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APPENDIX I 

THE BIOLOGY OF COSTELYTRA ZEALANDICA 

The grass grub, Costelytra zealandica; a native insect, 
is universally regarded as this country's most important grass
land insect pest. The larvae feed on the roots of pasture 
plants, causing severe damage to the pasture. Other species 
of scarabaeids or white grubs cause damage to grasslands and 
crops in many parts of the world (Ritcher, 1958). In pre
European times, the grass grub inhabited New Zealand's native 
grassland, which was dominated by tussock grasses (Poa spp. 
and Danthonia spp.), and'here populations of the grass grub 
may have been held in check by its natural enemies (Given, 
1967). Over the last 100-120 years most of this country's 
lowland tussock areas and much of its native forests have been 
replaced by improved pastures based on ryegrass (Lolium spp.) 
- white clover (Trifolium repens) associations. This has been 
accompanied by a build up in so'il fertility, herbage production 
and animal production through the use of the nitrogen-fixing 
clover, topd~essing with mineral fertilizers, in situ grazing 
and the return of nutrients to the soil in animal dung and 
urine. The soil-plant-animal-soil cycling of nutrients re
sults in increased herbage production and stocking rates which 
lead to increased soil fertility and hence further increases 
in pasture and animal production, until stocking rates level 
off at high soil fertility (Sears, 1953; Levy, 1970),. These 
high-producing improved pastures based on introduced grasses 
and legumes have provided the basis of New Zealand's pastoral 
prosperity, but have also provided a highly suitable environ
ment for the grass grub, which occurs throughout New Zealand 
and has become a major pest, particu~lyon lighter soils. The 
evidence of Bathgate (1871) and Travers (1872) shows that the 
grass grub has been an important pest for,at least 100 years. 
In this appendix current knowledge of the grass grub's life 
cycle, behaviour, economic status, natural mortalities and 
population dynamics are reviewed, along wit~ control measures. 

TAXONOMIC POSITION 
Given (1952, 1960, 1966) has placed the grass grub in the 

following systematic position: 
Order Coleoptera 
Family Scarabaeidae 
Subfamily Melolonthinae 
Tribe Colpochilini 

Costelytra zealandica (White, 1846). The species was 
placed in the genus Odontria until Given (1952) erected the 
genus Costelytra. 
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LIFE CYCLE 
The life cycle and biology of C. zealandica have been 

reviewed by Dumbleton (1942), Miller (1945), Kelsey (1951) 
and Pottinger (1968). Where not otherwise indicated, the 
information in this chapter has been obtained from these 
reviews. The species is univoltine with three larval instars, 
and all stages except the adult are entirely subterranean. 
The external morphology of the third-ins tar larva was des
cribed in detail by Hoy and Given (1952) and that of the 
adult by Given (1952). 

The stages of the life cycle are illustrated in plate 
2-1. The eggs are laid in clusters of 3-40 at depths of 
3-7in. in pasture soils in late spring (November-December), 
and most have hatched by the end of December •. In Canterbury, 
first-instar larvae comprise most of the population in January, 
with second-instar larvae predominant in February. By mid
autumn (April) most of the population have entered the third
instar, which is the overwintering stage. From late June on
wards, individual larvae complete their feeding and void their 
gut contents, their bodies being filled with yellowish fat at 
this stage. During August and September they construct their 
pupal cells at depths of 4-10in. below the surface, where they 
~ass the spring as prepupae (September-October) and pupae 
(October-November). Adults first appear in the soil in insig
nificant numbers in mid-late October, and they remain in the 
soil for 6-10 days or more as teneral adults before emerging 
from the soil to fly and mate on the pasture surface on spring 
evenings. Helson (1967) found from light trap catches at 
four North Island and two South Island sites that peak flights 
of grass grub beetles occur during November and December (late 
October in northern areas), with the first flights in October 
and the last in February. 

The three larval instars can be separated at a glance ' 
(plate 2-1). Kelsey (1970) found that there was no overlap 
petween head widths of the three instars, the ranges being 
1.07-1.38mm. for first-ins tar larvae,1.69-2.09mm. for second
instar larvae, and 2.80-3.32mm. for third-ins tar larvae. 

Behaviour of Larvae 
Galbreath (1970) studied the burrowing method of grass 

grubs by observing larvae in a thin layer of soil between 
two glass sheets. He found that the larva normally lies 
curled in a C shape within a cell in the soil and progresses 
by excavating with its mandibles, pushing the dorsal surface 
of the abdomen, which is covered with short, strong hairs, 
against the soil behind to allow leverage to be exerted with 
the mandibles. Fragments of soil detached from the wall of 
the cell with the mandibles are &hifted with the mouthparts 
and legs to the space beneath the abdomen, until this space 
is filled. The larva then tucks its head under and turns 
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through approximately 90 degrees, packing the loose soil 
against the back of the cell with its head, mandibles and 
legs, before turning over again to resume digging at the 
front of the cell. The grass grub larva is thus a mining 
excavator (Kevan, 1962) which moves within a closed cell 
just large enough for it to turn over in. Galbreath (1970) 
also demonstrated that the larva is negatively phototactic 
and that poor light penetration into the soil makes it 
highly unlikely that the larva is influenced by light until 
it is within a few millimetres of the surface. He observed 
that larvae burrowed more rapidly in drier soil and that 
all three larval instars possess antennal sense organs sensi
tive to small changes in soil moisture. 

Grass grub larvae are polyphagous and do not exhibit 
marked preferences for particular varieties or species of 
pasture plants (Sutherland, 1971). They are probably not 
even obligate root feeders but can survive by ingesting 
organic matter present in the soil. Miller (pers.comm. to 
Sutherland, 1971) reared two generations of C. zealandica 
in humus devoid of living plant material. Sutherland found 
that larvae do not ingest~oil matter indiscriminately, their 
gut contents comprising mainly pieces of roots, other organic 
matter and very few soil particles. They respond to olfactory 
stimuli and will move several centimetres to plant roots 
(Galbreath, 1970; Sutherland, 1971). The latter author demon
strated that a wide variety of carbohydrates stimulate feed
ing activity in larvae, with sucrose the strongest phago
stimulant, and he showed that sucrose is present in sufficient 
concentrations in ryegrass roots to stimulate larval feeding. 

Behaviour of Prepupae and Pupae. 
When it has completed its feeding, the third~instar lar

va moves down out of the top 3in. of soil and constructs its 
pupal cell. The pupal cell is formed by modification of the 
cell made by the normal burrowing movement of the larva, which 
packs soil against the walls of the cell until they are com
pacted and smooth, and it is not lined with any secretion 
(Galbreath, 1970). The larva then enters the prepupal stage 
within its cell.. The legs of the prepupa are partly folded 
up and the power of locomotion is lost. The only movement 
which the prepupa and pupa are capable of is flexing the 
abdomen. During pupation the larval skin is pushed to the 
rear of the abdomen, as is usual in Scarabaeidae (Ritcher, 
1958). . 

Behaviour of Adults. 
The adult beetle remains in the pupal cell until its 

integument has hardened and then,begins to burrow up to the 
surface of the soil (Miller, 1921). The adult is a fossor 
(Kevan, 1962), digging with its legs, the fore tibiae being 
armed with three strong spines for this purpose. Adulis pro
bably do not live for more than 2-3 weeks. in the field 
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(Fenemore, 1966). They emerge from the soil between sunset 
and darkness on spring evenings, and flight occurs immedi
ately if the temperature on the pasture surface is above 
490 F (Kelsey, 1968b), wind speeds are below 6 mph (Kelsey, 
1968b) or 12 mph (Kain, pers. comm.) and there is either no 
rain, or very light rain. Kelsey (1968b) found that flight 
lasts for 7-48minutes, with an average of 28.5minutes. 
During this period there is a dense swarm of beetles flying· 
in a random pattern over the pasture at heights of up to 
10ft., with the great majority below 5ft. Copulation takes 
place on the pasture surface. . 

Kelsey (1951, 1968b) observed that male beetles emerge 
earlier in the year and earlier in the night than females 

. and that males normally comprise over 95% of the aerial swarm. 
He found that !while mated females seldom flew, if females had 
not mated~ by the time they crawled to the top of the pasture 
they invariably took wing. The dense swarm of males searching 
for females resulted in the great majority of females being 
mated shortly after they emerged from the soil, with the re
sult that 95% of the females did not fly from their emergence 
si tes providing the pasture was not bare in these areas .• 
This behaviour would result in most of the eggs being laid 
within the area occupied by the previous generation, explain
ing the tendency for grass grubs to occupy the same localised 
areas within a paddock from one year to the next. Fenemore 
and Perrott (1970) also observed that females normally mate 
without flying and then burrow down close to the point where 
they emerged. Males are attracted to females by a chemical 
sex attractant (Kelsey, 1966a; Henzell et al., 1969), which 
is produced by symbiotic bacteria in the colleterial glands 
of the female (Hoyt, Osborne and Mulcock, 1971). . 

The flight behaviour of adult females in relation to 
their reproductive condition has been clarified by the recent 
work of W.M. Kain (pers. corom.) in the North Island, some 
of which was described by Pottinger (1968). Kain found that 
females are capable of laying four egg clusters, with the 
first cluster comprising over 80% of the total number of 
eggs laid. He found that most females did not feed prior to 
laying the first cluster but feeding was an essential pre
requisite to subsequent ovipositions. His field observations 
confirmed that most females are mated close to the point 
of emergence and do not fly before the first egg cluster is 
laid. A single mating was found to be sufficient to ferti
lize all eggs, the female having the ability to store sperm 
from a single mating within the spermatheca for the rest of 
its short life. Kain observed that in the Waikato many fe
males flew after they had laid t~e first egg cluster, with 
the sex ratio of flying beetles changing from predominantly 
males at the beginning of the flight season to predominantly 
females at the end. Females tended to fly at greater heights, 
in a more directional manner and later in the evening than 
males. Flight direction was into the wind or towards the 
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setting sun on calm evenings. Grass grub adults fly to 
silhouettes, like many other melolonthines (~., Schneider, 
1962; Tashiro et al., 1969), and often congregate on favoured 
food trees, although few of these are present in open pasto
ral areas such as the Canterbury Plains. Kain determined 
that beetles moved up to 300 yards from pasture to food 
trees and back. The behaviour of C. zealandica differs 
between localities, as Kain found that very few females 
flew at any stage of the flight season in Hawkes Bay. This 
occurred each year and was apparently unrelated to weather. 

The behaviour of adult females thus results in most of 
the eggs being laid at the site where the adults spent their 
larval lives, with new infestations arising from the eggs in 
second or later clusters laid by fem~es which have flown,and 
the eggs laid by the few females which fly before laying the first 
cluster. Milne (1960) described a similar behaviour pattern 
in the melolonthine Phyllopertha horticola L., which is a 
diurnal flier. The males swarm over the pasture surface as 
in Q. zealandica, and females are usually mated soon after 
emergence from the soil and then burrow down again in the 
same spot, where 70-100% of the eggs are laid. If the 
weather is suitable for flight, females fly if they are not 
located by a male within about four minutes of emergence. 
Females which have laid most or all of their eggs fly to 
feeding sites regardless of whether they are mated on re
emergence. Those females which retain some of their eggs 
disperse from food trees with a high, rapid flight to lay the 
rest of their eggs beneath pasture. These females, termed 
~Ibeeliners" by Milne, are thus responsible for initiating 
new larval infestations. Maelzer (1961a) found that adult 
females of the scarabaeid Aphodius tasmaniaeHope lay two 
egg clusters, feeding before the second but not before the 
first, as in Q. zealandica. He observed that !. tasmaniae 
females usually flew before laying the first cluster if the 
weather was favourable for flight within 2-3 days of their 
first emergence and mating, but otherwise laid the first 
cluster before flying. 

Like the larvae, grass grub adults are polyphagous 
feeders and consume a wide variety of plant material, in
cluding leaves ~f deciduous shrubs, trees, crucifers and many 
pasture species (Kelsey, 1951). They readily consume pas
ture species even when deciduous shrubs and trees are close 
by (Kain, pers. comm.). Osborne and HQ~t (1968) showed that 
the flowers of elder (Sambucus nigra L.) contain a chemical 
attractant for adult females. Pasture species, length and 
density appear to have little or no effect on the selection 
of oviposition sites (Kelsey, 1957 , 1968a; Radcliffe and . 
Payne, 1969), but Kelsey found t~at a pasture cover was pre
ferred to bare soil. 

SPATIAL DISTRIBUTION 
Infestations of larval scarabaeids characteristically 

have a patchy or contagious distribution within an infested 
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paddock (Carne, 1956; Carne and Chinnick, 1957; Maelzer, 
1961a; Milne, 1963; Tashiro eta al., 1969; Chadwick, 1970), 
and the same is true of Costelytra zealandica (Miller, 1945; 
Kelsey and Hoy, 1950). Burrage and Gyrisco (1954a) and 
Guppy and Harcourt (1970) observed that the dispersion of 
scarabaeid populations in pastures was most clumped for the 
egg stage with a gradual decline in aggregation throughout 
the life cycle, owing to dispersal of larvae. Fenemore and 
Fleming (1964) were unable to show a similar relationship 
for Q. zealandica, but this is not surprising when it is 
considered that they did not take more than one sample from 
an individual locality and thus failed to follow-the changes 
in dispersion of a single population, while their sampling 
was restricted to second and third-ins tar larvae. 

The highly aggregated distribution of grass grubs results 
in infested areas being clearly delineated by pasture damage, 
which is apparent in the autumn, with over 90% of the larvae 
occurring inside or within 2ft. of patches of damaged pasture 
(Kain and Atkinson, 1970). In a developing infestation the 
population increase from year to year is typically accompanied 
by enlargement of the damaged patches, which are initially 
only a few feet across but gradually expand and merge with 
adjacent patches until a large part of the paddock is infested. 
Kain (1970) presented photographs of this typical increase 
in pasture damage in the absence of control measures. Very 
few areas of pasture damage arise which can not be attributed 
to the peripheral spread of infested patches which were evi
dent in the pr~vious year. The rate of spread of these grass 
grub patches is no more than a few feet per year (Fenemore, 
1965,"1970), as a result of the females laying most of their 
eggs close to the point where they first emerged from the soil. 
Larval dispersal must also be slight. Although scarabaeid 
larvae are quit~ powerful burrowers and are cap~ble of moving 
at least one foot per day through pasture soil (Tashiro et ~., 
1969), grass grubs apparently only move horizontally as far 
as is necessary to obtain food. Milne (1963) reported that 
the average lateral dispersal of Phyllopertha horticola larvae 
was less than 12in. from the point where they hatched. 

VERTICAL DISTRIBUTION 
The vertical distribution of grass grubs has a major 

influence on their availability to birds such as starlings 
which probe into the upper layers of the soil to obtain sub
terranean prey. According to Kelsey (1950) the eggs are laid 
at depths of 3-7in. in the soil, first-instar larvae are 
generally found at depths greater than 2in., second-instar 
larvae are found in the top 2in., retreating to a depth of 
3in. to moult, and third-instar ~arvae occur mainly in the 
top 1in. At the completion of their feeding in mid-late 
winter, the larvae move down to depths of 4-10in. where pre
pupae and pupae are found. Grass grub larvae would therefore 
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be available to birds such as the starling, which has a bill 
approximately 1in. long, during autumn and winter, when 
second and third-instar larvae occur in the top 1in. 
Fenemore (1969) found that the proportion of a grass grub 
population in pasture at Nelson in the top in. declined 
from about 50% in March and April to 24% in June. Miller 
(1921,1945) stated that third-ins tar larvae cease feeding 
during severe winter weather and migrate to depths of 12in. 
or more where they hibernate, ascending during the warmer 
weather of late winter to recommence feeding and growth, 
but such behaviour does not occur in lowland Canterbury 
(Kelsey, 1950). The adults fly at dusk and are active on the 
pasture surface throughout the night. During the day they 
shelter beneath dense vegetation in pastures or burrow back 
into the soil (Kelsey, 1950). Some adults are thus exposed 
to predation by surface-feeding birds as well as birds which 
probe. 

Soil moisture can have a marked influence on the vertic,al 
distribution of scarabaeid larvae. Granovsky (1958) re-
ported that larvae of Phyllophaga spp. were highly sensitive 
to changes in soil moisture and moved up or down in the soil 
to reach preferred moisture conditions after each rainfall, 
but other workers have reported that the vertical distribution 
of scarabaeid larvae is only influenced by extremes of soil 
moisture (Milne, 1956; Shorey and Gyrisco, 1960). Drought 
conditions force scarabaeid larvae down to depths of 4-6in. 
or greater, where they remain until the drought is broken, ' 
when they may return to the upper 2in. within 24hours (Gambrell, 
1.946; Gyrisco et al., 1954; Milne, 1956; Shorey and Gyrisco, 
1960; Maelzer, 1961b). Similar behaviour was observed'in C. 
zealandica by Kelsey (1970), 'who found that second and third
ins tar grass grubs moved down to depths of 6-7in. when soil 
moisture in the field fell to 10% of dry weight. He,also 
watered soil during an autumn drought with the equivalent 
of 0.10in. of rain, which had the effect of bringing the grass 
grubs up from depths of 6-7in. to the top 1in. within 18 hours. 
Soil temperatures may affect the vertical distribution of 
scarabaeid larvae to a lesser extent than soil moisture 
(Shorey and Gyrisco, 1960), but where the soil is continually 
frozen during winter the larvae retreat to depths well below 

,the frost line (Granovsky, 1958; Tashiro et al., 1969). 
The vertical distribution of £. zealandica larvae may be 

influenced more by the distribution of root material in the 
soil than by physical factors, except when the latter are 
extreme, as during drought. For example, Galbreath (1970) 
found in laboratory experiments that although all three larval 
instars possess sense organs on their antennae which can de
tect small changes in soil moist~re, enabling the larvae to 
move to avoid water stress, first and second-instar larvae 

, did not respond to soil moisture gradients when they had to 
move through them to find food. Kelsey (1970) found that the 
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vertical distribution of second and third-ins tar larvae in 
the field was independent of soil moisture when moisture 
content exceeded 16%, i.e., if soil conditions were not dry. 

ECONOMIC INJURY 
In severely infested areas the destruction of roots 

by grass grub larvae results in the death of the pasture 
plants. Pasture damage becomes apparent as patches of dead 
or dying pasture in the autumn (March-April), when second 
and third-ins tar larvae are present. Within patches of 
damaged pasture, the soil becomes very soft and spongy and 
the turf can be pulled up without resistance or rolled back 
like a carpet, as shown in photographs in Bates (1949) and 
Miller (1945). Photographs of similar damage caused by 
melolonthine larvae in other countries are given in Graber, 
Fluke and Dexter (1931), Saunders (1958), and Tashiro et ale 
(1969). Grass grub adults are minor pests, defoliating- -
fruit trees, ornamental shrubs and germinating cruciferous 
crops, but the damage caused to pastures by the larvae is res
ponsible for the major pest status of the species. The most 
severe infestations occur in areas of free-draining, light 
soil, such as the lighter soils of the Canterbury Plains, 
and in hill country in the Taupo-Rotorua and Taranaki areas 
of the North Island, where stock treading of severely damaged 
pasture creates serious erosion problems. 

The larvae attack a wide variety of pasture plants. 
General observations of earlier workers t which were reviewed 
by Dumbleton (1942) and Radcliffe (1970), suggest that peren
nial :ryegrass is highly susceptible to grass grub attack in 
mixed swards, with cocksfoot, Yorkshire fog and crested dogs-' 
tail among the less susceptible grasses. Browntop is also 
less likely to die from grass grub attack than ryegrass 
(Smallfield, 1970, p.67). Lucerne is well known to be less 
susceptible than grasses, but conflicting opinions have been 
expressed about the susceptibility of clovers. Radcliffe 
(1970, 1971) found in pot trials that white clover was more 
susceptible to grass grub attack than perennial ryegrass when 
the two species were grown in monocultures, and either equally 
or more susceptible in a mixture of the two species. Radcliffe 
(1971) also established that cocksfoot is less susceptible to· 
grass grub .attack than ryegrass, probably because cocksfoot 
produces more lateral roots and more roots per tiller than 
ryegrass. Death of sown species within patches of infested 
pasture allows weed invasion to occur, with mouse-ear chick-. 
weed a characteristic weed of damaged pasture (Fenemore, 1965). 

There is little published information on the relation
ship between larval density and pasture damage. At low densi
ties grass grubs have a beneficial effect by conserving soil 
moisture and promoting soil aeration through their burrowing 
and by promoting pasture growth through root pruning (Kelsey, 
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pers. comm.; Sears, 1953). Davidson (1969) found that in pot 
trials pasture plants could withstand a 50% depletion of their 
roots by scarabaeid larvae before there was any reduction in 
foliage production. The lowest larval density at which growth 
of pasture plants is suppressed by Q. zealandica under field 
conditions is not well documented. Fenemore (1966) calculated 
from a regression of larval numbers on visual assessments of 
pasture growth that a density of 6 grubs per square foot 
(64.5 per square metre) caused significant pasture damage at 
a Nelson site, but the different larval densities were produ
ced by different insecticide treatments. Fenemore's results 
may therefore have been affected by the presence of the de
caying bodies of large numbers of grass grubs and other soil 
organisms killed by insecticide, which would have a similar 
effect to an application of nitrogenous fertilizer. 

Kelsey (1962) stated that a density as low as one grass 
grub per square foot can significantly reduce pasture pro
duction and he claimed that densities of 1-9 per square foot 
(10-97 per square metre) can significantly reduce pasture 
growth without causing any visible patches of pasture damage. 
This insidious effect on pasture growth does not appear to 
be typical of grass grub attack, at least in drier areas with 
lighter soils, such as Canterbury, where grass grub is a 
serious pest. Here the aggregated distribution of the larvae 
results in patches of visible pasture damage where the larvae 
are concentrated, with intervening srass grub-free undamaged 
pasture, as described by Kain (1970) and Kain and Atkinso.n 
(1970) • Kain (pers. comm.) has found that in Hawkes Bay the 
proportion of a paddock damaged is linearly related to the 
average grass grub density for the paddock as a whole, with 
larval density within the damaged patches ranging from 11.5 
to 356 per square foot and averaging 90 per square foot 
(970 per square metre). By measuring pasture production in 
the damaged and undamaged areas within a series of infested 
paddocks, Kain was able to show that the loss in dry matter 
production from an infested paddock during autumn increased 
from 2.3% to 34.4% as the proportion of the paddock damaged 
increased from 2.75% to 40.5%. 
. Sears and Evans (1953) found that grass grub populations 

. of up to 1.3 million per acre (320 per square metre) had no 
appreciable effect on pasture production in grazing and mowing 
trials, which is at variance with Kelsey's suggestion that 
populations of well under 100 per square metre can signifi
cantly reduce pasture production. However, the amount of 
damage caused by a given density of grass grub is influenced 
by soil moisture. The work of Sears and EVans was carried 
out under conditions of high soi~ moisture, which probably 
enabled the pasture to withstand a greater amount of root 
pruning by grass grubs than if soil conditions had been dry. 
Several workers have reported that if soil moisture and nu
trients are kept at levels adequate to promote vigorous plant 
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growth the vegetation is able to withstand and recover from 
the effects of root-feeding scarabaeid larvae to a much 
greater extent than if plants are subjected to a moisture or 
nutrient stress (Graber et al., 1931; Carne and Chinnick, 
1957; Tashiro et al., 1969; Chadwick, 1970). A similar 
effect is well known with g. zealandica, pastures being more 
susceptible to damage and less able to recover from damage 
when conditions are dry (Connell, 1933; Dumbleton, 1942; 
Bates, 1949; Sears, 1953; Bell, 1963; Smallfield, 1970, p.67). 
As Dumbleton and Bates pointed out, in higher rainfall areas 
where grass grub is a pest, mainly in the North Island, the 
damaged pasture often recovers in the late winter and spring, 
when larval feeding has ceased, but this is less likely to 
occur in areas with lower rainfall and lower winter tempera
tures, such as Canterbury. Kelsey and Hoy (1950) and Kelsey 
(1951) stated that in Canterbury irrigated pasture often 
harbours higher grass grub populations than non-irrigated pas
ture, without showing the same extent of damage. 

Davidson (1969) and Davidson and Roberts (1969) argued 
that the effects of root pruning by scarabaeid larvae on 
herbage growth are more strongly influenced by the depth at 
which larvae feed than by soil fertility and moisture. They 
postulated that the vertical distribution of the larvae of 
several Australian scarabaeids is tightly regulated by res
ponse to soil moisture and temperature gradients, and con
trary to the general view they suggested that pasture damage 
may increase with increasing plant vigour and root growth, 
since larvae feeding at a certain depth will sever the roots 
at that depth and plants will suffer damage in proportion to 
their deep-rootedness. However, Davidson (1969) found in 
pot trials that the percentage reduction in foliage growth 
declined with increasing soil fertility and plant vigour, 
although he attempted, rather unconvincingly, to attribute 
this to the confounding effects of moisture gradients on the 
depth of feeding and soil density on the root intake of the 
larvae. In the case ofC. zealandica, vertical distribution 
is not markedly influencid by soil moisture, except during 
dry spells, as discussed on p.479, and it is well established 
that the effects of a given larval density on pasture pro-

. duction are less when soil moisture and plant nutrients are 
adequate for vigorous plant growth than when they are in short 
supply, both from general observations by the authors listed 
above and others and from pot trials (Radcliffe, 1971) •. 

There has never been a detailed quantitative survey of 
the loss in national production caused by grass grub damage 
to pastures, although such a survey is possible now that 
suitable techniques have been developed by Kain. By study
ing four farms in Canterbury, Flay and Garrett (1942) esti
mated that grass grub attack caused the country an annual 
loss in production of $24,000,000. Since that time several 
equally approximate estimates of the order of $20,000,000 to 
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$60,000,000 have been cited as the annual loss in production 
caused by grass grub (Cottier, 1963; Given, 1967; Harrison, 
1967; New Zealand Official Year Book, 1967, p. 407). As 
Harrison pointed out, these estimates are only intelligent 
guesses. Jensen (1967) investigated the economics of applying 
insecticides to control grass grub on an individual farm, 
and he came to the conclusion that a realistic analysis will 
not be possible until detailed information is available on 
such aspects as long-term changes in grass grub populations, 
factors affecting changes in grass grub numbers from one 
year to the next, the relationship between grass grub popu
lation density and pasture loss, and the relationship be
tween pasture loss and the loss in potential animal pro
duction. 

CONTROL OF GRASS GRUB 
Pottinger (1971) has pointed out that the control of 

grass grub and other New Zealand pasture pests can be divided 
into four main periods: pre-1950, 1950-1964, 1964-1970, and 
the present. In the pre-1950 era effective chemical controls 
were not available for pastureland and control measures cen
tred around farming practices such as cultivation and mob
stocking and the use of resistant plants such as lucerne 
(Connell, 1933; Dumbleton, 1942; Flay and Garrett, 1942). 
Green (1920) reported that when hay was fed out to dairy 
cattle on infested pasture during the winter, many grass 
grubs were crushed by stock treading and the damaged pasture 
recovered. Mob-stocking of infested pastures during feeding 
out of hay has since been widely recommended as a control 
measure against grass grub and has three effects (Kelsey, 
1951): destruction of grubs by crushing, consolidation of 
soil loosened by grub activity to allow rerooting of pasture 
when grub feeding ceases in late winter, and reseeding of 
damaged pasture from the hay. Attempts at biological control 
of grass grub by introducing hymenopterous parasites of other 
melolonthines from Australia, U.S.A., Canada, Japan and South 
America began in the ,1920's and continued until recently 
(Miller, 1936; McLauchlan, 1965; Given, 1967) without success. 
Even if an introduced parasite had been successfully estab
lished, it may not have given effective control of grass grub, 
since the parasites appear to have little effect on the popu
lations of their natural hosts, at leas~ in South America 
(Lloyd, 1951). 

The 1950-1964 era was marked by the introduction and use 
of DDT, which proved easy to apply and safe to handle and 
generally gave good control of grass grub (Kelsey and Hoy, 
1950; Kelsey, 1951, 1952, 1959). Because of its cheapness 
and persistence, DDT was widely nsed as a preventive measure 
against grass grub attack. Between 1964 and 1970 grass grub 
resistance to DDT became widespread and restrictions were 
placed on insecticide formulations and use ,to reduce the 
contamination of pastoral produce, with the problems of 
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residues in produce culminating in the banning of DDT. 
At the present time lindane is available on permit to 

farmers with a serious grass grub problem, but since it is 
an organochlorine this situation is unlikely to last. Grass 
grub control in the absence of organochlorines has been 
discussed by Kain (1970) and Kain and Atkinson (1970). 
While organophosphates are available which will give curative 
control of grass grub infestations, notably fensulfothion, 
their high cost means that increased emphasis has now to be 
placed on cultural controls. However, Kain and Atkinson 
showed that spot insecticide treatment of localised patches 
of damaged pasture in a developing infestation can give 
effective control, for a considerably cheaper price than 
a blanket application of insecticide. Cultural controls 
discussed by K;ain and Atkinson include cultivation, which 
destroys a high proportion of the population if timed to 
coincide with the 'delicate pupal stage, mob stocking and 
feeding out of hay in infested pastu:res, and growing of luc
erne, mature stands of which are resistant to grass grub at
tack (Pottinger and Macfarlane, 1967). Kain and Atkinson 
found that grass grub populations declined to very low levels 
in lucerne paddocks. Horber (1965) found that strains of 
lucerne resistant to attack by Melolontha vulgaris F. larvae 
had a higher saponin content than susceptible strains, and a 
similar mechanism may be involved in resistance of lucerne 
to grass grub. The recent discovery of a powerful sex attrac
tant for adult males in a component of a commercially avail
able, adhesive (Osborne and Hoyt, 1969, 1970) has opened up a 
new~venue in the search for control measures. 

NATURAL MORTALITY FACTORS 
Natural Enemies 
Parasites. The only insect parasite recorded from Costel

ytra zealandica is the tachinid Proscissio ~ Hutton, which 
has been recorded from grass grub larvae in a few South Island 
localities but is rare or absent in open pasture land (Thomas, 
1963; Brown, 1966). Proscissio ~ has also been recorded 
as a parasite of the native scarabaeids Chlorochiton sp. 
(Given; 1945) and two species of Odontria (Brown, 1966). 

Three species of nematodes have been reported in associ
ation with grass grub larvae. The me!mithid Mermis sp. 
occurs in localised areas in Canterbury (Kelsey, 1951; Hoy, 
1955). This nematode occurs in the body cavity of both larvae 
and adults and causes the death of its host when it emerges. 
Hoy (1952) reported infections of up to 12.5% in populations 
of grass grub larvae. A thelostomatid nematode is known to 
occur in the hind-gut of second ~nd third-instar larvae but 
appears to be benign (Hoy, 1955)~ Dale (1964, 1966) des
cribed this nematode as Cephalobellu~ costelytrae n.sp. and 
showed that it is spread in the faeces of starlings and mag
pies which prey upon grass grubs. Hoy (1955) also recorded 
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a saprophytic nematode Diplogaster sp. which is apparently 
capable of invading the body of an injured grub and causing 
death. Attemptsat biological control of grass grub have 
been made with the nematode Neoaplectana glaseri Steiner, 
a parasite of the larvae of the Japanese beetle< Popillia 
tapOnica Newm., but without success (Hoy, 1955). Allison 

1969) described three species of gregarines which occur 
commonly in the mid-gut of grass grub larvae but have no 
adverse effects on their hosts. 

Diseases. Bacteria, fungi and rickettsiae are known 
to cause the death of scarabaeid larvae in various parts 
of the world {Ritcher, 1958). Three pathogenic bacteria 
have been recorded fromC. zealandica larvae. A native 
bacillus (Bacillus sp.) causes mi~disease in grass grubs, 
the blood of' infected larvae taking on a characteristic 
milky appearance because of the presence of numerous spores 
of the bacillus (Dumbleton, 1945a). Dumbleton (1945a) and 
Hoy (1955):stated that the mortality caused by milky disease 
is severely. limited by soil temperature in Canterbury, where 
it seldom rises above 1.5%,but mortalities of over 50% can 
occur in Warmer parts of New Zealand. Grass grub larvae are 
also attacked by Bacillus popilliae (Dutky) which causes 
milky disease in Popillia japonica, but field liberations of 
this bacterium have failed to spread beyond the liberation 
site (Kelsey, 1966b). Helson (1965) recorded the bacterium 
Micrococcus sp. from C. zealandica~ 

Three genera of entomophagous fungi have been recorded 
at:t1acking grass grub larvae: Metarrhizium aniso liae (Metsch.) 
by Latch (1965), Beauveria bassiana (Balsamo Vuillemin by 
Helson (1965) and Cordy-ceps sp. by Brown (1966). Latch con
sidered that M. anisopliae is unlikely to be a usefulbiologi
cal control agent for grass grub because soil temperatures 
in New Zealand are seldom high enough for optimum growth of 
this fungus. 

Rickettsial diseases have also been recorded from New 
Zealand scarabaeid larvae, including Q. zealandica (Moore, 
pers. comm.).. . . 

Invertebrate Predators. Hoy (1963) stated that "a num
ber of predacious insects are known t.o attack Costely-tra 
zealandica; these insects have not been studied and no indi
cation can be given as to their effectiveness." Miller (1924) 
recorded the larvae of the native asilids Itam.us varius and 
Sarapogon antipodus as predators of grass grub larvae. Dumbleton 
(1942) stated that Miller also recorded an undetermined clerid 
larva as a predator of grass grubs. Kelsey (1951, 1970) 
stated that adult and; larval carabids are voracio'us predators 
of grass grub larvae and adults a,nd also mentioned asilid and 
therevid larvae as predators. Brown (1966) recorded the cara
bids Metaglymma .tibiale and Mecodema crennicolle as predators 
of grass grubs, with the former species occurring in large 
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numbers in an infested pasture in otago • 
. Vertebrate Predato~s. Since this thesis is primarily 

concerned with vertebrate predation of grass grubs, po
tential and known vertebrate predators will be reviewed in 
detail. Apart from the .adult oeetle, all stages of the grass 
grub's life cycle are normally completely subterranean, with 
second and third-instar larvae available to insectivorous 
birds such as the starling during autumn and winter, as des
cribed above. Allison (1969) and Radcliffe (1970) reported 
that grass grub larvae emerged from the soil at night to feed 
on pasture herbage, but this behaviour appears to be most 
unusual. Kelsey (1970) stated .that larvae rarely move on 
to the surface and only do so when injured, parasitized or 
affected by insecticides or during prolonged waterlogging 
of soil. Niklas (1965) found that larvae of Melolontha spp. 
infected with rickettsial disease appeared on the surface. 
Hence vertebrate predators of larvae must normally be capable 
of probing or digging into the soil to obtain subterranean 
prey. Five species of birds present in New Zealand grass
lands commonly feed in this way, three introduced species, 
the starling, the magpie and the rook, and two native species, 
the weka and the pukeko. 

The starling (Sturnus vulgaris) is one of several insect
ivorous birds introduced into New Zealand in the 1860's to 
1880's to combat insect pests (Fereday, 1872; Williams, 1969) 
and today it is abundant everywhere except in dense bush and 
above .£. 4000ft. (Falla, Sibson and Turbott, 1966). It feeds 
mainly in grassland, on both subterranean and surface-dwelling 
invertebrates. Starlings have been widely reported as preda
tors of scarabaeid larvae ·in other c()untries (Raw, 1951; 
Gyrisco et al., 1954; Carne andChinnick, 1957; Ritcher, 1958; 
Tichy, 1963; Szypula-Gador, 1964: Havlin and Folk, 1965; 
Gromadzki, 1969; Guppy and HarGourt, 1970). The softness of 
the soil in damaged patches of pasture harbouring concentra
tions, of scarabaeid larvae (Carne and Chinnick, 1957; Laugh
lin, 1957; Rav, 1951) would facilit/:tte probing by starlings 
for soil insects, and Carne and Chinnick and Raw noted that 
starlings and other birds concentrated their probing within. 
these damaged patches. Carne and Chinnick considered that 
bird predation was of little value as the birds did not show 
any interest in infested turf until the larvae had caused 
exten~ive damage and did not destroy enough larvae to pre
vent further damage. When the present study commenced, to my 
knowledge there were no published estimates available of the 
mortality Of scarabaeid populations caused by bird pr~dation, 
although Raw (1951) considered that starlings and rooks were 
largely responsible fora 50% re4uction in-a larval population 
of PhyllOJertha horticola over a·2-month period •. Tashiro et 
ale (1969 recently reported that exclusion studies revealed 
that predation by starlings and skunks reduced larval popu
lations of the European chafer, Amphimallon majalis 
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(Razoumowsky), in New York by 55-67%. 
In New Zealand the starling has been mentioned as a 

beneficial predator of grass grubs by several authors 
(Cock~yne, 1911; Thomas, 1913; Dumbleton, 1942; Bates, 1949; 
Oliver, 1955). Caith~ess (1967) found that starlings did 
not feed on scarabaeid larvae in the turf at Gisborne air
port, although larvae of the introduced scarabaeid Heteron
:rehus sanctaehelenae Blanch. were common in the soil, and he 
concluded that the starling may not be a beneficial predator 
of grass grubs. However, Miller (1924) recorded that 
"starlings ••• will dig up the grubs (C. zealandica larvae) 
from infested ground when the insects-are active:near the 
surface", and similar obs.ervatio:p.s have been reported by 
G,G. Potts in Phillipps and Lindsay (194~, Kelsey (1951) and 
Paul (1952). Hence it appears that starlings.will readily 
eat grass grubs when they are available. Starlings have a 
bill 25-28mm. long (Dunnet, 1955) and are therefore able to 
capture soil insects in the top 2.5-3.0cm. (1.0-1.2in.). 
Apart from adults, the only stages of the life cyele likely 
to be available to starlings are second and third-ins tar 
larvae, since eggs, first-instar larvae, prepupae and pupae 
occur at depths well below 1in. Grass grub larvae would be 
most readily available to starlings during wet periods of 
autumn and winter, since dry weather forces grass grubs to 
move down to depths well below 1in. and hardens the soil, 
making it difficult for the birds to probe. Whereas most 
authors have stated that grass grub eggs are laid at depths 
of 3in. or greater, Dumbleton (1942) reported that the eggs 
8.'re laid in the top in. of soil, which suggests that eggs and 
first-ins tar larvae may be readily available to starlings under 
some conditions. Grass grub eggs are approximately 1.5mm. by 
1.0mm.and are therefore not too small to be preyed upon by 
starlings, which will take food items as small as 1.0mm.long 
(Dunnet, 1955). However, Canterbury Plains soils are typi
cally hard and dry during summer, when grass grub eggs and 
first-instar larvae are present, and even if these stages 
were present in the top 1in. they may only be temporarily 
available to starlings during rainfalls or during irrigations 
in areas of irrigated pasture. 

The white-backed magpie (GY]!lUorhina h;y;poleuca) is common 
throughout most areas of open gras'sland in New Zealand, with 
the black-backed magpie (g. tibicen) also present in local
ised areas. Like the starling, magpies were introduced into 
New Zealand in the 1860's and later to combat insect pests, 
and their biology.in this country has been thoroughly reviewed 
by McIlroy (1968), who found that they are primarily insect
ivorous surface feeders although they also probe into the soil 
with their powerful 2in. bills when the ground is soft. 
Although Kelsey (1951) and Oliver (1955) describe magpies as 
important pred~tors pf grass grub larvae,McIlroy (1968) 



488. 

found only 66 larvae in 302 m~gpie gizzards collected from 
throughout New Zealand, and he concluded that they are only 
taken by magpies from cultivated ground or when feeding very 
close to the surface. However, McIlroy pointed out that 
predation on grass grub larvae may be significant in heavily 
'infested areas, and McAskill (1945) noted large congregations 
of magpies in such areas in Canterbury. 

The rook (Corvus frugilegus) is a noted predator of 
scarabaeid larvae, and flocks of rooks often damage the sward 
over an entire paddock as they pullout pieces of turf to 
obtain the larvae with their 2in. bills (Davis, 1929; Moutia, 
1940; Raw, 1951; Oliver, 1955). In New Zealand the rook is 
restricted to Hawkes Bay, southern Wairarapa and a few parts 
of Canterbury, where its numbers have been reduced to a low" 
level (Falla et al., 1966; Coleman, 1971). While third-ins tar 
grass grubs are consumed during winter (Purchas, pers. comm.), 
rook numbers in Canterbury are far too low for this predation 
to be of significance. 

The weka (Gallirallus australis) is a large native rail 
which was probably the most important avian predator of soil 
insects in New Zealand grasslands in pre-European times. It 
readily probes 'for subterranean prey with its 11-2in. bill 
and consumes grass grub larvae in large quantities (Smith, 
1885; Oliver, 1955). Dick (1940) regarded the weka as one 
of the principal natural enemies of the insect life of Canter
bury's native grasslands, and bird predation may formerly have 
been an important factor in preventing popUlation increases 
o:f grass grub (Power, 1968). Today, ,however, the weka is 
absent from Canterbury grasslands and is common only in the 
Gisborne district, Nelson and Westland (Falla et al., 1966; 
Turbott, 1969). -' - -

The pukeko (Porphyrio melanotus), another large native 
rail, may be an important predator of soil insect pests in 
localised areas (Anon., 1967). Oliver (1955) described the 
pukeko as a destroyer of caterpillars and crickets in culti
vated ground. However,this species is only found in and 
near swampy areas (Farra et al., 1966) and is absent from ma~y 
of the drier areas where grass grub is a major pest. 

The native kiwis(Apter~ spp.) are specialised for prey
ing upon soil insects, but they are primarily forest dwellers. 
Kiwis may be significant predators of pasture insects, inclu
dingscarabaeid larvae, in areas of pastureland adjacent to 
native bush, as encountered in parts of the North Island 
(Watt, 1971) but not in Canterbury. 

Thus, of the five bird species suspected or known to prey 
on grass grub larvae, only the starling and possibly the white
backed magpie are abundant enough to be significant predators 
of larvae in Canterbury. When infested pastures are ploughed, 
grass grubs which are brought to the surface are exposed to 
predation by surface-feeding birds as well as birds which 
probe. The three native gulls, the black-backed (Larus 
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dominicanus), the red-billed (1. scopulinus) and the black
billed (L. bulleri) are all surface-feeders which readily 
follow the plough (Kelsey, 1951; Oliver, 1955). Other species 
which have been recorded following the plough or feeding on 
cultivated land include the native kingfisher, Halcyon sancta 
(Buller, 1888), the banded dotterel, Charadrius bicinctus 
(Myers and Atkinson, 1924; Oliver, 1955), the black-fronted 
tern, Chlidonias albostriatus (Buller, 1888), and the 
introduced house sparrow, Passer domesticus (Miller, 1924). 
Oliver (1955) stated that the native pipit, Anthus novaeseel
andiae, consumes large numbers of grass grub larvae, but this 
species is a surface~feeder (personal observation) and would 
only be able to obtain grass grub larvae from ploughed land. 

Pigs will readily feed on scarabaeid larvae, rooting 
up and destroying the infested pasture in the process. The . 
use of pigs as ,a contral measure was recommended by Deem (1916) 
in New Zealand and Davis (1929) in the U.S.A. 

Apart from the second and third-ins tar larva, the adult 
beetle is the only stage of the grass grub life cycle normally 
exposed to predation by vertebrates. The beetles are active 
during the night and spend the day sheltering in the soil or 
above the soil surface amongst dense vegetation, or beneath 
stones, clods and other objects on the surface (Connell, 1933; 
Kelsey, 1950). Beetles sheltering above the surface during 
the day would be exposed to predation by surface-feeding birds 
as well as by probing birds. Feeding f;t.ocks of starlings dis
turb many nocturnal insects from their hiding places beneath 
vegetation, and these nocturnal forms comprise much of the 
starling's insect food (Thomas, 1957). The grass grub flight 
season ~oincideswith the starling's nesting season in New 
Zealand (Secker, 1948) and grass grub adults would be expected 
to be a major item in the starling's diet in November and 
December, since adult scarabaeids are often an important food 
of adult and nestli:r;tg starlings (Kalmbach and Gabrielson, 
1921 ; Lindsey,· 1939; Szij j, 1957 ; Tichy, 1963; Gromadzki, 1969). 

. Grass grub adults also comprise a significant proportion 
of the diet of magpies (McIlroy, 1968) and rooks (Coleman, 1971; 
Purchas, pers. comm.) at this time of the year. Many insecti
vorous or partly insectivorous surface-feeding birds which 
feed in infested grassland may also feed on grass grub adults, 
~., b;t.ack-Qilled gulls (Myers and Atkinson, 1924), banded 
dotterel (Dumpleton, 1945b), black-fronted tern (Oliver t 1955), 
white-faced heron, Ardea novaehollandiae (Carroll, 1967),pipit 
(Myers and Atkinson, 1923 ; Oliver', 1955), skylark, Alauda 
arvensis (Oliver, 1955; Moeed, 1970), harrier hawk, Circus 
approximans (Carroll,. 1968), domestic poultry (Davis, 1929; 
Gyrisco et al., 1954; Madge, 1956), and various passerines 
which are-not wholly insectivorous but are quick to take ad
vantage of an abundant insect food supply, ~., the house 
sparrow and the yellowhammer, Emberiza citrinella (McIlroy, 
1968). The introduced blackbird (Turdus merula) and song 
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are common in New Zealand and were 
Atkinson (1923) and Dumbleton (1942) 
grass grub, but these two birds prefer 
and are absent from extensive areas 

Grass grub adults are freely available to birds which 
feed at dusk or during the night in infested areas, ~., 
the weka and the pukeko (Buller, 1888) and magpies (McIlroy, 
1968; Vestjens, 1970). Owls are mainly nocturnal and are 
represented by two species in New Zealand. The introduced 
little owl (Athene noctua) is widely distributed in the 
eastern South Island and is largely insectivorous, with 
sc;:arabaeid beetles an important item in its diet (Marples, 
1942). This owl is known to dig for earthworms (Falla et al., 
1966) and may also obtain grass grub larvae when they are, 
close to the surface. The native morepork (Ninox novaeseel
andiae) is common in settled districts throughout New Zealand 
and consumes 'moths and beetles in large numbers (Falla et al., 
1966). ----

Native lizards may have been significant predators of 
grass grub adults in pre-European times. Taylor (1967) re
corded the nocturnal gecko Hoplodacty:lus pacificus asa 
predator of C. zealandica beetles on Motunau Island, where 
A.H. Whitaker (pers.comm.) has found that !!. pacificus 
occurs at densities of approximately 0.25 per square metre, 
with the skinks Leiolopisma 'zelandica and !:!.. lineo-occelatum 
occurring at densities of approximately 1.0 per square metre 
and q.1 per square metre, respectively, Both of these skinks 
are diurnal and would probably consume any grass grub adults 
they disturbed during the day. Lizard densities in the 
natural grasslands of the Canterbury Plains were probably 
much less than this, as Motunau Island has many penguin and 
petrel burrows which provide an optimum habitat, while today 
geckoes and skinks are rare in areaS of improved pasture, 
owing to habitat modification, especially loss of surface 
cover~and predation by introduced mustelids (Whitaker, pers. 
comm.). 

While they are active on the pasture surface during the 
night, grass grub adults are exposed to predation by noc-

i turnal small mammals. The only native New Zealand mammals 
are two species of insectivorous bats, which may have been 
significant predators of grass grub adults in pre-European 
times but are now rare. The so-called native rat, intro
duced by Polynesian man, is now virtually extinct on the 
mainland, and the only common, insectivorous small mammals 
today are the introduced hedgehog and three introduced ro-
dents. . 

The hedgehog (Erinaceus europaeus) iS,widely distributed 
in New Zealand and is common in pastoral areas such, as' Canter
bury and Hawkes Bay (Wod:zicki, 1950). Its feeding habits in 
the Wellington province were studied by Brockie' (1959), who 
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found that it consumes a wide variety of pastureland inverte
brates. Grass grub adults would undoubtedly be eaten in 
large numbers in areas where they were abundant. Hedgehogs 
may also capture grass grub larvae, as Brockie (1959) found 
a single dropping which consisted largely of Q. zealandica 
larvae, and Shilova-K~assova (1952) recorded hedgehogs dig
ging scarabaeid larvae out of soil. 

The, distribution of the three introduced rodents, the 
brown rat (Rattus norvegicus)t the black rat ~g. rattus) and 
the house mouse (Mus musculusl has been descrlbed by Watson 
(1959). Thebrowi'i"'""'rat and the mouse are the common species 
in farmland, but little is known about the food of field 
populations, of these two species. They probably cons¥me 
insects i,n large quantities when they are available , ~., 
Southern (1964) stated that "country-living rats probably eat 
a wide range of invertebrates" and Johnson (1961) found that 
most species of rodent in Idaho rangelands were opportunistic 
feeders, utilising different foods as they became available, 
especially arthropods. Scarabaeid adults are ,rather clumsy 
movers on the ground and are easily captured by small mammals, 
as described by Horner et!l. (1965). Vestjens (1970) recor
ded Mus musculus as a predator of ailults of the scarabaeid 
Pseud'O'Schi'zognathus schoenfeldti Ohaus~ which has similar 
flight ha.bi ts' to C. zealaridica. ~ , 

Despite this-long list of vertebrate predators of grass 
grub adults, vertebrate predation on adults is unlikely to 
be significant, because of the short life of the adults and 
the likelihood that most of the predators discussed above 
would be absent or present in only small numbers in any local
ised area of pastureland infested with gra.ss grubs. Predati()n 
of larvae by starl:i.ngs and magpies would be much more likely 
to be significant, since larvae are available for several 
months in autumn and winter (March to August) and Raw (1951) 
and Tashiro et ale (1969) have shown that. vertebrate predation 
of s9arabaeid larvae can account for 50% or more of the popu
lation. 

Larval Combat and Cannibalism 
Continuing this review of the natural mortalities of 

c. zealandica, Kelsey (1950, 1951) and Kelsey and Hoy (1950) 
considered that cannibalism during the second and third larval 
instars is the main natural mortality factor governing grass 
grub population density. They found that cannibalism became 
severe as the available food supply declined in severely dam
aged pasture and the larvae congregated around the surviving 
plants,with mortalities of up to 98% occurring. Similar 
behaviour has been recorded in other scarabaeids (Carne, 1956; 
Laughlin, 1957 ; ,Taylor, 1966; Sao, Hoo, 1968; Chadwick, 1970). 
,When two grass grub larvae meet in a container such as a 
petrie dish, they slash aggressively at each other with their 
mandibles in a similar manner to the Aphodius tasmaniae larvae 
observed by Carne. Wounding often occurs 'and probably results 



in death through bacterial infection. Carne termed this 
behaviour "larval combat", and the same term is adopted 
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in this thesis, as the primary cause of death is the aggres
sive interaction between the larvae. Larvae which have been 
kil~ed by larval combat are often cannibalised, as Kelsey 
(1951) described, but this cannibalism appears to be a 
secondary effect, as dead larvae are often not eaten immedi
ately or not eaten at all (personal observation). The nu,mber 
of contacts .between larvae and hence the mortality caused 
by larval combat will increase with larval density and also 
with decreasing food supply, when larvae are forced to move 
in search of roots. Larval combat would thus be expected 
to be a density-dependent mortality factor (Solomon, 1949, 
1964), at least above a threshold density where the food 
supply became depleted. . 

Physical Factors. 
Se~eral authors have reported that soil moisture and 

temperature are important factors in the ecology of scara
baeids (~., Granovsky, 19~8; Maelzer, 1961b; Milne, 1963). 
However,~stelytra zealand1ca appears to be able to tolerate 
a wide range of b6th soil m6istures and soil temperatures. 
Given (1952) recorded C. zealandica from a wide range of habi
tats, including northern rain forest, mixed scrub, pastures 
on heavy clays, pastures on light alluvial soil, fixed sand
dunes and under scab-weed (Raoulia sp.) in Central otago, 
and he stated that "its range of· temperature and rainfall 
tolerance embraces the extremes of New Zealand conditions, 
apart·from those of alpine areas, and the only limiting 
factors seem to be the complete lack of humus or growing 
vegetation, the.presence of dense forest or scrub, or very 
st~epslopes." Giveti also stated that he had found grass 
grub larvae within an inch of the surface during frost, 
actively feeding when the soil was frQzen around them. 
Trought (pers.comm.) has found that flooding will only kill 
a high proportion of second and third-ins tar larvae if the 
soil is continuously·waterlogged for 6-9 days. Some other 
melolonthine larvae are known to be very resistant to extremes 
of soil moisture and temperature, ~., Hurka (1956) reported 
that a high proportion of third-instar larvae of Melolontha 
hippocastani F. survived flooding in soil for ten days, while 
Tashiro ~.!1. (1969) st.ated that larvae of. Amphimallon majalis 
can survive being frQzen solid if they are thawed gradually. 

The water relations- of C. zealandica have recently been 
studied by Gal'breath (1970), ..... who confirmed Kelsey's (1951, 
1970) observations that the eggs are extremely resistant to 
both desiccation and flooding. Galbreath also found that 
larvae and adults are very tolerant of water stress and that 
larvae can tolerate considerable gain or loss of water in 
extreme conditions. He also showed that the pupa is the most 
permeable stage to water, but is protected from extreme 
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conditions by its relatively deep position in the soil and 
by the air space surrounding it within the pupal cell. Q. 
zealandica thus appears to be very tolerant of extremes in 
soil moisture, and such extremes appear unlikely to kill a 
large proportion of grass grub populations in light, free
draining soils except during very severe droughts or pro
longed flooding. Cumber and Cowie (1954) found that grass 
grub larvae were concentrated in drier rises and rare in 
low-lying wetter areas in a poorly drained soil in Manawatu. 

The temperature relationships of £. zealandica are 
not well documented, but Kain (pers. comm.) has found that 
the 'Upper lethal tem:perature for second-instar larvae is 
91-920F (32.7-33.30C). 

POPULATION DYNAMICS 
Although both Dumbleton (1942) and Miller (1945) stressed 

the need for long-term ecological research on grass grub, this 
did not eventuate because of the introduction in the late 
1940's of DDT, which proved such a cheap and effective control 
that ecological work was largely ignored until very recently 
(Given, 1968; Pottinger, 1968). Nevertheless, some very use
ful information on grass grub population dynamics was gathered 
by Kelsey. This is either available in unpublished form 
(Kelsey, 1970) or has been quoted by other workers (~., 
Jensen, 1967). . . 

As Kelsey and Hoy (1950) pointed out, none of the 
natural mortality factors described above normally prevent 
grass grub infestations from building up to the level where 
severe pasture damage occurs. Populations of predators and 
parasites are generally too low to prevent this build-up 
and mortalities caused by disease are small. For example 
Kelsey (1970) studied larval mortality in 13 Canterbury 
pastures and found that·milky disease, although always present, 
never accounted for more than 2.1% of the population, while 
nematodes (Mermis sp.) and fungus diseases were onlyoccasio
nally found and never affected more than 1.0% of the population. 
Kelsey found no insect parasites and stated that invertebrate 
predators (carabids, therevidsand asilids) were not found in 
any of the 13 study areas. Mortalities caused directly by 
extremes of soil moisture and temperature in Canterbury may 
also be slight in most years. The annual average rainfall 
on the Canterbury Plains of 20-35in. isdistributed evenly 
throughout the year, but evapo-transpiration greatly exceeds 
rainfall during the summer when there are frequent warm,dry 
north-west winds of a Fohn type and low percentage soil moi
stures, and drought conditions are normal at this time of the 
year (Rickard, 1960;de Lisle, 19~9; Rickard and Fitzgerald, 
1970). Soil moisture is often close to field capacity during 
winter, but waterlogging does not occur in the lighter, free
draining soils where grass grub is a major pest. The fact 
that C. zealandica is a major pest in both irrigated and non-
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irrigated areas of Canterbury and its tolerance to extremes 
of soil moisture suggest that it is well adapted to this 
climate, and mortalities caused by summer drought and winter 
flooding are probably low except in years of exceptionally 
extreme conditions. Soil temperatures may likewise cause 
little mortality in most years,as the upper lethal tempera
ture for second-instar larvae of 91-920F (Kain, pers. comm.) 
is seldom reached. Soil temperatures measured at the 
Winchmore Irrigation Research Station at a depth of 2in. 
beneath pasture only exceed 900F in exceptional years in non
irrigated areas and nev&r exceed 900F in irrigated areas. 
During the .inter frosts are frequent, but never more than 
the upper 2-3cm. of pasture soil is frozen and this usually 
thaws before mid-day. 

Grass grub populations in improved pastures are thus 
frequently able to build up to the level where they consume 
most or all of the ,root supply and cause severe pasture 
damage. Grass grub infestations typically arise as isolated 
patches of damaged pasture, where all of the grubs are concen
trated, which gradually enlarge from year to year until a 
large part of the paddock is infested (Kelsey and Hoy, 1950; 
Kain, 1970). Kelsey and Hoy stated than an infestation common
ly takes 1-8 years to build up to the level where a large part 
of the paddock is infested, and this slow rate of build-up is 
related to the low fecundity of C. zealandica. 

Kelsey (1951) reported that-females kept in the laboratory 
laid up to 52 eggs, with 3-40 (average:22) per cluster, 7 days 
between the first mating and the first e~g cluster, and 4-9 
days,between successive cLusters. Kain (pers.comm.) observ~d 
similar fecundities in captive females, which laid up to 
four egg clusters with over 80% of the eggs in the first clus
ter, which he found was laid 2-9 days after first mating. 
While captive females often live for several weeks after 
first mating, longevity in the field is probably no more than 
2-3 weeks (Feriemore, 1966). Free~living females would there
fore be unlikely to lay more than two egg clusters, or 20-30 
eggs. . 

Kelsey (1970) reared grass grubs from eggs to adults 
in the laboratory, by hatching the eggs on moist filter 
paper and transferring the larvae to cages containing soil 
and root material, where the larvae. were kept at densities 
below the level where significant larval combat occurred. 
His results Can be expressed in the form of a partial life 
table (Table 1-1). Kelsey did not measure the post-emergence 
mortality of adults and it is therefore not possible to com
plete the life table. However, assuming a 1:1 sex ratio, 
which is normal in C. zealandica populations (Elliott, 1964; 
Pottinger, 1968), and an average" fecundi ty of 25 eggs per 
emerged adult female, there would be 11,300 eggs laid to start 
the next generation, giving an egg to egg index of population 
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trend of 396.2%. Grass grub populations may therefore be 
capable of an approximately 4-fold increase from year to year 
under favourable environmental conditions and in the absence 
of natural enemies. The percentage mortalities in table 
1-1 represent "background" or"physiological" mortality 
(Valiela, 1969), which is highest for the pupal stage but 
does not differ markedly between stages. 

Table 1-1. Partial life table for grass grubs reared in 
the laboratory by Kelsey (1970). 

Nx Slf 
x (No:-alive Mx 100~ 100Mx (%age survi-

(Stage) at beginn- (No.dYing 
:N"lf N egg val within 

ing of If) during ~) If) 

Egg 2852 375 13.1 13.1 86.9 
1 st 
ins tar 2477 548 22.1 ·19.2 77.9 
2nd 
ins tar 1929 399 20.7 14.0 79.3 
3rd 
instar 1530 283 18.5 9.9 81 .5 
~upa 1247 343 27.5 12.0 72.·5 
[Adult 904 

nata on the average growth pattern of grass grub popu
lations in non-irrigated Canterbury pastures has been obtained 
by Kelsey (queted by Jensen, 1967), who sampled populations 
of third-ins tar larvae in 67 paddocks each year for 7 years 
after sowing down. This information is given in table 1-2 and 
fig~ 1-1 (a). populations in year 0 (the year of sowing) were 
assumed by Jensen to be close to zero, but the paddocks were 
not sampled in this year (Kelsey,.pers. comm.). Since the 
maximum rate of increase of grass grub populations may be 
approximately 4 ... fold, there are unlikely to have been less than 
15-20 third-instar larvae per square metre, on average, sur-

. viving cultivation in year O. The grass grub population in 
these paddocks prior to sowing down the new pasture was not 
documented, but most of the pastures were autumn-sown and a 
significant proportion of grass grubs survive autumn cultiva
tions (Kain, 1970; Kain and Atkinson, 1970). 

Kelsey's· data show that grass grub populations in non
irrigated pastures build up over a 6-year period after the 
pasture is sown to a peak of 250-,350 third-ins tar larvae per 
square metre, by which time most 'of the paddock is showing 
signs of pasture dama~e, over 80% of the surface being cover
ed by unsown species (Jensen, 1967). By this time the pasture 



Table 1-2. Kelsey's data on the average growth pattern of 
grass grub populations in 67 untreated, non
irrigated Canterbury pastures (Jensen, 1967). 

Years Average no. Average no. Index of 
after thi+d-instar third-ins tar popn. 
sowing larvae per larvae per trend (%) 

. 7" spade square 
square metre 

1 2.3 72.76 
195.6 

2 4.5 142.36 
151 .1 

3 6.8 215.12 
122.0 

4 8.3 262.57 
101 .2 

5 8.4 265.73 
129.7 

6 10.9 344.82 
50.4 

7 5.5 173.99 
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has been ruined and has to be renewed. There is a population 
crash in the seventh year, which Kelsey (1970) considered is 
caused mainly by larva~ combat, with increased contact be
tween larvae searching for food within the denuded root system. 
Kelsey also considered that starling predation assists this 
population de~line in some areas, but these larval combat and 
predation mortalities are of no economic significance, as by 
this time the pasture is beyond recovery. Changes in grass 
~rub population density thus follow a gradatio.n-like pattern 
(Miyashita, 1963; Morris, 1964), with popUlation density 
rising over a period of several successive years and then 
declining, rather than fluctuating from a low or endemic 
level to a high or epidemic level in successive years. The 
dip in the population growth pattern in year 5·may be a sam
pling artifact, as sample size was·small, with 25 7in. spade 
squares per paddock per year (Kelsey, pers.comm.). 

A logarithmic plot of popul~tion density in one year 
against that of the previous year for the period of population 
increase, years 1-6, (Morris, 1959, 1963b; Solomon, 1964) 
reveals that population growth was density dependent (fig.I-
1b),the slope of the regression (E = 0.57) being well below 
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FIG.1-1. AVERAGE GROWTH PATTERN OF GRASS GRUB POPULATION. IN 
NON-IRRIGATED CANTERBURY PASTURE (J. KELSEY'S DATA, 
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unity. This density dependence is also illustrated by the 
gradual decline in the index of population trend from 
approximately 2-fold (table 1-2), and is probably due to 
increasing larval combat as population density rises. Kelsey 
(1970) found that larval combat caused significant mortality 
among third-ins tar larvae kept in pots of soil containing 
root material when there was more than one larva per 32 
cubic inches of soil. The critical density will vary with 
such factors as soil moisture and the distribution and 
quantity of root material, but the conditions under which 
Kelsey kept larvae may have been similar to those in the 
field in non-irrigated Canterbury pastures. Since third-ins tar 
larvae are usually concentrated in the top 4in. of soil, the 
critical density of one larva per 32 cubic in. corresponds 
to one larva per 8 square inches of surface area, i.e., 
approximately 18 per square foot or 195 per square metre, and 
the average population growth pattern (fig.I-1a) levels off 
markedly after year 3, when density reached about 200 third
instar larvae per square metre. 

Thus in the absence of control measures grass grub popu
lations in non-irrigated Canterbury pastures build up over 
a 5-6 year period to the level where they destroy most of 
their food supply, the original pasture being replaced by 
weeds. Larval combat and cannibalism then bring about a popu
lation decline, possibly with the assistance of starling 
predation in some areas. Larval combat and cannibalism are 
perfectly density dependent mortality factors (Milne, 1962), 
resulting from intra_specific competition for a seriously 
depleted food supply. Larval cannibalism probably prevents 
any larvae from dying of starvation, but at high population 
densities larvae, pupae and adults are ~ro~ably lighter and 
females would therefore lay fewer eggs (Kaln, pers.comm.). 
Hence reduced fecundity may also contribute to the population 
decline. In some cases the normal oviposition pattern may 
not occur in seriously damaged pasture and females may fly or 
crawl away into adjacent undamaged are~s, with this dispersal 
contributing to the population decline in the damaged area. 
Kelsey (1968a) observed that females appeared to avoid ovi
positing beneath a bare surface and both Kain (pers.comm.) 
and Pottinger (pers.comm.) have observed instances of grass 
grub populations apparently shifting during the adult stage 
from a badly damaged p~ddock into an adjacent undamaged paddock. 

Since grass grub populat~ons in improved pastures in 
Canterbury are normally limited only by food supply, in the 
absence of control measures, populations in irrigated pastures 
would be expected to increase to greater levels than popula
tions in non-irrigated pastures, as irrigation incr~ases pas
ture production ~arkedly (RickarJ and Fitzgerald, 1970). 
Irrigation would also prevent larval feeding from being inhi
bited by drought. Kelsey and Hoy (1950) noted that irrigated 
pastures could support larger grass grub populations with less 
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severe damage than non-irrigated pastures. Sears and Evans 
(1953) cited information from Kelsey that sampling grass 
grub populations in Canterbury had revealed larval densities 
of up to 0.9 million per acre. (approximately 220 per square 
metre) in non-irrigated pastures and up to 3.5 million per 
acre (approximately 860 per square metre) in irrigated pas
tures. Sears and Evans found that grass grub populations 
increased 4-fold with herbage production from their lowest
producing to their highest-producing trials. Kelsey (1951) 
was presumably referring to irrigated pasture when he stated 
that larval densities of up to 150 per square foot (1600 
per square metre) have been commonly found, and Kelsey (1970) 
recorded a maximum density of 1755.7 third-ins tar larvae per 
square metre in irrigated pasture. Grass grub populations 
in irrigated Canterbury pastures may thus reach peak densi
ties of over 1700 third-ins tar larvae'per square metre, 4-5 
times the average peak density in non-irrigated pastures 
(fig.I-1a). Similar effects have been noted with earthworms 
(Sears and Evans, 1953; Lee,1959a, p.429). 
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APPENDIX II 

ASPECTS OF THE BIOLOGY OF THE STARLING 

In this chapter the literature on the life history, 
feeding habits, population ecology and economic status of the 
starling (Sturnus vulgaris) will be briefly reviewed, followed 
by an account of the .same aspects of its biology in New Zea
land, with particular reference to Canterbury, including the 
results of the associated studies of Coleman and Lobb and 
Wood which were described on p.4. 

LITERATURE REVIEW 

Life History. 
Much of the literature on the starling was reviewed by 

Kessel (1957) and Howard (1959), and where not otherwise in
dicated the information in this review is based on these pa
pers. The starling originated in Europe and was introduced 
into North America, Australasia and South Africa by European 
man. The starling is normally a hole-nester and may be single 
or double-brooded, laying 1-10 eggs in spring or early summer, 
with a modal clutch size of 4-6. Incubation takes 10-11 days 
and the nestling period is about 21 days. On leaving the nest 
the young birds gather in flocks which are joined by the a
dults at the end of the breeding season. Starlings typically 
occu~'in flocks outside the breeding season, although breeding 
adults also feed communally (Dunnet, 1955), usually within 
t-t mile of the nest. Communal roosts occur in trees, reed
beds and on buildings and are largest du~ing autumn and winter, 
when they may contain up to 1t million or over 2 million 
starlings (Symonds, 1961; Hamilton and Gilbert, 1969). Indi
vidual roosts may be permanent, i.e., occupied for the same 
period every year, or temporary (Symonds, 1965). Communal 
roosts break up or decline in size prior to the breeding 
season (Jumber, 1956; Fankhauser, 1966). Communal roosts 
which do occur at this time are occupied by non-breeders and 
breeding males (Kessel, 1957; Thompson and Coutlee, 1964). 

Starlings frequently breed in the same nesting site for 
several successive years. Males which have previously bred 
remain attached to their nesting site throughout autumn and win
t~r, with females showing similar behaviour but to a lesser ex
tent. Like many hole-nesters (von Haartman, 1957), the male 
starling's territory is restricted to the nesting hole and 
its immediate vicinity. This is actively defended against 
other males and violent fights may occur. There are usually 
more adult males than adult females in a starling population, 
and consequently some males which occupy nesting sites fail 
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to attract mates. A considerable proportion of the females 
may breed at the end of their first year, but the majority 
of males do not breed until they are two years old, either 
because they are too immature at the age of one year or 
because all of the nesting sites have been occupied by older 
males. 

Feeding Habits 
The foods of the starling have been studied by Kalmbach 

and Gabrielson (1921), Lindsey (1939) and Hamilton (1949) 
in the north-eastern U.S.A., Dunn&t (1955,1956) in Scotlana, 
Thomas (1957) in Victoria, Australia, Szijj (1957) in Hungary, 
Havlin and Folk (1965) in Czechoslovakia., alld Gromadzki (1969) 
in Polana. The feeding habits follow the same pattern in all 
of these countries. The starling feeds mainly in grassland 
on both subterranean and surface-dwelling invertebrates al
though it also feeds in trees on fruit and insects (Korol'kova, 
1963) and scavenges around human habitations. Approximately 
equal proportions of animal and vegetable matter are consumed 
annually, with insects, mainly Coleoptera, comprising nearly 
all of the animal food and fruit most of the vegetable matter. 
In spring and early summer insects form the bulk of the diet. 
Cultivated and wild fruits gradually increase in importance 
during summer and may comprise over half of the food in autumn 
and early winter. Most of the above studies were carried out 
in areas where the ground is snow-covered for much of the 
winter. Under these circumstances the starlings either mi
grate or feed on wild fruit and scavenge for garbage around 

·human habitations. They apparently prefer to feed in pas
tures, returning to these areas whenever they are snow-free 
(Dunnet, 1956). In areas with milder winters, the proportion 

·of insects in the diet gradually increases during winter as 
less fruit is eaten (Thomas, 1957). Grain generally com
prises less than 1-2% of the diet, even when readily available 
(Thomas, 1957), unless alternative foods are extremely scarce 
(Kalmbach and Gabrielson, 1921; Dunnet, 1956; Szijj, 1957; 
Havlin and Folk, 1965). 

The starling is thus omnivorous, with insects comprising 
a large part of the diet. Starlings appear to eat those in-. 
sects which are most readily available at a particular time, 
the diet reflecting the seasonal abundance of different prey 

. (Thomas, 1957). Thomas (1957), Kalmbach and Gabrielson (1921), 
Lindsey (1939) and Szijj (1957) found that adult weevils 
(Curculionidae) were eaten to a greater extent than any other 
insects, with carabids second in importance. Havlin and Folk 
(1965) found that carabids were more 'important than weevils, 
while Dunnet's (1955, 1956) work in Scotland revealed that 
leatherjackets, larvae of the tipulid Tipula paludosa, com
prised the bulk of both the soil ,fauna and the starling's diet, 
with weevils next in importance. Scarabaeid larvae and adults 
are readily eaten, as noted on p.486. 

Starlings locate insect prey by sight. Pearson andSkon 
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(1967) showed that starlings do not locate crickets by sound. 
The method by which starlings locate subterranean prey was 
described by Lorenz (1949). The bill is driven into the soil 
and then opened out with considerable force to widen the hole, 
and the starling then looks directly into the hole without 
having to withdraw the bill to see if it has exposed a soil 
invertebrate. Lorenz pointed out that the structure of the 
starling's skull is highly specialised. The eye is situated 
directly in line with the bill-opening, instead of well above 
it as in mostpasserines, and the section of the skull in 
front of the eye is laterally compressed. These modifications 
allow the starling to look directly into the hole it has made 
without withdrawing the bill. The starling also has almost 
no forehead, which allows it to slide the head forward very 
quic~ly and grasp a food item (Vik, 1962). In addition, Lorenz 
pointed out ~hat the feathers around the starling's eyes are 
dull black with no sheen, unlike the feathers on the rest of 
the body, which prevents light reflections from interfering 
with the bird's vision as it looks into the hole made by the 
bill. He also stated that the horny sheath of the starling's 
bill grows very rapidly to compensate for the constant 
wearing during the search for concealed prey. Lorenz termed 
this probing or bill-gaping behaviour the "Zirkeln" movement 
and stated that it is an innate behaviour pattern of the star
ling. A similar feeding method is used by the American meadow
lark, Sturnellamagna, ,in which the muscles which widen the 
bill gape are strongly developed (Beecher, 1951). 

Starlings usually feed in flocks, with large flocks often 
occurring outside the breeding season. Flocking probably 
allows each bird to find food more rapidly and decreases the 
susceptibility to predation (Hinde, 1961; Crook, 1965). 
Starling flocks often feed in tight formation, with only a few 
inches between adjacent birds, ~., Tashiro et ale (1969, fig. 
25), and they progress in a characteristic "rolling" movement, 
the birds at the back of the flock rising and flying over the 
flock to land at the front (Beidleman and Enderson, 1964). 
Hamilton and Gilbert (1969) pointed out that flocking be
haviour allows starlings to assess the worth of a particular 
feeding ground much more rapidly than if the birds fed as 
scattered individuals, .nd they ~uggest that birds dispersing 
from winter roosts tend to maximize the effiCiency and rate 
of energy gain by balancing the intraspecific competition for 
food from other flocks, which decreases with distance from 
the roost, with the energy cost of flying to feeding grounds, 
which increases with distance from the roost. They found 
that as the roost population increased, the maximum distance 
between the roost and the daily feeding grounds increased up 
to 50 miles. . 

Starlings often f.eed in the company of grazing live
stock and prefer to feed in short, well grazed pastures, pas
tures with dense long growth being unattractive to them 
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(Dunnet, 1955; Boyd, 1968). Rand (1953) and Heatwole(1965) 
have shown that insectivorous birds feeding in grassland 
in association with grazing cattle obtain more food in a given 
time than birds not associated with cattle. Starlings may 
effectively use grazing livestock as beaters in a similar 
manner. They may also prefer short pasture because the absence 
of rank vegetation allows them to probe into the soil for 
subterranean prey. Under some conditions the presence of 
livestock may have a detrimental effect on the availability 
of soil invertebrates to starlings. Stock treading increases 
soil compaction, making it more resistant to probing, the 
effect being more marked at higher stocking rates and higher 
soil moistures (Tanner and Mamaril, 1959; Edmond, 1963, 1964), 
while Edmond (1962,1963) reported that heavy sheep treading 
significantly reduced earthworm populations. 

Population Ecology 
The population dynamics of the starling have not been 

as well studied as its feeding habits, and to my knowledge 
there is no conclusive evidence in the literature as to 
which factors control the size of starling populations. A 
strong body of opinion, supported by considerable evidence, 
holds that clutch size in birds which. feed their young has 
evolved through natural selection so that the parents pro-
duce the maximum number of young for which they can provide 
enough food without detriment to themselves, and that the 
size of the breeding population is usually limited by density 
dependent mortality arising from food shortage outside the 
br'eeding season, particularly durin~ the winter (Lack, 1948, 
1954, 1966; Gibb, 1960, 1961, 1962b). There is also some 
evidence that social behaviour may som~times be an important 
intermediary between population size and food supply or may 
directly limit numbers independently of food (Gibb, 1960, 1961, 
1962b; Smith, 1967; Watson and Moss, 1970). 

Dunnet (1955) found that a population of starlings in 
north-easter~ Scotland was not limited by the availability 
of food duri~g the breeding season. However, he also found 
that they did not appear to be suffering from food shortage 
during the winter, when body weights and fat deposits in
creased (Dunnet, 1956). Similar findings were reported by 
Thompson and Coutlee (1964), and Hamilton and Gilbert (1969) 
observed that winter populations of starlings in California 
did not appear to be limited by food supplies. Coulson (1960) 
found that the annual mortality of British starlings measured 
from ringing recoveries was little affected by the severity 
of winter weather. Dunnet (1956) concluded that the density 
of his breeding population of Scottish starlings may have 
been limited by density dependent mortality arising from food 
shortage during the autumn, but this conclusion was based 
entirely on circumstantial evidence. In some areas starling 
numbers may be limited by food shortage during severe winter 
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weather, ~., Hicks (1934) and Bailey (1966) found that 
the maintenance of body temperature and energy storage 
appeared to b~ a critical problem faced by starlings during 
the winter in the continental U.S.A., and Perdeck (1967) 
found that starlings wintering in the British Isles suffered 
a lower mortality than those wintering in Europe, which he 
attributed to the harder climate on the continent. Brenner 
(1965) Showed that by roosting in flocks starlings are able 
to reduce heat loss and increase their survival time when 
exposed to low temperatures, and he concluded that flocking 
behaviour may be essential to the survival of starlings 
during aold winter weather. Delvingt (1961) considered that 
the popu~ation increase of starlings which occurred in the 
late 19th century in England, Germany and Holland resulted 
from an increased food supply due to the concurrent increase 
in the amount of pastureland, where starlings obtain most 
of their food. 

Apart from food the only factor widely suggested as a 
limiting factor for starling popUlations is the number of 
available nesting sites. Natural predation appears to have 
little influence on starling numbers (Delvingt,1961). Von 
Haartman (1957) pointed out that lack of nesting sites is a 
problem faced by all hole-nesting birds and erection of 
nesting boxes often leads to enormous increases, up to 7-fold 
and greater, in the local breeding population. He concluded 
that population density of hole-nesters is limited by the 
number of available nesting holes rather than by food. 
Kessel (1957) considered that the number of nesting sites 
probab~ylimits the size of starling breeding populations, 
and Oelke (1967) suggested that the increase in the starling 
popUlation of north-west Germany which has occurred over the 
last 80 years has resulted from the laxger number of nesting 
sites provided by the intensive construction of buildings 
during this period. Gibb (1960) has pointed out that it is 
necessary to distinguish between a local increase in the 
popUlation density of a hole-nesting species at the expense 
of surrounding districts, caused by provision of artificial 
nesting sites, and a real increase in the population as a 
whole; only the latter shows that the popUlation is not 
limited by density dependent mortality outside the breeding 
season. 

If the size of starling breeding popUlations is limited 
over a wide area by the number of nesting sites, as suggested 
by Oelke (1967), a non-breeding population might be expected 
to exist during the breeding season. Communal starling 
roosts are known to occur during the breeding season, but 
they may comprise birds which are too immature to breed and 
breeding males, which join' communal roosts at night, leaving 
the female to incubate and brood (Kessel, 1957). Potts (1967) 
found that the numbers of starlings occupying u~ban roosts 
in the British Isles did not decline markedly during the 
breeding season, but it is not known whether these birds were 
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mainly immature non-breeders, off-duty breeding males or 
adults which had failed to establish nesting sites. There 
is no evidence in the literature that social behaviour may 
limit population size of starlings. This would require both 
the existence of a non-breeding population comprised of birds 
which are physiologically capable of breeding and an excess of 
all resources, such as nesting sites (Watson and Moss, 1970). 

Annual mortality rates of starlings calculated from 
ringing recoveries are of the order 50-60%, similar to those 
for many other passerines (Kessel, 1957; Coulson, 1960; Hauki....; 
oja, 1969). The average longevity is approximately 1.5 years, 
with the maximum recorded age in the wild 16 years. Kessel 
found that the mortality rate was about 60% in the first 9 
months and 50% annually thereafter. Coulson found that fe
males suffered a 70% mortality in their first year, compared 
to 39% for males, thus producing a surplus of adult males. 
He considered. that this differential mortality probably arose 
from more females than males breeding in their first year 
and therefore being exposed to such factors as predation by 
cats. Kessel (1957, p.324) used mortality data calculated 
from ringing recoveries and breeding data from nesting box 
studies to calculate the change in population size from one 
year to the next, and her calculations suggested that the 
production of young is approximately balanced by mortality 
of adults and young over a one year period. This suggests 
that mortality may hold starling populations in check over 
large areas (~.; the northeastern U.S.A.) taken as a whole, 
with the number of nesting sites possibly influencing local 
density. These points will only be clarified by further 
research. 

Economic status 
Information on the economic status of the starling has 

been reviewed by Thomas (1957) and Howard (1959). The only 
activity of the starling which is directly beneficial to man 
is its destruction of insect pests. Some authors have looked 
upon it with favour for this reason anq considered that it 
should be encouraged (~.,Kalmbach and Gabrielson, 1921; 
Gromadzki,1969), but others have considered that because of 
its· omnivorous habits the starling will have little effect 
on .the populations of any insect pest. Starlings may have a 
negligible effect on the populations of their insect prey 
during the nesting season, ~., Kluyver (1933) estimated that 
a breeding population of one pair per 3t acres fed 1.0% and 
0.8% of a population of leatherjackets (Tipula paludosa lar
vae) to their nestlings in two successive years, and Dunnet 
(1955) obtained comparable figures of 1.8% and 7.0% for the 
same prey species with a breeding population of one pair of 
starlings per 10 acres. However; birds seldom take a large 
proportion of their food supply during the breeding season, 
but the situation may be very different during the winter 
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(Lack, 1966, p. 288-290, and p.565 of this thesis). Starlings 
may destroy a significant proportion of the winter popu
lations of favoured insect foods, particularly in areas where 
the birds feed in large winter flocks. For example, Graham 
(1967) in describing flocks of starlings feeding on sodworms 
stated that "after an outbreak is discovered by the birds we 
have watched them return to feed morning after morning until 
the sodworms were reduced to a point that hunting for them 
was no longer rewarding", while Raw (1951) and Tashiro et ale 
(1969) have recorded significant starling predation of over: 
wintering scarabaeid larvae, as described on p.486. 

Starlings can be detrimental to man's interests in 
several ways. Consumption of fruit makes them a pest in 
fruit-growing areas (Collinge, 1921; Thomas, 1957; Havlin and 
Folk, 1965). Starlings have also been mentioned as pests of 
cereal crops, but as noted above grain is normally only eaten 
when other foods are scarce. Collinge (1921) and Hamilton and 
Gilbert (1969) reported that starlings feed on freshlY sown 
cereal seeds. The literature on the effects of ~tarlings on 
cereal crops has been reviewed by Gromadzki (1969), who found 
that starlings do not normally peck seeds out of the ears of 
standing grain but obtain most-of what grain they do eat from 
the ground in stubble fields. Gromadzki concluded that star
lings are insignificant pests of cereal crops and are only 
important pests of crops in fruit-growing areas. However, 
consumption of cereals and protein supplements fed out to 
stock during winter may be of economic importance (Besser 
et ale, 1968). 

Very large flocks of roosting starlings can seriously 
damage young fir plantations, shrubberies and holly groves 
(Collinge, 1921; Kozicky and McCabe, 1970). Kozickyand 
McCabe also reported that starlings can foul stored goods 
with droppings and nesting material if they gain entry to 
warehouses, ~., through a broken window. Large roosts in 
urban areas can be a nuisance through defacement of buildings 
and trees with droppings and because of the noise made by 
thousands of roosting birds. Starlings can directly threaten 
manis health by jeopardizing the safety of aircraft and by 
being a vector of disease. A fatal aircraft crash occurred 
at Boston, U.S.A., in 1960 when an Electra aircraft hit a 
flock of starlings shortly after take-off (Stables and New, 
1968). Humans can contract the pulmonary disease histoplas
mosis from starling faeces, although the risk is probably 
slight. Starlings may also carry poultry and stock diseases, 
such as salmonellosis (Thearle, 1968). Starlings do not 
appear to be significant vectors of foot-and-mouth disease 
(Murton, 1964; Bnow, 1968). ; 

The aspects discussed in the preceding paragraph are 
mainly urban problems. In rural areas the major harmful 
activity of starlings is destruction of fruit. In extensive 
areas of grassland where there are no orchards or vineyards, 
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starlings are probably largely insectivorous and therefore 
either neutral or beneficial to man's interests (Cornwallis, 
1968; Semple, 1970, p. 228). ' 

BIOLOGY IN NEW ZEALAND 
There is little published information on the biology of 

the starling in New Zealand even at the anecdotal level. 
As noted on p.486, the starling was introduced into New Zea-

'land in the 1860's and later to combat plagues of insect 
pests and it is now common throughout the lowland rural and 
urban areas of the country. Its habits are similar to those 
of starlings in other countries. Breeding occurs in the 
spring, with communal roosting of non-breeding birds and/or 
breeding males occurring throughout the breeding season 
(Secker, 1948). Large numbers of starlings occupy winter 
roosts on offshore islands, and winter roosts also occur in 
plantations of gum or pine trees and on cliff faces (Oliver, 
1955). Moeed (1970) found that flocks of 100-350 starlings 
were present at Christchurch ,Airport in autumn a~d winter, 
but the flocks disappeared with the onset of breeding. As' 
in other countries, starlings readily occupy nesting boxes, 
arid they remain in the vicinity of their breeding sites 
throughout the year (Stringer, 1965). 

In his study at West Melton J. Coleman (pers.comm.) 
found that egg laying commenced in early-mid October, with 
incubation taking 10-11 days and a 21 day nestling period. 
Nestlings were present from late October ,until mid-December, 
when breeding ceased. Most females were single brooded, but 
a small p~oportion laid two clutches. Replacement clutches 
were laid by females which lost their first clutch, £...!.8..., 
through nest predation. Several females but few males bred 
successfully in their first year. Three one year old females 
banded as :(ledglings bred within a 19,500 acre area which in
cluded the 820-acre study area, but not close to where they 
were, born. Birds which had bred, particularly males, remained 
in the vicinity of their nesting boxes throughout the year, 
actively defending an area within 1-2 metres of their nesting 
box against ,other starlings. Violemt fights over nesting 
sites occurred, particularly during early spring (September
October), occasionally leading to the death of one of the 
combatants. Roosts of up to several hundred birds occurred 
during the breeding season, comprising apparent non-breeders, 
breeding males and fledged young. Larger roosts occurred dur
ing the winter, when flocks of 100-300 starlings were present. 
Whereas the resident breeding population usually fed within 
sight of their nesting boxes, the larger flocks moved about 
widely within the study area, but did not travel more than a 
few miles from their roost. 

Feeding Habits 
The major foods of the starling in irrisated Winchmore 

pastureland, as found by Lobb and Wood (1971) from faeces 
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analysis in 1969 and 1970, include.a wide range of inverte
brates. Lobb and Wood found that the starlings in this area 
are largely insectivorous, with fragments of grain rarely found 
in the faeces. Pieces of pasture vegetation and roots occur
red frequently in the faeces. Some of this plant material 
was probably ingested accidentally, but captive starlings will 
regularly consume small amounts of clover and pasture weeds 
(personal observation). 

Most of the major foods found by Lobb and Wood are insect 
pests of pastures or crops, including the three major insect 
pests of Canterbury pastureland, the grass grub (Costelytra 
zealandica), the porina caterpillar (Wiseana spp.) and the 
Argentine stem weevil (!!yperodes bonariensis). Most of these 
insects inhabit the sward and the upper t inch of soil, with 
grass grubs and porina larvae occurring at greater depths. 
Weevils, particularly!!. bonariensis, formed a major .. part of 
the diet for most of the year, with grass weevils (Irenimus 
spp. and Dryopais variabilis) also prevalent in the diet in 
summer and early autumn (January to March). Third-inst.ar 
~rass grub larvae were taken in large numbers during autumn 
(March-May) and in smaller numbers throughout winter (June
August) and early spring (September-October). Remains of 
first and second-instar larvae were never found in starling 
faeces. In 1969, very few grass grub fragments were recovered 
from faeces between mid-June and late August, when the weather 
was dry with frequent frosts-, but they were found throughout 
this period in 1970, when rainfall was closer to normal. 
Adult grass grubs formed a major part of the diet in November 
and December. Other major food items included wheat bugs 
(Nysius huttoni) and clover casebearer larvae (Coleophora sp.). 
The only major foods which are not pests were earthworms and 
spiders, which were taken throughout the year, and Staphyli
nidae, which were prevalent in the diet during autumn (Wood , 
pers. comm.). Earthworms and spiders appeared to form the 
bulk of the diet during mid-winter (July), when insects were 
less prevalent. Many other invertebrates were taken in smaller 
quantities, including over 40 species of arthropods, ~., 
harvestmen (Phalangiumopilio) and adult Diptera, Orthoptera, 
Dermaptera, Carabidae and many unidentified Lepidoptera. 
Starlings in irrigated Winchmore pastureland thus consume a 
wide range of invertebrates, with insect pests comprising the 
bulk of the diet. 

Coleman (pers.comm.) f·ound from stomach analysis that a 
similar range of invertebrates was taken by starlings in non
irrigated farmland at West Melton, predominantly weevils 
(particularly g. bonariensis) but including many other Coleop
tera and also Lepidoptera, Orthoptera, Dermaptera, Hemiptera 
(mainly Nxsius huttoni), Diptera; Hymenoptera, Arachnida, 
Crustacae (woodlice), MYriapoda and earthworms, with a total 
of over 100 species of invertebrates identified from starling 
gizzards. Coleman found that third-ins tar grass grubs were 
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taken from late May to August, with a peak in late June and 
early July, and grass grub adults were a major food of both 
nestling and adult starlings during November and December. 
The later initial occurrence of grass grub larvae.compared 
to the situation at Winchmore is undoubtedly due to the 
difference between irrigated and non-irrigated pasture. 
In the non-irrigated West Melton area the soil is drier and 
harder and the grass grubs are probably deeper during early 
and mid-autumn (March-April) than at Winchmore. Coleman also 
found that most of the grass grub adults obtained from nest
lings by using nestling collars were initially males, with 
females appearing from mid-November on. Very few of the 
females contained eggs·, indicating that mainly post-reproduc
tive females were taken. 

Unlike Lobband Wood, Coleman found that cereals (wheat, 
barley and oats) were taken from stubble fie~· in January and 
February and from grain being fed out to stock during winter. 
Stubble fields were a favoured feeding place during late. 
summer, and may have harboured many invertebrates (~., 
weevils and Nysius huttoni) beneath the surface litter as well 
as spilled grain. Cereals were particularly prevalent in the 
starling's diet during the autumn and winter of 1969, when the 
severe autumn drought necessitated a considerable amount of 
feeding out of cereals to stock. In contrast, the irrigated 
Winchmore pastures were unaffected by the drought and no 
grain was fed out to stock, at least in the areas where Lobb 
md Wood collected faecEs. Fragments and husks of grain would 
certainly have been expected to have been found in the faeces 
had grain been an important item in the diet at Winchmore, as 
other vegetable matter (grass leaves and roots) was frequently 
recovered. Although little grain is fed to overwintering 
stock, a considerable amount of cereals is nevertheless grown 
in the Winchmore area. The lack of cereals in the diet there 
suggests that starlings feeding in irrigated pastures can 
maintain themselves on the abundance of insects available dur
ing summer. In contrast, non-irrigated Canterbury Plains 
pastures are often dry and relatively bare during January and 
February, and in these months the starlings at West Melton 
may have been forced to· consume cereals from stubble fields 
to supplement their insect diet. 

Coleman also found that starlings in the West Melton area 
showed a strong avoidance of rank pastures. 

Population Ecology 
The following account is based on the study of Coleman 

(pers.comm.). The occupation of nesting boxes in his West 
Melton study area is given in table II-1. The 820 acre study 
area also included a small number of "natural" nesting sites, 
situated mainly in farm buildings. The number of such sites 
occupied, which was virtually all of those available, in
creased from 17 to 23 during the study, a breeding density 
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of 1 pair per 35-40 acres. Extremely few natural breeding 
sites are available, to starlings in a relatively treeless 
area of open farmland such as the Canterbury Plains. With 
the addition of the nesting box population the total bree
ding population reached approximately one pair per 4.3 acres, 
still well below the breeding population the spring food 
supply of the area could probably support (Coleman, pers. 
comm.). The boxes which contained nesting material but no 
eggs were occupied by unpaired males, probably mainly first 
year birds. 

Clutch size ranged from 1 to 8, with 4 and 5 the most 
frequent sizes. For the modal clutch size, hatching success 
was 75-80% and 43-45% of the nestlings hatched were fledged. 

Table II-1. Occupation of nesting boxes by starlings in 
820 acres of mixed farmland at West Melton 
(Coleman, pers. comm.). 

Year No. % of boxes % of boxes % un-
boxes in which containing occupied 

clutches laid nesting 
material but 
no eggs 

-
1968 97 69 6 25 

1969 198 72 20 8 
1970' , 195 82 8 10 

These are somewhat lower than the figures given by Kessel 
(1957) and may gave resulted from the severe competition 
for nesting sites (cf. Jones and Leopold, 1967). There was 
some egg infertility and nest predation by mustelids. A 
major source of nestling mortality was destruction by other 
starlings attempting to occupy the nesting box. Competition 
for nesting boxes was acute,reaching its highest level in 1970. 
Several males were killed by other males in fights for owner-

j ship of nesting boxes, and when an intruder successfully evic
ted a breeding pair the latter's eggs and young were quickly 
tossed out. This severe competition and the facts that t of 
the nesting boxes were occupied by males in 1968, when the' 
boxes were erected only two months prior to egg-laying, and 
that the breeding population continued to increase throughout 
the study period show clearly that available nesting sites 
were limiting the starling breed:ing popUlation in this 820 
acre area. By the final year virtually all of the suitable'. 
boxes were occupied, the unoccupied 10% and possibly some of 
those occupied by unpaired males being unattractive for such 
reasons as disturbance by humans. 
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The starling population in the West Melton study area 
did not appear to be short of food during the winter, as 
Coleman found that both body weights and fat reserves were 
highest at this time of the year, and the adults which had 
bred in the previous spring spent a considerable proportion 
of winter days in non-feeding activities at their nesting 
sites. During the autumn and winter the study area was 
occupied by 3-4 flocks of approximately 100-300 starlings in 
addition to the breeding population. Each of these flocks 
formed a distinct feeding and roosting unit, and they may 
have been composed mainly of first and second year birds 
which had yet to establish nesting sites (Coleman, pers.comm.). 
These flocks ranged throughout the study area but sometimes 
spent most of the day in an individual paddock for several 
successive days,~., in a winter feed crop of rape infested 
with large numbers of Nysius huttoni, and much of the study 
area was unutilized by starlings for considerable periods. 
The total population of the study area never exceeded app
roximately 380 breeding adults plus 1000-1200 in flocks of 
younger birds, or 1.5 - 2.0 starlings per acre, and was 
often considerably less than this. Peak numbers occurred 
immediately after the breeding season, when considerable 
numbers of fledged young were presen~ and similar numbers 
were occasionally recorded during the succeeding summer, 
autumn and winter. Numbers reached a low point immediately 
prior to the breeding season. Mortality of young, inexperi~ 
enced birds is undoubtedly high, particularly during their 
first autumn and winter, as in Britain (Coulson, 1960). If 
t.he West Mel ton starlings did suffer from food shortage at 
any time of the year, the most likely time would be late 
summer and autumn, when body weights and fat reserves are 
lowest, pasture soils are generally dry and hard and food may 
be scarce or difficult to obtain. However, the rapid occu
pation of and strong competition for nesting boxes shows that 
there were more potential breeders each spring than the num
ber of available nesting sites could cater for. 

A total of 324 starling fledglings were produced in the 
study area during the 1968 and 1969 breeding seasons. The 
peak autumn and winter starling population of the study area 
must therefore have included many birds which had moved. in 
from elsewhere. Dispersal of young in search of breeding 
sites is a common phenomenon in vertebrates (Murray, 1967). 
The starling population in Canterbury may have a two-tiered 
structure comprising established breeders permanently resi
dent in local areas centred on their nesting sites, and 
unestablished birds, including many one and two year olds, 
which form transient flocks during autumn and winter and 
possibly di~perse in search of nesting sites in the spring. 
A situation of this type apparently exists with rooks in north
east Scotland (Dunnet and Patterson, 1968; Dunnet, Fordham 
and Patterson, 1969). 
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Regardless of whether or not the number of nesting sites 
limits the starling population of Canterbury or New Zealand 
as a whole, it is certainly possible to increase a local star
ling population markedly by erecting nesting boxes, which is 
of immediate importance from the viewpoint of using starlings 
as a biological control agent. The permanent occupation of 
the nesting area by the breeding birds means that it is 
possible to increase the number of starlings resident through
out the year by this method. 

Economic status 
As in other countries, starlings in New Zealand are 

regarded as being beneficial insect eaters, neutral to man's 
interests or p~sts. Pest activities recorded in this country 
include the noise and defacement of buildings caused by urban 
roosts, destruction of fruit and grain crops, predation on 
bumble and honey bees and usurpation of the nesting sites 
and food supplies of native birds (01i.er,1955; Williams, 
1969; Dawson and Bull, 1970). Only the second of these acti
vities is relevant to the economic status of the starling 
in a predominantly pastoral area of mixed farmland such as 
the Canterbury Plains. Roosts are an ur,ban ~roblem, neither 
Lobb and Wood (1971) nor Coleman (pers.comm.) found bees in 
the diet of starlings, though ants and parasitic Hymenoptera 
occurred in small quantities, and h~ifut modification by man 
has reduced the native avifauna of rural areas to a handful 
of species, ~., fantail, kingfisher, harrier ahd gulls, 
none of which are known to seriously compete with starlings 
for food or nesting sites. There is very little commercial 
fruit growing on the Canterbury Plains, and the only activity 
of starlings likely to confer significant pest status upon 
themin this area is consumption of ce~eals. Grain taken 
from stubble fields is of no economic value, but loss of 
grain which is taken from the ground or from winter feedlots 
before it can be consu~ed by stocK could be economically 
significant in areas of high starling numbers. 

The results obtaine4 by Lobb and Wood (1971) show that 
starlings in irrigated Winchmore pastureland consume mainly 
insect pests, and'in this area the starling is therefore 
either neutral to man's interests or beneficial if it occurs 
in sufficient numbers to check the growth of insect pest 
populations. The situation may be different in non-irrigated 
areas of Canterbury, such as West Melton, where consumption 
of grain fed to stock could conceivably become an economically 
significant problem if local starling populations were in
creased markedly through the, provision of nesting boxes. 
'This problem may only be serious during drought years, when 
lack of conserved pasture necessitates considerably more 
winter feeding of grain than the relatively small amount 
fed to stock in most winters. Starlings are probably a minor 
pest in this regard in comparison to house sparrows. 
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APPENDIX III 

THE STUDY OF NATURAL INSECT POPULATIONS 

This review of the literature on insect population 
ecology is concerned mainly with the aspect of particular 
interest to this study, viz., quantitative studies of single 
species populations designed to produce models of the species' 
population dynamics, with particular reference to pest species. 
Before considering this aspect, definitions, objectives and 
population theories will be briefly reviewed. 

DEFINITIONS 
Morris (1957) defined population dynamics as "the measure

ment of population changes from generation to generation and 
the study of the factors responsible for the changes". He 
contrasted this definition with natural control, defined by 
Solomon (1949) as "that regulation of the numbers of a natural 
population which keeps them within the limits of a more or 
less clearly definable though often very wide range of 
abundance." Morris pointed out that the economic entomologist 
is concerned with population dynamics, to discover why, where, 
when and how insect pest outbreaks occur, and that this is a 
broader field of study than (and includes) natural control. 
His definition is accepted in this study. 

Solomon (1964) later broadened the definition of natural 
control to include "the process(es) keeping the numbers of 
animals, in a population not controlled by man, within the 
limits of fluctuation observed over a sufficiently represent
ative period", and he then restricted the term "regulation" 
to the situation where the process involved is density de
pendent, i.e., kills a greater proportion of the population 
as population density increases. This has led to some con
fusion in the literature, as workers who have accepted 
Morris's definition of population dynamics (~., Watt, 1961, 
1968; Harcourt, 1963; LeRou x et al., 1963; Pottinger and 
LeRoux, 1971) have used regulation in the sense of changes in 
population size from generation to generation, regardless of 
the density relationships involved, while other workers have 
used regulation in the sense defined by Solomon (~., Klomp, 
1962, 1966; Southwood, 1967). While accepting Morris's de
finition of population dynamics, it may be useful to retain 
Solomon's definition of regulation. This point is discussed 
further, later in this appendix (p~21 ). 

Some of the many definitions of population were considered 
by Clark et ale (1967,ch.1), who concluded that the most use
ful is Solomoll's (1949) definition of a population as a more 
or less frequently interconnected group of organisms of the 
same species, separated more or less clearly from other groups 
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of the species, and forming a functional unit in combination 
with its environment. Practical definitions of population 
from the point of view of the worker studying population 
dynamics in the field are "any group of animals, usually of 
one species, that can conveniently be considered as a unit" 
(Solomon, 1964) and "the totality of organisms of one single 
species continuously present in some particular place, at 
least throughout some limited period of time" (Petrusewicz 
and Macfadyen, 1970, p. 26). As Solomon (1969, p.2) pointed 
out, the population studied in a localised area by a field 
worker is seldom entirely separate from the larger popu
lation of the surrounding region. 

OBJECTIVE OF STUDYING INSECT PEST POPULATION DYNAMICS 
Several authors have stressed that if the basis of in

sect pest control is ever to proceed from the present ad hoc 
level to a rational level it is essential to gain a full under
standing of the ecology of each pest species, which can only 
be obtained by long-term ecological research(Varley, 1960; 
Geier and Clark, 1961; Richards, 1961; Chant, 1964; LeRoux, 
1964a and b; Smallman, 1964; Milne, 1965; Clark etal., 1967, 
ch.6; Pottinger, 1967; Springett, 1970). The main practical 
objective of studying the dynamics of insect populations is 
therefore "to learn enough about their functioning to devise 
efficient ways of manipulating them as desired" (Clark et al., 
1 967, p. 1 66) • - -

POPULATION THEORIES 
Explanation of the abundance and distribution of animals 

has long been a favourite topic of theorists, and the liter
ature on this subject is now vast. Good reviews of the fac
tors affecting insect populations and population theories are 
those of Solomon (1949, 1964), Richards (1961 ), Clark et ale 
(1967, ch.3), Richards and Southwood (1968), Wilson (1968) 
and Wagner (1969). 

Nicholson (1933, 1954, 1957) made an outstanding contri
bution to theoretical population dynamics. He emphasized the 
regulation of population size by density dependent mortality 
factors, i.e., factors .which kill an increasing proportion of 
the population as population density increases (Solomon, 
1949, 1964). Nicholson considered that populations exist in 
a state of balance with their environments as a result of 
the stabilizing influence of density-related opposition to 
indefinite population increase. He recognized two main types 
of environmental factors:density-Iegislative factors, which 
act independently of population density and determine the 
densities at which populations become stabilised, and density
governing (=density dependent) factors. The density-legislative 
factors, ~., climate, determine the level at which the den
sity dependent factors, ~., intraspecific competition for 
a resource in limited supply, operate. 

Andrewartha and Birch (1954) and Birch (1957) regarded 
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Nicholson's concept of the balance between populations and 
their environments as a myth. In their view the numbers of 
animals fluctuate irregularly due to such factors as weather. 
A species is pictured as a series of local populations 
fluctuating and dying out in a random manner as the favour
ableness of local environments fluctuates independently of 
population density, largely because of fluctuations in weather. 
By chance a population may become extinct locally, but it is 
likely to be re-established by immigration from elsewhere. 
In emphasizing the role of variations in the favourableness 
of local environments Andrewartha and Birch considered that 
there is no need to postUlate stabilizing, density dependent 
factors to explain population size. 

The differences between the views of Nicholson and 
Andrewartha and Birch arose mainly from their different view
points. Whereas Nicholson was concerned with determining why 
fluctuations in population size are comparatively restricted 
in the long term and occur around particular density levels, 
Andrewartha and Birch sought primarily to account for the 
changes in numbers from one generation to the next. An inter
mediate view such as that of Milne (1957, 1962) may be more 
realistic. Milne regarded most natural populations as fluctu
ating at population levels where intraspecific competition is . 
insignificant, due to the combined action of density indepen
dent and imperfectly density dependent factors, such as inter
specific competition, predation and disease. He considered 
that indefinite population increase is eventually prevented 
by intraspecific competition, the only perfectly density 
dependent factor, i.e., one which can always be relied upon 
to act. 

At present most workers accept that population regulation 
by density dependent mortality factors is an important, 
widespread phenomenon (e.g., Huffaker, 1958a; Voute, 1958; 
Richards, 1961; Huffaker-and Messenger, 1964; Klomp, 1962, 
1964, 1966; Solomon, 1964, 1969; Clark et al., 1967; Slobodkin, 
Smith and Hairston~ 1967; Richards and Southwood, 1968; Varley 
and Gradwell, 1970), although others consider that density de
pendent regulatory factors are mostly or entirely unimportant 
in determining the numbers of most species (~., Cole, 1958; 
Schwerdtfeger, 1958; Birch, 1962; Ehrlich and Birch, 1967). 

-Klomp (1962) showed mathematically that population densities 
will either increase indefinitely or decrease to extinction 
in the absence of density dependent mortalities, while Tanner 
(1966) produced strong evidence for the widespread operation 
of density dependent mortality w~en he showed that there was 
a significant inverse correlation between population growth 
rate and population.size among ~7 of the 64 animal species 
for which data were available. ·The relationship was also 
negative, though not significantly, in 15 of the remaining 17 
species. The extent of density dependent regulation will 
tend to decrease towards the edge of a species' range and 
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as the instability of the habitat increases (Huffaker and 
Messenger, 1964; Richards and Southwood, 1968). Watt (1968, 
p.30) also pointed out that climatic factors may never allow 
a population to become dense enough for density dependent 
factors to come into operation, and he stated that the only 
universally applicable rule of popUlation determination 
is that the particular factor controlling a species population 
at a particular place depends on the suitability of the cli
mate at that place relative to the physiological tolerance 
limits of the species. In a given habitat the tightness of 
density dependent regulation of population size will vary 
with the characteristics of the species, such as spatial 
distribution and tolerance to crowding (~., Kuno and Hokyo, 
1970). . . 

A density dependent mortality may be direct, inverse ·or 
delayed (Varley and Gradwell, 1970). A density dependent 
mortality (i.e., direct density dependent mortality) kills 
an incireasing proportion of the population as population 
density increases, as defined above, and may have regulatory 
properties or may not be powerful enough to be regulatory. 
An inverse density dependent mortality is one in which the 
proportion of the population killed decreases with increasing 
population density. Such a mortality is not regulatory but 
contributes to population instability. A delayed density de
pendent mortality occurs in parasite-host systems when the 
population density of the parasite (and hence percentage 
parasitism) lags behind that of its host • 

,As Solomon (1964) and Holling (1968) have pointed out, 
the term density dependent should be restricted to processes 
or events rather than used to describe mortality factors, 
since some factors, ~., predation, may be density depen
dent over a certain range of densities but inversely density 
dependent or density independent at other densities. Mor
tality factors which are capable of acting in a density de
pendent manner include natural enemies (parasites, predators 
and pathogens) and intraspecific.and interspecific compe
tition for resources such as food. DeBach (1958) pointed 
out that the effects of natural enemies are usually the only 
regulatory processes capable of controlling insect populations 
at low (subeconomic) levels and therefore the only ones of 
importance in economic entomology. Intraspecific competition 
for food or destruction of the food supply often sets the 
upper limit for populations of phytophagous insect pests, 
~., Morris, Miller, Greenbank and Mott (1958), Clark (1964c), 
Readshaw (1965), Harcourt (1971), but this phenomenon is 
rare in the vast majority of insect species. whichnever be
come pests (Klomp, 1964). Mutual interference or aggression, 
which is effectively the same thing as intraspecific compe
tition for space (Klomp, 1964), may influence mortality,· re
production or emigration in a density dependent manner at 
densities below the level where food is in limited supply. 
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Cannibalism or larval combat regulates the popUlation density 
of some insects, although it does not usually p~event serious 
depletion of the food supply (~., Carne, 1956; 
Brinklehurst, 1966; Istok, 1966). RegUlation of phytophagous 
insect populations may also be brought about by changes in 
food plants induced by high insect numbers (~., Dixon, 
1970). The role of genetic changes in popUlation regUlation 
has received considerable attention over the last decade 
(Birch, 1960; Chitty, 1960; Wellington, 1960, 1964; 
Bigelow, 1967; Morris, 1971), but it is not clear whether the 
genetically based q-q.alitative changes in populations which 
accompany fluctuations in numbers should be regarded as the 
mechanism by which popUlation density is regulated or simply 
as an incidental effect of regulation (Milne, 1962; Chitty, 
1970) • 

Weather is often responsible for fluctuations in popu
lation density but its effects are usually regarded as den
sity independent and therefore non-regulatory (Solomon, 1960). 
However, Chitty (1960) suggested that the effects of weather 
are more severe at high population densities, When population 
quality is lowe+, and the mortality caused by extreme 
weather may also be density dependent if the number of pro
tective niches is limited (DeBach, 1958; Richards and Southwood, 
1968), although in the latter case it is competition for 
niches rather than weather which is responsible for the den
sity dependence (Solomon, 1.960). Weather usually "acts as a 
density-legislative factor (Nicholson, 1954), setting the 
~cene within which other factors operate, ~., by influ-
encing the quantity of food available. The effec~of weather 
on food quality can l:l,lso have important consequences in in
sect population dynamics (~., Morris, 1967). " Several con
secutive years of favourable "weather may release some insect 
pest populations from the effects of their natural enemies " 
by allowing them to increase at a faster rate than their ene
mies can destroy them, resulting in a pest outbreak which is 
eventually checked by a different set of regulatory factors 
(~., Wellington, 1954; Miyashita, 1963; Morris, 1963a; 
Clark, 1964c; Readshaw, 1965; Miller, 1966). Wilson (1968) 
suggested that it is common for phytophagous insects to have 
several mechanisms of popUlation regulation which come into 
operation at different densities. He suggested that the main 
factors involved, in ascending density order, might be: 
(1) unfavourable weather and" polyphagous natural enemies 

(including birds); 
(2) specialised entomophages, ~., specific parasites; 
(3) dispersal, migration and disease; 
(4) food shortage. 

LIFE TABLES FOR NATURAL INSECT POPULATIONS 
Richards (1961) eloquently pointed out that a balanced 
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perspective of the factors c~ntrolling insect numbers will 
not be attainable until a series of well planned, long-term 
field studies of natural insect populations have been carried 
out in sufficient quantitative detail. Pottinger (1967) and 
Pottinger and LeRoux (1971) have shown that insect population 
ecology has long been a largely descriptive, deductive, a 
priori science and has only recently developed into a 
quantitative, inductive, ~ Eosteriori one. 

Pottinger a~d LeRoux listed the shortcomings which have 
dogged population ecology in the past. These include ob~ 
taining support for population theories from limited field 
observations which were restricted to that aspect which co
incided with preconceived views on the importance of differ
ent factors. A good example is given by studies of the pop
ulation dynamics of the Australian pasture scarabaeid 
Aphodius tasmaniae by Carne (1956) and Maelzer (1961b, 1962, 
1964). Carne accepted Nicholson's views on population regu
lation and concluded that larval combat acted as a powerful 
density stabilizing mechanism and was responsible for the 
regulation of !. tasmaniae populations. Maelzer accepted 
the ideas of Andrewartha and Birch and concluded that the 
numbers of !. tasmaniae were determined by weather, with con
siderable mortalityca~sed by summer drought and winter floo
ding, the latter in association with the entomophagous fungus 
Cordyceps aphodii. Maelzer considered that larval combat 
did not regulate the size ofA.t~smaniae populations because 
larvae dispersed into adjacent uninfested pasture before com
bat.caused serious mortality. As .Anc:hewartha and Birch (1960) 
poi~ted out, the critical point is how large does an area 
of infested pasture have to be for larvae to be unable to 
disperse without meeting other larvae and engaging in larval 
combat? Neither Carn~ nor Maelzer collected any information 
on this point. Both studies were considerably restricted by 
preconceived ideas, !L!1l.,Carne made no attempt to assess 
the effects of physical f~ctors while Maelzer did not attempt 
to measure the mortality caused by larval combat. A more 
balanced view of the population dynamics of A. tasmaniae 
might be that weather had an important effect on population 
fluctuations, as shown· by Maelzer, and larval combat acted 
as a density stabilizing mechanism in years of favourable 
weather, as shown by Carne, although it should be pointed 
out that the two studies were carried out in different 
parts of Australia. 

Population dynamics, as defined by Morris (1957), is 
Concerned with the study of all of the factors contributing 
to changes in insect populations, without preco~ceived ideas 
about the roles of regulatory a~d non-regulatory mortalities. 
LeRoux (1964a and b) pointed out that to gain a full under
standing of the population dynamics of an insect species it 
is necessary to carry out a multifactor study of the insect 
population and all relevant features of the ecosystem of 
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which it is a part. This is often feasible with insect pest 
species because they occur in relatively simple, man-made 
ecosystems. In a similar vein, Geier (1965) and Clark 
et al. (1967) proposed the life system concept, the life sys
tem-of a single species population comprising the population 
and its effective environment,'which includes all external 
agencies influenGing the population, including man. In prac
tice, the life system comprises those biotic and abiotic 
agencies whose influence on the population can be observed and, 
preferably, measured. 

Quantitative, multifactor studies of natural insect 
populations initiated in Canada with the work and ideas of 
Morris (1955, 1957) and Morris and Miller (1954), who showed 
that dem~graphic life tables inilightly modified form pro
vide a basic framework fQr intensive population studies. 
Life tables have since become a widely used tool in the study 
of insect population dynamics (Harcourt, 1969). The history 
and form of the life tablewi;I.l not be considered here as these 
topics have recently been reviewed in detail by Southwood 
(1966~ ch.10), Harcourt (1969) and Pottinger and LeRoux 
(1971 ) • 

A life table for an insect popUlation is essentially a 
convenient way of tabulating data on the population den-
sityat different stages of the life cycle within one gener
ation (survivorship) from egg to adult, the mortality caused 
by individual factors during the generation, and fecundity. 
The estimates of popUlation density form the basis of the 
life table, and Morris (1955) and subsequent workers (~., 
LeRoux and Reimer, 1959; Harcourt, 1961) have stressed the 
need to develop biometrically·sound sampling methods with 
optimal ~llocation of resources for this purpose. Problems 
encountered in the development of life tables for insects 
usually revolve around population sampling (Ives, 1964). 
Life table.salso contain estimates of those mortalities 
which are feasible to assess and of fecundity. These esti
mates should also be obtained by biometrically sound proce
dures, ~., mortalities may be estimated as part of popu
lation sampling (~., .LeRoux and Reimer, 1959) or may re
quire separate estimation (~., Turnock and Ives, 1962). 
Insect life tables are usually age-specific, i.e., follow 
the fate of a cohort born over a short period-;--i'nd have been 
developed mainly for insects in which the phenological develop
ment of the individuals comprising the population is well 
synchronized. Considerable progress has also been made with 
insects with considerable overlap between developmental stages 
and between generations, thelatier necessitating time-speci
fic life tables; i,e., life tables based on the age structure 
of the popUlation ata point in time (~., Beaver, 1966; . 
Southwood, 1966, ch. 11). . 

A small number of life tables provide a general descrip-
tion of population dYnamics and useful information on the age 
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distribution of total generation mortality. A series of life 
tables covering"a wide range of population levels and en
vironmental conditions will lead to an increased under
standing of the population dynamics of an insect species, 
including the relationship between such factors as popula
tion density, natural and artificial mortalities, environ
mental conditions and the direction of population changes 
from generation to generation (LeRoux, 1964a and b; 
Pottinger, 1967). Life tables enable any desired comparison 
to be made, as data for the complete generation are avail
able. In particular, life tables summarize individual mortal
ities in a manner which serves readily as the basis for mor
tality interpretation, especially in relation to population 
trend, i.e., w.hether the popUlation is increasing, decreasing. 
or is stable ~rom generation to generation (Morris, 1957). 
A series of life tables can be used to develop population 
models, as described below. Life table studies may also 
provide much information of imm,ediate practical value, ~.,. 
the duration of stages of economic importance, the relation
ship between pest density f:!.nd crop injury, projection of 
popUlation trends which is important knowledge for planning 
spray programmes (LeRoux, 1964a and b) and the timing of pest 
evaluations (Knight, 1967). Many of these points could be 
investigated in separate studies, but life tables provide a 
useful framework for integrating all aspects of long term 
population studies and short term practical studies. 

The Interpretation of Mortality Data 
The interpretation of mortality data obtained from life 

tables has bee~ greatly clarified by R.F. Morris. He showed 
that the importance of the contribution of an individual 
mortality to popUlation changes depends upon its variation 
from generation to generation rather than its magnitude, so 
tha~low but variable mortalities will have more influence on 
population trend than high but relatively constant ones 
(Morris, 1957). Variations at high levels of mortality are 
likely to have a greater effect on population trend than 
variations at low levels of mortality. For this rea~on~ the 
magnitude of contemporaneous mortalities (i.e., mortalities 
which occur in the same age interval) can be extremely im
portant, !L!.B.., a high but constant contemporaneous mortality 
may allow a low but variable mortality to be the primary 
determiner of ·populationtrend. 

Morris (1959) suggested that population changes from 
generation to generation may often be determined by one or a 
few variable mortalities, which he termed key factors. His 
ideas have been confirmed by several life table studies which 
have shown that population changes are largely determined by 
a small number of variable mortalities (~., Harcourt, 1963, 
1966; LeRoux et al., 1963; Paradis and LeRoux, ~965; Pottinger 
and LeRoux, 1971). Mortalities which are large but relatively 
constant may still be very important, by providing the constant 
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block of mortalities which allow a low but variable mortality 
to determine population trend (a point stressed by Solomon, 
1964) or by destroying eggs or young larvae before they 
reach economi~ally damaging stages (e.g., Harcourt, 1963; 
LeRoux ~ al., 1963). In a later paper Morris (1965) con
sidered the role of contemporaneous mortalities in more de
tail, and he showed that slight variations in low mortalities 
that operate contemporaneously with large mortalities can 

. have a major effect on population trend if there is little 
interaction or mutual interference between the contemporaneous 
mortalities. 

Earlier in this chapter when definitions were being 
discussed it was pointed out that some workers have equated 
the term regulation with the determination of population trend 
while others have restricted it to the action of stabilizing, 
density dependent mortalities. If the latter definition is 
accepted Morris's key factor would not be expected to be 
regulatory, since the key factor is largely responsible for 
fluctuations in population size and therefore acts in a den
sity disturbing manner, rather than in a regulatory, density 
stabilizing manner (Varley, 1963; Southwood, 1966, p.299; 
Varley and Gradwell, 1968). The distinction between fluctu
ation and regulation or stabili~ation of population numbers 
was also made by Klomp (1966) and Clark et ale (1967, p. 61-
64). Nevertheless, several life table studies have revealed 
density dependent key factors (Harcourt and LeRoux, 1967). 
Southwood (1967) showed that it is possible for a mortality 
t,o be both disturbing and regulating and therefore potentially 
both a key factor and a regulatory factor , if it is directly 
density dependent but imprecisely adjusted to population 
density or if it acts in a delayed density dependent manner. 

Richards and Southwood (1968) recognized three types of 
population processes: regul~tory processes, which are density 
dependent and therefore tend to stabilize the population 
density; disturbing processes, which tend to push the popu
lation density away from the equilibrium level (Nicholson, 
1954) and include the key factor; and conditioning processes, 
environmental features which set the scene within which popu
lation changes occur and are equivalent to Nicholson's den- . 
sity-legislative processes. While it could be argued that 
these authors were more concerned with natural control than 
with population dynamics as defined by Morris (1957), restric
tion of the term regulation to the action of density dependent, 
stabilizing processes and the d~stinction between disturbing 
and regulating processes appears to be a very useful one, 
particularly as such regulating processes may playa signi
ficant role in the life systems ,of many insects. Harcourt 
(1971) reached this conclusion and sho~ed that the key factor 
in the life system of the Colorado potato beetle Leptinotarsa 
decemlineata (Say), adult migration, acted in both a 
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disturbing and a density dependent, regulating manner. 

POPULATION MODELS 
Since the practical objective of studying insect popu

lation dynamics is to learn enough about them to make the 
management of insect populations less empirical, it is 
necessary to .$ynthezise the findings of a population study 
into a model which describes the functioning of the life 
system (Clark et al., 1967,p. 166). A preliminary series 
of life tables can produce a descriptive, verbal or graphical 
model of an insect's life system (~., Stark, 1959; Richards 
and Waloff, 1961; Ito and Miyashita,1968; Waloff, 1968; 

. Grimble and Knight, 1970). Such models are useful for com
parative studies (Ito, 1959, 1961) and. may be all that is 
necessary to ~olve a particular pest problem, but Clark et 
ale (1967) made the point that a quantitative synthesis-
of the information obtained about a life system is essen
tial for further progress in our understanding of insect 
population dynamics and pest management. This necessitates 
a mathematical model, which is the only quantitative means of 
showing how much is understood about a particular insect's 
life system. 

It may eventually prove possible to develop mathematical 
population models which allow pest management procedu.res 
and tactics to be optimized, ~., by using simUlation 
studies to determine which values of those independent 
variables that affect population density and are under the 
control of inan should be selected to minimize pest detisities, 
or t6 determine the long term effects of various control 
strategies, and also to develop ecological principles (Watt, 
1961, 1963e, 1964a). 

Methods of Developing Mathematical Population Models 
Approaches to the d-evelopment of models for natural 

insect pop. ulations have been reviewed by Southwood (1966 ~ ch. 
10) and discussed critically by Clark et ale (1967, ch.5), 
Morris (1969) and Varley and Gradwell Tf970). There are two 
types of approaches to the study of insect populationdyna
mics: the analysis of field data and experimental studies of 
ecological processes. The former is based on the observation 
of natural insect populations by means of field sampling 
and ranges in scope from complete life table studies to key 
factor studie~. The process approach is usually concerned with 
detailed studies of a single ecological process, such as pre
dation, in both laboratory and field experiments. Approaches 
to model~building will be discussed in the following order: 
process studies, life table studies, key factor studies, 
Varley and Gradwell's approach (which is intermediate between 
life table studies and key factor studies in some respects), 
and an integrated approach. 

Experimental process studies. These studies are concerned 



523. 

with elucidating the mode of action of important ecological 
processes (Clark et al., 1967, ch.5). Experimental studies 
of population phenomena in simple, arlificial ecosystems 
evolved as a means of developing and testing the deductive 
models of early theorists such as Lotka, Volterra and Gause 
(Clark et al., 1967, p.30). The uncritical nature of much 
of this-experimental work has been pointed out by Smith 
(1952). More recently there have been numerous laboratory 
studies carried out to provide a deeper insight into the 
mechanisms and pathways through which population ,changes occur, 
with predator-prey interactions one of the most popular to
pics (~., Huffaker, 1958b; Flande'rs and Badgley, 1963). 

The rationale behind shifting population studies from 
the field into the laboratory is that it then becomes poss
ible to isolate important factors and study their operati9n 
precisely, with9utthe complications introduced by the host 
of interacting forces present in the field. Laboratory 
experimentation is thus a powerful tool for investigating 
population regulation and for testing population theories. 
By adding additional factors to the system one at a time, it 
might eventually prove possible to extend this approach to 
the study of laboratory ecosystems which are as complex as 
natural ones (Wilson, 1968), However, Clark et ale (1967, 
p. 178) emphasize that it is not enough to prove the exis
tence of a particular regulatory mechanism; it is also 
necessary to show when and how often it operates in the field. 
Laboratory studies are therefore no substitute for field 
,studies, but they are valuable, for elucidating principles 
which assist both the planning and interpretation of field 
work. 

As Hall (1964) and Valiela (1969) stressed, experimen
tal process studies should be carried out in the field as 
well as in t~e laboratory if possible. To date most experi
mental field studies have been concerned with gross features, 
~., demonstrating the existence of population regulation 
by means of artificial displacement of population density, 
as su~gested by ,Nicholson (1957) and attempted by Eisenberg 
(1966), and experimental evaluation of the role of an indi
vidual mortality factor, ~., exclusion of predators (DeBach, 
1958; Clarke and Grant, 1968). Experimental field populations 
have been used to demonstrate regulation and to examine the 
density relationships of individual mortalities (~., Clark 
1964a and b; Turnock, 1969). Valiela (1969) recommended the 
use of controlled laboratory and field experiments to evaluate 
the effects of all potential mortality factors over the whole 
range of values which each factor can take. His approach re
lies heavily on the use of exper,imental field populations 
and therefore may only be feasible with relatively sedentary 
insects. 

The most valuable process studies from the point of view 
of the development of models of natural insect populations 
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have been those designed to yield mathematical formulations 
which incorporate a description of the mode of action of the 
particular process under study. Such studies are essential 
to the development of realistic population models, since 
they reveal the causal pathways through which important 
variables influence population density and suggest biologic
ally meaningful ways of modelling observational field data 
(Clark et al., 1967, ch.5). Examples of such studies are 
Holling's 11963, 1966) work on predation, which is discussed 
in appendix IV, and the investigation of the effects of 
temperature, humidity, food quality and genetic change on 
the survival of Hyphantria cunea carried out by Morris 
(1967, 1971) and Morris and Fulton (1970a and b). 

Life table studies. Watt (1961, 1963d) proposed that 
population models of the following form could be constructed 
for univoltine insects: 

I = Nn + 1 / Nn = SE SL Sp 

where I = index of population trend 

Nn = density of eggs in generation n 

Nn + 1 = density of eggs in generation n 

= survival of eggs SE 

SL = survival of larvae 

Sp = survival of pupae 

SA P F R 

+ 1 

SA = survival of adults up to and including the time of 
oviposition 

p = proportion of adults that are females 

F= mean fecundity per female 

R = proportion of potential egg supply that is actually 
laid. 

For each age interval, survival is given by 

S = N2/ N1 

where N1 = number alive at beginning of age interval 

N2 = number alive at end of age interval •. 

Watt originally sug~ested that I should be based on the 
adult stage, but Morris {1963 a, sec.6) pointed out that the 
egg stage is preferable since it is more uniform in quality. 
Watt proposed that a series of sub-models should be constructed·· 
for SE' SL' etc. in which survival in each age interval is 
expressed as a function of the important independent variables 
operating during that age interval. Ideally, each sub-model 



525. 

is built up from one or more sub-sub-models which describe 
the operation of individual mortality factors such as pre
dation, disease and weather. The sub-models are then com
bined into a complete model for population trend. If mass 
long-distance dispersal occurs during the adult stage, as in 
the spruce budworm (Morris, 1963a, sec.7), it may be necess
ary to treat generation survival rather than index of popu
lation trend as the dependent variable. Campbell (1967) used 
a slightly different form of model: 

Na + 1 = Nn SE SL Sp SA P F R. 

This form allows information about the interactions be
tween Nn and the age-interval survivals to be incorporated in 
the mod~l more readily. 

Watt (1961) suggested two main approaches to the develop
ment of age-specific models, the inductive and mixed deductive
inductive approaches. Inductive models are developed by mul
tiple regression analysis,the survival i~ each age-int~rval being 
expressed as a function of the magnitude of various indepen~ 
dent variables that influence it. Watt pointed out that the 
resulting model may give the best description from a statis
tical point of view and show which variables have important 
effects on survival, but it does not yield any insight into 
the causal pathways by which the important variables influ-
ence survival. In other words, inductive models are empiri-
cal and purely descriptive, rather than explanatory (Morris, 
1969). Watt (1961) therefore suggested a mixed deductive
inductive approach to the development of sub-sub-models for 
individual mortality factors, in which the mode of action 
of each factor is deduced and an appropriate differential 
equation (or difference equation, Watt, 1968, ch~11) selected 
to describe it. This equation is then integrated into a form 
suitable for testing. The resulting sub-sub-model is tested 
inductively by comparing predicted and observed mortalities, 
and refinements to the initial hypothesis are made on the ba-
sis of the test results. This approach requires additional 
information to the purely inductive approach, viz., the actual 
(apparent) mortality caused by a factor (~., the number of 
larvae destroyed by birds) as well as the magnitude of the 
factor (~., the number of bird predators). If it is poss-
ible to obtain realistic sub-sub-models for each of the mor
tality factors affecting survival within an age-interval, the 
mode of interaction between these factors is determined by a 
similar deductive - inductive method to reveal the best way 
of fitting the sub-sub-models together to form a sub-model. 
Since they both describe population changes and explain the 
causal pathways through which population changes occur, de
ductive-inductive models would be extremely valuable tools for 
gaining a deeper understanding of insect pest population 
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dynamics, and for selecting optimum control procedures. 
Age-specific population models published to date have 

been largely or entirely inductive and therefore purely 
descriptive, and they have generally accounted for less than 
50% of the variance in the population system under "study 
(~., Morris,1963a; Embree, 1965; Campbell, 1967). " The 
basic ommission from these long-term life table studies has 
been failure to understand the causal pathways or biological 
mechanisms through which population changes occur, with 
the result that some important variables were entirely neg
lected and others were not measured in the best way, while 
interactions between independent variables could not be 
accounted for (Mott, 1963b; Watt, 1963b and c). It appears 
most unlikely that detailed, long-term life table studies 
will lead to the development of realistic, explanatory 
population models without accompanying experimental work on 
causal pathways and the mode of action of ecological process
es (Morris, 1963a, sec.40, 1964, 1969; Campbell, 1967; 
Varley and Gradwell, 1970). Watt (1961) foresaw this problem 
when he postulated that population models which are explana
tory rather than merely descriptive can only be obtained 
through the development of deductive-inductive sub-sub-models 
for the various processes which determine population size. 
Long-term life table studies on the scale envisaged by Watt 
(1960, 1961) involve an extensive volume of field work. 
For example, when the object is to develop a population model 
with a highdegreedl.of predictive reliability, watt "considered 
that about 8n life tables would be required for a meaningful 
analysis, in the case of a univoltine species where the model 
included n independent variables. Clearly, an expensive 
long-term programme of data collection would be required for 
an insect species with even a moderately complex life system. 

In practice, it"is not possible to measure all of the 
independent variables which might be affecting the population, 
even with a l~rge-scale field programme (~., Morris, 1963a). 
The value of a population model produced by multivariate ana
lysis of large amounts of field data will therefore be very 
dependent on which independent variables were chosen to be 
measured (Mott, 1963a;" Varley and Gradwell, 1970). Even if it 
was possible to measure all of the important independent vari
ables and apparent mortalities, the intrinsic variability 
of natural ecological systems and the fairly large sampling 
errors inevitably associated with most field studies would 
still limit the reliability of the final model (Watt, 1963b; 
Valiela, 1969) and might make it impossible to decide which 
equation best described the mode of action of an individual 
mortality factor (Varley and Gradwell, 1970). 

Valiela (1969) and Watt (1968, p.271) pointed out that 
insight into the quantitative nature of ecological "processes 
can only be obtained through detailed experimental studies 
of individual processes. As Holling (1963) stressed, the 
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great potential of the life table approach can only be fully 
realised when realistic sub-sub-models have been developed 
for major ecological processes such as predation, disease 
and the effects of weather. Once such sub-sub-models are 
available, they will reveal which independent variables are 
most important and should therefore be measured in field 
studies. Holling considered that detailed process studies 
should ideally precede life table work, but in practice 
this is not possible, since the development of realistic 
sub-sub-models has lagged far behind the development of popu
lation sampling techniques. It is therefore necessary to 
carry out preliminary life table studies to determine which 
factors in an insect's life system deserve more intensive 
study (LeRoux, 1963). Holling (1963) concluded that more 
emphasis should be placed on the analysis of ecological pro
cesses and less on extensive life table studies. 

It thus appears that life table studies of an insect 
pest are unlikely to lead to the development of population mo
dels which are both reliably predictive and explanatory without 
accompanying process studies to reveal the modes of action 
of the major processes affecting the pest's abundance. There 
is a need for both the "macro" life table approach and the 
"micro" proces s study approach (Watt, 1968" p.271 ) • Morris 
(1963a, sec.40) concluded that rather than attempting to build 
life tables on a large number of plots, and using a plot sys
tem that compromises between the intensive and the extensive, 
a better approach would be to study intensively, on a small 
number of plot~, the age-specific survivals and mortality 
factors that determine temporal population changes, and to 
study extensively, on widely different types of plots, the 
factors and processes (~., climate, vegetation, cultural 
procedures) that determine spatial differences in population 
density. . 

Key factor studies. Morris (1959, 1963b) has shown 
that if population trend is largely determined by one or a 
few key factors, it is possible to develop relatively simple 
population models by measuring population density at one 
point in the life cycle, along with the action of the key 
factor(s), for a series of successive generations. Such field 
studies represent the opposite in scope from full-scale life 
table studies. If the logarithm of population density in gen
eration !! + 1 (Nn + 1 ) is plotted against the logarithm of 

population density in generation N (N ) a linear regression n 
equation should result: 

log Nn + 1 = log F + ~ log Nn • 
The suppression of the slope (.!?)' below 1:-0 is a measure of the 
extent of density dependence in population trend, while the 
proportion of the variance in log Nn + 1 explained by the 

regression is a measure of the stabIlity, i.e., the extent to 
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which the population density fluctuates from generation to 
generation. F, the antilogarithm of the intercept of the 
regression line on the ordinate, is a measure of environ
mental suitability (Morris, 1963a, sec.18· 1963b). 

Suspected density dependent factor(s) are then incorpo
rated into the independent variable of the regression equa
tion, which should have the effect of increasing both the 
slope and the proportion of explained variance. Once the slope 
reaches 1.0, all of the density dependence in the system has 
been accounted for. The effects of density independent key 
factors such as weather are then allowed for by plotting 
deviations from the regression line against a measure of 
weather, producing a final model of the form 

log Nn + 1 = log F + £ log Nn P + £ (~ - w) 
where P-is the proportion surviving the action of a density 
dependent factor, such as parasitism, £ is a constant and w 
is a weather index, such as inches of rainfall or average' 
maximum daily temperature over a specified period. The key 
factor may change with the stage of the life cycle which 
is sampled (Varley and Gradwell, 1965), and Solomon (1964) 
showed that it may be instructive to consider periods of popu
lation increase and decline separately. Morris's key factor 
analysis thus leads to a simple predictive model which incor
porates the key factor(s) and also shows the extent of density 
dependent regulation and the factors responsible for it. 

The method of detecting density dependence by means of 
changes in t~e slope of the logarithmic regression has been 
criticized on several grounds. Salt (1966) considered that 
a basic error in the method may arise through the relation
ship between log Nn + 1 and log Nn being nonlinear, but 

Solomon (1968) showed that this possible shortcoming scarcely 
justifies the abandonment of the method at this stage. 
Southwood (1967) showed that Morris's method breaks down in 
the case Gf a population with regular, short population 
cycles and should therefore be restricted to populations that 
are increasing or declining over 4-5 or more successive gener
ations. Southwood (1967) and Varley and Gradwell (1968) 
stated that Morris's method can be used to detect and measure 
direct (and inverse) density dependence but that it can hot 
detect delayed density dependence. This point was considered 
fu~ther by Hassell and Huffaker (1969), who questioned the 
biologrcal significance of the slope of the log"ari thmic regres
sion when the density dependence is delayed •. Morris and . 
Royama (1969) countered this argument by pointing out that 
since the term "delayed density dependence" includes density 
relationships varying from inverse to direct it has no func
tional significance. Morris's method can.thus be used to 
detect the net amount of direct density dependence resulting 
from the action of a mortality factor which acts in a delayed 
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density dependent manner. Finally Clark (1964c), Eberhardt 
(1970), Maelzer (1970) and St.Amant (1970) have shown that 
depression of the slope of the logarithmic regression below 
unity can arise in the absence of density dependent mortality, 
and Luck (1971) showed that the method does not reliably de
tect density relationships in some cases. As Eberhardt and 
St. Amant stressed, the final proof of density dependence 
must come from an understanding of biological mechanisms 
rather than from regression analyses. Nevertheless, Morris's 
method provides a useful first step for detecting density 
dependence, as long as care is taken to identify mortality 
factors likely to be responsible for an observed density 

. dependence <.~ . .!..&., Mukerji, 1971). . 
. Key factor models have been produced for several 
Canadian forest insects (~., Morris, 1959, 1963a, sec .18; 
Neilson and Morris, 1964; Miller, 1966) and have usually ex-
plained 80% or more of the variance in log N 1. The meth-
od has also been successfully used on life ~ + table data 
to detect density dependence in separate age intervals and to 
build preliminary age-specific models (Ito, Shibazaki and 
Iwahashi, 1969; Mukerji, 1971; Harcourt, 1971), although Luck 
(1971) considered that the method is not suitable for life 
table analysis. These models are purely empirical and only 
apply to the places where the studies were carried out, but 
they do demonstrate that accurate population predictability 
is possible. 

Morris (1963b , 1969) suggested that such empirical models 
cquld gradually be expanded into more complex, explanatory 
models by means of process studies designed to gain an under
standing of the mode of action of the key factors. Factors 
such as P and ~ in the key factor equation could then be 
replaced by realistic sub-sub-models of parasitism and the 
effects of weather, while F could possibly be modelled in 
terms of climate, vegetation and other differences associated 
with site. Morris (1963a, sec.40, 1963b, 1969) suggested 
that differences in mean density of some species from place 
to place may be caused by factors other than those responsible 
for temporal changes in population size, and he stressed the 
importance of simultaneous population studies in areas with 
different environments, particularly as environmental differ
ences are basic to cultural control methods. The main ad
vantage of key factor studies is that field work is restricted 
to a minimum, with only one population fix per generation (on 
each plot) plus measurement of the suspected key factors, 
leaving most of the time free for experimental process studies. 
However Morris (1959, 1963b) emphasized that an approach based 
on key factors is only preferab~e to more detailed life table 
studies if the latter are excluded by sampling difficulties 
or if the key factors that determine population change have 
already been identified. . 

In some cases historical data may be adequate to reveal 
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the key factors (~., Morris, 1964), but this will usually 
require preliminary life table studies (Clark et al., 1967, 
ch. 5). Once life tables are available for several generations 
linear regression analysis can be used to determine the con
tribution of each age interval to variation in population 
trend (Morris, 1963a, sec.7; Watt, 1963d), although it may 
be preferable to bring the covariances between the age in
terval survivals into the analysis, to detect interactions 
(Mott, 1966; C.ampbell, 1967). These analyses only require 
information on the population densities at different stages. 
of the life cycle (plus fecundity) and. are used to detect 
the keyage interval (Population Dynamics Group, 1964), in 
which the key factor(s) operate; no information is necessary 
on the action of individual mortality factors. It may be 
instructive to stratify the life tables according to popu
lation density (~., Campbell, 1967) or differences in the 
natural enemy complex (~., Embree, 196;) prior to analysis, 
since the keyage interval may change with these factors. 
If measurement of the apparent mortality contributed by the 
factors operating within the keyage interval was possible 
during the initial life table studies, inspection of the key 
interval in the life tables may be sufficient to reveal the 
key factor (s) (~.,Watt, 1963d). Alternatively, more in
tensive study of the mortality factors operating during the 
keyage interval will be required to reveal the key factor(s). 
Most life table studies published to date have not proceeded 
beyond the stage of identifying the keyage interyal(s) and 
usually the key factor(s) operating within them (~., 
Sout'hwood and Jepson, 1962; Harcourt, 1963, 1966; LeRoux et 
al., 1963; Paradis and LeRoux, 1965; Klomp, 1966; Samarasinghe 
and LeRoux, 1966; Waloff, 1968; Cheng an~ LeRoux, 1970; 
Pottinger and LeRoux, 1971). 

Since at this early stage the development of insect 
population models is largely limited by the lack of adequate 
sub-sub-models for major mortality factors, the best use of 
life tables at present would appear to be in providing a pre
liminary description of the life system and in showing which 
age intervals and factors are important and require further in
tensive study. Life tables adequate for this purpose would 
list population densities at different stages of the life 
cycle (1. values) and those apparent mortalities which it is 
feasible~to measure. Watt (1961) considered that such pre~ 
liminary life table work should be very thorough, since it 
is possible for a variable but relatively inconspicuous mor
tality factor to be responsible for population trend if it is 
acting contem~oraneously with a high, constant mortality 
(Morris, 1957). However, if the, key factor is not measured 
initially is should still be revealed by subsequent, more 
detailed studies of the keyage interval •. The approach to· 
model-building based on identification and ihtensive $tudy of 
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obviously not apply if no single age interval survival 
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was consistently correlated with population trend (Ives, 1963, 
1967), but a series of preliminary life tables would still 
be essential to reveal the lack of key factors and to show 
which factors varied enough from generation to generation 
to be important in the life system. 

A possible serious weakness in attempts to develop 
explanatory popUlation models by expanding empirical key 
factor equations lies in the fact that key factors identi
fied by regression analysis may have a statistical relation~ 
ship with popUlation trend, rather than a causal relation
ship, since such analyses are solely concerned with predic
tion (Morris ,1959; Varley and Gradwell, 1965, 1970). If the 
identified key factors are not causally responsible for popu
lation change this approach will obviously direct experi- . 
mental process studies towards the wrong factors. 

Varley and Gradwell's aprroach. Varley and Gradwell 
(1960, 1963, 1965, 1968, 1970 have developed a method of 
ana~ysis using ~ - values, the ~ - value for each mortality 
being the difference between the logarithms of popUlation 
density before and after its action. If complete life-table 
data are available, the ~-values for each age-interval 
(~1' ~2 etc.) are obtained by finding the difference between 

the successive values of log 1 , and total generation mor-
tality (K) is given by -~ 

K = ~1 + ~2 + ~3 + •••••• 
This method can only be used for a series of sequential mor. 
talities and is therefore most suitable when each k ~ value 
represents a specific age interval. K, and each 01 the ~ -
values are plotted against generation, and the keyage inter
val is located visually as that ~ which is most closely corre
lated with K. In its simplest form, this method can be applied 
to studies where the only information obtained is a series of 
annual population counts and the ~ - value of a suspected key 
factor. This reveals whether or not the factor is a key 
one but does not lead to predictive equations. The method 
can also be applied to complete life table data, since the 
formula for K is equivalent to the logarithmic form of the 
usual formula for generation mortality (Varley and Gradwell, 
1970), or to data intermediate in scope between simple key 
factor and full-scale life table studies. 

In analysing life table data, the major advantage of 
Varley and Gradwell's approach over that of Morris (1963a, sec. 
7) and Watt (1963d) is that it identifies not only the key 
age interval but also density dependent mortalities which 
tend to compensate for the variations in K caused by the key 
factor{s). Instead of restricting attention to the keyage 
interval and factor(s), regulatory mortalities operating in 
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other age intervals are also considered, giving a more com
plete picture of the life system. Varley and Gradwell 
(1965, 1968, 1970) reached the same conclusion as Morris 
(1963a, sec.40; 1963b, 1964, 1969) and Clark et ale (1967, 
ch.5), viz.,that the development of explanatory population 
models is at present limited by our lack of understanding 
of biological mechanisms, and they suggested that a greater 
knowledge of the mode of action of important ecological 
processes will be obtained if age-specific sub-models and 
sub-sub-models for individual mortality factors are based 
on density relationships rather than multivariate analysis. 

They therefore suggested that the first step in life 
table analysis should be to determine by graphical analysis 
which mortalities are so variable (whether they are key 
factors or not) that sub-models must be built for them and 
which mortalities can be safely treated as constant. Density 
relationships are examined by plotting each k - value against 
the logarithm of the initial density (log N1T on which it 
acts; a significant regression indicates direct (positive 
slope) or inverse (negative slope) density dependence. A 
plot of the ~ - value against the logarithm of population 
density is preferable to a plot of percentage mortality 
against untransformed density figures, since it is more likely 
to give a linear relationship (Varley and Gradwell, 1963), 
thus simplifying statistical tests. Since ~ and log N1 are 

not always independent (Watt, 1964b; Green, 1968), a sus
pected density dependent relationship should be tested by 
plotting log NI against the logarithm of the population den-

sity after the mortality has acted (log N2 ) and log N2 against 

log N
1

; if both regression coefficients (b) differ signifi

cantly from 1.0 and both lines lie on the same side of b 
= 1.0, the density dependence may be taken as real (South
wood t 1966, p.303; Varley and Gradwell, 1968, 1970; Luck, 
1971). As the slope of the plot of ~ - value against log N1 

increases between 0.0 and 1.0, the stabilising effect of the 
density dependent mortality increases until, with a slope of 
1.0, all changes in population density are exactly compensated 
(Varley and Gradwell, 1970)8 A slope greater than unity indi
cates over-compensatory mortality, which contributes to p6pu
lation change by reducing population density. If the slope 
does not differ significantly from zero, the mortality is 
either density independent or is acting in a delayed density 
dependent manner (ass.uming sampling errors do not obscure a 
weak direct density dependence). 

Variey and Gradwell, like Hassell (1966), regard delayed 
density dependence as an important phenomenon, since it app
ears to characterise the action of specific and synchronised 
paras i tes and. theoretically acts in a disturbing manner by 
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increasing the magnitude of population oscillations. If the 
points of a plot of ~- values against log N are joined up 
in a time sequence, a delayed density dependent mortality 
will result in an anticlockwise circle or spiral, providing 
the mortality makes a large contribution to population 
change. Alternatively, delayed density dependence can be 
detected by determining if there is a linear relationship 
between k - value and the logarithm of parasite density 
(Varley and Gradwell, 1970). While these methods allow 
the detection of delayed density dependence, at present 
there is no method of measuring the intensity of delayed 
density dependence (Hassell and Huffaker, 1969), except 
by determining whether the net effect of such a mortality 
is directly or inversely density dependent or neither (Morris 
and Royama, 1969) • 

. Varley and Gradwell (1970) have pointed to a basic 
dichotomy between their approach to.developing population 
m04els and that of Watt (1961, 1963d) and Morris (1963a, 
1963b). Whereas Watt and Morris and their co-workers have 
emphasized the prediction of population change from generation 
to generation, Varley and Gradwell have concentrated on the 
prediction of the mean population level about which changes 
take place, i.e., on the regulation of population density. 
Watt and Morris were mainly concerned with population dynamics 
(Morris, 1957) and Varley and Gradwell with natural control 
(Solomon, 1949, 1964). While the ultimate goal of model
building, a complete explanatory model of a life system, would 
accurately predict both population changes and the average 
density level, Varley and Gradwell suggest that in the mean
time Morris-Watt type models will be useful for predicting 
when a pest population is likely to exceed the economic 
threshold, necessitating chemical or other curative control 
measures, while Varley and Gradwell's approach will be of 
value for predicting the outcome of attempts to reduce the 
average population density of a pest by biological or other 
long-term preventive control measures. 

Varley and Gradwell's (1968) population model for the 
winter moth is based on density relationships and is rela
tively simple. The key factor responsible for population 
fluctuations, disappearance of newly hatched larvae, was 
found to be density independent, but Varley and Gradwell 
were unable to obtain a mathematical description of ~t. It 
was therefore included in the model by using the actual ob
served values, which inevitably resulted in the model account
ing for a large proportion (87%) of the year-to-year variance 
in larval population density (Hassell, 1969). Nevertheless, 
the model satisfactorily predicted the observed average popu
lation level and was useful for investigating the interaction 
between the key factor and density dependent and delayed 
density dependent mortalities operating later in the life 
cycle. 

Varley and Gradwell's approach to model building thus 
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entails life· table studies, with the emphasis on long-term 
intensive studies on a small number of plots, and the ana
lysis of life table data and construction of submodels in 
terms of density relationships. They emphasize the regula
tion of population level rather than the determination of 
population change, since they consider that it will be 
impossible to predict the effectiveness of attempts to lower 
a pest's average population level without this information. 
In addition to emphasizing the need to understand the mode 
of action of important ecological processes such as predation 
Varley and Gradwell (1970) stressed that the population dyn
amics of important predators and parasites must be under
stood before explanatory models can be developed for insect 
populations. If models were developed for the density 
independent key factor as well as the density dependent 
regulating factors in the life system, Varley and Gradwell's 
approach could lead to explanatory models for both population 
change and population regulation. The same is equally true, 
of course, of Morris's (1963b, 1969) approach involving the 
expansion of empirical equations which include both the key 
factor and important density dependent processes. 

An integrated approach. To complete this review of 
methods of obtaining population models, an integrated app
roach will be given. This is intended to represent a gener
alized procedure which should be modified to suit the needs . 
of a particular study rather than rigidly adhered to. The 
quantitative study of natural populations of an insect pest 
essentially involves four steps (cf. Campbell, 1967; Clark et 
al., 1967, ch. 5; Varley and Gradwell, 1970): -.-

(1) Identification and description of the species, and 
description of its life cycle and natural history. Knowledge 
of the ecology of most insect pests has not proceeded beyond 
this point, if it has reached it. 

(2) Life table studies, which will produce a quantitative 
description of the insect's life system. These studies must 
be preceded or accompanied by the development of sampling 
techniques for estimating the population density of survivors 
and, if possible, the numbers destroyed by various mortality 
agents. Analysis of life tables for several generations will 
reveal which age intervals and factors are important and re
quire further study. Mortalities important in both popula
tion change and population regulation should be identified, 
to obtain a complete (preliminary) description of the life 
system. Life table analysis·provides a quantitative method 
of selecting important mortalities for further study and is 
therefore preferable to intuition. However, in some cases 
there may be adequate historical data to pinpoint important 
independent variables without the need for initial life table 
studies (~., Morris, 1964). 

. (3) The development of sub-models for important age 
intervals and sub-sub-models for the operation of important 
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mortality factors. Since attempts to buihl sub-models based 
entirely on multivariate analysis of extensive life table 
data have not met with marked success, it appears that this 
step requires experimental process studies designed to 
reveal the mode of action of important factors and to model 
them mathematically, if possible. Observational field 
studies and process studies are complementary, with the 
former defining important mortalities and providing des
criptive population models and the latter revealing causal 
pathways and realistic ways of modelling the effects of in
dependent variables on survival (Morris, 1964, 1969; Clark 
et al., 1967, ch.5). Observational field work and process 
studies should ideally proceed together, as in the studies 
of Hyphantria cunea by R.F. Morris and associates in Canada 
(Morris, 1964, 1967, 1971; Morris and Bennett, 1967; Morris 
and Fulton, 1970a and b) but it will usually be necessary to 
concentrate on field work at first, so that the important 
mortalities may be revealed b~ analysis of a preliminary 
series of life tables (step 2). 

The emphasis will then shift to process studies, but it 
will still be necessary to continue the field population 
sampling, if only to obtain a body of data for testing the 
predictive powers of the final population model. Whether this 
field work will take the form of further full-scale life table 
work or be reduced to an annual population fix, as in the M. 
cunea studies, will depend on such factors as the objectives 
and the ease of sampling. For example, if the object is to 
gain a full knowledge of the mechanisms of temporal population 
regulation, it may be important to continue life table studies 
on a few plots for a large number of successive generations, 
as stressed by Varley and Gradwell (1970). On the other hand, 
spatial differences in density may be more important than 
temporal differences, especially if the object is to devise 
cultural control procedures, in which case the process 
studies will be directed towards the factors responsible for 
spatial differences while the field work should take the 
form of extensive sampling, i.e., one or two samplings per 
year on a series of study plots under different cultural 
p~actices (Morris, 1963a, sec.40). If cultural practiries are 
known to be important, as with Costelytra zealandica, exten
sive sampling should be initiated at the same time as inten
sive life table studies (step 2). 

(4) Combination of the sub-models into an overall popu
lation model. As Clark et ale (1967, p.180) pointed out, 
preliminary models shoula-be-constructed as soon as enough 
information has been collected. These preliminary models 
will focus attention on the kin4 and quality of information 
needed to improve them (Watt, 1961). The ultimate possibility 
is to develop a comprehensive systems model for an ins.ect' s 
life system which accurately predicts and explains the deter
mination of population numbers. Whether it is desirable to 
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wil~ depend on how complete a model is required. Even if 
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it proves impossible to develop reliable, comprehensive 
population models for insect pests, the attempt to do so 
will still be. very worthwhile, since it will result in a 
much better understanding of a pest's life system and ·should 
therefore lead to improved control measures (Watt, 1961). 

Finally, it is important to keep in mind that a realis
tic population model for·an insect pest is only one require
ment for a computer simulation study designed to determine 
the optimal control strategy. There are at least three 
other important requirements (Watt, 1963e, 1964a), viz.·, a 
model simulating dispersal of the pest from one year to the 
next within the area considered (Watt, 1964a,1968, p.328-
332, described a flexible computer routine for simulating 
dispersal), the effects of the pest on the plants theyat
tack, and both the short-term and long-term effects of each 
form of control contemplated. For example, with insecti
cide~ it is necessary to know not only the percentage kill 
caused by different dosages but also the number of insects 
remaining in the post-spray generation, which is the datum 
of long-term population significance (Watt, 1964a). Hence 
it is vital that research into insect-plant relations and 
the effects of various control measures should proceed 
apace with studies of pest population behaviour and disper
sal in "natural", i. e. , untreated, study areas. 
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APPENDIX IV 

.A REVIEW OF THE LITERATURE ON PREDATION 

In this appendix the literature on predation will be 
reviewed. This review is particularly concerned with the 
influence of predation on the growth of prey populations, 
especially vertebrate predation on insect populations, 
and it is divided into 4 sections: models of predation; 
the characteristics of vertebrate predators; the effects 
of predation on prey populations and biological control. 
More attention is given to avian predators than insecti
vorous small mammals, since this study is primarily con
cerned with birds, and there is also more literature on 
birds. 

MODELS OF PREDATION 
Mathematical models of predation will be given consider

able attention in this review, since it is this approach 
that is likely to lead to a greatly increased understanding 
of the process of predation. As Watt (1959) pointed out, 
a realistic mathematical description of the action of pre
dation is essential to the development of realistic popu
lation models for insect pests, since such models must accu
rately predict the1 effects of natural enemies, as well as 
weather, insecticides and other factors. The interactions 
between predators (and parasites, which can be regarded as 
a special type of predator) and the populations of their 
prey have been the subject of more theoretical consideration 
than any other aspect."of population dynamics. During the 
1920s and 30s several mathematical models were proposed to 
describe the action of parasites and predators, such as those 
of Lotka and Volterra (Andrewartha and Birch, 1954, p.412-
415) and Nicholson and Bailey (1935). These models were 
essentially deductive in that they were expressed as mathe
matical equations derived from a few simple, untested assump~ 
tions. They will not be considered in,detail here, since 
they have already been reviewed by several writers (~., 
Andrewartha and Birch, 1954, ch.10; Watt, 1959, 1962; Holling, 
1959b). While these early deductive models have contributed 
usefully to the development of further knowledge, they have 
been of very limited value for predicting the outcome of pre
dation and parasitism, because the basic assumptions were 
too simple. For example, both the Lotka - Volterra and 
Nicholson and Bailey models predict that the number of prey 
attacked per predator will continue to rise indefinitely at 
a constant rate as prey density increases, when predator 
density is constant. In practice, however, the rate of 
attack per predator must clearly reach an upper limit set 
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by satiation, time-consuming hunting activities, or, in the 
case of female parasites, egg complement. 

The Models of Watt and Holling 
Watt (1959) used a combined deductive-inductive approach 

to develop a mathematical model of predation. This entailed 
developing a set of equations from reasonable assumptions 
which were based on an intimate knowledge of the literature, 
and then testing the equations against actual data to find 
which one best described the observed facts. Watt found 
that the resulting model accurately predicted the effects 
of parasite and host density on parasite attack observed 
in a series of laboratory studies. His model took the form 

where NA = 
N = o 
P- = 
K = 

NA = PK (1 -
1-b -aN P -) e - 0 - -

number of prey attacked per unit area 
initial prey density 

density of actively searching predators 
maximum number of attacks per predator 
during the period prey are vulnerable 

a and b are positive constants. - . 
This model has also been found to accurately predict the 
action of parasites in nature (Miller, 1959, 1960) and thus 
represents an important advancement over earlier models. 

During the last decade, knowledge of predation as a 
process and of the role played by predators in population 
regulation has been considerably clarified and extended by 
the work of C.S. Holling, who was the first person to make 
a detailed study of the entire predation process. Holling 
(1959a, 1961) proposed a comprehensive scheme of predation, 
in which he divided the components of the process into two 
groups, basic (always present) and subsidiary (present in 
some situations only). He pointed out that the basic com
ponents will arise from prey and predator density, since 
these two variables are common to all predator-prey situations. 
Solomon (1949) had observed that the response of predators 
to changes in prey density is twofold: there may be changes in 
the number of prey killed per predator, which he termed the 
functional response, and changes in predator density, which 
he termed the numerical response. Following Solomon's term
inology, Holling proposed the functional response to prey den
sity, the functional response to predator density and the 
numerical response as the three basic parts of predation. He 
then divided each of the functiqnal responses into its basic 
and subsidiary components, so that his overall scheme can 
be summarised as follows (Holling, 1961, fig. 1; 1966, fig.1): 



Functional response to prey density. 

Basic components: 
rate of successful search, 
time prey are exposed to predators, 
time spent handling each prey. 

Subsidiary components: 
hunger, 
learning by predator, 
inhibition by prey. 

Functional response to predator density. 

Basic components: 
exploitation of pre~ 
interference between predators. 

Subsidiary components: 
social facilitation, 
avoidance learning by prey_ 

Numerical response. 
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Holling also recognized three groups of subsidiary variables: 
the characteristics of the environment, the characteristics 
of the predator and the characteristics of the prey, and he 
showed that these exert their effects through the functional 
and numerical responses. 

Having thus established an organizational framework for 
the development of a comprehensive model of predation, Holling 
(1959b, 1963, 1964, 1965, 1966) then analyzed the operation 
of the functional response to prey density by experimentally 
studying the actions and interactions of the various compo
nents. He started with the simplest possible situation, in 
which only the three basic components were operating (Holling, 
1959b), and devised the equation 

where NA 
a 
T 
N 

0 

b 

= 
= 
= 
= 

NA = a T N o / (1 + ab N 
- 0 

number of 'prey attacked, 
rate of successful search, 
time the prey are exposed to 
initial prey density, 

) , 

the 

-. time spent handling each prey. 

predator, 

Holling termed this the "basic functional response equation", 
since it accurately predicted the functional response to prey 
density observed in an artificial predator-prey experiment in 
which only the three basic components were operating. He 
found that the values of !!:. and E. measure.d independently were 
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very similar to the values predicted by the equation, and 
were constant at all prey densities, indicating that the 
equation incorporated the correct explanation of the basic 
functional response. This model predicts that the number 
of prey attacked per predator will show a negatively accel
erated rise to a platsau as prey density increases, a type 
of functional response characteristic of parasitic and 
predaceous insects (Holling 1959a, fig.8; 1965). Holling 
found that his basic functional response equation accurately 
described the functional response of insect parasites for 
which data had been published, and that it appeared to be 
slightly superior to Watt's (1959) model in this regard. 
However, since the basic equation did not incorporate the 
effects of hunger of predators and egg complement of para
sites, which will operate in most natural situations, Holling 
concluded that the descriptive powers of his basic model must 
have arisen through a mimicking of the effects of hunger. 

In the next step of the analysis, Holling (1963, 1966) 
added the hunger component, by examining its effects on 
each of the basic components (~, T and ~ in the basic equation), 
in an extremely detailed study of an experimental mantid
housefly system, which contained only the basic components 
plus hunger. The basic components were subdivided into their 
constituent fragments, and the action of hunger on each of 
these fragments was investigated. At each step in the ana
lysis, preliminary hypotheses to explain the action of each 
fragment were tested experimentally, modified as necessary 
and. retested, until they could be expressed in a mathematical 
form which adequately described the mode of action of each 
component. These mathematical equations were then synthesized 
into a single systems model. Holling's approach to model
building, which he terms "experimental components analysis", 
is thus characterised by the division of the process into its 
constituent components and fragments, the isolation of a 
group of these fragments, and the development of a model of 
the action of this group of fragments by experimental study 
of a system which includes this group alone. The equations 
describing the action of each fragment are only included in 
the model when they have been experimentally validated. 

This approach is designed to retain the qualities of 
wholeness, precision, realism and generality in the final 
model. Wholeness is achieved by fragmenting predation into 
its basic and subsidiary parts, starting with the simplest 
situation and adding each of the subsidiary parts step by 
step, building a more and more complex structure. This step
like approach allows a complete model of predation to be built, 
as opposed to the severely restrictive models of earlier work
ers (Holling, 1966, fig. 1). Piecision is achieved by expres
sing the conclusions mathematically. Realism is assured by 
the experimental validation of the equations, which thus not 
only describe the outcome of predation but also explain the 
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mode of action of the process. Holling (1963) pointed out 
that this is where his approach diverges from the deductive
inductive approach of Watt (1959, 1961), who advocated test
ing equations, each based on reasonable assumptions, against 
published data, and compiling new sets of assumptions as 
necessary, until a consistently descriptive model is develop
ed. Watt's approach lacks the fragmentation and experiment
ation emphasized by Holling, who points out that the chances 
are negligible that a deductive-inductive model will incor
porate the complete explanation, rather than simply an empi
rical description, of a complex biological process such as 
predation. Nevertheless, the descriptive powers of deductive
inductive models make them extremely useful, especially as 
they can be developed much more rapidly than a model based on 
experimental component analysis. In practice, Holling (1966) 
was forced to rely partly on empirical equations in his ana
lysis of the hunger component, i.e., he was not able to develop 
equations which explained as well as described the action of 
every fragment of the process. Nevertheless, his model was 
highly realistic, accurately predicting the functional 
response of praying mantids to housefly density observed in 

. laboratory experiments. 
Holling found that synthesis of the fragmentary equations 

into a single model was too complex to be handled by differ
ential calculus, the mathematical language used in all earlier 
models of predation. This complexity arose through three 
main features of biological processes: their discontinuous 
nature, ~, contacts between predator and prey are relatively 
infrequent; the presence of a strong historical element, i.e., 
what happens at any moment is strongly influenced by previous 
conditions; and the occurrence of thr~sholds, ~., attack 
only occurs if the hunger exceeds a certain threshold. The 
computer language Fortran was found to be ideal for handling 
these features, and it appears that the development of fully 
realistic models of biological processes requires the use of 
computer languages rather than the techniques of classical 
mathematics. The inadequacy of the latter for modelling 
natural biological systems was also pointed out by Slobodkin 
(1965). 

Holling's functional response model thus takes the form 
of a computer program, in which the time-consuming behaviours 
of searching for, pursuing and eating prey, and entering a 
digestive pause when hunger falls below the attack threshold, 
are expressed as functions of time and prey density. As 
Watt (1968, p. 140) pointed out, Holling's inclusion of time 
as a dependent, rather than an independent, variable in his 
equations represents an important advance over earlier pre
dation models, since the time available for feeding is of 
fundamental importance in determining the number of prey de
stroyed by a predator. Througbout the development of his model 
Holling was aware of the possibility that by analyzing a par
ticular system in great depth he might produce a model which 
was highly realistic for that system but severely restricted 



542. 

in generality. He therefore strove to express his fragmen
tal equations in as general terms as possible, with the 
object that, in its final form as a computer program con
taining 22 different parameters, the model could be applied 
to any particular predator-prey situation simply by in
serting the correct parameter values for that system. 
While full knowledge of the model's generality must await 
detailed study of several different types of predator, there 
is some evidence that it is likely to have broad application 
among invertebrate predators (Holling, 1966). Since it 
accurately predicts the functional response to prey density 
characteristic of invertebrate predators by incorporating 
realistic descriptions of th~ three basic components plus 
hunger, it appears that these four components make up the 
typical invertebrate functional response. 

Holling (1965) showed that the functional response of 
vertebrate predators to prey density is typically an S
shaped rise to a plateau (Holling, 1959a, fig. 8), which 
he was able to reproduce by adding the learning component to 
his model of the invertebrate functional response. The in
itial positive acceleration of the vertebrate functional 
response is apparently a result of associative learning by 
the predator, as will be discussed later~ Holling (1965) 
also included inhibition by the prey into the model, thus 
incorporating all of the known components of the functional 
response to prey density. More recently, Griffiths and 
Holling (1969) investigated the functional response to pre
dator density, producing submodels of exploitation, which 
arises 'through competition between predators for unattacked 
prey individuals, and interference between predators while 
s'earching for and attacking prey. They also included a sub
model for competition between parasite progeny within a host. 
As with earlier steps in the analysis, these submodels were 
structured to allow ready combination with the model of the 
functional response to prey density. The complete model has 
thus been extended to cover all of the components of the 
effects of prey density and predator density on attack rate, 
except for the two subsidiary components of the functional 
response to predator density (social facilitation and avoid
ance learning by prey). 

Holling and his co-workers are well on the way to develo
ping a realistic, precise and holistic model which accurately 
predicts both the mode of action and the outcome of predation. 
Such a model is an extremely powerful analytical tool, ~., 
it can be used in computer simulation studies to investigate 
such aspects as the following (Holling, 1963, 1966): 

1. By arbitrarily assigning a range of values to each 
of the parameters in the model, 'all of the many types of pre
dation which occur in nature can be simulated, and the im
portance of each parameter in determining the number of prey 
destroyed can be determined. As well as providing great 
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insight into the operation of predation, this will aid the 
selection of biological control agents, by showing whic'h 
features of predators and parasites have the greatest effects 
on their efficiency as control agents. 

2. The model can be used to investigate evolutionary 
hypotheses, ~., that predators have evolved so as to maxi
mize energy input and minimize energy output. The range of 
parameter values which achieve this end can be determined and 
then compared to the values observed in nature. 

3. The model could be applied to any specific predator
prey situation by inserting the appropriate parameter values. 
However, the large number of parameters involved and the 
difficulty of measuring some of them, ~., the speed of 
movement of predator and prey, and the size and shape of 
the predator's perceptual field, would necessitate extremely 
detailed laboratory studies, similar to Holling's (1966) 
study of a mantid-housefly system, which represents a very 
major effort. 

Further, while such an approach is possible with the 
invertebrate functional response model (Holling, 1966), this 
is not the case at present with vertebrate predators, since 
Holling (1965) did not carry out an extensive experimental 
analysis of the fragments of the vertebrate functional res
ponse to prey density. Instead, he extended the existing 
invertebrate model to include the learning component , which 
was added in a manner which seemed appropriate in the light 
of present knowledge of the behaviour of vertebrate predators. 
The new functional response model, including the three basic 
components plus hunger and learning, reproduced the S-shaped 
functional response and other features characteristic of verte
brate predators. While this qualitat~ve agreement provides 
strong evidence that the vertebrate functional response is 

, characterized by these five components, and that the basic 
components and hunger act in essentially the same manner in 
both vertebrate and invertebrate predators, a complete 
understanding of the action and interaction of the components 
of the vertebrate functional response must await an extensive 
quantitative experimental analysis. For example, Holling 
(1966) defined hunger as the weight of food necessary to 
satiate a predator, and he assumed that the consumption of 
a prey immediately affects the predator's behaviour. While 
this certainly appeared to be true for his praying mantids 
and may apply to invertebrates generally, he pointed out 
that in the case of vertebrate predators hunger should be 
expressed in terms of blood sugar levels, in such a way that 
a delay between food consumption and a change in activity 
could be allowed for. 

Even with invertebrate predators, Holling (1963, 1966) 
pointed out that it would not be feasible to directly apply 
his model to any specific field study of predation, because 
it would be impossible to measure the large number of para
meters involved. However, once simulation studies with the 
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complete model have revealed the exact role of each para
meter, simplifying assumptions could possibly be introduced 
to reduce the model to a form containing no more than four 
or five factors, without sacrificing reality. This simpli
fied model could then be applied toa specific field study. 
Alternatively, the complete model could be used to deter
mine the predictive powers of existing mo.dels under differ
ent conditions. 

Holling's model of predation thus promises to lead to 
major advances in both theoretical and practical aspects of 
our knowledge of predation, and by applying his experimental 
components analysis to other biological processes, it may 
eventually be possible to use computers to accurately simu
late nature. His model has already provided considerable 
insight into the interactions between predator and prey popu
lations (Holling, 1965, 1968), although detailed simulation 
studies with the model have only just begun (Holling and 
Ewing, 1971). Simulation studies of such aspects as the three 
described above have been carried out by Holling, Brown and. 
Watt for invertebrate predators (Holling, 1966; Watt, 1968, 
p. 325), but the results have yet to be published. In the 
meantime we have to rely on existing models to predict the 
outcome of predation. 

Fitting Predation Models to Field Data 
If predation is being studied as part of a long-term 

study of the population dynamics of an insect species, it 
is essential that information is collected in a form which 
allows the effects of predation to be incorporated mathemati6-
ally into the final population model. Although a simplified 
form of Holling's complete model applicable to field studies 
is not yet available, there are a few existing models of pre
dation which can be fitted to field data. In the case of 
invertebrate predators, there are two existing models which 
appear to accurately describe the number of prey attacked at 
given prey and predator densities~ The first of these is 
Watt's (1959) model, which gives a good description of the 
action of some insect parasites in nature (Miller, 1959,. 
1960).The second is Holling's (1959b) basic functional res
ponse equation, which atso accurately describes the functio
nal response of at least some insect parasites and predators 
(Mukerji and LeRoux, 1969). When combined with the model of 
the functional response to predator density (Griffiths and 
Holling, 1969), this equation can be used to accurately pre
dict the number of prey attacked (Griffiths, 1969). 

In the case of insect parasites, a third model has re
cently been developed for predicting the number of hosts 
parasitized at given host and paTasite densities: Varley 
and Gradwell (1968) and Hassell (1969) found that Nicholson 
and Bailey's (1935) model gave ~ moderately gQod description 
of parasite action when incorporated in population models of 
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the winter moth, even though the Nicholson-Bailey model 
assumes that the area of discovery, i.e., the area effect
ively searched during a parasite's lifetime, is constant for 
each parasite species. A recent, inductively-based modifi
cation of the Nicholson-Bailey model (Hassel and Varley, 
1969) considerably improved its predictive powers. The . 
modification comprised expressing the area of discovery as 
a function of parasite density. 

For vertebrate predators, there appears to be only 
one model available at present for predicting the outcome 
of predation, that of Watt, modified to incorporate the 
S-shaped functional response to prey density characteristic 
of vertebrates (Watt, 1968, p. 138-139): 

2 1-b 
(l-~ -~ N£P -NA = PK ) 

where each symbol has the meaning given above (p.538), ~ 
representing the searching efficiency of an individual 
predator and £ the intraspecific competition pressure among 
predators. Data suitable for testing this model have yet 
to be collected, but it formed a large part of Dixon and 
Cornwell's (1970) model of a natural wolf-moose predator
prey system. Their model reproduced the broad features 
of the natural system, suggesting that Watt's model gives 
at least a reasonably good general description of attack 
by vertebrates. More rigorous testing of Watt's model must 
await the collection of suitable data. 

To calculate a and b from a set of data, the model is 
converted to the form -

1 PK 

In ~~= 
[ 

n PK _ NA ] 

N 2 P 
o 

Ina - blnP 

where In represents natural logarithm. In the ideal (and 
as yet largely unattained) situation where NA (the number of 
prey attacked) has been measured over a wide range of values 
of P (predator density) and N (prey density) in a field 

. 0 

study of vertebrate predation~ and K, the maximum sustain
able attack rate per predator, has been either measured 
independently or determined from the upper asymptote of the 
functional response to prey density, a plot of 

In [ In PKP~ NA ] 
N 2 P 

o 

against In P, yields a straight line of slope -£ cutting the 
ordinate at In~. Glass (1970) showed that this method gives 
less precise estimates of the model's parameters than an· 
iterative least squares technique, although the differences 
between the two types of estimates had little influence on 
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the model's predictive powers. A more immediate problem, 
particularly with field studies of predation, is to obtain 
enough precise data to reach the position of being able to 
attempt to estimate the parameters of the model. 

As Watt (1959) pointed out, it is necessary to measure 
NA, N and P simultaneously and over wide ranges of Nand 
00· 

P, and to ensure that each of these factors is estimated 
accurately and precisely, i.e., by means of a well-designed 
sampling plan, before the predictive powers of any of the 
above models for a specific predator~prey system can be 
critically tested. This is a tall order, particularly 

with field studies of predation (~., Watt, 1963a), since 
N , P and especially NA are typically very difficult to 

o 
measure (methods of measuring P and NA are reviewed in . 
appendices V ani VI). It is scarcely surprising that almost 
all such bodies of data have come from studies of insect 
parasites and invertebrate predators, mostly in the laboratory 
(~., Griffiths, 1969; Griffiths and Holling~ 1969; Mukerji 
ana-LeRoux, 1969; Sandness and McMurtry, 1970) and a few in 
the field (Miller, 1959, 1960). To date, field studies of 
vertebrate predation on insect populations have usually 
failed to include measurements of all three factors, NA, N 

o 
and P, notable exceptions being the studies of Holling (1959 
a) and MacLellan (1959). In situations where No is being 

measured regularly on a series of plots over a long period 
as part of a population study of the prey species, predation 
is suspected to playa significant role in the prey's popu
lation dynamics, and it is feasible to measure NA and P, it 
is vital that these two factors should be measured along with 
No. This should at least allow the influence of predatiori 
to' be incorporated with reasonable accuracy in the final 
population model. 

However, even in long-term field studies it may often 
be impossible to observe ranges of Nand P as wide as those 

. 0 

which can be achieved by manipulation of laboratory predator
prey systems. In addition, the sampling error associated with 
field information will often make it impossible to show which 
of the available models gives the most realistic description 
(Varley and Gradwell, 1970). 

Deductive Models of Predation 
In this review of models of predation attention has been 

concentrated on models which are designed to allow the accu
rate prediction of future conditions in natural systems, viz., 
those of Watt and Holling, sinc~ such models can potentially 
be used to solve important practical problems, ~., to opti
mize insect pest control. There is another, completely diff
erent approach to modelling in biology (Watt, 1968, p.348-
352; Pielou, 1969, p. 2-3) characterized by the use of the 
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elegant techniques of classical mathematical analysis to 
produce models based on a few simple assumptions. If the 
initial assumptions are not few and highly simplified, the 
models become mathematically intractable. It appears to 
be impossible to develop highly realistic models of natural 
biological systems by this traditional, deductive approach, 
since the final models are only as realistic as the initial 
assumptions. The object is rather to produce models which 
provide insight by using elegant mathematical analysis to 
deduce the implications of the initial assumptions, which 
hopefully represent the basic elements of the process under 
study. The relevance of the models to natural situations 
is based on a comparison with general theory rather than 
with specific natural situations. These models are there
fore scarcely likelyfube~predictive value for any natural 
biological system (Slobodkin, 1965). Although they are 
designed to give theoretical 'insight by concentrating on 
the essential features, in so doing they ignore the inter
action between many variables which is characteristic of 
nature (Watt, 1968, p. 348-352). Watt also pointed out 
that because classical biomathematics has been mainly di
rected towards sophisticated mathematical analysis, there 
has been very little interaction with field studies. 

Predator-prey relationships have b~en one of the most 
popular processes for this school of model-building, from 
the early work of Lotka and Volterra to recent studies such 
as those of Coutlee and Jennrich (1968) and Pearce (1970). 
Although some of this work has been of theoretical interest, 
from the point of view of the practical field biologist, the 
most important property of a mathematical model is its ability 
to predict (and, if possible, explain1 future events accu
rately, and in this regard the Watt-Holling approach appears 
to hold much more promise. In the words of Salt (1967, p. 
123), "the more elegant the mathematics, the more unrealistic 
is the biology, and vice versa". 

THE CHARACTERISTICS OF ATTACK BY INSECTIVOROUS VERTEBRATES 
The characteri~tics of vertebrate predation on insects 

can conveniently be discussed under the headings of Holling' 
s three basic and three subsidiary factors of predation 
the functional response to prey density, the functional res
ponse to predator density, the numerical response, the 
characteristics of the environment, the characteristics of 
the predator and the characteristics of the prey. 

Functional Response to Prey Density 
The functional response of vertebrate predators to prey 

density, i.e., changes in the number of prey killed per pre
dator in response to changes in prey density, is character
isticallyan S-shaped rise to a plateau (Holling, 1959a, 
fig.8; 1965). Holling showed that the initial positive 
acceleration of the functional response to prey density 



results from the operation of the learning component, the 
predator being stimulated to search more rapidly or more 

548. 

often for the prey as prey density rises. As prey density 
increases further, declining hunger eventually nullifies the 
effects of selective learning and the functional res.ponse curve 
enters a phas~ of negative acceleration to a plateau, this 
upper limit being set by satiat~on, or by time in the case 
of predators w4ich continue to kill when satiated. The 
difficulties of studying predation in the field have re-
sulted in the documentation of only a few functional res-
ponse curves, but S-shaped functional responses to prey 
density have been found for insectivorous birds in the 
field (Tinbergen,1960; Mook, 1963; Waloff, 1968) and small 
mammals in the field and in the laboratory (Holling, 1959a, 
1965). Sigmoid functiol'll:tl response curves have also been 
shown for some invertebrate predators and parasites (Haynes 
and Sisojevic, 196.6; Embree, 1966~ Hassell,. 1968; Takahashi, 
1968; Sandness and McMurtry, 1970), although the inverte-
brate functional response is typically a negatively acceler
ated rise to a plateau (Holling, 1965). 

Holling (1965) showed that an S-shaped functional res
ponse to prey density is not possible if only one type of 
prey is available. In this case vertebrate predators show 
the typical invertebrate type of functional response, with 
hunger obscuring the effects of learning at low prey densi
ties. Murton (1968) observed this effect in wood pigeons 
eati~g cereal grain in ihe field. Although few field studies 
have ,produced enough information to fully describe the 
functional response of insectivorous vertebrates to prey 
density, several studies have demonstrated the existence 
of a positive functional response by showing that a certain 
prey formed a higher proportion of the diet of birds at 
higher prey densities (~., MacLellan, 1958, 1959; Buckner. 
and Turnock, 1965; Embree, 1965; Readshaw, 1965; Mattson 
et al., 1968; Gage, Miller and Mook, 1970; Koplin and Baldwin, 
1970). 

Th~ 0 eration of the learnin com onent: huntin 
searching image. Tinbergen 1960 compared the foods brought 
to nestlings by titmice in a Dutch pine forest with the avail
able foods. He observed that although the tits were con~ 
fronted with a wide variety of insect prey, they concentrated 
on one or a few prey species at a time. When an abundant new 
prey species appeared in the environment, the number of that 
species taken typically remained low for several days and 
then suddenly increased very .rapidly to a high level. As a 
result, the consumption of a particular prey was lower than 
expected (if tits had searched ~andomly for prey) at low 
densities but suddenly rose to a h~gher than expeeted level 
as prey density increased. A similar behaviour pattern, 
involving the sudden' recognition of a previously hidden, 
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camouflaged prey and its subsequent intensive exploitation, 
had been observed earlier in captive jays by de Ruiter 
(1952). Tinbergen explained this behaviour by assuming that 
the birds us~d specific characters in searching for insects, 
and that these characters were assimilated by a learning 
process, by means of which the birds adopted a "specific 
searching image" for a particular prey •. He envisaged that 
the birds only adopted a specific searching image for a 
prey when its density exceeded a certain threshold, which 
varied with the palatability, size and conspicuousness of 
the prey and the availability of alternative foods. He 
suggested two possible reaSons for searching images not 
being adopted below the threshold density: the birds could 
presumably adopt only a limited number of searching images 
atone time, and at low prey densities the limited number 
of encounters with the prey would be insufficient for the 
adoption and maintenance of a searching image. Tinbergen 
also stressed that individual tits sometimes adopted search
ing images for different prey species under the same con
ditions, either by chance or because of differences in food 
preferences or hunting techniques between individuals. 

The tits studied by Tinbergen tended to concentrate on 
one prey species for a short series of consecutive feeding 
visits to the nest and then switch to another prey, and he 
considered that this was at least partly due to a temporary 
preference for a certain searching image. Similar temporary 
concentration on one type of food has been observed in sever
al other studies of avian feeding habits, 4B.., Gibb (1956), 
Sloan and Coppel (1968), Goss-Custard (1970b) and Thut (1970), 
and these auth.ors have interpreted their findings as support
ing the searching image hypothesis. 

The tendency for different individuals feeding in the 
same habitat, often side by side in the same flock, to 
specialize on different food items has also been recorded 
in a variety of birds,!L:.E.., ibis (Carrick, 1959), gulls 
(Harris, 1965), starlings (J. Coleman, pers. comm.) .and vari
ous other passerines (Allen and Clarke, 1968; Sloan and 
Coppel, 1968). As Carrick noted, these differences· between 
individuals could be either very temporary or semi-permanent. 
In the former case they could be explained by Tinbergen's 
searching image hypothesis, particularly if the sameindi
viduals are shown to concentrate on different foods on diff
erent days, as in the studies of Allen and Clarke and Sloan 
and Coppel. If differences in the diet of iridividuals of 
the same species occupying the same habitat are long-term 
rather than temporary, they probably result from young birds 
learning to concentrate on certain foods and retaining these 
preferences throughout their adult lives. 

Eaeh species of bird possesses structures and patterns 
of hunting behaviour which enable it to exploit certain 
types of food. Species-characteristic hunting movem~nts are 



often "fixed action patterns!! (Hinde, 1959, 1961), i.e., 
they develop normally in birds reared in isolation.--rn 
other cases hunting methods are learned rather than innate, 
~., young oystercatchers apparently learn how to open 
mussels by watching their parents feed (Norton-Griffiths, 
1967). Hinde has pointed out that with fixed action 
patterns learning probably plays a major part in determin
ing which stimuli elicit the instinctive responses. Young 
birds initially peck at a wide variety of objects but learn 
through experience to limit their feeding responses to ob
jects of food value. Learning may also be important in 
improving their hunting skill (~., Orians, 1969). It is 
conceivable that different individuals of the same species 
living in the same habitat could learn to specialize perma
nently on different foods, especially if these foods were 
continuously available for long periods. In some cases 
young birds may develop the same food preferences as their 
parents, either through watching their parents feed or by 
concentrating on the foods brought to them when they were 
nestlings (Rabinowit~h, 1968). However, in polyphagous 
birds which are surrounded by an ever.-changing complex of 
temporarily available foods, ~., tits, crows and starlings, 
the regular adoption of fresh searching images may assume 
greater importance than permanent specialization. 

Holling (1965) reproduced the main features of verte
brate predation by adding a learning component to his model 
of the typical invertebrate functional response to prey den
sity. He disagreed with Tinbergen's idea of searching 
images being formed suddenly when prey density exceeded a 
certain threshold. On-the contrary Holling regarded the 
formation of searching images as a continuous process, with 
each contact between a predator and an individual of a par
ticular palatable prey species increasing responsiveness of 
the predator to tha~ prey species. At low prey densities, 
the frequency of contacts is sb low that the responsiveness 
of the predator to the prey changes only slightly, i.e., 
there is practically no formation of a searching image. At 
higher prey densities, successive contacts are close enough 
in time to allow a marked increase in the predator's res"": 
ponsiveness to the prey, and this searching image formation 
initially dominates the functional response as prey density 
increases from low to high. 

Holling's and Tinbergen's ideas of searching image 
formation differ in degree rather than kind, as both are 
essentially "random encounter" hypotheses. In practice, 
however, hunting by searching image appears to be more 
complicated than this, hecause ~f the ability of vertebrate 
predators to evaluate the worth'of a particular prey species 
and to concentrate their search within highly localised 
areas of their habitat. Gibb (1962a) introduced the idea 
of birds evaluating the worth of a prey. He found that 
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predation by tits on larvae of a eucosmid which overwintered 
under scales of pine cones was very light at low prey den
sity and increased very rapidly with a slight increase in 
density. He considered that this was not a result of no 
searching image being formed at low larval densities, since 
the tits were continually traversing adjacent areas of high 
and low densities, but rather that the tits sampled the 
larvae in the low density areas but rejected them as an un
economical food. 

Gibb also found that while percentage predation in
creased with larval intensity (the number of larvae per 
100 cones), at very high intensities percentage predation 
decreased. He attributed this to "predation by expectation": 
since very high larval intensities were rare, he considered 
that the birds learned how many prey to expect in different 

'localities and slackened their search once they had removed 
. the expected number, even when a large number were unexpec
tedly present. This phenomenon depends on the birds leaving 
behind recognizable traces of their attacks (holes in the 
cone scales), which enable them to assess the number of 
larvae already removed from a particular locality. However, 
in a later study Gibb (1966) found no further evidence to 
support his hypothesis of predation by expectation. 

Royama (1970) also considered that the ability to sample 
and evaluate a particular prey species is an important 
attribute of avian predators. He defined the profitability 
of a prey species, or of its niche, as the biomass of prey 
which can be collected for a given amount of hunting effort 
by a predator searching for that prey in its niche, niche 
meaning simply the area where the prey species mainly occurs, 
not ecological niche. Royama considered that the profita
bility of each prey species will be given by Holling's (1959b) 
basic functional response equation. As a result, the profit
ability of a particular prey species or a ~articular niche 
will increase at a progressively decreasing rate with in
creasing prey density, eventually levelling off at high prey 
densities. 

Royama envisaged birds as being surrounded by a con
stantly changing diversity of prey species, occupying many 
different niches, as is undoubtedly typical of most insecti
vorous birds, at least in their breeding seasons. Assuming, 
that evolution has tended to maximize hunting efficiency 
of predators, birds are regarded as having to regularly 
sample each niche in the habitat to assess their profita
bilities, while concentrating their hunting effort in the 
most profitable niches. The time spent in a particular 
niche will increase with the prq,fitability up to the point 
where further increases in the density of prey in that niche 
resl,llt in only slightly increased profitability. By ela
borating Gibb's idea of birds being able to assess the value 
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of a particular prey and adding the concept of niche-hunting, 
Roy~ma (his fig.8) was able to explain the typical S-shaped 
functional response of vertebrate predators to prey density, 
without adopting Tinbergen's hypothesis of specific search
ing images. He then attempted to point out several short
comings in Tinbergen' s hypothesis.' For example, he argued 
that it was based on the invalid assumptions that tits 
search randomly for randomly distributed prey, but Croze 
(1970) pointed out that Tinbergen only used these assumptions 
in his mathematical "chance encounter" null hypothesis; they 
are not basic to Tinbergen's verbal statement of his search
ing image hypothesis. 

Royama also noted that Tinbergen did not examine the 
diet of the adult birds, and thus could not safely conclude 
that prey species absent from the nestlings' diet were in 
fact oveilooked by the parents because searching images were 
not developed,for them. Royama's own observations on the 
stomach contents and feeding stations of adult tits suggested 
that the adults actually located and ate' small prey species 
which they did 'not bring to the nestlings, and he showed 
that this type of difference in adult and nestling diets 
could ea~ily arise from his profitability hypothesis. Royama 
regarded the tendency of tits to concentrate on one type of 
prey for a short time and then switch to another as being 
a result of the tits making successive visits to a particular 
niche and then switching their attention to another niche. 
Royama considered that the birds became conditioned to a 
particular prey in association with its place of living. 
While this can be regarded as a type of searching image be
haviour, Royama points out that it differs from the concept 
of Tinbergen, who emphasized that the- use of specific s~arch
ing images by tits involves "a highly selective sieving oper
atiQn on the visual stimuli reaching their retina" (Tinbergen, 
1960, p. 332). 

Tinbergen thus stressed the ability of the birds to re
cognize the specific characteristics of a camouflaged prey once 
they had formed a searching image for that prey, but he did not 
consider whether the birds learn to look for a certain prey 
in a particular niche., While he was not unaware of the tits' 
habit of making successive hunting forays to particular parts 
of their territories, he considered that within these res
tricted localities the birds were concentrating on those prey' 
for which they had adopted searching images. Royama, on the 
other hand, considered that when the tits were hunting in a 
particular niche they took all palatable prey which were avail
able in that niche, so that searching was restricted in terms 
of area but not in terms of type of food. Neither Tinbergen 
nor Royama had conclusive evidence on this point. However, 
Mook, Mook and Heikens (1960) found that when tits preyed on 
freshly emerged Bupalus piniarius moths on the forest floor, 
they not only increased the time spent hunting on the ground 



553. 

but also concentrated on ~. piniarius moths while on the 
ground, which suggests that they were using searching images 
in the manner described by Tinbergen. 

Although Royama stressed the differences between his 
profitability hypothesis and Tinbergen's searching image 
hypothesis, he did note that "though my own theory does 
not involve the concept of search images, it is not particu
larly contradictory to it" (Royama, 1970, p.656). Both 
Tinbergen's and Royama's ideas have recently been incorpo
rated into a comprehensive theory of searching image by Croze 
(1970), whose study of hunting behaviour in carrion crows is 
an impor tant contribution to the development of the searching 
image concept. Croze demonstrated that avian predators learn 
both the specific characters of the prey itself and those 
of its habitat, and considered that "both sorts of information 
form jointly the perceptual template of a Searching Image" 
(Croze 1970, p. 32). He proposed that "area...,.restricted 
searching" (Tinbergen et aL, 1967) is an integral component 
of searching image behaviour, i.e., after the discovery of 
one prey the bird concentrates its search in the immediate 
vicinity of the discovery. This type of behaviour had been 
observed earlier in tits (Gibb, 1958) and in woodpeckers 
(MacLellan, 1958; Beaver, 1967). Avian predators can appa
rently learn to associate certain areas with certain types 
of prey, !::..!.E.., the wild crows observed by Croze made regular 
visits to particular places to search for particular types 
of food. Productive places were remembered and revisited. 
Croze termed this important component of searching image be
haviour a "returning :'image", and noted that each pair of 
crows was probably thoroughly familiar with all the areas in 
their hunting range.and what these we-re likely to yield. 
However, he was unable.to determine whether birds visiting a 
particular place had a prior "knowledge" of what they ex
pected to find there, or whether they detected a certain type 
of prey with greater ease each time they visited a particular 
place. In addition, he found that the crows were apparently 
able to learn the minute characteristics of their feeding 
grounds, even to· telling apart adjacent small areas (approxi
mately 5 m. in radius) of a featureless shingle beach. 

Apart from the area-associated element of hunting by 
searching image, the following points emerged from Croze's 
study: 

(1). Searching image behaviour is quickly initiated 
by remarkably few experiences with a particular type of prey, 
which the predator undergoes as a result of exploration. The 
keen eyesight and inquisitive nature of insectivorous birds 
results in the rapid discovery and investigation of an un
familiar object in their hunting range, and they are thus 
quick to recognize and exploit an obvious new food source. 
The time required to first notice a new well-camouflaged prey 
may be longer, and since more than one experience may be re
quired before a searching image is initiated, this would 
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explain the lag of several days observ~d by Tinbergenbe
tween th~ appearance of a new prey in the habitat and its 
appea~a~ce in the tit's dietT The dispovery of a new prey 
may r~sult from a ch~nce encQunter or from watching another 
bird (Klopfer, 1959), either another m~mber of the flock 
(~.~ Turner, 1964; Newton, 1967) or of the breeding pair, 
(~., Tinbergen, 19~Q). The selectiv~ response apparently 
depends on which type of prey is foupd first, so that birds 
feeding side by side in the ~ame flopk could, by chance, 
form searching image~ for di~ferent pr~y, as Tinbergen ob
served • 

. (2). Searching !mage bepaviour !. maintained by reward, 
but p~n nevertheless be persistent thr9ugh long periods of 
no reward. Croze su,¥gested ~pat the search for a particular 
ty~e of prey is char~cterize4 by area-fesiricuon and a stand
ard "giving ... up time",. i.e., Qf). findi:p.g one prey individual 
the bird searches wilhinthe immediate vicinity for a cer
tain time and then gives up ~he se~r~h for that prey if no 
more have been found, The giving-up time will vary with the 
palatability and other properties of the prey, and may change 
with learni:q.g (Simons and Alcock, 1971). When the giving-up 
time PaS been exceeded or alternatively, if the reward rate 
(tAe number of prey found per unit time from the first prey 
discovered to the last) falls below a profitable 'level, the 
predator may either lose the searc~ing image and adopt a more 
general search,or fly off to a different area, perhaps to 
search for another type of prey. Croze found that crows Were 
relunct~ntto switch their attentiqn from a sign which had 
proved productive in the past, even through a long period 
without reward, and he pointed out the adaptive value of this 
persistence. Thus if prey were seasonally abundant in a 
certain locality, and the birds made regular visits to this 
area, evaluating either the area as a whole or a particular 
prey by means of giving-up time or reward rate, they would 
be in a position to rapidly exploit ~he next pr.ey outbreak 
in that area. Although he found that searching image be
haviour was persistent when alternate stimuli were not imme
diately present, Croze also found that it was rapidly trans,... 
ferable to other stimuli if these offered a sufficiently 
higher rate of reward. 

(3). Searching image behaviour is highly specific and 
the specificity increases with experience. As a result, 
camouflaged prey different in appearance from the prey for 
which the birds are searching will be overlooked. However, 
obvious objects which are dissimilar to the prey being hun
ted will still be investigated, ~." crows which had formed 
a searching image for camouflaged red mussel shells readily 
investigated blue shells as well', since the latter were not 
camouflaged (Croze, 1970, p. 47). 

(4). Hunting by searching image is an important adaptive 
behaviour which serves to maximize the predator's hunting 
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efficiency, especially when searching for camouflaged prey. 
Croze showed that a predator is most efficient when hunting 
for one type of (camouflaged) prey at a time, and when its 
attention is fixed on the most frequently encountered type 
(if all types of prey are similar, except in external 
appearance). A predator is faced with a vast number of sti
muli in its environment, and only a few of these will be 
associated with a worthwhile food source. The adaptive 
balance between responding to all of· them and trying just 
a few "is literally a balance between starvation or survival" 
(Croze, 1970, p. 42). 

Tinbergen's original searching image hypothesis covered 
this use by predators of the specific visual characteristics of 
the prey they are hunting. In addition, however, an efficient 
predator must concentrate its hunting at the most profitable 
parts. of its habitat, as s.tressed by ~oyama. This type of 
behaviour, which has been observed in tits (Gibb, 1958, 1966), 
woodpeckers (MacLellan, 1958; Beaver, 1967) and redshank 
(Goss-Custard, 1970a) will arise through area-restricted 
searching for prey which have a clumped distribution. In 
the light of Craze's work, it seems likely that insectivorous 
birds are capable of learning the characteristi~s of separate 
parts of the habitat and possibly associating particular prey 
with particular places, in addition to area-restricted search
ing. Since the profitability of a niche will be continu-
ally changing, due to the life cycles of the prey and to local 
depletion, efficient predators must also possess the ability 
to sample and evaluate particular prey or areas, which Croze 
suggests might be achieved by means of giving-up time or 
reward rate. Hunting by searching image thus allows bird 
predators to make the best use of the limited amount of time 
and energy ava~lable to them for procuring food, and will 
therefore be of considerable adaptive value, since natural 
selection presumably favours those individuals which are able 
to obtain the greatest calorific and nutritional return for 
the least effort (Hinde, 1959; Cody, 1966; Emlen, 1966, 1968). 

The relative importance of the two main aspects of hun
ting by searching image, the use of the specific visual 
characters of the prey and the concentration of hunting effort 
in the most profitable areas, will vary with the nature of 
the habitat, the predator and the prey. When birds are search
ing visually for well-camouflaged prey in a relatively uni
form habitat, such as the Scots pine plantation where Tin
bergen worked, the use of the prey's visual characters may 
be of primary importance. If the birds are searching for 
camouflaged prey in a diverse habitat, ~., tits in a mixed 
broadleaved wood as studied by ~oyama, both aspects of searc
ing image behaviour may be important. In the case of birds 
searching for concealed prey which do not possess camouflaging 
colouration, such as woodpeckers searching for wood-borers 
and starlings hunting grass grub larvae, area-restricted 



searching and the concentration of hunting effort in the 
areas of greatest profitability will assume major signi
ficance. Birds searching for concealed prey might learn 
to detect areas of prey concentration by the appearance 
of the habitat rather than by random sampling, especially 

556. 

if prey concentrati~ have an obvious effect on the habitat, 
.~., grass grub damage to turf. 

Function~l Response to Predator Densit;y 
The functional response to predator density, i.e., 

changes in the number of prey killed per predator with 
changes tn predator density, is less well documented than 
that of prey density. In Holling's scheme of predation, the 
basic components of the functional response to predator 
density are exploitation of prey and interference between 
predators, and the subsidiary components are social facilitation 
and avoidance learning by the prey. Exploitation arises. 
through competition between predators for prey as the numbers 
of prey are depleted. For a given initial density of prey, 
the effects o.f exploitation would be expected to be greater 
at higher predator densities. Depletion of the prey popu
lation in local areas may have a significant influence on the 
feeding dispersion of flocking birds (Goss-Custard, 1970a 
and c). However, in the case of insectivorous birds and pro
bably small mammals, exploitation may have little effect on 
the proportion of an insect popUlation destroyed but may sim
ply determine how long the stock of insects lasts, since the 
predators will lose interest and switch to other foods once 
prey' density falls below a level where predation is profit
able (Gibb, 1958). 

Interference between predators searching for prey coul9. 
reduce the rate of predation at high predator densities 
(Holling, 1961). Griffiths and Holling (1969) showed that 
the effects of interference ~rising from contact between 
searching insect parasites only become important at parasite 
densities much higher than those which occur in nature. 
However, increased predator density may inhibit predation 
through competition between predators for space or through 
metabolite accumulation (Salt,1967). Antagonism between 
woodpeckers during winter has been reported by Baldwin 
(1960, 1968b) and MacLellan (1959). While Baldwin (1960) 
considered that the occasional conflicts did not cause a 
serious disruption of feeding, MacLellan showed that the 
number of codling moth larvae taken per woodpecker at the 
same prey density decreased with increasing numbers of 
woodpeckers. Fighting over food is well known among passer
ines (~,.!.&., Lockie, t 956) but may not occur if individual 
prey are small enough to be swallowed immediately they are 
captured (Gibb, 1960). Goss~Custard (1970c) found that red
shanks feeding' in flocks o,n mudflats tended to form loosely
knit assemblages when searching for burrowing amphipods, and 
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he suggested that this was a result of the amphipods being 
disturbed by the presence of the birc:1.s on the surface and 
withdrawing down their burrows. The redshanks were pre
vented from feeding in more compact flocks by the mutual 
interference that would have arisen through the decreased 
availability of amphipods, and possibly also by the mutual 
interference that would have arisen from birds having to 
continually avoid each other if they had fed in tightly
knit flocks (Goss-Custard, 1970a). In situations where the 
density of birds did not appear to affect the availability 
of prey, redshanks and other waders did feed in compact 
flocks (Goss-custard, 1970c). 

Social experience may influence the feeding behaviour 
of flocking birds in three ways (lear, 1962): social facil
itation, imitation and local enhancement. Social facilit
ation results in a greater per capita consumption when the 
birds feed in groups, either , directly because of the pre
sence of other birds, as is well known in the domestic fowl 
(TolmaB and Wilson, 1965) and has also been recorded in 
wild passerines (Mattson et al., 1968), or because birds 
feeding in flocks can speii'd less time looking out for pre
dators and more time feeding than solitary birds (Murton, 
1968). Unlike social facilitation, imitation of another 
bird's action or observational learning persists in the 
absence of other birdS (Klopfer, 1959). Imitation has been 
obs~rved in both wild and captive passerines (~., Alcock, 
1969; MacLean, 1970). Local enhancement results from birds 
learning where to find food, but not how to obtain it, by 
watching other birds, and may be important in allowing flock
ing birds to exploit patchily distributed foods efficiently 
(Crook, 1965; Goss.Custard, 1970c). Social behaviour may 
also influence predation in other ways, !4&., some predators, 
such as wolves, may be unsuccessful if they do not hunt in 
groups, as Salt (1967) pointed out, while flocking behaviour 
may increase the feeding efficiency. of. insectivorous birds 
by disturbing insects (Goss-Custard, 1970c·). 

In general,for a flocking species the number of prey 
consumed per individual predator in a given time would be 
expected to increase with increasing predator density, due 
to social experience; up to a certain predator density but 
to decrease with further increases in predator density be
cause of mutual interference {Holling, 1961). Avoidance 
learning of the prey would not be expected to operate with 
insect prey. 

Numerical Response 
Holling(1959a, 1961) recognized three types of numer

ical responSe to increasing pre~ density: direct (predator 
density increases), none (predator density is unaffected) and 
inverse (predai;.or density decreases). All three types have 
been observed in field studies of predation by birds and small 
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mammals on insect populations (Morris, Cheshire, Miller 
and Mott, 1958; Holling, 1959a; Mook, 1963; Watt, 1963a; 
Buckner and Turnock, 1965; Root, 1966). Direct numerical 
responses imply that the predator population is limited by 
fQod supply. InveJ;'s'e numerical responses may arise through 
interspecific competition with species showing a direct 
response or through habitat changes caused by high densi
ties of the insect prey. 

These doculJlented numerical responses have been concerned 
largely with changes in the breeding populations of birds 
in small study plots in response to outbreaks of insect 
pests. It might be expecte<l that direct numerical responses 
would be most freq~ently encountered if the prey formed a 
major part of the predator's food supply outside the breeding 
season, rather than part of its food su:pply during the 
breeding season, sin,ceLack (1954, 1966) has shown that there 
is considerable evidence that bird populations are limited 
by the availability of food outside the nesting season. It 
is possible that at least some of the observed direct numer
ical responses arose from pre";"breeding movement of birds 
into the study plots in response to insect outbreaks. 
Macdonald and Webb (1963) reported such movements in response 
to reduction in spruce budw:orm populations by insecticide 
treatment, but Morris (in, litt. to Gibb, 1960) considered that 
the direct numerical responses observed by Morris et ale 
(.2£. cit.) arose from real population increases over the 
outbreak a'rea rather than from local movements. Direct 
numerical responses arising through increased predator re
prd~uction in response to higher prey popUlations would be 
expected t() bedelayedwitb. regard to change in prey density, 
although small mammals can reproduce fast enough for no 
delayed effect to be apparent (Holling, 1959a). 

Buckner and Turnock (1965) postulated that the numerical 
response of avian predators to changes in the density of their 
insect prey is typ:icaJly sigmoid, predator density being un
affected by low prey densities, increasing over a limited 
range of intermediate prey densities and reaching an upper 
limit set by some factor other than prey density, such as 
territorial behaviour or aggressive interactions between 
predators (~.,Baldwin, 1968b). Buckn.er and Turnock also 
pointed out that predation by transient flocks of birds may 
be equally or more important than predation by permanently 
resident birds. Buckner (1966) elaborated on this point and 
stressed the importance of distinguishing between "breeding" 
and "behavio\lral" numerical responses, i.e., those resulting 
from reproduction and those resulting from popUlation move
ment. He pointed out that behayioural numerical responses 
are .likely to be particularly important with flocking. birds, 
whose mobility may allow them to concentrate in large numbers 
in local areas. ()f high prey dens i ty. Buckner (1 967b) con
sidered that breeding numerical responses ofveriebrate 
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predators to insect prey usually start and reach their upper 
limit at relatively low prey densities, while behavioural 
numerical responses tend -to start at higher prey densities 
and have a greater amplitude. 

Hassell (1966) also introduced the term "behavio~ral 
response" but with a somewhat different meaning from that 
of Buckner. Hassell stressed the importance of distinguish
ing between predator responses occurring within a predator 
generation and intergeneration responses, and he used the 
term "behavioural response" to describe responses to prey 
densi ty wi thin one predator generation. A behavioural res
ponse occurs when tbepercentage predatio;n is higher (super
proportional) or lower (subproportional) in areas with higher 
prey density. When this response is a result of changes in 
the percentage predation caused by an individual predator, 
it is termed an individual response, which corresponds to 
the functional response of Solomon (1949) and Holling (1959a, 
1961). When the behavioural response is a result of pre~ 
dator density being proparliona.tely greater or proportionately 
less in areas of high prey density, it is termed an aggre- . 
gative response, which partly corresponds to Buckner's be
havioural numerical response. Hassell considered intergener
ation responses solely in terms of the percentage predation 
over a number of predator generations and he did not propose 
a term corresponding to Buckner's breeding numerical response. 

Concentration of the feeding activity of insectivorous 
birds, often in large flocks, in localised areas of high prey 
density such as pest outbreaks, has been widely reported in 
the literature, ~., Bryant (1914), Shilova-Krassova (1953), 
Smith and Popov (1953), Gibb (1958, 1966), Hudleston (1958), 
MacLellan (1958), Baldwin (1960, 1968b), Blais and Parks 
(1964), Clark (1964b), Readshaw (1965), Beaver (1967), Mattson 
et al. (1968)i Koplin (1969), Goss-Custard (1970a). It is 
crear that behavioural numerical responses (Buckner, 1966) 
can play an important role in bird predation on insect popu
lations, particula:r;lyas these responses are immediate rather 
than delayed with regard to change in prey density. Such 
responses could arise from area-restricted searching and the 
tendency for birds to concentrate their hunting in the most 
profitable areas of .their environment, i.e., from hunting by 
searching image (Croze, 1970). In this-cise the behavioural 
numerical response would be indistinguishable from the fun
ctional response, and Hassell's (1966) concept of individuar 
and aggregative behavioural responses may therefore be prefer
able. 

Characteristics of the Environment 
Environmentalcharacieristics which can significantly 

modify predation include weather, the nature of the habitat, 
and the abundance and quality of alternative foods. Weather 
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may have important effects on the availabili~y of prey, 
~., by influencing the duration of the stage in an insect's 
life cycle which is exposed to predation, the movement of 
prey (~., Betts, 1955), vertical distribution of subterr
anean prey (~., Goss-Custard, 1969), and the feeding 
activity of tJle predators', ~., Baldwin (1960) reported a 
reduction in woodpecker activity during severe winter weather, 
while warm, sunny weather may reduce the energy requirements 
of homoiotherms (Morton, 1967b). The nature of the substrate 
may affect the rate of contact between predator and prey and 
hence the predator's feeding rate (Goss-Custard, 1970b). 

The density of alternative prey, or buffer species, may 
influence the percentage predation of a prey population. 
Percentage predation may decline as the relative density of 
buffer species increases (Tinbergen, 1960), particularly if 
the latter include a preferred prey (~., Miller, 1966), 
while a decrease in the density of buffer species may lower 
the threshold density at which predation becomes profitable 
(~., Beaver, 1967). When alternative prey are available 
the functional response to prey density eventually levels 
off and does not change with further increases in prey den
sity. Tinbergen (1960) attributed this to a preference for 
a mixed diet by insectivorous birds, such as titmice, which 
would ensure a balanced diet, and he considered that the 
birds abandoned their searching image for a prey once the 
prey comprised more than a certain critical proportion of the 
diet. Holling (1965) considered that the maintenance of a 
mix~d diet is simply a result of increasing selectivity on the 
part of the predator as it approaches satiation, without in
volving purposive behaviour as postulated by Tinbergen. 
Whichev& interpretation is correct, it is clear that the 
functional response to prey density is influenced by the 
abundance of alternative prey. The palatability of alter
native foods also affects the functional response, which 
tends to decline as the palatability of alternative foods 
in6reases (Holling, 1959a, 1965). 

Characteristics of the Predator 
Predator characteristics which influenc~ predation in

clude habitat and food preferences and methods of locating 
and capturing prey. Habitat preferences, which will obviously 
have a fundamental effect on the prey available to a predator 
species, are often determined by innate responses to environ
mental features (Hinde, 1959; Salt, 1967). Feeding preferen~ 
ces will influence the effects of the abundance and palatabil
ity of alternative prey, with omnivorous predators more likely 
to switch from one food to another, as Holling (1959a) poin
ted out. Predators often tend to select individuals which 
are conspicuously different in coloration, behaviour or lo
cation from other individuals of the same prey species or 
would be killed by other factors in the absence of predation 
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(.£.:.1i., Errington, 1946; Salt, 1967; Waldbauer and Sternburg, 
1967; Slobodkin, 1968). 

All predators are responsive to a particular size range 
of prey (Holling,1964). There is abundant evidence that birds 
generally prefer larger food items within the size range to 
which they respond, so that the larger sta8es of an insect's 
life cycle (older larvae, pupae and adults) are usually the 
stages susceptible to bird predation (~. , Betts, 1955; 
Tinbergen, 1960; Kear, 1962; Gibb and Betts, 1963; Mook, 
1963; Clark, 1964b; Buckner and Turnock, 1965; Embree, 1965; 
Readshaw, 1965; Royama, 1966, 1970; Morris and Bennett, 
1967; Mattson et al., 1968; Goss-Custard, 1969, 1970b). 
Larger fo·od i terns may be preferred at lower temperatures 
(~., Myton and Ficken, 1967). There is some evidence that 
wild birds may select foods in accordance with their nutri
tional requirements (Korschgen, 1966; Moss, 1968), and this 
may be why starlings and titmice often feed relatively large 
numbers of spiders to YOllilger nestlings (Kalmbach and Gab
rielson, 1921; Royama, 1970). 

Birds typically locate prey by sight, which is their 
dominant sense (Pumphrey, 1961). Insectivorous birds are 
typically highly inquisitive and quickly explore any un
familiar object in their environment (Marler, 1956; Gibb, 
1957; Croze, 1970), and their capacity for visual discrimi
nation is highly developed (Prop, 1960). When they are 
searching for food birds often spend only a very short time 
in anyone spot, apparently making a cursory inspection (~., 
Gibb, 1958; Tinbergen, 1960), although they may still be 
taking in a great deal since their rate of assimilation of 
visual detail is much faster than man's (Pumphrey, 1961). 
Holling (1965) showed-that the rate of rise of the functional 
response curve is directly prop~tional to the size of the 
predator's perceptual field, being much faster in insectivor
ous birds which locate their prey by sight than in small 
mammals which locate their prey by smell. 

The location of concealed prey by birds is particularly 
relevant to the present study. Waders possess a good nerve 
supply to the tips of their bills, enabling them to locate 
subterranean prey by touch (Cheeseman, 1898; Heppleston, 
1970). Goss-Custard (1970c) reported that redshanks located 
some prey by touch, by sweeping their bills through the soft 
estuarine substrate, and others by sight, by observing amphi
pods and polychaetes at the tops of their burrows. Bengtson 
and Svensson (1968) studied the feeding habits of two waders 
and found that Calidris alpina apparently located subsurface 
prey by touch while Q. minuta fed on surface prey which it 
located by sight. Turdids also ,locate earthworms by sight, 
when they are at the tops of their burrows (Heppner, 1965), 
while Heppleston (1971) observed that oystercatbhers hunting 
for earthworms probed non-randomly, apparently by responding 
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to visual cues such as the entrances of earthworm burrows 
or the ends of retreating worms. other birds may locate the 
positions of concealed prey by sight, ~., Gibb (1958) re
ported that coal tits apparently inspected pine cones vis
ually to locate cone scales harbouring eucosmid larvae. 
Black et ,ale (1970) found that flickers searching for corn 
borer larvae were able to visually distinguish infested corn 
stalks from uninfested ones. The birds presumably did this 
by observing larval entrance holes and girdling near the base 
of the stalks, since Black et ale reported that these signs 
could be detected by humans. 

If there are no visual cues concealed prey may be 10-
catedby auditory or olfactory cues, ~., woodpeckers can 
~robably locate wood-boring cerambycid larvae by sound 
(Linsley, 1959) and ~arn owls have been experimentally demon
strated to locate prey by sound (Payne, 1962), while the 
New Zealand kiwi locates prey by smell (Wenzel, 1968). 
MacLellan (1958) stated that woodpeckers located codling 
moth larvae beneath bark by "feeling for a certain texture". 
The initial tapping of the woodpeckers to test the texture 
was randomly directed., Random tapping or probing would also 
be expected in the case of other birds se,arching for concealed 
prey in the absence of any signs of the positions of the prey, 
~., blue tits locate eucosmid larvae by tapping the scales 
of pine cones, those which have been hollowed out by larvae 
presumably making a distinct sound (Gibb, 1958). Unless the 
tits are able to locate occupieq. scales 'visually, which is 
possible, tapping is presumably randomly directed. Similarly, 
waders which locate subsurface pre~ by touch may probe ran
domly (Bengtson and Svensson, 1968), while Kahl (1964) showed 
experimentally that wood storks catc~ fish by random groping, 
using touch and not sight to locate their prey. Starlings 
locate soil insects visually after probing into the soil to 
make a hole (Lorenz, 1949), as described on p.502, but 
there is no evidence in the literature as to whether or not 
their probing is randomly directed. 

Characteristics of the Prey 
Prey characteristics which can influence preda~ion in

clude nutritional value, calorific value, size, colour, 
habits, attractiveness and spatial distribution. Calorific 
value will influence predation through the predator's calori
fic requirements, i.e., its potential. consumption of prey. 
Nutritional value, size, colour and habits will all operate 
through the predator's feeding preferences, as will the prey's 
attractiveness, which includes palatability and defence 
mechanisms of the prey_ ,The latter include distasteful chem
icals and odours which are usually accompanied by conspicuous 
coloration, hairiness, stings, hard or spiny integuments, 
aggressive behaviour, protective coloration and habits, and 
escape mechanisms (Buckner, 1966; Rettenmeyer, 1970). 

The distribution of prey can also have important effects 
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on predation. Since vertebrate predators tend to concentrate 
their hunting in localised areas of high prey density (~., 
Gibb, 1958), percentage predation may be greater in a prey 
with a patchy distribution than in one with an even or 
scattered distribution at the same prey density (Ivlev, 1961, 
ch. 3; Croze, 1970). Predation of an initially clumped prey 
population will tend to make the prey distribution more 
even by thinning out the local patches of high density. 
Dempster (1967a) observed that mirids were less susceptible 
to bird predation when they were clumped, but he considered 
that this must have been primarily due to some defensive 
mechanism such as distastefulness, rather than to the agg
regated distribution. 

THE EFFECTS OF PREDATION ON PREY POPULATIONS 

Theoretical Considerations 
Combination of the functional response to prey density, 

the functional response to predator density and the numerical 
response produces the total response,. expressed by plotting 
percentage predation against prey density (Holling, 1959a,. 
1961). Holling (1959a, fig. 8) recognized four major types 
of predation, two of which generally involve vertebrate 

predators. The S-shaped functional response typical of ver
tebrates tends to result in a peaked or domed total response, 
i.e., percentage predation initially increases with in- . 
creasing prey density up to a peak and then declines with 
further increases in prey density. The initial increasing 
phase results from hunting by searching image, aided in 
some cases by a direct numerical response. The predator's 
caloric requirements and limitation of the predator popu
lation by some factor other than food set the· upper limit 
to the total number of prey consumed, and percentage pre
dation therefore declines with further increases in prey den
sity beyond this point. 

The first of the two major types of predation involving 
vertebrate predators (Holling's type 3) occurs when the 
functional response to prey density, and hence the total res
ponse, rise immediately as prey density rises above zero. 
The second type (Holling's type 4) occurs when the functional 
and total responses rise only slightly with increasing prey 
density until prey density exceeds a threshold, above which 
the responses rise rapidly. This represented Errington's 
(1946) concept of compensatory predation, based on obser
vations of vertebrate predators and vertebrate prey. 
Errington considered that predation often causes a signifi
cant mortality only when prey density exceeds the carrying 
capacity of the habitat (the threshold density), the pre
dators removing the excess prey. A simtlar type of predation 
could arise through the hunting behaviour of insectivorous 
birds if they showed little interest in a prey species until 
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its density exceeded a threshold level where predation be
came profitable to the birds (~., Gibb, 1958, 1962a, 
1966; Tinbergen 1960; Beaver, 1967). 

Holling (1959a, fig. 7; 1965, fig.8.1) showed that a 
domed total response to prey density is essential for the 
regulation of prey populations, the rising phase of the 
total response being density dependent. The learning com
ponent of the vertebrate functional response greatly increa
ses the likelihood of regulation of prey numbers, while the 
functional response to prey density typical of invertebrate 
predators {a negatively accelerated rise to a plateau) can 
only produce regulatory mortality when it is combined with 
a direct numerical response. Holling showed that the prey 
population can escape from the regulatory control of pre
dation if its rate of reproduction is fast enough for prey 
density to increase in one generation from the equilibrium 
level to the region beyond the peak in the total response, 
i.e., to the decreasing phase of the total response, where 
predation is inversely density dependent and therefore dis
turbing rather than regulating. He pointed out that in
creasing the number of predator species will increase the 
spread of the total response, since the responses of diff
erent predators peak at different prey densities, and there
fore promote stability by decreasing the prey population's 
chance of escaping from regulation. Tinbergen and Klomp 
(1960) also derived a domed total response for bird predators 
and reached similar conclusions to Holling about its im
portance. 

. Holling thus illustrated the importance of the S-shaped 
vertebrate functional response to prey density in promoting 
stability in prey populations. He pointed out ·that the domed 
total response does not n(~cessarily imply regulation and 
that predation alone is unlikely to regulate when the prey 
is an insect and the predators are birds and small mammals 
with much lower rates of reproduction. Holling considered 
that vertebrate predation on insect populations can neverthe
less have important effects, by contributing t6 regulation 
in combination with other factors or by damping oscillations 
in prey density. The effects of vertebrate predation on 
insects may be enhanced by the tendency for birds and small 
mammals to concentrate on the later, larger stages of the 
life cycle, ~., an egg has less chance than a pupa of 
surviving tri become an adult (Franz, 1954), while low but 
variable predation on the adult stage might have an import
ant influence if the mortalities of earlier stages were 
high but constant (Morris, 1957). 

The subject of oscillations in prey density has re
ceived considerable attention ever since Nicholson (1933) 
and Nicholson and Bailey (1935) published a model of 
parasite-host interaction which generated. increasingly vio
lent oscillations of host and parasite density, culminating 
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in the extinction of both populations, the oscillations 
arising from the delayed numerical response of the parasite 
to host density. This topic was reviewed by Solomon (1964), 
who pointed out that the predictions of the Nicholson-
Bailey model have seldom been realised except in highly con
trived laboratory experiments. One school of thought con
siders that the Nicholson-Bailey predictions are correct but 
are not apparent in nature because other mechanisms damp 
the oscillations. These mechanisms are usually considered 
to operate from outside the predator-prey system, such as 
refuges that will protect a proportion of the prey (~., 
Huffaker, 1958b) and density dependent mortality such as bird 
predation occurring at some other stage of the prey's life 
cycle (~_:..B.., Tinbergen and Klomp, 1960). Holling (1959a, 
1961) pointed out that since an S-shaped functional response 
results in an immediate increase in percentage predation in 
response to an increase in prey density, it can act as a 
damping mechanism which is an integral part of the predator
prey system. 

The development of complex, realistic models of predation 
is shifting the emphasis from the classical view of popu
lation phenomena to the processes that determine the quality 
of individuals, the duration of generations and the historical 
and spatial sensitivity of predator-prey systems (Holling, 
1968). Holling considered that predator-prey systems are 
characterized by three elements: firstly, sensitivity to 
perturbations in their previous history, such as delayed 
breeding numerical responses to prey density, and also 
sensitivity to spatial disturbances; se~ondly, the effects of 
mechanisms that exaggerate historically or spatially induced 
instability; and thirdly, the influence of mechanisms th~t 
tend to stabilize the system by adapting it to existing con
ditions, ~., a decline in the efficiency of progeny pro
duction (i.e., the ratio of energy directed to progenY to 
energy in destroyed prey) by the predator as prey numbers 
increase. 

Field Studies of Predation by Birds and Small Mammals 
on Insect Populations 
The percentage of insect populations destroyed by birds 

has been measured in several field studies. Lack (1954, 
ch. 13; 1966, p. 288-290) reviewed some of this work and 
concluded that the proportion of the available prey taken 
by birds during the breeding season is usually slight but 
the proportion taken outside the breeding season when food 
is scarce, particularly in winter, may often be large. Apart 
from the references considered by Lack, there are several 
additional studies, mostly published since Lack's review, 
which show that insectivorous birds often destroy from 25% 
to over 90% of a prey population outside the birds' breeding 
season (Barber, 1925; Korol'kova, 1963; Wall and Whitcomb, 



1964; Way and Banks, 1964; Dahlsten and Herman, 1965; 
Readshaw, 1965; Gibb, 1966; Baldwin, 1968a and b; Mattson 
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et al., 1968; Sloan and Coppel, 1968; Waloff, 1968; Goss
Custard, 1969; Hagley, 1969; J.D. Solomon, 1969; Black et 
al., 1970; Shook.and Baldwin, 1970). Bird predation out
side the breeding season would therefore be expected to 
generally have the greatest impact on insect populations 
(Gibb, 1960), although predation during the breeding season 
may be significant on some occasions, ~., Korol'kova (1963) 
reported that starlings and flycatchers reduced populations 
of gypsy moth and winter moth caterpillars by 40-50% in the 
breeding season. Predation by small mammals may account 
for 30% to over 90% of the pupae of forest insects when the 
pupae occur in the forest floor (~., Morris, 1949; Buckner, 
1958, 1959, 1969; Holling, 1959a). . . 

Only a few studies have attempted to measure the fun
ctional and numerical responses of vertebrate predators 
of insects or the relationship between percentage predation 
and prey density. Domed total responses have been demon
strated in a few cases, confirming the ideas of Holling 
(1959a, 1965) and Tinbergen and Klomp (1960) that predation 
by birds and small mammals on insect populations tends to 
be directly density dependent at low to intermediate prey 
densities and inversely density dependent at intermediate to 
high prey densities, ~., warbler predation on spruce bud
worm larvae (Mook, 1963), predation by various birds on 
psyllid larvae (Clar~, 1964b)t woodp~cker pre~ation on spr~ce 
beetle larvae .(Baldw~n, 1968b) and t~t predat~on on scolyt~d 
beetl~s (Smith, reported in Waloff, 1968), as well as small 
mammal predation on sawfly cocoons (Holling, 1959a; Neilson 
and Morris, 1964). The prey density at which percentage pre
dation reaches its peak will have a major influence on the 
regulatory role of predation. Holling (1965) suggested that 
the functional response of insectivorous birds which locate 
their prey by sight rises much more rapidly with increasing 
prey density than that of predators with a more limited 
perceptual field, such as small mammals which locate their 
prey by smell. The functional response of birds to prey 
density may therefore tend to reach its upper asymptote at 
relatively 16w prey densities. The maintenance of a mixed 
diet once the upper asymptote has been reached and the limited 
powers of numerical increase of birds in comparison with 
insects suggest that the total response of bird predators 
to insect prey will often reach its peak at relatively low 
prey densities, with birds exerting no regulatory influence 
at intermediate and high~r prey densities, as observed by 
Mook (1963) and Clark (1964b). 

The view that bird predation exerts little effect on 
insect pest outbreaks but may be important at low or endemic 
levels of insect populations is widely held (Voute, 1946; . 
Shilova-Krassova, 1953; Morris, Cheshire, Miller and Mott, 
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1958; Gibb, 1960; Morris, 1963a, sec.35; Watt, 1963a; 
Buckner and Turnock, 1965; Embree, 1965; Buckner, 1966; 
Miller, 1966; Graham, 1967). A decline in the percentage 
mortality caused by bird predation with increasing prey 
densit~ (i.e., inversely density dependent predation mor
tality) during insect pest outbreaks was observed by Shilova
Krassova (1953), Readshaw (1965) and Ito et al. (1969), 
while density dependent bird predation on populations of 
insects at endemic levels or on insects whose populations 
tend to remain permanently at fairly low levels has been 
reported by Gibb (1958, 1966), LeRoux et ale (1963), 
Paradis and LeRoux (1965) and Gage et al.-r1970). Bird 
predation may nevertheless exert a significant influence 
on localised outbreaks o~ insect pests of forest or agri
cultural crops, particul'rly if these outbreaks attract 
flocks of birds from surrounding areas, this behavioural 
numerical response (Buckner, 1966) or behavioural response 
(Hassell, 1966) tending to occur at relatively high prey 
densities (Buckner, 1967b). For example, Bruns (1960) re
ported that starlings wiped out a loc.al outbreak of s.awfly 
larvae in a quarter acre area of spruce forest, and similar 
observations have been made by Barber (1942), Smith and Popov 
(1953), Hudleston (1958), Ashall and Ellis (1962), Blais and 
Parks (1964), Graham (1967), Ito and Miyashita (1968), and 
Mattson et ale (1968). 

Since the rate at which the functional response curve 
rises depends on the size of the predator's perceptual 
field (Holling, 1965), the functional and total responses 
of birds searching for concealed prey might be expected to 
increase more slowly and reach their peaks at higher prey 
densities than the respons~ of birds searching visually for 
non-concealed prey. In this context it is interesting that 
Baldwin (1968b) found that the total response of woodpeckers 
to the density of wood-boring spruce beetle larvae peaked at 
prey densities well above the endemic level but below the 
level of catastrophic outbrea~s. Koplin and Baldwin (1970) 
also found that woodpecker predation was proportionately 
greater on epidemic than on endemic spruce beetle populations. 
This increased predation was partly due to a 50 to 60 fold 
increase in woodpecker numbers in forests with epidemic spruce 
beetle infestations, but it also involved a functional res
ponse, while Smith (in Waloff, 1968) showed that bird pre
dation on stem-mining scolytids reached its peak towards the 
upper end of the range of prey densities encounter~d in the 
field. It seems possible that the functional response of 
birds to the density of concealed prey may rise relatively 
slbwly or that the threshold de~sity for concealed prey may 
be relatively high, extending the density dependent phase of 
predation into a higher range of prey densities. 

To the writer's knowledge no one has shown conclusively 
that bird or small mammal predation does regulate the size of 
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an insect population, which would require measurement of 
predation mortality cover a number of consecutive prey 
generations (Hassell, 1966). However, the evidence dis
cussed above supports the ideas of Holling (1959a, 1961, 
1965) and Tinbergen and Klomp (1960) that vertebrate. pre
dation can exert a regulatory or oscillation-damping effect 
on prey populations up to a certain level of prey density, 
with further increases in prey density allowing the prey 
population to escape from the regulatory influence of pre
dation. Several field studies have shown that predation 
by birds or small mammals may exert a significant regulatory 
effect on insect populations, at least at low population 
densities (Holling, 1959a; Clark, 1964b and c; Neilson 
and Morris, 1964; Embree, 1965; Paradis and LeRoux, 1965; 
Smith, in Waloff, 1968; Buckner, 1969). 

The functional and numerical responses of vertebrate 
predators to prey density mean that vertebrate predation is 
potentially a variable mortality and may therefore have an 
important influence on an insect's population trend (Morris, 
1957), particularly if the extent of interaction with con
temporaneous mortalities is low (Morris, 1965). Several 
authors have reported that birds and small mammals prefer 
healthy to parasitized prey (Morris, 1949; Holling, 1955; 
Buckner, 1958; MacLellan, 1958; Korol'kova, 1963), which 
would minimize the interaction between predation and para
sitism, while others have reported that parasitized prey 
are regularly taken or that there is no distinction between 
healthy and :parasitized prey (Tinber~en, 1960; Sloan and . 
Coppel, 1968). Mattson et ale (1968) considered that parasi
tized jack-pine budworm pupae may be more susceptible to bird 
predation than healthy pupae because they are more conspicuous, 
which would partly nullify the effects of predation. otvos 
(1965) found that woodpecker predation caused an increase in 
the percentage parasitism of pine beetle populations byre
ducing the bark thickness, giving parasite species with short 
ovipositors better access to their hosts, although wood
peckers also ca~sed a reduction in insect predation by driving 
away or consuming insect predators. 

LeRoux et ale (1963) showed that bird predation on over
wintering larvae, in combination with parasitism, caused a 
highly v~riable mortality of pistol casebearer populations 
and acted as the key factor which determined population 
trend. In other situations bird predation maybe relatively 
constant from generation to generation of prey but may re
duce prey populations to the level where other natural control 
agents can regulate them, ~., woodpecker predation on low 
populations of codling moth (Ma9Lellan, 1959). 

The mechanism which allows insect populations to increase 
to the level where they escape from the regulatory influence 
of bird predation is ustially postulated to be a year or series 
of consecutive years of weather highly favourable to the 
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insect's increase (~., Morris, 1963a; Clark, 1964c; Miller, 
1966). Bird predation on insects is affected by many factors 
besides prey density, ~., duration of the stage of the 
insect which is preyed upon and the density of alternative 
prey (Clark, 1964b; Graham, 1967), i.e., although bird pre
dation can act in a density dependent manner over a certain 
range of prey densities, its action is imperfectly density 
dependent (Milne, 1962), which would tend to increase the 
prey's chances of escape from regulation. Readshaw (1965, 
1968b) suggested that the hunting behaviour of insectivorous 
birds may aid the escape of their prey from regulation in 
some instances. Since hunting by searching image tends to 
result in the birds concentrating their feeding activity 
in localised. areas of high prey density, at least until 
these are depleted, prey in less densely populated areas will 
have a greater chance of survival (~., Gibb, 1958; Smith, 
in Waloff, 1968); Readshaw pointed out that while this be
haviour will tend to stabilize prey populations when prey 
density is low and most of the prey are in a few localised 
areas of high density, this will not be the case during a 
developing pest outbreak under favourable weather conditions 
if the birds are attracted to areas of maximal prey density 
where their predation is inversely density dependent, allowing 
the lower prey populations of adjacent areas, where bird pre
dation could potentially be a; stabilizing influence, to under
go rapid increase. Readshaw showed that bird predation 
appears to affect outbreaks of a eucalypt-defoliating phas
matid in this way. 

As well as influencing the size of prey popUlations, 
bird predation on insects can be strong evolutionary force, 
especially when habitat changes occur (~., Kettlewell, 1956; 
Waldbauer and Sternburg, 1967). Bird predation can have an 
important influence on the evolution of many prey character
istics, ~., size, shape, colour and behaviour (Baker, 1970;. 
Baldwin, 1968b), synchronization of the life cycle with other 
prey"species (Tinbergen, 1960), and spatial distribution 
(Tinbergen et al., 1967; Croze, 1970), not to mention insect 
mimicry (Rettenmeyer, 1970), which is beyond the scope of " 
this review. 

BIOLOGICAL CONTROL 
Biological control of insect pests can be defined as 

"the direct or indirect manipulation by man of living natural 
enemies of pest organisms in deliberate attempts to reduce 
populations of the" latter to such levels that economic dam
age is eliminated or significantly reduced" (Beirne, 1962). 
Beirne pointed out that there a~e three main approaches 
to biological control: firstly, introduction of natural 
enemies into areas where they do not occur naturally, with 
the object of attaining permanent, self-perpetuating control 
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of the pest species; secondly, manipulation of the environ
ment to favour existing natural enemies, without simultane
ously favouring the'pests; and thirdly, use of natural ene
mies, usually microbial pathogens, to effect temporary control 
in a similar manner to chemical insecticides. 

Over the last decade increasing attention has been given 
to integrated control, defined by Stern, Smith, van den Bosch 
and Hagen (1959) as "applied pest control which combines and 
integrates biological and chemical control", chemical control 
being used as necessary in the manner least disruptive to 
natural enemies. It may be preferable to broaden the concept 
of integrated control to include the integration of all arti
ficial pest control measures and cultural practices with 
biological control (van lien Bosch and Stern, 1962), since the 
ecological approach to pest control or pest management 
(Geier, 1966) emphasizes the use of all factors within the 
agricultural ecosystem which can be manipulated by man to 
control pest populations. Stern et ale (1959), Beirne (1962), 
van den Bosch and Stern (1962), Ordish (1967, ch. 10) and 
many others have emphasized that the ultimate objective 
of investigating pest control is to obtain cheaper, equally 
or more effective con.trol with fewer undesirable side effects 
such as residue and resistance problems arising from contin
ual insecticide usage, and that the attainment of this ob
jective requires a greater use of biological controls, par
ticularly in combination with chemical and cultural controls. 

Vertebrates as Biological Control Agents 
. Most reviews of biological control scarcely mention 

vertebrate predators (~., Clausen,1958~ DeBach, 1964), a 
notable exception bein~ Sweetman's (1958) book. Fish have 
sometimes been used successfully to control mosquito larvae 
(Sweetman, 1958, ch. 13; Craven and Steelman, 1968), and 
amphibians and reptiles have been mentioned as useful pre
dators of insect pests by some authors (~., Wolcott, 1950; 
Sweetman, 1958; Karg and Mazur, 1969). Birds and small mam
mals may generally be more significant predators of insects 
than other vertebrates because of their homoiothermic. nature, 
which greatly increases their attack potential (Buckner, 1966, 
1967b), in addition to the high mobility and flocking habits 
of birds which allow; them to concentrate in areas of high prey 
density. 

The use of vertebrates as biological control agents has 
received little attention in comparison with the use of in
sect and nematode parasites and pathogenic micro-organisms. 
Birds were widely mentioned as beneficial destroyers of in
sects by many early writers (~., McAtee, 1922), but these 
largely anecdotal accounts do little more than identify the 
predators involved (Buckner, 1966). Thompson (1930) consider
ed that vertebrate predators of insect pests ar~ generally of 
little economic significance, but Holling(1959a) pointed out 
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that Thompson underplayed the numerical response of verte
brate predators and failed to consider their functional res
ponse. Boettger (1958) suggested that birds will have little 
effect on outbreaks of insect pests because the numbers of 
birds will not increase until after the outbreaks occur, but 
he ignored the birds' functional response. Ordish (1967) 
considered that the mobility of birds will often make it 
impossible to use them in a conventional biological control 
programme, and that the wide range of insects which birds 
consume effectively makes them broad spectrum insecticides. 
He concluded that birds may often b~ useful for controlling 
forest pests but will usually have little effect on agri
cultural pests. 

However, bird predation may exert a significant effect 
on crop and orchard pests in some instances, 2...!.B." Barber 
(1925) found that birds often removed a large proportion of 
overwintering corn borer larvae and pointed out that this 
predation could have prevented corn borer populations from 
causing severe damage in the following spring, while MacLellan 
(1959) found that woodpecker predation on overwintering codling 
moth larvae often prevented the codling moth populations from 
increasing to intolerable levels. Barber (1942) showed that 
heavy bird predation on corn earworm larvae in a 5 acre field 
of corn protected a large proportion (34.5%) of the corn 
from earworm damage. He considered that bird predation would 
normally affect no more than 1% of the ears in a given corn 
field, the isolated instance of heavy predation resulting 
from the proximity of an unusually large number of nesting 
sites in adjacent woodlands. MacLellan (1958) found that 
woodpecker predation on codling moth larvae was greater in 
apple-growing areas containing .considerable woodland, which 
provided nesting sites, shelter and a variety of food for 
the birds. It appears that bird predation may only be of 
widespread significance in checking insect pests of agri
cultural land if areas of woodland and roosting and nesting 
sites are interspersed with open fields of pasture and crops, 
to provide a local source of birds. 

In the light of the above discussion of the effects of 
vertebrate predation on insect populations, it appears that 
bird predation will generally be significartt only at low 
prey densities, i.e., the encouragement of birds will be a 
preventive rather than a curative control measure (Shilova
Krassova, 1953; Bruns, 1960), although birds may control 
localised pest outbreaks if they are attracted in large 
numbers. Since bird predation acts in a probabilistic 
rather than a deterministic manner, birds would not give 
as reliable control as specific .insect parasites. 

Attempts to use vertebrate 'predators as biological con
trol agents usually involve manipulation of the environment 
to encourage predators which are already present, although 



some attempts have been made to introduce exotic species, 
such as the recent introduction of the masked shrew into 
Newfoundland to control the larch sawfly (Buckner, 1966), 
while one of the reasons for introducing starlings into 
New Zealand 100 years ago was to combat insect pests. 
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Several attempts have been made to control forest insect 
pests in Europe by erecting nesting boxes to build up the 
local bird population. Some authors have reported that 
encouragement of birds reduced the severity of insect pest 
outbreaks (~., Tichy; 1963; Herberg, 1965; Weinzierl, 
1968) but others have reported that the increased bird pop
ulations had little or no effect on insect population 
fluctuations (2..:..8', Schutte, 1957; Altenkirch, 1963, 1968). 
Bruns (1960), Franz (1961) and Korol'kova (1963) concluded 
that birds should be encouraged in forests since they may 
help to prevent at leas~ some insect outbreaks. Gibb (1960) 
showed that birds removed a considerable proportion of the 
total invertebrate stock in an English pine forest during 
winter, making bird predation at least a force to be reckoned 
with in the dynamics of forest ins~ct populations. He con
cluded that it might be worthwhile to increase the bird 
populations of pine forests by erecting nesting boxes and 
planting broadleaved trees to provide additional winter 
food. 

To conclude, birds and small mammals may sometimes be 
useful as biological control agents preventing insect out
breaks in forest, orchard and agricultural environments, 
particularly in localised areas where provision of shelter, 
food and nesting and roosting sites result in a locally high 
bird density. In such areas flocking birds may occasionally 
suppress localised outbreaks. 
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As Buckner (1966) noted, it is usually very difficult 
to determine the sizes of bird and small mammal populations 
accurately and precisely. Methods of determining population 
size have been reviewed by Kendeigh (1944) for birds, and by 
Davis (1963) and Overton and Davis (1969) for vertebrates 
generally. In studies of predation it is usually desirable 
to measure the absolute (rather than relative) abundance of 
the predators, ~., to calculate the total number of prey 
destroyed when the average consumption per predator is known. 
Predators are often counted on small study plots where the 
populations of insect prey are being studied concurrently. 
Since predation is often confined to distinct periods of the 
prey's life cycle, and both resident and non- resident pre
dators which feed in the study area during this period are of 
interest, it is preferable to express the results of predator 
counts as the total number of predator-days spent on the 
study plot(s) during the period of predation (~., Holling, 
1959a; Gibb and Betts, 1963; Buckner and Turnock, 1965). 

CENSUSES· 
wren the study plots are open and small, ~., a few 

acres of grazed pastureland,·it is possible to carry out a 
census of the bird population;' by counting the total number 
of birds present at a given time. This can be done very 
accurately if the plot ts small enough to be scanned complet
ely from a single position by an observer with binoculars. 
With larger .areas, problems may arise through counting some 
birds more than once and missing others altogether (~., 
Goss-Custard, 1970a). Photography may be a useful aid for 
counting large flocks of birds (Drinnan and Ridpath, 1957). 

In denser habitats such as forest, it is usually imposs
ible to visually census bird populations, but an auditory 
census may be possible during the breeding season. If the 
positions of all singing males are located as accurately as 
possible and recorded on a map of the plot during a series 
of walks through the study area, it may be possible to 
determine the boun.daries of the territories of the males, 
and hence the number of males (Kendeigh, 1944). This singing 
male census method has been widely used, both in predation 
studies (~., Morris, et al., 1958; Tinbergen, 1960; Buckner 
and Turnock, 1965; Mattson et al., 1968; Ga~e et al., 1970) 
and in general surveys of bird populations (~., Williamson, 
1964; Snow, 1965). The route and the plot boundaries should 
be clearly marked, preferably with numbered pegs, to allow 
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accurate location of the positions of singing males (Naumov, 
1963) • Even when this is done, there are still serious- diffi
culties with this method (Williamson, 1964; Snow, 1965; 
Davis, 1965; Hogstad, 1967; Raukioja, 1968). If the object 
is to make an absolute census, all of the singing males with
in the study area must be located, which is made difficult 
by variations in singing intensity with time of day, weather 
conditions, phase of the breeding cycle, and variations be
tween different males. The speed at which the observer walks 
may also be important. If he walks too fast, he may miss 
birds which are pausing between songs, and if he walks slow-
ly, he may recount particularly mobile or vocal males. 
Rogstad reported that the efficiencies of different observers 
varied ertol,1gh to significantly affect the results, but Buckner 
(1967a) found good agreement between different observers. 
In some cases, interpretation of the maps resulting from a 
series of singing male counts may be difficult, ~., Bell,. 
Catchpole and Corbett (1968). Judging from the ~ork of 
Williamson (1964) and Hogstad (1967) it may take 12-15 or 
more separate visits to the ~tudy area to locate 90-100% of 
the territorial males present. Even if the number of singing 
males located by a standardised procedure isa good index 
of a bird population from year to year, it may be a poor 
measure of absolute abundance. The total breeding population 
is usually regarded a$ twice the number of breeding males, 
but some territorial males may not be mated while others may 
be polygamous. The number of yOung produced and the number 
of non-breeding adults have to be determined separately~ The 
method is obviously inapplicable in the case of non-territorial, 
non-vocal species. 

In the case of birds which prefer to nest in nesting 
boxes, it is possible to accurately census the breeding 
population by simply making a nesting-box occupancy count, 
provided enough nesting boxes are provided to accomodate all 
the breeding pairs (!..;.B,o, Gibb, 1960). This method also 
allows accurate determ1nation of the number of young produced 
(Gibb and Betts, 1963). 

SAMPLE ESTIMATES 
During the non-breeding season an auditory census is 

not possible, and many birds form flocks at this time of the 
year. The size and mobility of the flocks may make census 
work difficult in all but very open habitats, although Gibb 
(1960) and Buclmer and Turnock (1965) censusednon-breeding 
flocks in forest habitats. It will often be preferable 
however, to resort to sample estimates, all of which make 
two assumptions (Davis, 1963): ~hat population size is con
stant during sampling (unless mortality and recruitment are 
allowed for in the estimate), and that all members of the 
population have an equal (or known) chance of being counted. 
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The simplest type of sample estimate is the sample census 
(Overton and Davis, 1969), in which the total number of ani
mals is counted on a proportion of the study area. This 
sample area may be either a series of quadrats or a tran-
sect through the plot. Quadrats are seldom used to count 
vertebrates, because of their mobility, but there is no 
reason why large quadrats should not be successful with 
territorial birds, at least, providing all the birds within 
each quadrat can be located. In some cases it may be pos
sible to estimate the mean population density per quadrat 
without actually counting the numbers of birds present on 
each q~adrat. If the frequency distribution of the quadrat 
counts can be safely assumed to be random, the mean number of 
birds per quadrat (52) can be found simply by determining the 
proportion of the quadrats sampled which do not contain any 
birds (g) ; x is found by solving ~ -x = g" where ~ is the 
base of natural logarithms. BefQre this method can be applied, 
a series of full counts must be made to ensure that the fre.,.. 
quency distributions do fit the Poisson serie s (Dice, 1948). 
If necessary it may be possible to vary quadrat size until 
a size is found for which the counts are consistently random 
(cf. Kershaw, 1964). This "proportion of zeroes" method 
has se'rious limitations at high popu,lation densities, where 
the sample variance, estimated by p/q where .E = 1 -,q, greatly 
exceeds the ,variance obtained by- -. a direct count of the num
bers per quadrat (Wadley, 1954). 

Transects have been widely used in estimating vertebrate 
numberS, including, forest birds between breeding seasons 
(~., Ravkin and Dobrokhotov, 1963). Since counts of birds 
made along transects or on quadrats are seriously affected 
by such factors as the amount and kind of cover, the alert-
ness and experience of the observer, and the degree of 
act:Lvity of the animals, which in turn varies with time of 
day, season and weather, it is preferable to adopt a stan
dardized procedure, !L!1!., to carry out the count at the same tire 
each day and to avoid extreme weather conditions. If the 
number of birds seen during a standard walk through the study 
area is recorded, the width of the transect effectively cen
sused must be known before the absolute population density 
of the bir~s can be calculated. If the width is taken as 
twice the maximum distance from the observer at which a bird 
was seen, the density will be underestimated, since some 
of the birds present in a transect of this width will ine
vitably have been missed. In the King method (Davis, 1963), 
the distance from the observer at which each bird is seen is 
recorded, and the width of the transec't is taken as twice 
the average sighting distance. ,This ~ethod assumes that the 
birds seen at a distance greater than the average sighting 
distance compensate for those present at a lesser dis- ' 
tance but not seen. Hayne (1949) showed that this assumption 
is invalid and considered that the transect width should be 
taken as equal to twice the harmonic mean of the observed 
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sighting distances. Robinette et ale (1956) tested the 
King and Hayne methods against a known artificial population 
and found that both gave poor estimates. Gates, Marshall and 
Olson (1968) recently proposed a new estimator, which en
tails estimating the perpendicular distance between each ani
mal seen and the observer's path. Gates (1969) proposed 
another estimator, based, like the King and Hayne methods, 
on the observed sighting distances, and he compared the 
various estimators in a computer simulation study. 

All these transect methods make certain assumptions 
which were discussed by Gates et !l. (1968), ~., that the 
animals are d;i.stributed uniformly and independently over the 
study area, no animal is counted more than once, and each 
animal is immobile, i.e., at rest, when first seen. With 
flockin~ birds, the first assumption, at least, is obviously 
invalid. In his simulation study, Gates (1969) investigated 
the effects of deviations from some of these assumptions, 
and he found that some estimators (~., Hayne'S) are more 
sensitive than others to such deviatlons, with his own esti
mator being particularly insensitive,even to deviations from 
the assumption. that the chances of seeing one animal are in
dependent of the chances of seeing another. This suggests 
that the Gates estimator may be more applicable than others 
to estimating the numbers of flocking birds. 

Yapp (1956) extended consideration of transects from the 
static situation where the animals are considered to be imm
obile to the .dynamic situation where each observation is re
garded as an enco~nter between two moving objects, the obser
ver'and the animal. He showed that the density of the ani
mals can only be calculated if both the effective radius and 
average velocity of the animals are known, as well as the 
average velocity of the observer. The difficulty of deter
mining these two factors for the animals largely precl~des 
the use of this method, for determining absolute abundance. 

A simpler approach to the use of transects is to restrict 
observations to a transect of such width that all the birds 
present can be easily seen, ~., Davis (1942). The boundaries 
of the transect should b~ clearly marked, to enable accurate 
determination of whether birds near the boundaries are in-
side or outside the sample area., Parts of the transect may 
have to be cleared to facilitate observation. If the trans
ectis very narrow and/or the birds occur in large mobile 
flocks, the variability between counts made on a series of 
transects may be ~oo great to allow precise estimation of 
population density, although it may be possible to overcome 
this difficulty by taking more or longer transects. Davis 
(1942) found that the resultsw~re satisfactory for some 
species but too variable for others to allow meaningful 
estimates. The method assumes, of course, that the transect 
is a random sample of the study area. 
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An alternative approach would be to drop the assumption 
that all the birds present in the transect can' be seen, in
dividually colour mark as many birds as possible, and use the 
method of Seierstad, Seierstad and MYsterud (1965) to 
determine the proportion of the population discovered, and 
hence population size. Another method of correcting for 
undiscovered individuals when using transects of fixed width, 
applicable to immobile populations, has recently been des
cribed by Anderson and Pospahala (1970). 

In addi tim to the sample census, there are two other 
commonly used groups of methods for estimating vertebrate 
population densities: mark-recapture and removal trapping. 
Both of these have been extensively used in the study of 
small mammal populations b~t have not often been applied to 
birds. As Gibb (1961) pointed out, mark-recapture methods 
deserve closer attention in ornithology, ~., Readshaw (1968 
a) successfully used this approach to estimate the size of 
winter flocks. Mark-recapture and removal trl;tpping methods 
and the problems involved have been reviewed by Davis (1963), 
Southwood (1966, chs. 3 and 7) and Overton and Davis (1969), 
among. others. The major difficulty with these methods is 
firstly, ensuring that the assumptions of the method are 
valid, and secondly, marking or trapping a sufficiently high 
proportion of the population to allow reasonably precise 
estimates of population size. 

Davis (1963) stressed the importance of developing new 
techniques for estimating vertebrate numbers and where poss
ible borrowing existing techniques from other fields, such 
as the nearest-neighbour technique widely used by botanists 
(~., Ellis !d !.!.., 1969). Three recently developed techniques 
allow the popula.tion size of a mobile animal to be estimated 
from a series of cursory, incomplete counts, with none of 
the animals having to be trapped or individually identified. 
These are the method of bounded counts.and the Hanson and 
Chapman method; both described by Overton and Davis (1969), 
and Hanson's (1968) method. These techniques have the major 
advantages of being cheap and rapid, but the Hanson and Chap
man method assumeS that the counts are binomially distributed, 
which can lead to serious difficulties (Hanson and Hovanitz, 
1968), while Hanson's method may be based on invalid assum
ptions (Enright and Wormuth, 1969) • 

. As Davis (1963) and Hanson and Hovanitz (1968) concluded, 
the problems of assessing population size of vertebrates and 
highly mobile invertebrates are so great that it is seldom 
possible to obtain estimates with 9~% confidence intervals 
less than± 50% of the estimate, i.e., with a relative stan
dard error of less than 25%. D~vis, Hanson and Hovanitz 
recommended the simultaneous use of several different methods 
in any popUlation study. 
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The estimation of the number of insects destroyed by 
predators is usually a very difficult task. In some cases 
it may be possible to quantify predation indirectly, ~., 
by a process of elimination. If successive estimates of 
the size of an insect population reveal the presence of a 
significant mortality, vertebrate predation is known to 
occur (~., from analysis of predator stomachs or faeces), 
and a comprehensive search shows that no other mortality 
factors appear to be significant, then it may be safe to 
attribute all of the observed mortality to vertebrate pre
dation. This approach may be particularly useful if pred
ation is age of size-specific. For example, Cooper (1965) 
estimated mortality rates for a fresh-water amphipod popu
~tion by regular dredge sampling, and his results suggested 
that an important role was being played by a size-specific 
mortality factor operating on the large reproductively mat
ure amphipods. Analysis of fish stomach contents revealed 
that predation by yellow perch was the mortality factor 
responsible. If regular estimates are made of the size of 
both predator and prey populations it may be possible to 
ex~mine the importance of predation by means of correlation 
or regression analysis (Southwood, 1966, p. 294), ~., 
Broadhead and Wapshere (1966) discovered a significant re
lationship between the mortality rates of psocid populations 
and weekly counts of insectivorous birds. Evidence left 
behind by predators may be useful, !L!.&., the presence of 
bird droppings on or very near fall webworm nests may be a 
useful index of the proportion of webworm colonies that have 
been discovered by birds (Morris and Bennett, 1967). However 
where possible it is preferable to directly estimate the 
number of insects destroyed, since this information is more 
precise" and is necessary for the development of deductive
inductive models of prey populations (Watt, 1961). otvos 
(1970) was able to develop a simple regression equation pre
dicting the percentage mortality of pine beetle populations 
caused by woodpeckers from the percentage of the bark area 
pecked. 

Direct methods can be conveniently divided into two . 
groups (for reasons which will be apparent later), accor
ding to whether or not they require knowledge of the size of 
the predator population. Methods which do require this in
formation effectively determine the average number of in
sects destroyed per predator (NE); this figure has to be 
multiplied by the number of predators present (p) to give 
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the total number of insects destroyed (NP): 

NP=NExP. 

Direct methods will be discussed in the following order: 
Methods which do not require knowledge of the number of 
predators: 

Methods 

1. Direct evidence of predation left behind by 
predators. 

2. Experimental field populations of prey. 
3~ Exclusion of predators. 

which do require knowledge of the number of predt:!-tors: 

1. Direct observation of predators. 
2. Analysis of predator gut contents. 
3~ The study of nestling foods. 
4. Analysis of predator faeces. 
5. Energetics. 
6. Experiments with captive predators. 
7. other methods. 

Direct Evidence of Predation Left Behind by Predators 
If a predator leaves behind direct evidence of predation 

each time it consumes a prey individual, it may be possible 
to estimate the number of prey destroyed by .simply counting 
the signs left behind by the predator. A classical example 
is Gibb's (1958) study of predation by tits (Parus spp.) on 
larvae of a eucosmid moth overwintering in pine cones. The 
tits left characteristic holes in the cones when they re
moved larvae, and these were easily distinguished from the 
emergence holes of adult moths and parasites. By collecting 
fallen cones in the autumn and examining them for emergence 
holes and signs of tit predation, Gibb was able to assess 
accurately both the total number of larvae which were present 
at the beginning of the previous winter and the number re~ 
moved by tits.. Similar techniques have been used to assess 
predation by woodpeckers on various wood-boring insects 
(MacLellan, 1958, 1959; Marshall, 1967; J.D. Solomon, 1969)t 
and bird predation on leaf roller (Paradis and LeRoux 1962), 
leaf miners (Pottinger and LeRoux, 1971; Waloff, 1968), corn 
borers (Wall and Whitcomb, 1964; Black et al., 1970), a test
forming psyllid (Clark, 1964b), and sawflyegg-pods (Carne, 
1969) • 

In other cases it may be possible to recover the remains 
of dead prey. For example, when small mammals prey upon 
sawfly cocoons they leave behind an opened cocoon bearing 
obvious tooth-marks, which enables the proportion of cocoons 
predated to be estimated duringJcocoon sampling (Baird, 1923; 
Hardy, 1939; Prebble, 1943; Holling, 1959a; Ives and Turnock, 
1959). A similar technique has been used to assess predation 
by birds on pupae of forest Lepidoptera (Shilova-Krassova, 
1953) and predation by rodents on tent caterpillar pupae 
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(Marsh, Howard and Hall, 1970). other dead remains of 
invertebrates which have been used to assess predation 
include bivalve shells opened by oystercatchers (Drinnan, 
1957; Hughes, 1970), the head and prothorax of sawfly lar
vae destroyed by grosbeaks (Dahlsten and Herman, 1965; Dahl
sten 1967), Lepidoptera cocoons punctured by woodpeckers' 
(Waldbauer and Sternburg, 1967), and partially eaten re-
mains of newly emerged dragonfly adults destroyed by cat
birds (Young, 1968). 

Although the use of signs left by the predator is a 
simple and straight forward method of assessing predation, 
certain precautions must be taken. For example, the method 
assumes that other predators do not leave similar signs. 
Clark (1964b) found that when both ants apd birds removed 
psillid tests from eucalyptus leaveS, a distinct outline 
of each test often remained on the leaves for a week or 
more. The elimination of ants from some trees by insecti
cides showed that nearly all of the tests removed were des
troyed by birds and Clark could therefore safely use traces 
of removed tests to assess bird predation. When birds re
move boring insects from plants the peck-holes whlch remain 
are usually quite different from marks left by other pre
dators and, similarly, tooth-marks left on cocoons by small 
mammals are usually highly characteristic (Buckner, 1958). 

Before bird peck-holes can be used to assess predation, 
it is necessary to be able to tell peck~les which represent 
successful capture of a prey from those representing an 
unsuccessful attempt. By observing tits feeding in the field 
and 'in captivity Gibb (1958) found that they located the 
chambers of eucosmid larvae in pine cones by tapping the 
cone scales, so that each time a cone scale was ripped open 
a larval chamber was exposed, i.e., there were no unsuccess
ful attacks in the sense of birdS opening scales which did 
not contain larvae. The few cases where a tit had opened 
a larval chamber but had ,not succeeded in removing the larva 
were obvious, as they contained larvae or pupae with a 
silken cap spun across the exposed end of the chamber. 
Marshall (1967) found that woodpeckers made three distinct 
types of marks on trees: light pecks, representing tapping 
to locate prey; penetration of the wood leading to an exposed 
larval chamber, indicating a successfully located prey; and 
penetration of the wood which did not lead to a chamber, 
representing an unsuccessful'probe. In some cases it may 
be necessary to dissect the plant material, ~., Black et 
ale (1970) split open corn stalks at the end of winter and 
inspected them for corn borer larvae, classifying empty 
larval oVerwintering sites that ,had been opened up by peck
holes as larvae removed by birds. 

When remains of dead prey are used to assess predation, 
it is assumed that no prey are completely destroyed, and that 
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prey remains are not removed by weathering or decay before 
the observer has time to find them. The latter assumption 
may necessitate daily inspections of the study area (~., 
Dahlsten, 1967; Young, 1968). If the remains of prey are 
particularly durable, the reverse situation might apply, 
i.e., it might not be possible to distinguish between the 
remains from different seasons. Graham (1928) rejected 
cocoon sampling as a technique for assessing small mammal 
predation on larch sawfly cocoons for this season. It may 
be possible to circumvent this problem be ageing prey, 
either by natural indicators (~., Neilson and Morris, 1964) 
or by marking a sample of prey 1ndividuals with, ~., a 
dye (Heron, 1968; Buckner, 1968; Lyons, 1969), or by making 
regular inspections of a mar~ed area from which all prey 
remains were ~reyiously removed, ~., Hughes (1970). 
Drinnan (1957) found that during high tide coc·kle shells 
opened by oystercatchers became embedded in the surface sand, 
a cleaned surface being presented at the next low water. 
It was therefore safe to assume that all opened cockles 
present on the surface had been opened since the previous 
high tide. 

Another difficulty which arises in the use of cocoon 
collections to assess small mammal predation of sawfly co
coons is the hoarding habit of shrews. and mice. Cocoons 
are hoarded under large roots at the, bases of tr,ees ~ where 
they are easily missed by an observer (Morris, 1949). 
However, :in some cases it may be poss ible to utilize this 
type of. behaviour to assess predation. For example, thrushes 
break open snail shells at anvils, which are eventually sur
rounded by broken shells. By placing a known number of mar
ked snails out in the field and counting the number of 
marked shells found at the anvils, it should be possible to 
estimate the proportion of the snails destroyed by the thrus
hes (cf. Carter, 1968). 

The use of direct evidence to assess predation will 
obviously only be applicable in a few favoured cases, since 
most predators of insects do not leave behind distinct signs 
of predation. Not surprisingly, however, a large proportion 
of the quantitative studies of vertebrate predation on in
sect populations which appear in the literatUre have utili-
zed direct evidence of predation. ' 

Experimental Field Populations of Prey 
Experimental field populations are sometimes useful 

for assessing mortality rates (Morris, 1960, p.245-6; 
Southwood, 1966, p. 247). Successive observations are made 
on a known cohort of individuals, which may be discovered in 
natural positions or placed out 'in the field in marked lo
cations. Such experimental populations may be of value for 
assessing vertebrate predation if the predators leave behind 
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distinct signs of their presence, or if prey individuals 
which disappear can be safely assumed to have been re
moved by birds or small mammals. 

For example, Tothill (1922) made successive observations 
on fall webworm nests located in the field, counting the 
caterpillars in each nest at each visit. In nests which 
were torn open by birds he attributed the reduction in cater
pillar numbers between successive visits entirely to bird 
predation~ Barber (1925) assessed woodpecker predation on 
overwintering corn borer larvae by marking infested corn 
stalks at the beginning of winter and inspecting them the 
following spring~ The difference in larval survival between 
stalks which showed evidence of woodpecker feeding and those 
which did not was attributed to bird predation. Baker (1970) 
studied bird predation on cabbage butterfly eggs and pupae 
by following the fate of individuals both located in the 
field and placed in natural positions. Experimental popu
lations of cocoons, planted in the forest floor in known 
positions, have been widely used to assess small mammal 
predation on sawfly cocoons in North America (Graham, 1928; 
Morris, 1949; Buckner, 1958, 1959; Turnock and Ives, 1962; 
Neilson and Morris, 1964) and on winter moth pupae (Embreel, 
1965; Buckner, 1969). stewart (1969) studied predation by 
house sparrows on tobacco hornworm larvae by seeding larvae 
on to tobacco plants and attributing their disappearance to 
sparrow predation. 

The basic assumption of this method is that the members 
of the experimental and natural populations are equally sus
ceptible to all the mortality factors which are acting on 
the natural population, or at least to the mortality factor(s) 
of interest. If the experimental population is planted in 
the field it may be necessary to test this assumption in 
feeding experiments with captive predators, ~., Buckner 
(1959). The method is obviously restricted to sedentary or 
immobile stages of an insect's life cycle, such as eggs, 
hibernating larvae and pupae. As both Southwood (1966, p. 
247) and Morris (1960) noted, restriction of more mobile 
stages by a field cage will inevitably create an artificial 
situation. Morris also pointed out the importance of the 
density' of stocking in relation to the density of the natural 
population, when the experimemtal population is planted in 
the field. This will be particularly important at low natural 
densities, where the addition of a large experimental popu
lation to the study area could drastically alter the overall 
prey density and hence the predator's behaviour. Even at 
higher natural densities, the additiQn of several prey indi
viduals to a small area might create an artificial pocket 
of high prey density (Buckner, 1959). Care should therefore 
be taken to ensure that the experimental population does 
not add a significant number of individuals to the natural 
prey population, and that the individual members of the 
experimental popUlation are mixed approximately randomly with 
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those of.the natural population. , 
As well as being a valuable technique for measuring 

mortality rates of sedentary stages, experimental field 
populations are highly suitable for experimental studies 
of predation, ~., to examine differences in predation in. 
different parts of the habitat, the effect on predation 
of the depth of subterranean insects in the soil, ~., 
Buckner (1958), and the effects of prey density on predation,. 
~., Clark (1964b). 

Exclusion of Predators 
An obviouS-method-o~assessing predation is to compare 

prey survival under natural conditions with survival in 
areas where predators have been excluded, the difference 
being attributed to predation. The basic assumption in
volved is that the environment of the prey individuals in 
the exclusion areas differs significantly from that of the 
rest of the population in only one respect,the absence of 
predators. This assumption may be invalid in the case of 
the mutton~cl6th cages used to exclude invertebrate predators 
(Fleschner, 1958), but mammals and birds can be excluded by 
netting cages which are unlikely to significantly alter the 
prey's physical environment, as Southwood (1966, p. 253) 
noted, unless they also exclude important herbivores. In 
the latter case it should be possible to simulate the effects 
of grazing or browsing mammals by trimming the vegetation 
inside the exclusion areas. Instead of using cages, birds 
and mammals can be removed from an area by shooting (Dowden, 
Jaynes and Carolin, 1953) or trapping (Buckner, 1959) but, 
as Buckner and Southwood point out, these methods are unde
sirable because they drastically alter the natural situ
ation. In addition, shooting birds may be only partly succ
essful as an exclusion technique because of rapid repopu
lation (Stewart and Aldrich, 1951). An alternative approach 
is to increase the local ~ird population by putting up nest
ing boxes, and comparing 'the survival of prey in are·as with 
and without nesting boxes (~., Schutte, 1957; Altenkirch, 
1963). However, cages are the simplest and most widely used 
exclusion method. 

The usual technique is to select a number of equal sized 
areas, some of which are caged to exclude predators and 
the remainder left uncaged. The difference in survival be
tween caged and uncaged areas (D) is given by 

D = U u 1 U u2 (U c 1 - U c 2 ) •••••• ••••••• (VI. 1 ) 

where Uu1 = population mean in uncaged areas at time 1 (when 
.the experiment was qommenced) , 

Uu2 = population mean in uncaged areas at time 2 (when 
the experiment was terminated), . 

Uc1 = population mean in caged areas at time 1 , 

Uc2 = popUlation mean in caged areas at time 2. 
Replacing population means (U) by sample means (X ) , D will 
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be estimated by 
1\ 

D = Xu 1 - Xu2 (Xc 1 - Xc 2) • • ••••••• (VI. 2 ) 
If D is assumed-to represent th; mean-number of prey eaten, 
the prop6rtion of the initial prey population destroyed by 
predators (M) will be estimated by 

A X - X X . M = D = u1 Xu2 (c1 - .£2 ) ••••••• (VI.3) 

~ 
where X1 is the estimated population density of prey at 

time 1. This formula assumes that the number of prey 
killed by mortality factors other than predation is exactly 
the same in both caged and uncaged areas. An alternative 
assumption is that the proportion of prey killed by non
predacious mortality factors is identical in caged and un
caged areas, in which case M is estimated by 

This equation is obviously identical to VI.3 when .xu1 = Xc1 

= X1 , and provided there is little difference in the initial 

prey densities in caged and uncaged areas these two estimates 
of M will be very similar. 

The size of exclusion area necessary to obtain a reli
able asse~sment of predation will depend upon the mobility 
of the prey. The caged and uncaged areas must be large 
enough to ensure that there will be no significant emigration 
or imnligra tion of prey, unless ·prey movements can be accu
rately measured. Most workers who have used exclusion cages 
to assess vertebrate predation have been studying either 
sedentary insects, ~., sawfJy cocoons (Buckner, 1959) and 
fall webworm colonies (Ito and Miyashita, 1968), or relativ
ely immobile insects which tend to be confined to single 
plants, ~., aphids (Smith, 1966) and Pieris rapae cater
pillars (Dempster, 1967b). In these cases small exclusion 
cages will suffice, ~., cages covering individual plants 
in the case of a crop pest such as f. rapae. With more mo
bile prey, ~., grasshoppers (Richards and Waloff, 1954), 
larger exclusion areas will be necessary, and the method may 
not be feasible for hlghlymobile prey because of the excess
ively large exclusion areas required. Migration of mobile 
prey from caged and uncaged areas could be prevented by arti
ficial barriers, but this would;iIievitably create an unnatural 
situation. 

A second factor influencing the size of the exclusion 
areas is the number of sampling occasions. Formula VI.1 
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assumes that there are two sampling occasions, at times 1 
and 2. Some workers have counted the number of insects 
in the caged and uncaged areas only once, at the end of 
the period of predation (time 2), ~., Knight (1958), 
otvos (1965), Dempster (1967b), Baldwin (1968), Shook and 
Baldwin (1970). They then estimated the proportion of the 
prey population destroyed as 

M = .xc 2 Xu2 
•••....•.••.•...•• . (VI. 4 ) 

Xc2 
Comparison of formulae VI.3 and VI.4 reveals that these 
workers have made two additional assumptions in calculating 
the propo~tion of the initial prey population destroyed by 
predat6rst firstly that the initial pre~ densit~ is the 
same in both caged and uncaged areas (Xc1 = ,Xu1 )' and 

secondly, that th~re was no mortality under the exclusion 

cages (Xc2 = X1 ). Even if the initial prey population 

is known-to have a uniform distribution, there is certain 
to be some mortality of prey in the caged ar~as, unless the 
study period is very short •. It is therefore preferable to 
estimate the prey numbers in each caged and uncaged area 
both before and after the period of predation, when exclusion 
is being used to estimate the number of prey actually de
stroyed by predators, unless there is good reason for ex
pecting negligible mortality under the exclusion cages. 
This will be relatively simple and will be possible with 
small exclusion areas in the case of sedentary prey which 
can be counted without disturbance, ~., aphid eggs (Way and 
Banks, 1964),'but when sampling necessitates removal, as 
with soil or boring insects, larger exclusion areas will be 
necessary (~., Floyd, Mason and Phillips, 1969), to allow 
precise estimates to be obtained without excessive distur .... 
bance of the exclusion areas. Several workers have overcome 
this problem by using experimental field populations, i.e., 
planting known numbers of prey in the caged and uncaged 
areas,' ~., Buckner (1959), Duffey (1968), Ito and Miyashita 
(1968), Sloan and Coppel (1968). This approach allows a 
more precise estimate of predation mortality than sampling A 

from the caged and uncaged areas, since in calculating D and M 
the sample means in formula VL2 and VI.3 are replaced by the 
known population means. Care should be taken to avoid cre
ating local concentrations of artificially high prey density 
when experimental field populations are used. An alternative 
method is to treat the natural prey population of the study 
areas as the uncaged situation, ;estimating survival by means 
of population sampling, and comparing this with the survival 
of known numbers of prey placed inside exclusion cages 
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(Readshaw, 1965; Murdoch, 1966). 
In some cases it may be necessary to check that in

sects removed by predators from uncaged areas have in fact 
be~n destroyed. For example, Knight (1958), Otvos (1965), 
Baldwin (1968) and Shook and Baldwin (1970) used exclusion 
cages to measure predation by woodpeckers on wood-boring 
insects in areas with severe winter climates, but this 
technique may over-estimate the magnitude of woodpecker pre
dation in areas with mild winters. Overgaard (1970) found 
that in Louisiana woodpeckers searching for over-wintering' 
pine beetles stripped off extensive a~eas of infested bark 
containing large numbers of pine beetle larvae and pupae, 
most of which successfully survived the mild winter in the 
dislodged bark on the forest floor. 

It is important to keep in mind that the exclusion of 
predators measures the role effectively played by predation 
in the population dynamics of the prey (DeBach, 1958; Solomon, 
1964), which is not necessarily the same as the absolute 
magnitude of predation. The difference in survival between 
areas where predators have access and are excluded may be 
less than, equal to, or greater than the number of prey con
sumed by predators, according to the degree of interaction 
between predation and contemporaneous and sequential mor
talities. If, for simplicity, we assume that only two mor
tality factors, viz., bird predation and disease, act on an 
insect population during a certain period, and predation is 
assessed by the use of exclusion cages, then, using the 
ter~inology of Morris (1965), prey survival during this per
iod' in uncaged areas(S ) will be given by u 

where M1 and M2 are the proportions of the prey population 

that would be killed by bird predatiori and disease, respect
ively, if that mortality factor acted alone, and V is Morris's 
index of vulnerability. If the basic assumption of the ex
~lusion method is satisfied, the only difference bet~een 
caged and uncaged areas will be that M = 0 in the former, 
and the survival of prey under the exclusion cages (Sc) will 

therefore be given by 

Sc = 1 M2 
The difference in survival between caged and uncaged areas 
is thus 

D = S c - Su M1 i - VM1 M2 •••••••• (VI. 5) 
Obviously, D will only be equal to the predation mortality, 
M1 , if V = 0 (assuming both M1 and M2 are positive), i.e., 
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if diseased insects are completely invulnerable to predation. 
This situation could arise if diseased insects are ~ighly 
distasteful to the birds and sufficiently distinct ln ex
ternal appearance for the predators to learn to recognize 
and avoid them. Formula VI.5 shows that, for V greater than 
zero, as V increases D will become increasingly less than 
M1 • For example, if diseased insects are only moderately 

distasteful, so that they are less vulnerable to predation 
than healthy insects but are not completely rejected by 
birds (0 <V< 1), D will underestimate M1 • If diseased and 

healthy insects are equally vulnerable to predation (V = 1), 
D will be still less than M1 • The upper limit is reached 

when birds are only able to capture diseased insects, so that 

V = ~ and D = 0, with predation making no effective con-
2 

tribution to the mortality of the prey population. 
In reality, there will usually be several other con

temporaneous mortality factors, at least some of which are 
likely to interact with predation (V> 0), so that exclusion 
will often tend to under-estimate predation mortality. How
ever, when the level of predation mortality is high and that 
of contemporaneous mortality is very low (M2 vay small in 

formula VI.5), D will be approximately equal to M
1

, even if 

there is a high degree of interaction. If predation is the 
only"mortality factor operating (M2 = 0), D will obviously 

be exactly equal to M1 , with no mortality in the caged areas. 

When predation mortality is high, the prey density will 
tend to become greater in caged areas than in uncaged, after 
a time. The biotic environments of the prey in caged and 
uncaged areas will thus come to differ, even if the physical 
environments are identical. This may have important conse
quences if contemporaneous (or sequential) mortality factors 
act in a density-dependent manner. For example, in the hypo
thetical situation where bird predation and disease are the 
only two mortality factors operating, if predation mortality 
is high and disease is strongly density dependent, it is pos
sible that the crowded prey population under the exclusion 
cages may be decimated by disease while the prey population 
in the uncaged areas has been sufficiently thinned out by 
predation for disease mortality to be greatly reduced. If 
Mc2 and Mu2 represent the proportions of prey killed by dis-

ease in caged and uncaged areas respectively, D will now be 
given by 

+ VM 1 Mu 2 • • • • • • • (VI. 6 ) 
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where M1 and V represent the same factors as in formula 
VI.5. If Mc2 is greater than Mu2 ' D will under-estimate 

M1 , even if V = 0 • 
The exclusion method will tend to over-estimate pre

dation mortality when contemporaneous mortality is greater 
in uncaged areas than in caged. If the action of predators 
in some way increases the vulnerability of prey to other 
mortality factors, so that Mu2 is greater than Mc2' and 

contemporaneous mortalities are additive (V = O)~ D will 
exceed M1 (formula VI.6). This type of situation is con-

ceivable. For example, otvos (1965) reported that the 
action of woodpeckers searching for pine beetles resulted 
in a reduction in bark thickness, enabling parasit~s with 
short ovipositors.to attack a considerably higher proportion 
of the pine beetle population in areas where woodpeckers 
had fed than in the areas of undisturbed bark beneath exclu
sion cages. 

Thus the exclusion of predators will only provide a 
reliable estimate of the mortality caused directly by pre
dators if three assumptions are satisfied: 

(1) The basic assumption that the environment of the 
prey in the exclusion areas differs significantly from that 
of the rest of the prey population in only one respect, the 
absence of predators. 

(2) There is no interaction between predation and 
contemporaneous mortality factors (V = 0). 

, (3) The action of predators does not result in a diff
erence in the magnitude of contemporaneous (or sequential) 
mortality between areas where predators have access and are 
excluded. 
If contemporaneous mortality is negligible, the second and 
third assumptions can be safely ignored. Even if these 
two assumptions are seriously invalidated, so that exclusion 
does not give an unbiased estimate of the number of prey 
actually destroyed by predators, the method nevertheless 
provides an estimate of the irreplaceable mortality (Thompson, 
1955) caused by predation (providing the first assumption is 
satisfied), which is essential information for a complete 
assessment of the ~ffects of predation on the prey popu
lation. Exclusion is thus a particularly valuable technique 
for assessing predation. 

To conclude, exclusion of predators is a valuable method 
far ILssessing vertebrate predation on populations of seden
tary or relatively immobile insects. The particular value 
of exclusion is that it directly assesses the influence of 
predation on the prey population; it will only provide an 
unbiased estimate of the total number of insects consumed 
under certain conditions. In some cases it may be possible 
to investigate the effects of additional mortality factors 
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by using two types of exclusion cages, one type excluding 
vertebrate predators only and the other also excluding 
invertebrate predators and parasites (~., Dowden et al., 
1953; Way and Banks, 1964; Duffey, 1968). 

Direct Observation of Predators 
In a few cases it may be possible to determine the 

rate of consumption of prey by direct observation of the 
predator, ~., Drinnan (1957), Stower and Greathead (1969)~ 
Drinnan assessed predation by oystercatchers on cockle 
populations by watching single birds feeding for 10-15 
minutes; each time an oystercatcher located a cockle in the 
sand, it levered it out, picked it up and carried it off 
for some distance before opening it. Stower and Greathead 
observed kestrels feeding on locusts. Since the birds fed 
on the wing, holding captured locusts in their talons, and 
captured a single locust at a time, the number taken per 
minute could be determined by direct observation of indi
vidual kestrels feeding. 

Direct observation of predation will be most feasible 
when both predator and prey are large and the habitat is 
open enough to facilitate continuous observation, ~., 
sea-shore or grassland, particularly if the predators spend 
a few seconds or more handling each prey individual cap
tured, as with Drinnan's oystercatchers. The method as'sumes 
that the presence of an observer or a hide will not influ
ence the birds' behaviour~ It may be possible to directly 
observe consumption of large insects by small birds, h8.., 
locusts by warblers (Hudleston, 1958), and even consum:ption 
of small~r .prey, in favourable situations. Gibb (1956) 
determined the rate at which a pair of rock pipits ate such 
foods as small periwinkles and chironimid larvae simply by 
watching the birds from a vantage point overlooking their 
seashore territory. Direct observation was feasible be
cause the territory was small (less than 100 yards across) 
as well as open. The main foods had been identified earlier 
by faeces analysis and examination of the feeding grounds, 
and individual birds tended to spend several consecutive 
minutes feeding on a single type of food. 

For large birds in an open habitat, it may be possible 
to use a combination of direct observation and gizzard ana
lyses to determine the rate of consumption of individual 
prey items. For example, in his recent study of the feeding 
ecology of the redshank, Goss-Custard (1969) directly ob
served the consumption of larger prey, viz., the bivalve 
Macoma balthica L. and the polychaete Nereis diversicolor 
(F.O. Muller), but the two major prey species, the amphipod 
Corophium. volutator (Pallas) and the gastropod Hydrobia ulvae 
(Penn.) were too small to be identified in a redshank's bill. 
However, by observing the birds through a x30-x60 telescope, 
Goss-Custard was able to directly measure both the number of 
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pecks made per minute at the estuarine substrate and the 
proportion of pecks which were followed by swallowing, 
indicating capture of a prey. He could thus estimate 
the total number of prey taken per minute, and by sub
tracting the numbers of Nereis and Mac~ observed to be 
taken he was able to calculate the combined number of 
Corophium and Hydrobia eaten per minute (these four species 
of prey apparently made up almost the complete diet). The 
relative proportions of Corophium and Hydrobia consumed 
were then assessed by analysis of redshank gizzard contents. 
By comparing the undigested oesophagous contents with 
gizzard contents, a correction factor was introduced to 
allow for the different rates of digestion of the two main 
prey species (Greenwood and Goss-Custard, 1970). Goss
Custard's ingenious approach is unlikely to have wide appli
cations in the study of bird predation on insect popUlations, 
firstly because it is restricted tO,open habitats where the 
birds can be observed continuously for, long periods, and 
secondly because most insectivorous birds, ~., passerines, 
are too small for swallowing to be observable in the field, 
even in an open habitat such as grazed pasture. 

In general, direct observation will only be a feasible 
means of estimating the rate of predation by birds on insect 
populations in isolated cas~s, such as predation on large 
insects in an open habitat. Nevertheless, direct observation 
of the natural situation is particularly important in any 
predation study, to determine where and how the predators 
obtain their food (Hartley, 1953; Gibb and Hartley, 1957). 
As Young (1970, p. 568) stressed, "even now, in an age of 
intense instrumentation, there is no substitute for direct 
observation". -

Analysis of Predator Gut Contents 
Analysis of gut contents has been widely used in the 

study of feeding habits of vertebrates. The techniques and 
difficulties of gut contents analysis will be briefly re:"" 
viewed before considering its application to the problem 
of assessing predation mortality. The following account is 
based on the revfuws of Hartley (1948), Hynes (1950), Martin 
and Korschgen (1963) and Korschgen (1969). 

The method entails collecting specimens of the verte~ 
brate species concerned, by shooting or trapping, dissecting 
out the alimentary tracts and exam:ining their contents. In birds 
which possess crops (pigeons and gallinaceous species) the 
crop contents provide a sample of the food in undigested 
condition (Jensen and Korschgen, 1947). Some birds perio
dically regurgitate pellets comprising the undigested remains 
of food items. 'Although such pellets have been used to study 
the diet of predatory birds, ~., owls (Southern, 1954), 
they are apparently not fully representative of the diet 
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(Southern, 1969). A similar situation applies with herons 
(Hartley, 1948), hawks (Redhead, 1968 ) and shrikes (Cade, 
1967). For most birds and small mammals, neither crop con
tents nor pellets are available, and analysis of stomach 
(gizzard) contents is the usual method of studying the diet. 
The contents of the intestine are rarely examined and were 
considered by Hartley (1948) to be of little value because 
they exaggerate the importance of those food items which 
are resistant to digestion. 

Gizzard contents are usually preserved in formalin 
until time is available to examine them, and then washed 
thoroughly with hot water, to remove the formalin and 
grease before being examined. Segregation of the partially 
digested food items is a laborious process. Although various 
flotation, sieving and centrifuging techniques are avail
able for segregating the gizzard contents into size or weight 
classes (Korschgen, 1969), segregation inevitably involves 
a lot of tedious hand-sorting, particularly with species 
which eat a wide variety of foods, such as the starling. 
Once the different food items have been separated as far as 
is feasible or possible, the various fragments have to be 
identified. This can also be very time-consuming, and in 
the case of an insectivorous species such as the starling, 
identification requires a good working knowledge of the 
invertebrate fauna of the study area and preferably a refer
ence collection to compare fragments with. 

There are four methods of expressing the results of 
gut-contents analysis: frequency of occurrence, numerical, 
volumetric, and gravimetric. Fr~quency of occurrence is a 
presence or absence method, the frequency for each food item 
being calculated as the" percentage of all the gizzards ex
amined which contained that particular item. Such frequen
cies indicate what proportion of the population was ex
ploiting a particular type of food and give a general picture 
of the relative importance of the different food items in 
the diet. This method has the disadvantage of over-emphasi
zing the contribution to the diet of foods which are eaten 
regularly in small amounts and underemphasizing the contri
bution of foods which are consumed in large amounts on in
frequent occasions. 

The other three methods are designed to provide a more 
quantitative assessment of the diet. In the numerical method, 
the number of each food item present in each gizzard is de
termined, counting, for example, one head or two mandibles 
as one individual insect. The results for each type of food 
are usually expressed as both the mean number of individuals 
per gizzard and the percentage of the total number of speci
mens found in all the gizzards which were of that particular 
type. The latter figure is usually regarded as an estimate 
of the percentage of the diet made up by each type of food. 
In this respect the numerical method suffers from the obvious 
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disadvantage that no allowance is made for the different 
sizes of different food items. The method will tend to 
give a biased view of t.he diet, with small items eaten in 
large numbers being over-emphasized at the expense of large 
items which, although eaten in small numbers, may comprise 
most of the diet in terms of bulk. However, if the main 
object of examining gizzard contents is to investigate pre
dation rather than to study the overall diet of the predator, 
the number of prey individuals found in each gizzard is 
of prime' importance. While some foods, ~g. , fruits, often 
can not be assessed numerically, the gizzard contents of 
insectivorous birds usually contain many countable frag
ments. 

In volumetric analysis, the volume of each type of 
food present in each gizzard is measured and expressed as 
a percentage of the total volume of the gizzard contents. 
This method will generally give the best measure o~ the bulk 
of the diet made up by each type of food material and theo
retically it can be applied to all types of food. However, 
Betts (1955) found that the bulk of the gizzard contents of 
small insectivorous birds (tits) was too small for volumetric 
methods to be successful,and Frith, Braithwaite and McKean 
(1969, p.18), discussing duck gizzard contents, noted that 
"attempts at precision in the measurement of the volume of 
small quantities of food items of very different compacting 
properties are misleading and of doubtful value." 

The gravimetric method is essentially similar to the 
volumetric method, with the oven-dry weight of each type of 
food being measured instead of the volume, bu.t this method 
has not been widely used in general studies of vertebrate 
food~habits. . 

Most reviewers of gut-contents analysis (~., Swanson, 
1940; Hartley, 1948; Korschgen, 1969) have pointed out that 
none of the above methods is universally superior to the 
others, the most suitable method (s) for a particular study 
depending on both the type of study and the type of animal. 
These review~rshave also stressed the value of expressing 
the results of gizzard analysis in two or more ways, usually 
frequency of occurrence plus numerical and/or volumetric, 
since each method gives information about a different aspect 
of the diet. 

The most serious difficulty with gizzard-contents ana
lysis arises through the different rates of digestion of diff
erent foods. Soft-bodied organisms such as earthworms and 
leatherjackets are digested at a much greater rate than hard
bodied forms such as weevils (van Koersveld, 1951; Dillery, 
1965). If this difference is not allowed for, the gizzard . 
contents will tend to overestimate the importance in the 
diet of food items which are resistant to digestion, no 
matter how the results are expressed. Hartley (1948) noted 
that this difficulty will be most severe with species which 
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eat a wide range of foods and that gizzard contents will 
be less affected than the contents of intestinesor faeces. 
Other reviewers (Martin and Korschgen,1963; Korschgen, 1969) 
have ignored this difficulty;. and there are numerous exam
ples in the literature of vertebrate food-habits studies 
where authors have compared the contribution to the diet of 
different fQods by numerical or volumetric means without con
sidering the effects of different digestion rates (~., 
Kalmbach and Gabrielson, 1921; Lindsey, 1939; Frith, 1957; 
Korschgen, 1957; Buckner and Turnock, 1965; Carroll, 1967; 
Redhead, 1969; Timken, 1970). Other authors have noted 
that this problem affects their results but have made no 
attempt to overcome it (Kennedy, 1950; Havlin and Folk, 
1965; Gromadzki, 1969). 

Surprisingly there are very few examples in the food
habits literature of attempts to check the reliability of 
gizzard-analysis techniques for assessing composition of the 
diet. Van Koersveld (1951), Korol'kova (1963), Dillery (1965) 
and Swanson and Bartenok (1970) showed that birds digest soft
bodied invertebrates much faster than hard-bodied foods. 
Jensen and Korschgen (1947) examined the gizzard contents of 
quail which had been force-fed known kinds and quantities of 
seeds. They found that the percentage (by volume) of the 
diet made up by a given kind of seed, as estimated by volu
metric analysis of gizzard contents, differed from the true 
percentage by 16.2% on average. The comparable figure for 
gravimetric analysis was 16.9%. 16-17% is a large deviation 
when it is considered that the results of gizzard analysis 
are usually expressed as percentages to one decimal place. 
Jensen and Korschgen found that gizzard analysis gave 'a 
grossly misleading impression of the -contribution to the diet 
of' some food items. For example, Pinus seeds, which were 
resistant to digestion, comprised 13.2% of the diet by volume 
but made up 69.0% of the total volume of gizzard contents. 
On the other hand,Robinia seeds male up 22.8% of the diet 
but only 6.6% of the gizzard contents. Rudge (1968) found 
that numerical and volumetric analysis of the stomach con
tents of shrews which had been fed known foods gave a com
pletely misleading picture of the actual composition of the 
diet, and he concluded that a presence or absence method 
(frequency of occurrence) was the bnly reliable way to ana
lyse the stomach contents of wild shrews. These two studies 
suggest that analysis of gizzard ~ontents will give at best 
a biased view of the composition of the diet. The errors 
noted by Jensen and Korschgen and Rudge are inherent in the 
techniques used, and can not be overcome by simply taking a 
larger sample of gizzards. 

This bias can only be overcome by measuring the digest
ion rates of at least the main food items with captive birds, 
and applying the resultant correction factors to the gizzard
contents of wild birds. The almost complete lack of such 
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studies in the literature is surprising, when one considers 
the wide application of gizzard analysis. Mook and Marshall 
(1965) measured the digestion rate of one food (spruce bud
worm pupae and larvae) by the thrush Hylochichla ustulata 
(Tschudi), but they did not extend this to other foods as 
their main interest was in bird predation of spruce budworm, 
rather than .the overall diet of the thrush. Thes"e authors 
also reviewed the small amount of earlier literature on di
gestion rate in birds. Eastman and Jenkins (1970) used 
feeding experiments with captive grouse to derive correction 
factors for assessing the diet of wild birds from faeces 
analysis. The determination of such correction factors may 
be complicated by the tendency for the rate of digestion 
of a particular tyve of food to vary with the overall diet, 
~., Malone (1965) found that the digestion rate of in
vertebrate eggs by mallard ducks was more rapid when the 
diet comprised mainly soft foods than when it comprised 
mainly hard foods. 

As Mook and Marshall stressed, unless allowance is made 
for the different rates of digestion of different foods, 
the information derived from gizzard analysis by the stand
ard, widely-used procedures will be qualititative rather 
than quantitative, especially with species which eat a highly 
varied diet. Therefore, in the absence of information on 
digestion rates, only relative methods of gizzard-contents 
analysis should be used to assess the composition of the 
diet. As well as using frequency of occurrence, the contri
bution of each type of food to the bulk of the diet can be 
asses'sed visuallY,~o;Swynnerton and Worthington (1940). 
As both Hynes (1950) and Rudge (1968) pointed out, rela-
tive methods have the major advantage of being much more 
rapid than "quantitative" methods, enabling larger numbers 
of gizzards to be examined in the available time, and they 
do not impart "the spurious impression of accuracy which 
is given by some other methods" (Hynes, 1950, p. 37). 
Relative methods are open to criticism on the grounds 
that they are subjective, and therefore liable to suffer 
through observer bias, but Hynes notes that the same cri
ticism applies to all methods of gizzard-contents analysis. 
Complete separation of gizzard contents is seldom possible 
(Korschgen, 1969), and after segregation has-been taken as 
far as is feasible a mixture of small, unidentifiable frag
ments remains. It'is up to the observer to decide when to 
terminate separation, and this process is likely to be taken 
further for easily distinguished food items than for others. 

Although numerical, volumetric and gravimetric assess
ment of gi~zard contents will only provide an accurate des
cription of the relative importance of different foods when 
the digestion rates of these foods are known, it may be quite 
valid to use these methods to compare the importance of a sin
gle type of food at different times of the year, as done by 
Dunnet (1956). 
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A second major difficulty with the use of gizzard con
tents in food-habits studies is that of obtaining an ade
quate number of gizzards. Hanson and Graybill (1956) con
sidered the statistics of this problem and derived formu
lae for calculating the number of gizzards required to 
estimate the food-habits of a population, but very few 
workers have applied these formulae or attempted to calcu
late confidence intervals for the results of gizzard-con
tents analysis. Watts (1968) applied Hanson and Graybill's 
formula in his study of the stomach contents of voles, and 
he found that he would have needed 110 voles in a four
month period to be 95% confident that the estimated rela
tive volume of one food item in the diet was within 5% of 
the true value. In practice, his sample comprised only 10 
voles, which meant that the 95% confidence interval of his 
estimates was± 17% of the true value. Watts concluded 
that great caution should be exercised in interpreting the 
results of stomach-contents analysis. Korschgen (1969) 
pointed out that sample size in food-habits studies will 
vary with such factors as the scope and objectives of the 
study, and in general the smaller and less diverse the area 
being studied the smaller the number of gizzards required. 
On the other hand, the smaller the area the smaller its 
bird population. Hartley (1948) noted that the number of 
gizzards which have to be collected from a homogenous area 
to provide statistically sound data will often be greater 
than the total number of birds which occupy the area. 

To conclude this review of gizzard-contents analysis, 
although this technique has been widely used to provide 
quantitative estimates of the composition of the diets of 
birds and small mammals, in most studies insufficient att
ention has been given to the prob1ems of digestion rates 
and sample size. As Mook and Marshall (1965, p.1144) noted, 
"gizzafd analysis gives a qualitative rather than a quanti
tativ~ assessment of food choice and it is necessary to 
know the digestion rate of the food if such data are to be 
interpreted in a.quantitative manner." In the absence of 
information on digestion rate, analysis should be kept 
qualitative, or at best roughly quantitative. Further, 
"the food-habits literature abounds with studies based upon 
inadequate samplesizes" (Korschgen, 1969, p. 235), and 
more attention should be paid to the statistical reliability 
of the data. 

The Use of Gizzard Contents to Assess Predation 
When predation by birds or small mammals on an insect 

population is assessed by means of gizzard-contents analysis, 
the following type of equation is used to calculate NP, the 
total number of insects eaten (~., Betts, 1955; Mook and 
Marshall, 1965) 

NP = NExPxD 
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where NE is the average number of insects eaten per pre
dator per day, P is the predator population, and D is the 
number of days for which the insect stage in question is 
available to the predators. NE is determined from gizzard 
contents of a sample of the predators. Holling (1966, 
p. 63-66) used data simulated by his functional response 
model to show .that the number of prey attacked by a pred
ator in a given period is a linear function of the amount 
of prey material in the predator's gut. He concluded that 
the amount of prey material in the gut will only provide 
a reliable assessment of the number eaten when the prey 
are much smaller than the predator, which is certainly the 
case in most bird-insect predator-prey situations. 

If the object of analyzing the gizzard contents is to 
assess predation, rather than to study the complete diet 
of the predator, the laborious, time-consuming aspect of 
gut analysis may be somewhat reduced, because only one type 
of food is of primary interest. Numerical analysis is the 
obvious method to use, but digestion rate of the prey 
species must be known before the number found in the gizzard 
can be accurately related to the number of prey eaten per 
hour or per day. Betts (1955) assumed that the number of 
winter moths found in the gizzards of titmice represented 
the number eaten in the two hours prior to collecting the 
bird. Mook (1963) made the same assumption for spruce 
budworm larvae found in the gizzard of the bay-breasted 
warbler. Predation can be more accurately assessed if the 
rate of digestion of the prey is measured with captive pre
dators. Bryant (1914) made an early attempt in this direc
tion in his study of bird predation on grasshoppers. He 
found that grasshoppers were digested by birds in 3-4 hours, 
and on this basis assumed that the number of grasshoppers 
destroyed per bird per day was approximately three times 
the average number found per gizzard. Ashall and Ellis 
(1962) found that locusts passed through the gut of cap
tive rooks in 4t-7thours, and therefore assumed that rooks 
and other large birds consumed at least twice as many lo
custs per day as the maximum number found in the alimentary 
tract. 

Mook and Marshall (1965) ma4e a more refined study of 
the digestion rate of spruce budworm larvae and pupae by the 
olive-backed thrush, by feeding captive birds ten larvae or 
ten pupae, and examining the gizzard contents of birds 
killed at intervals of 5 minutes to 2 hours after feeding. 
They found that the soft parts of pupae and larvae were 
digested at a much faster rate than sclerotized parts. The 
number of pupae remaining in the gizzard, determined by 
counting cremasters, decreased slowly for the first ninety 
minutes after ingestion and then fell off rapidly, so that 
almost all of the pupae had disappeared afte~ two hours of 
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digestion (Mook and Marshall, 1965, fig.7). By assuming 
that the rate of feeding by olive-backed thrush on spruce 
budworm pupae was constant, Mook and Marshall calculated 
that the number of pupae per gizzard represented approxi
mately 75% of the number ingested in the previous two hours, 
i.e., the number of pupae eaten is 1.3 times the number of 
cremasters found in the gizzard. The number of cremasters 
found in the gizzards of birds shot in the field was thus 
converted to the number of pupae eaten per two-hour period. 
The number eaten per bird per day was then calculated by 
assuming that the feeding rate was the same for each two
hour veriod during the day, as was also assumed by Betts 
(1955) and Mook (1963). This assumption that the predator's 
feeding rate is constant throughout the day may bias the 
assessment of predation, since the feeding activity of many 
birds varies markedly during the day (~., Lack, 1954, p. 
136-7; Gibb, 1956; Buckner and Turnock, 1965; Morton, 1967a; 
Timken, 1970). 

Mook and Marshall's approach will therefore provide a 
more accurate assessment of predation if the predator's 
diurnal feeding pattern is studied and any differences in 
feeding activity with time of day are allowed for in the 
calculations. Gage, Miller and Mook (1970) made allowance 
for the proportion of the day spent feeding by bird pre
dators of the blackheaded budworm. They found from radio
active tracer studies that the number of budworms per giz
zard represented 35% of the number ingested in the previous 
2t hours, assuming that the feeding rate was constant during 
this period. The number of budworms eaten per bird per day 
was then .calculated as the number eaten per hour multiplied 
by half of the number of hours per day, since caged birds 
were observed to spend about half the day feeding. Apart 
from the danger of assuming that the behaviour of wild 
birds is similar to that of caged birds, Gage et ale were 
still forced to assume that the feeding rate was constant 
during the hours spent feeding. 

Although Mook and Marshall have shown how to relate 
the number of prey in the gizzard to the number consumed, 
the difficulty of obtaining a sufficiently large sample of 
gizzards remains a serious drawback to the use of gizzard
contents analysis to quantify predatipn. 'his probl~m 
intensifies if predation is being studied as part of a 
population study of an insect. Such studies are usually 
carried out on plots of no more than a few acres in size, 
and the collection of sufficient gizzards to assess predation 
may result in the virtual extermination of the predator 
population of the study plots, as Richards (1961) noted. For 
this reason, Southwood (1966, p.249) recommended that gizzard 
analysis should only be used to confirm the occurrence of 
bird predation, with predation mortality being measured by 
some other method, such as exclusion. Drinnan (1957), 
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Readshaw (1965) and Buckner (1969) used gizzard analysis 
in this way. Another way round this problem might be to 
collect gizzard contents without killing the bird, either 
by means of an emetic (Kadochnikov, 1967) or a stomach 
pump. Flushing tubes have been developed to remove the 
crop contents of live quail and doves (Vogtman, 1945; 
MacGregor, 1958), and Moody (1970) has recently described 
a technique for flushing the digestive tracts of insecti
vorous birds. Emetics and flushing tubes would still en
tail capturing and handling birds, and the resulting dis
turbance might result in birds avoiding the study plots, 
and thus alter the natural situation. 

If gizzard analysis is used to assess predation, the 
best approach appears to be that of Mook (1963) and Buckner 
and Turnock (1965), who collected birds for gizzard ana
lysis in areas near, but not in, the life-table plots where 
insect populations were sampled. Bird populations were cen
sused in the life-table plots, where the consumption of bud
worms was assumed to be the same as in the nearby areas where 
gizzards were collected. As Mook pointed out, the assumption 
that both consumption and density of budworms is the same 
on the two areas, even when they are almost adjacent, could 
introduce some error into the assessment of predation. The 
insect population could be sampled in the areas where birds 
were shot as well as in the life-table plots, but this might 
entail a prohibitive amount of extra labour. 

Thus the use of gizzard analysis to assess bird pred
ation on insect populations requires knowledge of the rate 
at' which countable remains of the insect disappear from the 
bird's gizzard. The diurnal feeding pattern of the birds 
should also be studied, so that any c-hanges in feeding 
activity during the day can be allowed for. The gizzard 
samples will normally have to be collected from areas out
side the plots where insect populations are being studied, 
in order to obtain an adequate sample of gizzards without 
seriously disturbing the bird populations of the main study 
plots. . 

.T.h.~ Study of the Foods of Nestlings 
The assessment of bird predation on insect populations 

during the birds' breeding season requires information on 
the consumption of prey by the nestlings, as well as the 
adults. Besides gizzard and faeces analysis, there are 
several observational techniques for assessing the diet of 
nestling birds, particularly species which will readily 
occupy nesting boxes. Since the adult birds usually gather 
food for the nestlings from the gen~ral vicinity of the 
nest, it may be possible to determine the nestlings' diet 
by sampling the insect fauna of the areas where the adults 
are observed hunting (Korol'kova, 1963). Direct observation~ 
of the food brought by the adult birds to the nestlings may 
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be possible, either from a hide close by a nesting box 
(Gibb and Betts, 1963) or through a glass back to a 
nesting-box (Betts, 1955; Tinbergen, 1960; Royama, 1966). 
While direct observation may give reliable information on 
the quantity of food brought to the nestlings for birds 
which usually bring one prey at a time to the nest, especi
ally if only a few prey species comprise most of the diet 
(~ .. :.8.., Tinbergen, 1960) , it is usually difficult not to 
miss some prey, particularly when several small items are 
brought together (Betts, 1956; Gibb and Betts, 1963). High 
speed photography may also be used to study the kinds and 
amounts of food brought to the nest (Hoskin~ and Smith, 
1949; Dunnet, 1955; Novacek and Hudec, 1961). However 
Kalmbach and Gabrielson (1921) stated that about one third 
of the food brotight to the nest by adult ~tarlings is carr
ie-d partially or wholly concealed at the base of the bill 
or in the throat. This behaviour, which was overlooked by 
Dunnet (1955) and Novacek and Hudec (1961), will nullify 
the value of observation or photography for assessing the 
quantity of food fed to nestling starlings. 

Lack and Owen (1955) were able to obtain samples of 
the food of nestling swifts by manipulating food from the 
nestling's throats before they had time to swallow it. A 
more widely used technique is the nestling collar, origi
nally developed by Kluyver (1933), for the starling, and 
since used in several other studies, ~.,Lockie (1955), 
Owen (1956), Korol'kova (1963), Havlin and Folk (1965), 
Orians (1966), Coleman (1971) and Gromadzki (1969). The 
technique involves placing a collar of aluminium, pipe 
cleaner or cord around the nestling's neck, sufficiently 
tight to prevent swallowing. The food brought by the adults 
can then be removed from the nestling's gUllet. Kluyver 
was able to leave collars on starling nestlings for up to 
four hours a day, with no apparent ill effects. The nestling 
collar technique has been considered critically by Owen 
(1956) and Orians (1966). The advantages of the technique 
are that the collar is easy to instal, the food is obtained 
in almost perfect condition, and the nestling is unharmed, 
enabling many samples to be collected from a single nest over 
a period of time. The disadvantages are that the method can 
not be used with very young nestlings, less than 4 or 5 days 
old, some food, particularly smaller items, may slip past 
the, collar, and the nestlings often cough up the food when 
they can not swallow it, although if this happens the food 
can usually be collected from inside or below the nesting 
box. Orians noted another disadvantage, viz., that the 
presence of a collar may affect the nestling's begging be
haviour and hence the rate at wtiich the adults feed it. He 
therefore considered that the method will give a measure of 
the relative rates of delivery of different food items, 
rather than the absolute rates of delivery. Korol'kova (1963) 
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also noted that the collar method upsets the normal rhythm 
of the feeding of nestlings. However, this difficulty could 
possibly be overcome by removing the food from the nestlings' 
oesophag ,us immediately after the departure of the adult bird, 
as Kluyver (1933) did, in which case the amount of food brought 
in one feeding visit could be estimated. The normal rate of 
feeding could then be measured by observation of nesting 
boxes with uncollared nestlings, to determine the number of 
feeding visits per hour. This method still assumes that the 
amount of prey brought per feeding visit is not affected by 
any changes in the adults' or nestlings' behaviour induced 
by the presence of the collar. 

Betts (1954, 1956) described an artificial nestling 
gape which is operated by an observer in a hide beside the 
nesting box. Adult birds of some species will readily drop 
food into such a gape, from where the food falls down a tube 
into alcohol. This method has two advantages over the col
lar technique: it can be used to sample the foods brought 
to nestlings of any age, and there is no danger of smaller 
food items not appearing in the sample. On the other hand, 
the artificial nestling gape is more elaborate to set up 
than the nestling collar, and effectively limits the obser
ver to studying one nest at a time. Artificial nestlings 
have only been used successfully with hole-nesting species 
(Evans, 1964; Orians, 1966). . 

The most suitable technique for studying nestling foods 
will depend on the behaviour of the adult birds, the size 
of the prey, and the object of the study. If the object is 
to determine the composition of the nestlings' diet, and if 
the adults bring several food items at a time, including 
very small items, the artificial nestling gape would be· 
preferable to the nestling collar, and direct observation 
would be of only limited value. On the other hand, if the 
object is to assess the consumption of a certain type of 
prey by nestlings, the size 6f this prey will be of parti
cular importance. Large prey are likely to be brought to 
the nest singly or in small numbers and will usually be ob
vious in the adult's bill. Direct observation will there
fore generally be satisfactory for determining the number 
of a certain type of large prey brought to the nestlings, 
particularly if the reliability of observation is checked 
by taking samples with a nestling collar, (~., Tinbergen, 
1960) or the artificial gape (~., Gibb and Betts, 1963). 
Nearly~ll of the few attempts to assess predation by birds 
on insect populations during the breeding season which 
appear in the literature have been based on direct obser
vation-of the number of insects fed to the nestlings (Betts, 
1955; Tinbergen, 1960; Gibb and Betts, 1963; Ito and Miyas
hita, 1968). Dunnet (1955) used photography to estimate 
the number of tipulid larvae fed to starling nestlings, but 
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he was apparently unaware of the habit of adult starlings 
of carrying some food out of sight in the throat. If the 
prey is of medium size, too small to be reliably detected 
by observation but large enough to be unable to slip past 
a carefully installed nestling collar, the collar technique 
appears to be the most suitable. For small prey, of the 
general size of aphids, the possibility of small items 
slipping past the collar leaves only the artificial nest- . 
ling gape as a suitable method for estimating prey consump
tion. 

Analysis of nestling gizzard contents could also be 
attempted as a last resort but the above techniques are 
far superior, since they enable the collection of large 
numbers of food samples, in undigested condition, without 
harming the birds. 

Although it may be possible to estimate the consumption 
of prey by nestlings accurately and precisely by one of the 
above methods, the number eaten by adult birds must also be 
known before the total proportion of the insect population 
destroyed can be determined. Betts (1955) and Gibb and 
Betts (1963) simply assumed that adults and fledged young 
ate the same kinds and amount of food as nestlings, but as 
Gibb and Betts point out, this is a big assumption. 
Korol'kova (1963) found that the adults of several species 
have a distinctly different diet from their nestlings, and 
Kalmbach and Gabrielson (1921) and Gromadzki (1969) repor
ted considerable differences in the composition of the diets 
of adult and nestling starlings. The diet of adult birds 
during the breeding season should therefore be investigated, 
~., by. gizzard or faeces analysis. If it is found to 
differ grossly from that of the nestlings, with respect to 
the prey item of interest, consumption of this prey by adults 
and nestlings will have to be estimated separately. Even 
if the prey occupies a similar proportion in the diet of 
both adults and nestlings, its consumption per adult will 
only be similar to that per nestling if adults and nestlings 
eat approximately the same quantity of food, i.e., have simi
lar energy requirements. In practice, the energy require
ments of adults and fledglings may be much greater than those 
of nestlings (~., Royama, 1966; Brenner, 1968). He.nce the 
assumption that the same number of prey is eaten per bird 
by both adults and nestlings introduces a degree of approxi
mation into the estimate of total predation, even if the 
diets of adults and nestlings are of similar composition. 

To conclude, three techniques are available for measur
ing the number of insects fed to nes·tlings: the nestling 
collar (which may not be suitab~e for very small prey), the 
artificial nestling gape (hole-nesters only), and in the 
case of large prey, direct observation (or photography) at 
the nest. However, accurate estimation of the total number 
of insects destroyed by a breeding popUlation of birds will 
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necessitate independent measurement of the consumption of 
prey by adults, since both composition of the diet and 
energy requirements may differ considerably between adults 
and nestlings. 

Analysis of Predator Faeces 
Analysis of faeces has been widely used to investigate 

the diet of various mammals, ~., rodents (Drummond, 1960; 
Horner, Taylor and Padykula, 1965), hedgehog (Shilova
Krassova, 1952; Brockie, 1959), otter (Erlinge, 1968), fox 
(Huey, 1969), coyote (Fitch, 1948), bear (Chapman, Romer 
and Stark, 1955), and cat (Gibb, Ward and Ward, 1969), and 
also gallinaceous birds (Swanson, 1940; Korschgen, 1962, 
1966) and the starling" (Hamilton, 1949). Most of these 
workers have analysed faeces contents by relative methods 
only (frequency of occurrence). Although Hartley (1948) 
considered that faeces of birds will overemphasize the less 
digestible items in the diet, in practice faeces may be 
little worse than gizzards in this respect, in at least 
some cases. For example, Jensen and Korschgen (1947) found 
thatfae~s were as reliable as gizzards for volumetric 
assessment of the relative proportions of different seeds 
in the diet of bobwhite quail. Faeces have one major ad
vantage over gizzards, viz., it is possible to collect 
large samples without harming or disturbing the bird popu
lation (provided the droppings can be found and identified 
reasonably easily). Faeces can also be stored dry indefin
itely (Martin and Korschgen, 1963). The faeces must be dis
tinguishablefrom those of other species, unless this diffi
culty can be overcome by collecting faeces from areas the 
species of interest is known to frequent, ~., from the 
tops of starling nesting boxes. If the latter proces~ is 
performed regularly, ~., at weekly intervals, the age of 
field-collected faeces will be known accurately. 

Although faeces are likely to be of value for comparing 
the relative importance of a single food item in different 
seasons and years, they should be used cautiously for 
quantitative assessment of the proportion of different food 
items in the diet, unless the method has been tested on " 
captive animals and found reliable, ~., Erlinge (1968). 
An example of the use of faeces to study a bird's diet is 
Korschgen's (1962) study of the food-habits of the prairie 
chicken (Tympanuchus cupido) in Missouri. Sample size was 
commendably large, 5,040 droppings being collected during 
the twelve months of the study and analyzed both volumet
rically and by frequency of occurrence. However, Korschgen 
made no allowance for differences in resistance to digestion 
of different types of plant material, although he did note 
that the apparent very low utilization of animal food may 
have been partly due to insects being less resistant to di
gestion than plant foods. Yet he interprets the results of 
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volumetric analysis as highly accurate assessments of the 
composition of the \diet, ~., cane (Sorgum vulgare) 
comprised 10.7% of .the faeces contents, by volume, and 
therefore "accounted for 10.7% of the total food" (p.310), 
and is ranked ahead of lespedeza (Lespedeza stipulacea) 
which made up 10.5% of the total volume. Such a highly 
quantitative interpretation of results will give a false 
impression of accuracy in the absence of information on 
differences in resistance to digestion of different foods. 
Such information is readily obtained from feeding experi
ments with captive birds (~., Eastman and Jenkins, 1970). 
Volumetric analysis of faeces (or gizzards) will still be 
of value for assessing the diet in the absence of infor
mation on digestion, but the r~sults will give a less 
accurate picture of the diet than Korschgen and many other 
food-habits workers are apparently aware. Quoting per
centages by volume to one decimal place gives a spurious 
impression of accuracy even if the overall conclusions of 
a study such as Korschgen's (1962) may not be greatly affec
ted. 

If countable fragments of a certain prey item appear 
in the faeces of a predator, it is theoretically possible 
to estimate the number of prey destroyed from faeces ana
lysis,using an equation of the type 

NE = CxNFxD 

with C = Yp 
where NE is the number of insects eaten per predator per day, 
NF is the average number of prey ind~viduals per faeces, 
and D is the average number of faeces produced daily by a 
predator. Cis a correction factor which allows for those 
prey individuals which are broken down in the alimentary 
tract to the extent that they no longer form countable frag
ments in the faeces. P is the proportion of prey individu
als ingested which do not give rise to countable fragments 
and C will therefore be greater than or ~qual to bne. 

To my knowledge the only example in the literature of 
the use of faeces to determine the number of prey eaten is 
Gibb's (1956) study of the feeding behaviour of rock pipits. 
He found that the opercula of periwinkles and spiracular 
plates of kelp fly larvae were passed whole in the birds' 
faeces. Defaecation rate was measured by direct observation, 
and by counting the number of opercula and spiracular plates 
found in faeces Gibb was able to estimate the numbers of 
these two prey items consumed. Since he was only concerned, 
with obtaining a rough check of the feeding rate as esti
mated by direct observation, Gibb made, no allowance for the 
correction factor, C, which was apparently close to unity, 
but this could be measured wi th captive predators (~., 
Murie, 1946). 
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If countable prey fragments do appear in a predator's 
faeces, the feasibility of using faeces to assess predation 
will largely depend upon three factors: the rate at which 
food material passes through the predator, daily movements 
of the predator and the ease of collecting faeces. In 
general, the more rapid the passage of food material the 
better. For example, if remains found in fresh starling 
faeces represent food ingested one or two hours earlier, it 
may be possible to observe the birds feeding for a period 
of 2-3 hours and then collect fresh faeces which will be 
representative of the bird's diet during the period of 
observation. On the other hand, if remains of prey do not 
appear in the bird's faeces until 7 -8 hours after ingestion, 
the faeces collected from a study plot might represent food. 
eaten in another locality some distance away, perhaps sever
al miles away in the case of starlings, where the density 
of prey might be quite different. The rate of passage of 
food material will obviously become more critical as the 
predator's daily movements increase, and will be less im
portant in the case of sedentary or highly territorial 
species, ~., the rock pipits observed by Gibb (1956), which 
spent most of their time within territories less than 100 
yards across. 

In practice, the passage of food through the alimentary 
tract of birds generally takes no more than 7 - 8 hours 
(Mook and Marshall, 1965) and may often take less. steven
son (1933) showed that in passerines the contents of a full 
stomach first appear in the faeces about 1t hours after 
feeding, and McFarland and Freedland (1965) found that in
gesta passed throush a ~uail in 1-1t hours. Kostelecka
Myrcha and Myrcha (1964) found that 80% of meal worms fed 
to shrews were excreted within 2 hours of ingestion, and 
noted that this was cons,iderably faster than the rate of 
food passage in larger, carnivorous mammals. The rate of 
passage would also be expected to be longer than 1 to 2 hours 
for larger birds, and Ashall and Ellis (1962) observed that 
locusts passed completely through the gut of rooks in 4t 
to 7t hours. However, Dale (1966) noted that most of the 
insect material fed to a tame magpie passed through the 
bird within an hour of feeding, and Malone (1965) found 
that invertebrate eggs passed through the digestive tract 
of mallards in 20 minutes to 3 hours 25 minutes, the rate 
of digestion varying with the nature of other foods consumed 
with the eggs. Hence it appears that digestion times may 
often be short enough for faeces analysis to be a potentially 
useful tool for studying predation by birds and small mam
mals on insect populations, at least for predator species 
which do not habitually move about over a wide area during 
each day. The time between ingestion of prey and the app
earance of countable fragments in the faeces would have to 
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be measured with captive predators. Since different foods 
will be digested at different rates, the digestion time 
should be measured for the particular prey species of 
interest (Kostelecka - Myrcha and Myrcha, 1965), and it 
should be noted that the nature of other foods consumed 
simultaneously may have a major influence on the diges
tion rate (Malone, 1965). 

Even if digestion is rapid and the predators are rela
tively sedentary, the collection of faeces and measurement 
of defaecation rate could still create major difficulties. 
Ease of collection of faeces will depend upon the density 
of predators (and hence of faeces), ease of identification 
of the predator's faeces, weather and habitat. Faeces 
collection may be impossible in certain types of weather 
and habitat, ~., during wet weather fresh bird droppings 
are often washed away before they have time to dry out and 
harden, while aquatic and forest habitats might create 
severe problems for faeces collection. In open habitats 
such as grassland it may be possible to measure defaecation 
rate by direct observation, even for small birds (~., 
Gibb, 1956), but in the case of forest birds and nocturnal 
small mammals it would probably be necessary to measure 
defaecation rate with predators caged under natural conditions. 

To conclude, if passage of food through the predators 
is rapid enough, and daily movements of predators are small 
enough, so that countable fragments of prey found in pre
dator faeces can be safely assumed to be representative of 
prey taken within an area reasonably homogeneous with res
pect to prey density, then faeces analysis may be a use-
ful means of measuring the consumption of prey in that area. 
The density of predators and the nature of the habitat may 
be limiting factors, ~., the method is more likely to be 
of value for studying predation by starlings which feed in 
large flocks on open grassland than for warblers occurring 
at one pair per acre of spruce forest. If it is feasible, 
faeces analysis has the major advantage of entailing no 
disturbance of the predator population. 

Energetics 
If the energy requirements of the predator population, 

the energy content of the prey, and the degree to which 
the prey is utilised by. the predators are known, the num
ber of prey consumed (NP) may be estimated by an equation 
such as 

NP = T. P. DR. E/C 

where T is the length ·of the period of predation, P is the 
average number of predators feeding on the prey species 
during T, Dp is the average proportion of the prey in the 
predators' uiet; E is the average daily energy requirements 
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of a predator in terms of metabolized energy (see below) 
and C is the average caloric value of a prey individual, 
corrected for utilization by the predators (cf. Buckner, 
1969) • 

As Buckner pointed out, the reliability of the esti
mate of NP will depend upon the reliability of the esti
mates of the variables on the right-hand side of the 
equation. T can be determined by observation of the period 
for which prey are available to the predators, or the 
period for which predators are present, and C may be mea
sured directly by oxygen bomb calorimetry, or indirectly 
by analyzing the gross chemical composition of the prey 
(~., Stiven, 1961). As well as correcting for utili
zation, it may be necessary to correct for wastage, i.e., 
uneaten fragments, ~., Owen (1956) reported that when 
jays fed on adult beetles of the scarabaehlMelolontha melo
lontha L. they consistently rejected the heavily scl~rotized 
heads, legs and elytra. Buckner and Turnock (1965) and 
Dahlsten and Herman (1965) observed similar behaviour by 
avian predators of sawfly larvae. Correction for wastage 
may be complicated by increase in wastage with increasing 
prey density, as demonstrated by Buckner (1964) for shrews 
preying on sawfly cocoons. 

The other three variables, P, Dp, and E may be diffi~ 
cult to estimate accurately and preclsely, so the re
sultant estimate of NP will often be no more than a rough 
approximation of the potential consumption of prey. It is 
worth noting that such calculations of prey destruction 
based on energetics make no allowance for the hoarding be
haviour well known in small mammals (Morris, 1949; Buckner, 
1964) and. some birds (Lack, 1954, p. -139). The problems 
involved in measuring P, the number of predators, are dis':':' 
cussed in appendix V. Dp is usually measured from analysis 
of predator stomach contents. For example, in assessing 
predation by shrews (Buckner, 1964) and birds (Buckner and 
Turnock, 1965) on the larch sawfly, Dp was taken as the 
volumetric proportion of predator stomach contents made up 
of larch sawfly remains. This approach could lead to two 
serious sources of error. Firstly the proportion of the 
remains of.a particular prey species in the stomach con-
tents may differ considerably from the true proportion 
(by volume) of that prey in the predator's diet, if the 
rates of digestion of different types of food differ widely, 
as discussed above. This difficulty could be overcome by 
measuring the rates of digestion of different foods. 
Secondly, the proportion of prey (by volume) in the preda
tor's diet is unlikely to exactly equal the proportion of 
the predator's energy requirements contributed by that prey, 
as assumed in the above equation, since different foods will 
have different caloric values and will be digested to different 
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degrees. This is particularly important in an omnivorous 
feeder such as the starling, which consumes a wide range of 
foods varying from in~ects to fruit. To overcome this 
problem, the caloric content and efficiency of utilization 
(see below) of at least all the major foods would have to 
be measured. 

The measurement of E, the energy requirements of the 
predators, also entails considerable problems. Energy in
come can be partitioned into several categories (Brody, 
1945, p.6): the energy ingested (food) is the gross energy, 
some of which is lost in the faeces while the remainder, 
the digestible energy, is absorbed from the gut. Some of 
the digestible energy is lost in the urine, leaving the 
metabolizable energy, which can be further partitioned into 
the specific dynamic action, representing the energy cost 
of assimilation and excretion, and the net energy, which is 
the energy available for maintenance, work, growth and pro
duction. The·gross energy is the energy which the animal 
obtains from its environment. The digestibility of a diet, 
as applied to energetics studies of mammals, is the ratio 
of digestible energy to gross· energy, digestible energy 
being measured as the difference between the caloric values 
of food and faeces (~., Golley, 1960). With birds, it is 
technically difficul~o separate faeces·from urine and di
gestible energy is not usually measured. Instead, the calori
fic values of the food and the combined excreta (faeces plus 
urine) are measured, the difference between the two repre
senting the metabolized energy; the efficiency of utilization 
is measured as the ratio of metabolized energy to gross en
er~y (Kendeigh, 1949). Hence, if the energy requirements 
(E) in the above equation are expressed in terms of metabo
lized energy, the total calorific value of the prey must 
be multiplied by the efficiency of utilization of prey to 
obtain the calorific value (C) in terms of metabolized energy. 
Although Martin (1968) points out that there is a slight 
difference between the terms, "metabolizable energy" and" 
metabolized energy", they are usually regarded as· synonymous 
(Davis, 1955; King and Farner, 1961). 

The energy requirements of free-living animals may be 
determined directly or indir~ctly. Indirect methods entail 
measuring or calculating the energy requirements of cap
tive animals and extrapolating these results to the field 
situation. The basal metabolic rate (BMR), defined as the 
heat production of a resting animal in post-absorptive con
dition in a thermoneutral environment (Brody, 1945, p.352), 
is usually measured by indirect calorimetry (Brody, 1945, 
ch. 12), but can also be calculat-ed from the body weight 
(W), by means of the allometric 'equation 

b 
BMR = aW-

a and b being empirically determined constantS. There is 
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some controversy over the exact values of a and b. For 
mammals, Brody (1945, ch. 13), obtained ~ ~ 70.5-and 
b = 0.7 (approximately), where BMR is expressed as Kilo
calories per 24 hours and W as Kgms., on the basis of 
data for a series of mammals ranging from mice to elephants. 
Kleiber (1961) preferred the statistically indistinguish
able values of a = 70 and b = 0.75. Lasiewski and Dawson 
(1967) reviewed-the available data for birds and obtained 
the values ~ = 129 and £ = 0.724 for passerines. Zar (1968, 
1969) used a different regression analysis and obtained the 
values a = 113, b= 0.623 for the passerine equation. How
ever, Lasiewski and Dawson (1969) showed that their model 
gave a better fit to the available data than Zar's model, 
and Zar (1970) later conceded that the Lasiewski-Dawson ana
lysis was the more appropriate. Thus the basal metabolic 
rate of ~ passerine can either be measured or calculated 
from the logarithmic form of the allometric equation 
(Lasiewski and Dawson, 1969): 

L'og. (BMR) = log (129) + 0.724 log (W)± 0.0806 
where BMR is in Kilocalories/day (taking one day as equal 
to 24 hours), W is in Kgms., and 0.0806 is the standard 
error of the estimate of log (BMR). A rough estimate of 
the energy requirements of a free living animal can be ob
tained by multiplying the basal metabolic rate by a factor 
which allows for the extra energy costs of a free existence, 
over and above basal metabolism. The maintenance require
ments of free-living small mammals (i.e., the energy re
quired for maintenance of basic life processes excluding 
reproduction and growth) have been estimated as 1.5 to 2.0 
times the basal metabolic rate (Golley, 1960; McNab, 1963; 
Caldwell and Connell, 1968). 

Basal metabolic rate has considerable importance in 
physiology, but existence energy is of greater ecological 
significance. This term was introduced by Kendeigh (1949), 
who pioneered studies of the energy balance of birds kept 
in small cages. These studies entail quantitative feeding 
and collection of excreta, and measurement of the energy 
content of the food (gross energy) and the excreta (excre
tory energy) by means of oxygen bomb calorimetry. The meta
bolized energy is the difference between the gross energy 
and the excretory energy. If the caged bird maintains con
stant weight over a period of several days, the metabolized 
energy is termed existencE! energy, which thus represents 
the minimum maintenance energy under the caged conditions. 
Existence energy comprises basal metabolism, the specific 
dynamic action associated with the diet, the energy expended 
in moving about in the confined quarters of the cage and 
collecting food and water, and the energy expended in main
taining body temperature. 
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Existence energy has generally been found to increase 
progressively with decreasing ambient temperature, reaching 
a maximum at the lowest temperature tolerated (Kendeigh, 
1949, 1969). Kendeigh (1970) analysed the available data 
on existence metabolism, for thirteen passerine species and 
five non-passerines. He found that existence metabolism 
(M, in Kcal./day) is related to body weight (W, in gms.) 
by the relationship M 1 5720WO.6210 f . at o =.' . or passer1nes 
30 C , and by M = 4.3372WO.5300 for all birds at OOC. 
Existence energy increases approximately linearly with 
decreasing ambient t~mperature, although for some species 
this relationship is better described by quadratic and high
er order regressions (Kendeigh, 1969). It is therefore pos
sible to calculate the approximate existence energy require
ments of a passerine of known body weight by assuming that 
existence energy increases linearly between the values cal
culated for 300 C and OOC from Kendeigh's formulae. 

Before the energy requirements of a bird population 
under a known temperature regime can be assessed from the 
measured or calculated existence energy of individual birds 
some knowledge of the energy costs of a free existence is 
required. At a given ambient temperature the major ·differ
enCe between a caged existence and a free one is locomotory 
activity, including flight, which involves a high expendi- . 
ture of energy. Pearson (1950) measured the oxygen consump
tion of humming-birds hovering in small containers and found 
that the energy cost of hovering was 5t to 6 times the 
resting energy (resting energy metabolism represents basal 
metabolism plus the specific dynamic action - Brody, 1945, 
p. 35?). By measuring CO2 production in flying pigeons by 

means of isotopically labelled water (D20 18 ), LeFebvre (1964) 
calculated that the energy expended in steady flight was 
approximately 8 times the resting energy. Tucker (1968) 
found that the oxygen consumption of budgerigars flying 
steadily and horizontally in a wind-tunnel was 12.8 times 
the basal metabolism. By measuring the CO2 production of 

various passerines flying back and forth in a plastic air
filled tube, Teal (1969) found .that for the most economic 
flights the energy expenditure during flight was about 10 
times that of non-flying birds. The ratio of flight to 
resting metabolic rate reached 12-13 in several flights, with 
a maximum of 17. Teal considered that many of these flights 
resembled short rapid flights to escape predators, rather 
than more leisurely flights. Pearson (1964) weighed pigeons 
with sealed cloacas immediately before and after flight. 
By assuming all the weight lost 'while flying resulted from 
the utilization of body fat, he calculated the upper meta
bolic cost of flight as 23-36 times the resting metabolism. 
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It thus appears that normal flight entails the expen
diture of energy at approximately 8-12 times the resting 
rate, with more strenuous flight requiring further energy. 
These figures are similar to those given by Brody (1945, 
p. 916-918) for the horse and man, viz., that the energy 
expended in sustained, strenuous work is approximately 8 
times the resting energy, although energy expenditure 
during maximal exertion for a few seconds can reach 100 
times the resting energy, incorporating build-up of an oxy
gen debt. 

As well as locomotion, several other factors may in
crease the energy requirements of wild birds over those 
of captives. In his review of the problem of measuring 
energy flow through bird populations, Buckner (1967a) poin
ted out that the energy requirements will vary with such 
factors as ambient temperature, season, insulation, behav
iour, light regime, migratory status, growth and incubation. 

The influence of some of these factors, ~., ambient 
temperature, photoperiod and migratory status, on energy 
balance can be readily studied by measuring the existence 
energy of birds exposed to both outdoor and controlled in
door environments, and a series of studies along these lines 
has followed the earlier work of Kendeigh (1949), ~., 
Davis (1955), Cox (1961), Zimmerman {1965), West (1967, 1968) 
and Kontogiannis (1968). By studying the metabolism of 
caged birds held for long periods under outdoor conditions, 
it is possible, by means of multiple regression analysis, 
to determine the relative importance of each of the numer
ous'variables affecting energy expenditure, metabolized 
energy being expressed as a complex function of these vari
ables (Helms, 1968; Owen, 1970). However, this multiple 
regression approach can not be used to describe the energy 
budget of free-living birds until techniques have been de
veloped to measure the energy cost of such activities as re
productive behaviour and moult under natural conditions. 
Until such techniques are readily available energetics studi
es will be largely confined to caged birds, with extrapol
ation to the field situation requiring a calculated guess. 

Estimates of the energy requirements of wild birds 
expressed as a ratio to the existence energy of caged birds 
are generally between one and two, ~., 1.3-1.5 (Urarnoto, 
1961), 1.5 (Kahl, 1964; West, 1967), 2.0 (Odum et al., 1962). 
These estimates appear to be of the right order, since Owen 
(1969) reported that the energy requirements of wing-clipped 
teal kept in a large outdoor area represented an average 
increase of approximately 25% over the requirements of teal 
kept in cages, while Graham (1964) found that active sheep 
needed about 40% more energy than sedentary ones. However, 
a further complication is introduced by the tendency for 
the energy cost of a free existence relative to that of a 
caged one to increase with decreasing ambient temperature 
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(Kontogiannis, 1968; Owen, 1969). Gibb (1957, 1960), 
Koplin (1967) and Brenner (1968) estimated the energy re
quirements of wild birds by measuring the requi~ements of 
birds kept in cages large enough to permit plenty of exer
cise, but it is probably more accurate to equate these re
quirements to the minimal (rather than the average) energy 
cost of a free existence (~., Hawkins and Jewell, 1962). 

There has b~en some progress in the development of 
direct methods of measuring the metabolic requirements of 
wild animals. One approach to this problem has been the 
use of radioactive "isotopes to monitor metabolism. Lifson, 
Gordon and McClintock (1955) injected isotopically labelled 
water (D2018) into laboratory mice, and by measuring the 

rates of deuterium and oxygen-18 turnover they were able 
to estimate the turnover rates of body water hydrogen and 
oxygen, and hence CO

2 
production and metabolic rate. This 

technique appears to have great potential for studying the 
energetics of free-living animals (King and Farner, 1961), 
since it involves minimum disturbance of the animals, re
quiring only initial and final samples for analysis. Un
fortunately these advantages are balanced by the high cost 
of the equipment and isotopes involved (Helms, 1968; Wagner, 
1970). The rate of removal of cheaper isotopes, such as 
Phosphorus-32, from the blood-stream does not appear to 
correlate with metabolism, at least in the absence of de
tailed knowledge of the various physiological processes 
which control the removal of such isotopes (Wagner, 1970). 
Telemetry may offer a more promising approach than the use 
of radioactive isotopes. 'Owen (1969) used telemetry to 
monitor the heart rates of teal kept under both caged and 
semi-natural conditions, and he found that metabolism was 
a linear function of heart~rate. 

While the techniques for accurate measurement: of the 
metabolism of wild animals remain in the developmental 
stage, the energy requirements of predator populations will 
continue to be calculated from studies with caged predators 
or, more approximately, from body weights. These calcu
lations will only provide the basis for rough estimates of 
the number of prey destroyed and are probably of most value 
for indicating the approximate potential of a predator popu
lation for destroying prey. For example, Buckner and 
Turnock (1965) and Buckner (1969) are careful to use the 
terms "potential predation" and "potential consumption" of 
prey. 

Experiments with Captive Predators 
One approach to the problem of assessing predation is 

to determine the number of prey consumed per predator per 
day by means of feeding experiments with captive predators. 
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Such experiments have been widely used to study inverte
brate predators, but in general they give only a measure 
of the potential order of predation under field con
ditions, rather than a precise assessment (Southwood, 1966, 
p. 255), even when the experiments are carried out under 
semi-natural conditions (MacLellan, 1962). However, ex
periments with captive predators may be useful for in
vestigating various aspects of predation which are diffi
cult to study in the field. 

For example, experiments with captive vertebrate 
predators have been used to investigate acceptance and re
jection of healthy, diseased and parasitized sawfly co-
coons by small mammals (Morris, 1949; Holling, 1955; Buckner, 
1958), the general form of the functional response of 
vertebrate predators to prey density (Holling, 1959a, 1965), 
food preferences and hunting behaviour of birds (Gibb and 
Hartley, 1957; Sloan and Coppel, 1968) and otters (Erlinge, 
1968), and effects of prey behaviour on bird predation 
(Dempster, 1967a). One-way mirrors are useful for ob-
serving captive birds (Sloan and Coppel, 1964). Experi-
ments with predators can be ~xtended to semi-natural and 
natural situations. For example, Stewart (1967) investi
gated house sparrow predation on tobacco hornworms by re
leasing a known number of sparrows into a caged i-acre plot 
of to~accoplants containing a known population of hornworms; 
an adjacent i-acre caged plot acted as a control. The spar
rows were recaptured 10 days later and the hornworm popu
lations in the two plots resampled. This method of caging 
together known numbers of predators and prey under semi
natural conditions may be useful for assessing the relation
ship between predator density, initial prey density, time, 
and the proportion of the prey population destroyed, although 
it is essential to keep in ~ind that caging may seriously 
affect the behaviour of the predator and/or the prey. It 
may also be feasible to manipulate the density'of prey in 
the field and investigate the effect on the behaviour of' 
free-living birds. For example, Clark (1964b) created lo
calised pockets of high psyllid egg density by caging adult. 
psyllids over branches, and he found that birds concentrated 
their attacks on the resulting pockets of high larval density. 

In general, experimental studies of predators are valu
able for investigating particular aspects of the predation 
process itself, rather than for simply measuring the num
ber of prey consumed in the field. 

Other Methods 
Serological tests and the use of radio-isotope labelled 

prey have been used to study predation by invertebrates 
(Southwood, 1966, p. 250-253). Serology is used to detect 
the presence (rather than the amount) of prey remains in 
individual predators and thus gives qualitative rather than 
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quantitative information on the number of prey destroyed 
(~., Watmough, 1968), except in the very few cases where 
it can be safely assumed that each positive test represents 
one prey consumed (~., Dempster, 1960). Theoretically, 
at least, the use of prey marked with a known quantity of 
radio-isotope (or dye - Southwood, 1966, p. 253) enables 
the number of prey consumed to be calculated from the 
amount of radioactive material present in the predator. 
However, because of the voracity and mobility of verte
brates, neither serological nor radio-isotope labelling 
methods appear to hav~ much potential for assessing verte
brate predation on insect populations. With vertebrate pre
dators, it is generally far simpler to detect prey remains 
by analysing predators' stomach contents. Serology has 
been successfully used to detect insect remains in the 
stomachs of vertebrate predators (~., Frank, 1967) and it 
may be of value for detecting the remains of very soft-bodied 
invertebrates which are rapidly digested and completely lack 
heavily sclerotized structures. 

Discussion 
None of the methods described above is universally app

licable, and the first step in any study of a specific pre
dator-prey situation will be to determine which methods are 
likely to be feasible. This will depend upon such factors 
as the predator's feeding habits, the size of the predator 
and prey populations, the mobility of the prey, and the 
nature of the habitat. For example, in an ideal situation 
such as oystercatchers feeding on intertidal bivalves several 
methods may be available, viz., direct evidence of predation, 
observation of predators feeding, use of experimental field 
populations of prey and exclusion, whereas in a situation 
such as warblem feeding on highly mobile forest caterpillars 
less satisfactory methods, such as analysis of predator 
stomachs or energetics, may be the only ones available. 
Care must be taken to ensure that the methods used give un
biased estimates of the number of prey destroyed, ~., by 
checking whether the addition of an experimental prey popu
lation significantly increases the prey density of the study 
area, and by investigating the predators' diurnal (or noc-

I turnal) feeding pattern and the rate at which prey are di
gested before using analysis of predator stomach contents 
to assess predation. 

If more than one method is available for obtaining an 
unbiased estimate of the number of prey eaten, the best 
method will be that which gives the most precise estimate for 
the minimum cost (bias and precision are defined on p.57). 
Precision has received surprisingly little attention in 
field studies of predation. With very few exceptions, pub
lished studies of vertebrate predation on invertebrate popu
lations present bare estimates of the number or proportion 
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of prey destroyed, with no attempt to calculate the stand
ard errors of the estimates and hence attach confidence 
limits to them. If field studies of predation are to play 
a useful role in the development of population models, 
more attention will have to be paid to biometrical aspects. 
It would be preferable if at least the standard errors of 
predation estimates were published wherever possible, to 
give an indication of the statistical reliability of the 
estimates, particularly since most of the methods discussed 
in this chapter readily lend themselves to the computation 
of standard errors. 

For example, dead remains of prey lef~ behind by pre
dators can be sampled in the same way as insect populations, 
and exclusion cage studies can be planned and analyzed by 
the usual methods for estimating differences between effects 
(paired or independent samples). With methods which require 
knowledge of the number of predators present (F) in order 
to calculate the total number of prey destroyed (NP) from 
the average number consumed per predator (NE), the stand-
ard error (SNP) of the estimate.NP will be the standard 

error of a product,given approximately by (Yates 1965,p. 
198) : 

since NP = NE x F, where S~ is the variance of F and S~ 
the variance of NE. Since it is often very difficult to 
determ~ne the size of vertebrate populations p~ecisely, the 
term SF in the above equation, and hence SNP' will tend to 

be large. These methods therefore have a built-in disad-_ 
vantage compared to those which do not require knowledge of 
the number of predators. In the latter methods (direct evi
dence of ~redation, experimental field popUlations, and -
exclusion) the term S~ does not enter into the calculation 

of the standard error, and hence these methods will tend to 
allow more precise estimates. Further, estimating the size
of populations of birds and small mammals is often difficult 
and costly (in terms -of man-hours), so that methods which do 
not require this information will ten~ to be less costly, as 
well as more precise. However, in some cases it may be pos
sible to determine the size of the predator popUlation eas
ily and with high precision, ~., if it is a breeding popu
lation of birds occupying artificial nesting boxes, and there 
are very few or no non-breeding adults present in the study 
area. It should also be noted that it is necessary to mea
sure the size of the predator popUlation to obtain a complete 
understanding of predation (Watt, 1959) even-if this infor
mation is not utilized in calculating the number of prey 
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destroyed. 
While methods which do not require knowledge of the 

number of predators will tend to give more precise esti
mates for a smaller cost, there is no universally superior 
method for assessing predation. The best method will be 
decided by the features of the particular predator-prey 
situation under study. If several methl!lds appear to be 
feasible, it may be advisable to try each one out on a small 
scale to get an idea of the costs involved and the precision 
of the estimates, and also to compare the results obtained 
by the different methods, in order to test the accurocw of 
the estimates. Agreement between two or more independent 
estimates of predation mortality increases the probability 
that the estimate is close to the true value (Southwood, 1966, 
p. 278). Buckner (1959) pointed out that it may be desir
able to use two techniques for assessing predation mortality, 
even if the second method is only operated on a small scale 
to act as a rough check against the first. 

Assessment of the effects of predation on prey popula
tions requires more information than simply the total num
ber of prey destroyed by predators. For example, the de
gree of interaction between predation and other mortality 
factors acting contemporaneously and sequentially may be 
significant. Interactions among contemporaneous mortalities, 
in particular, can have important consequences in population 
dynamics. (Morris, 1965). Hence any methods of assessing pre
dation which can also be used to measure the degree of inter
action with other mortality factors will be particularly 
valuable. 

Experiments with captive predators under semi-natural 
conditions and the use of experimental field populations of 
prey may be useful for determining the relative susceptibil
ity to predation of healthy and parasitized ·ordiseased prey, 
providing the latter can be recognized. X-ray analysis may 
be useful for this purpose, ~., Holling (1955). Undigested 
prey collected by the use of nestling collars and artificial 
nestling gapes may also be useful for measuring the propor
tion of prey parasitiz~d or diseased, as may remains of dead 
prey, ~., Holling (1955) was able to determine whether or 
not sawfly cocoons chewed by small mammals had contained 
parasites from the presence or absence of a membraneous para
site cocoon within the sawfly cocoon. Exclusion of predators 
is a particularly valuable technique in this respect, since 
it directly assesses the role of predation in the population 
dynamics of the prey, rather than merely measuring the num
ber of prey destroyed by predators. For this reason, when 
it is feasible exclusion may often be a preferred technique. 
If predation mortality is estimated independently by some 
other method, exclusion should reveal the degree of inter
action between predation and contemporaneous and/or sequen
tial mortality. 
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APPENDIX VII 

LOCATION OF SAMPLING POSITIONS BY THE WHEEL METHOD 

In the wheel method of locating sampling positions 
(p. 27), the number of possible sampling positions varies 
with the position on the circumference of the wheel. This 
is illustrated in fig. VII -1, where C is the centre spike, 
A is the north-west corner of the square chain plotlet, 
and CA, CB and CD represent the sampling lines for po
sitions 1, 2 and 9, respectively, on the wheel circumfer
ence. Since there are 64 numbered positions on the circum
ference, angl~ ACB = 360/640 = 5.625 0 , and angle ACD = 8 x 
5.625 0 = 45 0 = angle CAD. Angle ADC is ther2for2 a ri~ht 
an~le, and AD = CD = 33 feet. Therefore, AC =AD + DC = 2x 
33 , and AC = 46.6 feet. Since sampling positions are lo
cated at one foot intervals along AC from C to A, there 
are 47 positions for circumference position 1, rounding 
46.6 to the nearest foot. (Position 47 is taken as lying 
on CA inslde and adjacent to the plotlet boundary). 

Since angle BCD = 45 - 5.625 0 = 39.375 0 , BD = 33 x tan. 
39.375~27.08 feet. Therefore BC 2 = 27.082 + 33 2 , and BC 
= 42.7 feet, giving 43 possible sampling sites for circum
ference position 2. The number of sampling sites for each 
circumference position was determined by similar calculations 
(table VII-1 ). 

This gives a total of 2,376 sampling positions within 
each square chain plotlet. To ensure random selection of 
sampling sites within each plotlet, random numbers between 
1 and 2,376 were selected from random number tables, 1 
corresponding to position one (N = 1) on the wheel circum
ference and 1 foot (£ = 1) from the centre spike, 2 to 
N = 1, d = 2, and so on up to 2,376, which corresponds to 
N = 64,-d = 43. . 

Table VII-1. Total number of sampling positions for 
different positions on wheel circumference. 

Positions on wheel No. of sampling 
circumference positions 

1 , 17, 33, 49. 47 
2, 16, 18, 32, 34, 48, 50, 64. 43 
3, 15, 19, 31 , 35, 47, 51 , 63. 40 
4, 14, 20, 30, 36, 46, 52, 62. 37 
5 , 13, 21 , 29, 37, 45, 53, 61 • 36 
6, 12, 22, 28, 38, 44, 54, 60, 
7, 11 , 23, 27, 39, 43, 55, 59. 34 
8, 10, 24, 26, 40, 42, 56, 58, 
9, 25, 41 , 57. 33 
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FIG. ::2II -1. 

LOCATION OF SAMPLING POSITIONS: WITHIN EACH 
SQUARE CHAIN PLOTLET, THE NUMBER OF AVAILABLE 

SAMPLING POSITIONS VARIES WITH THE· POSITION ON 
THE CIRCUMFERENCE OF THE WHEEL (SEE TEXT). 

N 

-\ 

D'~------------------~ 66 feet 

<: 33 feet ----~ 

~<-------- 66 feet --------~> 



APPENDIX VIn 

GRASS GRUB SAMPLE COUNTS AT LINCOLN PLOT 

1968 EGG SAMPLE 

Dates of sample: 11 + 12/xii/68. Sample size: 10 sampling units (cores}/square chain 

plotlet. N (total sample size) = 400. 

Plotlet' Grass grubs/core 

1 0000009050 

2 0 0 43 0 0 0 5 0 19 21 

3 16 0 0 0 0 0 0 0 0 0 

4 0 4 0 0 0 35 0 0 1 0 

5 13 0 0 0 16 0 0 0 0 0 

6 21 11 0 0 0 0 0 0 0 0 

7 0 007 0 0 0 000 

8 0 0 19 0 0 0 0 0 0 0 

9 0 21 0 0 0 21 0 5 0 0 

10 0 18 0 0 0 17 0 10 11 14 

11 0 0 0 3 0 2 0 0 1 0 

12 0 0 0 0 0 0 0 0 0 0 

13 0 7 0 17 0 38 0 0 0 0 

14 0 0 0 0 0 0 2 23 0 0 

15 0 0 0 0 0 9 0 0 0 10 

16 0 0 0 0 14 0 0 0 0 0 

17 0 0 8 0 0 0 0 0 0 0 

1 8 1 1 6 0 0 0 5 0 0 21 

19 20 15 0 0 17 0 33 0 3 0 

20 0 0 0 13 22 0 0 0 0 

Overall frequency distribution 

Grubs/unit Freq. Grubs/unit 

o 324 9 

1 7 10 

2 

3 

4 

5 

6 

7 
8 

4 

4 

1 

7 
1 

3 

2 

11 

12 

13 

14 

15 

16 

17 

Freq. 

4 

4 

3 

2 

2 

2 

4 

3 

Plotlet Grass grubs/core 

21 58 0 0 0 0 0 0 0 0 0 

22 0 5 3 0 0 5 0 0 0 0 

23 0 0 0 16 0 0 0 0 0 0 

24 0 0 1 0 0 0 10 0 0 8 

25 0 5 0 0 0 0 0 0 0 0 

26 0 0 0 0 0 9 0 3 2 0 

27 0 0 0 0 0 0 0 0 0 0 

28 0 0 0 0 0 0 0 0 36 0 

29 0 0 0 0 12 0 0 0 0 0 

30 0 0 0 0 0 0 0 2 0 0 

31 0 0 0 0 0 0 0 0 26 0 

32 0 0 0 0 0 0 9 0 7 0 

33 0 0 1 0 0 12 0 0 0 30 

34 0 0 31 0 0 0 0 0 0 0 

35 10 0 0 0 0 0 0 0 0 0 

36 0 0 0 0 0 0 0 0 0 0 

37 6 0 0 0 0 0 0 0 0 0 

38 0 0 0 0 11 0 27 0 0 0 

39 45 0 0 0 0 0 0 0 0 0 

40 0 0 0 0 0 0 0 0 0 0 

Grubs/unit 

18 

19 

20 

21 

22 

23 

26 

27 

30 

Freq. 

1 

2 

1 

5 

Grubs/unit 

31 

33 

35 

36 

38 

43 

45 

58 

Freq. 

1 



stratification of egg sample by pasture damage 

Stratum Grubs/unit Freq. Grubs/unit Freq. Grubs/unit Freq. Grubs/unit Freq. 

0 84 9 4 18 31 

1 6 10 4 19 2 33 

2 4 11 3 20 1 35 

3 4 12 2 21 5 36 

4 1 13 2 22 38 

5 5 14 2 23 43 

6 1 15 1 26 45 

7 3 16 4 27 58 

8 2 17 3 30 

2 0 138 

5 2 

3 0 48 

1 

4 0 54 

1969 1ST-INSTAR SAMPLE 

Dates of sample: 5-7/i/69. Sample size: 6 cores/square chain plotlet. 

N = 240. 

Plotlet Grass grubs/core Plotlet Grass grubs/core 

1 0 0 0 8 0 0 21 0 0 0 0 0 0 

2 8 0 0 3 0 0 22 0 10 4 0 0 1 

3 5 0 16 0 0 O· 23 0 6 5 2 0 0 

4 3 0 0 6 21 0 24 0 0 0 0 0 9 

5 0 0 5 0 0 5 c 25 0 0 0 0 0 

6 4 6 0 0 3 0 26 0 0 0 0 0 0 

7 0 0 0 0 9 2 27 2 6 1 8 4 

8 0 0 0 1 11 0 28 0 0 0 20 0 7 

9 16 11 0 1 0 0 29 0 0 10 33 7 18 

10 7 2 1 9 6 5 30 0 0 0 0 0 

11 0 0 0 9 0 2 31 0 0 0 0 0 3 

12 0 0 0 0 0 0 32 0 11 0 0 3 0 

13 6 1 2 0 4 33 0 0 0 0 0 0 

14 0 0 0 0 0 0 34 0 2 12 3 0 0 

15 10 0 0 14 0 0 35 5 2 0 5 21 1 

16 10 8 0 0 0 0 36 0 0 0 0 0 

17 2 0 0 0 0 5 37 0 0 0 0 0 0 

18 0 4 10 11 5 0 38 0 0 0 0 7 0 

19 0 0 1 15 15 0 39 0 21 0 12 0 

20 6 0 2 0 0 2 40 0 0 1 0 



Overall frequency distribution 

Grubs/unit Freq. Grubs/unit 
o 151 5 

1 17 6 

2 11 7 

3 6 8 

459 

Freq. 

9 

7 
4 

4 

4 

Grubs/unit 
10 

11 

12 

14 

15 

stratification of 1st-instar sample by pasture damage 

Freq. 

5 

4 

2 

2 

Stratum Grubs/unit Freq. Grubs/unit Freq. Grubs/unit 

o 22 5 9 10 

1 12 

2 11 

3 5 
4 5 

2 o 70 

3 o 29 

4 o 30 

1969 2~~-INSTAR SAMPLE 

6 

7 
8 

9 

6 

6 

4 

4 

4 

4 

11 

12 

14 

15 

3 

Grubs/unit 
16 

18 

20 

21 

33 

Freq. 
2 

1 

3 

Freq. Grubs/unit 

4 16 

4 

2 

1 

2 

18 

20 

21 

33 

10 

Freq. 

2 

1 

3 

Dates of sample : 27 and 28/ii/69. Sample size: 9 cores/square chain plotlet. N = 360. 

Plotlet Grass grubs/core 

o 0 000 400 
2 0 0 2 0 10' 4 6 6 8 

3 2 2 0 1 0 0 

4 340 5 002 7 0 

530 5 0 0 0 0 1 3 

6 

7 
8 

9 
10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

o 0 0 0 10 3 1 3 9 

o 0 2 7 14 0 0 5 0 

10 2 0 0 1 4 3 22 

6 0 0 8 2 14 0 10 0 

4 8 6 3 5 3 572 

o 0 0 0 0 0 0 

o 0 0 0 7 0 0 0 

o 0 0 2 3 2 020 

4 0 2 002 0 0 

o 0 0 0 6 2 006 

003 3 2 2 282 

000 2 3 072 

330 400 3 5 

o 5 11 0 0 0 3 4 1 

o 0 0 1 200 9 0 

Plotlet Grass grubs/core 

21 2 3 2 0 1 0 0 0 0 

22 0 0 0 2 0 1 5 2 

23 0 0 0 0 0 2 0 0 

24 2 2 0 1 6 2 3 3 

25 4 6 5 9 0 6 0 0 
26 

27 

28 

29 
30 . 

31 

32 

33 

34 

35 
36 

37 

38 

39 
40 

500 0 2 000 

o 11 0 0 0 2 0 1 7 

326 000 

o 0 002 0 1 0 0 

100 300 640 

040 2 000 2 0 

o 0 001 000 5 

o 3 0 0 4 0 000 

o 0 0 0 4 0 000 

040420320 

o 4 6 0 10 0 0 5 0 

1 1 000 0 2 0 

1 5 2 032 501 

500 532 444 

o 0 0 0 0 0 000 



Overall frequency distribution 
Grubs/unit Freq. Grubs/unit 

o 187 4 

1 36 5 

2 43 6 

3 25 

Freq. 
19 
16 

12 

Grubs/unit Freq. 
7 6 
8 4 
9 3 

Stratification of 2nd-instar sample by pasture damage 

Stratum Grubs/unit Freq. Grubs/unit 

0 34 4 

22 5 
2 33 6 

3 22 

2 0 90 2 

1 9 3 

3 0 29 

4 0 34 

1969 LATE 3RD-INSTAR SAMPLE 

Dates of sample: 30/viii-2/ix/69. Sample 

!!3 = 59, 
Stratum 

2 

3 

4 

!!4 = 25. n = 
Grubs/unit 

0 

o 
1 

o 

o 

1969 PUPAL SAMPLE 

370. 
Freq. 

82 

59 

56 
12 

52 

23 

Grubs/unit 

2 

3 

2 

3 

Freq. Grubs/unit 
18 7 
15 8 
12 9 

9 4 
2 5 

3 2 

2 

stratified by pasture 

Freq. 

36 

17 

2 

4 

6 

2 

Grubs/unit 
4 

5 

4 

5 

4 

621-

Grubs/unit Freq. 
10 5 
11 2 
14 2 

Freq. Grubs/unit Freq. 

5 10 5 
4 11 

3 14 2 

7 
11 

3 

damage. !!1 = 208, !!2 = 78, 

Freq. 

9 
3 

2 

1 

Grubs/uni t Freq. 

6 2 

6 

Dates of sample: 15 + 16/x/69. Sample stratified by pasture damage. .!!1 = 107, .!!2 = 60, 

.!!3 = 28, 
Stratum 

2 

3 

.!!4 = O • .!!= 
Grubs/unit 

0 

o 
1 

o 

195 • 
Freq. 

47 

32 

45 

9 

25 

Grubs/unit 
2 

3 

2 

Freq. Grubs/unit Freq. Grubs/unit Freq. 

9 4 5 6 2 
11 5 

4 3 4 

2 2 



1 969 EGG SAMPLE -
Dates of sample: 8 and 9/xii/69. Sample stratified by pasture damage. .!!1 = 150, .!!2 = 150, 

.!!3 = 50, !4 = 50 • .!!= 400. 
Stratum Grubs/unit Freq. Grubs/unit Freq. Grubs/unit Freq. Grubs/unit Freq. 

0 131 4 2 10 1 18 1 
1 1 5 2 12 20 
2 1 7 15- 21 

3 3 9 16 25 

2 0 123 5 ·11 14 2 
1 4 6 4 12 18 1 
2 4 7 2 13 19 
4 5 

3 0 44 2 2 3 7 
2 

4 0 49 

1970 1ST-INSTAR SAMPLE 
Date of sample: 12/i/70. Sample stratified by pasture damage. .!!1 = 120, .!!2 = 56, .!!) = 15, 
!4 = 10 • .!! = 201. 
Stratum Grubs/unit Freq. Grubs/unit Freq. Grubs/unit Freq. Grubs/unit Freq. 

0 76 3 5 5 3 8 1 
1 24 4 6 9 1 
2 8 

2 0 36 2 4 4 2 6 
11 3 1 5 

3 0 13 2 

4 0 9 

1970 2ND-INS TAR SAMPLE 
Dates of sample: 22 + 23/ii/70. Sample stratified by pasture damage. .!!1 = 100, .!!2 = 100, 

.!!3 = 60, ~ = 60 • .!!= 320. 
Stratum Grubs/unit Freq. Grubs/unit Freq. Grubs/unit Freq. Grubs/unit Freq. 

0 69 2 11 4 4 5 1 
9 3 6 

2 0 68 2 8 4 4 5 
1 15 

) 0 54 4 2 3 

4 0 57 3 



623. 

1970 PUPAL SAMPLE 
Date of sample: 12/x/70. Stratification by pasture damage • .!!1 = 65, .!!2 = 65, .!!3 = 65, 
n = 5. .!! = 200. 
-4 
Stratum Grubs/unit Freq. Grubs/unit Freq. Grubs/unit Freq. Grubs/unit Freq. 

0 52 1 11 2 2 

2 0 48 14 2 2 3 

3 0 59 6 

4 0 4 2 

1970 EGG SAMPLE 
Dates of sample: 6 + 7/xii/70. Stratification by pasture damage • .!!1 = 100, .!!2 = 150, £3 =75, 
£4 = 75. £ = 400. 
Stratum Grubs/unit Freq. Grubs/unit Freq. Grubs/unit Freq. Grubs/unit Freq. 

0 87 3 2 8 11 2 
4 3 9 17 

2 5 

2 0 120 4 2 8 5 15 2 
1 3 6 5 9 3 18 2 
2 7 4 11 19 
3 

3 0 70 4 2 5 7 
2 1 

4 0 71 2 2 2 
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APPENDIX IX 

SAMPLE SIZE REQUIRED FOR 10% RELATIVE STANDARD 
ERROR WITH OPTIMUM ALLOCATION 

With optimum allocation, ~h is given by formula 4.7 

63), Le., Wh~h -
~h = n - - (all symbols as on p. 61). 

- [Wh~h 

Therefore, ~1 
W1~1 

~ LWh~h 
!! W1 ~1 

~1 

~ - W2~2 
!!2 = n -=-"c:---

LWh~h 

Similarly, !!h 
Wh!!h!!1 

The standard error is given by formula 4.3 (p. 61): 

!!x =j[W~ !!~ 
!!h 

For a 10% relative standard error, ~x O.G. 

Therefore, (0.1x)2 

(expressing!!2 and !!h in terms of !!1' as above). 
2 2 

W1~1 W2~2W1!!1 Wh!!hW1!!1 
+ + + -- + 

!!1!!1 !!1 
W1!!1(W1~1 + W2~2 + ••. + Wh~h + ••. ) 

!!1 

W1~1 L Wh~h 
!!1 

Therefore !!1 

Similarly, !!h 

W1!!1 2: Wh!!h 

(0.1x)2 

W h!!h [W h!!h 

(0.1X)2 

624. 
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APPENDIX X 

SAMPLE STATISTICS FOR LINCOLN LIFE TABLE SAMPLES 

symbols as in table 4-5, p. 73. 

1969 pupal sample 

stratum xl! 
2 

.!!l! ~!! 

107 1..·121 1·.975 
2 60 0.400 0.684 

3 28 0.143 0.201 

4 0 

.!!= 195 

x = 0.715 ~x = 0.078 = 10.9% of x 

~~ / ~;an = 0.860 

.!! reqd. for 10% relative ~x 

simple random sampling 
optimum allocation 

Stratum 

2 

3 
4 

x = 0.624 

2/2 
~ ~!.!!:.!! 

1970 1 st-instar 

.!!l! xl! 

120 0.808 

56 0.732 
15 0.200 
10 0.100 

.!! = 201 

s- = 0.088 -x 

= 0.891 

sample 

2 
~l! 

2.475 
1.799 
0.314 
0.100 

273 
141 

68 
12 

221 

14.1%ofx 

.!! reqd. for 10% relative ~x 

simple random sampling 

optimum allocation .!!1 

.!!2 

.!!3 
~= 

.!! 

452 
207 
144 

20 

13 
384 

1969 egg sample 

Stratum x!! 
2 

.!!!! ~h 

150 1.220 17.018 
2 150 1.173 11 .218 

3 50 0.320 1.283 
4 50 0.020 0.020 

.!! = 400 

x = 0.950 ~x = 0.170 = 17.9% of x 

2/2 ~ ~~ = 1.031 

.!! reqd. for 10% relative ~x 

simple random sampling 1250 
optimum allocation !!1 579 

!!2 383 

!!3 43 

~ 7 

!! = 1012 

1970 2nd-instar sample 

Stratum !!l! xl! 
2 

~l! 
100 0.700 1.485 

2 100 0.630 1.245 
3 60 0.150 0.265 
4 60 0.050 0.050 

!! = 320 

x = 0.531 ~ = 0.064 = 12.1% of x 
2 2 
~ / ~an = 1 .161 

.!! reqd. for 10% relative ~x 

simple random sampling 

optimum allocation !!1 
404 
178 
133 

20 
10 

341 



J970 pupal sample 

,stratum Xg 
2 

E.g ~g 

65 0.231 0.242 
2 65 0.323 0.378 

3 65 0.092 0.085 

4 5 0.400 0.800 

Q = 200 

x = 0.269 ~x = 0.063 23.6% ofx 

s~ / s2 = 2.441 
-J( ~ 

Q reqd. for 10% relative !!.i 
simple random sampling 457 
optimum allocation Q1 162 

Q2 164 

Q3 25 

~= 91 

Q 442 

1970 egg sample 

Stratum 2 
Qg ~g !!.g 

100 0.820 7.119 
2 150 1.580 14.715 

3 75 0.293 1.183 

4 75 0.080 0.128 

Q = 400 

x = 0.927 ~i = 0.155 16.7% of i 

s~ / $2 = 1.151 -x ~ 

Q reqd. for 10% relative ~i 

simple random sampling 979 
optimum allocation Q1 339 

Q2 397 

Q3 36 

Q4 = 14 

Q 786 

626. 
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APPENDIX XI 

RESULTS OF PILOT (PHENOLOGY) SAMPLES 

WINCHMORE PLOT 1 SAMPLES 

Code for stages - E ;: Egg, LI, LIl, LIIl ;: 1st, 2nd and 3rd-instar larvae, PR;: Prepupa, 
P ;: Pupa, A ;: Adult. 

Date N·o. spade Stage No. in top No. at gter. Total % of total 
squares 1 in. depths in top inch 

28/xii/68 12 LI ':5 104 109 4.6 

11/i/69 11 LI 18 VO 88 15.5 
LIl 0 28 28 

5/ii/69 12 LI 1 ,1 .2 33.0 
LIl 30 62 92 

20/ii/69 12 LI 1 0 1 14.6 
LIl 10 1 11 

LIIl 3 81 84 

10/iii/69 11 LIl 2 0 2 62.5 
LIlI 48 30 78 

13/iii/69 40 LII 13 7 20 60.7 
LIlI 296 193 489 
(Total sample - 129 LIl, 3108,LIlI) 

27/iii/69 12 LII 0 1 1 66.1 
LIlI 39 19 58 

9/iv/69 12 LII 2 3 51.5 
LIIl 33 32 65 

20/iv/69 13 LIIl 31 26 57 54.4 

3/v/69 12 LII 1 0 1 57.6 
LIIl 37 28 65 

18/v/69 14 LII 0 1 1 51.9 
LIlI 27 24 51 

3/vi/69 13 LIl 0 1 44.1 
LIIl 26 32 58 

16/vi/69 15 LIIl 23 27 50 46.0 
29/vi/69 16 LII 0 38.2 

LIlI 20 34 54 
2/vii/69 40 LIl 1 0 1 29.6 

LIJ:[ 44 107 151 
(Total sample - 1 LIl, 327 LIlI) 

14/vii/69 18 LIlI 16 34 50 32.0 

25/vii/69 16 LIlI 22 32 54 40.7 
8/viii/69 19 LIlI 19 33 52 36.5 
19/viii/69 20 LIl 0 18.4 

LIlI 8 40 48 

15/ix/69 21 LIlI 45 46 2.0 
PR 0 4 4 

2/x/69 19 LIIl 3 2 5 5.9 

PR 0 46 46 

jungs
Typewritten Text



628. 

Date No. spade Stage No. in top No. at gter. Total % of total 
squares 1 in. depths in top inch 

14/x/69 22" LIlI 0 2 2 0.0 
PR 0 29 29 
P 0 25 25 

22/x/69 16 LIlI 0 1 1 0.0 
PR 0 5 5 
P 0 42 42 

3/xi/69 19 PR 0 2 2 2.0 

P 0 5 5 
A' 42 43 

6/xi/69 40 LIlI 0 27.7 
P 0 4 4 
A 37 95 132 
(Total sample - 3 LIlI, 9 P, 273 A) 

14/xi/69 18 A 17 35 52 32.7 
18/xi/69 19 LIlI 0 1 50.0 

A 24 25 49 
20/xi/69 22 E 0 112 112 37.3 

A 19 32 51 
25/xi/69 22 A 14 17 31 45.2 

E 0 195 195 
29/xi/69 40 LIlI 1 0 40.0 

A 3 1 4 
E 0 560 560 
(Total sample- 4409 E, 113 LI, 4 LIIl, 15 A) 

7/xii/69 12 E 0 34 34 0.0 
LI 0 71 71 

24/xii/69 12 LI 9 117 126 7.1 
15/i/70 12 LI 27 98 125 19.0 

LII 0 17 17 
5/ii/70 12 LI 3 0 3 42.4 

LII 39 57 96 
19/ii/70 12 LII 14 0 14 35.8 

LIlI 15 52 67 
6/iii/70 12 LII 3 4 47.1 

LIlI 30 36 66 

19/iii/70 40 LII 4 2 6 68.1 
LIlI 171 80 251 
(Total sample - 38 LII, 1605 LIlI) 

31/iii/70 12 LII 1 0 61.2 
LIlI 51 33 84 

10/iv/70 12 LIlI 39 21 60 65.0 

27/iv/70 12 LII 0 1 59.5 
LIIl 25 16 41 

14/v/70 12 LIlI 32 27 59 54.2 

30/v/70 13 LII 0 1 62.0 
LIIl 31 18 49 

22/vi/70 18 LIII 19 31 50 38.0 

15-17/vii/70 40 LIIl 38 121 159 23.9 
(Total sample - 2 LII, 458 LIlI) 
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Date No. spade Stage No. in top NO. at gt~r. Total % of total 
squares 1 in. depths in top inch 

1/viii/70 20 LIlI 9 41 50 18.0 

20/viii/70 19 LIlI 4 48 52 7.7 

5/ix/70 21 LIII 2 48 50 4.0 

30/ix/70 16 LIlI 1 13 14 2.0 
PR 0 25 25 
P 0 ~1 11 

15/x/70 22 LIlI 1 7 8 1.9 
PR 0 5 5 
P 0 40 40 

28/x/70 21 LlII 1 1 2 2.0 
P 0 15 15 
A 0 33 33 

3/xi/70 40 P 0 1 1 18.2 
~ 8 35 43 
(Total sample - PR 1, P 6, A 149) 

5/xi/70 20 P 0 20.0 
A 10 39 49 

7/xi/70 22 A 24 30 54 44.4 

10/xi/70 24 PR 0 1 1 35.0 
A 20 36 56 

12/xi/70 20 A 22 23 45 48.9 
E 0 7 7 ( excluding) eggs 

14/xi/70 20 A 19 21 40 47.5 
E 0 29 29 

16/xi/70 20 A 18 19 37 50.0 
E 0 83 83 

LIlI 0 

18/xi/70 20 A 25 21 46 54.3 
E 0 109 109 

20/xi/70 20 A 12 13 25 48.0 
E 0 140 140 

22/xi/70 20 A 14 15 29 48.3 
E 0 161 161 

24/xi/70 20 A 5 9 14 35.7 
E 0 225 225 

26/xi/70 20 A 7 12 19 36.8 
E 0 181 181 

LI 0 9 9 
28-29/xi/70 40 A 9 4 13 69.2 

E 0 655 655 
LI 0 16 16 

(Total sample - 1 LIII, 1 PR, 39A, 2203 E, 78 LI) 

1/xii/70 20 A 2 4 6 33.3 
E 0 242 242 

LI 0 45 45 

3/xii/70 20 A 3 4 25.0 

E 0 142 142 

L1 0 107 107 

5/xii/70 20 A 0 
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Date No. spade Stage No. in top No. at gter. ~otal . % of total 
squares 1 in. depths in top inch 

E 0 104 104 

LI 0 161 161 

8/xii/70 20 E 0 60 60 0.0 

LI 0 128 128 

LINCOLN PLOT SAMPLES 
Date No. cores Stage No. in top No. at gter. Total % in top 

1 in. depths 1 in. 

1/xii/68 50 A 4 10 14 28.6 
E 0 69 69 (excluding 

eggs) 
8/xii/68 50 A 3 2 5 60.0 

E 0 84 84 
LI 0 12 12 

11-12/xii/68 50 A 0 
E 0 137 137 
LI 0 20 20 

(Total sample - 5A, 7 LIlI, 2 P., 862 E, 192 LI) 
21/xii/68 50 E 0 19 19 0.0 

LI 0 111 111 
(Total sample - 588 LI''"5/i/69) 

5/i/69 50 LI 0 123 123 0.0 

5/ii/69 50 LI 0 11 11 0.0 
LII 0 58 58 

28/ii/69 50 LII 0 51 51 0.0 
LIII 0 29 29 
(Total sample - 451 LI, 175 LIII) 

11/iii/69 50 LII 1 32 33 5.6 
LIII 3 35 38 

2-3/iv/69 50 LII 0 27 27 3.4 
LIlI 4 88 92 
(Total sample - 139 LII, 439 LIII) 

3/v/69 50 LII 13 15 28 31.9 
LIII 18 51 69 

18/v/69 50 LII 5 11 16 43.5 
LIlI 29 33 62 

16/vi/69 50 LII 11 12 23 60.0 
LIII 34 18 52 

14/vii/69 50 LII 5 8 13 44.3 
LIII 22 26 48 

19/viii/69 50 LII 7 12 19 26.0 
LIlI 13 45 58 

30/viii-2/ix/ 
69 50 LII 6 13 19 16.7 

LIII 5 42 47 
(Total sample - 86 LII, 218 LIII) 

5-7/ix/69 50 LII 7 6 13 16.6 

LIII 2 39 41 

(Total sample 57 LII, 200 LIII) 

2/x/69 50 LII 2 11 13 5.3 
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Date .No. cores .Stage No. in top No. at gter. Total % of total 
1 in" depths in top in. 

LUI 4 5 
PR 0 24 24 
P 0 14 14 

15-16/x/69 50 LU 0 2 2 2.3 
LIU 1 4 5 
PR 0 4 4 
P 0 23 23 
A 0 9 9 
(Total sample - 7 LIl, 21 LIlI; 15 PR, 96 P, 9A) 

25/x/69 50 LII 1 0 1 2.6 
LIlI 0 5 5 
PR 0 3 3 
P 0 26 26 
A 0 3 3 

3/xi/69 50 LIlI 1 2 3 19.0 
PR 0 1 
P 0 17 17 
A 7 14 21 

13/xi/69 50 LIlI 6 7 35.9 
P 0 9 9 
A 13 10 23 

16/xi/69 50 LII 0 25.7 
LUI 0 4 4 
P 0 10 10 
A 8 12 20 

19/xi/69 50 LIlI 7 8 23.3 
P 0 8 8 (excl~»k~g) 

A 6 8 14 
E 0 11 11 

21/xi/69 50 LIlI 1 2 3 33.3 
P 0 5 5 
A 9 13 22 
E 0 9 9 

27/xi/69 50 A n 5 7 12 35.7 
E 0 27 27 

LIlI 0 2 2 

5/xii/69 50 LIlI 0 5 5 33.3 
A 5 5 10 
E 0 43 43 
LI 0 7 7 

8-9/xii/69 50 LIlI 0 2 2 50.0 
A 4 2 6 
E 0 53 53 
LI 0 8 8 
(Total sample - 37 LIlI, 27 A, 290 E, 49 LI) 

Regular sampling in 1969-70 discontinued. Population samples: 

12/i/70 Total 15 LUI, 123 LI. 

22/ii/70 Total 101 LIl, 40 LIllo 

6/xii/70 Total 10 LIlI, 11 A, 309 E, 28 LI. 



APPENDIX XII 

GRASS GRUB SAMPLE COUNTS IN EXCLUSION AREAS 

1969 RESULTS 

WINCHMORE PLOT 

8 spade squares/area on each sampling occasion. 

Area 

1st sample (13+14!iii) 

Open (uncaged areas) 

1 1 5 1 5 11 1 4 20 11 1 4 7 

2 12 11 1 8 28 1 5 22 1 5 20 

3 9 8 13 17 19 13 8 14 

4 15 5 11 7 11 9 13 17 

5 10 3 11 3 20 18 24 21 

6 9 8 18 10 4 13 13 7 

7 19 8 4 9 31 24 13 3 

8 11 7 6 18 8 6 9 21 

9 12 20 5 21 24 16 16 8 

10 14 4 10 14 17 10 10 9 

Caged areas 

1 8 22 31 18 14 18 24 15 

2 14 5 7 22 20 17 7 21 

3 14 11 16 3 1'1 19 16 19 

4 19 4 12 20 18 10 12 32 

5 28 3~ 19 18 27 24 27 7 

6 15 12 12 12 18 8 7 16 

7 17 19 26 4 13 9 3 4 

8 3 3 4 22 15 8 13 5 

9 13 16 15 21 6 5 4 21 

10 10 18 21 20 0 0 0 2 

Grass grubs/spade square 

2nd sample (2+3/vii) 

1 647 235 

4 2 6 5 445 6 

5 3 6 6 1 2 4 

3 17 7 4 5 4 2 6 

21031310 

5332172 5 

2 10 6 6 7 4 1 

92615103 

5 3 4 5 5 3 2 11 

15 2 7 6 5 4 4 3 

8 23 13 19 21 20 21 9 

22 9 14 12 18 9 10 22 

15 20 17 12 2 10 15 20 

16 14 11 12 3 6 12 17 

24 19 17 19 13 21 19 15 

1 5 1 5 20 7 11 12 1 3 11 

o 3 3 2 6 11 11 11 

8 19 13 5 9 10 6.3 

15 18 12 12 4 5 7 10 

15 9 1 2 11 4 22 24 

Areas fenced but not caged (grass cut in areas 2,4,5,9 and 10) 

2 

3 

4 

5 

6 

7 
8 

9 
10 

5 4 5 10 15 19 19 19 2 7 4 7 18 20 2 11 

16 16 17 26 15 3 5 3 13 9 14 12 10 9 10 4 

7126514141218 610131391153 

24 18 7 23 26 24 13 24 9 12 11 12 8 12 14 12 

7 9 15 18 23 20 24 12 6 6 17 7 12 6 14 10 

8 18 18 21 23 15 3 5 17 16 8 7 13 14 17 14 

2 0 2 12 8 22 21 0 

6 10 2 0 7 8 15'.13 

o 2 11 1 6 13 3 0 

5 9 8 6 14 20 2 0 

o 4 7 10 6 0 0 0 

14.4 4 19 5 19 21 

2 0 

3 9 

4 0 1 .4 0 

o 2 2 3 11 7 

632. 

3rd sample (6+7/xi) 

3 0 3 1 3 10 7 0 

28467 2 5 6 

121 407 4 

3 4 3 0 8 O' 2 

121 0021 

92527 5 0 3 

10 2 5 1 0 3 2 

30593 5 

6 4 11 2 4 3 2 5 

8 8 4 2 4 7 9 6 

2 11 8 7 10 8 13 13 

14 9 10 15 5 13 11 7 

7 9 9 9 11 5 6 7 

16 8 21 5 6 6 11 6 

16 15 12 9 3 3 6 7 

8 8 9 12 29 13 10 13 

5 8 9 14 2 8 10 13 

1 7 6 7 4 10 7 14 

5 5 7 4 15 9 10 5 

7 7 8 9 0 6 12 
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WINCHMORE PLOT 2 

Area 

6 spade squares/area on each sampling occasion 

Grass grubs/spade square 

1st sample (22+23/iii) 
Open areas 

81511161915 

2 12 13 4 7 13 6 

3 91110161113 

4 21 23 23 8 21 30 

5 12 1 5 14 17 20 1 6 
6 3 7 10 24 20 13 

7 21 11 13 15 10 5 

8 151314181810 
9 21 11 6 29 24 21 

1 0 14 9 10 11 11 24 

Caged areas 

1 20 28 15 27 25 23 
2 5 13 25 16 21 15 

3 1 3 10 1 5 26 18 13 
4 15 21 14 7 10 11 

5 23 7 19 15 8 14 
6 17 1 5 9 16 12 21 

7 16 15 9 7 15 16 
8 12 18 12 5 12 13 

9 23 16 17 9 7 14 
10 ' 33 8 7 14 11 8 

WEKA PASS PLOT 

8 cores/area on each sampling occasion 

Open areas Grass grubs/core 
Area 1st sample (8/iv) 

1 3 3 5 242 

2 2 3 4 873 3 

3 

4 

5 

6 

7 
8 

9 

10 

2 5 2 2 538 
8 0 0 3 

4 1 4 4 

3 3 0 1 

1 1 3 

553 
502 

10 5 2 5 

4 0 5 7 

5 1 3 

4 3 4 

334 

5 3 8 4 

6 886 

2 443 

2nd sample (9/xi) 

7 17 6 9 15 10 
3 -1 4 2 2 2 

490 

11 4 13 9 8 18 

12 8 10 11 9 13 

5 7 12 8 16 16 

11 8 6 5 13 3 

7 11 9 12 3 4 

8 9 12 4 15 4 
3 482 2 

19 21 15 16 8 19 

24 18 22 9 17 10 

3 7 3 11 9 18 
5 10 2 5 12 5 

9 11 5 6 8 7 
8 4 10 10 7 1 

11 10 5 5 3 16 

7 5 11 14 15 4 
5 8 6 10 14 5 

5 8 2 5 12 8 

2nd sample (23/viii) 
0010100 

too 0 100 

2210212 
o 2 2 2 1 2 

1 200 0 1 0 0 

5110302 

o 0 0 0 200 

o 3 2 0 2 

o 431 302 

00200 

633. 



Area 

Caged areas 

2 

3 

4 

5 

6 

7 
8 

9 
10 

3 

5 

3 

2 

2 

2 

3 
4 

1st sample {8/iv} 

07232 

2 3 10 1 8 5 

4 3 373 
121 222 

2 

6 

2 

6 

4 4 3 0 4 3 3 

444 4 6 6 3 

0514432 

123 6 3 2 

2 2 3 6 4 3 2 

4 5 3 6 5 8 

Grass grubs/core 

LINCOLN PLOT 
10 cores/area on each sampling occasion 

Area 

Open areas 

2 

3 

4 

5 

6 

7 

8 

9 
10 

11 

12 

Caged areas 

1 

2 

3 

4 

5 

6 

7 
8 

9 
10 

11 

12 

3 

o 
3 

2 

4 

5 

3 

2 

1 

3 

3 

3 

2 

Grass grubs/core 

1st sample {2+3/iv} 

2 5 5 3 202 5 

4 2 t 625 

64232 10 2 10 

22221 2 0 2 0 

41 234221 

o 0 0 0 004 0 
4 1 203 2 1 2 2 

2 3 3 1 3 0 5 4 3 

1 3 2 0 6 4 0 

30063 302 
2 4 3 402 2 

25323321 

4 1 

2 3 

o 2 

2 3 
2 2 

4 0 

4 2 

3 

2 2 

2 1 

2 3 

2 

2 

2 

4 

2 3 2 2 4 

o 4 2 5 

5 0 2 3 2 

2 7 2 

1 4 2 0 4 

1 0 0 2 5 

5 4 4 2 4 

o 2 2 2 2 

4 2 4 4 4 

2 3 242 

2 2 4 1 5 

354 

3 

1 5 2 2 

7 8 3 0 1 

o 2 225 

4 4 5 0 

3 4 4. 3 

3 2 422 

2nd sample {23/viii} 

o 000 

2 0 1 1 1 

2 2 444 3 

o 0 1 0 0 0 0 0 

o 1 202 o 2 
1 '1 

1 

5 343 3 2 

o 2 0 2 1 

2 

o 

3 

3 

o 3 3 2 2 

o 0 0 0 

2 0 002 

2nd sample {25+26/viii} 

2 

o 1 2 
o . 1 

3 2 000 0 

o 0 2 3 1 

2 2 4 1 1 

002 

o 0 013 

o 2 2 0 

034 
o 0 0 4 0 0 o 

010 

1 

o 003 2 

o 1 000 2 2 

o 001 0 o 2 

o 2 4 0 0 0 0 

o 000 1 3 220 

o 1 010 2 000 

30012 2 

2 5 2 5 3 0 2 0 

00000 1 

40500··2 

o 0 2 4 1 

2 4 0 2 2 0 

o 0 000 

o 0 0 0 

221 3 

014 

1 3 0 0 

o 0 0' 

00100 0 0 0 0 0 

3 2 4 3 2 2 0 

2 043 021 4 

21021002 

00240 1 3 1 

634. 
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Resamples of 1969 exclusion areas in autumn, 1970 

5 spade squares/area. 

Area Grass grubs/spade square Area Grass grubs/spade square 

Winchmore plot 1 (12/iii/70) 
Open areas Caged areas 

1 4 13 18 10 8 28 30 18 24 28 

2 16 11 9 9 22 2 25 23 13 7 26 

3 15 2 14 10 13 3 32 20 14 26 13 

4 9 12 8 6 15 4 2 18 5 27 30 

5 7 5 16 14 4 5 22 18 24 19 25 

6 11 7 9 12 11 6 15 27 44 32 28 

7 13 12 18 9 18 7 18 13 6 19 7 
8 0 14 5 17 5 8 11 10 25 27 26 

9 10 10 4 15 18 9 15 8 22 24 13 
10 6 19 17 10 10 10 14 10 20 14 12 

Winchmore plot 2 (12/iv/70) 
29 14 13 7 23 45 27 29 40 57 

2 32 24 30 12 8 2 27 46 40 26 18 

3 20 16 41 13 37 3 14 38 45 47 49 

4 45 42 43 31 39 4 32 39 24 ·11 19 

5 25 24 38 38 44 5 18 9 17 31 34 

6 21 32 31 40 14 6 51 39 31 59 43 

7 16 19 29 35 34 7 22 31 33 30 41 

8 44 38 44 3322 8 35 24 32 38 17 

9 33 41 20 43 40 9 39 22 20 41 43 
10 36 45 46 36 31 10 33 37 27 20 24 

1970 RESULTS 

WINCHMORE OPEN AND CAGED 0.3 ACRE PLOTS 

1969 egg sample (29+30/xi/69) 

25 spade squares/1chain by t chain plotlet 

J:'lotlet Grass grubs/spade square 

Open plot 

1 17 7 24 10 0 34 15 11 6 35 6 18 53 8 18 0 0 19 8 2 13 8 0 6. 
2 23 32 2 31 8 4 18 12 0 12 0 11 55 46 0 32 7 3 4 1 19 21 11 6 21 

3 38 11 36 61 18 0 8 19 18 25 25 18 7 12 0 6 40 7 39 7 13 17 20 2 13 

4 0 3 58 0 0 8 0 o 23 0 't 31 9 2 2 15 34 15 30 13 0 0 o 46 47 

5 22 17 51 54 33 4 24 19 55 11 11 0 13 41 45 28 17 8 3 28 0 0 6 33 116 

6 0 14 3 59 62 15 34 18 14 15 23 14 31 1 33 824 17 32 5 10 6 34 0 0 



Plotlet Grass grubs/spade square 

Caged plot 
o 0 20 10 0 0 0 0 0 19 0 0 25 12 22 24 7 0 0 0 0 0 0 0 0 

2 11 40 25108 0 22 48 3 16 36 5 38 12 0 21 0 0 48 4 4 85 10 0 32 

3 73 16 0 10 28 20 0 17 21 0 0 60 0 0 0 0 7 0 0 32 0 0 30 

4 0 15 41 0 0 10 5 5 16 15 5 0 0 32 0 0 30 29 0 52 0 0 6 10 29 

5 0 0 3 3 0 19 0 0 6 0 0 7 0 31 24 0 24 6 13 25 23 0 0 43 38 

6 3 3 7 0 20 51 0 0 74 0 12 16 0 19 26 0 11 0 0 29 3 0 23 19 11 

1970 3rd-instar sample (19-21/iii/70) 

14 spade squares/plotlet 

Open plot 
21 14 3 4 4 12 13 8 7 2 3 11 9 7 

2 10 2 6 6 15 11 17 30 10 23 4 5 10 9 

3 12 17 _2 ·13 5 13 3 9 15 18 20 13 9 8 

4 2 9 18 15 21 5 0 0 18 13 28 0 
5 9 13 8 16 9.20·7 11 1023 25 18 24 18 

6 22 16 18 25 24 19 13 2 7 12 16 14 8 4 

Caged plot 
5 11 4 11 0 8 0 0 8 0 7 5 4 

2 6 23 18 16 4 18 8 8 27 12 16 4 18 13 

3 0 0 0 9 0 0 0 13 11 2 3 18 20 17 
4 0 2 1 14 5 22 4 28 2 9 8 0 0 

5 29 8 16 7 14 0 0 4 3 17 6 3 0 

6 0 18 17 2 2 0 2 4 19 18 9 16 9 10 

1970 late 3rd-instar sample (15-17/vii/70) 

20 spade squares/plotlet 

Open plot 
'3 1 7 6 2 2 8 0 5 3 9 3 5 3 2 3 7 2 4 

263 536 4 3 646 5 6 5 6 3 445 

3 1 10 3 7 3 3 6 3 0 2 2 5 4 3 4 3 10 7 

4 6 2 4 0 2 4 5 2 4 4 7 2 12 4 1 5 2 3 5 

5 3 5 1 3 11 2 5 5 3 7 2 1 2 5- 2 4 8 4 

6 432 540 3 402 4 2 4 6 647 8 

Caged plot 
6 1 763 0 2 680 6 377 5 040 5 

2 1 3 16 25 7 2 4 19 2 6 4 19 22 20 20 2 2 9 14 15 

3 7 3 8 16 3 8 1 12 4 10 0 0 2 0 4 0 0 3 
4 11 4 0 2 15 0 0 3 8 10 0 5 1 0 7 6 10 0 19 

5 19 5 24 3 15 4 0 0 6 0 2 8 0 3 2 11 17 2 3 

6 18 14 3 6 15 1 21 11 6 5 16 3 4 9 4 10 

.636. 



Plotlet Grass grubs/spade square 

1970 teneral adult sample (3/xi/70) 

10 spade squares/plotl~t 

Open plot 

2 342 3 374 3 
2 3 247 403 

3 0 5 3 2 232 3 4 
4 2 2 1 062 302 

561 3 302 410 

6 3 737 0 5 2 4 
Caged plot 

12231132-8 

2 4 5 4 8 7 7 11 6 12 0 

3 0 2 0 0 6 5 10 8 9 1 

4 0 0 10 10 4 3 5 1 0 

5 9 201 700 608 
641 002 3 9 8 1 5 

Open plot 

1970 egg sample (28+29/xi/70) 
30 spade squares/plotlet 

18 12 29 8 2 40 0 17 2 10 39 4 26 24 12 0 27 0 0 0 0 23 0 0 0 0 27 18 0 28 
2 0 8 46 3 2 5 0 1 22 0 13 0 8 6 26 30 12 12 0 22 25 18 17 7 4 22 5 19 8 13 
3 5 16 20 46 0 1 22 7 21 0 27 18 20 4 41 8 20 4 0 0 12 17 13 27 20 41 12 11 28 0 

4 0 25 39 14 1 18 18 1 12 4 7 0 0 0 0 0 2 16 0 1 3 16 23 1 9 17 16 19 0 0 
5 0 22 22 0 4 50 35 32 0 11 30 17 0 27 19 6 15 0 2 8 15 10 0 11 5 3 19 10 33 
6 0 0 32 82 16 5 18' 2 13 0 0 12 14 3 2 12 8 0 1 25 33 54 13 0 15 27 22 12 0 10 

Caged plot 
o 19 0 6 56 0 23 3 52 0 3 8 6 53 8 0 44 19 64 34 0 10 37 25 4 16 0 20 0 

2 40 34 49 51 42 32 6 22 45 2 39 34 14 144 36 56 29 0 38 47 29 21 11 17 97 25 28 28 0 9 

3 24 1 0 0 17 63 21 8 25 18 31 24 18 28 87 16 37 9 52 41 12 7 0 14 48 19 30 18 0 15 

4 0 54 17 16 56 0 0 7 51 30 57 51 50 0 5 16 63 5 16 0 0 14 32 38 21 42 35 41 0 0 

5 0 10 979 15 47 143439 019 18 32 49272528 8,3616 0 7 6 0372921 48 18 18 

6 8 28 59 48 55 4 0 30 7 11 32 3i 18 0 1 0 2 4 38 17 18 22 0 0 37 32 15 23 3 63 

WINCHMORE PLOT 3 

8 spade squares/area on each sampling occasion 
Results for period when plot was not stocked 

Area Grass grubs/spade square 

Open areas 1st sample (9+10/iii/70) 

28 33 25 31 28 29 28 25 

2 20 30 24 16 25 20 39 18 

3 43 34 20 41 58 38 27 31 

4 37 30 35 35 28 34 34 32 
5 22 41 9 35 30 28 18 32 

6 23 14 30 33 19 26 27 22 

7 15 31 28 30 17 22 29 29 

8 18 34 17 25 10 16 6 23 

2nd sample (8+9/iv/iO) 
8 11 13 7 12 15 1414 

13 8 14 12 9 13 11 12 
22 14 17 20 15 16 15 19 

18 22 14 12 17 13 14 11 

8 5 16 2 10 13 4 9 

181115129141518 

14 11 4 9 11 10 7 5 

16 11 19 8 5 15 7 11 

637. 



Area 

Caged 

1 
2 

3 
4 

5 
6 

7 
8 

areas 

Grass grubs/spade square 

1st sample (9+10/iii/70) 

27 28 11 29 37 27 28 23 

40 28 38 25 29 32 34 29 

21 9 21 16 28 25 16 10 

22 31 29 36 27 25 28 23 

24 21 27 31 30 16 18 28 

26 27 29 33 34 25 30 36 

10 24 18 19 31 14 26 21 
30 22 24 30 29 29 21 20 

Results for period when plot was stocked. 

2nd sample (8+9/iv/70) 

22 32 29 25 26 23 27 24 

29 22 17 ·33 28 28 28 31 

17 12 19 19 13 20 19 18 
14 24 20 13 18 23 23 32 

25 14 21 24 21 19 16 20 

20 26 29 27 26 32 32 31 

17 19 20 29 26 22 25 9 
28 11 20 22 23 8 14 26 

638. 

The following areas were retained from the period when the plot was not stocked: open areas 

1, 3, 4, 6 and 7. In addition, open areas 2, 5 and 8 from the period when the plot was not 

stocked became caged areas 1, 3 and 4, respectively, for the period when the plot was stocked. 

All other areas were freshly located. 

Area Grass grubs/spade square 

1 st sample (8+9/iv/70) 2nd sam'ple(27+ 28/vi/70) 

Open areas 
see above 5 0 3 7 2 0 7 

2 11 10 8 4 7 10 9 14 3 5 0 4 1 2 0 2 

3 see above 0 4 0 5 2 2 0 

4 see above 1 3 0 4 2 5 4 

5 14 5141415 7: 8 11 0 0 0 0 6 0 0 4 

6 see above 9 '2 5 0 2 1 4 

7 see above 0 1 0 4 2 0 3 

8 25 11 26 16 13 29 14 3 0 6 3 2 7 4 5 4 

Caged areas 

1 see open area 2 for non-stocked period 9 12 7 14 12 14 12 13 

2 1 12 9 10 7 5 15 6 7 10 2 6 1 3 8 5 

3 see open area 5 for non-stocked period 11 2 5 12 15 9 7 12 

4 see open area 8 for non-stocked period 5 8 12 13 6 12 14 4 

5 26 12 18 8 7 2 19 11 8 13 5 15 17 14 11 12 

6 11 9 15 20 11 18 20 14 12 2 18 7 8 11 10 

7 15 11 7 20 18 22 15 10 3 9 15 14 14 17 11 13 

8 27 11 13 19 14 19 10 28 15 11 13 5111716 15 

LINCOLN PLOT 

10 cores/area on each sampling occasion 

Area Grass grubs/core 

1 st sample (11/iv/70) 2nd sample (25+26/viii/70) 

Open areas 
1 0 0 2 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

2 2 0 1 2 2 0 2 4 3 0 2 3 0 0 2 2 0 0 0 

3 0 1 0 2 1 2 0 0 0 0 0 0 2 0 0 0 

4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 



Area 

5 
6 

7 
8 

9 
10 

11 

12 

2 

3 

4 

5 

6 

7 
8 

9 

10 

11 
12 

Open areas 

Caged areas 

·Grass grubs/core 

1st sample (11/iv/70) 

o 002 0 0 0 0 0 0 
o 1· 0 0 2 2 0 0 2 6 

o 0 0 0 0 0 000 

o 0 0 0 0 0 0 0, 0 0 

000 1 001 001 

o 1 021 0 201 

o 1 000 0 0 0 0 5 

3 202 001 2 0 

00230 020 

2 1 001 0 0 000 

o 0 003 1 000 4 

00103 3 341 

o 0 1 1 0 0 0 0 o. 
000 2 000 000 

o 3 0 4 1 1 0 2 0 0 
o 0 0 2 ·0 0 2 0 1 

21000 0 

o 0 0 0 0 0 000 

o 3 0 3 000 1 0 0 

o 2 001 0 0 000 

DISPERSAL FROM EXCLUSION AREAS 

Winchmore plot 1, 1969 

2nd sample (25+26/viii/70) 

o 000 000 

o 0 002 1 001 0 

o 0 0 0 0 0 00 0 0 

o 000 0 0 0 0 1 0 

00100 000 0 0 

o 0 4 0 0 0 1 000 

o 0 0 1 0 0 0 0 0 

0000101 0 

000 2 0 o 
o 0 0·0 0 0 0 0 0 

o 1 100 1 000 

04001 000 0 0 

o 001 0 0 0 0 0 0 

000 0 0 0 0 0 0 0 

2111001000 

1 0 o· 0 0 0 1 0 1 

00230 000 0 

o 000 0 0 0 1 0 0 

o 1 0 0 100 0 0 

00000 0 0 1 0 0 

639. 

10 spade squares taken from 3ft. wide strips around each of 4 caged and 4 open areas on 

each sampling occasion. 

Area Grass grubs/spade square 

1st sample(13+14/iii/69} 

Open areas 
1 6 10 9 16 1 5 23 14 12 5 11 

4 16 4 2 1 13 11 3 22 9 14 

6 18 8 9 17 21 24 4 5 13 9 

9 3 12 19 18 15 19 21 20 14 19 

Caged areas 

1 5 1 5 17 16 1 9 1 3 24 9 1 0 20 

2 16 15 7 19 12 14 18 17 27 18 

4 20 3 26 14 4 1 17 22 8 11 

5 25 32 27 31 19 33 32 36 29 22 

2nd sample (2+3/vii/69) 

2 14 5 8 9 8 

85457 5 

822 534 

2 372 6 

3 5 14 

3 11 0 

1 4 

648 

2 4 382 3 5 
3 4 10 12 9 8 6 7 4 

3 7 672 1 349 

2 11 3 7 4 7 6 10 8 

8 

4 

2 

6 

5 
8 

2 
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Winchmore plot 3, 1970 (sample design as for plot 1, 1969) 

Open areas 1 st sample (10/iii/70) 2nd sample (9/iv/70) 

34 23 18 11 16 27 29 28 19 20 4 19 11 17 10 14 7 19 9 0 
4 15 25 20 9 22 31 34 27 20 21 15 10 2 15 18 13 5 16 6 3 
6 12 15 24 37 21 32 14 26 14 13 11 13 4 18 5 12 6 13 11 

7 23 35 27 29 18 29 21 40 22 24 16 3 18 12 1 12 6 4 6 20 

AREAS A, B AND C (WINCHMORE) 

50 spade square~/area on each sampling occasion, Frequency distributions: 

Sample Area Grubs/spade Freq. Grubs/spade Freq. Grubs/spade Freq. 
square square square 

3rd-instar A 0 14 4 2 8 3 
(19-21/iii/70) 1 4 5 3 9 3 

2 2 6 4 10 2 

3 5 7 3 12 2 

B 0 16 4 5 8 3 
1 4 5 2 9 2 
2 3 6 6 12 2 
3 7 4 14 1 

15 1 

C 0 23 3 5 6 3 
1 5 4 4 8 2 
2 4 5 3 9 

late 3rd-instar A 0 9 4 3 9 5 
(1,5,-18/vii/70) 1 6 5 6 10 4 

2 5 6 3 11 
3 5 8 3 

B 0 19 4_ 4 8 3 
1 4 5 4 10 
2 5 6 3 11 

3 3 7 3 

C 0 25 3 4 6 6 
1 5 4 3 7 
2 6 

CONVERSION FACTORS 
In converting sample means to grass grUbs/square metre, the average number per 4 in. diameter 

core was multiplied by 123.345 and the average number per 6in. spade square was multiplied by 43.055. 
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APPENDIX XIII 

RESULTS OBTAINED WITH EXPERIMENTAL FIELD POPULATIONS 

Winchmore plot 3 was not stocked during time-intervals 1 to 4 and stocked with sheep 

during intervals 5 to 11. Symbols as in chapter 10, i.~., 

Experimental 

Date No. 

18/iii 

26/iii 

3/iv 

8/iv 

20/iv 

29/iv 

11/v, 

21/v 

1/vi 

15/vi 

27/vi 

MB proportion of population in top 3.0 cm. removed by birds 

~ standard error of MB 

P proportion of population in top 3.0cm. 

Sp standard error of P 

D total population density 

SD standard error of D 

~ grass grub density in top 3.0cm. 

Sd standard error of ~ 

ME = no. of grubs destroyed by birds 

Me = proportion of population in top 3.0cm. destroyed by sheep treading 

Ne = no. of grubs destroyed by sheep treading 

field 

grubs 

70 

68 

52 

18 

14 

2 

38 

12 

42 

8 

4 

populations 

gone No. grubs crushed 

(out of initial 
200) 

8 

o 
82 

2 

20 

10 

94 

No. controls gone. 

(out of 50) 

3 
2 

8 

o 
4 

2 

-0 

MB Me 

0.33 

0.28 

0.22 

0.07 

0.03 0.04 

0.01 0.00 

0.11 0.41 

0.04 0.01 

0.17 0.10 

0.02 0.05 

0.02 0.47 

Comparisons of number of seeded grass grubs removed from groups of 10 contiguous frames 

with the binomial distribution (chi-squared values given in table 10-21, p. 195): 

Date No. removed per Observed Expected Date No.removed per Observed Expected 

group of 10 cages frequency frequency 

18/iii 0 0.27 

1 0 1.45 

2 4 3.51 

3 6 5.05 

4 4 4.75 

5 3 3.07 

6 1.38 

7 0.42 

8-10 0 0.10 

3/iv 0 1 0.98 

4 3.46 

2 3 5.47 

3 8 5.13 

group of 10 

26/iii 0 

1 

2 

3 

4 

5 

6 

7-10 

8/iv 0 

2 

3-10 

cages frequency 

0 

1 

6 

5 

2 

4 

2 

0 

3 

16 

0 

frequency 

0.31 

1.62 

3.74 
5.15 

4.64 

2.87 

1.23 

0.44 

7.79 

7.70 

3.43 
1.08 
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Date No. removed per Observed Expected Date No.removed per Observed Expected 

group of 10 cages frequency frequency group of 10 cages frequency frequency 

3/iv 4 2 3.15 
(contd.) 5 2 1.33 29/iv 0 18 18.08 

6-10 0 0.48 2 1.82 

2-10 0 0.10 

20/iv 0 5 6.24 

10 7.71 11/v 0 0.00 

2 3 4.28 1 0 0.03 

3 2 1.41 2 0 0.22 

4-10 0 0.36 3 0 0.85 

4 1 2.24 

21/v 0 11 9.68 5 6 4.04 

1 5 7.28 6 3 5.03 

2 3 2.47 7 6 4.31 

3 0.49 8 2.44 

4-10 0 0.08 9 2 0.81 

10 0 0.01 

1jvi 0 2 0.49 

1 1 2.20 15/vi 0 6 7.79 

2 3 4.44 1 10 7.70 

3 8 5.33 2 4 3.43 

4 2 4.19 3-10 0 1.08 

5 2 2 •. 26 

6 1 0.84 

7 0.22 

8-10 0 0.03 

27/vi 0 0 0.02 

1 0.23 

2 1 1.00 

3 2 2.53 

4 1 4.26 

5 6 4.91 

6 8 3.93 

7 2.16 

8-10 0 0.96 

Measurements of ~ 

d at beginning of time-interval 1 was determined by examining 40 spade squares from the 

exclusion sample of 9 + 10/iii/70 in vertical strata: 

Spade square No.grubs in No.at gtr. Spade No.grubs in No.at gtr. Spade No.grubs in No.at gtr. 

top 3.0cm depths square top 3.0cm depths square top 3.0cm depths 

20 8 15 29 5 28 4 6 

2 25 8 16 10 13 29 8 6 

3 15 10 17 14 5 30 10 9 

4 12 12 18 13 4 31 14 7 

5 11 7 19 8 8 32 26 2 

6 19 10 20 4 2 33 16 6 



Spade 

7 
8 

9 
10 

11 
12 

13 
14 

squar'e No.grubs in No.at gtr. ·Spade No. grubs in No.at gtr. Spade 
top 3.0cm depths square top 3.0cm. 

14 2 21 11 

19 15 22 20 

39 19 23 18 

23 20 24 19 

25 7 25 13 
26 9 26 29 
26 11 27 21 
20 8 

p = 0.6869 Sp = 0.0658 D = 1133.51/sq.m. SD 

~ = 778.61/sq.m. S~ = 83.27 

depths square 

12 34 

16 35 

6 36 

11 37 

15 38 

4 39 

4 40 

53.86/sq.m. 

643. 

No .grubs in No. at' gtr. 
top 3.0cm depths 

28 7 
29 5 
14 10 

5 6 
34 7 
20 6 

24 7 

~ at end of time-interva1 4 was determined by examining 40 spade squares from the 

exclusion sample (open areas) of 8 + 9/iv/70 in vertical strata: 

Spade 

2 

3 

4 

5 
6 

7 
8 

9 
10 
11 

12 

13 
14 

square No.grubs in No.atgter. Spade No.grubs in No.atgter. Spade 

top 3.0cm. depths square top 3.0cm. depths square 
2 6 15 0 2 ,28 

1 10 16 11 5 29 
10 3 17 0 1 30 

6 7 18 6 6 31 
2 6 19 5 6 32 

8 6 20 6 4 33 

15 7 21 11 7 34 

5 9 22 4 7 35 
10 7 23 5 9 36 
16 2 24 6 5 37 
16 6 25 7 9 38 
11 3 26 3 8 39 

5 3 27 4 10 40 
2 3 

p = 0.5104Sp = 0.0297 D = 561.05/sq.m. SD = 50.89/sq.m. 

~ = 286.36/sq.m. S~ = 30.85/sq.m. 

No.grubs in No.at gter. 

top 3.0cm depths 
2 3 

14 12 

4 8 

4 7 
2 7 

10 5 
3 8 

16 9 

7 4 

6 
8 12 

7 7 
14 13 

~ at end of time-interval 11 was determined by examining 30 spade squares from the 

exclusion sample (open areas) of 27 + 28/vi/70 in vertical strata: 

Spade square No.grubs in No.at gter. Spade No.grubs in No.at gter. Spade No.grubs in No.at gter. 

top 3.0cm depths square top 3.0cm depths square top 3.0cm depths 

2 3 11 5 4 21 0 4 

2 2 12 1 22 1 3 

3 3 6 13 1 0 23 0 1 

4 2 5 14 3 1 24 1 6 

5 2 15 2 4 25 0 2 

6 2 3 16 5 26 2 0 

7 0 17 0 3 27 3 2 

8 4 18 0 2 28 



644. 

Spade square No.grubs in No.at gter. Spade No.grubs in No.at gter. Spade No.grubs in No.at gter. 
top 3.0cm depths square top 3.0cm depths square top 3.0cm depths 

9 0 3 19 2 5 29 1 4 

10 1 20 1 4 30 2 2 

P = 0.3548 Sp = 0.0424 D = 102.26/sq.m. SD = 14.04/sq.m. 

~ = 36.28/sq.m.. S~ = 6.61/sq.m. 

All other measurements of ~ were made by taking 200 4.0cm diameter, 3.0cm deep soil 
cores. The average number of grubs per square metre was calculated from the average 
number per 4.0cm. diameter core by multiplying by 795.773. 
Date Grubs/core Freq. Grubs/core Freq. ~ (persq.m.) S~ (per sq.m.) 

18/iii 0 67 2 4 553.06 29.44 
128 3 1 

26/iii 0 104 2 2 389.93 29.28 
1 94 

3/iv 0 125 2 302.39 27.85 

74 

20/iv 0 134 2 274.54 29.08 
1 64 3 

29/iv 0 137 63 250.67 26.19 

11/v 0 151 2 198.94 25.07 
1 48 

21/v 0 163 "37 147.22 21.90 
l/vi 0 168 32 127.32 " 20.68 

15/vi 0 179 2 87.53 18.52 
20 

Summary of results 
Period for which plot was not stocked 
Time-interval Dates MB 5MB 

1 11-17/iii 0.33 0.033 

Average d S~ NE ~ (per sq.m:") (per ~q. m. 
665.83 44.16 219.7 26.51 

2 19-25/iii 0.28 0.031 471.49 20.76 132.02 7.43 

3 27/iii-2/iv 0.22 0.029 346.16 20.20 76.15 5.46 
4 4-7/iv 0.07- 0.018 294.37 17.52 20.60 5.73 

Period for which plot was stocked 

Time- Dates MB MC MT SMT 
interval 

Average !! S~ NE NC NT SNT 
(per sq.m.) (per sq.m.) 

5 10-19/iv 0.03 0.04 0.07 0.018 280.45 21.19 8.41 11.22 19.63 5.27 

6 21-28/iv 0.01 0.00 0.01 0.007 262.60 19.56 2.62 0.00 2.62 1.86 

7 30/iv-
10/v 0.11 0.41 0.52 0.035 224.80 18~12 24.72 92.17 116.89 12.32 

8 12-20/v 0.04 0.01 0.05 0.015 173.08 16.64 6.92 1.73 8.65 2.79 

9 22-31/v 0.17 0.10 0.27 0.031 137.27 15.06 23.33 13.73 37.06 5.92 

10 2-14/vi 0.02 0.05 0.07 0.018 107.42 13.88 2.15 5.37 7.52 2.17 

11 16";26/vi 0.02 0.47 0.49 0.035 61.90 9.83 1.2429.09 30.33 5.29 

(MT = MB + MC ; NT = NE + NC). 
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APPENDIX XIV 

SOIL VOLUME WEIGHT MEASUREMENTS 

PADDOCK ON PROPERTY CONTAINING WINCHMORE PLOT 2 

Area 6/iii/70 12/iv/70 
Volume weights (g./c.c.) 

0.944 0.838 0.831 0 •. 902 0.880 1.061 0.982 0.976 0.922 1.123 

2 0.947 0.871 0.950 0.829 0.968 0.988 1.145 1.102 0.991 0.866 

3 0.960 0.918 0.833 0.846 0.919 1.291 1.084 1.130 1.102 1.245 

2 

3 

002 2 0 0 001 

14116181710191159 
33 20 22 16 19 10 26 15 29 24 

WINCHMORE PLOTS 1 AND 3 

Area 
Plot 20/iii/70 

undamaged 0.861 0.904 0.841 

area D 0.845 0.982 0.912 
Plot 3 10/iii/70 

undamaged 0.926 0.935 0.934 

damaged 0.920 0.892 0.950 

Grass grubs/spade square 
3 0 2 1 

14 13 3 6 
13 16 21 12 

Volume weights (g./c.c.) 

0.923 0.814 0.908 

0.990 0.947 1.003 

0.881 1.026 1.260 

0.870 0.919 1.092 

GRASS GRUB COUNTS IN WINCHMORE PLOT 3 

o 0 5 0 0 

15/vii/70 
0.955 1.082 0.986 0.942 
1.203 1.108 1.175 1.029 
28/vi/70 
1.044 1.039 0.965 1.127 
1.187 1.301 1.272 1.299 

Count.'s made in localised undamaged areas of plot 3 (more than 2ft. from the edges of the 
areas) and in adjacent damaged pasture (1-3ft. from the edges of undamaged areas). 

Area 

undamaged 
damaged 

Grass grubs/spade square 

81iv/70 
402 3 0 6 077 3 
7 8 13 12 9 11 14 16 18 10 

2 t/v/7 0 
o 3 4 0 0 6 9 10 1 5 
7 2 2 0 1 5 9 4 8 11 
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APPENDIX XV 

STARLING COUNTS 

Counts were zero for all times within an observation period which are not listed. 

R = rain day. 

AUTUMN AND WINTER COUNTS 
WINCHMORE PLOT 1 (1969) 

Date Period of observation Time No.birds Time No.birds Time No. birds Time No.birds 

21/iii 1100-1500(0.33 day) 1100 2 1235 1100 1305 300 1405 458 

(R) 1105 1240 2000 1310 320 1430 1400 

1145 272 1245 501 1315 44 1435 1200 

1150 280 1250 4000 1350 900 1440 700 

1155 281 1255 3800 1355 800 1445 1600 

1230 487 1300 1900 1400 800 1450 900 

26/iii 1000-1330(0.29 day} 1000 800 1025 500 1215 162 1240 517 
1005 900 1155 16 1220 171 1245 700 
1010 900 1200 18 1225 140 1305 4000 
1015 600 1205 49 1230 137 1310 4300 
1020 1100 1210 57 1235 294 

4/iv 1100-1200 (0.09 day) 1125 153 1130 468 1135 511 1140 145 

19/iv 1000-1600 (0.50 day) 1215 14 1400 142 1410 135 1420 104 
1220 14 1405 140 1415 113 1510 2 
1355 127 

24/iv 1200-1600 (0.40 day) 1205 600 1350 28 1425 2400 1450 273 
1210 700 1355 35 1430 2600 1455 218 
1215 700 1400 33 1435 2600 1535 379 
1220 700 1405 30 1440 137 1540 126 
1225 439 1410 71 1445 1400 1545 45 
1345 17 1415 62 

30/iv 0800-1300 (0.50 day) 0855 38 0950 14 1115 1500 1205 2400 

(R) 0900 16 1000 427 1120 452 1215 2200 
0905 59 1005 415 1125 347 1220 2900 
0910 143 1010 413 1130 360 1225 2800 
0915 382 1015 329 1135 259 1230 2100 
0920 369 1020 66 1140 215 1235 2300 
0925 254 1025 281 1145 286 1240 3400 
0930 282 1100 600 1150 131 1245 4200 
0935 311 1105 461 1155 129 1250 1700 
0940 145 1110 509 1200 2000 1300 1200 

0945 61 

5/v 1100-1400 (0.33 day) 1140 322 1150 68 1350 2 1400 3 

1145 211 1155 75 1355 7 



647. 

Date Period of observation Time No.birds Time No.birds Time No.birds T'ime No.birds 

16/V 1400-1700 (033 day) 1400 29 1505 224 1555 1610 1 
1405 47 1510 216 1600 1615 7 
1410 52 1540 16 1605 1620 2 
1415 52 

22/V 1200-1500 (0.33 day) 1200 442 1330 369 1425 44 1435 220 

(R) 1205 440 1335 114 1430 452 

26/v 1030-1430 (0.44 day) 1100 500 1150 ~28 1255 86 1345 272 
1105 500 1155 27 1305 11 1350 270 
1110 458 1200 16 1310 4 1420 410 

1115 496 1205 19 1335 269 1425 95 
1145 16 1210 22 1340 254 1430 77 

29/v 0900-1200 (0.33 day) 0905 423 1005 155 ,1050 89 1120 800 

(R) 0915 388 1010 800 1055 72 1135 472 
0940 417 1015 900 1100 800 1140 368 

0945 418 1020 900 1105 700 1145 371 
0950 444 1025 900 1110 500 1150 600 

0955 320 1030, 47 1115 500 1155 1000 
1000 119 

5/n 1000-1500 (0.55 day) 1115 65 1235 194 1345 2 1430 9 
1120 70 1245 11 1350 18 1435 19 
1125 74 1250 6 1355 29 1440 19 
1130 67 1300 82 1400 40 1450 
1135 59 1310 379 1415 13 1455 1 
1225 163 1315 70 1420 8 1500 3 
1230 195 1320 24 1425 8 

13/vi 1300-1500 (0.22 days) 1415 395 1425 600 1440 24 1450 282 
1420 600 1435 28 1445 340 

19/vi 1100-1600 (0.55 days) 1100 5 1250 600 1415 308 1515 19 

(R) 1130 260 1255 600 1420 315 1520 1200 
1135 274 1300 600 1425 274 1525 1300 
1140 265 1325 81 1435 71 1545 600 
1145 241 1330 82 1440 71 1550 800 
1150 200 1335 50 1500 900 1555 700 
1200 69 1410 510 1505 900 1600 405 
1205 77 

27/vi 0900-1100 (0.22 days) 0900 116 0910 231 0920 92 1030 153 

(R) 0905 189 0915 211 1025 164 



648. 

Date Period of observation Time No.birds ,Time No.birds -Time No.birds -Time No.birds 
16/vii 1300-1530 (0.25 day) 1345 52 1355 18 1445 210 1515 

1350 33 

24/vii 0900-1300 (0.40 day) 0900 1025 50 1030 68 1035 

9/viii 1200-1500 (0.27 day) 1215 39 1325 28 1345 46 1400 

(R) 1220 40 1330 40 1350 8 1405 
1225 40 1335 29 1355 49 
1230 47 1340 33 

18/viii 1030-1230 (0.18 day) 1030 165 1045 168 1145 4 1200 
1035 173 1050 181 1150 37 
1040 148 1135 1 1155 22 

CALCULATION OF STARLING - HOURS/ACRE/DAY 

As an example of the calculation of starling-hours/acre/day, consider the result 

from Winchmore plot 1 for 2/iii/69. Summation of the counts for this day gives a 

total of 24,046. The total number of starling-hours spent on the plot during the 
observation period (T) is given by 

T = 24,046 (see p. 109). 
12 

Since the observation period was t day and plot 2 was 2.0 acres in size, the number of 

starling-hours/acre/day is given by 

24,046 x ~ 3005.76. 
12 

COUNTS ON FENCED AND OPEN AREAS OF WINCHMORE PLOT 1 

Each count represents the number of starlings counted on 4 fenced or 4 open areas; 

counts were made at 15 min. intervals. Observation period on a given day as for plot 

1 counts. All counts made on fenced areas where the grass ~~s not cut were zero; 
counts listed below for fenced areas are those for areas where the grass was cut. 

Fenced area-s 

Time No.birds 

21/iii(R) 1145 8 1300 43 
1230 3 
1300 2 

1315 3 

26/iii 1010 2 1230 20 
1015 4 

4/iv 1130 all counts zero 

19/iv all counts zero 1215 2 

24/iv(R) 1345 3 1415 14 

1545 

2 

6 

53 

58 

3 



649. 

Date (1969) Fenced areas Open areas 

Time No.birds Time No.birds 

30/iv(R) 0915 10 1130 58 

1115 41 

5/V all counts zero 1400 

16/v all counts zero all counts zero 

22/v(R) all counts zero 1430 5 

26/v 1145 1345 4 

29/v(R) 1000 6 0915 2 

0945 11 

1030 

1100 4 

1115 7 

5/vi 1130 8 all counts zero 

13/vi 1415 1415 9 

19/vi(R) 1545 14 1500 3 

27/vi(R) 0900 0915 2 

103() 2 

COUNTS ON 3 ACRE GRASS GRUB-FREE AREA ADJACENT TO PLOT 1 

Counts made at 15min. intervals. Observation period on a given day as for plot 1 counts. 

Date (1969) 

26/iii 

19/iv 

24/iv(R) 

5/v 

22/v(R) 

5/vi 

19/vi (R) 

27/vi(R) 

WINCHMORE PLOT 2. 

Time No.birds 

all counts zero 

all counts zero 

1535 422 

1105 14 

all counts zero 

1050 33 

1420 310 

all counts zero 

Time No.birds Time No. birds 

1220 160 

1105 28 1335 274 

Date 

l/iv 

Period of observation 

1000-1600 (0.55 day) 

Time No.birds Time No.birds Time No.birds 

1125 10 1415 52 1440 27 

1130 23 1420 50 1445 25 

1135 

1140 

1145 

32 

49 

33 

1425 

1430 

1435 

44 

13 

2 

1500 

1505 

62 

60 

Time No.birds 

1510 31 

1515 47 

1520 

1525 

46 

20 



650. 

Date Period of observation Time No.birds Time No.birds Time No.birds Time No.birds 
4/iv 1300-1600 (0.28 day) 1340 20 1505 231 1515 242 1520 267 

1345 22 1510 240 

24/iv 0900-1100 .all counts zero 

(R) 

5/v 1430-1700 (0.25 day) 1525 4 1530 14 

16/v 0900-1230 .all counts zero 

29/v 1300-1700 (0.44 days) 1450 219 1500 308 1505 38 1620 41 
(R) 1455 234 

13/vi 1000-1230(0.28 day) 1100 4 1105 3 

27/vi 1200-1700 (0.55 day) 1240 68 1245 68 1250 67 1255 75 
(R) 

24/vii 1400-1700 all counts zero 

18/viii 1300-1500 all counts zero 

WEKA PASS PLOT 

Counts made in observation periods listed below; 

all counts zero. 
Date Observation period 

18/iv 1100-1530 

9/v 0940-1315 

24/v 1030-1500 

15/vi 1230-1655 
1/vii 1130-1330 

9/viii 1000-1430 

LINCOLN PLOT 

Date Period of observation Time No.birds Time No.birds Time No.birds Time No.birds 

5/iv 1120-1440 all counts zero 

26/iv 1200-1450 (0.28 day) 1320 . 15 1330 23 1335 21 1340 24 

1325 22 

27/iv 1200-1430 (0.25 day) 1200 29 1255 14 1300 3 1310 7 
1205 22 

29/iv 1350-1510 all counts zero 

4/v 0900-1030 (0.15 day) 0940 12 0945 11 0950 11 0955 11 

6/v 1145-1315 all counts zero 

7/v 1200-1240 (0.06 day) 1215 2 

(R) 



651. 

Date Period of observation Time No.birds Time No.birds Time No.birds Time No.birds 
8/v 1400-1500 all counts zero 

(R) 
10/v 1030-1215 all counts zero 

(R) 
12/v 1015-1115 all counts zero 

13/v 1235-1340 (0.12 day) 1235 16 1310 29 1320 22 1330 35 
1240 16 1315 14 1325 33 1335 39 

17/v 1230-1400 (0.16 day) 1245 2 1250 

(R) 
20/v 1000-1100 all counts Zero 

(R) 
25/v 1230-1400 all coun:!rs zero 

(R) 
28/v 0800-1610 all counts Zero 

(R) 
4/vi 1430-1630 all counts Zero 

11/vi 1200-1300 (0.11 day) 1250 10 1255 10 

12/vi 1045-1250 (0.12 day) 1055 16 1100 18 1110 12 

17/vi 1100-1215 all counts zero 

20/vi 1200-1400 all counts zero 

(R) 
23/vi 1350-1510 all counts Zero 

24/vi 0900-1130 all counts zero 

25/vi 1200-1330 all counts zero 

28/vi 1200-1300 (0.11 day) 1220 25 

30/vi 1400-1600 all counts Zero 

(R) 
7/vE 1200-1300 all counts Zero 

(R) 
12/vii 1000-1330 all counts zero 

15/vii 1300-1400 (0.10 day) 1300 26 1350 29 1355 32 1400 33 

1305 18 

26!vii 1330-1430 (0.09 day) 1345 34 1400 18 1410 3 1420 3 
(R) 1350 52 1405 5 1415 3 1425 3 

1355 12 

28/vii 1200-1400 all counts zero 

31/vii 1200-1410 (0.11 day) 1235 23 1245 27 1250 22 1255 27 

1240 30 

10/viii 1200-1345 all counts zero 
12/viii 1400-1650 all counts zero 
16/viii 1210-1320 (0.11 day) 1305 42 



652. 

1 970 RESULTS 

LINCOLN PLOT 
All observation'periods 0.5 day 
Date Period of observation Time No.birds Time No.birds Time No.birds Time NO.birds 
14/iv 0800-1330 0945 12 0950 19 

25/iv 1200-1700 all counts zero 

(R) 
2/v 0730-1230 1205 42 1210 30 1215 37 1220 36 

10/v 0730-1230 0935 5 0940 3 0945 4 0950 5 
(R) 
17/v 0800-1230 all counts zero 

26/v 0800-1230 0830 32 0845 36 1045 5 1100 5 
(R) 0835 40 0850 31 1050 5 1105 11 

0840 40 1040 5 1055 5 

29/v 1230-1700 1350 11 1400 14 1410 2 1420 17 
1355 14 1405 18 1415 8 

5/vi 1230-1700 all counts zero 

(R) 
13/vi 1230-1700 all counts zero 

20/vi 0800-1230 all counts zero 
24/vi 0800-1230 all counts zero 

5/vii 1230-1700 1250 14 
(R) 

WINCHMORE PLOT 1 (0.3 ACRE OPEN PLOT) 

Counts on 23/iii and 27/iii incomplete because some birds obscured by rank pasture. 
Date Period of observation Time No.birds Time ~o.birds Time No.birds Time No.birds 

23/iii 1305-1700 (0.33 day) 1325 32 1340 98 1350 300 1410 1800 
1330 5 1345 341 1355 211 1415 1700 
1335 17 

27/iii 0900-1250 (0.33 day) 1110 483 1125 16 1140 71 1200 45 
1115 490 1130 409 1145 306 1205 57 
1120 32 1135 28 1155 100 1210 51 

1./iv ' 0800-1230 (0.41 day) 0850 329 0935 8 1030 1 1055 ' 10 

(R) 0855 346 0940 6 1035 3 1100 35 
0900 216 0945 6 1040 4 1105 33 

0905 209 0950 22 1045 15 1110 18 

0910 211 1025 5 1050 7 1115 
0915 13 



653. 

Date Period of observation Time No.birds Time No.birds Time No.birds Time No. birds 

18/iv 1300-1800 (0.45 day) 1340 238 1615 53 1645 4 1700 6 
1345 270 1620 29 1650 4 1705 7 
1605 81 1640 4 1655 5 1710 7 
1610 41 

24/iv 1300-1730 (0.45 day) 1300 19 1315 9 1415 120 1425 10 

1305 22 1320 2 1420 6 1430 47 
1310 13 1410 134 

3/v 0900-1200 (0.30 day) 1225 50 

9/v 1300-1700 (0.40 day) 1350 700 1450 18 1630 416 1545 50 

(R) 1355 700 1455 39 1535 211 1555 284 

. 1400 500 1520 372 1540 53 1600 142 

1420 225 1525 381 

15/v 0800-1200 (0.44 day) 1110 38 1120 20 1125 19 1130 153 

1115 33 

24/v 1300-1700 (0.44 day) 1410 314 1500 182 1530 1000 1605 1 

(R) 1415 320 1505 115 1535 1200 1615 430 
1420 177 1510 142 1555 3 1620 268 

1455 209 1525 1000 

4/vi 1300-1600 (0.33 day) 1325 63 1410 128 1520 14 1545 10 

1330 62 1415 190 1525 19 1550 14 

1335 60 1440 155 1530 8 1555 15 
1340 49 1445 326 1535 11 1600 5 
1345 65 1450 231 1540 27 

14/vi 1300-1630 (0.39 day) 1430 800 1440 7 1625 32 1630 67 
1435 69 

18/vi 0900-1200 (0.33 day) 0910 1 1055 78 1110 79 1135 264 

(R) 0915 4 1100 60 1115 44 1140 900 
0920 18 1105 75 1130 426 1145 129 

11/vii 1300-1700,(0.44 day) 1420 3 1430 1440 14 1445 21 
1425 4 1435 41 

WINCHMORE PLOT 3 
13/iii 0630-1830 (1.00 day) 0735 14 0905 5 1250 7 1545 5 
(R) 0740 28 1020 104 1255 6 1555 219 

0745 27 1025 68 1300 3 1600 227 

0750 42 1030 52 1305 2 1605 242 

0755 40 1035 67 1310 11 1610 183 
0800 18 1040 55 1320 4 1615 255 

0805 5 1055 2 1325 3 1620 280 

0820 10 1220 14 1455 87 1625 214 



654. 

Date Period of observation Time No.birds Time No.birds Time No.birds Time No.birds 

0825 
0830 
0835 
0840 
0845 

14 

87 
88 

94 
2 

0850 18 

14/iii 0630-1830 (1.00 day) 
(R) 

0700 

0715 
0720 

0725 
0730 
0735 
0740 

0745 
0750 

0755 
0805 
0810 
0815 
0820 
0825 
0835 
0840 
0845 
0945 
0950 

15/iii 0630-1830 (1.00 day) 0655 
0700 
0705 
0710 
0715 
0720 
0725 
0730 
0735 
0855 
0900 
0905 
0910 

0925 
0930 
0935 
0940 
0945 
0950 

4 

109 
111 

136 
84 

79 
150 

8 

18 
2 

1500 
1200 

497 
1800 
2300 

4 

1 

64 
130 

114 
266 

287 
243 

201 

220 

174 
207 
211 
126 
125 
140 

7 
5 

8 

3 
3 

5 

700 

1225 
1230 
1235 
1240 
1245 

0955 
1000 
1005 
1010 

1045 
1050 

1055 
1100 
1130 
1135 
1140 
1145 
1150 
1240 
1245 
1250 
1255 
1300 
1305 
1310 

0955 
1000 

1015 
1045 
1050 

1055 
1100 

1105 
1110 
1115 
1120 
1125 

1130 
1135 
1140 

1145 
1150 
1235 
1240 

21 
8 

20 

19 

7 

259 
280 

4000 

4 

4 

193 
143 

318 
743 
721 

859 
562 

593 
310 
484 
394 
715 

5 

176 

900 
900 
800 

48 

37 
37 
46 

1800 

1800 
1800 
1900 
1900 

57 
60 

2 

800 

700 

7 
29 

1500 
1505 
1510 
1515 
1520 

1315 
1320 

1325 

1330 
1335 
1340 

1345 
1355 
1400 

1405 
1410 
1415 
1455 
1500 

1505 
1510 
1515 
1520 
1525 
1530 

1245 
1250 
1300 
1310 
1350 
1355 
1400 
1405 
1410 

1415 
1445 
1450 

1455 
1500 
1505 
1510 

1515 
1520 
1525 

115 
121 

104 

139 
109 

36 
479 
493 
502 
541 

1300 

1267 
1300 

681 
1700 

1900 
1900 

861 

619 
432 
409 

38 

67 
1800 
2000 

31 
31 

6 

2 

900 

700 
900 

1000 
800 

700 
700 
600 

600 
550 
800 
800 
800 
500 
500 

1630 
1635 
1640 

1645 
1650 

1535 
1540 

1550 

1555 
1600 
1605 

1615 
1620 
1625 
1630 

1635 
1640 
1645 

1650 
1655 
1700 
1710 
1715 
1720 

1550 
1555 
1600 

1605 
1610 
1615 
1620 
1630 
1635 
1640 
1645 
1650 
1655 
1700 
1705 
1710 

1715 
1720 
1725 

72 

75 
389 
111 
264 

1400 
2 

5400 

1950 
1600 
2500 
2400 

145 
16 

872 
1900 
2000 
3500 
2100 
2500 
2000 
2300 
1900 

2200 

500 
700 
700 
600 

87 
421 

700 
4 

600 
700 

700 
14 

132 
48 
30 

37 
39 
13 



Date Period of observation 

16/iii 0630-1830 (1.00 day) 
(R) 

17/iii 0630-1830 (1.00 day) 

(R) 

20/iii 0700-1300(0.5 day) 

(R) 

22/iii 1300-1800 (0.5 day) 

Time No.birds 

0810 5 

0815 7 

0820 4 

0825 7 

0935 700 

0940 750 

0945 750 

0950 700 

0955 600 

1000 700 

1005 

1010 

1015 

1020 

600 

600 

600 

600 

Time No.birds 

1025 600 

1050 11 

1055 27 

1100 26 

1105 25 

1200 46 

1205 48 

1210 27 

1215 41 

1235 9 

1245 

1250 

1305 

1310 

8 

7 
16 

18 

0710 

0715 

0745 

0750 

0755 

0800 

0805 

0810 

0840 

0845 

0850 

0855 

0900 

0950 

0955 

1000 

1005 

1010 

1015 

1020 

1025 

14 . 1030 21 

1400 

1400 

1500 

1500 

1200 

1300 

1300 

0705 

0710 

0715 

0720 

0725 
0820 

0825 

15 1040 

59 1045 

60 1055 

41 1100 

42 1150 

48 1120 

71 1125 

1600 1130 

1700 

1700 

1800 

1500 

14 

59 

31 

38 

64 

27 

2 

11 

47 

54 

197 

204 

35 

487 

492 

1135 

1140 

1145 

1150 

1155 

1200 

1205 

1210 

1215 

1220 

1230 

1235 

0855 

0900 

0905 

0915 

0920 

0925 

0930 

0850 322 

1300 

1305 

1310 

1345 

1350 

1355 
1400 

1405 

14 

28 

26 

900 

600 

700 

600 

700 

1410 

1415 

1420 

1425 

1500 

1520 

1525 

1530 

900 

1000 

1400 

28 

1400 

1500 

1700 

1700 

1600 

1800 

1300 

14 

15 

345 
363 

362 

329 

343 

10 

11 

44 
49 

127 

283 

384 

900 

1000 

900 

Time 

1315 

1320 

1325 

1330 

1335 

1340 

1345 

1400 

1410 

1415 

1420 

1445 

1450 

1240 

1245 

1250 

1345 

1350 

1355 

1400 

1405 

1410 

1420 

1425 

1430 

1435 

1440 

1445 

1450 

1500 

1505 

1510 

1515 

1520 

1000 

1005 

1010 

1015 

1020 

1025 

1120 

1535 

1600 

1605 

1610 

1615 

1620 

1625 

No.birds 

18 

18 

14 

15 

87 

98 
122 

2 

8 

8 

8 

351' 

380 

18 

32 

4 
950 

1000 

800 

900 

1000 

1000 

10 

1500 

1800 

1700 

1700 

600 

81 

2 

85 

900 

800 

209 

900 

800 

900 

800 

750 

42 

486 

1 

5 

900 

900 

700 

209 

427 

Time 

1455 

1500 

1505 

1510 

1515 

1520 

1525 

1530 

1535 

1555 

1620 

1625 

1630 

1525 

1530 

1535 
1540 

1545 

1550 

1555 
1600 

1605 

1610 

1615 

1620 

1625 

1630 

1635 

1640 

1645 

1700 

1705 

1710 

1715 

1125 

1130 

1150 

1155 
1200 

1205 

1210 

1630 

1635 

1645 

1650 

1655 

1700 

1705 

655. 

No.birds 

387 

394 

371 

320 

310 

84 

83 

99 

172 

19 

162 

117 

122 

40 

308 

900 

900 

1000 

700 

14 

69 

88 
214 

210 

11 

4 

700 

1000 

800 

1000 

534 

41 

26 

72 

500 

600 

287 

296 

151 

324 

49 

438 

600 

291 

245 
152 

109 

15 



Date Period of observation 

23/iii 0700-1300(0.5 day) 

25/iii 1300-1800 (0.5 day) 

(R) 

27/iii 1300-1800 (0.5 day) 

29/iii 0700-1300 (0.5 day) 

31/iii 0700-1300 (0.5 day) 

1/iv 

(R) 

2/iv 

1300-1800 (0.5 day) 

1300-1800 (0.5 day) 

Time 

0710 

0715 

0720 

0740 

0745 

0750 

0755 

0800 

0805 

1300 

1340 

1345 

1415 

1420 

1425 

1405 

1410 

1415 

1420 

0830 

0835 

0840 

0740 

0745 

0750 

0755 

No.birds 

1000 

900 

900 

900 

600 

37 

21 

900 

900 

14 

600 

600 

471 

1000 

1100 

600 

600 

600 

600 

125 

124 

126 

38 

27 

29 

32 
0800 39 

1300 

1305 

1310 

1315 

1340 

1345 

1350 

1335 

1340 

1345 

1350 

1405 

1410 

1415 

429 

430 

411 

421 

700 

800 

800 

1000 

1000 

1000 

1000 

5 
1· 

422 

1420 411 

Time 

0810 

0815 

0845 

0850 

0920 

0925 

0930 

0935 

0940 

1430 

1455 

1505 

1510 

1515 

1520 

1450 

1455 

1500 

1505 

0845 

1025 

1030 

0805 

0815 

0840 

0845 

1355 

1400 

1405 

1425 

1430 

1435 

1440 

1445 

1450 

1455 

1500 

1505 

1510 

1530 

No.birds 

14 

15 

1000 

1200 

280 

274 

269 

281 

59 

527 

63 

87 

472 

600 

600 

87 

109 

120 

114 

110 

700 

700 

44 

37 

129 

120 

800 

700 

800 

800 

900 

900 

900 

211 

227 

241 

240 

193 

210 

329 

Time 

0950 

0955 

1000 

1020 

1025 

1030 

1035 

1040 

1525 

1530 

1610 

1615 

1620 

1510 

1545 

1620 

1625 

1035 

1040 

1105 

0930 

0935 

0940 

0945 

1445 

1450 

1455 

1500 

1535 

1540 

1535 

1540 

1545 

1550 

1600 

1605 

1610 

No.birds 

87 

63 

65 

47 

49 

81 

102 

102 

600 

600 

59 

60 

55 

108 

82 

291 

261 

700 

700 

15 

521 

530 

534 

509 

36 

39 

27 

50 

29 

51 

342 

311 

291 

378 

71 

87 

73 

656. 

Time No.birds 

1110 471 

1115 450 

1120 28 

1125 119 

1130 140 

1250 61 

1255 20 

1300 7 

1625 

1630 

1635 

1645 

1650 

1630 

1635 

1640 

1655 

1110 

1115 

0950 

1245 

1250 

1255 

1545 

1550 

1610 

1620 

1625 

1620 

1625 

1630 

1635 

1640 

1645 

1650 

58 

60 

5 
21 

60 

149 

272 

280 

285 

37 
23 

535 

52 

47 

49 

30 

9 
14 

15 

10 

205 

143 

69 

152 

313 

280 

107 



Date 

4/iv 
(R) 

5/iv 

6/iv 

7/iv 

Period of observation 

0700-1800 (1.0 day) 

0700-1800 (1.0 day) 

0700-1800 (1.0 day) 

0700-1800 (1.0 day) 

10/iv 1230-1730 (0.5 day) 

Time No.birds 

0750 80 

0755 82 

0800 85 

0805 80 

0830 274 

0835 

0840 

0845 

0855 

0905 

0920 

0955 

0720 

0725 

0725 

0730 

0735 

0740 

0745 

0830 

0835 

0840 

0845 

0850 

0700 

0710 

0745 

0750 

0815 

0820 

0825 

0830 

0705 

0710 

0715 

0720 

0815 

0945 

0950 

283 

203 

251 

4 

7 
2 

11 

700 

800 

800 

800 

48 

14 

87 

4 

3 
10 

9 

2 

14 

15 

83 

82 

119 

128 

138 

144 

80 

79 
42 

81 

3 

187 

162 

0955 173 

1230 

1235 

1240 

1245 

139 

247 

212 

108 

Time No.birds Time No.birds 

1030 700 1150 70 

1035 700 1215 137 

1050 800 1220 145 

1055 800 1225 127 

1100 700 1245 14 

1120 

1125 

1130 

1135 

1140 

1145 

0855 

0900 

0900 

0905 

0910 

0915 

0950 

0955 

1020 

1030 

1045 

1050 

0835 

0840 

0850 

1000 

1040 

1045 

1050 

1150 

1000 

1050 

1055 

1100 

1105 

1110 

1255 

1305 

1310 

1440 

1445 

4 

6 

18 

95 

81 

82 

4 

11 

12 

81 

80 

14 

10 

25 

25 

1250 

1255 

1300 

1305 

1310 

1315 

1055 

1100 

1100 

1130 

1135 

1140 

1215 

1220 

1225 

1230 

1310 

1315 

2 1155 

1240 

1 1325 

3161420 

517 1425 

529 1430 

504 1435 

81 

184 

27 

28 

21 

28 

26 

89 

27 

135 

8 

2 

1440 

1300 

1305 

1425 

1430 

1435 

1440 

1530 

1500 

1505 

1510 

1515 

10 

8 

29 

21 

22 

11 

13 

14 

14 

179 

180 

185 

39 

41 

50 

52 

10 

72 

83 

11 

4 

18 

21 

20 

28 

19 

30 

88 

518 

522 

480 

540 
)82 

255 

247 

220 

153 

657. 

Time No.birds 

1320 23 

1325 20 

1455 412 

1500 409 

1505 382 

1550 

1555 

1600 

1605 

1710 

1715 

1320 

1325 

1325 

1330 

1340 

1405 

1410 

1620 

1625 

1630 

1635 

1530 

1535 

1540 

1545 

1650 

1730 

1735 

1535 

1540 

1545 

1620 

1625 

1630 

1635 

1545 

1605 

1640 

1650 

181 

172 

105 

58 

8 

7 

84 

91 

91 

92 

3 

150 

147 

29 

30 

35 

13 

135 

173 

180 

427 

27 

50 

32 

369 

370 

14 

39 

37 

67 

50 

3 

9 
14 

3 



658. 

Date Period of observation Time No.birds Time No.birds Time No. birds Time No.birds 

15/iv 0730-1230 (0.5 day) 0935 57 1215 92 1220 95 1225 88 

0940 57 

16/iv 0730-1230 (0.5day) 1015 29 1150 29 1215 83 1225 106 

1020 34 1155 16 1220 108 1230 49 

1145 18 

18/iv 0730-1230 (0.5 day) 1130 2 1140 1 1220 527 1225 532 

1135 2 1145 2 

22/iv 0730-1230 (0.5 day) 1000 126 

23/iv 0730-1230 (0.5 day) 1125 8 1130 7 1210 11 

24/iv 0730-1230 (0.5 day 1030 5 1045 5 1150 81 1210 35 

1035 5 1050 5 1155 72 1220 41 

1040 5 1115 2 

27/iv 1230-1700 (0.5 day) 1230 67 1235 28 1240 41 

l/v 0730-1230 (0.5 day) 0810 29 0955 72 1010 11 1140 41 

(R) 0815 28 1000 69 1135 60 1145 26 

0950 138 1005 41 

3/v 1230-1700 (0.5.day) 1235 218 1240 202 

4/v 1230-1700 (0.5 day) 1335 10 1405 163 1415 62 1445 2 
1400 178 1410 59 1420 95 1450 4 

9/v 0730-1230 (0.5 day) 0800 172 0815 . 159 1050 600 1215 1000 

(R) 0805 173 0820 164 1055 600 1220 1200 
0810 45 1045 600 1210 900 1225 1200 

1230 1000 

14/v 1230-1700 (0.5 day) 1230 15 1320 189 1345 11 1420 186 
1235 11 1330 5 1410 172 1425 171 
1240 60 1335 1 1415 215 1430 17 
1315 195 1340 2 

15/v 1230-1700 (0.5 day) 1550 381 1555 279 1600 390 1645 4 

16/v 0800-1230 (0.5 day) 1155 119 1230 7 

19/v 0800-1230 (0.5 day) 1140 28 1150 28 1210 48 1215 20 

1145 28 

24/v 0830-1230 (0.5 day) 1110 684 1150 272 1200 38 1205 34 

(R) 1115 670 

25/v 1230-1630 (0.5 day) 1250 529 1310 520 1425 368 1600 499 



659, 

Date Period of observation Time No,birds Time No ,birds Time No,birds Time No,birds 
1255 493 1345 222 1430 327 1605 402 
1300 480 1350 221 1435 352 1615 449 
1305 536 1420 368 1440 374 1620 438 

1625 551 

27/v 1230-1630 (O,5 day) 1230 110 1350 487 1515 75 1600 256 
1235 111 1355 508 1520 74 1605 261 
1340 509 1400 493 1525 72 1610 240 
1345 510 1510 60 1555 255 1625 122 

30/v 1230-1630 (0,5 day) 1255 288 1355 14 1455 288 1550 184 
1300 290 1500 80 1500 281 1555 180 
1305 299 1405 112 1525 14 1600 179 
1330 462 1410 114 1530 28 1605 154 
1335 477 1415 190 1535 27 1610 73 
1340 325 1450 272 1540 10 1620 8 
1345 425 

4/vi 0830-1230 (0,5 day) 0855 17 0905 21 1210 38 1215 46 
0900 22 0935 201 

7/vi 1230-1630 (O,5 day) 1230 85 1240 90 1425 24 1515 13 
1235 84 1420 22 1510 62 

·8/vi 0830-1230 (0,5 day) 1145 87 1215 5 1220 2 1225 7 
1150 89 

10/vi 1230-1630 (O,5 day) 1315 5 1345 28 

14/vi 0830-1230 (O,5 day) 0950 8 0955 8 1125 22 1130 23 

17/vi 0830-1230 (O,5 day) 0845 112 0925 58 1035 71 1100 108 
(R) 0850 109 1030 71 1055 152 1105 51 

18/vi 1230-1630 (O,5 day) 1230 4 1245 5 1415 2 1510 69 

(R) 1235 4 1250 8 1420 3 1515 78 
1240 6 1330 600 1505 68 

22/vi 1230-1630 (O,5 day) 1250 86 1430 2 1505 136 1555 81 

1255 89 1435 7 1545 103 1.600 70 

1300 94 1500 138 1550 105 

25/vi 0830-1230 (0,5 day) 0855 86 1000 114 .1120 94 1155 17 

0900 86 1045 107 1140 52 1215 61 

0950 117 1050 143 1145 54 1220 84 

0955 118 1115 89 1150 20 



660. 

ANALYSES OF VARIANCE 
Average daily starling counts were used in all analyses. 

Source Sum of Degrees of Mean F 

squares freedom square 

Winchmore plot 1 ,1969, 
rain vs.dry days 4015318.79 1 4015318.79 4.955 

Error 13775303~98 17 810311.99 (P<0.05) 

Total 17790622.77 18 

Open 12ft. by 6ft. area counts 

vs. plot 1 counts (rain 

days) 2521510.34 1 2521510.34 1.035 

Error 31652436.01 13 2434802.77 (p >0.25) 

Total 34173946.35 14 

Open 12ft.by 6ft.area 

counts vs. plot 1 counts 
(dry days) 212027.39 212027.39 0.345 

Error 10422964.67 17 q13115.56 (p >0.25) 
Total 10634992.06 18 

3 acre grass grub-free 

area, rain vs.dry days 160.20 1 160.20 0.122 
Er"ror 7844.93 6 1307.48 (P>0.10) 
Total 8005.13 7 

Winchmore open plot, 

1970, rain vs. dry 
days 8555204.48 1 8555204.48 17.097 
Error 4503444.58 9 500382.73 (p <0.005) 
Total 13058649.06 10 

Winchmore plot 3,1970, 
rain vs. dry days, 
total period 25649094.39 1 25649094.39 7.893 

Error 146229209.25 45 3249537.98 (P<O.Ol) 

Total 171878303.64 46 

Winchmore plot 3, rain 

vs. dry days March 9644009.32 1 9644009.32 1.157 

Error 83346105.18 10 8334610.51 (p >0.10) 

Total 92990114.50 11 

Winchmore plot 3, rain 

vs. dry days April 3282575.26 3282575.26 6.346 

Error 6207344.19 12 517278.68 (p< 0.05) 

Total 9489919.45 13 



661-

Source Sum of Degrees of Mean F 

squares ,freedom ,square 

Winchmore plot 3, rain 

vs. dry days, May 20.5987.39 20.5987.39 0..370. 
Error 5554467.56 10. 555446.75 (P>0..10.) 

Total 5760.454.95 11 

Winchmore plot 3, rain 

vs. dry days, June 120.72.24 1 120.72.24 0..992 
Error 85111.82 7 12158.85 (P>O..lO.) 
Total 97184.0.6 8 

Winchmore plot 3, 

morning vs.afternoon 

counts, non-frost 
days 10.869624.63 1 10.869624.63 1.194 
Error 3184490.21.75 35 90.98543.47 (P>O..lO.) 
Total 329318646.38 36 

Winchmore plot 3, 
morning vs. 

afternoon counts, 
frost days 15630.0.3.74 15630.0.3.74 3.757 
Error 70.710.66.69 17 415945.0.9 (p >0..0.5) 
Total 86340.70..43 18 

Winchmore plot 2, 1969, 
rain vs. dry days 166.87 1 166.87 0..0.14 
Error 91464.11 8 11433.0.1 (P>O..lO.) 
Total 91630..98 9 

,incoln plot, 1969, rain 

vs.dry days 64.13 64.13 0..669 
Error 30.67.81 32 95.86 (P>O..lO.) 
Total 3131.94 33 

Lincoln plot, 1970., rain 

vs. dry days 0..16 0..16 0..0.21 
Error 76.66 10. 7.66 (P>O..lO.) 
Total 76.82 11 

Lincoln plot, 1969 counts 

vs. 1970. counts 93.0.0. 93.0.0. 1.275 
Error 320.8.78 44 72.92 (P>O..lO.) 
Total 330.1.78 45 



662. 
COUNTS DURING GRASS GRUB FLIGHT SEASON 

LINCOLN PLOT, 1969 
Date Period of observation Time No. No. No. Time No. No. No. 

starlings magpies skylarks starlings magpies skylarks 

13/xi 0500-1000 (0.33day) 0500 4 2 0640 

0505 3 2 0645 

0510 17 2 0650 
0515 14 0855 
0520 5 2 0900 

0525 2 

15/xi 1000-1225 (0.16day) 1020 3 1030 3 
1025 3 

19/xi 1540-2030 (0.33day) 1600 1615 2 

1605 2 1620 2 

1610 2 1625 2 

21/xi 0445-0915 (0.30day) 0450 3 0720 

0455 16 2 0725 
0500 2 2 0730 
0510 1 0135 

26/xi 1730-2030 (0.20day) 1745 1955 2 
(39 house sparrows) 2000 2 

1750 
(32 house sparrows) 

5/xii 1230~1615 (0.25day) 1410 2 1425 2 
1415 1430 2 
1420 1435 2 

WINCHMORE PLOT 1, 1969 

14/xi 1500-2000 (0.33day) 1700 1715 
1705 2 1720 
1710 1735 

18/xi 0445-1045 (0.40day) 0515 4 0705 3 
0620 0910 1 
0625 2 0915 2 
0700 3 0920 

20/xi 1330-1830 (0.33day) 1510 1555 5 
1515 1740 97 
1520 4 1800 4 
1525 10 1810 4 
1550 3 1815 4 



Date Period of observation Time No. No. No. Time No. No. No. 
starlings magpies skylarks starlings magpies skylarks 

25/xi 0445-0940 (0.33day) 0515 2 0640 5 
0520 2 0715 2 

0525 2 0720 2 

0620 19 0750 
0625 18 0830 2 

0630 18 0845 2 

0635 18 0850 5 

28/xi 1530-2030 (0.33day) 1540 2 1700 

1620 1705 
1625 1710 
1630 1735 

1635 1750 

1640 1825 
1645 1845 1 
1650 2 1955 24 
1655 

WINCHMORE OPEN 0.3 ACRE PLOT, 1970 
Date Period of observation Time No. No. No. Time No. No. No. 

starlings magpies skylarks starlings magpies skylarks 

7/xi 1230-1730 (O.33day) 1245 1625 7 
1250 1630 6 
1620 6 1635 6 

12/xi 1100-1600 (0.33day) 1210 1515 
1345 2 

14/xi 1530-2030 (0.33day) 1610 1730 
1615 1810 
1640 2 1820 
1645 1850 
1710 1900 

18/xi 0930-1430 (0.33day) 0950 2 1000 3 
0955 3 1015 7 

2e/xi 0445-0945 (0.33day) 0610 2 0825 
0810 0850 1 
0815 0915 5 
0820 

22/xi 1530-2030 (0.33day) all counts zero 

24/xi 1000-1500 (0.33day) all counts zero 

26/xi 0450-0950 (0.33day) 0710 74 0900 2 

0715 75 0905 2 

0855 0910 2 

3/xii 1200-1700 (0.33day) all counts zero 



664. 

APPENDIX XVI 

EXPERIMENTS WITH CAPTIVE STARLINGS 

N = no. grass grubs/sq.m., obtained by multiplying initial number of grubs present 

by 11.22. CS = no. of grubs captured/l00 probes. P = soil penetrability (lbs./sq.in.). 
Penetrability 50-100 lbs./sq.in. 
Expt. Bird Initial no. N No.probes No.grubs captured CS P 

No grubs seeded grubs 

1 2 1 11.22 102 0 0.00 85 
2 2 5 56.10 101 1 0.99 100 

3 2 11 123.42 135 0.74 75 
4 14 157.14 100 2 2.00 90 
5 19 213.18 120 4 3.33 75 
6 19 213.18 119 1 0.84 90 

7 2 20 224.40 100 2 2.00 65 
8 1 27 302.94 150 11 7.33 85 
9 1 43 482.46 150 2 1.33 95 

10 2 46 516.12 143 9 6.29 75 

Some or all of grubs seeded 
11 11.22 120 0 0.00 85 
12 2 '22.44 139 0.72 80 
13 2 10 112.20 142 0 0.00 90 
14 35 392.70 140 1 0.71 60 
15 2 35 392.70 150 9 6.00 60 
16 40 448.80 100 4 4.00 95 
17 50 561.00 100 4 4.00 70 
18 2 60 673.20 150 • 10 6.66 85 
19 2 80 897.60 138 22 15.94 80 
20 80 897.60 109 11 10.09 90 

Penetrability 100-200Ibs./sq.in. 

No grubs seeded 

58 5 1 11.22 100 0 0.00 120 

59 3 3 33.66 148 0 0.00 165 
60 5 3 33.66 150 0 0.00 155 
61 2 3 33.66 110 0 0.00 195 
62 5 4 44.88 120 0 0.00 105 
63 3 6 67.32 118 0.84 115 
64 5 6 67.32 134 0.74 190 
65 4 8 89.76 94 1.06 115 
66 5 9 100.98 120 0 0.00 125 

67 3 11 123.42 104 0 0.00 170 
68 5 11 123.42 96 3 3.12 160 

69 2 10 112.20 104 0.96 180 

70 4 13 145.86 117 0 0.00 120 

71 5 16 179.52 100 3 3.00 110 

72 3 18 201.96 100 1.00 115 



Expt. Bird 

73 
74 
75 
76 

77 
78 
79 
80 

5 
2 

4 

3 
2 

4 

Initial no. 

grubs 

18 

21 
21 
21 

27 

32 
33 

41 

Some or all of grubs seeded 

1 

2 2 

3 

4 

5 
6 

7 
8 

9 
10 
11 
12 

13 
14 

15 
16 

17 
18 

19 
21 
22 

23 
24 

25 
26 
27 
28 

29 
30 
31 
32 

33 
34 

35 
36 

37 
38 

39 
20 

2 

4 

2 

4 

4 

2 

5 
1 

5 
2 

3 

1 

5 

1 

3 

2 

2 

4 

2 

1 

5 

5 

4 

1 

2 

5 

5 
4 

1 

3 

3 

2 

2 

3 

3 

3 

4 

5 

5 

6 

8 

8 

8 

9 

9 

11 

14 

14 
15 
20 
20 
20 
25 
25 
30 
31 

35 
35 
35 
38 
40 
40 

45 
50 
60 
14 

N No.probes 

201.96 

235.62 
235.62 
235.62 
302.94 

359.04 
370.26 
460.02 

11.22 
11.22 
11.22 
11.22 
22.44 
22.44 
33.66 
33.66 
33.66 
44.88 
56.10 
56.10 

67.32 
89.76 
89.76 
89.76 

100.98 
100.98 
123.42 
157.14 
157.14 
168.30 
224.40 
224.40 
224.40 
280.50 

280.50 
336.60 
347.82 
392.70 

392.70 
392.70 
426.36 
448.80 
448.80 
504.90 
561.00 
673.20 
157.14 

144 

130 
100 
100 

100 

140 
100 

100 

100 
100 

100 
141 
100 
100 
100 
120 
100 

136 
125 
138 
120 

125 
100 

137 
110 
124 
100 

145 
100 

86 
100 
100 

100 
100 
100 
100 
100 
142 
100 
100 
100 
100 
100 
120 
100 
100 
103 

No.grubs captured 

2 

2 

3 

o 
1 

3 

4 

3 

o 
o 
o 

o 
o 
o 
o 
o 
o 

o 
o 
1 

o 
o 
1 

2 

o 
1 

1 

o 

4 

3 

5 
4 

2 

3 

5 
2 

1 

3 

2 

CS p 

1.38 130 

1.53 135· 
3.00 110 
0.00 175 
1.00 105 
2.14 170 
4.00 125 

3.00 185 

0.00 145 
0.00 195 

0.00 135 
0.71 195 
1.00 135 
0.00110 
0.00 185 
0.00 180 
0.00 175 
0.00 190.' 
0.00 140 
0.72 155 
0.00 105 
0.00 150 
1.00 145 
0.00 105 
O~OO 155 
0.80 190 
2.00 115 
0.00 120 
1.00 145 
1.16 105 
0.00 180 
1.00110 
1.00 180 
1.00 165 
4.00 150 
3.00 190 
5.00 135 
2.81 125 

1.00 190 
2.00 190 
3.00 155 
5.00 115 
2.00 180 
0.83 195 

3.00 195 
1.00 120 
1 .94 115 

665. 



Expt. Bird .Initial no. N No. probes 

40 
41 
42 
43 
44 
45 
46 

47 
48 

49 

50 
51 

52 

53 
54 
55 

56 

57 
81 
82 

83 
84 
85 
86 

87 

3 

1 

3 

1 

5 
3 

1 

3 

5 

2 

1 

3 

4 

1 

3 

2 

5 

4 

5 

4 

1 

5 

4 

grubs 
60 
60 
65 

70 
70 
75 

75 
75 
80 
80 

90 
90 
90 

90 
100 
100 
100 

100 
42 

45 
45 
54 
55 

55 
55 

673.20 
673.20 
729.30 

785.40 
785.40 
841.50 

841.50 
841050 

897.60 
897.60 

1009.80 
1009.80 
1009.80 

1009.80 
1122.00 
1122.00 
1122.00 
1122.00 

471.24 
504.90 
504.90 
605.88 
617.10 
617.10 
617.10 

Penetrability·200-300 lbs./sq.in. 

No. grubs seeded 
1 1 

2 5 

3 2 
4 5 

5 2 

6 1 

7 3 
8 4 

4 

7 
18 
24 
26 

27 
38 
42 

Some or all of grubs seeded 

9 1 

10 2 
11 

12 

13 
14 

15 
16 

17 
18 

19 

4 

3 

3 

2 

3 

2 

4 

2 

5 
10 
20 

25 
30 
30 
50 

50 

44.88 
78.54 

201.96 
269.28 
291.72 
302.94 
426.36 
471.24 

11.22 
11.22 
22.44 

56.10 
112.20 
224.40 
280.50 

336.60 
336.60 
561.00 
561.00 

100 

98 
100 

100 
100 
100 

100 
100 
100 

100 
100 
100 
106 
100 
104 
100 
100 
100 
100 
100 

100 
100 
100 

100 
109 

100 
100 

135 
100 

150 
140 
141 
150 

109 
100 
137 
110 
100 
108 
100 
129 

124 
100 

130 

No.grubs captured 

6 

5 

8 

6 

5 

5 
10 

5 

7 
4 

8 

3 

8 

9 

13 
6 

10 

9 

2 

5· 

4 

4 

2 

5 

4 

o 
o 
1 

1 

6 

2 

2 

o 
o 
o 

o 
o 
3 

2 

o 
4 

os P 

6.00 ·140 
5.10 110 
8.00 120 
6.00 165 

5.00 150 
5.00 160 

10.00 135 

5.00 125 
7.00 190 
4.00 125 

8.00 170 
3.00 170 
7.54 130 
9.00 140 

12.50 130 
6.00 175 

10.00 125 

9.00 110 
2.00 175 
5.00 130 
4.00 120 

4.00 175 
2.00 130 

5.00 150 
3.66 165 

0.00 250 
0.00 250 

0.74 230 
1.00 260 
4.00 220 

1.43 275 
0.71 240 
1.33 245 

0.00 270 
0.00 245 
0.00 270 
0.91 290 
0.00 225 
0.00 260 
3.00 260 
1.55 210 
0.00 295 
4.00 205 

0.77 285 

666. 



667. 

Expt. Bird Initial no. N No. probes -No.grubs captured CS P 
grubs 

20 4 70 785.40 150 3 2.00 300 
21 2 70 785.40 100 6 6.00 250 

Penetrability 300-400 lbs./sq.in. 

No grubs seeded 

1 11.22 120 0 0.00 365 
2 3 2 22.44 140 0 0.00 340 
3 2 2 22.44 105 0 0.00 315 
4 1 9 100.98 100 1.00 310 

Some or all of grubs seeded 

5 2 5 56.10 100 0 0.00 390 
6 1 10 112.20 135 0 0.00 375 
7 3 10 112.20 118 0 0.00 370 
8 4 20 224.40 150 0 0.00 345 

9 1 25 280.50 150 0.66 320 
10 2 30 336.60 150 0 0.00 355 
11 30 336.60 100 3- 3.00 305 
12 2 45 504.90 125 4 3.20 390 
13 5 45 504.90 126 0 0.00 320 
14 5 60 673.20 144 2 1.39 335 

Reductions in sum of squares due to successive terms in polynomial regression of 
CS on N (cf. table 11-11, p. 268). 
Penetrability (lb./sq.in. ) Source Degrees of Sum of Mean square F 

freedom squares 
50-100 Total 19 319.422 

Reduction to linear 226.226 226.226 43.693 
Deviations from linear 18 93.196 5.177 (P<O.OOl) 

Reduction to quadratic 1 15.427 15.427 3.373 
(P>0.05) 

Deviations from quadratic 17 77.769 4.574 
Reduction to cubic 9.044 9.044 2.106 

(P>0.10) 
Deviations from cubic 16 68.725 4.295 

200-300 Total 20 54.834 
Reduction to linear 1 24.597 24.597 15.456 
Deviations from linear 19 30.236 1.591 (p< 0.005) 
Reduction to quadratic 0.183 0.183 0.109 
Deviation from quadratic 18 30.053 1.669 (p >0.25) 

Reduction to cubic 1 0.992 0.992 0.580 
Deviations from cubic 17 29.061 1.709 (p >0.25) 

300-400 Total 13 16.496 

Reduction to linear 1 4.787 4.787 4.905 
Deviations from linear 12 11.709 0.975 (P<0.05) 
Reduction to quadratic 1 0.258 0.258 0.248 

Deviations from quadratic 11 11.451 1.041 (p >0.25) 

Reduction to cubic 1 0.340 0.340 0.306 
Deviations from cubic 10 11.111 1 .111 (P>0.25) 



APPENDIX XVII 

MEASUREMENTS OF PROBE - HOLE DEPTHS 

Experiments with captive birds 
Expt. Probe-hole depths (em.) 
Penetrability range 50-100 lbs./sq.in. 

1 2.4 3.0 1.5 1.8 1.0 1.3 
2 1.8 0.9 1.0 1.2 1.0 1.3 
3 2.3 1.0 1.8 1.4 2.0 1 .1 

0.9 4 

5 
8 

9 
10 
12 

13 
14 

3.2 0.8 0.9 1.3 1.2 
1.3 0.8 1.3 1.7 1.4 
1.5 1.8 2.1 1.8 2.1 

1.9 1.6 1.9 1.8 0.9 
1.8 1.5 1.6 1.4 1.4 
1.6 1.9 1.8 1.9 2.2 
1.5 Q.7 1.4 1.2 2.7 

2.6 2.1 1.6 1.4 1.9 

0.9 
1.5 
1.4 
2.1 
2.0 
0.8 

1.4 

Penetrability range 100-200 lbs./sq.in. 
1 0.6 0.7 0.7 
2 1.6 1.5 1.0 
3 1.9 1.8 1.4' 

4 

5 
6 

7 
8 

9 

1.0 0.7 0.4 
2.1 1.2 1.4 

0.7 
1.5 
2.2 
2.1 
0.5 
1.2 
1.4 

1.7 
1.0 
1.9 

1.3 
1.7 
2.0 

1.3 2.2 
2.1 2.2 

0.9 1.7 
2.7 0.4 
0.5 1.3 
1.6 0.8 
0.2 1.6 
2.3 2.4 
2.1 0.4 

0.4 1.9 
2.3 0.9 
1.1 1.7 
1.9 0.7 

1.0 1.9 
1.1 1.8 
1.4 1.4 

0.6 0.7 
1.9 1.7 

1.2 
1.6 
1.0 
0.7 
1.2 

0.9 0.5 0.3 
1.6 1.7 0.7 
0.8 2.7 1,1 

1.7 1.8 0.7 
0.61.51.8 
0.10.61.3 
0.6 1.4 3.1 
1.2 1.6 1.2 
1.9 0.3 0.7 
0.7 0.7 1.0 
1.31.32,.2 
0.4 1.7 0.4 
2.0 0.8, 1.1 

1.8 
0.8 
1.0 

1 .5 

1.2 
1.6 

3.3 
1.8 
1.8 
2.0 
1.6 

1.3 
1.0 
0.8 

1.9 
0.6 
2.2 

1.9 

0.7 
0.3 
0.6 
2.1 
1.3 
1.9 
2.4 
1.8 
1 .5 

0.7 
0.3 

0.3 
2.0 
1.2 
1.6 

1.5 
2.1 
2.2 

0.9 
3.0 
1.8 
0.9 

1 .5 

1.9 
1 .1 

2.0 
1 .1 

2.2 

1.9 
1.4 
1.1 
1.5 
2.8 
1.6 
2.2 

1.7 

1.5 
1.7 
0.6 

1.5 

10 

26 
27 
28 

29 
32 

35 
36 

39 
40 
81 

2.4 1.7 0.6 1.2 0.5 2.3 1.2 1.2 
0.6 0.7 1.6 1.5 1.6 0.8 1.2 2.5 

Penetrability range 200-300 
1 1.5 0.4 0.9 
2 1.4 1.6 0.6 

3 0.4 0.8 0.8 
4 0.9 0.2 2.1 
5 1.1 1.5 0.9 

0.3 1.0 1.4 

lbs./sq.in. 
1.1 0.6 
0.2 0.8 

0.4 1.5 
0.3 1.0 
1.3 1.1 

0.4 1.5 

0.5 2.3 

1.9' 0.8 
0.9 1.0 
0.9 0.9 
1.9 0.4 
1.7 1.9 

2.0 
2.4 

0.5 
0.9 
2.0 

1.2 

1.6 
1.8 
2.3 

1.0 
1.4 
2.2 

2.7 

1.5 
1.3 
1.7 
1.1 

2.1 , 

1.9 
0.6 

0.9 
1.9 
0.5 
2.8 

1.7 
1.4 
1.2 
0.4 
0.3 
2.4 
0.4 
0.8 
1.2 

0.5 
1.6 

3.1 
1.0 
0.8 

0.7 
1.1 

1.9 
1.7 
1.2 

1.6 
1.5 
1.7 

1.9 
2.5 
0.6 

1.4 

1.5 
1.6 
2.0 

1.6 
2.7 

1.7 
1.8 
1.5 
1.3 
1 .1 

2.0 

1.3 
2.1 

0.9 
0.5 0.6 

1.9 1.3 

0.6 
0.2 
0.1 

0.3 
1.0 

0.5 

1.0 
0.3 
1.8 
0.6 
1.8 

1.0 6 

7 1.4 0.4 0.4 2.0 1.0 0.5 0.8 1.5 1.2 2.2 

668. 



Expt. Probe- hole depths (em.) 
Penetrability range 200-300 lbs./sq.in. 

8 0.9 1.1 0.2 1.9 0.1 1~4 1.6 0.2 
9 1.9 0.5 1.3 0.9 1.6 1.1 1.8 1.6 

10 0.5 0.3 1.1 1'.3 1.3 1.9 0.9 1.4 

Penetrability range 300-400 lbs./sq.in. 

1 0.2 0.6 0.2 0.8 0.3 
2 1.01.90.12.00.2 

3 0.2 0.7 0.6 0.2 2.2 

4 0.3 0.1 1.7 0.7 0.1 
7 0.8 0.4 0.7 0.5 1.0 
8 

9 
10 
11 
12 

0.5 2.3 
0.9 0.3 

0.1 0.3 

0.5 0.7 
1.1 0.6 

0.4 0.3 
1.1 2.4 

0.3 0.7 
0.6 0.6 

1.5 0.5 

0.4 
1.6 
0.3 
0.4 
1.0 

Field measurements (Winehmore plot 3) 

0.4 

0.3 

0.7 
0.9 
0.3 
1.8 
0.1 

0.6 
0.6 

0.5 

1.4 

0.7 
0.6 
1.6 

0.3 
1.6 

0.9 
0.6 
0.8 

0.3 

1.0 

1.0 
0.2 

0.2 
0.4 
0.9 
1.0 

1.4 
1.2 
0.1 

Date Probe-hole depths (em.). 
Average penetrability 100-200 lbs./sq.in. 

11/v/70 0.60.9 1.2 1.8 1.6 2.1 2.7 1.6 
1.8 1.3 1.7 1.8 0.4 1.9 1.8 1.8 
1.6 1.7 0.5 2.8 1.3 2.0 1.8 2.8 
1.6 1.9 1.7 2.2 1.7 1.0 0.7 1.1 
2.3 0.8 2.2 1.1 1.2 2.3 2.0 1.7 

18/vi/70 1.7 1.8 0.3 0.9 
0.9 1.5 2.2 1.4 
2.4 1.9 1.3 1.8 

1.7 1.5 
1.5 0.2 
2.1 1.9 

1.4 

2.3 
1.1 

1.2 

t.6 
0.9 

1.3 1.5 
0.8 0.4 
1.8 0.9 

0.8 

0.2 

0.5 
0.4 

0.9 
0.7 
1.0 

0.1 

0.7 
0.8 

0.7 
1.2 

0.7 
1.1 

1.0 
0.7 
0.3 

0.2 
1.8 
0.3 

2.4 2.3 
1.4 2.0 

1.7 1.9 
0.6 1.5 
1.7 0.4 

0.9 2.4 
0.8 t.e 
1.0 1.6 

1.4 0.5 1.5 0.7 1.5 3.0 1.3 1.1 1.1 1.0 
1.92.31.81.21.21.20.61.41.31.6 

22/vi/70 1.7 0.9 1.8 1.8 2.3 0.8 2.2 1.7 

0.2 1.9 2.0 1.9 2.9 2.0 1.2 0.5 
2.4 1.4 1.6 2.4 0.7 0.5 0.8 1.3 

0.5 1.1 

1.7 1.7 
0.4 1.8 

1.8 1.8 2.0 0.5- 1.7 2.5 0.4 2.2 0.5 1.7 
1.9 1.2 0.6 2.1 0.6 0.9 1.0 1.7 0.7 1.9 

Average penetrability 200-300 lbs./sq.in. 

10/iv/70 1.41.40.11.90.71.70.50.8 1.0 1.9 
0.9 0.4 
1.5 1.5 

30/v/70 

1.8 1.3 0.2 1.8 1.5 1.9 2.1 0.7 
0.3 1.0 2.4 0.9 0.5 2.8 1.0 1.9 
1.7 2.3 0.8 1.6 2.0 0.2 1.2 1.3 0.8 1.4 
0.9 0.4 2.0 1.2 1.0 1.1 1.7 0.6 1.8 0.2 

1.8 1.5 2.2 1.3 1.2 0.9 1.7 0.9 0.2 1.0 
0.9 1.4 1.2 0.6 1.6 1.4 0.5 1.9 1.2 2.1 
1.2 1.0 0.9 1.0 1.1 1.2 1.6 1.5 0.3 0.9 

1.3 0.1 1.1 1.6 0.9 1.5 2.3 1.3 1.1 1.5 
1.00.81.31.51.21.21.02.31.31.4 

Average penetrability 300-400 lbs./sq.in. 
27/iv/70 0.8 1.3 2.3 0.5 0.6 0.2 0.3 

1.4 
0.1 

1.4 

0.5 
1.8 

1.8 

0.5 
1.9 

0.6 

1.9 
0.8 

1.0 0.2 

0.5 1.7 

0.3 2.0 
0.8 0.7 

0.4 
1.2 

2.1 

0.4 
0.1 0.9 0.6 2.0 0.3 0.9 1.6 1.2 0.2 0.6 
1.2 0.2 2;2 0.5 1.0 1.9 1.5 0.1 1.0 0.3 

669. 
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APPENDIX XVIII 

DISTRIBUTION OF PROBE-HOLES IN THE FIELD 

Frequency distributions of counts of starling probe-holes in 36 contiguous 

2in. by 2in •. squares with 1 sq.ft. quadrats: 

Date Quadrat Holes/square Freq. HOles/square Freq. Holes/square Freq. 

18/iii/70 1 0 0 4 7 8 1 

3 5 7 9 0 
2 4 6 4 10 

3 6 7 3 

2 0 2 3 8 6 4 

1 3 4 7 7 2 

2 5 5 5 

3 0 11 3 1 6 5 
1 4 4 2 7 4 
2 6 5 9 2 

4 0 1 3 6 5 9 
5 4 3 6 4 

2 8 

3/iv/70 1· 0 16 2 8 3 2 
10 

2 0 14 2 3 4 
11 3 5 5 2 

3 0 3 3 6 6 4-
1 5 4 8 7 2 
2 6 5 2 

4 0 18 2 7 4 2 
1 7 3 2 

11/v/70 0 8 2 7 4 4 
1 9 3 6 5 2 

2 0 15 2 7 3 4 
1 10 

3 0 4 2 6 4 
1 16 3 7 

15/vi/70 0 19 13 2 4 

2 0 15 2 4 4 

12 3 4 

3 0 15 2 7 '; 

11 3 2 
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APPENDIX XIX 

LOCATION OF GRASS GRUBS BY STARLINGS 

Results of experiments with captive starlings probing for grass grubs seeded into 

1.96in. squares within 11.75in. squares of turf. Frequency distributions of probe-holes 
in 1.96in. squares: 

Trial No. No. HOles/ Freq. (sqrs. Freq. (sqrs. Holes/ Freq.(sqrs. Freq. (sqrs. 
squares squares square with grubs) without square. with grubs) without 
with without grubs) grubs) 
grubs grubs 

5 31 0 2 18 2 0 
2 12 3 0 1 

2 5 31 0 0 11 3 2 2 
1 3 10 4 0 
2 0 6 5 0 

3 5 31 0 2 6 2 1 4 

1 2 17 3 0 4 

4 10 26 0 4 8 2 4 

1 4 12 3 2 

5 10 26 0 3 12 2 7 8 
1 0 5 4 0 

6 10 26 0 3 6 2 6 

5 10 3 4 

7 10 26 0 2 3 2 0 12 
8 11 

8 10 26 0 6 8 3 6 
2 5 4 2 

2 0 5 

9 10 26 0 4 12 3 1 5 
2 6 5 2 0 

2 2 6 0 1 

10 10 26 0 3 8 3 1 
1 3 11 4 2 

2 2 3 5 0 

11 15 21 0 7 16 2 2 

7 3 

jungs
Typewritten Text
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Trial No. No. Holes/ Freq. (sqrs. Freq.(sqrs. Holes/ Freq. (sqrs. Freq. (sqrs. 
squares squares square· with grubs) with'Out square with grubs} without 
with without grubs) grubs) 
grubs grubs 

12 15 21 0 11 10 2 2 

3 8 3 0 

13 15 21 0 6 10 3 2 0 

1 4 5 4 2 

2 2 4 

14 15 21 0 3 9 3 2 1 

1 6 8 4 2 

2 3 1 

15 15 21 0 4 8 2 4 5 

3 4 3 4 4 

16 15 21 0 6 7 3 3 4 

4 5 4 0 2 

2 2 3 
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APPENDIX XX 

MEASUREMENTS OF PROBING RATES 

All measurements made at Winchmore plot 3. Results for an individual observation 

given in following form: 
(no. of probes)/(period of continuous observation in mins.). 

R = rain day. 

Date (1970) No.observations Results 

13/iii(R) 39 47/2.30 2/0.38 6/0.25 11/1.16 35/1.43 17/1.33 3/0.18 
3/0.53 11/0.71 20/1.48 25/2.28 15/1.21 11/0.85 4/0.28 

5/0.55 5/0.43 20/1,86 3/0.21 4/0.33 1/0.51 
40/1.00 19/1.95 5/0.63 20/0.46 5/0.30 19/1.20 18/1.13 
19/1.68 46/1.73 8/0.88 79/3.00 4/0.20 30/3.00 35/2.95 
11/0.90 1/0.48 3/0.60 19/0.91 28/1.66 

14/iii(R) 9 14/0.93 21/1.55 12/0.63 9/0.21 42/3.00 8/2.46 29/1.01 
10/0.86 105/2.58 . 

15/iii 19 16/1~41 54/3.00 2/0.51 7/0.38 12/1.26 36/1.53 3/0.21 
22/0.85 31/2.03 58/3.00 3/0.46 14/0.33 19/1.63 46/2.20 
30/0.98 25/0.96 20/1.36 48/2.45 1/0.30 

16/iii(R) 11 31/2.83 22/1.08 12/0.76 28/1.48 1/0.28 27/1.86 5/2.16 
14/1.73 14/0.65 3/0.80 19/0.93 

17/iii(R) 10 16/0.53 22/0.68 44/1.90 14/2.28 13/0.65 10/0.61 36/1.28 
11/1.43 103/2.91 4/1.05 

20/iii(R) 16 3/0.46 62/t.76 67/1.31 82/2.05 77/1.83 18/1.48 38/2.38 
15/0.45 12/0.26 52/1.40 51/1.25 59/1.03 71 j1.46 70/1.23 
18/0.36 28/2.10 

22/iii 11 47/1.55 22/2.63 14/1.08 16/0.45 31/0.60 33/1.26 81/2.68 
9/2.13 4/0.23 17/0.85 40/0.81 

23/iii 17 65/1.43 79/1.50 39/0.71 35/0.66 69/1.21 13/0.26 33/0.83 
20/0.51 19/0.46 37/2.21 71/1.85 17/0.41 94/2.08 34/1.43 
47/1.56 66/1.75 33/0.83 

25/iii (R) 11 69/2.83 11/0.45 22/1.06 110/3.00 9/0.86 32/1.66 13/0.38 
6/0.90 51/1.21 55/1.36 3/0.73 

27/iii 14 20/0.50 39/1.00 42/0.93 15/1.15 60/1.83 5/0.20 15/0.46 
97/2.46 43/0.88 42/1.25 53/1.08 59/1.31 6/0.71 82/2.38 

29/iii 6 8/1.28 33/2.50 41/2.21 18/1.10 12/0.28 3/0.73 



-674. 
Date (1970) No~observations .Results 

31/iii 7 73/2.13 14/0.38 35/0.90 26/1.45 45/1.08 18/0.43 38/1.78 

l/iv(R) 15 47/1.18 10/0.41 37/1.40 31/1.71 101/2.83 5/0.66 8/0.88 
27/2.30 41/1.28 12/0.63 14/1 .45 32/2.63 21/1 .15 11/0.28 

9/1.91 

2/iv 12 22/1.28 19/0.53 47/1.18 43/0.98 84/2.46 51/1.;31 12/0.36 
38/1.35 6/0.41 92/2.48 14/0.56 134/3.00 

4/iv(R) 8 41/1.83 19/1.28 18/1.76 11/0.31 26/0.91 29/0.86 8/2.05 
12/0.40 

5/iv 10 7/0.23 21/0.48 35/1.86 20/0.60 11/1 .73 68/2.21 1/0.76 
106/2.40 15/1.46 79/2.35 

6/iv ,19 58/1.46 18/1.25 29/1.31 4/0.30 7/0.56 79/1.85 64/2.33 
25/1.36 63/1.90 51/1.38 43/1.46 37/0.93 100/2.33 10/0.4.1 
85/2.12 111/2.33 5/0.48 - 7/0.86 9/0.28 

7/iv 14 14/0.86 16/1.03 25/1.18 24/1.51 39/1.26 5/0.48 51/1.26 
58/2.43 32/1.75 12/1.43 13/0.51 77/2.18 12/0.93 2/0.31 

10/iv 7 75/2.11 16/1.41 11/0.63 35/0.96 5/0.28 51/1.30 23/0.85 

15/iv 7 8/0.70 6/0.36 38/1.35 33/1.30 26/1.93 56/2.41 4/0.61 

16/iv 9 14/0.40 52/1.30 29/1.45 16/0.56 12/0.95 47/1.68 6/0.63 
50/1.58 62/1.93 

18/iv 8 10/0.43 16/1.31 25/2.46 5/0.68 19/1.78 4/1.15 18/1.03 
28/0.51 

22/iv 5 118/2.86 14/0.53 47/0:96 8/0.46 81/1.73 

23/iv 9 7/0.48 57/1.38 25/1.46 19/1.18 20/0.83 8/0.40 53/2.05 
32/2.16 23/1.53 

24/iv 8 • 7/0.78 52/1.53 50/1.41 39/1.20 61/1.48 26/0.76 40/1.08 
18/0.60 

27/iv 14 13/0.31 18/1.78 5/0.63 71/1.90 79/2.25 16/1.41 14/0.95 
36/3.00 44/2.46 14/1.35 16/3.00 8/1.43 32/0.91 61/2.70 

l/v(R) 8 72/2.11 19/0.82 11/0.58 5/0.60 12/1.41 39/2.00 69/1.93 
15/0.55 

3/v(R) 9 42/3.00 51/1.15 2/0.28 11/0.45 17/1.45 7/0.66 4/0.63 
18/1.20 2/0.46 
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Date (1970) No.observations Results 

4/v 8 44/1.06 16/0.53 3/0.41 68/2.08 12/0.61 27/1.65 68/2.06 
29/1.40 

9/v(R) 12 9/0.23 43/1.56108/2.73 68/1.45 21/0.48 59/1.46 67/1.81 
40/0.90 6/0.38 36/0.92 15/0.43 19/0.53 

14/v 10 31/0.95 38/1.63 5/0.46 23/0.73 74/1.68 24/0.70 17/0.55 
66/1.60 12/0.36 86/2.21 

15/v 6 12/0.51 82/2.60 37/1.15 48/1.41 27/0.66 13/0.43 

16/v 5 11/0.35 41/1.20 65/1.38 52/1.10 30/1.05 

19/v 11 9/0.46 28/0.95 27/1.30 42/1.65 67/1.71 79/2.61 28/1.43 
25/0.85 55/2.88 29/0.80 32/1.28 

24/v(R) 8 68/2.85 17/1.63 20/0.53 32/1.20 14/0.68 6/0.28 11/1 .11 
7/0.41 

25/v 16 51/1.35 87/3.00 26/1.38 41/1.26 13/0.28 36/1.76 98/2.43 
42/1.15 56/1.31 20/0.43 18/0.41 79/1.83 17/0.65 14/0.50 
62/1.85 89/2.20 

27/v 10 24/0.55 68/1.65 65/1.61 119/2.61 31/0.78 45/1.90 3/0.35 
94/2.25 36/0.83 31/0.73 

30/v 8 60/1.48 52/1.36 38/1.16 39/1.86 11/0.26 15/0.38 124/2.80 
39/1.01 

4/vi 5 41/0.88 58/1.41 82/2.53 12/0.30 14/0.30 

7/vi 14 75/2.50 42/1.15 19/1.08 16/0.65 34/0.76 45/1.23 11/0.38 
39/1.26 71/2.06 40/1.53 26/0.61 9/0.80 78/1.70 62/1.46 

8/vi 3 21/0.78 52/2 •. 08 27/1.16 

10/vi 6 17/0.45 114/2.85 13/0.68 38/1.13 27/0.73 50/1.08 

14/vi 4 51/1.46 28/0.73 21/0.58 64/1.40 

17/vi(R) 3 18/0.53 29/0.68 17/0.41 

18/vi(R) 4 71/2.16 3/0.48 16/0.63 20/0.78 

22/vi 10 21/0.73 57/1.45 25/0.66 68/1.68 31/0.95 65/2.08 33/0.80 
67/1.61 107/2.43 18/0.46 

25/vi 9 14/0.66 12/0.43 46/1.10 60/1.68 41/1.33 10/0.83 28/1.35 

50/1.38 29/1.48 



ANALYSES OF VARIANCE 

For all analyses of variance each individual observation in the above data was 

converted to probes/min. 

SO\lrce Sum of Degrees of Mean square F 
squares freedom 

March, rain vs.dry days 3086.500 3086.500 15.157 
Error 34208.944 168 203.624 (P<0.005) 
Total 37295.444 169 

April, rain vs.dry days 270.343 270.343 1.762 
Error 21938.713 143 153.417 (P>0.10) 
Total 22209.056 144 

May, rain vs.dry days 1515.793 1515.793 12.760 
Error 12947.557 109 118.785 (P < 0.005) 
Total 14463.350 110 
June, rain vs.dry days 103.493 1 103.493 1.142 

Error 5073.999 56 90.607 (P>O.10) 
Total 5177.492 57 

March-April v.s. 

May-June 5484.948 5484.948 33.248 
Error 79514.835 482 164.968 (P<0.OO5) 

Total 84999.783 483 
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APPENDIX XXI 

MEASUREMENTS OF SOIL PENETRABILITY 

Measurements of soil penetrability (lb./in. 2 ) at Winchmore plot 3. On frost days, a.m. 
and p.m. indicate morning and afternoon measurements, respectively. 

Date (1970) 
9/iii 
14/iii 
17/iii 
18/iii 
22/iii 
26/iii 
3/iv 
4/iv 
5/iv 
6/iv 
7/iv 
9/iv 
10/iv(p.m.) 
15/iv 
16/iv 
20/iv 
23/iv (a.m.) 
27/iv(p.m. ) 
29/iv 
3/v 
4/rv(p.m. ) 
9/v 
11/v 
14/v (p.m.) 
15/v (p.m.) 
16/v (a.m.) 
19/v (a.m.) 
21/v (a.m.) 
24/v (a.m.) 
27/v (p.m.) 
30/v (p.m.) 
1/vi (p.m.) 
4/vi 
7/vi (p.m.) 
8/vi (a.m.) 
10/vi (p.m.) 
14/vi' (a.m.) 
15/vi (p.m.) 
18/vi 
22/vi (p.m.) 
25/vi 

AVerage penetrability 

305.5 
167.5 
142.0 
195.0 
120.5 
214.0 
182.0 
179.0 
183.5 
220.0 
237.5 
237.5 
228.0 
272.5 
284.0 

275.5 
372.0 
360.0 
409.0 
254.0 
292~5 

185.5 
193.5 
289.5 
319.0 
390.0 
362.5 
328.5 

357.5 
269.5 
280~5 
289.0 
251.0 
224.5 
369.5 
291.5 
352.0 
274.5 
183.5 
169.5 
227.0 

Days since rain 
8 

o 
o 

o 
o 
1 

2 

3 

5 
6 

11 

12 
16 
19 
23 
25 

2 

o 
1 

4 

5 

6 

9 

11 

2 

4 

6 

2 

1 

2 

4 

8 

9 
o 
3 

6 

Frost (oF) 

2.7 

2.2 
3.0 

11.1 

1.9 
3.2 

10.5 
3.1 

3.8 
3.6 
3.0 

11.3 

9.1 

7.0 
11.7 

11.1 

9.3 
0.8 

7.5 

677. 
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APPEND IX XXII 

OBSERVATIONS OF STARLING FEEDING VISITS 

Results of stud~es ~n 1.0 acre areas at Winchmore, in which grass grub density in the 
top 3.0cm. was measured by taking 100 4cm. diameter cores, and the number of starlings 
which visited each area, the length of their visit and so~l penetrability were measured 
on a subsequent day during an observation period of up to half a day. 

In measuring the length of starling visits to the 1.0 acre areas, the following 
procedure was adopted: If a flock flew in and started feeding on the area under observation, 
the time spent in the area commenced with the landing, but flocks often entered and left 
over the pasture surface. If a flock was moving over the surface on to a 1.0 acre area, 
the stopwatch was started and a count was made when all of the birds had entered the area 
(or as many birds as appeared likely to enter the 1.0 acre area had done so; or, alter

natively, if 5 mins. had elapsed since the first birds in the flock entered the area). 
Thereafter counts were made at 5 minute intervals until all of the birds had left the 
plot, when the stopwatch was stopped. The counts thus took the form 

Time (mins.) No. birds 
o 
5 

10 

10 + t 

where O<t< 5 
The lerigth of the visit was 10 + t mins. and the number of bird-hours spent in the 

1.0 acre area during the visit was calculated as 
+ ~. t 

60 
This method assumes that the birds entered and left the plot at the same rate on a 
pa~ticular visit. 

TRIAL 1 
Grass grub counts on 22/iv/70 Grubs/core 

o 
Freq. 

80 
17 

Grubs/core 
2 

4 

Freq. 
2 

23/iv/70 Average soil Observation Time(mins.)No.birds Time(mins.)No.birds Time (mins JNo.birds 

TRIAL 2 

penetrability period: 
=237.0 Ib./in. 2 1300-1800 

(0.5day) 

Grass grub counts on 1/v/70 

o 42 

2.8 

o 274 
5 310 

10 

15 
17.4 

Grubs/core 
o 

331 

309 

Freq. 
84 
14 

o 600 
5 600 

10 
15 

15.3 

600 
800 

Grubs/core 
2 

o 280 

5 522 
10 700 
15 550 

20 

20.9 

Freq. 
2 

40 

jungs
Typewritten Text

jungs
Typewritten Text



4/v/70 Average soil Observation Time(mins.)No.birds 

penetrabili ty period! 0 371 

=326.5lb./in. 2 0830--1230 2.5 
(0.35 day) 

0 70 

5 70 
7.3 

0 211 

2.8 

0 4 

4.7 

0 37 
1.2 

TRIAL 3 
Grass grub counts on 9/v/70 Grubs/core 

o 
Freq. 

66 
30 1 

10/v/70 Average soil Observation Time(mins.)No.birds 

penetrability period! 0 48 

=139.5lb./in. 2 1400~1700 5 61 

(0.33day) 6.2 

0 132 

5 133 

7.4 

0 15 
3.1 

0 69 
5 72 

10 166 

15 45 
18.4 

0 16 

5 8 

8.6 

679. 

Time(mins.)No.birds Time(mins.)No.birds 
0 7 0 19 

1.9 1.5 

0 87 0 400 

5 95 3.6 
6.7 

0 82 
0 41 2.9 

2.2 

0 185 
0 3 1.1 

3.8 
0 69 

0 182 5 60 

3.2 9.6 

Grubs/core 
2 

Freq. 

3 

3 

Time(mins.)No.birds Time(mins.)No.birds 
0 371 0 133 
5 320 5 122 

6.1 10 180 

14.3 
0 31 

2.2 0 

5 2 

0 89 10 3 

5 126 12.8 
10 127 
15 481 0 478 

18.8 5 430 
10 432 

0 900 15 484 

5 900 20 397 
9.4 23.7 

0 82 0 45 

5 80 5 44 
10 51 

10.9 9.6 



TRIAL 4 
Grass grub counts on 23/v/70 Grubs/core 

o 
1 

Freq. 
74 
25 

28/v/70 Average soil Observation Time(mins.)No.birds 

penetrability period: 

=182.01b./in. 2 1300-1600 
(0.33 day) 

TRIAL 5 
Grass grub counts on 23/v/70 

0 

5 
10 

11.8 

0 

5 
6.2 

0 

5 
10 

15 
20 
25 
30 

31.7 

Grubs/core 
o 

60 
50 

127 
118 

161 
170 
145 
123 

129 

Freq. 
100 

ii/v/70 Average soil Observation 
penetrability period: 
=180.51b./in.2 0900-1255 

(0.44 day) 

all counts zero 

TRIAL 6 

Grass grub counts on 6/vi/70 Grubs/core 
o 
1 

Freq. 
76 
22 

Grubs/core 
2 

Freq. 
1 

680. 

Time(mins.}No.birds Time(mins.}No.birds 

0 31 

5 30 

10 13 
15 14 

20 42 

25 41 
29.4 

0 87 
2.7 

0 109 

5 100 
10 92 
15 107 
20 104 

24.7 

Grubs/core 
2 

0 

5 
10 
15 
20 

25 
27.8 

0 

5 
10 

15 
20 
25 
30 

35 
40 

44.1 

Freq. 
2 

72 
61 

79 
64 

143 
4 

25 
24 
24 

27 
28 
28 
22 

20 
22 



9/vi/70 Average soil Observation 
penetrability period: 
=135.0lbs./in. 2 1300-1600 

(0.33 day) 

TRIAL 7 

Time(mins.)No.birds 
0 12 

5 11 
6.6 

0 514 

2.9 

0 3 

5 3 
10 2 

15 2 

18.3 

0 92 
1 .1 

0 600 

5 600 
10 483 
15 600 

16.2 

Grass grub counts on 6/vi/70 Grubs/core 

o 
Freq. 

86 

8/vi/70 Average soil 
penetrability 

=158.0lb/in.2 

TRIAL 8 

Observation 
period: 

1300-1700 
(0.44 day) 

Grass grub counts on 20/vi/70 

Time(mins.)No.birds 
o 59 
5 131 

10 
. 15 
18.0 

0 

3.9 

0 
1.5 

Grubs/core 
o 
1 

108 
58 

12 

2 

Freq. 

92 
7 

681. 

Time(mins.)No.birds Time(mins.)No.birds 
0 

5 
10 
15 
20 

22.0 

0 

5 
10 

13.7 

0 

5 
10 

12.8 

Grubs/core 
1 

468 

477 
472 
419 
410 

24 

25 
25 

36 
2 

13 

0 

5 
10 
15 

18.8 

0 

5 
10 

15 
20 

25 
30 

32.5 

Freq. 
14 

89 
87 
81 

130 

10 

7 
6 

7 

5 
7 
9 

Time(mins.)No.birds Time(mins.)No.birds 
o 6 0 20 

4.3 5 16 

o 
2.2 

4 

o 
3.3 

51 

Grubs/core 
2 

6.1 

o 
5 

8.7 

Freq. 

79 
141 
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21/vi/70 Average soil Observation Time(mins.)No.birds Time(mins.)No.birds Time(mins.)No.birds 

TRIAL 9 

penetrability period: 
= 146.0lb./in.2 1300-1700 

(0.44 day) 

0 8 

5 7 
10 8 

15 8 

20 2 
23.6 

Grass grub counts on 10/vii/70 Grubs/core 
o 

Freq. 

96 

11/vii/70 Average soil Observation 
penetrability 

=271.0lb/in.2 
period: 

0900-1230 
(0.39day) 

Time(mins.)No.birds 
o 62 

5 64 
10 63 

13.4 

o 
2.7 

o 
5 

6.8 

59 

2 
2 

0 

5 
10 

11.0 

14 
13 
10 

Grubs/core 
1 

Time(mins.)No.birds 
o 14 

3.1 

0 86 
2.4 

0 132 

5 140 
10 89 

11.9 

Freq. 
4 

Time(mins.)No.birds 
o 6 

3.2 

0 

1.4 

0 10 

4.7 



683. 

APPENDIX XXIII 

OBSERVATIONS OF BEHAVIOUR OF GRASS GRUB ADULTS 

LI~COLN PLOT 

1968 Flight Season 
Soil samples 
Date 

1/xii 

8/xii 
11+12/xii 

Males 

Flight-interception 
Date No.traps 

6-9/xi 2 
10/xi 2 
11/xi 
12/xi 2 

13/xi 2 
14/xi 2 

15+16/xi 2 

17/xi 2 
18/xi 2 

19/xi 2 

20/xi 2 

21j~i 2 

22-24/xi 1 
25/xi 
27/xi 
28/xi 2 

29/xi 2 

30/xi 1 

2/xii 2 

4-8/xii 2 

Ground collections 
10/xi 
13/xi 
14/xi 

17/xi 
18/xi 
19/xi 
21/xi 
29/xi 
30/xi 

2/xii 

25/xi 

Adults in top 1in. 
Females 

class I class II 

3 

2 

trap catches 
Males Class I females 

3 

1 

5 
12 
21 
32 

72 
38 
34 
10 
14 

9 
6 

2 

7 
4 

1 

14 
16 

51 
67 
28 

34 
17 
15 

4 

14 

5 
17 
34 
68 
12 
16 
19 

7 

24 

Adults at greater depths 
Males 

3 

Class II females 

4 

20 

7 
4 

15 
11 

20 

3 

1 

5 
11 

1 
8 
2 

14 
6 

3 

18 

Females Overall 
class I class~II total 

Total catch 

3 

1 

5 

12 
21 
36 

93 
38 
35 
10 
14 
16 
10 

17 
18 
24 

1 

3 

19 
34 

90 
146 

41 

58 
38 

36 
10 

4 

56 

6 14 

2 5 
5(a11 

females, 
1 class I) 



684. 

1.969 Flight season 
Soil samples 
Date Adlllts in top 1 in. Adults at greater depths 

Males Females Males Females Overall 
class I class II class I class II total 

3/xi 6 5 9 21 
13/xi 9 3 6 2 2 23 
16/xi 5 1 2 4 6 2 20 
19/xi 3 3 1 4 3 14 
21/oci 5 3 4 4 5 22 

27/xi 2 3 3 2 2 12 
5/xii 3 5 10 
8+9/xii 27(5males;22 

females~2 
class I 

Flight-interception trap catches 
Date No.traps Males Class I females Class II females Total catch 
10/xi 1 2 2 
11/xi 2 17 17 
12/xi 2 5 5 
13/xi 2 15 15 
14/xi 2 12 12 
15/xi 2 15 15 
16/xi 2 10 10 
17/xi 2 188 5 193 
18/xi 2 18 19 
19/xi 2 14 14 
21+22/xi 2 16 16 
23/xi 2 32 32 
25/xi 2 
26/xi 2 10 10 
27+28/xi 2 25 2 .27 
29/xi 2 3 3 
30/xi 2 2 2 
l/xii 2 7 2 9 
2/xii 2 

3-7/xii 2 

Ground collections 

5/xi 
6/xi 

7/xi 5 1 16 
8/xi 14 5 19 
9/xi 10 10 20 
10/xi 24 9 33 
11/xi 14 10 24 

17/xi 55 53 8 116 
18/xi 41 7 3 51 
19/xi 28 20 15 63 

24/xi 19 21 10 50 

26/xi 16 4 14 34 
29/xi 11 3 9 23 
l/xii 4 8 12 



WINCHMORE PLOT 1 
1969 Flight Season 

Soil samples 
Date Adults in top 1 in. 

Male" Females 

class I class II 

6+7/xi 33 4 
14/xi 10 7 
18/xi 14 6 4 

20/xi 10 5 4 

25/xi 7 6 

29+30/xi 2 

Total sample, 29+30/xi 15(2 males,13 femaies, 

Flight-interception trap catches' 

Date No.traps 

15+16/xi 2 

17/xi 2 

18+19/xi 2 

24/xi 2 
28/xi 2 

29/xi 2 

30/xi 2 

,l/xii 2 
3":'8/xii 2 

Ground collections 

16/xi 
28/xi 

1970 Flight Season 
Soil samples 
Date 

Male's 

3/xi 7 
5/xi 8 
7/xi 17 
10/xi 15 
12/xi 18 

14/xi 11 

16/xi 10 

18/xi 12 

20/xi 7 
22/xi 8 

24/xi 2 

26/xi 3 

28+29/xi 2 

Males 

68 

51 
297 

59 
14 

2 

5 

78 
18 

Class I 

84 

5 

Adults in top 1 in. 

Females 
class I class 

2 

7 
5 
4 

5 3 
7 1 

10 3 
2 3 
3 3 

3 
3 
7 

females 

II 

685. 

Adults at greater depths 
Males Female" Overall 

class I class II total 
37 58 132 
11 23 1 52 

8 14 3 49 
15 12 5 51 

5 6 6 31 
4 

all class II) • 

Class II females Total catch 

4 
2 

5 

8 

32 

68 
51 

301 
61 
19 

2 

6 

170 

55 

Adults at greater depths 
. Males 

class 
20 15 
20 19 
10 20 
10 25 

7 14 
12 8 
11 7 

7 8 
4 5 
3 4 
2 3 

5 2 

1 

I 

Females 
class II 

2 

6 

4 

8 

4 

5 

2 

Overall 
total 

43 

49 
54 
56 
45 
40 

37 
46 
25 
29 
14 

19 
13 

39(5 males, 
34 females, 4 class 
I) 



Date 

1/xii 

3/xii 

5/xii 

8/xii 

,Males 

1 

1 

Adults in top 1 in. 

Females 

olass I .class I 

Flight-interception trap catches 

Adults at greater depths 

Males Females 

class I class II 

4 

2 

Date No. traps Males Class I females Class II females Total catch 

5/xi 2· 

7/xi 2 1 

10/xi 2 5 

12/xi 2 14 

14/xi 2 89 

18/xi 2 119 

20/xi 2 135 

22/xi 2 

24/xi 2 

26/xi 2 

29/xi 2 

l/xii 2 

3/xii 2 

5/xii .2 

8/xii 2 

Ground collections 

10/xi 

12/xi 

14/xi 

l8/xi 

20/xi 

22/xi 

24/xi 

26/xi 

29/xi 

58 

32 
4 

15 

17 

35 

55 

103 

31 

28 

10 

14 

14 

40 

39 

103 

30 
. 15 

4 

3 

2 

3 

1 

3 

17 

11 

13 

13 

16 

1 

5 
14 

89 

120 

137 

58 

35 

4 

16 

31 

76 

97 

223 

72 

56 

27 

33 

686. 

Overall 

total 

6 

4 



APPENDIX XXIV 

RESULTS OF PLOUGHING TRIAL 

Grass grub and earthworm sample counts in caged and open areas. 

5 spade squares/area at each sample. 

687. 

Pre-ploughing sample (5/vi/70) Post-ploughing sample (20/vi/70) 

Area 

Caged arlilas 

1 3 

2 6 

3 0 
4 6 

5 7 
6 5 

Uncaged areas 

1 

2 

3 

4 

5 
6 

2 

8 

2 

12 

5 

o 
1 

4 

4 

9 
8 

o 
7 
4 

9 

5 

6 

Grass grubs 

6 

1 

2 

5 
o 

o 
4 

o 
8 

8 

8 

4 

3 

3 

5 
3 

5 

3 

5 
1 

7 
4 

5 

2 

o 
3 
8 

2 

6 

3 

5 

7 
4 

Number/spade square 

Earthworms 

6 14 7 10 6 

12 27 20 14 22 

17 13 16·, 12 18 

12 14 16 22 19 

24 11 25 13 28 

23 12 19 32 13 

22 17 14 

13 12 17 

15 12 19 

9 14 10 

10 13 11 

13 14 9 

16 19 

18 20 

18 22 

10 11 

8 12 

10 4 

o 
2 

o 
o 

o 

1 

3 

o 
4 

3 

Grass grubs 

o 
o 
o 
o 
2 

2 

7 
1 

5 

o 
2 

2 

4 

4 

o 
o 
5 

o 
4 

o 
o 
1 

o 

o 
3 

o 
1 

o 
2 

o 
1 

3 

Surface counts of grass grubs and earthworms exposed by ploughing. 

Area 

C1 

C3 . 

C5 

15 1.0sq.ft. quadrats taken in each of 

Grass grubs: 020 

Earthworms: o 200 2 

Grass grubs: 0 0 0 

Earthworms: 2 0 5 

1 

o 0 

2 3 

caged areas 1, 3 and 5. 

No./quadrat 

1 1 1 002 

o 0 200 o 

o 0 
o 

2 0 

000 0 

421 3 

o 1 

5 
10 

17 

o 24 

1 19 

2 11 

1 

o 
5 

4 

o 

16 

18 

13 

5 
9 

10 

o 
o 

o 0 
1 2 

Grass grubs: 1 1 

Earthworms 6 3 3 1 

1 

2 

o 
o 2 3 

o 
3 3 342 

Earthworms 

7 14 13 7 
17 15 25 23 

8 15 13 9 

15 16 16 9 

14 15 22 19 

14 15 5 6 

21 

20 

12 

8 

13 

9 

14 19 20 

14 16 11 

4 10 19 

12 6 6 

15 .5 7 
13 4 6 



688. 

APPENDIX XXV 

PASTURE PRODUCTION MEASUREMENTS 

TOTAL DRY MATTER PRODUCTION 
Autumn production 

Paddock containing Winchmore plot 

(8/i/70 -12/iii/70) 
Area No.lft. 2 Av.gms. 

sampling dm/unit 
units 

1969 caged 
areas 10 16.83 

1969 open 
areas 10 23.16 

undamaged 10 30.40 
area D 10 22.04 

Winter production 
Paddock containing Winchmore plot 

(4/vii-19/viii/70) 
Area No. lft.2 Av.gms. 

sampling dm/unit 
units 

open plot 10 2.49 
caged plot 10 1.67 
undamaged 10 2.43 
area D 10 2.16 

Spring production 
Paddock containing Winchmore plot 1 

(22/x-5/xi/70) 
Area No.lft. 2 Av.gms. 

sampling dm/unit 

caged plot 
open plot 
undamaged 
area D 

1969 caged areas 
1969 open areas 

units 
10 
10 
10 

10 
10 
10 

4.32 

5.83 
5.42 

5.51 
5J30 

5.04 

Summer production (1969-70) 
Paddock containing Winchmore plot 1 

(26/i-11/ii/70) 
Area No. lft. 2 Av.gms. 

sampling dm/unit 

open plot 
caged plot 
undamaged 

units 

10 
10 

10 

6.36 
6.35 
7.27 

Paddock adjacen~ to plot 1 

(9/ii-30/iv/70) 
Area No.lft. 2 Av.gms. 

sampling dm/unit 
units 

undamaged 10 29.85 

moderate 10 16.'31 

severe 10 5.40 

Winchmore plot 2 

(14/ii-29/iv/70) 
Area No.lft. 2 Av.gms. 

sampling dm/unit 
units 

undamaged 10 34.42 

moderate 10 t9.23 
severe 10 9.55 

Paddock containing Winchmore 

(22/x-5/xi/70) 

plot 3 

Area No. lft.2 
sampling 
units 

caged ar~as 
open areas 
unda.maged 

10 
10 

5 

Av.gms. 
dm/unit 

3.73 
4.18 

5.37 



Summer production (1970-71) 
Paddock containing Winchmore 

(3/i-l1 /ii/71) 
Area No.1ft. 2 

caged plot 
open plot 
undamaged 
area D 
1969 caged 

areas 
1969 open 

areas 

sampling 
units 

10 
10 
10 
10 

10 

10 

plot 1 

Av.gms. 
dm/unit 

19.03 
18.35 
20.49 
18.48 

14.78 

15.39 

Calculation of kgm.~r~matter/hectare/day 

Paddock containing Winchmore 
(3/i-11/ii/71 ) 

Area No.1ft. 2 

caged areas 
open areas 
undamaged 

sampling 
units 

10 
10 

5 

689. 

plot 3 

Av.gms. 
dm/unit 

11.79 
18.06 

17.29 

The above results represent gm. dry matter/square foot for a particular interval and 
area. Multiplication by 107.64 converts these figures to kgm. dry matter/hectare, and 
production was therefore calculated as follows: 

(Average gm.dm/unit) x 107.64 = kgm.dm/hectare/day 
ND 

where ND = no. of···days in interval. 

For example, 1970-71 summer production in the caged plot within Winchmore plot 1 

was 107.64 x 19.03 ~ 52.5 kgm./hectare/day. 

SPECIES ANALYSIS 

Autumn 
Species 

ryegrass+dogstail 
white clover 
cocksfoot 
browntop 

Yorkshire fog 
miscellaneous 
dead 

Winter 

ryegrass+dogstail 
white clover 
red clover 
cocksfoot 
brown top 

39 

% of sample 
Paddock adjacent to Winchmore plot 

undamaged moderate severe 
24.4 38.7 23.4 

18.7 13.1 3.6 
10.9 0.1. 2.3 
10.7 14.4 15.6 
13.2 3.8 6.8 

2.7 7.6 4.5 
19.4 22.3 43.8 

Paddock containing plot 1 
caged plot open plot undamaged 

64.0 62.0 71.0 
9.4 6.3 8.2 

3.3 0.9 1.0 
1.3 1 .1 0.9 
4.5 9.3 2.2 

undamaged 

41.6 
12.5 
15.2 
0.6 

0.7 
9.2 

20.2 

area D 
63.1 
2.2 
0.1 
0.9 

10.4 

Winchmore plot 2 

moderate severe 

37.8 15.4 
3.2 0.5 

13.5 0.8 
0.4 1.2 

7.1 5.3 
8.1 17.4 

29.9 59.4 



% of sample 
690. 

Species 

caged plot open plot undamaged area D 

Yorkshire fog 8.6 5.2 2.9 5.2 

miscellaneous 2.2 6.8 5.9 7.5 

dead 6.7 8.4 7.9 10.6 

Spring 
Paddock containing plot 1 Paddock containing plot 3 

caged open undamaged area D 1969 1969 caged open undamaged 
plot plot caged open 

ryegrass+dogstail 58.8 59.4 43.9 39.7 37.8 62.8 11.2 19.9 46.7 

white clover 10.9 14.3 23.0 14.2 12.9 13.3 3.7 4.5 18.3 

red clover 14.9 9.9 4.7 7.0 12.6 5.9 
browntop 6.3 1.3 14.2 17.1 19.9 13.2 16.3 18.9 1.7 

Yorkshire fog 1.2 0.1 1.0 12.8 10.0 1.4 28.3 40.6 24.6 

cocksfoot 5~2 4.3 0.9 
miscellaneous 3.6 2.8 9.8 4.7 3.5 2.0 26.1 3.7 4.3 
dead 4.3 2.2 3.4 4.5 3.3 1.4 9.2 8.1 3.5 

$ummer (1970-71) 
Species % of sample 

Paddock containing plot 1 Paddock containing plot 3 
caged open undamaged area D 1969 1969 clllged open undamaged 
plot plot caged open 

ryegrass+dogstail 58.8 50.1 46.1 36.0 24.3 36.3 13.2 17.3 32.5 
white clover 6.9 ,12.9 15.4 14.1 12.8 15.6 12.1 19.7 18.5 
red clover 4.1 4.2 4.9 3.9 1.9 4.1 

cocksfoot 0.5 1.2 2.6 2.1 8.9 5.4 
browntop 0.8 8.6 4.4 19.4 27.8 15.4 22.3 14.2 3.0 
Yorkshire fog 0.7 1.2 0.1 1 .1 6.6 2.9 41.3 26.1 23.1 

miscellaneous 11.7 3.2 4.9 5.4 4.0 3.0 0.9 7.3 6.8 

dead 17.0 19.3 24.2 18.9 20.0 22.7 8.1 6.5 10.7 



APPENDIX XXVI 

CALCULATION OF POPULATION ESTIMATES FROM 
LINCOLN EXCLUSION SAMPLES 

691. 

In constructing life tables for the grass grub popu

lation of the Lincoln plot (tables 15-1 and 15-2, p. 372) 

the third-instar samples, plus the late thili.d-instar sample 

in table 15-2, were based on samples from exclusion areas, 

which were taken from restricted areas within the plot. For 

example, the 1969 third-ins tar sample was based on exclusion 

areas which were selected randomly from the damaged stratum, 

stratum 1. The sample mean of 2.408 larvae/core was there

fore an estimate of the average density in stratum 1 (xl)' 

By assuming that the means for strata 2, 3 and 4 had the same 

values relative to Xl as in the previous second-instar sample, 

these means were calculated as follows: 

x2 =( 0.526 x 2.408 0.401 3.159 

x3 =( 0.235 
3.159 ) x 2.408 0.179 

x4 =( 0,055 
3.159 x 2.408 0.042. 

The estimated population mean was then calculated from formula 

4.2 (p.61) in the usual way. 

A similar method was used with the results for 1970, 

when the exclusion areas were chosen randomly from strata 1 

and 2. For example, the exclusion mean of 0.645 larvae/core 

for the third-ins tar sample represents the average density in 

strata 1 and 2 combined. Assuming that strata means had the 

same relative values as in the 1970 second-instar sample, when 

the sample me~n was 0.668 for strata 1 -and 2 combined, the means 

for strata 3 and 4 are given by 

x3 =( 0.150 x 0.645 0.145 ~ 

and x4 
_( 0.050 ) 
- 0.668 x 0.645 0.048. 

For the 1970 late third-ins tar sample the strata means 

were assumed to have the same relative values as in the 1970 

pupal sample. 



692. 

APPENDIX XXVII 

MEASUREMENTS OF GRASS GRUB FECUNDITY 

FEMALES COLLECTED AT WINCHMORE. PLOT 

1969 results 
Female Wt. at No.clusters Eggs/cluster in Total no. Longevity (days 

mating laid successive clusters eggs laid after mating) 
(g. ) 

0.084 2 17 8 25 22 
2 0.092 20 20 19 
3 0.081 20 20 22 
4 0.084 24 24 24 
5 0.079 18 18 19 
6 0.097 22 22 13 
7 0.096 25 25 22 
8 0.093 2 28 5 33 19 
9 0.091 2 32 9 41 19 

10 0.116 0 13 
11 0.090 2 22 1 23 22 
12 0.093 2 20 9 29 24 
13 0.093 2 17 10 27 22 
14 0.097 2 26 4 30 19 
15 0,083 0 19 
16 0.108 2 21 8 29 24 
17 0.077 22 22 22 
18 0.100 2 21 7 28 22 
19 0.105 2 32 14 46 22 
20 0.078 1 18 18 22 
21 0.112 2 26 2 28 24 
22 0.104 1 16 16 24 
23 0.092 2 18 9 27 19 
24 0.056 12 12 20 
25 0.068 20 20 17 
26 0.108 2 22 11 33 20 
27 0.103 10 10 11 
28 0.080 18 18 22 
29 0.088 2 26 11 37 20 
30 0.092 2 29 5 34 20 
31 0.065 19 19 20 
32 0.077 2 18 6 24 20 

33 0.109 2 27 9 36 22 
34 0.068 2 14 2 16 20 

35 0.128 2 32 15 47 22 
36 0.116 2 28 9 37 20 

37 0.084 2 22 7 29 22 

38 0.103 2 31 5 36 22 



693. 

1970 results 

Female ·Wt. at No.clusters Eggs/cluster in Total no. Longevity (days 

mating laid successive 
(g.) 

clusters eggs laid after mating) 

1 0.090 2 30 7 37 15 

2 0.097 2 32 10 42 19 

3 0.104 3 33 5 6 44 15 

4 0.061 16 16 12 

5 0.088 14 14 15 

6 0.080 2 17 8 25 19 

7 0.079 2 6 9 15 24 

8 0.085 1 27 27 12 

9 0.066 2 12 8 20 19 

10 0.098 3 28 14 5 47 27 

11 0.071 2 22 8 30 15 

12 0.075 2 12 8 20. 15 

13 0.197 2 17 9 26 19 

14 0.082 0 0 11 

15 0.090 2 10 4 14 15 

16 0.125 2 27 15 42 19 

17 0.121 0 0 15 

18 0.114 2 21 9 30 15 

19 0.094 2 12 7 19 19 

20 . 0.086 3 17 9 3 29 27 
21 0.114 2 13 4 17 15 

22 0.100 3 17 11 3 31 19 

23 0"114 3 16 11 6 33 19 

24 0.080 2 11 4 15 19 

25 0.070 0 0 12 

26 0.097 3 31 8 40 27 

27 0.094 1 29 29 19 

28 0.084 2 24 4 28 19 

29 0.085 2 23 4 27 15 

30 0.093 3 34 8 9 51 19 

31 0.060 2 15 7 22 12 

32 0.059 3 3 15 

33 0.093 2 27 3 30 15 

34 0.079 2 18 2 20 15 

35 0.081 2 21 14 35 19 

36 0.102 2 20 10 30 27 

37 0.085 3 24 8 3 35 32 

38 0.070 3 19 4 2 25 24 

39 0.081 2 11 10 21 15 

40 0.100 1 12 12 15 

41 0.109 2 15 9 24 15 

42 0.082 3 13 5 1 19 15 

43 0.088 3 23 5 4 32 19 

44 0.085 2 22 10 32 32 

45 0.069 2 26 6 32 15 



694. 

Female Wt. at .No. clusters Eggs/cluster in Total no. Longevity (days 

mating laid successive clusters eggs laid after mating) 

(g. ) 
46 0.111 2 13 8 21 27 

47 0.083 0 0 24 

48 0.098 2 35 3 38 27 

49 0.093 3 21 12 7 40 19 

50 0.055 2 32 3 35 19 

51 0.113 2 33 7 40 32 

FEMALES COLLECTED AT LINCOLN PLOT 

1969 results 

Female Wt. at No. clusters Eggs/cluster in Total no. Longevi ty (days 
mating laid successive clusters eggs. laid after mating) 

(g. ) 
0.078 21 21 10 

2 0.101 23 23 16 

3 0.094 2 14 9 23 20 

4 0.090 1 23 23 20 

5 0.102 20 20 24 

6 0.091 1 11 11 18 

7 0.122 3 32 7 40 24 

8 0.086 1 13 13 24 

9 0.091 1 13 13 18 

10 0.082 3 12 6 19 20 

11 0.089 17 17 20 

12 0.066 11 11 15 

13 0.071 0 0 15 

14 0.074 1 12 12 15 

15 0.070 2 10 5 15 15 

16 0.094 1 27 27 18 

17 0.107 2 16 8 24 20 

18 0.084 1 15 15 15 

19 0.091 2 25 13 38 24 

20 0.116 2 29 4 33 18 

1970 re suI ts 
1 0.090 2 25 8 33 23 

2 0.075 3 15 10 4 29 23 

3 0.124 2 30 6 36 30 

4 0.074 9 9 12 

5 0.083 2 24 5 29 15 

6 0.067 1 16 16 15 

7 0.099 3 18 12 4 34 32 

8 0.085 1 14 14 15 

9 0.084 2 25 11 36 15 

10 0.096 29 29 23 



Female 

11 

12 

13 
14 

lit. at 
mating 

(g.) 

0.077 

0.103 

0.098 
0.084 

CORRELATION ANALYSES 

No. clusters 
laid 

2 

2 

2 

. Eggs/cluster in .Total no. 
successive clusters eggs laid 

19 

24 

17 

17 

2 

9 
3 

21 

33 
20 

17 

Longevity (days 

after mating) 

18 

18 

18 

15 

695 • 

Correlations and partial correlations between 

mating and (3) longevity. ns= not significant. 
(1) total no. eggs laid, (2) weight at 

Coefficient Winchmore (1969) Winchmore (1970) 

!.12 

£13 

!.23 

!.12.3 
!.13.2 

!.23.1 

0.428 

0.392 

0.004 

0.463 

0.431 

-0.197 

p 

< 0.01 

<0.05 

ns 

<0.01 

<0.01 

ns 

0.311 

0.397 

0.237 

0.243 

0.350 
0.131 

P 

<0.05 

<0.01 

ns 

ns 

<0.05 
ns 

Lincoln (1969) 
p 

0.739 <0.001 

0.469 < 0.05 

0.564 < 0.01 

0.651 < 0.01 

0.093 ns 

0.365 ns 

Lincoln (1970) 
p 

0.590 < 0.05 
0.660 < 0.05 

0.661 < 0.05 

0.273 ns 
0.446 ns 
0.448 ns 

Correlations and partial correlations betwwen (1) no. of clusters, (2) weight at mating 
and (3) longevity. 

Coefficient Winchmore (1969) 
p 

!.12 

£12 

!.23 

!.12.3 

!.13.2 

!.23.1 

0.275 
0.394 

0.004 

0.297 
0.409 

-0.118 

ns 

< 0.05 

ns 
ns 

< 0.05 

ns 

Winchmore (1970) 
p 

0.139 

0.387 

0.237 

0.052 
0.368 

0.200 

ns 
< 0.01 

ns 

ns 
< 0.01 

ns 

Lincoln (1969) 
p 

0.451 

0.413 

0.564 

0.290 
0.216 

0.465 

<0.05 
ns 

<0.01 

ns 
ns 

<0.05 

Lincoln (1970) 
p 

0.251 ns 
0.611 <0.05 

0.661 < 0.05 

-0.258 ns 
0.613 < 0.05 

0.663 < 0.05 

Correlations and ~artial correlations between (1) size of first cluster, (2) weight 
at mating and (3) longevity. 

Coefficient Winchmore (1969) 

!.12 
!.13 

!.23 

!.12.3 

!.13.2 

!.23.1 

0.541 

0.229 

0.110 

0.533 
0.203 

-0.017 

p 

<0.001 

ns 

ns 
< 0.01 

ns 

ns 

Winchmore (1970) 
p 

Lincoln (1969) 
p 

0.306 

0.261 

0.256 

0.256 

0.199 

0.191 

<0.05 0.719 <0.001 

ns 0.278 ns 

ns 0.536 < 0.05 

ns 0.703 <0.01 
ns -0.182 ns 

ns 0.503 <0.05 

Lincoln (1970) 
p 

0.647 < 0.05 

0.446 ns 

0.661 < 0.05 

0.524 ns 
0.031 ns 

0.546 ns 

Correlations and partial correlations between (1) size of second cluster, (2) weight 

at mating and (3) longevity. 

Coefficient Winchmore (1969) Winchmore (1970) Lincoln (1969) Lincoln (1970) 

:£.12 

:£.13 

£23 

:£.12.3 

:£.13.2 

:£.23.1 

0.452 
0.038 

0.323 

0.465 

0.025 

0.343 

p 

<0.05 

ns 

ns 

<0.05 
ns 

ns 

0.292 

0.235 

0.192 

0.259 
0.191 

0.132 

p 

ns 0.064 

ns 0.692 

ns 0.485 

ns -0.431 

ns 0.757 

ns 0.612 

p 

ns 

ns 

ns 
ns 

ns 

ns 

0.017 

0.353 

0.552 
-0.228 
0.413 

0.584 

p 

ns 

ns 

ns 

ns 

ns 

ns 

Correlations and partial correlations between (1) size of third cluster, (2) weight 

at mating and (3) longevity, Winchmore (1970). 

Coefficient 

0.465 

0.330 

0.273 

p 

ns 

ns 

ns 

Coefficient 

:£'12.3 

£1) .2 

!.23.1 

p 

0.413 ns 

0.238 ns 

0.144 ns 
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APPENDIX XXVIII 

PREDATION BY INVERTEBRATES 

FEEDING EXPERIMENTS 

Predators of grass grub eggs 

Predator Length of Initial no. Final no. No.eggs Initial no. Final no. No. alt. 

expt. ( days) eggs eggs eaten alt.prey alt.prey prey 
eaten 

Zelanion 10 5 1 4 0 

morbo!:!us 10 5 3 2 0 
10 5 0 5 0 

10 30 24 6 0 

10 30 26 4 0 

10 30 22 8 0 

6 5 2 3 2 1 1 

6 5 5 0 2 2 0 

6 15 15 0 2 

6 15 14 1 2 

6 30 29 2 

6 30 30 0 2. 2 0 

10 10 10 0 4 3 1 

10 10 8 2 4 3 
10 20 20 0 4 3 

10 20 20 0 4 2 2 

10 ~O 25 5 4 4 0 

10 30 30 0 4 4 0 

(alternative prey: earthworms) 

Le]!tacinus 6 5 5 0 0 

labralis 6 10 10 0 0 
6 15 15 0 0 

10 5 5 0 0 
10 10 10 0 0 
10 15 15 0 0 

6 5 5 0 4 2 2 

6 10 10 0 4 3 1 

6 15 15 0 4 4 0 

10 5 5 0 4 1 3 
10 10 10 0 4 2 2 

10 15 15 0 4 2 2 

(alternative prey: weevil prepupae and pupae) 
Predators of 1st-instar larvae 

Zelanion Length of Initial no. Final no. No. larvae Initial no. Final no. No.alt. 

morbosus expt. (days) larvae larvae eaten alt.prey alt.prey prey 
eaten 

10 5 2 3 0 
10 5 4 0 

10 10 7 3 0 
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·Length of Initial no. l'inal no. No. larvae Initial no. Final no. No:alt. 
expt.(days) larvae larvae eaten alt.prey alt.prey prey 

eaten 
10 10 5 5 0 
10 15 15 0 0 
to 15 10 5 0 
10 20 16 4 0 
10 20 14 6 0 
10 30 29 1 0 
10 30 22 8 0 
10 5 4 4 4 
10 5 5 0 4 2 2 
10 10 8 2 4 2 2 
10 10 10 0 4 3 1 
10 15 14 1 4 2 2 
10 15 13 2 4 4 0 
10 20 18 2 4 3 1 
10 20 17 3 4 4 0 
10 30 30 0 4 3 
10 30 29 4 2 2 
12 10 6 4 4 3 
12 10 9 1 4 3 
12 15 8 7 4 3 
12 15 14 4 4 0 
12 20 19 4 1 3 
12 20 20 0 4 2 2 
12 25 21 4 4 3 1 
12 25 24 4 2 2 
12 30 29 t 4 3 
12 30 27 3 4 4 0 

LeEtacinus 10 10 10 0 0 
labralis 10 10 9 1 0 

10 20 18 -2 0 
10 20 . 19 0 
10 . 20 20 0 0 
10 10 10 0 4 2 2 
10 10 10 0 4 3 
10 20 18 2 4 1 3 
10 20 20 0 4 3 
10 20 20 0 4 0 4 

Elaterid larvae 10 30 5 25 0 
14 35 4 31 0 
14 29 8 21 0 
19 28 4 24 0 



698. 

Predators of 2nd-instar larvae 
Predator Length of Initial Final no. No. larvae eaten 

expt. (days) no. larvae larvae 

Zelanion 
morbosus 14 5 5 0 

14 5 5 0 
14 5 3 2 

14 5 4 1 
. 18 ,. 5 5 0 

Lel!tacinus 14 5 5 0 

labralis 14 5 5 0 
14 5 5 0 
14 5 5 0 
14 5 5 0 

Predators of 3rd-instar larvae 

Predator Length of expt.(days) Total no.grubs added Final no .• grubs No.grubs eaten 
Zelanion 15 3 3 0 
morbosus 15 3 3 0 

15 3 3 0 
15 3 3 0 
15 2 2 0 
20 3 3 0 
20 3 3 0 
30 3 3 0 
20 0 
20 0 

Lel!tacinus 20 2 2 0 
labralis 20 2 2 0 

20 0 
20 0 

Elaterid 14 4 2 2 

larvae 15 5 1 4 
15 4 3 
20 6 4 2 

Asilid larvae 10 2 2 0 
20 2 1 1 
21 2 2 0 
21 2 2 0 
36 3 2 1 
40 2 2 0 
40 3 2 1 
45 2 

Me tag l;r!!!!!!a 40 14 1 13 
monilifer 51 19 1 18 

73 22 3 19 



Predator Length of expt.(days) 

Ectenopsis 
lutulenta 

COUNTS OF PREDATORS 

Zelanion morbosus 

27 
45 
93 

Total no. grubs added 

9 
18 
25 

Final no. grubs 

1 

3 

699. 

No.grubs eaten 

8 

15 
24 

Lincoln plot. Counts given separately for strata based on pasture damage. For first 
three samples, overall mean was based on area stratification (square chain plotlets). 
Frequency distributions: 
Stratum No./core: 0 1 2 3 4 
1968 egg sample 

1 120 27 8 2 
2 

3 

4 

120 17 2 

39 6 3 
47 5 

Total 326 55 14 4 
(In all but 40 of the 400 cores, 

Mean 

the top 

(per.sq.m.) Corrected mean (per. sq.m~) 

38.49 42.76 
22.03 24.48 
37.75 41.94 
22.84 25,:38 
30.53 33.92 
t inch of turf was removed and discarded prior 

to extraction. The top t inch of the remaining cores were removed and extracted, revealing 
that 90% of the 10 centipedes in these cores were at depths of greater than t in. The 
sample means were therefore multiplied by a correction factor of 1/0.9. Similar correction 
factors were derived for counts of other predators during grass grub egg samples). 
Stratum No,/core: 0 2 3 4 Mean (per sq.m.) 
19691st-instar,sample 

1 77 19 
2 68 3 

3 17 7 

6 

5 
6 

4 

Total 
29 2 

191 31 17 

1969 2nd-instar sample 
1 143 22 6 4 
2 

3 

4 

Total 

1969 late 
1 

2 

3 
4 

Total 

94 14 6 
27 7 
30 6 

294 49 12 

third-ins tar sample 
173 29 4 

58 13 5 
41 13 2 
22 2 

294 57 12 

4 

2 
2 

3 

7 

40.70 
.,. 21,'09 

78.11 

7.95 
34.94 

35.04 
28.13 
25.39 
20.55 
30.49 

25.49 
45.86 
54.36 
19.73 
34.83 



700. 
Stratum No./core: 0 1 2 3 4 Mean (per sq.m.} Corrected mean (per sq.m.) 
1969 egg sample 

1 130 16 3 20.55 24.66 
2 117 22 8 2 39.47 47.36 
3 33 11 3 3 - 64.14 76.97 
4 38 10 2 34.54 41.45 

Total 318 59 16 6 33.57 40.28 

(correction factor = 1.2) 

1970 first-instar sample 
107 10 - 3 - 19.52 

2 37 11 4 3 70.48 

3 7 6 2 82.22 

4 8 2 - - - 24 .. '67 

Total 159 29 6 6 44.43 

1970 second-instar sample 
1 87 8 4 23.43 
2 80 14 4 2 34.54 
3 .'42 12 3 3 55.50 
4 43 12 5 - 45.22 

Total 252 46 16 6 33.57 

Winchmore open plot 
1969 egg sample 
Plotlet No./spade square: 0 1 2 3 4 5 6 Mean (per sq.m. ) Corrected mean (per sq.m.) 

1 15 3 3 3 - 1 39.61 42.90 
2 9 9 4 2 46.50 50.36 
3 6 10 6 3 - - - 53.39 57.82 
4 14 6 2 2 " - 34.44 37.30 
5 12 7 3 2 41.33 44.76 
6 12 6 4 2 44.78 48.49 

Total 68 41 22 13 4 43.31 46.90 
(correction factor = 1.083) 

1970 third-instar sample 
1 6 5 2 - - - 36.90 
2 8 4 - 1 30.75 
3 8 4 2 24.60 
4 8 3 2 - 1 33.83 
5 5 6 1 46.13 
6 7 5 1 1 - - - 30.75 

Total 42 27 9 3 3 33.83 

Winchmore caged plot 

1969 egg sample 
1 8 11 4 44.78 48.49 
2 14 5 4 1 - 1 36.16 39.16 

3 1~ 7 1 3 - - 1 41.33 44.76 
4 12 8 4 - - - 32.72 35.43 



Plotlet No./spade square: 
5 
6 

Total 
(correction factor: 1.083) 

1970 third-instar sample 

2 

3 
4 

5 
6 

Total 

Le:etacinus labralis 

Lincoln plot 
Stratum No./core: 
1968 egg sample 

1 

2 

3 
4 

Total 

152 
137 

49 
54 

392 

0 

5 
3 

-
-
8 

1 

(correction factor = 2.0) 

1969 first-instar sample 
1 102 1 
2732 

0 
7 

11 

65 

7 
8 

9 
7 
6 

9 
46 

2 

3 28 2 -

4 30 1 
Total 233 6 

1969 second-instar sample 
155 14 5 

2 100 12 

3 30 4 -
4 35 - 1 

Total 320 30 7 

1969 late third-instar sample 
1 191 16 -
2 71 6 
3 54 5 
4 23 1 -

Total 339 28 

701-

2 3 4 5 6 Mean (per sq.m.) Corrected mean (per sq.m.) 
10 5 2 1 51.66 55.95 

5 6 - 3 49.94 54.08 
46 24 8 5 42.75 46.30 

4 - 1 43.05 

5 - - - 21.53 
2 3 - - - 24.60 

5 30.75 
5 2 - 1 39.98 
4 - 21.53 

25 8 3 30.24 

3 4 Mean (per sq.m.) Corrected mean (per sq.m.) 

2.47 4.94 

2 -
- 1 

- -
2 18.50 

1 

1 
2 12.73 



Stratum No./core: 0 
1969 egg sample 

1 150 -
2 149 

3 50 -
4 50 -

Total 399 
(correction factor = 2.0) 

1970 first-instar sample, 
118 1 

2 

3 
4 

Total 

1970 second-instar 

2 

3 
4 

Total 

Winchmore open plot 
1969 egg sample 

54 2 

15 
10 

197 3 

sample 

92 7 
90 9 
55 4 

56 4 
293 24 

702. 

2 3 4 Mean (per sq.m.) Corrected mean (per sq.m.) 

0.31 0.62 

1 2.80 

- 1 

2 12.13 

Plotlet No./spade square: 0 2 3 4 Mean (per sq.m.) Corrected mean (per sq.m.) 
1 24 

2 25 

3 24 -
4 25' 

5 25 
6 

Total 
(correction factor = 3.0) 

1970 third-instar sample 
1 
2 

3 
4 

5 
6 

Total 

24 
147 2 

13 
13 -
13 -
12 2 
13 1 
11 2 

75 6 

1.15 3.45 

- - -
- -
1 

- - -
- - -
2 7.17 



Plotlet No./spade square: 
Winchmore caged plot 
1969 egg sample 

1 

2 

3 

4 

5 
6 

Total 

(correction factor = 3.0) 

1970 third-ins tar sample 
1 
2 

3 
4 

5 
6 

Total 

0 

25 
24 
24' 

25 

25 
25 

148 2 

12 2 

13 
14 -
13 
12 2 
13 -
77 5 

Counts of larger predators. 

2 3 

- .., 

1 

N = total no. of sampling units (spade 
Plot grass grub sample N 

Lincoln 1968 egg 400 
1969 1st-instar 240 

1969 2nd-ins tar 360 
1969 3rd-instar 240 

1969 late 3rd-
ins tar 360 

1969 pupa 195 
1969 egg 400 
1970 1st-instar 201 
1970 2nd-ins tar 320 
1970 3rd-instar 240 

1970 late 3rd-
instar 240 

1970 pupa 200 
1970 egg 400 

Wj.nchmore 1969 3rd-instar 240 

plot 1 1969 late 3rd-
instar 240 

1969 adult 160 

703,. . 

4 Mean (per sq.m.) Corrected mean (per sq.m.) 

0.57 1.71 

5.12 

squares ~n Winchmore plots, cores in other plots). 
Total no. of predators found 

Elaterid Asilid Carabid Tabanid 
larvae larvae larvae + larvae 

adults 
2 
4 4 
2 3 

3 

4 
4 
2 
2 5 

4 

3 

3 
1 

3 1 

4 

2 2 
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Plot grass grub sample N ·Total no. of predators found 
Elaterid Asilid Carabid Tabanid 
larvae larvae larvae + larvae 

adults 
Winchmore 1969 egg 150 

open plot 1970 3rd-instar 84 

1970 late 3rd-
ins tar 120 

1970 adult 60 

1970 egg 180 

Winchmore 1969 egg 150 

caged plot 1970 3rd-instar 84 

1970 late 3rd-
ins tar 120 

1970 adult 60 

1970 egg 180 

Winchmore 1969 3rd-instar 120 

plot 2 1969 adult 120 

Winchmore 1970 3rd-instar 128 

plot 3 (March) 
1970 3rd-instar 192 

(April) 
1970 3rd-instar 128 

(June) 

Weka Pass 1969 3rd-instar 160 10 10 

1969 adult 160 4 6 
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APPENDIX XXIX 

LARVAL COMBAT· EXPERIMENTS 

Food level Initial no. Final no. %age 10age of final total in 
larvae larvae mortality area S are.aI 

High 15 12 20.0 35.7 33.3 
15 13 13.3 53.8 23.1 
15 14 6.6 35.7 57.1 
31 29 6.4 20.7 . ;31.0 

31 31 0.0 41.9 48.4 
31 28 9.7 35.7 35.7 

%age of larvae in 
squares containing 

turf 
Initial Final 

Low 15 7 53.3 14.3 14.3 13.3 71.4 
15 13 13.3 61.5 23~1 13.3 46.1 
15 8 46.6 25.0 62.5 13.3 37.5 
31 16 48.4 56.2 12.5 13.3 56.2 
31 21 30.0 23.8 19.0 13.3 66.6 
31 24 22.6 12.5 33.3 13.3 41.6 



APPENDIX XXX 

DATA FOR VARLEY AND GRADWELL ANALYSES 

IRRIGATED WINCHMORE PASTURES 

Winchmore 
Plotlet 

2 

3 
4 

5 
6 

Winchmore 
Area 

2 

3 
4 

5 
6 

7 
, ,8 

9 
10 

Winchmore 
Area 

2 

3 
4 

5 
6 

7 
8 

9 
10 

All densities expressed as grubs/sq.m. before conversion to logarithms. 

~1 (eggs to third-instar larvae, Nov.-March} 

open plot, 1969-70 Winchmore caged plot, 1969-70 
log. initial density ~ Plotlet log. initial density 

2.740 0.180 2.379 
2.815 0.129 2 2.991 
2.899 0.215 3 2.736 
2.764 0.159 4 2.713 
3.041 0.229 5 2 .• 659 
2.910 0.121 6 2.751 

~2 (third-instar larvae, March-July) , uncaged areas 
plot 1, 1969, open areas Winchmore open plot 1970 
log. initial density ~2 Plotlet log. initial density 

2.760 0.567 1 2.560 
2.880 0.592 2 2.686 
2.735 0.557 3 2.684 
2.675 0.263 4 2.605 
2.772 1.000 6 2.812 
2.645 0.467 6 2.789 
2.776 0.477 
2.665 0.503 area A 2.300 
2.828 0.517 area· ·B 2.240 
2.675 0.281 area C 1.944 

~. , caged areas 
plot 1, 1969, caged areas Winchmore caged plot, 1970 
log. initial density ~ Plotlet log. initial density 

2.907 0.049 2.294 
2.784 -0.011 2 2.769 
2.768 -0.008 3 2.456 
2.835 0.145 4 2.470 
2.986 0.088 5 2.521 
2.731 -0.017 6 2.552 
2.709 0.306 

2.594 0.000 

2.735 0.085 
2.582 -0.093 

706. 

~ 
0.085 
0.222 
0.280 

0.243 

0.138 
0.199 

~ 
0.346 
0.419 
0.459 
0.397 
0.604 
0.611 

0.041 
0.150 
0.085 

~ 
0.074 
0.110 
0.204 
0.128 
0.091 
0.043 
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~ (late third-instar larvae to terieral adults, July-Nov.) 

Winchmore plot 1, 1969 open areas Winchmore plot 1, 1969, caged areas 

Area log. initial density !!:3 Area log. initial density !!:3 

2.193 0.031 2.858 0.270 

2 2.288 -0.045 2 2.795 0.140 

3 2.178 0.146 3 2.776 0.246 

4 2.412 0.359 4 2.690 0.062 

5 1.772 0.138 5 2.898 0.316 

6 1.178 -0.071 6 2.748 0.009 

7 2.299 0.188 7 2.403 "'0.099 
8 2.162 0.000 8 2.594 0.115 

9 2.311 0.012 9 2.650 0.141 

10 2.394 -0.018 10 2.675 0.245 

Winchmore open plot, 1970 Winchmore caged plot, 1970 
Plotlet log. initial density !!:3 Plotlet log. initial density !!:3 

2.214 0.075 2.220 0.224 

2 2.267 0.218 2 2.659 0.219 

3 2.225 0.193 3 2.252 0.005 

4 2.208 0.295 4 2.342 0.176 

5 2.208 0.252 5 2.430 0.277 
6 2.178 0.025 6 2.509 0.356 

~ +!!:3 (third-instar larvae to teneral adults, March-Nov.) ,caged areas 

Winchmore plot 1,1969, caged areas 

Area 

1 

2 

3 

4 

5 
6 

7 
8 

9 

10 

log. initial density ~+!!:3 

2.907 
2.784 

2.768 
2.835 

2.986 
2.731 

2.709 
2.594 

2.735 
2.582 

0~319 

0.129 
0.238 

0.207 

O.~ 

-0.008 

0.207 

0.115 
0.226 
0.152 

K 

Winchmore open plot, 1969-70 

Plotlet 

2 

3 
4 

5 

6 

log. initial density 

2.740 
2.815 

2.899 
2.764 
3.041 

2.910 

K 

0.601 

0.766 

0.867 
0.851 
1.085 

0.757 

Area 

(eggs to teneral adults) 

1 

2 

3 

4 

5 
6 

7 
8 

9 
10 

Winchmore plot 2, 1969,caged areas 

log. initial density !!:2 + !!:3 

2.996 
2.833 
2.833 

2.748 

2.790 
2.810 

2.748 

2.713 
2.790 
2.764 

0.149 
-0.023 

0.270 

0.301 

0.271 
0.352 

0.193 

0.109 
0.253 
0.306 

Winchmore caged plot, 1969-70 
Plotlet 

1 

2 

3 

4 

5 

6 

log. initial density 

2.379 

2.991 

2.736 
2.713 

2.659 
2.751 

K 

0.383 

0.551 
0.489 

0.547 
0.506 

0.598 
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NON-irrigated pastures 
Kelsey's (1970) data on grass grub survival in 11 non-irrigated Canterbury pastures: 

Paddock Year Grass grubs/sq.m. 
Jan. March July August 

2 1955 1781.05 844.65 88.58 69.60 

3 1955 1426.74 208.79 60.11 41.12 

A 1956 1796.86 360.64 69.60 41.12 

5 1956 4109.39 306.86 34.80 22.14 

6 1956 161.34 85.41 66.43 

7 1956 240.4T 177.16 167.66 

8 1956 1214.78 192.97 142.36 139.19 

9 1957 1224.27 313.19 192.97 164.50 

12 1958 477 .69 234.10 151 .85 139.19 

13 1958 265.73 196.14 117.05 88.58 

14 1959 468.20 259.41 136.03 110.72 

predominant stage: 2nd instar 3rd ·instar 3rd ins tar 3rd instar 

Data for Varley and Gradwell analyses 

Area log. Jan. ~1 log.March ~ log.July ~3 log. August K 
density density density density 

Kelsey's paddocks 

2 3.250 0.323 2.927 0.980 1.947 0.104 1.843 1.407 

3 3.154 0.834 2.320 0.541 1.779 0.165 1.614 1.540 
4 3.254 0.697 2.557 0.714 1.843 0.229 1.614 1.640 

5 3.614 1.127 2.487 0.945 1.542 0.197 1.345 2.269 

6 2.208 0.276 1.932 0.110 1.822 

7 2.381 0.133 2.248 0.024 2.224 
8 3.084 0.798 2.286 0.133 2.153 0.009 2.144 0.940 

9 3.088 0.592 2.496 0.210 2.286 0.070 2.216 0.872 
12 2.679 0.310 2.369 0.188 2.181 0.037 2.144 0.535 
13 2.424 0.132 2.292 0.224 2.068 q.121 1.947 0.477 
14 2.670 0.256 2.414 0.281 2.133 0.089 2.044 0.626 

Paddock 5 was in an area with large numbers of starlings. 

Data obtained in this study: 

Plot log. Jan. ~1 log.March ~+~3 log. August K 
density density density 

Lincoln 
1969 2.480 0.320 2.160 0.206 1.954 0.526 

Lincoln 
1970 1.886 0.085 1.801 0.237 1.564 0.322 

Weka Pass 
1969 2.612 0.482 2.130 

(In each of these three sets of data the March densities were taken as those measured in early 

April) • 
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APPENDIX XXXI 

POPULATION MODEL CALCULATIONS 

The population model took the form ~ = 0.18, ~2 = 0.08, ~3 = 0.14 in the absence of heavy 
starling. predation of third-instar larvae. Assuming an initial population of 150 eggs per 
square metre, a 1:1 sex ratio and an actual fecundity of 12 eggs per female produces the 
following results ,(N = popn. density in grubsjsq.m.): 

Year Egg 3rd-instar late 3rd-instar teneral adult 

N log.N N log.N log.N N log.N 
0 150 2.17 98 1.99 1.91 59 1.77 

354 2.55 234 2.37 2.29 141 2.15 
2 846 2.93 562 2.75 2.67 339 2.53 
3 2034 3.31 1349 3.13 

Years index of popn.trend (%) , for 3rd-instar (I) 

0-1 238.8 
1-2 240.2 

2-3 240.0 

To simulate the effects of high starling predation, as encountered at Winchmore plot 1, the 
model was exactly as above except that ~ = 0.08 if log. N (3rd-instar) ~ 2.40 and ~2 = 1.12 x 
log. N - 2.54 if log. N>2.40. In the following simulation the heavy stocking-high predation 
treatment is applied in the autumn and winter of every year except year 6. 

Year Egg 3rd-instar ~ late'3rd-instar teneral adult 

N log.N N log.N log.N N log.N 
0 150 2.11 98 1.99 0.08 1.91 59 1.77 
1 354 2.55 234 2.37 0.08 2.29 141 2.15 
2 846 2.93 562 2.75 0.54 2.21 117 2.07 
3 702 2.85 468 2.67 0.45 2.22 120 2.08 
4 720 2.86 479 '2.68 0.46 _ 2.22 120 2.08 
5 720 2.86 479 2.68 0.46 2.22 120 2.08 
6 720 2.86 479 2.68 0.08 2.60 288 2.46 

7 1728 3.24 1148 3.06 0.89 2.17 107 2.03 
8 642 2.81 427 2.63 0.40 2.23 123 2.09 

9 738 2.87 490 2.69 0.47 2.22 120 2.08 
10 720 2.86 479 2.68 0.46 2.22 120 2.08 
11 720 2.86 479 2.68 0.46 2.22 120 2.08 

Years 1(%) Years 1(%) Years 1(%) 

0-1 238.8 4-5 100.0 8-9 114.7 
1-2 240.2 5-6 100.0 9-10 97.7 
2-3' 83.3 6-7 239.6 10-11 100.0 

3-4 102.3 7-8 37.2 



FULL NAME OF AUTHOR: 

FULL TITLE OF THESIS: 

GEORGE FORBES MEMORIAL LlBRART 
I '''Irel! '" rnl' ",,",,c 

GEORGE FORBES MEMORL~L LIBRARY 

L meOLN COLLEGE 

USE OF THESIS 

EAST, R. 

Starling (St~rnis vulgaris L.) predation on 

grass grub (Costelytra Zealandica (White), Melolonthinae) 

populations in Canterbury 

DEGREE: Ph.D. YEAR OF PRESENTATION: 1972 ---------------------------- --------------
DEPARTMENT OF COLLEGE: Entomology ----------------------------------------------

r do/a.r:UI b- agree to this thesis being consulted, for research or 

study purposes only, in any library, provided that due acknowledgement 

of its use is made where appropriate. 

I do/~c_ ~ consent to single copies of this thesis, in part or 

as a whole, being mac1e, for reses.rch or study purposes only, at the 

discretion on the I.j.brarie.n, Lincoln College. 

I wish the following limitations to apply to the use made of this 

thesis: 

Siena ture of author d!.. ) ~cv-t 
Date 5- -J ... ,,>:., ) \~f7 2 

jungs
Typewritten Text

jungs
Typewritten Text

jungs
Typewritten Text

jungs
Typewritten Text


	References
	Appendix I: The Biology of Costelytra zealandica
	Appendix II: Aspects of the Biology of the Starling
	Appendix III: The Study of Natural Insect Populations
	Appendix IV: A review of the Literature on Predation
	Appendix V: Methods of Estimating the Density of Vertebrate Predators
	Appendix VI: Methods of Estimation the Number of Insects Destroyed by Vertebrate Predators
	Appendix VII: Location of Sampling Positions by the Wheel Method
	Appendix VIII: Grass Grub Sample Counts at Lincoln Plot
	Appendix IX: Sample Size Required for 10% Relative Standard Error with Optimum Allocation 
	Appendix X: Sample Statistics for Lincoln Life Table Samples
	Appendix XI: Results of Pilot (Phenology) Samples
	Appendix XII: Grass Grub Sample Counts in Exclusion Areas
	Appendix XIII: Results Obtained with Experimental Field Populations 
	Appendix XIV: Soil Volume Weight Measurements
	Appendix XV: Starling Counts
	Appendix XVI: Experiments with Captive Starlings
	Appendix XVII: Measure ments of Probe - Hole Depths
	Appendix XVIII: Distribution of Probe-holes in the Field
	Appendix XIX: Location of Grass Grubs by Starlings
	Appendix XX: Measurements of Probing Rates
	Appendix XXI: Measurements of Soil Penetrability
	Appendix XXII: Observations of Starling Feeding Visits
	Appendix XXIII: Observations of Behaviour of Grass Grub Adults
	Appendix XXIV: Results of ploughing Trial
	Appendix XXV: Pasture Production Measurements
	Appendix XXVI: Calculation of Population Estimates from Lincoln Exclusion Samples
	Appendix XXVII: MEasurements of Grass Grub Fecundity
	Appendix XXVIII: Predation by Invertebrates
	Appendix XXIX: Larval Combat Experiments
	Appendix XXX: Data for Varley and Gradwell Analyses
	Appendix XXXI: Population Model Calculations



