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ABSTRACT

THE WITHIN-GENERATION POPULATION DYNAMICS OF THE CEREAL
LEAF BEETLE, OULEMA MELANOPUS (L.)

BY

Robert Gordon Helgesen

The cereal leaf beetle, Oufema mefanopus (L.),
has rapidly lncreased its numbers and range since it was
discovered in Michigan in 1962. It was hypothesized that
intraspecific density-dependent mortality was the major
constraint on the survivorship of this foreilgn pest as its
density increased.

In order to quantify fecundity and age specific
survivorship the density of three different populations
was censused from April to July in 1967, 1968 and 1969.
Populations were established in cages where age specific
survivorship could be 1investigated at specific densities.

Fecundity was the same at all densities and affected
mainly by temperature. Mortality in the first and fourth
instar was found to increase with an increase in the log-
arithm of density. There was a significant difference 1n
fourth instar mortality between host plants but no difference
in first instar mortallity between host plants. Two different
mortallity factors appeared to be involved in the density-

dependent mortality of these two instars. Second and
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third instar mortality, as well as pupal mortality was re-
latively constant with respect to density. The cereal leaf
beetle has the requisite for population regulation -- a

density-dependent feedback system.
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INTRODUCTION

Many forelgn insects have been introduced into North
America. Future technologlical advances in transportation
will intensify this phenonomenon. We can assume that many
introduced insects never survived for various reasons, while
others, like the Mediterranean fruit fly, Ceratitis capitata
(Wiedemann), were eradicated after successful establishment.
However, a few insects like the gypsy moth, Poathetria dispan
(L.), European corn borer, 0strinia nubilalis (Hibner), the
codling moth, Carpocapsa pomenella (L.), and the japanese
beetle, Popilfia japonica Newman, were able to establish
themselves. Once established, they found very little environ-
mental resistance and greatly expanded their distribution
and abundance.

Like other successfully introduced insect pests, the
cereal leaf beetle (CLB), Oulema melanopus (L.), has rapidly in-
creased its number and range. Its preferred host 1is the suc-
culent growth of small grains, and its success threatens the
economic production of oats in Michigan. Therefore, popula-
tion control 1s necessary before a certain economic damage
threshold is reached. However, before a population control
program can be logically designed and evaluated, the dynamics

of a population should be quantified. 1Initial research on the



CLB dealt with damage control and blology instead of popu-
lation dynamics. Unfortunately, this type of research does

not provide very much useful information to design a program

in population management. Turnbull and Chant (1961) most aptly
suggest that economic entomologists have classically limited
their abillty to understand the total pest management problem

by equating damage control to population control.

This study was an investigation of the within-genera-
tion population dynamics of the cereal leaf beetle. Natural
mortality factors of the population were isolated and quantif-
ied in order to construct a mathematical model which would ex-
plain natural population changes of the cereal leaf beetle
and perhaps expose certain features of the population which
are susceptible to control. Castro (1965) and Yun (1967)
showed that no parasites or predators significantly affect
the cereal leaf beetle in Michigan. Therefore, it was hypo-
thesized that most mortality occurring within a generation
was a direct cause of intrinsic and climatic or physical mor-
tality factors. By accepting the almost axiomatic assumption
that a population has an upper limit of density in any given
area, certain mortali%y factors must function through a density-
dependent feedback system, at least above certaln densities.
This density-dependent mortality would tend to hold the popu-
lation at some variable and unknown upper limit. Given the
somewhat constant planting practices for small grains 1in
Michigan, the most obvious factor which could produce this

density-dependent mortality 1is competition for food which
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could express itself through direct mortality and qualitative

changes in the population.



REVIEW OF LITERATURE

An excellent account of the history, distribution,
general biology and literature of the cereal leaf beetle is
given by Yun (1967). From the literature he reviewed, Yun
concluded that the cereal leaf beetle has been recorded as
a pest of small grains since the mid-eighteenth century. It
is presently acknowledged as a general, but sporadic, pest
throughout its native range of Europe, parts of north Africa,
Turkey, Iran and from central Siberia eastward (Yun 1967).

It was first identified in North America from speci-
mens collected in Michigan in 1962. However, from our present
knowledge of the insect the abundance at that time indicates
it was probably introduced at least ten years previously.

Castro, et af., (1965) described the natural history
of the cereal leaf beetle in Michigan. A graphic representa-
tlon of the 1life cycle of this insect is dlagrammed 1n Figure

1.
MONTH

J F M A M J J A S 0 N D

aaaaaaaaaaaaaaaaaaaaaaaaaa aaaaaaaaaaaaaaaaaaaaaaaaa
eeeeeeeeeee
1111111 a = adult
pPppppp € = egg
1l = larvae
p = pupae

Figure 1. Life cycle of the cereal leaf beetle, Oulema
meLanopus (L.).
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They reported that the overwintering adult could be
found 1n forest litter, grass stubble, under tree bark, or
any site well protected from temperature extremes. Over-
wintering adults become active in March when daytime temper-
atures and solar radiation raise their temperature above 55°F.
Once active, the beetles are arbitrarily called spring adults.

Spring adults feed on winter grains as well as native
and cultivated grasses for a few days after emergence. Fe-
males generally mate very soon after leaving the overwinter-
ing site and continue to mate throughout the ovipositional
period. Oviposition occurs from mid-April to June in Mich-
igan, usually on the basal one third of the upper leaf sur-
face. Generally, smaller more succulent grain plants are
preferred for food and oviposition.

Larvae feed on the upper surface of the leaf and
chew through to the lower cuticle. When development 1s com-
plete the prepupa drops or crawls from the plant and enters
the soll to pupate. Merritt (1967) reported that mortality
in the pupal stage ranged from 4% to 24% with mortality prob-
ably related to soil moisture. Adults, arbitrarily called
summer adults, emerge in July and feed on grasses and corn
for two to four weeks. Responding to some environmental or
physiological cue the summer adults seek an overwintering
site and enter a state of reduced activity until the follow-
ing spring. Under laboratory conditions Yun (1967) reported
65% mortality for overwintering adults held at 43°F for 90

days.



POPULATION THEORY

Several theories have been constructed to render
numerical population change understandable (Nicholson 1933;
Thompson 1939; Andrewartha and Birch 1954; Milne 1957). Under-
lying all of these theories is an almost axiomatic assumption
that population size cannot increase indefinitely without
some upper limit. Exactly how and why populations change
numerically is the major source of controversy among these
theories. This review will deal with those features of each
theory which contribute most to understanding the population
dynamics of the cereal leaf beetle.

Nicholson (1933) was the first to construct a logical
and detailed theory of population dynamics and it is the
basis for most subsequent theories. Nicholson (1954) used
the observations of Howard and Fiske (1911) and Chapman (1928),
and the mathematical models of Lotka (1925) and Volterra (1926)
to postulate that a population and its environment exist in
a state of dynamic balance because of density-related resist-
ance to infinite population growth. The following quotation
summarizes hls point of view:

"Populations are self-governing systems.
They regulate their densities in relation to
their own properties and those of their environ-
ment. This they do by depleting and impairing
essential things to the threshold of favorability,
or by maintaining reactive inimical factors, such
as the attack of enemies, at the level of toler-
ance.

The mechanism of density governance is al-
most always intraspecific competition, either
amongst the animals for a critically important

requisite, or amongst natural enemies for which
the animals concerned are requisites.
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Far from being a stationary state, balance
is commonly a state of oscillation about the level
of equilibrium density which is forever changing
with environmental conditions.

Although population densities can be governed
only by factors which react to density change,
factors which are uninfluenced by density may
produce profound effects upon the density."

Nicholson's theory can be summarized quite accurately

by an oversimplified mathematical model (after Cole 1957):

Noyi = NxRog(x),

where the present population density (N ) 1s equal to the

x+1
product of the previous generation density (Nx) times the

net reproductive rate (RO) times a "governing" factor

(g(x)). This model is restricted to populations with non-
overlapping generations. Since Nicholson concluded that pop-
ulation change was a result of both the density of the exist-
ing population (N) and the environment (E), then, the "govern-
ing" factor, g, must be a function of both density and en-
vironment and since the full effect of the environment de-

termines the carrying capacity or mean density (N ), then:

max

g=f(N,E)=[1—II:]I J,O<g<l

Nicholson's theory has received both widespread
acceptance and criticism among population ecologists. For
example, Thompson (1956) accurately points out that the factor

of chance plays a much greater part in population dynamics



than Nicholson eludes. In a statistical sense, Nicholson

has used a deterministic model where a stochastic model would
be most accurate to describe population dynamics. Following
this stochastic argument, Thompson (1956) suggests that
environmental conditions met by any populatlion vary tremend-
ously in both time and space, and the mean density defined
for a population 1s not a single event, but a distribution

of events 1in a probability set.

Andrewartha and Birch (1954) observed frequent and
extreme fluctuations in Australian grasshoppers and concluded
that these insects as well as many others were regulated by
environment and not by density-dependent factors. However,
in a Nicholsonian sense they have simply stressed the import-
ance of the environment as the determinant of the carrying
capacity (Nmax)'

Milne (1957) emphasizes the incomplete nature of
Nicholson's dogmatic classification of density-dependent and
density-independent factors responsible for numerical popu-
lation change. Milne (1957) concluded that natural enemies
of a population are imperfectly density-dependent and can
only control increase of a population in combined action with

density-independent factors.

EFFECT OF DENSITY ON POPULATION CHANGE

Andersen (1957) complled a review of the effects of
density on the birth and death rate of a population. He in-
vestigated Kostitzin's (1939) assumption that the birth and

death rates of a population are linear functions of its
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density. Bgggild and Keiding (1958) clarified Kostitzin's
(1939) assumption on the relationship of mortality and den-
sity by statiling that above a certain density the fraction
of the population dying between birth and the adult is a

linear function of its initial density. That is,

L =3 - bx,
X

where x 1s the 1nitial density, y 1s the number surviving and
a and b are constants of the equation. By a simple algebraic
manipulation of this equation Bgggild and Keiding (1958)
showed that the survival process may be divided into two

components:
y = ax - bx?

where the number surviving is equal to some constant mortality
factor (ax), such as genetic or intrinsic death, and a para-
bolic component (bx?) showing that mortality is due to mutual
influence of individuals proportional to the second power of
density (x). The square of density expresses mutual influence
because at a specific density (x) each individual is affected
by x-1 individuals so mutual influence in the total population
is x(x-1). However, as x + «, x(x-1) = x?, or the second power
of density.

Andersen (1957) concluded from several important
laboratory findings that the assumption of Kostitzin (1939)
and Bgggild and Keiding (1958) was correct. In the labor-
atory, Yun (1967) showed that there was a linear relationship

between the logarithm of the number of larvae placed on a
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grain plant and the survival of those larvae.

Unlike mortality, fecundity is not a linear function
of density as Kostitzin (1939) assumed. Andersen (1957) con-
cluded, after an exhaustive review of literature, that:
"Above a certain 1limit of density the fecundity (n) 1s a
linear function of the reciprocal of the density (N)."

Mathematically, that 1is:

n =a + b/N

where a and b are constants. Biologically, the reciprocal
of density (b/N) can be interpreted as (from Andersen 1957):
1) amount of food available per female
2) the number of oviposition sites per female

3) amount of space per female

Yun (1967) showed a similar relationship between adult density
and fecundity, but the densities were so unnaturally high

that unrealistic interference must have occurred. Most
studies reviewed by Andersen (1957) were from homogeneous
laboratory condltions and populations with uniform age dis-
tributions.

Aside from the quantitative changes in response to
density a population can also exhibit certain density-related
qualitative changes. Ullyett (1950) showed that the size of
adult Chrysomia chloropyga decreased with increasing initial
larval dénsity and that fecundity increased with increasing
female size. Greenbank (1956) showed that fecundity increased
linearly with increasing size of the female pupal spruce bud-

worm.
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EFFECT OF CLIMATE AND WEATHER ON POPULATION CHANGE

The influence of climate and weather on animal popula-
tions 1is considered by Andrewartha and Birch (1954), Birch
(1957), Greenbank (1956), Klomp (1962) and Wellington (1954).
In these studies climatic factors are considered as they
affect insect fecundity, growth and survival.

Yun (1967) showed that a day length in excess of 8
hours 1s necessary for cereal leaf beetle oviposition and
a maximum rate is obtained at 16 hours. ., Oviposition aiso
increases with increased temperature. However, his data did
not support his conclusion that fluctuating temperatures had
an adverse effect on oviposition because he compared a con-
stant temperature treatment of 80°F to a day-night temperature
of 70°F to 50°F. Under these conditions a comparison is not
possible.

Yun (1967) also showed that developmental time of
the cereal leaf beetle decreased with increasing temperature

according to Davidson's (1944) logistic equation:

developmental time
temperature
a, b & K = constants

l+ea+bx Y

Y = — where, x

The effect of this relationship 1s such that under a con-
stant temperature of 58°F larval development 1s complete
after 27 days while at 90°F only 8 days is required. 1In
the field situation direct solar radiation can raise the
body temperature of some insects 10° to 15°F (Wigglesworth

1965). This makes application of laboratory results to
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natural conditlons somewhat difficult.

Dickler (unpublished) and Yun (1967) showed how ex-
treme temperatures affect survival of eggs, larvae and pupae
of the cereal leaf beetle. Their data showed that survival
in these age classes 1s 1little affected by the temperature
regimes found in lower Michigan from April through July.
Greenbank (1956) points out that a decrease in temperature
not only prolongs developmental time, but it increases the
amount of time the immature insect 1s exposed to mortality
factors, or increases the probability of death.

The desiccating action of low humidity and wind must
have some effects on survival of young larvae at the time
of eclosion and ecdysis, but this can only be inferred from

the literature (Wigglesworth 1965).

DESIGN OF FIELD STUDIES

Sampling efficlency seems to be a universal problem
in population studies and has received considerable attention
by Embree (1965), Harcourt (196la, 1961b, 1962, 1963, 1964),
Hughes (1963), LeRoux, et af. (1963), Lyons (1964), Morris
(1960, 1963). 1In all cases the objective of the design was
to accurately and efficiently estimate absolute field densitliles
in time and space. Most of the concern in estimating absolute
density has been in determining the optimal sample unit size,
number of samples, and sample frequency and efficiency.

The problem is to define the universe to be sampled
and select an appropriate sample unit (Morris 1960, 1955;
Southwood 1966). Morris (1955) offered the following six
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considerations for the selection of a sample unit:

"l. 1In order for the sample to be representative
of the universe, the sample unit should be of
such a nature that all units in the universe
have an equal chance of selection.

2. The sample must have stability. That is,
the number of units available to the in-
sect population must not be affected by
changes in growth habit of the plant caused
either by intrinsic factors or by repeated
insect damage.

3. The proportion of the insect population using
the sample unit as a habitat must remain con-
stant.

4. The sample unit should be reasonably small
so that enough units can be examined on a
given plot and date to provide an adequate
estimate of variance.

5. In absolute population work, where estimates
of population per acre are required, the
sampling unit must lend itself to quantita-
tive assessments of the number of units per
acre.

6. An important practical consideration is the
facility with which the sample unit can be
delineated in the field and collected without
serious loss of disturbance of the insect
population.”

Methods for determining the most efficient sample units are
suggested by Southwood (1966), Lewis and Taylor (1967), Lyons
(1964) and Morris (1963). Lyons (1964) used precision, and
the time required to collect one sample unit, as the most
important criteria in designing an efficient sample plan.
Most of the authors mentioned above agree that the
standard error should be maintained around 10% of the mean,
because at this level variance of the mean estimate due to
sampling is minimal. The sample size required to lower the
standard error below 10% of the mean often becomes so large
that efficient sampling is no longer feasible. Embree (1965)

showed that the estimation of sample size, N, can easily be
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obtained by the formula:
= 2 _2 .
N S /sX :
where s— is 10% of X.

However, he showed that if there is a relationship between
the magnitude of the mean and the variance, a table or graph
of sample size (which maintains SE = 10% of Xx) versus the
mean is helpful in determining the adequate sample size for
a certain sample area.

Harcourt (1961, 1963, 1964) and Richards (1961) con-
sidered the problem of sample frequency in terms of the in-
sect's developmental rates. They made effective use of the
insect's developmental curve to predict the optimal sampling

frequencies of a certain insect species.

ANALYTICAL TECHNIQUES FOR POPULATION DATA

In addition to estimating population slze, changes
in density through time must be evaluated in such a way that
survival probabilities may be assigned to specific age class-
es. Life tables conveniently summarize these survival prob-
abilities. Various population parameters which can be cal-
culated from one life table (Birch 1948) can be compared to
those of other 1life tables by variance analysis and/or re-
gression analysis.

Numerical change within one instar can be accounted
for by recruitment from the preceding instar, moulting and
age specific mortality. This 1is complicated in the cereal

leaf beetle because eggs are laid over an eight week period
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and all age classes occur simultaneously. It 1s not possible
to follow one uniformly aged cohort in a natural field sit-
uation. Separating age specific mortality in such a popu-
lation 1s an analytical problem studied by the following
authors: Dempster 1961; Kiritani and Najasuji 1967; Richards
and Waloff 1954; Richards, Waloff and Spadbury 1960; South-
wood 1966.

Southwood (1966) explains a simple, yet very basic,
method to calculate age specific mortality from this type
of data. If the population 1s censused frequently enough
an occurrence curve of each instar can be established. The
area under each curve is the total number of instar-days.
From this the actual number of individuals entering the instar
(NI) can be calculated by dividing average developmental time

(d) into instar-days (NT):

N =.N_T
I d

Southwood (1966) showed that the method is most accurate

when the distribution of mortality 1s light at the beginning

and heavy toward the end of the instar. If this procedure

is repeated for each instar the number entering each instar

can be compared to determine age specific survivorship.
Richards and Waloff (1954) used the "Y"-intercept

of a regression line fitted to the negative slope of the

total instar occurrence curve to approximate the number

of individuals entering that instar. This assumes a constant

mortality and developmental time and requires a well defined

peak in the total instar occurrence curve.
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Richards, Waloff and Spadbury (1960) offer another
method for analysis of instar survival. They reasoned that
the total incidence (instar-days) of an instar (N) is expressed

as:

where n = total entering the
instar
K = daily survival rate
a = duration of stage
t = time

And, if the observed N could be compared with what should
have occurred, a*n, this difference would reflect mortality

within that age class:

In contrast to the previous method this method assumes much
of the mortality takes place early in the instar development.
The method, however, is very sensitive to accurate estimation
of developmental time.

Dempster (1961) treats census data as a series of
simultaneous equatilons

(Io+It) (AdO+Ad

AN=Pa-——2—— tLl

)
t
I~ - T2 tuad
where population change (AN) during a certain sample interval
(t) 1s equal to the fraction of the total eggs hatching
during that interval (Pa) minus the average occurrence of

each age class (Io+It/2) times the mortality during the
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sample interval (tui). The only unknowns in this equation

are ug.. the age specific daily mortality rates. If

-Uad,
there are more samples than unknowns the unknowns can be
solved by a system of simultaneous equations. Unlike the
other methods age specific developmental time is not required.
However, to be most efficlent the sample interval should be
close to the average age specific developmental time. The

method appears to be the most efficient of all the methods

reviewed.

DEVELOPMENT OF THE LIFE TABLE

Pearl, et af. (1941) were the first to seriously
apply life table analysis to the study of insect populations.
As early as 1947 Deevey (1947) criticizes ecologists for
leaving the construction and analysis of 1life tables to stat-
isticians and laboratory ecologists. He gives a comprehensive
discussion of the various types of 1life tables and the meaning
of the various parameters which may be calculated. Deevey
(1947) described a life table in the following way:

"A life table is a concise summary of vital

statistics of a population. Beginning with a

cohort, real or imaginary, whose members start

life together, the life table states for every

interval of age the number of deaths, the sur-

vivors remaining, the rate of mortality, and the

expectation of further life. These columns are

symbolized by d4_, 1x’ q_, and e s respectively,
where x stands for age.™ " '

Birch (1948) improves the versatility of the 1life
table by integrating the age specific life table and the age
specific fecundity table of the female population. From this

table additional parameters, such as net reproduction rate
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(RO) and mean length of the generation can be calculated.

Morris and Miller (1954) suggest several modificatiions
of the 1life table to make it more applicable to insect popu-
lation studies. They suggest that the age column (x) should
emphasize that stage where mortality occurs rather than strict
adherence to chronological age. The age column might then
have unequal age intervals. They also suggest another column
dxF that summarizes the factors causing the mortality in that
age Interval. They also noted that there is little use for
a summarization of life expectation (ex) in insect populations
of one generation per year.

Ives (1964) discusses the problems encountered in the
development of life tables for insect populations. He accur-
ately concludes that the single most important problem in
developing life tables for insect populations 1s sampling.

Yun (1967) constructed 1life tables for a laboratory
population and a field population of the cereal leaf beetle.
These tables were 1mportant in indicating where high mortality
could be expected in the cereal leaf beetle, and what age
classes needed the most detailed study. However, one life
table for one generation of an insect in one environment
hardly describes its population dynamics. Morris and Miller
(1954) conclude that, "More valuable information can be
shown, ... by continuous life tables for many generations
and for different environments." It is interesting to note
that in the spruce budworm study, Morris (1963) used 81 life
tables to establish population trends and Embree (1965)
developed 35 1life tables to study the population dynamics

of the winter moth.
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POPULATION MODELS

Morris (1963) states that population models "...
reveal in a quantitative way exactly how much 1s understood
about the population dynamics of a specles..." The popula-
tion model quantitatively explains the dynamic processes
of populatilon change.

The equation reviewed in population theory Nx+l =
NxRog(x) is such a model. However, there are many other
models which describe population phenomena. Watt (1961)
proposes an approach to modeling the within-generation sur-
vivorship of an insect population. He begins with a series
of submodels developing the probability of survival for each
age class belng studied. These are constructed by serially
adding the percentage values of the most important mortality
factors, in the age class being consldered, until the majority
of the mortality in an age class 1is accounted for. This value

1s subtracted from one to give the survival of the age class.

A typical submodel 1is:

Segg = (Ml + M2 + M3...Mn) - 1:

where Mn equals a mortality factor percentage.

In the case of a life table the survival for the age
class can be computed directly, but how mortality came about
will not be understood. Then he explains total generatlon
survival as the product of the serles of probabilities of

survival for each of these submodels:

S = S

Gen S

S

I "IT "III "IV "P "A

Egg
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where generation survivorship (SG) equals the product of age
specific survival (S ) times the proportion of adults that

are females (P) times the mean fecundity (F). Morris (1963)
and Embree (1965) use this model to explain the dynamics of
the populatons they studied. Watt's basic model, of course,
must be modified according to the various interactions and
properties of a partlcular population which might affect total
survival. In developing this model, Watt (1961) discusses

the hlstory, phllosophy and techniques of building inductive

and mixed inductive-deductive population models.



FIELD STUDY

METHODS AND MATERIALS

The object of the field study was to quantify numer-

ical population change of the cereal leaf beetle within a

generation. One method of measuring this change 1s by fre-

quent estimation of the absolute population density through-

out a generation. Accuracy of the absolute density estimate

can be optimized with the selection of an appropriate sample

universe, sample unit and sample size (n).

Sample universe. A one acre sample universe was se-

lected because

an acre of oats or winter wheat was small

enough to be reasonably sampled, but large enough to reflect

the variance inherent in most grain fields. Since within

field varilance
systematically
random samples

Sample

was also of interest the one acre plot was
surdivided into ten equal subplots from which
were taken.

unit. The sample unit could have been a por-

tion of the grain plant, the whole plant or an area unit of

several plants.

plants and at lower beetle densities (e.g., one egg/L00 plants)

a large number

However, wheat and oats are relatively small

of plants would have to be collected to obtain

a reasonable estimate of the absolute density. The most

efficient method of sampling large numbers of plants was

using an area sample unit that included several plants. A

21
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sample unit of one square yard was arbitrarily selected for
the 1967 field study. During this study square foot samples
were also used to estimate densitlies in the field. Table 1

shows a comparison of the efficiency of the two sample units.

TABLE 1.

EFFICIENCY OF YD? AND FT? SAMPLE UNITS IN 1967 GALIEN WHEAT

Sample Statistics I ft? needed 1in
Unit X 2 N* sample

ft? 140 3,432 17 17

yd? 980 52,900 5.5 4g.5

¥for SE = 0.1 x

When the square yard sample unit is used three times
as much plant material 1s required to maintain the same ef-
ficiency (SE = .1 x) as the square foot sample unit.

Sample size. Figure 2 shows that the variance in-

creased proportionately with the mean in the 1967 field study.
In order to malntain the standard error at 10% of the mean

the sample size (N) had to be adjusted to cover most of the
means expected in the field. Using the variances from Figure
2, at a mean of 10 CLB/ftz, the sample size 1s 25 units and

at a mean of 160 CLB/ft? the sample size is 19 units. There-
fore 1t was adequate to remove two to three square foot samples
at random from each subplot, or a total of twenty to thirty

square foot samples per plot.
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The relationship of the mean and variance in
square foot samples of Galien wheat in 1967.
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Sample frequency. In 1967 a sample frequency of one

sample per week was selected. However, it was found that too
much development had occurred in the population to accurately
develop age specific population curves. Therefore, a sample
frequency of three days was chosen for the 1968 and 1969 stud-
ies because this frequency was close to the average develop-
mental time of one larval instar.

Field procedures. The 1967 field study included a

low density area at Gull Lake and a high density area at
Galien, Michigan. One acre plots 1n larger fields of oat
and winter wheat were established at each location. The
sample unit consisted of the grain plants in one square yard.
Each sample unit was randomly located and removed from each
of the 10 subplots once a week during the egg and larval
stages. The samples were returned to the laboratory in
plastic bags for counting. The pupal stage was sampled by
taking a one half square yard soil sample 2 1/2" - 3" deep
from each subplot. The soil was washed through 1/8" screen
which separated the soil from the pupal cells (see Figure 4).
Before the summer adults began to emerge; 3 one-milliacre
cages were placed at random throughout the plot (Figure 3).
Newly emerged adults were removed from these cages at two
to three day intervals.

The 1968 and 1969 field studies were similar to the
1967 study but included three Michigan locations: a low den-
sity area at East Lansing, a medium density area at Gull Lake,
and a high density area at Galien. Three 1 ft? samples

in 1968, and two in 1969, were randomly selected from each
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subplot at 3-4 day intervals during the egg and larval stages.
The processing of these samples and sampling for pupae and
emerging summer adults was the same as in 1967.

An additional sample was added to the 1968 and 1969
field studies. In order to obtain an independent estimate of
oviposition during the sample interval, a series of plants
consisting of 2 linear row-feet were marked off in each sub-
plot in both cats and wheat. At each sampling the eggs were
counted and pinched so that no eggs remalned after counting.
This was continued until oviposltion had ceased.

Temperature and humidity were recorded on hygrothermo-
graphs placed on one of the plots at each location. Solar
radiation was recorded on pyroheliographs at Gull Lake and

Gallen in 1968 and 1969.

EXPERIMENTAL CAGE STUDY

To quantify the effect of density on age specific
survival, a gradient of very low to very high density popu-
lations was established in 6-milliacre cages. These cages
were placed 1n oats at the MSU Entomology Research Facility
in East Lansing. This study was very similar to the field
study except many more densities could be studied at one
time and place with a minimum of variance. The cages ex-
closed any native predators and moderated the influence of
meteorological events on survival.

In 1967, populations of 100, 200, 500, 1000, 2000
and 4000 spring adults were established in each of six

6-milliacre cages. In 1968 and 1969 twelve cages were
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available so four different densities (100, 500, 2000, 5000
spring adults/cage) were replicated three times. In each
cage twenty-five one row-foot sample sites (15 in 1969) were
staked out at random. Unlike the field study, the phenology
of the organism in each sample site was followed in time.
Therefore, the number occurring in each age class at the
sample sites was recorded at a sample frequency of four days.
No plants or larvae were removed. After pupation all plants
were removed from the cage. The solil from each row-foot
sample site was removed, and processed in the same way as
the field study. Emerging adults were collected from the
cage three times during the emergence period. 1In 1969 three
oviposition sites, similar to the 1968 and 1969 field studies,
were established 1n each cage 1in order to estimate oviposition

during the sample interval.

QUALITATIVE EFFECTS OF DENSITY

Size. To test the qualitative effects of density on
the cereal leaf beetle the sizes and weights of newly emerged
adults from all the field studies and the 1967 caged density
studies were compared. Thirty individuals from each population
were placed 1n a laboratory oven at 106°C for 48 hours and
the dry welight of each individual was megsured on a Kahn
Electrobalance with an accuracy of 20.0005 mg. The elytral
length was measured with an optical micrometer.

Fecundity. Several studies have shown a relationship
between the size of female pupae, or resultant adults and the

number of eggs they are capable of laying. To test this



27

relationship in the cereal leaf beetle two experiments were

performed. Newly emerged spring adults from a high density

area (Galien), a medium density area (Gull Lake), and a low

density area (East Lansing) were placed in cages in the lab-
oratory and in the field under natural conditions. The num-
ber of eggs laid by each female was followed at various in-

tervals throughout the life of the female.

In the laboratory, twenty palrs of beetles from each
of the three density areas were placed in cellulose acetate
cylinders atop a 2-inch pot of small barley plants. The pots
were replaced every three days, when the eggs were counted.
Counts continued until the female died. Males were not re-
placed if they died before the female. The laboratory was
maintained at a constant temperature of 78°F and 50% R.H.
with a 16 hour day.

In the fleld fecundity study, sixty pairs of beetles
taken from the same areas as those 1n the previous experiment
were placed in separate sleeve cages. The cage enclosed an
individual wheat plant. This test was set up during the
last week of April, 1969. Egg counts were made at weekly
intervals. The evaluatlion procedure was the same as in the
laboratory study.

The sleeve cages were constructed of nylon screen
formed in an eight inch cylinder, 32" tall. The top was
formed by an 8" embroidery hoop which was attached to the
top of a 36" stake. The seam of the cylinder was stapled
to this stake for support. Destruction of the eggs after

counting was accomplished with a long dissecting needle.
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One plant provided sufficient food for the entire 1life of

the adult female.

DEVELOPMENTAL RATE

Larval developmental rates were observed at differ-
ent temperatures so temperature-dependent developmental curves
could be constructed for each instar over the range of
temperatures studied. Twenty-four larvae on individual
4-inch pots, were placed in each of three Sherer-Gillette
table top growth chambers maintained at 60°F, 70°F, and 80°F
(with 70 to 80% R.H. and 16 hour day). The age class status
of larva, established by exuviae and head capsule width,

was recorded daily.
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Figure 3. One milliacre emergence cages used for summer
adult cereal leaf beetles.

Figure 4. Left. Screening technique used to separate
CLB pupae from soil.

Figure 5. Right. A CLB ovary showing seven ovarioles.



RESULTS

FECUNDITY OF THE CEREAL LEAF BEETLE

Southwood (1966) defines fecundity as the total egg
production and fertlility as the number of viable eggs laid
by a female. Since fecundity 1s the numerical input of a
population system, the factors which determine thils 1nput
are of a majJor importance in population studies. It was hy-
potheslized that ovarian composition, temperature and adult
size were the most Important factors influencing egg produc-
tion in the cereal leaf beetle.

Ovarian composition. The insect ovary is composed of

a number of ovarioles responsible for egg production. Since
the number of ovarioles can directly determine fecundity,
ovaries were dissected from sixty spring adults from Galien,
Gull Lake and East Lansing to determine variation in numbers
of ovaries and ovariloles. The size of these spring adults
varied considerably. Figure 5 shows a dissected ovary with
seven ovarioles and eggs 1n various stages of development.
All females had two ovaries each contailning seven ovarioles
or a total of fourteen ovarioles per female.

Temperature. Yun (1967) showed large differences in

egg production at two different temperature regimes in the
laboratory. However, more information was needed to estab-

lish the influence of temperature on egg production in the

30
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field. The ovipositional activity of the cereal leaf beetle
was measured every three days at oviposition sites in the
field. When these results were plotted against the mean
maximum daily temperature measured during the three day sam-
ple interval a definite linear trend was observed. Figure 6
shows that the rate of oviposition increased linearly from
50° to 75°F. The linear relationship cannot be extrapolated
beyond the endpoints of this range because the rate of ovi-
position quickly becomes non-linear at low and high temper-
atures. The cereal leaf beetle does not oviposit during the
night, so maximum daily temperature was used as an indicator
of daily temperature influence. Other meteorological events,
such as solar radlation and wind influence body temperature
and, hence, oviposition. However, the strong relationship
between temperature and rate of oviposition shows that these
factors are relatively minor. Table 2 shows the fecundity

of three differert populations reared in the laboratory and
field. 1In the laboratory, at a constant temperature of T78°F,
mean fecundity ranged from 205 to 360 eggs per female. In
the field mean fecundity ranged from 53 to 61 eggs per female.
The mean dally temperature during the field experiment was
62°F. The relationship between temperature and oviposition
rate suggest that this suboptimal temperature regime was
probably responsible for the large difference in mean fecundity
between the laboratory and field experiment. The fecundity
of the fleld fecundity experiment was lower than that which
expected in natural populations, as in Figure 6, because the

cages modified the warming effect of direct solar radiation.
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Figure 6. The relationship between egg production per
female and maximum daily temperature 1in the
cereal leaf beetle.
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Adult size. Since studies of other insects have

shown that fecundity decreases as female size decreases, it
was hypothesized that there may be a similar relationship in
the cereal leaf beetle. To test this the fecundity of three
different populations, each with a different mean elytral
length, was observed in the field and laboratory as described
earlier. Table 2 shows that there was a significant differ-
ence in the mean elytral length of these three populations:
East Lansing having the largest and Gallen the smallest.

The East Lansing population had the lowest fecundity. How-
ever, an analysis of variance showed that there was no sign-
ificant difference in the mean fecundity of these three pop-
ulations within the laboratory or field experiment. No differ-
ence could be shown using an analysis of variance of log
transformed data or using a non-parametric test.

Adult survival. Survival of spring adults could

be influenced by size. Since fecundity is also affected
by the longevity of the female, the mean female life span
of these three populations was compared. For convenience
the origin of their 1life span was the first day of the ex-
periment. All populations were collected and experiments
started within a three day span. Table 2 shows that there
was no significant difference in the mean female life span

of the three populations either in the field or laboratory.

AGE SPECIFIC DEVELOPMENTAL RATES
Age specific developmental rates at various temper-

atures were required in the survival analysis of the field
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and caged populations. Although Yun (1967) gave estimates
of total larval development at different temperatures, he
did not quantify developmental rates by instar. Therefore,
the number of days required for complete development of each
larval instar of the cereal leaf beetle was followed in the
laboratory at 60°F, 70°F and 80°F. Table 3 summarizes these

data.

TABLE 3.

DEVELOPMENTAL TIME (IN DAYS) FOR INSTARS OF THE CEREAL
LEAF BEETLE AT VARIOUS TEMPERATURES

Instars Temperature
60°F T0°F 80°F
egg¥ 12.00 5.50 5.00
I 3.81 + 0.36 2.55 + 0.19 1.86 + 0.21
II 5.33 + 0.41 2.12 + 0.23 1.71 + 0.18
111 3.00 + 0.46 1.87 + 0.24 1.44 + 0.16
IV 3.59 + 0.4y 2.00 + 0.22 1.36 + 0.16
ZL 16.24 + 0.85 8.53 + 0.34 5.91 + 0.25

*¥Dickler (unpublished)

Although Davidson's (1944) logistic developmental
equation 1s useful 1n describing developmental curves over
a wide range of temperatures, the mean field temperatures
affecting the larval cereal leaf beetle ranged from 62°F
to T2°F so the corresponding developmental rates were read

directly from the data plotted in Figure 7.

SURVIVAL ANALYSIS

Age class survivorship. In order to evaluate nat-

ural age specific mortality in the cereal leaf beetle the
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Figure 7. Temperature related developmental curves for the
four instars of the cereal leaf beetle.
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absolute density of each age class was estimated at frequent
intervals in the field until all larvae had pupated. Tables
14 through 23 in the Appendix list these data and the descrip-
tive statistics for the field and cage studies.

Since the age classes occur simultaneously over a
relatively long period of time, a population curve for each
age class was made by plotting the absolute densities from
these tables against time, as in Figure 8.

The area under these curves 1s the total incidence
of the age class during the census period. These values are
listed for eggs and larvae at the end of Tables 14 through 23
in the Appendix. The actual number to enter an age class
per sample unit was calculated by dividing the total in-
cldence of that age class by its median developmental time.
Developmental time was estimated by determining the average
temperature to affect the age class during the generatién
and reading the corresponding developmental time in Figure 7.

When the total number entering each instar 1s known,
survival for age class (x) may be calculated by dividing
the number entering age class (x+1l) by the number entering

age class (x):

# entering ins’car'x+1

x 7 entering instarx

However, the total incidence method was not used for all
age classes, so the specific survival analysis used for each

age class 1s outlined below.
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Egg. The total number of eggs lald in a sample unit
was measured directly in 1968 and 1969, but in 1967 the num-
ber laid per sample unit was calculated by the total inci-
dence method. Survivorship of the egg was measured directly
in the laboratory. As samples came into the laboratory for
counting, eggs were placed in petri dishes on moist filter
paper and incubated at 80°F. Results are presented in Table
4, Some mortality in Table 4 was unnatural because of dessi-

cation and fungal growth in a few petri dishes.

TABLE 4.

SURVIVORSHIP OF CEREAL LEAF BEETLE EGGS

Locality Year Host Plant % Survival
Galien 1967 oats 85
wheat 69
Gull Lake 1967 oats 93
wheat 100
Galien 1968 both 91
Gull Lake 1968 both 78

Dickler (unpublished) found similar values for eggs laid
in the laboratory. '

For purposes of the survival analysis egg survival
was accepted as .a 90 percent constant.

First instar. The number of individuals entering

instar I was calculated by multiplying the total number of
eggs lald by egg survivorship or 0.90. The number entering
instar I could also be calculated by dividing the total
incldence of the first instar by 1ts developmental time.

However, using the formula below, the survival values of
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the first instar were plotted according to their egg densities
along the median development line in Figure 9. A hypothetical
distribution line was drawn from the origin of development

to total development through the cluster of high density
points on the medlan developmental line. This distribution
suggests that mortality is high early in the instar at high
densities. Therefore, the actual number entering the first
instar (100% level in Figure 9) would be considerably under-

estimated using the total incidence method.

_ total incidence II/dev. time IT
I # eggs x 0.90

Second and third instar. Survivorship for these in-

stars was calculated by the total incidence method outlined

above:

- total incidence III/dev. time III
II total incidence II/dev. time II

_ total incidence IV/dev. time IV

S111 = Total incidence IIT/dev. time IIT

Fourth instar. Survival of the fourth instar was cal-

culated by dividing the total number to pupate by the total

number to enter the fourth instar:

3 - absolute density of pupae
Iv total incidence IV/dev. time IV
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The distribution of first instar survival (solid
line) calculated by the total incidence method.
The survival values corresponding to egg density
are plotted along the median 1line.
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Pupae. Pupae were sampled after all larvae had
entered the ground. Adult emergence prior to pupal sampling
did not affect the estimate of absolute density because emp-
ty as well as full pupal cases were recovered. Pupal surviv-
orship was calculated by dividing the absolute density of
pupae into the absolute density of adults recovered in the

emergence cages.

3 = absolute density of summer adults

P absolute density of pupae

Total larval survival. Total larval survival was

calculated by dividing the absolute density of pupae by

the absolute density of eggs:

S = absolute density of pupae

L absolute density of eggs
Egg survival, included in this calculation, was defined as
part of total larval survival. Although within-generation
survival (i1.e., the fraction surviving from egg to adult)
i1s easily calculated by dividing the egg density by the
adult density, the total larval mortality was of most in-
terest 1in development of the population model.

The results of the preceding calculations for age
specific survival in the field and cage studies are tabu-
lated in Tables 5 and 6. Mortality, rather than survivor-
ship, was used in these tables, but the transformation back
to survivorship is simple (SX = l—MX). There were two

causes for the negative mortalities seen in these tables:
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1) 1naccurate estimate of age specific developmental time,
2) random sample error as mortality approaches zero, and
3) underestimates of total incidence (e.g., in some cases
field sampling did not begin until third instar larvae were
present, so the incidence of first and second instar larvae

previous to this time was lost).

VARIANCE ANALYSIS OF TOTAL LARVAL MORTALITY

Variance of mortality in the fleld study. Total lar-

val mortality ranged from 66% to 97% in the field studies.
It was hypothesized that, of the factors that caused this
variance, host plant and population density were the most
significant.

Total larval mortality from Table 5 was classified
by host plant and density in Table 7. Density was defined

as the number of eggs lald per square foot 1n a sample plot:

high = 201 to 1000 egg/ft? and low = 1 to 200 egg/ft?. A
two-way analysls of variance of the mortality in Table 7
showed that there was no significant difference in total
larval mortality between host plants. However, there was

a very slgnificant difference 1n total larval mortality
between the high and low densities. The influence of these
broad denslty classifications on the concluslion of host

plant difference will be considered later.

Varliance of mortality in the cage study. Total

larval mortality was also variable in the cage density
study. All densities were observed 1in cages of oats 1n East

Lansing at the same time so the variation caused by location,
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crop and time were removed. Within field variance was kept
at a minimum by placing the cages six feet apart in a homo-

geneous area of the oat field.

TABLE 7.

TWO-WAY ANALYSIS OF VARIANCE OF % TOTAL LARVAL
MORTALITY IN 1967-1969 CLB FIELD STUDY

Density
Host Plant High Low
Oats 92 85
95 68
94 78
- 66
- 73
Wheat 93 97
95 88
94 73
-- 79
- 79
Source of F Signifi-
Variance Value¥* cance
Host Plant 2.77 P>.10
Density 17.47 P<.01
Interaction 1.47 P>.10

¥with 1,14 degrees of freedom

Therefore, it was hypothesized that the variability of
total larval mortality was attributable to the differences
in density from cage to cage. The densities in the 1969
cage density study were designated by the initial number
of adults placed in each cage as described earlier:

5000 adults, 2000 adults, 500 adults, 100 adults. The
total larval mortality values from Table 6 were classified

according to these lettered densities in Teble 8. A one-way
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analysis of varilance of these values showed that there was

a significant difference in total larval mortality amongst

these four densities.

TABLE 8.

ONE-WAY ANALYSIS OF VARIANCE OF TOTAL LARVAL
MORTALITY IN THE 1969 CAGE DENSITY STUDY

Density
rep
H K M L
96 90 57 48
98 56 48 b9
92 56 60 23
F = 10.14; P<.01

3,8

Relationship of host specific mortality to density.

The results of the fleld and cage studies indicated that much
of the variance in total larval mortality could be explained
if the relationship between larval mortality and density was
understood. Because of the convincing laboratory studies
discussed earllier it was hypothesized that there was a linear
relationship between density and larval mortality.

In order to investigate this hypothesis total larval
mortality in wheat and oats was plotted against the total
number of eggs lald per square foot for each population in
the field and cage studies (Figure 10). It was shown earlier
that there was no significant difference in total larval
mortality between oats and wheat. However, upon closer in-
spection of Table 7 it was discovered that the broad classif-

ication of high and low density used to test this hypcthesis
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masked a real survival difference in the two host plants.
Figure 10 shows that total larval mortality in wheat was
higher than in oats over all densities. Figure 10 also
shows that total larval mortality is a linear function of
the logarithm of density and increases with increasing den-

sity.

VARIANCE OF AGE SPECIFIC MORTALITY

The components of total larval mortality must be an-
alyzed separately in order to understand the relationship
between mortality and density. The simplest hypothesis to
explain this relationship 1s that mortality in each instar
increases as density increases.

It is important to first investigate the relative
importance of mortality 1n each instar to the variance of
total larval mortality. Table 9 shows the correlation
analysis between total larval mortality and instar mortality
from the field study (Table 5) and cage study (Table 6).

The negative mortallity values of the fourth instar in Table
5 were adjusted to zero for this analysis because the total
incidence of the fourth instar, in these cases, was under-
estimated due to very long sample intervals (in the 1967
field study, Table 5). From this analysis it appears that
the first and fourth instar were the most highly correlated
with and account for 29% to 68% of the variance of total

larval mortality in the fleld and cage studies (Table 9).
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TABLE 9.

CORRELATION ANALYSIS BETWEEN INSTAR AND TOTAL
LARVAL MORTALITY IN THE CEREAL LEAF BEETLE

Age Class r? Significance
Field
I 0.29 .01<P<.05
11 0.04 P>.10
III 0.003 P>.10
IV 0.20 .05<P<.10
Cage
I 0.68 P<.01
II 0.43 .01<P<.05
I1I 0.40 .01<P<.05
Iv 0.56 P<.01

However, even though these instars may be significantly
correlated with total larval mortality, it does not directly
follow that theilr mortality increases with increasing den-
sity nor that the relationship is linear. For this reason
the relationship between first and fourth instar mortality
and density from the field study (Table 5) was investigated
in Figure 11. On an arithmetric density scale the relation-
ship between mortality and density was curvilinear. These
curves were not fitted mathematically. The first and fourth
instar curves were essentially similar except the magnitude
of mortality was higher in the fourth than in the first. A
logarithmic transformation (common logs) of density removed
the curved characteristic of the lines in Figure 11 and
produced an essentially linear relationship between mortality
and density (Figure 12). The transformation shows that mor-
tality 1n these two instars increased linearly with an increase

in log density, except for the fourth instar in the cage study.
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The relationship between log density and mortality was also
graphed for the second and third instar in Figure 12. How-
ever, data from the cage study was not used because sampling
problems caused gross underestimation of second and third
instar mortality. These lines show that second instar mor-
tality 1s relatively constant over all densities in the
field. There 1s a slight tendency for third instar mor-
tallty to decrease with increasing density. Regression and
correlation statistics of the graphs in Figure 12 are listed

in Table 10.

TABLE 10.

THE RELATIONSHIP BETWEEN INSTAR MORTALITY AND LOGio
DENSITY IN THE CEREAL LEAF BEETLE

Age Class a b r? Sign.
Field
I -14.1 19.4 0.51 P<.01
II 30.8 0.004 0.008 P>.10
III 58.8 -10.0 0.11 P>.10
IV 6.7 21.3 0.26 .05<P<.10
Cage
I -50.3 33.7 0.65 P<.01
Iv 64.9 6.5 0.08 P>.10

Only the correlations between log density and first instar
mortality were significant at greater than the 1% probability
level in the field and cage studles. In the cage study as
much as 65% of the variance in first instar mortality could
be accounted for by density.

Filgure 13 shows that relationship between age specific

mortality and density 1in oats and in wheat. There 1s no
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difference between host plants and no significant correlation
between density and mortality in the second and third instar
(Table 11). However, Table 11 shows that 67% and 56% of the
variance 1in first instar mortality could be explained by
density in oats and wheat respectively. In the fourth in-
star the slopes were similar in both host plants but mortality
was 30% higher in wheat than in oats. Table 11 shows that
4L8% and 66% of the variance in fourth instar mortality could

be explained by density 1n oats and wheat respectively.

TABLE 11.

THE RELATIONSHIP BETWEEN DENSITY AND AGE CLASS MORTALITY
CLASSIFIED BY HOST PLANT IN THE FIELD STUDY

Instar coefficlent of
determination (r?)
Oats Wheat
I 0.67% 0.56%
II 0.01 0.10
III 0.16 0.09
v 0.L48% 0.66%

¥Significant correlation: P<.01

MODEL OF WITHIN-GENERATION SURVIVORSHIP

Within-generation survival (SWG) was defined as that
fraction of the population which survived from the egg to
the adult. In the cereal leaf beetle this includes survival
within the egg, four larval instars and pupa. The equation

proposed earlier serves as a generalized model for within-
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generation survivorship of the cereal leaf beetle:

Swe = Sg® S1° S11° St S1vt Sp

Survivorship in the egg, second instar and pupa

were constant, with random variance, over all densitles:

Sp 0.90 (from laboratory results)
S 0.68 (from field study)
S 0.70 (from field study)

II
P

However, survivorship in the first, and fourth instars varied
predictably with density and host plant. The regression
statistics from Figure 13 were used to form regression equa-
1 SIV at
the densitles and host crops studied. The regression statis-

tions for field populations which would predict S

tics were divided by 100 to transform them from percent to

fractional values:

SI(oats) = 1-(=-31 + .26 log x)

S = 1-( .02 + .15 log x) where, x i1s the den-
I(wheat) sity in total eggs
SIV(oats) = 1-(-.11 + .26 log x) per square foot

SIV(wheat) = SIV(oats) + .30

when these components are combined the two-factor model takes

this form:
Sa(oats) = (0-9)+(1-(-.31+.26 log x))-(0.70)-(0.60)"
(1-(-.114.26 log x))+(.70)
Sa(wheat) = (0-9)°(1-(.02+.15 log x))+(0.70)-(0.60)"
(SIV(oatsP +.30)-(.70)

Although total within-generation survivorship was
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measured, only the accuracy of the most dynamic portion of
the model, total larval mortality, need to be tested. Pupal
mortality was considered constant. Using the same type of
model, total larval survivorship (including egg survival)

was calculated as:

Figure 14 shows the predictive value of this model.
The observed values are from the field study and the calcu-
lated values from the above model, using the density values
in Table 5.

A regression analysis of the observed and calculated
total larval mortality showed that host plant and density
accounted for 63% of the variance in total larval mortality.
Climate, locality, time of planting and sample error probably
account for most of the remaining 37%. However, only sixteen
populations were studied over the three year study period
and any attempt to factor mortality beyond host plant and
density would lead to very tenuous results.

The analysis of the relationship between observed
and calculated total larval mortality, in Figure 14, indi-
cates that the calculated mortality at low densities is con-
sistently overestimating the observed, but approaches
reality at higher densities.

Another weakness of the model is that 1t lacks the
feature of time. It treats age classes as total entities

and does not explaln the interactions of age classes as
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B 15 b 95
A LARVAL MORTALITY ~CALC.

Figure 14. Comparison of observed and calculated total

larval mortality of the cereal leaf beetle
using the two-factor model.



59

they progress in time. At high densities the probability
of survival for a flrst instar 1is greater early in May when
there are no other instars present than in June when second,
third and fourth instar larvae are feeding. Also, develop-
mental time 1s faster at warmer temperaturres later in the
generation so exposure to physical mortality factors is

less than for instars occurring early in the generation.

QUALITATIVE EFFECTS OF DENSITY

Aside from the strictly numerical relationship of
mortality and density, qualitative changes in the popula-
tion can result from the effects of density. The mean
elytral length and dry weight of 30 emerging female adults
from different populations was plotted against the logarithm
of density of that population, in Figure 15. The graph
shows that the mean elytral length and dry welght of the
female cereal leaf beetle decreases as log density increased.
The same results were seen in emerging male adults, although
males were generally smaller. These results account for the
difference 1n mean elytral length for beetles from Galien,
Gull Lake and East Lansing in the fecundity experiment. The
relationshlip between density and larval head capsule size
and dry welght was also investigated. Unfortunately, the
larval samples were taken from each study area at one point
in time and were not representative of the total instar pop-

ulation.
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DISCUSSION

SURVIVAL ANALYSIS

- ekl

Accurate estimation of age specific survivorship

- a—_r

for the cereal leaf beetle depended on: 1) an accurate
] census of the population density at frequent intervals
q; throughout the generation, and 2) selection of an appro-

priate method to analyze these census data.

Sampling. The relatively high variances in Table
13 through 21, in the Appendix, indicated that the distri-
bution of eggs and larvae was not random in wheat and oats.
In populations with an aggregate distributlon, the ratio

of varilance to mean always exceeds one and as the density

increases this ratio increases (Lewis and Taylor 1967).
Figure 2 (in Methods section) shows this relationship for
the cereal leaf beetle, and the problems of sampling this
aggregate distribution were discussed in Methods and Mater-
ials. The sampling design for the field study was designed
to maintain the standard error at 10% of the mean. However,
the sample size needed to maintain this ratio at low den-

sities was too large to be efficlient. A sample size was

l selected that maintained the SE at 10% of the mean for all

densities above ten organisms per square foot. Consequently,

inflated standard errors were expected at low densities.

A review of Tables 13 through 21 shows that below densities
61
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of 5 organisms/ft? standard errors rose as high as 200%
of the mean.

Also, the type of sampling used in the field study
inherently underestimated survival because a constant per-
centage of individuals were lost as square foot samples
were clipped in the field, packed in plastic bags and then
unpacked again for laboratory counting.

The sample design proved to be very efficient for
estimating the absolute density of the various age classes
in the populations at all but low densities.

The most significant errors in the cage study were
instar determination and the onset of sampling. If sampling
began after eclosion the incidence of organisms previous to
this time was missed and the total incidence curve was under-
estimated. Instar determination was more difficult in the
cage study because individuals could not be disturbed and
therefore could not be viewed at close range. However, this
error was constant and did not affect the relationship of
mortality factors and survivorship.

Analytical methods. Richards and Waloff (1954) showed

that when a population has a well defined peak after which
no recruitment takes place, the fall-off in numbers is the
mortality rate of that populatlon. When the regression of
this fall-off is extended back to the origin (the time when
the stage was first found) the Y-intercept is the number of
organisms actually entering that age class. Bilologically,
the method has much appeal because 1t is easily interpreted:

the extension of the regression line is merely the reversal
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of mortality to its origin. However, the method was not
adequate for this study because peaks were not well defined,
(see Figure 8) and in many cases the regression would be
calculated from only three or four polints.

Richards et af., (1960) reasoned that the total
incidence (N) of an age class (expressed as instar-days) was
the integral of the daily survival rate over the duration

of that age class times the number entering that age class.

a
- t _ n(k%-1)
N “Ojkdt'—lﬁ"

If no mortality occurred then the total incidence
would be equal to the developmental interval times the num-
ber entering the age class (N = an). Therefore, the ratio
of N, (observed in the field) and, an, (calculated) 1s an
expression of mortality. Unfortunately, the method is very
sensitive to the accuracy of developmental time interval and
an error of one half day affected the estimate of mortality

as much as 30% (Table 12).

TABLE 12.

MORTALITY OF 1lst INSTAR IN GALIEN WHEAT, 1967

Developmental Time Mortality
Richards Southwood
2.5 0.423 0.555
3.0 0.595 0.465
3.5 0.873 0.400

Since the standard error of the developmental times

in Table 3 was as much as one half day at lower temperatures
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the method was considered inefficient.

Dempster's (1961) method of treating census data
as a series of simultaneous equations, with the unknowns as
daily mortalities of each instar seemed to be the most mathe-
matlcally sound. Hcowever, an accurate estimate of the fraction
of the total number of éggs to hatch during the sample in-
terval and the number of pupae at each sampling was required.
Pupal density was not measured at each sampling, and egg
hatch could only be inferred from the loss of eggs during
each sample interval.

Southwood's (1966) total incidence method, presented
in detail earlier, was the most appropriate analytical tech-
nique for this study. Only a reasonable estimate of develop-
mental time and density for each age class were required.

The accuracy of this method did not depend on the peak or
regression of the population curve as did Richard and Waloff's
method. Also, Table 12 shows that the accuracy of Southwood's
total incldence method 1s less affected by the accuracy of

the estimate of developmental time than Richards, Waloff

and Spadbury's method.

The accuracy of estimating the number entering an
instar by the total incildence method did depend on the
distributlon of mortality within each age class. The number
of organisms to reach the median age of an age class is
estimated by dividing the total incidence of the age class
by its mean developmental line. When mortallty 1is constant
during the developmental period (Figure 16a) or heavy at the

beginning of the period (Figure 16b) the total incidence
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method will significantly underestimate the total number
entering the age class. When mortality 1s heavy at the
end of the developmental period (Figure 16c) the method
closely approximates the total number entering that age
class. It has already been shown in the results how heavy
mortality early in the first instar affected the estimate
of the numbér entering the first instar. There is no way
to check the distribution of mortality in the other instars.
For the analysls 1t had to be assumed that this distribution
had little affect on the survival analysis. This assumption
wlll have to be tested in future research.

Accuracy of the total incidence method also depends
on the magnitude of mortality during the age class. The
age distribution of a population with a five day developmental
period 1s uniform when subject to no mortality. However,
when this population 1s subject to a mortality rate of 20%
per day or a total of 67% the age distribution is skewed
so that the frequency of younger individuals is higher than
that of the older individuals. This shifts the median age
from 2.5 days to 1.75 days. In the total incidence method
the total incidence 1s divided by the medlian developmental
time because the occurrence of an individual is redundant
in a census that 1s more frequent than the individuals de-
velopmental time. With no mortality median developmental
time 1is an accurate index of redundancy. However, when the
age distribution 1s skewed by heavy mortality the median
developmental time 1s too large and, hence, underestimates

the number entering the instar. Table 12 shows that in
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0.1
entering
instar

NO. SURVIVING —

TIME —

Figure 16. Distribution of survival in a hypothetical
instar a) constant, b) heavy at onset,
c¢) heavy at end.
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Soﬁthwood's method an error of one-half day can affect the
estimate of mortality as much as 9% in the first instar
larvae from Galien wheat, 1967. However, from Figure 13,
it appears that this bias 1n the developmental time would
be most significant in the fourth instar when total mortality
exceeds 80% at high densities. If competition for some
resource is occurring in this instar then it 1s possible
that the developmental time is prolonged and this error is

not as great.

FACTORS AFFECTING WITHIN-GENERATION SURVIVAL

Cage study. The cage study was deslgned to remove

as many variables from total larval survival as possible in
order to test the hypothesis of density-dependent mortality.
A review of the curves in Figure 12 shows that total larval
mortality was lower in the cage study than in the fleld study
at low densities. This decrease in mortality was attributable
to a decrease in generation time, and protection from extreme
weather conditions. Cage populations developed much more
quickly than field populations because they were established
in a warmer part of the season. The faster development left
less time for mortality factors to operate, thus lowering
mortallty in each age class. Since the contribution to

age specific mortality by each of the above factors is not
quantified, the importance of each of these factors can

only be inferred.

Parasities and predators. The influence of predators

and parasities on within-generation survivorship was considered
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insignificant. No parasites were recovered from some 20,000
larvae reared in the laboratory in 1967. Although several
species of coccinellids were found in both oats and wheat,
it 1s belleved there major prey was aphids.

Physical environment. Total larval mortality is

decreased 25% at low densities by modification of mortality
factors in the cage study. Since predators and parasites
were not important mortality factors, physical factors
probably accounted for this 25%. However, the difference

in wind velocity, rain impact and solar radiation inside

and out of the cage was not measured. There was no differ-
ence in temperature, but humidity was 10% to 20% higher

in the cage. In the field both wind and rain are physically
damaging and at times can wash or brush an individual from
the host plant. The larva 1is not always successful 1in getting
back to the plant. Once on the ground 1t 1s exposed to
ground predators (i.e., carabids and spiders) and disease
agents. Hlgh evaporation because of low humidity and high
wind can desiccate a larva during eclosion or ecdysis.

Host plant. Figure 10 shows that total larval mor-

tality is about 10% higher in wheat than in oats. The lines
in this figure were not mathematically fitted. Since larvae
feed only on the leaf surface of the grain plant, the leaf
surface area of oats and wheat were compared. To avold

the confuslion as to what actually constitutes a single grain
plant the amount of leaf tissue per stem was compared in these

two host plants. There was an average of 50 stems per square
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foot in both wheat and oats. The leaf surface area of 30
oat stems and 30 wheat stems was calculated after the plants
had matured. There was a total of 4780 + 160 mm? (%) of
leaf surface area on an average oat stem and only 3400 +
120 mm? (S7) on an average wheat stem, or 70% of that in
oats. Also, the first leaf developed on a wheat plant
usually yellows and withers early in the history of the
population. Therefore, there was less food available to

the developing larvae in wheat than in oats. There could
also be a difference in food quality between oats and wheat.
However, the nutritional requirements of the cereal leaf
beetle and avallable nutrients 1in wheat and oats will have
to be investigated to establlish the importance of food quality.

Population density. The laboratory studies, reviewed

by Andersen (1957), investigated the relationship between
mortality and density under entirely artifical conditions.
The conclusions in these studies are restricted by assumptions,
such as uniform age classes, so they cannot be tested in or
applied to natural populations. The relationships between
density and mortality measured in this study are completely
applicable to natural populations of the cereal leaf beetle.
The relationship between total larval mortality and
denslity was demonstrated in Figure 10. Total larval mortality
increases llnearly with an increase 1n the logarithm of den-
sity. This relationship can be interpretted as a density-
dependent feedback system which could regulate the cereal

leaf beetle population similar to the model described earlier:



where (1 - No/Nmax) is a constraint on the reproductive rate
defined by the population density (NO) and the carrying ca-

pacity (Nm x) which is probably most influenced by the differ-

a
ence in host plants (see Figures 10 and 13).

The relationship of mortality and log density in
the cereal leaf beetle does not agree with Andersen's (1957)
conclusion that mortality 1s a linear function of initial
density. However, hls conclusion was based on laboratory
populations with uniform age classes. Instars occur simul-
taneously in the cereal leaf beetle. Thus, the two conclus-
ions are not necessarlly contradictary.

It 1s obvious at this point that a single 1life table
for the cereal leaf beetle is not really’possible because
survival in the larval age class 1s dependent on host plant
and population density. For this reason the dynamics of

the cereal leaf beetle was expressed in the form of a model

dependent on these two factors.

WITHIN-GENERATION DYNAMICS

Fecundity. Results of the fecundity experiment

showed that the size of the female had no influence on egg
production. Also, there was no relationship between females
size and egg size. Therefore, reduction in the size of
adults at high densities, shown in Figure 15, would not
affect fecundity of the cereal leaf beetle in the following

generation. Most experiments that showed a decrease in
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fecundity as female size decreased involved lepidopterous

or dipterous species that depended on a large fat store,
from larval feeding, for egg production. These species

do little feeding as adults and the feeding they do is in-
consequential to egg production. It is possible, since the
cereal leaf beetle feeds throughout the ovipsoitional period
and derilves the energy for egg production from this feeding
that fecundity is not a function of size.

In the laboratory, under optimal conditions the
average Gallien female lald 360 eggs with a standard error
(SI) of 50 eggs (Table 2). This was assumed to be the
potential fecundity of the cereal leaf beetle. 1In the
field fecundity experiment (Table 2) only one sixth of
this potentlal was realized where the fecundity of the
Collins Road population was 60 eggs with a standard error
(S;) of 5 eggs per female. Several factors, such as food,
quality and cage effects could be responsible for this de-
creased fecundity. However, Figure 6 suggests that temper-
ature was probably the most significant factor reducing
fecundity in the field fecundity experiment was related to
temperature.

Temperature certainly affects egg production over
short periods of time, but the cereal leaf beetle lays eggs
over an elght week 1nterval. The mean temperatuare from
year to year over a two month period tends to be very sim-
ilar, so temperature would not account for much variance in

fecundity.
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As Yun (1967) observed crowding of females can
reduce fecundity in the cereal leaf beetle. Figure 17
shows that above a certaln density of spring adults, in
the 1967 cage study, fecundity began to decrease. A sim-
ilar trend was seen in the 1968 and 1969 cage study. How-
ever, the values in these studies are not comparable be-
cause the populations were started at different times.

In the high density cages (20/ft?) it was observed that
_there was a much higher proportion of adults resting on the
walls of the cages indicafing an Interaction between adults.
However, this factor was not consldered an important influence
on fecundity because the density of spring adults has never
been recorded in excess of 5 to 7/ft?, even in the highest
density areas. Some behavioral mechanism must limit spring
adult density because as the season progressed the adult
density 1in oats remained fairly constant until the end of
May. The beetles produce an audible sound which could be
involved 1in regulation of adult densities. However, the
behavilior of the cereal leaf beetle must be studled before
this interpretation can be proven. Obviously, as adults
died in the oat field new ones moved in to take thelr places,
but never in excess of a certaln maximum density. Food at
these densities is definitely not a 1limiting factor in
fecundity.

In fact, this density 1s so closely regulated that,
1f wheat and oats are treated as one population, the number
of eggs laid per square foot in the combined population
was almost ldentical in the three high density populations

studied:
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Galien 1968 - 1182/ft?
1969 - 1155/ft?
Gull Lake 1969 - 1136/ft?

The egg density at high densities could also be a
function of the avallable oviposition sites, or number of
stems per unit érea. However, field and laboratory obser-
vations suggest that, although the beetle prefers to lay
eggs on the leaf surface near the node, they will lay eggs
on any green tissue on the plant. If some form of regula-
tion 1s taking place it adds another dimension to the regu-
latory features of the cereal leaf beetle.

Egg mortality. There is no reason to suspect any

relationship between the density of eggs and egg mortality.
Dickler (unpublished) showed that the egg can undergo ex-
treme temperature changes without increased mortality.

The eggs are so well attached to the leaf surface that

wind cannot dislodge them. Humidity might have an im-
portant influence on egg mortality, but this has not yet
been shown. Perhaps the greatest climatic mortality factor
in eggs is "puddling" of water and soll at the leaf nodes
where eggs are often placed. Water collects at these nodes
during rains and drowns the egg, at times causing from

1-2% mortality (by observation). The egg 1is preyed upon

by some coccinellids but their contribution to mortality

1s so small and variable 1t 1is difficult to quantify.
Aphids are the preferred food of these cocclinellids and
they apparently turn to CLB eggs only when aphids are not
available. There 1s absolutely no evidence of egg cannibalism

by larvae or adults.
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Incubation of healthy field collected eggs showed
that egg mortality was approximately 10%. The low intensity
of mortality factors Jjust discussed indicates that the 0.90
survival used in the model for eggs 1s liberally realistic.

Filrst instar mortality. Early survivorship of the

first instar larva depends largely upon successful estab-
lishment within the first few minutes after eclosion. Heavy
mortality early 1in the development of the first instar, dis-
cussed earlier, 1ndicates the importance of this critical
period. Climatlc conditions and physical condition of the
leaf area surrounding the egg are probably the major factors
affecting establishment. In the laboratory at 80°F and 70%
R.H. approximately 2% of the larvae encountered mechanical
difficulties and died as they were leaving the egg. However,
inspection of Figure 13 shows that mortality of the first
instar in oats 1s relatively low until the egg density ap-
proaches 20/ft 2, So, the importance of density-dependent
factors 1s very small. Mortality began to 1lncrease above
densities of 204eggs/f‘t2 in oats and 2 eggs/ft? in wheat.

It was notliced that the first instar larva always fed on

a small area of leaf near the egg immediately after eclosion
and then moved to a new area to feed. If this feeding is crit-
ical, then, as the density rises, the chance of disturbance
of the area around the egg increases and the probabillity

of establishment decreases. Also, as egg denslity increases
the female 1s forced to lay eggs 1n sites less favorable

for eclosion and establishment. Filgure 9 shows that there

was a large amount of mortallity early in the development
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of the first instar at high densities which supports this
explanation.

Since the fourth instar was the only dther age
class to have a strong correlation with density it was
thought there might be some relationship between mortality
of first 1nstar larvae and fourth instar larvae. However,
no such relationshlp was detectable.

First instar mortality could be very important in
the population management of the cereal leaf beetle. If
establishment is critical, as suggested earlier, mortality
throughout the range of densities studied could be inten-
sified by a feature of the host plant, such as a thicker
or more dense upper cuticle, or a more sclerotic leaf
tissue. However, before research on such features in
host plant resistance can be investigated, the actual
mechanism involved in the density-dependent mortality of
the first instar must be investigated. Also, an effective
predator or parasite of small larvae that responds well
numerically would intensify mortality over the density
range. Removing the larvae early would relieve the number
reaching the fourth 1lnstar where most growth and feeding
occurs.

Second and third instar mortality. These larvae

are well established and difficult to dislodge from the
plant. However, migrations from leaf to leaf and plant
to plant intensifies during these two instars and thus
they are exposed to an increased risk of falling from or

being shook from the plant. Also, a certaln percent encounter
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mechanical difficulties during ecdysis.

There 1s not much difference between host plants
in the third instar, but a very interesting relationship
exists between density and mortality of third instar larvae.
Mortality decreases as log density (x), in eggs/ft?, increases.
Intense selection for highly competitive individuals (hardy
individuals) during the first instar might explain this
phenomenon. However, 1t must be emphasized that the corre-
lation between density and third instar mortality is not
significant in either host plant so this phenomenon may
not be real. Also, 1f selectlion for hardy individuals is
increasing with density this negative trend shoudl be de-
tected in the second instar as well.

Fourth instar mortality. In Figure 13, mortality

increased linearly with an increase in the logarithm of
density in the fourth instar, as it did in the first 1nstar.
These two lnstars are responsible for the density-dependent
feedback system explained earlier. However, the factors
responsible for density-dependent mortality in these two
instars appear to be different. Unfortunately, the factors
responsible for larval.mortality were not measured and can
only be inferred from field data.

The large weight gain in the fourth instar suggests
that competition for food 1s responsible for density-dependent
mortality in this instar. The average dry weight of a third
instar larva from the 1967 Gull Lake oat population was 0.50
mg and that of the fourth instar was 2.17 mg. If 1t takes

the same amount of food to add a unit of body welght in the
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fourth instar as 1t does 1in the third, then the fourth in-
star had to eat three times as much as the three preceding
instars. The developmental time of the fourth instar is
approximately the same as that 1n each of the preceding
instars, so competition for food probably becomes critical
in this age class. In fact, feeding becomes so intense

at high densitles that on several occasions it was observed
that relatively undamaged oat or wheat plants were defoli-
ated in a 24 hour period and desiccated fourth instar lar-
vae appeared to be dying on defoliated plants.

The relationship between mortality and density,
in Figure 13, is similar for both host plants except at
any given density mortality in wheat 1is 30% higher than in
oats. If competition for food is important in the fourth
instar then the 30% lower amount of leaf surface in wheat
probably accounts for this difference in mortality.

Density could be expressed as the total number enter-
ing an instar, as well as total eggs per unit area. There-
fore, the relationship of density and mortality in each in-
star was Investligated using the number entering each instar
as the density. The relationship between mortality and
density was the same in all instars as it was by express-
ing density as the total number of eggs laid. However,
there was an interesting shift in the correlation of den-
sity and mortality in the fourth instar. When density
is expressed as the total number of eggs 66% (Table 10)

of the variation in fourth instar mortality can be
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explained by density in wheat. However, if density is
expressed as the number of fourth instar larvae only 28%
of the variation in fourth instar mortality can be ex-
plained by density 1n wheat. This suggests that the
dgnsities of previous instars have a considerable affect
on fourth instar survival. An opposite trend is seen
in oats. When density 1s expressed as total number of
eggs, only U48% (Table 10) of the variation in fourth instar
mortality 1in oats 1s explained by density. But when density
1s expressed by the number of fourth instar larvae 71% of
the variance 1in fourth instar mortality can be explalned
by density. The 1increased correlation when the number of
fourth instars and mortality was analyzed indicates the
densities 1in previous instars had little influence on fourth
instar mortality. The decreased correlation for the same
analysls in wheat indicates that, perhaps because of the
smaller leaf surface in wheat, densities in previous in-
stars influenced fourth instar mortality significantly.

If competition for food 1s important in the fourth
instar a logical population management technique would be
to intensify thls competition by manipulation of plant nu-
trition and quantity. However, the exact nature of fourth
instar density-dependent mortality must be described before
such techniques can be considered. Any attempt to decrease
the density of the fourth instar by predators or partial
chemical control would alleviate this competition and
enhance survival of the fourth instar larvae. Perhaps

the most promising control agent would be a parasite that
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completes development in the pupa of the cereal leaf beetle.
The paraslte egg is placed in a third or fourth instar larva
and does not kill the beetle until it reaches the pupal
stage. Mortality related to competition for food is allowed
to function normally. Mortallty from parasitism is added

to that 1n the preceding fourth instars.



CONCLUSIONS

Fecundity and mortality contribute to the numerical
population changes within a generation of the cereal leaf
beetle. This change 1s not a constant factor among popula-
tions.

In the field fecundity is a linear function of
temperature between 55°F and 75°F. Egg production is not
influenced by changes 1n adult size. Although fecundity
decreases when adult densities exceed ten beetles per square
foot in a cage, these densitles are never reached in the
field. Thus, fecundity has a somewhat constant influence
among populations of the cereal leaf beetle.

However, larval mortality varles among populations.
Density-dependent mortality, caused by intraspecific com-
petition, accounts for most of the variation of within-
generation survilival of the cereal leaf beetle in wheat and
oats. Mortality in the first and fourth instar is a linear
function of the logarithm of total egg density. Establish-
ment of the first instar appears to become more difficult
as denslity lncreases because leaf surface disturbance and
interference with larger larvae increases. Competition
for food probably accounts for the increase in mortality
of the fourth instar as density increases. There is 30%

less avallable leaf tissue 1n a unit area of wheat than
81
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oats and fourth instar mortality is 30% higher in wheat than
in oats. Egg survival, survival in the second and third
instar and pupal survival are constant with respect to den-
sity and host plant.

The cereal leaf beetle has the requisite for pupu-
lation regulation -- a density-dependent feedback system.
Whether regulation 1s actually occurring in local populations
is open to question because winter survival of field adults
has not been accurately measured. The total number of eggs
laid per unit area was constant in high density areas.
However, spring adult behavior may be density-dependent
so that adults are forced to emigrate if they enter a field
with a certain maximum density. Whether the loss in numbers
is due to emigration and/or winter mortality, a very effect-
ive regulation of numbers 1s taking place 1n local popula-
tions.

Since the population dynamics of the cereal leaf
beetle have been quantified population control measures
can be directed at a strategic stage in the development
of the population. Mortality can be intensified at that
stage which 1s most vulnerable to control measures. For
example, density-dependent mortality in the first instar
might be intensified by modification of the leaf cuticle
and by predation and parasitism. Predation of fourth 1nstar
larvae would most likely enhance survival of the fourth
instar and intensify feeding. However, a parasite com-
pleting development in the cereal leaf beetle pupa would

not disrupt the density-dependent mortality of the fourth
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instar, but would intensify within-generation mortality. Ma-
nipulation of host plant quality and quantity could also in-
tensify density-dependent mortality in the fourth instar.
Although numerical change within the generation of
cereal leaf beetle populations has been quantified, the
factors causing this mortality have not been established.
The factors causing density-dependent mortality in the first
and fourth instar must be investigated. Also, the nutritional
requirements of the cereal leaf beetle and the nutritional
levels of 1ts host plants must be studied 1in relation to
beetle survival. Egg laying behavior of the cereal leaf bettle
could be important in regulation of fecundity, but it is
relatively unknown. The effect of mortality on the age
distribution and better estimates of developmental time
must be investigated to support the survival analysis used

in this study.
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TABLE 20.

1969 CAGE STUDY

Bl Cace

Total

b
-
H

Date Stat Bgge Imetar lsetsr Imstar Ise
1 2 3

K1 cace

Isstar Isster Imstar Instar
2 3 4

s3es T 13673 1033 227 0.00 0.00 137.40 10 Jes 0.7
s 27.29 6.26 2.3 0.00 0.00 30.14
58 7.08 2.3 o0.61 0.00 ©0.00 17.78
18 Jea ¥ 33,00 14.73 31.20 3.13  0.00 96.40 18 Jes
H  17.26  8.24 11.48 4.4 0.00 30.21
B 446 2,13 2.9¢ 1.13  0.00 7.80
203ea T 10,13 3.40 .60 4.20  0.00 42.1) 20 Jus
s 892 1.8 72 3.17  0.00 13.22
8 2.30 0.74 0.9 .02 0.00 3.13
203 T 15,73 1.38 .33 0.60 ©0.00 42.3) 24 Jea
H  9.60 1.25 292 3.72  0.00 12.08
S8 2.48 0.32 .73 0.9¢ o0.00 3.1
17 Jes T [ %3] 7.33  0.00 26.00 27 Jes
»  1.86 3.48  0.00 7.9
s 2.0 0.09 0.00 2.06
1 Je1 T 1.07 3.00  0.00 12.60 13e
1.6 1.37  0.00 3.30
s 0.4 .33 0.00 1.42
7 a1 T 1.07 1.8 0.00 4.20 7 Je2
» 212 1.47 0.00 4.18
s 0.33 0.38 0.00 1.08
1032 T 0.0 .27 0.00 3.4 10 Jul
»  1.13 00 1.9
i 0.2 e w0 o.18
13 Jul T 0.00 0.00 6.640 6.60 0.00 13 Jul
»  0.00 0.00 3.28 3.28 0.00 »
8 0.00 0.00 1.3¢ 1.36 0.00 1
Total Totsl
1198 183 233 176 133 .- - 102 Incidense 121 243 383 39
82 cacs £2 cass
Dete Stat Bgge Inetar Isetar lnster Inster Pupse Tetal Bgg Bete Stat IRgpe lu:n Iseter Isstar Imetar
1 H 3 . Teput
103es T 219.27 2493 6.7 0.00 0.00 00 130.67 111.00 10Jes T 36.00
M 43.64 97 4.10 0.00 0.00 00 34.67 &4.17 o 19.14
8 11.27 1.06 0.00 0.00 0.00 14.12 25.50 s 4.9
173 T 20013 33.60  9.00 4.13 0 9..73 26.67 W I 22,00
»  18.60 11.73 460 3.2 0 40.20 12.86 0 9.0
T 3.0 1.19 e.83 .00 10,40 7.82 © 2.33
03 T 1440 12.67 17.13  7.230  0.00 34.40 11.00 203 T 135.00
» 8.2 4.05 10.00 4.02 0.00 0 1.66
s 210 1.0 2,79 1.04 0.00 s 1.9
24 Jes [ Wi T 000
0.00 0 3.3
0.00 ®s 0.8
27 Jus [ ] 73 I 2.37
3 1.79
0.00 | 0.4
1 e ) 1 X
” ”»
”» 8
7 Jel .00 .00 T %
0.00 .00 »
0.00 ..00 s
10 Jul oo [ em X
oo » [
0.00 0.00 [
13 Ju 0.00 4.9 TS U |
0.00 3.77 [
0.00 e.12 s
Tetal Total
Iscidense 79 194 8 2132 12 .- - 19 Inetdonse 111 34 I s
1 cass £ e
Date sStat Bgge Isetar lu;‘l lu;u lu:nt Pupae Tetel Date Stat Iseter lmetar lu;u» Isetar
1 1
11 Jes 42.67 11.00 10.27 0.00 63.00 11 Jea ¥
16.34  S.70 4.9 22.96 »
“27 1.4 12 .77 1
18 Jus 19.13 14.93 16.20  1.40 .00 39.20 10Jea ¥
.98  6.12 5.9 % 21.07 »
1.0 1.38 1.33 0 3.4 s
20 Jus 8.0 1 0 33.00 00 X
00 123.93 "
0 . s
24 Jea 00 33.27 Wi X
00 17.3 "
Lt "
27 Jea 00 18.33 27 3ea %
.00 11.9) »
.00 2.98 s
1 Jel 0 3.8 150 ¥
.00 [
[ " »
7 2 [ 7250 I 00 0.00 0.00 0.00 1.4
0.00 o » 00 0.00 0.00 1.68 1.88
0.00 .07 00 0.00 0.00 0.20 0.4
10 Jel 0.00 0.00 10 Jei T 00 0.00 00 .7
0.00 0.00 00 0.00 00 o 1.30
0.00 0.00 S8 0.00 0.00 0.00 0.21 0.3
13 Jel .13 13 Jei T  0.00 o.00
6.9 0.00 0.00
1.64 S8 0.00 0.00
Total Tetal
lactidence o 123 11 141 162 .- - 107 Iacidence Y3 5 10 232 229

i

.

"o
- _._._. oo

{

0.00
0.00
0.0
0.00
0.00
0.00
0.00
0.00
0.00
0.0
0.00
0.0
0.0
»
0.00
0.00
o
o
[
o
o
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o0
o
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63.00 46.00
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TABLE 21.

1969

CAGE STUDY

N1 CAGE L1 cacs
Date Stat Rgge Inmstar Instar Instar Imstar Date Stat Egge Imetar Imetatr Isetar Instar Tetal &
1 2 3 4 1 2 3 4 1aput
9 Jua X 14.87 3.33 0.87 0.00 0.00 10Jea T 3.20 0.73 0.20 0.00 0.00 0.00 6.13 3.3
SO 6.17  2.33 1.13 0.00 0.00 $D 2.93 0.88 0.5¢ 0.00 ©0.00 ©0.00 3.11 3.31
S 1.39 0.61 0.29 0.00 0.00 0.7¢ ©0.23 0.14 ©0.00 ©0.00 0.00 0.80 2.0
17 Jua T 10,07 4.5)  9.67 4.6 0.80 17 Jus 3.67 3.80 4.33 0.80 0.00 0.00 14.60 6.00
SD 4.37  1.73 4.1 304 1.78 3.1 2.7¢ 2.06 0.9¢ 0.00 0.00 6.74 4.00
st 1.13  0.43 1.08 0.78 0.46 0.97 0.71 0.53 0.26 0.00 0.00 1.74 2.31
20 Jus X 6.60  0.47  3.67 3.93 .87 20 Jen 3.27 1.20 3.67 2.33 2.13 0.00 12.60 1.3
D 4.37  0.8) 2.47 1.83 1.68 1.9 1.13 2,06 1.68 1.33 0.00 4.66 1.13
ST 1.1)  0.22 0.6 0.47 0.43 0.51 0.0 ©0.33 0.43 0.40 ©0.00 1.20 0.67
26 Jua X 8.00 0.67  2.33 13.47 9.93 24 Jaa 3.00 0.20 ©0.80 35.40 3.20 0.00 14.60 0.33
D 4.16 0.90 1.76 4.49  3.10 2.30 0.41 1.08 3.68 2.88 0.00 6.61 0.3
st 1.07  0.23 0.45 1.16 0.80 0.59 0.11 0.2 0.93 0.74 0.0 171 0.3
27 Jea T 3.27 0.5 2.47  5.67 14.9) 27 Jua 0.80 0.20 3.13  6.60 0.00 11.40 1.3
SD 331 0.92 1.96¢ 4.20 4.7 0.77  0.41 2.90 2.72 0.00 3.30 1.3
SE 0.85 0.24 0.51 1.09 1.21 0.20 0.11 0.73 ©0.70 0.00 1.3y 0.88
1Je1 T 0.80 0.20 1.07 3.20 6.53 1 Jel 0.07 3.20 4.13 0.00 8.33 2.67
SO 0.8¢ ©0.5¢ 0.88 3.30 2.33 ° .26 2.18 .39 0.00 3.30 .62
SE  0.22 0.14 0.2) 0.85 0.635 0.00 1.40 0.33 0.07 0.3¢ 0.67 0.00 1.37 2.67
7300 T 0.60 0.00 0.13 1.67 4.27 0.00 .67 0.67 7 Jul 0.00 1.00 1.47 0.00 2.47 0.00
SO 0.74 0.00 0.35 0.82 1.33 0.00 2.32 1.13 0.00 1.13 1.0 0.00 32.10 0.00
ST 0.19 0.00 0.09 0.21 0.34 0.00 0.60 O0.67 0.00 0.29 0.34 0.00 0.00
10381 T 0.00 0.00 0.00 0.40 2.33 0.00 2.3 0.00 10 Jel 0.00 0.27 1.3 0.00 0.00
SO 0.00 0.00 0.00 0.74 1.2 0.00 1.33 0.00 0.00 0.46 1.06 0.00 0.00
ST 0.00 0.00 0.00 0.19 0.32 0.00 0.40 0.00 0.00 0.12 0.27 0.00 0.00
13Ju1 T 0.00 0.00 0.00 0.00 0.00 17.13 17.13 0.00 135 Jel 0.00 0.00 0.00 9.33 0.00
SO 0.00 0.00 0.00 0.00 ©0.00 4.87 4.87 0.00 0.00 0.00 0.00 3.36 0.00
St 0.00 0.00 0.00 0.00 0.00 1.26 1.26 0.00 0.00 0.00 0.00 0.92 0.00
Tota Total
lactdence 216 4s [} 159 170 .- - ) lactdence 0 2 3 “ a0 - -- 1.
M2 CAGR L2 CAGE
Date Stst Bgge Iseter lnstar Imstar Iastar Date Stat Egge Isstar Isstar laster Isetar Pupae Totsl Rgg
1 2 3 ) 1 2 3 4 1spet
10 Jea T 10.86 1.93 1.21 0.00 .33 0.80 0.13 0.00 0.00 0.00 4.27 2.33
o 35.08  1.54 1.03 0.00 10 dee u!» :.n 0.94 0.33 0.00 0.00 0.00 1.94 1.33
SE 1.3¢ o0.41 o.20 0.00 st 0.67 0.24 0.09 0.00 0.00 0.00 0©0.7¢ 0.88
18 Jua X 1.27 2.81 A7 1.07 .07  2.27 2.33 1.4 0.73 0.00 10.07 1.67
s 2.7 181 .29 1.28 18 Jue li :.u 1.79 2.00 1.19 0.70 0.00 5.12 0.38
2 0.61 0.47 0.83 0.3 s 0.73 0.46 0.32 0.31 0.18 0.00 1.32 0.33
2038 X 673 0.8) 2.67 3.80 i 0.0 0.00 0.7
o 291 113 1.23 Pt 200w 2 0.00 1.13
s8 0.73 0.29 0.57 0.37 b+ 0.00 ..
24 Jua T 4.20 0.33 1.67 413 0.00 0.00
o 182 ole2 1ln 1083 e X .00 0’00
St 0.47 0.24 0.32 0.76 0.48 st 0.00 0.00
27 5ua T 2.33 0.3 1.07 .07 7.3 27 Jea I 0.00 0.00
80 2.07 0.64 1.16 3.13 .62 ©» 0.00 0.00
S8 0.33 0.17 0.30 0.81 0.9 st 0.00 0.00
131 T 1,40 0.13 1.0  5.47  3.67 1300 X 0.00 4.3 0.00
$D 2.10 0.33 1.0) 2.20 2.26 0.00 2.92 0.00
SE  0.54 0.09 0.27 0.57 0.38 0.00 0.7% 0.00
730 T 0.3 0.00 0.00 1.40 4.00 7 Je1 0.00 1.80 0.00
SO 0.49 0.00 0.00 1.45 2.73 0.00 1.37 0.00
s8  0.13 0.00 0.00 0.38 0.70 0.00 0.33 0.00
103s1 T  0.00 0.00 0.13 1.33 3.0 10 Ju 0.00 1.73 0.00
SO 0.00 0.00 0.33 0.72 1.64 0.00 1.44 0.00
S8 0.00 0.00 0.09 0.19 0.42 0.00 0.37 9.00
1531 T 0.00 0.00 0.00 0.00 0.00 13 Jel 2.93 2.93 0.00
$D  0.00 0.00 0.00 0.00 0.00 2.02 2.02 0.00
S8 0.00 0.00 0.00 0.00 0.00 0.32 0.32 0.00
Tot Totel
lacidence 156 29 37 103 118 .- -- 2 lactidence I'YY 19 20 a2 (1% - - 7.3
N3 cace 13 cacs
Date Stat Eggs Instar lmstar Imetar Isster Pupae Total g Dete Stat [Rgge Inmstar Imstar lustar Isstar Pupae Tetsl &g
1 2 3 4 aput 1 H 3 . lepet
11 Jes X 22,27 4.33 3.0 1.13 0.00 0.00 31.33 18.00 10 Jea X 0.23 0.73 0.00 0.00 .73
S 8.63 2.61 1.0 1.235 0.00 0.00 9.90 6.00 » 0.45 1.06 0.00 0.00 2.99
S8 2.23 0.7 0.3 0.32 0.00 0.00 2.56 3.46 0.13 0.30 0.00 0.00 0.86
18 Jem T 9.33 4.40 9.67 3.33 1.67 0.00 28.40 10.67 18 Jea 2.20 2.40 1.0 0.00 8.33
SO 2.69 1.92 4.45 1.72 1.18 0.00 8.13 1.13 1.70 1.30 0.00 3
S8 0.69 0.30 1.13 0.44 0.30 0.00 0.67 0.44 0.3 0.00 0.98
2036 T 7.3 1.00 3.87 9.20 5.93 0.00 3.33 20 Jes 0.3 1.93 0.00 9.73
D 5.66 0.85 2.29 3.67 2.6 0.00 3.1 0.92 1.33 0.00 4.76
S8 1.46 0.22 0.39 0.95 0.8 0.00 1.06 0.24 0.3 0.00 3.2
243 T 4.60 0.33 2.40 .73 10.13 0.00 2.00 24 Jea 0.20 3.67 0.00 8.60
D 2.41  1.13 1.40 3.3% 3.07 0.00 0.62 0.56 2.32 0.00 4.87
st 0.2 0.29 0.36 0.8¢ 0.79 0.00 0.36 0.14 0.0 0.00 1.26
27 Jea T 1.87 0.20 0.87 7.7 13.60 0.00 0.67 27 Jun 0.07 3.33 0.00 8.33
S0 1.73 0.3¢ 1.)¢ 3.08 5.12 0.00 1.13 0.26 2.33 0.00 4.17, 0.58
ST 0.43 0.14 0.)5 0.80 1.32 0.00 0.67 0.07 0.63 0.00 1.08° 0.33
131 T 1.00 0.07 0.67 6.47 10.27 0.00 0.¢7 13e 0.00 3.00 0.00 7.67 0.33
1.25  0.26 1.18 2,39 2.81 0.00 0.38 0.00 1.36 0.00 2.41 0.38
S 0.32 0.07 0.30 0.62 0.73 0.00 0.33 0.00 0.35 0.44 0.00 0.62 0.3
731 T 0.00 0.00 0.00 1.53 3.93 0.00 0.00 ? a1 0.00 0.60 1.73 0.00 2.47 0.00
$5  0.00 0.00 0.00 1.31 2.37 0.00 0.00 0.00 0.99 1.73 0.00 2.88 ©0.00
S8 0.00 0.00 0.00 0.30 O0.61 ©0.00 0.00 0.00 0.25 0.43 0.00 0.74 0.00
10Js1 T 0.00 0.00 0.00 0.73 1.80 0.00 0.00 10 Ja1 0.00 0.73 2.07 0.00 2.60 0.00
$D  0.00 0.00 0.00 1.2 1.78 0.00 0.00 0.00 0.9¢ 1.33 0.00 2.04 0.00
ST 0.00 0.00 0.00 0.33 0.46 0.00 0.00 0.00 0.23 ©0.34 0.00 0.33 0.00
13 Je1 T ©0.00 0.00 0.00 0.00 0.00 19.13 19.31 0.00 13 Jel 0.00 0.00 0.00 7.13 7.13 0.00
$2  0.00 0.00 ©0.00 0.00 0.00 6.3%5 6.535 0.00 0.00 0.00 ©0.00 3.10 5.10 0.00
S8 0.00 0.00 0.00 0.00 0.00 . 1.69  0.00 0.00 0.00 ©0.00 1.32 1.32 0.00
Total
224 .“ 3 146 185 - -- . lacidesce 1} 13 n se “ - -- (1)
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