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ABSTRACT

Studies of the common grass grub (Costelytra zealandica (White))

covered two major aspects, population ecology and pest assessment.
The object of these studies was to investigate the fleasibility of
developing models, predicting population density and estimating

the associated losses in pasture productivity, as a basis for the

formulation of a pest management programme.

I POPULATION STUDIES

tudies of natural populations of soil insects such as grass
grub require the development of accurate and efficient mechanical
nethods of sampling and extraction as well as s& statistically

precise and efficient sampling plan.

1. Sempling

a) Mechanical aspects. A split barrelled manually operated

corer was developed for sampling gress grub. This implement
permitted 175 to 245 samples ito be taken daily by one man. Sample
sites wers drezwn randomly within stratas by a computer as rectangular
co-ordinates and converted to polar co-ordinates, originating f{rom
the centre of the 20, 20 x 20 m subplots in each study plot. Sites
were then sorted and listed in numerical order based on the polar
ordinate. The use of the computer allowed large savings in the time
taken to drew and list random co-ordinates and made it possible to
randomly draw samples from irregular shaped strata. A large compass
wheel enabled sample sites to be located rapidly in the field.

Sampling times were based on beetle flights, seasons and, in

the case of pupal sampling, pilot sampling.

Extraction of all the developmental stages of grass grub
from soil was accomplished by means of a modified Ladell process
which gave a 96 to 98 recovery rate and, dependent on the stage of

the insect, a processing rate of between 4.4 and 6.5 man minutes per
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sample. The extraction process did not impair the insect's
viability.

b) Statisticsl aspects. The main consideration in the

development of a sampling plan was to obtain, for the lowest cost,

an estimate of population density with a precision of £ 10% SE.

The variance minimizing efficiencies of different mcthods of stratified
sampling and sample allocation were assessed. The different strata
used were based on the division of the study plots by; subplots,
demaged and undamaged pasture and damaged and undamaged pasture within
each subplot. The most efficient method of stratification was
influenced by the accuracy with which damaged areas of pasture could
be defined and the population level. Although optimel allocation of
samples gave spectacular gains in efficiency, the use of this method

of sample allocation in the field was not practical.

The adoption of a flexible rather than a rigid sampling plan
in which the strata wvaried with population level and the ease with
which pasture damage could be identified, enabled, except at very low
populstion levels, the required level of precision to be attained

with the resources available.

Sample size was inversely related to population density but
was highest for the egg stage in which grass grub are most aggregated.
The sample size required to attain the level of precision sought
ranged between 131 sample units, for high third instar larval
pOpulations, end 2450 units for low egg populations.

2. Population Dynamics

Over the period of study et Takapau marked changes were not
evident in the flight behaviour of female beetles. No parasites,
or important invertebrate or vertebrate predators were found at
Tekapau and the effect of disease organisms on Takapau populations
was considered unimportant. In the Waikato region, however,
where the native milky disease may infect up to 40% of the third
instar grass grub population, disease is considered to be an

important factor in population regulation,
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Analyses of age specific mortalities within generations
indicated that mortality over the autumn and winter was strongly
density dependent and sbove a certein threshold density compensated
completely for change in population density. Laborafory
experimentation showed that the major contribution to density
dependent mortality arose from larval combat which increased as food
supply declined. From this observation the hypothesis was proposed
that weather conditions which influence the survival of damaged plants
and therefore dispersal and aggregation of larvae, influences larvel
combate From field data it was found that the autumn threshold for
combat mortality over the autumn-winter period was linearly related to

pasture production over this period.

At Takapau when summer soil moisture levels were in excess of
wilting point larvae were found feeding close to the surface. Under
these conditions combat mortality occurred and thus summer mortality was
density dependent. When soil moisture levels approached and fell
below wilting point summer mortality became linearly related to soil
moisture., At Rukuhia as distinct to Takapau highest soil moisture
levels under drought conditions were found close to the surface. As
a result, larvae did not descend in the soil profile in response to
drought and for this reason summer mortality at Kukuhia, under drought
conditions, was attributed to the direct effect of the lethally high

soil temperatures found near the surface.

It was concluded from these studies that grass grub populations
at Takapau fluctuate in response to low summer or high spring soil
moisture levels and are regulated in relation to food supply by larval
combat. The effect of summer mortality on generation mortality is
moderated by the density dependent nature of combat mortality of
larvae in autumn-winter, Consequently, mortality in the summer only
influences generation mortality if it decreases population density
below the threshold density at which autumn-winter combat mortality

OCCUIrsS.

The knowledge gathered from these studies explains why grass
grub populations are so difficult to control with transient insecticides

and has suggested better ways of using insecticides.
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A population model was developed for predicting population
changes within and between generations at Takapaue The model was
based on the relationships described above and gave encouragingly
accurate results. However, it did highlight the need for more
accurate definition of the relationships between the major mortalities
identified by these studies and the important variables which affect
them such as soil moisture, rainfall, pasture production and population

density.

I1 PEST ASSESSMENT STUDIES

A technique which does not involve the use of insecticides
was developed for measuring losses in pasture production arising from
grass grub damage. This technique is suited to areas of relatively
low summer rainfall where the occurrence of grass grub can be located
visibly by pasture damage., The method involves the division of a
paddock into, and the measurement of herbage production from, three
strata; undamaged areas, areas damaged by previous generations and
areas damaged solsly by the current generation. The sizes of the
strata were measured by amerial photography or estimated from a growth
curve of the area visibly damaged or, the relationship established
between the area of visible damage and insect density. Given the
size and herbage production from each stratum the total production for

each plot or paddock can be estimated,

Pasture damaged by grass grub showed e deterioration in
botanical compostion with an increase in litter and grass weeds and
a decrease in white clover. Damaged pasture had a higher percentage of
bare ground end in the autumn and winter was poorly utilized by livestock.
Seasonal herbage losses were highest in autumn and winter, although the
highest loss in monthly herbage production was recorded in late summer..
In newly damaged areas seasonal losses in herbage production of 707
and 74% were recorded in autumn and winter respectively whereas the
respective losses in the areas damaged by previous generations in
autumn and winter were 54 and 34%. Recovery, in terms of pasture

production, of damaged areas was complete in late spring.



Observations made in these studies showed that within the
strata described the severity of damage caused by low and high
populations of grass grub was not significantly different, and that
increased losses in pasture production associated with higher
populations resulted from an increase in the damaged area rather
than an increase in the severity of damage in damaged areas. Based
on this information losses in pasture productivity caused by
different population levels were estimated from the relationship
between populetion density and the erea of visible damage and the

mean pasture production from each stratum.

Two models were developed which simulated the growth, over
successive generations, in area of visible damage under environmental
conditions which favoured the increase or maintenance of grass grub
populations. Both models describe the growth in area of damage up to
a stage where damage was extensive, ill-defined and impossible to
measure. One model is based on the relationships between, the size
of individual patches of damage and the fector by which these grow
over successive generations, and the rate of appearance of damaged
areas in the following generation and proportion of the paddock
currently damaged. The other model involves the growth curve of May
larval populations under conditions which are favourable for
population increase and the relationship between population density
and pasture damage. The latter model tended to underestimate the
actual growth of the area damaged by approximately 20%.

It was found that the establishment of accurate economic
threshold levels for different classes of farms run at different
intensities and in different regions is attended by many problems.

In the light of current knowledge the translation of losses in

herbage production into animal production and economic terms for
different farming intensities under different climatic conditions

will lead to such grossly inaccurate estimates that the worth of pest
assessment studies would be lost. From these studies it was concluded
that at best pest assessment studies of grass grub could provide the
farmer with information that will allow him to predict population
density and the associated losses in herbage production. Given this
information the farmer is in the position to make more objective
decisions, than would otherwise be possible, on the course of action

to follow based on his own socio-economic circumstances.



GENERAL INTRODUCTION

The economic dependence of New Zealand on pastoral
agriculture is emphasised by the 80% contribution that this
industry makes to the codhtry's total export eernings. The
evolution of pastoral farming within New Zealand has been
characterised by the introduction of high producing exotic
pasture species into land cleared from native vegetation; the
application of mineral fertilisers, predominantly phosphatic;

the use of white clover (Trifolium repens) as a nitrogen fixer

in pastures in association with grass species (particularly

ryegrass, Lolium perenne) and the efficient utilisation of

pasture in situ by the grazing animal (Levy, 1951).

The establishment of a vigorous soil-plant-animal=-soil
organic cycle, supplemented by annual inputs of fertilisers and
improved methods of grazing has allowed increases in stocking
rates and soil fertility to a stage where the more productive
pastures may grow in excess of 14,000 kg of dried herbage per ha

per annum and support over 25 ewes or 3.75 dairy cows per ha.

The extent and rapidity with which pastoral agriculture
has developed in New Zealand can be gauged by the increase in
area of sown pastureland from 63,200 ha in 1862 to 8.4 million
ha in 1970. Against this beckground of agricultural development

an indigenous melolonthine, Costelvtra zealandica (White), has

cmerged from its native habitat in the native tussock grasslands
to become established as the most serious insect pest of our
improved pasturelands. Like many other scarabaeids, the larvae
of this sﬁecies which is commonly known as grass grub, feed
voraciously on plant roots, undercutting the pasture's rooting
system and killing annually large areas of pasture. Under
native vegetation, populations are usually sparse and in this
environment the species is not regarded as a serious pest (Given,
7 1968). In improved pastures away from parasites, predators and
pathogens, and in the presence of nutritionally superior food

plants, populations frequently exceed 400 larvae per m2 and
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cause severe pasture damage (Kelsey, 1970). Unfortunately, the
two most productive pasture species, ryegrass and white clover,
are susceptible to attack (Radeliffe, 1970).

Prior to 1950, years of severe grass grub damége were
legendary and in certain districts dictated farming practices
(Flay and Garrett, 1942; Kelsey, 1951). The advent of DDT
heralded, for New Zealand, the efficient control of grass grub and
other insect pests of pasture. The cheap protection DDT afforded
allowed large tracts of hitherto marginal land to be developed.
Such was the dependence of New Zealand gresslands on DDT that
from 1965 to 1967 more than 5.5 million kg of DDT was mixed with
fertiliser for application to pasture (Anon., 1970). With a
recognised active soil life against grass grub of three years,
enough DDT was used within this period to have enabled, by 1967,

90% of the sown pastureland to be proofed against this insect.

In 1965, the use of DDT was threatened by the discovery
of DDT tolerant and resistant strains of grass grub (Elliott and
Perrott, 1965; Perrott and Allen, 1968). However, it was the
development of an international consciousness of insecticide residues
in food products and the imposition of progressively lower tolerance
limits set by overseas markets which saw the inevitable banning of
DDT on New Zealand dairy farms in 1967 and on sheep farms two years

later.

Following the world-wide swing in insecticide usage away
from the persistent organochlorine insecticides to the more
transient and expensive organophosphates, total reliance for
chemical control of grass grub on dairy farms fell on this group

of insecticides.

The properties of rapid degradation and/or dissipation
which meke orgenophosphate insecticides more acceptzble than the
persistent organochlorines in terms of the environment, render
them less relisble for broadcasting on pasture for grass grub
control. With the prohibition of DDT, grass grub control like
that of many other insects emerged from a situation where little

knowledge of the pest's biology and ecology was required to a



3.

position where the acquisition of this information became

fundamental for its efficient control.

The high cost of organophosphate insecticides relestive to
the value of pasture and the practical limitations of chemical
control imposed by the properties of this group of insecticides,
has meant, that grass grub control cannot rest solely with
ingecticides as it did during the DDT era. .Post treatment with-
holding periods for grazing to ensure the safety of livestock
limits the proportion of the ferm which can be treated at any one
time. Problems associated with even aeriasl distribution on hill
country are accentuated with the increased transient nature of
these insecticides. Further,; the requirement of immediate post
treatment rainfall, necessary to wash the insecticides into the
soil, is difficult to meet over the optimal period for treatment

in late summer - early autumn,

In view of these problems the feasibility of adopting the
concept of pest management for grass grub control required
evaluation. Pest management studies may be approached through
two interconrnected routes. The first rcute is through the
development and improvement of control methods. The second route
is through ecological investigations and damage assessment
studies which lead to modelling the insect's life system so that
population density and the associated losses in production can be
predicted. The provision of this information allows alternative
methods of control or combinations of control methods to be
evaluated (Solomon, 1973).

In 1967 in response to a report from a special working
party of the National Research Advisory Council of New Zealand,
prompted by the then impending ban on DDT, on the present status
and future needs of research on pasture insect pests, a co-
operative research effort between various research organisaetions
within New Zealand was initiasted. The research reported herein
was undexrtaken as a co-operative research programme between the
Department of Entomology of Lincoln, University College of

Agriculture and the Ministry of Agriculture and Fisheries from
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which the author was released from 1968 to 1970 to study full-time
for a Ph.D. degree. '

The principal object of the studies reported here was to
investigate the feasibility of developing models for predicting
population density and the associated losses in pasture
productivity as a basis for the formulation of a pest management

programme for grass grub control.
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CHAPTER I

LITERATURE REVIEW ON THE BIOLOGY AND ECOLOGY OF GRASS GRUB

1. INTRODUCTICN

As early as 1860, Costelytra zealandica (White), more

commonly known as grass grub, was recognised as New Zealand's
major entomological problem in pasture (Hoy, 1965). MNiller
(1971) notes that the Maori was familiar with the grass grub
beetle and called it "papapapa" and "tutaeruru" and the larvae,
by the general term for subterranean larvae, "moeone", meaning,

to sleep in the ground.

The species' distribution encompasses the three main
islands of New Zealand end the Chathem Islands (Hoy, 1963).
Given (1968) noted that "apart from dense forest, swamp, unstable
sand-dune areas, some very heavy soils and altitudes over 4,500 ft,

this insect is almost always present."”

Hoy (1965) considered that conservatively the potential
loss caused by grass grub damage in the absence of chemical
control was approximately 30 million dollars. In spite of this,
1little detail was known of the species' biology and ecology
(Given, 1968; Pottinger, 1968). The swing from the persistent
organochlorine to the transient organophosphate insecticides for
control of pasture insect pests in New Zealand has highlighted

this situation.

The general biology of grass grub has been reviewed by
many authors, including Miller (1921, 1945), Dumbleton (1942),
Kelsey (1951), Pottinger (1968), Galbreath (1970) and most
recently by East (1972).

This chapter reviews the information presented by these
suthors, augmented by relevant information on other scarabaeids

that is pertinent to these studies.
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I1 SYSTEMATIC POSITION

The systematic position of the grass grub as it is
accepted today, was recorded by Given (1952, 1960, 1966) and is

as follows:

Order Coleoptera
Family Scarsbaeidae
Tribe Colpochilini

Costelytra zealandica (White)

The genus Costelytra which is endemic to New Zealand was
erected by Given (1952). Previously C. zealandica had been
placed in the genus Odontria (White, 1846).

Morphological descriptions of the adult and mature larvae
have been detailed by Given (1952) and Hoy and Given (1952).
Given (1966) noted that "the genus Costelytra is not a static
one and the range in variation within species and the close
allisnce of some species indicetes that active speciation is in
progress." Distinct adult morphological differences in
populations of C. zealandica have been recorded (Given, 1952)

which suggests that different races exist within the species.

111 SEASONAL CYCLE AND BIOLOGY

With the exception of the beetle, 211 stages in the grass
grub's life cycle are completely subterranean in habit.
Generally the species is univoltine but under drought conditions
(East, 1972) and in high altitude environments (Stewart and Stockdill,
4972) the life cycle may extend over two years.

With the exception of a rather extensive study on flight
periodicity conducted throughout New Zealand by Helson (1967),
observations on the biology of grass grub have been confined to
the South Island and in particular to the Canterbury and Nelson
provinces. It might, therefore, be expected that the development
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of grass grub in the warmer North Island might precede that
published in the literature. 1In some localities and populations
examined, stages within the life cycle may overlap widely

(Kelsey, 1968b; Fenemore and Perrott, 1970) and for this reason
the following description of the occurrence of the immeture stages

of grass grub lists only the major periods of occurrence.

Eggs are leid in clusters of 3 to LO eggs, 7.5 to 17.5 cm
deep in the soil (Pottinger, 1968). In the Nelson province eggs
are found from the end of October to the beginning of December
(Fenemore and Perrott, 1970). Hatching occurs within two to three

weeks and larvae appear in December (Kelsey, 1950).

As in most scarabaeids the larvae have three instars
(Ritcher, 1958) distinguishable by the width of their head capsules
(Kelsey, 1970). First instar larvae are present in the soil from
December %o January (Pottinger, 1968). Second instar larvae first
appear in January and are present in significant numbers until the
beginning of April. By April the majority of the population have
developed into the third instar. At this stage sex differentiation
of lervae iz possible (Elliott, 196L).

During May and June the actively feeding larvae lay down
large deposits of fat which provides a yellow colouration to the
larval abdomen (Perrott, Shortlend and Czochanskas, 1965). Larval

feeding usually decreases from June onward.

Pupae are present in the soil over the spring months of
October and November. The sex of pupee may be identified by the
presence of a distinct bulge at the posterior end on the ventral
surface (Brown, 1966).

The period over which beetles are present in the soil at
localities near Nelson varied from 36 to 49 days and dependent on
locality and possibly season, this period may extend from mid
October to late November (Fenemore and Perrott, 1970). After a
post~eclosion period to allow the teneral beetle to mature and the
wings to harden, beetles burrow up through the soil profile in
preparation for emergence (Miller, 1921). Following emergence and/

or flight, beetles burrow back into the soil to shelter during the



9.

day. Under field conditions beetles live for two to three weeks
(Fenemore, 1965).

v BEHAVIOUR OF DIFFERENT STAGES

A knowledge of the behaviour of the mzjor stages in the
development of an insect is essential for studying natursl
populations. The existence of information on the species' behaviour
enables population studies to develop more rapidly than in its
absence. This knowledge provides an objective basis on which to
develop and plen both the mechanicel and statistical aspects of
census sampling. For the purpose of this review the behaviour of
grass grub has been divided into adult, larval and pre-pupal and

pupal beheviour.

1. Adult

The major contributions to the literature on adu]t )
behaviour of grass grub have been made by Kblsey (1951, 1968&),
Fenemore (1965, 1971), Fenemore and Perrott (1970) and Farrell and
Wightman (1972). An examinastion of the work of these authors
suggests that the patterns of adult behaviour can best be discussed
under three distinct headings: emergence, mating and flight,

oviposition and feeding.

a) Emergence, Mating and Flight. The emergence,

méting and flight behaviour of grass grub have been studied over a
number of seasons in Canterbury (Kelsey, 1968a) and near Nelson
(Fenemore and Perrott, 1970; Farrell and Wightman, 1972).

The duration over which 957 of the individuals of a
population emerged for the first time near Nelson ranged from 19
to 25 days (Fenemore and Perrott, 1970; TFarrell and Wightman,
1972). In Canterbury, beetle activity on the pasture ranged from
October to March with peak numbers occurring from November to
December (Kelsey, 1968a). Although the peek flight period, in
Canterbury, occurs from early November until mid-December, flight

is common in January (Kelsey, 1968a). Within the Nelson area
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flight extends from November to February with peak flights in
different localities ranging from November to December

(Fenemore and Perrott, 1970). From a network of light traps over
the North and South Islands, Helson*(1967) observed that flights
extended from late October to February and confirmed that the
peak flight period for most districts occurred during November

and/or December.

Flight commences in Canterbury between 7.15 and 8.45 pe.m. and
few beetles fly as late as 9.20 p.m. (Kelsey, 1951, 1968a),
Dawn flights have been observed by Hilgendorf (1902) but
this observation has not been substantiated. Flight activity at
dusk ranges in duration from 7 to 48 minutes with an average
length of 28.5 minutes, Favourable temperatures over the flight
period do not extend the duration of flight (Kelsey, 1951, 1963a).
Most flight occurs when grass temperatures exceed 9.4 °c ana
when winds are below 9.6 kph (Kelsey, 1968a). Involuntary flight
may occur in high winds when beetles are whipgﬁg by the wind from

the stems of pasture plants into the eir (Miller, 1921; Kelsey,
1968a) .

Emergence appears less sensitive to weather conditions than
flight and has been recorded at grass temperatures as low as 2.2 °c
and in winds above 57.9 kph. Generally the emergence patterns
parallel those of flight (Xelsey, 1968a). Males are known to
emerge earlier in the season (Kelsey, 1951) and earlier in the

evening than females (Kelsey, 1951, 1968a; TFenemore and Perrott,
1970).

Beetles are sexually mature on emergence, and mating usually
occurs, on the ground or pasture, immediately or soon after
emergence (Kelsey, 1951; Fenemore and Perrott, 1970; Ferrell and
Wightman, 1972). Males may couple with females which have only
their terminal segments exposed from the soil (Fenemore and Perrott,
1970). Sex ratios of emergent beetles (Kelsey, 1968a) or teneral
beetles in the soil usually do not differ significantly from unity
(Fenemore and Perrott, 1970).

As with many scarabaeids such as Melolontha melolontha L.
(Heuser, 1880), Phyllophagza lanceolata (Say) (Travis, 1939),
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Rhopaea magnicornis Blackburn, R. morbillosa Blackburn and

R. verreauxi Blanchard (Soo Hoo and Roberts, 1965) mating is
mediated by a female produced pheromone (Kelsey, 1966a; Henzell,
et al., 1969). The grass grub pheromone is thought to be phenol
(Henzell and Lowe, 1970) or a phenolic substence (Osborne and
Hoyt, 1970) and Hoyt, Osborne and Mulcock (1971) have shown that &
synmbiotic bacterium found in the colleterial gland of grass grub

is capable of producing a sex attractant chemical.

After emerging on to the pasture females remained stationary
and, left undisturbed, are mated and re-enter the soil close to
their point of emergence (Fenemore and Perrott, 1970). Mated
females seldom fly until after oviposition and providing the
vegetative cover is adequate, feed near the point of emergence
(Kelsey, 1951). Kelsey (1951) noted that females which remain
unwated soon after emergence ascend the stalks of pasture to
attract a male and if still unmeted fly to and aggregate eround

feeding sites where mating occurs.

In many seasons female beetles constitute less than 5% of
the season's catch (Kelsey, 1968z) but in certain districts this
figure may approach 507% (Fenemore and Perrott, 1970). Over the
early part of the flight season flight is dominated almost
exclusively by males (Kelsey, 1951; Fenemore and Perrott, 1970)
but over the latter part the numbers of females increase

(Kelsey, 1968a) and may out-number the males.

The slow reinfestation rate along the margins of small
areas from which grass grub had been chemically eliminated led
Fenemore (1965, 1970) to conclude that the behaviour of grass
grub is similar to Phyllopertha horéicola (L.) the female of which

is mated soon after emergence and re-cnters the soil close to her
point of emergence to lay 70 to 100% of her eggs. Female
Phyllopertha do not feed until body fat is expended and eggs

maturated. Unmated females or females which have oviposited appear
to feed and mate on bracken feeding sites nearby before returning

to pasture (Milne, 1960). This pattern of behaviour is in marked
contrast to that of Melolontha melolontha (L.) (Schneider, 1962)




or Amphimallon majalis (Raz), (Evans, 1956). These melolonthids

are hypostactically attracted to trees where they maturate their

eggs and/or mate and then return to the pasture to oviposit.

b) Oviposition. The more significant aspects of
oviposition in relation to population studies include the
reproductive potential of the species, its oviposition pattern in
terms of egg-numbers and time and the physical factors which
influence its oviposition performance. These aspects of behaviour
of pasture inhabiting scarabaeids have been the subject of studies

by both New Zealand and overseas authors,

Eggs of most species of Melolonthinae are laid singly
in cells fashioned by the female (Reinhard, 1944). In this
respect the deposition of eggs in clusters by grass grub (Kelsey,
1951) is similar to the oviposition habits found in species of
Sericini (Fidler, 1936b).

Compared with many other insects, such as certain
Lepidotera, the general reproductive potential of scarabaeids is
extremely low. TFor example A. tasmaniae averages approximetely
50 eggs (Carne, 1956), A. majalis between 22 and 59 eggs (Gyrisco,
gﬁ_gl., 1954) and P. horticola approximately 12 eggs (Milne and
Laughlin, 1956).

The number of eggs recorded by Kelsey (1951) as being
laid by grass grub ranged from 3 to 4O with a mean of 22 and a
maximum fecundity of 52. In an area near Nelson female beetles
laid clusters usually consisting of between 20 and 25 eggs
(Fenenore, 196@). Under Canterbury conditions the average number
of eggs laid by four populations in the field renged from 3 to
12 per female. A sample from the same populations held in the
laboratory produced e range in, mean egg and mean cluster numbers
of 19 to 26 and 1.5 to 1.9 respectively (East, 1972).

Miller (1945) records that oviposition began 7 to 16
days after mating and this is substantiated in part by Kelsey's
(1951) minimum post-mating period of 7 days and a 10 day period
observed by Fenemore (1971). According to Kelsey (1970) eggs
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laid befors a 7 day post mating period were not viable and a 4

to 9 day period exists between the oviposition of successive clusters
(Kelsey, 1951). Under field conditions near Nelson, eggs were
observed in the soil 14 to 18 days after the beginning of emergence
but, before primary emergence was completed. Egg numbers increased
and reached a peak over a period of 15-25 days (Fenemore and

Perrott, 1970).

Studies of the oviposition behaviour of grass grub have
failed to establish conclusively that plant species or plant
height influence the choice of oviposition sites (Kelssy, 1957,
1968b; Radcliffe and Payne, 1969; Radcliffe and Kain, 1971).
Although Kelsey reported that beetles appear to reject bare ground
in favour of pasture cover this preference has not been
demonstrated in other studies (Radcliffe and Payne 1969; Redcliffe
and X in, 1971). However, Galbreath (1970) observed that beetles
caged in a box with bare and grass covered soil exhibited a marked

preference for the latter.

Soil moisture appears to influence scarabaeid beetles
in their choice of oviposition sites. MNaelzer (1961b) noted that

Aphodius tasmanise Hope laid most eggs in soils with a range in

moisture levels on the pf scale between 2.8 and 3.2. YFemale
beetles of this species presented with a choice of moisture levels
aggregated on soils with moisture levels falling within this range.

Oviposition by Phyllophaga implicata (Hn.) is limited by high end

low soil moisture levels and under conditions of soil moisture
stress oviposition is delayed (Sweetman, 1931). Female A. majalis
are known to oviposit deeper in the soil profile in dry than moist
conditions (Tashiro, et al., 1969). Galbreath (1970) considers
that adult female grass grubs like other scarabaeid species are
sensitive to soil moisture.s He noted that beetles avoided
burrowing into dry soils and under extremes of soil moisture delayed

ovipositing.

c) Feeding. The biological importance of adult feeding
in grass grub has received little attention. Beetles are known to

feed on pasture plants (Farrell and Wightman, 1972) and nearby trees

]
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and shrubs (Kelsey, 1951; Farrell and Wightman, 1972). The
importance of beetle feeding has not been ascertained in the
field but in laboratory studies beetles fed willow leaves laid
60% more eggs and lived longer than unfed beetles (Farrell end
Wightman, 1972).

The fate of beetles feeding on broad-leaved trees over
the flight season is unknown. Radcliffe and Payne (1969)
demonstrated that female beetles collected from hedge rows and
trees were capable of laying eggs and theref'ore may be an important
fraction of the beetle population. The question of whether
beetles feeding on the trees move back to the pasture to oviposit
forming an oviposition-oogenesis, feeding site, flight syndrome
similar to that of Melolontha hippocastani and Melolontha melolontha
(Schneider, 1957) and Phyllopertha horticola (Milne, 1959) remains

unanswered., Hilgendorf (1902) reported movement of grass grub from

broad-leaved feeding sites into the pasture at dawn but this
phenomenon was not recorded in studies by Farrell and Wightman
(1972). Certainly many beetles die close to the feeding sites

es evidenced by the large numbers of dead beetles found at the
base of the shrubs or trees. This suggests that beetles after
leaving open pasture may spend the rest of their lives feeding on
the trees during the night and returning to the pasture or so0il at

the base of the tree during the day (Kain, unpub.)

2. Larvae

Only factors concerned with larval movement and feeding are

reviewed and discussed in this section.

a) Feeding. The feeding habits found in the various

subfamilies of Scarsbaeidae were summarised by Ritcher (1958) who

noted that the larvae of Melolonthinae feed on humus and live plant

tissue.

It is clear that grass grub ingest live root material

from a wide range of plants and trees (Kelsey, 1951) but what is
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not clear is whether the species discriminates between so0il and
dead end live plant tissue. Power (1968) considered that grass
grub laervae ingested soil organic matter in the process of root
ingestion. Miller (cited Sutheriand, 1971) recorded that grass
grub can be reared in humus in the absence of live plant material.
Yaacob (1967) reported that grubs eat organic matter and in so
doing form part of the chain in the mineralisation process.

Larvae held in soil in the presence of roots contained plant
material but little soil (Wightman, in press), an indication that
larvae prefer roots to soil. Redcliffe (1970) observed that when
organic matter in the form of cow dung was added to soil less
plant damage occurred. Doubt exists whether this observation was
due solely to the better plant growth that this additive stimulated

or whether the cow dung acted as an alternative food source.

The attraction of grass grub larvae to grass roots has
been clearly estsblished (Galbreath, 1970; ZEast, 1972; Sutherland,
1972). Larvae are more strongly attracted to young rather than
0ld roots and find roots of red clover, lucerne and Egggg

pedunculatus more attractive than ryegrass, white clover egually

attractive, and dock less attractive (Sutherland, pers. comm.).
These observations suggest that grass grub larvae are highly selective
in their feeding habits but in the ebsence of live tissue can exist

on soil organic matter.
b) Movement.

(1) ZLatersl movement. Scarabaeid larvae are capable

of burrowing largé distances through the so0il in search of food
(Gyrisco, et al., 1954)« Under laboratory conditions and in the
absence of plant tissue grass grub larvae are able to move over

6.4 m per month (Kelsey, pers. comm.).

Under field conditions in the presence of food the
movement of scarabaeid larvae appears to be very limited. Tashiro,

et al., (1969) are of the opinion that the lateral movement of
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A. majalis is markedly influenced by the supply and proximity of
live roots. The economically important chafer larvae in Britain

which include M. melolontha, P. horticola, Amphimellon solstitalis

(L.), Hoplia philanthus (Fuess.) and Serica brunnea L. are usually

located close to where the eggs were laid as most larval movement
is usually vertical (Anon., 1971a). Milne (1963) observes that
the average distance traversed by P. horticola from egg to pupae

is less than 31 cm.

Field observations indicate that the lateral movement
of grass grub larvae does not exceed 61 cm (Fenemore, 1965, 1970).
Work by Sutherland (1972) which demonstrated the attraction of
grass grub larvae to live plant roots and the possible existence
of arrestants in plant roots, the inf'luence of which attenuates
Jarval movement, may explain the reason for the very limited

lateral movement of grass grub recorded by Fenemore (1970).

(ii) Vertical movement. The depth at which grass grub

larvae are found in the soil profile varies with the stage of !

development, availability of food and environmental factors such as
s0il moisture (Kelsey, 1950; Galbreath, 1970; East, 1972).

According to Kelsey (1950) first instar larvae seldom
inhabit the upper 5 cm of soil and feed in the vicinity of where
the eggs hatche Second stage larvae are located in the upper 5 cm
of s0il while third instar larvae are concentrated in the top
2.5 cm (Kelsey, 1950)e These observations have besn substantiated
by East (1972) on non-irrigated pastures in Canterbury, but under
irrigated pastures East noted that approximately 40% of the
second instar population inhabited the top 2.5 em. This difference
was attributed to the different moisture levels found near the
surface during the summer. The findings of Stewart and Stockdill
(1972) in a higher rainfall area in Otago show that irrespective
of larval maturity, the majority of larvae with the exception of
the pre~pupa were present in the top 5 cm and many first instar

larvae were found within the top 2.5 cm (Stewart, pers. comm.).

It is well recognised that soil moisture influences the

vertical distribution of scarabaeid larvae. Most species, for
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example A. majalis (Gambell, 1946; Shorey and Gyrisco, 1960),
P. horticola (Milne, 1956), and A. tasmanise (Maelzer, 196ie),
appear to react only to extreme changes in soil moisture,
retreating deeper down the soil profile under drought conditions
to depths of 10 to 15 cm but ascending rapidly in response to
rainfall. Under very dry conditions A. majalis is extremely
sensitive to slight changes in moisture differences (Shorey and
Gyrisco, 1960). On the other hand Phyllophaga spp. are very
sensitive to soil moisture levels and possess a well defined soil
moisture preferendum to which they move after rain. 'This is
achieved by altering their vertical distribution in the soil

(Granovsky, 1958). Larvee of Sericesthis geminata are known to move

rapidly into soil with a 15% moisture content when exposed to

moisture gradients ranging from 5% to 307 (Davidson, 1969a).

The reaction of grass grub to changes in soil moisture
seems similar to that of A. majalis. At low soil moisture levels
(below 10% by weight) second and third instar larvae were located
15 to 18 cm deep in the soil, but in response to 2.5 mm of rain,
moved into the top 2.5 cm within 18 hours. At moisture levels
ebove 16% the distribution of grass grub larvae appears independent
of moisture (Kelsey, 1970). Galbreath (1970) noted that third
instar larvae are able to detect smell changes in woisture level
and move to avoid moisture stress but become unresponsive to
moisture at the near pre-pupal stage. Although the moisture
sensing organs present on the antennze of third instar larvze
occur on the antennae of first and second instar larvae the later
stages were noted to move sgainst moisture gradients in response
to food (Galbreath, 1970). It has been suggested by Kelsey
(1950) that where moisture is not critical the position of the
larvae in the soil profile is influenced by availability of food.

Other factors are known to influence the vertical
movement of scarabaeid larvae. Under laboratory conditions Shorey
and Gyrisco (1960) found the second inster lervae of A. majalis
show a preference for soil temperatures between 17 and 27 °c. In

areas of heavy frost the grubs migrate well below the frost line
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but as the ground thaws migrate upward (Gyrisco, et al., 1954).
In places where there is heavy sod and a thick covering of snow
larvae feed actively in the winter within 2.5 to 5 cm of the
surface (Tashiro, et al., 1969).

Miller (1945) considered that grass grub descend in
the soil in response to climate to hibernate, and ascend as the
temperature in spring rises to feed before pupation. This
behaviour is neither consistent with the now generally accepted
life history of the pest or observations by Given (1952) of larvae

actively feeding in frozen soile.

It is known that larvee of S. geminata are attracted
to organic matter and in response to this move close to the
surface where higher levels of organic matter are found (Wensler,

1971).

3. Pre-pupae and pupze

The pupal cell of grass grudb is constructed by the normal
burrowing activity and continued movement of the larvae in the
cell which compacts and smooths the wslls (Galbresth, 1970).
Like A. tasmaniae (Maelzer, 1961a) the grass grub pupal cell is
not lined with biological substences (Galbreath, 1970); such as
rectal contents (Cumpston, 1941), glandular secretions from the
nid-gut (Hayes, 1929) or discharged gut contents (Carne and
Chinnick, 1957); which may influence the permeability of the cell

to water (Hayes, 1929), as is the case with other scarabaeids.

In the pre~pupal stage the power of locomotion is lost.
The abdomen is bent forward and the legs are folded. The only
movement is the flexing of the abdomen. At pupation, the larval
skin splits at the anterior end and works down to the pupa's
posterior (Galbreath, 1970).

v SPATIAL DISTRIBUTION

The spatial distribution of an insect will markedly

influence sampling. For example, sample size, and the design of
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a sampling programme are factors which are affected by the

spatial distribution of the insect concerned.

The aggregated distribution of scarabaeid larval populations
is well known (Carne, 1956) and has been recorded for such species
as A. tasmaniae (Carne, 1956), A. majalis (Burrage and Gyrisco,
1954a, b), P. horticola (Milne, 1963), Popillia japonica Newm.
(Fleming and Baker, 1936) and R. morbillosa and other scarabaeids

commonly found in pasture on the northern tsblelands of New South
Wales (Davidson and Roberts, 1968a). The factors responsible for

eggregation in scarabaeid populations include:

o. Mating and oviposition behaviour; where beetles
are mated soon after emergence and oviposit olose
by (Milne, 1959) or are attracted to trees or

" fence lines where they mate and oviposit (Carne,
1956; Tashiro, et al., 1969). '

. Ov}position site preferences of dispersing females.

« Limited lateral movement of larvae (Milne, 1959)
and the congregation of larvae at available sources
of food (Tashiro, et al., 1969).

. Differential mortalities such as has been observed
in P. horticola populations between wet and dry
* areas (Milne, 1963).

Aggregation in the immature stages of Phyllophaga fusca

(Froel.) and P. anxia (Lec.) is most pronounced at the egg and
first instar larval stages but decreases to the third instar stage
and then increases slightly from there to the beetle stage (Guppy
and Harcourt, 1970). This increase in randomness reflects the
dispersel of larvae from the oviposition site, the action of
density dependent mortalitiés and an increase in bird and mammalian

predation as the larval stage matures and feeds closer to the surface.

Kain and Atkinson (1970) noted that the mating, oviposition
and larval feeding behaviour of grass grub causes its populations

to be distributed in discrete dense.aggregates or colonies.



VI LIFE SYSTEM OF GRASS GRUB
In this section factors which may influence the determination
of grass grub abundance are reviewed and where possible their

importance in the grass grub life system is assessed.

1+ The Physical Environment

(a) Moisture. It is generally sccepted that soil
moisture has a profound influence on the survival of most soil

animals .

Excessive soil modisture conditions are known to cause high
mortalities in field populations of P. horticola (Milne, J963)
and A. majalis (Tashiro, et al., 1969). Third instar larvae of
A. tasmaniae drown at high soil moisture levels and become prew

disposed to attack by disease (Carne, 1956; Maelzer, 1%6ia).

Maelzer (1961a) noted that low soil moisture levels inhibit
the emergence of A. tasmanise first instar larvae to feed and when
such conditions persist long enough larvee starved. Under
conditions of adequate moisture ths weight of the pre-pupal stage
of A. tasmeniase, which is well correlated with fecundity, was
heavier than under less favourable conditions (Maelzer, 1961a).
Water loss in the pre-pupa of A. tasmaniae has been found to retard
pupation and increase mortality at pupation, 10 to 4O days after

treatment.,

Davidson, et al., (1972b) observed that survival was optimal

for the first instar larvae of Sericesthis nigrolineata at a

moisture level range between plant wilting point and saturation
point but decreased as moisture levels approached either extreme.
This pattern of survival gave a soil moisturé-survival response

curve with an upper and lower threshold range.

Wightman (ggﬂgg.) observed a similarly shaped moisture
response curve with grass grub larvae. Under laboratory conditions
the optimum range of moisture for the survival of grass grub in a
mixture of soil and sheep dung fell between 25 and 33% (2.4 to 3.0
bars.) which was below field capacity but above wilting point for
the mixture (Wightman, 1972).
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From scant field data Farrell (1972a) considered that
adverse climatic conditions such as summer droughts which dry
out the so0il induce larval mortality. Subjected to these
conditions larvae move deep into the soil out of the root

zone and hence, starve..

Galbreath (1970) studied the effect of soil moisture on
all the stages of grass grub over short periods. He found that
eggs could develop in a humid atmosphere and contrary to Kelsey's
(1951) findings, did not need to be in contaét with water at any
stage in their development. Galbreath (1970) confirmed Kelsey's
(1951) observation that eggs are able to survive both desiccation
and flooding. Second and third instar larvae and beetles were

found by Galbreath to be extremely resistant to desiccation or

flooding, particularly in the second instar stage.

Wightmen (1972) observed that low soil moisture levels
induce aestivation and thereby reduce larval feeding. This
restriction on larval feeding mey be reflected in adult fecunditye.
East (1972) observed that drought conditions cause a large fraction
of the grass grub population to enter a two-year life cycle and
thereby reduced generation fecundity. Trought (Eggi. comm.) has
observed that second and third instar larvae drowned when subjected
to waterlogged soil for a period of 6 to 9 days,'ﬁhile on the low
lying areas of Hanawatu, grass‘grub larvae are found concentrated

on the freer draining rises (Cumber and Cowie, 1954).

Galbreath observed that pupae are most susceptible to
desiccation but noted that their cells are usually located
relatively deep in the soil profile., TFor this reason pupze are
not likely to suffer from low soil moisture levels in spring.
Conversely he noted that pupae were protected from drovning by
the air space in the pupal cell and their dorsal ridges on which
they rest. These ridges reduce the contact the pupa has with

3

soil water.

(b) Temperature. Low temperatures during the summer

when the young larvae of M. melolontha and M. hippocastani are

present in the soil are thought to be the decisive factor
limiting populations (Ritcher, 1966). The cold herdiness
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of certain scarsbaeids to low temperatures is demonstrated

by the ability of A. majalis to recover after being-

frozen solid (Tashiro, et al., 1969). Observations of grass
~grub actively feeding in frozen soil suggests that grass grub are
also tolerant of low soil temperatures (Given, 1952). Stewart
and Stockdill (1972) contend that one of the factors extending
the life cycle of grass grub populations from one to two years

in the southern regions 6f New Zealand and thereby limiting the
insect's annual reproductive potential are low temperatures

associated with increasing altitude and latitude.

In dry soil (5.25%; 70 bars) eggs died in less than 8
days at 16.8 °C while the optimal constant temperature for
rearing larvae under moist conditions is between 175 and 20.0 0C
(Wightman, 1972). Davidson, gt al., (1972)) heve demonstrated
the interaction between soil moisture and temperature in
influencing the survival of first inster Sericesthis nigrolineata.
These authors found that the thermel death point fell as soil

moisture levels decreased.

‘2. Biotic Environment

Diseases (Carne, 1956) and predation (Raw, 19%1) are known
to cause large reductions in scarabaeid larval populations but
less is known of the importance of parasites. Bacterial, fungal,
rickettsiél, viral and protozoan diseases are all known to occur in

scarabaeids.
(2) Diseases

(i) Bacteria. The "milky diseases" are recognised
as causing’important mortalities in certain scarabaeid species
(Dumbleton, 1942; De Bach, 1964; Tashiro, et al., 1969).

Dumbleton (1945a) recorded a native milky disease of grass
grub which he described es "an undetermined species of Bacillus

close to Bacillus popilliae", near Nelson and Seddon, where the

incidence of diseased larvae reached about 3&%. Since then, it
has been found widely in New Zeegland and while levels of infection
under field conditions may rise as high as 52%, this is unéommon
and the general level of diseased larvae in May, which seems to be

the peak time of occurrence, is seldowm above 5% (Hoy, 1955)°
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Milky disease (probably native spp.) are known o attack both
Pyronota festiva Febr. and Heteronychus erator Fabr. (Helson,

1965) .

B. popilliae was introduced into mid Canterbury in 1948.
The annual incidence of diseased larvae at the liberation sites
over the preceding eight years ranged from 7 to 24% (Kelsey,
1966b). It is as yet very localised and is confined to within
half a chain of the liberation sites (Kelsey, 1966b).

(ii) Pungi. The cosmopoliten green muscardine

fungus Metarrhizium anisopliae (Metsch.) attacks many species of

scarabaeids (e.g. Carne, 1956; Tashiro, et al., 1969). Latch
(1965) isolated it from three native scarabaeids, grass grub,

Pyronota festiva (Fabr.) and Pericoptus truncatus (Fabr.).

Grass grub is also attacked by the white muscardine fungus

Beauveria bassiana (Balsamo) (Helson, 1965) and a species of

Cordyceps which was thought by Brown (1966) to be the cosmopolitan

species C. entomorrhiza (Dicks).

Neither the geographic distribution, nor the levels of \
infection that entomophagous fungi cause in grass grub populatinns
has been assessed. Their incidence in the Canterbury populations
of grass grub studied by East (1972) did not exceed 2%. From this
report and other scant information available it seems likely that
- their incidence is generally very low. This conclusion is
consistent with Latch's (1965) observation, that "the soil
temperatures in New Zealand are seldom high enough for M. anisopliae
to maintain optimal growth and it is therefore doubtful that the

species could be used for control purposes."

(iii) Rickettsia. Rickettsial diseases of scara-

baeids have been recorded in-Popillia japonica, possibly Oryctes

rhinoceros (L) (De Bach, 1964) and A. majalis (Tashiro, et al., 1969).
Rickettsia-like organisms have been isolated from grass grub larvae
from the Otago and Canterbury provinces with clinical symptoms

similar to "milky diseased larvae" (Moore, pers. comm.).

(iv) Virus. An irridescent blue virus infecting
third instar grass grub has recently been found in a locality in

South Canterbury (Hoore, pers. comm.).
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(v) Protozoa. An undescribed species of Micrococcus

has been isolated from grass grub by Helson (1965).

(b) Parasites. Three tachinid parasites of scarabaeids
have been recorded. Given (1945) identified Avibrissina

brevigalgis Malloch and Neotachina laticornis Malloch from the

larvae of Pyronota inconstans Brookes collected in the Nelson

districts From the same general area Procissio cana Hutton has

been reared from Chlorochiton species. Thomas (1963) recorded
grass grub parasitised by P. cana in the Nelson district but

noted that the incidence of parasitism was only in the order of
3%. The recognised distribution of P. cana has since been _
extended to include areas in Otago and Southland where pgrasitised

Odontria halli Brown, Q} striata White as well es grass grub

have been collected (Brown, 1966). The incidence of parasitised
grass grub recorded by Brown (1966) ranged from 25 to about 50%.

The recorded habitats of P. cana indicates that the'importance of this
parasite in controlling grass grub populations is limited to

localised areas where native. vegetation verges improved pastureland

rather than in the open improved grasslands,

Over 14 thynnid parasites have been introduced into
New Zealand from Australia and South America to control grass grub,
unfortunately ell have failed to esteblish (Given, 1967).

A nematode, Mermis sp. is found in localised areas near
Ashburton end here, is responsible for high larval mortalities of
grass grub (Hoy, 1955). Neoaplectana glaseri Steiner, a
parasitic nematode of P. japonica introduced intoc New Zealand
from America in 1945 established but is confined to its liberation
sites (Hoy, 1955). Hoy (1955) noted that a combination of

environmental factors in relation to the grass grub's life

history seem to be responsible for the nematode's limited success

(Hoy, 1955). . ,
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(¢) Predators.

(i) Invertebrate. Two asilid larvae Itamus varius

and Sarapagon antipodes have been recorded by Miller (1924) to

be larval predators of grass grub. It is doubiful that these
predators destroy many larvae as Kelsey (1951) noted that asilids
require only one to two third inster larvae to reach maturity and
East (1972) reported that the consumption rate of grass grub by
asilids is very low. The larva of a tabanid (Ectenopsis lutulenta
Hutton) is capable of killing third inster grass grub but from

studies of its consumption rate and density the species seems to
be unimportent (East, 1972).

Two adult carabids Mecodema crennicolleband Netaglymma

tibiale feed voraciously on grass grub larvae (Brown, 1966).
Brown (1966) and Kelsey (1951) considered that carsbid

larvae destroy many grass grub before they reach maturity. A
staphilinid beetle (Leptacinus labralis (Brn)), a potential

predator of first instar larvae, builds up to high numbers under
Canterbury pastures (East, 1972). East (1972) observed, however,
that its peek densily occurs in February when grass grub exceeds
its host size range. The'species usually frequents the top 5.0
ocm of the soil profile and therefore does not come in contact
with first instar larvae which are usually found deeper in the
soil. Species of elaterid larvae commronly found in pasture have
been repofted‘as being potential predators of undetermined
importance on all stages of gress grub larvae (East, 1972).

The high density of the centipede Zelanion morbosus (Button),

‘which under leboratory conditions has a high consumption rate of

eggs and first instar larvee of grass grub, may occur at densities

in the field of up to 45 per m?, but its performance in the laboratory
does not match that in the field (Bast, 1972).

Eest (1972) concluded, from his studies of potential
invertebrate predatopg,-th&tlinvertebrate predation was not o
significant factof in thé population dynamics, of grass grub in
Canterbury. ‘
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(ii) Vertebrate predators. Three exotic species
of birds may be considered important predators of grass grudb in

uncultivated pastureland, namely the starling (Sturnus vulgaris),

the white and black magpies (Gymnorhina hypoleuca and G. tibicen)

and rooks (Corvus frugilequs).

Starlings are known predators of scarabaeid larvae
throughout the world (Raw, 1951; Carne and Chinnick, 1957;
Ritcher, 1958; Tashiro et al., 1969; Guppy and Harcourt, 1970) and
are now widely distributed throughout New Zealand (Falla, Gibson
and Turbott, 1966). Many authors have noted starlings feeding on
grass grub (E.G. Cockayne, 1911; MNiller 1924; Dumbleton, 1942)
but only recently has any definitive and quantitative studles on
starling predation been carried out., East (1972) found that from
March to July, on irrigated pastures, starling predation can

\\\\ reduce grass grubvpépdlations by LO to 60% and as a result grass
\~\grub densities in early autunn did not exceed the density threshold
for severe pasture damage. Irrigation is known to facilitate
starling predation by keeping the soil soft during the summer and

autumn and localizing the larvae within the top 3.0 cm.

Kelsey (1951) and Oliver (1955) have recorded that magpies
fed on grass grub larvae and it is known that grass grub larvae
form an important source of food for rooks in Hawkes Bay over the
autumn and winter while the adult beetle makes a significant

contribution to their spring diet (Purchas, pers. comm.).

Adult grass grub are also known to be eaten by the hedgehog

/ Erinaceous europaeus (Brockie, 1958).

Apart from isolated instances where starling predation may be
important vertebrate predation like invertebrate predation does

not appear to be an imporiant factor in the control of grass grube

(d) Combat Mortality. In overcrowded situations certain

species of scarabaeid regulate their densities through combat
mortality (Kelsey and Hoy, 1950; Carne, 1956; Soo Hoo, 1968;
Chadwick, 1970).

Soo Hoo (1968) describes the behaviour of S. germinata.

"Larvae construct or attempt to construct earthen cells to isolate
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themselves from their neighbours. If the walls of the cell
collapsed with the movement of the insect the resident attacked
the intruder." The attacking larvae orally exude a black

fluid which injected into the blowfly Lucilia cuprina (Wiedemann)

caused death.' It is known that R. magnicornis when excited also
regurgitates black liquid and attacks other larvae (Chadwick,

1970) .

Cerne (1956) found that combat mortality of the surface
feeding scarabaeid A. tasmaniae, foraging on the pasture in an
area where dispersal was restricted, acoounted for 80% of the
population. Density thresholds for mortality in this species
changed as larvae grew and their food requirements incregfed

forcing them to forage over & larger areas

Kelsey (1951) and Wightman (1972) noted that combet mortality
occurs when lafvae are confined to containers in the laboratory and
Wightman has recorded, under laboratory conditions, optimal densities
for survivel. The degree of combat mortality seems inversely
related to food supply and soil moisture (Kelsey, 1951). Injuries
sustained in combat between grass grub involved punctures to the
legs and body and under food stress it is not uncommon to observe
larvae consuming their dead (Kelsey, 1951). Under field conditions
combat mortality cen account for 94% of a population (Kelsey, 1951).

~ (e) Graezing Animal-Plant-Insect Relationships. Only

recently hes attention been directed to studying the influence of
the insect-plant-grazing animal interaction on pasture insect
populations. Davidson, et al., (1970b) constructed a flow diagram
of the pasture scarabaeids ecosystem in the Neﬁ England region of
Australia. Adoptiﬁg & systems approach these authors have started
to quantify in the laboratory and validate in the field the
relationships between different factors in the ecosystem and insect
density in an attempt to predict long term changes in the abundance
of scarabaeidé and the relationship between larval density and

losses in pasture productivity.

There are three basic relationships to be considered in the

animalnplant»inéeot relationship, namely, the insect-plant,
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animal-insect and animal-plant relationships.

In considering these relationships it is important to
recognise that pasture is a dynamic association of plants, the
composition of which may chenge in response to season, management
end insect damage. Such changes may induce changes in insect
survival and fecundity by altering the quality and guantity of
the pests! food (Farrell, 1973). It is known that grass grub are
sensitive to changes in food plants and certain plants such as
lucerne (Kain and Atkinson, 1970; Farrell and Sweney, 1972) and
Lotus pedunculatus (Farrell and Sweney, 1972) adversely affect the

survival of grass grub larvae. On the other hand larval survival

of grass grub larvee is favoured by white clover (Kain, unpub.).

Sucrose has been identified as a phagostimulant for grass
grub larvae (Sutherland, 1971) and carbohydrate reserves of gress
roots, whiéh are high in sucrose, have been shown to be affected by
such factors as the rate of plant growth (Davidson, 1969b) root
pruning and defoliation (Sullivan and Sprague, 1953) and plant age
(Dudzinski unpub. cited Wensler, et al., 1971a). Therefore manage-
ment of the grazing animal or other management factors may influence
grass grub by altering the botanical composition of the pasture or
sltering the composition of roots. Heavier or more frequent
grazing is also known to decrease the root biomass {Troughton, 1957)
and therefore the grass grubs food source.

The effect of grass grub damage on the host plant will
influence the insects' food supply. The extent to which this
occurs will be determined by the ability of the damaged plant
to survive and to grow in a competitive asscciation. Many authors
have noted that vigorously growing plants are less affected by
scarabaeid damage than those that are less vigorous (e.g. Graber,
et al., 1931; Carne and Chinnick, 1957; Redcliffe, 1970).

Factors which affect plant vigour such as soil fertility (Graber,

et al., 1931; Radcliffe, 1970) soil moisture (Graber, et al.,

1931; Radcliffe, 1970) and frequency of defoliation (Graber, et al.,
1931) will undoubtedly influence scarabecid damage. Certain plants
are known to be more tolerant to the root pruning of grass grub than
others. Radcliffe (1970) observed that white clover appeared to be
preferentially damaged and ranked the given plants in the following.
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order of decreasing susceptibility to grass grub demage; white clover,

brown top, ryegrass and Yorkshire fog.

The grazing animal can reduce grass grub survival directly
through treading (Green, 1920; Kelsey, 1951; East, 1972).
East (1972) noted that under moist conditions stock treading
caused large mortalities where the rooting system of pasture had

been destroyed by the feeding activities of grass grub.

Soil compacted by animal treading is not infested by the
various pasture chafers in England (Anon, 1971a). The reason for this
is not clear but it may stem from a decrease in gaseous diffusion caused
by increased soil compaction (Edmond, 1958) which adversely affects the

survival of scarabaeid larvees.

-

Other workers have reported relationships between the
density of. scarabaeid larvae and Stocking rate. Roberts (1970)
noted that certain pasture écarabaeids favoured low stocked
paddocks and that stocking rates above 8 sheep per ha depressed
the scarsbaeid biomass. Roberts and George (1972) have recorded
that not only stocking rate but sheep breed and lambing time,
factors which affect pasture management, also influences the
scarabaeid biomass. A similar trend was noted for Adoryphorus
couloni where stocking rates above 8.75 wethers per ha reduced
population densities by over 80% (Douglas, 1972). Under lex
grazing, pasture maintained a dense dry cover over the summer
which insulated the top soil and helped to conserve moisture
thereby producing ideal conditions for the development of

A. couloni larvae,

From what is known of the animal-plant-insect relationship
of pasture scarabaseids it would seem important when conducting
population studies on insect pests of pasture to control or
monitor the major varlables which affect these relafionships, such
as stocking rate; botenical composition of pasture and pasture

productivity.A
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CHAPTER II

LITERATURE REVIEW ON POPULATION DYNAMICS -
AND STATISTICAL ASPECTS OF SAMPLING

The revieﬁ of literature in this chapter of the thesis is
divided into two sections. In the first section the theoretical
agpects of population density determination, the life system
concept in pOpulation studies and the approaches to studydng
population dynsmics and methods of analyses are discuased. In
the second section attention is confined to problems of sampling

invertebrate populaetions.

I. POPULATION ECOLOGY

{

(1) Population Theory

The theories of insect abundance and distribution were
studied to prcvide a background and framework for studying the
population dynemics of grass grub. ‘

(a) Theories. It is perhaps indicative of the
confusion that has existed that so many authors heve reviewed
the theories on the ebundance and distribution of animals
(Solomon, 1949, 1957, 1964; Thompson, 1956; Richards, 1961;
Clark, et als, 1967; Richards and Southwood, 1968; Wilson,
1968). Richards (1961) reported that authors were far from
reaching agreement on general theoretical principles end wondered
whether some authors were more interested in proving their

opponents wrong than providing evidence for alternative hypotheses.

Perhaps the best subdivision of the contributions to
theoretical population ecology is that provided by Clark, et al.,
(1967). These authors divided population theories into four.
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« Those in which density plays a key role in the
determination of population numbers by operating
as a regulatory mechanism (e.g. Nicholson, 1933,

1954);

« Those in which density processes are regarded as
minor or secondary and play no part in determining
the abundance of a species (e.g. Andrewartha and
Birch, 1954);

. Those that accept a middle of the road course ‘
between the views of Nicholson and Andrewartha and

Birch, and

o Those which ?1aoe emphasis on genetic factors
(e.gs Chitty, 1960, 1965).

(b) Mechanisms of Regulation. The acceptance of density
dependent processes as an important phenomenon in population :
regulation is widely held (e.g. Solomon, 1949, 1957, 1964; Richards,
1961; Klomp, 1968; Richards and Southwood, 4968; Varley and
Gradwell, 1970; Clark et al., 1967) =2lthough, dissension on this
point still exists (Birch, 1962; Ehrlich and Birch, 1967).

The extent to which density dependent processes operate
may ohange in relation to the relative position the species is
in, in its habitat range. For example it is thought that in the
fringe areas of the species distribution compared with the more
favourable areas density dependent processes play a more limited
role in population regulation (Richards, 1961; Richards and
Southwood,_1968; Huffaker and Messenger, 41964; Nicholson, 1958;
Bateman, 1968; Reynoldson, 1958). 1In fact Watt (1968) considers
that factors such as climate may never allow the population to
become dense enough to permit density dependent processes to
operate. Density dependent mechanisms may include intraspecific
competition, the action of certain predators, parasites and
pathogens, density induced.emigration, territorial behaviour and
geﬁetic polymorphism (Clark, et al., 1967). |
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Solomon (1957) pointed out that food shortage nct induced
by insects cannot be regarded as a2 density dependent process.
Although food determines the upper limit of population increases,
it is considered that conditions of food shortage limiting
population increases are uncommon (Thompson, 1956; Milne, 19572).
Food shortage is known to induce, combat mortality in Aphodius

howitti (Carne, 1956), dispersal of Choristoneura fumiferana

(Morris, 1963a) while conditions of food quality as well as over-
crowding are factors which induce migration in aphids, locusts
(Kennedy, 1961) and the leaf hopper Circulifer tenellus (Huffeker
and Messenger, 1964). '

It is now considered that genetic shifts which occur at
high population densities (Chitty, 1960) are a possible factor
in population regulation (Clark, et al., 1967). Franz (1949)
hypothesiéed that outbreaks and collapses of certain insects
in Europe resulted from favourable conditions permitting
inoreases in less fit genotypes which are more prone to destruction
by unfavourable conditions. Wellington (1960, 1964) has observed
a loss in insect viability et high population densities and
Baltensweiler (1968) pointed out that Chitty's (1965) theory of
polymorphic types presents the most logical explanation of cyclic

fluctuations in the grey larch tortrix.

Many workers have been‘able to account for the fluctuations
in insect numbers in terms of climatic conditions (Davidson and
Andrewarths, 1948; Madge, 1956; Maelzer, 1961a, 1964; Bateman,
1968) . The concept of "climatic release" resulting from periods
of favourable climatic conditions suitable for population
increases-has been adopted by Morris (1963a) to explain outbreaks
of spruce budworm. On the other hand the influence of weather
way not be so direct. for example, the effeot of weather may be
density linked as is the case with certain insect pathogens
(pe Bach, 1958) or where a density induced genetic shift inoreases
the severity of climatic factors (Chitty, 1960). 1In certain

instances populations may so modify their environment that the
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effects of adverse climatic conditions are exaggerated (Wilson,
1968). The interaction of weather, food and dispersal is not

well understood.

Wilson (1968) considered that the besic mechanisms are
probably few but their variations innumereble and observed that
phytophagous insects probably have several mechanisms of
population regulation operating at different demsities. He
concluded that the principal factors involved in ascending order
of importance might be: unfavourable weather or climate and
polyphagous naturasl enemies; specianlized entomophages; dispersal,

migration and disease and food shortage.

(c) Conclusion. The rift between the proponents of
biotic versus the physical environment schools in population
regulation is largely "semantic" (Varley, 1947) and seems to
arise from:inadeqﬁﬁte'analySes (Wilson, 1968). Clark et al.,
(1967) after reviewing the supporting evidence concluded that
the popuiation theories were really "different ways of evaluating
the same things conditioned by experience, preference, aptitude,
but mention of the fact is necessary becanse of the uncompromising
way in which leading theorists have adhered to their particular

view points".

The study of population theories provides a worthwhile
ﬁackground for population studies but does not provide a useful

framework or guide for studying natural populationa.

(2) Life System

A brief description of the life system concept as proposed
by Clark et al., (1967) is given here since conceptually it
presents an extremely useful but unrestrioctive f'rame-work for
stuinng population ecology in the field and therefore for

rationalising population theory at a practical level.

Clark, et al., (1967) have defined the life system as "that
part of an ecosystem which determines the existence, abundance

and evolution of a particuler population'.
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The two components of a life system, the subject population
end its effective environment are known as co-determinants. The
interaction of these co-determinents of abundance affect ecological
jprocesses which control primary events (demographic charscteristics
of a»pOpulation) and secondary events. The latter govern the extent
to which primary events opsrate by eltering food supply or acting

directly on en individual.

Based on empirical evidence and logicel deduction, Clark,
et al,, (1967) have proposed a general working hypothesis on
population abundance. They claim that animal abundance depends on
environmental agencies and species characteristica. These interact
to determine when and how the reguletion of a population is possible.
This interaction sets the levels between which numbers fluctuate
and controls the operation of processes related to population
density bynnegativewfeed backs These processes act ‘probablistically
or avtomatically as regulating mechanisms to limit numericel

increase.

The extent to which regulating mechanisms operaste in a life
system is dependent on the "innate ability" of the population to
increase and the extent to which this is counteracted by density
indépendent subtractive influences. In some life systems regulating
factors may only function intermittently. Further, in different
life systems of the same species the frequency and intensity with
which regulating mechanisms operate may differ (Clark, et sl., 1967).

(3) Population Dynamics Studies

(a) Objects. The ultimate object of most studies on
population dynamics of pest species by economic entomologists is
the provision of information which will permit pest management by
the manipulation of the pests' life system, to prevent rapid
population increases (i.e. outbreaks), or to lower the general
population level (Southwood and Way, 1970). Many authors have
urged that long term population research be undertaken in
order that control strategies may be more objectivel§ based (Chant,
1964; Le Roux, 1964b; Morris, 1963a,b; Pottinger, 1967; Clark,
et al., 1967). '
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Ths .success of insect population management involves the
effective integration of what is learned ezbout the species'
characteristics and the effect of ecological processes and
environmental processes on the life system (Clark, et al., 1967)
as well as the acourate determination of economic threshold levels
(Way, 1973). Clark, et al., (1967) consider that it is desirable
to be able to mathematically model data of population studies since
mathematical models give the most useful summaries of quantitative
studies. Compared with other forms of synthesis, models ocan
provide a quantitative means of showing how much is understood of
the life system (Morris, 1963a; Watt, 1961, 1962). Models cen
be used in conjunction with experimentation in elucidating
ecological prinéiples (Varley and Gradwell, 1963; Solomdn, 196L)
and are invalusble for optimising pest management strategies

(Watt, 1963c, 1964a) .

(b) Methods of Study. Essentially there are two
distinet but complementary approaches to the study of population

dynemics; 1life table and key factor, and process studies.

(1) Life Tables and Key Factor Studies

) This approach involves the collection and analyses of field
data leading to graphic or mathematical models.

Multifactor studies of naetural inssct populations initiated
in Canadarby Morris and Miller (1954) have shown that the demographic
lif'e table provides a useful basic framework for intensive
population studies of insects (Morris, 19632). The historical
development of the life table has been well reviewed by Deevey
(147) end its modification and use for studying insect populations
discussed in detail by Morris and Miller (1954), Southwood (1966),
Hercourt (1969) and Varley and Gradwell (1970). For this reason

these aspects will not be considered here.

Harcourt (1969) noted that life tables are not an end in
themselves but a systemetic summary of age interval survival
which can easily be interpreted in relation to population growth.
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A single life teble provides little information on factors
affecting the species end it is only by replication in time and
space that the full value of the data can be realised (Morris
end Miller, 1954).

Ives (1964) drew attention to the many problems that may be
encountered in life table studies. These include the large imnput
in time and effort involved in taking sufficiently large samples
to atlain estimates of the mean population density with
acceptable limits of statistical precision. He noted that this
was a particular problem for soil inhabiting insects.  Other
factors such as overlapping genexrations and emigration or
immigration are a2lso known to create problems in life
table studies (Southwood, 1966). .

(ii) Process Studies

This appfoach is exemplified by Hollings' (1963) work with
component analysis in which particular ecological processes such
as predetion are determined or, by Davidson's et al., (1970b)
studies on the effect of s0il moisture end temperature on

scarabaeld populations.

Ideally, process studies should provide information in the
form of mathematical submodels which may be fitted into an overall
mathematical model of the life system (Watt, 1968; Clark, et al.,
1967).

Holling (1963, 1968) pointed out that the movement of
populations into the laboratory allows simple and reslistic
relationships between population processes to be established
which cannot be accomplished without extensive field experimentation.
Theoretically component analysis of major population processes
should precede detailed life table studies (Holling, Im
Le Roux, 1963). Richards and Southwood (1968) noted the
complementary nature of the two approaches and Clark, et al.,
(1967) observed the soundness of developing life table or key
factor studies and process work together since one lends direction
to the other. Clark, et al., (1967) noted that a knowledge of the
principles obtained from laboratory experimentation may determine
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data requirements for the discovery of regulatory mechanisms and
better methods for manipulating pests. Morris (1969) and Vérlqy
and Gradwell (1970) considered that without accompenying.
experimental work on component enalysis of casual pathways and
mode of operation of ecological processes, advancement in modelling
natural populations will be restricted. Likewise, Holling (In

Le Roux, 1963) pointed out that life table studies have o potential
which is unlikeiy t0 be utilised unless component enalysis of
population processes leading to the development of realistic
submodels are dsveloped.

(%) Interpretation of Mortality Data

An excellent dlsoussion on the interpretation of
mortality data hes been presented by Morris (1957) in which he
reviews ways of expressing data and exemines the importance of
constant compared with variéble mortalities, the sequence in
which mortalities operate and the implication of mortalities
which operate contemporaneously (occurring within the same age

intexval).

Morris (1957) noted that mortalities which are constant
from generation to generation irrespective of their size do not
contribute in themselves 2 grest deal to population change.
Rather, population fluctuations result from usually small but
highly variable mortalities the influence of which increases
greatly when population mortality is highe As total mortality
increases over the lif'e cycle a change in percentage mortality
of a variable mortality operating late in the life cycle is likely
 to be more influential in determining the population trend index
(I) than the seme mortality occurring at an earlier point (Watt,
1963a; Le Roux, 1963).

Morris (1957) found that generation mortalities for spruce
budworm varying from endemic to epidemic levels were remarkably
similer and ranged from 95 to 98%. When it is considered that
for this insect the constant mortality rete (C.M.R.) defined as
the genexration mortality required to maintain I at unity is 99%
it can be eppreciated that very low additional mortality w111
cause marked changes in I. This sensitivity may allow a very
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low but variable contemporaneous mortality to increase generation
mortality above the C.M.R.

Hortalities that are primary determiners of I are known as
key factorse Many key factors have been identified for e wide
range of insects (Harcourt, 1963b, 1969; Morris, 1963a, 1963b;
Le Roux, et al., 1963; Varley and Gradwell, 1968) although some
authors hold that in certain life systems, key factors may not
exist (Ives, In Le Roux, 1963).

In situations where large reductions in populations caused
by lerge constant mortality factors occur before the appearance
of the damaging stage of the insect, constant mortalities while
not being ecologically important in that they do not detemmine
population trends, may be economically important (Harcourt, 1963a).

There are four tyves of morfality: direct density
dependent mortality, inverse density dependent mortelity, delayed
density dependent mortality and density independent mortslity
(Verley and Gradwell, 1970; Solomon, 1964). With the exception
of delayed density dependent mortality these mortalities can be
defined mathematically as well as verbally. The actions of

these mortalities evoke different population responses.

In general it is recognised that direct dependent mortalities
regulate populations around an eguilibrium level (Varlqy and
Gradwell, 1970; Solomon, 1964; Richards and Southwood, 1968).
Initially, overcompensating density dependent factors will induce
instebility with successive generations alternating between high
and low, With time the size of these fluctuations around the
equilibrium will diminishe. Inverse density dependent mortalities
on the other hand increase instebility and detraect from the
stabilising influence of direct density dependent moxrtality.

Most inverse density dependent fectors are inverse throughout part
of the population range and direct over the remainder. An
exception to this appears to be the action of the non specific
parasites of the winter moth (Varley and Gradwell, 1970).

Delayed density dependent factors create instability in populations.
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Density dependent mortalities of this type may result from
specific and non specific parssites which lag behind the host
numbers or the effect of lower food quality and quantity, the
effects of which do not appear until the next generation (Varley
and Gradwell, 1970).

Density independent mortalities fall into two classes,
constant and variable mortalities., The impact of both on

population levels have been discussed earlier in this section. -

Solomon (1964) presented rules for describing the
effective killing power of different combinations of similar and
different mortalities operating in sequence.

. Survival from a succeésion of independent .
mortalities is not affected by the order in which
they operates

o Survival from two density dependent mortalities is
lower when the more powerful mortality operates
first.

e Survival from density dependent and density
independent mortality is lowest when the density
independent factor operates first.

e Survival is highest when a density independent
mortality operates before a constant mortality;
and mortality is greater when a density dependent

factor operates before a constant mortality.

Since density dependent processess are considered to be
regulatory, it is unlikely that & key factor which is
essentially a disturbing factor and which induces departures
from the equilibriun would be density dependent., Density
dependent factors cen however induce disturbances if they work
in a delayed manner {Southwood, 1967) and therefore be a
potential key factors. Harcourt (1971) for example found that
the key factor for the Colorado potato beetle Leptinotersa

decemineata was dispersal which acted in a density dependent

mannere.



(5) Analyses of Population Date

An appreciation of the advantages and limitations of
different methods for analysing population data is necessary so
that they can be interprested in the most objective manner.
Analytical methods for population data include survivorship
curve analysis, survival analysis, key fector analysis end
mortality analysis.

(a) Survivorship Curves. Perhaps the simplest way

of presenting changes in population survival with time within a
generation is by the construction of a survivorship curve.
Graphed in this manner the survival patterm is easily observed
and reveals periods of population stability and instability
(Morris, 1955).

Tto (1959) pointed out that the study of survivorship
curves can be a helpful aid in the study of insect epidemiology.
The characteristics of different basic shaped survivorship
curves have been described by Pearl and Miner (1935), Deevey
(1947), Slobodikin (1962) and Ito (1959)s Deevey (1947)
recognised the following three basio shapes for survivorship

curves plotted on a semi-log scale; convex (type 1), a disgonally

straight line (type 2) and concave (type 3). On the other hand
Slobodkin (1962) using an arifhmetic scale recognised four curve
shapes; convex, where mortalities act most heavily on older
animals; a diagonally straight line, where a constant number
die per unit time; concave (or diegonally straight line if
plotted on a semi~log scale), where mortality rate is constant

* which is Deevey's type 2 curve; eand conceve, where mortality is

heaviest on young animals.

Ito (1959) studied semi-log survivorship curves of 16
holometabolous insects and noted two common features. First, the
shape of the curves were consistent with Deevey's type 2 and 3
curves g5 a result of the relatively large number of eggs 1laid
and except in certain orders of insects a general lack of
- maternal caree. An increase in maternal care produced a change in

curve shape from concave to convex. Second, the curves wore

L0.



staircased in shape and consisted of three steps corresponding
to periods of decrease. These periods occurred from the egg to
the first larval stage, from the last larval stage to the pupa
and over the senescent adult period. The second period of
decrease resulted from the activities of insect parasites and

infectious diseases.

Murai (1967) derived a mathematical function embodying a
parameter he called environmental capacity and showed that all
of the thres types of survivorship curves described by Deevey
(1947) could be obtained by changing the value of this parameter.

(b) Survival Analysis. Watt (1961, 1963d) proposed
& method for analysing life table data and developing popylation

models based on the following equatilon:

= 2&%}.; SESLSESAPRE R

where, I is the population trend index (Balch and Bird, 194%4),

Bo)

the population level in generation n,

SE = the survival of eggs,
SL = the survival of lervae,
'SP = the survival of pupae,
SA = the advlt survival, ,
22 = the proportion of adults which are female,
F = mean fecundity per female, |
R = proportion of potential eggs that are actually laid

For each age interval survival, survival is given by

8= I/

where H1 is the number alive at the beginning of the age interval

and §2 is the number at the end of the age interval,
Although Watt (1961) recommended that I should be determined

on the adult population the proposal of Morris (1963a) that I be

assessed on eggs rather than adults since the egg stage is more

uniform in quality has been generally adopted.

L.
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Determination of the key age interval or factor is
obtained from the above equation after transformation to a
log scale to reduce the variance and provide linearity. This
is done either by simple correlation analyses (e.g. Harcourt,
1963b; Morris, 1963b; Paradis and le Roux, 1962; and
Pottinger and Le Roux, 1971) or by multiple correlation analyses
(Mott, 1966). The key age interval is identified as that
interval which contributes the'highest proportion of the variance
of I (Morris, 1963a; Mott, 1966). Once this is established
studies may be confined %o this stage. From multiple correlation
analysis, variance-covariance matrices can be drawn up from which
the joint action of age interval survivels on I and the important
sources of varianbe end covariances can be examined. Unlike the
simple regression analyses this method recognises that the
compdnents’of I may vary together. From vaeriance-covariance
matrices it is possible to obtain clues as to the causel pathways
of mortality factors from the size of the covariances and whether
the coveriances are positive or negative (Mott, 1966). Hott ‘
(1966) cited an example from studies on the gypsy moth where the
use of a simple regression analysis highlighted the wrong age
interval as that making the principel contribution to the
variation in J. An examination of the varience and covariances
showed that the proportion of the total variance of I coatributed
by the incorrectly identified age interval was very low. This
situation arose because the wrongly identified component was
highly correlated with the more important mortality.

(¢) Xey Factor Analysis. This method of anslysis

was designed to "detect key factors determining the rate of population
change regardless of density responses" (Morris and Royama,

1969) and "as a useful lead to more useful studies not as a

substitute for them" (Morris, 1959). In particular the method

was developed to allow changes in population to be predicted

where only few estimates of population density ﬁer generation are
availsble (Morris, 1959, 1963b, 1969). The equation for analysis
tekes the following forms *
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log P(n#1) = 1log¥ + logPln)pg+b (w-7%)

where P(n) is the number in the present generation n; log F, the
intercept in the equation, the antilog of wbich is referred to

as the effective rate of increase; p, the proportion parasitised;
£» the proportion killed by predators; and b (w - W), an index
of weather which is usually taken as deviations around the weather
index value Gi) taken where deviations from the regression of

log P(n+1) on log P(n)pg are zero.

In its siﬁplest form the equation consists of two terms
as for example in the black budworm analysis where the numbers in
the next generation were predicted from percentage parasitism in
the current generation (Morris, 1963b).  Southwood (1966)
Streséed that this is the key factor for prediction not necessarily
the principal factor governing fluctuations. Varley and Gradwell
(1965) have pointe&‘out that a key factor may differ for the same
population where the trend index is based on different stages and
suggested, where possible, that the key factor analysis should be
aimed at predicting the damaging stage. Briefly the steps in the
key factor analysis consist of regressing log P(n+1) on log P(n).
A low coefficient of determination (2?) suggests that the
population fluctuates highly from generation to generation and
describes the net rate of reproduction. The simple regression
coefficient reflects the total amount of density dependence
recognise& in the system. Suspected density dependent factors
are then incorporated in the independent variable. Once the
slope has reached unity all the density dependent factors have

been accounted for.

Providing the regression is close to one and the residual
variance is low, that is the coefficient of determination is
high, the equation provides an adequate prediction of the
population size in the following generation. Morris (1963b)
considers that, with expansion and more detailed work, these types
of models will provide an empirical yet biological framework in
which to build up explanatory and realistic models and thereby

enable the precise mode of aoction of the recognised key factors to



" be studied. Southwood (1966) considers the method is not suited
to studying populations with short population cycles and to
avoid spurious results should be confined to populations which

have more protracted population cyclese.

The method of analysis has come under criticism on the
grounds that the relationship of log P(n+1) on log P(n) may not
be linear (Varley and Gradwell, 1968, 1970; Salt, 1966), that
the method has in certain instances failed to detect density
dependence when it has been present (Iuck, 1971) and conversely,
indicated density dependence in systems where it was absent
(Eberhardt, 1970; Meelzer, 1970). Further criticism has revolved
around the ability or rather the inability of the method to
detect total density depéndence in the system whenever thé system
contains widely variable mortality due either to density
independenée or delaye& density dependence factorsA(VArley and
Gradwell, 1970). Hassell and Huffaker (1969) working with
artificisl models which included moxrtalities other than density
dependent factors, found the method did not give meaningful
results.

Solomon {1964) noted that it may be more valid to analyse
for key factors in periods of increase and periods of decrease
in order to distinguish, the movement towards an equilibrium, a
change in equilibrium and density indepéndent changes. Campbell
(1967) found that in sparse end dense populations of the gypsy
moth the importance of specific age interval survivel rates on
population trend changed. In dense populations varietion in
survival rates over the fourth to fifth inster stage contributed
the greatest variation in I. In the sparse populations the first
to third instar age interval was better correlsted with I but
both age intervals were important in the determination of I.

Solomon (1968) considers that inspite of this, the relation-
ship of log P(n+1) on log P(n) should not be abandoned since the
final confirmation as to how factors operate must rest with further
studies aimed at understanding the biological processes involved.
Benson (1973) Also considers that the method may still be useful
for the simple prediction of population change.
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(d) Mortality Analysis. Varley end Gradwell (1960,
1963, 1968) found it convenient to record population changes on

a log basis end to assess the killing power (E'value) of each
mortality obtained from iife table studies by the difference
between the log density of the population before and after the
event. Where these mortalities operate separately and in
succession then:

K= +k +k +k, +k - - =

K+t +k+E+k ky

where XK is the total killing power present in a generation and
equal to the sum of all the individual killing powers (l_ci ).
Key factor determination is made by visual correlation by graphing

all the -lsi values against X.

Age intefval mortalities may be examined for their mode
of action by ;egressing the &i values against the log density of
the population at the beginning of the interval (Varley and
Cradwell, 1968). Since the two variables are not independent
a significent but spurious regression could arise from sampling
errors. A proof of density dependence for each interval is
therefore needed and can be obtained by regressing initial upon
final and final uvpon initial log densities. Where both slopes
are significant from unity (Varley and Gradwell, 1968; Wett,
1964b) and are on the same side of the slope of unity (Varley and
Gradwell, 1968; Luck, 1971) density dependence is assumed if the
regression coefficient of Ei on log initial density is significantly
different from zero., (Varley and Gradwell, 1968; Watt, 1964b).
A coefficient of>unity indicates overcompensating density dependence,
less then unity undercompensating density dependence and unity

compensating density dependence.

Benson (1973) reviewed in detail the limitations and the
problems in using this analysis. He noted that these are most
acute when density dependent mortality is near perfectly density
dependent and in these instaﬂces suggested that density dependence
should be investigated experimentally.‘ 7

Sequential plotting of 51 values against log density can

provide further information on the operation of mortality factors.
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For instance deleyed density dependent factors give circular

or spiral type graphs, density independent factors irregular or
zigzag patterns and density dependence both direct and inverse,
a narrow band of points. While these graphic methods allow the
detection of delayed density dependence, a method which satis-
factorily measures delayed density dependence has not been
developed (Varley and Gradwell, 1970).

(6) Models

7 There are essentially two types of population models that
have been developed in population studies of insects, namely
those that predict changes in population density, and those that
predict population levels (Varley and Gradwell, 1970).

-

Models of the former type are developed to predict changes
in population density from generafion to generation end ere of
interest in economic entomology where predictions can be related
to economic threshold levels (Morris, 1963b; Varley and
Gradwell, 1970)e The simplest of these kinds of models has
been discussed under the section on key factor analysis and may
consist of as few as two terms (Morris, 1963b). Equally simple
models have been developed by identifying from lif'e table studies the
key age interval and usiﬁg the simple regression equation between log
survivael within the key age interval and log I (iorris, 1963b;
Harcourt, 1963a,b; Le Roux et al., 1963; Pottinger and Le Roux
197i). Such simple and empirical models can be remarkably

precise for the conditions under which they were derived.

A series of submodels may be constructed for each age
interval survival in the life table to provide an overall
population model. The purpose of these models is to determine
the effect of age interval survival and key factor manipulation
on population changes. Watt (1961) has proposed two main methods
for modelling survival, the inductive and deductive-inductive
methods. Although quite complicated inductive models involving
submodels of all age interval survivals within a generation have
been developed from life table studies, they are empifical and
have little biological meaning, (e.g. Morris, 1963a).
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They are largely constructed by multi-variate analysis which may
give rise to spurious relationships (Watt, 1962; Varley and
Gradwell, 1970) particularly when meteorological variables are
concerned (McFadden, 1963). To date these overall population
models have accounted for less than 50% of the variance (Morris,
1963a; Embree, 1965; Campbell, 1967) and Morris (1969)
observed that no really adequate empirically based model has
been produced.  The production of the empirical models gives

no indication of causal relationship (Varley and Gradwell, 1970)
and has led Watt (In Le Roux, 1963) to state that extrapolation
of such models outside the study areas, is unwise. Watt (1961)
has pointed out that explanatory models can only be developed
by the deductive¥inductive method, an approach which is almost
identicel to that adopted by Holling (1963) in his studies on
component analysis of population ﬁrocesses. In the deductive-
inductive approach the relafionship of the important variable
and survival are graphed. An equation which best expresses this
relationship is then selected in the logical tree manner
described by Watt (1961, 1969). The equation selected is then
integrated end transformed to a form suitable f'or testing
against the observed results. A new equation is selected if the
previous one was inadequate until a suitable equation is found.
Another factor is then chosen and the process continues until
all the important factors have been identified and described.
These sub-submodels are then integrated into a submodel and
tested in a similar way. In this manner each submodel of the
model is built up. The construction of this type of model is

" not only predictive but biologically realistic and therefore
offers an insight into population dynamics (Watt, 1961, 1969;
Southwood, 1966).

A model for predicting population levels of the winter
moth has been developed by Varley and Gradwell (1968). This
type of model was developed to explain observed changes in
populations which occur about an equilibrium level and is of use
for predicting the long term consequences of introduceing

additional mortality factors into a life system (Varley and



Gradwell, 1970). Verley and Gradwell (1968) have developed their
simple model using submodels based on the density relationships
of the mortality processes described in the previous section.
Their model of the winter moth accounts for 87% of the generation
to generation variance. In this 1ife system the key factor

was shown to be the disappearance of the bhatching larvae before
their establishment in the buds. ILike other authors in the field
Varley and Gradwell (1970) consider that the factor limiting
realistic mathematical models of population behaviour is the lack
of knowledge about the behaviour of perasites and predetors,

If density independent factors are modelled as well as density
dependent factors this model would also predict changes in

populations from one generation to anothere .

- (7) Concluding Discussion in Relation to the Proposei
Plan of Study

At the time these studies were commenced there was no
very detailed information on such aspects of grass grub behaviour
a3 emergence, mating, oviposition end dispersal and little

information on the general biology and ecology of the pest.

In view of thils it was considered that the soundest
approach to studying the population dynamics of grass grub was

as follovis:

Adopt the apge specific life table approach.

In the absence of adequate biological and ecological
information this comprehensive and systematic approach to
population dynamics studies is more certain to lead to the
identification of the key age intervals or key factors than a
less comprehensive approach. The systematic recording of age
interval survivals enables the development of age specific
nodels of survival leading to the construotion of overall
population models. These models can provide a framework for
studying the effect of mortalify manipulation on population
levels and therefore in conjunotion with injury threshold levels
of pastures provide a sound basis for pest management studies.
Watt (1961) noted that even if it proves impossible to devélop
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reliable and comprehensive population models for insect pests
the exercise is worthwhile since it will provide a better under-
standing of the pest's life system and this knowledge should
lead to improved methods of control.

The alternative approach was to study the biology and
general ecology in both the laboratory and the field and seleoct
by intuition, tempered by observations and results from
experimentation, possible key factors. The predictive value of
these factors in relation to population change could then be
tested as per Morris (1963b). While this key factor analysis
approach may lead to models which are capable of predicting
changes in population density from one generation to the next it
does not provide a framework in which to test pest manageﬁént

progremmes .

The écceptance of a life table epproach to population
studies presupposes that it is feasible with available resources
to obtain estimates of population density for the important
developmental stages of the insect with theArequired dogree of
accuracy and statistical precision. A sound knowledge of adult
behaviour is essential to provide guidenoe in such matters as,
location of sampling units, the selection of study plots and the
manner in which dispersal is to be monitored. Detalled information
on other facets of the insect's biology will undoubtedly assist in
organising and interpreting life table information (Morris, 1963a;
Pottinger, 1967). In view of the importance of information on the
iﬁsect's biology for life table studies, studies on the biology of
- the adult grass grub were undertaken. These are not described

in the thesis.

It was decided to limit intensive population life Eable
studies to two sites. This action was prompted by Morris (1963a)
who concluded from his massive studies on spruce budworm that, it
mey have been more profitable to study factors and processes
which influence temporal differences intensively on a few plots
and to study extensively on a range of different plots, factors
and processes that determined spatial differences. Varley and
Gradwell (1970) confined their studies on the winter moth, the

female of which is flightless, to five separate osk trees in a
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mixed woodland. In these studies the authors were able to
separaté temporal from spatial differences. From their studies
Varley and Gradwell (1968) were able to construct an acourate
model to explain why observed changes in population numbers

took place around an average level.

Use laboratory studies in conjunction with life table

studies to rapidly identify potentially important abiotic and

biotic mortality factors.

In the case of abiotic factors, 1aboratony studies will
enable important factors and their critical ranges to be defined
and the causal pathways through which these factors operate to be
elucidated. Morris (1963a) noted that in prectice it is. impossible
to measure all variebles which might influence populations. In
spite of the large resources jnvolved in the spruce budworm studies
it wes found that the principal factor limiting the value of the
predictive models was the failure to measure the pertinent
independent variables or to measure them in the best possible way.
The early identification of mortality factors and the determination
of their critical levels (e.g. soil temperature) will eliminate
the measurement of unimportant varisbles or limit the measurement
of the important variables to seasons when they are approaching

their critical range.

Carry out ecological process studies to determine the

relationship between survival and different mortality factors.

Process studies in conjunction with field data should lead
to the development of realistic submodels for each mortality
factor. Without process studies the development of accurate
population models is impossible (Holling, 1963; Clark et el.,
1967); This is evidenced by the failure of empirically derived
population models (Morris, 1963a).

Finally, integrate the age interval submodels into an

overall population model.
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II PROBLEMS OF SAMPLING INVERTEBRATE POPULATIONS

Usually, the main object of census sampling invertebrate
populations is to obtain as accurate and precise an estimate of
populetion density as possible with given resources, ox a pre-
determined level of precision for the lowest possible coste.

An examination of the literature concerned with sampling

relative sessile invertcbrates suggests that efficient sampling
programmes may be developed in the following sequence.

Initielly the variance-cost minimizing properties of different

~ sized sample units are assessed and the most eff'icient unit
chosen.  Sampling times are then chosen which give reliable
estimates of pophlation-density and as nmuch incidental information
as possible on the causes of mortallty, in an effort to minimize
the number of samplings required.' Spatial distribution and the
possible problems arising ffom this such as the use of trans-
formebtions are assessed prior to examining the efficiency of
different sampling designs. Once the most efficient sampling
blan is known, samplé size is estimated for different developmental
steges over a wide range of populetion density and the sampling
costs estimated in order to ascertain whether it is feasible to
undertake the proposed studies with the available resources.

' The problems involved in these studies and the ways that these

may be overcome are considered in this section of the literature

reviewe.

(1) Selection of the Sampling Unit

When sempling from & random distributed population the
efficiency of aﬁy sample unit size in reducing variance is egual
(Finney, 1946; Teylor, 1953; Waters and Henson, 1959). With
overdispersed populations the smaller sample unit reduces
the total area or volume required to be sampled for equal
precision (Taylor, 1953; Finney, 1946).

Different sized soil sample units have been evaluated for
‘sempling, the larvae of two scarabaeids (Fleming and Baker, 1936;
Burrage and Gyrisco, 1954a) and wireworms (Yates &nd Finney,
1942; Finney, 1946). Since the distribution of the scerabaeids



524

i 'qre aggregated, like that of grass grub (Kainrand Atkinson, 1970),
these studies found that, for a given area or volume of soil
sampled the variance was minimized with smaller sample units.

With wireworm Yates and Finney (1942) noted that 10 and 15 cm

- diameter soil cores were equally efficient at low population
densities but the smeller was more efficient at higher densities.
The reason for this is that, as the density of wireworm populations
increases the apparent distribution of the insect changes from

rendom to being overdispersed (Waters and Hemson, 1959).

In practice, the logical criterion governing the selection
of the optimal sized sample unit is a compromise between the
sample unit size which minimizes variance and the sample size
which minimizes cost (Lyons, 1964; TFinney, 1946). | Usuelly
the cost involved in tezking end extracting insects from a large
number of small samples compared with a small number of large
samples may more than off'set the variance minimizing qualities
of the smaller sample unit. The comparisons in the efficiencies
of different sized units are calculated and then reduced to a
comuon base, which is usuelly the size of the smallest sample
units The net cost for equal pirecision is given by Qg.éﬂ? where
Lu is the cost and_§22 the variance per unit reduced to a common
basis (Finney, 1946; Iyons, 196L4).

(2) Timing of Sampling

If reliable estimates of population densities and age
specific mortalities are to be obtained with minimum effort, then
the timing of sampling is particulerly important. This aspect of
' studying natural insect populations has been reviewed in deteil

by Morris (1955, 1960). Generally it is desirable to sample in
. periods when insect numbers are relatively stable.‘ Where possible
periods in which high mortalities occur should be avoided, as
day to dey declinations in numbers may be significant and thereby
provide outdated estimates by the time samples are examined. In
instances where a dynamic period of the l1lif'e cycle is sampledrthe
sampling period should be short and development and mortality

in samples arrested by cool storage. Sampling times may be
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dictated by the presence of stages which are easily detected,
relatively immobile and in the case of surface feeding phyto-
phages firmmly attached to the sample.

A further important consideration in selecting sampling
periods is the amount of incidental information thet it is
possible to obtain on the magnitude and causes of mortality.
Use has been made of egg shells and pupal cases to provide data
on mortalities caused by paraéitism, predation and disease
(Morris, 1955; Le Roux and Reimer, 1959; Hudon and Le Roux,
1961). Unfortunately the rapid degradation of insect cadavers
in the soil greatly restricts the flow of this information for

insects inhabiting moist soil.

In practice the selection of sampling intexrvals will be
determined by the insect's habits end life history and the
peculiarities of the habitet unit. Such methods as pilot
sampling (Morris, 1955), the use of indicator populations in
outdooxr cages (Harcourt, 1961a) and the relationship betﬁeen the
velocity of development and accumulated day degrees (Hercourt,

1962) have been used in plamning sampling intervals.

In general the timing of insect sampling becomes
increasingly difficult with multivoltine species the more
generations they have. This usually leads {o an incresse in the
overlapping of developmental stages and generationse. For such
ingects, methods for estimating the number of individuels
entering each developmental stsge have been developed (Southwood,
1966). As grass grub in the study areas is a univoltine . species
in which overlap between stages is not %eny pronounced, further

discussion on this problem is not warranted here.

(3) Spatial Distribution

The spatial distribution of the insect within its habitat
will influence such factors es the use of transformations for

statistical analyses snd sampling patterns.
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(2) Frequency Distributions

Frequency distributions are a product of the spatial
distribution of the variable concerned, in this case insects.
Bocause most parametric statistical tests assume that the
variable is normally distributed the frequency distribution of

the insect being studied requires examination.

Generally speaking frequency distributions of animals
fall into three categories: those that are dispersed at random,
where the variance is equal to the mean; those that are over-
dispersed, aggregated or contagious, where the variance exceeds
the mean; and those that are under-dispersed or uniformly
dispersed where the variance is less than the mean, Under-
dispersed or uniform diétributions are rarely found in natural

animal populations (Iwao, 1970). -

(1) Random bistribution.‘ When insects sare

randomly distributed the resulting frequency distribution is
adequately fitted by the Poisson series (Waters and Henson, 1959)
which occupies a central position between cver- and under-

dispersed frequency distributions. The distribution is defined

by one parameter, the mean, since the expected variance of the
Poisson equals the mean.s In fact animals are rarely distributed
rendomly even in a seemingly homogenous habitat (Waters and Henson,
1959; Iwao, 1970). In many cases random distributions are recorded
at low mean densities, This seems to arise from a statistical
deficiency, in that frequency distributions may not detect aggregation
at low densities (Iwao, 1970). Similarly, smaller sample units

induce a similar effect (Waters and Henson, 1959).

(ii) Over-dispersed Distribution Models. Over-

dispersed frequency distributions are most frequently encountered
in animal populations, and result from several factors. These
include: mutual attraction between individuals; sexual attraction;
. heterogéneity'in the habitat in relation to the animals!

preferences and survival rates; reproductive behaviour such as

a mass deposition of eggs or care of the young, and a limited
ability for dispersal (Southwood, 1966; Bliss and



Calhoun, 1954; Iwao, 1970)s Cassie (1962) considers that of
all the over-dispersed frequency distribution models that are
available, those which are most applicable in an ecological
context are, in order of ascending skewness, the Thomas (Thomas,
1949), Neyman type A (Neyman, 1939), Polya Aeppli (Polya, 1931),
negative binomial (Anscombe, 1949) and the discrete lognormal
(Fisher, et sl., 1943)s Of these the negative binomial has
proved perticularly applicable for insect counts and since it
was first derived by Anscombe (1949) has been used extensively.
For this reasonlthe negative binomisl is the only over-

dispersed frequency distribution model considered in this review.

The series is defined by two paremeters, the mean () and
a positive exponent k and is expressed by the expansion of
(q - R)-_]_g_ where p = 35/1{ and g =1 + p. With increasing random-
ness k tends to infinity to give the Poisson series whersas with
increased aggregation k tends to zero to give the logarithmic
series. If only‘units with insects are included the logerithmic
series results. _The variance of negative binomial distribution
is given by g? = E:/k (Anscombe, 1949). The parameter k can be
calculated by different methods (Anscombe, 1949; Bliss, 1958;
De Bauche, 1962; Legay, 1963; Katti and Gurlend, 1962), the
efficiencies of which vary depending on the size of the mean
(Anscombe, 1950). The simplest estimate in which'

%" -1

k = is efficient only at low means and is therefore

-“l

2 -

i

unsuitable for general use (Anscombe, 1950). A fully efficient
estimate of k (Bliss and Calhoun, 1954) is the maximum likelihood
estimate which is calculated by iteration in the following '
equation

Ax
Nin (1 + =) =2(k =
St+X

in which 1n is natural logs, Ax is the sum of sampling units

"t

| =1

containing more than x individuals (e.ge A6 = £7 + £8 + £9) and

55.



56.

N the total number of samples. Shenton and Wallington (1962) have
demonstrated that even the maximum likelihood estimation of k

will be biased if the mean is smell end k large. Tests of
adequacy of the negative binomial as a model of the observed

data are given in Bliss and Calhoun (1954) and Southwood (1966).
There are three basic tests, the chi-square and the u and t

tests which are the more efficient tests. Evans (1953) has
.provided a method based on the k and mean of the distribution which
out of the latter two tests is the most efficient for the data

concerned.

For many insects, a k can be estimated which is common for
the species over a wide range of population densities and is therefore
useful in transforming data (Anscombe, 1948), developing éampling
programmes (Wald, 1945; Waters and Henson, 1959; Oakland, 1950;
Morris, 1954) or eéﬁimating‘the number of samples required for a
given level of precision (Rojas, 1964). Common ks can be
estimated, by extending the maximum likelihood procedure as outlined
by Bliss and Calhoun (1954), or by a moment estimate of k based
on the slope of a regression line (Bliss and Owen, 1958).
Alternatively a common k can be computed graphically but in more
critical cases a weighted regression estimate is needed. (B1iss,
1958; Bliss and Owen, 1958).

The fitting of discrete mathematical distribulion models
gives little insight into the underlying causes of the observed
distributions (Bliss, 1958). It is known, for instance, that an
observed distribution can be approximated by more than one model,
that the dlstrlbutlon of the same species may very from occasion
to occasion, and that the same distribution models can be derived
from different basic assumptions (Iwao, 1970) or be an artifact
of the sample unit size (Waters and Henson, 1959). 1In the absence
of other biological observations the fitting of frequency
distribution models is an empirical exercise which throws 1little
light on the underlying processes involved but is useful in the
plenning of sampling programmes and selecting transformations (Waters
and Henson, 1959). '
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(b) Transformation

Since insect populations are usually aggregated
the following assumptions on which statistical tests of significance
are based are usually not fulfilled.

e Sample counts are normally distributed
« The variance is independent of the mean.

e Separate variance estimates are independent i.e.
additive (Sokal and Rohlf, 1969).

Where these conditions are not met, transforming the raw
data to 2 new scale may overcome these problems. Of the above
aessumptions the second is more important that the former (Hayman
and Lowe, 1962) and if satisfied improves the validity of the
latter (Bliss and Owen, 1958).

Many trénsfofmafions for insect counts have been proposed.
These include: Vf?g‘ or, where numbers are low and geros occur in
the dataf x + 5 (Bartlett, 1937); log (x + 1) (Williems, 1937)
and log (x + -15/2) (Anscombe, 1948) in which k is the dispersion
parameter of the negative binomial. Beall (1942) outlined methods
with which a transformation could be worked out for a specific
problem. More recently Taylor (1961) proposed his system for
deriving suitable transformations based on the power relationship
which exists between the mean and variance. The relationship
can be expressed as g? = ngh, where a and b are constants
derived from regressing the log variance on log mean
(log 52 = log a + b log Ec_') in which a2 is the intercept at zero
- log g? and b the regression slope. The intercept a is largely
a sampling factor while b the slope, appears to be an index of
aggregatioh. Data is transformed to 5? where x is the raw

variable and p =1 - Zb where b is the regression coefficient.

Another scheme for working out transformations has been
put forward by Iwao and Kuno (1968). Their choice of suitable
transformations are derived from the intercepts of the linear
regression of mean crowding on the mean. lMean crowding (é) is

defined as the mean number of individuals per individual in’ the
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same quadrat and is given by é =X + @2/2 - 1), where x is
the mean and §? the variance. Over a diverse range of
theoretical and biological distributions, mean crowding is

linearly related to the mean as follows:

RS
0
o
+
g

where a is the intercept which reflects the contagiousness
inherent in the species and is termed the "index of hasic
contagion". The regression coefficient (b) is termed the“density
contagiousness coefficient" since it indicates the ménner in
which individuals distribute themselves in the habitat with
changes in density. These two parameters measure the dual

nature of aggregation (Iwao, 1968).

Southﬁood-(1966)'considers that in practice where errors
are fairly large it is sufficient to use a square root trans-
formation for slightly aggregated populations and a logarithmic
one for populations which are markedly aggregated. Unfortunately,
transformation of date in life table studies can lead to problems
(Southwood, 1966). The apparent distribution changes, with density
(Waters, 1959), stage of development (Guppy end Harcourt, 1970) and
sample unit size (Waters and Henson, 1959; Lyons, 1964) may neces-
sitate the use of marydifferent transformations. The comparison of
means based on different transformations is difficult end
necessitates transforming the transformed mean back to the original
scale and correcting for bias (Finney, 1941b; Neyman and Scott,
4960). In other instances no common trensformation is adequate to
transform data to normality unless sample units are independently
pooled (Andersen, 1965).

Theoretically data from over-dispersed populations should
be transformed (Beall, 1942; Snedecor and Cochran, 1959).
However, the consensus of opinion concerning transformations is
that moderate departures from normality do not induce gross erroxs
in the significance levels of the £ and t tests (Hey, 1938;
Bartlett, 1935; Pearson, 1931; Le Roux and Reimer, 1959; .
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Wadley, 1967), and generally, transformations are not considered
necessary unless the need for them is extreme (Wadley, 1967;

' Scheffe, 1959). Cochran (1963) noted that good sampling practice
may tend to make the normal approximation more valid. The
removal of extremes by stratification from the main body of
populetion reduces skewness and therefore improves the normal

approximation.

The gquestion which arises is what does moderate departures
from normality mean? From recent work by Abrahamsen and Strand
(1970) on the application of parametric statistics to counts of
enchytraeid worms, which have a very marked positively skewed
distribution, the conf'idence intervals did not cover the true
mean as often as expected but at means ebove 10 per sample this
was séarcely significant. Even at levels as low as one per sample
this did not change gréatly with the 95% confidence limit being
closer to the 907 level. While log transformation gave a slight
improvement in the fMﬂOVA, the ANOVA was found robust against
type 1 errors which led: Abrahamsen and Strand (1970) to conclude

that "transformation for this purpose secems unnecessary".

In meny cases all that is required from a sample is an estimate
of the mean population and its confidence limit. It is known that
the arithmetic mean of a szmple can be used as an unbiased estimate
of the mean density. The central limit theorem states that the
distribution of means of large samples from any population tends
to normality with a standard deviation of S/Il where S is the
population standard deviation and N the sample size (Cochran,
1963)s The question that arises is how large must N be before
the normal.approximation for the estimate of confidence limits is
accurate enough with highly skewed distributions. 1In order to
estimate the number of samples required (SH) Cochran (1963)
recommends the use of the equation

_Sﬂ = 25 212

*ANOVA = Analysis of variance
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where Gl is Fisher's measure of skewness. This rule is
designed so that the 95% confidence probability will be wrong
less than 6% of the time.

This approach to the problem has been adopted by Lyons
(196&) with his work on the sawflies Neodliprion swainel and

N. sertifer but unfortunately a problem which confronts the use
of Cochran's equation is that it often gives impractically high
numbers of sample units (Abrahemsen and Streng, 1970).

In view of the problems in life table work associated
with trensformations there appears little justification for
transforming data providing that the sample size is large enough so
that the central 1limit theorem is applicable. If adequate
transformations are available and are not difficult to use their
use is probably worthwhile for investigating the efficiencies of
different sampling plans but not for estimsting means of
populations and their confidence limits. Such an approach to the

problem has been adopted by Harcourt (e.g. 1961a, 1962).

(e) Sampling Pattern

The essentials of sampling are that sampling should be
representative in order to obtain as accurate a picture as
possible; 3%t should be devoid of bias and should be random
(Wadley, 1967). lMorris (1960) pointed out that "very little
insect sampling is truly randome. In most cases we do not know
how to randomise in sampling, especially for mobile species" and

concluded at best sampling plans might be called unbiased.

Randomness does not lead to increases in efficiency but is
a basic asﬁumption on which error estimates are based. Cassie
(1962) observed that for sampling plankton populations simple
random sampling comparsd with systematic sampling was less
efficient as the latter provides a more representative sample,
Unfortunately little is known on the theory of error estimation
of systematic sampling. A compromise between the error

estimating properties of random sampling and the enhanced
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representivity of systematic sampling is stratified random
sampling. For this method of sampling the habitat is divided

into separate strata from which samples are drawn at random.

With stratification the variation between strata means
is eliminated from the sampling error and the variance of the
population mean arises solely from the sampling units within the
strata (Sampford, 1962; Cochran, 1963). | It therefore follows
that an increase in precision from stratification will result
when the variance within individual strata is less than the over-
@]l variance of the population. To this end populations should
be divided into as homogeneous subgroups as possible. Biological
knowledge of the species being studied and previous sampling
data can lead to more objective stratification and therefo;e to
larger gains in precision. For example, Prebble (1943) and
Stark and Dshlsten (1961) in their studies were able to delete
areas where predictably few insects were found. Abrahamsen
- (1969) on the other hand found that where the size of the strata
coincided with the size of the aggregates or colonies large
increases in precision were obtained for the appropriately sized

stratume

Where there is no clear-cut criteria for delineating
strata divisions it is usual to divide the hebitat into equally
sized strata and allocate the samples proportionately between them.
Under these circumstances although stratification does not lead
to large gains in precision (Cochran, 1963; Snedecor and Cochran,
1959) it is better than simple random as it improves sample
representivity (Finney, 1946; Healy, 1962; Lyons, 196L;
Abrahamsen, 1969).

There are two methods of allocating the number of sample
units between strata. Proportional allocation where the sampling
fraction is the same in every strata and optimum- allocation where

the sample fraction is allocated in such a fashion as to minimize



the cost of obtaining a specifiic level of precision or maximize
precision for a given cost (Cochran, 1963; Hansen, et al.,
1953; Sempford, 1962).

Where costs of sampling are similar the allocation of
sanples per stratum is based on the proportion that the stratum
standard deviation contributes to the overall standard
deviations The gains in precision resulting from optimum
allocation compared with proportional allocation arise from the
elimination of the influence of differences among strata standard
deviations (Cochran, 1963). Optimum 2llocation of samples is more
applicable to situations where data from previous samplings or
pilot samplings are on hand for allocating the number of sample units
to each stratum (Cochran, 1963). Sampford (1962) noted that
maximum gains in precision from optimal allocation arise when the
number of strata aré-sﬁall, possibly no more than six, with widely

differing means.

Cochran (1963) has formulated three general rules governing
the number of sample units to be taken from each stratum. He
suggests that a large sample should be teken when the stratum is
larger, when the stratum is more internally variable and when

sampling within a stratum is cheaper.

Although at least two samples are required per strata in
order that the within strats variance can be estimated Cochran
considers that to obtain a reliable estimate of the stratum mean

and variance six samples should be taken from each stratum.

In preliminary sampling, small sample units carefully
stratified allow the development of the most efficient sampling
designs (Morris, 1960). Once the preliminary data has been
collected major variance components are detected by ANOVA and the
different methods of allocating sampling resources, as dealt with
by Cochran (1963), Hansen et al., (1953) and Sampford (1962) may
be used in designing optimal sampling plans (Morris, 1955; Le Roux
and Reimer, 1959; Harcourt, 1961a; Pottingef and Le Roux, 1971).
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(4) Sample Size

A level of statistical precision of 107 standard error of
the estimated population mean was arbitrarily set by Morris
(1955) for population studies of the spruce budworm and has been
generally adopted as a reasonable level of precision for most
life table studies (Le Roux and Reimer, 1959; Harcourt, 1961a,
1962; Pottinger and Le Roux, 1971).

The method for estimating the number of samples required

for a given level of precision is

2
5

o

N o=

l?lll

whers N is the number of samples, 8 is the standard deviation,
X is the sample mean, D is the required level of precision

expressed as a decimal and t is set for a given probability.

In cases where a common k, the dispersion parameter of the
negative binomial, is known the sample size (N) can be estimated
from the below equation of Rojas' (1964).

A
+k

D2

Hil=

_I:I. =

This formule is identical to that proposed by Kuno, et al., (1963).

A more general method for estimating sample size has been
published by Iwao and Kuno (1968, 1970) based on the linear

‘relationship between mean crowding and mean density.

(5) Sequentisl Sampling

A sequential sampling procedure enables sampling to stop
as soon as enough data has been gathered to allow a decision to
be reached on pOpulation density. Wald (19&5) described s method of
- sequential sampling developed for quality control in industry which
has since been adopted by biologists (Oakland, 1950; Waters, 1955;



Morris, 1954; Ives, 1954). The method serves to classify
populations. In constructing a sequential sawmpling plan of the
Wald (1945) type, insect population levels or classes must be
related tb infestation classes which in the case of phytophagous
insects are usually based on the relationship of insect density

to damege. For very low and high populations few samples are
needed to classify populations. The method for constructing
sequential sampling plans of this type is outlined by Waters (1955)
and Southwood (1966).

Other methods of sequential sampling have recently been
developed by Kuno (1969) and Green (1970) end are based respectively,
on both the intercept (a) and slope (b) of the linear reletionships
between mean crowding and mean population density (Iwao, 1968) and
the variance and mean population density (Taylor, 1961). These
methods ere designed to provide estimates of population density
with fixed levels of precision. The relationship between the

cumulative total insect count for Kuno's method is given by

&+ 1
™ =

2 b

- 4

where Tn is the cumulative total counts and n is the number of
semple units, & and b the infercept and slope of the mean crowding
- mean population'density reletionship and D the level of

precision as a ratio of the standerd error end mean. The plotting

of Tn on n provides the stop line.

Similarly the stop line for Green's method is given by

2
log Tn = log D/a + Db -1 e« logn
b-2 -2

where a and b in this case are the intercept and regression
coefficient of log variance on log mean relationship. Unlike
Kuno's (1969) stop line, this equation gives a straight stop line
verying from horizontel for the Poisson distribution to negative

and positive slopes depending on the degree of over-dispersion.

The advantage of Kuno's (1969) and Green's (1970)

sequential sempling methods compared with Wald's type is in the
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case of certain insects a common k is not a stable parameter
snd for othern ingects does not exist (Bliss end Owen, 1958;
Berthet and Gerard, 1965). Perhaps a greater advantage is
that these methods give estimates of the mean density whereas
Wald's type of sequential sampling plan serves only to classify

populations.



66.

CHAPTER III

LITERATURE REVIEW ON PEST ASSESSMENT STUDIES OF
PASTURE "INSECTS

I. INTRODUCTION

In the main, attention is confined in this review to
problems associated with the establishment of economic injury
threshold levels for pasture insectse. The economic threshold
level for injury has been defiﬁed as "the lowest population
density that will cause economic damage" (Stern, et al., 1959).
Economic demage is the amount of injury which will Jjustify the
cost of artificial control ﬁeasures. As a consequence, this
level may vary in response to differences in management, levels
of production and changes in costs and prices. The establishment
of economic injury levels is recognised as one of the prime
prerequisites of any objectively based agrioultursl pest control
progremme; no matter whether the programme concerned involves
control by an integrated pest management programme (Huffaker,
1970) or solely with insecticides (Smith, 1970). Economic injury
levels ere considered essential for assessing the importance of
the components of pest control programmes such as the valus of,
natural enemies, pesticides and cultural practices in maintaining

pest populetions at sub-economic levels (Stern, et al., 1959)

Initially the establishment of accurate economic theshold »
1evels)for pasture pests reguires the relationship between insect
density and pasture productivity to be defined and then losses in
paature productivity to be estimated in terms of animal production,

in order that these can be estimated in economic terms.

Pastures, as diatinet from crops, are grown as feed for
livestock and are "seasonally dynamic and competitive associations
of plents, the balance of which is maintained by the grazing
animal".  (Douglas, pers. comm.). Whitehead (1966) noted that

"pasture is a highly variable biologiéal‘matarial composed of
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many plant species and is en outcome of the local environment,

influenced by climate, soils, animal and man“.

Fenemore (1966) studied pesture damage caused by gress
grub and noted that the three following inter-related processes
were involved. Direct losses in productivity as & result of
plant stunting and death caused by the root pruning activity of
larvae. Changes in bhotanical composition caused by weed
invasion into dameged areas and possibly, & breakdown in soil

structure as a result of soil ingestion by larvae.

The seasonal appearance of grass grub damage in pasture
is dependent on rainfall but usually becomes visible by the end
of February. After May, larval feeding declines and ceases from
June onward. Pasture losses over the autumn-winter period in
demaged areas may range from 5 to 85 (Rough and Haeske, 1966;
HceLean, 1969). ‘Withfthe exception of spring and early summer
when the larvae are not feeding, the effects of direct pasture
damage are always confounded with a grass grub induced
deterioration in botanical composition. The ability of plants to
tolerate the root pruning of grass grub is influenced by such
factors as plant species; soil fertility and seil moisture
(Radcliffe, 1971a,b).

| ‘The effect of gress grub on animal production is dependent
on how pasture damage influences the principal factors gove:ning
animal production. McMeekan (1961) outlined these as: the
qualitvy, amount and seasonality of pasture production; the
proportion of the pasture harvested by the grazing animal and
the efficiency of utilisation of the food easten by the animal.
Of these only the latter cannot be influenced by inseot damage.

II PASTURE SYSTEM

Bef'ore assessing the effects on pasture productivity and
animal production that may result from grass grub damage it is
essential to have an appreciation of the pasture system under

study and the relationship between animal and pasture production.
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Perennial ryegrass and white clover form the basic
constituents of seed mixtures used for New Zealand pastures.
These species mey be augmented in the drier regions by cocksfoot
and subterranean clover and in the wetter regions by red clover
and timothy (Saxby, 1945; Levy, 1951). Many grasses, clovers
and herbs became established throughout New Zealand pastures as
a result of the large number of species sown during the eérly days
of grassland farming. Recent surveys of pastures in the temperate
areas of New Zealand have shown that ryegréss represents only e
relatively small proportion of the plants present or herbage
produced (Rumball and Grant, 1972; Palmer, 1970; Corkill, 1970).
In view of this it is not surprising thet Vartha's (1965) claim
that New Zealand pastoral agriculture appears to be based Qn rye-
graess and white clover has been seriously questioned (Round-
Turner, 1970). '

With the exception of the high rainfall areas of the South
Island and Northland, seasonal pasture production patterns do not
appear to differ markedly (Anon. 1972). The gross features of
this pattern are brought about by the restriction of moisture

over the summer and low temperatures over the winter (Rickara,

1968).

MoMeeken (1945) noted that New Zealand herbage production
normally exceeds animal requirements during the spring and autumn,
but in winter pasture production may not be sufficient to meet
these requirements. As a result, in the summer and winter months
thé pasture system is likely to be more sensitive to insect

. demage than during spring and autumne.

The feed requirements for different classes of stock change
from month to month depending on their physiological condition and
these have been calculated for sheep, beef cattle (Coop, 1965) end
dairy cows (Hutton, 1962). Over the sutumn and winter the feed
requirements for bveef cows and ewesz are relatively low but increase
in July and August. On the other hand, dairy cows have a
proportionately higher feed requirement in autumn and mid winter

than the other classes of stock. For this reason and becagse of
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the poor pasture growth over the winter, dairy farmers appear
to be more vulnerable to grass grub attack than other pastoral

farmers.

IIT  EFFECT OF INSECT DAMAGE ON PASTORAL PRODUCTIVITY

Insect losses in pasture production may be associated with

losses in both the quality and gquentity of production.

(1) Quality
There are two distinct but related aspects of pasture

guality to consider, the aspect of animal nutrition or health, and

the agronomic aspect. - .

. Harris (1970) noted that weed grasses may cause mechanical

damege to stock. (e.g. Hordeum murinum, Atkinson and Hartley, 1972)

lack palatebility (e.g. sweet vernal), be poisonous to stock
(e.g. fescue; "fescue ret"), have poor herbage production, or be

ennual species which on death leave an open sward.

Most pasture species are developed with three main objects
in mind, namely, maximum production of nutritive herbege, maximum
spread of seasonal production and compatibility in pasture
mixtures (Corkill, 1969). A change from sown to volunteer species
therefore, would be expected to interfere with these desirable
pasture characters or affect stock in an undesirable way. This
generelization requires examination as in many cases there is scant
information on the relative productive values of different so
celled "weed species". For exsmple, a range of grasses including
cocksfoot,'prairie, paspalun, phalaris, Yorkshire fog, kikuyu and
tall fescue, some of which are regarded in certain localities as
weeds, have been assessed for herbage production in many areas of
New Zealand. No specles has demonstrated an overall clear-cut
superiority or inferiority in all districts. Rather in specific

localities certain species have performed well (Anon. 1971b).
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Further, 1little work has been carried out evaluating
different pasture plants as animal foods let alone assessing the
value of weeds. Evidence suggests that seasonal differences
in the nutritive values of most common pasture grasses found in New
Zealand is likely to be larger than differences hetween the more common
temperate pastureland species (Joyce, pers. comm.)s Ulyatt (1970)
roviewed the work on animal performance on different pasture
species and found that live weight gains of lambs were greater on
legunes than grasses. Therefore, the loss of clover would be
expected to affect not only the lamb fattening qualities of pasture
but nitrogen fixation and hence herbage productivity (Sears, 1954).
Conversely, a high proportion of clover in pastures is known to
ceuse bloat in catile (Johns, 1954) and scouring in both skeep and
cattle (Hewitt, 1969). Three insect pests are known to interfere
with the clover-grass balance of New Zealand pastures. Inopus
rubriceps (soldier fly) (Hewitt, 1969) and Heteronychus srator

(black beetle) (King, pers. comm.) induce clover dominance, whereas

grass grub reduces the clover content of pastures (Xain, unEub.).

Insect damage (e.g, black beetle and grass grub) may cause a
build up of litter in pasture in auvtumn which can precipitate
outbreaks of facial eczema. The causatlve fungus of this disease
grows in pastures on dead and decaying plant material (Thornton,

1960) .

The general lack of information on the effect on productivity
of weed invasion is noted by Allen und Meeklah (1972)
who reported fhat "information on animel yield response to the
- removal of weeds is meagre or obscured by large parallel changes
in other pasture components, especially clover, resulting from

control practices."

(2) Pasture Availebility

An asymptotic relationship has been reported to exist
between the pérformance of the grazing animal and pasture avail-
sbility (Willoughby, 1959; Allden, 1962; Arnold, 1963). The
reason for this relationship was examined by Allden and Whittaker
(1970). These authors observed that sbove a critical threshold



level of available pasture, intake was not affected by decreases

in pasture availabilitye. Decreases past this point caused a fall
in consumption which was partially offset by an increase in
grazing time.s Insect demage would therefore only affeot herbage
consumption where the level of available pasture is below

this critical threshold level or where insect losses reduce

pasture availability below this level. Where there is no change
in the nutritive value of pasture, losses in animal production
will only occur when intake falls below the feed requirements of
livestock. Oonsequently, if the effect of insect damage on animal

production is to be accurately assessed the determination of the
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critical levels for pasture availebility in relation to consumption'

for all classes of livestock throughout the year is essentdal,

~ Obviously, the sensitivity of a grazing system is influenced
by factors which affect the availability of pasture, such as

stocking rate, climatic variations, and animal feed requirements.

Very high levels of production per animal have been achieved

with experimental stocking rates that exceed those of the locel
farmers (Anon, 1971¢c; Coop, 1967). This has been attributed to a
higher percentage of pasture utilization and in part to the
complicated pasture-animal interactions (Coop, 1967). Such an
observation suggests that on most New Zealand farms there is a
large degree of elasticity between pasture and animal prdduction
which can absorb quite large losses in pasture caused by insect

attack without influencing animal productivity.

(3) Autumn-Winter Food Restrictions on Animal Production

The effect of feed restrictions on animal production over
the autumn-winter period when grass grub is actively feeding varies
with the class and age of stocke Young stock are generally more
senaitive to changes in the amount and quality of herbage than
older animals (Joblin, et al., 1972). Hutton and Parker (1973)

have shown with dairy cows that gains in body weights one month

before caiving resulted in a 15 to 21% increese in production over

the first eight weeks of lactetion. Hight (1968) found that low



724

levels of pre-calving nutrition of run cows from late June until
calving resulted in a decrease of 22% in the number of calves

weaned and lower birth and weaning weights.

Lambing percentages are known to be markedly inf'luenced
both by body weight at the time of conception (March) which is
called the "static effect" and increases in body weight prior to

and over the mating period ("dynesmic effect") (Coop, 1966).

Sub-maintenance feeding of ewes after mating have not
generally induced differences in ewe death rates, ewe barrenness
(Hodge, 1966; MNonteath, 1971) or lamb survival (Monteath, 1971),
although Coop and Clark (1969) observed under these conditions
minor but significant decreases in twinning and an increaged
number of barren ewes. Fleece weight increases resulting from
different levels ofifeeding dver the late summer and winter have
also been fecofded'(Wallaee 1962; Coop and Hart, 1953; Clark,
et al., 1965).

More extended and severe food shoriage over pregnancy may .
reduce lamb drop (Bveritt, 196k, 1966; Bennett, et al., 196L);
infliuence birth weight, meat production and fleece characteristics
of lambs (Schinckel, 1963; Taplin and Everitt, 1964; Williams
end Henderson, 1971); as well as lamb growth rates (Everitt,

1967) .

The assessment of the effect of insect damage in terms of
enima) products from the same animal, e.ge. wool and meat is
difficult as each product may vary in ilts sensitivity to
fluctuations in pasture production. Joblin, et al., (1972) for
instance, observed that ewe and hogget live weights are sensitive
indices of.short term pasture production while wool was a less
sensitive index. The ability of animels deprived of food to
recover through compensatory growth when food is plentiful (Joblin,
1968; Drew, et al., 1973) also complicates pest assessment studies

of pasture insects.



(4) Summation

The influence of pasture composition on pasture productivity,
the relationship between pasture composition and animal
productivity .and the relationship of pasture production to animal
production must be appreciated before the pest status of grass grub

can be accurately established. In summary it seems that:

o There is little New Zealand evidence to suggest that
the invasion of pasture by productive volunteer
grasses and herbaceous weeds is detrimental to animal
production, provided that it is not at the expense

" of white clover, that the species are palatable, and
the species do not impair the health of the animal.
Insect induced changes in the botanical composition
of pasture. can cau;e.diséase and metabolic disorders
of livestock. . From available evidence it seems that
differences in nutritive values of most grasses between
seasons is likely to be larger than between the mors

common temperate pasture species.

e Herbage losses are not easily assessed in terms of
losses in animal production and are influenced by the
seasonal feed requirements of animals, and the
available pasture. Pesture production in late autumn
and winter when grass grub ere actively damaging
pesture is generelly below animal requirements.
However, the major portion of enimal requirements
over this period is usually met from hay grown over
the spring when pasture production is in excess of
gnimal requirements and when grass grub larvae are

not actively feeding.

. The effect of herbage losses from insect damage on
aninal production in most commerciel grazing systems
is likely to be cushioned by the stocking rete effect
where more stock or less pasture results in better
utilization without initially a loss in productiqn

per animale Although the majority of commercial



grazing systems may be relatively insensitive to
losses in pasture production over most of the year
there are well defined sensitive periods, e.ge. before
the mating of ewes and calving of dairy cows, when
small losses may have a severe effect on animal

production.

e« The ebility of the animal to compensate for weight
losses in periods of food shortages and to
tolerate wide fluctuations in food supply without
large rises or falls in preoduction, as for example
the ewe, makes the problem of assessing the pest

status of insect pests of pasture even more difficult.

IV INSECT DAMAGE

The method and parameters used for measuring insect damage
will depend on the type of damage being studied, the factors which

influence damage and the biology of the insect concerned.

While much work has been reported on the assessment of crop

losses caused by insects, few attempts to assess insect damage of

710-0

pasture appear in the literature. As & result, it has been necessary

in this review to draw on information from pest assessment studies

of crop insects.

(1) Types of Insect Damage in Pasture

Irrespective of the type of insect damage (e.g. root
pruning, stem boring or defoliation) losses in pasture from insect
damage can arise in three distinct but often related ways. The
most obvious type of damage is where plant cover is partislly or
completely destroyed leaving bare ground into which volunteer
weed species establishe A less obvious type is where pasture
production is impaired without an associated change in the
botanical composition of pasture. The third and least spectacular
type of damage is an insidious change in botanical composition
unaccompanied by any abrupt change in pasture production (e,g.

Inopus rubriceps; Hewitt, 1969). In its more advanced stages
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botenical composition may be so altered thét both annugl production
and seasonal production patterns of pasture are affected. Changes
in botanical composition may occur therefore, through the invesion
of volunteer species into insect bared areas and in response to
preferential feeding by the insect or differential recovery rates

of demaged specles.

(2) Factors iffecting Insect Damage

Damage caused by insects mey be a result of the interaction
of many variables which include insect numbers, population
dispersion, insect behaviour, plant vigour, plant species or
veriety, plant maturity, cultural practices and the physicel

environment (Smith, 1967).

It has been pointed out by many authors that the reletion-
ship between iﬁsect numbers is not a simple linear regression
(Southwood, 1966; Stern, 1966; Stern, et al., 1959; Gough, 1947;
Jackson, 1965). ‘Tammes (1961) has proposed a three stage
classification between infestations and crop yield. Over the
first stage injurious factors have little effect on yield because
plants compensate for demages In the second stage loss is
correlated with increasing injury, whilst over the third stage
yield is bedly affected by increasing injury but causes

proportionately less damage.

Populations which are dispersed evenly over the paddock are
less likely to cause as severe damage as aggregated populations
(Johnson, 1965). In addition the site of damage on the plant may
affect the extent of damege (Chiang, et al., 1954). In the case
of root-pruning soil insects the level of feeding in the soil
(Davidson and Roberts, 1963c) has an important bearing on the
severity of demage as does soil moisture, nutrient supply
(Grebner, et al., 1931; Tashiro et al., 1969; Radcliffe, 197ia,b)
plant species (Redcliffe, 1970) end management (Grabner, et al.,
1931).
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(3) Assessment of Insect Damage

Smith (1967) and Strickland and Bardiner (1967) have
reviewed the methods for measuring crop losses arising from insect
damage. All are adaptable for use in pasture. Those listed by
Smith (1967) included such methods ms: the evaluastion of crop
yields before and after the introduction of a pest into an area;
the evéluation of damage before and af'ter the introduction of
successful control procedures; +the compasrison of naturally infested
end naturally uninfested plants; cage studies where exclusion
cages or, in the case of non flying insects, exclusion barriers are
used; artificial infestations; chemical treatments; artifisial
removal of pests; manipulation of nathral enemies and simulatéd
damage. To these Strickland and Bardiner (1967) have added
subjective estimates of yield losses arrived at from the opinions of

farmers and farm advisory off'icers.

The approaches to measuring insect damage in pesture and

alpine grasslands under field conditions are as follows:-~

« Mowing herbage from plots treated with insecticide and
estimating the loss caused by insect damage as the
diff'erence between the herbage production of the
treated and untreated plots in terms of, green weight
(Fenemore, 1966; Rough and Haeske, 1966; Mclean,
1969) or dry weight (Rastrick and Upritchard, 1968;
Wallace and lahon, 1963; Allen, 1968; McLaren and
Crump, 1969).

« Comparative estimates of basal cover and leaf growth
(leaf length) from areas within paddocks which are
infested and uninfested (Kelsey, cited Jensen, 1967).

e Visual assessments of damage based on the number or
area of dead and dying plants or the size of damaged
compared with undemeged plants (Fenemore, 1966;
Fuelleman and Graber, 1937; Rew, 1951).

» The use of aerial photogrephy for measuring areas
suffering from insect attack (Howard, 1970).
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o Estimates of consumed foliage based on controlled
feeding studies under field conditions combined with
population estimates (White and Watson, 1972; White,
19743 TFrench, 1973). Methods such as these,
obviously have limitations for studying root pruning-

insects.

o Animal measurements such as losses in grazing days,
sheep weights and wool weights estimated from |
insecticide treated and untreasted pasture (Wallace
and Mahon, 1963; Kein and Atkinson, 1972).

Tenemore (1969), from small plot insecticide trials, noted
that a linear relationship exists between grass grub density and
losses in herbage green weight. Kelsey (cited Jensen, 1967)
defined the relationships between grass grub density and leaf length
or basal ground cover. Unfortunately, with the exception of
herbage dry weights and animal measurements, most of the parameters
of pasture productivity used by entomologists, such as herbage green
welght and leaf length or surface cover, cannot be accurately

converted into animal feed units, and hence animal production.

The use of insecticides in pest assessment studies is
attended by the problems that insecticides may: affect the plant
directly; affect insects other than the target one, such as ether
pests or natural enemies; and with small plots, treated areas may

leave a vacuum into which insects move and hence reduce the
| pdpulations of the untreated plots (Smith, 1967). Further, the
destructiion of a large subterranean biomass such as that oreated
by high populations of grass grub leads to the decay and the release
of nitrogenous compounds capable of stimulating plant growth.
Toms (1967) has pointed out that in studies which use insecticide
we are evaluating the usefulness of chemical treatments, not the
damage caused by a specific pest. Therefore, threshold levels
arrived at from such studies are only useful for evaluating the
value of pesticides and not other methods of control which'may be

used in a pest menagement programme.
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v PEST ASSESSLENT OF PASTURE INSECTS

The problems associated with estimating economic threshold
levels for crop pests are compounded for pasture pests by the
fact that an economic analysis of insect losses in pasture
production necessitates that losses be expressed in terms of
animal production. Attention is drawn here to the pasture system
and factors influencing the production of the grazing animal,

discussed earlier in this review.

Only a few publications exist on the evaluation and
interpretation of insect pasture damage in terms of animal
production and/or monetary losses. Flay and Garrett (1942)
surveyed decreases in production and farm income caused by porina
(Wiseena spp.) and grass grub on Canterbury mixed cropping farms.
Gordon and Kain (1972)surveyed the effect of grass grub on changes
in numbers and class of stock on five badly demaged farms in the’
Taupo hill country. In both surveys comparisons of production wers
made before and after insect damege became severe, but no attempts

were made in these studies to define economic threshold levels.

Jensen (1967) utilised the relationship established by
Kelsey (222330) for the growth pattern of grass grub numbers
from one generation to the next over a2 seven year period, and
the relationship between losses in surface cover and grass grub
density. He assumed the former relationship to be linear and
together with the relationship between grass grub numbers and
basal pasture cover carried out en economic evaluation of
insecticide usage. No mention was made in this study of the time
at which populations were sampled or factors which could markedly
affect surface cover such as grazing management, season of
meesurement, pasture species; and climatic factors, e.ge. rainfall,
Jensgen's evaluation was based on a cost-benefit analysis of
strategies for the insecticidal control of grass grub at different
population levels. In this work Jensen made the important
assumptions that;v stocking rate policies were formulated by the
farmer independently of the grass grub problem, grub counts

provided an accurate index of infestation, and pastures were



fully stocked. Besed on the latter assumption he assumed that
any decrease in pasture growth would produce a linear decrease

in animal production.

~ Rastrick and Upritchard (1968) in a cost-benefit study of
porina related the returns in pasture production from the use
of insecticide to an average mid-Canterbury farm. The farm was
reliant on hay and gubtumn saved passture for winter feed. These
authors calculated the difference between the available feed from
paesture on the insecticide treated and untreated plots and the
ewes' feed requirements. The cost of additional hay which was
required to maintain ewes without the use of insecticide over
this perilod was then calculated. This additional cost for hay
was offset against the cost of the insecticide and the difference
provided an estimate of the economic return from insecticide

usage.

From small plot insecticide trials, Allen (1968) estimated
the amount of herbege porina larvae consumed and expressed this

in terms of potential ewe equivalents.

Wallace and Mahon (1963) studied the yield and botanical
compostion of established pasture following aen application of

DDP to control red legged earth mite (Halotydeus destructor).

From & lergs number of small plot insecticide trials it was
estimated that the increases in herbage resulting from insecticide
application to carefully selected areas, heavily infested with red
1egged earth mite, gave herbage response equivalent to the feed
requirements of 1/3 sheep/hcre. Trom this, the break even or
economic threshold point for insecticide usage was calculated

under varying costs and prices.

The approsches adopted by Allen (1968) and Rastrick and
Upritchard (1968) have been criticised by lMcLaren and Crump (1969)
on the grounds that there is no constant relationship between dry
matter production and stocking rate. lMcLaren and Crump (1969)
established that over the range of porina infestations studied on

small plot insecticide trials the relationship bhetween the

19
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proportion of herbage production lost over a wide range of climates
was adequately fitted by a linear regression (r = 0.92). With this
relationship as a basis they proposed a model for calculeting the
economic threshold levels for different stocking rates. The
threshold level of damage was taken as the point at which the
returns from the use of insecticide covered costs. These authors -
like Jensen (1967) based their model on the erroneous assumption
that farms are fully stocked, with the result that a decline in
meat and wool production resulting from porina infestations is
directly proportional to and is a linear function of the decline in
herbage dry matter production. While many experimental trials may
be near to being fully stocked (Coop, 1967), in most seasons it is
doubtful whether many farmers even approach this situation. There-
fore, a model based on this assumption will seriously over-estimate

the importance of insect damage.

The difficulty of converting herbage reductions as a result
of insect damage into animal production and the translation of this
into economic terms, may be overcome by the development of general
but eccurate models of pasture systems. Such models will enable
animal productivity to be predicted from pasture production and
will facilitate the conversion of insect damage in pasture into
losses in animal productivity f'or farms operating at different
intensities. Freer, et al., (1970) have demonstrated the
possibilities of accurately modelling pasture systems. Hiddleton
(1973) on the other hand has developed a gross type of model for
estimating the monetary value of pasture for different species of
livestock and under different farming intensities. This model was
developed for use in planning fertilizer programmes end with
modification could be useful for calculating gross estimates of

econonic losses suffered from insects.

Problems of establishing accurate economic threshold levels
have been discussed by Way (1973) and Adkisson (1973). These
include variability between fields, the effects of unpredictable
weather occurring after decisions have been made, unpredictable

economic factors (Way, 1973) and grower acceptance (Adkisson, 1973;
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Way, 1973). Way (1973) noted that the above variables create
"a gulf between the theoretical concept of an economic injury

level and its practical implementation by the farmer".

VI STUDY PLAN

In spite of the problems likely to be encountered with
pasture pests it was decided to investigate the feasibllity and

worth of establishing accurate threshold levels for grass grube.

The general study plan adopted in these studies was as
follows:

e To develop techniques for measuring losses in

pasture production without the use of insecticides.

¢ To measure losses in pasture productivity in
relation to insect density in a manner which could
be assessed quantitatively in terms of animal

production.

« To asseas losses in pasture productivity fxrom gress
grub damage in terms of, animal production and

econonlcs.
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SECTION II

METHODS
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CHAPTER IV

DESCRIPTTON OF STUDY SITES AND MECHANICS QF

SAMPLING AND EXTRACTION

I INTRODUCTION

The purpose of this chapter is fo describe the sites on
which population and agrénomic studies were conducted and the
methods end mechanics involved in sampling and extracting grass

grub from samples of soil.

II DESCRIPTION COF STUDY SITES

The research on grass grub populations ahd pasture damage
described in this thesis may be divided into extensive and
intensive studies. Extensive studies involved studies on the
rate that grass grub populations build up from incipient levels,
to densities at which severe pasture damage occurs and the
rcletionship between pasture damage and populetion levels. . The
extensive studies, which are described in chapter 8 were largely
conf'ined to the Takapau Research Farm although some were carried
out close by on Smith's plots.

Intensive population studies on the other hand were
concerned with more precise and detailed monitoring of population
changes (chapter 7) and the extent and growth of pasture dsmage
(chapter 8). 1Intensive population studies were confined to two
life table study plots on the Takapau Research Farm (Fig. 4~1) and
another at Rukuhia near the Hamilton airport. Intensive studies

of pasture damage were conducted on Smith's plots at Takapau.
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Location of the Takapau research area.



(1) Takapau Research Farm

The Takapau Research Farm is located in Central Hawkes
Bey on the Takapau Plains approximately 10 km north of Takapau
and 20 km west of Waipukurau. The farm is backed by the Ruahine
Mountain Range 8 km to the west (Fig. 4-1).

Climatically the aree is included in Gerlech's (1972)
warn zone of New Zealand. The summer temperatures in the area
range from 15.6 to 29.4 °C with winter temperatures falling as
dow as Lk °c. Heavy frosts are common in winter and frequently
exceed -10.0 °C. The Ruahines are usually snow clad throughout
the greater part of the winter and, although winter snow falls
are not uncommon on the research farm, the snow seldom lies for
ahy length of time. The prevailing wind, from the southwest, is
bitterly cold. The average annual rainfall in the area is

approximately 100 cm.

Initially the soils on the research area were typed as
Tekapau silt loam and were included in the Takapau soil set (75)
of the "General Survey of the soils of North Island New Zealand"
(NoZ. Soil Bureau, 1954). A recent and more intense survey by
Rijkse (1972) has described the occurrence end properties of
three distinct soil types on the research farm, namely the
Takapeu silt loam, the Takapau mottled silt loam and the Takapau
fine silt loam (Fig. 4-2). These soils are derived from a parent
material cohsisting of a layer of loess mixed with voleanic ash
and greywacke stones overlying alluvial sands and greywacke
stones. The most common soil type found on the research farm
is the Takapau silt loam which covers 90/% of the area while
Takapau mottled silt loam, a gleyed variant of Takapau silt loanm
caused by imperfect drainage, occupies less than 6% of the farm
(Fig. 4~2). The remaining area is composed of Takapau fine sandy
Joam. The characteristic profiles of these soil types ere shown

in Appendix 4~1.

The Takapau silt loam and fine sandy loam are high
phosphate fixing soils and require high inputs of superphosphate

to maintain high levels of production. In comparison the Takapau
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mottled silt loam is regarded as only a moderately high fixer

of phosphate but is potentially deficient in potash. The Takapau
8ilt loam is a free draining soil with & medium to low ebility

to store plant-available water in the B horizon. Under the low
summer rainfall which characterises Hawkes Bay these soils are

considered drought prone.

From an entomological point of view, land uss on the
Takapau research farm fell into two categories, namely a farming

systems trial and life table plots.

(a) Farming Systems Trial {Plate L-1). Extensive

studies on the research farm were superimposed on a farming'

systems trial which is situated.to the right of the belt of pine
trees in Fig. 4-2. The sim of this trial was to evaluate the
effect of different farming systems on soil fertility and structure.
The farming systems were designed to provide a wide range of

known edaphic and agronomic conditions so that the effect of

these on plant and animal productivity and the incidence of gress
grub could be assesseds As a secondary study, measurements of
animal, crop and pasture productivities at different stocking

rates under different farming systems were conducted.

Each of the three farming systems were run st two stocking
rates giving six self-contained farmlets. The three farming

systems chosen were:

o An all grass system with no provision for pasture

renewal or cropping

. A limited cropping system embodying the following
rotations '

0ld pasture - -chou moellier - wheatr
(45 years) (Dec. = July) (July - Feb.)

-~ pasture
(March)



Plate 4-1 Elevated view of the farming systems trial at Takapau

Plate 4~2 Elevated view across to the Takapau life table plots in the distance.

Note the soil sample bags on the study plots in the background,
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. An intensive cropping system with the following

rotation:
0ld pasture - Barley - Ryecorn
(45 years) (Oct. - Feb.) (Feb. - July)

- Wheat = Cereal greenfeed = Barley
(July - Feb.) (Febs - Oct.) (Oct. = Feb.)

- Pasture
(March)

The trial area consisted of forty-two .40 ha paddocks
which were ploughed out of pasture in the summer of 1967 and
sown to perennial nyegrdss - white clover pasture with 152 kg of
superphosphate.  One hundred and fifty-two kg per ha of 15%
potassic superphosphate was epplied to the area annuelly in late
winter. Padddcks ﬁithin the ferming systems concerned were randomly
staggered at different stages within their respective rotations.
Spring cultivation severely reduced grass grub populations by
crushing the delicate pupal stage (Kain and Atkinson, 1970).
Hence, at any point in time paddocks which had recently been
cultivated in spring provided & source of low grass grub

populations for study.

Mixed age ewes were rotationally grazed on the high stocked

and low stocked farmlets at 27.5 and 22.5 per ha respectively.

(b) Takapau Life Table Plots (Plate L~2).

Intensive population studies on the Takapau research farm
were confined to two plots, an unimproved and an improved plot,
each consisting of two adjoining .40 ha paddocks (40 x 100 m).
These paddocks are shown as a shaded area in Fig. 4-2. The
three soil types found on the Takapau area were represented on
the life tabie plots. The unimproved plot bounded the improved
plot to the west. The western boundary of the plots was 90 m
- distant from the farm buildings. Pasture, production and botanical
oomposition together with soil test resﬁlts recorded in the second
year of the studies are given for both plots in Appendix 4-=2.
Pasture growth rale was measured monthly from both the unimproved

end improved plots by the rate of growth technique and dissected
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seasonally for herbage composition (Lynch, 1960). Two 1.5 x 3 m
exclusion cages were used and the pasture wes harvested by a

reel motor mower.

The unimproved plot received no fertiliser during these
studies, possessed pasture of poor botanical composition and
consequently was less productive than the improved plot. As the
unimproved plot was only used for holding reserve stock for other
experimentel areas on the research farm the stocking rate was not
consistent and the grazing pressure varied from light to
moderately heavy.

The improved plot was undersown with peremnial ryegrass
and white clover in the autumn prior to the commencement of the
studies in spring., By the following spring a good qualiéy ryegrass-
white clover dominant pasture had been established. Applications
of 250 kg of 15% potassic superphosphate were made annually to
the plot in late winter. The area was set stocked annually at
the begimning of Karch with lambs. Stock numbers were adjusted
for spring, summer and winter to give the respective seasonal
stocking rates of 37.0, 247 and 4L9.4 per has These stocking
rates ensured that pasture was well utilised. No supplementary

feed was fed to the animals grazing this plot.

(2) Smith's Plots (Plate L-~3)

Three rectangular plots 40 x 100 m with low grass grub
populations were sited side by side on a farmer's (Mr Smith)
property less than 548 m south of the research farm. The soil
type on the area was Takapau silt loam. The pasture on the
plot had been sown out of wheat four years earlier and at the
beginning of these studies had a good quality ryegrass-
white clover dominant pasture containing & small smount of

cocksfoot.

The plots were set stocked with ewes at a rate which
changed with the season, the object being to évenly graze the
pasture to a height of 1.5 to 3.5 cme This was not always
possible particularly over the spring and autumn periods when

sudden flushes of growth were experienced.



Plate 4~3 Smiths plots at Takapau.

Plate 4~-4 Compass wheel used for locating sample sites with the corer

samples in the background,
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(3) Rukuhia Airport Plot

The Rukuhia Airport plot was 4O m x 100 m and was situated
on the southern side of the Hamilton airport 13 km southwest of
Hamilton on a flat to slightly undulating terrace. Climatically
the area is characteristic of the central Waikato region with
comparatively short but cold winters with frequent frosts many of
which exceed =8 UC. Over the winter months the mean maximum
temperature averages about 1A °c. In summer the maximum air

temperature may exceed 27 °C with a mean maximum of about 22 °C.

The soil on the plot was Horotiu sandy loam which is
derived from old alluvium consisting of a mixture of rhyolitic
and andesitic ssh deposited by the Waikato river. This soil is
ffiable, free draining and prone to drying out quickly in summero
Naturally deficient in potassium and phosphate, large inputs of
potassic sﬁperphosphate are required to obtain high levels of
production. To this end the ares received 153 kg of 15% potassic

superphosphate each autumn.

The pasture had not been renewed for at least 25 years
and was paspalum dominant during summer with ryegrass-white clover,

Poa trivialis and other annual grasses constituting the major pasture

components in spring and aulumn. The plot was used as & holding
paddock and as a result suffered periods of under and over grazing
by both cattle and sheep.

III  LOCATION OF SAMPLE SITES

(1) Problem

The usual method used for locating random sample points in
study plots is to divide the area into reoctangular subplots and
locate semple positions by random rectangular co~-ordinates drawn
from tebles of random numbers. PFor these studies all plots were
subdivided into 20, 20 x 20 m subplots. “Where it is desired to
relocate sample sites the accuracy with which sample sites can be
lJocated is important. An ingenious device, developed by Farrell
(1972b), for locating randomly selected points using polar co-

ordinates was used in thess studies. An aluminium wheel, 1.15 m
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in diameter, marked off in 10o intervals was suspended
horizontally above the pasture, at a height of 76 cm, by its

hub on a pipe driven into the centre of the subplots

(Plate L-4). Sample points were located by siting the 0° angle
on a given corner peg of the subplot and passing a taut measuring
tape fixed to the centre of the hub over the angle given in the
co-ordinates. The required distance was then measured out.
Farrell (1972b) obtained polar co-ordinates by using rectangular
co-ordinates drawn at random, marking the points on a plan of

the subplot and converting them with a transparent polar graph

overlay.

Although this method improves the accuracy with which
points can be located, the drawing of polar co-ordinates p}ior to
sampling is a major undertaking, particularly if strata or sub-
plots are ifregUlafl& Shapeds Where this occurs a high proportion
of randomly drawn sample sites may have to be discarded as falling

outside the required stratum.

(2) Method

In order to reduce the large input of time taken-in
drawing and converting rectangular co-ordinates to polar co-
ordinates a computer was used. A programme was developed for an
IBM 1130 computer for generating random rectangular co-ordinates
and converting them to polar co-ordinates. Further, the programme
was extended to handle two irregularly shaped strata within each
subplot. To accomplish this each subplot was mapped out into
“ 1666 x 1466 m plotlets and classified into stratum one if it
showed grass grub damage and stratum two if undamaged. In the
case of the Rukuhia Airport plots where damage was not clearly
visible, because of the tolerance of paspalum to grass grub
demage, occurrence maps were drawn up from systematic sampling
based on a 1466 x 1466 m grid. The sample unit used in this work
was & 14 x 14 cm spade spit. Mapping whether based on pasture
damage or grass grub occurrence allowed the division of each
subplot into 12 columns (zn) and 12 rows (xn) giving 144 plotlets.

These were stored by the czhputer in a two dimensionel array
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zngn (o =1 -12). The strata into which these plotlets were
classif'ied were stored in another two dimensionsl array X Y
(n=1 -12)s The number of samples required from each otrauum
wifhin each subplot was set. Random rectangular co-ordinates
were generated and drawn for each subplot. These were then tested
to see if the plotlet in which they fell was in the required
stratun. Where this was not the case the co-ordinates were
rejected and the process was repeated. Co-ordinates that were
accepted were translated into polar co-ordinates and listed.

For the Takapau plots suitable adjustments had to be made in
drawing rectangular co-ordinates and converting these into polar
co-ordinates. This was necessitated by the shape of the study

plots which were 30° parallelograms. . .

With the assistance of this programme the time taken to
draw random rectangular co-ordinates, transform them to polar
co~ordinates and list them was minimized. 1In cases where it was
desired to divide the plots into strata and where the time factor
for manual drawing, converting and listing co-ordinates made the
exercise prohibitively slow the use of this programme made it

prectical.

It was claimed by Farrell (1972b) that, with the compass
wheel and the use of polar co-ordinates, it was possible to
locate 300 sample sites per hour. The times taken to prepare
for and to locate sampling positions in the present study are
given in Table 41 '

The time given for shif'ting and setting up the measuring
device includes the time to shift the wheel from the ocentre of
one subplot to the next, align the 0° mark of the compass whesel
with the corner peg of the subplot and fix it in position.
Another fixed cost was the time taken to pick up the markers
from the previous subplot. This gave an average total f'ixed
time per subplot of one minute. The type of markers found most
suitable for narking sample positions were 20 cm x 4 om x .32 cm
thick yellow plastic pegs whioch were sharpensd at one end.

These were easily identified in the pasture and as meny as 25



Table 4-1 The time in minutes for one men to prepare, locate and mark

*
20 sampling sites psr subplot,

95

Operation Time + S.E.
Rumbering sample bags 2,0 + 0.4
Yoving siting wheel from subplot to subplot
and getting it up 0.6 + 0,1
Picking merking pégs up after sampling 0.6 + 0.2
Average time for unordered polar co-ordinates 5eb6 4 0.5
Average time for locsting ordered polar co-ordinates 2.8 4+ 063
Total time using unordered polar co-ordinates 11.6
Total time using ordered polar co-ordinates 6,0

*
subplot size = 20 x 20 m
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could be held in one hand, while sample sites were located and
peggeds In a two man team the activities of locating and

marking sample sites were carried out simultaneously.

Large savings in the time to locate sample sites were made
by having the computer sort and record the co-ordinates in
numerical order, based on the size of the polar component. With
sorted co-ordinates sample sites could be located and marked
50% faster than with unsorted sample sites, the increase in speed

being equivalent to an additional helper.

Location of sampling sites for the more extensive population
studies, in which the relocation of sample points was not
considered necessary, was obtained by pacing out the rectgngular
co-ordinates which had been randomly drawn and listed by the

computer.

v SAMPLING

(1) Choice of Sample Unit

The choice of the sample unit size for studies was

determined by a cost variance analysis.

Three sample unit sizes were tested for their suitability,
2 5 cm and a 10 cm diameter corer and a 14 X 44 cm sPade.spit.
All samples were taken to a depth of 25 cm. Since corers had
to be manually driven into the soil, a 10 cm diameter corer was
considered the upper limit that it was physically possible to drive
into the so0il for an extended sampling period, especially over the
summer monthse. On the other hand a 14 x 14 cm spade spit was
considered to be the minimum size square sample that could
conveniently and accurately be tsken with a spade. With smaller
samples problems arose with the accuracy with which square spade

spits could be taken,

Sample points were located randomly with redtangular co~
ordinates. Samples'were drawn from 20 x 20 m plots sited on
low, medium and high populations of third instar larvae in May.
In these, as in all extensive populaetion studies, samples were

- hand sorted and examined on trays in the field.
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The estimates of variance (EF) were computed for éach sample
unit. According to Finney (1946) a relative measure of precision
for each sample unit is given by the ratiocs of their g? per
common area. Variances for each sample unit were calculated and
expressed per m2. The relative area required to be sampled for
equal precision was assessed by dividing the smallest sample unit
3? per m? into the §2 per n® estimates for the other sample units.
The relative number of samples required for equal precision was
then estimated on a m2 basis. The total time required to sample
with equal precision with the different sample units was
calculated by multiplying this with the total time taken to locate,
take end sort each sample. The results of this cost variance

analysis are given in Table 4~2. ' .

Veriance increased with the size of the sample unit as
did the g?'per n’,  For all population densities the 10 cm
diameter corer on a time for equal precision basis was much more

efficient than the other sample units.

It is recognized that extrapolation of these findings,
outside the conditions under which the eveluation was conducted
is dangerous as changes in the extraction method, or stage of the
inéect, could markedly change the efficiency of the different

sample units.

(2) Sempler

An essential prerequisite for population studies of grass
grub and other soil insects is an efficient soil sampling tool.
The attributes of a sampler suiteble f'or such studies are given

below,

« The sampler is efficient in terms of time required
for taking samples and in the cases of intensive
population studies placing them in conteiners for

transport to the extraction laboratory.

o The sampler has the capacity to sample a wide range

of soil types under a variety of seasonal conditions.



Table 4-2 Statistics of different size sampling umits for sampling third instar larvae

Total

2 Area Yo, for time fcr

Unit Mean Mean No. ** g%/ se- for equal equal Time equal
ngulation C Me Junit /xn: units unit /m? precision  précision | Lozate  Sample Sort Total | precision
Low + 5,0 0,080 39.39° 80 0.092 46,64 1,00 4§3.oo 0.33 0.55 0.71 1.59 783,87
+10.0  0.255  31.43 80 0.457  56.31 1,21 145,13 0.33 0.92 - 1.41 2,66 396.68

*14,0° 0,809 41.44 80 1,833 93.92 2.01 103.00 0'.33 2,00 4,80 7.13 734439

Mediaz 5.0 C.270 133.11 80 0.303  149.38 1,00 493,00 0.32 0.55 0.71 1.59 783.87
10,0 0.769  94.83 80 1.269 156,40 1,04 1258.18 0.33 0.92 1.41 2,66 340.95

14,02 1.699  87.08 &9 4,088 209.47 1.40 71.74 0.33 2,00 4,80 7.13 511,50

High 5.0  0.319 157.56 80 0,401 197,94 1.00 493.00 0.33 G55 .71 1.59 783.87
10,0 1,560 192,24 80 2,996 369.29 1.86 229.24 0.33 0.92 1.41 2.66 609,77

2
14.0 3.189 183.40 80 12,369 33.79 3.20 163,97 0.33 2,00 4,80 7.13 1169.11

+ 5 and 10 ¢ m. diameter core samples were 5,08 and 10,16 fespectively

* 14 z 14 ¢ m. spade spit samples were 13.97

2
*E g

= variance-

*86



_ A 16ngitudinally split barrel corer 10 cm in diameter

was developed for studying grass grub populations. One half of
the barrel was fixed, the other articulated on a hinge. The
corer was driven manually into the ground with a hammer. A
corer was chosen as a sampling tool rather than a spade as it
was less subject to personal bias in the size of the sample taken.
This instrument enabled a wide range of compact agricultural
soils to be sampled rapidly to a depth of 25 cme Compression
‘of samples was kept to a minimum by the method by which samples
were released. Soil samples held in the corer could bhe exposed
for sectioning, on soil profile characteristics or other
biological phenomena, by withdrawing the hinge pin and removing
the hinged side of the corer. Because of the absence of &
power unit the corer can be easily manoeuvred on small plots

which is a decided advantege when sampling intensively.

The technical aspects of the corer's construction are
given in Appendices 4=3 and L-4.

(3) Sampling

The corer was driven into the soil by sliding the haumer
up and down the guide tube (Plate 4~5). On impact the force was
conveyed from the hammer directly down the walls of the corer.
Both halves of the corer were held firmly together during
driving by the pressure of the soil on the tapered outer surface
of the cutting head. At the required depth of 25 em the corer
was pushed from side to side in order to sever the base of the
. samples On withdrawal the fixed side of the corer was kept down-
ward to support the sample. The sample was released by rotating
the corer through 180°.  In so doing the weight of the sample was
transferred from the fixed to the hinged side of the barrel.
Under theweight of the sample the hinged side flell open and the
released sample slid out as illustrated in Plate 4-6. No
problem was - encountered in sempling soil with a friable
subsoll providing the corer was withdrawn on a 450 angle to the
surface of the ground.

99



Plate 4-5 Sampling the Takapau life table plots.
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Plate 4-6 Release of sazple unit into a polythene bag in preparation for transport

roa the field,
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The speed with which samples could be taken was dependent on
a number of factors, particularly, soil type, soil moisture, soil
compaction and plot size. Presented in Table 4~3 is a summary
of the mean number of samples that _ were . taken randomly over
40 ha plots and placed in containers during an eight-hour man-
day. The mean number of samples are given for a range of
compacted s0il types under relatively dry (January-Harch) and

wet (May-June) counditions.

" Approximately 25% of the timé involved in sampling wes

teken up in moving between sites.

In dry summers if sampling became too difficult for one
operatoi, a two-man hammer was used which had a 15 cﬁ'by 45 cm
‘rectangdlar handle rumning lengthwise down either side of the
hammef'barrel;:' The use of thiz hemmer increased the sampling
speed under these conditions by approximately 40-60 samples per

eight-hour man-day,.

v .PACKING, FILLING SAMPLE HOLES AND STORAGE OF SAMPLES

(1) Packing and Filling Sample Holes

The polythene bags in which the soil cores were deposited
from the corer were packed horizontally inte steel crates for

transport.

Prior to packing, the hole from which the core was drawn
was filled and rammed with local soil similar to that found on
- the plot. Soil and coxes were carted to and from the field by
tractor and trailer (Plate 4~7). The total time taken per sample
to carry out these Operations was 50 seconds. A further 20
seconds per sample was requilred to load the samples on to a truck
for freighting back to the laboratory and unloading and placing

them in cool storage on arrivale.
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Table 4-3 Mean nunber of cores (per man day) sampled at random from .40 ha plots

and placed in containers,

Mean musher of sanmples

Location Soil Type Time of Year Fo. obse
taken per man per day
(Q hrS') .
¥id Yawkes Bay | Takapau silt loam (75) Jan =~ Feb 8 175 4 11,2
' __ May - June . 6 232 . 4+ 13.6
Taupo and Teupo sandy silt (18) Jan = Feb i 246 4 2401
Vaikato Horotiu silt losm (83) May = Juns 6 274 4 16,3
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(2) Storage of Samples

Egg samples were stored at an arbitrarily chosen temperature
of 5 0C while samples of other stages were held at approximately
8 OC. In the case of the egg samples 5 °c prevented egg develop-
ment while 8°C markedly retarded development of all larval,
pupael and teneral beetle stages. Recent work by Wightman (1972)
has shown that 5 °c approximates to the lower threshold for ezg

development.

Usually samples were processed within two weeks of being
placed in the cocl store but on occasions were kept for up to a

month without any epparent ill effecis on the insect.

VI  EXTRACTION

(1) Review. A method for the extraction of grass grub
from soil samples suitable for life table studies should ideally

have the following qualities:

o An acceptable level of recovery for the different

developmental stages of interest.

. The ability to recover insect cadavers which are

used for assessing the causes of mortality.
e« A fast processing rate.

. Have no adverse affect on the insect's viability.

Although mechanical methods of extraction, in comparison
with dynamic methods which rely on the behaviour of the animal
in response to some stimuli, have the disadvantage of reqguiring
a high input in time and energy, they offered more scope for

meeting these requirements,

The extraction of the later stages of scarabaeid larvae
from soil samples has been achieved by manually breaking up the
soil and hand sorting (Raw, 1951; Burrage and Gyrisco, 19548;



10k

Plate 4~7 Transporting crates of samples from the study plotse
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Guppy and Harcourt, 1970). This method has proved unsuitable
for the smaller developmental stages which are less easy to
detect (Burrage and Gyrisco, 19542). These stages have been
successfully extracted by dry sieving after the soil sample has
been manually broken up (Burrage and Gyrisco, 1954a; Carne,
1948; Guppy and Harcourt, 1970). Although dry sieving has the
advantage that it is easily mechanised (Carne, 1948; Lange,

et al., 1954), the method usually requires a high input of hand
sorting and the more delicate stages of development are damaged
by abrasion. This method, however, has been used with notsable
success Tor the extraction of the third larval stage of grass

grub. (Fenemore, pers. comm.).

-

Hand sorting of soil for grass grub was found to be
inaccurate and time consuming particularly in the early develop-
mental stages.  Experience has suggested that, depending on
soil texture and colour, errors in sorting for eggs and first

instar larvae range from 15 to 26%.

Ladell (1936) designed a process for extracting soil
inhabiting erthropods which combined the principles of wet
sileving, flotation, mechanidal agitation and aeration. In this
process s0il samples were broken down by the joint action of
mechanical agitation and aeration. Buoyant constituents of the
sample were then poured off and retained in s sieve. The method
was subsequently used in modified forms by many workers (Baweja,
1939; Glasgow, 1939; Strickland, 1945; Read, 1958; Wilcox
and Oliver, 1971). Salt and Hollick (1944), working on wireworms,
devised a process which incorporated some of ILadell's principles.
This procéss consisted of differential wet sieving, flotation to
remnove the heavier debris from the buoyant material and separation
of fauna from organic matter at an oil-water interface. The
specific gravity of thsaqueous magnesium sulphate used for
flotation was 141+ This method in a modified or standard form
has been used for many insects (Salt, et al., 1948; MacFadyen,
1953; Raw, 1955; OSheals, 1957). Although adaptable, the method
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has & slow process rate of 1.5 samples (10 cm dismeter x 40 cm)
per man hour. Cockbill, et al., (1945) modified the Salt end
Hollick method for wireworm surveys by bresking down samples on
the sieves with a strong jet of water. Thirteen samples (10 cm
diemeter x 15 cm) were processed in one man hour by this method.
To achieve this, samples were bulked fox processiﬁg into lots of
ten. The efficiency of recovery by this method was 95% compared
with 99% for the Salt and Hollick process.

The Salt and Hollick technique can only be significantly
speeded up by the elimination of the oil-water interface
separation stage. This has been shown to be practicael for macro-
arthropods which are v1sually distinguishable from organic matter
by the naked eye and can therefore be removed by hand from a
brine bath in which the sieve is immersed (Read, 1958; Feeney,
1967).  An additional advantage of deleting this stage is that

insects are recovered alive.

(2) Description of the Process and Extraction Unit.

The layout of the unit and items of sesquipment are shown disgram-
matically in Fige 4-3 both in a floor plan end in a sectional

elevation.

Essentially the extraction process consists of four basic
operations; the break-down of so0il samples by hand, the
separation of fauna and orgenic matter by flotation, differential

sieving and washing, and inspection, counting and recording.

(2) Break-down of Soil Samples. Soil samples

. (10 cm diameter x 25 cm) were carefully crumbled by hand into
trays on the sorting table. The slotted angle iron table had a
wire gauze top which permitted dust and soil particles to fall
to the floor. Any large roots or other debris were cleared of
soil and discarded. hen extracting eggs, turf which was known
not to be freqﬁented by this stage was removed, inspected for
beetles, and discarded. The trays on to which the samples were
crumbled were rectanguler (36 cm x 56 cm) with a V-like
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Fige 4-3 Extraction unit showing a floor plan (above) and a sectional elevation(below)

I - LR
RN MEITN DR::N /5 6

TANR

0, compressor; 1, soil trays; 2, flotation bucket; 3, drainage funnel
for differential sievings 4, pipe for recirculating Mg 504 from the tank
to the sorting table; 5, sediment trap; 6, filter; 7, roller races

for conveying the sieves to and from the recording bench; 8, inspection

bench,
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constriction at one end. This constriction terminated in a 15 cn

wide mouth, through which the crumbled soil was poured.

Efforts to mechanise the bresk-down operetion foundered
because the early developmental stages of the insect were easily
squashed. In this condition they were adhered 40 by soil particles

and sank during flotation.

(v) Flotation. Attached to the sorting table was a
bucket stand serviced by two, high pressure; lever action, gate
valve taps throuéh which a magnesium sulphate solution was pumped
from the reservoir. The solution was reticulated in 3.8 om

alkathene pipe.

Crumbled samples were poured slowly into 15 litre plastic
buckets of magnesium sulphate solution over a steady stream of
air bubbles. Air-ﬁasiintroduced from a compressor unit through
& perforated nozzle into the bottom of the buckets A gradual
transfer of samples from the tray into the solution ensured that
there was sufficient agitation and dispersion of soil particles
to prevent the buoyant material which includes the feuna from being
trapped by an overburden of soil and carried to the bottom of
the bucket,

Constant checks were made during the running of the unit to
see that the specific gravity of the magnesium sulphate solution
did not fall below 1.09.  Although all stages of grass grub float
in the laboratory in magnesium sulphate solutions with a specific
gravity of 1.07, in practice a higher percentage recovery has
been obtained with magnesium sulphate solutions with specific

gravities of between 1.09 and 1.10.

(c) Differential Sieving. All buoyant material was

decanted from the buckets into three sieves placed in series
over the drainage funnel in the washing bay. The mesh size of
the sieves varied according to the stege of the insect being
extractede TFor the egg and first instar stages, sieve sizes of

L4, 6 and 20 meshes per 2.5 cm were adequate. For all other
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stages the 20 mesh sieve was replaced in the series by a 12 mesh

sieve.

After the magnesium sulphate solution and buoyant material
had been decanted into the sieves the residusl soil was retained
in the bucket. This was then flooded with magnesium sulphate,
reticulated into the washing bay, by carefully playing the hose on
the upper side of the bucket which was held in the pouring
position. With the bucket held in this position, the solution
flowed over the sloping surface soil, dislodged any buoyant .
material and swept it into the sieves., The soil remaining in
the bucket was emptied on to a conveyor belt, transported outside
the unit and deposited on to & treiler. The conveyor was
designed so that the belt ran in the floor of a trough. A
rubber flap situated at the feeding end prevented the sludge

running back on to the floorve

Sieves were then quickly washed with agucous magnesium
sulphate. This removed as much of the fine debris as possible
and sorted the material on e size basis on to the appropriate
sieve., The magnesium sulphate solution was used for this purpose
rather than fresh water to prevent dilution of the solution in
the reservoir. Toliage, long root fibres and sticks were usually
retained in the coarser top sieve while smaller roots, soil
particles and other debris together with a range of macro-

erthropods were caught on the mid and lower sieves,

(4) Inspection. After rinsing, the sieves together
with the numbered polythene sample bhag were transported to the
inspection bench by means of a roller race. Iere, sheltered from
splash they were examined over a grated inspection sink with
the aid of an illuminating magnifying glass. Hunoff from the wet
sieves was caught by the sink and drained on to the floor. All
fauna of interest were rinsed in fresh water, placed in containers
counted, recorded and stored in incubators for further study. If
too much debris was retained in the sieves it was necessary to
place the sleves in baths of magnesium sulphate solutiom and pick

the floating fauna from the surface. In some instances it was
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found beneficial to colour the solution red with 25 grems of
Rhodamine B per 500 cc. This gave a better background against
which to identify the whitish-grey grass grubs.

Sieves were returned to the washing bey by a second roller
race, cleared of debris, fitted together and replaced on the

drainsge funnel in preparation for the next sample.

The unit was characterised by its recirculating system.
Magnesium sulphate was dissolved in water to the required specific |
gravity in a 682 litre reservoir. The tank was fitted with a
thermostatically controlled heater which maintained the temperature
of the solution at approximately 26 °c. This was not only
conducive to operator comfort, but prevented magnesium sulphate
cfystallizing out of solution with drops in temperature and not
being rapidly redissolved as temperatures increased. Aqueous
magnesium sulphate was pumped from the reservoir to the bucket stand
or the washing bay by a centrifugal pump with a delivery rate of
5456 litres per hour, Any magnesium sulphate solution thet was
spilt on to the sloped floor or was decanted through the sieves,
was drained in grating covered drains into the sediment trap.

Here the coarser soil settled out and the o}erflow was led into
the reservoir through a series of three sieves which retained any

debris cepable of blocking the pump.

A gate valve which directed the output from the pump to the
taps at the sorting teble into a bypass hose enabled the unit to
be sluiced down and the debris on the floor to be swept into the

sediment tank for removal from the unite.

(3) * Performance

(a) Speed of Extraction. The extraction unit wes

laid ouf so that it could be worked by two to four operators.
With two people the operations were divided so that one person
was responsible for the break-down, flotation, decanting and
differential sieving, leaving the other person to take care of

the inSpectioh, counting and recording. #ith three people, the
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breaking vp of soil samples hecame the reéponsibility of the
additional operator. With four, two people were employed
inspecting, counting and recordinge Operators could move to
help with the operation which at any time was limiting the
processing rate. This fluidity of labour enabled the unit to be
. worked with approximately equal efficiency (number of samples

per man day) by two to four people. The mean time together with
its SB to complete each operafion is given in Table 4-L.

Eggs and first instar larvae took longer to extract than
the more advanced stages as they were smaller and more difficult
to identify in the sieves. The removal of the turf mat from the
egg samples facilitated a quicker breakdown rate than for samples
of other stages. The time involved in flotation and deeénting
operations were similar for all stages. Differences in the
breakdown time between the larval stages reflects the hardness

of the soil over the summer months.

Samples which contained large emounts of dry littér, seeds
or poorly weathered pumice which were buoyant and were retained
on the sieves made identification more difficult and reduced the

processing rate, particularly for the early stages of development.

The extraction rate of samples was governed by the speed
of the slowest operation. For a three man team, the actual time
taken per sample was faster than the slowest operator which for
all but the extraction of the third instar larvae and teneral
beetle stage was thercounting and recording, This was achieved
by the movement of labour between the fastest and slowest operator
and represents a saving for eggs of over a third cof a minute per
sample. With an additional operator to help with the inspection
and counting of eggs and the first instar larval stage, less time
was expendsd on this operation and the gains from the movement of
labour with four operators were therefore reduced. This was also
the case with the extraction of the more advanced stages, with
three operators where the duty time of each operator were
similer.

In comparison with. Salt and Hollick's (194#) and Cockbill's
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Time (minutes), teken by three operators to process one sample and eech

Table 4-4
operator to complete each operation in the extraction of C. zea'j.a.ndiga'
{rom soil samples,
Operstors Operation Eggs 1st instar 2nd instar 3rd instar and
. . tenersl beetle
1 Breakdown of :

soll samples | 1,30 + 0,026 1,58 4 0,094 1,58 + 0.09 1,44 + 0,09
Flotetion in '

‘magnesium - . .

sulphate 0.44 + 0,017 0,44 1+ 0,017 0444 + 0,02 0,44 + 0,02

2 ,

Decanling and

differential

sleving 1.22 4 0,054 1,22 4 0,054 1,22 4 0.05 1,22 4 0,05
J'_népection,

3 counting and :
recording 2,44 + 0,087 2,17 + 0.048 1,39 4 0,04 1.27 + 0,03
*

Gain - 0,35 - 0,14 —0,012 - 0,20

Actual total

number of

ninutes per

sample 2.09 + 0,05 2,03 + 0,15  1.65 & 0o16 1,46 + 0,06

¥ Time saved with three operators by the movement of

operators to the operation vhich was limiting

= total time ~ time for slowest operator.
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et al., (1945) methods, this method had a faster processing rate.
This was made possible by the early separstion of the buoyant
portion of the sample containing the fauna and the disposal of the
larger and heavier soil fraction, and the development of labour-
saving devices. These include the use of a recirculating system

to minimise the time and effort involved in replenishing supplies

of magnesium sulphate sélution. Apart from a daily addition of
magnesivm sulphate to replace that which was removed from solution
end disposed of in the waste soil, s tank of magnesium.sulphate could
service over 2,000 samples. At this time the system required to be
cleaned and the solution renewed. The other labour-saving devices
used were roller races for transporting sieves to and from the
inspection bay and a conveyor belt for the movement of waste soil

out of the unit into a disposal trailer.

(b) _Percentage Recovery. The percentage recovery for

each stage is recorded in Table 4-5. Two methods were used for
assessing the percentage recovery of the lerval stages, nawely the
seeding of samples with a given nuuber of tagged larvae and the
use of uninfested samples seeded with untagged stages. The tegging
of large numbers of larvae was accomplished by holding them in a
medium of soil and cow dung liberally treated with Rhodamine B.
With the passage of this medium through the gut, the larvae took
on, over a few days, a crimson tinge. Tagged larvae were then
placed in samples with the aid of a cork borer or mixed with the
crumbled sample. Egg and beetle recovery rates were checked by
seeding samples taken from an area of similar soil which was known

to be uninhabited by grass grub.

No noticeable differences in the recovery rate were
recorded between so0il typese. The similar recovery rates for
eggs and first instar larvae were lowsr than that for the more

mature stages.

(¢) Recovery of Cadavers. Cadavers of larvae were

shown to have a recovery rate equal to that of live larvae
provided remnants of the body were still attached to the head



114

Table 4-5 Recovery of different stages of C. zealandica from soil,
Stage Fo, tests No. of ingects % recovered
used ' :
1st instar larvae 15 834 95.48 + 1,22
2nd and 3rd 15 697 98.45 + 0.47
instar larvae
Teneral beetles 14 475 9778 & 0,95

Table 4-6 Effect of extraction on the viability of the different developmenial
stages of C. zealandica.
Stage Control Processed
Fo. Total % survival Noe “Total % survivsl
tests No. tesets Noe
Eggs - 20 164 95 & 3.23 10 50 94 + 4,78
1st instar larvae 10 50 98 + 2,15 10 50 96 4+ 3.14
2nd instar larvee 10 50 96 + 1,80 100 ' 50 98 + 2,12
3rd ingtar larvae 10 67 97 + 1.24 10 54 96 + 1,15
Teneral beetles 13 120 96 + 1,32 10 100 98 + 1,68
Table 4-7 Cost in time (man minutes) required to locate, sample and
. process Takapau soil samples, for C. zealandica.
Stage
Operation Egg 1st instar 2nd instar 3rd instar
larvae larvae larvae, pupae
snd teneral
beetles.
Localing sample 0.30 0.30 0,30 0,30

gsites
Sampling

Packing, replacing
soil and storage

Extraction
Total time

No. units/8 hour
man day

1,16

6.28
10,48 (9,69)
45.80 (49.55)

2474 (1,95)*

2,74 (1,95)

1,16

6.10

10,30 (9.51)

2.74 (1.95)
1.16

4.94
9.14 (8.35)
46,66 (50.47) 52,28 (57.48)

2,06 (1.75)
1,16

4,40
792 (7.61)
60,60 (63.07)

* () Rukuhia samples




capsule. Larval exuviae were successfully extracted and a large
range of macro-arthropods, both phytophagous and predaceous,

were also recovered.

(d) Effect on Visbility. Tests carried out to
determine the effect of the extraction process on the viability

of eggs and first, second and third instar larvee as well as
teneral beetles are recorded in Table 4“6'. Survivael of larval
and teneral beetle stages were assessed two days after treatment
while the viability of the egg stage was assessed on hatchinge.
For comparative purposes, a control treatment consisting of

individuals which had been hand sorted was also included.

Differences between mortalitiss of the control and
processed treatments for each stege and differences within

treatments were not significant.

(&%) Conclusion

This method and unit alloﬁed the extraction of all stages
of grass grub without adversely affecting their viability. The
extraction rate of the method was sufficlently fast to enable the
large nuumber of samples required for precise estimates of
population density to be processed with available resources

(see chapter 5).

VII  TOTAL COST OF SAMPLING AND EXTRACTION

The total costs of sampling and extraction are summarised
in Table L4~7. The egg and first instar stages were more costly

in terms of time to sample than the later stages.

Overall, the sampling and extraction techniques allowed
large numbers of samples to be taken and processed in a manner
which fulfilled the prescribed conditions laid down at the
outset of these studies. Many factors concerned with the
insect and the study sites permitted these rapid sampling and

extraction techniques to be developed. The relatively shallow
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depths that grass grub inhebit in the soil profile meant that it
was unnecessary to sample below a depth of 25 cm into the more
compact subsoile Over the autumn and early winter months most
larvae were found within 7.5 cm of the soil's surface. The

fact that eggs are seldom laid in the top 2.5 cm of soil has
permitted the elimination of the top portion of the sampies prior
to processinge This minimises the amount of buoyant material
requiredlto be processed and makes inspection and identificetion

easier.

The relatively large size of all stages of grass grub and
the reduced amount of unhumified organic matter in most of the
agricultural soils of New Zealand has enabled all stages to be
identified in a magnesium sulphate bath without recourse to the

time conzuming oil--water interface separation process.

VIII TIMING OF SANPLING

If worthwhile and reliable population estimates are to
provide adequate estimates of the population density at
different sge intervals,and the operation of mortality factors
within each age interval,then the timing of sampling is critical
(Morris, 1955)s The problems and considerations involved in the

correct timing of sampling have been reviewsd in chapter 2.

Observations by other authors have suggested that in
improved grasslands parasites of grass grub were nonexistent and
generally invertebrate and vertebrate predators were few and of

little or no importance in controlling grass grub populations

(Kelsey, 1951; Given, 1967, 1968). TFor this reason, the choice-

of sampling intervals was based on ecological factors associated
with changes in the insect's physical environment (season), as

1

well as physiologicel considerestions.

Little attention was paid to sampling at relatively stable
periods in the life cycle. The rapld sampling and extraction
methods used, combined with cool storage to retard the insect's

116.
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developmént prior to extraction overceme the problems encountered

by Morris (1955). Sampling problems concerned with highly mobile
insects were of no consequence in studying grass grub as rapid
movement was only associated with edult flight and estimates of
beetles could be made at the teneral stage from soil sampling before

flight commenced.

The sampling stages chosen initially were eggs, first and
second instar larvae, third instar larvae in May and August, pupae

and teneral beetles.

It is important that sampling be carried out when peak
numbers cccurred in each stage so that an accurate estimate of the
numbers reaching each developmentel stage is gained. TIn order to
achieve this it was necessary to use criteria that ensured that the
sampling of each stage was initiated at the most optimal tinmee.
Because the Takapau étudies were conducted 365 km distant from
where the author was based, in Hemilton, criteria were chosenn

which involved as few detailed on the site observations as poszible.

Preliminary studies (Kain, EEBBB') of flight and oviposition
behaviour at Taupo, Rukuhis and later studies at Takapasu showed
that the oviposition period of the adult female in the paddock of
origin is very short and lasts gbout 2-3 weeks. Peak numbers of
eggs are present in the soil immediately after the major flights
over pasture have finished. At this stage there may be as many
as 20% of the female beetle populetion present in the soil.
Usually these flemales have mated and have invariably laid at
least one cluster of eggse Females extracted from the soil after
* the major flights and placed in pots of s0il in the insectary and
fed on white clover foliage laid few eggs and usually died within
a week. It is known that few, if any, beetles are present in the
paddock of origin long enough after mating to oviposit more than
twice (Xain, unpube.). In view of this and since more than 70/
of the eggs laid in the first two clusters are laid in the
first cluster, the proportion of the total eggs unlaid two to
three weeks after peak flight would appear to be very small.

Based on this information egg sampling was initiated sooﬁ after

the major flights had ceased. Sampling of first instar larvae



‘was conducted when over 75% of a sample of viable eggs which had
been extracted during egg sampling but not subjected to éool
storage had hatched following incubation at 16 °C. The choice

of 16 °c as an incubation temperature was made as it'approximated

field temperatures at depths in the soil between 7.5 and 10 cm where

eggs are usuwally laid. Subject to a rudimentary pilot sample,
second instar larvae were sampled at the beginning of February,
third instar at the beginning'of May and again in August, and
pupae, also subject to a pilot sample, four weeks from the
beginning of peak flight. Beetle sampling was conducted when
the majority of beetles were stiil in the teneral stage and was
initiated when small but consistent flight catches were recorded
in rotary flight.traps,'sited on the study plots. A

~ Over the period that these studies were conducted at
Takapau, the flight periodicity of grass grub on the life table
plots was very consistent. The commoncement date of the annual
flight season and the occurrence of the major flights occurred
within a 10 day period.

The worth of the criteris used for initiating age specific
sampling can be gauged from Table 4~8. In these studies it was
felt that a 90% occurrence of the stage required to be sampled
was desirable. As is evident from Table 4-8, the percentage
occurrence of the required stage in certein generations for
second instar larval, pupal and teneral beetle samplings was
lowex than that considered desirable. The development of
individuals which were retarded by diseases are not included in

these estimates.

In the case of the second instar sampling the majority of
larvae which were not second instar larvae had advanced to the
third stadium and could therefore be assessed as having passed
through the stage sampled. The lower percentage occurrences in
the pupal and teneral beetle samplings arose as a result of the

high number of individuals in the pre-pupal and pupal stages
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Table 4-8 Percentage of C. zealandica populations in the developmental stage on
which age specific sampling was based. .
Generation 1968-69 1969-70 1970~71 1972-72 1572-73
Stage Ia*  Un* In TUn Inm Un In Un In Tn
Ezg 91.7 9.6 99.8 96,2 94.4  97.6 89.8 9.3 94,3  87.5
1st instar larvae - - 84.2  79.8 - - - - - -
2nd instar larvae - - 92,1 87.6 £5.2  94.6 86,9 9047 87.7 95.8
3rd instar larvae
(May) 96.6  99.3 93.0 96,7 100 100 955 95.3
3rd inster larveae .
(August) 100 100 94,4 98.4 100 100 100 100
Pupae 91.0 92,7 72,6 76.3 78.9  86.4 78,7 83.3
Teneral beetle 9.3 97.8 87.4 82,9 75.4 8.6 84,0 82,0
“In = Improved Takapau life table plots
’Un =

Unimproved Takapau 1ife table plots

‘61t
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respectively. Where this occurred, these earlier stages were
incubated on damp filter paper in ice cube treys in sealed
containers at 14 °C to determine the percentage of these
individuasls which were capable of developing into the develop-~
mental stage being sampled. If these were included in Table 4-8,
the percentage occurrence for these stages would exceed 90j%.

The low occurrence of first instar larvae was not considered
important as the sampling of this stage was discontinuved in 1970
as it wes not praoctical to teke and extract both an egg and

first instar sample within one month, with available resources.

The reason for sampling third instar larvae in both May
- and August was to allow the measurement of mortality occurring
over the winter. The choice of this sampling interval allowed
gensration mortality to be partitioned not only between most age

intervels but also between seasons.
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CHAPTER V

STATISTICAL ASPECTS OF SAMPLING AND

THE DEVELOPMENT OF A SAMPLING PLAN

I. INTRODUCTTON

The object of these sampling studies was to design a
sampling programme for all developmental stages of grass grub
which would enable the mean population densities to be estdumated
to within e given level of precision, for a minimal cost. The
relative level of precision sought in these studies was = 10% SE,
an arbitrary level which was first proposed by Morris (1955).for
life teble studies end has since been widely adhered to (Harcourt,
1969) (see chapter 2).

1I1. SPATTAL DISTRIBUTION

" (1) Stratification

\ o . . .
The advantages of stratified sampling compared with simple
random sampling, such as increased representativeness of sauples
and error minimigsing properties have been discussed earlier, in

chapter 2.

It is known that maximal gains in precision are obtained
when stratification is based on criteria which are well corrslated
with insect density. Objective stratification of plots for insect
sampling usually involves the use of information based on previous
samplings, some knowledge of the species' behaviour or the use of

criteria which indicate the presence of the insect.

Since pasture damage offered the only convenient criterion
for the stratification of grass grub study plots, such factors
~as, the relationship between grass grub occurrence and damage, the
proportion of grass grub populations found at given distances away

from areas of visible damage, the extension of damage within a
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——— AREA OF REGROWTH

DAMAGE HALO

x—UNDAMAGED PASTURE
\

\
X UNDAMAGED  MARGIN

OUTER EDGE OF
/ VISIBLE DAMAGE

/N RADIUS OF ViSIBLE
DAMAGE

Fig, 5=1 DBoundaries and arcas in individual patches of dameged

pasture, caused by C. zeslandica larvae,.
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generation and from generation to generation, and the rate of
appearance of new areas of damage from one generation to the

next were investigated.

(a) Location of Grass Grub Relative to Damage.

The typical aggregated nature of low grass grub populations
in Hawkes Bay is well illustrated by the pattern of damage shown in
Plates 6~1 and 6=2., Grud populations in the early colonising
stage consist of discrete circular colonies or aggregates, the
majority of whiéh may be located by the visible pasture damage
that they cause., Close examination will reveal that the larger
patches of pasture damage are encircled by & halo of severe
damage while the pasture in the central area has re-established
ifself. To avoid confusion in terminology, a diagram of &
patch of pasture damage and the terms used to describe various
aspects of it are giveh in Fig. 5=t All the area within the
outer edge of visible damage was termed the inner zone and the area

of interest outside this the outer zone.

Six circular areas of damage of similar size, approximdtely
1«84 m in diameter, were selected for study at Takapau in late
¥arch of 1969. Two 15 x 20 cm deep trenches were dug and divided
rinto 15 x 15 cm sections from each patch of damage from the outer
edge of visible damage .60 m toward the centre and .75 cm out into
visibly undameged pasture. Each section of soill was hand sorted

and the number of grass grub recorded.

This procedure was recpeated in late September during the
pupal-teneral beetle stage. The results are given in Table b-1.
The complete absence of grass grub .60 m past the outer edge of
visible démage in late March and the near complete absence of

grubs in this zone in September are clesrly showne

Further studies on the movement of larvae relative to the
outer edge of visible damage were conducted by subdividing six
small spherical damaged patches not exceeding 5 m in diameter into
the following strata; the inner area consisting of the area of
regrowth, the damage halo, and three .60 m wide concentric

margina extending into undamaged pasture. Within the size range



Table 5-1

Density (/u?) of C. zeaiandlea in relation to visible danuge.

Distance from the ouler edge
of visible damage (n),

3rd instar larvae

(March)

Pupae ~ teneral
beetles (September)

Irner zone

Outer zone

0,45
0,30
0.15

0,00

- 0,60
- 0,45
0.30

= 0.15

- 0415
- 0.30
- 0;45
- 0.60
- 0,75

172.2 + 65,3
180,8 + 63.0
180.8 + 34.4

267.0 + 25.2

241,1 4 46,4

24,1 + 5545
155.0 £ 55.5
4301 X #

0.0 -

64,6 + 21.8

37.7 + 12,7
53.8 + 18,2

538 4 18,2

32,3 + 10.9
215 & 7.3
26,9 + 9.1
13.2 + 1.8

363 -

* Too few samples in which grass grub occurred %o allow o

;-meanful S.E. estimate,

-

Table 5~2 Density (/m2) of C. zeslsndicn larvae in different strata
based on pasture damage.
Time
Strata March April May Avgust
Inner zone 154,0 4 333 20040 4 36,7  154.0 4 51,8  146,3 4 55.4

Damage halo

Distance from
OEVD*

0.0 = 0,60 m
0.60 - 1,20 m

1,20 - 1,80 m

499,1 + 63.4

24,6 + 17.9
0.0

0.0

462,1 + 21,8

141,7 + 4543
0.0

0.0

37548 £ 3443

117.1 + 61.1
0.0

0,0

26409 -+ 58,1

129.4 + 46.1

bt 641

0,0

* OEVD = Outer edge of visible damage

12h.



of demeged patches chosen the boundaries in between these strate
wore easily defined. Samples were taken monthly or every second
month from March to August at randoms Four, 10 cm dliameter soil
cores were taken from each patch of damage within each stratum.

The

density of larvae found in each stratum esre summerised in Table

v~Samples,were,broken up.by hand and the grass grubs counted. _
5-2, These results confirmed those obtained from transect
samplings, that the numbers of grass grub decrease suddenly .60 m
from the outer edge of visible damago, and few larvae are found
within the <60 m - 1.20 m stratum. This trend did not change
substantially, throughout the larval =eason, although initially,
the density in the undamaged margin closest to the outer edge of
visible demage increased. The relative density of gress-grub

found in this stratum however, was highest in August.

(b) ‘Proportion of Grass Grub Population found in or

Near Damage. Tellowing studies of larvel dispersion in the
vicinity of demaged patches, a number of paddocks in the Takapau
farming systems trial, with a wide range of grass grub populations,
were sampled in llarch and May. These paddocks were kept evenly
grazed over the late summer early autumn period to ensure that
damage wes as clearly defined as possible. Paddocks were divided
into ten 20 x 20 m subplots. Eight to ten, 10 cm cores were
sampled at random from each subplot and the number of grass grub
in each recorded. Samples were marked as those originating from
within visible damage, within .60 m of the outer margin of visible
damage; or from areas where pasture damege wes not apparent.
Istimates of the percentage of the grass grub populations in each

stratum are summarised in Table 5«3,

On average,in excess of 85% of the larvae in March and May
were located in areas of visible dsmage and within a .60 m wide
undamaged margine. Hore usuelly this figure was closer to 9074 and
frequently exceeded 95 The percentage of semples taken from
each stratum is also given in Table 5-3 and provides an estimate

of the proportion of the psddock which fell into these strata.
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Table 5-3

Mean percentege + S.E. of C. zealandica larval populations

found in or near visible damage

tage Range in pop ‘No. % population % plots in strata
density (/w2) |Pdks™| D* DM#® D+T N D+DH
2rd & 3rd instar 0-120 5 5842 + 2,02 34,7 + 9,91 88,9 & 2.41 607 £ 064 2042 + 4,76 27.0 + 4,83
Yarch o _ )
(azen) 120-240 | 18 | 7200 %433 32.9£6.65 9412173 | 20.41£2.20 2201271 427 x 447
240 24 48.2 # 3.95 25,1+ 3.53 964 + 0.81 | 37,6+ 311 314 3 2.23  69.7 £ 2489
3rd Instar ' .
(May) 0-120 8 48.5 12,91 12,5 + 8,54  85.0 + 8.25 3¢7 + 0.93 0.78+ 0.62 4.4 + 0,85
120-2490 15 5743 + 4,34 30,2 + 3.80 87.5 :L 2,54 30.4 + 3.81 3343 £ 3.34 61.8 + 6.07
240 7 60.5 +* 4,19 33.4 + 3.72 2.5 * 1.92 33.2 > 2,10 34.8 =+ 2.87 63‘2 + 5423
o> = Visibly damaged areas
D¥#** = Damaged margin (.,EOm wide 2rea surrounding visible damage)
PaksT= Paddocks
Externsion of the outer edge of visible pasture damage caused by

Table 5-4
'C. zealandica over the larval season (1972) and its rel

w#ith the initial radins of the visible patech of damage,

ationship

Tine Fo. obs. Mean distance %
{cm) x SeE. z
Feb = April 20 13.9 & 2482 0,117
April - June 30 4.1 + 2483 0,042
Overall increase 20 8.1 + 2.56 0,034
(Feb - June)

&
r = correlabion coefficient
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It can be seen from this,that the proportion of grass grub
populations found in areas of visible demage and the surrounding
margin far exceeded the proportion of the paddock that these

atrata occupied.

(¢) Extension of Grass @rub Damage. The extension

of vislble damage within the larval season was measured in 1972
from mid-February to June at approximately two monthly intervals.
As with all studies involving the measurement of damage, the

outer edge of visible damage was referenced to a peg usually
located in the centre of each damaged patche feasurements were
made along marked transects running in cerdinal directions from
the centre of the demaged area to the ocuter e¢dge of visible damage.
The mean extensions of visible damage within a genération are
shovn in Table 5-lie These results show that after April the outer
edge.of visible.damage tends to recede. The extension of the
outer edge of visible damage within a generation did not exceed

22 cm and was not influenced by the initial radius of the damaged

area it encircled.

Extension of the outer edge of visible damage botween
successive generations are given in Table 5-5. lMeasurements were
not made in the same month in each generation. However, as within
generation movement of damage is relatively restricted, the
following observations seem valid. In all seasons the movement
of the outer edge of visible damage from one year to the next
seldonm exceeded 120 m and in most Instances did not exceed 1.0 m,
while the mean increases between each pair of years studied ranged
from .26 to 82 me The extension of damage from one generation to
the next overall generations was significantly related to the
initial radius of the patch of damage (Teble 5-5).

() Appearance of New Colonies. The relationship

between the rate of appearance of new colonies as evidenced by
new patches of damage (eruptions) and the percentage of the area
damaged in each paddock is given in Fig. 8-10, With laow
populations, a larger percentage of the total area suffering

visible damage arose from individual areas of damage which had



Table 5-5 Extension of the outer edge of visible pasture damage, between successive generations
of C. zealandica, and the reiationship between this and the initial radius of the damaged patch.
no,of Mean

patckes radius increese (m) range 5_'_", Slops + 95% Intercept + 95%
1968 - 1969 19 0.826 + €.042 049 = 1426 0,224 0,093 + 0,208 0.675 £ 0,091
1669 - 1970 6 0,637 + 0,063 C.47 - 0.92 0,499 04456 + 1,704 0,107 + 0,265
1970 - 1971 22 0,265 + 0,022 0,08 = 0,43 0,456  =0,126 + 0,400 0,312 + 0,047
1971 - 1972 17 0,416 + 0,018 0.29 = 0,54 0.046 0,023 £ 0.273 04429 + 0,040
Overall 64 0.506 + 0,035 0.08 - 1,26 0.814** 0,359 + 0,067 0.184 + 0,039

Levels of Significance * =

= c¢orrelation coefficient

¥

A
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not been visible during the previous generation. This

proportion decreased as the area of damage increased.

It is thought that new colonies were initiated as a result
of g single deposition of eggs and that over a minimum of three
generations larval density increased to the point where pasture
demage became apparent.  The smallest visible areas of damage

detected were epproximately .33 m in diameter (see chapter 8).

(e) Practicability of Stratifyineg on Damage.

As a result of the sedentary reproductive behaviour of
the female grass grub beetle described in chapter 1 and the
limited dispersal of larvae shown in these studies, it appeared
feasible at an eaxrly stage during the study to divide study
plots into two strata, damaged and undamaged.

Visible damsge wes mapped in the manner described in
chapter 3. Included in the damaged stratuﬁ was a 60 m undamaged
margin which encircled the outer edge of visible damage. In the
following season prior to egg sampling a 1.20 m margin was added
to the damage stratum to allow for the extension of damage from

one generation to the next,

At Rukuhia, where pasture damage was poorly defined due to
the tolerance of paspalum, and usually, a higher summer rainfall
whioch masked damage, an intensive systematic sampling carried out
on a grid basis allowed plots to be stratified on grass grub
occurrence (see chapter 3)e  Again an allowance of 1.20 m for
the extension of these strata boundaries between generations
was made. Further adjustments were made to the strata at Takapau
in March when pasture damage became visible and at both Takapau

and Rukuhia when sampling located new areas of occurrencee.
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(2) Frequency Distribution

The frequency distributions representative of all
developmental stages of grass grub from low, medium and high
populations in the damaged and undamaged strata of the Tekapau
study plots arc shown in Iig. 5-2, together with means (x) and
statistics of skewness (En) and kurtosis (QQ)' The respective
standard deviations of gaand 92 are given for all samplings
in Appendices 5-1 and 5-2 and the relationship of the mean (X)
with §1 and EQ are shown in Figs. 5-3 and 5-4. For normal
distributions gq and.gé do not depart significantly from zero.

All frequency distributions exhibited marked positive
skewness and kurtosis. . The extreme degree of positive skewness
wés most pronounced at the egg stage and tended to decrease up
until the May third instar sampling. Thereafter skewness
increased Slightly up to the beetle stage. Skewness was less
marked et high than low populations. Kurtosis followed a

similar trend to that shown by skewness.

In a1l stages and for all populations the zero class of
the frequency distributions was usually much larger than eny
~of the other class intervals, and constituted more than 90% of

81l observations on low egg populations.

The frequency distributions for all stages and population
levels were tested against the negative binomisl model. The
maximum likelihood estimate of the exponent k was used and either the u
or t statistic, whichever provided the most efficient test for
the k and mean concerned were used for testing the adequacy of
it of the model.

The results of these analyses are given in Appendices 5-3
end 5-4 and for four generations of grass grub in the damaged
stratum of the improved 1life table plot at Takapau in Table 5-6.
Also given are the results of the chi-square test for goodness of
fit. Where u or it are less than their respective standard errors,
SEu end SEt, the negative binomial may be taken as a satisfactory
models A 1arge negative value of u or t indicates that the

distribution is more skewsd than that described by the negative
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-Table 5-6 . Tests for the adegnacy of fit of the megative binomial (NB) for counts of , zealandies
recorded from the izmproved 1ife table plet at Takapau

(* signified appropriate test of NB for %/k) .

SINGLE SAMPLE UNITS ~ DAMAGED STRATA :
Stege x & x - 2 a 1 SET ] SEU x/k
+1968-69 Egps 159  33.70 0.,0310 67,24 T = 550,40 4928.88 = 49,07%  27.75  51.22
3rd (¥ay) | 0.63 1,96  0.257% 9,67 T = 2.8 3470 = 0.40% 0430 2,64
3rd (Aug) | 0.83 . 2,24 0,3720 13,55 8 = 1,78 3622, = QOu44% 0,29 2.23
Pupze 0.59 1,71  0,2414 Te30 T = 0,96 | 2,86 = 0,29%  0.24 2442
1965-70 Eggs 8.41 233,78 0.2052  63.98 29 =2329.93 6987.35  ~120,84% 49,12 40,90
2nd 2.91 12,41 0,67C0 21,49 13 - 31,46 27,49 = 3.17* 1.56 4.34
3rd (May) | 1.74 3033 1.4796 21,12 9 = 3.43% 1,89 = 0.48% 0,28 1,17
3rd (Aug) | 1,01 1,95  1.1C22 10,63 7 00,45 . 0.85 0,01% 0,14 0,92
Pupae 0.8% - 1,57 0.9526 3453 7 0,17 0,68 = 0,02% 0.11 0,88
Beetles 0.56 1,19  0,7979 1.6 6 = 0,27 051 = 0.02% 0,09 0.83
1970~71 Eggs 4.95 143,72 0,0722 105,52 13 ~2801.59 16903.77  =201.065%  71.60  68.50
2nd 2,68 11,90 0.5490 31,11 13 - 24,44 33,29 =~ 3.56% 1.68 4.9
3rd (May) | 1.61 2090 16251 13.05 8 ~ 2,02% .47 = 0.32% 0.24 0.99
3rd {4ug) | 1.01 1.5 1,215 2.35 7 0.43 0.79 0.,10% - 0,14 0.83
Pupae 0.75 .39  0.8109 2,14 6. = 0,49 0,70 = 0.05% 0.11 0.92
Beetles 0.48 ‘0a73 0.8704 118 5 = 0,09 0,24 = 0,007%  C.04 0.55
1971~72 Eggs 1.86 36.24 0.0523 42,92 13 = 230.76  2021.07 - 32,04% 16.13 35.64
2nd 1.16 5.20  0.2788 11.69 11 - 7,26 11,92 - 0,76* 0.67 4416
3rd (May) | 0.42 072  0.4650 4,13 5 = 0,30 0.35 = 0.07% 0,06 0,90
3ra {Aug) | 0.23 0.34 0.4572 .10 4 - 0,04 0,10 - 0.004% 0,02 0,50
Pupoe 0.16 0.23  0.3044 3,26 4 = 0,06 0,09 -~ 0,018% 0,01 0.53
Deetles 0.13 0,18 0.2892 1.27 4 = 0,03 0,05 = 0,007* 0,01 0445
1972=73 Eggs C.87  15.85 0.0291  15.43 7 =~ 180435  904.48 = 11,46* 8.47  29.90
_;_ = nead 52 = chisquare test SLT = SE of T
_§2 = yarience df = degrees of freedom in 2 I = tast of UB
k = dispersion parameter of IB T = test of NB ‘ S_E_IJ =SE of U

+1968-69 study plot was not stratified on damage

K11
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binomial. For these data the u test proved to be the most

efficient as the values of k and means were generally low.

The negative binomial only provided a satisfactory fit
for the damaged stratum over the later developmental stéges
including the August third instar larvee through to the teneral
beetle stege, (Table 5-6). In the undamaged stratum all stages
were generally adequately described by the negative binomial
model.(Appendix 5-3).

It is of interest to note that, had the t statistic been
used to test the adequacy of the negative binomial model over the
range of k and means encountered, the negative binomial would
have been accepted on many occasions as a satisfactory model.

On the other hand, the chi—square test generally indicated:that
apart'from the eggs‘aﬁd first inster lervae the frequency
distributidh of the other developmental stages were satisfactorily

described by the negative hinomial series.

If samples were independently pooled, a process which
reduces the proportion in the zero class interval, the adequacy

of the negative binomial model was not improved (Appendix 5-5).

For stages where the negative binomial gave an adequate
fit of individual frequency distributions, besed on counts from
single sample units, tests were carried'out to ascertain whether
the k value was common to the frequency distributions of a
particular stage irrespective of the mean population densitye.
The use of a common k (kc) for transforming insect counts and
planning-sampling programmes has been previously reviewed. The
' graphic method adopted in these studies was that described by
Bliss and Owen (1958). TFirst 2? and.gg were calculated from the
following formulae: ;_r:' = _.‘32 - 2, where §_2 and z are the
variance and mean, respectively and 3? =:§? - 3%/2, where n is
the total number of samples. ko is given by the slope of x? on
_J_c1 . VWhere there is no relationship between 1/kc = z_1 /gc_'i and x
for individual samplings, then the estimate of a kc is valid.
The graphic tests for each stage are given in Pig. 5~5. TFrom
these 1t can be seen that an estimate of kc is applicable only

for pupae and teneral beetles.
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I11 TRANSFORMATION

Skewness and kurtosis invalidate the besic assumptions
of the analysis of variance (ANOVA) and the t test. A
transformation capable of eliminating the problems arising with
highly skewed frequency distributions in using paremetric
statistics, such as the dependence of variance on the mean end

the nonadditivity of variance, was therefore sought.

The relationship of the variance with the mean for all
developmental stages of grass grub is shown in Fig. 5-6 together
with the expected relationship for the Poisson series for which
the variance equals the mean. The relationship of the variance
(_.32) to the mean (X) for all stages of grass grub was best '
described by Taylor's (1961) power law in which _s_,_z = _a_x_’b, where
a is fhe intercept of the log. Ezon log g regression and b is
the slope. 1In the pupal and tenerel beetle stages for which the Xk
values were common (ke) to each stege the varience is given by
52 = _?5 + 22/.15_9_. This relationship between the variance and the

mean is slso fitted to the observed date in Fig. 5-6.

The transformations tested for their ability to stabilise
the varliance for all stages in the development of grass grub
included: the sguare root; log (x +1); @ transformetion
estimated from Taylor's power law by which x the raw varisbls
was transformed to xp where p = 1 = 2]_3_ in which b is the slope

of log 32 on log _>£, and

where x is the raw variable and b is the slope and & the intercept
of the linear relationship between mean crowding (m) (see

chepter 2) end the mean (x). The relationships of (m) on X and
log 32 on log EE_ are given in- Table 5-7.

The ability of the transformations to break the dependence
of the mean on the variance was assessed as it is known that this
is the most important basic assumption, on which the ANOVA is

based, to satisfy.
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Table 5-7 Relationships of log wariance (gz) on log mean () and mean crowding (m ) oan mean (x) for a1l

developmental stages of C, zealandica

*

2 — -
¥o. of log s© on log x mon X
samples

Siage pooled Slope & 95% Intercept + 954 Slope + 954 Intercert + 95%
Eggs 1 1,083 0.195 1,268 0.067 1,216 1,084 20,171 34722
2 1,201 0.134 1,164 0,045 1,471 0,554 17.447 3,288

3 1.202 0,150 1,122 0,050 1.246 0.412 18,273 3.549

1st instar 1 1.124 0.127 #2263 0,048 1,212 0.320 3.732 0.716
2 1,163 0.138 0.50C6 0.052 1.1356 0,186 3.514 0.824

3 1,217 0,129 0.575 0,045 1.132 Ce126 30712 0.849

2nd instar 1 1.085 0,149 0,552 0e043r 1,026 0.310 2.841 0.452
2 1,321 0,165 0,455 6,051 1,048 0,209 24655 0.610

3 1,103 0,167 C.483 0,052 1,022 0,130 2,621 0.568

3rd instar (Mzy) 1 1,091 0,076 0,235 0.023 1,202 0.123 0.611 0.104
2 1,049 C.0%2 0.224 0.028 1.030 0.077 0.578 0,130

3 1,050 0.4 0,193 0,044 1,027 0,075 0,550 0.181

3rd instar (Aug) 1 0,976 0,369 0.284 0,032 0,811 1.097 1,167 0.213
2 0.823 €+357 0.338 0,034 0,753 0.639 1.499 0,243

3 0,682 0.422 C.457 C.036 0.750 0.433 1,820 0,249

Pupae 1 1,252 0.26% 0.3156 0,028 1,548 0.996 B.554 0,210
2 1.245 0.303 04257 0.031 1.303 0.583 0,591 0.242

3 1,137 0.323 00269 0,033 1,115 0.378 0,871 0,229

Beetles 1 1.521 0,215 04351 G030 2,405 1,067 -C,116 0,215
2 1.575 0.248 0,207 0.034 1,760 G663 ~0,096 0,265

3 1.521 2251 0,104 0,034 1.492 0.343 ~0,146 0.210

* Por dofinitions see text

‘gel
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Deta were transformed by the above transformations and
the means and variances of the transformed data were regressed
egainat one another to determine whether the dependency of the
variance on the mean was broken. Owing to the large number of
zeros in the date from 2ll stages, no transformation eliminated
the dependence of the variance on the mean for counts from

single sample units (10 cm diameter cores) (Table 5-8).

Andersen (1965) reported that where the mean and the k
of the negative binomial are very small (less than three and
‘approaching zero respectively) the dependence of the mean on
variance is unlikely to be broken by any common transformation.
He noted that this could be overcome by the independent pooling
of sample units. Units were independently pooled into twds and
threes. The date were then transformed as before. Transformations
invoiving Teylor's power law did not change substantially for
pooled sample units; however, those based on the mean crowding
perameter did (Tsble 5-7). Of the transformations used, those
based on Taylor's power law were generally the most effective
over all stages, in breaking the relationship between the mean and
variasnce. With the exception of eggs, for which three units were
required to be pooled, this reletionship was usually broken by the
independent pooling of two units. The effect of Taylor's power
law transformations on normality of individual frequency distribu-~
tions from high, mediuwm and low populations flor all developmentsl
stages of the insect for one, two and three sample units pooled,
was examined. ILven with two end three sample units pooled,
skewness and kurtosis were less merked than with one, but were not

eliminated (Appendix 5-6).

Iv CENTRAL LINIT THEOREM

With the highly skewed freguency distributions which
characterise grass grub populations, particularly in the earlier
developmental stages, the qusstion arises as to what the sample
size (number of sample units) must be before it cén be assumed

that the central limit theorem is appliceble. It is known that



Table 5-8 Correlation coefficients (:_r) between variance and means of counts of

C. zealandica using different transformations.

No. of
samples log + -1
Stage _pooled ag X __0'5 (E + 1) * x P Sin h
Egzs 1 1 0,811 %% 0,865 **  (,892 ** 0,868 ** 0,879 **
& 2 13 0,586 % 0,725 ** 0,597 **  0.674 **  ¢,B28 **
3 19 0e872 ** 0,594 ** 0,138 0.353 0,511 ¥
lst instar 1 i2 0.932 ** 0,832 ** 0,775 ** 0,776 **  €.908 :
2 12 0,924 ** 0,520 * c.113 0.077 0,764
2nd instar 1 19 0,865 ** 0,617 ¥* 0,592 ** 0,552 ** 0,859 ::
2 19 0.788 **  0.217 0,054 0,007 0.684
3rd instar (¥ay) 2 19 0.956 ** 0,321 0,263 0,135 0,921 **
Pupae 1 19 0,804 ** 0,595 ** 0,731 ** 0,630 ** 0772 *i
2 19 0,750 ** 0,177 0,270 0.229 0.574 * .
Bestles 1 12 0,975 #* 0,962 ¥% 0,966 ** 0,980 ¥* 0,968 **
2 12 0,924 *# 0,855 ** 0,904 ** 0,074 0,915 **

*2P = Taylors power law transformation where p = i=~3b where is the slope of log S on log X (see table 4~6)

+ ~1 -l
Sind  =Sinh fB=-1 . Wnere} ani g are the slope and intercept of meen

AN z+1 crovding on mean respectively (see table 4=65)
levels of significance * = .P'd 0%
= _ P £,01

‘ot
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this will .increase with skewness, The sample size at which it is
saf'e to assume that the central limit theorem is applicable was
estimated for all stages in grass grub development by the formula
given by Cochran (1963), SN = 25§H2 (see chapter 2). The relation-
ship of SN to population mean is presented in Fige 5-7 and the SN
and the number of samples required, to give an estimate of the

meen population density with an SE equal to or less than ¥10% for
the Takapau populations are given in Table 5-9. Generally, the
latter required approximately two to three times as meny samples as

the former.

Vv THE QUESTION OF TRANSFORMATION .

The problems associated with transformation of life table
dats have been discussed at iength in the review of literature.
Despite the fact that the grass grub frequency distributions are
characterised by marked skewness and kurtosis; a decision was made

not to transform for the reasons that follows

e Although it was possible to adequately transform
counts, at least pairs of semple units required
independent pooling in order to stabilise variance
end in spite of this different transformations

were required for different stagese.

o« Studies on soil énchytraeids which exhibit similar
degrees of skewness and kurtosis to that
encountered in sampling the damaged stratum have
shown that although trensformations did improve a
one way ANOVA, the improvement was marginal for
recommending transformation (Abrahamsen and Strand,

1970) .

o Sample sizes large enough to assume that the central
limit theorem was applicable were not prohibitively
high and with the sampling and extraction techniques
developed in these studies, were within the

capabilities of the available resources.
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Table 5«9

is spplicable and the sample size required to provide am estimate of the mean population of C. zemisndica

with a precizion of +10% 3E

Rumber of sample units (SN) required in order that the central limit theorem

TMPROVED LIFETABLE

Generation 1968-69 1569-70 1970-71 1971-72 1972-73
Stage +X SN 10#S.E| X SN 1o#s.E.| X SN 10%S.EJ X SE 107S.E.| X SN 107S.5.
Egg 1.59 473 1336 | 8,42 213 328 | 4.96 251 587 |1.86 691 1042 | 0.87 835 2055
ist not sampled 4,74 72 148 | not sempled not sampled
2nd not sampled 2,92 50 146 | 2,70 52 165 | 1,16 2310 387
3rd (May)| 0.68 155 428 | 1,75 24 109 [1.61 31 111 [0.42 145 413
Ird (fug)] 0.13 147 326 | 1.01 123 190 1,01 123 191 [0.,23 251 646
Pupae 0.58 274 502 | 0,84 128 220 |0.75 102 247 |0,16 270 868
Beetle |*Szmpled with a 0,66 119 270 |0.48 130 320 |0.13 1360 1052

spade

UNT}PROVED LIFETARLI

Ege 1,84 1392 1015 8,30 168 277 [4.52 417 635 | 1,22 623 1441 1.69 453 1207
1st not sampled 5685 69 89 not sampled not sampled
2nd not sampled 4,80 15 61 3,06 89 173 | 0.74 333 434
3rd (May)| 1.15 103 244 [ 2.79 15 66 [1.20 59 155 [0.49 119 326
3rd (Aug)| 1,01 83 205 1,26 47 155 0,97 67 170 {0.35 164 400
Pupae 0.97 114 227 | 1,16 100 177 [0.85 97 251 }G.25 365 698
Beetle Sampled with a .89 151 239 0.45 1388 396 10,22 167 563

spade

+ g = population mean ‘

Sempled with 2 spade and therefore not applicabie

e
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e Yinally, the equation for estiméting the variance
from stratified sampling does not assume homogeneity

of the within stratum varience (Cochran, 1963).

Vi DEVELOPMENT OF A SAMPLING PLAN

The early development of a sempling plan for long term
population studies allows the feasibility of carrying out these

studies with the availeble resources to be assessed.

The development of a sampling plan should consider such

factors as:

« The worth of stratifying the universe, in order to
gain a more representative sample and increase the
efficiency of variance estimates and thereby decrease

sampling costs.

o« The allocations of samples with a view to optimising
sample allocation between strata, to obtain the
required precision for the lowest cost.

In these studies the cost of erecting and sampling
from different strata was in terms of the overall

sampling costs considered negligible.

e The number of samples required for each developmental
stage and hence the cost and time likely to be

involved in such studies.

(1) Precision obtained

The first step in the above studies was to examine the
- level of precision obtained by ths method of stratification and

sample allocation used and the number of samples taken,

With the exception of the 1968-69 generaﬁion when study
plots were only divided into subplots, all study plots both at
Tékapau and Rukuhia were subdivided into strata based on pasture
damage and grass grub occurrence, respectively. Allocetion of
samples between strata and total number of samples to be

taken were decided more or less arbitrarily, but with regard to



Table 5-10 The relative level of precision cobtained, the mean and the number of samples
taken from the Tekapau life table piots
THPROVED STUDY PLOT

Generetion 1968-69 1960-70 1970-71 1971-72° 1972-13
Stratification subplots dam x subplots dem. x subplots dam x subplots dan x subplots

Stage RO /p? sa:;ies S%E. no'/“12 sa:;ies S?E. ™ pal sazgies S%E. no./mZ sa;;ies SfE. n0« sa:;ies S?E.
Eggs 195.0 500 16,2} 537.9 800 8.1 | 510,7 783 9.7' 194.1 781 4.0 93;9 800 16.7
1st instar not sampled 321.4 795 Be2 not sampled not sampled rot sampled
2nd instar not sampled 202.7 600 6,2 | 269.0 500 6,2 |114,8 597 846
3rd instar (May)| 83.5 400 9.7 146.1 700 4,7 | 165.1 595 S5e4 41,6 600 8.1
3rd instar (Aug) | 77.7 406 9.3| 104.4 600 6.2 | 107.9 400 6.7 | 25.2 600 10.0
Pupae 72.1 400 12,7! 86.7 600 7.4 76.6 400 7.9 | 21.2 600 11.7
Beetles 52.7  100% 50,0] 50.2 600 7.8 | 19.5 400 9.6 { 7.5 600 12,0

* Sample unit a2 15 e spade apit.

Tdam = pasture damage

gl



Table 5-10 cont.

taken from the Tekapau life table plots

The relative level of precision obtained, the mean and the number of samples

UNIMPROVED STULY PLOT

Generation 196869 1959~70 1970-71 1971~72 1972-73

Stratification subplots See footnote subplois subplots subplots
Stege no./mZ sa:;]..es ngE. no‘/ "‘2 sa:;ies S%E. noj/ mz sa;;ies S%E_. no./ m2 sazx:;ies Sc’fE. no./ m2 sa::ies 57.;}3.

Bggs 221.8 500 14.3| 508.5 800 7.5 | 559.0 598 10.4 | 155.4 608 i%5.8 ' 208.3 600 24,0

1st instar not sampled 472.9 800 4.3 not sampled not sampled not sampled

2nd instar not sampled 354.9 600 4,2 | 382.4 500 5.5 | $1.2 500 8.1

3rd instar {(May)| 141.6 400 7.3| 238.6 710 3.5 | 190.5 498 4.3! 60.5 500 8.0

3rd instar (Aug) | 124,.4 400 6.8 158.5 500 5.4 | 119.3 400 6.3 42,7 500 8.6

Pupae 119.9 400 Tell 135.7 500 £.0 | 79.8 400 79| 30.8 500 11.6

Beetles 73.9 100%  37.0] 93.3 500 6.9 | 25,1 427 8.8] 1%.1 500 10.2

Footnote:

Demage x subplots up to Srd instar (May) thereafter

solely by subplot

Se

“gt
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the degree of aggregation of the developmental stage being
sampled and the time required to semple and extract grass grub
from soil samples. It was.appreciated early in this astudy that
the younger stages of grass grub were more aggregated and would
therefore need more intensive sampling to attain the required

level of precision.

The number of samples allocated to each stratum were
gllocated proportionately to the damaged and undamaged strata
in each subplot to ensure that sampling within strata was as

representative as possible,

The overall proportions of the study plots and subplots
in each stratum are tabulated in Appendix 5-7 and the stratum
sample sizes in Appendix 5-8. With the exception of Smith's
plot, generally 1 in 2 to 1 in 5 samples were drawn from the
undamaged stratum. The usual number of sample units taken ranged
from 500 to 800 for egg sampling down to 360 for the later
developmental stages (Appendix 5-8). Overall, the density of
grass grub in the damaged stratum was 3 to 10 times as great as
that in the undamaged stratum (see page 152). As can be seen
from Aprendix 5-7, the size of the damaged stratum on the
improved Takapau plot was enlarged by a factor greater than two
af'ter May 1970 to include areas of pasture damage which had
become obvious during the autumn and early winter. At the saue

time damaged strata were abandoned on the unimproved plot for reasons

that will become apparent leter in this chapter.

It was recognised early in these studies that the number
of sample units taken in many samplings would probably exceed
that required for the level of precision sought. This over-
sampling continued since it allowed the study plots to be divided
while s8till providing a reasonably precise estimate of the mean
population density within each subdivision. This ensbled density
dependence in mortalities and comparisons of the manner with
which density dependent mortalities operated to be studied (see
chapter 7).

The relative level of precision obtained in sampling ‘was
calculated in the normal way. The formulae for estimating the

variance of the mean from stratified sampling (Vgﬁz) are given



Table 65=11 The relative level of precision obtained, the mean and the number of samples
taken from Rukubia and Smiths plots
RUKUHIA .SMITHS
Stratification See footnote demage x subplots
Generation Stage no. . 2 no. % Generation Stage no., 2 1o %
"/ sampies  S.E. /m samples S.E.
1968-69 3rd instar (Aug) 72,7 400 7.4 | 1970~71 Beg 123.1 454 11,6
Pupae 46,8 200 12.1 2nd instar 46.8 434 9.4
196970 Egg 288,4 800 743
v 2nd instar 2549 600 9.5
3rd instar (May) 6.2 600 19.8
3rd instar (Aug) 7.4 500 20.5
Pupae 3el 400 27.7
1970-71 Egg 24,7 450 29.4
Pupae Z.i 360 40.3

Footnote: From the eggz to 3rd instar (May) stage of the 1969-70 gemeration,
For the remaining

plots were stratified by occurrence x subplot.

samples plots were stratifisd by subploise.

084-”’
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in Appendix 5-9. Where these are calculated, the % SE is

estimated as follows:

% SE = (Vstx/x) « 100

With the exception of the egg stage, the relative level
of precision obtained was within or close to ¥10% SE (Table 5-10).
Only in years when egg populations were high did egg sampling
provide the degree of precision sought. However, with the
exceptidn of the 1970-71 generation egg sampling at Rukuhia,
even with low egg populations the relative level of precision
obtained did not exceed ¥207 SE (Table 5-11).

(2) Components of Variance

Analysis of &ariance was used to identify the magnitude of
the within stratum components of variance. Each stratum was
analysed separately since diffeerences between the strats vaeriances
were extreme, and the within stratum variances were likely to be

more homogeneouse

The sums of squares for each stratum were partitioned
‘between and within subplots in s one way ANOVA (Table 5-12).
The variance components are given in Appendix 5-10 and a summary
of the percentage of stratum variance contributed by each
component is presented in Table 5-12. The most consistent feature
of these analyses is the large contributions made to ¢totsl stratum
variance by the within compared with the between subplot
.component. This trend is contrary to thaet observed by Guppy and
Hercourt (1973) for other pasture scarabaselds belonging to the
genus Phyllophaga where the between subplot variance was much
larger than the within subplot variance (Guppy and Harcourt,

1973).

Significant differences between subplots were recorded in
the demaged stratum from the Takapau study plots over the egg,
second instar and lMay third instar sampling of the 1969-70 generation
(Appendix 5-10). With the exception of the egg sample from the
unimproved study plot, the same was true of the undamaged stratume.

From May onwards differences within subplots within esch stratum



Table 5-12 Mean and range of the percentage variance (s?) of each stratum contributed by the variance components.
' 5_2_ components ] ;_2 components
Between SP* Within 5P Between SP* ¥ithin SP
Stage Strata '_';_?_ range z range Stage trata X range = range
Eggs D+ 1,7 0.2- 3.9 98.3 66,1~ 99.8| 3rd instar D 4,2 0,0 - 11.0 | 95.8 83,0 ~ 100,0
T+ 2,10 0,0 = 5.2) 97.9 94.7 - 100,0 (August) T 12,9 1.3 = 13.4 | 87.1 76,0 = 99,0
ist instar|; D 4,4 0,0~ 6,9 95.5 93,1~ 100,0 [ Pupae D 2.5 1= 5.0 {95.5 95.0~ 99.0
} U T8 0,0 = 15,7 | 92,2 84,3 ~ 100,0 T 9e1 5.8 = 12,5 | G0.8 87.5 = 94,2
2nd instar D 7.6 1.6 - 9.1} 92,3 84,4~ 95,4 ! Beetles D 2.6 1,7 = 3.8 | 97.4 95,1 = 98,2
I 5.7 1.8 - 10.1| 94.2 89,2 = 98,2 | (teneral) 3 367 1e3 = 642 | 95,7 S4.0 - 98,0
3rd instar D 4.4 0.9 - 8.5 95-6 91,5 = 991
(M=y) 1] 9.1 0,6~ 19.1| 9.6 80.9 -~ 99.4

mean varisnce

P
I

SP = subplot
U = undamaged stratum

damaged stratﬁm

I
[

Partitioning of the within stratum sums of squares

Source of variation ar E {(ms)
32
Between subplots p=1 ¢e? +£{-ﬁ§‘_— &p?
¥ithin subplols Rnep 622
P = =zumber of subplots
n = total pumber of samples .
EemsyE  @xpected ‘'™meon Sgmoare

‘06 b



were generally not significant. On the unimproved study plot
this trend was predictable since by May damage had become wide-
spread and ill-defined. In view of this, stratification of the
'unimproved study plot based on pasture damage was abandoned and
the complete plot was clessified as falling into the damaged
stratun. Semples were then proportionetely allocated between
subplots. With this sampling design consistent and significant
subplot differences were recorded.

In spite of the rather ill-defined nature of the damage
the maintenance of damage strate on the improved study plot at
Takapau continued as the undamaged ares wes low lying and was
therefore wet in winter. This division of the study plot enabled
the low area of this plot to be studied separately. )

At the Rukuhia study plot, differences between subplets
within the damage strata were not consiétently significant up

until the time when the population collapsed.

The above findings suggest that overall the subdivision of
the demuge strata into subplots is unlikely to produce large
gains in precision over stratification based solely on pasture

demage or, in the case of Rukuhia, grass grub occurrence,

(3) Efficiency of Stratification

The subdivision of the study plots in the manner described
sarlier in this chdpter and in chapter )4 allowed the varisnce
minimising efficiencies of different patterns of astratification
to be compared. ‘The efficiency of the following sampling designs;
simple random, stratification by pasture demage (in the case of
Rukuhia on grass grub occurrence), stratification by subplots, and

stratificetion by damage within subplots were assessed.

To avoid confusion in terminology, in the ensuing
discussion, subplots are termed geostrata, strata based on pasture
damage ox grass grub occurrence, damage strata, and the division

of demage strata on a subplot beasis damage-geostrata.

The relative efficiencies (RE) of estimating the variance

of the mean using different sampling designs and assuming
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proportional allocation of samples between sirata was assessed.
This was done by relating the variance estimates for simple
random with those from different forms of stratificaetion in the

below eguation:
RE = (Vranx =- Vstx/Vranx) . 100

- The formulae for estimating the simple random variance
of the meen (Vranx) end the stretified random verisnce of the
mean (XEEZ) is given in Appendix 5-9 and a worked example
presented in Appendix 5-~11. The strata, weights, means and
variances are summarised in Appendices, 5«41 and 5-12 and the
relative efficiencies of different methods of stratification in

Appendix 513,

Tt is known that stratification usually results in a
smaller variance compared with simple random sampling unless the
number of samples taken from each stratum are far from optimal

when stratified sampling can give a higher variance,

(2) Tekapau Study Plots. Over the 1969-~70 generation
in the improved Takapzau life table plots stratification by

geostrata, damage strata and demage-geostrata produced relative
efficiencies up to May 1970 of 33% but were usually close to 20%.
After May gains from stratification were neither consistent nor
in most instances large. In spite of this, stratification of the
improved life table plot,‘irrespective of the method used, overell

produced minor increases in relative efficiency.

With the exception of egg sampling in 1969 and damage-
geostratification for the first instar sampling in 1970, the gains
in relative efficiency, on the unimproved plot, from the different
methods of stratifyinéig? the same order as those obtained on the
improved plot. After May, the plot was classified as falling
completely into the damaged stratum and small relative efficiencies

were recorded from geostratification.

Results from stratifying by damage were most spectacular

on Smith's plot where relative efficiencies of 66 and 75% were
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*

1%1

mean population per sample unit,

Table‘s-ls Number of samples required to provide an estimate of C. 2ealandica
. with a precision of % 10% S.E. of the mean. .
IMPROVED TAKAPAU STUDY PLOT
Generation Stage . " OPTIMAL PROPORTIONAL
X 4+RAN  DAM DAM=GEO DAK GRO DAM-GEQ,
1969-70 Eggs 4,26 737 461 329 529 599 556
1st instar 2,60 325 237 150 240 242 218
2nd instar 1.64 297 226 162 238 258 233
3rd instar (May) 119 230 173 131 227 179 183
3rd instar (Aug) 0.83 247 218 194 267 184 243
Pupae 0.70 294 259 210 321 335 326
Bectles 0.52 361 317 248 404 388 366
1970-71 Eggs 3.98 744 648 542 768 796 798
2nd instar 2,19 220 171 156 194 194 192
3rd instar (May) 1.31 157 131 117 164 144 178
3rd instar (Aug) 0.87 244 197 159 198 198 182
Pupse 0.62 310 262 214 270 260 246
Bectles 0038 409 345 302 357 378 348
1971-72 Eggs 1.57 1203 1077 807 1311 1237 1533
2nd instar . 0,93 490 394 340 399 530 433
3rd instar (May) 0.34 502 442 381 453 439 402
3rd instar (Avg) 0.20 751 726 560 727 717 594
Pupne 0.17 857 850 679 816 835 600
Beetles 0.12 1196 1153 847 1161 1383 870
1972-73 Eggs L 0,76 2365 2245 1294 2462 2450 2232
UNTMPROVED TAKAPAU STUDY PLOT
1969-70 Eggs 4499 561 429 320 493 503 4685
lst instar 3.83 176 151 105 121, 133 147
2nd instar 2,88 141 101 80 106 121 107
3rd instar (May) 1.73 139 111 86 138 125 106
RUKUHIA STUDY PLOT
1969-70 Eges 2,34 630 429 369 430 473 430
2nd instar 0,21 696 649 544 665 627 538
3rd instar (May) 0,05 2568 2413 1188 2424 2472 2352
SMITH'S STUDY PLOT
1970-71 Eggs 099 2953 240 97 998 1176 658
2nd instar 0,38 1139 178 127 379 798 285
+RAN Simple random
bay Stratified solely on damage
GEO Stratified solely by sub plots
DAM~GEO Stratified by both damage and sub plots
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recorded for both egg and second instar sampling. Interestingly,
Just geostratification gave reletive efficiencies for the egg and

second instaer lervel samplings of 60 and 34%, respectively.

Since the purpose of intensive sampling studies on
Smith's plots was solely to investigate the worth and practic-
ablility of stratifying study plots with low grass grub populations,
these studies were ﬁot continued after the second instar sampling
in 1971.

(v) Rukuhia Study Plot. At Rukuhia for the egg,
second instar and May third instar sampling stratification by

grass grub ocourrence gave the respective relative efficiencies

of 32, 4 and G5. These were not markedly superior to thqgse
obtained by geostratificetion. In comperison damage-geostratifi-
cetion gave relative efficliencies of 32, 23 and 8% for eggs, second

inster and Mey third instar sampling, respectively (Appendix 5-13).

(4) Number and Allocation of Samples

Up to this point calculations of the relative efficlencies
in variance estimates have assumed proportional allocation
between strata. The potential for, and feasibility of, increasing
' the efficiency of variance estimates and hence minimising the
number of samples regquired for a given level of precision by
optimising the allocation of semple unlts between strata was
assessed. The sample size required to obtain a reletive level
of precision of *10% SE assuming optimel and proportional
allocation was estimated (Teble 5-13). The calculations involved

are summarised in Appendix 5-11.

Optimal compared with proportional allocation of' sample
units for a particular method of stratification reduced the
sample size required to obtain the level of precision sought.
In many instances these differences between the two methods
were extremely large. Unfortunately, the number of samples
required to be taken from each stratum with optimal allocation

varied widely in a manner which seemed unrelated to the size of



Table 5-14

Number of samples required to estimete the mean population density +10% S.E. of

eggs and second irstar larvae of C, zealandica,zt different stages in population

development, assuning proportional 2ilocation.

Stages in population Stratification
development relative E Damage — Undamage
to pasture damage Stage *+ X Randon Darage Geostrata geostrata deleted
+ * Low well defined N .
damage Egg 1.05 2948 996 1176 658 192
(Smiths plots) Second Imstar 0.38 1139 369 798 285 160
**High well defined Egg 4,24 737 529 . 599 556 *NA
demage
(Takapau 1969-70) Second Instar 1.64 297 238 258 233 *NA
High 111 defined Egg 3.98 744 768 796 798 *NA
damage :
(Takapau 1970-71) Second instar 1.32 220 194 194 192 *NA
Population collapse Egg 0.76 2365 2462 2450 2232 *HA

damage 111 defired
(Takapan 1972-73)

* Rot applicable

**High = large proportion of plot visibly damaged

+* Lew = small proportion of plot visidbly dsmaged

++ X

population mean

*G6GY
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the strata or predictable from the provious sampling. In view
of this it beceme clear that any practical sampling plan at
least in the initial stages of a study must be based on

proportional allocation of semples.

(5) Conclusion

From the data presented in these studles it is suggested
that the most efficlent method of stratification will be
considerably influenced by the level of the population being
studied and the accuracy with whiclt damage and hence areas
inhabited by grass grub can be identified. When considering
intensive sampling, there appear to bhe four important stages in
the development of grass grub populations. The number of
sample units required at each stage of populetion development
to obtain a relativé‘lével of precision i1q% SE for the egg and
second instar stage with different sempling designs and
proportional allocation of sample units are presented in
Table 5-1l4.

The first stage is the colonising period when patches of
damage are clearly defined end circular in shape, as was the
case on Smith's plots. Over this period large gains from
stratifying solely on demage have been demonstrated. These
gains were increased by dividing the plot into demage-geostrata.
However, the greatest gains in the efficiency of veriance estimates
were obtalned by deleting the undemaged stratum which harboured
less than 2% of the populetion., Further improvements were
obtained when the damaged stratum was divided into geostrata
(Appendix 5-14)s When sampling populations at this stage a limit
may have to be placed on the number of samples to be taken, other-
wise a large proportion of ‘the area harbouring grass grub mey be
disturbed and this could significantly influence the population's

performance.

Later in the development of a grass grub population
visible damage becomes more extensive and less well defined as

exemplified by the improved life table plot at Takapau during the
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1969-70 generation. At this stage, the undamaged stratum
cannot be deleted on the grounds that it contains an
insignificant proportion of the population. Over this period,
demage~-geostratification was consistently more efficient then
other methods of stratification. It is considered that the end
of this stage was reached at Tekapau during the egg and first

and second instar sempling of the 1969-70 generation.

Over the period of peak populations, for example the
Takapau life table plots during the 1970-71 and 1971-72
generations, no consistent improvements in efficiency were
produced by any one sampling designe At this stage in population
development pasture damage is ill-defined and, in the interests of
sample representativity, geostratification is considered worth~
wvhile. The construction of geostrata was found to be less time
consuming than the other methods and provided minor increases in

efficiency over simple random sampling.

The fourth stage followed immediately after a population
collapse when population density was very low and an extremely
large number -of samples were required to obtain a level cof
precision ¥10% SE. As with the preceding stage, gains in
efficiency from any method were minor and variable but in the
interest of obtalning a representative sample the use of geostrats is
considered worthwhile. An indication of how many samples are
required to obtain an estimate of the mean with relative levels
of precision of ¥0% and 20% SE at this stage were calculsted at
different population levels from the log variance - log mean
relationship given in Table 5-6. These are presented in graphic
form in Fig. 5-8 and show the inverse relationship between the
number of samples required for a given level of precision and

population density per sample unit.

As populations begin to build up agein, circular areas of
damage become obvious and the method of stratification outlined

above can begin again.
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For environmental conditions where damasge is not easily
identified, stratification based on the presence or absence of
larvae, as was described for the Rukuhia plot, is worthy of

further investigation.

VIII ALTERNATIVE PROCEDURES FOR SAMPLING

The potential for obtaining the largest gains in sempling
efficiency rests with the optimal allocation of sample units
between strata. In view of this a preliminary investigation was
made to increase the efficiency of sampling by tepping this
potential. ‘ »

-

If the weight of the different strate are known and the
meaﬁ insect densityfin'each‘stratum can be predicted approximately,
then the variences for the stratum may be calculated from the
linear relationship established between'log veriance and log mean.
From this relationship the statistics of stratified sampling aend
hence the number of samples required for a 10 relative level of
precision cen be computed. The survlivorship ourve of grass grub
(see chapter 7) is characteristically linear when plotted on a
semi-log scale and could give a worthwhile guide to population
density in the differeut strata. The accuracy of this estimste
will improve as more becomes known about the population dynamics
of grass grub, but in the initial stages of population studies
this approach is unlikely to provide worthwhile results.

At high population levels of grass grub when pasture
damage is ill-defined or immediately after a catastrophic
population collapse, gains from stratified sempling are usually
minimal end variable. In these instances the adoption of =a
sequential sampling plan is likely to produce worthwhile gains in
efficiency over the more conventional sampling methods for which
sample size is predetermined. In many cases sample size in the initial

stages of population studies, is arrived at arbitrarily. The efficiency of
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sequential sampling methods stem from the fact that sampling is
terminated when a decision (Wald, 1945) or a fixed level of
precision is reached (Kuno, 1969; Green, 1970). As the sampling
of most developmental stages of grass grub involves laboratory
extraction, sequential sampling methods do not reduce the number of
samples needed to be taken but do reduce the number required to be
processed. Processing samples involves a large proportion of

the total sampling time and for this reason a sequential sampling
plen was developed. The formulae for estimating stop lines are

given in chapter 2.

The plan given in Appendix 5-15 was calculated from the
relationship between the mean and variance in the manner described
by Green (1970). A graphic presentstion of the plan with' a
i10% SE level of precision for all developmental stages of grass
grub'is given in Figs 5=9.

VII TOTAL COST OF SAUPLING

Studies on sampling have been conducted over a period
which saw both a rise and fall in the demsity of grass grub
populations. In view of this a reasonably objective eatimate
can be made of the range in total cost likely to be involved in
conducting population studies with population estimates of
$10% SE.

These studies have shown that the total time required to
sample is influenced by the size of sample, different
deveiopmental stages, population density, heterogeneity within
strata and .the effectiveness of stratification,

The ranges in sample size and total time involved in
toking end processing samples are summarised in Table 5-15 and
are based on Takapau data from the improved life table plot and
Smiths plots (Teble 5-13). These cover most stages in the
pobulation dynamics of grass grub, at least for the eggs and second
instar stages, end include: low populations with well defined
pasture damage (Smiths plots, 1970-71); high populations with



Ranges in total cost required for estimsting population density of the different

" TABLE 5~15
stages of C. zealendica with a relative level of precision ¢ 10/ SE.
No./sample No. of units Time / Total cost
unit (8 hr. man days)
STAGE RANGE RANGE (Man %in.) RANGE
Eggs 0.76-4.26 556-2450 10.48 12.44=53.49
-~
Pirst instar 2.60-2.60 218-218 10,30 4o68- .63
Second instar 0.38-2,19 194-53C 9.14 3469-10.09
Third inster (May) 0.34-1.31 164139 7.92 271~ 7.2%
Third instar (Aug) 0.20-0.87 184-717 7.92 3.04-11.83
Pupae 0.17=0.70 260-835 7.92 4.29~13.87
Beetles 0.12-0.52 378-1383 7.92 6.24-22.82

29l
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less well-defined pasture damage (Takapau life table plot, eggs
1969 to May 1970) when the worth of stratification based on pasture
damage was marginal; high population with ill-defined pasture
“deamege (Takapau life table plot, eggs 1970 to beetles 1971) and
following a population collapse, low populations with ill-defined
pasture damege (Takapau, life table plot, eggs 1971 to eggs 1972).
'~ All calculations in Table 5-15 are based on the following assuump-

tions:

o Samples are proportionately ellocated between
damage=geostrata over the period that damage is
clearly defined (e.g. Tekapau life table plot,
egg 1969 to May third inster 1970).

s At high population levels, when damage covérs a
larger area and is less clearly defined and
through pericds of population collapse, samples

are proportionately allocated between geostrata.

o Over the period after collapse, when populations
begin to build up again and circular areas of
damage become evident, samples are allocated

proportionately between damage-geostrata.

With the exception of low egg and possibly low beetle
populations it appears feasible to sample grass grub populations
with the requisite level of precision with relatively small
resources., It is of interest to note that the stage in population
development which, with glven resources (20 man days), defied the
level of precision sought, was just after the Takapau populations
hed collapsed (1971n72 generation). Yet at Smith's where pasture
damage was well-defined but the mean population density was not
much higher than the 1971 - 72 generation for the Takapau life
teble plots, damage-stratification placed the level
of precision required (i 1074 SE) within the scope of available

Iresources.

In practice where it is not possible to sample with the
required level of precision, as many samples as possible should
be teken. From Pig. 5-8 it can be seen that such an approach
should permit a relative level of precision of % 20f5 SE to be

attained.,
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CHAPT:R VI

DEVELOPMENT OF TECHNIQUES AND THE METHODS USED
IN STUDYING GRASS GRUB DAMAGE IN PASTURE

I INTRODUCTTION

The purpcse of this chapter is to describe the methods
and the development of techniques used for studying the growth
of grass grub damage in pasture and the relationship between
losses in pasture production and grass grub density. Such
studies require estimates of population densities, the me;suren
ment of the area damaged, the measurement of losses in herbage
productioﬁ in damagéd'areas; and the measurement of changes in

botanical compositione.

The description of the Takapau farming systems trial and
Smith's plots where the studies described in this chapter were

conducted are given in chapter L.

I SAUPLING GRASS GRUB

Estimates of grass grub densities were carried out in the
following manner. A minimum of four but usually eight cores
were taken at random from each of the ten (20 x 20 m) subplots
_in the 140 ha paddocks or plots in March, when most grass grubs were in
the late second fo early third instar larvel stages, and again
in May when near mature third instar larvae were present. In
March larvae were extractéd in the laboratory by the wet sieving
method desoribed in chapter 4 but in May larvae were counted in

the field from hand sorted samples.

I1I MEASUREFHENT OF AREA DAMAGED

In order to measure and study the area and growth in area
of demaged pasture the nature and distribution of individual

damaged patches were studied by ground observations and photographic



Plate 6=1 Patches of pasture damage caused by C. zealandica on Smith's plot: note the

circular shape of the areas and the re~establishment of pasture in the centres.
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methods.

(1) Nature of Damage

In the early summer months grass grub aggregates are
usually so dense that where they ooccur the pasture root system is
completely undercut by February ahd affected pasture begins to
yellow and die. From studies described in chapter 4 it appears
that within areas of pasture damage, larvae migrate outward in
search of live root tissue. Pupation, emergence, mating and
oviposition occur close to the point at which larval feeding
terminateé. Because of this characteristic pattern of adult
and larval behaviour the extension of the outer edge of visible
damage occurs both within and between generations (see chapter 5)e
Initially the shape of individual patches of pasture damage is
circular (Plates 61, 6-2), Over the course of time, as a result
of growth and coalésbence, the shepes of patches of damage becoms

more irregular.

(2) Ground Measurement

Ground measurements of individual areas of pasture damage
were referenced to marker pegs located in the centre of each
damaged patch. These were driven into the ground in late April.
in the centre of patches which had not been visible in the
previous semson. The appearance of new areas of damage (eruptions)
in each subplot were counted. Eruptions which occurred on the
subplot margins were included in the subplot in which the largest
proportion of them occurred. The measurements of extensions in
the outer edge of visible damage within and between generations

has been described in chapter 5.

Individual patches of demage which were circular were
estimated by measuring a mean radius for the patch and
calculating the area. Less regular patches were estimated by
measuring the'largest rectangle it was possible to fit into the
area of damage. Portions not included were assessed by over-
laying a 2 x 2 m piece of (15 x 15 cm mesh) reinforcing steel
and summing the squares and fractions of squares that covered

damagé.
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Plate =2 Aerial photographs of two paddocks (0.40 ha) taken in May of successive years

showing the growth of pasture damage caused by C. zealandica,
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(3) Photogrephic Measurement

A detailed evaluation of the use of aserial cdlour
photography for detecting, measuring and recording grass grub
demage is given in Appendix 6-1. These studies showed the

followinge.

e Colour infra red film was more versatile than
colour film for detecting and measuring grass grub

d&mage .

e« The projection of near vertical positive
transparencies taken af a height of 200 m, on to
high quality bond paper and the tracing, cutting out
and weighing of areaé showing damage, allowed arees
visibly dameged by grass grub to be accurately

meagsured..

o The use of aerial photography allowed extensively
damaged areas, the measurement of which was

impossible from the ground, to be measured.

o In less extensively deamaged areas where ground
measurement was possible; measurement by aerial
photography was up to ten times faster than

ground measurement.

v MEASURELENT OF LOSSES IN PASTURE PRODUCTION

(1) Pasture Quantity

A diffeerence method rather than a direct harvest technique
was used to measure pesture production. These methods allow
estimates of losses in net pasture production arising from
decaying herbage, the amount of herbege consumed by the animal
together with other parameters of grazed pasture to be made
(Campbell, 1966a,b). Campbell (1966c) noted that while statistical
variability was reduced with direct harvesting methods these

techniques only reduce varisbility at the expense of realisme.



2
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ing pasture
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Tor example, with the pre-trim direct harvesting methods
negative pasture production resulting from herbage senescence

in autumn or insect losses cannot be measured.

The difference technique employed in these studies has
been described by Nevens (1945). In this method,yields from
caged areas are subtracted from yields of open pasture at the
time of cage placement to give net pasture production. Ceages
(C) were placed at random within a stretum and pasture was
harvested from an adjacent open erea (A) matched for botanical
composition and amount of herbage present. Another matched
open area (B) was marked with a +60 x 60 m, 1.2 cm diameter
iron rod frame set into the pasture and was harvested when the

ceged area was clipped. From these date the following can be

estimated:
“Availablée herbage: =C
Net pasture production over
the time intervel of interest =C-A
Herbage consumed =C~B

Twelve wire cages (45 x 35 x 30 cm high) were plsced in
each stratum and pinned down with steel pins to prevent ths
cages being knocked or shifted by stock (Plate A, 6-3). The
aress harvested in cages and open areas (.45 x 30 m) were cut to
ground level by a portsble sheep shearing plant (Plaete B, 6-3).
In most ceses herbage required sorting to exclude sheep dung and
dirt. Vhere herbage was contsminated by mud, samples were
washed prior to drying. All herbage harvested in these studiss
_ was dried at 80°C for three days.

(2) Pasture Composition

Changes in herbage compostion were monitored seasonally
by herbage dissection. Fresh foliasge was subsampled and e 10 g
subsample was dissected out into its component species. These
were dried and expressed as a percentege by weight of the dried
subsanple.

170
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In aubumn 1972 point anelysis was used to record the
changes in ground cover along transects running through the
centre of damaged patches and extending 1.5 m out either side
of the damaged areas into undemaged pasture. The needles of the
point analyser were spaced 10 cm apart and the number of points
recorded varied with the size of the damaged area, but alweys
éxceeded 25. Only the plant species that the needles first hit
were recorded. '

(3) Stratification and Assessment of Damage

Preliminary observations revealed (thepter 5) that in
individual areas damaged by grass grub there were three well
defined zomes (Fig. 5-1): a central area which had been damaged
by previous generations and in which plants had established or
re-eétablished;. a halo of more severe damage which
was czused solely by the feeding acfivity of the current
generation; and an outer 60 cm wndamaged margin, in which grub
density declined rapidly with distance from the outer edge of
visible damage. Studies had shown that the extension of the
outer edge of visible damage between generations seldom exceeded

120 m and within generations 20 cm.

The hypothesis was proposed that the density of grass zrub
found in the discrete colonies ox aggregates which make up grass
grub populations are similar, irrespective of population levels.
If this hypothesis was correct it would obviate the need to study
démage in paddocks with different population levels. It could
therefore be assumed that population levels increase, not by an
increase in density within areas of occurrence, but by the
occupation of & larger proportion of the habitat. 1In oxder to
test this, the density of larvae in March and May found in aress
of visible demage and in the surrounding .60 m wide undemaged
margin were regressed against the mean population density for
 each paddock or plot (Table 6-1). Significant linear
relationships were found to exist between these variables
indiocating that as grass grub population levels increased larval

density in or close to demaged areas also increased.



Table 6-1 Relationship between larval density (/mz) of C. zealandica in different
strata.
trata Visible demage Undzmaged margin

Tine Generation No *r Slope + 95% Intercept x 95% T S'lope + 95% Intercept + S5%
Harch  1968-69 23 | 0,551  0.761 0,525 758.4 94.86 | 0530 04551  0.402 149.5 72,54
1969-70 20 | 0,319 0.407 0.598 540.3 60,18 | 0.456 0.429 0,415 62.4 41,94
A1l genmerations | 43 | 0.342 0.583 0.514 658.6 75.90 | 0,439 04487 04319 115.9 46.73
Hay 1968-69 14 | 0,130 0,143 0,681 500.8 54,50 | 0.588 0.629 0,548 156.0 43.88
1969~70 8 | c.713 0,789 0.774 122.1 20,02 1 0651 0.975 1,136 6.47 42,57
A1l generntions | 22 | 0,360 0,732  0.885 277.3 63.32 | 0,639 . 6.839 0.472 80.6 33.72

Strata Visible damage end uﬁdamaged margin .

Time Generation Yo r Slope + 95% . Intercept + 95%

Harch 1968-69 23 0.656 0,703 0,369 389.7 66461

1969-70 20 0.329 0.355 0.506 308.5 51.16

411 generations 43 0,568 0.568 0.346 341,.1 51.10

Kay 1968~69 14 €.456 0.345 0.425 362,0 34,11

1969-70 8 0.897 0.840 0.413 76.21  15.49

A1l generations 22 0.500 0.787 0.633 194.6 45,03

»
T =

correlation coefficient

*2ll
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At sn early stage in these studies the following became

ob#ious.

o Grass grubs were so aggregated in the early pert
of their life oycle that in most areas of larval
occurrence root pruning was so severe that visible

pasture damage resulted.

o The severity of pastﬁre damage in similarly sized
patches in high or low populated plots or paddocks
did not differ.

In fested paddocks were divided into three strata: areas
damaged by previous generabtions, new areas of damags located on
the margins of last season's damage and undamaged areas. Within
thess strata there was no marked difference in the extent of
damage between large and small patches of damage. For this
reason, in these studies, herbage sampling over each grass grudb

generation was confined to only two «40 ha paddocks or plots.

Study plots were stratified at the end of January before
the new areas of damage became visible. Since most new damage
occurred approximately within a 1 m margin of last year's damage,
it was possible to position cages in this stratum before new

damage became visible.

This method of sampling herbage was not completely
representative as the .60 m wide margin surrounding the individual
areas of pasture damage was included in the undamaged stratum.
Measurements of autumn pasture production from and larval density
under 20 x 20 cm quadrats extending from the outer edge of
visible damage 40 om into the centre of visible damage and 60 cm
out into visibly undamaged pasture are given in Table 6-2. A
significant depression in herbage production occurred 20 cm out

from the outer edge of visible damage.

Estimates of the losses in pasture damags which were not
accounted f'or by the described method were esssessed for differently

sized patches of damage ranging from 1 to 5 m in diameter,



Table 6-2

Density of C. zealandica larvae and pasture production (D.M. kg/ha) assessed
from individual patches of damage in late autumn at distances out from the

outer edge of visible dzmage.

Zone Distance 7pom | No. of " Noe /2 +35% DM, 4+ 95%
0.E2.V,Do* trensects kg/tha

Visible 20-40 com. 8 1541 50,76 191 27.72

daaage
0=20 Co.ke 8 . 2527 111.55 503 212,00
0.E.V,D.

Visivly 0=20 Caolle 8 < 107.8 71455 1350 450,88

undanaged

area 20=40 cole g 0.0 . 1803 564.49
40~50 come 8 1040 1739 552.63

* outer edge of visible damage

*hli
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Pasture production from the previously dameged stratum, the newly
damaged stratum and the peripheral 20 cm wide margin were veighted
on the average proportion that each stratum contributed to theat
particular sized patch of damage. These weights were based on
observations from six similar sized patches of damage. Calculations
showed that the average loss in pasture production not accounted ‘
for in these studies, expressed as a percentage of the total loss
in pasture production in 1 m, 2 m, 3 m, end 4 m diameter patches
was 13%, 7%, L% and 2.5%, respectively. Therefore, as there is
such a large range in the size of damaged patches in grass grub
damaged pasture it was concluded that the losses on a paddock basis,

unaccounted for in these studies were well below 10%.
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