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ABSTRACT

THE INTEGRATION OF ADULT SURVIVAL
AND DISPERSAL INTO A MATHEMATICAL
MODEL FOR THE ABUNDANCE OF THE
CEREAL LEAF BEETLE, Oulema melanopus (L.)

By

William G. Ruesink

The main objective was to develop and analyse a systems model

for the population dynamics of the cereal leaf beetle, Oulema melanopus

(L.). Numerical values for the parameters were, in general, taken from
the literature; however, nothing was available on the mortality rate for
the adult beetle nor for the time varying spatial distribution of adults
among the various habitats. Consequently, field work was designed and
executed to investigate these features.

The resulting model has as components the life stages of the
insect: egg, 4 larval instars, pupa, and 3 somewhat arbitrary sub-
divisions of the adult stage (summer, overwintering, and spring). The
internal structure of each component is essentially an accounting of
the number of individuals moving in and out together with a time lag
("developmental time'") that is a function of environmental temperature.

Analysis of the model revealed its response to a variety of
stimuli, one of the most interesting being fluctuating temperatures.

For example, rapid buildup of the beetle population is favored by cool

springs, especially when there is a large difference between day and
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night temperatures. Hence the predicted buildup rate for Alpena,
Michigan is about twice as great as for Lexington, Kentucky. A second
type of response is caused by the differences in temperature between
days. Acting through the oviposition rate and developmental times, this
fluctuation causes large day to day differences in larval density;
changes of up to 20% in a single day are common.

The mortality rate for adult beetles was studied in cages and by
a regional survey. Although the magnitude of the mortality rate remains
in doubt, it appears that the average daily temperature has a major
effect on that rate. For the purposes of the model spring adult mor-
tality was taken as 0.27% per degree-day (above the base of 48° F.)
prior to May 18 and 0.4% thereafter. Summer adult mortality was taken
as 0.05% per degree-day during the feeding period. Overwintering mor-
tality was taken as 507 between the time summer feeding ceases and
spring emergence occurs.

Movement of spring adults between habitats was studied using
traps to catch the emerging adults followed by a survey of grain fields.
Emergence from overwintering sites occurs primarily from 50 to 150
degree-days, which may take up to 25 calendar days. A portion of the
emerging population soon moves into winter grains; the remainder appar-
ently move around the environment and await the occurrence of spring
grains. Furthermore, it appears that those beetles entering wheat stay
there rather than later moving to oats as has been reported in the
literature.

Movement of summer adults into overwintering sites was measured

primarily by sifting beetles from soil samples using a cotton gin trash
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mill. Samples taken from August through November indicate that progres-
sively fewer beetles can be found in the top 3 inches of the soil.

This, combined with the fact that in August the measured population

was comparable to the population measured the following spring, implies

that the majority of the beetles probably overwinter deeper than 3 inches

in the soil.
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INTRODUCTION

Population dynamics is the study of birth, death, migration, and
developmental rates. Considerable work has been done on the population
dynamics of the cereal leaf beetle, particularly by entomologists at
Michigan State University, Purdue University, the Commonwealth Institue
for Biological Control in Delemont, Switzerland, and the Canada Depart-
ment of Agriculture in Harrow, Ontario; all of the pieces fit together
to form the total story.

One of the best methods available for tying together many diverse
observations is the method of systems modelling and analysis. Within
the field of systems science there exist two major approaches. The one
uses models that are mathematically tractable and manipulates these
models using standard mathematical procedures. Predictions are obtained
from the model in concise form: that is, the answer to any question
posed comes out as a simple factual statement. The other approach is
to build a logically sound but mathematically complex model that can
only be analysed by using large computers. Even then results normally
require graphical presentation to be comprehensible. Each approach has
its advantages, but essentially in the first the modelling is difficult
and the analysis simple, while in the second the opposite is true.

In early 1971 entomologists at Michigan State University joined
with systems science engineers as part of a National Science Foundation
project (GI-20) entitled "The Design and Management of Environmental

1
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Systems'. Together they are modelling the life system of the cereal
leaf beetle with the goal of designing an effective pest management
program to minimize the effect of the beetle on small grain production.
The model presented in this thesis was essentially complete before this
cooperative effort began, and consequently it served as a prototype for
their efforts.

In the process of developing this model of the population dynamics
of the cereal leaf beetle, it became clear that certain aspects of the
beetle's dynamics were not adequately described and quantified. Field
work was undertaken to do the following: 1) quantify the adult mor-
tality rate as it varies throughout the year, 2) describe and quantify
the movement of adult beetles between habitats, and 3) quantify the
relative use of various habitats as overwintering sites. The results
of the field work, although not as definite as one might hope, were

adequate to complete the development of the systems model.



LITERATURE REVIEW

Details of the cereal leaf beetle population dynamics are needed
for the development of the systems model in the next section; hence all
relevant data from the literature are given here.

Oviposition rate has been studied in the field (Helgesen, 1969)
and in the laboratory (Yun, 1967). Maximum daily temperature (T) cor-
relates highly with eggs per female per day (E) over the temperature
range of 55° to 80° F. The equation E = 0.4 (T-48) fits Helgesen's
field data quite well, and at 80° F this equation predicts 13 eggs per
female per day, which agrees with laboratory experience (Wellso, per-
sonal communication). Helgesen suggests his cages kept direct solar
radiation off the beetles and thereby suppressed the oviposition rate.

Mortality rates for the immature stages have been much studied,
but the results are normally presented as total mortality for a given
life stage during the entire season. Although this is a good start,
more insight could be gained from a study which treated mortality per
day as it changes during the year. Recent work in Canada has used the
latter approach, but data analysis is incomplete to date (Miller, Gage,
and Haynes; in press). The most complete study is that of Helgesen and
Haynes (in press) which showed density-dependent mortality in the 1lst
instar in oats and the 4th instar in both wheat and oats; all other mor-
talities are density-independent (Table 1).

3
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TABLE 1.--Mortality rates for the immature stages
of the cereal leaf beetle (adapted from
Helgesen and Haynes, in press)

% mortality*

Life stage Wheat Oats
Egg 10 10
Larva

1st instar 35 46D-85
2nd instar 30 30
3rd instar 40 40
4th instar 34D-31 28D-18
Pupa 30 30

*D is the common logarithm of the total egg
input per ft2 for the year.

Castro (1964) and Shade, et al. (1970) both attribute the coc-

cinellid Coleomegilla maculata (DeGeer) with considerable predation on

cereal leaf beetle eggs; Helgesen and Haynes (in press) assumed no pre-
dation occurred. Consequently there is disagreement on the distribution
of mortality among the life stages (Table 2), but the total mortality
measured for the combined immature stages is quite comparable. Yun
(1967) reported field data collected by Ruppel that indicated higher
pupal mortality than the other two authors, but lower larval mortality;
the combined mortality for all of the immature stages is quite compa-
rable to the other authors.

Overwintering mortality has been reported to range from a low of

25% in straw stubble (Burger, personal communication) up to 100% in
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exposed sites 4 feet or more above ground level (Castro et al., 1965).
An average value under good conditions seems to be 50%; snow cover and
winter temperatures are the major factors affecting this value.

TABLE 2.--Comparison of mortalities measured by several authors at a
common density of about 200 eggs per square foot in oats

Helgesen Shade Ruppel
Life stage and Haynes et al. (in Yun, 1967)
Egg 10 56 50
Larva 82 65 34
lst instar 21 - -
2nd instar 30 - -
3rd instar 40 - -
4th instar 46 - -
Pupa 30 48 91
Egg - larva 84 85 67
Egg - pupa 89 92 97

Dickler (1968) reported that full egg development under constant
temperatures required 12 days at 60°, 5.5 days at 70°, and 5 days at
80° F. Yun (1967) gave the equation for % development per day (R) as

R = .5473 T - 26.864
where T is temperature in °F. Dickler's rate is 1.4 times faster than
Yun's. Dickler also found that fluctuating temperatures resulted in

more rapid development; for example, eggs hatch sooner when temperature
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oscillates from 60° to 80° on a 24 hour cycle than they do at a con-
stant 70°, but he was unable to quantify the magnitude of this effect.
Yun (1967) also gave the equation
R = .2866T - 13.0896
for the 7 development per day for the larval stage; Helgesen and Haynes
(in press) show that each of the 4 larval instars has a comparable
developmental time, but their rate (Table 3) is 1.7 times faster than
Yun's.

TABLE 3.--Days required for each instar to complete larval development
at 60°, 70°, and 80° F (from Helgesen and Haynes, 1in press)

Temperature (°F)

Larval instar 60 70 80
1st 3.81 2.55 1.86
2nd 5.33 2.12 1.71
3rd 3.00 1.87 1.44
4th 3.59 2.00 1.36
Total 16.24 8.53 5.91

% development
per day 6.2 11.7 16.9

Field observations reported by Haynes (personal communication)
indicate that temperature is not the only important factor affecting
the developmental rate of 4th instar larval. If food is scarce, a
nearly developed larva can apparently pupate early; also if the ground

is hard and dry, pupation seems to be delayed a bit until it rainms.
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Pupal developmental rate as given by Yun (1967) is R = .2628T -
13.4378. Castro (1964) says 11-14 days at 80°F, which agrees well with
Yun's results.

The cereal leaf beetle overwinters in almost any well protected
site, usually at or near ground level. Castro (1964) found them under
the bark of trees and in logs, in folded leaves, in straws on the
ground, in the base of leaf sheaths and ears of standing corn, in baled
hay, inside farm structures, in kindling wood, and even inside beehives.
He found them in field margins, in the borders of wood lots, and deep
within wood lots.

Burger (personal communication) has found relatively high den-
sities overwintering in wheat and oats stubble, especially where the
stubble field borders on a woodlot or dense fence row to the north
and/or east. Manley (personal communication) has found them consistently
at about one per square yard in leaf litter deep within woodlots.

Similar overwintering patterns have been reported for other
chrysomelid beetles. Dominick (1939, 1971) and Dominick and Wene
(1941) report that the Tobacco Flea Beetle is found "along the edge of
wooded areas adjoining tobacco fields, along hedgerows, and in grass-
lands"; many also hibernate in the soil around the remains of tobacco
stalks. Emergence from overwintering sites for that species in the
spring is spread over a period of 4 to 6 weeks with no well defined
peak.

The literature on mathematical models in population dynamics is
very extensive. Two quite distinct approaches have been used: 1) keep

the model simple and mathematically tractable at the possible expense
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of realism, and 2) make the model realistic even though computer simula-
tion may be the only method of analysis able to handle the resulting
complexity. The distinction between these two schools of thought is
well described by Liegh (1968).

Pielou (1969) reviewed the use of simple models in ecology, and
much of what follows comes from her book. All living organisms tend to
expand their populations at a rate proportional to their current size,
i.e., QE%E = r Nt, where Nt = # individuals at time t and r = intrinsic
rate of natural increase. Such exponential growth can only occur at
low densities where competition and natural enemies do not exert a
density dependent effect.

A more realistic equation that applies to a broader range of

population densities is the so called Verhulst-Pearl logistic equation:
d Nt _
dt

of Nt. When K is much larger than Nt, this equation predicts the same

-—illuﬁ, where K is the carrying capacity or upper limit

K
r Nt ( X

rate of buildup as does the exponential, but as Nt approaches K the

rate of buildup is suppressed so that Nt approaches K asymtotically

from below. Considerable effort has been expended searching for experi-
mental verification of this equation; good fits have been reported by
Gause (1934) for Paramecium, by Lotka (1925) for Drosophila and a
bacteria colony, and by Odum (1963) for a yeast culture. But Smith
(1963) with Daphnia experimentally measured %%% and found a non-linear
relationship between it and Nt, in contrast to the linear prediction of
this model. Pielou (1969) states that this may well be the rule rather

than the exception; and that the curve fitting methods of Gause, Lotka,

and Odum were simply not sensitive enough to detect the deviations from
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the model. Her argument is that the Verhulst-Pearl equation is but one
of many possibilities for generating a sigmoid curve; hence when an
ecologist finds his population grows sigmoidally, he cannot directly
conclude that it fits the Verhulst-Pearl model.

Leslie (1945, 1948) proposed using matrix equations to handle
age specific birth and death rates and changing age distributions. A
considerable body of literature has grown around this approach (see
Caswell, 1971) and some authors (e.g., Lefkovitch, 1965) have experi-
mentally verified their models.

All of the above models were at first simply deterministic, that
is only central tendencies are predicted. Bailey (1964) and Pielou
(1969) treat the stoclastic generalizations, which include in each case
a total accounting of probabilities. Biologists have made very little
use of these stochastic methods, largely because of their mathematical
complexity.

Watt (1961b, 1968, 1970) advocates the use of complex computer
simulation models in population dynamics; he has made several attempts
to develop models with sufficient realism that management strategies
might be tested on his models rather than on natural populations
(Watt; 1961a, 1963, 1964). Most of his work, it seems, results in
hypothetical examples of control strategies rather than actual evalua-
tion of feasible stratigies; but even this is better than nothing, for
his work has given recent stimulus to much concern with the complex
model approach. Two examples are: 1) the occurrence of 3 papers on
"modeling insect population systems" in Forest Insect Population Dynamics
(1969), and 2) the existence of a large National Science Foundation pro-

ject at MSU on "Design and management of environmental systems' (GI-20).
g



DESCRIPTION OF THE MODEL

The computer simulation model developed for this thesis uses age
specific oviposition, survival, and developmental rates and difference
equations to predict daily population densities in each age class from
a known number of overwintering adults as a starting point. A con-
siderable number of simplifying assumptions are made regarding the
effect of the environment on the beetles populations dynamics; these
will be considered in detail after the model is presented.

The mathematical form and logical structure of the model are
described in this section; the FORTRAN version and a sample output are
included in the appendix.

The components of this model (Figure 1) are the life stages of
the cereal leaf beetle and the internal structure of each component
(Figure 2) is simply an accounting of transfer-in minus transfer-out.
These transfer rates are computed from the above mentioned rates as
reported in the literature.

In the case of survival and movement of the adult beetles there
were essentially no useable data in the literature, so observations
were made in the field to gather the information. The detailed results
of these observations are reported later in this thesis, but relevant
facts are used as needed in this section.

Emergence of spring adults from overwintering quarters is modeled
as an impulse at 100 degree-days accumulated above a base of 48° F;

10
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Figure 1. Components of the Cereal Leaf Beetle Population
Dynamics Model.



12

a)
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Figure 2. Generalized Internal Structure of a) the Spring Adult
Component, and b) All Other Life Stage Components.
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this corresponds to the time when 50% have emerged and is easier to
model than a distributed emergence. After a feeding and host finding
period of 10 days, oviposition begins at a rate of N eggs per female
per day; N = 0.4 T - 18, where T is the maximum daily temperature in
°F. Death of the spring adults progresses at a constant 0.77 per
degree day.

Egg developmental rates reported by Dickler (in Helgesen, 1969)
were consistantly higher than reported by Yun (1967). A compromise
value used here is R = 0.65 T - 31.6, where T is mean daily temperature
in °F and R is % development per day. Egg mortality was used as 10%
by Helegesen in his computations of larval mortality; however, his
data averaged 147%. Other authors indicate that 20% to 50% is more
reasonable, consequently Helgesen's estimate of lst instar mortality
most likely contains considerable egg mortality. Since I will be using
his estimates of larval mortality, I must also use his estimate of egg
mortality as the two are computationally inter-related. So in this
model egg mortality is a constant 10% during the life stage, although
this will cause the model to predict overly large lst instar densities.

Larval developmental rates reported by Helgesen were considerably
greater than reported by Yun. A compromise value used here is R = 0.42T -
19.7, where T and R have the same units as for eggs above. Helgesen
(1969) and Castro (1964) show that in the laboratory each of the 4
larval instars have nearly identical developmental rates; in this model
they are taken as exactly equal for all temperatures. Larval mortali-
ties are used exactly as given in Helgesen and Haynes (1971); total

egg density determines the larval mortality rate, and no changes in
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rate that may occur as time progresses are considered. Only in the
first and fourth instars is there a difference in mortality between
wheat and oats; for the first instar in wheat it is a constant 357 and
in oats it follows M = 46 D - 85, where M is 7Z mortality and D is the
common log of egg input per ftz. Second instar mortality is a constant
30%, and third instar a constant 40%. Fourth instar mortality is given
by M= 34 D -31 in wheat and M = 28D - 18 in oats.

Pupal developmental rates are taken from Yun to be R = 0.26 T -
13.4. Pupal mortality is a constant 30%.

Summer adults feed for 2 weeks during which mortality is 0.70%
per degree day. They then diapause to overwinter and a constant 507%
survive to emerge the following spring.

Dispersal of the adult beetles and between field variance are
included in the simulation model by considering a fairly large (but
not precisely defined) geographic area containing both wheat and oats.
The number of overwintering beetles, the acreages of wheat and of oats,
and the portion of the population preferring wheat are set at the be-
ginning of each computer run.

The acreage of wheat is divided into three parts: 257 will
contain a low density of beetles, 50% will contain a medium density--
9 times higher than the low density, and 25% will contain a high den-
sity--9 times higher than the medium density. The oats acreage is
similarly divided. This method of distributing the beetles results in
the variance in density being related to the mean regional density
according to the relationship reported by Ruesink and Haynes (in prepa-

ration): 82 =1.77 x 1'93. This corresponds to the observed
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relationship between the number of individuals per unit area and the
combined within and between field variance.

When the adults first emerge from overwintering, the prescribed
portion goes immediately into wheat, distributed among the low, medium,
and high density parts as described above. The remaining adults are
held aside until May 18 when they are distributed among the oats acre-
age as described. On May 28 all adult beetles still alive in wheat
move to oats; on June 15 all adult beetles still alive leave oats.

Oviposition and mortalities operate independently in each of the
6 "fields'". Hence in most cases larval mortality will be considerably
greater in the high density '"fields" than in the others.

The model as described above actually obscures many causal
mechinisms that affect the population dynamics of the cereal leaf
beetle. Any mortality caused by weather, disease, predation, or para-
sitism is considered background noise and simply contributes to the
error of prediction. Of course, the data used in developing the model
was gathered before any of the parasites specifically imported to com-
bat the beetle had become an important factor, so their effect is
excluded.

The method of measuring and computing mortality used by Helgesen
actually measures roughly from the midpoints of adjacent life stages
rather than from their beginnings or ends. If the majority of the
mortality occurs late in a life stage, then this method is very accept-
able. For the cereal leaf beetle it is assumed in this model that all
mortality occurs at the instant molting begins. This seems to be a

reasonably workable assumption.
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The developmental times are assumed to be precise measures with
no variance term. This simplifies the simulation and should have very

little effect on the analysis, unless the variance is very large.



ANALYSIS OF THE MODEL

Refining the model

Before the model can be accepted as an accurate description of

the population dynamics of the cereal leaf beetle, it must be tested

against certain criteria which are predicated by our knowledge of the

beetle. The most important of these criteria are as follows:

1.

The average female beetle emerging from overwintering lays from 50
to 200 eggs in her lifetime. This range is not precisely known,
but Helgesen (1969) reports in his thesis that beetles collected

in early spring and held in field cages averaged 56 eggs per female;
some eggs had been laid before he removed these beetles from the
field to his cages, so this is an underestimate. An upper limit
can be obtained by comparing total egg input per square foot to

the starting density of adult beetles in the spring. Helgesen
(1969) also reported 1,100 eggs at Gull Lake in 1969; unpublished
results of adult densities show the peak density when adults first
moved into oats was about 8 beetles per square foot. This gives an
upper limit of 275 eggs per female if no adult mortality had
occurred between emergence from overwintering and moving into oats.
Any mortality during this interval would reduce this upper limit.
Another source of data is Yun (1967), who reviewed the European
literature and found 4 citations reporting from 50 to 150 eggs per
female per season.

17
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2. The generation index, the ratio of population size in one year to
the population size the previous year, should be between 3 and 18
at low beetle densities, and should decrease to 1.0 as beetle den-
sity increases to 5-10 spring adults per square foot. This criterion
comes from the Cooperative Cereal Leaf Beetle Sweepnet Survey and
from field plot data.

3. Adults should emerge from overwintering sites in late April, peak
larval density should occur in mid-June, and summer adults should
emerge from the soil about July 1. These dates represent the
average conditions observed at Gull Lake from 1967 to 1971.

The model as described in the previous section did not fully
satisfy these three criteria. Two problem areas were recognized:

1) fecundity was somewhat too low (58 eggs per female per season), and

2) summer adult mortality was far too high, 917, resulting in a genera-

tion index less than 1.0 even at low beetle densities. The two changes

made to correct these problems are described below together with the
reasoning used to arrive at the new parameter values.

In the original model spring adult mortality was 0.77% per degree
day. This value came from the 1971 regional survey and was first be-
lieved to be the most accurate. But perhaps the value of 0.47 per
degree day obtained in the 1970 cage study is better. One reason the
1971 value might be too big is if the insecticide killed more than the
number of adults present in the sprayed fields at the time of applica-
tion. This is expected if there is considerable between field movement
of beetles. Also it appears from the data that mortality may be even

lower very early in the spring. Hence in the revised version spring
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adult mortality was used as 0.47 per degree day after May 18 (the date
they move into oats) and half this before May 18.

The second change was to reduce summer adult mortality to 0.05%
per degree day. This particular value has no base in the data, but was
chosen so that total mortality for the summer adults would be between
10 and 20%. There is a reasonable explanation why the cage study would
accurately estimate spring adult mortality, yet very much overestimate
summer adult mortality. Based on results presented later in this
thesis, it seems that the cereal leaf beetle may overwinter fairly deep
in the soil. If some of the beetles put into the cages for mortality
studies completed their feed-out phase and began digging into the soil
to overwinter, then they would not be found during the search for sur-
viving beetles and consequently would be counted among the dead.

These changes caused the simulation model to satisfy all three
criteria. Further data are needed to determine if these changes were
the proper ones to make, but at least they appear reasonable and result
in the model behaving in accordance with the presently known population

dynamics of the cereal leaf beetle.

Sensitivity of the model

The next important consideration is the sensitivity of the model
to small changes in parameter values. For example, egg mortality is
set at .10; what would happen if that were changed to .20? The answers
to this type of question are important because they tell us how accur-
ately we should know these values and what the consequences of an error

might be.
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Perhaps the most important response variable in this model is
the generation index (I), which is essentially predicted from the pro-
duct of fecundity and the age specific survivals:

I=F-SE-SI-SZ-S3-S4°SP-SSA-SW.
Of course, in the simulation model this I is computed as the ratio of
adults surviving the winters of two subsequent years. But the sensi-
tivity of I to changes in survival and fecundity can just as well be
studied via this equation rather than the simulation.

There are at least 3 different ways to view this sensitivity.
The simplest is to consider the effect of a multiplicative change in a
single variable. For example, suppose fecundity is doubled; the result
is a doubling of I. If F is halved, I is halved. This relationship
holds for every variable in the equation.

A second approach is to consider the effect of changing survival
by .10 for any given variable. Table 4 shows the results at an initial
egg density of 1,000 per square foot in oats. Inspection of that table
reveals that when survival is high, a .10 error has little affect on I;
but when survival is low, a .10 error can cause important changes in
the predicted I. This interpretation implies that this model should
be more accurate at low densities than it is at high densities.

A third approach to evaluating the sensitivity of I to the sur-
vivals is to assume that each survival is known plus or minus its
standard error; we can consider the combined effect of all 8 survival
terms simultaneously by computing the standard error of I using the

standard equation for the product of random variables as given in Yates

(1953):
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TABLE 4.--Effect of a .10 error in any particular survival estimate on
the resulting deviation of generation index (I) from its

accepted value of 1.08

Predicted I if survival is

Age Observed
Class (i) value (Si) Higher (Si + .10) Lower (Si - .10)
Fecunditya 56 - _
Egg .90 1.20 .96
1st instarb .47 1.31 .85
2nd instar .70 1.23 .93
3rd instar .60 1.26 .90
4th instar’ .37 1.37 .79
Pupa .70 1.23 .93
Summer adult .84 1.21 .94
Overwintering .50 1.30 .86

aFecundity is 56 eggs per beetle or 112 eggs per female.

b

At a density of 1,000 eggs/sq. foot in oats.
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SE (xy) = /(Y . sE )2+ (xSE (9))2
If the standard error of the estimated survival is .10 for each of the
8 terms, and the standard error of fecundity is 10 eggs, then the cal-
culated standard error for I using the values in Table 4 is .57; hence
the generation index may lie anywhere between 0.51 and 1.65. At a
lower density, I is computed to lie between 2.85 and 7.27.

This sensitivity of the response variable I to the accuracy of
the fecundity and survival estimates is an important consideration. If
we wish to use this model to predict the absolute merit of a proposed
management strategy, then we would probably want the model to predict
I within + 20%. The above argument has just shown that fecundity
within + 10 eggs per beetle and age specific survivals with 0.10 only
result in an accuracy for I of about + 50%. So considerable accuracy
is required of our ability to predict fecundity and survivals.

If, on the other hand, we wish to use the model to evaluate the
relative merits of several proposed management strategies, then less
accuracy is required. In this case it is sufficient to know that
strategy A will produce a larger generation index than strategy B, and
therefore strategy B is preferred over A for the control of the cereal
leaf beetle.

A second response variable of particular interest is when certain
points in the life cycle of the beetle occur. Specifically, when does
the spring adult emerge from overwintering, when does peak larval den-
sity occur, and when do the new summer adults emerge from the pupae?

The date that adults emerge from overwintering is determined in

the model by accumulating degree days above the base 48° F. beginning
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April 1. The standard temperature distribution used in the model re-
sults in spring adult emergence on April 26; if instead of 100 degree-
days we had used 80 or 120, then emergence would have occurred on
April 22 or 28 respectively. Since six days in April has very little
effect on the resulting egg and larval population, an error of 20 degree
days is of little importance.

The developmental rate functions for egg, larva, and pupa can be
interpreted as predicting the accumulated degree days above base 48
needed to complete development through those stages; they predict
approximately 160,220, and 460 degree days respectively. The following
discussion considers only the effects of prolonging developmental times
beyond those used in the model, but an analogous argument can be made
for the effects of reducing developmental times.

If egg developmental time were 200 degree days instead of 160,
this would cause egg hatch to occur 40 degree days later in the season.
Consequently peak larval density and summer adult emergence would also
occur 40 degree days later, which is 2 days at 68 degrees mean tempera-
ture (the average for late June is about 70). So again a relatively
large error in estimation of developmental times has very little con-
sequence in the model.

If larval developmental time were 260 degree days instead of 220,
and egg developmental time were 160 as before, then egg hatch would
occur at the normal time, but pupation and summer adult emergence would
be about 2 days later than normal--exactly the same end effect as pro-
longation of egg developmental rate. However, since 2 extra days are
spent in the larval stage, the peak larval density would be somewhat

higher than before and would occur about two days later than before.
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If pupal developmental time were 500 degree days instead of 460,
there would be no effect on eggs or larvae, but summer adult emergence
would simply be postponed about 2 days.

Any error of prediction of less than 7 days can probably be
tolerated, with the possible exception of when the model is used to
evaluate management strategies involving precise timing of insecticide
applications. An error of 7 days would only occur if there were an
across the board error of over 157 in the estimation of developmental
rates.

A third response variable, which is not important for the analyses
included in this thesis but is very important in age specific mortality
studies and in any work with predation or parasitism, is the size or
density at any point in time of each age class. In other words this
response measures the model's ability to generate total incidence
curves. Since this response is not important in the context of this
thesis, it will not be studied in detail, but let it suffice to say
that considerable discrepancy is anticipated between observational data
and model predictions. There are three basic reasons for this: 1) a
10% error in developmental time will result in a 10% error in the height
of the generated incidence curve, 2) since all age specific mortalities
are applied at the end of each life stage, the generated incidence
curves will always be somewhat higher than they should, and 3) the
model does not consider any changes in survival that may occur as time
progresses; so if larval survival in May is better than in late June,
the observed incidence curves will be peak earlier than predicted and

have a shorter late season tail.
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Predictions and interpretations

The items covered in this section differ from those of the pre-
ceding section in a rather subtle fashion. That section covered the
response of the model to changes in certain variables which have ob-
served values--values presumed to be constant over a wide range of
space and time. This section considers the model's response to changes
in parameters which vary considerably in space ad time.

First I should explain the method of analysis used in this sec-
tion. Four different parameters are studied; each one is considered
independently of the others. Except for the one being varied in each
case, the others are held constant at what I refer to as its "standard"
value. The standards are as follows:

1. Population size (CLBN in the program)--1,000,000 spring adults just
ready to emerge from overwintering sites.

2. Portion of the adult population preferring wheat (RATIO in the pro-
gram)--.10; that is, 90% of them go into oats the 18th of May.

3. Acreage of wheat and of oats available to the beetles--100 acres
each.

4, Temperature distribution--roughly fits the 30 year mean for Gull
Lake and assumes the daily high is always 10° greater than the mean.

It should be emphasized in light of the sensitivity analysis in the

preceding section that the following interpretations and predictionms

may lack accuracy in regards to the absolute value of the generation

index predicted, but they should be very accurate relative to one another.

Initial density: The starting size of the spring adult population was

varied from 10,000 to 100,000,000 which corresponds to .00l and 10 per
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square foot of grain respectively. The generation index (I) was at a
maximum of 6.0 at the lowest density and stayed there until the density
reached about .02; I then began declining, until about 7 beetles per
square foot it reached 1.0 (Figure 3a). I continued to decrease, getting
close to zero as the initial density became very large.

This is exactly the behavior expected. Helgesen (1969) accurately
described this as a density-dependent feedback system, the requisite
for population regulation. The biological interpretation is that when-
ever initial density is less than 7 beetles per square foot, the popu-
lation will increase; whenever it is greater than this, it will decrease.
Hence regardless of what the initial density is, after many generations
the density will be close to 7 per square foot.

One point needs emphasis here: not too much importance should
be attached to the value 7 per square foot. There are two reasons I
say this. First is that the sensitivity analysis showed the model could
be about 50% off in predicting the generation index; reconsideration of
Figure 3a knowing this shows that I may reach 1.0 at any density between
3 and 18 per square foot. Second is that this 7 is average for the
area. Some fields always have more, others less, than the average due
to between field variance. The important interpretations here are that
population size is density regulated and that density-dependent mor-
tality begins to exhibit its effect on the generation index when regional

density is still about 400 times less than the carrying capacity.

Portion preferring wheat: At first it may seem that this parameter

should be a constant, somehow determined by the genetic makeup of the

beetle population. Or maybe it should even be a constant 0.0, because
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Predicted Influence on the Generation Index of
Varying a) the Initial Population Density (D)
of Spring Adults, b) the Portion (P) of the
Population Preferring Oats over Wheat, and

c) the Portion (R) of the Small Grain Acreage
that is Planted to Oats.
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all of the beetles actually prefer oats. But, in fact, this parameter
is quite variable and quite important, considerably more so than was
thought by most researchers until now.

The response of the generation index to changes in beetle pref-
erence is quite small (Figure 3b), only ranging from 5.85 to 4.62 as
preference moves from all in wheat to all in oats. And most of this
difference is due to the fact that beetles which prefer oats effectively
lose part of their potential egg output before May 18 because no host
is available for oviposition.

More important is the movement of the spring adult among host
plants, a factor not reflected in the response of the generation index.
This consideration is of extreme importance if one considers directing

control strategies against the adult to prevent oviposition.

Available host acreages: There are two separate issues regarding host

acreages: 1) what total acreage of small grains is available in the
region, and 2) what portion of that acreage is spring grains. The
first, total available acreage, affects density and consequently affects
generation index as shown in Figure 3a. The second issue is a bit more
interesting.

The ideal habitat, from the point of cereal leaf beetle population
buildup, is one that contains both winter and spring grains (Figure 3c).
Both pure oats and pure wheat cultures suppress the generation index
(1), primarily because fewer eggs are laid when oviposition is restricted
to one crop or the other. But I is also suppressed when 997 of the
small grain available is one crop and only 1% is the other. In this

case the reason is that when so many adults concentrate in a small area,
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the resulting high egg and larval density causes an increased larval
mortality.

It is interesting to note the interaction between host crop rela-
tive acreages and the beetle's inherent preference for oats. If 90% of
the beetles prefer oats, I peaks at 5.1 when 90% of the small grain
acreage is in oats. If 507 of the beetles prefer oats, then I peaks
at 5.45 when 50 to 60% of the small grain acreage is in oats. So it
seems that optimal rate of population growth occurs when the proportion
of small grain acreage planted to oats corresponds to the proportion of

cereal leaf beetles preferring oats.

Temperature distribution: Temperature affects the beetle population

three ways in this model: 1) oviposition rate is directly proportional
to maximum daily temperature, 2) adult survival is inversely proportional
to mean daily temperature, and 3) accumulated degree-days determines
when events such as emergence from overwintering and peak larval den-
sity occur.

Five different temperature distributions were considered (Table 5),
corresponding to the 30 year averages for five geographic locations
within the current or anticipated range of the cereal leaf beetle.

Lansing and Alpena were chosen because we know something about the
beetle's dynamics in these areas. Consequently, the predictions of the
model for these two areas can be evaluated with respect to accuracy.

The other three areas, Bismark, N. D., Ottawa, Ont., and Louisville, Kty.,
lie on the periphery of the beetle's current range. Predictions of the
beetle's dynamics in these areas will be useful for timing detection

surveys and for anticipating the rate of build-ups.



30

TABLE 5.--Average daily temperatures for April through August at selected
locations in the potential range of the cereal leaf beetle

Location April May June July August
Bismark, H? - - - 86 -
N. Dakota Lb - - - 58 -
M° 44 56 65 72 69
Ottawa, H 50 65 75 80 78
Ontario L 31 43 53 58 55
M 40 54 64 69 66
Louisville, H 66 76 85 89 87
Kentucky L 43 57 62 67 64
M 54 66 74 78 76
Alpena, H 52 66 76 80 79
Michigan L 29 39 49 53 53
M 40 52 62 66 66
Lansing, H 56 68 78 83 82
Michigan L 36 46 56 60 59
M 46 57 67 72 70

%4 is the average daily high temperature.

bL is the average daily low temperature.

M is the average daily mean temperature.
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Table 6 presents the summarized results of this analysis. The
dates for Lansing and Alpena are as expected, so the other dates are
probably close to what would actually occur. The expected north-south
gradient is quite evident, except that Bismark compares very closely to
Lansing rather than to other more northerly sites; but Table 5 shows
that Bismark's temperature distribution is also very much like Lansing's,
so comparable dates should be expected.
TABLE 6.--Generation index (I), fecundity (F), summer adult survival

(S), and the dates for spring adult emergence (SP), peak

larval density (PL), and summer adult emergence (SU) as pre-
dicted for 5 locations

Date
Location I F S SP PL S U
Bismark, N.D. 6.1 147 .84 May 3 June 13 July 7
Ottawa, Ont. 6.6 154 .87 May 9 June 16 July 14
Louisville, Kty. 3.5 84 .81 Apr 13 May 22 June 15
Alpena, Mich. 6.9 156 .90 May 10 June 21 July 22
Lansing, Mich. 5.4 128 .85 Apr 29 June 13 July 7

A north-south gradient is also evident for generation index,
fecundity, and survival of summer adults. Fecundity is highest in the
north where, 1) cooler mean daily temperatures cause the ovipositing
adults to live longer, and 2) at the same time the day-night temperature
fluctuation is greater, so for a given mean temperature the daily maxi-
mum is greater than in the south; daily oviposition is determined by

the maximum temperature, so more eggs result. Summer adult survival
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is highest, as expected, in the coolest climate. The combination of
increased fecundity and increased survival of summer adults causes the
generation index to be highest in areas of cool mean temperatures with
large day-night fluctuations.

There are at least three factors not considered that may have
important effects on Table 6. One is the influence of relative acre-
ages of winter and spring grains in each region. The present computa-
tions were made assuming equal acreages of each, and small deviations
from this should have little effect. But in fact North Dakota has
essentially no winter grains and Kentucky has essentially no spring
grain. Just how the beetle will adapt to these conditions, and what
portion of the resulting resident population will prefer spring grain
over winter grain remains unknown.

The second factor involves the causal relationships affecting
oviposition rates and adult mortality. If these rates are not related
to temperature, or if they are related in some fashion considerably
different than currently modeled, then fecundity, summer adult survival,
and generation index as reported might be far from accurate.

The third factor affects Kentucky and other warm climate areas;
emergence from overwintering sites is modeled as occurring at 100
degree-days accumulated after April 1. In the north this works well,
but in Kentucky March is warm enough that in fact the beetles may
emerge before April even begins. Since this possibility was not con-
sidered in construction Table 6, the dates there for Kentucky must be
biased toward lateness. If spring adult emergence occurs April 1 rather

than April 13, then 1) fecundity would be greater (maybe about 100),
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2) generation index would be greater (maybe about 4.2), and 3) both
peak larval density and summer adult emergence would occur earlier

(maybe 7 days earlier).

Daily temperature fluctuations: If daily temperatures followed the

smooth curves obtained from the 30 year means, then the total incidence
curves for the immature stages of the beetle would also be very smooth.
Instead we have warm and cool days intermixed, which cause egg input
and larval developmental times to be irregular. These irregularities
in turn cause the total incidence curves to be quite rough. For ex-
ample, Figure 4 shows the total incidence curves for larvae that the
model generated using the temperature distributions at Lansing and
Alpena, Michigan. Especially notice the sharp drop in density from
day 79 to day 80 on the Alpena curve; in one day density dropped over
35%, then climbed back to nearly its original level before the normal
late season decline began.

The following sections of this thesis pertain to the field work

that was done to support the model.
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METHODS

The study area

An 1842 acre area in the northeast corner of Kalamazoo County,
Michigan was chosen for this study; the majority of that acreage belongs
to the Kellogg Biological Station, hence is under control of Michigan
State University. For the purposes of estimating the total number of
cereal leaf beetles in this region, the 1842 acres were divided into
several categories, then density estimates were taken from each category.
The 1,315 acres under cultivation was distributed among about 300 fields
ranging in size from 0.8 acres to 35.8 acres. The remaining 527 acres
was subdivided as follows: woods, 249 acres; fence rows, 13 acres;
roadsides, 27 acres; weeds, 25 acres; and others, 213 acres. The final
category contains such things as lakes, roads, buildings, and lawns.
None of these were sampled as they were considered unavailable to the

cereal leaf beetle as habitat.

Overwintering sites

An extensive search was conducted to find the preferred over-
wintering sites of the cereal leaf beetle. Several methods were used,
the principal one being to dig up a sample (roughly 3 square feet and
3 inches deep) of earth including all plants above that area and run
it through a cotton gin trash mill. This machine was acquired from the
Plant Pest Control division of the U.S. Department of Agriculture; they

35
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had designed and used it to survey for pink bollworm larvae in the
trash left from ginning cotton. The machine consists of two revolving
screen cylinders which sift the material of the sample into three parts
according to particle size.

When the soil was loose and dry, this machine efficiently sepa-
rated the beetles from the soil and most of the debris. Excessive
moisture caused mud to clog the screens, so the beetles were not then
separated out.

Especially designed emergence traps were used in the spring of
1971 to sample the number of beetles emerging from overwintering sites.
These traps covered a square yard of ground surface and caught emerging
insects in a pan of glycol when they reached the top of the screen sides.

Beetles were also found in their overwintering sites by direct
observation. O01d fence posts were torn apart, bark was stripped from
wild grape, and leaf litter was sifted in the field. These latter
techniques did reveal some beetles, but in general the gin mill and

emergence cages provided the most information.

Cage studies of adult mortality

In 1970 the mortality rate of adults was studied using a field
cage technique. The cages used were 6-1/2 feet square and 6 feet high
with plastic screening for the sides and top and with a zipper door in
one side; the bottoms were open so the cages could be placed over the
host plants in the field. Two cages were used for spring adults; the
first three weeks they were in wheat, the last two in oats. Four cages
were used for summer adults; two in oats and two in corn for the entire

three weeks. In every case when a cage was first set up in a new
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location, it was necessary to remove the resident beetles before the
study began. This was accomplished by a visual search using a hand
aspirator to collect every beetle seen. When no more could be found,
the person left the cage for about 1/2 hour and then came back and re-
peated the search. Normally the second search caught about one-tenth
as many beetles as the first.

Each week 250 beetles were put into each empty cage. After 6
to 8 days the cages were again emptied using the same search process
described above.

When the beetles were introduced into an emptied cage at the
start of each trial, the jar containing them was opened and placed in-
side the cage. Those found dead in the jar when the cage was emptied
a week later were subtracted from the number introduced before computing
mortality. Hence the 7 mortality over the sample interval was found

from this equation:

I -D-R
M—lOOx——I~_—]—5——,
where I = no. put into cage,
D = no. found dead in jar, and
R = no. removed 6-8 days later.

Population survey

Each grain field in the study area was sampled to determine the
number of beetles in that field; the sum from all fields estimated the
number in the region. Every field was sampled at regular intervals,
normally twice a week, to detect any change in beetle population. Mor-
tality of adults was computed by comparing the population on successive

sample dates.
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The sampling technique used varied with crop height. Grain less
than 10 inches tall was sampled using a thrown stick technique while
taller grain was swept with a 15 inch diameter sweepnet. One sample
with the stick technique consisted of: 1) throwing a 12 inch garden
stake at least 10 feet from where one stood, 2) moving the stake 2
stake lengths further down the grain row, and 3) counting the beetles
in 12 inches of 2 adjacent grain rows. One sample with the sweepnet
technique consisted of 10 sweeps each 5 feet long keeping the top rim
of the net as close as possible to the top of the grain plant.

Sweepnet catch per sweep (C) was converted to number per square
foot (D) by the equation given in Ruesink and Haynes (in preparation):

D=C (0.20 + 10K),

where K= -.06 + .02 H - .017 (T + 10S) + .661 1oglO(W + 1),
H = grain height (inches),
T = temperature (°F),
S = solar radiation (cal/cmz/sec), and
W = wind (mph).

Most of the needed weather data were available from our own
weather station set up within the study area; however, some data came

from U.S. Weather Bureau records for Jackson, Michigan.



RESULTS

Overwintering sites

The gin mill samples taken August 11-18, 1969 found beetles in
nearly every habitat surveyed (Table 7); the total estimate of 10,351,000
beetles in the 4 mi2 region is reasonably close to the 5 to 10 million
expected based on population levels the following spring. By late
September and early October, however, less than 1 million could be
accounted for by using the gin mill, and by early November only 430,000
were accounted for (Tables 8 and 9). Hence it_appears that actual
overwintering does not occur in the surface litter nor in the top 3
inches of soil.

Ground litter samples collected March 20, 1970 were held at
65° F in the laboratory; 4 beetles emerged from 72 square feet of straw
stubble, 1 from 4 square feet of fence row litter, and none from 4
square feet of an old hay windrow. This accounts for 2,420 per acre in
stubble, or 636,000 in the 4 square miles, perhaps 10% at the most of
those present in the 4 square miles; the fence rows may account for
another 2%, according to these meager data.

Straw stubble was again checked in the late summer and fall of
1970. Beetles were found in 6 of the 9 fields surveyed at an average
density of 0.14 per square foot, or 6098 per acre, which is 1.7 million
in the 4 m12 area. Three yd2 litter samples from fence rows gave 15
beetles, or 0.3 million in the 4 mi2 area.

39
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TABLE 7.--August 11-18, 1969 gin mill finds by habitat at Gull Lake.
Each sample consisted of 3 square feet

# # # CcLB/ # Total #

Habitat CLB Samples acre acres CLB (1,000's)

Croplands
Idle 3 7 6,222 529 3,291
Grain Stubble 11 21 7,606 263 2,000
Alfalfa 1 9 1,613 216 348
Corn 2 6 4,840 267 1,292
Subtotal 17 43 - 1,3032 6,931
Non-croplands

Woods 7 12 8,470 250 2,118
Fence rows 13 6 31,460 13 409
Roadsides 37 21 25,583 27 691
Weeds 5 9 8,066 25 202
Subtotal 62 48 - 5272 3,420
Total 79 91 - 1,830% 10,351

%Includes acreage not sampled, but CLB density assumed zero.
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TABLE 8.--Late September and early October 1969 gin mill finds by
habitat at Gull Lake

# i # CLB/ i# Total #
Habitat CLB Samples acre acres CLB (1,000's)
Croplands
Idle 1 18 807 529 427
Grain stubble 0 30 0 263 0
Alfalfa 0 26 0 216 0
Corn 1 45 323 267 86
Subtotal 2 119 - 1,303 513
Non-croplands

Woods 1 9 1,613 250 403
Fence rows 4 23 2,525 13 33
Roadsides 0 15 0 27 0
Weeds 0 20 0 25 0
Subtotal 5 67 - 5272 436

Total 7 186 - 1,830% 949

®Includes acreage not sampled,

where CLB density assumed zero.
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TABLE 9.--October 23 - November 6, 1969 gin mill finds by habitat at

Gull Lake
# # # CLB/ # Total #
Habitat CLB Samples acre acres CLB (1,000's)
Croplands
Idle 0 9 0 529 0
Grain stubble 0 3 0 263 0
Alfalfa 0 12 0 216 0
Corn 2 18 1,612 267 430
Subtotal 2 42 - 1,3032 430
Non-croplands

Woods 0 3 0 250 0
Fence rows 0 0 (0) Est. 13 (0) Est.
Roadsides 0 4 0 27 0
Weeds 0 3 0 25 0
Subtotal 0 10 - 5272 0

Total 2 52 - 1,830 430

#Includes acreage not sampled, where CLB density assumed zero.
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On November 6, 1970 an old weathered fence post was torn apart;
18 live and no dead beetles were found in its cracks and crevices.

This was my first sample from such a habitat and indicated that signifi-
cant numbers of beetles may overwinter in micro-habitats which are
very hard to quantify.

In early April of 1971 some more searching was done to find out
if large numbers of beetles overwintered in such cracks in logs. Of
the 162 beetles found in 4 old fence posts, a decaying stump, and under
wild grape bark, only 9 were alive (Table 10). Since these samples
were taken before the weather was warm enough for spring emergence to
begin, the difference between the observed survival in November and in
April represents overwintering mortality. In November 100% of the
beetles were alive while in April only 6% were alive, so overwintering
mortality in above ground exposed habitats is estimated at 94%.

Of the 32 emergence traps set out in the spring of 1971, 18
caught one or more beetles, 2 were nonfunctional, and 12 others caught
nothing. The detailed catches are listed in Table 11, while Table 12
summarizes catch by habitat. These 32 traps were not placed at random
in the environment, but were placed in sites where overwintering beetles
were expected based on previous gin mill work. Still, by proper strati-
fication of the environment, an estimate of the beetle population can be
made as follows: consider 4 beetles in 7 yd2 as the average density for
all cropland, woods interiors, and the so called weeds. Estimating 207%
of the woods acreage as edge and 807% as interior gives us 1528 acres at
the above density, or 4,226,000 beetles. The high density area is made

up of woods edges, fence rows, and road sides. 1In this area 109 beetles



TABLE 10.--Overwintering mortality in above

1970 - 1971

44

ground habitats; Gull Lake

# CLB found in April 1971

Habitat # Dead # Alive
Fence post {1 8 0
Fence post {2 0 0
Fence post i#3 139 7
Fence post #4 1 1
Decaying stump 0 0
Under wild

grape bark 5 0

Totals 153 9

153

% mortality = 153 + 9

x 100% = 94.5%
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TABLE 12.--1971 spring adult emergence by habitat at Gull Lake

Total
Habitat CLB Samples CLB/@ Acres CLB (1,000's)
Cropland
1d1e® 1 3 - _—
Grain stubbleb 1 3 - -
Corn stubble® 2 1 - -
Other 0 0 - _
Subtotal 4 7 2,766 1,303 3,604
Non-cropland
Woods edged 70 4
Fence rows® 39 12 32,972 90 2,967
Roadsides 0 0
Weedsf 4 7 25
2,766 200 622
Other habitat 0 0
Subtotal 113 23 - 3158 3,589
Total 117 30 - 1,6188 7,193

8Traps #'s: 11, 12, 16.

bTraps #'s: 17, 27, 28.

“rraps #'s: 5.

dTraps #'s: 3, 4, 7, 13.

®Traps #'s: 19, 26, 29, 32.

frraps #'s: 1, 2, 6, 8, 9, 14, 15.

gExcludes 212 acres that is uninhabitable to the CLB.
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were taken in 16 yd2; 90 acres of this would contain 2,967,000 beetles.
Combining these two gives 7,193,000 beetles in the region--an estimate
that compares favorably with the results of the extensive population

survey reported in Table 16.

Rate of emergence from overwintering

The emergence trap data from Table 11 was summarized into
Table 13 to show how emergence from overwintering sites varied with
time. Over 507 of the beetles emerged between April 12 and April 21;
then an extended cold spell kept any more from emerging until after
May 1. Emergence was 92% complete by May 18, but a few continued to
show up through June 6.

Plotting the cumulative catch versus date gives an irregular
curve (Figure 5a), which suggests that prediction of spring adult emer-
gence is not feasible; however, plotting versus degree-days accumulated
above the base of 48° F gives a much smoother curve (Figure 5b). On a
log-probability plot (Figure 6) the relationship of cumulative emergence
to cumulative degree days is quite linear, if we omit from the analysis
the 8% emerging after May 18. This shows that 50% of the beetles should
be out by 100 degree days, which in 1971 at Gull Lake was about April 23.
Emergence rate (number emerging per degree-day) can be computed from
the slope of the linear version of Figure 6, and the resulting curve is
shown in Figure 7. Peak emergence occurs in the range from 50 to 150
degree days; if the temperatures were high in this time range, then
emergence per day would also be high, but low daily temperatures can
result in a low daily emergence even in this peak range because of the

consequent low accumulation of degree-days.



TABLE 13.--1971 spring adult emergence by date at Gull Lake
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Daily catch

Cumulative Accumulated
Date Male Female catch degree days
April 16 6 6 12 59
18 3 1 16 72
21 27 24 67 96
23 0 0 67 102
27 0 0 67 104
30 0 0 67 106
May 5 3 2 72 118
7 8 8 88 132
10 6 4 98 161
15 2 6 106 203
18 2 0 108 261
22 0 0 108 296
25 2 2 112 336
29 0 4 116 363
June 1 0 0 116 403
5 0 0 116 491
8 1 0 117 555

aTraps checked through June 22, but no more beetles were found.
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Cage studies of adult mortality

Adult mortality rates measured by the 1970 cage studies (Table 14)
were first computed as 7% mortality over the entire sample interval (M),
which varied from 6 to 8 days. Conversion to % mortality per day (Md)
as a standard base for each interval requires the following mathematical
equation:

My=1- -t/
where n is the number of days in the sample interval.

The observed mortality rate began at 7.1%7 per day, decreased to
3.5% per day two weeks later, then increased again until mid-June; by
then the field population was so reduced that it was impossible to col-
lect enough beetles to restock the cages. For newly emerged summer
adults the mortality rate began at 107 per day and decreased to 7.47% per
day two weeks later. By then the summer feeding period had finished and
the beetles were moving into estivation sites.

Next the same data were used to calculate 7 mortality per degree-
day. Degree-days has proved to be a useful time scale in much popula-
tion dynamics work; in this case it seemed reasonable that survival
might be related to temperature, especially if the cause of death is
physiological. Table 14 also includes these figures and shows that

during most of the spring and summer adult beetle mortality is about

0.4% per degree day.

Regional population survey

The number of cereal leaf beetles estimated to be in the 4 square
mile sampling area is reported in Tables 15 and 16 for 1970 and 1971
respectively. Some conclusions can be drawn directly from these tables,

but adult mortality is dealt with later in the discussion section.
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TABLE 14.--Adults mortality as computed from the 1970 cage study

Date Mortality (%)
From To dd48 Replicate Total Per day Per dd48
May 7 May 15 116 Wl 38.8
7.1 .50
w2 49.6
May 15 May 22 100 Wl 20.2
5.0 .36
w2 39.3
May 22 May 29 95 w1l 16.8
3.5 .26
w2 27.1
May 29 June 4 99 01 23.5
6.4 .40
02 41.2
June 4  June 11 148 01 35.5
8.4 41
02 54.6
June 30 July 7 190 01 41.7
02 60.7
10.9 .42
Ccl 57.8
c2 58.8
July 7 July 14 173 01 37.7
02 67.2
9.2 .42
Cc1 36.8
c2 57.3
July 14  July 21 151 01 22.6
02 54.7
7.4 .36
Cl 53.7
c2 28.9
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TABLE 15.--Number of cereal leaf beetles in grain fields in the 4 square
mile study area for 1970

Life Winter® Springa a
Date stage grain grain Total
June 3 Adult 338 3,466 3,804
June 9 Larva 47,294 - -
June 23 Larva - 15,023 -
July Pupa 23,988 27,804 51,792
July Adults

emerged 7,634 11,007 18,641
June 25 Adult 4,717 -— -
July 2 Adult 4,218 3,860 8,078
July 9 Adult 3,429 8,622 12,051
July 16 Adult - 1,186 -
July 23 Adult 257 1,040 1,297
Aug. 6 Adult 102 99 201

%1n 1,000's.
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TABLE 16.--Number of adult cereal leaf beetles in grain fields in the
4 square mile study area for 1971

Winter® Springa a
Date grain grain Total
May 5 1,571 N.S. -
May 10 1,091 N.S. -
May 19, 20 716 6,380 7,096
May 22 620 5,601 6,221
May 26, 27 873 5,416 6,289
May 29 339 2,873 3,212
June 2, 3 64 814 878
June 5 96 1,108 1,204
June 9, 10 66 96 162
June 12 17 146 163
June 14 80 184 264
June 17, 18 9 61 70
June 22 12 26 38
June 25 42 502 544
June 28 101 780 881
June 30 380 1,360 1,740
July 2 404 940 1,344
July 5, 6 263 856 1,119
July 8 0 459 459
July 10 2 422 424

®In 1,000's; N.S. = not sampled.



57

Sweeping for summer adults in 1970 indicated an estimated peak
of 12 million beetles in grain fields. This represents about 65% of
the number known to have emerged from the pupae. In 1971 the estimated
peak was 1.7 million indicating a 7 fold drop in the population of
summer adults from the 1970 level.

Pupal survival in 1970 was lower in wheat (32%) than in oats
(40%) ; however, at high densities the survival is the same in both crops
(32%), while at low densities the survival in oats is much better (60%).
Figure 8 shows the curvilinear nature of the density dependent survival

in oats compared to the constant survival in wheat.
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DISCUSSION

Overwintering sites

The adult cereal leaf beetle has been reported to overwinter in
a large variety of sites, but attempts to quantify this phenomenon con-
sistently failed to account for the majority of the population. Re-
sults presented in this paper show that the surface litter and top 3
inches of soil accounted for no more than 10% of the population, and
that those overwintering above ground level in cracks in wood and under
wild grape bark sustain an overwinter mortality of about 95%.

If one accepts these data, only two reasonable alternatives exist:
either the beetles overwintered outside my 4 square mile study area, or
they were in the soil deeper than 3 inches. I think the first alterna-
tive is unlikely, partly because the 4 mi2 study area contained quite a
diversity of habitats, and there 1s no apparent reason why the beetle
would look for an overwintering site elsewhere. The second alternative
was never seriously considered during this research because the cereal
leaf beetle is obviously not morphologically equipped to burrow in the
soil, so it was assumed to overwinter at or above ground level.

During the analysis of the data on overwintering sites, however,
I discovered a reference in the literature to a chrysomelid that does
overwinter deep in the soil. The Colorado Potato Beetle, which looks
even less like a burrower, is known to overwinter as deep as 4 feet in
sandy soil (Mail and Salt, 1933) with 10 inches being the average

59
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reported by Harcourt (1963) for his work in Ontario. Furthermore, the
beetles don't necessarily have to dig their own burrows; earthworms
and nightcrawlers are continually building beetle expressways deep into
the soil.

A second reason supporting the hypothesis that the beetles over-
winter in the soil can be found in Table 12, thé results of the 1971
emergence trap study. Those results indicate that an estimated 7.2
million beetles overwintered in the 4 square mile study area, compared
with an estimated 7.1 million present in grain fields on May 19 and 20
(Table 5). This indicates that roughly the proper number of beetles
overwintered in the region to produce the observed spring population,
and hence suggests that beetles overwintered deep in the soil in the
type of habitats sampled using the emergence cages.

So the beetle appears to overwinter deep in the soil, especially
in dense fence rows and the edges of woodlots. This is where the beetle
density is the greatest. But they also overwinter in cropland such as
corn and grain stubble; their density there is low, yet the acreage of
that habitat far exceeds that of fence rows and woodlot edges, so the
total number overwintering in croplands roughly equals the number over-

wintering elsewhere.

Adult mortality from survey data

The results of the 1971 population survey for spring adults can
be used to compute adult mortality rates. Two assumptions were made as
follows: 1) the number of beetles not in grain fields was small enough
that it could be safely assumed negligible, and 2) migration into and
out of the 4 square mile study area balanced out. Hence any change

observed in adult numbers was due simply to mortality.
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Computation of mortality would be straight forward except for
the fact that 11 of the 22 oat fields were sprayed with insecticide in
early June. So the next assumptions made were that all beetles in a
field at the time of spraying were killed by the insecticide and that
between field adult migration is small, so only the beetles in the
field at the time of spraying are affected by the insecticide. The
9 fields sprayed between May 29 and June 2 contained an estimated
1,156,000 beetles on May 29; the 2 fields sprayed between June 5 and
June 9 contained an estimated 234,000 beetles on June 5. Figure 9 shows
the population curve from May 19 to June 22 after averaging the results

for each week. Survival (S) from time t to time t + 1 was computed from

Nt+l +(1/2)K

S = N, (/DK * 100%

where Ni is the number of adults present at time i and K is the number
killed by pesticide between time t and time t+l. This equation adjusts
survival close to what it would have been, if no pesticide had been
used in the region. Table 17 presents the results of applying the
above equation to the data in Figure 9; 7 mortality per day and %
mortality per degree-day (base 48° F) are also given.

Several differences occur between the 1970 and 1971 adult mor-
tality rates. First, in 1970 there is a time early in the season (see
Table 14) when mortality decreases as time progresses. This does not
happen in 1971, but this is not surprising because in 1970 sampling
began two full weeks earlier in the spring, and adult mortality is ex-

pected to be somewhat higher the first few days out of overwintering

sites.
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TABLE 17.--Spring adult mortality as computed from the 1971 regional
population survey

Date Mortality (%)

From To Days dd48 Total Per day Per dd48
May 20 May 27 7 61 28.7 4.7 .55
May 27 June 3 7 93 61.1 12.6 1.01
June 3 June 11 8 163 66.1 12.7 .66
June 11 June 19 8 208 72.4 14.9 .62

A second difference is that the 1971 observed mortality is con-
sistantly higher than in 1970. Although this may be a real difference,
another possibility is that the cages increased longevity by reducing
temperatures and/or by exluding predators. Or the 1971 mortality rate
may have been overestimated if between field movement of spring adults
is greater than expected. Since the two techniques for measuring
mortality were not used in the same season, we cannot know if the dif-

ference is real or due to technique.

Adult migration from wheat to oats

The cereal leaf beetle is reported to move from overwintering
sites to grasses and winter grains and later to spring grains. The
question arises whether this movement results from the beetle being
attracted to the oats or repelled from the wheat. Also we would like
to predict when this movement will occur in any given year.

In 1970 beetles were found only in winter grains prior to about

May 10; from May 10 to 18, 20% were in oats; from May 19 to 31, 60%
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were in oats; and from June 1 to 12, 90% were in oats. This suggests
that movement into spring grains does occur, but it is certainly not a
rapid process. Observations on the rate of egg input into wheat and
oats indicate that oviposition in wheat dropped rapidly to near zero
about May 28 while the same occurred in oats about June 15.

In 1971 the proportion of beetles in oats compared to winter
grains remained at 90%Z from May 18 through June 22. Movement into oats
occurred gradually from about May 1 to 18, apparently directly from
grasses and overwintering sites without going first to winter grains.

On May 29 an estimated 310,000 beetles were in wheat, and by
June 2 only an estimated 53,000 remained; that is, 83% had left and/or
died in only 4 days. If plant height is an important factor in deter-
mining when the beetles leave, then one would expect beetle density to
be negatively correlated to plant height on May 29th. The 16 wheat
fields sampled on that date gave a correlation coefficient of +.46,
which was not significant at the 5% level, so we conclude that the
height of the wheat plants has no affect on when the beetles leave.

The 1971 data (Tables 13 and 16) actually suggest that the spring
adults do not move from wheat to oats as has been assumed. Emergence
from overwintering sites was 50% complete by April 21 and 807 complete
by May 10. On May 10 just over 1,000,000 beetles were estimated to be
in winter grains; spring grains were not completely sampled because in
many fields the plants had not yet come up. In the several oats fields
checked, beetle density was relatively low--certainly lower than in
wheat. On May 19 and 20 over 7 million beetles were estimated to be
in small grains, about 90% of those being in oats, and the population in

winter grains had not dropped appreciably since May 10.
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So it now seems clear that when the beetles first emerge from
overwintering, some portion of the population infests winter grains.

The remainder stays in wild grasses or flies around in search of oats
until the oats germinate and come up. Then that remainder infests oats.
The portion in winter grains remains there, with the observed reduction
in density primarily due to mortality not emigration.

The portion of the population that infests winter grains is not
constant from year to year. It probably also varies between geographic
regions. The primary factor affecting the portion entering winter
grains seems to be the size of the plant as it comes through the winter.
In 1970 the wheat was very short, and 40% of the beetles went into it;
in 1971 it was tall and vigorous, and only 10% of the beetles went into

it.



CONCLUSIONS

The simulation model proved to be sufficiently accurate and
realistic for further analysis. Several specific conditions that were
tested are mentioned below.

The portion of the population preferring wheat affects the genera-
tion index (I), because those preferring oats have no available host for
oviposition early in the spring, hence their fecundity is reduced. Con-
sequently I is greatest when most or all of the beetles prefer wheat.
Available acreages of spring and winter grains also affect I, because
of the interaction with the portion preferring wheat and because of its
effect on density dependent mortalities; I is greatest when the grain
acreages are such that egg input in wheat and in oats is equal.

Temperature has several important effects on the beetle. Ex-
ceptionally hot or cold days result in very irregular total incidence
curves for the immature stages. More important are the effects on when
the population develops and on the generation index. For example, peak
larval density in Kentucky is expected to occur a full month earlier
than in northern Michigan, and I in Kentucky is expected to be only
half of what it is in northern Michigan.

Indirect evidence from field observations suggests that about
80% of the cereal leaf beetle population overwinters more than 3 inches
deep in the soil. About half of the beetles overwinter in concentra-
tions along dense fence rows and the edge of woodlots, while the other
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half is rather uniformly spread over open areas such as grain stubble,
alfalfa fields, and idle grassy or weedy areas. Those beetles that
find an overwintering site more than a few inches above ground level,
such as under grape bark, are almost totally killed by the low winter
temperatures.

Movement of the beetles within the Gull Lake research area pro-
gressed as follows: spring adults emerged from overwintering sites
over a period of several days, with peak emergence occurring between
50 and 150 degree-days accumulated after April 1 above the base 48° F.
A certain portion (10% to 407%) of the population went immediately into
winter grains; the rest apparently moved around the environment until
the spring grains came up, then infested them. Most or all of the
portion that went into winter grains apparently remained there, and the
observed reduction in density was due to mortality only.

When the summer adults left the grain fields in July, they soon
became inactive and could be found in such protected sites as in leaf
litter and grass crowns. As the summer progressed fewer beetles could
be found in these sites; apparently most moved into overwintering sites
at least three inches deep in the soil.

The spring adult mortality rate is quite small early in the
spring and increases as the spring and summer progress. In this paper
adult mortality is considered to be determined by the mean daily
temperature and the age of the beetle: 1in early spring 0.27% per degree-
day die, while after May 18 the rate is 0.4% per degree-day, and for
summer adults the rate is 0.05%7 per degree-day. Further studies are

needed to verify or improve on this estimate of mortality rate.
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PROGRAM CLB (OUTPUT,TAPES1=0UTPUT)
CaMiQ/SUB/R(10) -

DIMENSTIONTE(1873,DDN(187),X0(167)
DIMENSINN XULCL1R7) ) XWM(187),XWHI187),X0L(187),X0M(187),X0H(187)
CIMMOHU/AL/WNL(127),WDM(187),wDAT1R?),0DL(187),0NH(147),NDH(187)»

1 FI‘L(157):El“ﬁ(1ﬂ7).EINH(187)0&10L(187);=lOH(187)oElqh(187)
CnMMON/R2/D23,045,0564D78
DATA(R(1)p 121,210/ =440,°1,645,21,282,711036,-0,842,-0,674,=04524

10

1.-0.3‘35.%..253:'0.126.0.000.12600.2‘300.3‘55.0.524.0.67400.842
1,1,036,1482,1,645,4,0/

QQQ aKn

THIS PRGGRAM SIMULATES THE LIFE CYCLE OF THE CEREAL LEAF REETLE

IN 0ATS;S

15

10

DN 10 I=4,187
DPD(I)=0,
xn¢ly=0,

_20

INITIAL VALUES TO BE SET = = «
CLKN NOe. CLB ADULTS THAT SURVIVE THE WINTER
WHA ACRES OF WHEAT

(2 Xz K2k2 Xz K2]

0AA ACRES DOF OATS
RATIO

PGRTION OF BEETLES THAT CHOOSE WHEAT OVER OATS

28

CLBN=1000L03,
WHA=100,
0aA=100,

RATIO=,10
DENSITY INDEPENDENT MORTALITIES » » w
_h23 = EGG MOIQTALITY

30

D3aW=z 1ST TUSTAR MORTALITY IN WHEAT
n4s 2ND INSTAR MORTALILTY
nse IRN INSTAR MORTALITY

35

aaaacaooo

N75 = FUOAL MORTALITY T
no

OVERWINTERING MORTALITY
D23=,10

“ o6 iu

Ds4w=,35
D45=,30
D54=,40

40

D738=, %0
D9 =,50
1dE_SUERNUTINES SIMULATE DAILY DFNSITVIES [N

3 WNHEAT AND 3 OAT FILELDS
CALL MTEMP(TE)
CALL NEG RAY (DDPD,TE)

45

C:iLL SPR AD (CLEN,WHA,OAA,RATIO,TE,NDD,EnbsEWM,EWH,EOL,EOM,ECH)
CALL MURT(EWL,EaM,EMH,EQL,EOM,EOH,D340L,D340M,D340H,D57%L,D67WN»
1DAZNH,DAZ0L,L070N, 0670H)

.50

CALL IMMA (N344,067dL,TE,XO,ELNL,XKL)
CaLL IMIA (N3Ad,UA7AH,TE,XO,ETWH, XNW!)
_CALL_IMMA_(N34A, DATWH,TE, X0, EIWH XWH)

CALL IMYA (N342L,D670LsTE»XC,EIOL,XCL)
CaLl IMMA (N3401,D670M,TE,XO,EIOM, XOM)
CALL_IMMA_(1n3404,0570H, TE, X0, S1OH,XCH)

55

Tel=0,
TAE=0,

D 20 121,467

XO(T)=WHA®AZS60 ¢ CAXWLED) $XNAC])) /4. ¢XHHM(1)/2,)+00a%435460 e ((VYOL(L

L)aXOHCT)) /74,4 x0%(1)22,)

20 Tak=TaEeX"(1)
o TEl=EWNA43540 x ((EWLPENH)/4,4EWM/2,)e0AA*43560,#((EOL*ENHY /44

1 EGM/2.)

COWeITE(6L,301)

caLL SUM AD (X2,XxwIN,DDD)

TLIST DATUY RCSULTS FOR SPRING ADULT DENSITIES 7
AND SUMNMER ALULT EMERGENCE,

Dn X0 I=1,127
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HRITE (61,302) 1,WOLLT),#NMCT) ,4DHCT),0DLET), 0D (1), 0DHC]), XALCTY,

70 IXUMCTY o XWh(T) s XOLCE) o X0 () o XORCI), TECT)»DBD(T)
30 CONTIHNUE -
CQMPUTE AND PRINT YEAR END RESULTS
75 CLBMY=(1,=D09)*XWIN _
A1D=CLBM/(WHA+0AA) /43560,
DS=z1,=XWIN/TAE
WRITE(61,303) CLBN,CLSNY
WRITE(61,308) WHA,Q0AA
80 WEITE(61,304) RATI1O
WRITE (61,337) TEI,TAE,XWIN
HulTE(éluunQ) AlD
WRITE(61,309) b23,D45,056,D78,DS,D9
. WRITE (61,310) D34A,D34W,D34W,0340L,0340M,D340H,DE7WLID67WM,DE7¥H),
85 1D670L, D6 /UM 0670H EWL,EAM,EWH,EOL,ECM,EOH
FORMAT STATEFENTS
301 FORMAT(1HL,3IaX,%DAY BY DAY RESULTSe,20X,*DAY=1 S ARRIL 1ST%/e4*,
90 125X, #SPRIMG ANULT DFNSITY«*,38Xs*SUMMER ADULT EMFRGEMCE®/e #j5X,
15R(1He) ,2X,58(1H")/» DAY'?(bx.-HL'.EXb'HH'oSXoOHH'.aXoOOLﬁ.BX $0M».
1,8X,20Hw,2X), v TEMP GD#)
I02 _FNRMAT (14,12F16,6sF5.6,F6,L)
303 FNRMAT (1F1, 30X, «YEAR EVD SUMHARY«/+3STARTED ¥WITHe,F15,0,«SPRING &
95 1DULTS ¢/6X)*AND GOT*,F15,6¢*SPRING ADULYS FQOR MEXT
1YRAR®)
304 FORMAT( *=PORTION OF THE SEETLES PREFERRING WHEAT#*,F6,2)
306 FORMAT(w=tVAJLARLE ACREAGE THIS YEAR WAS =*,F10,0,% OF WHEAY, ANDs
1/734X2F10,0se CF_OATS,#)
190 307 FORMAT(e=TOTAL EGG INPUT WAS#,F18,0,% EGGS,#/+ TOTAL ADULT EMERGEN
. 1CF WASw,Fi2,0,¢ SUMMER ADULTS,*/« #,22X,*"ND#,F12,0;* ADULTS WENT
__1 INTO Oyt“NIrTERXNh')_“
306 FORFAT(e=AVERAGE INITIAL DENSITY &,Fi0,40¢ PER SOUARE FOQT#®)
309 FORMAT(«=UENSITY INDEPEMUECNT MORTALJITIES ®«/10X,+EGGS*,F7,2/10Xe
105 10| 2%,F9,2/1°Xs4L32sF9,2/10GX, *PUPAE+,F6,2/10X,*SUM An-,rsiglgqxl______
1ev[NTFRe, Fr 2)
310 FORMAT(wmlEMSITY DEPENDENT RATES »w,10X,*~*HEAT®,41X,*0ATSe//
1 27XQ:LOH')‘:XJ'MEDlU”"Sxo'HlG
1H-,17x,nLON~.Sx.'MEDIUV ¢,5X,*HIGH*/12X,»L1 MORT, *,3F104,2,10%,3FLQ,
110 12/712X,%L4 MORT,#,3710,2,10X,3F10,27 11X,*EGG INPUT';3F10.2,101.5F1
10,2) _
END
SUBRPQUTINE STADTA (R],RJ,XN,RD)SYOR,MORT)
_DIMENSIN% Sycheq00)
REAL MORT -~
s THIS ROUTINE UPDQATES THE DE'SITY OF ALL IMMATURE STAGES
CALL UAS (RT,P00T,5TUR, D) o o
RO=FQUTe(1s=}IRT)
L XMEXNeR = 0UT
END ) T T T
SHUBROUTINE RAMEX (R,SIG,RM)
_THIS IS A FOHGYW RCUTINE USED TO GEMERAYE AM_AUTOCORRELATED _
TSEQUENCE OF NUM3EAS,
Z=RANF(=1)
5 RzReRUeS]G#TARLTE(D,0,0,05,20,2)

RI-TURM e e
END



73

SUBROUTINE IMMA (D34,D67,TE,XOUT,EL,X)
Y1E1(187),%X(487)

DIMENSICN_TE(182),%0UT(187),XN(10),RD(Y
DIMENSION S2(100)»53(100),S4(10
COMMON/R2/D23,D45,D056,078

ZERO OUT NECESSARY MEMORY,

[~11% 1}

(1 7 :
)1S5(100).56(10¢),S7(100)

R12=0,
R23=0,
R34=0,

10

R45=0,
RS6¢0,
R67=0,

10

R7820, ,
DH 10 21510
xNe1)s0,

15

Do 20 J=1,100
s2(1)=0,
S$3(1)=0,

20

S4(l)e0,
S5(1)s0,
S6(1)=0,

20

s7¢(1)=0,
CONTINUE .,
Dn 100 1=1,187

25

CCMPYUTE FRACTIONAL DEVELOPMENT PER DAY FOR EACH LIFE STAGE
RN(2)=z,65*TF(1)=34.6

RN(3)=1,6F*TE([}e78,8
RD(4)=RD(3)
RD(5)zRN(L)

30

RN(6)=RD(3)
RN(7)=,26*TE(1)wi3,4
UFDATE DENSITIES IN EACH LIFE STAGE

_35

X(1)=R78

XOUT(1)=R78ex0UTCL
CALL STADIA (R67,R78,XN(7),RD(7),S7,D78)
CALL STADIA (R56,R67,XN(6))RD(6)Y,S6,D69}
CALL STADIA_(R45,R5,X¥N(5),RP(5),55,D56)

40

CALL STADIA (R34,R45,XN(4),RD(4),S4,D45])
CALL STADIA (R2S,R34,XN(3),RD(3),S3,D34}
CallL STADJA (R1R2,R23,XN(2),RD(2),S2,D023}

100

R12=EI(1)
END

SUBROUTINE SyM AD (RI,XWIN,DDD)
DIMENSION STQR(100),D0U(187),R{(187)

10

pn 10 I=1,100
STQR‘I)!O.

QOO

TH1S ROUTINE FOLLOWS THE REETLES FROM PUPAL EMERGENCE INTO OVERWINTERw
ING AND APPLTES A MORTALITY WHICH MUST BF SET IN = » XSURVS , | ,
RN=7,

10

X4INz0,
pn 20 1=1,187
XSURPV=,9995++N0D(I)

15

__15_STOF(J)=STOR(J)§XSURY._

20

CALL LAG(MI(1),R0,5TORYRD)
pn 15 J=1,160

XWINSXWIN+RO
RETURN
END
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SUBRQUTINE MTEMP (T)
DIMENSION T¢187)

THIS RJIUTINE GE“ERATES A MEAN DAILY TEMPERATURE USING AN
AUTOCORRELAYED DEVIAT]ON FROM_THE LONG TERM AVERAGE

A
aopnaa

. J=1 CORRESPONDS TO APRIL &

Rs0,

S1GReS,

10 R4=0,50
S1G=SART(1,0=RHERH) ¢SGR
Do 10 Js1,187
CALL RANEX(R,SI16,RH)
T¢J)248,+25,4SINC,0161*FL0AT(J=14))+R

15 10 CONTINUE

END

SUBROUTINE DEGDAY (DD, TEMP)
DIMENSION DN¢187),TEMP(187)

THE NEGREE DAYS ACCUMULATED,DPDD(I),0M DAY I 1S COMPUTED FROM THE MEAN
DAILY TE“pERATURE, TENMP(1), BY ASSUMING THE DPAILY HIGH IS 10 DEGREES

ABUVE THE TEAN AND BY FITTING A SINE CURVE THRU THE MAX AND MINj

n»
aacaoa

BASE=48,
Do 10 I=1:187
10 DIF=TEMP(1)=BASE
IF(DIF,GE,L10,) GO 70 20
IF(DIFsLEs=10,) GO T0 10
THETA=ASIN(=DIF/10,)
) DN(1)=3,16+*COS(THETA)+DIF*(,5~THETA/3,14)
15 Gn T0 10
20 Dn(I)=DIF
10 CONTIMUE

END

SUBROQUTINE LAG tRIN,ROUT,PIPE,RDEV)
DIMENSION PIFE(100)

THIS ROOTINE COMPUTES A PURE OR PIPELINE TYPE LAG

RDEV IS PERCENT UEVELOPYENT PER DAY ON THIS DATE

n
aaoaoaooa

RAYT=Q, . -
) INC=RNEV+,409
10 IF(INCJLELO) GO T0 21
__bn_$s 121, INC
5 ROUT=ROUT+PIPE(T])
INCME100=ING
_Dnhso - Y=gINCM
15 10 PIPE(1)=PIPF(1+INC)
RINASRIN/FLIAT(INC)
o _INCPsINCMey
DN 15 1={nCP,100
15 PIPE(1)=sRINA
20 o RETURM
20 PIPF(LCC)=PIPECLOO) +RIN
END
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SUBRQUTINE SPR AD (CLBN,WHA,0AA;RATI0,TE,DDD,EWL,EWH, ENH,EOL,EO",

1ENH)

COMMON/RL/WCL(187) ,wD¥(187),WDH{187),0DL(187),CN4(187),CDH(187)
1 FIWL(1R7),FIVM{187),EINH(187),EIOL(187),EIOM(1R7),EIOH(187)

DIMENSION TE(187),DDD(187)

nao

THIS RCUTINE MONITORS SPRING ADULT DENSITY AMD MOVEMENT RETWEEV CROPS,
1T _ALSO COMPUTES DAILY EGG JNPUYT JMYO EACH OF THE 6 FIFLDS,

10

DD=G,
EwL=0,
EwM=0,

EWH=0,
EoL=0,
EOM=0,

15

Do 18 1=1,187
wnLely=g,

20

WNMCT)=0,
WNH(1)=0,
onL(ly)=9,

opM(1)=9,
ONH(1)=0,
EfWl.(1)=0,

25

EINM(I)=0,
EINH(I)=0,
E1OL(I)=0,

10

ETOM(1)=0,
ET0H(1)=0,
po 28 121,76

30

]

SPRIMG ADULTS EMERGE FROM OVERWINTERING AT 100 DD BASE 48

35

BETWFEN FIELD VARIATION IS APPROXIMATED BY 3 DENSITY CLASSESS

aaounoOooaanan

SEE TEXT FOR DETAILS,
IF(PD,GF,100,) GO VO 14

40

Dn=nD+DND( 1)
IF(DD,LT,100,) GO Y0 20
1ST=]+10

WANA=RATIO»CLEN/WHA/ 43560,
WOLCl)=,04wunA
WOM(I)=9, %N (1]

45

WNHUTY =9, wWnN(])
ONA=(1,-RAT]IC)*CLBN/70OAA/43560,

ON DAY 43 THE 0ATS BHCOME AVAILARLE AND THE REETLES MQVE IN;

50

11

IF(I.HE, 48) GO T0 12
onL(ly=,04#0pA
0NM(])=9,+0PL (1)

12

ONH(T)=0,*»0UMM(])
IF(1,NE,58) GO 7O 13
OOLC[)=0DLET)+wlL( 1) v dHA/ZOAA

55

ONMCI)=0D! (T)+ADN(T)edHA/OAA
ONH(1)=A0R(T)+WDH( i) eWHA/OAA
WDOL(I) =0,
WNMCD)=3,

60

13

LRLISSEIVN
ON DaY 76 THE BEETLES IN OATS LEAVE)
IF(L.NE,78) GO TO 14

onL(ly=9,
onMelY=y,
ONHCLY=3,

65

50 T0 25
IF(IST,AT, 1) GO TO 15
COAPUTE =G5 INPUT

RT=AMAXL1(L s, AMINL(7,,Ce2¢TECI)=7,)))
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EIwL(] L_J)ggj__
70 ETWM(I DM(1)~RT
EIWH(I) NDH(I)'RT
EIOL(I1)=0FL(]) *RT
EIOM(I)=0DM( ) *RT
E1OH(1)=0DH(])*RT
75 c COMPUTE SURVIVAL RATE FROM THE PER DD RATE, AND UPDATE ADULT DENSITIES
15 RT=,996e«LDD(])
IF(1,LE,48) RT=(RTe1,)/2,
ONA=ODAeRT
WNRL(T+1)=wDL (1) *RT
80 WOM(le1)skDU(T)ERT
WIH(I+1)=kD(1)#RT
ONL(le1)=CDL(I)*RT
ONM(1+1)=CDM(1)ERT
ONH(1+1)=00H(T)%RT B o o
85 c SUHM DAILY EGG INPUT TO FIND THE YEARZS TOTAL €G5 INPUT PER SQUARE FOOT
c THIS IS NEEDED TO® COMPUTE LARVAL MORTALITY RATFS;
FUL=EWLeEIWL(]) _
EXM=EWMeETINWM(T)
EVHSEWH+EIWH(I])
90 EAL=ENLeEIOL (1)
EAM=EOM+ETOMU(])
ENH=EOH+EIOH(I)
20_CONTINUE
25 RFTURN
95 END
SUBROUTINE MORT(EWL,EWM,EWH,EOL,EOM,EOH,D340L,D340M,D340H,D67WL»
1DAZVMaDAZRH,D670L,D620M,D670H)
c .
C TH!S ROUTINE COMPUTES THE DENSIVY DEPENDENT MORTALIYY RATES,
5 cc__
DI4OL=AMAXL(Ne s AMINI(,99,+46*ALOGIG(EOLY=¢85))
D34CMzAMAXL1 (N, s AMINLI(,99,+46*ALOG1O(EOM) =0485))
DI4CH=AAXL1 (0, s AMINL1(,99,,46*ALOG1Q(ECH)=485))
DA70LEAMAX1( e s AMINLI(,99,.28*AL0G10(ROL)=e18))
10 DA7OM=AMAXL( 0, » AMINL(,99,.29%ALOG1D(EONM)=418))
DA7OH=AMAX1 (N, p AMINI(,99,,25¢ALOGIC(EOHD=418)) .
DA7HL=AYAXL (0. s AMINL(,99,+34%ALOGLG(ENLY=231))
DATWM=AMAXL (R, AMINL(,99,34¢ALOGLO(EKM)=431))
DAZHH=AMAX1(0,,AMIN1I(,99,,34%ALOGLO(EWH) *»31)) .
15 RETURN
E 9.] D
FUNCTION TAFLIE(SMALL,DIFF,K,DUMMYY
CAMMON/SUR/VAL(100) o
c THIS IS A FORDYN ROUTINE USED YO TRANSFORM A UNTFORMLY D[STRTBUTED
c RANNOM VARJABLE INTO ONE THAT 1S MORMALLY DISTRIBUTED,
5 DiM=AMINLCAVAXAIDUNMY=SMALL,0,C) o FLCATYKI*DIFF) _

1=1,04DUM/DIFF
IF (T 80, K+1) =K
TAFL!E{;VAL_j*li sVALCI))#(DUNM-FLOAT (1= eR]FF)/DIFFeVALCT)

10

RFTURN
END
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