.546 6.531 5.203 
Yphe622 0.539 0.000 0.101 0.000 13.915 3.751 0.961 0.392 0.000 0.000 0.273 77.848 0.000 0.000 0.000 1.729 0.055 0.437 
Yrtb486 5.477 1.841 1.439 0.354 9.401 12.941 8.653 5.522 0.095 12.379 6.532 3.780 3.827 6.032 9.074 4.282 2.624 5.749 
Ytb471 3.751 1.891 0.858 0.728 1.829 12.999 15.076 10.123 0.000 15.286 5.936 3.843 3.145 7.858 13.697 1.738 0.415 0.826 
Ytmi635 10.070 10.711 9.922 6.133 7.730 2.120 1.716 0.053 11.217 0.609 3.389 1.464 5.455 0.037 3.676 7.726 8.028 9.945 
Zf653 7.145 14.624 12.219 5.360 0.810 1.374 0.853 0.081 17.377 0.800 0.844 0.293 2.358 0.153 2.593 9.997 11.521 11.598
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Table D.3. Classification of selected bird species on life-history characteristics from 
literature (info missing for certain species). Legend: ? = uncertain, N/A = not available, 
MIG = migratory, NOM = nomadic, PMIG = partially migratory, SED = sedentary, DIS 
= dispersive, aq = feeds on aquatic invertebrates, i = insectivore, * = recorded feeding on 
Orthopterans, h = herbivore, c = carnivore, g = granivore, n = nectarivore, v = vermivore. 
Average body weights are reported. Information compiled from various sources 
(McKeown, 1934; Lea and Gray, 1935; Pearse, 1938; Clark, 1947; Lord, 1956; Hobbs, 
1961; Maclean, 1976; Barker and Vestjens, 1989; Marchant and Higgins, 1990; 
Higgins,1993; Higgins and Davies, 1996; Higgins, 1999; Higgins et al., 2001; Loyn et 
al., 2001; Higgins and Peter, 2002; Magrath et al., 2003). For species names and 
taxonomy see Table D.2. 
Code Movement Feeding Weight (g) Comments 
Ag61 ? aq 202.8  
Akf319 SED aq 34.9  
Aon317 SED i, *  46.3  
Ap675 N/A i, g, * 114.8  
Apr173 N/A i, * 54.7  
Arav930 N/A i, c, g, * 556.6  
Awd202 DIS h, i, * 770.0  
Batg153 N/A v 318.1  
Bbb231 PMIG c, * 1,360.0  
Bbd216 MIG aq 850.0  
Bbr46 DIS aq, * 173.3  
Bche580 SED n,i,g 20.1  
Bcr50 MIG aq 18.5  
Beck341 MIG i 26.3  
Bee329 MIG i, * 26.9  
Bemi967 N/A i, n, * 55.0  
Bfcs424 N/A i, * 133.6  
Bfdo144 ? aq, * 30.4  
Bfhe641 ?SED i, * 108.4  
Bfws546 N/A i, * 34.5  
Bgo221 PMIG c, * 453.5  
Bhhe583 ?NOM n, i 13.6  
Bk229 NOM c, i, * 540.0  
Bko246 SED c, i, * 560.0  
Blbi991 N/A v 89.2  
Blbo297 SED g 82.2  
Blf238 PMIG c, i, * 714.5  
Blhe598 ?MIG i, n  9.5  
Bltg152 N/A v 256.1  
Blw135 DIS g, i, * 192.5  
Bno249 DIS c, * 381.6 irruptive 
Boo242 SED c, i, * 316.2  
Bp304 ?NOM g 42.5  
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Table D.3. (Continued) 
Code Movement Feeding Weight (g) Comments 
Brf239 DIS c, i, * 529.6  
Brhe597 ?NOM n, i 10.9  
Bro177 MIG h, g, i, * 6,200.0  
Brtb486 SED i, * 7.6  
Bsdo32 ? g, i 133.8  
Bsk232 DIS c, i, * 288.5  
Bsl508 N/A i, * 33.2  
Bst147 DIS aq 231.9  
Bsw203 DIS h 5,000.0  
Btb475 SED i, * 7.0  
Btc555 SED i, * 32.8  
Btnh55 DIS g, i, * 410.0  
Bud310 NOM g 28.5 irruptive 
Bus176 DIS h, g, i, * 5,500.00  
Busc174 SED i, * 647.5  
Bwf469 SED i, g 11.0  
Bwp306 MIG g 48.2  
Bws146 DIS aq, i, * 153.6  
Cae977 PMIG i, * 332.0  
Cbb419 N/A i, h, * 62.9  
Cbck348 PMIG h, i, * 747.5  
Cbqt438 SED i, * 61.0  
Cbwf468 SED g, i, * 9.0  
Ccba446 ?SED i, * 50.4  
Cch449 NOM i, * 10.3 irruptive 
Chqt437 SED i, * 73.2  
Ciqt439 SED i, * 62.0  
Cobr34 NOM g, h, i 313.0  
Cock274 NOM g 93.0 irruptive 
Coo59 DIS h 429.0  
Cosp157 N/A v 45.6  
Cpi43 SED g, h, *  206.9  
Cro282 N/A g 128.5  
Crtb481 SED i, * 6.6  
Crwr524 N/A i, * 17.6  
Csh222 PMIG c, * 166.6  
Cst416 SED i, * 28.0  
Ct112 PMIG aq  899.3  
Cte210 MIG g, i 555.7  
Cusp161 N/A v 62.1  
Cwb866 SED i 41.2  
Da101 ? aq 1,750.0  
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Table D.3. (Continued) 
Code Movement Feeding Weight (g) Comments 
Dbf655 N/A g 9.6  
Dbp140 PMIG aq, * 64.8  
Dft652 N/A g 17.6  
Dido31 DIS g, i 31.2  
Dmh56 DIS h, * 572.5  
Doll318 N/A i, * 134.0  
Dws547 N/A i, * 35.1  
Egw515 SED g, i, * 17.5  
Elp307 N/A g 44.6  
Emu1 DIS h, g, i, * 42,500.0  
Ero288 N/A g 99.3  
Eyro392 SED i, * 19.3  
Flbr36 DIS g 243.5 irruptive 
Fma360 N/A i 11.3  
Frd214 DIS aq 910.0  
Fro382 MIG i, * 13.6  
Ftck338 PMIG i, * 51.0  
Ftsw335 MIG i 35.0 non-breeding 
Fuhe613 ?SED i, n, * 16.9  
Gal273 SED g 327.2  
Gbb702 N/A i, c, * 96.8  
Gbt111 NOM aq, i, * 240.5  
Gcba443 SED i, * 81.0  
Gcgr60 SED aq 1,100.0  
Gco96 NOM aq 1,100.0  
Gcs423 N/A i, * N/A  
Gcw697 N/A c, i, * 365.9  
Geg187 MIG aq, i, c, * 1,025.0  
Gf236 DIS c, i, * 475.0  
Gfhe623 ?SED n, g, h, i, * 16.7  
Gft361 N/A i, * 8.5  
Ghci525 N/A i, * 9.5  
Gib452 ?NOM i, * 18.5  
Giwh403 SED i, * 29.6  
Gli178 MIG aq, i, * 581.7  
Go252 DIS c 310.0 irruptive 
Gofi996 N/A g 15.4  
Gowh398 MIG i, * 24.8  
Gsh158 N/A v, * 179.2  
Gst408 SED c, i, * 63.1  
Gte211 DIS aq 417.8  
Hahe215 DIS aq 850.0  
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Table D.3. (Continued) 
Code Movement Feeding Weight (g) Comments 
Hba938 ?SED i 42.3  
Hbck342 PMIG i, * 22.0  
Hhgr62 ? aq, * 217.0  
Hob235 PMIG c, *  249.7  
Hro385 SED i, * 23.2  
Hs995 N/A g, * 26.5  
Ido145 ? g, h, i, * 80.0  
Ieg186 ? aq, c, i, * 345.0  
Itb476 SED i, * 7.3  
Jw377 NOM i, * 14.5  
Koe347 MIG h, * 205.2  
Lbco97 DIS aq 740.0  
Lbq18 MIG g, i, * 42.9  
Lc271 SED g 462.0  
Lcr691 N/A i, c, * 391.7  
Le225 PMIG c, * 989.5  
Leg185 ? aq, i 300.0  
Lfc365 N/A i 13.2  
Lfri646 NOM n, i, * 67.2  
Lgb522 N/A i, * 11.9  
Libi195 MIG aq 85.0  
Lkoo322 SED c, i, * 336.2  
Lpco100 DIS aq, * 515.0  
Lrav954 N/A c, i, * 508.5  
Lsn168 N/A v 160.0  
Lwk233 DIS c, * 326.6  
Lws548 N/A i N/A  
Mafo7 SED g, i, * 1,979.7  
Mag705 N/A c, i, * 305.6  
Mal948 ? h, i 1,500.0  
Mew527 SED i 6.0  
Mis564 N/A h 8.8  
Mlw133 SED i, * 367.2  
Mmc270 SED h, g  370.0  
Mo250 SED c, * 840.0  
Mp296 SED g 58.6  
Mpl415 N/A i, * 93.6  
Msp159 N/A v 74.1  
Mud217 SED aq 1,975.0  
Mws544 N/A i, * 37.0  
Nfri645 PMIG n, h, i, * 117.0  
Nk240 PMIG c, i, * 169.8  
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Table D.3. (Continued) 
Code Movement Feeding Weight (g) Comments 
Nmi634 SED i, n, h, * 59.5  
Nnh192 NOM aq 662.6  
Obo671 N/A i 96.1  
Och450 NOM i, * 10.4 irruptive 
Op142 MIG i, * 117.8  
Pahe598 ?MIG h, i 21.5  
Pbb700 N/A c, i, * 149.4  
Pbd208 DIS aq 1,089.8  
Pbq14 DIS g, i, * 82.3  
Pck337 MIG i, * 89.0  
Pco99 DIS aq 1,750.0  
Pcw694 N/A c, i, * 287.0  
Pdo30 SED g, i 53.4 irruptive 
Ped213 DIS aq 373.8  
Pel106 DIS aq 7,000.0  
Pf237 SED c, i, * 745.0  
Pghe620 SED i, n, h, * 20.0  
Phf661 N/A g 12.2  
Pihe602 NOM n, i 26.0 follows rain 
Pip647 N/A i, * 25.7  
Pns170 DIS aq, * 50.7  
Psh58 DIS h, i, * 682.0  
Pwand20 SED g, h, i, * 107.0  
Pwd205 MIG h 1,000.0  
Rbf662 N/A g 10.7  
Rbkf325 PMIG i, c, * 51.7 follows rain 
Rbpa570 SED i 11.0  
Rcbq19 NOM g, i, * 50.0  
Rcp143 N/A aq 36.1  
Rcro381 SED i, * 8.6  
Rehe603 MIG n, i 41.0  
Rep278 ?NOM g 175.0  
Rfc369 N/A i, * 20.0  
Rfw502 SED i, * 14.0  
Rinn294 ?NOM g, * 143.3  
Rlw402 SED i, * 35.5  
Rna148 DIS aq 326.2  
Rnd132 DIS g, aq, * 52.9  
Rns162 N/A v 30.5  
Rrp295 SED g 63.7  
Rsb181 SED aq, * 1,650.0  
Rsl509 N/A i, * 27.8  
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Table D.3. (Continued) 
Code Movement Feeding Weight (g) Comments 
Rtbc264 DIS g 720.0  
Rth497 SED i, * 12.2  
Rwa638 ?NOM n, i, * 110.0  
Rwh401 PMIG i, * 24.9  
Rwp280 ?NOM g 145.0  
Sbb680 N/A i, * 132.5  
Sbck344 PMIG i 23.0  
Scc269 SED g, * 895.0  
Sche640 ?NOM n, h, i, * 45.0  
Scp303 N/A g 41.0  
Scr49 DIS g, aq, * 67.0  
Sfb507 N/A i, * 9.6  
Sg125 PMIG aq, i, * 328.1  
Sgw513 SED i, g, * 18.5  
She207 MIG h, aq 1,700.0  
Sho212 DIS aq 712.5  
Shw499 SED i, g, * 15.2  
Sibl648 N/A i, * 20.9  
Sihe608 SED n, h, i, * 25.5  
Sile574 N/A i 10.5  
Skf326 PMIG i, * 44.6  
Sl993 N/A i, * 29.1  
Slcr51 MIG g, aq, * 49.8  
Snib180 PMIG c, i, * 1,300.0  
Spfw532 SED i, * 9.3  
Sph218 PMIG c, *  610.0  
Spi42 SED g, i 95.0  
Spnj331 ?MIG i, * 92.8  
Sppa565 SED i, * 8.3  
Sqk230 MIG c, i, * 567.5  
Sro380 SED i, * 13.1  
Ssr441 SED i, * 34.9  
Sta999 N/A i, g, * 75.9  
Sthe585 NOM n, g, i 39.6  
Stpa976 ?MIG i, * 11.4  
Stsp163 N/A v, * 67.1  
Stuq9 DIS g, * 95.5  
Sufw529 SED i, * 9.4  
Sup277 MIG g 152.1  
Swf466 SED g, h, * 12.6  
Swh219 PMIG c, * 835.0  
Swr504 SED i, * 13.5  
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Table D.3. (Continued) 
Code Movement Feeding Weight (g) Comments 
Tbgw512 SED g, h, i, * 47.4  
Tcr692 N/A i, c, * 498.8  
Tfm313 SED i, * 381.6  
Tma359 N/A i 14.2  
Tup302 N/A g 40.3  
Vfw536 SED i, * 8.0  
Vsit549 SED i, * 15.4  
Wbba445 SED i, * 41.0  
Wbcs425 N/A i, * 64.9  
Wbews543 N/A i, * N/A  
Wbows545 N/A i, * 36.4  
Wbsw358 N/A i 14.0  
Wbtc561 SED i 21.0  
Wee465 SED i, * 6.2  
Wehe617 SED n, h, i, * 20.6  
Wfch448 NOM i, * 13.0  
Wfh188 NOM aq, *  560.0  
Wfhe594 ?MIG n, i 17.3  
Wgg463 PMIG i, * 5.8  
Whk228 MIG c, I, * 770.0  
Wi179 ? aq, * 1,861.7  
Wnh189 DIS aq, i, * 860.0  
Wphe625 SED n, i, * 18.9  
Wsp154 N/A v 62.5  
Wsw357 N/A i 14.8  
Wt110 MIG aq, i, * 80.2  
Wte224 DIS c 4,025.0  
Wtgg453 PMIG i, * 7.9  
Wtnt334 MIG i, * 117.5 non-breeding, irruptive 
Wttc558 SED i 22.1  
Ww364 N/A i, * 20.1  
Wwbt109 MIG aq, i, * 65.5  
Wwc693 N/A i, g, * 358.7  
Wwfw535 SED i 7.5  
Wwt430 N/A i, * 25.8  
Ybsb182 ? aq, * 1,900.0  
Ych451 NOM i 10.3  
Yphe622 ?SED i, n 16.9  
Yrtb486 SED i, * 9.3  
Ytb471 SED i 6.3  
Ytmi635 SED i, * 52.9  
Zf653 N/A g 12.1  
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Table D.4. Significant (p<0.01) coefficient values for each modeled species. Part I. 
Geographic and temporal coefficients. See text for explanation  

Code Intercept X Y X2 Y2 XY cm6 sm6 cm3 sm3 
Ag61 -7.943 0.056 0.097 –0.001 –0.006 0.002 5.241 2.771 2.577 0.091
Akf319 –35.281 0.173 –0.131 0.019 0.023 –0.005 1.943 –6.321 –3.906 –1.706
Aon317 4.667 –0.031 0.110 –0.023 –0.012 –0.003 0.130 –1.963 2.146 –4.718
Ap675 –0.762 0.097 0.477 –0.062 –0.041 0.001 10.079 7.197 3.353 2.662
Apr173 49.917 –0.291 0.432 –0.035 –0.026 –0.015 –1.746 8.020 4.308 –1.752
Arav930 –7.160 0.038 –0.026 –0.019 –0.013 –0.027 –0.279 2.155 1.395 –0.379
Awd202 –19.768 0.116 –0.012 0.000 –0.008 0.003 3.423 6.040 2.647 1.090
Batg153 –47.890 0.236 –0.140 0.067 0.036 0.000 0.618 0.204 –0.091 –0.123
Bbb231 59.952 –0.352 0.456 –0.063 –0.034 0.000 –0.086 –0.093 –0.254 –0.238
Bbd216 28.695 –0.162 0.319 –0.037 –0.048 0.018 –5.449 –4.458 –4.179 –0.452
Bbr46 –27.842 0.108 –0.163 0.017 0.029 0.008 9.137 –15.068 –5.164 4.615
Bche580 –1.908 –0.074 –0.249 –0.034 0.025 0.017 4.325 6.911 0.974 5.547
Bcr50 6.412 –0.069 0.068 –0.015 –0.015 0.000 1.397 –0.944 –0.362 0.316
Beck341 22.087 –0.130 0.259 –0.032 –0.031 –0.002 –7.725 5.000 –2.120 –3.242
Bee329 7.090 0.001 0.364 –0.016 –0.010 0.000 21.446 –2.551 0.735 2.618
Bemi967 442.327 –5.421 –9.845 –0.606 –2.405 0.000 –0.273 –0.137 –0.032 –0.295
Bfcs424 –16.137 0.104 0.031 –0.001 0.001 0.004 –5.398 –0.389 2.540 1.354
Bfdo144 8.514 –0.052 0.126 –0.014 –0.007 –0.005 1.627 –0.599 3.209 –0.223
Bfhe641 5.373 –0.001 0.265 –0.055 –0.013 0.030 2.206 –1.016 –0.609 –2.783
Bfws546 51.351 –0.272 0.462 –0.023 –0.030 –0.009 –3.130 –3.779 3.680 –2.748
Bgo221 –12.055 0.050 –0.030 0.001 0.008 0.001 –1.727 2.350 –2.060 0.951
Bhhe583 –22.563 0.069 –0.286 –0.025 –0.023 0.040 –0.773 –1.330 0.985 –0.201
Bk229 49.445 –0.300 0.280 –0.038 –0.012 0.002 3.577 –5.788 1.239 1.240
Bko246 –14.000 0.086 0.136 –0.030 0.006 –0.005 –1.689 –7.480 –2.494 1.269
Blbi991 –15.739 –0.085 –0.722 –0.002 –0.085 –0.023 2.546 –1.084 3.957 6.214
Blbo297 40.927 –0.205 0.388 –0.057 –0.088 0.009 –1.198 2.892 –0.231 0.605
Blf238 13.024 –0.101 0.092 –0.015 –0.007 0.003 2.808 –2.955 0.340 –5.537
Blhe598 44.600 –0.295 0.205 –0.057 –0.023 0.000 0.032 –0.871 0.084 –0.152
Bltg152 –0.812 –0.031 0.095 0.022 0.006 0.000 0.625 0.543 –0.206 –0.005
Blw135 18.164 –0.123 0.122 –0.021 –0.019 0.003 –1.086 6.874 –0.222 –2.630
Bno249 6.948 –0.061 0.079 –0.014 –0.009 0.013 7.696 3.619 0.900 0.431
Boo242 –16.144 0.082 –0.011 0.008 0.006 0.007 –5.014 1.350 –1.259 2.258
Bp304 107.718 –0.456 1.549 –0.054 –0.185 0.000 –0.328 0.172 –0.007 0.146
Brf239 8.716 –0.080 0.004 –0.020 –0.003 –0.009 0.695 –0.144 1.508 0.539
Brhe597 –41.473 0.410 0.790 0.017 –0.025 –0.021 –8.649 –2.152 –4.774 –1.367
Bro177 29.726 –0.125 0.522 –0.037 –0.027 –0.010 0.547 –2.660 –0.392 –1.354
Brtb486 –56.887 0.323 –0.185 –0.030 –0.017 0.023 6.712 4.700 5.401 0.702
Bsdo32 –44.670 0.339 0.328 0.020 –0.004 –0.011 0.310 –12.218 –0.661 –8.142
Bsk232 –12.343 0.048 –0.020 0.011 –0.002 0.005 0.340 –1.396 1.932 0.600
Bsl508 21.733 –0.146 0.128 –0.017 –0.018 –0.008 –20.905 –4.139 1.206 5.224
Bst147 18.793 –0.230 –0.274 –0.011 –0.010 0.000 0.608 0.011 –0.239 0.022
Bsw203 –7.308 0.005 –0.091 0.005 0.005 0.016 1.695 –0.047 –0.066 –0.705
Btb475 –69.938 0.336 –0.468 0.046 0.024 0.021 3.667 1.669 5.050 0.448
Btc555 –2.442 0.006 –0.018 –0.064 –0.021 0.021 2.874 2.923 2.483 4.282
Btnh55 40.969 –0.303 0.017 –0.027 –0.010 0.008 –8.878 –5.334 –7.226 –4.727
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Table D.4. (Continued) 
Code Intercept X Y X2 Y2 XY cm6 sm6 cm3 sm3 

Bud310 82.516 –0.488 0.490 –0.053 –0.047 –0.032 –5.095 –12.508 12.373 14.456
Bus176 40.210 –0.099 1.057 –0.025 –0.050 –0.003 13.740 –0.031 0.005 –2.631
Busc174 19.521 –0.164 0.074 0.003 0.018 0.052 –1.118 –7.115 3.080 –0.567
Bwf469 441.790 –2.753 1.920 –0.178 –0.168 0.000 –0.407 0.165 –1.024 0.020
Bwp306 47.871 –0.420 –0.202 –0.064 0.007 0.000 –0.294 –0.276 –0.502 –0.591
Bws146 0.910 –0.026 0.028 0.016 0.008 0.011 5.535 –2.736 –1.841 –1.762
Cae977 –44.535 0.234 –0.120 0.049 0.024 –0.004 1.154 1.737 0.741 –6.873
Cbb419 61.706 –0.399 0.215 –0.074 –0.026 –0.013 16.995 3.455 5.158 2.147
Cbck348 –65.996 0.495 0.454 0.011 0.000 –0.038 –19.625 15.836 4.416 –1.765
Cbqt438 –55.424 0.341 –0.028 –0.294 –0.103 0.000 –0.909 –0.146 0.037 –0.281
Cbwf468 163.859 –1.400 –0.843 –0.361 –1.330 0.000 0.936 0.628 0.107 1.259
Ccba446 216.994 –1.345 0.827 –0.177 –0.124 0.102 22.762 –4.268 34.107 4.538
Cch449 87.086 –0.500 0.599 –0.068 –0.071 –0.052 10.787 17.753 –18.711 13.782
Chqt437 36.945 –0.758 –2.054 –0.087 –0.643 0.047 –69.597 –22.185 –17.253 –32.932
Ciqt439 244.462 –1.515 1.087 –0.111 –0.212 –0.098 7.551 –8.686 –53.192 –94.553
Cobr34 1.153 –0.021 0.016 –0.023 –0.011 0.011 –1.228 1.053 0.499 0.227
Cock274 17.851 –0.042 0.454 –0.023 –0.028 0.001 7.587 –0.520 3.146 3.407
Coo59 2.174 –0.025 0.052 –0.003 –0.006 0.007 3.324 0.162 2.262 1.228
Cosp157 13.503 –0.147 0.000 0.022 0.013 0.000 1.713 0.244 –0.425 –0.040
Cpi43 10.744 –0.047 0.149 –0.004 –0.019 0.005 2.400 2.920 1.156 1.221
Cro282 –16.096 0.032 –0.260 0.018 –0.002 –0.020 3.977 3.242 3.364 2.726
Crtb481 50.569 –0.326 0.148 –0.080 –0.068 0.012 8.792 4.394 7.723 2.009
Crwr524 4.057 –0.039 0.063 –0.009 –0.015 0.011 –9.073 –0.316 5.011 0.618
Csh222 –4.305 –0.002 –0.004 0.004 0.007 0.000 2.426 2.168 –1.608 1.255
Cst416 –94.133 0.487 –0.557 –0.038 –0.026 0.092 7.303 3.643 –1.511 2.073
Ct112 35.131 –0.252 0.102 0.005 0.008 0.027 5.036 –4.873 –2.606 –0.987
Cte210 –33.634 0.097 –0.422 0.061 0.009 0.012 0.497 1.514 –3.915 1.580
Cusp161 0.085 –0.047 0.006 0.030 0.007 0.000 0.892 –0.021 –0.410 0.148
Cwb866 173.719 –1.038 0.885 –0.112 –0.200 –0.026 61.570 49.251 19.716 34.559
Da101 4.604 –0.016 0.167 –0.020 –0.006 0.000 0.690 –0.449 –0.636 1.840
Dbf655 –56.078 0.495 0.643 –0.025 –0.033 –0.037 –0.978 –5.607 1.295 –2.785
Dbp140 –38.551 0.108 –0.422 0.045 0.030 0.000 –1.401 0.470 –0.655 0.372
Dft652 –33.660 0.124 –0.337 –0.025 –0.061 0.063 –4.108 2.895 0.994 4.816
Dido31 40.522 –0.186 0.535 –0.043 –0.046 –0.035 –1.366 –13.638 –0.359 4.470
Dmh56 –14.641 0.074 –0.009 0.012 0.001 0.011 2.915 0.820 1.151 0.047
Doll318 –44.616 0.315 0.253 0.005 0.000 –0.020 7.324 9.990 –3.946 –5.295
Dws547 –22.924 0.082 –0.230 –0.020 –0.018 0.028 –8.302 –2.617 5.303 2.814
Egw515 461.419 –2.737 2.705 –0.187 –0.249 0.000 –1.768 –0.002 –1.261 0.185
Elp307 743.377 –5.318 –0.202 –0.405 –0.036 0.000 0.183 0.055 –0.008 –0.063
Emu1 34.587 –0.178 0.344 –0.050 –0.041 0.019 0.069 –0.291 –0.551 –1.802
Ero288 –197.757 0.999 –1.442 –0.047 –0.136 0.205 –0.174 3.070 2.670 2.963
Eyro392 –80.167 0.498 –0.111 –0.018 0.003 0.002 4.454 3.421 3.202 –0.425
Flbr36 245.845 –1.474 1.378 –0.148 –0.100 0.000 0.179 0.574 –0.493 0.207
Fma360 0.754 0.001 0.134 –0.009 –0.006 0.000 –7.832 –4.625 4.930 –0.995
Frd214 21.263 –0.144 0.136 –0.047 –0.027 0.000 0.234 0.123 –0.280 –0.100
Fro382 –354.489 2.073 –1.308 –0.206 –0.009 0.160 –198.742 4.844 –50.760 –9.428
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Table D.4. (Continued) 
Code Intercept X Y X2 Y2 XY cm6 sm6 cm3 sm3 

Ftck338 –48.627 0.265 –0.133 0.023 0.011 0.000 –9.310 –0.500 0.569 4.025
Ftsw335 –3.564 –0.007 0.093 –0.005 0.001 0.000 1.481 0.980 –0.213 –0.228
Fuhe613 –142.786 0.784 –0.720 –0.072 0.003 0.125 6.627 2.928 –1.133 7.799
Gal273 –1.149 0.016 0.055 –0.011 –0.009 0.008 0.602 2.277 1.325 2.302
Gbb702 –16.808 0.125 0.100 0.005 –0.022 –0.009 –0.594 –0.170 1.510 –4.241
Gbt111 20.030 –0.118 0.255 0.005 –0.007 0.023 6.571 –7.893 –2.803 –1.710
Gcba443 –8.144 0.131 0.434 –0.030 –0.030 –0.016 3.961 5.788 4.736 1.954
Gcgr60 18.730 –0.113 0.207 –0.016 –0.013 0.006 –0.641 –2.810 2.326 5.568
Gco96 –2.514 –0.020 –0.054 –0.002 –0.002 –0.007 –4.017 –0.663 0.796 1.901
Gcs423 14.755 –0.004 0.600 –0.024 –0.044 –0.018 7.674 2.199 2.550 2.477
Gcw697 –0.808 –0.206 –0.737 0.020 –0.015 –0.007 1.342 –2.995 –0.651 –2.008
Geg187 –3.785 0.021 0.086 –0.003 0.001 0.001 3.466 –2.831 1.205 1.586
Gf236 33.309 –0.199 0.329 –0.040 –0.030 0.000 –0.370 –0.170 –0.254 –0.225
Gfhe623 73.231 –0.516 0.093 –0.067 –0.012 –0.027 49.754 –2.152 12.969 3.942
Gft361 –43.096 0.232 –0.197 0.018 0.013 0.007 –11.920 1.404 2.830 0.786
Ghci525 –25.987 0.123 –0.074 0.034 0.025 0.017 –1.442 1.356 –2.420 1.980
Gib452 263.337 –1.614 1.250 –0.154 –0.109 0.000 –0.726 –0.108 –0.367 –0.457
Giwh403 66.016 –0.543 –0.260 –0.074 –0.061 –0.060 5.037 4.763 2.704 7.128
Gli178 3.043 0.021 0.350 –0.022 –0.014 –0.013 12.889 5.192 –6.815 –4.630
Go252 –28.808 0.193 0.328 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Gofi996 –67.310 0.171 –1.118 0.014 –0.086 0.025 9.582 2.155 4.230 5.095
Gowh398 –40.694 0.180 –0.285 0.040 0.027 0.006 –4.771 1.726 –0.566 –0.124
Gsh158 12.138 –0.124 0.019 0.031 0.015 0.023 1.982 –2.676 0.485 1.734
Gst408 –5.188 0.022 –0.021 –0.013 –0.005 0.005 2.706 –0.252 0.810 0.004
Gte211 7.877 –0.048 0.101 –0.011 –0.011 0.004 2.944 0.621 1.628 –1.834
Hahe215 4.444 –0.026 0.129 –0.004 –0.005 0.003 1.528 2.373 0.883 –1.461
Hba938 129.309 –0.613 1.531 –0.250 –0.129 0.000 –0.511 –0.065 0.037 –0.256
Hbck342 12.611 –0.084 0.110 –0.018 –0.010 0.005 –18.549 –0.622 4.564 0.006
Hhgr62 12.092 –0.112 –0.037 –0.009 –0.010 –0.003 –0.284 –1.751 –2.881 –1.243
Hob235 –0.169 –0.008 0.067 –0.004 –0.004 0.005 1.118 1.257 –0.265 1.717
Hro385 12.414 –0.092 0.057 –0.030 –0.017 0.006 1.428 3.451 0.318 2.089
Hs995 –2.973 –0.030 –0.119 0.011 0.005 –0.002 1.766 1.738 2.300 1.540
Ido145 147.385 –0.993 0.343 –0.093 –0.033 0.000 0.080 –0.181 0.379 –0.155
Ieg186 –1.233 0.025 0.204 –0.006 –0.001 –0.002 4.115 –4.708 –5.160 –4.269
Itb476 16.056 –0.074 0.247 –0.025 –0.053 0.022 4.992 1.465 4.986 2.307
Jw377 –3.594 0.038 0.115 –0.030 –0.015 –0.006 3.284 0.633 1.641 –1.651
Koe347 –115.297 0.790 0.271 –0.017 0.014 –0.027 1.591 41.636 77.095 0.260
Lbco97 –4.533 0.013 0.035 0.009 0.004 –0.001 1.402 –3.314 –0.530 3.718
Lbq18 30.661 –0.182 0.285 –0.029 –0.027 –0.023 –3.298 –4.651 –6.342 –4.100
Lc271 12.421 –0.084 0.115 0.002 –0.010 –0.008 –1.048 –3.122 1.754 –0.013
Lcr691 77.012 –0.457 0.421 –0.051 –0.079 –0.029 16.570 7.304 5.381 –1.131
Le225 1.998 –0.031 0.025 –0.024 –0.003 –0.003 3.086 –1.369 –0.125 –0.090
Leg185 –6.501 0.031 0.117 0.027 0.012 0.007 8.364 1.045 –2.778 3.120
Lfc365 –84.473 0.565 0.127 –0.034 0.012 0.011 –20.119 –13.752 16.624 –11.095
Lfri646 0.005 0.041 0.267 –0.044 –0.013 0.008 6.859 0.201 –0.777 2.581
Lgb522 8.941 –0.077 0.048 –0.005 –0.017 0.005 –3.742 –2.047 2.890 1.628
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Table D.4. (Continued) 
Code Intercept X Y X2 Y2 XY cm6 sm6 cm3 sm3 

Libi195 –13.282 0.039 0.040 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Lkoo322 –37.384 0.209 –0.121 –0.001 0.007 0.014 0.977 2.225 0.782 –0.535
Lpco100 –9.991 0.041 –0.020 0.011 0.007 0.006 4.271 0.094 0.727 2.454
Lrav954 –9.148 –0.063 –0.439 0.010 –0.066 0.004 –11.642 –3.767 –1.763 –2.940
Lsn168 –47.955 0.281 0.014 –0.014 0.009 0.003 37.123 –30.188 –6.815 22.421
Lwk233 8.248 –0.111 –0.023 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Lws548 19.011 –0.062 0.482 –0.019 –0.024 0.000 0.195 –0.030 –0.403 –0.243
Mafo7 19.852 –0.254 –0.316 –0.042 –0.048 0.000 0.087 0.259 –0.284 –0.150
Mag705 –16.811 0.100 –0.049 0.003 0.004 0.012 –1.063 2.700 0.726 2.528
Mal948 –21.269 0.056 –0.204 0.041 –0.009 0.024 3.966 2.071 –1.201 5.399
Mew527 –29.701 0.024 –0.583 –2.508 –6.031 0.000 0.086 0.187 0.512 0.331
Mis564 –0.342 0.013 0.121 –0.011 –0.007 0.005 –12.588 –1.602 2.760 –0.536
Mlw133 –14.435 0.052 –0.113 0.013 0.014 0.014 2.692 0.844 1.250 0.491
Mmc270 51.423 –0.308 0.269 –0.158 –0.104 0.051 16.890 7.466 3.684 11.437
Mo250 –36.082 0.189 –0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mp296 60.556 –0.396 0.175 –0.071 –0.089 0.034 13.943 6.097 3.802 5.875
Mpl415 –9.459 0.078 0.091 –0.001 –0.004 0.002 0.513 3.106 2.470 1.941
Msp159 3.798 –0.035 0.165 0.014 0.004 0.006 16.530 –3.795 –6.168 5.643
Mud217 7.772 –0.075 0.028 0.000 –0.023 0.017 1.756 –0.706 0.152 0.352
Mws544 39.899 –0.220 0.384 –0.022 –0.027 –0.002 0.564 –2.521 10.702 3.636
Nfri645 –78.095 0.538 0.089 –0.053 –0.007 0.002 –15.712 –5.788 3.990 3.878
Nk240 2.941 –0.014 0.109 –0.002 –0.011 0.004 –1.935 0.492 0.269 –0.256
Nmi634 –38.629 0.236 –0.061 –0.013 –0.015 0.033 2.410 3.354 1.251 1.128
Nnh192 5.579 –0.017 0.218 –0.013 –0.008 –0.006 –0.329 –3.986 –2.285 2.591
Obo671 –32.539 0.208 0.064 –0.009 0.005 –0.004 –7.814 3.420 –0.347 1.799
Och450 93.791 –0.592 0.378 –0.080 –0.080 –0.066 9.705 –1.920 –12.616 9.316
Op142 20.011 –0.177 0.160 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Pahe598 –10.616 0.069 0.133 –0.054 –0.021 0.000 0.818 –0.266 –0.120 0.129
Pbb700 2.872 0.054 0.383 –0.031 –0.027 0.007 7.089 4.640 3.058 1.851
Pbd208 –12.113 0.066 –0.002 0.003 0.003 0.008 3.284 0.623 2.816 2.018
Pbq14 –28.050 0.107 –0.196 –0.019 –0.008 0.022 –3.970 2.288 –3.362 2.567
Pck337 –2.391 0.018 0.110 –0.029 –0.013 –0.001 –36.732 3.339 –4.907 –1.232
Pco99 5.398 –0.043 0.096 0.007 –0.005 0.003 4.058 –0.991 –2.568 1.820
Pcw694 –128.618 0.850 –0.021 –0.048 0.007 –0.007 –12.654 –8.147 7.899 –1.578
Pdo30 12.051 –0.069 0.138 –0.019 –0.003 0.010 4.219 1.807 1.644 1.126
Ped213 17.335 –0.120 0.090 –0.025 –0.016 –0.020 0.983 –4.895 –2.841 –3.398
Pel106 –0.452 –0.019 0.010 0.009 0.002 0.002 1.160 –2.096 1.275 0.757
Pf237 –10.062 0.025 –0.063 –0.004 –0.002 0.005 0.487 –0.101 0.965 1.004
Pghe620 –84.583 –0.427 –4.046 0.030 –0.416 0.000 –0.710 –0.170 –0.371 –0.384
Phf661 –146.214 1.244 1.374 –0.101 –0.085 –0.073 –66.825 –25.034 –21.475 –3.582
Pihe602 90.330 –0.582 0.380 –0.055 –0.070 –0.028 –15.404 –3.887 21.478 10.317
Pip647 6.999 –0.062 0.034 –0.006 –0.003 –0.002 –3.673 1.066 –2.695 0.258
Pns170 –5.910 0.001 0.055 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Psh58 –15.630 0.050 –0.128 0.014 0.013 0.009 2.287 2.127 –1.568 –1.073
Pwand20 –13.333 –0.041 –0.464 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Pwd205 –4.377 0.090 0.459 0.001 –0.014 0.002 1.039 1.675 –4.682 –3.578
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Table D.4. (Continued) 
Code Intercept X Y X2 Y2 XY cm6 sm6 cm3 sm3 

Rbf662 –47.733 0.247 –0.204 0.033 0.017 0.002 6.698 2.317 3.588 0.582
Rbkf325 59.850 –0.335 0.488 –0.045 –0.034 –0.016 9.203 –6.960 4.481 2.715
Rbpa570 136.108 –0.764 1.010 –0.103 –0.067 –0.013 40.689 6.127 –2.271 –10.426
Rcbq19 4.402 –0.029 0.194 –0.015 –0.006 0.000 0.536 0.459 0.311 0.046
Rcp143 19.669 –0.177 –0.039 0.007 0.011 0.032 –3.512 –2.868 –0.134 –3.664
Rcro381 33.401 –0.235 0.033 –0.052 –0.052 –0.013 0.742 2.154 0.937 –0.600
Rehe603 –185.886 1.219 0.019 –0.120 –0.069 0.000 –0.054 –0.723 0.249 –0.055
Rep278 676.254 –9.358 –19.823 –0.748 –2.670 –1.508 106.275 247.941 162.293 21.780
Rfc369 –6.363 0.048 0.093 –0.037 –0.007 –0.004 2.711 3.102 2.151 1.842
Rfw502 94.781 –0.715 –0.051 –0.038 –0.067 0.000 –0.125 –0.226 0.089 0.169
Rinn294 46.293 –0.263 0.304 –0.060 –0.058 0.017 6.048 5.805 4.909 3.901
Rlw402 –79.762 0.032 –1.982 –0.002 –0.473 0.000 –0.328 –0.840 –0.103 –0.600
Rna148 41.039 –0.297 0.055 –0.023 –0.019 0.001 3.462 –9.928 –1.464 –12.782
Rnd132 16.629 –0.134 0.031 –0.014 –0.007 –0.003 7.589 –0.624 –2.951 –1.596
Rns162 –5.775 –0.051 –0.191 0.031 0.026 0.037 –2.648 8.403 –0.935 –1.477
Rrp295 –16.158 0.071 –0.127 –0.043 –0.040 0.038 –0.732 0.519 0.124 3.329
Rsb181 –9.272 0.058 0.091 0.009 0.002 –0.001 7.158 –0.056 –2.542 2.377
Rsl509 7.371 –0.027 0.194 –0.028 –0.026 –0.022 –16.269 –3.815 2.491 1.699
Rtbc264 26.301 –0.153 0.297 –0.005 0.003 0.031 2.888 –9.015 2.355 –7.338
Rth497 321.395 –2.196 0.396 –0.201 –0.119 0.000 –0.402 –0.261 0.206 –0.577
Rwa638 –23.181 0.033 –0.448 0.031 0.000 0.014 –0.529 2.334 2.156 0.960
Rwh401 –14.641 0.112 0.105 –0.020 –0.010 0.002 –16.040 –0.680 3.040 –1.206
Rwp280 –31.161 0.379 0.885 –0.045 –0.054 –0.044 4.897 5.328 0.853 1.806
Sbb680 –15.455 0.278 0.892 –0.091 –0.075 –0.061 5.359 10.970 6.251 2.858
Sbck344 –74.217 0.446 –0.075 0.013 0.016 –0.003 11.751 –15.165 –2.338 11.666
Scc269 –25.142 0.142 –0.079 –0.015 0.010 0.006 1.299 2.756 1.610 1.479
Sche640 36.838 –0.195 0.293 –0.035 –0.055 0.031 3.419 0.989 2.114 0.444
Scp303 26.095 –0.265 –0.137 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sfb507 282.266 –1.148 4.536 –0.132 –0.223 0.000 –0.939 –0.163 –0.212 0.287
Sg125 –7.742 –0.031 –0.218 0.041 0.027 0.016 –1.563 –5.090 –4.020 –0.926
Sgw513 737.473 –5.009 0.820 –0.542 –0.055 0.126 212.923 232.954 –124.482 160.062
She207 24.809 –0.253 –0.266 –0.058 –0.051 –0.014 –7.722 –4.369 –2.510 –5.913
Sho212 2.136 –0.022 0.071 –0.015 –0.021 0.012 4.472 –3.281 –0.550 –3.754
Shw499 –13.094 –0.014 –0.307 –0.037 –0.081 0.102 0.912 12.658 –9.529 0.043
Sibl648 5.029 –0.045 0.092 –0.002 0.004 0.015 –3.113 1.684 –1.307 –0.062
Sihe608 51.545 –0.315 0.250 –0.020 –0.028 0.012 2.218 3.367 2.262 1.270
Sile574 –38.695 0.180 –0.250 0.034 0.019 0.015 –0.920 0.886 2.383 1.592
Skf326 –10.517 0.080 0.146 –0.018 –0.009 0.006 –13.824 –3.149 6.264 0.735
Sl993 –105.492 0.099 –2.503 0.047 –0.277 –0.008 17.339 0.856 –11.365 –20.739
Slcr51 1.610 –0.063 –0.018 0.017 0.002 0.000 –0.067 0.021 0.002 0.051
Snib180 0.160 –0.008 0.060 –0.018 –0.001 0.014 6.552 –2.189 2.218 –0.686
Spfw532 52.489 –0.374 0.033 –0.107 –0.073 0.052 –0.012 9.310 2.531 10.579
Sph218 8.426 –0.073 0.062 –0.010 –0.008 –0.003 4.834 –2.557 –3.301 0.958
Spi42 328.201 –1.812 2.632 –0.247 –0.129 0.000 –0.755 –0.163 –0.003 0.093
Spnj331 21.605 –0.149 0.141 –0.038 –0.011 0.000 0.321 –0.016 –0.211 –0.060
Sppa565 –33.616 0.159 –0.232 0.002 –0.006 0.012 –3.876 4.720 1.623 –1.966
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Table D.4. (Continued) 
Code Intercept X Y X2 Y2 XY cm6 sm6 cm3 sm3 

Sqk230 –27.114 0.153 0.045 –0.009 0.002 0.000 0.255 –0.068 0.056 0.089
Src49 15.164 –0.157 –0.055 0.004 –0.007 0.000 0.695 –0.030 –0.020 0.176
Sro380 –47.096 0.145 –0.598 0.015 0.007 0.016 8.071 2.225 3.971 –0.924
Ssr441 196.158 –1.372 0.124 –0.150 0.001 0.073 86.000 99.896 17.134 38.972
Sta999 –22.366 0.085 –0.213 0.015 –0.026 0.009 1.903 1.866 1.735 1.089
Sthe585 –4.983 0.094 0.334 –0.046 –0.064 0.032 3.391 4.949 2.039 –0.092
Stpa976 –1.981 0.015 0.035 –0.022 –0.003 0.023 –3.859 1.035 1.559 –0.430
Stsp163 7.931 –0.087 0.050 0.019 0.011 0.012 2.757 –6.431 –5.177 2.861
Stuq9 –2.325 –0.005 0.045 –0.011 –0.010 –0.010 –12.593 –1.670 –0.868 1.716
Sufw529 –86.054 0.429 –0.631 0.001 –0.038 0.088 4.309 3.830 3.104 0.885
Sup277 –573.582 3.134 –3.390 –0.446 –0.582 0.214 –17.586 73.898 –31.145 41.390
Swf466 23.120 –0.179 –0.024 –0.045 –0.062 –0.026 –2.255 –0.958 1.626 1.696
Swh219 2.389 –0.063 –0.081 –0.001 0.000 0.009 2.922 0.693 –4.618 4.365
Swr504 –236.716 1.438 –0.715 –0.181 –0.076 0.178 –4.826 –4.130 5.250 –16.509
Tbgw512 110.257 –1.018 –0.765 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Tcr692 –135.631 1.260 1.867 –0.010 –0.077 –0.092 5.671 –4.701 –1.518 –2.537
Tfm313 –13.433 0.073 0.041 0.003 0.003 0.014 –0.735 –1.663 –0.367 0.349
Tma359 7.768 –0.067 0.022 –0.014 –0.008 0.011 –5.208 0.383 1.235 –0.008
Tup302 –1129.883 6.604 –4.817 –0.735 –0.460 1.105 2.666 –16.821 8.661 14.213
Vfw536 10.714 –0.046 0.204 0.004 –0.030 –0.013 1.680 –2.156 –0.320 –3.386
Vsit549 –13.238 0.052 –0.070 –0.008 0.004 0.008 –1.612 –0.101 –3.396 –2.016
Wbba445 30.114 –0.253 –0.104 –0.015 –0.026 –0.009 4.788 2.530 2.056 3.437
Wbcs425 –12.536 0.062 0.025 –0.026 0.014 0.009 –3.097 1.050 –0.148 1.030
Wbews543 16.754 –0.100 0.166 –0.028 –0.009 0.004 –0.133 –4.228 –1.711 –2.485
Wbows545 44.390 –0.298 0.129 –0.064 –0.021 0.010 –31.201 –7.658 20.113 11.300
Wbsw358 40.591 –0.253 0.238 –0.027 –0.051 –0.030 0.283 2.360 0.765 0.467
Wbtc561 131.513 –0.830 0.539 –0.135 –0.105 0.068 27.397 18.758 5.366 10.178
Wee465 8.997 –0.049 0.095 –0.028 –0.014 –0.001 1.163 1.926 0.627 –2.183
Wehe617 –20.205 0.108 –0.058 –0.023 –0.025 0.038 –4.238 0.322 –4.883 –0.359
Wfch448 –3.598 –0.105 –0.442 –0.002 –0.039 0.035 –4.919 –6.609 0.236 1.883
Wfh188 –7.890 0.034 –0.009 0.006 0.002 0.004 2.702 1.364 2.086 1.638
Wfhe594 84.930 –0.605 0.039 –0.069 –0.073 0.010 11.852 1.981 13.659 6.974
Wgg463 –43.254 0.301 0.090 –0.121 –0.026 0.020 –24.641 –0.662 20.104 –0.023
Whk228 13.369 –0.083 0.125 –0.021 –0.002 0.003 2.611 –1.792 0.273 –0.413
Wi179 –8.004 0.026 –0.027 –0.005 0.007 0.015 8.646 2.283 1.571 2.115
Wnh189 0.752 0.013 0.161 –0.039 –0.015 –0.015 –5.118 –2.574 0.769 –0.296
Wphe625 19.686 –0.109 0.122 –0.044 –0.025 –0.004 3.525 4.839 4.106 4.252
Wsp154 13.186 –0.132 0.054 0.011 0.001 0.000 1.449 0.500 –0.147 0.091
Wsw357 –17.003 0.055 –0.205 0.007 0.008 0.008 –2.501 1.819 1.925 1.688
Wt110 30.100 –0.203 0.177 –0.013 –0.005 0.026 –13.190 11.481 –4.918 –2.571
Wte224 6.052 –0.037 0.109 –0.008 –0.011 0.000 –0.387 0.176 0.558 –1.246
Wtgg453 –53.600 0.401 0.337 –0.004 –0.010 –0.016 –10.542 –2.370 3.250 –4.901
Wtnt334 –63.662 0.320 –0.223 0.005 0.034 0.006 –7.523 –0.068 7.839 11.966
Wttc558 –45.989 0.257 –0.162 –0.009 0.001 0.003 3.827 1.075 5.249 –0.879
Ww364 –0.115 0.011 0.060 –0.011 –0.007 0.002 –2.433 2.924 1.876 2.619
Wwbt109 9.432 –0.107 0.050 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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Table D.4. (Continued) 
Code Intercept X Y X2 Y2 XY cm6 sm6 cm3 sm3 

Wwc693 –26.259 0.131 –0.149 –0.052 –0.035 0.038 –0.104 0.710 1.841 2.224
Wwfw535 46.190 –0.254 0.362 –0.031 –0.059 –0.026 –1.157 3.229 1.969 0.066
Wwt430 18.676 –0.100 0.242 –0.027 –0.015 –0.014 –21.664 –7.340 1.254 3.456
Ybsb182 2.682 –0.027 0.030 –0.029 –0.011 0.014 1.308 –0.950 –1.299 1.690
Ych451 –4.545 0.015 0.165 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Yphe622 83.540 –0.879 –1.253 –0.108 –0.286 –0.026 10.637 –17.908 –0.139 –11.117
Yrtb486 –11.478 0.057 –0.032 –0.015 –0.012 0.006 –0.181 0.946 0.060 1.271
Ytb471 –30.076 0.159 –0.134 –0.016 –0.028 0.015 –2.789 0.945 0.001 –2.186
Ytmi635 47.504 –0.219 0.526 –0.052 –0.047 –0.003 4.093 5.270 3.638 2.372
Zf653 31.024 –0.164 0.282 –0.014 –0.029 –0.020 –0.502 –3.009 2.235 –0.057
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Table D.5. Significant (p<0.01) coefficient values for each modeled species. Part II. 
Rainfall and methods. See text for explanation 

Code √rain √lag a500 a5k area inc unknown 
Ag61 0.748 –0.003 0.876 1.419 1.159 –1.222 1.755 
Akf319 –1.374 –0.195 0.000 0.000 0.000 0.000 0.000 
Aon317 0.090 –0.105 0.000 0.000 0.000 0.000 0.000 
Ap675 0.832 –0.080 0.936 1.712 0.882 –0.930 1.928 
Apr173 2.610 –0.254 0.000 0.000 0.000 0.000 0.000 
Arav930 –0.442 –0.004 0.977 1.517 1.137 –1.553 1.502 
Awd202 0.901 0.018 0.992 1.789 1.233 –1.381 2.071 
Batg153 –0.001 0.000 0.000 0.000 0.000 0.000 0.000 
Bbb231 –0.052 –0.002 0.000 0.000 0.000 0.000 0.000 
Bbd216 –0.715 –0.257 0.000 0.000 0.000 0.000 0.000 
Bbr46 –1.241 0.103 0.000 0.000 0.000 0.000 0.000 
Bche580 –0.105 –0.489 0.000 0.000 0.000 0.000 0.000 
Bcr50 –0.016 –0.009 0.000 0.000 0.000 0.000 0.000 
Beck341 –0.764 –0.095 0.000 0.000 0.000 0.000 0.000 
Bee329 –0.223 –0.121 1.059 1.769 0.993 –1.432 1.586 
Bemi967 –0.068 0.007 0.000 0.000 0.000 0.000 0.000 
Bfcs424 0.219 0.025 1.065 1.703 1.060 –1.522 1.667 
Bfdo144 –0.110 –0.025 1.126 1.518 1.256 –1.404 1.249 
Bfhe641 –1.362 –0.333 1.212 1.843 1.097 –1.334 2.085 
Bfws546 –0.173 –0.067 0.000 0.000 0.000 0.000 0.000 
Bgo221 0.780 –0.048 0.000 0.000 0.000 0.000 0.000 
Bhhe583 0.629 0.064 0.695 1.162 0.838 –1.107 1.077 
Bk229 –1.356 –0.091 1.124 1.769 1.050 –1.030 1.721 
Bko246 –0.075 –0.268 0.000 0.000 0.000 0.000 0.000 
Blbi991 2.283 0.113 1.144 1.460 1.202 –1.416 1.889 
Blbo297 –0.371 –0.121 0.000 0.000 0.000 0.000 0.000 
Blf238 –0.264 –0.029 0.000 0.000 0.000 0.000 0.000 
Blhe598 –0.027 0.001 0.000 0.000 0.000 0.000 0.000 
Bltg152 0.022 0.000 0.000 0.000 0.000 0.000 0.000 
Blw135 –1.016 0.035 0.000 0.000 0.000 0.000 0.000 
Bno249 –0.300 0.057 0.000 0.000 0.000 0.000 0.000 
Boo242 0.703 –0.049 0.000 0.000 0.000 0.000 0.000 
Bp304 0.095 0.003 0.000 0.000 0.000 0.000 0.000 
Brf239 –0.787 –0.002 1.022 2.058 1.261 –0.327 2.135 
Brhe597 –0.115 0.008 0.000 0.000 0.000 0.000 0.000 
Bro177 –0.341 –0.176 0.000 0.000 0.000 0.000 0.000 
Brtb486 3.286 0.291 0.352 0.790 0.752 –1.777 0.323 
Bsdo32 –0.712 –0.060 0.000 0.000 0.000 0.000 0.000 
Bsk232 0.650 0.111 0.802 1.856 1.305 –0.301 2.214 
Bsl508 0.062 –0.060 0.000 0.000 0.000 0.000 0.000 
Bst147 –0.049 –0.006 0.000 0.000 0.000 0.000 0.000 
Bsw203 –1.086 –0.051 1.320 1.783 1.239 –0.826 1.755 
Btb475 1.480 0.111 0.524 1.058 0.784 –1.745 0.309 
Btc555 0.562 –0.035 0.462 0.949 0.330 –1.924 0.535 
Btnh55 1.656 –0.403 0.000 0.000 0.000 0.000 0.000 
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Table D.5 (Continued) 
Code √rain √lag a500 a5k area inc unknown 
Bud310 –1.805 0.109 0.000 0.000 0.000 0.000 0.000 
Bus176 –0.688 –0.207 0.000 0.000 0.000 0.000 0.000 
Busc174 –1.394 –0.258 0.000 0.000 0.000 0.000 0.000 
Bwf469 –0.030 0.012 0.000 0.000 0.000 0.000 0.000 
Bwp306 –0.043 –0.006 0.000 0.000 0.000 0.000 0.000 
Bws146 –0.826 –0.076 0.000 0.000 0.000 0.000 0.000 
Cae977 –1.225 –0.084 0.000 0.000 0.000 0.000 0.000 
Cbb419 –1.851 –0.101 0.381 0.655 0.267 –1.651 0.385 
Cbck348 0.492 –0.455 0.000 0.000 0.000 0.000 0.000 
Cbqt438 –0.009 –0.002 0.000 0.000 0.000 0.000 0.000 
Cbwf468 0.016 0.018 0.000 0.000 0.000 0.000 0.000 
Ccba446 –3.319 –0.483 0.000 0.000 0.000 0.000 0.000 
Cch449 –2.447 0.237 0.000 0.000 0.000 0.000 0.000 
Chqt437 –1.638 –1.227 0.000 0.000 0.000 0.000 0.000 
Ciqt439 –5.473 0.072 0.000 0.000 0.000 0.000 0.000 
Cobr34 0.872 –0.017 0.985 1.582 1.056 –1.045 1.654 
Cock274 –0.328 –0.135 0.704 1.410 0.393 –1.247 1.512 
Coo59 0.331 –0.045 0.806 1.173 1.204 –1.703 1.425 
Cosp157 –0.014 0.000 0.000 0.000 0.000 0.000 0.000 
Cpi43 –0.019 –0.032 0.884 1.641 0.954 –1.740 1.814 
Cro282 2.022 0.046 0.564 0.828 0.757 –2.209 0.602 
Crtb481 –0.442 –0.096 0.508 1.054 0.442 –1.478 0.425 
Crwr524 –0.014 –0.037 1.004 1.374 1.135 –1.761 1.475 
Csh222 –0.100 0.053 0.000 0.000 0.000 0.000 0.000 
Cst416 2.952 0.003 0.000 0.000 0.000 0.000 0.000 
Ct112 –2.739 –0.156 0.000 0.000 0.000 0.000 0.000 
Cte210 –1.165 –0.042 0.000 0.000 0.000 0.000 0.000 
Cusp161 –0.005 0.004 0.000 0.000 0.000 0.000 0.000 
Cwb866 –0.795 –0.039 0.000 0.000 0.000 0.000 0.000 
Da101 –1.028 –0.159 1.144 1.592 1.374 –1.659 1.311 
Dbf655 1.000 –0.004 0.805 1.494 1.070 –1.308 1.263 
Dbp140 0.000 –0.010 0.000 0.000 0.000 0.000 0.000 
Dft652 1.847 –0.236 0.000 0.000 0.000 0.000 0.000 
Dido31 –0.216 –0.058 0.000 0.000 0.000 0.000 0.000 
Dmh56 0.302 0.010 0.934 1.344 1.101 –1.976 1.406 
Doll318 –1.548 –0.038 0.000 0.000 0.000 0.000 0.000 
Dws547 0.866 0.017 0.662 1.322 0.799 –1.415 1.098 
Egw515 0.203 0.001 0.000 0.000 0.000 0.000 0.000 
Elp307 0.019 0.000 0.000 0.000 0.000 0.000 0.000 
Emu1 –0.143 0.037 0.875 2.154 1.236 0.789 2.356 
Ero288 3.580 0.291 0.655 1.285 0.802 –1.665 1.336 
Eyro392 0.891 0.295 0.696 1.226 0.883 –1.397 0.887 
Flbr36 0.050 0.003 0.000 0.000 0.000 0.000 0.000 
Fma360 –0.280 –0.053 0.809 1.586 0.974 –1.654 1.781 
Frd214 –0.082 –0.010 0.000 0.000 0.000 0.000 0.000 
Fro382 3.778 –0.081 0.000 0.000 0.000 0.000 0.000 
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Table D.5 (Continued) 
Code √rain √lag a500 a5k area inc unknown 
Ftck338 1.453 0.149 1.012 1.703 1.187 –0.904 1.410 
Ftsw335 0.001 0.010 0.000 0.000 0.000 0.000 0.000 
Fuhe613 2.647 0.231 0.000 0.000 0.000 0.000 0.000 
Gal273 0.600 –0.063 0.981 1.606 0.904 –1.919 1.645 
Gbb702 0.059 0.075 0.737 1.203 0.852 –1.300 1.079 
Gbt111 –0.815 0.052 0.000 0.000 0.000 0.000 0.000 
Gcba443 0.325 –0.143 0.936 1.517 0.775 –0.811 1.683 
Gcgr60 –0.310 –0.276 0.000 0.000 0.000 0.000 0.000 
Gco96 –0.993 –0.079 1.286 2.019 1.365 –0.980 1.616 
Gcs423 0.029 0.040 0.000 0.000 0.000 0.000 0.000 
Gcw697 0.857 –0.139 0.943 1.405 1.245 –0.512 1.599 
Geg187 –0.460 –0.014 1.158 1.754 1.408 –1.230 1.528 
Gf236 –0.031 0.001 0.000 0.000 0.000 0.000 0.000 
Gfhe623 0.554 –0.052 0.000 0.000 0.000 0.000 0.000 
Gft361 1.953 0.079 0.487 0.994 0.663 –2.094 0.609 
Ghci525 –0.633 –0.155 0.000 0.000 0.000 0.000 0.000 
Gib452 0.025 –0.007 0.000 0.000 0.000 0.000 0.000 
Giwh403 –1.631 –0.285 0.000 0.000 0.000 0.000 0.000 
Gli178 0.887 –0.104 0.000 0.000 0.000 0.000 0.000 
Go252 –0.095 0.000 0.000 0.000 0.000 0.000 0.000 
Gofi996 1.990 0.227 0.000 0.000 0.000 0.000 0.000 
Gowh398 0.962 0.121 0.670 1.141 0.883 –1.605 0.733 
Gsh158 –0.858 –0.163 0.000 0.000 0.000 0.000 0.000 
Gst408 0.159 –0.025 0.764 1.094 0.791 –1.575 0.858 
Gte211 –0.475 –0.020 0.911 1.437 1.206 –1.276 1.533 
Hahe215 0.231 0.007 0.694 1.007 1.284 –1.574 1.319 
Hba938 0.033 –0.007 0.000 0.000 0.000 0.000 0.000 
Hbck342 –0.288 –0.044 0.000 0.000 0.000 0.000 0.000 
Hhgr62 0.587 –0.053 0.000 0.000 0.000 0.000 0.000 
Hob235 0.079 –0.083 0.000 0.000 0.000 0.000 0.000 
Hro385 0.157 –0.089 0.000 0.000 0.000 0.000 0.000 
Hs995 0.692 0.042 1.106 1.683 1.085 –1.564 1.927 
Ido145 –0.034 0.002 0.000 0.000 0.000 0.000 0.000 
Ieg186 –2.002 –0.141 0.000 0.000 0.000 0.000 0.000 
Itb476 1.166 0.061 0.000 0.000 0.000 0.000 0.000 
Jw377 –0.365 0.010 0.681 1.172 0.589 –1.541 1.069 
Koe347 –0.118 –0.518 0.000 0.000 0.000 0.000 0.000 
Lbco97 –0.564 –0.040 1.096 1.755 1.405 –1.449 1.736 
Lbq18 –1.507 0.104 0.000 0.000 0.000 0.000 0.000 
Lc271 –0.007 –0.011 1.065 1.637 1.234 –1.034 1.744 
Lcr691 –2.492 0.094 0.000 0.000 0.000 0.000 0.000 
Le225 –0.951 –0.083 0.000 0.000 0.000 0.000 0.000 
Leg185 –0.991 –0.050 0.000 0.000 0.000 0.000 0.000 
Lfc365 0.501 –0.207 0.000 0.000 0.000 0.000 0.000 
Lfri646 –0.279 –0.261 0.838 1.352 0.643 –1.770 0.997 
Lgb522 0.829 –0.077 0.000 0.000 0.000 0.000 0.000 
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Table D.5 (Continued) 
Code √rain √lag a500 a5k area inc unknown 
Libi195 0.076 0.000 0.000 0.000 0.000 0.000 0.000 
Lkoo322 1.002 0.042 1.303 1.954 1.319 –1.504 1.846 
Lpco100 –0.166 –0.015 1.094 1.651 1.275 –1.279 1.662 
Lrav954 1.225 0.036 0.940 1.421 1.076 –1.692 1.632 
Lsn168 –0.633 –0.250 0.000 0.000 0.000 0.000 0.000 
Lwk233 0.044 0.000 0.000 0.000 0.000 0.000 0.000 
Lws548 –0.050 –0.005 0.000 0.000 0.000 0.000 0.000 
Mafo7 0.030 0.015 0.000 0.000 0.000 0.000 0.000 
Mag705 0.878 –0.021 1.019 1.878 1.090 –1.914 1.852 
Mal948 0.960 0.066 0.000 0.000 0.000 0.000 0.000 
Mew527 –0.375 0.004 0.000 0.000 0.000 0.000 0.000 
Mis564 0.331 –0.017 0.804 1.129 0.811 –1.476 0.985 
Mlw133 –0.635 –0.010 1.352 2.144 1.528 –0.875 2.218 
Mmc270 2.357 –0.118 0.000 0.000 0.000 0.000 0.000 
Mo250 0.027 0.000 0.000 0.000 0.000 0.000 0.000 
Mp296 –0.691 0.023 0.000 0.000 0.000 0.000 0.000 
Mpl415 0.977 –0.002 1.056 1.627 1.119 –1.705 1.883 
Msp159 –0.220 –0.113 0.000 0.000 0.000 0.000 0.000 
Mud217 –1.106 –0.157 0.000 0.000 0.000 0.000 0.000 
Mws544 0.206 –0.196 0.000 0.000 0.000 0.000 0.000 
Nfri645 0.422 0.042 0.705 1.104 0.691 –1.751 0.927 
Nk240 –0.046 0.005 0.932 2.135 1.187 –0.559 2.199 
Nmi634 0.670 0.159 0.579 1.209 0.727 –1.761 1.325 
Nnh192 –0.615 –0.106 0.000 0.000 0.000 0.000 0.000 
Obo671 –0.261 –0.119 0.988 1.390 1.016 –1.285 1.100 
Och450 –2.293 0.139 0.000 0.000 0.000 0.000 0.000 
Op142 0.156 0.000 0.000 0.000 0.000 0.000 0.000 
Pahe598 –0.022 –0.007 0.000 0.000 0.000 0.000 0.000 
Pbb700 –0.717 –0.170 0.944 1.613 0.817 –1.331 1.780 
Pbd208 0.217 0.015 1.018 1.616 1.185 –1.411 1.667 
Pbq14 0.384 0.085 0.000 0.000 0.000 0.000 0.000 
Pck337 –1.050 0.055 0.000 0.000 0.000 0.000 0.000 
Pco99 –0.915 –0.025 0.000 0.000 0.000 0.000 0.000 
Pcw694 2.669 –0.005 1.051 1.579 1.114 –1.733 1.327 
Pdo30 –0.397 –0.114 1.180 1.553 1.119 –1.613 1.524 
Ped213 –0.537 –0.110 0.000 0.000 0.000 0.000 0.000 
Pel106 –0.509 –0.036 1.351 1.981 1.417 –1.065 1.915 
Pf237 0.381 –0.049 0.000 0.000 0.000 0.000 0.000 
Pghe620 –0.126 0.008 0.000 0.000 0.000 0.000 0.000 
Phf661 3.001 0.240 0.000 0.000 0.000 0.000 0.000 
Pihe602 –2.033 0.110 0.000 0.000 0.000 0.000 0.000 
Pip647 –1.003 –0.036 0.762 2.181 1.188 –0.585 2.119 
Pns170 0.023 0.000 0.000 0.000 0.000 0.000 0.000 
Psh58 –0.263 0.011 1.159 1.373 1.168 –1.759 1.642 
Pwand20 –0.141 0.000 0.000 0.000 0.000 0.000 0.000 
Pwd205 0.722 –0.022 0.000 0.000 0.000 0.000 0.000 
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Table D.5 (Continued) 
Code √rain √lag a500 a5k area inc unknown 
Rbf662 1.673 0.189 0.863 1.212 0.985 –1.618 1.166 
Rbkf325 –1.548 0.033 0.000 0.000 0.000 0.000 0.000 
Rbpa570 0.256 –0.251 0.000 0.000 0.000 0.000 0.000 
Rcbq19 –0.043 –0.007 0.000 0.000 0.000 0.000 0.000 
Rcp143 –2.341 –0.133 0.000 0.000 0.000 0.000 0.000 
Rcro381 –0.231 –0.070 0.638 1.242 0.501 –1.332 0.860 
Rehe603 0.011 0.010 0.000 0.000 0.000 0.000 0.000 
Rep278 –1.612 –0.121 0.000 0.000 0.000 0.000 0.000 
Rfc369 –0.121 –0.076 0.871 1.408 1.015 –1.448 1.301 
Rfw502 –0.016 0.000 0.000 0.000 0.000 0.000 0.000 
Rinn294 0.634 0.004 0.604 1.264 0.714 –1.239 1.325 
Rlw402 –0.087 0.010 0.000 0.000 0.000 0.000 0.000 
Rnd132 0.105 –0.127 0.000 0.000 0.000 0.000 0.000 
Rns162 –1.325 0.076 0.000 0.000 0.000 0.000 0.000 
Rrp295 0.755 0.006 0.859 1.399 1.010 –1.708 1.474 
Rsb181 –0.637 0.037 0.000 0.000 0.000 0.000 0.000 
Rsl509 –0.073 –0.052 0.000 0.000 0.000 0.000 0.000 
Rtbc264 –0.975 –0.393 0.000 0.000 0.000 0.000 0.000 
Rth497 0.079 –0.001 0.000 0.000 0.000 0.000 0.000 
Rwa638 0.832 –0.090 0.700 1.071 0.851 –1.819 1.092 
Rwh401 0.959 –0.003 0.627 1.057 0.616 –1.643 0.743 
Rwp280 –0.121 –0.024 0.000 0.000 0.000 0.000 0.000 
Sbb680 –0.174 –0.073 0.000 0.000 0.000 0.000 0.000 
Sbck344 1.712 0.297 0.000 0.000 0.000 0.000 0.000 
Scc269 0.277 –0.041 0.788 1.275 0.869 –1.766 1.421 
Sche640 –0.389 –0.035 0.507 0.908 0.538 –1.746 0.730 
Scp303 –0.269 0.000 0.000 0.000 0.000 0.000 0.000 
Sfb507 0.095 0.002 0.000 0.000 0.000 0.000 0.000 
Sg125 –1.072 –0.014 1.066 1.924 1.098 –1.069 1.487 
Sgw513 0.131 –0.458 0.000 0.000 0.000 0.000 0.000 
She207 –1.008 –0.046 0.000 0.000 0.000 0.000 0.000 
Sho212 –0.364 –0.037 0.000 0.000 0.000 0.000 0.000 
Shw499 –1.490 –0.309 0.000 0.000 0.000 0.000 0.000 
Sibl648 –0.763 –0.020 0.000 0.000 0.000 0.000 0.000 
Sihe608 0.321 0.020 0.303 0.787 0.480 –1.996 0.705 
Sile574 1.213 0.096 0.893 1.189 0.967 –1.560 0.942 
Skf326 0.273 0.048 1.038 1.564 0.809 –1.519 1.303 
Sl993 2.522 0.281 0.000 0.000 0.000 0.000 0.000 
Slcr51 0.003 0.004 0.000 0.000 0.000 0.000 0.000 
Snib180 –1.016 –0.132 1.290 1.947 1.441 –1.133 2.252 
Spfw532 0.925 –0.190 0.000 0.000 0.000 0.000 0.000 
Sph218 0.032 –0.034 0.000 0.000 0.000 0.000 0.000 
Spi42 0.120 0.002 0.000 0.000 0.000 0.000 0.000 
Spnj331 –0.013 0.002 0.000 0.000 0.000 0.000 0.000 
Sppa565 0.554 0.031 0.422 0.779 0.742 –1.556 0.520 
Sqk230 –0.005 –0.012 0.000 0.000 0.000 0.000 0.000 
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Table D.5 (Continued) 
Code √rain √lag a500 a5k area inc unknown 
Src49 0.006 0.000 0.000 0.000 0.000 0.000 0.000 
Sro380 2.248 0.205 0.000 0.000 0.000 0.000 0.000 
Ssr441 –2.731 –0.367 0.000 0.000 0.000 0.000 0.000 
Sta999 1.287 0.130 0.767 1.591 0.952 –1.774 1.727 
Sthe585 0.163 –0.180 0.504 0.877 0.428 –1.302 0.732 
Stpa976 0.341 –0.139 0.401 0.766 0.541 –2.057 0.439 
Stsp163 –0.381 –0.190 0.000 0.000 0.000 0.000 0.000 
Stuq9 1.095 –0.040 0.000 0.000 0.000 0.000 0.000 
Sufw529 2.335 0.108 0.698 1.069 0.827 –2.234 0.675 
Sup277 13.285 0.061 0.000 0.000 0.000 0.000 0.000 
Swf466 0.556 0.035 0.000 0.000 0.000 0.000 0.000 
Swh219 –0.655 –0.040 0.000 0.000 0.000 0.000 0.000 
Swr504 1.232 0.063 0.000 0.000 0.000 0.000 0.000 
Tbgw512 0.027 0.000 0.000 0.000 0.000 0.000 0.000 
Tcr692 0.202 0.066 0.812 1.386 0.895 –2.615 0.402 
Tfm313 –0.746 –0.050 0.000 0.000 0.000 0.000 0.000 
Tma359 0.275 0.004 0.814 1.393 0.808 –1.507 1.262 
Tup302 –0.149 –0.933 0.000 0.000 0.000 0.000 0.000 
Vfw536 –0.701 –0.002 0.600 1.096 0.716 –1.489 0.599 
Vsit549 –0.059 0.038 0.000 0.000 0.000 0.000 0.000 
Wbba445 –1.127 –0.114 0.678 1.323 0.621 –1.584 0.927 
Wbcs425 –0.595 –0.205 0.000 0.000 0.000 0.000 0.000 
Wbews543 –1.350 –0.136 0.000 0.000 0.000 0.000 0.000 
Wbows545 0.102 –0.172 0.000 0.000 0.000 0.000 0.000 
Wbsw358 –1.213 –0.140 0.000 0.000 0.000 0.000 0.000 
Wbtc561 –1.256 –0.742 0.000 0.000 0.000 0.000 0.000 
Wee465 0.146 –0.041 0.302 0.577 0.484 –1.865 0.283 
Wehe617 –1.060 –0.203 0.132 0.666 0.632 –1.149 0.589 
Wfch448 –0.249 –0.148 0.000 0.000 0.000 0.000 0.000 
Wfh188 –0.219 –0.020 1.245 1.987 1.391 –0.995 2.117 
Wfhe594 –2.451 0.062 0.000 0.000 0.000 0.000 0.000 
Wgg463 –0.563 –0.272 0.000 0.000 0.000 0.000 0.000 
Whk228 –1.198 –0.090 1.197 1.906 1.242 –1.002 1.430 
Wi179 0.033 –0.023 1.201 1.826 1.237 –0.952 2.045 
Wnh189 –0.742 –0.100 1.088 1.682 1.366 –0.983 1.913 
Wphe625 0.400 –0.059 0.566 0.844 0.576 –2.547 0.854 
Wsp154 –0.016 0.000 0.000 0.000 0.000 0.000 0.000 
Wsw357 0.232 0.054 0.988 1.688 1.104 –1.703 1.824 
Wt110 1.527 –0.221 0.000 0.000 0.000 0.000 0.000 
Wte224 –0.059 –0.073 1.022 2.136 1.407 0.350 2.013 
Wtgg453 1.417 –0.255 0.000 0.000 0.000 0.000 0.000 
Wtnt334 –0.537 0.212 0.000 0.000 0.000 0.000 0.000 
Wttc558 2.429 0.050 0.377 0.784 0.629 –1.895 0.655 
Ww364 0.190 0.015 0.893 1.526 0.936 –2.065 1.475 
Wwbt109 –0.015 0.000 0.000 0.000 0.000 0.000 0.000 
Wwc693 1.175 0.017 0.795 1.624 0.977 –1.020 1.817 
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Table D.5 (Continued) 
Code √rain √lag a500 a5k area inc unknown 
Wwfw535 0.110 –0.020 0.000 0.000 0.000 0.000 0.000 
Wwt430 –0.143 –0.030 0.000 0.000 0.000 0.000 0.000 
Ybsb182 –0.842 –0.084 0.000 0.000 0.000 0.000 0.000 
Ych451 –0.143 0.000 0.000 0.000 0.000 0.000 0.000 
Yphe622 –2.556 –0.120 0.020 0.684 0.175 –2.002 –0.066 
Yrtb486 0.481 –0.057 0.792 1.357 0.844 –1.741 1.198 
Ytb471 0.375 0.096 0.574 1.090 0.634 –1.896 0.515 
Ytmi635 0.703 –0.022 0.493 1.144 0.656 –1.792 1.228 
Zf653 –1.292 –0.014 0.558 1.303 0.584 –1.903 1.068 
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APPENDIX E 

BIRD ALGORITHMS 

 

Introduction 

As one of the aims of this dissertation is to find avian species with the highest 

exposure to locust-control pesticides, other characteristics important for risk assessment 

(such as diet and body weight) are obtained from the available literature.  

 

Methods 

For each species, reporting rates were calculated as the number of sightings in this 

habitat divided by the number of surveys in the particular habitat. The reporting rate in 

one habitat was divided by the sum of all reporting rates in all habitats, obtaining the 

preference index for each habitat. In order to categorize avian species by rarity, 

distribution, and habitat preference, habitat-specific reporting rates along other indicators 

(e.g., overall reporting rates, number of grids with sightings, and r2 in different 

regressions) were calculated. The species-specific observation probabilities, the ratio of 

incidental surveys, geographical distribution and habitat preference were calculated by 

the use of algorithms. In the algorithms using temporal aspects, summer is defined as the 

set of month from September to February, while winter as the period from March to 

August.  

Algorithms are procedures to resolve particular problems in a general way. In 

algorithms, any problem can be answered by solving yes/no questions (Garey and 

Johnson, 1979). In this case, we do not need a formal description of the algorithm, only 

an intuitive application, including its definition and operation process. Besides answering 

decision questions, algorithms can be used to calculate specific functional indices. In the 

following, I present a simplified version of each algorithm. 

 

Algorithm Observation Probability of Birds (OPB)  

Input: total number of surveys and number of sightings for one species 
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Question: what is the observability of this species? 

Steps (Figure E.1): 

1. Calculate total reporting rate (rr) = number of sightings/number of surveys. 

2. Is rr < 0.00025? If yes, obs = very rare, go to step 6. 

3. Is rr < 0.005? If yes, obs = rare, go to step 6. 

4. Is rr > 0.1? If yes, obs = very common, go to step 6. 

5. Is rr > 0.05? If yes, obs = common, if not obs = relatively common. 

6. End.  

 

The observability can be used in evaluating the influence of geographical and 

habitat-related factors. It can also be used in other algorithms to assess the reliability of 

data.    

 

Algorithm Ratio of Incidental Surveys (RIS)  

Input: number of incidental surveys, total number of surveys; number of incidental 

sightings for one species and number of total sightings for one species  

Question: is this species mostly observed by incidental surveys? 

Steps (Figure E.2): 

1. Calculate RI = ratio between the number of incidental surveys and the total number of 

surveys; RS = ratio between the number of incidental sightings and number of total 

sightings for one species.  

2. Is RS/RI > 1.5? If yes, in = preferred. 

3. End. 

 

The ratio of incidental surveys can be used in assessing reliability of the data. The 

following algorithm defines a statistical test to check the hypothesis, that a particular 

species has restricted distribution (H0), against the alternative hypothesis (HA), that the 

species does not have restricted distribution (α = 0.05). 
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Algorithm Geographically Restricted Distribution (GRD) 

Input: all surveys with sightings for one species, and latitude, longitude attributes of each 

survey, limiting radius (r). 

Question: Are the sightings of this species restricted within a given limit? 

Steps (Figure x.3): 

1. Calculate NS100 = total number of surveys with sightings of the species, NS5 = 5% of 

NS, Mla = median of latitudinal coordinates, Mlo = median of longitudinal coordinates, 

sort the set of surveys.  

2. Select the first survey. 

3. Are its coordinates within the circle determined by the center, with latitude = Mla and 

longitude = Mlo, and radius = r?  If yes, add one to “inside”. 

4. Is this the last survey? If yes, go to step 6. 

5. Select the next survey. Go to step 3. 

6. If NS100–inside ≤ NS5: restricted, if not: Not restricted. 

7. End.  

 

The radius of distribution can be used to weight geographic factors and habitat 

preferences. I next define a statistical test to contrast the hypothesis H0 = bird species has 

localized distribution and HA = bird species does not have localized distribution (α = 

0.05). 

 

Algorithm Longitudinal and Latitudinal Limitation (LLL)  

Input: all surveys with sightings for one species, and latitude, longitude attributes of each 

survey, limits of specific regions studied (e.g., northern limit of southern area, southern 

limit of northern area, eastern limit of arid zone and semiarid zone). 

Question: Does this species have a limited geographical distribution? 

Steps (Figure E.4): 

1. Calculate NS100 = total number of surveys with sightings of the species, NS5 = 5% of 

NS, sort the set of surveys. 
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2. Select the first survey. 

3. Are its coordinates within the specific region? If yes, add one to “inside”. 

4. Is this the last survey? If yes, go to step 6. 

5. Select the next survey. Go to step 3. 

6. If NS100–inside ≤ NS5: localized, if not: Not localized in this region. 

7. End. 

 

Algorithm Arid Zone Preference (AZP) 

Input: reliable, non-incidental surveys with habitat information and P/A data of one 

species.  

Question: Does this species have a preference for the arid zone? 

Steps (Figure E.5): 

1. Calculate reporting rates = number of sightings in this habitat/number of surveys in the 

particular habitat. The reporting rate in one habitat was divided by the sum of all 

reporting rates in all habitats, obtaining PIj (preference index), with j = 1,2,…,7 (1 = 

Acacia, 2 = Arid grass, 3 = Astrebla, 4 = Gibber, 5 = Saltbush, 6 = Spinifex, 7 = 

Woodland open shrub).  

2. Is Σ PIj > 4/5? If yes, Arid zone; if not Not Arid zone. 

3. End. 

 

Algorithm General Habitat Preference (GHP) 

Input: reliable, non-incidental surveys with habitat information and P/A data of one 

species. 

Question: is there a habitat preference for this species? 

Steps (Figure E.6): 

1. Calculate reporting rates = number of sightings in this habitat/number of surveys in the 

particular habitat. The reporting rate in one habitat was divided by the sum of all 

reporting rates in all habitats, obtaining PIj (preference index), with j = 1,2,…,18.  
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2. Calculate maximum, second maximum, third maximum, fourth maximum and 

minimum of PIj. 

2. Is maximum > 1/2? If yes, hab = 1 and go to step 8. 

3. Is maximum + 2nd maximum > 2/3? If yes, hab = 2 and go to step 8. 

4. Is maximum + 2nd maximum + 3rd maximum > 3/4? If yes, hab = 3 and go to step 8. 

5. Is maximum + 2nd maximum + 3rd maximum + 4th maximum > 4/5? If yes, hab = 4 and 

go to step 8. 

6. Is maximum – minimum < 1/5? If yes, No habitat preference and go to step 9. 

7. Weak preference and go to step 9. 

8. Preference for “hab” habitats. 

9. End. 

 

Algorithm Seasonal Habitat Preference (SHP) 

Input: reliable, non-incidental surveys with habitat and date information and P/A data of 

one species.   

Question: does the habitat preference of this species change between seasons? 

Steps (Figure E.7): 

1. Calculate total reporting rate R = number of sightings of a species/number of surveys, 

summer reporting rate RS = number of sightings of a species in the summer/number of 

surveys in the summer. Summer is defined as the months September to February 

inclusive.  

2. Is RS/R > 1.4? If yes, summer visitor.  

3. j = 1.   

4. Calculate difference between number of sightings in habitat j in the summer and 

winter, Dj; reporting rates per habitat, Rj = number of sightings in habitat j/number of 

surveys in habitat j, RSj = number of sightings in habitat j in the summer/number of 

surveys in habitat j in the summer. 

5. Is Dj  ≤ 5? If yes go to 7 (insufficient data for habitat j).  

6. Is RSj/Rj > 1.4? if yes, summer visitor to habitat j. 
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7. If j < 18, then j = j + 1 and go to step 4. 

8. End. 

 

Life-history characteristics obtained from the literature 

Data on other essential life-history characteristics were complied from various 

literature sources (Appendix D, Table D.3). For movement categories and feeding habits 

information from the published volumes of the Handbook of Australian, New Zealand 

and Antarctic Birds (Marchant and Higgins, 1990; Higgins, 1993; Higgins and Davies, 

1996; Higgins, 1999; Higgins et al., 2001; Higgins and Peter, 2002) were used, with 

additional information on feeding on Orthopterans (Lea and Gray, 1935; Barker and 

Vestjens, 1989; Marchant and Higgins, 1990). For species with missing data the 

movement categories of Griffionen (2002) were used. Average body mass for each 

species was obtained from the Report of the Australian Bird and Bat Banding Scheme, 

1995–96.  

These literature-based life-history characteristics had to be codified to be included in 

further calculations. When several categories were found for a species, to be 

conservative, the one with the highest supposed risk was used. Regarding movement, 

nomadic species or species with unknown movement pattern were placed in the highest 

risk category (3). Dispersive species were assigned the value 2, while migrant, partial 

migrant, locally moving and sedentary species were assigned 1. Feeding categories were 

also established. Birds feeding on aquatic invertebrates, vertebrates (fish and 

amphibians), and plants were placed in the category “aquatic”. Birds feeding on green 

plant material, such as leaves and fruits in “plant”, while the ones consuming dry plant 

material (seeds) in “grain”. For insectivores, which consume terrestrial arthropods the 

feeding category was “insect”; while for carnivores, feeding on reptiles, birds or 

mammals it was “meat”. 

 

In addition to habitat preference, other characteristics, such as rarity and 

observability also vary between species, making it impossible to establish valid 
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generalizations without further categorization of species. The application of the seven 

algorithms to each species makes it possible to obtain these species-specific 

characteristics (Table E.1). 

Discussion 

Inter-species differences 

Different species are different in their distribution, rarity, habitat preference and 

temporal variations in the number of times they were recorded. For most species the 

abundance data shows a highly skewed distribution, with zeros (species not found) 

occurring most frequently. Results of the habitat preference calculations are in 

accordance with the literature for those species with sufficient input data, but are 

contradictory for rare species, where a few odd sightings can distort the results.  

To obtain species characteristics, seven algorithms were used, which are not 

without their own problems. GHP works well except for some rare species e.g., White-

tailed needletail. This swift was classified as preference 4, in reality this species has no 

specific habitat preference, it seems rare for its low reporting rates, which results from a 

low observability, as this species usually flies too high. AZP works well except for some 

rare species e.g., Inland dotterel and White-winged fairy-wren. RIS detects rare for the 

observer: owls, because night surveys are incidental, rare raptors, such as Grey falcon, 

nice parrots, e.g., Major Mitchell parrot, Superb parrot, but also the Ground cuckoo-

shrike, which is nomadic and gray. OPB works well. Most species were found in the 

category “relatively common” (not common, not rare) fewest very rare, few very 

common. As the strictness of LLL depends on the level of significance chosen, in this 

case (α = 0.05), only a few species were localized. In particular, none of the selected 

species had 95% of sightings north of –21o. SHP was biased, because, even thought the 

total number of surveys in the summer and in the winter is comparable, the number of 

visits to the arid zone in the summer is lower than in the winter, which can be due to the 

heat. Because of this, species with low values of the ratio sightings in summer/total 

number of sightings cannot be considered as migratory birds (e.g., Rlw402). 
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All these different life-history characteristics influence the species risk of 

exposure to pesticides. Rare species, in particular if they are sedentary, can be protected 

from this risk by knowing the area they occupy, and avoiding the use of more toxic 

insecticides there. Risk can also be high at a given location for individuals of a common 

widespread species, however, this will have only slight impact on the species, should 

toxic exposures occur. The probability of the species being present at a location of 

spraying depends on the latitude and longitude of the zone it occupies. Differences in 

locust preference and spraying frequencies in different types of vegetation types implies a 

habitat-specific risk for avian species, that can be evaluated studying the habitat 

preference of the particular bird species. As Australian bird species present different 

movement patterns, there is a temporal aspect of habitat preference. In certain species, 

habitat preference changes between months, and it can be studied by analyzing seasonal 

movements.   

The spatio-temporal bias in surveying results in a lack of bird survey data both for 

areas and times of locust control. As our main interest is to predict avian 

presence/absence at these exact locations and times, it is necessary to use more 

complicated models for data extrapolation, which will be the topic of the next chapter. An 

important message of this chapter is that different bird species “behave” differently in the 

sense that different factors, such as sampling intensity and method will affect them to a 

varying degree, which calls for customized model when predicting their distributions. 
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Tables and Figures 
 

Table E.1. Classification of selected bird species by application of the “life-history 
algorithms”. For bird name abbreviations see Appendix D, Table D.2. 
Legend: 
RIS  yes: mostly observed by incidental surveys, no: otherwise. 
OPB  vc: species has a very high observability (very common), c: species has a high 

observability (common), rc: observation of species is neither high, nor low 
(relatively common), r: species has a low observability (rare), vr: species has a 
very low observability (very rare). 

GHP  1: there is preference for one habitat, 2: there is preference for two habitats, 3: 
there is preference for three habitats, 4: there is preference for four habitats, weak: 
there is weak habitat preference, no: there is no habitat preference. 

AZP yes: there is preference for Arid Zone, no: there is no preference for Arid Zone. 
LLL  s (south): 95% of sightings are south of –32 o latitude S. az (Arid Zone): 95% of 

the sightings are west of 144 o longitude E, and between –21o and –32 o latitude. sz 
(Semiarid Zone): 95% of the sightings are between 144 o and 147 o longitude E, 
and between –21o and –32 o latitude. 

GRD 1: 95% of sightings are within a 1-degree radius circle, 2: 95% of sightings are 
within a 2-degree radius circle, 3: 95% of sightings are within a 3-degree radius 
circle, no: otherwise. 

SHP1  yes: summer migrant to the area of interest, no: otherwise. 
SHP2  types of habitats the species prefers in summer. For abbreviations of habitat types 

see Appendix A, Table A.1   
Code OPB RIS GRD LLL AZP GHP1 GHP2 SHP1 SHP2 
Ag61 c no no no no no  no  
Akf319 rc no no no no weak  no  
Aon317 rc no no no no no  no SP 
Ap675 c no no no no no  no AG,AS 
Apr173 r no no no yes weak  no AC,AS,CA,CR,GI,

SA,SP,WO 
Arav930 vc no no no no no  no  
Awd202 vc no no no no no  no  
Batg153 r no no no no 1 ME no EW 
Bbb231 r no no no no weak  no  
Bbd216 r no no no no weak  no GR 
Bbr46 r no no no no weak  no OT 
Bche580 rc no no no no weak  no  
Bcr50 r no no no no weak  yes AC,CR,EW,OT,SA
Beck341 rc no no no no no  no FO 
Bee329 c no no no no no  no AC,AG,CA,CR,GI,

LA,MA,SA,WO 
Bemi967 r no 2 s no 1 MA no  
Bfcs424 vc no no no no no  no  
Bfdo144 rc no no no no no  no RI 
Bfhe641 rc no no no no weak  no AS,SA 
Bfws546 rc no no no no no  no  
Bgo221 rc no no no no no  no RI,WO 
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Table E.1. (Continued) 
Code OPB RIS GRD LLL AZP GHP1 GHP2 SHP1 SHP2 
Bhhe583 c no no no no weak  no  
Bk229 c no no no no no  no  
Bko246 r no no no no weak  no  
Blbi991 c no no s no weak  no  
Blbo297 rc no no no no weak  no  
Blf238 rc no no no no no  no AS,RI 
Blhe598 r no no no yes weak  no CR,MA 
Bltg152 r no no no no weak  no EW 
Blw135 rc no no no no weak  no  
Bno249 rc yes no no no no  no OT 
Boo242 rc no no no no no  no AS 
Bp304 r no no sz yes 3 GI,WO, 

AC 
no  

Brf239 c no no no no no  no  
Brhe597 rc no no no no weak  no  
Bro177 rc no no no no weak  no RI 
Brtb486 rc no no no no weak  no  
Bsdo32 rc no no no no weak  no ME 
Bsk232 rc no no no no no  no  
Bsl508 rc no no no no no  no CR,EW,FO,GR, 

MA,OT,RI,SA 
Bst147 r no no no no weak  no AC,EW,FO 
Bsw203 c no no no no weak  no  
Btb475 c no no no no weak  no LA,ME 
Btc555 c no no no no no  no AC,AG,GR,LA, 

SA,SP,WO 
Btnh55 rc no no no no no  no AC,AG,GR,LA, 

SA,SP,WO 
Bud310 rc no no no yes weak  no CR,MA,RI 
Bus176 rc no no no no weak  no  
Busc174 rc no no no no weak  no  
Bwf469 r no no az yes 2 WO,SP no SP 
Bwp306 r no no no no weak  no  
Bws146 rc no no no no no  no AC 
Cae977 rc no no no no weak  no  
Cbb419 rc no no no no weak  no  
Cbck348 rc no no no no no  yes AC,CR,EW,FO, 

GR,OT 
Cbqt438 r no no sz yes 1 WO no  
Cbwf468 r no 3 az yes 1 AG no  
Ccba446 rc no no no no weak  no  
Cch449 rc no no no yes no  no CA,CR,MA 
Chqt437 rc no no no no 1 MA no  
Ciqt439 r no no az yes weak  no  
Cobr34 c no no no no no  no  
Cock274 rc no no no no no  no MA,SA 
Coo59 c no no no no no  no  
Cosp157 r no no no no weak  yes AC,CR,EW,GR 
Cpi43 vc no no no no no  no  
Cro282 vc no no no no weak  no SA 
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Table E.1. (Continued) 
Code OPB RIS GRD LLL AZP GHP1 GHP2 SHP1 SHP2 
Crtb481 rc no no no no weak  no  
Crwr524 rc no no no no no  yes CR,EW,FO,GI,

GR,LA,OT,SA 
Csh222 rc no no no no no  no LA 
Cst416 rc no no no no weak  no  
Ct112 rc no no no no weak  no  
Cte210 rc no no no no weak  no  
Cusp161 r no no no no weak  yes FO,OT 
Cwb866 rc no no no yes weak  no  
Da101 rc no no no no no  no  
Dbf655 rc no no no no weak  no  
Dbp140 r no no s no 1 LA no  
Dft652 rc no no no no weak  no  
Dido31 rc no no no no no  no MA 
Dmh56 c no no no no weak  no  
Doll318 rc no no no no no  yes AC,CR,EW,FO,

GR,OT,SP 
Dws547 c no no no no no  no  
Egw515 r no no az yes 3 SP,AG,WO no SP 
Elp307 r no no no no weak  no AC 
Emu1 rc no no no no no  no GI 
Ero288 vc no no no no weak  no ME,SA 
Eyro392 c no no no no weak  no ME 
Flbr36 r yes no az yes 3 AG,AS,GI no  
Fma360 rc no no no no no  no CR,LA,RI 
Frd214 r no no no no no  no SA 
Fro382 rc no no no no 4 FO,EW,CR,

GR 
no  

Ftck338 c no no no no weak  no  
Ftsw335 r no no no no no  no EW 
Fuhe613 rc no no no no 3 EW,FO,CR no  
Gal273 vc no no no no no  no  
Gbb702 vc no no no no no  no  
Gbt111 r no no no no no  no SP 
Gcba443 rc no no no no no  no AS,SA 
Gcgr60 rc no no no no weak  no OT,SA 
Gco96 rc no no no no weak  no AS 
Gcs423 r yes no no no weak  no  
Gcw697 c no no s no weak  no ME 
Geg187 c no no no no no  no  
Gf236 r yes no no no no  no  
Gfhe623 rc no no no no weak  no AC 
Gft361 vc no no no no no  no  
Ghci525 rc no no no no weak  no  
Gib452 r yes no az yes 3 GI,AG,AS no  
Giwh403 rc no no s no 1 MA no  
Gli178 rc no no no no no  no AC,AG,GR,LA,

RI,SA 
Go252 vr yes no no no 2 FO,CR no  
Gofi996 rc no no s no weak  no  
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Table E.1. (Continued) 
Code OPB RIS GRD LLL AZP GHP1 GHP2 SHP1 SHP2 
Gowh398 c no no no no weak  no ME 
Gsh158 rc no no no no weak  no AC,AG,SP 
Gst408 vc no no no no no  no ME 
Gte211 c no no no no no  no  
Hahe215 rc no no no no no  no RI 
Hba938 r no no sz yes 2 WO,AC no  
Hbck342 rc no no no no no  no AS,EW,GR,MA, 

OT,RI,SP 
Hhgr62 rc no no no no no  no  
Hob235 rc no no no no no  no  
Hro385 rc no no no no no  no LA 
Hs995 vc no no no no no  no AS,GI 
Ido145 r yes no no no weak  no GI 
Ieg186 rc no no no no no  no SA 
Itb476 rc no no no no weak  no  
Jw377 c no no no no no  no  
Koe347 rc no no no no weak  yes CR,EW,FO,GR, 

LA,OT,SP 
Lbco97 c no no no no no  no AC 
Lbq18 r no no no no no  no CR,FO,MA 
Lc271 c no no no no no  no AS,WO 
Lcr691 rc no no no yes weak  no  
Le225 rc no no no no no  no MA,RI,SA 
Leg185 rc no no no no no  no  
Lfc365 rc no no no no weak  yes EW,GR,ME 

 
Lfri646 rc no no no no weak  no AS,CA,LA,MA, 

RI,SA 
Lgb522 rc no no no no weak  no RI 
Libi195 r yes no no no 2 GR,CR yes CR,EW 
Lkoo322 vc no no no no no  no SA 
Lpco100 vc no no no no no  no  
Lrav954 c no no s no no  no SA 
Lsn168 r no no no no weak  yes CR,EW,FO,GR,OT
Lwk233 r yes no no yes 1 AS no  
Lws548 r no no no no weak  no AS,WO 
Mafo7 r yes no s no 1 ME no FO 
Mag705 vc no no no no no  no  
Mal948 rc no no no no 1 OT no  
Mew527 r no 1 s no 1 MA no  
Mis564 vc no no no no no  no  
Mlw133 vc no no no no no  no AS 
Mmc270 rc yes no no no weak  no SA 
Mo250 r yes no no no weak  no EW 
Mp296 rc no no no no weak  no  
Mpl415 vc no no no no no  no  
Msp159 r no no no no weak  yes AG,CR,EW,FO, 

GR,LA,OT,SP 
Mud217 rc no no no no no  no AC 
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Table E.1. (Continued) 
Code OPB RIS GRD LLL AZP GHP1 GHP2 SHP1 SHP2 
Mws544 rc no no no no no  yes AS,CA,CR,FO, 

LA,MA,RI,SA 
Nfri645 c no no no no weak  no AC,MA 
Nk240 vc no no no no no  no  
Nmi634 vc no no no no weak  no SA 
Nnh192 rc no no no no weak  no GR,LA,RI 
Obo671 rc no no no no no  yes AC,EW,MA,OT 
Och450 rc no no no yes weak  no CR,GI,MA,SP 
Op142 vr no no no yes 1 AS yes  
Pahe598 r no no no no no  yes CR,EW,FO,RI 
Pbb700 vc no no no no no  no  
Pbd208 vc no no no no no  no GI 
Pbq14 rc no no no no weak  no  
Pck337 rc no no no no no  yes EW,FO,GR,MA, 

OT 
Pco99 rc no no no no weak  no AS 
Pcw694 vc no no no no 4 OT,FO, 

GR,EW 
no  

Pdo30 vc no no no no no  no GI,WO 
Ped213 rc no no no no no  no  
Pel106 c no no no no weak  no AS 
Pf237 rc no no no no no  no SA 
Pghe620 r no no s no 3 MA,ME,

GR 
no  

Phf661 r no no no no no  no  
Pihe602 r no no no yes weak  no AC,CA,CR,MA 
Pip647 c no no no no no  no GI 
Pns170 r yes no no no 2 OT,SP yes CR,OT 
Psh58 c no no no no no  no  
Pwand20 r yes no no no 1 RI no  
Pwd205 rc no no no no no  no  
Rbf662 c no no no no 4 GR,FO, 

WO,OT 
no  

Rbkf325 rc no no no yes no  no AC,CA,CR,MA, 
SA,WO 

Rbpa570 rc no no no yes weak  no  
Rcbq19 r no no no no weak  no CR 
Rcp143 rc no no no no weak  no ME 
Rcro381 c no no no no no  no  
Rehe603 r yes no no no 1 EW no CR 
Rep278 r no no s no 1 MA no  
Rfc369 c no no no no weak  no  
Rfw502 r no no no no 4 AG,SA, 

LA,CA 
no  

Rinn294 c no no no no weak  no GI 
Rlw402 r no no s no 1 MA yes  
Rna148 rc no no no no weak  no  
Rnd132 rc no no no no no  no AC,OT,SA 
Rns162 rc no no no no 1 LA no FO 
Rrp295 vc no no no no no  no SA 
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Table E.1. (Continued) 
Code OPB RIS GRD LLL AZP GHP1 GHP2 SHP1 SHP2 
Rsb181 rc no no no no no  no AS 
Rsl509 rc no no no no no  yes CR,EW,FO,GR, 

MA,OT,RI 
Rtbc264 rc no no no no weak  no AS 
Rth497 r no no no no 1 CA no AC,CR 
Rwa638 vc no no no no no  no ME 
Rwh401 vc no no no no no  no GR,WO 
Rwp280 rc no no no no no  no AS 
Sbb680 rc no no no no weak  no  
Sbck344 rc no no no no weak  yes CR,EW,MA,OT 
Scc269 vc no no no no no  no AS 
Sche640 vc no no no no no  no  
Scp303 vr no no no no 1 MA no  
Scr49 r no no no no weak  no AC,CR,GI,GR, 

OT,RI 
Sfb507 r no no no yes 1 SP no  
Sg125 c no no no no weak  no AC 
Sgw513 r no 3 no no 1 MA no AC 
She207 rc no no no no weak  no SA 
Sho212 rc no no no no weak  no SA 
Shw499 rc no no s no 1 MA no  
Sibl648 rc no no no no weak  no AG,SA 
Sihe608 c no no no no no  no  
Sile574 vc no no no no weak  no SA 
Skf326 c no no no no no  yes AC,AS,CR,EW, 

FO,GR,LA,MA, 
OT,RI,SA,WO 

Sl993 rc no no s no 1 LA no FO 
Slcr51 r no no no no no  no  
Snib180 c no no no no no  no MA 
Spfw532 rc no no no no 4 MA,CA,

WO,AC 
no  

Sph218 rc no no no no no  no RI 
Spi42 r no no no yes 3 SP,AS, 

AG 
no  

Spnj331 r no no no no no  no  
Sppa565 vc no no no no weak  no  
Sqk230 r yes no no no weak  no  
Sro380 rc no no no no 3 EW,GR, 

FO 
no  

Ssr441 rc no no s no 1 MA no  
Sta999 vc no no no no no  no AC,GI,SA 
Sthe585 rc no no no no no  no AG,AS,SA 
Stpa976 vc no no no no no  no WO 
Stsp163 rc no no no no weak  yes AC,AG,CR,EW, 

FO,GR,LA,OT, 
SA,SP 

Stuq9 rc no no no no weak  no AS,LA,OT 
Sufw529 vc no no no no no  no ME,SA 
Sup277 rc yes no no no 1 RI yes CR,EW,OT,RI 
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Table E.1. (Continued) 
Code OPB RIS GRD LLL AZP GHP1 GHP2 SHP1 SHP2 
Swf466 rc no no no no weak  no GI 
Swr504 rc no no no no 4 EW,GR, 

CR,FO 
no  

Tbgw512 r no no no yes 1 AG no AC 
Tcr692 c no no no no weak  no  
Tfm313 rc no no no no no  no AS,SA 
Tma359 c no no no no no  no AS,WO 
Tup302 rc yes no no no 3 EW,FO, 

CR 
no  

Vfw536 c no no no no no  no  
Vsit549 rc no no no no no  no  
Wbba445 c no no no no no  no SP 
Wbcs425 rc no no no no weak  no  
Wbews543 rc no no no no no  no AC,AS,GI,LA, 

RI,SP 
Wbows545 rc no no no no no  no CR,EW,FO,GR, 

LA,RI,SA 
Wbsw358 rc no no no yes weak  no  
Wbtc561 r no no no no 3 CA,MA,

WO 
no  

Wee465 vc no no no no no  no  
Wehe617 c no no no no weak  no  
Wfch448 rc no no no no weak  no SA 
Wfh188 vc no no no no no  no  
Wfhe594 rc no no no no 1 MA no  
Wgg463 rc no no no no weak  no EW,FO,OT,SA 
Whk228 c no no no no no  no  
Wi179 c no no no no weak  no AS,SA 
Wnh189 rc no no no no no  no  
Wphe625 vc no no no no no  no  
Wsp154 r no no no no weak  yes EW,OT 
Wsw357 vc no no no no no  no GI 
Wt110 rc no no no no weak  yes AC,AG,CA,CR, 

EW,FO,GR,LA, 
MA,OT,RI,SA,SP 

Wte224 c no no no no no  no  
Wtgg453 rc no no no no weak  yes EW,GR,OT 
Wtnt334 rc no no no no 4 FO,EW, 

GR,OT 
yes CR,EW 

Wttc558 vc no no no no 3 FO,EW, 
GR 

no  

Ww364 vc no no no no no  no  
Wwbt109 r no no no no 4 GI,CR,SP,

OT 
no  

Wwc693 c no no no no no  no SA 
Wwfw535 rc no no no no no  no SP 
Wwt430 rc no no no no no  yes AC,CA,CR,EW, 

FO,GR,LA,MA, 
OT,RI,SA 

Ybsb182 rc no no no no no  no SA 
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Table E.1. (Continued) 
Code OPB RIS GRD LLL AZP GHP1 GHP2 SHP1 SHP2 
Ych451 vr no no no yes 3 AS,SA, 

AG 
no  

Yphe622 c no no s no 1 MA no  
Yrtb486 vc no no no no no  no WO 
Ytb471 c no no no no no  no SA 
Ytmi635 c no no no no no  no  
Zf653 c no no no yes no  no  
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Figure E.1. Flowchart of Observation Probability of Birds OPB algorithm. 
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Figure E.2. Flowchart of Ratio of Incidental Surveys RIS algorithm. 
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Figure E.3. Flowchart of Geographically Restricted Distribution GRD algorithm. 
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Figure E.4. Flowchart of Longitudinal and Latitudinal Limitation LLL algorithm.  
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Figure E.5. Flowchart of Arid Zone Preference AZP algorithm. 
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Figure E.6. Flowchart of General Habitat Preference GHP algorithm.  
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Figure E.7. Flowchart of Seasonal Habitat Preference SHP algorithm.  
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APPENDIX F 

RESIDUALS FOR THE GENERALIZED LINEAR MODELS 

 

 Table F.1. Residuals for all modeled bird species when compared to predicted values at 
nine fieldtrips. For fieldtrip names and descriptions see text. Values greater, than 5 or less 
than – 5 are in bold 

Code  Riv01 NSW Riv04 Riv05 Armid Quil03 Quil04 Tam03 Tam05 
Ag61 1.249 3.190 –0.513 –0.048 1.250 –0.944 –1.150 –1.855 1.412 
Akf319 0.055 –0.126 0.083 0.048 –0.623 0.057 –0.493 –0.424 –0.375 
Aon317 –0.364 0.242 0.366 –0.747 –0.784 –0.834 –1.563 –1.070 –0.892 
Ap675 0.438 7.707 23.327 1.562 –1.491 –3.700 –3.837 –5.267 0.550 
Apr173 0.035 0.808 0.246 0.062 –0.253 6.575 11.626 –0.437 4.488 
Arav930 4.938 10.400 15.584 12.773 9.903 2.984 10.104 12.928 3.273 
Awd202 1.838 1.366 1.232 2.131 20.010 –0.773 2.952 –1.556 –0.536 
Batg153 0.081 –0.044 0.266 0.064 –0.517 0.060 –0.487 –0.365 –0.350 
Bbb231 0.072 –0.077 0.273 0.055 –0.253 –0.358 –0.782 –0.416 –0.400 
Bbd216 0.040 –0.162 0.075 –0.038 –0.417 –0.015 –0.597 –0.373 –0.379 
Bbr46 0.056 –0.082 0.159 0.047 –0.454 0.057 –0.497 –0.397 –0.360 
Bche580 –0.139 –0.098 –0.258 –0.112 –0.264 0.035 –0.584 –0.403 –0.381 
Bcr50 –0.332 –0.227 0.019 0.000 0.670 0.054 –0.539 –0.434 –0.379 
Beck341 0.004 –0.187 0.040 0.033 –0.298 –0.333 –0.961 0.485 –0.492 
Bee329 –0.239 –0.062 –2.379 –1.672 –0.918 –0.315 –0.165 –5.152 –2.038 
Bemi967 0.082 –0.026 0.289 0.065 –0.252 0.060 –0.487 –0.355 –0.347 
Bfcs424 –2.224 –2.790 –0.848 –3.434 –5.964 –2.014 1.792 –0.257 0.302 
Bfdo144 –0.684 0.919 –1.100 –0.837 –0.848 0.712 2.969 –1.326 –1.115 
Bfhe641 –0.187 0.726 –1.351 –0.146 –0.760 –0.579 –0.421 –1.512 –2.971 
Bfws546 2.842 –0.896 0.072 1.902 2.590 2.510 4.970 6.093 –1.349 
Bgo221 –0.798 –0.578 –1.037 –0.739 –1.041 –0.502 –1.046 –0.650 –0.614 
Bhhe583 –1.390 0.336 –1.725 –0.758 –0.746 0.051 –0.502 –0.385 –0.381 
Bk229 5.617 0.109 0.780 10.702 –0.303 –1.801 8.869 2.270 3.271 
Bko246 0.060 –0.097 0.101 0.031 –0.319 –0.158 –0.839 –0.541 –0.546 
Blbi991 –0.813 0.687 –1.537 –0.491 –0.374 0.060 –0.487 –0.355 –0.353 
Blbo297 2.916 1.389 11.269 2.196 –0.582 –0.831 –1.609 –1.895 –0.942 
Blf238 0.712 1.649 –0.170 –0.354 –0.418 –0.991 –0.981 –0.573 –0.529 
Blhe598 0.029 –0.169 0.125 0.047 –0.255 –0.165 –0.681 –0.450 –0.385 
Bltg152 0.082 –0.035 0.276 0.064 –0.288 0.049 –0.512 –0.372 –0.355 
Blw135 0.221 6.302 –0.347 1.277 –0.460 –0.563 10.753 –0.748 1.402 
Bno249 –0.353 –0.388 –0.024 0.644 –0.430 –0.435 –1.614 –0.682 –0.988 
Boo242 0.361 –0.616 –0.865 0.374 –1.911 –0.338 –1.047 –0.689 –0.676 
Bp304 0.082 –0.112 0.289 0.065 –0.252 –0.266 –0.071 –0.385 –0.375 
Brf239 6.044 6.097 2.540 10.125 34.440 2.212 14.624 4.188 7.257 
Brhe597 0.081 –0.230 0.271 0.065 –1.302 –0.492 –0.736 2.254 –0.635 
Bro177 0.037 0.708 0.128 0.040 –0.326 4.208 2.365 –0.021 0.414 
Brtb486 –0.281 –0.910 –1.658 –0.290 –1.393 0.045 –0.517 –0.535 –0.528 
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Table F.1. (Continued) 
Code Riv01 NSW Riv04 Riv05 Armid Quil03 Quil04 Tam03 Tam05 
Bsdo32 0.053 0.570 0.116 0.058 –2.508 –0.057 –0.553 –0.798 –0.522 
Bsk232 5.119 2.591 –0.644 2.676 –1.355 –0.065 –0.578 1.565 –0.388 
Bsl508 –2.683 –0.706 0.357 –0.382 –0.728 4.158 11.026 10.167 9.266 
Bst147 0.049 –0.081 1.142 –0.032 –0.264 0.057 –0.497 –0.358 –0.349 
Bsw203 –0.652 –0.771 0.264 –0.719 –0.560 –0.094 –0.740 –0.644 1.462 
Btb475 –0.100 0.747 –0.398 0.878 –2.472 0.058 –0.489 –0.370 –0.362 
Btc555 –0.776 –4.200 –8.556 –2.851 –1.078 –0.312 –0.906 –1.675 –1.662 
Btnh55 1.868 0.291 –0.257 –0.619 –0.374 1.155 –1.126 –0.507 1.576 
Bud310 –0.131 –0.969 –0.563 –0.085 –0.254 0.269 12.707 5.379 7.439 
Bus176 0.082 –0.070 0.287 0.065 –0.264 –0.784 6.109 2.000 2.785 
Busc174 0.027 0.908 0.221 0.032 –0.296 0.054 –0.507 –0.576 –0.434 
Bwf469 0.082 –0.027 0.289 0.065 –0.252 0.006 –0.495 –0.355 2.653 
Bwp306 1.040 –0.040 0.258 0.016 –0.252 0.015 –0.497 –0.356 –0.347 
Bws146 –0.593 –0.952 0.214 –0.480 0.186 –0.293 –0.035 –1.031 –0.858 
Cae977 0.064 –0.113 1.191 0.058 –1.094 0.054 –0.491 –0.401 –0.373 
Cbb419 –0.699 –1.842 –0.479 –0.472 –0.254 –1.817 –4.797 –0.820 –1.005 
Cbck348 0.078 –0.482 1.077 0.063 –2.863 0.043 –0.570 1.290 –0.541 
Cbqt438 0.082 –0.051 0.288 0.065 –0.252 0.056 –0.488 –0.355 –0.347 
Cbwf468 0.082 –0.026 0.289 0.065 –0.252 0.060 –0.487 –0.355 –0.347 
Ccba446 0.072 –0.376 0.287 0.059 –0.252 –0.956 –0.607 –0.369 –0.351 
Cch449 –0.094 –0.766 –0.529 0.056 –0.252 –0.904 3.757 1.530 2.614 
Chqt437 0.077 –0.028 0.273 0.060 –0.252 0.060 –0.487 –0.355 –0.347 
Ciqt439 0.082 –0.087 0.289 0.065 –0.252 0.019 –0.509 –0.355 –0.347 
Cobr34 –0.579 –0.602 –1.037 –1.321 –1.537 –1.043 –1.819 –0.288 –0.874 
Cock274 –0.652 2.272 –2.202 3.750 –1.162 –0.986 2.802 2.036 4.815 
Coo59 –0.665 –0.413 –0.211 –0.922 –0.815 –0.451 –1.578 –1.300 –0.189 
Cosp157 0.071 –0.062 0.243 0.041 –0.299 0.053 –0.517 –0.387 –0.374 
Cpi43 2.768 0.906 10.622 1.460 –2.594 1.593 6.283 –0.057 3.824 
Cro282 –2.590 –1.580 –4.755 –1.608 0.535 0.032 –0.556 –0.666 –0.578 
Crtb481 –1.328 –1.827 0.462 –1.245 –0.273 –1.170 –2.072 1.133 –0.654 
Crwr524 –1.155 0.474 –1.486 –0.661 5.404 0.849 –0.871 –0.887 –0.707 
Csh222 –0.316 –0.345 –0.345 –0.316 –0.662 0.788 –0.863 –0.557 –0.546 
Cst416 –0.543 –0.397 –1.305 –0.326 –0.895 0.059 –0.487 –0.358 –0.354 
Ct112 0.005 –0.244 0.140 –0.049 –0.381 –0.168 –0.701 –0.579 –0.457 
Cte210 –0.043 –0.100 0.065 –0.061 –1.339 0.057 –0.488 –0.357 –0.349 
Cusp161 0.076 –0.070 0.223 0.059 –0.403 0.051 –0.500 –0.390 –0.376 
Cwb866 0.079 –0.686 0.288 0.065 –0.252 3.826 1.490 –0.355 –0.347 
Da101 0.636 0.775 –0.869 –0.482 –1.037 –1.603 –2.288 –1.690 –0.336 
Dbf655 0.072 2.075 0.020 0.057 –3.477 –1.015 –1.801 –1.739 –1.531 
Dbp140 0.081 –0.027 0.287 0.064 –0.259 0.059 –0.487 –0.355 –0.347 
Dft652 –0.275 –0.411 –0.595 –0.393 0.031 0.059 –0.487 –0.357 –0.362 
Dido31 0.012 –1.123 0.070 –0.004 –0.443 –2.201 7.272 2.621 –0.714 
Dmh56 –0.524 –0.914 –1.178 –0.408 –0.645 0.013 –0.581 –0.936 1.442 
Doll318 0.049 –0.802 –1.920 –0.011 –0.530 0.050 –0.672 –1.318 –0.849 
Dws547 –0.551 –1.028 –4.709 –0.652 –1.409 0.039 –0.512 0.597 –0.405 
Egw515 0.082 –0.026 0.289 0.065 –0.252 0.031 –0.496 –0.355 –0.347 
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Table F.1. (Continued) 
Code Riv01 NSW Riv04 Riv05 Armid Quil03 Quil04 Tam03 Tam05 
Elp307 0.082 –0.027 0.289 0.065 –0.252 0.060 –0.487 –0.355 –0.347 
Emu1 7.208 2.506 –0.206 0.288 –0.433 –1.274 –0.418 –2.275 2.519 
Ero288 –1.560 –0.232 1.638 –1.674 3.595 0.060 –0.487 –0.355 –0.360 
Eyro392 –0.384 –0.009 –0.560 –0.348 –3.764 0.015 –0.555 –0.631 –0.551 
Flbr36 0.082 –0.030 0.289 0.065 –0.252 1.390 –1.237 –0.356 –0.350 
Fma360 1.029 –1.619 –0.120 0.667 –0.473 –0.787 3.431 3.442 –0.204 
Frd214 0.054 –0.195 0.052 –0.026 –0.285 –0.131 –0.722 –0.431 –0.403 
Fro382 0.008 –0.037 0.190 0.046 –0.262 0.060 –0.487 –0.355 –0.347 
Ftck338 –0.143 –0.155 –0.111 0.029 –0.720 0.047 –0.497 –0.379 –0.369 
Ftsw335 0.081 –0.072 0.238 0.045 –0.325 0.025 2.393 0.582 –0.458 
Fuhe613 –0.196 –0.286 –1.038 –0.053 –0.624 0.060 –0.487 –0.362 –0.354 
Gal273 7.136 2.463 17.654 3.122 9.448 1.265 0.681 3.814 3.328 
Gbb702 –1.810 –0.313 –2.988 –1.944 –9.875 –2.614 –2.148 –1.702 –1.350 
Gbt111 0.984 –0.100 0.272 0.015 –0.273 –0.126 –0.745 –0.545 –0.477 
Gcba443 1.769 1.475 7.314 1.917 –1.991 –1.110 1.839 –3.798 –2.961 
Gcgr60 0.036 –0.344 –0.015 –0.048 –0.521 –0.358 –1.056 –0.648 –0.505 
Gco96 0.339 –0.590 0.333 0.517 –0.990 –0.447 3.085 –0.518 1.520 
Gcs423 1.065 0.750 0.243 0.052 0.624 –0.771 –1.775 1.151 0.053 
Gcw697 0.011 –0.044 0.118 0.015 –0.257 0.060 –0.487 –0.355 –0.347 
Geg187 –0.543 0.181 1.421 –0.463 –1.136 –1.034 2.410 –0.975 1.184 
Gf236 0.067 –0.052 0.277 0.054 –0.254 –0.119 –0.588 –0.380 –0.364 
Gfhe623 0.033 –0.187 0.280 0.044 –0.252 –0.108 –0.707 –0.383 –0.354 
Gft361 0.103 –1.537 –4.360 –2.158 –5.874 –0.268 –0.610 1.487 –0.476 
Ghci525 0.038 –0.319 –0.225 0.020 –2.978 0.047 –0.509 –0.483 –0.425 
Gib452 0.082 0.965 0.289 0.065 –0.252 2.257 –0.593 –0.355 –0.347 
Giwh403 –0.019 –0.053 –0.023 0.026 –0.252 0.060 –0.488 –0.356 –0.348 
Gli178 –0.008 0.712 1.075 –0.017 –0.386 –0.399 –1.278 –0.914 1.322 
Go252 0.082 –0.027 0.288 0.065 –0.257 0.060 –0.487 –0.356 –0.347 
Gofi996 –0.089 –0.103 –1.131 –0.122 –0.461 0.060 –0.487 –0.355 –0.349 
Gowh398 –0.028 –0.096 0.033 0.006 –0.895 0.045 –0.489 –0.367 –0.354 
Gsh158 0.067 –0.109 0.222 0.021 –0.474 0.035 –0.561 –0.416 –0.382 
Gst408 –6.096 –3.311 –9.566 –4.468 –4.252 –2.199 –1.948 –1.828 –2.073 
Gte211 0.614 2.278 –1.802 –0.675 6.516 –1.418 –1.691 –2.337 2.093 
Hahe215 0.449 –0.077 0.070 –0.358 –1.135 –0.640 0.525 –1.286 –0.063 
Hba938 0.082 –0.060 0.289 0.065 –0.252 –1.226 –1.594 –0.405 –0.400 
Hbck342 –2.323 –1.216 –2.397 –0.236 –0.895 –0.947 –1.143 –1.014 –0.809 
Hhgr62 –0.805 0.336 –0.844 –0.999 –0.709 –0.542 –0.018 –0.507 –0.451 
Hob235 0.563 0.161 –0.894 –0.621 –0.105 –0.642 –1.399 1.053 –0.874 
Hro385 –0.123 1.420 –1.056 –0.421 –0.404 –1.092 –1.383 3.360 –0.628 
Hs995 –0.065 –0.638 –2.410 –1.179 –3.498 –0.211 0.003 –0.839 –0.728 
Ido145 –0.022 –0.110 0.289 0.015 –0.252 0.961 1.444 –0.359 –0.349 
Ieg186 0.816 0.396 –0.233 –0.137 –1.015 –0.461 –0.955 –1.069 –0.878 
Itb476 –0.167 –1.184 1.613 –0.189 –0.597 –1.110 –1.352 –0.866 –0.617 
Jw377 –0.529 –2.302 –4.294 –0.257 –1.485 –2.194 –2.467 3.608 –1.804 
Koe347 0.082 –0.410 0.141 0.065 –3.955 0.059 –0.489 –0.769 –0.490 
Lbco97 0.317 0.230 0.196 –0.426 –0.616 –0.241 1.066 –0.806 1.296 
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Table F.1. (Continued) 
Code Riv01 NSW Riv04 Riv05 Armid Quil03 Quil04 Tam03 Tam05 
Lbq18 0.042 –0.318 –0.146 –0.045 –0.344 1.245 0.812 0.478 0.508 
Lc271 0.435 –0.027 0.101 0.458 –0.965 0.018 1.482 –0.959 0.267 
Lcr691 –0.083 –0.828 0.152 –0.042 –0.255 –1.624 –2.083 –0.461 –0.442 
Le225 –1.149 –0.895 –1.619 –0.767 –0.561 –0.341 –1.068 –0.788 –0.721 
Leg185 0.051 0.803 0.142 1.037 –0.753 –0.026 –0.625 –0.552 –0.438 
Lfc365 0.054 –0.736 –1.041 0.004 –1.884 0.054 –0.496 –0.730 –0.527 
Lfri646 –1.074 –3.785 –1.872 –1.025 –1.120 –1.057 0.407 –1.356 –3.110 
Lgb522 –0.474 0.507 –0.505 –0.266 –0.810 –0.198 –0.715 –0.594 –0.437 
Libi195 0.081 –0.035 0.264 0.062 –0.274 0.060 –0.487 –0.361 –0.348 
Lkoo322 0.846 2.293 –2.387 0.740 0.179 –0.059 0.260 –0.080 –0.069 
Lpco100 2.145 0.126 0.055 –1.004 5.717 –0.348 –1.027 –0.918 0.192 
Lrav954 –2.245 –0.395 –1.094 –1.834 –0.355 0.059 –0.487 –0.355 –0.349 
Lsn168 0.061 –0.174 –0.005 0.047 –0.865 0.060 –0.494 –0.404 –0.382 
Lwk233 0.081 –0.034 0.286 0.054 –0.253 0.008 –0.532 –0.368 –0.384 
Lws548 0.073 –0.100 0.265 0.056 –0.278 –0.625 –1.101 –0.614 –0.514 
Mafo7 0.039 –0.037 0.247 0.016 –0.253 0.059 –0.487 –0.355 –0.347 
Mag705 7.592 5.182 25.786 9.223 16.744 –3.095 0.926 10.517 8.659 
Mal948 3.003 –0.084 0.176 0.025 –0.472 0.059 –0.487 –0.364 –0.349 
Mew527 0.082 –0.026 0.289 0.065 –0.252 0.060 –0.487 –0.355 –0.347 
Mis564 –1.369 –2.411 –3.348 –1.569 –3.573 –2.151 –3.125 –0.580 –1.076 
Mlw133 0.680 –1.208 5.369 –1.254 18.110 –0.263 –0.985 –1.062 0.079 
Mmc270 –0.699 –1.253 0.572 –0.297 –0.252 –0.333 –0.004 –0.422 –0.449 
Mo250 0.077 –0.035 0.275 0.062 –0.272 0.059 –0.488 –0.360 –0.351 
Mp296 –0.202 –1.247 –0.240 –0.175 –0.257 –0.240 0.780 –0.517 0.550 
Mpl415 –1.746 –0.539 16.745 3.480 0.804 0.184 6.040 –0.122 3.026 
Msp159 0.047 –0.214 0.165 –0.010 –0.597 0.044 –0.836 –0.600 –0.496 
Mud217 –0.228 –0.448 –0.190 –0.355 –0.844 0.030 –0.549 –0.420 –0.395 
Mws544 –0.234 1.077 9.202 –0.084 0.680 –0.973 0.320 13.034 9.205 
Nfri645 –0.430 –2.718 –5.565 –0.356 –4.425 –0.038 –0.805 0.027 –1.574 
Nk240 10.578 6.589 4.537 8.727 26.810 6.366 6.796 5.390 3.619 
Nmi634 2.434 –2.643 10.982 –0.570 –11.208 –0.070 –0.676 0.822 –0.111 
Nnh192 –0.195 –0.929 –0.445 –0.179 –0.987 –0.682 –2.676 –1.469 –1.481 
Obo671 –0.108 0.145 –1.538 0.005 –1.950 0.002 –0.610 –0.946 –0.654 
Och450 –0.017 –0.639 0.100 0.021 –0.252 1.514 4.390 –0.365 –0.353 
Op142 0.082 –0.027 0.289 0.065 –0.252 0.053 –0.493 –0.358 –0.350 
Pahe598 –0.292 –0.278 –0.083 –0.094 –0.338 –0.014 –0.707 3.460 –0.499 
Pbb700 –2.626 –2.572 –1.166 –2.008 –3.191 –5.565 –9.424 3.575 –3.566 
Pbd208 –1.607 –2.126 0.269 –1.083 –4.817 –0.710 –0.001 –2.567 0.987 
Pbq14 –0.020 –0.124 –0.046 0.017 –0.396 0.060 –0.491 –0.370 –0.372 
Pck337 –3.073 –1.235 –2.629 –0.180 3.073 –0.858 –0.864 –0.898 –0.691 
Pco99 –0.404 0.433 –0.227 –0.290 –1.044 –0.362 –0.984 –0.631 1.422 
Pcw694 0.411 –0.651 –1.280 –0.329 –1.851 0.022 –0.533 –1.129 –0.749 
Pdo30 –1.224 –0.971 –0.026 –1.549 –1.554 0.790 –5.279 –3.532 –2.660 
Ped213 –0.560 0.059 0.166 –0.804 –0.670 0.943 –0.574 –0.891 2.248 
Pel106 –0.708 0.842 0.064 –0.362 –0.471 1.804 3.195 –0.865 2.345 
Pf237 0.693 –0.335 –0.415 –0.306 –0.657 –0.090 –0.619 –0.461 –0.409 
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Table F.1. (Continued) 
Code Riv01 NSW Riv04 Riv05 Armid Quil03 Quil04 Tam03 Tam05 
Pghe620 0.080 –0.027 0.288 0.064 –0.252 0.060 –0.487 –0.355 –0.347 
Phf661 0.082 –0.321 0.277 0.065 –0.817 –0.358 –0.594 0.291 –0.762 
Pihe602 0.049 –0.113 0.236 0.055 –0.252 –0.130 –0.777 0.638 –0.354 
Pip647 2.980 2.387 2.247 2.306 21.929 20.486 9.847 6.903 6.012 
Pns170 0.071 –0.037 0.266 0.054 –0.272 0.058 –0.491 –0.370 –0.348 
Psh58 –0.423 –0.542 0.454 –0.461 –1.468 0.024 –0.547 –0.589 –0.445 
Pwand20 –1.013 –0.314 0.283 –0.858 –0.253 0.055 –0.490 –0.357 –0.347 
Pwd205 0.046 –0.302 0.140 0.054 –0.707 –0.488 0.722 –1.511 –0.973 
Rbf662 0.007 –0.338 –0.412 0.002 –2.422 0.059 –0.488 –0.478 –0.420 
Rbkf325 –0.087 1.020 –0.099 0.035 –0.262 –1.010 –2.346 –1.349 –0.790 
Rbpa570 0.081 –0.114 0.289 0.065 –0.252 –0.760 –1.831 –0.443 –0.448 
Rcbq19 0.073 –0.100 0.225 0.035 –0.342 –0.024 –0.649 –0.507 0.488 
Rcp143 0.021 –0.259 0.021 –0.060 –0.437 –0.033 –0.565 –0.507 –0.411 
Rcro381 –1.521 –0.245 –1.955 –1.720 –0.311 –1.028 –1.498 –0.430 –0.497 
Rehe603 0.078 –0.158 0.095 0.065 –0.447 0.060 –0.487 –0.355 –0.348 
Rep278 0.074 –0.026 0.289 0.065 –0.252 0.060 –0.487 –0.355 –0.347 
Rfc369 –1.326 –0.611 –2.549 –2.028 –0.896 –1.798 –2.547 –1.473 –1.508 
Rfw502 0.081 –0.049 0.288 0.057 –0.252 0.033 –0.513 –0.355 –0.348 
Rinn294 –0.852 1.249 3.785 0.057 –0.356 –3.087 –5.695 2.467 –0.551 
Rlw402 0.081 –0.027 0.286 0.065 –0.252 0.060 –0.487 –0.355 –0.347 
Rna148 –0.097 –0.350 –0.029 –0.113 –0.366 –0.200 –0.623 –0.547 –0.392 
Rnd132 1.687 –0.537 –0.284 –0.317 –0.445 –0.164 –0.903 –0.655 0.434 
Rns162 0.062 –0.079 0.220 0.013 –0.467 0.051 –0.504 –0.379 –0.367 
Rrp295 2.442 1.034 0.740 2.444 –0.457 –0.014 –0.656 –0.741 –0.711 
Rsb181 –0.311 0.149 0.443 1.585 –1.601 –1.007 –0.695 –0.932 0.223 
Rsl509 –1.726 –1.467 –6.809 –0.167 –0.197 –1.170 –2.073 –1.183 –1.034 
Rtbc264 0.061 –0.110 0.250 0.023 –0.376 –0.241 4.199 –0.866 –0.795 
Rth497 0.082 –0.063 0.289 0.065 –0.252 0.055 –0.488 –0.355 –0.347 
Rwa638 –0.584 –0.510 –2.978 –0.377 –2.424 0.056 –0.490 –0.370 –0.370 
Rwh401 –2.294 –4.011 –9.888 –4.003 –6.167 –3.643 –1.062 –0.870 –2.203 
Rwp280 0.069 1.024 0.161 0.061 –1.160 –3.006 –4.967 0.629 –3.613 
Sbb680 0.023 –1.081 0.087 0.056 –0.534 –3.996 –6.157 –4.193 –2.327 
Sbck344 –0.039 –0.222 –0.275 0.057 –0.771 0.059 –0.493 –0.405 –0.377 
Scc269 –3.079 1.766 –7.659 –2.448 –1.964 –0.071 –0.897 –3.110 –1.589 
Sche640 –0.803 –2.987 –0.923 –1.082 –0.746 –2.980 –4.685 –0.855 –2.364 
Scp303 0.082 –0.027 0.288 0.065 –0.252 0.060 –0.487 –0.355 –0.347 
Sfb507 0.082 –0.026 0.289 0.065 –0.252 0.032 –0.500 –0.355 –0.347 
Sg125 –0.084 –0.178 –0.040 –0.079 –0.839 0.022 –0.515 –0.392 –0.366 
Sgw513 0.082 –0.043 0.289 0.065 –0.252 0.044 –0.488 –0.355 –0.347 
She207 –1.411 –0.285 –1.041 –1.170 –0.259 0.046 –0.487 –0.355 –0.350 
Sho212 –0.638 –0.682 –0.808 –0.655 –1.456 –0.180 –0.667 –0.567 –0.462 
Shw499 0.028 –0.044 1.145 0.041 –0.255 0.060 –0.487 –0.355 –0.347 
Sibl648 –0.823 0.213 –0.371 0.585 –0.899 15.304 4.099 16.876 9.804 
Sihe608 –0.150 2.127 0.299 –0.474 –0.468 –3.944 –3.502 –0.911 –1.263 
Sile574 –0.573 –0.621 –1.011 –0.729 –3.947 0.030 –0.542 –0.534 –0.466 
Skf326 –1.071 –2.682 –7.064 –0.939 –3.714 –0.383 –0.646 –2.579 0.249 
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Table F.1. (Continued) 
Code Riv01 NSW Riv04 Riv05 Armid Quil03 Quil04 Tam03 Tam05 
Sl993 0.015 1.955 0.827 0.038 –0.252 0.060 –0.487 –0.355 –0.347 
Slcr51 0.058 –0.056 0.250 0.023 –0.296 0.040 –0.507 –0.370 –0.351 
Snib180 –0.552 2.549 0.519 0.816 28.603 –0.917 7.037 –0.591 3.543 
Spfw532 –0.031 1.689 –0.232 –0.145 –0.252 –0.092 –0.542 –0.363 –0.357 
Sph218 0.764 –0.338 0.660 –0.151 –0.443 1.248 1.639 –0.522 –0.597 
Spi42 0.082 –0.027 0.289 0.065 –0.252 –0.359 –0.749 –0.356 –0.347 
Spnj331 0.020 –0.169 0.184 –0.038 –0.268 –0.243 0.015 –0.554 –0.476 
Sppa565 –0.420 –0.810 –2.595 –0.278 –2.594 0.028 –0.504 –0.455 –0.435 
Sqk230 0.062 –0.104 0.179 0.042 –0.387 –0.009 –0.581 –0.417 –0.420 
Src49 –0.184 –0.192 0.124 –0.151 –0.330 0.040 –0.550 –0.392 –0.368 
Sro380 –0.022 –0.050 0.142 –0.022 –0.291 0.059 –0.487 –0.356 –0.347 
Ssr441 0.059 –0.067 0.285 0.064 –0.252 0.056 –0.494 –0.361 –0.347 
Sta999 2.352 0.966 5.816 –1.500 –1.832 0.046 –0.509 –0.462 –0.427 
Sthe585 –0.539 –1.359 –1.977 0.621 –3.295 –1.136 –2.076 –0.953 –1.533 
Stpa976 –4.629 –6.303 –13.366 –5.647 –4.868 –1.691 –2.634 –3.215 –2.196 
Stsp163 –0.017 –0.154 0.157 –0.036 –0.552 0.045 –0.636 –0.430 –0.407 
Stuq9 –0.422 –0.564 –1.215 –0.568 –1.462 –0.318 –0.811 1.557 –0.464 
Sufw529 –1.670 0.797 –8.564 –1.025 1.092 0.059 –0.488 0.632 1.585 
Sup277 –1.663 –0.702 –13.896 0.298 –0.252 0.060 –0.487 –0.355 –0.347 
Swf466 –0.830 2.731 –2.116 –0.443 –0.347 –0.421 –1.044 –0.436 –0.422 
Swh219 –0.481 –0.399 –0.395 –0.280 –0.619 –0.053 –0.665 –0.416 0.563 
Swr504 –0.235 –0.745 0.871 –0.072 –1.257 0.060 –0.487 –0.357 –0.353 
Tbgw512 0.082 –0.027 0.289 0.063 –0.252 0.058 –0.487 –0.355 –0.347 
Tcr692 0.082 –0.293 0.289 0.065 –2.238 –0.020 –0.618 –1.596 –1.191 
Tfm313 –0.303 –0.825 0.138 0.746 –1.799 –0.079 –0.770 –1.020 –0.833 
Tma359 –1.430 –0.415 –2.286 –1.273 –1.296 –1.011 –1.353 3.972 –0.748 
Tup302 –0.020 –0.177 –0.536 0.027 –1.520 0.060 –0.487 –0.355 –0.347 
Vfw536 –0.834 1.932 0.138 –0.520 –3.070 –1.746 1.243 0.721 0.085 
Vsit549 –0.245 –0.507 –1.138 –0.154 –1.053 –0.092 –0.687 –0.643 –0.551 
Wbba445 –0.816 –0.935 –1.728 –0.777 –0.387 0.016 –0.806 –0.462 –0.449 
Wbcs425 –0.098 –0.285 –0.320 –0.103 –0.405 –0.367 –0.773 –0.735 –0.683 
Wbews543 –0.550 2.655 –1.426 –0.659 –0.668 0.751 6.090 8.178 –0.247 
Wbows545 –0.982 –1.183 12.193 –0.960 8.708 –1.006 –2.229 7.369 9.397 
Wbsw358 –0.020 –0.545 –0.053 –0.073 –0.282 –0.864 –1.516 –0.495 –0.453 
Wbtc561 0.073 0.870 0.282 0.060 –0.252 –0.068 –0.620 –0.356 –0.351 
Wee465 –3.253 –5.075 –6.692 –4.025 –3.081 –1.975 –4.311 –4.268 –3.694 
Wehe617 –0.297 –0.656 –1.293 –0.425 –1.416 0.015 –0.515 –0.471 –0.499 
Wfch448 –1.073 0.700 –0.337 –1.038 –0.373 0.059 –0.487 –0.356 –0.349 
Wfh188 0.603 1.053 –2.810 1.198 9.474 1.201 –0.803 –1.482 –0.346 
Wfhe594 –0.015 0.852 7.147 0.914 –0.252 –0.189 –0.618 –0.355 1.652 
Wgg463 –1.997 –1.589 –4.405 0.087 –0.383 –0.034 –0.610 –1.241 –0.868 
Whk228 1.110 0.546 –1.180 3.046 –0.860 –2.500 6.078 0.240 0.489 
Wi179 1.249 –0.198 –0.429 0.835 –1.288 –0.224 –0.168 –1.341 –0.179 
Wnh189 4.085 –0.390 –0.032 2.158 11.201 –0.589 7.880 –1.203 3.584 
Wphe625 –7.911 –1.487 –13.395 –6.888 –2.303 6.268 0.315 –5.372 –3.839 
Wsp154 0.081 –0.057 0.260 0.053 –0.292 0.059 –0.509 –0.383 –0.362 
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Table F.1. (Continued) 
Code Riv01 NSW Riv04 Riv05 Armid Quil03 Quil04 Tam03 Tam05 
Wsw357 1.395 0.295 –4.583 –2.584 –1.578 –0.549 –1.028 –0.923 –0.635 
Wt110 –0.204 –0.482 –0.157 –0.008 –0.387 –0.147 –0.830 –0.558 –0.456 
Wte224 2.328 2.881 –1.181 3.057 5.688 2.270 6.061 –0.110 0.990 
Wtgg453 –0.002 –1.595 –2.569 0.023 –5.699 0.025 –0.537 –0.684 –0.865 
Wtnt334 0.082 –0.142 0.207 –0.053 –0.693 0.058 1.500 –0.407 –0.380 
Wttc558 –0.268 –1.405 –3.176 –0.284 –3.255 0.048 –0.512 –0.968 –0.766 
Ww364 –0.856 2.787 2.304 –2.034 1.407 2.968 3.231 3.881 0.884 
Wwbt109 0.080 –0.034 0.257 0.064 –0.270 0.060 –0.488 –0.363 –0.349 
Wwc693 –1.495 5.621 20.605 0.400 2.305 –0.041 –0.701 –0.678 2.259 
Wwfw535 –0.218 –0.893 –0.429 0.711 –0.392 7.104 –3.065 –0.002 –0.812 
Wwt430 –1.217 –0.581 –2.516 –0.084 0.144 –0.533 5.724 5.094 2.955 
Ybsb182 0.357 –0.757 –1.490 –2.036 –0.068 –2.332 –2.838 –1.098 –0.119 
Ych451 0.082 –0.037 0.288 0.055 –0.252 0.044 –0.497 –0.362 –0.360 
Yphe622 –0.212 –0.128 –0.211 –0.402 –0.252 0.060 –0.487 –0.355 –0.347 
Yrtb486 –2.556 0.108 –6.722 –2.503 8.210 –0.371 –1.234 2.830 0.055 
Ytb471 –1.853 –0.863 –1.661 –0.289 –4.081 –0.164 –0.605 0.547 0.523 
Ytmi635 –1.104 3.374 –0.698 1.234 –0.706 –8.465 –8.181 2.478 –1.748 
Zf653 1.616 –2.236 0.355 2.034 –0.828 17.613 7.622 6.250 –1.118 
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